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บทคดัย่อ 

มะเรง็เยื่อบุผวิช่องปากชนิดสควอมสัเซลล์ (OSCC) เป็นโรคทีร่า้ยแรงซึ่งพบไดใ้นช่องปากและ

คอหอยส่วนปาก มีอตัราการตายและทุพพลภาพสูง พบการแสดงออกที่เพิ่มขึ้นของเอดิสอินเทกรนิ

แอนด์เมทลัโลโปรทเีนสไนน์หรอื ADAM9 ซึ่งเป็นไกลโคโปรตนีบนเยื่อหุ้มเซลล์ชนิดที่ 1 ในโรคมะเรง็

หลากหลายชนิดรวมถงึ OSCC และในเซลลไ์ลน์บางชนิดทีส่กดัแยกไดจ้าก OSCC แต่กย็งัไม่มขีอ้สรุปที่

ชดัเจนเกี่ยวกบัความผดิปกตขิองโครโมโซมตรงตําแหน่งที่พบยนีสําหรบั ADAM9 หรอืยงัมกีารศกึษา

เฉพาะการแสดงออกของอาร์เอ็นเอนํารหสัของ ADAM9 ในมะเร็งช่องปากเท่านัน้ นอกจากนัน้ยงัไม่

พบว่ามกีารศกึษาใดศกึษาถงึความเกี่ยวขอ้งของ ADAM9 ต่อพยาธกิําเนิดของ OSCC โดยเฉพาะอย่าง

ยิง่การกระตุ้นวถิใีห้สญัญาณของเอพเิดอรม์ลัโกรธแฟกเตอรร์เีซ็พเตอร ์(EGFR) และเอเคท ี(Akt) และ

ต่อการที่เซลล์มะเรง็มคีวามก้าวร้าวเพิม่มากขึ้น วตัถปุระสงค์: ดงันัน้การศึกษาน้ีมวีตัถุประสงค์ที่จะ

ศกึษาถงึระดบัการแสดงออกของโปรตนี ADAM9 ในเน้ือเยื่อมะเรง็ช่องปากเปรยีบเทยีบกบัเยื่อบุผวิช่อง

ปากปกตแิละในเซลลม์ะเรง็เปรยีบเทยีบกบัเซลลเ์ยื่อบุผวิช่องปากปกตซิึง่ถูกเพาะเลีย้งในหอ้งปฏบิตักิาร 

นอกจากนัน้ ยังศึกษาบทบาทหน้าที่ของ ADAM9 ในการกระตุ้นกระบวนการเติมหมู่ฟอสเฟตของ 

EGFR และ Akt และความก้าวร้าวของเซลล์มะเรง็ช่องปากนอกกาย วสัดุและวิธีการทดลอง: ศกึษา

การแสดงออกของโปรตนี ADAM9 โดยวธิอีมิมูโนฮสิโตเคมสิตรใีนเน้ือเยื่อมะเรง็ช่องปากชนิด OSCC 

34 ชิ้น และเยื่อบุผวิช่องปากปกติ 10 ชิ้น คํานวณคะแนนอมิมูโนฮสิโตเคมสิตรโีดยการนําคะแนนของ

รอ้ยละของเซลล์ทีใ่หผ้ลบวกรวมกบัคะแนนของความเขม้ของการตดิส ีทาํการเพาะเลี้ยงเซลล์มะเรง็ช่อง

ปากทีแ่ตกต่างกนั 4 ชนิด ไดแ้ก่ HN5, HN6, HN15 และ HN008 และเซลล์เยื่อบุผวิปฐมภูมจิากเน้ือเยื่อ

ช่องปากปกตทิี่ไม่อกัเสบซึ่งปกคลุมฟันกรามคุดซี่ที่สามของผู้บรจิาคที่แตกต่างกนัจํานวน 8 ราย ซึ่งมี

สุขภาพแขง็แรงและไม่มปีระวตัสิูบบุหรีท่ีใ่หค้วามยนิยอมเขา้ร่วมโครงการวจิยั ทาํการเพาะเลีย้งเซลลทุ์ก

ชนิดในอาหารเลี้ยงเซลล์ keratinocyte growth medium ซึ่งไม่มีซีรมัที่อุณหภูมิ 37 องศาเซลเซียส 

ปรมิาณคาร์บอนไดออกไซด์ร้อยละ 5 ทําการเปลี่ยนอาหารเลี้ยงเซลล์ทุกวนัเว้นวนัจนเซลล์มีความ

หนาแน่นรอ้ยละ 80 จากนัน้ตรวจหาการแสดงออกของโปรตนี ADAM9 ทีเ่ยื่อหุม้เซลล์ดว้ยวธิโีฟลไซโท

เมตร ีและเปรยีบเทยีบระดบัการแสดงออกของโปรตนี ADAM9 ขนาดที่ทํางานไดท้ี่ 84 กโิลดาลตนั ใน

เซลล์มะเรง็ช่องปากกบัเซลล์เยื่อบุผวิช่องปากปกติด้วยวธิเีวสเทรน์ิบลอทไฮบรไิดเซชนั นอกจากนัน้ 

ดําเนินการถ่าย siRNA ทีจ่ําเพาะต่อ ADAM9 เพื่อยบัยัง้การแสดงออกของ ADAM9 ในเซลล์มะเรง็ช่อง

ปากบางชนิดด้วยวิธี cell transfection และศึกษาการแสดงออกของ EGFR ที่ถูกเติมหมู่ฟอสเฟตที ่

tyrosine1173 และ Akt ที่ถูกเติมหมู่ฟอสเฟตที่ serine473 ในเซลล์ที่ถูกยับยัง้การแสดงออกของ 

ADAM9 พรอ้มกบันําเซลล์ดงักล่าวไปใชศ้กึษาการแบ่งตวัเพิม่จํานวนเซลลแ์ละการรุกรานของเซลล ์ผล

การทดลอง: ค่ามธัยฐานของการแสดงออกของ ADAM9 ในเน้ือเยื่อมะเรง็ช่องปากมากกว่าในเน้ือเยื่อ

ปกตอิย่างมนีัยสาํคญัทางสถติ ิ(p<0.001) และพบว่าการแสดงออกของ ADAM9 สมัพนัธก์บัลกัษณะทาง

จุลพยาธวิทิยาของมะเรง็โดยมกีารแสดงออกของ ADAM9 โปรตนีใน OSCC ชนิดที่เซลล์มะเรง็เปลี่ยน

สภาพเป็นอย่างดแีละใน OSCC ชนิดทีเ่ซลลม์ะเรง็เปลีย่นสภาพอย่างปานกลางมากกว่าใน OSCC ชนิด

ที่เซลล์มะเรง็เปลี่ยนสภาพอย่างไม่ดอีย่างมนีัยสําคญัทางสถติ ิ(r=0.557; p=0.001) ผลการทดลองจาก



โฟลไซโทเมตรพีบว่าเซลล์มะเรง็ช่องปาก 3 ใน 4 ชนิดไดแ้ก่ HN6, HN15 และ HN008 มกีารแสดงออก

ของ ADAM9 โปรตีนบนเยื่อหุ้มเซลล์ และพบว่ามีการแสดงออกของ ADAM9 โปรตีนที่ทํางานได้

แตกต่างกันไปในแต่ละเซลล์ แต่พบว่ามีการแสดงออกของ ADAM9 โปรตีนเพิ่มสูงขึ้นใน HN6 และ 

HN15 อย่างมนีัยสําคญัทางสถติเิมื่อเปรยีบเทยีบกบัเซลล์เยื่อบุผวิช่องปากปกต ิ(p<0.05) นอกจากการ

แสดงออกทีเ่พิม่ขึน้ของ ADAM9 ในเซลล์มะเรง็ HN6 และ HN15 แลว้ยงัพบการแสดงออกทีเ่พิม่ขึน้ของ 

EGFR และ Akt ที่ถูกเติมหมู่ฟอสเฟตมากกว่าเซลล์ชนิดอื่นๆ อกีด้วย ซึ่งการแสดงออกที่เพิม่ขึ้นของ 

ADAM9 ดงักล่าวน้ีสามารถถูกยบัยัง้ด้วย siRNA ที่จําเพาะต่อ ADAM9 อย่างมนีัยสําคญัทางสถติิเมื่อ

เปรียบเทียบกับตัวอย่างที่ใช้ siRNA ซึ่งมีลําดับนิวคลีโอไทด์ที่ไม่เกี่ยวข้อง (p<0.05) พบว่าการ

แสดงออกของ Akt ที่ถูกเติมหมู่ฟอสเฟตเท่านัน้ แต่ไม่ใช่การแสดงออกของ EGFR ที่ถูกเติมหมู่

ฟอสเฟต ทีส่ามารถถูกยบัยัง้อย่างมนีัยสําคญัทางสถติดิว้ย siRNA ทีจ่ําเพาะต่อ ADAM9 ในเซลล์ HN6 

และ HN15 (p<0.05) ถงึแมว้่าอตัราการแบ่งเซลล์มะเรง็ HN6 และ HN15 ทีถู่กยบัยัง้การแสดงออกของ 

ADAM9 ดว้ย siRNA ไม่แตกต่างไปจากกลุ่มควบคุม แต่พบว่าอตัราการรุกรานของเซลล์มะเรง็ช่องปาก

ทัง้สองชนิดลดลงอย่างมนีัยสําคญัทางสถติ ิเมื่อเซลล์มะเรง็ช่องปากทัง้สองชนิดถูกยบัยัง้การแสดงออก

ของ ADAM9 ด้วย siRNA ที่จําเพาะต่อ ADAM9 (p<0.05) สรุปผลการทดลองและข้อเสนอแนะ

สําหรบัการศึกษาในอนาคต: การแสดงออกของ ADAM9 เพิ่มขึ้นในเน้ือเยื่อมะเร็ง OSCC และใน

เซลล์มะเรง็ช่องปากบางชนิด แสดงให้เห็นถงึบทบาทของ ADAM9 ต่อพยาธกิําเนิดของโรคมะเรง็ช่อง

ปาก รวมไปถงึการแสดงออกที่เพิม่ขึ้นของ ADAM9 น้ียงัสมัพนัธ์กบัการเปลี่ยนสภาพของเซลล์มะเรง็ 

OSCC ชนิดทีเ่ปลีย่นสภาพเป็นอย่างดซีึ่งสอดคลอ้งกบัมะเรง็ของต่อมลูกหมาก ผลการศกึษาน้ีแสดงให้

เห็นถึงบทบาทหน้าที่ของวถิีให้สญัญาณ ADAM9 และ Akt ต่อการรุกรานของเซลล์มะเรง็ช่องปากซึ่ง

อาจจะเป็นประโยชน์ต่อการรกัษามะเรง็ช่องปากแบบมุ่งเป้า 

คาํสาํคญั: 5-โบรโม-2'-ดอีอกซยีรูดินี; เอดสิอนิเทกรนิแอนดเ์มทลัโลโปรทเีนสไนน์; เอเคท;ี เอพเิดอรม์ลั

โกรธแฟกเตอรร์เีซพ็เตอร;์ มะเรง็เยื่อบุผวิช่องปากชนิดสควอมสัเซลล;์ สมอลอนิเทอรเ์ฟียรงิอารเ์อน็เอ  

 



ABSTRACT 

 Oral squamous cell carcinoma (OSCC), a devastating disease with high morbidity and 

mortality rates, is commonly found in the oral cavity and the oropharynx. A Disintegrin and 

Metalloproteinase 9 (ADAM9), a type I transmembrane glycoprotein, is overexpressed in 

various types of cancer, including OSCC tissues and certain oral cancer cell lines, but some 

studies have reported inconclusive findings regarding chromosomal aberrations in the ADAM9-

containing region or only ADAM9 mRNA expression has been reported in oral cancer. 

Moreover, ADAM9 involvement in the pathogenesis of OSCC, especially for the activation of 

the epidermal growth factor receptor (EGFR)/Akt signaling pathway and cancer cell 

aggressiveness, has not yet been addressed. Objectives: Therefore, this study aimed to 

determine and compare ADAM9 protein expression in OSCC and normal oral tissues in vivo 

and in cultured oral cancer cell lines and human oral keratinocytes (HOKs) and to examine the 

functional role of ADAM9 in phosphorylation of EGFR and Akt and in oral cancer cell 

aggressiveness in vitro. Materials and Methods: Thirty-four OSCC and ten healthy paraffin-

embedded sections were probed with the anti-ADAM9 antibody, and the immunohistochemical 

score was determined by combining the score of the percentage of positively-stained cells with 

the intensity score. Four oral cancer cell lines, including HN5, HN6, HN15 and HN008, and 

primary HOKs that were isolated from non-inflamed oral tissues overlying the impacted third 

molars of healthy and non-smoking donors (n=8) with their informed consent were cultured in 

serum-free keratinocyte growth medium at 37°C in a humidified chamber with 5% CO2. The 

culture medium was replenished every other day until 80% cell confluence. Expression of 

membrane ADAM9 and active ADAM9 at 84 kDa in these cell lines was assayed by flow 

cytometry and western blot hybridization, respectively. Cell transfection with small interfering 

RNA (siRNA) was performed to inhibit ADAM9 expression in some oral cancer cells. ADAM9-

knockdown cells were examined for expressions of phosphorylated-EGFRtyrosine1173 (p-

EGFRtyr1173) and phosphorylated-Aktserine473 (p-Aktser473) and used in cell proliferation and 

invasion assays. Results: The median immunohistochemical score of ADAM9 expression in 

OSCC tissues was significantly greater than that in normal tissues (p<0.001). Moreover, among 

OSCC cases, intense staining of ADAM9 expression was detected in well-differentiated and 

moderately-differentiated OSCC, and ADAM9 expression was correlated with an increasing 

degree of cell differentiation (r=0.557; p=0.001). Expression of membrane ADAM9 was found in 

three of four cancer cell lines, including HN6, HN15 and HN008. Expression of active ADAM9 

varied among all tested cell lines, but significantly higher ADAM9 expression was found in HN6 

and HN15 than that in HOKs (p<0.05). Enhanced expressions of p-EGFRtyr1173 and p-Aktser473 



were also found in HN6 and HN15. ADAM9 expressions in both cells were significantly inhibited 

by ADAM9 siRNA compared to scramble (p<0.05). Expression of p-Aktser473, but not that of p-

EGFRtyr1173, was significantly blocked by ADAM9 siRNA in HN6 and HN15 (p<0.05). Although 

the cell proliferation rate of ADAM9-knockdown cells did not differ from that of scramble, a 

significant decrease in cell invasion was found in ADAM9-knockdown HN6 and HN15 (p<0.05). 

Conclusions and suggestions for future studies: ADAM9 is overexpressed in OSCC and 

certain oral cancer cell lines, suggesting its role in the pathogenesis of oral cancer. Similar to 

the overexpression of ADAM9 in well-differentiated prostate cancer, high degrees of ADAM9 

expression are also observed in the well-differentiated OSCC. Moreover, the findings from the 

functional studies suggest the involvement of the ADAM9/Akt signaling pathway in oral cancer 

cell invasion, which may be beneficial for a therapeutic target of oral cancer. 

KEYWORDS: 5-Bromo-2'-Deoxyuridine; A Disintegrin and Metalloproteinase 9; Akt; Epidermal 

Growth Factor Receptor; Oral Squamous Cell Carcinoma; Small Interfering RNA 
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บทคดัย่อ 

มะเรง็เยื่อบุผวิช่องปากชนิดสควอมสัเซลล์ (OSCC) เป็นโรคทีร่า้ยแรงซึ่งพบไดใ้นช่องปากและ

คอหอยส่วนปาก มีอตัราการตายและทุพพลภาพสูง พบการแสดงออกที่เพิ่มขึ้นของเอดิสอินเทกรนิ

แอนด์เมทลัโลโปรทเีนสไนน์หรอื ADAM9 ซึ่งเป็นไกลโคโปรตนีบนเยื่อหุ้มเซลล์ชนิดที่ 1 ในโรคมะเรง็

หลากหลายชนิดรวมถงึ OSCC และในเซลลไ์ลน์บางชนิดทีส่กดัแยกไดจ้าก OSCC แต่กย็งัไม่มขีอ้สรุปที่

ชดัเจนเกี่ยวกบัความผดิปกตขิองโครโมโซมตรงตําแหน่งที่พบยนีสําหรบั ADAM9 หรอืยงัมกีารศกึษา

เฉพาะการแสดงออกของอาร์เอ็นเอนํารหสัของ ADAM9 ในมะเร็งช่องปากเท่านัน้ นอกจากนัน้ยงัไม่

พบว่ามกีารศกึษาใดศกึษาถงึความเกี่ยวขอ้งของ ADAM9 ต่อพยาธกิําเนิดของ OSCC โดยเฉพาะอย่าง

ยิง่การกระตุ้นวถิใีห้สญัญาณของเอพเิดอรม์ลัโกรธแฟกเตอรร์เีซ็พเตอร ์(EGFR) และเอเคท ี(Akt) และ

ต่อการที่เซลล์มะเรง็มคีวามก้าวร้าวเพิม่มากขึ้น วตัถปุระสงค์: ดงันัน้การศึกษาน้ีมวีตัถุประสงค์ที่จะ

ศกึษาถงึระดบัการแสดงออกของโปรตนี ADAM9 ในเน้ือเยื่อมะเรง็ช่องปากเปรยีบเทยีบกบัเยื่อบุผวิช่อง

ปากปกตแิละในเซลลม์ะเรง็เปรยีบเทยีบกบัเซลลเ์ยื่อบุผวิช่องปากปกตซิึง่ถูกเพาะเลีย้งในหอ้งปฏบิตักิาร 

นอกจากนัน้ ยังศึกษาบทบาทหน้าที่ของ ADAM9 ในการกระตุ้นกระบวนการเติมหมู่ฟอสเฟตของ 

EGFR และ Akt และความก้าวร้าวของเซลล์มะเรง็ช่องปากนอกกาย วสัดุและวิธีการทดลอง: ศกึษา

การแสดงออกของโปรตนี ADAM9 โดยวธิอีมิมูโนฮสิโตเคมสิตรใีนเน้ือเยื่อมะเรง็ช่องปากชนิด OSCC 

34 ชิ้น และเยื่อบุผวิช่องปากปกติ 10 ชิ้น คํานวณคะแนนอมิมูโนฮสิโตเคมสิตรโีดยการนําคะแนนของ

รอ้ยละของเซลล์ทีใ่หผ้ลบวกรวมกบัคะแนนของความเขม้ของการตดิส ีทาํการเพาะเลี้ยงเซลล์มะเรง็ช่อง

ปากทีแ่ตกต่างกนั 4 ชนิด ไดแ้ก่ HN5, HN6, HN15 และ HN008 และเซลล์เยื่อบุผวิปฐมภูมจิากเน้ือเยื่อ

ช่องปากปกตทิี่ไม่อกัเสบซึ่งปกคลุมฟันกรามคุดซี่ที่สามของผู้บรจิาคที่แตกต่างกนัจํานวน 8 ราย ซึ่งมี

สุขภาพแขง็แรงและไม่มปีระวตัสิูบบุหรีท่ีใ่หค้วามยนิยอมเขา้ร่วมโครงการวจิยั ทาํการเพาะเลีย้งเซลลทุ์ก

ชนิดในอาหารเลี้ยงเซลล์ keratinocyte growth medium ซึ่งไม่มีซีรมัที่อุณหภูมิ 37 องศาเซลเซียส 

ปรมิาณคาร์บอนไดออกไซด์ร้อยละ 5 ทําการเปลี่ยนอาหารเลี้ยงเซลล์ทุกวนัเว้นวนัจนเซลล์มีความ

หนาแน่นรอ้ยละ 80 จากนัน้ตรวจหาการแสดงออกของโปรตนี ADAM9 ทีเ่ยื่อหุม้เซลล์ดว้ยวธิโีฟลไซโท

เมตร ีและเปรยีบเทยีบระดบัการแสดงออกของโปรตนี ADAM9 ขนาดที่ทํางานไดท้ี่ 84 กโิลดาลตนั ใน

เซลล์มะเรง็ช่องปากกบัเซลล์เยื่อบุผวิช่องปากปกติด้วยวธิเีวสเทรน์ิบลอทไฮบรไิดเซชนั นอกจากนัน้ 

ดําเนินการถ่าย siRNA ทีจ่ําเพาะต่อ ADAM9 เพื่อยบัยัง้การแสดงออกของ ADAM9 ในเซลล์มะเรง็ช่อง

ปากบางชนิดด้วยวิธี cell transfection และศึกษาการแสดงออกของ EGFR ที่ถูกเติมหมู่ฟอสเฟตที ่

tyrosine1173 และ Akt ที่ถูกเติมหมู่ฟอสเฟตที่ serine473 ในเซลล์ที่ถูกยับยัง้การแสดงออกของ 

ADAM9 พรอ้มกบันําเซลล์ดงักล่าวไปใชศ้กึษาการแบ่งตวัเพิม่จํานวนเซลลแ์ละการรุกรานของเซลล ์ผล

การทดลอง: ค่ามธัยฐานของการแสดงออกของ ADAM9 ในเน้ือเยื่อมะเรง็ช่องปากมากกว่าในเน้ือเยื่อ

ปกตอิย่างมนีัยสาํคญัทางสถติ ิ(p<0.001) และพบว่าการแสดงออกของ ADAM9 สมัพนัธก์บัลกัษณะทาง

จุลพยาธวิทิยาของมะเรง็โดยมกีารแสดงออกของ ADAM9 โปรตนีใน OSCC ชนิดที่เซลล์มะเรง็เปลี่ยน

สภาพเป็นอย่างดแีละใน OSCC ชนิดทีเ่ซลลม์ะเรง็เปลีย่นสภาพอย่างปานกลางมากกว่าใน OSCC ชนิด

ที่เซลล์มะเรง็เปลี่ยนสภาพอย่างไม่ดอีย่างมนีัยสําคญัทางสถติ ิ(r=0.557; p=0.001) ผลการทดลองจาก



โฟลไซโทเมตรพีบว่าเซลล์มะเรง็ช่องปาก 3 ใน 4 ชนิดไดแ้ก่ HN6, HN15 และ HN008 มกีารแสดงออก

ของ ADAM9 โปรตีนบนเยื่อหุ้มเซลล์ และพบว่ามีการแสดงออกของ ADAM9 โปรตีนที่ทํางานได้

แตกต่างกันไปในแต่ละเซลล์ แต่พบว่ามีการแสดงออกของ ADAM9 โปรตีนเพิ่มสูงขึ้นใน HN6 และ 

HN15 อย่างมนีัยสําคญัทางสถติเิมื่อเปรยีบเทยีบกบัเซลล์เยื่อบุผวิช่องปากปกต ิ(p<0.05) นอกจากการ

แสดงออกทีเ่พิม่ขึน้ของ ADAM9 ในเซลล์มะเรง็ HN6 และ HN15 แลว้ยงัพบการแสดงออกทีเ่พิม่ขึน้ของ 

EGFR และ Akt ที่ถูกเติมหมู่ฟอสเฟตมากกว่าเซลล์ชนิดอื่นๆ อกีด้วย ซึ่งการแสดงออกที่เพิม่ขึ้นของ 

ADAM9 ดงักล่าวน้ีสามารถถูกยบัยัง้ด้วย siRNA ที่จําเพาะต่อ ADAM9 อย่างมนีัยสําคญัทางสถติิเมื่อ

เปรียบเทียบกับตัวอย่างที่ใช้ siRNA ซึ่งมีลําดับนิวคลีโอไทด์ที่ไม่เกี่ยวข้อง (p<0.05) พบว่าการ

แสดงออกของ Akt ที่ถูกเติมหมู่ฟอสเฟตเท่านัน้ แต่ไม่ใช่การแสดงออกของ EGFR ที่ถูกเติมหมู่

ฟอสเฟต ทีส่ามารถถูกยบัยัง้อย่างมนีัยสําคญัทางสถติดิว้ย siRNA ทีจ่ําเพาะต่อ ADAM9 ในเซลล์ HN6 

และ HN15 (p<0.05) ถงึแมว้่าอตัราการแบ่งเซลล์มะเรง็ HN6 และ HN15 ทีถู่กยบัยัง้การแสดงออกของ 

ADAM9 ดว้ย siRNA ไม่แตกต่างไปจากกลุ่มควบคุม แต่พบว่าอตัราการรุกรานของเซลล์มะเรง็ช่องปาก

ทัง้สองชนิดลดลงอย่างมนีัยสําคญัทางสถติ ิเมื่อเซลล์มะเรง็ช่องปากทัง้สองชนิดถูกยบัยัง้การแสดงออก

ของ ADAM9 ด้วย siRNA ที่จําเพาะต่อ ADAM9 (p<0.05) สรุปผลการทดลองและข้อเสนอแนะ

สําหรบัการศึกษาในอนาคต: การแสดงออกของ ADAM9 เพิ่มขึ้นในเน้ือเยื่อมะเร็ง OSCC และใน

เซลล์มะเรง็ช่องปากบางชนิด แสดงให้เห็นถงึบทบาทของ ADAM9 ต่อพยาธกิําเนิดของโรคมะเรง็ช่อง

ปาก รวมไปถงึการแสดงออกที่เพิม่ขึ้นของ ADAM9 น้ียงัสมัพนัธ์กบัการเปลี่ยนสภาพของเซลล์มะเรง็ 

OSCC ชนิดทีเ่ปลีย่นสภาพเป็นอย่างดซีึ่งสอดคลอ้งกบัมะเรง็ของต่อมลูกหมาก ผลการศกึษาน้ีแสดงให้

เห็นถึงบทบาทหน้าที่ของวถิีให้สญัญาณ ADAM9 และ Akt ต่อการรุกรานของเซลล์มะเรง็ช่องปากซึ่ง

อาจจะเป็นประโยชน์ต่อการรกัษามะเรง็ช่องปากแบบมุ่งเป้า 

คาํสาํคญั: 5-โบรโม-2'-ดอีอกซยีรูดินี; เอดสิอนิเทกรนิแอนดเ์มทลัโลโปรทเีนสไนน์; เอเคท;ี เอพเิดอรม์ลั

โกรธแฟกเตอรร์เีซพ็เตอร;์ มะเรง็เยื่อบุผวิช่องปากชนิดสควอมสัเซลล;์ สมอลอนิเทอรเ์ฟียรงิอารเ์อน็เอ  

 



ABSTRACT 

 Oral squamous cell carcinoma (OSCC), a devastating disease with high morbidity and 

mortality rates, is commonly found in the oral cavity and the oropharynx. A Disintegrin and 

Metalloproteinase 9 (ADAM9), a type I transmembrane glycoprotein, is overexpressed in 

various types of cancer, including OSCC tissues and certain oral cancer cell lines, but some 

studies have reported inconclusive findings regarding chromosomal aberrations in the ADAM9-

containing region or only ADAM9 mRNA expression has been reported in oral cancer. 

Moreover, ADAM9 involvement in the pathogenesis of OSCC, especially for the activation of 

the epidermal growth factor receptor (EGFR)/Akt signaling pathway and cancer cell 

aggressiveness, has not yet been addressed. Objectives: Therefore, this study aimed to 

determine and compare ADAM9 protein expression in OSCC and normal oral tissues in vivo 

and in cultured oral cancer cell lines and human oral keratinocytes (HOKs) and to examine the 

functional role of ADAM9 in phosphorylation of EGFR and Akt and in oral cancer cell 

aggressiveness in vitro. Materials and Methods: Thirty-four OSCC and ten healthy paraffin-

embedded sections were probed with the anti-ADAM9 antibody, and the immunohistochemical 

score was determined by combining the score of the percentage of positively-stained cells with 

the intensity score. Four oral cancer cell lines, including HN5, HN6, HN15 and HN008, and 

primary HOKs that were isolated from non-inflamed oral tissues overlying the impacted third 

molars of healthy and non-smoking donors (n=8) with their informed consent were cultured in 

serum-free keratinocyte growth medium at 37°C in a humidified chamber with 5% CO2. The 

culture medium was replenished every other day until 80% cell confluence. Expression of 

membrane ADAM9 and active ADAM9 at 84 kDa in these cell lines was assayed by flow 

cytometry and western blot hybridization, respectively. Cell transfection with small interfering 

RNA (siRNA) was performed to inhibit ADAM9 expression in some oral cancer cells. ADAM9-

knockdown cells were examined for expressions of phosphorylated-EGFRtyrosine1173 (p-

EGFRtyr1173) and phosphorylated-Aktserine473 (p-Aktser473) and used in cell proliferation and 

invasion assays. Results: The median immunohistochemical score of ADAM9 expression in 

OSCC tissues was significantly greater than that in normal tissues (p<0.001). Moreover, among 

OSCC cases, intense staining of ADAM9 expression was detected in well-differentiated and 

moderately-differentiated OSCC, and ADAM9 expression was correlated with an increasing 

degree of cell differentiation (r=0.557; p=0.001). Expression of membrane ADAM9 was found in 

three of four cancer cell lines, including HN6, HN15 and HN008. Expression of active ADAM9 

varied among all tested cell lines, but significantly higher ADAM9 expression was found in HN6 

and HN15 than that in HOKs (p<0.05). Enhanced expressions of p-EGFRtyr1173 and p-Aktser473 



were also found in HN6 and HN15. ADAM9 expressions in both cells were significantly inhibited 

by ADAM9 siRNA compared to scramble (p<0.05). Expression of p-Aktser473, but not that of p-

EGFRtyr1173, was significantly blocked by ADAM9 siRNA in HN6 and HN15 (p<0.05). Although 

the cell proliferation rate of ADAM9-knockdown cells did not differ from that of scramble, a 

significant decrease in cell invasion was found in ADAM9-knockdown HN6 and HN15 (p<0.05). 

Conclusions and suggestions for future studies: ADAM9 is overexpressed in OSCC and 

certain oral cancer cell lines, suggesting its role in the pathogenesis of oral cancer. Similar to 

the overexpression of ADAM9 in well-differentiated prostate cancer, high degrees of ADAM9 

expression are also observed in the well-differentiated OSCC. Moreover, the findings from the 

functional studies suggest the involvement of the ADAM9/Akt signaling pathway in oral cancer 

cell invasion, which may be beneficial for a therapeutic target of oral cancer. 

KEYWORDS: 5-Bromo-2'-Deoxyuridine; A Disintegrin and Metalloproteinase 9; Akt; Epidermal 

Growth Factor Receptor; Oral Squamous Cell Carcinoma; Small Interfering RNA  

 

 

 



EXECUTIVE SUMMARY 

 For the past three years, I have conducted several in vivo and in vitro experiments as follows. 

1) To determine ADAM9, p-EGFRtyr1173 and p-Aktser473 protein expression by immunohistochemistry 
using their specific antibodies in formalin-fixed and paraffin-embedded tissue sections of oral squamous cell 
carcinoma (OSCC) and normal oral tissues; 2) To compare the expression of ADAM9, p-EGFRtyr1173 and p-
Aktser473 between OSCC and normal oral tissues; and 3) To find the correlations for the expression of 
ADAM9, p-EGFRtyr1173 and p-Aktser473 with different histopathological grading of OSCC, including well, 
moderately and poorly differentiated, and those for the expression of these three molecules in the same 
OSCC and normal tissues. 

 The results demonstrated significant increases in the median immunohistochemical (IHC) scores of 
all three biomolecules in OSCC compared to those in normal tissues (p<0.01). Only expressions of p-
EGFRtyr1173 and p-Aktser47, but not ADAM9, were significantly correlated with increased disease severity, 
stratified according to histological grading (r=0.429 and r=0.351, respectively). Expressions of all three 
biomolecules were significantly and positively correlated between each other (p<0.01), suggesting their 
interconnections. Therefore, these proposed three aims have already been achieved. 

4) To examine ADAM9, p-EGFRtyr1173 and p-Aktser473 expression in vitro by investigating their protein 
expression in OSCC cell lines and compare with that in normal oral epithelial cells by immunoblotting. 

A significant increase in the median ratios for protein expressions of ADAM9, p-EGFRtyr1173 and p-
Aktser473, relative to β-actin, total EGFR and total Akt, respectively, was found in two OSCC cell lines, HN6 
and HN15 (p<0.05), but not in the other two OSCC cell lines, HN5 or HN008, compared to expressions of 
the respective proteins in 8 normal human oral keratinocyte cell lines from 8 different donors. Interestingly, 
the significantly increased expressions of these three biomolecules were simultaneously found in HN6 and 
HN15 as well, suggesting that the ADAM9-EGFR-Akt pathway exists in some OSCC cells, consistent with a 
concept of “personalized” medicine. So, this aim is accomplished. 

5) To investigate membrane ADAM9 expression in OSCC cell lines by flow cytometry.  

Expression of membrane ADAM9 was found in HN6, HN15 and HN008, but not in HN5. Membrane 
ADAM9 expression was also detected in HepG2 as a positive control. So, this aim is accomplished. 

6) To determine the inhibitory effect of cell transfection with small interfering RNA (siRNA) specific 
for ADAM9 in OSCC cell lines on phosphorylation of EGFR at the tyrosine 1173 residue and of Akt at the 
serine 473 residue by immunoblotting analysis. 

Expressions of both ADAM9 mRNA and protein in HN6 and HN15 were significantly inhibited by cell 
transfection with 5 and 10 nM of siRNA against ADAM9 compared to no inhibition by a scrambled sequence 
(p<0.05). Interestingly, only expression of p-Aktser473, but not that of p-EGFRtyr1173, was significantly blocked 
by transfection with siRNA against ADAM9 in HN6 and HN15 (p<0.05), indicating different behaviors between 
OSCC and esophageal SCC cell lines (Liu et al., 2015). No inhibitory effect of transfection with siRNA 
against ADAM9 on p-EGFRtyr1173 expression was corroborated with the absence of inhibitory effect on the cell 
proliferation rate of HN6 and HN15, as determined by the BrdU assay. So, this aim is accomplished. 

7) To investigate the blocking effect on cancer cell aggressiveness in ADAM9-siRNA-transfected-
OSCC cell lines using the migration and the invasion assays. By the cell invasion assay, a significant 
decrease in oral cancer cell invasion through ECM matrix was found in HN6 and HN15 cells that were 
transfected with siRNA against ADAM9 (p<0.05) as compared to a scrambled sequence. So, this aim is 
accomplished. 

8)  To determine the function of ADAM9 in vivo. This aim has not been addressed due to the 
absence of inhibitory effect on the cancer cell proliferation in vitro in ADAM9-knockdown HN6 and HN15, 
mentioned in aim 6.  For more details regarding all of these findings, please see the following pages. Finally, 
I have been successful in publishing 18 international articles using the budget from this grant (see Outputs).  



เน้ืองานวิจยัท่ีทาํทัง้หมดประกอบด้วย วตัถปุระสงค ์และผลงานวิจยัท่ีได้รบั 

1. To determine ADAM9, p-EGFRtyr1173 and p-Aktser473 protein expression by 
immunohistochemistry using their specific antibodies in formalin-fixed and paraffin-embedded 
tissue sections of OSCC and normal oral tissues. 

 2. To compare the expression of ADAM9, p-EGFRtyr1173 and p-Aktser473 between OSCC 
and normal oral tissues. 

 3. To find the correlations for the expression of ADAM9, p-EGFRtyr1173 and p-Aktser473 
with different histopathological grading of OSCC, including well, moderately and poorly 
differentiated, and those for the expression of these three molecules in the same OSCC and 
normal tissues. 

 Thirty-four OSCC cases from 2002 to 2012 and 10 normal tissues were included in this 

study. The clinicopathologic characteristics of all 34 OSCC cases (17 males and 17 females; 

average age = 66.38 years; range = 43-85 years) are summarized in Table 1. The severity of 

OSCC was histologically categorized as well differentiated, moderately differentiated and poorly 

differentiated (Table 1), based on the histopathological diagnosis by an oral pathologist, Faculty 

of Dentistry, Chiang Mai University. Moreover, four clinical diagnostic criteria according to 

Sobin et al., 2009 were used to group 34 OSCC cases (Table 1). Subsequently, 

immunohistochemistry was conducted to determine ADAM9, p-EGFRtyr1173 and p-Aktser473 

protein expression in these tissue blocks according to the modified method of Iamaroon and 

Krisanaprakornkit, 2009, using specific primary antibodies for ADAM9 (cat no. sc-23290, Santa 

Cruz Biotechnology, Inc.), p-EGFRtyr1173 (cat no. sc-101668, Santa Cruz Biotechnology, Inc.) 

and p-Aktser473 (cat no. 4051, Cell Signaling Technology). Then, digitized images were captured 

and the ImageJ program version 1.48 (National Institutes of Health, Bethesda, MD, USA) was 

used to quantitatively determine the percentage of positively stained cells and the staining 

intensity of digitized images. The mean percentage of positive cells was determined from the 

percentage of positive cells (the number of brown stained cells against that of total cells in 

each image) in each of the three representative images and scored using the modified 

Fromowitz standard (Fromowitz et al., 1987) as follows; 0, <10%; 1, ≥10 to <25% ; 2, ≥25 to 

<50% ; 3, ≥50 to <75% ; and 4, ≥75%. For the intensity score, the color of counterstaining was 

first removed and the brown intensity was analyzed by mean RGB (0-255). The average mean 

RGB was determined from the mean RGB in each of the three representative images and 

scored as follows; 0, no staining (mean RGB>245.75) ; 1, weak (227.25<mean RGB≤245.75) ; 



2, moderate (208.75<mean RGB≤227.25); and 3, intense (mean RGB≤208.75). The lower and 

upper limits of mean RGB were derived from a linear equation as y=13.77-0.054x, where 

y=intensity score and x=mean RGB. To formulate this equation, the intensity of each section 

was semi-quantitatively scored (Table 2) as 0 (none), 1 (weak), 2 (moderate), or 3 (intense) 

based on the criteria of Pirker et al., 2012 by two independent observers with an inter-

calibration value equal to 0.881. The intensity score and its mean RGB value were plotted on a 

y axis and an x axis of the scatter diagram, respectively, and a linear regression line was 

drawn and used for the equation (Kongkaew et al., 2018). The immunohistochemical (IHC) 

score (0-7) was then determined by combining the average percentage score of positive cells 

(0-4) with the average intensity score (0-3). The intensity scores of ADAM9 immunostaining of 

all 34 OSCC cases are summarized in Table 2 according to their histological grading.  

 By immunohistochemistry, intense ADAM9 staining was observed in both the cytoplasm 

and the membrane of most cancer cell nests, which were localized in the connective tissue 

layer of OSCC specimens (arrowheads in Fig. 1), compared to weak and diffuse ADAM9 

staining in the cytoplasm of normal epithelial cells, especially in the suprabasal cell layers (Fig. 

1). Note that the intensity of ADAM9 staining in the overlying epithelium of OSCC tissue was 

weak (bracket in Fig. 1). Similarly to ADAM9 overexpression in OSCC, the immunostaining 

were strikingly more intense in OSCC than in normal tissues, reacted with the anti-p-

EGFRtyr1173and anti-p-Aktser473 antibodies (Fig. 2). Note that no immunostaining was seen in the 

absence of primary antibodies in OSCC or normal tissues as a negative control (not shown).  

 

 

 

Figure 1. ADAM9 overexpression in OSCC. Representative images of ADAM9 expression in 

normal and OSCC tissues. Weak ADAM9 staining is present in the suprabasal layers of normal 

epithelium and in the overlying epithelium of OSCC (bracket); intense cytoplasmic staining of 

ADAM9 is in tumor cell nests within the connective tissue layer of OSCC (arrowheads). Bar = 

200 µm. 



    (A)   

 

  

(B)  

Figure 2. Overexpression of p-EGFRtyr1173 (A) and p-Aktser473 (B) in OSCC tissues. Some 

representative images show intense immunostaining in cancer cell nests within the connective 

tissue layer of OSCC compared to weak staining in the normal epithelium. 

Table 1. Clinicopathologic characteristics of OSCC cases.  

Variables Number of cases 

 

 

Clinical diagnostic staging a 

I 6 

II 6 

III 5 

IV 17 

 

 

Histological grading 

Well differentiated 14 

Moderately differentiated 12 

Poorly differentiated 8 

 

 

 

Location 

Buccal mucosa 10 

Lateral tongue 5 

Gingiva/alveolar mucosa 13 

Labial mucosa 1 

Retromolar pad 1 

Lip vermillion 2 

Mandible 2 



a Criteria described in (Sobin et al., 2009) as follows: 

I    =  Tumor size ≤2 cm without regional lymph node spreading. 

II   =  Tumor size >2-4 cm without regional lymph node spreading. 

III =  Tumor size >4 cm or of any size with spread to a single ipsilateral lymph node (≤3 cm). 

IV =  Tumor of any size with spread to at least a single ipsilateral lymph node (>3 cm) or with 
spread to at least a single contralateral lymph node, or tumor invasion to adjacent organs 
or spreading to other parts of the body, regardless of lymph node involvement. 

 

Table 2. A semi-quantitative analysis of the intensities of ADAM9 expression in 34 OSCC 

cases, as categorized by their histological grading.  

Intensity 

score a 

Well differentiated  

N (%) 

Moderately differentiated 

N (%) 

Poorly differentiated  

N (%) 

0 0 (0) 0 (0) 0 (0) 

1 2 (14.3) 1 (8.3) 3 (37.5) 

2 3 (21.4) 8 (66.7) 5 (62.5) 

3 9 (64.3) 3 (25) 0 (0) 

Total 14 (100) 12 (100) 8 (100) 

a 0 = no staining; 1 = weak (light brown staining, visible only with high magnification); 2 = 

moderate (between 1 and 3); 3 = intense (dark brown staining, visible with low magnification) 

(Pirker et al., 2012). 

 

Using the Mann Whitney U test, the median IHC scores were significantly higher in 

OSCC than in normal tissues for ADAM9 (p<0.001; Fig. 3A), for p-EGFRtyr1173 (p<0.001; Fig. 

3B) and for p-Aktser473 (p<0.01; Fig. 3C) expressions. 



Figure 3. Significantly higher immunohistochemical (IHC) score (0-7) in OSCC than in normal 

tissues for ADAM9 (A), p-EGFRtyr1173 (B), and p-Aktser473 (C). **, p<0.01; ***, p<0.001. Two 

small black circles and an asterisk in A represent outliers and an extreme value, respectively. 

 Next, all 34 OSCC cases were grouped into four clinical diagnostic stages (Table 1) 

according to tumor size and nodal status (Sobin et al., 2009), based on the histopathological 

reports. By the Spearman correlation test, the IHC scores, representing ADAM9 expression, 

were not found to correlate with these four clinical diagnostic stages (r=-0.082, p=0.661). 

However, when all OSCC cases were categorized according to their histological grading, 

including 14 well differentiated, 12 moderately differentiated and 8 poorly differentiated cases 

(Table 1), it was found that the intensity of ADAM9 staining was greatest in the well 

differentiated OSCC, followed by the moderately and the poorly differentiated OSCC, 

respectively (Fig. 4A). A semi-quantitative analysis of the staining intensity in all OSCC 

specimens is summarized in Table 2. In general, the intense staining score (=3) was found in 

more than 60% of the well differentiated OSCC cases, whereas it was found in only 25% and 

0% of the moderately and the poorly differentiated OSCC cases, respectively (Table 2). On the 

contrary, more than 60% of the moderately and the poorly differentiated OSCC cases were 

scored as moderate staining (=2). As with the staining intensity score results, the average 

percentage of positively stained cells, irrespective of staining intensity, was greater in the well 

and in the moderately differentiated OSCC than in the poorly differentiated OSCC (data not 

shown). By the Spearman correlation test, the IHC scores for ADAM9 were positively correlated 

with an increased degree of cell differentiation (r=0.557, p=0.001; Fig. 4B). In other words, the 

median IHC scores in both moderately and well differentiated OSCC were significantly higher 

than that in the poorly differentiated OSCC (p<0.01; Fig. 4B). However, there was no difference 

in the median IHC score between the well and the moderately differentiated OSCC (Fig. 4B).  



 In contrast to no significant correlation (p=0.101; Fig. 5A) between increased ADAM9 

expression and OSCC severity, histologically stratified as well, moderately and poorly 

differentiated, expressions of p-EGFRtyr1173 and of p-Aktser473 were significantly correlated with 

OSCC severity as their expressions were increased in moderately and poorly differentiated 

OSCC (p=0.005 in Fig. 5B and p=0.022 in Fig. 5C, respectively). Note that a significant 

correlation was only found between up-regulated ADAM9 expression and increased cell 

differentiation (Fig. 4B). Representative images for the expressions of ADAM9, p-EGFRtyr1173 

and p-Aktser473 according to the histopathological grading are shown in Figure 6. 

 

Figure 4. A positive correlation between ADAM9 expression and cell differentiation in OSCC. 

(A) A representative image of ADAM9 expression in each histological grading. Note the 

strongest intensity of ADAM9 staining in the well differentiated OSCC, followed by the 

moderately differentiated and the poorly differentiated OSCC. Bar = 100 µm. (B) A box plot 

diagram showing the positive correlation between increased immunohistochemical (IHC) scores 

(0-3) for ADAM9 expression and enhanced levels of cell differentiation. ** = p<0.01. A small 

black circle represents an outlier in the moderately differentiated OSCC. 

 



 

Figure 5. The significant and positive correlations between OSCC severity, histologically 

stratified as well, moderately and poorly differentiated, and expressions of p-EGFRtyr1173 (B) and 

of p-Aktser473 (C), but not that of ADAM9 (A). An asterisk and a small black circle in A represent 

an extreme and an outlier value, respectively. 

 

Figure 6. Representative images of ADAM9, p-EGFRtyr1173 and p-Aktser473 expressions in normal 

epithelium and OSCC, histologically stratified as well, moderately and poorly differentiated. Note 

intense immunostaining for p-EGFRtyr1173 and p-Aktser473 expressions were still found in poorly 

differentiated OSCC, whereas ADAM9 immunostaining was weak. 



 Interestingly, when the correlations were determined for the IHC scores between each 

pair of the three biomolecules, including ADAM9, p-EGFRtyr1173 and p-Aktser473, in both OSCC 

and normal tissues, it was demonstrated that the IHC scores of ADAM9 expression were 

positively correlated with those of p-EGFRtyr1173 expression (r=0.456; p=0.002; Fig. 7A) and with 

those of p-Aktser473 expression (r=0.515; p<0.001; Fig. 7B), suggesting the interrelationships 

among these three biomolecules that possibly involves in oral carcinogenesis. As expected, the 

IHC scores of p-EGFRtyr1173 expression were positively correlated with those of p-Aktser473 

expression (r=0.581; p<0.001; Fig. 7C), since it is well known that phosphorylated EGFR (p-

EGFR) is an upstream signaling molecule to activate Akt by phosphorylation (p-Akt). 

   

Figure 7. Significantly positive correlations among three biomolecules, including ADAM9, p-

EGFRtyr1173 and p-Aktser473 in all 34 OSCC and 10 normal tissues. An asterisk and a small black 

circle in A represent an extreme and an outlier value, respectively. 

4. To examine ADAM9, p-EGFRtyr1173 and p-Aktser473 expressions in vitro by 
investigating their protein expression in OSCC cell lines and compare with that in normal oral 
epithelial cells by immunoblotting. 

 5. To investigate membrane-bound expression of ADAM9 in OSCC cell lines and 
compare with that in normal oral epithelial cells by flow cytometry.    

 The expression of membrane ADAM9 in four different oral cancer cell lines, including 

HN5, HN6, HN15 and HN008, by flow cytometry in aim 5 was first determined. These four oral 

cancer cell lines have been previously studied for overexpression and activation of Akt2 

(Iamaroon and Krisanaprakornkit, 2009). As a positive control cell line for membrane ADAM9 

expression, a hepatoblastoma cell line, HepG2, was obtained from Professor Dr. Prachya 

Kongtawelert, Excellence Center of Tissue Engineering and Stem Cells, Department of 

Biochemistry, Faculty of Medicine, Chiang Mai University. These cancer cell lines were cultured 



in Dulbecco’s Modified Eagle Medium (InvitrogenTM), supplemented with 10% fetal bovine serum 

and 1% penicillin/streptomycin (InvitrogenTM). All cells were maintained at 37ºC in a humidified 

chamber with 5% CO2. Culture medium was changed every two days until cell growth reached 

80% confluence prior to flow cytometry. It was found that membrane ADAM9 was expressed in 

three of the four tested oral cancer cell lines, HN6, HN15 and HN008, whereas membrane 

ADAM9 was not expressed in HN5 (Fig. 8). As expected, membrane ADAM9 was expressed in 

the HepG2 cell line (Fig. 8). No expression signal was detected in all tested cell lines, incubated 

with the purified rabbit immunoglobulins (dark gray area) as an isotype antibody control or 

without the anti-ADAM9 antibody (light gray area) as a conjugate control (Fig. 8).  

 

Figure 8. Expression of membrane ADAM9 in oral cancer cell lines. Representative histograms 

for expression of membrane ADAM9 in four oral cancer cell lines, including HN5, HN6, HN15 

and HN008, from three separate experiments. Note expression of membrane ADAM9 (black 

area) in HN6, HN15 and HN008, whereas membrane ADAM9 expression was not detected in 

HN5. Membrane ADAM9 was expressed in the HepG2 cell line as a positive control, while there 

was no membrane ADAM9 expression in a conjugate control (light gray area) or in purified 

rabbit immunoglobulins (dark gray area) as two negative controls.  



 Next, the expressions of ADAM9, p-EGFRtyr1173 and p-Aktser473 proteins in vitro in OSCC 

cell lines in comparison with that in normal human oral epithelial cells, or called normal human 

oral keratinocytes (HOKs), were examined by immunoblotting in aim 4. Primary HOKs were 

isolated from normal non-inflamed oral tissues overlying impacted third molars of eight healthy 

and non-smoking donors (n=8) with their informed consent, as previously described (Iamaroon 

and Krisanaprakornkit, 2009). HOKs were cultured in serum-free keratinocyte growth medium 

(Lonza, Walkersville, MD, USA) and maintained at 37ºC in a humidified chamber with 5% CO2. 

Culture medium was changed every two days until cell growth reached 80% confluence prior to 

Western blot hybridization. It was demonstrated that varying degrees of ADAM9, p-EGFRtyr1173, 

EGFR and p-Aktser473 protein expressions were detected in the whole cell lysates of HN5, HN6, 

HN15, HN008, and eight independent HOK cell lines (Fig. 9). In general, the expressions of 

ADAM9 as well as of p-EGFRtyr1173, EGFR and p-Aktser473 proteins in HN6 and HN15 were 

greater than those in HN5, HN008 and HOKs (Fig. 9). It is interesting to note that HN6 and 

HN15, in which ADAM9 was overexpressed, also greatly expressed p-EGFRtyr1173, EGFR and p-

Aktser473 proteins (Fig. 9). Expression of β-actin was equivalent among different samples, which 

confirms equivalent loadings among different samples (Fig.  9).  

By densitometry, the median ratios of ADAM9, p-EGFRtyr1173 and p-Aktser473 protein 

expression relative to those of β-actin, as a housekeeping gene, EGFR and Akt expression, 

respectively, in the corresponding samples, in HN6 and HN15 were significantly higher than 

those in HN5, HN008 and all eight cell lines of HOKs (Fig. 10). Furthermore, the median ratios 

of ADAM9, p-EGFRtyr1173 and p-Aktser473 expression in HN6 and HN15 adjusted in relation to 

those in HN008, whose ratio was set to 1.0, were significantly higher than those in HN5, HN008 

and all eight cell lines of HOKs (Fig. 10).  As with the in vivo results in the previous sections, all 

of these in vitro findings suggest the existence of interconnections among the three 

biomolecules, including ADAM9, p-EGFRtyr1173 and p-Aktser473, in both OSCC tissues and a few 

oral cancer cell lines, particularly in the two high-expressing ADAM9 cell lines, HN6 and HN15. 

These in vitro findings are also essential for the experiments in aims 6, 7 and 8 to determine the 

effects of ADAM9 silencing by suppressing expression of ADAM9 in these high-expressing 

ADAM9 cell lines on expression of p-EGFRtyr1173 and p-Aktser473, on aggressive behaviors of 

cancer cells, and on tumorigenesis in mice, respectively. 



 

Figure 9. An up-regulation of the protein expressions of ADAM9, p-EGFRtyr1173, EGFR, and p-

Aktser473 in HN6 and HN15. Representative blots demonstrate varying expressions of ADAM9, p-

EGFRtyr1173, EGFR and p-Aktser473 in four different oral cancer cell lines, including HN5, HN6, 

HN15, and HN008, and in four normal human oral keratinocytes (HOK14-09, 15-01, 17-02 and 

17-03). Expression of β-actin was equal among all different samples.  



 

Figure 10. The box plot graphs demonstrate the significantly higher median ratios of ADAM9, p-

EGFRtyr1173 and p-Aktser473 expressions in HN6 and HN15 than those in HN5, HN008 from three 

separate experiments (n=3) and those in eight independent HOK cell lines (n=8). The relative 

ratios of ADAM9/β-actin, p-EGFRtyr1173/EGFR and p-Aktser473/Akt expressions in each oral 

cancer and HOK cell line were adjusted by comparison with the ratios in HN008, set to 1.0. * = 

p<0.05; ** = p<0.01. 

 



 6. To determine the inhibitory effect of cell transfection with small interfering RNA 

(siRNA) specific for ADAM9 in OSCC cell lines on phosphorylation of EGFR at the tyrosine 

1173 residue and of Akt at the serine 473 residue by immunoblotting analysis. 

 From the cell transfection study with siRNA against ADAM9 in HN6 and HN15, two high 

ADAM9-expressing OSCC cell lines (Fig. 9), it was shown by quantitative RT-PCR that the 

median ratios of ADAM9 mRNA expression normalized by glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) mRNA expression was significantly and almost completely inhibited by 

cell transfection with both 5 and 10 nM of siRNA against ADAM9 for 48 hours, but not by a 

scrambled sequence at the same doses, in HN6 and HN15 (p<0.05; Fig. 11A and B, 

respectively).  

 

Figure 11. Significant inhibition of the median ratios (horizontal lines in the boxes) for ADAM9 

mRNA expression, normalized by GAPDH mRNA expression, in HN6 (A) and HN15 (B) by 

transfection with siRNA against ADAM9 at 5 and 10 nm in comparison to a scrambled sequence 

at the same doses, as analyzed by quantitative RT-PCR. Cell control = no treatment; 

Lipofectamine = OSCC cell lines treated with only transfection reagent. * = p<0.05. 

Expression of ADAM9 protein was also consistently blocked by transfection with both 5 

and 10 nM of siRNA against ADAM9, but not with a scrambled sequence at the same doses, in 

HN6 and HN15 (Fig. 12A and B, respectively), and these inhibitions reached the significance 

level at p<0.05 in both HN6 and HN15 (Fig. 13A and B, respectively). Interestingly, inhibition of 

ADAM9 expression by transfection with siRNA against ADAM9 at 5 or 10 nM only resulted in a 

partial blockade of p-Aktser473 expression, but not p-EGFRtyr1173 expression, in HN6 and HN15 



compared to transfection with a scrambled sequence at the same doses (Fig. 12A and B, 

respectively). Moreover, the statistical analyses from three separate and repeated transfection 

experiments demonstrated that significant inhibitions of the median ratios of p-Aktser473 relative to 

total Akt expression was found by transfection with siRNA against ADAM9 at 10 nM in HN6 and 

at 5 or 10 nM in HN15 (p<0.05; Fig. 13E and F, respectively) compared to transfection with the 

equivalent doses of a scrambled sequence. However, transfection with siRNA against ADAM9 

at any of the two doses failed to suppress the median ratios of p-EGFRtyr1173 relative to total 

EGFR expression in HN6 and HN15 (Fig. 13C and D, respectively), compared to transfection 

with the equivalent doses of a scrambled sequence.   

 

Figure 12. Representative blots from three independent transfection experiments showed partial 

inhibitions of ADAM9 and p-Aktser473 protein expressions by transfection with siRNA against 

ADAM9 at 5 or 10 nM in HN6 (A) and HN15 (B), but not by a scrambled sequence at the same 

doses. However, p-EGFRtyr1173 expression was not blocked by transfection with siRNA against 

ADAM9 at any doses. Expressions of total EGFR, total Akt, and β-actin, as a housekeeping 

gene, were equivalent among different samples. 

 Consistent with no inhibitory effect of transfection with siRNA against ADAM9 on p-

EGFRtyr1173 expression in HN6 or HN15 (Figs. 12 and 13), it was found that transfection with 

siRNA against ADAM9 at 5 or 10 nM also failed to inhibit cell proliferation of HN6 or HN15 as 

analyzed by the BrdU assay (Fig. 14A or B, respectively). Taken together, all of these results 

suggest different characteristics between OSCC cell lines used in this study and esophageal 

squamous cell carcinoma cell lines (Liu et al., 2015). Moreover, other targets besides EGFR for 

ADAM9 enzymatic activity are needed to be elucidated. However, it is still probable that ADAM9 



plays a pivotal role in other aspects of carcinogenesis, such as cancer cell invasion, since 

inhibition of ADAM9 expression can in fact result in a partial blockade of p-Aktser473 expression.  

 

Figure 13. Significant inhibitions of the median ratios (horizontal lines in the boxes) of ADAM9 
relative to β-actin expression in HN6 (A) and HN15 (B) and of the median ratios of p-Aktser473 
relative to total Akt expression in HN6 (E) and HN15 (F) by transfection with siRNA against 
ADAM9 (siADAM9) compared to transfection with a scrambled sequence at the equivalent 
doses (5 or 10 nM). However, these inhibitions were not found to be different for the median 
ratios of p-EGFRtyr1173 relative to total EGFR expression in HN6 (C) or HN15 (D). This 
experiment was separately performed three times with the same result. * = p<0.05. 



 

Figure 14. No difference in terms of the median percentages (horizontal lines in the boxes) of 
cell proliferation as analyzed by the BrdU assay upon transfection with siRNA against ADAM9 at 
5 or 10 nM compared to transfection with a scrambled sequence at the equivalent doses in HN6 
(A) or HN15 (B).  

For a control of enhanced cell proliferation as detected by the BrdU assay, HN6 oral 

cancer cells that were treated with phorbol 12-myristate 13-acetate (PMA) at 10 ng/ml for 24 or 

48 h showed a significant increase in cell proliferation (p<0.05; Fig. 15), whereas silencing 

ADAM9 expression by siRNA at 5 or 10 nM did not result in a change in the percentage of cell 

proliferation rate as compared to that of the control untreated cells, set to 100%. 

Figure 15. Significant increases in percentage of cell proliferation in HN6 after treatment with 
PMA at 10 ng per ml for 24 or 48 h. Note no change in the percentage of cell proliferation by 
treatment with siRNA against ADAM9 or a scrambled sequence at 5 or 10 nM. Error bars = 
standard deviation; * = p<0.05. 

 

 

 

 

 

 

 

 

 



Moreover, HN6 and HN15 cell lines were treated with 2% (v/v) DMSO for 24 h for a 

suppressive control of cell proliferation. It was found that treatment with 2% DMSO for 24 h 

significantly inhibited the rate of cell proliferation in HN6 and HN15 (p<0.05; Fig. 16A and B, 

respectively), whereas treatment with PMA at 10 ng/ml for 24 h significantly enhanced cell 

proliferation in HN6 and HN15 similar to the findings in Figure 15 (p<0.05; Fig. 16A and B, 

respectively). 

 

 

Figure 16. Significant decreases in the percentage of cell proliferation in HN6 (A) and HN15 (B) 

after treatment with 2% (v/v) DMSO for 24 h, as detected by the BrdU assay, while significant 

increases in the percentage of cell proliferation in HN6 (A) and HN15 (B) were found after 

treatment with PMA at 10 ng per ml for 24 h. Note no change in the percentage of cell 

proliferation by treatment with siRNA against ADAM9 or a scrambled sequence at 5 or 10 nM. 

A horizontal line within each box represents the median percentage of cell proliferation; * = 

p<0.05. 

 

 

 

 

 

 



7. To investigate the blocking effect on cancer cell aggressiveness in ADAM9-siRNA-

transfected-OSCC cell lines using the invasion assay. 

Next, the effect of ADAM9 silencing by siRNA on cancer cell invasion in vitro, as one of 

the aggressive hallmarks of oral cancer, was determined in HN6 and HN15. It was 

demonstrated that transiently silenced ADAM9 expression by siRNA against ADAM9 at 10 nM 

dramatically decreased cancer cell invasion of HN16 through the ECM matrix in vitro (Fig. 17), 

whereas transfection with lipofectamine, as a reagent control, or with a scrambled sequence at 

10 nM showed no suppression of oral cancer cell invasion as compared to that of the control 

untreated cells (Fig. 17). This experiment was independently carried out for four times in both 

HN6 and HN15 with a representative figure of each condition for HN6 shown below in Figure 

17. Note the red arrows indicate HN6 oral cancer cells stained with crystal violet that have 

invaded through the ECM matrix in a Transwell chamber (Fig. 17). 

Figure 17. A decrease in HN6 oral cancer cell invasion through the ECM matrix in a Transwell 

chamber by transient transfection with siRNA against ADAM9 (siADAM9) at 10 nM.  Note the 

red arrows indicate HN6 oral cancer cells stained with crystal violet that have invaded through 

the ECM matrix in a Transwell chamber.  

 

 By manually counting the number of invasive oral cancer cells (both HN6 and HN15), it 

was found that transiently silenced ADAM9 expression by siRNA against ADAM9 at 10 nM 

significantly decreased the number of invasive oral cancer cells in both HN16 and HN15 

through the ECM matrix in vitro (p<0.05; Fig. 18), whereas transfection with lipofectamine, as a 

reagent control, or with a scrambled sequence at 10 nM showed no suppression on the number 

of invasive oral cancer cells as compared to that of the control untreated cells (Fig. 18).  



 

 

Figure 18. Significant decreases in the number of invasive oral cancer cells in both HN6 (A) 

and HN15 (B) through the ECM matrix. A horizontal line within each box represents the median 

number of invasive cells. * = p<0.05. 

 

8.  To determine the function of ADAM9 in vivo.  

 This aim has not been addressed due to the absence of inhibitory effect on the cancer 

cell proliferation in vitro in ADAM9-knockdown HN6 and HN15 cell lines, mentioned in aim 6. 

Therefore, I do not think that it is necessary to perform this in vivo experiment in order to save 

animals’ lives. 
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OTHER OUTPUTS 

1. ผลงานอื่นๆ เช่น การตพีมิพผ์ลงานวชิาการในวารสารภายในประเทศไทย การไปนําเสนอ

ผลงาน การไดร้บัเชญิเป็นวทิยากรและการไดร้บัรางวลั 

- A total of three national papers and one proceeding (see the “Other Outputs” folder 

saved in a CD) have been published in the Thai journals upon the financial support of the 

Thailand Research Fund as follows. 

1) Pattamapun K, Jiamjit N, Saelo A, Krisanaprakornkit J, Krisanaprakornkit S (2017). 

Root canal therapy and intentional replantation of the maxillary central incisor with a 

combined periodontic and endodontic lesion from a palatogingival groove: a case report. 

Journal of the Dental Association of Thailand 67(3):197-211. 

2) Pengchum S, Chailertvanitkul P, Laopaiboon M, Thaweesit P, Abbott PV, 

Krisanaprakornkit S (2018). Thai propolis extract as root canal medication against 

Enterococcus faecalis infection. Khon Kaen University Dental Journal 21(1):30-38. 

3) Kundacha P, Makeudom A, Sastraruji T, Wanachantararak P, Charumanee S, 

Pattamapun K, Krisanaprakornkit S (2019). Efficacy of double antibiotics in 

hydroxypropyl methylcellulose gel against Enterococcus faecalis in root canals: An in vitro 

study. Journal of the Dental Association of Thailand 69(Suppl.):2-12. 

4) Sonjaitum W, Makeudom A, Sastraruji T, Louwakul P, Supanchart C, 

Krisanaprakornkit S (2019). Long-term treatment with LL-37 promotes proliferation, 

odontoblastic differentiation, and mineralization of human dental pulp cells. Emerging 

Trends in Dentistry, The 17th International Scientific Conference of the Dental Faculty 

Consortium of Thailand, July 8-10, 2019, Pullman Khon Kaen Raja Orchid, Khon Kaen, 

Thailand. 

- Several abstracts for both oral and poster presentations were prepared and presented 

at the Scientific Conferences of the Dental Faculty Consortium of Thailand from 2017 to 

2019. 

- An invited judging committee member for abstract selection at the 7th Federation of 

Immunological Societies of Asia-Oceania (FIMSA) in Bangkok, Thailand, November 10-

13, 2018. 



- An invited speaker in the topic of “Dental Research in Bone Cells” School of Dentistry, 

Mae Fah Laung University, Chiang Rai, Thailand, May 3, 2018. 

- Distinguished Alumni Award, Faculty of Dentistry, Mahidol University, Bangkok, 

Thailand, December 18, 2019. 

- A number of postgraduate students have achieved their Master and Ph.D. degrees in 

various dental disciplines by the sponsorship of the Thailand Research Fund. 

2. กจิกรรมทีเ่กีย่วขอ้งกบัการนําผลจากโครงการไปใชป้ระโยชน์ 

- I have now set up an Oral Biology research group in the Faculty of Dentistry, Chiang 

Mai University, to promote the academic atmosphere in this school by organizing a 

routine journal club. My research group is also financially sponsored by Chiang Mai 

University as the Center of Excellence in Oral and Maxillofacial Biology.     

3. การเชื่อมโยงทางวชิาการกบันกัวชิาการอื่นๆ ทัง้ในและต่างประเทศ 

- I am currently collaborating with Assistant Professor Dr. Jan GM Bolscher, Academic 

Centre for Amsterdam (ACTA), the Netherlands, in the project that involves with the role 

of cathelicidin antimicrobial peptides in bone biology. He generously continues to 

provide me LL-37 and CRAMP peptides. 

- I am also working with Professor Dr. Rawee Teanpisan, Faculty of Dentistry, Prince of 

Songkla University, on two different research projects. The first project is a field trial 

phase II, involving with the reduction of Streptococcus mutans, dental caries prevention, 

and enhancement of salivary human neutrophil peptide 1-3 levels by probiotic milk 

powder in preschool children. Some of these works have recently been published in 

Clinical Oral Investigations and been majorly revised in Caries Research. The second is 

a study of Enterococcus faecalis in root canal exudates. This project is part of an M.S. 

thesis of Professor Rawee’s students.  

- I continue to work with Professor Dr. Watchara Kasinarerk, Faculty of Associate Medical 

Sciences, Chiang Mai University, and our laboratories now become part of the Center of 

Excellence in Medical Biotechnology, sponsored by the Thai government. Professor 

Watchara generously introduced me to a talented PhD student, who is now working on 

the antimicrobial peptide and bone project. He also provides me valuable technical 

assistance in flow cytometry as needed.    
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Summary

Background:  Juberg-Hayward syndrome (JHS; MIM 216100) is a rare autosomal recessive malformation 
syndrome, characterized by cleft lip/palate, microcephaly, ptosis, short stature, hypoplasia or aplasia of 
thumbs, and dislocation of radial head and fusion of humerus and radius leading to elbow restriction.
Objective:  To report for the first time the molecular aetiology of JHS.
Patient and methods:  Clinical and radiographic examination, whole exome sequencing, Sanger 
sequencing, mutant protein model construction, and in situ hybridization of Esco2 expression in 
mouse embryos were performed.
Results:  Clinical findings of the patient consisted of repaired cleft lip/palate, microcephaly, ptosis, 
short stature, delayed bone age, hypoplastic fingers and thumbs, clinodactyly of the fifth fingers, 
and humeroradial synostosis leading to elbow restriction. Intelligence is normal. Whole exome 
sequencing of the whole family showed a novel homozygous base substitution c.1654C>T in ESCO2 
of the proband. The sister was homozygous for the wildtype variant. Parents were heterozygous for 
the mutation. The mutation is predicted to cause premature stop codon p.Arg552Ter. Mutations in 
ESCO2, a gene involved in cohesin complex formation, are known to cause Roberts/SC phocomelia 
syndrome. Roberts/SC phocomelia syndrome and JHS share similar clinical findings, including 
autosomal recessive inheritance, short stature, cleft lip/palate, severe upper limb anomalies, and 
hypoplastic digits. Esco2 expression during the early development of lip, palate, eyelid, digits, 
upper limb, and lower limb and truncated protein model are consistent with the defect.
Conclusions:  Our study showed that Roberts/SC phocomelia syndrome and JHS are allelic and 
distinct entities. This is the first report demonstrating that mutation in ESCO2 causes JHS, a 
cohesinopathy.

Head1=Head2=Head1=Head2/Head1

European Journal of Orthodontics, 2020, 1–6
doi:10.1093/ejo/cjaa023
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Introduction

Juberg-Hayward syndrome (JHS; MIM 216100) is a rare autosomal 
recessive malformation syndrome, characterized by cleft lip/palate, 
microcephaly, ptosis, short stature, hypoplasia or aplasia of thumbs, 
and dislocation of radial head and fusion of humerus and radius 
leading to elbow restriction (1–5).

Here we report for the first time that a novel homozygous base 
substitution in Establishment of cohesion 1 homologue 2 (ESCO2; 
MIM 609353), which leads to a nonsense mutation, is the cause 
of JHS.

Patient and methods
The study was conducted in accordance with the Declaration of 
Helsinki and national guidelines. Informed consent was obtained 
from the parents in accordance with the regulations of the Human 
Experimentation Committee of the Faculty of Dentistry, Chiang Mai 
University (No. 51/2016, 29 September 2016).

A 28-month-old Lisu tribe girl came to the Center of Excellence 
in Medical Genetics Research, Chiang Mai University for genetic 
evaluation. She and her unaffected younger sister were children of 
healthy consanguineous parents (Figure 1A–1C). Her birth weight 
was 2920  g (10th percentile). At the age of 28  months, weight, 
height, and occipitofrontal circumference were 8.4 kg (<third per-
centile), 80.5 cm (<third percentile), and 45.5 cm (<third percentile), 
respectively. Proportionate short stature, microcephaly, ptosis, 
hanging nasal columella, and repaired cleft lip and palate were ob-
served (Figure 1B and 1C). Fingers were slightly short but the second 
and fifth fingers were more severely shortened. Clinodactyly of the 
fifth fingers was observed (Figure 1D). Her elbow joint movement 
was limited since birth, leading to marked restriction of pronation 
and supination (Figure 1B). Bilateral soft tissue syndactyly between 
fingers 2–3 and 4–5 was observed. Her fingernails were unremark-
able (Figure 1D). Her toes appeared normal.

Radiographic examination showed bilateral humeroradial synos-
tosis (Figure 1E). Tibiae, fibulae, and knee joints were unremarkable. 
The metacarpals and phalanges of the thumbs were short and narrow. 
Regarding carpal bones, delayed bone age was noted. Only capitate 
and hamate were observed. The proximal and middle phalanges of the 
second and the fifth fingers were short bilaterally (Figure 1G).

Whole exome sequencing and Sanger direct 
sequencing
The extracted DNA of each family member was exome sequenced 
with the SureSelect V6+UTR exome capture library. Genome 
Analysis Toolkit (GATK) germline mutation workflow version 
3.8.1 (6) was used to identify variants (variant calling process). 
Particularly, sequencing reads from each sample were aligned using 
the Burrows-Wheeler Aligner tool version 0.7.17 (7), against the 
reference sequence hg19. To avoid read-duplications during NGS 
read amplification, the output BAM files (*.bam) were cleaned of 
duplicates using the Picard tools version 2.9 (Picard Toolkit. 2019, 
Broad Institute, GitHub Repository; http://broadinstitute.github.io/
picard/). Base-recalibration was performed by re-aligning reads be-
longing to known INDEL region on hg19 to reduce potential false-
positive variants. After receiving cleaned BAM files, HaplotypeCaller 
was used to call variants resulting in individual genomic variant call 
format (GVCF) files which represent high-quality potential variants 
as well as those regions with no variants. GVCF from all samples 
in this study was genotyped using GenotypeGVCFs. At this point, 
the combined-VCF file containing all predicted genotypes from each 

individual was created. We deployed variant quality score recalibra-
tion from GATK to recalculate more accurately the variant quality 
score so that we could use these quality scores to annotate if a pre-
dicted mutation was valid.

To predict causative mutations, we annotated the aforementioned 
variants using the Ensembl variant effect predictor (VEP) version 95 
tool (8). VEP provided predicted consequences of each variant which 
were used to compare against known mutation databases, including 
in-house variant database, 1000G, and gnomAD. We tested our hy-
pothesis that the causative variants were in coding regions. Those 
predicted variants distributed over coding regions were chosen. Then 
those variants that were present more than 0.01 per cent in those 
public variant databases were filtered out, resulting in 4275 variants 
to be investigated. Different genetic segregation models were tested, 
including autosomal recessive, de novo autosomal dominant, com-
pound heterozygous, and X-linked recessive.

In situ hybridization of Esco2
In situ hybridization was carried out as described previously (9). 
Briefly, for radioactive in situ hybridization, embryonic mouse heads 
were sectioned at 8 mm. The slides were pre-treated with 5 mg/ml 

Figure 1.  Proband and family members. (A) Pedigree of the consanguineous 
Lisu tribe family. (B and C) Patient at age 28  months: proportionate short 
stature, repaired cleft lip and palate, hanging nasal columella, arched 
eyebrows, ptosis, and thin upper lip. Note the restricted extension of the 
forearms. (D) Hypoplastic thumbs. (E) Radiographs of forearms; bilateral 
humeroradial synostosis (arrows). (F) Radiographs of lower limbs; tibiae, 
fibulae, and knee joints are unremarkable. (G) Antero-posterior radiograph of 
hands. The metacarpals and phalanges of the thumbs were short and narrow 
(arrows). Only capitate and hamate are observed. The proximal and middle 
phalanges of the second and the fifth fingers are short bilaterally.
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proteinase K. Hybridization was carried out overnight at 55oC. The 
slides were then washed at high stringency at 65oC for 20 minutes 
and treated with 40 mg/ml RNAse A for 30 minutes at 37oC to re-
move any non-specifically bound probe. The sections were then 
washed at room temperature and dehydrated through ethanol. The 
slides were air-dried and dipped in Ilford K.5 photographic emulsion. 
Autoradiography was performed by exposing the sections in a light-
tight box at 4oC for 10–14 days. Slides were developed using Kodak 
D19, fixed in Kodak UNIFIX, counterstained with haematoxylin.

For whole-mount in situ hybridization, explants were pretreated 
with proteinase K at 37oC, refixed in 4 per cent PFA, and then prehy-
bridized for 5 hours at 60oC in a hybridization buffer. The probe was 
added at a concentration of approximately 1 mg/ml of the hybridiza-
tion mix. After hybridization, tissues were washed in high-stringency 
conditions and pre-blocked in antibody blocking solution, then in-
cubated with a preabsorbed antibody. DIG-labelled antisense and 
sense riboprobes were detected with alkaline phosphatase-coupled 
anti-DIG antibodies using NBT and BCIP as the colour substrates in 
NMT solution. Following visualization of the stain, the tissues were 
postfixed and cleared in 50 per cent glycerol before photography. 
The radioactive or DIG antisense probes or fluorescent antisense 
probes were generated from mouse complementary DNA clones.

Mutant protein model
A homology model of the acyltransferase domain of ESCO2 was cre-
ated with the Phyre2 homology modelling server (10) with default 
parameters and visualized in PyMOL (Schrödinger LLC).

Results

Mutation analysis
The autosomal recessive model revealed 37 potential patho-
genic variants, and these variants were ranked according to their 

predicted consequential impacts. We observed those with HIGH and 
MODERATE impacts proposed by the Ensembl Variant Predictor 
and found that the proband carried the highly probable homozygous 
stop-gain resulting in the premature termination on codon 552 of 
ESCO2, namely NM_001017420.2:c.1654C>T (NP_001017420.1:p.
Arg552Ter). This c.1654C>T variant was cross-checked against our 
in-house 168 Exome database and found that no one carried this 
variant. This variant is extremely rare with only one heterozygous 
case among the 15 308 Southeast Asians and none in other popu-
lations reported in gnomAD. Thus, it has never been found in the 
homozygous state. In gnomAD, the allele frequency of this variant 
was 0.000004. The sister was homozygous for the wildtype variant 
and the parents heterozygous for the mutation. The mutation is pre-
dicted to truncate the C-terminus by 50 amino acids. This variant was 
highly likely to cause the phenotype in the proband, because trun-
cating mutations in ESCO2 have been found in a Roberts syndrome/
SC phocomelia (OMIM 268300, 269000). The mutation was pre-
dicted to be disease-causing by MutationTaster (prob = 1.0).

Sanger direct sequencing was performed in order to validate 
the mutation (Supplementary Figure 1). The primer sequences 
used were TCGTAATGCTATGGGACACACT for forward primer; 
TAGCTCAGAAGCCGAGAGGT for reverse primer.

In situ hybridization
In situ hybridization at E14.5 the expression of Esco2 was detected 
in the developing murine lip (Figure  3A), eyelid (Figure  3B and 
3I), palate (Figure 3C and 3H), digit (Figure 3D and 3K), tongue 
(Figure 3J), and hair follicles (Figure 3G). Its expression was also ob-
served in the long bones of the developing forelimb (Figure 3E and 
3L) but not the hindlimb (Figure 3F and 3M).

Mutant protein model
Based on its similarity to the corresponding region in ESCO1 (11), 
the protein segment deleted as the result of the Arg552Ter mutation 
contains the C-terminal of part of the acetyltransferase domain crit-
ical for the acetyl-CoA binding (Figure 1D and 3E).

Discussion

We report a novel homozygous base substitution mutation 
(c.1654C>T) in ESCO2, leading to protein truncation of 50 amino 
acids in a patient affected with JHS. This is the first report of the 
aetiology of JHS. The mutation was identified in ESCO2, an im-
portant gene for cohesin complex formation. Mutations in ESCO2, 
a homolog to yeast Eco1 acetyltransferase, are known to lead to a 
loss of acetyltransferase activity and subsequent Roberts/SC phoco-
melia syndrome (MIM 268300). Protein truncations are the most 
common type of mutations found in ESCO2 (12–13).

ESCO2 encodes a 601-amino acid protein belonging to the Eco1 
family of acetyltransferases, which comprises two conserved regions, a 
Zn finger-like motif and a C-terminal acetyltransferase domain. This 
protein has an important role in the establishment of sister chromatid 
cohesion during S phase until their separation in anaphase. It also plays 
an important role in post-replicative sister chromatid cohesion in-
duced by double-strand breaks. Chromosomes from the patients with 
ESCO2 mutations show a characteristic lack of cohesion at the hetero-
chromatic regions around centromeres and in the long arm of the Y 
chromosomes (precocious sister chromatid separation) (12).

Esco2-depleted zebrafish recapitulate a number of phenotypes ob-
served in patients with Roberts/SC phocomelia syndrome, including 
craniofacial abnormalities and fin truncations, similar to phocomelia 

Figure 2.  Model of human ESCO2 and its deletion. (A) Model of human ESCO2 
acetyltransferase domain with the acetyl-CoA superimposed according to 
the X-ray crystal structure of the human ESCO1 acetyltransferase domain 
complexed with acetyl-CoA (11). The acetyl-CoA is shown in ball and stick with 
carbons in magenta, oxygen red, nitrogen blue, and sulfur yellow. (B) Model 
as in D with the region C-terminal to Arg552deleted to show the loss of the 
acetyl-CoA binding helix. The homology model was created with the Phyre2 
homology modelling server (10) and visualized in PyMOL (Schrödinger LLC).
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Figure 3.  Esco2 expression in various tissues. Frontal (A–C and G) and sagittal (D–F) sections showing in situ hybridization of Esco2 expression in developing 
murine lip (A), eyelid (B), palate (C), digit (D), forelimb (E) hindlimb (F), and hair follicles (G) at E11.5 (A) and E14.5 (B–G). (A–G) Bright-field (left) and dark-field 
(right) images. Red arrows and arrowheads indicate Esco2 expression. The radius (red), humerus (green), ulna (blue), tibia (yellow), femur (purple), and fibula 
(light blue) are outlined with dotted lines (E and F). Hair follicles are outlined with red dotted lines (G). No apparent expression in F. (H–M) Whole-mount in situ 
hybridization of Esco2 expression in maxilla (H), eyelid (I), mandible (J), digit (K), forelimb (L), and hindlimb (M) at E14.5. Yellow arrowheads indicate Esco2 
expression (H–L). No apparent expression in M.
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in some patients with ESCO2 mutations (14). The p.Arg552Ter mu-
tation found in our patient is located near the C-terminal and would 
be predicted to result in truncation of the C-terminal 50 amino acid 
residues of the protein affecting the acetyltransferase domain critical 
for the acetyl-CoA binding. This was likely to cause a severe loss of 
the acetyltransferase activity (15), since the amino acid residues com-
prising two alpha-helices that form the centre of the domain structure 
and interact with the acetyl-CoA substrate are lost (Figure 2A and 2B). 
Acetyltransferase activity is required for cell proliferation, viability, and 
apoptosis (13). It is hypothesized that the acetyltransferase activity in 
our patient may not have been completely lost, therefore our patient 
had milder phenotype than those with Roberts syndrome who had 
completely lost the acetyltransferase activity, the activity crucial for the 
building of cohesin complex. Cleft lip and palate, syndactyly of fingers, 
and humeroradial synostosis seen in our patient might have been caused 
by abnormal cell proliferation and apoptosis, because Esco2-depleted 
zebrafish embryos have a high level of cell death (14).

Our findings demonstrate that JHS is allelic to Roberts/SC phoco-
melia syndrome which is scientifically and genetically sensible because 
JHS shares a number of phenotypes with Roberts/SC phocomelia syn-
drome, including autosomal recessive inheritance, short stature, cleft 
lip/palate, microcephaly, limb truncation, hypoplastic digits, clinodac-
tyly, and elbow flexion contracture (1–5). This is in line with our find-
ings of Esco2 expression in developing murine lip, palate, and digits. 
The expression in the eyelid explains ptosis in our patient and the pre-
viously reported one (5). Even though JHS and Roberts/SC phocomelia 
syndromes are caused by mutations of the same gene, the phenotypes 
of patients with JHS are milder than those of Roberts/SC phocomelia 
syndrome (16). According to OMIM and to the best of our know-
ledge the disorders are distinct entities, because they have not been re-
ported within the same families. Both syndromes may have cleft lip 
with or without cleft palate. The characteristic features of JHS are a 
fusion of humerus and radius or dislocation of the radial head and the 
normal lower limbs (1–5). Patients with Roberts/SC phocomelia syn-
drome are more severe with intrafamilial and interfamilial variability 
of the phenotypes (13). Some patients with JHS might have probably 
been misdiagnosed as Roberts/SC phocomelia syndrome (e.g. patient 
2 in Ref. (17)). However, there may be a genotype–phenotype correl-
ation between the two syndromes, which is similar to TP63-associated 
syndromes including Ectrodactyly-Ectodermal dysplasia-Clefting syn-
drome, Ankyloblepharon-Ectodermal dysplasia-Cleft lip/palate syn-
drome, and Rapp-Hodgkin syndrome (18). Although the deletion is 
expected to eliminate the acetyltransferase function of ESCO2, the 
phenotype of JHS is mild relative to Roberts/SC phocomelia syndrome. 
The sequence at the mutation-derived stop codon is UGACUG, which 
was found to be the fourth most frequently read through 6-nucleotide 
stop sequence in a mammalian cell culture assay (19). Therefore, the 
mild phenotype in the current case is consistent with spontaneous read 
through, which was reported to occur at the R943X nonsense muta-
tion of LAMA3 and prevent stop-codon mediated decay and severe 
symptoms (20). In addition, variation in other genes or genetic back-
ground probably also affect the severity of the symptoms.

It is interesting to note that JHS, Roberts/SC phocomelia syn-
drome, and Cornelia de Lange syndrome (MIM 122470) are caused 
by mutations in the genes that are involved in the formation of 
cohesin complex, and the upper limbs in these patients are more 
severely affected than the lower limbs. The presence of Esco2 ex-
pression in the developing murine forelimb and its apparent absence 
in the hindlimb (Figure 3E and 3F) are in line with the severity of 
limb malformations found in patients with mutations involving the 
cohesin complex formation.

Some syndromes are caused by mutations in genes that encode 
proteins that can be affected by teratogens. It is noteworthy that the 
similarity between phenotypes of patients with ESCO2 mutations 
and those with thalidomide embryopathy suggests that ESCO2 is a 
thalidomide target (21).

Conclusions

Here we report for the first time that protein truncation of 
ESCO2, which is expected to lead to abnormal acetyltransferase 
activity, causes JHS and suggests that this syndrome belongs to 
cohesinopathies.
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Background: Two post-translational mechanisms commonly demonstrated in various

cancers are protein phosphorylation and glycosylation by O-linked b-N-acetylgluco-

samine (O-GlcNAc). However, only phosphorylation of the epidermal growth factor

receptor (EGFR)/Akt pathway has been reported in oral squamous cell carcinoma

(OSCC). Therefore, we aimed to determine both post-translational modifications in

OSCC tissues and in oral cancer cells compared to normal tissues and oral ker-

atinocytes and to find correlations of these modifications with histological grading.

Methods: Thirty-two OSCC and ten normal formalin-fixed and paraffin-embedded

sections were probed with the anti-O-GlcNAc, anti-O-GlcNAc transferase (OGT), anti-

phosphorylated-EGFRtyr1173, and anti-phosphorylated-Aktser473 antibodies following

standard immunohistochemistry. The immunohistochemical (IHC) score was deter-

mined using the Fromowitz standard. Whole cell lysates of oral cancer cells and nor-

mal oral keratinocytes were immunoblotted with the anti-O-GlcNAc antibody.

Results: The median IHC scores of O-GlcNAc or OGT between OSCC and normal

tissues were not different, whereas those of phosphorylated-EGFRtyr1173 and phos-

phorylated-Aktser473 were significantly higher in OSCC than normal tissues (P < .001

and P < .01, respectively). Similarly, expression of O-GlcNAcylated proteins in oral

cancer cells and normal oral keratinocytes did not differ. In the OSCC group, the

median IHC scores of O-GlcNAc and OGT were significantly lower than those of

phosphorylated-EGFRtyr1173 and phosphorylated-Aktser473 (P < .01 and P < .001,

respectively). The IHC scores of O-GlcNAc or OGT were not determined to corre-

late with histological grading.

Conclusion: Unlike other types of cancers, our findings demonstrate that the levels

of O-GlcNAcylation are not significantly increased in OSCC tissues or in oral cancer

cells and are not associated with the histological grading of OSCC.

K E YWORD S

Akt, epidermal growth factor receptor, O-GlcNAc transferase, O-GlcNAcylation, oral squamous

cell carcinoma

1 | INTRODUCTION

Oral squamous cell carcinoma (OSCC) accounts ~90% of oral cancer

cases.1 In 2012, an incidence of oral cancer was reported ~2.1% of

all cancers worldwide.2 In Thailand, 3733 new oral cancer cases

(~3.3% of all cancers) were reported between 2010 and 2012 with

an estimated incidence rate of 5.1 and 3.6 per 100 000 population

in males and females, respectively.3 Major extrinsic risk factors

include smoking, alcohol consumption, smokeless tobacco use, and

human papillomavirus infection,2 whereas intrinsic factors that alter
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normal cells to cancer cells comprise a series of genetic and epige-

netic changes4 and several protein post-translational modifications

(PTMs), such as phosphorylation, glycosylation, and ubiquitination.5

Among the phosphorylated proteins that are well documented

for the pathogenesis of OSCC is epidermal growth factor receptor

(EGFR), a member of the protein tyrosine kinase receptor family.

The binding of its cognate ligands to EGFR activates intrinsic tyro-

sine kinase activity, resulting in phosphorylation of specific tyrosine

residues. The phosphorylated tyrosine residues lead to activation of

the phosphatidylinositol 30-kinase/Akt pathway that causes tumor-

promoting activities.6,7 Two previous studies have reported overex-

pression of phosphorylated EGFR at tyrosine 1173 (p-EGFRtyr1173)

from 40% to 65% of OSCC cases,7,8 while our previous study has

shown overexpression of phosphorylated-Akt at serine 473

(p-Aktser473) in 14 of 15 OSCC cases.9

Besides phosphorylation, addition of N-acetylglucosamine

(GlcNAc) at the hydroxyl groups of serine and/or threonine residues,

known as O-linked b-N-acetylglucosamine (O-GlcNAc) or O-GlcNA-

cylation, of cytosolic and nuclear proteins functioning in various

intracellular processes, such as transcription, cell cycle regulation,

epigenetic control of gene expression in response to nutrients and

stress,10-12 is involved with cancer cell biology.11,13 Increased

O-GlcNAcylation levels are reported in several solid mass tumors,

such as breast cancer,14,15 prostate cancer,16-18 cholangiocarci-

noma,19 laryngeal20 and esophageal squamous cell carcinoma,21 and

skin cancer,22 and are associated with tumor progression, metastasis,

recurrence, and poor survival rates.14,16,18,19 Both EGFR23 and

Akt24,25 can be modified by O-GlcNAcylation in addition to phospho-

rylation. Overexpression of O-GlcNAc transferase (OGT), an enzyme

that adds O-GlcNAc to modify proteins,26 is shown in certain types

of cancers.15,18,19,21 However, to the best of our knowledge, involve-

ment of O-GlcNAcylation and OGT in OSCC has not yet been

investigated. Therefore, it was hypothesized that the O-linked

glycosylation was elevated in OSCC tissues and oral cancer cells.

The objectives were (i) to determine O-GlcNAc levels and OGT,

p-EGFRtyr1173, and p-Aktser473 expressions in OSCC and then com-

pare with normal tissues; (ii) to compare the O-GlcNAc levels and

the OGT expression with the p-EGFRtyr1173 and p-Aktser473 expres-

sions in OSCC; (iii) to find correlations between the O-GlcNAc levels

or the OGT, p-EGFRtyr1173, or p-Aktser473 expression and histological

grading; and (iv) to examine O-GlcNAcylated and phosphorylated

protein expressions in oral cancer cells and normal human oral

keratinocytes (HOKs).

2 | MATERIALS AND METHODS

2.1 | Antibodies

For immunohistochemistry, the mouse monoclonal anti-O-GlcNAc

(clone RL2; cat no. sc-59624), the mouse monoclonal anti-OGT (clone

F12; cat no. sc-74546), and the rabbit polyclonal anti-p-EGFRtyr1173

(cat no. sc-101668) antibodies were purchased from Santa Cruz

Biotechnology (Dallas, TX, USA). The mouse monoclonal anti-p-

Aktser473 (clone 587F11; cat no. 4051) antibody was from Cell Signal-

ing Technology (Danvers, MA, USA). For immunoblotting, the mouse

monoclonal anti-phosphoserine/threonine/tyrosine (p-ser/thr/tyr)

(clone SPM101; cat no. ab15556) antibody was bought from Abcam

(Cambridge, MA, USA). The mouse monoclonal anti-O-GlcNAc and the

mouse anti-beta-actin (cat no. sc-47778) antibodies were from Santa

Cruz Biotechnology.

2.2 | Formalin-fixed and paraffin-embedded tissues

Thirty-two formalin-fixed and paraffin-embedded OSCC blocks were

retrieved from the tissue archive of the Dental Hospital, Faculty of

Dentistry, Chiang Mai University, between 2002 and 2012. The clini-

copathologic data of OSCC cases are summarized in Table 1; the

mean age was 66.38 years (43-85 years old). The histological grading

of OSCC specimens was given by an oral pathologist (Faculty of

Dentistry, Chiang Mai University). Ten normal oral tissue blocks, pre-

viously used in the Akt study,9 were from the non-inflamed tissues

overlying bony impaction of third molars from 5 males and 5

females, who underwent a surgical procedure at the Oral and Max-

illofacial Surgery Clinic, Faculty of Dentistry, Chiang Mai University.

The blocks were serially sectioned at 5-lm thickness and placed on

silanized glass slides (Dako, Agilent Technologies, Santa Clara, CA,

USA). The study protocol (no. 21/2017) was approved by the

Human Experimentation Committee, Chiang Mai University. The

cholangiocarcinoma sections, generously obtained from Professor Dr.

Sopit Wongkham, Department of Biochemistry, Liver Fluke and

Cholangiocarcinoma Research Center, Faculty of Medicine, Khon

Kaen University, were used as a control for the immunohistochemical

(IHC) protocol.

TABLE 1 Clinicopathologic characteristics of OSCC cases

Variables Number of cases

Histological grading Well differentiated 12

Moderately differentiated 12

Poorly differentiated 8

Age (years) 41-50 2

51-60 9

61-70 6

71-80 11

81-90 4

Gender Male 17

Female 15

Location Buccal mucosa 9

Lateral tongue 5

Gingiva/alveolar mucosa 12

Labial mucosa 1

Retromolar pad 1

Lip vermillion 2

Mandible 2
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2.3 | Immunohistochemistry

The standard IHC protocol was performed as previously described.9

The sections were deparaffinized in xylene and rehydrated through

graded alcohol and distilled water. Endogenous peroxidase was

blocked by incubation with 3% hydrogen peroxide for 10 minutes

at room temperature and washed with Tris-buffered saline (TBS).

The antigen unmasking was performed at 100°C for 15 minutes in

0.05% Tween in 10 mM sodium citrate buffer, pH 6.0, for the anti-

O-GlcNAc and anti-OGT antibodies19 and the anti-p-EGFRtyr1173

antibody7 or in 1 mM EDTA, pH 8.0, for the anti-p-Aktser473 anti-

body.9 The sections were cooled down for 20 minutes, blocked with

2.5% normal blocking serum (Vectastain Elite ABC-HRP kit R.T.U.,

Vector Laboratories, Burlingame, CA, USA) for 20 minutes, and

incubated at 4�C overnight with the anti-O-GlcNAc, anti-OGT,

anti-p-EGFRtyr1173 or anti-p-Aktser473 antibody at 1:50. For a nega-

tive control, normal blocking serum was added onto the sections.

The sections were washed with TBS and reacted with secondary

antibody and R.T.U. Elite ABC reagent (Vectastain Elite ABC-HRP

kit R.T.U.) for 20 minutes each. The color was developed by 3,30-

diaminobenzidine (DAB Peroxidase [HRP] substrate kit, Vector

Laboratories), and the sections were counterstained with hema-

toxylin for 30 seconds. The sections were first observed under

9100 magnification power using a bright field microscope (Axio

Imager.Z2 m, Carl Zeiss Microscopy GmbH, G€ottingen, Germany)

for tissue orientation. Three representative fields of vision were

selected from each section by 2 independent observers (T.K. and

W.P.P.A.). The interexaminer calibration value was 0.881. The digi-

tized images were captured in the epithelial layer of normal tis-

sues and in the epithelial cell nest in the connective tissue layer

of OSCC using a charge-coupled device (CCD) camera (Axiocam

ICc5, Carl Zeiss Microscopy GmbH) attached to the microscope

under x400 magnification power together with the ZEN 2 (blue

edition) software (Carl Zeiss Microscopy GmbH).

F IGURE 1 Representative images under 9400 magnification power for O-GlcNAc levels and expressions of OGT, p-Aktser473, and
p-EGFRtyr1173 in the consecutive sections of normal oral epithelial and OSCC tissues, stratified by histological grading as well, moderately, and
poorly differentiated. In general, immunostaining of p-Aktser473 and p-EGFRtyr1173 was stronger in OSCC than normal tissues, whereas weak
staining of O-GlcNAc and OGT was observed in the moderately and poorly differentiated OSCC
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2.4 | Determination of IHC scores

The ImageJ program version 1.48 (National Institutes of Health,

Bethesda, MD, USA) was used to quantitatively determine the per-

centage of positively stained cells and the staining intensity of digi-

tized images. The mean percentage of positive cells was determined

from the percentage of positive cells (the number of brown-stained

cells against that of total cells in each image) in each of the 3 repre-

sentative images and scored using the modified Fromowitz stan-

dard27 as follows: 0, <10%; 1, ≥10 to <25%; 2, ≥25 to <50%; 3, ≥50

to <75%; and 4, ≥75%. For the intensity score, the color of counter-

staining was first removed and the brown intensity was analyzed by

mean RGB (0-255). The average mean RGB was determined from

the mean RGB in each of the 3 representative images and scored as

follows: 0, no staining (mean RGB>245.75); 1, weak (227.25 < mean

RGB≤245.75); 2, moderate (208.75 < mean RGB≤227.25); and 3,

intense (mean RGB≤208.75). The lower and upper limits of mean

RGB were derived from a linear equation as y = 13.77�0.054x,
where y = intensity score and x = mean RGB. To formulate this

equation, the intensity of each section was semiquantitatively scored

as 0, 1, 2, or 3 by 2 observers as aforementioned. The intensity

score and its mean RGB value were plotted on a y-axis and an x-axis

of the scatter diagram, respectively, and a linear regression line was

drawn and used for the equation. The IHC score (0-7) was deter-

mined by combining the average percentage score of positive cells

(0-4) with the average intensity score (0-3).

2.5 | Immunoblotting

Four oral cancer cell lines, HN5, HN6, HN15, and HN008, and 8 nor-

mal HOK cell lines were obtained from our recent study.28 Primary

HOKs were isolated from normal non-inflamed gingival biopsies over-

lying bony impaction of third molars of 8 healthy donors. All cell lines

were cultured in serum-free keratinocyte growth medium (Lonza,

Walkersville, MD, USA) at 37°C in a humidified chamber with 5% CO2

until 80% cell confluence. A 20-lg quantity of whole cell lysates

extracted in radio-immunoprecipitation assay buffer28 was boiled at

100°C for 5 minutes, resolved on 7.5% SDS-PAGE, and blotted onto

nitrocellulose membranes (Bio-Rad Laboratories, Hercules, CA, USA).

The membranes were blocked with 5% non-fat dry milk (Santa Cruz

Biotechnology) in 0.1% Tween-TBS for 1 hour and incubated with the

antibody against O-GlcNAc (1:1000), p-ser/thr/tyr (1:500), or

beta-actin (1:1000) at 4°C overnight. The rabbit anti-mouse HRP-con-

jugated immunoglobulins (cat no. P0260; 1:2000; Dako, Agilent

Technologies) were added onto the membranes for 1 hour. The

membranes were reacted with LumiGLO Reserve� chemiluminescent

reagent (KPL, Gaithersburg, MD, USA), and the signals were captured

by a CCD camera attached to the ChemiDoc XRS gel documentation

system (Bio-Rad Laboratories). The ImageJ program version 1.48 was

used to quantify the intensities of all O-GlcNAcylated and phosphory-

lated protein bands from 30 to 200 kDa in each cell line, normalized

by the intensity of beta-actin band at 42 kDa within the same sample

as a loading control. The relative ratio for the expression of O-GlcNA-

cylated or phosphorylated proteins in each cell line was adjusted by

comparison with that in HN15 that showed the highest value of band

intensities, set to 1.0.

2.6 | Statistical analysis

The Mann-Whitney U test was used to compare median IHC scores

between OSCC and normal tissues and those between each pair of

the 4 antibodies in the OSCC group. The Spearman’s correlation

F IGURE 2 Significantly higher
expressions of p-Aktser473 and
p-EGFRtyr1173 in OSCC than normal
tissues. The box plot graphs demonstrate
the immunohistochemical score (0-7) on a
y-axis for O-GlcNAc levels (A) and
expressions of OGT (B), p-Aktser473 (C), and
p-EGFRtyr1173 (D) in normal oral and OSCC
tissues. The horizontal lines within each
box represent the median and interquartile
range. Two small black circles in B
represent outliers that were included in
statistical analysis. **P < .01; ***P < .001
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coefficient was used to determine correlations between IHC scores

and histological grading and those between each pair of the 4 anti-

bodies. The independent t test was used to compare mean relative

ratios of O-GlcNAcylated proteins or those of phosphorylated pro-

teins between 4 HN and 8 HOK cell lines. P < .05 was considered

to indicate a statistically significant difference. All statistical analyses

were performed using SPSS version 17.0 (IBM, Armonk, NY, USA).

3 | RESULTS

3.1 | No difference in O-GlcNAc levels or OGT
expression between OSCC and normal tissues

To optimize the IHC protocol for anti-O-GlcNAc and anti-OGT anti-

bodies, each antibody was tested for immunostaining in the cholangio-

carcinoma sections. The result showed brown immunostaining in the

ductal epithelial cells with both antibodies at 1:50 (arrowheads in sup-

plemental data), consistent with the previous finding.19 The optimiza-

tion was only performed for anti-O-GlcNAc and anti-OGT antibodies

because our study9 and the others7 have already demonstrated posi-

tive immunostaining of p-Aktser473 and p-EGFRtyr1173 in OSCC tissues

using the same antibodies and conditions. Varying intensities were

generally observed in OSCC tissues reacted with the anti-O-GlcNAc

and anti-OGT antibodies, which appeared not to differ from those in

normal tissues, whereas the immunostaining was strikingly more

intense in OSCC than normal tissues, reacted with the anti-p-Aktser473

and anti-p-EGFRtyr1173 antibodies (Figure 1). Note weaker intensities

of p-Aktser473 and p-EGFRtyr1173 than those of O-GlcNAc and OGT in

normal epithelium (Figure 1) and no immunostaining in OSCC or nor-

mal tissues in a negative control (data not presented). There was no

difference in median IHC scores between OSCC and normal tissues

for O-GlcNAc levels (Figure 2A) or OGT expression (Figure 2B),

whereas median IHC scores were significantly higher in OSCC than

normal tissues for p-Aktser473 (P < .01; Figure 2C) and p-EGFRtyr1173

expressions (P < .001; Figure 2D).

3.2 | Lower O-GlcNAc levels and OGT expression
than p-Aktser473 and p-EGFRtyr1173 expressions

The distributions of IHC scores among 32 OSCC cases are illustrated

in a clustered-bar chart (Figure 3A). Over 24 cases were scored

between 0 and 3 for the immunostaining with anti-O-GlcNAc and

anti-OGT antibodies, while ≥22 were scored between 4 and 7 for that

with anti-p-Aktser473 and anti-p-EGFRtyr1173 antibodies. Correspond-

ingly, median IHC scores of O-GlcNAc levels and OGT expression

were significantly lower than those of p-Aktser473 and p-EGFRtyr1173

expressions (P < .001 and P < .01, respectively; Figure 3B).

3.3 | No correlation between O-GlcNAc levels or
OGT expression and histological grading

When correlations between IHC scores and histological grading,

including 12 well, 12 moderately, and 8 poorly differentiated OSCC

cases (Table 1), together with ten normal tissues were determined,

O-GlcNAc levels (Figure 4A) or OGT expression (Figure 4B) did not

correlate with histological grading, whereas p-Aktser473 (Figure 4C)

and p-EGFRtyr1173 (Figure 4D) expressions were positively correlated

with histological grading (r = .351; P = .022 and r = .429; P = .005,

respectively). Note that the IHC scores of O-GlcNAc tended to

decrease in the moderately and poorly differentiated OSCC (Fig-

ure 4A). Although the O-GlcNAc levels or the OGT expression was

not determined to correlate with histological grading, their IHC scores

were positively correlated between each other (r = .537; P < .001;

Figure 4E), implying a true result of no correlation. As expected, the

IHC scores of p-EGFRtyr1173 expression were positively correlated

with those of p-Aktser473 expression (r = .581; P < .001; Figure 4F).

F IGURE 3 (A) Distributions of immunohistochemical (IHC) scores
(0-7) among 32 OSCC cases from using 4 antibodies, including anti-
O-GlcNAc, anti-OGT, anti-p-Aktser473, and anti-p-EGFRtyr1173,
illustrated in a clustered-bar chart and the number of cases was
plotted on a y-axis. (B) Significantly higher expressions of p-Aktser473

and p-EGFRtyr1173 than O-GlcNAc levels and OGT expression in
OSCC tissues. The box plot graph demonstrates the IHC scores (0-7)
on a y-axis for the O-GlcNAc levels and the expressions of OGT,
p-Aktser473, and p-EGFRtyr1173 in OSCC tissues. The horizontal lines
within each box represent the median and interquartile range. Two
small black circles represent outliers that were included in statistical
analysis. **P < .01; ***P < .001
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3.4 | No difference in O-GlcNAcylated protein
expression between oral cancer cells and HOKs

Representative immunoblots, probed with anti-O-GlcNAc, anti-p-ser/

thr/tyr, or anti-beta-actin antibody, are shown in Figure 5A. Gener-

ally, varying expressions of O-GlcNAcylated proteins in 4 oral cancer

cell lines (HNs) did not differ from those in 4 HOK cell lines, while

those of phosphorylated proteins seemed to be greater in HN than

HOK cell lines. Beta-actin expression was equal among different

samples. The mean relative ratio of O-GlcNAcylated proteins in 4

HN cell lines was not different from that in 8 HOK cell lines,

whereas the mean relative ratio of phosphorylated proteins was sig-

nificantly higher in HN than HOK cell lines (P < .01; Figure 5B).

4 | DISCUSSION

By immunohistochemistry, the median IHC scores of O-GlcNAc or

OGT between OSCC and normal tissues were not different, whereas

those of p-Aktser473 and p-EGFRtyr1173 were significantly higher in

OSCC than normal tissues. Accordingly, the median IHC scores of p-

Aktser473 and p-EGFRtyr1173 were significantly greater than those of

O-GlcNAc and OGT in the OSCC group. Consistent with these

immunohistochemical findings, O-GlcNAcylated protein expression in

oral cancer cells or HOKs, assayed by immunoblotting, was not dif-

ferent (Figure 5), while phosphorylated protein expression was sig-

nificantly increased in oral cancer cells. A lack of enhanced O-

GlcNAc levels or OGT overexpression in OSCC or oral cancer cells

suggests that PTM by O-GlcNAcylation may not be involved in oral

carcinogenesis. These results were inconsistent with hyper-O-GlcNA-

cylation and OGT overexpression in squamous cell carcinoma of the

larynx,20 the esophagus,21 and the skin,22 suggesting distinct tissue-

specific PTMs. However, our findings are still similar to no differ-

ences in O-GlcNAc immunostaining intensities between liver or pan-

creatic cancer and their adjacent normal tissues.17 Moreover, O-

GlcNAc levels in >60% of prostate cancer cases were lower than

those in the adjacent normal tissues.16

The IHC scores of p-Aktser473 and p-EGFRtyr1173 were signifi-

cantly higher in OSCC than normal tissues and positively correlated

with histological grading, indicating that PTM via phosphorylation of

F IGURE 4 Significantly positive
correlations between immunohistochemical
(IHC) scores of p-Aktser473 or
p-EGFRtyr1173 and histological grading and
those between O-GlcNAc and OGT or
between p-EGFR tyr1173 and p-Aktser473.
A-D, The box plot graphs demonstrate the
IHC scores (0-7) on a y-axis for O-GlcNAc
levels (A) and expressions of OGT (B),
p-Aktser473 (C), and p-EGFRtyr1173 (D) in
normal oral tissues and different
histological grades of OSCC, including well,
moderately, and poorly differentiated. E
and F, The box plot graphs demonstrate a
correlation between the IHC scores of
O-GlcNAc levels and those of OGT
expression and that between the IHC
scores of p-EGFR tyr1173 expression and
those of p-Aktser473 expression,
respectively. The horizontal lines within
each box represent the median and
interquartile range. A small black circle and
an asterisk in E indicate an outlier and an
extreme value, respectively, which were
included in statistical analysis
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Akt and EGFR is associated with enhanced OSCC severity. These

findings were concordant with those showing p-Aktser473 overex-

pression in OSCC tissues and significantly increased

p-Aktser473 expression in poorly differentiated OSCC9 and a signifi-

cant correlation between p-EGFRtyr1173 overexpression and poor

prognosis of OSCC.7 By contrast, the IHC scores of O-GlcNAc or

OGT failed to correlate with the histological grading of OSCC. These

results differ from the relationship between hyper-O-GlcNAcylation

and the presence of lymph node metastasis in different types of can-

cer.14,21 However, to the best of our knowledge, this study is the

first to determine the association of O-GlcNAcylation with the sever-

ity of squamous cell carcinoma, as stratified by histological features.

The notable limitation of this study is the absence of clinical data for

patients with OSCC, such as primary tumor size and its invasion into

adjacent tissues, lymph node involvement, metastasis at distant

organs, recurrence, and survival rates. Therefore, it is still required to

further determine the relationship of O-GlcNAc levels and OGT

expression with all clinicopathologic characteristics.

As IHC scores from each pair of the 4 antibodies were

determined for a correlation, significantly positive correlations were

found between O-GlcNAc and OGT and between p-Aktser473 and

p-EGFRtyr1173. These 2 positive correlations are anticipated because

of the known OGT function as an enzyme for O-GlcNAcylation26

and the Akt function as a downstream signaling molecule upon

EGFR activation.6 Such these 2 correlations can verify our immunos-

taining results with the 4 antibodies and their IHC protocol. The

quality of OSCC specimens was also controlled by intense immunos-

taining of p-Aktser473 or p-EGFRtyr1173 demonstrated in certain con-

secutive OSCC sections that were not or weakly stained with anti-

O-GlcNAc or anti-OGT antibody (Figure 1).

Up to the present, over 4000 O-GlcNAcylated proteins have

been reported;29 however, almost all O-GlcNAcylated proteins, par-

ticularly Akt, can also be modified by phosphorylation.30 In cancer

biology, O-GlcNAcylation is described as an alternative PTM to

phosphorylation for activation of cellular signaling and tumor-

promoting activity.11,13,30 Moreover, these 2 PTMs can occur at the

same, adjacent, and/or distant serine/threonine within the same pro-

tein, so they usually have an interplay between each other.10,12 Rele-

vant to this study, the reciprocal interaction is exemplified by an

interference of phosphorylation by O-GlcNAcylation in both normal

and cancer cells. For example, Akt at serine 473 could be competi-

tively modified by phosphorylation or O-GlcNAcylation in normal

pancreatic cells; hence, enhanced O-GlcNAc modification resulted in

decreased phosphorylated-Akt and its function, which led to

increased cell apoptosis.24 Furthermore, O-GlcNAcylation of Akt at

threonine 305 and 312 inhibited phosphorylation at threonine 308

in breast cancer cells, leading to diminished cancer cell proliferation

and migration.25 By analogy, it is logical to assume that if O-GlcNAc

levels are raised at serine or threonine of Akt in oral cancer cells,

phosphorylation of Akt would be blocked, resulting in increased oral

cancer cell death, while cancer cell growth and migration are

deterred. This concept warrants further investigations and may be

developed as a future targeted therapy for OSCC. Besides Akt,

O-GlcNAcylation of EGFR in human carcinoma epidermoid cells and

human lung carcinoma cells has been reported.23 Therefore, it is

interesting to further investigate the O-GlcNAcylation status of

EGFR in comparison with its phosphorylation status in different

stages of OSCC tissues or in oral cancer cells by

F IGURE 5 (A) Representative immunoblots showing expressions
of O-GlcNAcylated proteins (upper panel; 30-200 kDa),
phosphorylated proteins (middle panel; 30-200 kDa), and beta-actin
(lower panel; at 42 kDa) in 4 oral cancer cell lines (HN5, HN6,
HN15, HN008) and 4 normal human oral keratinocyte cell lines
(HOK1-4). (B) Significantly greater expression of the phosphorylated
proteins in HNs than HOKs. A bar chart demonstrating the mean
relative ratio of the O-GlcNAcylated proteins/beta-actin expression
and that of the phosphorylated proteins/beta-actin expression in 4
HNs (gray bar) and 8 HOKs (empty bar) derived from 8 different
donors. The normalized ratio of O-GlcNAcylated proteins or of
phosphorylated proteins in each cell line was adjusted by
comparison with the corresponding ratio in HN15, set to 1.0. Error
bars = standard deviations. **P < .01
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immunoprecipitation. In summary, unlike several types of cancer,

PTM by O-linked glycosylation may not be implicated in oral carcino-

genesis as compared to phosphorylation of certain proteins, such as

EGFR and Akt, and O-GlcNAcylation is not associated with OSCC

severity, as stratified by the histological features.
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Original Study

Promotion of Dental Pulp Wound Healing
in New Zealand White Rabbits’ Teeth
by Thai Propolis Product

Nattriya Likitpongpipat, DDS, MS1, Somboon Sangmaneedet, DVM, MS, PhD2,
Poramaporn Klanrit, DDS, PhD3, Rajda Noisombut, DDS, PhD4,
Suttichai Krisanaprakornkit, DDS, PhD5, and Pattama Chailertvanitkul, DDS, PhD1

Abstract
This study examined and compared wound healing between Thai propolis product and calcium hydroxide paste as pulp-capping
agents after partial pulpotomy in New Zealand white rabbits. Forty incisor teeth from 10 rabbits were treated. Thirty-six teeth
received class V cavity preparations with partial pulpotomy and application of either propolis or calcium hydroxide paste. Similar
cavity preparations were performed in 2 teeth without any capping material as a positive control, whereas 2 teeth without the
cavity preparation served as a negative control. Histological evaluation showed that both groups had dentin bridge formation.
Dentinal tubules in the dentin bridge were more orderly arranged in the Thai propolis group than in the calcium hydroxide group.
Wound healing and the median number of hyperemic blood vessels were not statistically significant different between the
2 groups. Thai propolis product may be used as a pulp-capping agent.

Keywords
calcium hydroxide, direct pulp capping, propolis, pulpotomy, reparative dentin, rabbit

Introduction

Vital pulp therapy, including indirect and direct pulp capping

with partial pulpotomy, is an alternative to root canal therapy for

maintaining vital pulp tissue.1 However, case selection for vital

pulp therapy depends upon clinicians’ judgment on symptoms,

progression, or severity of dental caries and trauma; duration and

extent of pulp exposure; immature root apices; and radiographic

findings.2 Calcium hydroxide paste has been commonly used as a

pulp-capping material for years due to its antibacterial activity

after being dissociated into hydroxyl ions3 and its promotion of

reparative dentin formation, particularly in young permanent

molars.4 A previous systematic review of success rates of vital

pulp therapy using calcium hydroxide and mineral trioxide aggre-

gate (MTA) by clinical and radiographic evaluations of 199 teeth

has revealed a treatment success over 97% after follow-up peri-

ods ranging from 6 months to 3 years, especially in immature

teeth with open root apices.5 A randomized controlled trial6

showed that partial pulpotomy in teeth of young human patients

with reversible pulpitis, either using MTA or calcium hydroxide

paste,a resulted in favorable treatment outcomes for up to 2 years.

The incidence of unfavorable outcomes tended to be higher in

teeth with pulp exposure areas larger than 5 mm. However, a

major drawback for a long-term use of calcium hydroxide as a

pulp-capping agent is bacterial leakage into the pulp from poor

sealing ability and solubility of calcium hydroxide, lack of

adhesion, and tunnel defects from porous dentin bridges.7

With knowledge of disadvantages of calcium hydroxide,

MTA has been developed and tested for its chemical, physical,

and antibacterial properties; biocompatibility; sealability; and

regenerative capacity for dentin bridge formation.8,9 However,

tooth staining and long setting times may affect decisions for its

use as a pulp-capping agent.10 An alternative to MTA, propolis,

or bee glue, is a natural hive product collected by honeybees

and used as a home remedy in folk medicine, which has been

introduced and tested for its potential use as a pulp-capping
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material in rats, humans, guinea pigs, and pigs.11-14 By histologic

assessments, the propolis extracts from these studies can gener-

ally decrease inflammation within the exposed pulp tissue and

induce collagen synthesis resulting in reparative dentin formation

with an organized tubular structure. The anti-inflammatory prop-

erty is likely due to various organic constituents within the extract,

such as phenols, esters, and flavonoids.15,16 Recently, the Thai

propolis extract has been developed as a storage medium for

avulsed teeth and has been demonstrated to preserve the viability

of human periodontal ligament cells from extracted premolars for

up to 3 hours,17 indicating the biocompatibility of Thai propolis

extract when in contact with human cells.

Because chemical composition and biological properties of

propolis extracts from different geographical areas vary, we

sought to histologically determine and compare the efficacy

of Thai propolis extract on promotion of dental pulp wound

healing with that of calcium hydroxide in New Zealand white

rabbits’ teeth. The Thai propolis extract was formulated as a

pulp-capping agent and has recently been shown to inhibit

Streptococcus mutans and Lactobacillus casei but is not toxic

to human dental pulp cells in vitro.18 It was hypothesized that

enhancement of dental pulp wound healing between Thai

propolis and calcium hydroxide would be similar when

assessed histologically.

Methods

Preparation of Thai Propolis Product

Extract of raw propolis, collected from Apis mellifera beehives

in Nong Khai Province, Thailand, was prepared as previously

described.17 One gram of propolis was chopped into small

pieces and extracted using 5 mL of 95% ethanol. The mixture

was stirred at 25�C in an orbital shakerb at 200 rpm for 5 days

protected from light. The extract was filtered through No. 1

filter paper,c stored at �20�C for 48 hours, and then filtered

again. Ethanol in the filtrate was evaporated using a rotary

evaporatord at 40�C and the concentrated filtrate was dried

using a freeze dryer.e To prepare a ready-to-use propolis prod-

uct packed in a sterilized amber bottle (Figure 1A) for a one-

time use, the semisolid brownish propolis extract (Figure 1B) at

the final concentration of 78.26 mg/mL, which is 2 times higher

than the minimal bactericidal concentration against S mutans

and L casei,18 was mixed with 0.87 g of Carbomer 934P,f 13.04

mL of triethanolamine, and 76.09 mL of distilled water. The

bottles were sterilized by g irradiation at 21.6 kGy, controlled

by dosimeters,g and their sterilization was confirmed by bac-

terial and fungal cultures in soybean casein digest mediah for

14 days at 35�C. This Thai propolis product was patented

(#10572) by the Department of Intellectual Property, Ministry

of Commerce, Thailand.

Animals

Ten New Zealand white rabbits (3 males and 7 females, mean

age ¼ 16.9 + 3.2 weeks, mean weight ¼ 2.8 + 0.4 kg) were

individually caged at the Northeast Laboratory Animal Center,

Khon Kaen University, Khon Kaen, Thailand, in a sterile room

with 23�C + 2�C, 30% to 60% relative humidity, 350 to 400

Lux, less than 85 dB, and a 12-hour day and night period in

accordance with current care and use guidelines for laboratory

animals.19 They were kept for 5 days before cavity preparation

and fed with commercial pellets (SmartHeart; Perfect Compa-

nion Group, Co, Ltd, Bangkok, Thailand), steamed rice straw

and Timothy grass, and potable water containing 3 to 4 ppm of

Figure 1. Photographs of Thai propolis product, tooth preparation,
and restorative procedures. (A) Propolis product in an amber bottle.
(B) Propolis extract—note the brown color. (C) Tooth preparation
on the labial surface of an anterior tooth with mechanically exposed
pulp. (D) Site of pulp exposure capped with the propolis product.
(E) Capped with calcium hydroxide paste. (F) Lined with resin-modified
glass ionomer cement. (G) Filled with flowable composite resin.
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chlorine. The research protocol was approved by the ethics

committee in Standard Animal Care and Use for Scientific

Research, Khon Kaen University. A total of 40 incisor teeth

from 10 rabbits were randomly categorized into 4 groups:

� Negative control group: teeth received no treatment

(n ¼ 2).

� Positive control group: teeth were mechanically exposed

pulp and partial pulpotomy without any capping mate-

rial (n ¼ 2).

� Thai propolis group: teeth were mechanically exposed

pulp and partial pulpotomy capped with the Thai propo-

lis product (n ¼ 18).

� Calcium hydroxide group: teeth were mechanically

exposed pulp and partial pulpotomy capped with cal-

cium hydroxide pastea (n ¼ 18).

After randomization, 12 of 18 teeth in 2 experimental

groups were from female rabbits, while the remaining 6 were

from male rabbits. Two teeth in the negative control group and

positive control group were from female rabbits. The sample

size calculation for 2 experimental groups was computed using

software,i based on the differences in the proportions between 2

dependent groups with type I error and power of test equal to

0.05 and 0.80, respectively. In a sterile operating room, intra-

muscular injection with xylazine (3 mg/kg)j and ketamine

(20 mg/kg)k was administered to anesthetize all rabbits under

intravenous fluid via an auricular marginal vein. The levels of

consciousness were assessed and the vital signs were intermit-

tently monitored throughout tooth preparation, partial pulpot-

omy, and restorative procedures.

Tooth Preparation and Partial Pulpotomy

The tooth was cleaned with pumice in a rubber prophy angle

and isolated by a rubber dam. The operative area was disin-

fected with 2.5% tincture of iodine and 70% isopropyl alcohol.

A class V cavity with the dimension of 1.5 mm � 2 mm was

prepared on the labial surface of each tooth using a sterile

pear-shaped diamond bur (0.10 ISO standards).l After cavity

preparation, the pulp horn was mechanically exposed approx-

imately 1 mm in diameter (Figure 1C) by drilling with a sterile

high-speed diamond bur (0.10 ISO standards)l under copious

sterile water irrigation. After bleeding was controlled by apply-

ing sterile cotton pellets with 0.9% normal saline to the

exposed pulp, Thai propolis (Figure 1D) or calcium hydroxide

paste (Figure 1E) was applied to each exposure site in the

experimental groups, respectively. The cavity was subse-

quently lined with resin-modified glass ionomer cementm (Fig-

ure 1F) and filled with flowable composite resinn (Figure 1G).

After the restorative procedure, patients were monitored for

any symptoms and the operative sites were monitored daily.

To alleviate pain, subcutaneous injection with a nonsteroidal

anti-inflammatory drugo at 2 to 4 mg/kg was administered daily

for 3 consecutive days.

Histologic Assessments

All rabbits were euthanized after 14 days by intravenous injec-

tion with a lethal dose (100 mg/kg) of pentobarbital sodium.p

Jaws were removed and processed by decalcification and rou-

tine hematoxylin and eosin staining for histologic evaluations.

Jaws were fixed in 10% neutral buffered formalin, decalcified

in 10% nitric acid for 3 days, sequentially dehydrated in graded

alcohols, 70%, 80%, 90%, and 100%, immersed in xylene, and

finally embedded in paraffin blocks. The blocks were serially

cut with an average thickness of 5 mm along the labiolingual

direction passing through the center of pulp exposure site. The

sections were stained with hematoxylin and eosin for histologic

observations under light microscopyq and the images were cap-

tured using software.r Five selected images of each specimen

with the best view of pulp exposure were evaluated and scored

by a board-certified oral pathologist (P.K.), who was blinded to

the experimental groups of samples, each of which was given a

code to avoid a possible bias. The scoring was repeated by the

same examiner 7 days after the first evaluation and the relia-

bility of assessment was determined by the measure of agree-

ment with k values between 0.935 and 1.000.

Statistical Analysis

For descriptive statistics, the continuity and morphology of

hard tissue formation at the interface with the capping material,

pulp inflammation, including type and extent, and other histo-

logic features of the pulp tissue, including calcification and

necrosis, were graded from I to III according to the criteria

modified from Aeinehchi et al20 and Asgary et al21 (Table 1)

using UTHSCSA Image Tool 3.0 programs and reported as

numbers and percentages. For inferential statistics, the propor-

tions of pulp wound healing between the experimental groups

were compared using the McNemar test. Since the data were

not normally distributed, the Wilcoxon signed rank test was

used to compare the median numbers of hyperemic blood ves-

sels between the experimental groups. Statistical significance

was considered if P values were less than .05.

Results

Formation of dentin bridge was assessed in every specimen

of the Thai propolis group and of the calcium hydroxide

group (Table 2) with 5 different patterns according to the

continuity and morphology of dentin bridge as follows, (1)

no dentin bridge, (2) incomplete and disorganized tubules,

(3) incomplete but orderly arranged tubules, (4) complete but

disorganized tubules, and (5) complete and orderly arranged

tubules (Figure 2A-E, respectively). The numbers and per-

centages of these 5 patterns among 4 groups are summarized

in Table 2. Complete dentin bridge formation was found in

12 of 18 teeth of the Thai propolis group and in 15 of 18 teeth

of the calcium hydroxide group. Interestingly, teeth with

orderly arranged dentinal tubules (a combination of patterns

C and E) were found more in the Thai propolis group than in
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the calcium hydroxide group (12 vs 9 of 18 teeth, respec-

tively). Secondary dentin with orderly arranged dentinal

tubules was found in both teeth of the negative control group,

whereas no dentin bridge formation was found in one tooth

and incomplete dentin bridge with disorganized tubules was

found in the other tooth of the positive control group

(Table 2).

With respect to the type and extent of pulp inflammation,

most specimens in the Thai propolis group (15 of 17 teeth;

Figure 3A) and in the calcium hydroxide group (16 of 18 teeth;

Figure 3B) exhibited no pulp inflammation with a slight

increase in hyperemic blood vessels. However, chronic inflam-

mation restricted to the area next to the newly formed dentin

bridge was still observed in 2 teeth of the Thai propolis group

and in 2 teeth of the calcium hydroxide group. There was no

pulp tissue present in the paraffin block in one tooth of the Thai

propolis group and that specimen was excluded from histologic

evaluations for the type and extent of pulp inflammation,

necrosis, and calcification, but its dentin bridge formation

could still be examined. As anticipated, chronic inflammation

with an infiltration of macrophages, lymphocytes, and plasma

cells (Figure 3C) was detected in both teeth of the positive

control group, whereas there was no pulp inflammation in the

negative control group. The percentage of teeth with an

increase in the number of hyperemic blood vessels (�4), when

compared to that found in the negative control group (0-3 blood

vessels), was lower in the Thai propolis group than in the

calcium hydroxide group (2.56 vs 7.69, respectively). None-

theless, by the Wilcoxon signed rank test, the median numbers

of hyperemic blood vessels between the Thai propolis group

and the calcium hydroxide group were not significantly differ-

ent (P¼ .056; Figure 4). As expected, both teeth in the positive

control group exhibited an obvious increase in hyperemia (5-6

hyperemic blood vessels).

With regard to other histologic features of the pulp,

dental pulp stone was detected in 1 of 18 teeth in the

calcium hydroxide group (Figure 5A), whereas no mineraliza-

tion was observed in the pulp of the Thai propolis group and

the negative control group. Note that diffuse mineralization

was detected in 1 of 2 teeth in the positive control group

(Figure 5B). Partial pulp necrosis beneath the pulp capping

materials was found in one tooth of either the Thai propolis

group (Figure 5C) or the calcium hydroxide group (Figure 5D),

whereas partial to total necrosis was found in both teeth of the

Table 2. A summary of Dentin Bridge Formation Among 4 Groups.

Pattern of Dentin Bridge
(Continuity and Morphology) Negative Control, n (%) Positive Control, n (%) Thai Propolis, n (%) Calcium Hydroxide, n (%)

(A) None 0 (0) 1 (2.5) 0 (0) 0 (0)
(B) Incomplete and disorganized tubules 0 (0) 1 (2.5) 4 (10) 3 (7.5)
(C) Incomplete but orderly arranged tubules 0 (0) 0 (0) 2 (5) 0 (0)
(D) Complete but disorganized tubules 0 (0) 0 (0) 2 (5) 6 (15)
(E) Complete and orderly arranged tubules 2 (5) 0 (0) 10 (25) 9 (22.5)

Table 1. Criteria for Histologic Evaluations.a

Interpretation

Grades

No Wound Healing Signs of Wound Healing

I (Poor) II (Moderate) III (Good)

Dentine bridge formation (Asgary et al21)
Continuity None detected The exposure site incompletely covered The exposure site

completely covered
Morphology of

dentinal tubules
None detected Disorganized arrangement Orderly arranged

Pulp inflammation (Asgary et al21)
Type Acute and chronic inflammation (macrophages,

lymphocytes, plasma cells, and neutrophils)
Chronic inflammation (macrophages,

lymphocytes, and plasma cells)
None detected

Extent Occupy the whole pulp chamber Restricted to the areas beneath the exposure
site/dentine bridge or within some parts
of the pulp chamber

None detected

Other histologic features (Asgary et al21)
Calcification Diffuse calcification Stone in the pulp chamber None detected
Necrosis Occupy the whole pulp chamber Some parts of the pulp chamber None detected

aModified From Aeinehchi et al20 and Asgary et al.21 An increase in hyperemia (Aeinehchi et al20) as determined from the tissue section that contained the maximal
number of hyperemic blood vessels compared to that in the negative control.
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positive control group (Figure 2A). No pulp necrosis was found

in the negative control group.

Next, the proportions of pulpal wound healing were compared

between the Thai propolis group and the calcium hydroxide

group, based on moderate (grade II) and good (grade III) criteria

that show signs of pulpal wound healing in all histologic features

(Table 1). By the McNemar test, it was demonstrated that the

proportions of the continuity and morphology of dentin bridge

formation, the type and extent of pulp inflammation, and pulp

necrosis between the 2 groups were not significantly different,

while the P value for mineralization in pulp could not be com-

puted due to identical proportions between the 2 groups (Table 3).

Figure 3. Representative hematoxylin and eosin staining sections of pulp tissues in the Thai propolis group (A), the calcium hydroxide
group (B), and the positive control group (C) under �200 magnification power. Note no chronic inflammation with a slight increase in
hyperemic blood vessels was found in (A) and (B), while an infiltration of macrophages, lymphocytes, and plasma cells was observed in
C (arrowheads). d indicates dentin.

Figure 2. Five patterns of reparative dentin according to the continuity and morphology of dentinal tubules under �400 magnification power.
(A) No dentin bridge. (B) Incomplete and disorganized tubules. (C) Incomplete but orderly arranged tubules. (D) Complete but disorganized
tubules. (E) Complete and orderly arranged tubules. DB indicates dentin bridge; d, dentin; NT, necrotic tissue; *, orderly arranged dentinal
tubules.
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Discussion

In this study, formation of reparative dentin with distinct pat-

terns was found in all specimens from New Zealand white

rabbits’ teeth that were capped with the Thai propolis product

and calcium hydroxide. Dentinal tubules of the dentin bridge

were more orderly arranged in the propolis group than in the

calcium hydroxide group, consistent with a previous finding in

human premolars.12 Furthermore, the propolis product was

shown to promote dental pulp wound healing comparable to

that of calcium hydroxide, as determined by several aspects of

histologic evaluations, including the type and extent of pulp

inflammation and other histologic features, including minera-

lization and necrosis. The numbers of hyperemic blood vessels

between the propolis and the calcium hydroxide groups were

not statistically significantly different (P ¼ .056). Several his-

tologic features found in the calcium hydroxide group, such as

incomplete dentin bridge, partial pulp necrosis, dental pulp

stone, and mild chronic inflammation with a slight increase

in the number of hyperemic blood vessels,1-3 are in line with

those reported in 2 previous studies.20,21 All of these histologic

findings have suggested that the Thai propolis product pos-

sesses biological properties involving reparative dentin forma-

tion, dental pulp regeneration, and anti-inflammatory activity

similar to those of propolis extracts from other regions,11-14 and

it can thus have a potential to be commercially developed. In

addition, these in vivo results correspond with our in vitro

study22 demonstrated mild pulp inflammation and fiber forma-

tion beneath an exposure site of the whole human tooth culture

model after an application of the Thai propolis product.

The concentration of Thai propolis extract at 90 mg/mL

(2-fold of minimum bactericidal concentration which planned

for pharmaceutical preparation) was found not to be toxic to

cultured human dental pulp cells in vitro.18 Consequently, par-

tial pulp necrosis was observed in only 1 of 17 teeth in the Thai

propolis group. Mild pulp inflammation with an infiltration of

Figure 5. Hematoxylin and eosin staining sections of pulp tissues
from the calcium hydroxide group (A and D), the positive control
group (B), and the Thai propolis group (C) under �200 (for A and B)
and �400 magnification (for C and D). An arrow in (A) indicates a
dental pulp stone. Arrowheads in (B) show diffuse mineralization.
d indicates dentin; DB, dentin bridge; NT, necrotic tissue.

Table 3. The Proportions of Pulpal Wound Healing in the Thai Pro-
polis Group Compared to Those in the Calcium Hydroxide Group.

Thai Propolis Group

Total P Value

Grade (%)

Moderate Good

Continuity
Grade (%) Moderate 1 (33.3) 2 (66.7) 3 (100) .453

Good 5 (33.3) 10 (66.7) 15 (100)
Morphology

Grade (%) Moderate 3 (33.3) 6 (66.7) 9 (100) .508
Good 3 (33.3) 6 (66.7) 9 (100)

Typea

Grade (%) Moderate 1 (50) 1 (50) 2 (100) 1.000
Good 1 (6.7) 14 (93.3) 15 (100)

Extenta

Grade (%) Moderate 1 (50) 1 (50) 2 (100) 1.000
Good 1 (6.7) 14 (93.3) 15 (100)

Calcificationa

Grade (%) Moderate 0 (0) 1 (100) 1 (100) -
Good 0 (0) 16 (100) 16 (100)

Necrosisa

Grade (%) Moderate 1 (100) 0 (0) 1 (100) 1.000
Good 0 (0) 16 (100) 16 (100)

aThe pulp tissue in one specimen of the Thai propolis group accidentally dis-
lodged from the paraffin block, so the type and extent of pulp inflammation,
pulp necrosis, and calcification could not be evaluated. However, the conti-
nuity and morphology of dentin bridge formation could still be evaluated in
that specimen.

Figure 4. A box plot graph shows the distribution of the number of
hyperemic blood vessels and compares their quantities between the
Thai propolis group and the calcium hydroxide group. No significant
difference was found between the 2 groups. The horizontal lines in
each box plot represent values at the 25th, 50th, and 75th percentiles
and a black circle indicates an outlier.
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macrophages, lymphocytes, and plasma cells, observed in a

few teeth of the Thai propolis and calcium hydroxide groups

similar to that in the negative control, is consistent with min-

imal pulp inflammation in pigs’ anterior teeth capped with

propolis extract.14 This low degree of inflammation may be

due to anti-inflammatory constituents present in the propolis

extract, such as flavonoids, caffeic acid, and caffeic phenethyl

ester, which can inhibit local immune responses.23 Besides

dentin bridge formation and pulp inflammation, other pulpal

reactions to external injuries from drilling, mechanical pulp

exposure, and pulp capping materials can be displayed by

dense fibrous encapsulation and diffuse mineralization seen

in the positive control (Figure 5B) and dental pulp stone in the

calcium hydroxide group (Figure 5A).

The reasons that rabbits, particularly a New Zealand white

species, were used in this study are because of their short life

span,24 their larger tooth size than that of other rodents’ teeth,

which is suitable for restorative procedures, and their similar

tooth structure and jaw to human teeth.25 In addition, several

teeth can be selected for any experiment in one rabbit so the

number of animals used in one study is reduced. Rabbits have

been used in dental research, especially for some studies testing

effects of different pulp capping materials on wound healing

promotion of the pulp.26-27 In those studies, several types of

lining or pulp capping materials were tested for their promotion

of dental pulp wound healing; however, to the best of our

knowledge, none of these studies have ever tested the enhan-

cing effect of propolis on pulp wound healing. A 2-week period

for testing the efficacy of pulp capping materials in this study

was chosen because of rapid formation of secondary and ter-

tiary dentin in rabbits, possibly due to open-apex tooth roots

and continuous tooth eruption throughout their life.26

In this study, demineralization using 10% nitric acid for

3 days was performed based on a protocol derived from 2

previous studies,28,29 whose results demonstrate quick and effi-

cient demineralization of calcified tissues, while preserving the

integrity of pulp tissue. Since this animal experiment was

designed to histologically test only the biological property of

Thai propolis product in promotion of pulp wound healing,

future studies are required to further investigate the sealing

ability, solubility of the product, porosity of newly formed

dentin bridge, and the quantities of released active chemicals

from the product. Moreover, it is necessary to test this product

in human teeth because differences in pulp tissue to repair itself

between an open-apex root in the rabbit’s tooth and a closed-

apex root in the human tooth are likely to occur.

Conclusions

Thai propolis product may be used as a pulp-capping agent

since it can promote wound healing responses in dental pulp

comparable to those of calcium hydroxide paste.
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A B S T R A C T

Previous studies have demonstrated increased expression and raised levels of human β-defensin (hBD)-1 in
gingival tissue and crevicular fluid of patients with chronic periodontitis and peri-implantitis, oral bone-re-
sorbing diseases caused by enhanced osteoclastogenesis. Therefore, we aimed to investigate the effect of hBD-1
on osteoclast formation and function and to elucidate the involved signaling pathway in vitro. Human peripheral
blood mononuclear cells (PBMCs) were first incubated with various doses of hBD-1 and cell viability was assayed
by MTT. PBMCs were treated with macrophage-colony stimulating factor and receptor activator of nuclear factor
kappa-B ligand (RANKL) in the presence or absence of non-toxic doses of hBD-1. In vitro osteoclastogenesis was
analyzed by tartrate-resistant acid phosphatase (TRAP) staining, osteoclast-specific gene expression, and a re-
sorption pit assay. Involvement of mitogen-activated protein kinases (MAPKs) was studied by immunoblotting
and specific MAPK inhibitors. HBD-1 potentiated induction of in vitro osteoclastogenesis by RANKL, as shown by
significantly increased number of TRAP-positive multinuclear cells and resorption areas on the dentin slices, and
further up-regulated expressions of osteoclast-specific genes compared to those by RANKL treatment (p< 0.05).
However, hBD-1 treatment without RANKL failed to induce formation of osteoclast-like cells. A significant and
further increase in transient phosphorylation of the p44/42 MAPKs was demonstrated by hBD-1 co-treatment
(p < 0.05), consistent with the inhibitory effect by pretreatment with U0126 or PD98059 on hBD-1-enhanced
osteoclastogenesis. Collectively, hBD-1 potentiates the induction of in vitro osteoclastogenesis by RANKL via
enhanced phosphorylation of the p44/42 MAPKs.

1. Introduction

The family of human defensins, small β-sheet cationic antimicrobial
peptides that contain an amphipathic structure and three characteristic
disulfide bonds, consists of α- and β-defensins [1]. β-defensins can exert
various biological effects, including antimicrobial and pro-in-
flammatory activities, immune modulation, angiogenesis, wound
healing, and chemotactic movement [2]. In the oral cavity, three β-
defensin peptides, including human β-defensin (hBD)-1, hBD-2 and
hBD-3, are expressed in oral epithelial cells [3] with distinct patterns of
expression within stratified squamous gingival epithelium [4,5]. In

chronic periodontitis, hBD-1 mRNA and protein expression was in-
creased in inflamed gingival biopsies compared to those from normal
non-inflamed tissues [6,7], consistent with the finding from an in vitro
study that demonstrated up-regulated expression of hBD-1 in gingival
epithelial cells upon challenges with some specific periodontal patho-
gens [8]. Similarly, hBD-1 levels were significantly elevated in gingival
crevicular fluid (GCF), serum exudate from blood vessels within gin-
gival tissue, of patients with chronic periodontitis with or without type
2 diabetes mellitus [9], in peri-implant crevicular fluid of patients with
peri-implantitis [10] and in serum of patients with systemic lupus er-
ythematosus [11] and with liver cirrhosis [12]. Taken together, all of
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these findings have suggested that enhanced hBD-1 expression and le-
vels are likely to involve with inflammation-related soft and hard tissue
destruction, especially alveolar bone loss in periodontitis and peri-im-
plantitis resulting from enhanced formation and function of osteoclasts.

Osteoclasts are multinucleated giant cells derived from hemato-
poietic cells of the monocyte/macrophage lineage upon stimulation
with macrophage-colony stimulating factor (M-CSF) and receptor acti-
vator of nuclear factor kappa-B ligand (RANKL) [13]. The character-
istics of mature osteoclasts include degradation capability of miner-
alized tissues and expression of osteoclast-specific genes, such as
tartrate-resistant acid phosphatase (TRAP), cathepsin K (CTSK),
chloride voltage-gated channel 7 (CLCN7), calcitonin receptor (C-
ALCR). Several cell signaling molecules and pathways, such as TNF
receptor associated factor 6 (TRAF6), mitogen-activated protein kinases
(MAPKs), calcium, and transcription factors, such as nuclear factor-
kappa B (NF-κB) and nuclear factor of activated T cell 2 (NFAT2), play a
major role in osteoclastogenesis [14]. In particular, activation of three
MAPKs by phosphorylation has been demonstrated during osteoclast
formation upon M-CSF and RANKL stimulation in bone marrow-derived
murine mononuclear cells [15]. Moreover, activation of the MAPKs was
shown by treatment with hBDs to induce interleukin-18 and inter-
leukin-31 secretion from human keratinocytes and mast cells, respec-
tively [16,17]. Therefore, it was hypothesized in this study that hBD-1
might promote in vitro osteoclastogenesis via activation of these
MAPKs. The objectives of this study were to examine effect of hBD-1 on
osteoclastogenesis and to determine involvement of MAPKs in med-
iating this effect on osteoclast-like cell formation in vitro.

2. Materials and Methods

2.1. Reagents and antibodies

Chemically-synthesized hBD-1 peptide was purchased from Peptide
Institute, Inc. (Osaka, Japan). Recombinant human M-CSF and RANKL
were bought from R&D Systems, Inc. (Minneapolis, MN, USA). U0126,
a highly selective inhibitor of both MAPK/ERK kinase (MEK) 1 and
MEK2, and its inactive analog (U0124) were bought from Calbiochem®

Inhibitors (Merck Millipore, Temecula, CA, USA), and PD98059, a po-
tent and selective cell-permeable MEK inhibitor, was from InvivoGen
(San Diego, CA, USA). The inhibitors and the inactive analog were
dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich, Co., St. Louis,
MO, USA), whose concentration was finally equated to 0.1% v/v.
Primary antibodies against NFAT2, MAPKs and the phosphorylated
MAPKs were obtained from Abcam (Cambridge, UK) and Cells
Signaling Technology, Inc. (Danvers, MA, USA), respectively.

2.2. Cell isolation

A 20-ml quantity of heparinized whole blood samples was obtained
from healthy donors with informed consent. The research protocol was
approved by the Human Experimentation Committee, Chiang Mai
University (#3/2559). Peripheral blood mononuclear cells (PBMCs) as
osteoclast progenitors were obtained from the buffy coat by density
gradient centrifugation using Ficoll-Paque™ (GE Healthcare Bio-
Sciences, Uppsala, Sweden). To obtain enriched monocytes in a re-
sorption pit assay, whole blood was incubated with antibody cocktails
(RosetteSep™, STEMCELL Technologies, Vancouver, BC, Canada),
which crosslink the unwanted cells and red blood cells before density
gradient centrifugation. PBMCs and enriched monocytes were cultured
in complete medium, containing αMEM (Lonza Walkersville, Inc.,
Walkersville, MD, USA), supplemented with 10% fetal bovine serum
(GIBCO®, Thermo Fisher Scientific, Waltham, MA, USA), 2 mM L-glu-
tamine (GIBCO®) and 1% penicillin/streptomycin (Invitrogen, Thermo
Fisher Scientific). Cells at the density of 5 × 105 cells per cm2 were
seeded in 96- or 6-well plates (Nunc™, Thermo Fisher Scientific), or
Nunc™ Lab-Tek™ II Chamber Slide™ (Thermo Fisher Scientific) in

complete medium with 25 ng/ml of M-CSF overnight and non-adherent
cells were discarded on the following day. Thereafter, complete
medium with M-CSF in the presence or absence of 30 ng/ml of RANKL
or various doses of hBD-1 was added and replaced every other day.

2.3. MTT assay

Toxicity of hBD-1 on PBMCs was measured by an MTT assay. Cells
seeded in 96-well plates were treated with 25 ng/ml of M-CSF and
various doses (1–12 μM) of hBD-1 for 48 h. Subsequently, a 20-μl
quantity of MTT dye solution (5 mg/ml in PBS; Sigma-Aldrich) was
added for 4 h, followed by 200 μl of DMSO to solubilize formazan
crystals. Absorbance values at the 540-nm wavelength were measured
by a microplate reader (Sunrise, Tecan, Grödlg, Austria) and subtracted
with those of the reference wavelength at 690 nm. The values of hBD-1-
treated samples were adjusted for relative ratios of cell viability to a
control untreated sample, set to 1.

2.4. In vitro osteoclastogenesis and quantification

Effect of hBD-1 on osteoclastogenesis was determined by incubating
PBMCs in 96-well culture plates in the presence or absence of three non-
toxic doses (0.2, 1, 5 μM) of hBD-1 during osteoclast induction by
25 ng/ml of M-CSF and 30 ng/ml of RANKL. PBMCs incubated with M-
CSF alone were a negative control. On day 7, after cell fixation by 4%
paraformaldehyde (Sigma-Aldrich) in PBS, cells were stained with
1.5 mM Fast Red Violet LB salt (Sigma-Aldrich). TRAP-positive multi-
nuclear cells, containing at least three nuclei, were manually counted
using Image-J software (National Institutes of Health, Bethesda, MD,
USA).

To determine MAPK involvement in mediating hBD-1 effect, PBMCs
in 96-well culture plates were pretreated with 20 μM of U0126 or
U0124, 100 μM of PD98059 or 0.1% (v/v) DMSO as a solvent control
for 30 min. After that, cells were washed with sterile PBS twice and
complete medium containing M-CSF and RANKL with or without 5 μM
of hBD-1 was added. Both pretreatment and medium replacement steps
were repeated every other day. On day 7, TRAP staining was performed
as aforementioned to assay in vitro osteoclastogenesis.

To determine F-actin ring formation in multinuclear cells, PBMCs
seeded in Chamber Slide™ and induced by M-CSF and RANKL were
treated with 5 μM of hBD-1 or left untreated for 7 days and were then
stained with 20 nM Alexa Fluor® 488-conjugated phalloidin
(Invitrogen) and 1 μM DAPI (Biotium, Inc., Hayward, CA, USA).
Subsequently, the slides were mounted in fluorescence mounting
medium (Fluoromount G, Electron Microscopy Sciences, Hatfield, PA,
USA), and fluorescence images were visualized and captured by a
fluorescence microscope (Zeiss AxioImager II, Göttingen, Germany).

2.5. RNA extraction and real-time RT-PCR

Total RNA was extracted from PBMCs cultured in 6-well plates in
the presence of M-CSF and RANKL with or without 1 and 5 μM of hBD-1
co-treatment for 5 days using the RNAspin Mini RNA isolation kit (GE
Healthcare Bio-Sciences). Three hundred nanograms of total RNA were
converted into cDNA by using the Revert Aid H Minus First-Strand
cDNA synthesis kit (Thermo Fisher Scientific). A real-time PCR was
conducted with the SensiFAST™ SYBR® No-ROX reagent (Bioline,
Taunton, MA, USA) in the LightCycler® 480 instrument II (Roche
Molecular Biochemicals, Rotkreuz, Switzerland) with specific primer
pairs for osteoclast genes, including NFAT2, CTSK, receptor activator of
nuclear factor kappa-B (RANK), CALCR [18], and CLCN7: sense 5′-AC-
TGTCCTTCTCCCTGTTGC-3′ and antisense 5′-TGAGGAAGCACTTGAT-
CTGG-3′. Expression of these genes was normalized by that of glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH), a housekeeping gene
control [18], as relative Ct (ΔCt) with aid of a calculation algorithm
(LightCycler® 480 Software version 1.5, Roche Molecular
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Biochemicals). The relative gene expression (ΔΔCt) was obtained by
comparing ΔCt of hBD-1-treated samples with that of the untreated
sample set to 100%.

2.6. Resorption pit assay

A resorption pit assay was performed to determine function of os-
teoclast-like cells by incubating enriched monocytes on dentin slices
placed in 96-well culture plates in the presence of M-CSF and RANKL
with or without 5 μM of hBD-1 for 14 days as previously described [18].
Indian ink was used to stain the resorption pits and grooves for 30 sec
and excessive dye was wiped out. The resorption areas were captured
under bright field microscopy and calculated as the percentages of
stained areas against the total area of dentin slices by Image-J software.

2.7. Nuclear protein extraction and Western blot hybridization

To study involvement of NFAT2, PBMCs cultured in 6-well plates
were treated with M-CSF with or without RANKL in the presence or
absence of 5 μM of hBD-1 for four days. Thereafter, their nuclear and
cytosolic proteins were extracted using an NE-PER® nuclear and cyto-
plasmic extraction kit (Pierce, Rockford, IL, USA) following the man-
ufacturer’s protocol. Briefly, PBMCs were lifted off by enzymatic di-
gestion with trypsin-EDTA (Invitrogen), washed twice with PBS and
lysed. The cytosolic and nuclear protein supernatants were sequentially
collected by centrifugation at 19,000 g for 10 min at 4 °C. To study
involvement of MAPKs, PBMCs were cultured as mentioned above for 5,
10, and 20 min. Total proteins were extracted from the cells using RIPA
buffer [19] with Halt protease inhibitors (Thermo Fisher Scientific),
1 mM sodium orthovanadate and 50 mM sodium fluoride, as phos-
phatase inhibitors. A 10-μg quantity of nuclear protein and a 20-μg
quantity of cytosolic or total protein were separated by 10% SDS-PAGE
and transferred to nitrocellulose membranes. The membrane was
blocked with 5% non-fat dry milk in 0.1% Tween-20 (Bio-Rad La-
boratories, Hercules, CA, USA) in TBS, and incubated with anti-NFAT2,
anti-JNK, anti-p38 MAPK, anti-p44/42 MAPK, anti-phospho-JNK, anti-

phospho-p38 MAPK (1:1000), or anti-phospho-p44/42 MAPK (1:2000)
antibody at 4 °C overnight. The membrane was incubated with horse-
radish peroxidase-conjugated secondary antibody (1:2000) and reacted
with LumiGLO Reserve® Chemiluminescent substrate (SeraCare Life
Sciences, Gaithersburg, MD, USA). Immunoreactivity signals were
captured by the ChemiDoc XRS instrument (Bio-Rad Laboratories).
Band intensities of nuclear NFAT2 and phosphorylated MAPK were
measured by Scion Image program (Scion Corporation, Frederick, MD,
USA), normalized by those of cytosolic NFAT2 and total MAPK, re-
spectively, in each sample, and reported as ratios against the ratio of
sample treated with M-CSF alone set to 1.

2.8. Statistical analysis

Since all data were not normally distributed according to the test of
normality by Shapiro-Wilk, box plots were used to quantitatively il-
lustrate medians, 25th and 75th percentiles. The Kruskal–Wallis test
was used to compare the medians among different groups, and the
Mann–Whitney U test was used to compare the medians between each
pair of groups with statistical significance levels at p< 0.05 by SPSS
17.0 software (SPSS, Inc., Chicago, IL, USA).

3. Results

3.1. HBD-1 potentiates induction of in vitro osteoclastogenesis by RANKL

Before examining effect of hBD-1 on osteoclast formation and
function, toxicity of hBD-1 on PBMCs was investigated by an MTT
assay. No significant difference in the ratios of cell viability was found
between untreated cells and cells treated with any doses of hBD-1 from
1 to 12 μM for 48 h (Fig. 1A), indicating that the doses of hBD-1 up to
12 μM are not toxic to PBMCs. Subsequently, PBMCs were treated with
three different non-toxic doses (0.2, 1, 5 μM) of hBD-1 during osteoclast
induction by RANKL treatment for 7 days. HBD-1 treatment in the
presence of RANKL further increased the number of TRAP-positive
multinuclear cells in a dose-dependent manner when compared to

Fig. 1. HBD-1 enhances in vitro formation of osteoclast-like cells. (A) Cytotoxicity of hBD-1 was tested by an MTT assay. Peripheral blood mononuclear cells (PBMCs) were incubated with
M-CSF and indicated doses of hBD-1 for 48 h. A linear graph demonstrates the ratios of cell viability in hBD-1-treated samples relative to the untreated sample, whose ratio was set to 1.
(B) In vitro generation of human osteoclast-like TRAP-positive multinuclear cells from viable PBMCs induced by M-CSF and RANKL with (+) or without (−) indicated doses of hBD-1 for 7
days. Bar = 100 μm. (C) A box plot demonstrates the number of TRAP-positive multinuclear cells in the samples treated with M-CSF alone, M-CSF and RANKL, or M-CSF and RANKL in
the presence of indicated doses of hBD-1 from blood of four different donors (n = 4). * = significant differences at p< 0.05 compared to the M-CSF- and RANKL-treatment sample. (D)
Immunofluorescence images of F-actin rings (green) in PBMCs cultured with M-CSF and with (+) or without (−) RANKL and 5 μM of hBD-1 for 7 days. Nuclei were localized by DAPI
staining (blue). Bar = 100 μm. (E) A box plot shows the percentages of osteoclast gene expression, including NFAT2, CTSK, RANK, CLCN7 and CALCR, in hBD-1-treated samples (white
and gray boxes for 1 and 5 μM of hBD-1, respectively) relative to those of the samples treated with RANKL alone (black box), set to 100% (*, p < 0.05).These data were derived from four
separate experiments using blood of four different donors (n = 4).
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treatment with RANKL alone (Fig. 1B). Treatment with M-CSF alone as
a negative control showed no TRAP-positive multinuclear cells
(Fig. 1B). Note a number of large TRAP-positive cells by combined
treatment between RANKL and 5 μM of hBD-1 in comparison with
fewer TRAP-positive cells by treatment with RANKL alone (Fig. 1B).
Quantitatively, the median number of osteoclast-like cells was sig-
nificantly higher by combined treatment between RANKL and hBD-1 at
1 or 5 μM than that by RANKL treatment around 2–3 fold (p < 0.05;
Fig. 1C). Consistently, the number of cells with an F-actin ring at their
periphery was found more in the sample treated with both RANKL and
hBD-1 than with RANKL alone (Fig. 1D). As expected, there was no F-
actin ring formation in the sample treated with M-CSF alone (Fig. 1D).
Moreover, the median percentages for expression of osteoclast genes,
including NFAT2, CTSK, RANK, CLCN7, CALCR, were significantly
higher in the samples treated with both RANKL and hBD-1 in a dose-
dependent fashion than with RANKL alone (p < 0.05; Fig. 1E). Taken
together, hBD-1 treatment potentiates induction of in vitro osteoclast
formation by RANKL.

3.2. HBD-1further enhances formation of resorption pits and grooves by
RANKL in vitro

To determine effect of hBD-1 on osteoclast function, a resorption pit
assay on dentin slices was performed in enriched monocytes cultured for
14 days. It was demonstrated that the stained areas, representing resorp-
tion pits and grooves, on the dentin slice were increased by combined
treatment between RANKL and 5 μM of hBD-1 when compared to those by
RANKL treatment (Fig. 2A). As anticipated, no stained area was found on
the dentin slice by treatment with M-CSF alone (Fig. 2A). Quantitatively,
the median percentage of resorption areas in the sample treated with both
RANKL and hBD-1 was significantly higher than that with RANKL alone
(p < 0.05; Fig. 2B), confirming that hBD-1 enhances osteoclast formation
and function by RANKL in vitro.

3.3. No inductive effect on in vitro osteoclastogenesis by treatment with
hBD-1 alone

To address a question whether or not treatment with hBD-1 alone
was able to induce in vitro osteoclast formation, PBMCs were treated
with hBD-1 at indicated doses in the presence or absence of RANKL for
7 days. Treatment with any indicated doses of hBD-1 in the absence of
RANKL failed to induce the number of TRAP-positive multinuclear cells
(Fig. 3A and B), whereas combined treatment between any doses of
hBD-1 and RANKL significantly increased the number of TRAP-positive
multinuclear cells compared to treatment with M-CSF alone (p < 0.05;
Fig. 3B). As with the results in Fig. 1C, combined treatment between
RANKL and hBD-1 at 1 or 5 μM further enhanced osteoclast formation
by significantly increasing the number of TRAP-positive multinuclear
cells in a dose-dependent fashion compared to treatment with RANKL
alone (p < 0.05; Fig. 3B). All of these results suggest the potentiation
effect rather than the additive or synergistic effect of hBD-1 on induc-
tion of in vitro osteoclast formation by RANKL.

3.4. The potentiation effect of hBD-1 on osteoclastogenesis is via
phosphorylation of the p44/42 MAPKs

Because it has been previously shown that LL-37, a human anti-
microbial peptide of the cathelicidin family, inhibited human osteo-
clastogenesis in vitro by blocking nuclear translocation of NFAT2 [18],
the enhancing effect of hBD-1 on nuclear translocation of NFAT2 was
first examined. Treatment with RANKL with or without hBD-1 sig-
nificantly increased the ratio of nuclear/cytosolic NFAT2 (p < 0.05;
Fig. 4A and B) compared to that of treatment with M-CSF alone, in-
dicating RANKL treatment induces NFAT2 nuclear translocation.
However, there was no difference in the ratio of nuclear/cytosolic
NFAT2 between RANKL treatment and combination of RANKL and
hBD-1 treatment, implying that the potentiation effect of hBD-1 on in
vitro osteoclastogenesis is mediated by other signaling molecules.

Since activation of MAPKs by phosphorylation is implicated in os-
teoclastogenesis in bone marrow-derived mouse mononuclear cells and
a mouse embryonic cell line [15,20], involvement of these MAPKs in
mediating the potentiation effect of hBD-1 on in vitro human osteoclast
formation was investigated. In general, a significant increase in tran-
sient phosphorylation at both 5-min and 10-min treatment periods of
the p44/42 and the p54/46 MAPKs was shown by RANKL treatment
with or without hBD-1 co-treatment compared to PBMCs treated with
M-CSF alone (p< 0.05; Fig. 4C and D), whereas RANKL treatment in
the presence or absence of hBD-1 co-treatment failed to significantly
activate the p38 MAPK (Fig. 4C and D). Interestingly, a significant
further increase in transient phosphorylation at a 5-min treatment
period of only the p44/42 MAPKs was observed by combined treatment
between RANKL and 5 μM of hBD-1 compared to treatment with
RANKL alone (p < 0.05; Fig. 4C and D). These findings suggest that
the potentiation effect of hBD-1 on in vitro human osteoclast formation
is possibly mediated by activation of the p44/42 MAPKs.

To further verify involvement of the p44/42 MAPKs in mediating
the potentiation effect of hBD-1 on human osteoclast formation, PBMCs
were pretreated for 30 min with U0126 or PD98059, two specific
MEK1/2 inhibitors that are upstream molecules of the p44/42 MAPKs,
before treatment with M-CSF and RANKL in the presence or absence of
co-treatment with hBD-1 at 5 μM. Pretreatment with either U0126 or
PD98059 could completely and significantly inhibit the number of
TRAP-positive multinuclear cells by RANKL treatment, regardless of the
presence or absence of hBD-1 co-treatment (p < 0.05; Fig. 5A and B).
In contrast, pretreatment with U0124 or DMSO could not inhibit the
number of TRAP-positive multinuclear cells induced by RANKL treat-
ment in the presence or absence of hBD-1 co-treatment (Fig. 5A and B),
indicating the specificity of two MEK1/2 inhibitors used in this study
and involvement of the p44/42 MAPKs in mediating both the inductive
and the potentiation effects on in vitro osteoclastogenesis by RANKL and
hBD-1, respectively.

Fig. 2. HBD-1 increases in vitro function of osteoclast-like cells. (A) Representative images
of dentin slices show resorption pits and grooves stained with Indian ink, formed by in
vitro generated osteoclast-like cells for 14 days with (+) or without (–) 5 μM of hBD-1.
Bar = 450 μm. (B) A box plot from four separate experiments using blood of four dif-
ferent donors (n = 4) shows the amounts of resorption areas as percentages of the stained
areas against the total area of dentin slices from the conditions described in A. * = sig-
nificant differences at p<0.05 when compared to the M-CSF- and RANKL-treatment
sample.

Fig. 3. HBD-1 has no inductive effect on in vitro osteoclastogenesis. (A) Representative
TRAP-staining images from PBMCs cultured with or without RANKL in the presence or
absence of indicated doses of hBD-1 for 7 days. Bar = 100 μm. (B) A box plot shows the
number of TRAP-positive multinuclear cells from four independent experiments using
blood of four different donors (n = 4) of the conditions described in A. * = significant
differences at p < 0.05 when compared to the sample treated with M-CSF alone;
a = significant differences at p < 0.05 when compared to the sample treated with M-CSF
and RANKL.
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4. Discussion

In this study, the promoting effect of hBD-1 at varying non-toxic
doses on human osteoclastogenesis was investigated during in vitro in-
duction of osteoclast-like cells by RANKL treatment. Moreover, the
signaling pathway mediating this effect was elucidated by using specific
pharmacological inhibitors. The selected non-toxic doses of hBD-1 po-
tentiated the induction of osteoclastogenesis by RANKL, as demon-
strated by statistically significant increases in the number of TRAP-
positive multinucleated giant cells with F-actin ring formation around
the cell membrane, in mRNA expression of osteoclast-specific genes,
and in the percentages of resorption pits and grooves on dentin slices.
To the best of our knowledge, there has been one study demonstrating
effects of hBDs on osteoblastic differentiation [21]; however, this study
is the first to show the promoting effect of hBD-1 on human osteo-
clastogenesis in vitro. However, hBD-1 treatment without RANKL failed
to induce formation of osteoclast-like cells, indicating only the po-
tentiation effect of hBD-1 on human osteoclastogenesis, which is similar
to the potentiation effect of dexamethasone on RANKL-induced ex-
pression of osteoclast-specific genes in mouse bone marrow macro-
phages [22]. As with no inductive effect of hBD-1 on formation of os-
teoclast-like cells, treatment with dexamethasone alone does not induce
expression of osteoclast-specific genes. It is noteworthy that three es-
sential characteristics of osteoclast-like cells in vitro, including TRAP-
positive multinuclear cells, expression of osteoclast-specific genes and
formation of resorption pits and grooves, were consistently enhanced
by approximately 2–3 fold upon hBD-1 co-treatment (Figs. 1C, 1E, and
2B).

In addition, combined treatment between RANKL and hBD-1 sig-
nificantly further enhanced phosphorylation of the p44/42 MAPKs
compared to that by treatment with RANKL alone, suggesting possible
involvement of the p44/42 MAPK in the potentiation effect of hBD-1 on
RANKL-induced osteoclast differentiation in vitro. Interestingly, both
the inductive effect by RANKL and the potentiation effect by hBD-1 on
formation of TRAP-positive multinuclear cells in vitro were completely
abrogated by pretreatment with either of the two specific p44/42
MAPK inhibitors, including U0126 and PD98059, suggesting the sig-
nificance of the p44/42 MAPKs in generation of osteoclast-like cells in
vitro from primary osteoclast precursor cells obtained from human
peripheral blood, which is different from the significance of all three
MAPKs in osteoclastogenesis of mouse bone marrow-derived

Fig. 4. HBD-1 potentiates in vitro osteoclastogenesis
via transient phosphorylation of the p44/42 MAPKs.
(A) PBMCs were treated with M-CSF and/or RANKL
with (+) or without (−) 5 μM of hBD-1 for four
days. Ten and 20 μg of nuclear and cytosolic pro-
teins, respectively, were subject to immunoblotting
analysis with antibody specific for NFAT2. Two clear
bands at around 80–100 kilodalton (kDa) were con-
sistent with those previously shown in [18]. (B) A
box plot shows the ratio of nuclear to cytosolic
NFAT2 expression (nuclear/cytosolic NFAT2) in
each sample relative to the sample treated with M-
CSF alone, whose ratio was set to 1, from four se-
parate experiments using blood of four different do-
nors (n = 4). * = significant differences at p< 0.05
when compared to the sample treated with M-CSF
alone. (C) PBMCs were cultured as described above
for 5, 10 and 20 min. Twenty μg of total proteins
were subject to immunoblotting analysis with anti-
bodies specific for MAPKs and their phosphorylated
form. (D) A box plot shows the relative ratio of each
phosphorylated MAPK to its total MAPK in each
sample relative to the sample treated with M-CSF
alone, whose ratio was set to 1, from four in-
dependent experiments using blood of four different
donors (n = 4). * = significant differences at
p < 0.05 when compared to the sample treated with

M-CSF (M) alone; a = significant differences at p < 0.05 when compared to the sample treated with M-CSF (M) and RANKL (R).

Fig. 5. The inductive and the potentiation effects on human osteoclastogenesis in vitro by
RANKL and hBD-1, respectively, are blocked by pretreatment with two inhibitors against
the p44/42 MAPKs. (A) Representative TRAP-staining images from PBMCs pretreated for
30 min with U0126 or PD98095, two specific inhibitors against MEK1/2 that function as
upstream molecules of the p44/42 MAPKs, an inactive analog U0124, or 0.1% (v/v)
DMSO prior to treatment with M-CSF and RANKL in the presence or absence of 5 μM of
hBD-1 for 7 days. Bar = 100 μm. (B) A box plot shows the number of TRAP-positive
multinuclear cells from four independent experiments using blood of four different donors
(n= 4) of the conditions described in A. * = significant differences at p < 0.05 when
compared to the sample treated with M-CSF and RANKL. a = significant differences at
p < 0.05 when compared to the sample treated with M-CSF, RANKL, and 5 μM of hBD-1.
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macrophages and a mouse macrophage cell line RAW264.7 [15,23,24].
This discrepancy reflects differences in cell types and species. Indeed,
the importance of p44/42 MAPK activation has been recently shown in
human osteoclast differentiation from PBMCs by macrophage inhibitory
cytokine-1 [25]. Furthermore, in contrast to humans and mice, the p38
MAPK instead plays an essential role in lipopolysaccharide-induced
osteoclastogenesis in a rat periodontitis model [26]. With regard to the
candidate receptor for hBD-1, it has been recently shown that the mo-
lecular structure of hBDs is similar to that of epidermal growth factor
(EGF), particularly a disulfide bond pairing the second and the fourth
cysteine [27]. Therefore, it is probable that hBD-1 can bind to the EGF
receptor that leads to further activation of the p44/42 MAPK observed
in this study. Indeed, an interaction between hBDs and EGF receptor
resulted in the regulation of ERK1/2 phosphorylation in an oral cancer
cell line [27].

With respect to periodontitis and peri-implantitis, two common
bone-resorbing disorders found in the oral cavity, mRNA [6] and pro-
tein [7] of hBD-1 are overexpressed in surrounding inflamed gingival
tissues. Correspondingly, hBD-1 levels are also elevated in GCF of pa-
tients with chronic periodontitis with or without type 2 diabetes mel-
litus [9] and patients with peri-implantitis [10]. Therefore, it is likely
that increased hBD-1 expression and levels are associated with alveolar
bone resorption resulting from enhanced osteoclast formation. In ad-
dition, it has recently been shown that different single nucleotide
polymorphisms at various loci on the hBD-1 gene, DEFB1, are asso-
ciated with increased susceptibility to chronic periodontitis in German,
Dutch, Chinese, Japanese, and Northeastern Italian populations
[28–31]. Consequently, our in vitro results that demonstrated the po-
tentiation effect of hBD-1 on osteoclastogenesis are in agreement with
the findings obtained from all aforementioned studies relevant to per-
iodontitis. Furthermore, higher frequencies of two single nucleotide
polymorphisms of the DEFB1 gene were found in Italian patients with
oral lichen planus than in healthy subjects [32], implying an implica-
tion of hBD-1 in pathogenesis of oral inflammation-related diseases.

Low μM concentrations of hBD-1 have previously been used to treat
human gingival fibroblasts [33] and human keratinocytes [16,34] with
the maximal non-toxic dose of hBD-1 reported up to 40 μg/ml
(∼10 μM). Therefore, all doses of hBD-1 used to treat human PBMCs in
this study (0.2–5 μM), which were not cytotoxic (Fig. 1A), were within
a range of peptide concentrations commonly used in those studies. Note
that the lowest dose of hBD-1, i.e. 1 μM or 4 ng/μl, shown to sig-
nificantly promote in vitro osteoclastogenesis (Figs. 1C, 1E, 2B, and 3B),
is still somewhat higher than hBD-1 amounts in GCF collected from
patients with chronic periodontitis with or without diabetes mellitus
that were reported to be 300–400 pg per 30 sec [9]. Nevertheless, the
concentrations of hBD-1 could possibly reach as high as low ng levels if
periodontal tissue and GCF samplings are done deeply at the bottom of
periodontal pockets where active alveolar bone destruction occurs by
osteoclasts and accumulation of numerous host defense and immune
cells, such as lymphocytes, macrophages, monocytes, dendritic cells
that were demonstrated to express hBD-1 mRNA and protein [35–37], is
expected. Therefore, it is likely that these immune cells play a major
role as hBD-1-producing cells in addition to epithelial cells lining the
pocket. Moreover, it is probable that the actual amounts of hBD-1 in
GCF would have been higher than those reported by Ertugrul and co-
workers [9] because some hBD-1 might still retain in periopaper strips
due to incomplete elution of hBD-1 from the strips.

We have previously reported the inhibitory effect of LL-37 on
human osteoclastogenesis in vitro [18]. It is reasonable to assume that
differential effects on osteoclastogenesis between hBD-1 and LL-37 are
simply due to their distinct molecular structures, i.e. anti-parallel β-
sheet versus α-helical structure, respectively, although both peptides
contain net positive charges at the physiological pH. In conclusion, the
antimicrobial peptide hBD-1 potentiates human osteoclastogenesis in
vitro by RANKL induction via phosphorylation of the p44/42 MAPKs.
Involvement of other signaling molecules besides NFAT2 and the p44/

42 MAPKs as well as a candidate receptor in enhancement of osteoclast
differentiation upon hBD-1 co-treatment and the effect of hBD-1 on in
vivo osteoclast formation and function warrant further investigations.
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Abstract
Objective To investigate the effects of probiotics, Lactobacillus paracasei SD1, on the quantities of Streptococcus mutans in
saliva and plaque samples of preschool children.
Design This randomized trial recruited 487 preschool children from eight childcare centers. Participants were assigned to receive
a 6-month course of placebo milk daily (group I), probiotic milk either daily (group II) or three days a week (triweekly, group III).
The absolute quantities of S. mutans and total lactobacilli in the saliva and plaque samples at baseline (T0), after intervention
(T6), and 6 months after discontinuation (T12) were assessed by qPCR.
Results Of 487 children, 354 completed all follow-up periods. However, only 268 children (3.2 ± 0.8 years old; groups I = 86, II
= 89, and III = 93) provided adequate saliva for qPCR.Whereas the quantities of S. mutanswere significantly decreased in groups
II and III compared to group I in the saliva and plaque samples at T6 and T12, those of total lactobacilli were significantly
increased (p < 0.0167). There was no difference in the quantities of S. mutans or total lactobacilli between groups II and III at any
period. Significant changes in the quantities of S. mutans and total lactobacilli lasted until T12 compared to T0 (p < 0.0167).
Conclusions Probiotic administration daily or triweekly reduces S. mutans quantities, whereas it increases total lactobacilli
quantities that persists at least 6 months after discontinuation in the saliva and plaque samples of preschool children.
Clinical relevance Daily or triweekly consumption of L. paracasei SD1 supplemented in milk may help prevent dental caries in
preschool children.

Keywords Lactobacillus paracasei SD1 . Plaque . Preschool children . Probiotics . Saliva . Streptococcusmutans

Introduction

Probiotics were originally used in medicine and have been a
topic of extensive research in the fields of cariology, periodon-
tology, mucositis, and halitosis in the past two decades [1].
Dental caries, a common preventable and multifactorial oral
disease affecting all age groups worldwide [2], is caused by a
shift of microbial compositions from physiologic to pathogen-
ic bacteria. Streptococcus mutans plays an important role as an
early colonizer in the dental biofilm, in which it produces
acids and resists an acidic condition, resulting in deminerali-
zation of the tooth structure [3]. Dental caries is considered a
non-communicable disease similar to hypertension, diabetes
mellitus, and cardiovascular diseases; modifications of human
lifestyles would, therefore, help prevent these diseases [1].
Early childhood caries adversely affects the general health of
children and influences socioeconomic burdens of countries
[4]. Consequently, caries prevention as early as the first 1,000
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days of life by introducing probiotics in routine diets would be
beneficial to modulate the ecology of oral microorganisms in
the biofilm, leading to a reduction of cariogenic bacteria [1].

For caries prevention, Lactobacilli are commonly used as pro-
biotic strains [5]. Previous studies have shown that L. paracasei
SD1, isolated from caries-free Thai preschool children [6], exerts
various effects in the oral cavity, including inhibition of mutans
streptococci, production of less acids than other lactobacilli, bac-
terial adherence to oral epithelial cells [7], synthesis of bacteriocin
[8], production of antioxidants [9], and immunomodulation by
enhancing salivary human neutrophil peptide 1-3 levels [10].
Five previous clinical trials, using L. paracasei SD1 as probiotic
supplementation in Thai adults, adolescents, children, and patients
with clefts, have demonstrated bacterial changes in saliva and a
favorable microbial symbiosis [10–14]. Whereas mutans strepto-
cocci were significantly decreased, the probiotic strain was signif-
icantly increased and persisted after discontinuation in conjunc-
tion with caries reduction. However, these five trials were con-
ducted in a small cohort within southern Thailand and all partic-
ipants obtained probiotics daily during the trial period.
Accordingly, conducting amulticenter randomized controlled trial
in a larger population of young children for an early exposure is
necessary to verify the beneficial effects of L. paracasei SD1.
Although it is generally recommended that probiotics be con-
sumed daily for continuing benefits [1], daily consumption may
not be practical for everyone. Moreover, concerns are raised
whether children who miss some doses of probiotics would still
receive benefits. This study designed with different dose intervals
and conducted in different regions should lead to a more practical
implementation of public health policy.

It was hypothesized that (1) the effect of early exposure to
probiotics on the reduction of cariogenic bacteria in the saliva
and the plaque is sustained after discontinuation, and (2) the
frequency of probiotic administration either daily or 3 days in a
week (triweekly) has similar impacts on the control of cario-
genic microorganisms. The aim of this study was, thus, to de-
termine the quantities of S. mutans, total lactobacilli, and total
bacteria in saliva and plaque samples of healthy preschool chil-
dren, who consumed milk supplemented with probiotics once
daily or triweekly or without probiotics as a placebo, at baseline
(T0), immediately after 6 months of probiotic intervention
(T6), and 6 months after probiotic discontinuation (T12).

Material and methods

Participants

Eligible participants included healthy preschool children (aged
1-5 years) who had normal height and weight for their ages
within 1.5 standard deviation of the Thai children growth chart
andwith aminimumweight of 10 kg. Exclusion criteria were 1)
medically compromised children, who were at risk of episodic

infections or prone to frequent uses of antibiotics, 2) allergy to
cow milk or lactose intolerance, 3) receiving antibiotics within
two weeks prior to the study in order to allow reestablishment
of normal oral microflora [15], 4) having more than four cavi-
tated teeth [12], and 5) refusal to participate by parents or legal
guardians. Written informed consent was obtained before en-
rolling each child into the trial. This multicenter, stratified-ran-
domized, double-blind, and placebo-controlled trial with three
randomization arms (1:1:1), lasting for one year, was registered
with the Thai Clinical Trial Registry (TCTR20170511002;
http://www.clinicaltrials.in.th), being part of the WHO’s
Registry Network, Clinical Trials identifier (registration on
May 10, 2017, first enrollment on May 22, 2017).

Probiotic and placebo milk powder

The probiotic milk powder was prepared by a spray drying
technique, containing viable 1.8x107 CFU/ml of L. paracasei
SD1 in 20% skimmed milk and < 4% humidity according to
Teanpaisan et al., 2015 [11]. The placebo was the exact same
milk powder devoid of L. paracasei SD1. Both probiotic and
placebo milk were identical in appearance, scent, weight, and
packaging. A single dose of 3 g of the milk powder was
packaged for daily intake and sealed in plastic bags labeled
specifically for each participant. The packages were stored at
4 °C until delivery to the childcare center monthly. The via-
bility of L. paracasei SD1 in milk powder has been shown to
last 6 months when being stored at 4 °C [16]. The powder was
dissolved in 50 ml of child’s milk at room temperature by
caregivers or parents, who monitored the child intake on
weekdays or weekends/holidays, respectively, and recorded
the days that each child had consumed milk in the child’s
logbook. In addition, the caregivers recorded occurrence of
any specific clinical symptoms, including fever, respiratory
infection, allergy, diarrhea, constipation, school absence due
to illnesses, and health care utilization in the logbook. The
participants were allowed to withdraw from the study if they
were suspected to be allergic to the milk or experienced any
abnormal symptoms, including fever, nausea, vomiting, ab-
dominal pain, or diarrhea. After each month, both the empty
and full plastic bags of each child were collected to confirm
the percentage of compliance, which was calculated by the
number of days that participants had consumed milk divided
by the total number of days for 6 months (Table 1).

Randomization, allocation, concealment,
and blinding

After enrollment, participants were randomly assigned to one
of the three study arms (placebo, daily probiotics, and triweek-
ly probiotics), by stratified randomization using block of six in
each childcare center. Children who consumed the placebo
milk powder were classified in the placebo (group I), while
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those who consumed the probiotic milk powder once daily for
6 months were grouped in the daily probiotics (group II). The
triweekly probiotics (group III) included children who con-
sumed the probiotic milk powder in any 3 days of a week
and the placebo milk powder for the remaining 4 days.
Participants, caregivers, parents, clinical examiners, investiga-
tors, laboratory staff, and research assistants who entered data
to a database were blinded to the assigned groups until the
codes were opened after statistical analysis.

Saliva collection

Saliva samples were collected from each child during the
same time, i.e., mid-morning, at T0, T6, and T12. The
unstimulated whole saliva was collected as much as possible
by spitting into a small cup, while children who could not spit
or were uncooperative, sterile 1.0-ml droppers were used to
collect their saliva. The saliva samples were transferred to 1.5-
ml sterile microcentrifuge tubes and stored on ice for a few
hours while being transported to the research laboratories. The
saliva samples were immediately stored at − 80 °C until being
used for DNA extraction.

Oral examination and plaque sample collection

Oral examination by trained and calibrated pediatric dentists,
with inter- and intra-examiner reliability greater than 0.8, was
performed using light sources, mouth mirrors, and ball-ended
periodontal probes (probe WHO-621). The visible dental

biofilm index was recorded at T0, T6, and T12 using the
overall index modified by Santos and Soviero (2006) [17,
18] as follows: 1 = absence of visible biofilm; 2 = thin biofilm,
easily removed; 3 = thick biofilm, firmly adhered to either
anterior or posterior teeth; 4 = thick biofilm, firmly adhered
to both anterior and posterior teeth. Afterwards, the pooled
plaque samples were collected using sterile toothpicks to
scrape plaque from the mesial, distal, buccal, and lingual sur-
faces of all erupted teeth, placed into pre-weighed 1.5-ml ster-
ile microcentrifuge tubes, and stored dry for a few hours while
being transported to the laboratories. Each plaque sample was
weighed, mixed with 200 μl of Tris-EDTA buffer, and stored
at − 80 °C until being used for DNA extraction.

Dental caries status was recorded at T0, T6, and T12 ac-
cording to the modified Nyvad criteria for caries assessment
[19–21]; code 0, sound surface; code 1, active non-cavitated
lesion; code 2, active cavitated lesion; code 3, inactive non-
cavitated lesions; code 4, inactive cavitated lesions; code 5,
filling; code 6, filling associated with active caries; code 7
missing due to caries. The overall status for each tooth was
determined by the greatest severity among all tooth surfaces of
each tooth and presented as follows; caries free, non-cavitated,
and cavitated. The number of unerupted or partially erupted
teeth was also recorded.

DNA extraction

DNA isolation from the saliva and plaque samples in the three
intervention groups at T0, T6, and T12 was performed in only

Table 1 Baseline characteristics for the children who completed the two follow-up periods (T6 and T12) and provided adequate saliva volume (at least
500 μl) at all three periods (T0, T6, and T12) for qPCR analysis

Characteristic Group p value

Total I (placebo) II (daily probiotic) III (triweekly probiotic)
N = 268 N = 86 N = 89 N = 93

Age (year) mean ± SD 3.19 ± 0.77 3.25 ± 0.74 3.15 ± 0.78 3.16 ± 0.80 0.67a

Sex 0.36b

Female n (%) 137 (51.12) 41 (47.67) 51 (57.30) 45 (48.39)

Male n (%) 131 (48.88) 45 (52.33) 38 (42.70) 48 (51.61)

Unerupted and partially erupted (teeth) mean ± SD 0.76 ± 1.56 0.58 ± 1.29 0.73 ± 1.37 1.95 ± 1.92 0.29a

Dental caries (teeth) mean ± SD

Caries free 14.77 ± 4.08 15.44 ± 3.71 14.37 ± 4.34 14.53 ± 4.11 0.17a

Non-cavitated 3.26 ± 3.27 2.77 ± 2.90 3.63 ± 3.48 3.37 ± 3.38 0.20a

Cavitated 1.19 ± 1.40 1.20 ± 1.53 1.25 ± 1.40 1.12 ± 1.28 0.82a

Visible plaque index 0.08c

Score 1 n (%) 16 (5.97) 6 (6.98) 2 (2.25) 8 (8.60)

Score 2 n (%) 130 (48.51) 48 (55.81) 45 (50.56) 37 (39.78)

Score 3 n (%) 90 (33.58) 26 (30.23) 27 (30.34) 37 (39.78)

Score 4 n (%) 32 (11.94) 6 (6.98) 15 (16.85) 11 (11.83)

Compliance rate % average 89.55 90.70 88.76 89.25 0.19b

The significant differences were tested by aANOVA, bChi-square, or c Fisher exact test
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the samples whose saliva volume was at least 500 μl. A
500-μl and a 200-μl volume of saliva and reconstituted plaque
samples, respectively, were thawed, vortexed, and centrifuged
at 10,000 rpm for 5 min. The resultant pellet was resuspended
in 200 μl of 20 mg/ml freshly prepared lysozyme (Amresco
Inc., Solon, OH, USA) and incubated at 37 °C for 30 min to
lyze the bacterial cell wall. Bacterial DNAwas then extracted,
purified, and eluted in 40 μl of Tris-EDTA buffer, using the
PureDirex Genomic DNA Isolation kit (Bio-Helix Co., LTD.,
Keelung City, Taiwan) according to the manufacturer’s
instructions.

Absolute quantification of bacterial DNA

To establish a standard curve for each microorganism,
S. mutans ATCC25175 for S. mutans, Escherichia coli
ATCC25922 for total bacteria and S. sobrinus ATCC33478
as a negative control, were cultured on 5% blood agar
(DifcoTM, Sparks, MD, USA), while L. fermentum
ATCC14931 for total lactobacilli was cultured on de Man
Rogosa and Sharpe (MRS) agar (DifcoTM) anaerobically at
37 °C for 24–48 h. A single colony of E. coli ATCC25922,
S. mutans ATCC25175, or S. sobrinus ATCC33478 was in-
oculated in Brain Heart Infusion broth (DifcoTM), and a single
colony of L. fermentum ATCC14931 was inoculated in MRS
broth (DifcoTM), overnight at 37 °C anaerobically. The bacte-
rial pellets were collected after centrifugation at 5,000 rpm for
10 min, washed twice with phosphate-buffered saline (PBS),
pH 7.0, and adjusted to an optical density of 2.0 at 600 nm
using a UV/VIS spectrophotometer (Biochrom Ltd.,
Cambridge, UK). The bacterial cell suspensions were twofold
diluted until 1:4096 and divided into two aliquots. Whereas
the first aliquot was streaked on agar plates for bacterial count
as CFU/ml using the aforementioned cultivation method, the
second was used for DNA isolation as aforementioned to de-
termine the cycle threshold (Ct) of qPCR using the CFX96
TouchTM Real-Time PCR detection system (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). A linear standard
curve was plotted for each bacterial species from log10 CFU/
ml against the correspondingCt and showed a high correlation
coefficient (R2 > 0.99).

A 20-μl aliquot of qPCR master mix, comprising 5 μl of
purified DNA template from saliva or plaque sample, 2 μl of a
specific primer pair, 3 μl of nuclease-free water, and 10 μl of
2x SensiFAST SYBR® No-ROX mix (Bioline Reagent Ltd.,
Foster City, CA, USA), was amplified using the CFX96
TouchTM Real-Time PCR detection system (Bio-Rad
Laboratories, Inc). The primer sequences for detecting each
bacterial species are presented in Table 2 [22–24]. The qPCR
conditions for both unknown samples and bacterial genomic
DNAwere as follows; 1 cycle at 95 °C for 10 min and 1 cycle
at 50 °C for 2 min, followed by 40 cycles at 95 °C for 20 s; at
60 °C, 58 °C, or 60 °C for S. mutans, total lactobacilli, or total

bacteria, respectively, for 20 s; and at 72 °C for 25 s. The
melting curve analysis for targeted bacterial species demon-
strated a sharp peak at the expected melting temperature, in-
dicating that qPCR products were homogeneous without
primer-dimers, and the chosen primers specifically amplified
the target DNA. Additionally, DNA isolated from S. sobrinus
ATCC33478 was used as a negative control for qPCR analysis
of S. mutans and total lactobacilli, and the findings showed no
amplified products (data not presented). The absolute quanti-
ties of S. mutans, total lactobacilli, and total bacteria in the
saliva and plaque samples were extrapolated by comparing the
Ct value of each unknown sample with the standard curve for
S. mutans ATCC25175, L. fermentum ATCC14931, and
Escherichia coli ATCC25922, respectively. The quantities of
bacteria in the saliva samples were reported as log10 CFU/ml,
whereas those in the plaque samples were normalized by the
plaque weight and expressed as log10 CFU/mg. All qPCR
reactions for saliva and plaque samples were performed in
duplicate, and their averages were used in statistical analysis.

Statistical analysis

Descriptive analysis was used to describe mean age, sex, the
number of non- or partially erupted teeth, caries status, includ-
ing caries-free, non-cavitated and cavitated teeth, and visible
plaque index at baseline. ANOVAwas used to compare con-
tinuous variables and the Chi-square or Fisher exact test was
used to compare categorical variables among the three groups.
Statistical significance was accepted at p < 0.05. To compare
bacterial quantities, non-parametric statistical tests were used
due to the non-normal distribution of the data. For intergroup
comparisons, the Kruskal-Wallis H test was used to determine
the differences in bacterial quantities at each period, followed
by multiple comparisons using the Mann-WhitneyU test with
Bonferroni adjustment. For intragroup comparisons, the
Friedman test was used to determine the differences in bacte-
rial quantities among the three periods (T0, T6, and T12),
followed by multiple comparisons using the Wilcoxon signed
rank test with Bonferroni adjustment. Statistical significance
for both intergroup and intragroup comparisons was accepted
at p < 0.0167. The Pearson’s correlation was used to evaluate
the correlations of bacterial quantities between the saliva and
plaque samples. All analyses were performed using SPSS®
software version 17.0 for Windows (IBM, Armonk, NY,
USA).

Results

Of 1050 children assessed for eligibility, 487 children from
eight childcare centers of two provinces, Satun (n = 250) and
Chiang Mai (n = 237) in the southern and northern regions of
Thailand, respectively, were registered in this trial (Fig. 1). Of
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487 registered participants, 354 (72.69%) completed all
follow-up periods (T6 and T12; Fig. 1). The reasons for drop-
out included failure to comply with the research protocol,
withdrawal due to allergy, and relocation, as summarized in
Fig. 1. However, only 268 of 354 children (75.70%), compris-
ing 86 in group I, 89 in group II, and 93 in group III, provided
adequate saliva volume (at least 500 μl) at T0, T6, and T12 for
qPCR analysis (Fig. 1). The baseline variables for participants,
including mean age, sex, the number of unerupted or partially
erupted teeth, that of carious teeth, the visible plaque index, or
the average percentage of compliance, were not found to be
different among the three groups (Table 1).

Reduction of S. mutans by the probiotic strain

At T6 and T12, there were significant decreases in the median
quantities of S. mutans, expressed as log10 CFU/ml and log10
CFU/mg for saliva and plaque samples, respectively, in the
children receiving daily probiotics (group II) and the children
receiving triweekly probiotics (group III) compared to the
children receiving the placebo (group I) (p < 0.0033; Fig.
2a, b). As anticipated, the median quantities of total
lactobacilli were significantly increased in both the saliva
and plaque samples in groups II and III compared to those in
group I (p < 0.0167; Fig. 2c, d, respectively). In contrast to
significant changes in the median quantities of S. mutans or
total lactobacilli by probiotic administration, those of total
bacteria in the saliva or plaque samples were not found to be
different among the three groups at any periods (Fig. 2e or f,
respectively), indicating true reduction in the quantities of
S. mutans by probiotic consumption. Moreover, the median
quantities of S. mutans or of total lactobacilli in the saliva or
plaque samples were not found to be different between the two
probiotic groups at T0, T6, or T12 (Fig. 2a–d). Note that the
median quantity of S. mutans in the saliva samples at T0 was
significantly lower in group I than in groups II and III (p <
0.00033; Fig. 2a), whereas that of total lactobacilli in the sali-
va samples at T0 was significantly greater in group I than in
groups II and III (p < 0.00033; Fig. 2c).

Sustained decreases in S. mutans and increases
in total lactobacilli quantities after probiotic
discontinuation

At T6 and T12, similar trends of changes in the median quan-
tities of S. mutans and total lactobacilli in both the saliva and
plaque samples were found both in the children receiving daily
(group II) and triweekly probiotics (group III; Fig. 3a, b,
respectively). Particularly for the median quantities of total
lactobacilli in both the saliva and plaque samples from groups
II and III, there were significant increases at T6 and T12 com-
pared to T0 (p < 0.0033). On the contrary, there were significant
decreases in the median quantities of S. mutans found only in
the saliva samples from groups II and III at T6 and T12 com-
pared to T0 (p < 0.0033; Fig. 3a), whereas a significant decrease
was found in the plaque samples of group II at T6 (p < 0.0033;
Fig. 3b). Taken together, these findings suggest sustained ef-
fects on microbial shifts after probiotic discontinuation for at
least 6 months and saliva samples as a better surrogate for
microbial quantification than plaque samples.Without probiotic
consumption in the placebo group, there were significant in-
creases in the median quantities of S. mutans, and significant
decreases in those of total lactobacilli were found in both the
saliva and plaque samples at T6 and T12 compared to T0 (p <
0.0167; Fig. 3a, b, respectively). With respect to the median
quantities of total bacteria, significant increases were found at
T6 and T12 compared to T0 in the saliva samples of all three
groups (p < 0.0167; Fig. 3a), but not in the plaque samples (Fig.
3b), confirming saliva samples as a better surrogate for detec-
tion of changes in microbial quantities. Details of the medians
together with the interquartile ranges of S. mutans, total
lactobacilli, and total bacteria quantities in saliva and plaque
samples at T0, T6, and T12 are summarized in Table 3.

Weak correlations for the quantities of S. mutans
and total lactobacilli between saliva and plaque
samples

When all data from the three periods and the three intervention
groups were pooled and compared between the saliva (log10

Table 2 Oligonucleotide primer
sequences for qPCR analysis Bacterial species Primer sequence Reference

Streptococcus mutans
(S. mutans ATCC25175)

Forward: 5′-ACTACACTTTCGGGTGGCTTGG-3′

Reverse: 5′-CAGTATAAGCGCCAGTTTCATC-3′

[22]

Total lactobacilli
(L. fermentum ATCC14931)

Forward: 5′-CATTTGGAAACAGATGCTAATACC-3′

Reverse: 5′-GTCCATTGTGGAAGATTCCC-3′

[24]

Total bacteria (E. coli ATCC25922) Forward: 5′-TCCTACGGGAGGCAGCAGT-3′

Reverse: 5′-GGACTACCAGGGTATCTAATCCTGTT-3′

[23]

Streptococcus sobrinus
(S. sobrinus ATCC33478)*

Forward: 5′-GATAACTACCTGACAGCTGACT-3′

Reverse: 5′-AAGCTGCCTTAAGGTAATCACT-3′

[22]

*Used as a negative control
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CFU/ml) and plaque (log10 CFU/mg) samples, significantly,
but weakly, positive correlations were found in the quantities
of S. mutans (r = 0.206, p < 0.001; Fig. 4a) and in those of
total lactobacilli (r = 0.036, p < 0.001; Fig. 4b).

Discussion

This large-scale multicenter trial, in which several hun-
dreds of preschool children were registered, demonstrates
the beneficial effect of probiotic supplementation with
L. paracasei SD1 on a significant reduction in cariogenic
bacteria, S. mutans, which is in agreement with our pre-
vious studies using standard cultivation to quantify sali-
vary mutans streptococci [11–14]. The reduction of
S. mutans by probiotic consumption is also supported by
a number of studies analyzed in three systematic reviews,
showing that various probiotic strains could significantly
reduce cariogenic mutans streptococci [25–27].
Furthermore, some studies in a review by Zaura and
Twetman, 2019 [28], showed that probiotics could even reduce

caries incidence, but the authors suggested that further long-
term clinical studies are needed. In this study, we also found
that our probiotic strain could decrease caries progression while
increase caries regression at T6 and T12, suggesting that reduc-
tion of S. mutans by probiotic consumption would ultimately
lead to impede demineral izat ion while faci l i tate
remineralization processes. The details of these findings will
be published in a separate article. The possible mechanism of
action for the probiotic L. paracasei SD1 may be due to the
production of bacteriocin, named “paracasin SD1,”which pos-
sesses potent antimicrobial activities against cariogenic bacteria
(S. mutans, Streptococcus. sobrinus) and periodontopathogens
(Aggregatibacter actinomycetemcomitans and Porphyromonas
gingivalis) as well as Candida albicans [7, 8]. Moreover, the
inhibitory effect of paracasin SD1 was shown to work in a
broad pH range from 3.0 to 8.0 [8]. Our finding is also in line
with another proposed inhibitory action of L. paracasei by co-
aggregation with S. mutans to prevent S. mutans adherence to
the tooth surfaces [29]. The bacterial co-aggregation in saliva
results in elimination of S. mutans from the oral cavity by
swallowing, which corresponds to more significant decreases

Fig. 1 Consort flow of the
participants
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in the quantities of S. mutans observed in the saliva than in the
plaque samples (Fig. 3).

This field trial showed that the efficacy of probiotic con-
sumption on S. mutans reduction in several childcare centers

meets the criteria of a phase 2 trial, defined by a Joint FAO/
WHO Working Group on Drafting Guidelines for the
Evaluation of Probiotics in Food [30]. In such guidelines, it
is recommended that “human trials be repeated by more than

Fig. 2 Box plot graphs presenting
median quantities along with
interquartile ranges (25th to 75th
percentiles) of a Streptococcus
mutans in saliva, b Streptococcus
mutans in plaque, c total
lactobacilli in saliva, d total
lactobacilli in plaque, e total
bacteria in saliva and f total
bacteria in plaque. The
measurement units for saliva and
plaque samples are log10 CFU/ml
and log10 CFU/mg, respectively.
Empty, gray, and hatched boxes
represent the placebo, daily
probiotic, and triweekly probiotic
groups, respectively. The
horizontal line in each box
represents the median of the data,
and X within each box represents
the mean. Empty circles are
outliers. T0, T6, and T12 are the
time points at baseline, after 6
months of probiotic intervention,
and 6 months after probiotic
discontinuation, respectively. *p
< 0.0167, **p < 0.0033, ***p <
0.00033
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one center for confirmation of results.” Furthermore, signifi-
cant increases in the quantities of total lactobacilli at T6 and
T12 compared with T0 imply that L. paracasei SD1 adminis-
tered either daily or triweekly accounts for an increase in the
amounts of total lactobacilli in the oral cavity, which can be
detected in saliva and constituted in the dental plaque even 6
months after probiotic discontinuation. Accordingly, the ben-
eficial effect on S. mutans reduction could be observed at least
6 months after probiotic intervention, possibly as a result of
persistent microbial modulation by the probiotic L. paracasei
SD1, which is consistent with the findings from our previous
studies [12, 24]. Such increases in the quantities of total
lactobacilli are expected, given that most probiotics are lacto-
bacillus species, and the increases are in line with a previous
systematic review and meta-analysis [27]. Due to the possible
cariogenicity of lactobacilli, their use for caries prevention
may be of concern. However, according to a number of sys-
tematic reviews and meta-analyses [25–27] as well as our
previous studies [11–14], the use of probiotics is generally
considered safe, and neither adverse effects to oral health
nor increased caries risks have been reported so far in clinical
trials. It is suggested that not all lactobacillus species can in-
duce caries [31], which is in agreement with our finding that
only certain lactobacillus species, Lactobacillus salivarius,
was a strong acid producer [32]. In addition, L. salivarius
was found to be associated with high caries in children [6].

The ability of L. paracasei SD1 to adhere to the tooth surface
or to colonize in dental plaque has not yet been tested; however,
the ability of L. paracasei SD1 to adhere to oral epithelial cells
has been previously demonstrated [7]. It is likely that the oral
epithelial cells could be a reservoir for L. paracasei SD1 to be
continuously present in the oral cavity even 6 months after pro-
biotic discontinuation. Moreover, by using an arbitrary primer-
PCRmethod to analyze the bacterial DNA fingerprints, the iden-
tical pattern of L. paracasei SD1 DNA fingerprints could be
found in saliva of volunteers who consumed the probiotic milk
[12]. Taken together, early exposure to probiotics, especially dur-
ing the first 1000 days of life, would have a long-term benefit for
prevention of dental caries in young children.

The dosing interval (daily or triweekly) was designed to eval-
uate the minimal dosage required for the presence and persis-
tence of probiotic benefits over microbial compositions. Our re-
sults suggest that the benefits of triweekly consumption are not
different from those of daily consumption in terms of the signif-
icant reduction of S. mutans quantities or the significant increase
in total lactobacilli quantities. Both triweekly and daily probiotic
groups showed a similar trend for the reduction of S. mutans in
both the saliva and plaque samples at T6 and T12 compared with
T0, although the daily probiotic group showed greater decreases
in the quantities of S. mutans than did the triweekly group (Fig.
3). Therefore, the inhibitory action of L. paracasei SD1 against
S. mutans was found to be greater and more consistent in the

Fig. 3 Linear graphs presenting bacterial quantities as median log10
counts (y-axis) of Streptococcus mutans (square), total lactobacilli
(circle), and total bacteria (triangle) in the a saliva and b plaque
samples. The measurement units for saliva and plaque samples are
log10 CFU/ml and log10 CFU/mg, respectively. The dotted, solid, and
dashed lines represent the placebo, daily probiotic, and triweekly

probiotic groups, respectively. T0, T6, and T12 are the time points at
baseline, after 6 months of probiotic intervention and 6 months after
probiotic discontinuation, respectively. The significant differences
between T6 or T12 and T0 within each group are illustrated. Note that
the interquartile ranges are omitted from the linear graphs, but are
presented in Table 3. *p < 0.0167, **p < 0.0033, ***p < 0.00033
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daily probiotic than the triweekly probiotic group, suggesting that
when promising and stable inhibition against cariogenic bacteria
from probiotics is expected, the daily dosage is preferable, yet the
triweekly dosage is still acceptable in some circumstances.

Even by stratified randomization, the placebo group in our
study began with a significantly smaller median quantity of
S. mutans (Fig. 2a), and a significantly greater median quan-
tity of total lactobacilli (Fig. 2b), than those of the two probi-
otic groups at T0 in the saliva samples. These microbial dif-
ferences among the three intervention groups may have oc-
curred by chance. However, when children in the placebo
group were 6months and one year older, the median quantities
of S. mutans and of total lactobacilli were, instead, significant-
ly greater and smaller, respectively, than in the other two
probiotics groups in both the saliva and plaque samples (Fig.
2a, b). This suggests that without the beneficial effects from
consumption of L. paracasei SD1, the quantities of S. mutans
in the placebo group tended to continually increase with age in
both the saliva and plaque samples, whereas the quantities of
total lactobacilli in this group tended to decrease. Besides the
aforementioned changes in the quantities of S. mutans and
total lactobacilli, total bacteria in the saliva samples of the
placebo group tend to increase with age (Fig. 3a). All of these
microbial changes in the placebo group are consistent with the
results of Damle et al., 2016 [33], which demonstrated that
children tend to have high levels of oral bacteria, especially
mutans streptococci, when they are older.

When data on the quantities of S. mutans (Fig. 4a) and those
of total lactobacilli (Fig. 4b) in the three intervention groups at
the three periods were pooled, weakly, albeit significantly, pos-
itive correlations, were found between the saliva and plaque
samples. To the best of our knowledge, there has not yet been
a correlation study comparing the microbial quantities between
the two oral samples upon probiotic administration. The weak
correlations can be explained by the fact that microorganisms
live in the plaque biofilm as a somewhat static and stable com-
munity compared with much more dynamic changes and fluc-
tuations in both types and quantities of microorganisms in the
saliva [34].Moreover, all tooth surfaces are constantly bathed in
the saliva so that it may better reflect changes in the microbial
compositions than would the plaque samples [33]. This is con-
firmed by more drastic alterations in the amounts of both
S. mutans and total lactobacilli found in the saliva samples than
in the plaque samples upon probiotic administration (Fig. 3).
However, saliva collection is not easy in young children due to
their difficulty in spitting and uncooperative behaviors. This is
why only about three quarters of all saliva samples collected
from eligible children (Fig. 1) had an adequate volume, i.e., at
least 500 μl, required for DNA extraction [35].

The reason why L. fermentum was used to establish a stan-
dard curve for total lactobacilli is due to its predominance
(>80%) among other lactobacilli strains found in the oral cavity
of Thai preschool children [6], so the quantities of L. fermentumTa
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could well represent those of total lactobacilli in the saliva and
plaque samples. Furthermore, we chose to amplify DNA of
total lactobacilli after consumption of milk supplemented with
the probiotic L. paracasei SD1 was due to the limitation to
design a primer pair specific only for the L. paracasei SD1
because of the almost identical sequences between the
paracasei and the casei species [24]. Moreover, our previous
study had shown a positive correlation between the quantities of
total lactobacilli and those of L. paracasei/casei, as being quan-
tified by qPCR [24]. A significant increase in the amounts of
total lactobacilli after consumption of the probiotic L. paracasei
SD1 was also demonstrated by a cultivation method [11].
Consumption of the L. paracasei SD1 would, therefore, mainly
contribute to an increase in the DNA amounts of total
lactobacilli observed in the saliva and plaque samples of both
probiotic groups (Fig. 3a, b, respectively), indicating that total
lactobacilli can be used as a surrogate for monitoring changes in
the quantities of the probiotic L. paracasei SD1. Regarding
future studies, it is of our interest to determine the beneficial
effects on both S. mutans and caries reduction by a combination
of L. paracasei SD1 with the other probiotic strain in a pro-
spective study, which lasts longer than 6 months after probiotic
discontinuation. In addition, the effects of consumption of the
probiotic L. paracasei SD1 on salivary flow and buffering ca-
pacity are needed to be further examined, although we have
previously shown that there was no difference in salivary pH
in the probiotic group compared with that in the placebo group
[11, 12].

Conclusions

In summary, a 6-month course of daily and triweekly con-
sumption of the probiotic, L. paracasei SD1, significantly

reduces the quantities of the cariogenic bacteria,
S. mutans, in both saliva and plaque, and the decreasing
effect persists for at least 6 months after discontinuation.
Although the daily consumption yields a better benefit in
terms of S. mutans reduction than the triweekly consump-
tion, the triweekly dosage is still acceptable and is a more
practical method of implementation to reduce the cost of
p rob io t i c mi lk in some deve lop ing coun t r i e s .
Nevertheless, in children with high caries risk, the daily
consumption of probiotics is highly recommended to bet-
ter control the quantity of S. mutans at the initial phase.
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Fig. 4 Significantly, but weakly, positive correlations of a Streptococcus
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samples. Regression lines shows positive correlations of S. mutans (a)
and total lactobacilli (b) quantities between the plaque and the saliva
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Introduction: The quantity of remaining periodontal ligament (PDL) on the root surface of donor teeth is essen-
tial for the success of tooth autotransplantation. Preapplication of orthodontic loading increases this quantity on
rat tooth root surfaces. However, little is known about the effects of preloading on humanPDL or the ease of tooth
extraction. This study aimed to determine the optimal duration of preloading for enhanced PDL on the root sur-
face of extracted human premolars and for facilitating extraction. Methods: Sixty patients received orthodontic
preloading with a bracket connected to an archwire on one of their maxillary first premolars for 2, 4, 6, or 8 weeks,
whereas the contralateral premolar was not loaded as a control. Premolar extractions were performed with a re-
cord of the duration and difficulty of extraction. The extracted premolars were fixed and stained with toluidine
blue. Digitized images were recorded under a stereomicroscope, and the percentage of stained PDL was
analyzed. Results: Orthodontic preloading for 4, 6, and 8 weeks significantly increased the percentage of
stained PDL on the root surface compared with the control (P\0.05). The duration and difficulty of extraction
were significantly less in preloaded than that of unloaded teeth after 4, 6, and 8 weeks (P \0.05).
Conclusions: A 4-week duration of orthodontic preloading is suggested as the shortest duration to
adequately enhance PDL and ease tooth extraction; both outcomes may be beneficial for tooth
autotransplantation. (Am J Orthod Dentofacial Orthop 2020;157:186-93)
The use of premolars extracted because of ortho-
dontic treatment in tooth autotransplantation to
replace missing or hopeless teeth has been previ-

ously reported in the literature.1 Compared with osseoin-
tegrated dental implants, autotransplantation of a
natural tooth has several advantages, including better
functional adaptation,1 alveolar ridge preservation,2

and esthetics,3 because the transplanted tooth can
maintain periodontal ligament (PDL) homeostasis and
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normal functional proprioception.4 Thus, tooth auto-
transplantation is an ideal choice compared with dental
implants if combined therapies between orthodontic
tooth movement and tooth autotransplantation are de-
signed for the transplanted tooth.5,6 However, some
complications after tooth autotransplantation can still
occur, such as root resorption, dentoalveolar ankylosis,
tooth mobility, and periodontal pocket formation.7 In
monkeys, ankylosis of the donor tooth is often due to
PDL injury during extraction.8 Therefore, the quality
and quantity of remaining PDL on the root surface of
the extracted donor tooth, as well as the ease of extrac-
tion (to avoid possible PDL injury) are important factors
for the success of tooth autotransplantation.8

PDL is a highly vascular and cellular connective tissue
situated between the tooth and alveolar bone that pro-
vides supportive, attachment, and sensory functions.9

Because a principal function of the PDL is to anchor
the tooth root to the jaw bone and to distribute multidi-
rectional mechanical stresses, such as masticatory forces,
it is, perhaps, not surprising that the PDL exhibits fea-
tures of a shock-absorbing system.9 Indeed, some of
the most interesting features of the PDL are its adapt-
ability to rapidly applied force levels and its remarkable
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capacity for repair and regeneration.9 The PDL that re-
mains attached to the root surface is capable of regener-
ating new PDL after replantation.10 Moreover, PDL of
the transplanted tooth appears to be able to induce
bone production, because PDL cells can be genetically
differentiated into 3 distinct types of cells,11 particularly
osteoblasts that generate bone around the transplanted
tooth.4

A few previous studies in an animal model have sug-
gested preapplication of orthodontic force to increase
the width of PDL in order to ease tooth extraction, which
may decrease damage to PDL during the extraction.12,13

A previous case report has demonstrated increased
mobility of 2 human donor teeth upon orthodontic pre-
loading, as assessed by the Periotest.14 The increased
mobility was shown, immediately, to ease tooth extrac-
tion without PDL injury and, after a 1-year follow-up, to
have aided in successful tooth autotransplantation.
Therefore, it is reasonable to hypothesize that preappli-
cation of orthodontic force to the donor tooth would be
useful to increase PDL tissue on the root surface of the
preloaded tooth with complete root formation and to
reduce PDL injury owing to easier tooth extraction.
The objective of this study was to determine an optimal
duration for the stimulation of the proliferative activity
of PDL tissue on the root surface and the facilitation
of extraction after preapplication of orthodontic force
for different periods.

MATERIAL AND METHODS

Sixty healthy patients (aged 16-37 years; 21 years, 6
months 6 4 years, 8 months [mean 6 standard devia-
tion]; 23 male and 37 female) free from any underlying
medical conditions, as revealed by their medical history,
were recruited from the Postgraduate Clinic, Faculty of
Dentistry, Bangkokthonburi University, Thailand with
written informed consent. The study protocol was
approved by the human ethics committee of Bangkok-
thonburi University (approval number: 5/2561). The pa-
tients were planned for extractions of their maxillary first
premolars as part of orthodontic treatment. The inclu-
sion criteria were that patients had a sound first premo-
lar in each quadrant without caries or restorations, were
not taking any steroidal or nonsteroidal anti-
inflammatory drugs during force application because
of their inhibitory effects on PDL and bone remodel-
ing,15 and had good oral hygiene and healthy periodon-
tium with pocket depths #3 mm. The exclusion criteria
were an asymmetrical arch form or any root malforma-
tions on either side, such as root dilaceration, which
might result in a complicated extraction of the maxillary
American Journal of Orthodontics and Dentofacial Orthoped
first premolars, as evidenced by intraoral and extraoral
radiographs.

By drawing sealed randomization envelopes prepared
by a person not involved in this study, 60 patients were
randomly assigned to the 4 groups (15 each), which
comprised orthodontic preloading on either side of their
maxillary first premolars for 2, 4, 6, or 8 weeks, respec-
tively, whereas the contralateral premolar was not
loaded as a control. The reason for choosing only maxil-
lary premolars in this study was that local anesthesia of
mandibular premolars by inferior alveolar nerve block is
considered technically more challenging and less pre-
dictable than that of local infiltration16 for the upper
premolars. Hence, the duration and difficulty of extrac-
tion between different cases and quadrants could not be
controlled. The preloading force was obtained from a
0.016-inch improved superelastic nickel-titanium alloy
wire (Sentalloy, Tomy International, Tokyo, Japan) in-
serted into a slot (Roth prescription; 0.018 3 0.025-
inch), attached to a preadjusted edgewise bracket
(Tomy International), bonded on the maxillary first pre-
molar using compomer (Grengloo, Ormco, Orange, Calif;
Fig 1, A) whereas the contralateral premolar was not
connected to the wire (Fig 1, B). The inserted wire was
tied with the bracket using an elastomeric ring
(DynaFlex, Emergo Group, the Hague, the Netherlands;
Fig 1, A). According to the manufacturer's instructions
(Tomy International), the wire has the shape memory ef-
fect that uses body temperature to generate continuous
light force (100 g) with a deflection of 0.5-1.8 mm.

After orthodontic preloading for the indicated times,
the wire was removed, followed by removal of the
bracket on the preloaded tooth, using a bracket remover
(Tomy International). The tooth surface was cleaned and
polished with white stone (Shofu, Kyoto, Japan). Infiltra-
tion with 4% articaine with epinephrine 1:100,000 (Sep-
tanest SP, Septodont, Saint-Maur-des-Foss�es, France)
was conducted through the buccal vestibule on both
sides. Premolar extractions were performed by the
same surgeon, who was blinded to the tooth condition,
with a record for the duration of the extraction proced-
ure that began when the forceps (F150, Hu-Friedy, Chi-
cago, Ill) was clamped on the tooth and ended when the
tooth was removed out of its socket. After tooth removal,
the surgeon was asked to score on a modified 4-point
Likert scale (1 5 very easy; 2 5 easy; 3 5 difficult;
4 5 very difficult) based on the surgeon's perception.17

After extraction, 500 mg of acetaminophen (paraceta-
mol GPO, Government Pharmaceutical Organization,
Bangkok, Thailand) was prescribed for the patients every
6 hours as needed for pain.
ics February 2020 � Vol 157 � Issue 2



Fig 1. Intraoral photographs. A, Preloaded, upper right first premolar (*). B, Unloaded control, upper
left first premolar (#).
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Staining with toluidine blue was performed to deter-
mine the amount of PDL tissue with proliferative cells on
the root surface using a protocol modified from Iwata
et al.18 Yee19 reported that the number of mitotic cells
representing PDL cell proliferation was increased after
orthodontic loading of rats' teeth for 24 hours. In addi-
tion, cells with increased mitotic activity are usually de-
tected by toluidine blue staining.20 In brief, the extracted
teeth were washed gently in phosphate-buffered saline
(PBS), pH 7.2, and fixed within 30 minutes after extrac-
tion with 10% buffered formalin solution in 50-ml tubes
(Corning, Inc., Corning, NY) for 24 hours. The teeth were
then immersed in PBS for 2 days, stained with 0.04% (w/
v) toluidine blue (Sigma-Aldrich, St Louis, Mo) for
10 minutes, and destained with 4 ml of PBS, which
was changed daily for 14 days. After destaining, the
teeth were left to air dry.

The buccal, palatal, mesial, and distal surfaces of the
stained roots were observed under a stereomicroscope
(Olympus SZX7; Olympus, Tokyo, Japan), and a digitized
image of each root surface was recorded perpendicular
to the tooth axis using a charge-coupled device
(Olympus E-330; Olympus) attached to the stereomicro-
scope. By using ImageJ software version 1.51r (National
Institute of Health, Bethesda, Md), which is commonly
used in previous studies to quantify stained im-
ages,18,21,22 the area of stained PDL in each digital im-
age, represented by blue pixels regardless of their
staining intensities, was analyzed and expressed as the
percentage of the stained area against the total area,
which is a combination of both blue and white pixels,
representing the unstained area. The mean percentage
of stained PDL in each tooth was derived from an
average value of the percentages of stained PDL from
all 4 surfaces of that tooth.

Statistical analysis

Differences in the percentage of stained PDL on the
root surface, in the duration and ease of tooth extraction
February 2020 � Vol 157 � Issue 2 American
between control and preloaded teeth for the various
durations of preloading, were analyzed using the paired
t-test. Two-way analysis of variance (ANOVA) was used
for the analysis of the interactions between preloading
or control and the 4 periods of orthodontic preloading.
Comparisons between 2 different time points within
the same group were analyzed using one-way ANOVA
(Duncan's multiple comparison test). Correlations be-
tween these different parameters were analyzed using
either the Spearman or the Pearson correlation test.
The statistical analyses were conducted using SPSS
version 17.0 (IBM Corporation, Armonk, NY). P values
of\0.05 were considered statistically significant.

RESULTS

Because of relocation of 2 patients in the 2-week pre-
loading group, as well as root tip fracture of the un-
loaded control teeth during extraction in 5 patients in
the preloading groups for 2 (3 patients) and for 8 (2 pa-
tients) weeks, both preloaded and unloaded control
teeth of these 7 patients were excluded from analyses
of the duration of extraction and PDL staining. There-
fore, the number of remaining patients in the preloading
groups for 2 and 8 weeks was 10 and 13, respectively.
However, from the sample size calculation determined
by G*Power software (version 3.1.9.2; Franz Faul, Uni-
versit€at Kiel, Kiel, Germany) with the effect size 5 0.59
derived from the preliminary data, a 5 0.05 and
1-b 5 0.95, the calculated number of patients in each
period of preloading should be$10. In addition, no dif-
ference in average ages was found among the 4 preload-
ing groups, including 2, 4, 6, and 8 weeks (data not
shown).

It was demonstrated that the duration of average
extraction time in preloaded teeth determined from
all 4 periods of orthodontic preloading
(20.78 6 1.94 seconds) was reduced to nearly 50%
compared with that in unloaded control teeth
(40.11 6 5.29 seconds). The mean duration of
Journal of Orthodontics and Dentofacial Orthopedics



Fig 2. Facilitated tooth extraction by orthodontic preloading force.A, The bar graph shows a significant
reduction in the duration of extraction in seconds (sec) upon preloading for 4, 6, and 8 weeks. B, The
bar graph shows a significant decrease in the difficulty score upon preloading at 4, 6, and 8 weeks. The
following indicate statistical significance: *P\0.05, **P\0.01, and ***P\0.001. Error bars represent
standard errors.
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extraction in preloaded teeth was significantly less than
that of unloaded control teeth at 4, 6, and 8 weeks, but
not at 2 weeks, of orthodontic preloading (P\0.05; Fig
2, A). Similarly, the mean scores for the difficulty of
extraction were significantly lower in preloaded than
those of unloaded control teeth at 4, 6, and 8 weeks
(P\0.01; Fig 2, B).

Representative images of stained PDL tissue on the
root surface of a preloaded tooth and an unloaded con-
trol are illustrated in Figure 3. The areas of stained PDL,
irrespective of staining intensity, on all 4 root surfaces in
preloaded teeth, were more significant than that of un-
loaded control teeth. When the average percentages of
stained PDL on the 4 root surfaces from 4 different pe-
riods of orthodontic preloading were determined and
compared between preloaded, and unloaded control
groups, it was shown that the average percentage of
stained PDL in preloaded teeth (75.67 6 2.06) was
increased by approximately 13% compared with the un-
loaded control teeth (63.13 6 2.64). When the percent-
ages of stained PDL on the combined 4 root surfaces in
each period of orthodontic preloading were determined
and compared, the percentages of stained PDL were
significantly increased after orthodontic preloading for
4, 6, and 8 weeks, but not for 2 weeks, compared with
the control (P\0.05; Fig 4). When the percentages of
stained PDL on each of the 4 root surfaces in each period
of orthodontic preloading were compared between pre-
loaded and unloaded groups, the percentages of stained
PDL were significantly increased in at least 3 of the 4
root surfaces at 4, 6, and 8 weeks (P \0.05; data not
shown).

Furthermore, using a 2-way ANOVA, no interactions
between either preloading or control and the 4 periods
American Journal of Orthodontics and Dentofacial Orthoped
of orthodontic preloading were found (P 5 0.379). In
the preloading group, significant increases in the per-
centages of stained PDL were found at 4 and 8 weeks
compared with that at 2 weeks (P\0.01; Fig 4). Howev-
er, in the control group, no differences in the percent-
ages of stained PDL were found among the 4 periods
(Fig 4), indicating that similar amounts of stained PDL
remaining on the root surfaces after premolar extraction
in the control group are about the same despite different
individuals recruited for each period.

When correlations between each pair of the 3 param-
eters were determined, it was demonstrated that a sig-
nificant and positive correlation was found between
the duration and the difficulty of extraction
(r 5 0.689; P\0.001; Fig 5, A), whereas a significant
but negative correlation was found between the dura-
tion and the percentage of stained PDL (r 5 –0.306;
P\0.05; Fig 5, B). The correlation between the difficulty
score and the percentage of stained PDL was not found
to be statistically significant (Fig 5, C).

DISCUSSION

In this study, the preapplication of orthodontic
loading facilitated tooth extraction by significantly
lowering both the duration and the difficulty score of
extraction at 4, 6, and 8 weeks, but not at 2 weeks
(Fig 2). Consistent, significant increases in the percent-
ages of stained PDL in preloaded premolars compared
with unloaded premolars were found at 4, 6, and
8 weeks, but not at 2 weeks (Fig 4). Moreover, orthodon-
tic preloading for 4 weeks yielded significantly higher
percentages of stained PDL than that for 2 weeks (Fig
4). Consequently, a 4-week duration of orthodontic pre-
loading is suggested by this study to be the shortest
ics February 2020 � Vol 157 � Issue 2



Fig 3. Representative images of PDL stained with toluidine blue on the 4 root surfaces, buccal, palatal,
distal and mesial, from a preloaded tooth for 4 weeks and the unloaded control tooth.

Fig 4. Significant enhancement of PDL upon orthodontic
preloading force for at least 4 weeks. Note significant in-
creases in the percentages of stained PDL on the root
surfaces of preloaded teeth for 4 and 8 weeks compared
with that for 2 weeks. *, ** indicate a statistically significant
difference at P\ 0.05 and P\ 0.01, respectively. Error
bars represent standard errors.
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duration for both ease of tooth extraction and enhance-
ment of PDL, both of which outcomes may increase the
success rate of tooth autotransplantation. Choi et al23

have previously reported a significant enhancement in
the survival rate of intentional tooth replantation from
91.2% to 98.1% by applying extrusive force before
extraction. We speculate that this increase in the survival
rate, resulting from preapplication of extrusive force, is
due to increased amounts of PDL, as shown in our study;
however, it is not possible to replant a tooth stained with
toluidine blue back into the alveolar socket.

Tooth autotransplantation is considered an accepted
treatment with a 5-year survival rate of around 90% in
transplanted premolars with incomplete root forma-
tion.24,25 However, the 5-year survival rate of the trans-
planted premolars with complete root formation drops
February 2020 � Vol 157 � Issue 2 American
to 60%24 to 84%26 because of decreased PDL healing
and increased root resorption. Moreover, PDL tissue
can be damaged by conventional extraction, which re-
sults in several undesirable complications, such as root
resorption and dentoalveolar ankylosis. Up to the pre-
sent, a few methods for enhancing PDL tissue in ex-
tracted teeth with complete root formation have been
introduced to reduce complications from damaged
PDL or denuded root surface, methods such as PDL
regeneration by cell culture18 and preapplication of or-
thodontic force.13,23 However, in this study a preloading
force for different periods was chosen for an investiga-
tion of the remaining PDL tissue because PDL regenera-
tion by cell culture18 is not clinically practical because
there is an increased risk of possible contamination of
the cells during the transfer from the mouth to the cul-
ture plate.

In the present study, orthodontic preloading for 4,
6, and 8 weeks significantly reduced the duration of
extraction. This finding differs from that shown by
Choi et al,23 in which they found no significant differ-
ence in the duration of extraction by using an atrau-
matic forceps technique between preloaded teeth
with 50-g orthodontic extrusive force for 2-3 weeks
and unloaded control teeth. This discrepancy may be
explained by different periods (4-8 vs 2-3 weeks),
magnitudes (100 vs 50 g) and types (leveling vs extru-
sion) of orthodontic preloading used in our study and
theirs, respectively. However, in terms of the difficulty
of extraction, our finding is consistent with that of Rai
and Yadav,17 who found a significant reduction in the
difficulty of extraction in preloaded premolars with
leveling orthodontic force. In another study,13 preap-
plication of orthodontic force led to the widening of
PDL spaces and alveolar sockets. Such widening of
PDL spaces and alveolar sockets may be the reason
why preapplication of orthodontic force results in
facilitated extraction.
Journal of Orthodontics and Dentofacial Orthopedics



Fig 5. A, Significant and positive correlation between the duration in seconds and the difficulty score of
extraction. B, Significant but inverse correlation between the duration of extraction and the percentage
of stained PDL. C, No significant correlation between the difficulty score of extraction and the percent-
age of stained PDL. Small black circles in A represent outliers; horizontal lines in A and C within the
boxes represent medians; a regression line is shown in B.
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Staining with toluidine blue is usually recommended
to detect cell proliferation.20 Consequently, stained PDL
tissue on the root surface may imply PDL cell prolifera-
tion, whereas unstained areas may represent PDL tissue
without cell proliferation. In terms of the amounts of
proliferative PDL tissue on the root surface, our study
demonstrated significant enhancement of human prolif-
erative PDL tissue by orthodontic preloading for at least
4 weeks. This finding corresponds with that demon-
strated by Suzaki et al,13 in which attached PDL was
abundant on the root surface after force application in
a rat model. Choi et al23 suggested that PDL volume is
increased on the root surface of preloaded teeth; howev-
er, there was no quantitative assessment reported in
American Journal of Orthodontics and Dentofacial Orthoped
their study. Because leveling of orthodontic force was
used in this study, it is appropriate to determine the
overall percentages of stained PDL from the 4 root
surfaces rather than to evaluate the percentage in each
root surface. In addition, assessment of the combined
percentage from the 4 root surfaces (Fig 4) yielded a
3-dimensional perspective of stained PDL as a whole.

When correlations between each pairing of the 3 pa-
rameters were analyzed, a significant and positive corre-
lation was found between the duration and the difficulty
of extraction. This correlation is logical because a sur-
geon who spends less time on the extraction of pre-
loaded premolars would perceive the extraction as
being easy. Furthermore, the inverse correlation between
ics February 2020 � Vol 157 � Issue 2
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the duration and the percentage of stained PDL was
found to be significant. However, there was only a trend
for the inverse correlation between the difficulty score
and the percentage of stained PDL (Fig 5, C). These
negative relationships imply that the facilitated tooth
extraction could avoid PDL injury and then preserve
more PDL tissue on the root surface.

In this study, both enhanced PDL on the root surface
of extracted human premolars and facilitated tooth
extraction after preloading have been demonstrated,
which are clinically crucial for cases that tooth auto-
transplantation has been planned. It is essential to avoid
any damage of the PDL on the root surface of the donor
tooth that is used for autotransplantation. Moreover,
fracture of root tips often complicates extraction of
maxillary biradicular premolars, as evidenced in the un-
loaded control teeth of our preloading groups at 2 and
8 weeks, and their removal could lead to increased alve-
olar bone destruction, especially for thin buccal plate
that would lead to a buccal bone defect and compromise
the treatment outcome. Therefore, orthodontic preload-
ing to facilitate tooth extraction would be useful for pre-
venting PDL damage of the donor tooth and preserving
the alveolar bone.

In the present study, only conventional 0.018-inch
pre-adjustable edgewise brackets combined with
0.016-inch improved superelastic nickel-titanium alloy
archwires were used in order to standardize the preload-
ing procedures. The use of other different bracket sys-
tems, such as the self-ligating brackets in combination
with different archwire sizes, may yield different results
in terms of PDL enhancement because of the difference
in friction between the bracket types. Additional studies
are required to clarify the possibility of different find-
ings. Furthermore, the findings gained from this study,
based on both clinical and laboratory findings, could
be fundamental for conducting future clinical research
that would help determine the benefits of orthodontic
preloading for an increase in the survival rate of tooth
autotransplantation.

CONCLUSIONS

Orthodontic preloading force for 4 weeks is proposed
to be an appropriate duration for facilitated tooth
extraction and PDL tissue enhancement.
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A B S T R A C T

Objective: To determine effect of non-surgical periodontal treatment on a disintegrin and metalloproteinase 8
(ADAM8) levels in gingival crevicular fluid (GCF) of patients with chronic periodontitis (CP) in comparison with
those of patients with gingivitis and to find correlations between ADAM8 levels and clinical parameters.
Design: Twenty-two and eleven patients with CP and gingivitis, respectively, were examined for four clinical
parameters, probing depth, clinical attachment level, gingival and plaque indices. GCF from the selected gin-
givitis or periodontitis sites with distinct severities was sampled by Periopaper strips. The non-surgical treat-
ments, including scaling and/or root planing and oral hygiene instruction, were provided for all patients. Clinical
measurements and GCF sampling were repeated at three months after the treatments. ADAM8 concentrations
were analyzed by ELISA and normalized by GCF volumes or total protein amounts.
Results: All patients exhibited significant improvement of almost every clinical parameter after treatment,
whereas the median ADAM8 concentrations were significantly decreased at the moderate and severe period-
ontitis sites of patients with CP (p<0.05). Moreover, the significantly positive correlations between ADAM8
concentrations and four clinical parameters were found in both moderate and severe groups (p<0.05).
Conclusion: ADAM8 concentrations were decreased by non-surgical periodontal therapy in patients with chronic
periodontitis at the moderate and severe sites and were correlated with four clinical parameters, implying that
GCF ADAM8 levels reflect inflammatory and bone-resorbing activities in the periodontal pocket.

1. Introduction

The pathogenesis of chronic periodontitis (CP) is caused by over-
whelming host immune responses to persistent infections from peri-
odontopathogenic microorganisms within the dental plaque (Cekici,
Kantarci, Hasturk, & Van Dyke, 2014). Advanced progression of this
disease can lead to damage of tooth supporting structures and eventual
tooth loss. Several clinical manifestations and parameters as well as
dental radiography are commonly used as a gold standard to define the
stages of CP depending on the amounts of alveolar bone destruction and
attachment loss. Moreover, a number of inflammatory molecules de-
tected in gingival crevicular fluid (GCF), such as interleukin (IL)-1, IL-6,
IL-8, tumor necrosis factor (TNF)-α along with other inflammation-re-
lated molecules, like matrix metalloproteinase (MMP)-3, MMP-8 and

receptor activator of nuclear factor kappaB ligand, are proposed to be
useful biomarkers to indicate an active state of CP (Hernández et al.,
2011; Ohlrich, Cullinan, & Seymour, 2009; Toyman et al., 2015). Be-
sides MMP-3 and MMP-8, our previous study and the others have de-
monstrated a significant elevation of the other two members of the
metzincin superfamily of Zn2+-dependent proteases, including a dis-
integrin and metalloproteinase (ADAM) 8 and ADAM17 or tumor ne-
crosis factor-α (TACE), in GCF from periodontitis lesions (Bostanci
et al., 2008; Elavarasu et al., 2015; Khongkhunthian et al., 2013). Ex-
pression of ADAM8 is also enhanced in the synovial membrane and
pannus tissues of patients with rheumatoid arthritis (Ainola et al.,
2009), indicating a significant role of ADAM8 in inflammation-induced
bone loss in rheumatoid arthritis.

ADAM8 is a type I transmembrane glycoprotein that is mostly
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expressed on the cell membrane of hematopoietic cells, including
neutrophils, monocytes, eosinophils, dendritic cells and B lymphocytes
(Richens et al., 2007; Yoshiyama, Higuchi, Kataoka, Matsuura, &
Yamamoto, 1997). However, some other non-immune cells, including
bronchial and vascular smooth muscle cells, bronchial epithelial cells
and human osteoarthritic chondrocytes, have been previously shown to
express ADAM8 (Chiba et al., 2009; King et al., 2004; Zack et al., 2009).
Particularly relevant to this study, expression of ADAM8 is localized in
the epithelium of gingival biopsies from patients with CP and is up-
regulated in cultured gingival epithelial cells upon challenges with
Fusobacterium nucleatum (Aung et al., 2017). ADAM8 mainly functions
to cleave various membrane proteins relating to host immune system,
including L-selectin, P-selectin glycoprotein ligand-1, CD23, neural ec-
todomain of close homologue of L1 and TNF-α receptor 1 (Bartsch
et al., 2010; Fourie, Coles, Moreno, & Karlsson, 2003; Gómez-Gaviro
et al., 2007; Naus et al., 2004; Nishimura et al., 2015). ADAM8 also
plays a role in osteoclastogenesis, especially at the late stage of osteo-
clast differentiation in cultured mouse bone marrow cells (Choi, Han, &
Roodman, 2001). Furthermore, an in vivo study has shown decreased
bone volume while increased trabecular space in transgenic mice with
ADAM8 overexpression (Ishizuka et al., 2011). Taken together, all of
these studies have pointed towards a pivotal role of ADAM8 in both
host immunity and osteoclastogenesis.

Since CP, a bone destructive disease driven by excessive host im-
mune responses, results from enhanced bone resorption by increased
osteoclast number and activity (Cekici et al., 2014), it was, therefore,
logical to hypothesize that raised ADAM8 levels in GCF of patients with
CP would be decreased after periodontal treatment and the ADAM8
levels would be positively correlated with four clinical parameters,
including probing depth (PD), clinical attachment level (CAL), gingival
index (GI) and plaque index (PI), as a gold standard. The aims of this
study were to determine effect of non-surgical periodontal therapy on
GCF ADAM8 levels of patients with CP in comparison with those of
patients with gingivitis and to find correlations between ADAM8 levels
and the four clinical parameters.

2. Methods

2.1. Patient selection

Eleven patients with gingivitis and twenty-two patients with CP
were recruited from the Periodontology Clinic, Faculty of Dentistry,
Chiang Mai University. The patients with gingivitis exhibited gingival
inflammation and bleeding on probing without alveolar bone destruc-
tion confirmed by full-mouth radiography, while those with CP were
diagnosed according to the classification of the International Workshop
for a Classification of Periodontal Diseases and Conditions, 1999
(Armitage, 1999). All patients were enrolled into the study with in-
formed consent. The exclusion criteria were 1) patients with febrile
illnesses or underlying chronic diseases, including rheumatoid arthritis,
osteoarthritis and diabetes mellitus; 2) former or present smokers; 3)
patients with ongoing periodontal or orthodontic treatment; 4) those
under antibiotics or antibiotic prophylaxis, steroids, non-steroidal anti-
inflammatory or immunosuppressive drugs within 3 months prior to the
study enrollment; and 5) pregnant or breast-feeding patients. The
protocol of this study was approved by the Human Experimentation
Committee, Faculty of Dentistry, Chiang Mai University (52/2016).

2.2. Measurement of clinical parameters and site selection

The following clinical parameters, PD, CAL, PI and GI, were re-
corded at baseline before treatment and three months after treatment
by one periodontist (T.N.; Fig. 1). All teeth except third molars were
examined for PD and CAL at six sites of each tooth to the nearest mil-
limeter using the UNC-15 periodontal probe (Hu-Friedy Mfg. Co., Chi-
cago, IL, USA). The cemento-enamel junction was used as a reference

point for CAL. The intra-examiner calibration was performed with
kappa values equal to 0.85 and 0.83 for PD and CAL, respectively. The
PI was scored by visual examination as follows; 0 = no plaque, 1 =
plaque detected by running instrument, 2 = plaque observed by eyes,
and 3 = abundant plaque readily seen (Silness & Loe, 1964), while the
GI was evaluated upon bleeding on probing (BOP) as 0 = no in-
flammation, 1 = slight inflammation with no BOP, 2 = inflammation
with BOP, and 3 = obvious inflammation with spontaneous bleeding
(Löe & Silness, 1963). In this study, non-molar teeth (incisors, canines
and premolars) were selected for convenience of GCF collection.

For each patient with gingivitis, two sites that were separated by at
least one tooth unit from the other were randomly selected to avoid
GCF contamination. For each patient with CP, two sites were chosen
according to two different severities as follows; 1) moderate period-
ontitis (PD=3–4mm; CAL=3–4mm) and 2) severe periodontitis
(PD≥ 5mm; CAL≥ 5mm; Armitage, 1999). Again, the selected sites in
each patient with CP were separated by at least one tooth unit. The
sample size calculation was determined by G*Power 3.1 program (Faul,
Erdfelder, Lang, & Buchner, 2007) using the previously reported levels
of GCF ADAM8 (Khongkhunthian et al., 2013) with the effect size= 1.8
and power= 0.95, which showed a minimum of 10 samples in each
group.

2.3. GCF collection

To avoid blood contamination, GCF collection was conducted one
week after clinical examination for both before and after non-surgical
periodontal treatment (Fig. 1). Supragingival plaque was first removed
with sterile cotton pellets, and GCF was sampled as previously de-
scribed (Khongkhunthian et al., 2013). Briefly, the site was isolated and
air dried; a Periopaper™ strip (Oraflow Inc., Plainview, NY, USA) was
gently inserted into the gingival crevice until light resistance was felt
and left for 30 s. The GCF volume expressed as μl in the strip was
measured by Periotron 8000™ (Oraflow Inc.). The strips were kept se-
parately in each individual 1.5-ml Eppendorf tube at −80 °C. GCF was
recovered from the strip by vigorously shaking in 225 μl of reagent
diluent buffer, containing 50mM Tris, pH 7.45, 10mM CaCl2, 0.15M
NaCl and 0.05% Brij35, for ADAM8 ELISA and total protein measure-
ment. The percentage of recovery was separately determined by dotting
five known concentrations (125, 250, 500, 1000 and 2000 pg/ml) of
human recombinant ADAM8 (R&D Systems, Inc., Minneapolis, MN,
USA) onto paper strips. This experiment was done in duplicate with an
average percentage ± SD equal to 70 ± 16.

2.4. Non-surgical periodontal therapy

Subsequent to GCF collection, non-surgical periodontal treatments,
including full mouth scaling for patients with gingivitis and with CP,
using an ultrasonic scaler together with P-10 tips (Thai Dental Products,
Bangkok, Thailand) and root planing with periodontal curettes (Hu-
Friedy Mfg. Co.) for patients with CP, were provided under local an-
esthetic injections as needed with less than 1.7 ml of 4% articaine with
1:100,000 epinephrine (Ubistesin™ forte, 3M ESPE, St. Paul, MN, USA)
or of 3% mepivacaine without vasoconstrictors (Mepivastesin™, 3 M
ESPE) for patients with hypertension in each visit. The treatments for
all patients were given once a week and finished within 1 month with
regular recall visits to repeatedly motivate oral hygiene instruction for
good home care by every patient.

2.5. ADAM8 ELISA

The analysis of human ADAM8 levels from GCF was performed
according to the manufacturer’s instruction (DuoSet ELISA
Development System for human ADAM8, catalog number DY1031, R&D
Systems, Inc.) as previously described (Khongkhunthian et al., 2013). In
brief, the ELISA plates were coated overnight with 100 μl per well of the
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mouse anti-human ADAM8 antibody diluted in phosphate-buffered
saline (PBS) at room temperature. The excess antibody was aspirated,
and the plates were washed with buffer, containing 0.05% Tween-20 in
PBS, pH 7.4, and blocked with 300 μl per well of blocking buffer,
containing 1% bovine serum albumin in PBS with 0.05% NaN3, for 1 h.
Then, a 100-μl aliquot of GCF samples or of standard human ADAM8 (R
&D Systems, Inc.) was added in each well for 2 h in duplicate. There-
after, the plates were washed and 100 μl of the biotinylated goat anti-
human ADAM8 detection antibody was added and incubated for 2 h.
Subsequently, the streptavidin-horseradish peroxidase was added for
20min in the dark. The substrate solution (Catalog number DY999, R&
D Systems, Inc.) was added for 20min, followed by the addition of 2 N
H2SO4 to stop the reaction. The microplate reader (Sunrise™, Tecan
group Ltd., Männedorf, Switzerland) was set to 450 nm for readings of
the optical density which were subtracted by the readings at 540 nm for
wavelength correction. The average ADAM8 concentration in each GCF
sample derived from duplicated samples in the unit of pg/ml was de-
termined from a standard curve that was plotted by the mean value of
optical density on the y-axis against the known concentration on the x-
axis. The detection limits for ADAM8 concentrations were 15.62-
4000 pg/ml. To avoid variations between different ELISA runs, the GCF
samples from the same selected sites both before and after treatment
were analyzed together in the same plate.

2.6. Total protein measurement

The remaining GCF samples after ADAM8 analysis by ELISA were
used for determination of total protein concentrations. Two μl of GCF
samples was pipetted into the NanoDrop2000™ spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA), and the absorbance
values measured at the 280-nm wavelength were converted into the
concentrations expressed in the unit of μg/ml. The reagent diluent
buffer was used as a blank control.

2.7. Statistical analysis

All data were first tested for normal distribution. The age compar-
ison between gingivitis and periodontitis groups was analyzed by the
independent t-test, while the comparisons of four clinical parameters
between before and after treatment were determined by the paired t-
test. These data are reported as mean ± SD. The chi-square test was
used to compare the proportion of gender between gingivitis and per-
iodontitis groups. For the non-normally distributed data, the ADAM8
levels per 30 s, normalized by total protein concentrations and by GCF
volume, reported as a unit of pg/ml, pg/μg and pg/μl, respectively,
were compared between before and after treatment using the Wilcoxon
Signed Ranks test. The correlations between ADAM8 levels and clinical
parameters were analyzed by the Spearman rank order correlation test.
All non-parametric data are illustrated as medians and interquartile
ranges in the box plot graphs. All statistical tests were carried out using
Statistical Package for Social Sciences software version 17.0 for

Windows (IBM, Chicago, IL, USA) and were considered statistically
significant if p-values were less than 0.05.

3. Results

3.1. Reduction in four clinical parameters after non-surgical periodontal
treatment in CP

The demographic data showed a significantly higher mean age of
patients with CP than that with gingivitis (p < 0.001; Table 1). The
ratio of male to female in the gingivitis group (5:6) did not differ from
that in the periodontitis group (9:13; p = 0.803). In general, the depth
of PD (mm), the distance of CAL (mm) and the GI and PI scores at
baseline reported as means ± SD of the severe periodontitis group
were higher than those of the moderate periodontitis group (Table 2).
Three months after non-surgical periodontal therapy, the mean PD and
CAL in the moderate and severe periodontitis groups were significantly
reduced (p < 0.001; Table 2), and the mean GI and PI scores in these
two groups were significantly decreased (p < 0.001; Table 2), in-
dicating an improvement of clinical manifestations as a result of
treatment and repeated oral hygiene control. Note that the mean PD or
CAL after treatment in the gingivitis group was not much altered in
comparison with marked changes in the moderate and severe period-
ontitis groups, whereas the mean GI and PI scores in the gingivitis
group were significantly decreased after treatment (p < 0.001;
Table 2).

3.2. Significantly reduced ADAM8 levels after non-surgical periodontal
therapy in the moderate and severe periodontitis groups

The baseline median amounts of ADAM8 per 30 s for the gingivitis,
the moderate and the severe periodontitis groups were 13.66, 86.32
and 97.21 pg/ml, respectively (Fig. 2A). The ADAM8 amounts ex-
pressed in pg per ml were derived from a standard curve of known
ADAM8 concentrations. The median concentrations of ADAM8 in the
moderate and the severe periodontitis groups, normalized by total
protein concentrations (Fig. 2B) and by GCF volume (Fig. 2C), were
higher than those in the gingivitis group. Three months after treatment,
the median ADAM8 levels in the moderate and severe periodontitis
groups were decreased. Accordingly, the median ADAM8 amounts per
30 s (Fig. 2A) and the median ADAM8 concentrations, normalized by
total protein concentrations (Fig. 2B) or GCF volume (Fig. 2C), in the

Fig. 1. The flow chart of study design. Non-surgical periodontal treatment included full-mouth scaling and root planing together with oral hygiene instruction.
ELISA= enzyme-linked immunosorbent assay, F/U= follow-up, GCF=gingival crevicular fluid.

Table 1
Demographic data of the participants.

Group N (male/female) Age Range (years) Age (mean ± SD)

Gingivitis 11 (5/6) 18-45 28.27 ± 7.75
Periodontitis 22 (9/13) 38-69 52.05 ± 9.42***

*** p < 0.001.
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moderate and severe periodontitis groups were significantly reduced
compared to their corresponding baseline levels, whereas those in the
gingivitis group were not found to be different between before and after
treatment (Fig. 2).

3.3. Positive correlations between ADAM8 levels and clinical parameters in
the moderate and severe periodontitis groups

The correlations were determined between ADAM8 concentrations,
normalized by their total protein concentrations, and four clinical
parameters, including PD, CAL, GI and PI, in the gingivitis, moderate
and severe periodontitis groups. In both moderate and severe period-
ontitis groups, the significantly positive correlations were found be-
tween the ADAM8 concentrations and all four clinical parameters
(p < 0.05; Figs. 3 and 4, respectively). However, no significant cor-
relations between the ADAM8 concentrations and any of the four
clinical parameters were found in the gingivitis group (data not pre-
sented).

4. Discussion

This study provided clinical evidence that demonstrated significant
reductions in all four clinical parameters and significant decreases in
GCF ADAM8 levels after non-surgical periodontal treatment in patients
with CP at the moderate and severe periodontitis sites. However, the
significantly decreased ADAM8 levels were not found in the gingivitis
group after treatment. This may be because ADAM8 plays an important
role not only in mouse osteoclastogenesis but also in human joint dis-
eases, such as rheumatoid arthritis (Ainola et al., 2009; Choi et al.,
2001; Ishizuka et al., 2011). Therefore, it is likely to observe a marked
reduction of ADAM8 levels only in the moderate and severe period-
ontitis groups after periodontal treatment. Note that the clinical im-
provement of periodontal diseases after non-surgical treatment in this

study, reflected by decreased PD, CAL, GI and PI (Table 2), is in
agreement with several previous clinical studies, as reviewed in
Adriaens & Adriaens, 2004; Claffey, Polyzois, & Ziaka, 2004; Mailoa
et al., 2015.

In addition to the significant reduction of ADAM8 levels in the
moderate and severe periodontitis groups after treatment, the normal-
ized ADAM8 levels were significantly and positively correlated with all
four clinical parameters, suggesting that ADAM8 is not only involved
with inflammation due to its expression in several types of in-
flammatory cells but also in osteoclast formation, as aforementioned.
Nevertheless, the significant correlations were not found in the gingi-
vitis group, possibly because of no significant reduction in ADAM8 le-
vels after treatment in this group. In the present study, GCF collection
among different samples was controlled by the same collection time;
furthermore, total protein concentrations and GCF volumes were used
to normalize ADAM8 levels, verifying true reduction of ADAM8 levels
upon non-surgical treatment (Fig. 2) and positive correlations between
ADAM8 levels and four clinical parameters in the moderate and severe
periodontitis groups (Figs. 3 and 4).

The limitation of this study is a lack of age match between patients
with gingivitis and those with CP owing to the slowly progressive
nature of chronic periodontitis, in which the prevalence is commonly
found in middle- to old-aged patients, whilst the onset of gingivitis can
be as early as childhood (Burt, 2005). Nonetheless, the lack of age
match would not affect our findings because comparisons were made
only between baseline and after treatment data within the same group.
Furthermore, the follow-up period after treatment in this study was
three months; it is, therefore, interesting to further determine ADAM8
levels as well as to find correlations between ADAM8 levels and the
clinical parameters in a longer follow-up period.

A number of previous studies have revealed a significant increase in
several pro-inflammatory markers in GCF collected from CP sites, such
as IL-1α, IL-1β, IL-6, TNF-α, C-reactive protein, alkaline phosphatase,

Table 2
Comparisons of four clinical parameters before and after non-surgical periodontal treatment.

Group PD (mm; mean ± SD) CAL (mm; mean ± SD) GI (mean ± SD) PI (mean ± SD)

before after before after before after before after

Gingivitis 2.27 ± 0.46 2.04 ± 0.33 0.00 0.18 ± 0.40 1.95 ± 0.49 0.00*** 1.32 ± 0.48 0.27 ± 0.46***
Moderate 3.68 ± 0.48 2.55 ± 0.67*** 3.73 ± 0.46 2.91 ± 0.53*** 1.91 ± 0.30 0.73 ± 0.70*** 1.73 ± 0.63 0.41 ± 0.50***
Severe 6.55 ± 1.22 4.41 ± 1.22*** 6.91 ± 1.72 5.55 ± 1.56*** 2.41 ± 0.50 1.64 ± 0.68*** 2.14 ± 0.56 0.36 ± 0.50***

PD=probing depth, CAL= clinical attachment level, GI= gingival index, PI= plaque index and mm=millimeter. *** = statistically significant reduction at p <
0.001 between before and after treatment.

Fig. 2. Significantly decreased ADAM8 levels after non-surgical periodontal therapy in the moderate and severe periodontitis groups. The box plot diagram illustrates
ADAM8 levels per 30 s (pg/ml; A), normalized by total protein concentrations (pg/μg; B), and by gingival crevicular fluid (GCF) volumes (pg/μl; C) at baseline (gray
boxes) and after treatment (empty boxes), which were measured from GCF of patients with gingivitis and with chronic periodontitis (CP) according to two different
severities, including moderate and severe. The numbers shown in the box plot graphs are medians. *, **, *** = statistically significant differences at p < 0.05, p <
0.01, and p < 0.001 respectively. The horizontal lines within each box show the median value and interquartile range, while small circles represent outliers.
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tissue type plasminogen activator and MMP-3 (Thunell et al., 2010;
Toyman et al., 2015; Zhang, Chen, Zhu, & Yan, 2016). However, the
design of these studies was cross-sectional. To the best of our knowl-
edge, only four studies with some incongruous data have so far been
designed as longitudinal with a follow-up period up to four months. In
particular, the GCF levels of IL-1α, IL-1β and TNF-α in patients with CP
were significantly decreased after non-surgical periodontal therapy in
association with the values of PD and CAL (Reis et al., 2014; Türer,
Durmuş, Balli, & Güven, 2017), whereas the significantly reduced IL-1β
levels were not correlated with PD or CAL in patients with CP
(Gamonal, Acevedo, Bascones, Jorge, & Silva, 2000; Konopka, Pietrzak,
& Brzezińska-Błaszczyk, 2012). The reason behind this discrepancy is
not known, but our data have indeed indicated that the significantly
diminished ADAM8 levels after treatment were correlated with not only
PD and CAL but also GI and PI, proposing that ADAM8 may be used to
simultaneously monitor the degrees of periodontal tissue inflammation,
alveolar bone destruction and clinical attachment loss, since most GCF
biomarkers are related to the inflammatory state of periodontal dis-
eases.

It is likely that raised GCF ADAM8 levels in CP are a result of in-
filtrated inflammatory cells, such as neutrophils and macrophages
(Richens et al., 2007), as well as from inflamed epithelial cells within
gingival tissues of CP (Aung et al., 2017). In addition, ADAM8 ex-
pression in cultured gingival epithelial cells is up-regulated upon
challenges with Fusobacterium nucleatum, similar to ADAM17 (TACE)
induction by Porphyromonas gingivalis in T lymphocytes (Bostanci,
Reddi, Rangarajan, Curtis, & Belibasakis, 2009). As with the elevated
GCF ADAM8 levels in CP, the GCF levels of ADAM17 (TACE) are in-
creased with periodontal disease severity in relation to raised GCF

levels of receptor activator of nuclear factor kappaB ligand (RANKL),
suggesting that ADAM17 (TACE) may act as a “sheddase” to cleave
membrane-bound RANKL to the soluble form of RANKL, which would
activate more osteoclastogenesis (Lee, Choi, Heo, Lee, & Cho, 2011).
However, to the best of our knowledge, the association between GCF
ADAM8 and RANKL levels has not yet been explored. Therefore, it is
interesting to further determine the relationship of these two biomo-
lecules after non-surgical periodontal therapy because the GCF ADAM8
levels were decreased by non-surgical treatment (Fig. 2), whereas the
GCF RANKL levels are not affected (Bostanci, Saygan, Emingil, Atilla, &
Belibasakis, 2011). Furthermore, TNF-α, which directly activates os-
teoclastogenesis (Kitaura et al., 2013), can induce ADAM8 expression in
neuronal glia cells (Schlomann, Rathke-Hartlieb, Yamamoto, Jockusch,
& Bartsch, 2000). Consequently, it is probable that elevated GCF
ADAM8 levels result from increased TNF-α levels in GCF as a result of
raised ADAM17 (TACE) levels at the CP site (Teles et al., 2010; Zhang
et al., 2016).
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a b s t r a c t

Varying cytokine responses of human gingival epithelial cells (HGECs) by Aggregatibacter actino-
mycetemcomitans subtypes have been found. Most studies have used reference strains, whereas a few has
evaluated thecytokineexpression inresponse toclinical subtypesof thisbacterial species. This studyaimed to
examine whether there was any difference in cytokine responses of HGECs stimulated with cell wall extract
(CWE) from A. actinomycetemcomitans subtypes included clinical strains from Thai adult periodontitis,
various serotypesandnon-serotypeable strains, strains fromdeepor shallowpockets, and reference serotype
strains. Totally 50 clinical strains and 7 reference strains of A. actinomycetemcomitanswere analyzed for the
expression of IL-1b, IL-6, IL-8, and TNF-a mRNAs in HGECs by real time-PCR, and the IL-8 concentrations in
cell-free supernatant measured using ELISA. An in vitro effect of released IL-8 on neutrophil migration was
examined using transwell chambers. Result showed that among four cytokines studied, IL-8 mRNA was
highly up-regulated by both clinical and reference strains. Serotype f revealed the highest expression
compared to other serotypes. The JP2-like leukotoxin promoter gene and non-serotypeable (NS1 and NS2)
demonstrated lower IL-8 responses compared to serotypeable strains, and IL-8 responses upon stimulation
with clinical strains fromdeeppocketswere also significantly lower than those isolated fromshallowpockets
(P < 0.01). Our findings suggest that the clinical isolates of A. actinomycetemcomitans associating with deep
pockets, JP2-like leukotoxin promoter gene, NS1, andNS2may interfere neutrophil function viaminimal and
immunosuppressing IL-8 responses, which may enhance their survival and virulence.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Aggregatibacter actinomycetemcomitans is strongly associated
with the pathogenesis of aggressive periodontitis [1]. It can be
classified into at least seven serotypes from a to g, based on dif-
ferences in the carbohydrate moieties of cell surface lipopolysac-
charide (LPS) and other genetically-dependent components [1,2]. In
general, the three serotypes, a, b and c, are more frequently
detected among clinical strains than the others [1,2]. Our previous
study in a southern Thai adult population with periodontitis
.

demonstrated a higher frequency of A. actinomycetemcomitans se-
rotypes a and c compared to serotypes e and f. Serotype b and
d were not detected in that study [3], however, serotype b and
d could be found low frequency (2 and 8% using antiserum as well
as 7 and 0% respectively using PCR for serotype determination) in
southern Thai population [4,5]. In addition, a high frequency
(54.4%) of non-serotypeable (NS) strains was found in this popu-
lation and was significantly associated with deep pockets in com-
parison with shallow pockets [3]. The classical JP2 clone of
A. actinomycetemcomitans, which possesses highly leukotoxic ac-
tivity associating with a 530-bp deletion of the ltx promoter, was
originally classified as serotype b [1,6]. The JP2 clone is endemically
present in Northwest Africa and particularly associated with
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Northwest African populations [1,6]. However, our recent study has
instead shown two novel JP2-like leukotoxin promoter gene strains
with serotype c in the Thai patients having the same 530-bp
deletion of the ltx promoter [3]. These two strains also revealed a
higher toxicity than other serotype c indicating that the deletion in
the promoter region has an impact on the toxicity similar with JP2
clone reference [6]. Such strains have been confirmed as serotype c,
based on repeated serotyping using two different methods, by PCR
with specific primers for serotype c and denaturing gradient gel
electrophoresis (DGGE) [3].

A. actinomycetemcomitans was shown to possess several viru-
lence factors associated with periodontal disease severity,
including leukotoxin expression and activity, internalization into
fibroblasts, apoptosis of fibroblasts, and immunomodulation
[6e8]. Our previous study demonstrated that clinical isolates of
A. actinomycetemcomitans, particularly strains from deep pockets
expressed a higher virulence, such as leukotoxin activity, inter-
nalization into fibroblasts and apoptosis of fibroblasts, than those
strains isolated from shallow pockets [8]. Few studies were carried
out the regulatory effect of various subtypes of
A. actinomycetemcomitans on the immune response in host cells.
Eberhard et al. showed that the specific immune responses in
gingival epithelial cells depended on individual strain and subject,
it was demonstrated by stimulating with two wild types and one
reference strain [9]. This strain dependency should, therefore, be
further analyzed using more than three strains of
A. actinomycetemcomitans.

Innate immunity is rapidly activated as a first line of defense,
when host cells, especially human gingival epithelial cells (HGECs)
that act as a physical barrier, initially encounter invading microor-
ganisms [10,11]. Bacterial challenges can result in activation of
epithelial cells, leading to production of essential pro-inflammatory
cytokine such as interleukin (IL)-1b, IL-6, tumor necrosis factor
(TNF)-a, and IL-8 [10,11]. In addition, A. actinomycetemcomitans
leukotoxin can induce neutrophil movement [12], which may alert
and amplify host immune responses. The cytotoxicity of the leu-
kotoxin has also been shown to affect to other cells types besides
leukocytes [13,14]. Nevertheless, the knowledge on the immune-
regulatory effect of host cells stimulated by various subtypes of
A. actinomycetemcomitans, especially non-serotypeable clinical
isolates is sparse. Therefore, the objective of this study was to
compare the ability to modulate host innate immune responses of
various reference and clinical strains of A. actinomycetemcomitans
subtypes included serotype a-f and non-serotypeable strains iso-
lated from deep and shallow pockets on the expression of pro-
inflammatory cytokines (IL-1b, IL-6, TNF-a, and IL-8) in HGECs.
And to compare the effect of those strains on the migration of
neutrophils an in vitro study.

2. Materials and methods

2.1. Bacterial strains

Fifty clinical strains of A. actinomycetemcomitans subtypes iso-
lated from deep and shallow pockets from 50 Thai adults with
periodontitis, and whose clinical characteristics were described
previously [3]. All strainswere retrieved from the culture collections
at the Department of Stomatology, Faculty of Dentistry, Prince of
Songkla University, Thailand. Additionally, seven reference strains,
serotype a to f, and one JP2 strainwere included, all strains and their
origin are listed in Table 1. Strains were cultured on the brain heart
infusion (BHI) agar (Bacto™, Le Pont de Claix, France) under an
anaerobic atmosphere, consisting of 80% N2, 10% H2 and 10% CO2, at
37 �C for 3e5 days before preparation of the cell wall extract, which
all strains showed smooth colony morphology on the BHI agar.
2.2. Cell wall extract (CWE) preparation

The cell wall fraction of all strains was prepared by differential
centrifugation, as previously described [15]. Briefly, bacterial cell
pellets were collected and resuspended in 10 ml of PBS, pH 7.0, at a
density of 109 CFU/ml. The cells were disrupted by sonication (Sonic
and Material, Inc., Newtown, CT, USA) in the presence of a protease
inhibitor cocktail (Roche Molecular Biochemicals, Mannheim,
Germany). Unbroken cells were removed by low-speed centrifu-
gation at 2,200 g for 10 min at 4 �C, whereas the cell wall fraction
was collected from the supernatant by high-speed centrifugation at
30,000 g for 20 min at 4 �C. The cell wall pellet was resuspended in
500 ml of PBS with pH 7.0, and its total protein concentration was
determined by the Pierce® BCA Protein Assay kit (Thermo Scienti-
fic™, Rockford, IL, USA).

2.3. Human gingival epithelial cell culture and treatment

Non-inflamed gingival tissues overlying bony impaction of third
molars were collected from five different donors after providing
informed consent, which the research protocol was approved by
the Ethics Committee of the Faculty of Dentistry at Prince of
Songkla University, Thailand (EC 5811-33-L-HR). Primary HGECs
were isolated from the tissues and cultured according to our pre-
vious protocol [15,16]. After washing the gingival explant
(approximately 2 � 2 mm) in cold HEPES buffer containing anti-
biotics and antifungal drugs, it was cut into smaller pieces and was
incubated with HEPES buffer containing 0.5 mg/ml of thermolysin
(Sigma-Aldrich, St. Louis, MO, USA) and 1.125mM CaCl2 in a 60-mm
culture dish (Nunc™, Roskilde, Denmark) for 90 min. Thereafter,
the epithelial sheet was separated from the connective tissue. Then,
HGECs were isolated from the epithelial sheet by trypsinization
with trypsin-EDTA (Invitrogen™, Carlsbad, CA, USA) and cultured
in serum-free keratinocyte growth medium (KGM; Lonza, Wal-
kersville, MD, USA), containing bovine pituitary extract, epidermal
growth factor, insulin, gentamicin sulfate amphotericin-B, and hy-
drocortisone. At 80% cell confluence, HGECs were washed twice,
trypsinized and then transferred to a new culture flask to expand
their cell number. HGECs from the second to the fourth passages
were used throughout this study.

To determine cell viability and cytokine expression, HGECs
were treated for 24 h with indicated doses of CWEs of tested
strains or left untreated as a negative control. Cell viability was
determined by an MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) [15], cytokine mRNA expressions
was performed using real time-PCR. Cell-free culture media were
also collected for analysis of IL-8 protein levels by ELISA and its
function on neutrophil migration in vitro, respectively.

2.4. Total RNA isolation and real time-PCR

Total RNA was isolated using the Illustra RNA spin Mini kit (GE
Healthcare, Buckinghamshire, UK) following the manufacturer's
instruction. cDNAwas synthesized by the Superscript™ first-strand
cDNA system kit (Thermo Fisher Scientific, Inc., Waltham, MA,
USA). A quantitative real time-PCRmethodwas performed using 5%
of cDNA (v/v) and the Sensi-fast™SYBR No-ROX reagent
(Bioline reagent Ltd., London, UK) with the Roche Lightcycler® 480
instrument (Roche Molecular Biochemicals). Primers for real time-
PCR were as follows: IL-1b (50-CACGCTCCGGGACTCACAGC-30 and
50-CTGGCCGCCTTTGGTCCCTC-30), IL-6 (50-CGCCCCACACAGA
CAGCCAC-30 and 50-AGCTTCGTCAGCAGGCTGGC-30), IL-8 (50-
TTTCTGATGGAGAGAGCTCTGTCTGG-30 and 50-AGTGGAACAA-
GACTTGTGGATCCTGG-30), TNF-a (50-TTCTGCCTGC TGCACTTTGGA-
30 and 50-TTGATGGCAGAGAGGAGGTTG-30), and glyceraldehyde 3-



Table 1
Aggregatibacter actinomycetemcomitans strains used in the present study.

Subtypes Reference strainsa

N
Clinical strainsb

Deep pockets
N ¼ 36

Shallow pockets
N ¼ 14

a 1 (CCUG 37004) 8 3
b 1 (CCUG 37002) ND ND
c 1 (ATCC 33384) 7 4
d 1 (CCUG 38565) ND ND
e 1 (CCUG 37399) 4 3
f 1 (OMGS 3816) 5 2
JP2/JP2-like leukotoxin promoter gene 1 (OMGS 3952)c 2d ND
NS1 N/A 5 1
NS2 N/A 5 1

N/A: not applicable, ND: not detected, NS ¼ non-serotypeable.
a CCUG ¼ Culture Collection University of Gothenburg, OMGS¼ Oral Microbiology Gothenburg Sweden, ATCC ¼ American Type Culture Collection.
b Deep pockets were defined as having clinical attachment loss (CAL) � 4 mm, a probing pocket depth (PPD)� 5 mm, and bleeding on probing (BOP), while shallow pockets

were defined as sites without CAL and BOP, and PPD � 3 mm [3]. All of clinical strains were isolated from different individuals.
c Strain OMGS 3952 was formerly designated as P48:2 [3].
d Two JP2-like leukotoxin promoter gene strains designated JP2-like1 and JP2-like2.
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phosphate dehydrogenase (GAPDH; 50-ACCA-
CAGTCCATGCCATCACTGC-30 and 50-TCCACCACCCTGTTGCTGTAGC-
30) [16]. PCR amplification was performed for 45 cycles for all cy-
tokines with the denaturing temperature at 95 �C for 20 s, different
annealing temperatures including 65.5, 65.5, 66.5, 59.8 and 60.0 �C
for IL-1b, IL-6, IL-8, TNF-a and GAPDH, respectively for 20 s, and the
polymerizing temperature at 72 �C for 25 s. The relative induction
of cytokine mRNA expression was normalized by expression of
GAPDH, which is the most stably expressed gene and one of the
most commonly used as housekeeping genes for comparing gene
expression and showing the least amount of variability [17]. The
induction of cytokine mRNA expressions in the
A. actionmycetemcomitans CWE treated samples was determined by
comparing with the mRNA expression of each respective cytokine
of the untreated sample, set to 1.0. All experiments were repeated
using HGECs from five different donors and the average induction
of each cytokine was expressed from these separate experiment.
2.5. IL-8 ELISA

The concentrations of IL-8 in cell-free conditioned media of
HGECs, stimulated with an increasing dose (1, 10, and 100 mg/ml) of
the CWEs from A. actinomycetemcomitans serotype c strains were
measured using a commercially available ELISA kit according to the
manufacturer's protocol (Thermo Fisher Scientific Inc.). The sero-
type c strains of A. actinomycetemcomitans used in this experiment
included two JP2-like leukotoxin promoter gene (JP2-like1 and JP2-
like2), 4 strains with a normal leukotoxin promoter gene, and a
reference strain (ATCC33384). All experiments were independently
repeated five times, and the median of IL-8 level was determined
from these separate experiments.
2.6. Neutrophil migration assay

Neutrophils were prepared from 10 ml of citrate-dextrose blood
from three different donors diluted with sterile Dulbecco's PBS at
1:1 (v/v), and then separated using Ficoll-Hypaque (GE Healthcare)
density-gradient centrifugation. The red blood cells and gran-
ulocytes in the bottom layer were collected and resuspended in
sterile PBS. An equal volume of 6% dextran (molecular
weight > 200,000; Sigma-Aldrich) in PBS was added and left at
room temperature for 45 min. Then, the upper layer was aspirated
and saved as neutrophil rich solution, in which contaminated red
blood cells were removed by lysis buffer. The number of neutrophils
was counted by the hemacytometer and adjusted to a density of
3 � 106 cells/ml by Minimum Essential Medium Eagle-Alpha
Modification (alpha-MEM; Lonza).

Migration of neutrophils in response to cell-free culture super-
natants was assessed using a 24-well transwell plate with 3-mm
polycarbonate membrane (Corning, NY, USA), as previously
described [18]. In brief, 600 ml of each tested supernatant or KGM
alone was added to the lower chamber. A 200-ml quantity of alpha-
MEM containing neutrophils (3 � 106 cells/ml) was added to the
upper chamber. The migration assay was performed for 2 h at 37 �C
in a humidified chamber with 5% CO2, followed by incubation with
60 ml of 0.5 M EDTA for 15 min at 4 �C. The filters were removed
from the transwell plate and the number of cells in the bottom
chamber was counted by the hemacytometer. The percentage of
chemotaxis was calculated by the number of migrated neutrophils
divided by the number of neutrophils seeded in the upper chamber
and multiplied by 100.
2.7. Statistical analysis

IL-8 mRNA expressions, IL-8 concentrations, the percentages of
chemotaxis, and cell survival among different samples treated with
different A. actinomycetemcomitans subtypes were analyzed by the
Kruskal-Wallis test. Multiple comparisons were analyzed by the
Mann-Whitney U test. Differences were regarded as significance
when P < 0.05.
3. Results

3.1. Cytokine mRNA expressions in HGECs upon stimulation with
various subtypes of A. actinomycetemcomitans

The toxicity on HGECs upon stimulation with the CWEs of
various A. actinomycetemcomitans subtypes was first determined by
an MTT assay. The percentages of cell survival after treatment with
the CWEs of all reference and clinical strains ranged from 71.5 ± 5.1
to 90.0 ± 6.5; however, there was no significant difference in the
percentages of cell survival among different samples (P > 0.05). In
general, the clinical strains displayed an ability to induce mRNA
expressions of pro-inflammatory cytokines in HGECs similar to that
of the reference strains (Table 2). The mRNA expressions of IL-1b,
IL-6, and TNF-a were slightly up-regulated by both clinical and
reference strains of A. actinomycetemcomitans (~1e6 folds of in-
duction), whereas that of IL-8 was strongly induced by all



Table 2
Cytokine mRNA expressions in human gingival epithelial cells (HGECs; N ¼ 5), stimulated with 100 mg/ml of the cell wall extract of the reference and all clinical strains of
Aggregatibacter actinomycetemcomitans.

Subtypes Cytokine mRNA expressions/GAPDH expression (folds of induction ± SD)a

IL-1b IL-6 IL-8 TNF-a

Reference Clinical Reference Clinical Reference Clinical Reference Clinical

a 3.8 ± 1.1 3.1 ± 0.8 1.4 ± 1.1 1.5 ± 1.0 50.5 ± 1.2** 40.0 ± 5.3 2.5 ± 0.7 2.5 ± 0.7
b 3.5 ± 0.6 N/A 2.3 ± 2.3 N/A 81.4 ± 1.4* N/A 2.1 ± 0.9 N/A
c 5.5 ± 2.4 4.1 ± 0.7 2.4 ± 1.2 2.0 ± 0.6 56.9 ± 1.8** 40.9 ± 8.4 2.8 ± 1.1 2.8 ± 1.7
d 2.7 ± 0.3 N/A 1.3 ± 0.9 N/A 38.6 ± 1.4 N/A 1.8 ± 0.6 N/A
e 4.4 ± 0.5 2.3 ± 0.3 1.7 ± 0.3 1.1 ± 0.7 40.1 ± 1.9 45.2 ± 11.1 1.0 ± 0.4 1.8 ± 0.6
f 6.5 ± 4.1 3.0 ± 0.1 2.1 ± 1.2 1.0 ± 0.4 156.9 ± 2.1*,** 100.6 ± 32.5* 1.0 ± 0.7 1.6 ± 0.2
JP2/JP2-like leukotoxin promoter gene 5.2 ± 0.7 4.6 ± 1.3 2.3 ± 0.2 0.6 ± 0.2 30.2 ± 3.4 11.7 ± 2.6*,*** 2.6 ± 1.0 1.6 ± 0.2
NS1 N/A 5.1 ± 3.1 N/A 0.6 ± 0.1 N/A 30.6 ± 11.3 N/A 0.9 ± 0.3
NS2 N/A 2.7 ± 2.5 N/A 1.7 ± 2.1 N/A 27.7 ± 11.4 N/A 1.3 ± 0.1

N/A: not applicable; * significant difference of IL-8 mRNA expression at P < 0.05 when compared within the same column; ** significantly higher IL-8 mRNA expression in the
reference strains than in the clinical strains at P < 0.01; *** significant lower IL-8 mRNA expression in the JP2-like leukotoxin promoter gene strains than in the JP2 at P < 0.01.

a Fold of induction as compared with cytokine mRNA expressions in unstimulated HGECs.
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A. actinomycetemcomitans strains (~12e157 folds of induction;
Table 2). Therefore, IL-8 responses to stimulation with the CWEs of
A. actinomycetemcomitans were chosen as an outcome variable in
the subsequent experiments.

With respect to IL-8 mRNA induction in HGECs stimulated with
the CWEs of reference strains, serotype f revealed the highest in-
duction (156.9 ± 2.1 folds), followed by serotype b, c, a, e, d, and the
JP2 genotype (Table 2). Similarly, the CWEs of
A. actinomycetemcomitans clinical strains, subtype f, induced the
greatest IL-8 mRNA expression (100.6 ± 32.5 folds), followed by
subtypes e, c, a, NS1, NS2, and the two JP2-like leukotoxin promoter
gene strains (Table 2). Note that the clinical strains with subtypes b
and d are not available in our collections. Interestingly, the two JP2-
like leukotoxin promoter gene strains with serotype c exhibited the
least ability to induce IL-8 mRNA expression compared to all other
clinical and reference strains (Table 2). Specifically, they induced
significantly lower IL-8mRNA expression than did the JP2 reference
strain (P < 0.01; Table 2).

3.2. Dose-dependent effect on IL-8 responses in the HGECs by
A. actinomycetemcomitans serotype c strains

The dose-dependent inducible effect on IL-8 mRNA expression
and protein secretion in HGECs by the CWEs of 7 selected serotype c
strains was investigated by treating HGECs with three doses of the
CWEs, comprising 1, 10 and 100 mg/ml. The CWEs of the two JP2-
like leukotoxin promoter gene strains at the highest dose
(100 mg/ml) induced significantly lower IL-8 mRNA expression than
those of the other selected serotype c strains (P < 0.05; Fig. 1A),
whereas no significant differences were found for the two lower
doses (Fig. 1A). Consistently, IL-8 protein concentrations in cell-free
conditioned media collected from HGECs treated with the highest
dose of the two JP2-like leukotoxin promoter gene strains were
significantly lower than those of the other selected serotype c
strains (P < 0.05; Fig. 1B), whereas no significant differences in
terms of IL-8 levels were found for the two lower doses (Fig. 1B).
Therefore, the concentration of CWEs at 100 mg/ml was used to
stimulate HGECs in the subsequent experiments.

3.3. IL-8 responses in HGECs after stimulation with strains of
A. actinomycetemcomitans isolated from deep and shallow pockets

IL-8 responses to the CWEs of eight selected strains isolated
from deep pockets, including one strain of each subtype, consisting
of a, c, e, f, NS1, NS2, and the two JP2-like leukotoxin promoter gene
strains (Table 1), were compared with those to the CWEs of six
selected corresponding subtypes isolated from shallow pockets as
no JP2-like leukotoxin promoter gene strain was found in shallow
pockets (Table 1). It was demonstrated that all deep pocket strains
exhibited significantly lower IL-8 mRNA induction than those
originated from the shallow pockets (P < 0.01, Fig. 2A). This lower
IL-8 mRNA induction by the deep pocket strains was confirmed in
the neutrophil migration assay, in which the deep pocket strains
consistently showed significantly lower percentages of chemotaxis
than the shallow pocket strains (P < 0.001, Fig. 2B). As two negative
controls, incubation with KGM alone caused a slight neutrophil
migration possibly from gravitation, whereas cell-free conditioned
media collected from untreated HGECs slightly increased the per-
centages of neutrophil migration due to basal levels of IL-8 mRNA
expression (Fig. 2B).

When HGECs from five donors were stimulated with CWEs from
A. actinomycetemcomitans subtypes isolated from deep and shallow
periodontal pockets, the IL-8 mRNA induction was significantly
lower for each subtype from deep pockets compared to the corre-
sponding subtypes isolated from the shallow pockets (P < 0.05,
Fig. 3A). The NS1 and NS2 strains exhibited a low IL-8 mRNA
expression compared to other strains with the mean of expression
as 12.1 ± 4.6 and 14.6 ± 3.3 folds of induction and was statistically
significant compared to the strains isolated from shallow pockets
(P < 0.001, Fig. 3A). Significant differences in terms of percentages
of chemotaxis were also found between the deep and the shallow
pocket strains serotype c, f, NS1, and NS2 strains (P < 0.05; Fig. 3B)
with corresponding mean of function as 20.2 ± 2.4, 22.2 ± 4.9,
17.6 ± 4.5, and 16.1 ± 5.9%, respectively.

4. Discussion

This study compared the pro-inflammatory cytokine responses
of HGECs from five donors after exposure to CWEs prepared from
various clinical subtypes of A. actinomycetemcomitans isolated from
both deep and shallow pockets of Thai adults with periodontitis
and from reference strains. IL-8 mRNA expression was the pre-
dominant cytokine produced from both clinical and reference
strains of A. actinomycetemcomitans. The main two findings were
that certain subtypes of A. actinomycetemcomitans, NS1 and NS2,
and the JP2-like leukotoxin promoter gene strains induced signifi-
cantly lower IL-8 responses in HGECs than other subtypes, and all
strains from deep periodontal pockets also gave lower IL-8 re-
sponses than strains from shallow pockets.

Among the virulence factors of A. actinomycetemcomitans, leu-
kotoxin has been reviewed a great deal of attentions bywhich it can
activate and kill leukocytes resulting in degranulation and IL-1b



Fig. 1. Dose-dependent IL-8 mRNA induction (A) and IL-8 protein secretion (B) in
HGECs from different donors by CWEs from various serotype c strains of
A. actinomycetemcomitans included two JP2-like leukotoxin promoter gene strains
including JP2-like1 and JP2-like2, four clinical serotype c strains, and a reference
serotype c strain (ATCC 33384). Untreated HGECs was used as negative control. (A) The
expressions of IL-8 mRNA as measured by real time-PCR. *indicates statistically sig-
nificant difference between 100 mg/ml of the CWEs of two JP2-like leukotoxin pro-
moter gene strains and of the CWEs of other clinical and reference strains (P < 0.05).
(B) IL-8 concentrations as measured by enzyme-linked immunosorbent assay (ELISA).
*indicates statistically significant difference between 100 mg/ml of the CWEs of two
JP2-like leukotoxin promoter gene strains and of the CWEs of other clinical and
reference strains (P < 0.05).

Fig. 2. A biphasic secretion pattern of IL-8 mRNA expressions (A) and IL-8 functions in
neutrophil migration (B) in response to CWEs from A. actinomycetemcomitans isolated
from deep (N ¼ 8) and shallow pockets (N ¼ 6). Untreated HGECs in (A) and (B) and
KGM alone in (B) were used as negative control. (A) The cell lysate of HGECs, treated
with 100 mg/ml of the CWEs of strains from deep and shallow pockets, was harvested
to determine IL-8 mRNA expression by real time-PCR. * indicates statistically signifi-
cant difference compared with the other groups (P < 0.01). (B) Migration of neutro-
phils was measured by transwell system. Cell-free culture supernatants added to the
lower chamber and neutrophils migrated to the lower chamber were counted by the
hemacytometer. * indicates statistically significant difference compared with the other
groups (P < 0.001).
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release, that is the important cytokine associating with progressive
periodontitis especially to stimulate bone resorption [1,12,19].
However, host-microbial interaction with the HGECs is thought to
be an important primary step in the host-defense reaction of
periodontal disease. HGECs are among the first innate immune cell
types [10,11] that respond to the recognition of periodontal path-
ogens by producing of several cytokines that can initiate inflam-
mation within the periodontal tissues to subsequently activate
other host immune systems by releasing a cascade of pro-
inflammatory mediators to protect the sub-epithelial tissues from
bacterial invasion [19]. Several studies have reported that IL-8 was
the predominant cytokine in comparison to IL-1b, IL-6 and TNF-a
expressed by HGECs after exposure to bacteria or bacterial products
[10,11,19,20], which is confirmed in the present study to be valid
also for various subtypes of A. actinomycetemcomitans. IL-8 is a
potent chemokine necessary for enhancement of neutrophil
migration into the infectious site to eliminate invading pathogens
[19,21]. The present study also showed that various subtypes of
A. actinomycetemcomitans, induced IL-8 mRNA expression of
different magnitudes (~12e157 folds). This may have a significant
impact on the virulence of different subtypes of
A. actinomycetemcomitans.

Previous studies have reported a variable IL-8 stimulation of
A. actinomycetemcomitans related to serotypes. Serotype b was
found to exhibit the strongest IL-8 stimulation compared to



Fig. 3. HGECs were stimulated with 100 mg/ml of the CWEs of various
A. actinomycetemcomitans subtypes isolated from deep and shallow pockets. NS: non-
serotypeable. Untreated HGECs in (A) and (B) and KGM alone in (B) were used as
negative controls. (A) IL-8 mRNA expression by real time-PCR. * indicates statistically
significant difference compared with control at P < 0.05; ** indicates statistically sig-
nificant difference compared with control at P < 0.001. (B) Neutrophil migration
presented as the percentages of chemotaxis by transwell system. * indicates statisti-
cally significant difference compared with control at P < 0.05; ** indicates statistically
significant difference compared with control at P < 0.01.
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serotype a, c, and e [11,22,23]. In this study, it was found that
serotype f showed significantly stronger response than other
reference and clinical subtypes and that the two clinical JP2-like
leukotoxin promoter gene strains (serotype c) showed signifi-
cantly IL-8 weaker response than other subtypes.

The two non-serotypeable subgroups NS1 and NS2 showed a
significantly lower IL-8 response indicating that an immunosup-
pressionmay take place andwhich is not entirely dependent on the
antigenic structure of the bacterial cell wall. The subtyping of
A. actinomycetemcomitans strains into serotypes and non-
serotypeable strains is based on the carbohydrate moieties of cell
surface LPS. Therefore, the difference in HGECs IL-8 expression of
A. actinomycetemcomitans serotypes may be dependent on the
genetically based o-polysaccharide antigen component of the LPS
structures present in the CWEs from the serotypeable strains. The
cell wall characteristics and the reason for stains being non-
serotypeable are not known but it might be the antigenic struc-
ture is either lacking or being hidden by other structures such as
proteins. Such antigenic structures might also stimulate differently
in the neutrophil recruitment during the innate immune response,
which may have important pathophysiological consequences. In
this study, we observed that CWEs of A. actinomycetemcomitans
contained different components in CWEs including some proteins,
whichmay have an effect on the cytokine response. Heat treatment
of the CWEs may be one way to exclude the effects of proteins from
LPS. This will be a matter for further studies.

The findings JP2-like leukotoxin promoter gene strains showed
only minimal IL-8mRNA expression in HGECs, even exposure to the
highest dose of 100 mg/ml of CWEs indicated that these strains
exhibited a significant immunosuppressive characteristic
compared to other strains. The low IL-8 responses by the high dose
(100 mg/ml) of the two JP2-like leukotoxin promoter gene strains
were not due to the toxicity of their CWEs, because no significant
differences of cell viability were found among treated CWEs sam-
ples of other strains. Immunosuppression recognized as a dimin-
ished IL-8 expression and secretion by certain subtypes of
A. actinomycetemcomitans may function as a significant virulence
factor, which may hamper the local immunity and migration of
neutrophils to the infection site and protect the bacteria from being
eliminated by the host. The two JP2-like leukotoxin promoter gene
strains exhibited high internalization to fibroblast cells of these
strains, which may be due to a similar immunosuppression [8].
Diminishing IL-8 expression and secretion of HGECs stimulated
with the two JP2-like leukotoxin promoter gene strains made them
more virulent than other strains. However, IL-8 responses showed
the different mechanism with leukotoxin which is an important
virulent factor of A. actinomycetemcomitans. The effect of IL-8 is
chemotactic cytokine to accumulate white blood cells especially
neutrophil [18] while leukotoxin is toxin used to kill neutrophil,
macrophage, etc [1,3,6,12]. This was supported by another study
that also demonstrated that the JP2 strain could prevent production
of inflammatory cytokines by mononuclear cells (MNCs) [21]. They
explained it by saying that ‘LtxA-mediated killing or induction of a
state of anergy in MNCs … ’ may render the bacteria ‘ … immu-
nologically silent’ [24].

Strains from deep pockets showed significantly lower IL-8
expression as well as function on neutrophil migration in vitro
compared to strains from shallow pockets, and the same results
were also found for serotype c and f, and the non-serotypeable (NS1
and NS2). Moreover, A. actinomycetemcomitans isolated from deep
pockets in particular NS1 and NS2, showed an inverse correlation
between IL-8 responses and leukotoxin expression (p ¼ 0.003,
r ¼ �0.335), indicating that the highly leukotoxin-producing
strains elicit low IL-8 responses in HGECs. The NS1 and NS2
strains also showed a lower IL-8 response in comparison with the
serotypeable strains (serotype a-f, serotype b and d were lacking).
This pattern of IL-8 expression and function may be due to an
ecologically driven adaptation in the deep periodontal pocket
exhibiting a more alkaline environment and a lower redox poten-
tial compared to shallow pockets [25]. It is, therefore, suggested
that certain subtypes of A. actinomycetemcomitans by such adap-
tation increase their survival rate and virulence in the deep peri-
odontal pockets as also has been previously suggested [3,8]. This
increased virulence may be facilitated through mechanisms that
involve immunosuppression of the IL-8 release from HGECs. The
mechanism of IL-8 stimulation by A. actinomycetemcomitans and its
products is unclear in detail, and it is a matter for further studies.
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A substantial variation was noticed between the five donors of
HGECs used in this study, which also needs to be considered in
relation to the magnitude of the gingival inflammatory reactions
and the susceptibility of periodontal disease. It was also revealed
that significantly different up-regulation in IL-8 responses was
found among individuals where HGECs originated from different
hosts [9]. However, any factors influence the expression of various
cytokines in hosts by the subgingival biofilm in vivo in view of the
presence of a complex polymicrobial microbiota can only be
speculated about. This will need for further investigations including
more donors and with different degrees of periodontitis.

5. Conclusion

Our study demonstrated that the A. actinomycetemcomitans
stimulated HGECs to produce various pro-inflammatory cytokines
mRNA expression and IL-8 mRNA in particular. JP2-like leukotoxin
promoter gene subtypes exhibited the lowest IL-8 mRNA expres-
sion and concentration and showed no response even at 100 mg/ml
of their CWEs and showed significant immunosuppression on the
HGECs. Similarly, A. actinomycetemcomitans subtypes isolated from
deep pockets, especially NS1 and NS2 subtypes, could evade host
immune activation by minimal production of IL-8, consistent with
its inability to promote neutrophil migration in vitro. The cytokine
up-regulation of A. actinomycetemcomitans subtypes in HGECs is
likely to be directed genetically by the structure of the cell wall o-
polysaccharide component and by the phenotypic expression of
bacterial immune modulating factors driven by environmental
conditions.
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A B S T R A C T

Objective: To investigate the effects of dental x-ray on proliferation and mineralization in human primary os-
teoblasts as well as on proliferation and apoptotic potential in human periodontal ligament (PDL) cells.
Design: Primary osteoblasts and PDL cells were irradiated with various doses of periapical radiography by re-
peated exposures and further incubated for 1, 3 or 7 days. Cell proliferation was assayed by BrdU incorporation.
The effect of dental x-ray on mineralization in osteoblasts either before or after x-ray exposures was determined
by Alizarin red staining. Both mRNA and protein expressions of BCL-2, an anti-apoptotic gene, and BAX, a pro-
apoptotic gene, in PDL cells were analyzed by RT-qPCR and immunoblotting analysis, respectively.
Results: Neither the proliferative nor the mineralization ability of irradiated osteoblasts was different from that
of non-irradiated osteoblasts at any doses or time points. By contrast, there was a significant decrease in the
proliferation of PDL cells on day 3 after repeated exposures to dental x-ray for 20 times (P < 0.05), whereas the
ratio of BCL-2 to BAX mRNA and protein expressions in these irradiated PDL cells was significantly increased
(P < 0.05).
Conclusions: Upon multiple exposures to dental x-ray used in intraoral radiography up to 20 times, there is no
effect on the proliferation or the mineralization of osteoblasts, whereas the proliferative and apoptotic potentials
of PDL cells are transiently decreased.

1. Introduction

In dentistry, x-ray is used to detect and localize pathologic lesions
and foreign bodies in jaw bones, to assess human growth and devel-
opment, and to explore hard tissue structures in a 3D image. It is
classified as an ionizing radiation similar to others that are used in
radiotherapy of cancers (Xu et al., 2012). While x-ray travels through
living cells, it can induce the formation of free radicals, regardless of the
amounts of radiation (Iannucci & Howerton, 2016). So, although the
dental x-ray is regarded as low-dose irradiation (< 1Gy; Marcu, 2017),
it may cause adverse effects directly and indirectly on oral cells, espe-
cially from scattering radiation (White & Pharoah, 2014) and from a
bystander effect, an indirect effect through cell to cell communications
(Ojima, Eto, Ban, & Kai, 2011).

There have been several studies into the effects of both intraoral and

extraoral radiographies on various cell types. For example, the full-
mouth intraoral radiography, the panoramic/lateral cephalometric
radiography, and the cone-beam computed tomography altered a nu-
clear morphology, closely relating to cytotoxicity and cell death in
exfoliated epithelial cells from buccal mucosa of children and adults
(Angelieri, de Oliveira, Sannomiya, & Ribeiro, 2007; Cerqueira et al.,
2004; Kesidi, Maloth, Reddy, & Geetha, 2017; Lorenzoni, Fracalossi,
Carlin, Ribeiro, & Sant’Anna, 2012; Ribeiro & Angelieri, 2008; Ribeiro,
De Oliveira, De Castro, & Angelieri, 2008). In addition, the stochastic
effect on DNA damage that could increase the probability of carcino-
genesis by the dental cone-beam computed tomography in radio-
sensitive cells of chlidren has been recently shown (De Felice, Di Carlo,
Saccucci, Tombolini, & Polimeni, 2019). Certain doses of intraoral x-ray
increased the number of rat macrophages and lymphocytes (Asymal,
Astuti, & Devijanti, 2018), but decreased expression of cyclin D1 in a
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mouse osteoblastic cell line, MC3T3-E1, indicating altered cell pro-
liferation (Pramojanee, Pratchayasakul, Chattipakorn, & Chattipakorn,
2012). On the contrary, another study showed a significant increase in
alkaline phosphatase activity, implying an increase in differentiated
osteoblasts, in a human fetal osteoblastic cell line exposed to the in-
traoral radiography using digital x-ray (Kurt, Oztas, & Atalay, 2016).
Therefore, the effects of dental x-ray on proliferation and differentiation
of different cell types are still inconclusive.

Both osteoblasts and periodontal ligament (PDL) cells differentiate
from mesenchymal stem cells in PDL (Ivanovski, Gronthos, Shi, &
Bartold, 2006). Osteoblasts function in bone remodeling by synthe-
sizing bone matrix to maintain bone homeostasis, while PDL cells are
involved in soft tissue remodeling to maintain the periodontal ligament
width (Garant, 2003). Because of their adjacent location within the
periodontium upon exposure to dental irradiation, it was logical to
hypothesize that they would be similarly affected by dental x-ray.
However, to the best of our knowledge, no study has so far determined
the effects of dental x-ray on primary human osteoblasts and PDL cells.
Moreover, because of considerable variations in cellular compositions
and specific gene expressions in response to radiation from one species
to another (Czekanska, Stoddart, Richards, & Hayes, 2012), the results
of a previous study (Pramojanee et al., 2012) using the mouse osteo-
blastic cell line are still questionable for clinical applications in humans.
In addition, although cell lines are phenotypically stable and proliferate
continuously without a need for cell isolation, they cannot reflect the
whole range of primary osteoblast phenotypes (Czekanska et al., 2012).
Consequently, the objective of this study was to examine the effects of
repeated exposures of intraoral x-ray on the proliferation of primary
human osteoblasts and PDL cells, on the mineralization of osteoblasts,
and on the expressions of the apoptotic-related genes in PDL cells.

2. Materials and methods

2.1. Culture of primary human osteoblasts

Human osteoblasts were obtained from the Orthopedics Laboratory
and Research Network, Faculty of Medicine, Chiang Mai University,
Chiang Mai, Thailand, under the approved research project, #ORT-
2557-02717. The present study was also approved by the Human
Experimentation Committee, Faculty of Dentistry, Chiang Mai
University (#17/2018). The osteoblasts were harvested during surgical
treatment of a traumatically injured long bone of four donors (8–12
years old, 2 females and 2 males) with written informed consent ac-
cording to a previous protocol of Pruksakorn et al. (2016). The osteo-
blasts were derived from these children with a high osteogenic capacity
during the first two decades of life (Czekanska et al., 2012; Evans,
Galasko, & Ward, 1990; Fedarko, Vetter, Weinstein, & Robey, 1992). All
donors had no history of taking drugs related to bone metabolism, and
the bone specimens were diagnosed without any orthopedic diseases or
bone cancer. In brief, the bone specimen was flushed several times with
phosphate-buffered saline, pH 7.2, to remove mesenchymal stem cells
and blood cells and sequentially digested using collagenase type I-
trypsin (Gibco, Grand Island, NY, USA) at 37 °C for 18 h to isolate
primary osteoblasts from the bone specimen. The cells were cultured in
alpha modifications of Eagle’s Minimum Essential Medium (Gibco),
supplemented with 10% fetal bovine serum (FBS; Gibco), 2 mM L-glu-
tamine (Gibco) and 1% penicillin/streptomycin (Gibco) at 37 °C in a
humidified chamber with 5% CO2. When the number of cells reached
80% confluence, they were detached using 0.25% EDTA trypsin (Gibco)
and grown in appropriate culture plates at the cell density of 1×105

cells per ml to expand the number of cells. To confirm the osteoblastic
phenotypes of cultured primary cells, some cells from the second pas-
sage were used for assessment of the doubling time, for expressions of
the osteogenic markers, including collagen type I, osteonectin, and
bone sialoprotein, for alkaline phosphatase activity assay, and for mi-
neralization assay by Alizarin red staining, as previously described

(Pruksakorn et al., 2016). The remaining cells were cultured for 24 h
before irradiation.

2.2. Culture of primary human periodontal ligament cells

PDL cells were isolated from third molars extracted for medical
reasons that did not have extensive caries, severe periodontal infection
or periapical lesions of four patients (18–25 years old, 2 females and 2
males) with written informed consent as previously described and
characterized (Truntipakorn et al., 2017). The morphology of PDL cells
was typically like that of fibroblasts. Briefly, the PDL tissues were gently
scraped from the middle third of the roots to avoid contamination from
gingival fibroblasts and cut into small pieces. Tissue explants were
immersed in Dulbecco’s Modified Eagle Medium (DMEM; Gibco), sup-
plemented with 10% FBS, 2mM L-glutamine, 5 μg/ml amphotericin B
(Gibco) and 1% penicillin/streptomycin at 37 °C in a humidified
chamber with 5% CO2. After having grown out from the explants, PDL
cells were trypsinized using 0.25% EDTA trypsin and sub-cultured at a
ratio of 1:3 for further expansions. At 80% confluence, PDL cells were
detached and seeded in appropriate culture plates at the same cell
density as primary osteoblasts. The cells were cultured for 24 h before
irradiation.

2.3. Irradiation protocol

Both osteoblasts and PDL cells, seeded in nine wells at the center of
96-well plates (Corning, NY, USA), in four wells at the center of 24-well
plates (Corning), or 35-mm culture dishes (Corning) for proliferation
assay, mineralization assay, or gene expressions, respectively, were
repeatedly exposed to the same dose (60 kVp and 0.25 s for an exposure
time) of the intraoral radiography for 5, 10 and 20 times (5x, 10x, and
20x, respectively) using a dental x-ray machine generator, commer-
cially available in clinical dentistry (Heliodent Plus HF, Sirona,
Germany), within an 8-inch distance between radiation source and
cells. In this study, three repeated exposure times in the irradiation
protocol (5x, 10x and 20x) were chosen from a design of the previous
study (Pramojanee et al., 2012) and the fact that the total number of
full-mouth intraoral radiography in routine dental practice is no more
than 20 films. The amount of irradiation for a single dose was 2.1mGy,
as measured at the tip of the x-ray tube in the absence of cells and
growth medium by an x-ray test device (TNT 12000D®, Fluke Biome-
dical, Cleveland, OH, USA). This dose falls in the range of one typical
conventional periapical exposure. Cultured osteoblasts and PDL cells
without irradiation were a negative control, while the cells treated with
phorbol-13-myristate 12-acetate (PMA; Sigma-Aldrich, St. Louis, MO,
USA) at 10 ng per ml for 24 h were a positive control for cell pro-
liferation. However, from our pilot study, treatment of osteoblasts with
10 ng per ml of PMA in the presence of ascorbic acid, dexamethasone
and β-glycerophosphate, whose concentrations are mentioned in 2.7,
showed no further enhancement of mineralization (data not shown).
Therefore, the positive control was not included in the mineralization
assay.

2.4. Cell proliferation assay

After irradiation, both cell types were further incubated for 1, 3, or
7 days with medium replacement every other day, and the BrdU col-
orimetric immunoassay (Roche, Basel, Switzerland) was performed.
Three periods after dental x-ray exposure (1, 3 and 7 days) were se-
lected because there is usually no repeated full-mouth radiography
within 7 days. In brief, BrdU was added to the medium and incubated
for 4 h at 37 °C. After medium removal, the cells were fixed and their
DNA was denatured for 30min at room temperature. Then, anti-BrdU
antibody was added and incubated at room temperature for 90min.
After that, the cells were rinsed to remove an excess of the antibody,
and the immune complexes were detected by reacting with the
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substrate at room temperature for 30min, which was stopped by ad-
dition of H2SO4. The absorbance value of each sample was measured
using the microplate reader (Tecan Sunrise™, Männedorf, Switzerland)
at the 450-nm wavelength with the reference wavelength at 690 nm
and compared with that of the non-irradiated cells as a negative con-
trol, set to 100%. This experiment was separately conducted for four
times using primary osteoblasts and PDL cells from four different do-
nors.

2.5. RNA extraction and RT-qPCR

After irradiation, PDL cells were further incubated for 1, 3, or 7 days
with medium replacement every other day, and total RNA was har-
vested using the RNAspin Mini isolation kit (GE Healthcare, Little
Chalfont, Buckinghamshire, UK) according to the manufacturer’s in-
structions. The quality of isolated total RNA was confirmed by the in-
tegrity of 18 s and 28 s ribosomal RNA on agarose gel stained with
ethidium bromide (Bio-Rad Laboratories, Inc., Hercules, CA, USA; data
not shown), and its quantity was measured by the Nanodrop™ 2000
spectrophotometer (Thermo Fisher Scientific, Rochester, NY, USA) at
260-nm and 280-nm wavelengths. The ratio of absorbance value at
260 nm relative to that at 280 nm in each sample was more than 1.8. A
two-μg quantity of total RNA from each sample was converted to
complementary DNA (cDNA) using the RevertAid cDNA Synthesis kit
(Thermo Fisher Scientific, Waltham, MA, USA). Quantitative PCR was
performed using the SYBR No-ROX kit (SensiFAST™, Bioline, London,
UK), containing Taq polymerase and the SYBR green I dye, by the
LightCycler 480 instrument II (Roche, Rotkreuz, Switzerland) with
specific primer pairs for B-cell lymphoma 2 (BCL-2), BCL-2-associated X
protein (BAX), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). The intron-spanning primer sequences of BCL-2 and BAX
were derived from our previous study (Pramojanee, Pavasant, &
Panmekiate, 2008), whereas those of GAPDH were from Truntipakorn
et al. (2017)). Selection of GAPDH as a reference gene was based on our
previous study to determine expressions of NANOG and OCT4 mRNA in
the same cell type, i.e., human PDL cells (Truntipakorn et al., 2017).
Moreover, from the melting curve analysis of BCL-2, BAX and GAPDH
mRNA expressions, a sharp peak was demonstrated for each gene at the
expected temperature, indicating that qPCR products were homo-
geneous without primer dimers, and the chosen primers specifically
amplified the BCL-2, BAX and GAPDH cDNAs. However, agarose gel
electrophoresis of RT-qPCR products to verify a single band at its pre-
dicted size was not performed. Furthermore, western blot hybridization
using antibodies specific for BCL-2 and BAX was performed as described
in the Section 2.6 to verify the findings of BCL-2 and BAX mRNA ex-
pressions in irradiated human PDL cells. All primer sequences are
summarized in Table 1. The PCR conditions were pre-incubation at
95 °C for 10min for one cycle, followed by denaturation at 95 °C for
20 s, annealing at 55 °C for 20 s, and elongation at 72 °C for 25 s, for 45
cycles. The expressions of BCL-2 and BAX in each sample were nor-
malized to that of GAPDH with aid of calculation algorithm of Light-
Cycler 480 software version 1.5 (Roche) to obtain ΔCt. Then, the ratio
of BCL-2 to BAX expression in each sample was computed from the ΔCt

value of BCL-2 divided by that of BAX, and this ratio was adjusted to

percentage of the BCL-2 to BAX expression in comparison to that of the
non-irradiated PDL cells, set to 100%, to obtain the ΔΔCt value of each
sample. However, the RT-qPCR efficiency for each individual gene by
the corrected calculation method using serially diluted samples as
shown by Rao, Huang, Zhou, & Lin, 2013 was not determined. This
experiment was independently conducted four times using primary PDL
cells from four different donors, and the average percentage was de-
termined from the four PDL cell lines.

2.6. Protein extraction and western blot analysis

After irradiation, PDL cells were further incubated for 1, 3, or 7 days
with medium replacement every other day, and total proteins were
extracted from the cells using RIPA buffer, containing 5mM HEPES, 1%
NP-40, 5mg per ml sodium deoxycholate, 150mM sodium chloride,
50mM sodium fluoride, 10 μg per ml aprotinin, 5 mM benzamidine,
2 mM PMSF and 1mM sodium orthovanadate (Supanchart et al., 2012),
supplemented with the cOmplete™ tablet, Mini, EDTA-free, EASYpack
Protease Inhibitor Cocktail (Roche Biochemicals, Indianapolis, IN,
USA). Protein concentrations were determined using the bicinchoninic
acid (BCA) protein assay kit (Pierce, Rockford, IL, USA). A 20-μg
quantity of total protein from each sample was resolved by 12% SDS-
PAGE and transferred to nitrocellulose membranes. The membranes
were incubated in 5% nonfat dried milk in 0.1% tween-TBS for 1 h at
room temperature, followed by incubation with primary antibody
against BCL-2 (1:1000; ABCAM, Cambridge, MA, USA), BAX (1:500;
Santa Cruz Biotechnology, Santa Cruz, CA, USA) or β-actin (1:1000;
Santa Cruz) overnight at 4 °C. After washing four times with 0.1%
tween-TBS, the blot of BCL-2 was incubated with HRP-conjugated
swine anti-rabbit immunoglobulins (1:2000), while the blots of BAX
and β-actin were incubated with HRP-conjugated rabbit anti-mouse
immunoglobulins (1:2000) for 1 h at room temperature. The mem-
branes were then reacted with the LumiGLO Reserve™ Chemilumines-
cent substrate (KPL, Gaithersburg, MD, USA). The protein bands were
detected by the ChemiDoc™ XRS instrument (Bio-Rad Laboratories,
Inc.). The band intensities were quantified by ImageJ program. The
expressions of BCL-2 and BAX in each sample were normalized by that
of β-actin. Then, percentage of the ratio of normalized BCL-2 to BAX
expression in each sample was calculated and compared with that in the
non-irradiated cells as a control, set to 100%. This experiment was
independently conducted four times using primary PDL cells from four
different donors.

2.7. Mineralization assay

To simulate heterogeneous populations of osteoblasts in bone upon
irradiation, the cultures of primary osteoblasts, seeded in 24-well
plates, were divided into two groups, comprising group I: exposure to x-
ray before induction of mineralization (X-Min) and group II: exposure
to x-ray after induction of mineralization by osteogenic medium, con-
taining 50 μg/ml ascorbic acid (Sigma-Aldrich), 100 nM dex-
amethasone (Sigma-Aldrich) and 10mM β-glycerophosphate (Sigma-
Aldrich), for 7 days (Min-X). In each group, the cells were repeatedly
exposed to x-ray for different times as aforementioned. After irradia-
tion, the cells in group I were further incubated in the osteogenic
medium as mentioned above for 14 days, whereas those in group II
were further incubated in the osteogenic medium for another 7 days.
Subsequently, the cells were fixed with 10% neutral buffered formalin
for 30min and stained with 0.5ml of 40mM Alizarin red S (AMRESCO,
Solon, OH, USA), pH 4.2–4.5, at room temperature for 15min. The cells
were excessively washed with cold deionized water until the washing
solution was clear. Digitized images of Alizarin red staining were re-
corded by a charge-coupled device attached to the stereomicroscope
(Olympus E-330; Olympus, Inc., Tokyo, Japan) prior to addition of a
0.5-ml volume of 10% acetic acid for 30min with shaking, followed by
addition of a 0.2-ml volume of 10% ammonium hydroxide. For

Table 1
Oligonucleotide primer sequences used in RT-qPCR.

Gene Forward (5’-3’)
Reverse (5’-3’)

NCBI-BLAST
accession

BCL-2 AGG AAG TGA ACA TTT CGG TGA C
GCT CAG TTC CAG GAC CAG GC

NM_000633.2

BAX TGC TTC AGG GTT TCA TCC AG
GGC GGC AAT CAT CCT CTG

NM_138761.4

GAPDH TGA AGG TCG GAG TCA ACG GAT
TCA CAC CCA TGA CGA ACA TGG

NM_002046.7
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quantitative analysis, a 150-μl aliquot of the supernatant in each sample
was transferred to a 96-well plate with opaque wall and clear bottom
(Corning) and measured for its absorbance value at the 405-nm wave-
length by the microplate reader (Tecan Sunrise™). The absorbance
value of each sample was compared with that of the non-irradiated cell
sample, set to 100%. This experiment was separately conducted four
times using primary osteoblasts from four different donors. The nega-
tive control for the mineralization assay was a culture without osteo-
genic reagents that showed no calcified nodules (data not shown), while
the control in Fig. 3 was non-irradiated osteoblasts cultured in osteo-
genic medium.

2.8. Statistical analysis

All data were found to be normally distributed by the Shapiro-Wilk
test and were presented as means ± standard deviations. The com-
parisons among different doses of x-ray in each time point were de-
termined using one way analysis of variance (ANOVA), followed by the
Tukey test for multiple comparisons if any significant differences were
found. P-values less than 0.05 were considered to be statistically dif-
ferent. The statistical analyses were performed using SPSS software
version 17.0 for Windows (IBM, Armonk, NY, USA).

3. Results

3.1. Differential effects of dental x-ray on human osteoblast and PDL cell
proliferation

Using the BrdU assay, it was shown that the proliferation rate of
primary human osteoblasts was not affected by dental x-ray at any
doses or any time points after irradiation (Fig. 1). Although there were
no differences in the mean percentages of cell proliferation in primary
human osteoblasts, there was a trend for decreased cell proliferation
upon repeated exposures to dental x-ray on day 7 after irradiation.
However, it was not possible to extend the BrdU assay performed in cell
cultures beyond day 7 due to cell confluence over 100%. As a positive
control, treatment with PMA at 10 ng/ml slightly increased the mean
percentages of human osteoblast proliferation on days 1 and 7 after
treatment, but a significant increase in the mean percentage of cell
proliferation was found on day 3 after PMA treatment (P < 0.05;

Fig. 1). In contrast to no effect of dental x-ray on the proliferation of
human osteoblasts, there was a significant decrease in the mean per-
centage of human PDL cell proliferation upon repeated exposures for 20
times, or 42mGy, to periapical radiography on day 3 after irradiation
(P < 0.05; Fig. 2). As a positive control, there were significant in-
creases in the mean percentages of human PDL cell proliferation on
days 1 and 3 after PMA treatment (P < 0.05; Fig. 2).

3.2. No effect of dental x-ray on human osteoblast mineralization

The representative digitized images from four separate experiments
of the two groups, group I (X-Min) and group II (Min-X), irradiated at
any of the three doses (5x, 10x or 20x) illustrated no obvious difference
in color intensity after Alizarin red staining as compared to the control,
i.e., non-irradiated osteoblasts (Fig. 3A). The quantitative analysis of
staining intensities also confirmed no differences in the mean percen-
tages of staining in the two irradiated groups at any doses compared to
that in the control (Fig. 3B).

3.3. Transient decrease in apoptosis of irradiated PDL cells with dental x-
ray

Due to the transiently decreasing effect of dental x-ray at 42mGy on
the proliferation of PDL cells (Fig. 2), we then further explored the
effect of dental x-ray on cell apoptosis by determining mRNA and
protein expressions of an anti-apoptotic gene, BCL-2, and a pro-apop-
totic gene, BAX. Interestingly, instead of promotion of cell apoptosis by
high-dose irradiation (> 1Gy), reported in different types of fibroblasts
(Ding et al., 2005), low-dose irradiation by repeated exposures to dental
x-ray for 20 times, or 42mGy, significantly increased the mean per-
centage of the ratio of BCL-2 to BAX mRNA expression on day 3 after
irradiation compared to that in the negative control, i.e., non-irradiated
PDL cells (P < 0.05; Fig. 4). In comparison to BAX protein expression
in non-irradiated control PDL cells, that in irradiated PDL cells on days
1 and 3 after irradiation was down-regulated in a dose-dependent
manner (Fig. 5A). However, BCL-2 protein expression was approxi-
mately equivalent among different radiation doses and time points
(Fig. 5A). Expression of β-actin was approximately equal among dif-
ferent samples (Fig. 5A). By densitometry of the BCL-2 and BAX protein
bands, consistent with the aforementioned mRNA finding, a significant

Fig. 1. Percentage of cell proliferation in primary human osteoblasts upon re-
peated exposures to conventional dental x-ray for various doses (5x, 10x or 20x)
at different time points (1, 3 or 7 days after irradiation). PMA= treatment with
10 ng per ml of phorbol-13-myristate 12-acetate for 24 h. The proliferation rate
was analyzed by a BrdU assay. Error bars represent standard deviations of four
independent experiments using osteoblasts from four different donors. * =
P < 0.05.

Fig. 2. Percentage of cell proliferation in primary human periodontal ligament
(PDL) cells upon repeated exposures to conventional dental x-ray for various
doses (5x, 10x or 20x) at different time points (1, 3 or 7 days after irradiation).
PMA= treatment with 10 ng per ml of phorbol-13-myristate 12-acetate for
24 h. The proliferation rate was analyzed by a BrdU assay. Error bars represent
standard deviations of four separate experiments using PDL cells from four
different donors. * = P < 0.05.
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increase in the mean percentage of the ratio of BCL-2 to BAX protein
expression was found on day 3 after repeated exposures to dental x-ray
for 20 times (Fig. 5B), although there were trends for a dose-dependent
increase in these ratios in PDL cells on days 1, 3 and 7 after irradiation
(Fig. 5B).

4. Discussion

Although the effects of dental radiation have been shown on certain
cell types of the oral cavity, there is little or no evidence for the effect of
dental x-ray on primary human osteoblasts or PDL cells. In this study,
the proliferation of primary human osteoblasts as assayed by BrdU in-
corporation was not affected by repeated exposures to dental x-ray even
at the maximal dose (20 times or 42mGy), consistent with no sig-
nificant effect of dental x-ray at 40mGy or at 9.1mGy on the pro-
liferation of primary rat osteoblasts from calvarias (Dare et al., 1997) or
of human fetal osteoblasts (Kurt et al., 2016), respectively. However, a
previous study has instead revealed that the expression of cyclin D1, a
marker of cell proliferation, was significantly down-regulated in the
mouse osteoblastic cell line, MC3T3-E1, upon exposure to dental x-ray

at 15mGy (Pramojanee et al., 2012). The reason behind this dis-
crepancy may be due to distinct cellular responses to dental x-ray be-
tween primary osteoblasts used in this study and the others (Dare et al.,
1997) and the osteoblastic cell line.

In contrast to no effect of dental x-ray on osteoblast proliferation,
the proliferation of human PDL cells was significantly, but temporarily,
decreased on day 3 after dental irradiation at the maximal dose
(42mGy), which corresponds with the finding from a recent study
(Truong et al., 2018) that showed a higher percentage of irradiated
NIH3T3 mouse fibroblasts in the G0/G1 phase of the cell cycle than
control non-irradiated fibroblasts on days 1 and 3 after being irradiated
with low-dose x-ray. This suggests an initial pause in cell proliferation
that could be a protective mechanism of the cells to minimize DNA
damage caused by irradiation (Landsverk, Lyng, & Stokke, 2004).
Moreover, the distinct responses to dental x-ray between osteoblasts
and PDL cells reflect different radiosensitivity between two neighboring
mesenchymal cell types within the same field of irradiation and indicate
higher sensitivity to radiation of proliferative cells, such as PDL cells
due to their high turnover rate (Garant, 2003), than more differentiated
cells like osteoblasts. The inhibitory effect on PDL cell proliferation as

Fig. 3. (A) Alizarin red staining for osteoblast
mineralization. Primary human osteoblasts
were divided into two groups: 1) exposure to
dental x-ray for 5, 10 and 20 times (doses)
before induction of mineralization (X-Min) and
2) exposure to dental x-ray for 5, 10 and 20
times (doses) after induction of mineralization
(Min-X). Control= non-irradiated cells. (B)
Percentage of osteoblast mineralization from
dissolving red staining in A by 10% acetic acid
and measured for their absorbance values at
405 nm. Error bars represent standard devia-
tions of four independent experiments using
osteoblasts from four different donors (For in-
terpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article).
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shown by the BrdU assay also verifies the true absence of suppressive
effect on the osteoblast proliferation. Interestingly, the transiently de-
creased proliferation of PDL cells on day 3 after exposure to the max-
imal dose of dental x-ray returned to the normal level on day 7 as
compared to that of the non-irradiated PDL cells, indicating reversible
damage of low-dose dental x-ray and the ability of PDL cells to recover
and resume their normal proliferation rate as shown in Fig. 2.

As a positive control for cell proliferation, PMA treatment distinctly
enhanced proliferation of human osteoblasts and PDL cells on day 3 and

on days 1 and 3, respectively. The reason behind the differences in the
proliferative induction of PMA in two different cell types is due to
distinct rates of cell proliferation between human osteoblasts and PDL
cells (approximately 60 h versus 20 h, respectively; Basdra & Komposch,
1997; Kasperk et al., 1995). In addition, typical cultured cells with
active growth reach their 100% confluence after 7 days in culture;
therefore, the proliferative effect of PMA would not be evident on day 7
possibly due to inhibition of cell proliferation by cell-to-cell contacts
(Xu et al., 2012). The BrdU assay, which directly measures increased
amounts of cellular DNA, is more suitable and sensitive to detect any
changes in terms of cellular proliferation than other colorimetric assays
that use various dyes to analyze the activity of mitochondrial enzymes,
which is instead enhanced by linear energy transfer from ionizing ra-
diation (Spitz, Azzam, Li, & Gius, 2004; Yamamori et al., 2012) that
may cause false findings. Nevertheless, due to the influences of cell
numbers, an extent of S-phase fraction, and an S-phase checkpoint ac-
tivity over BrdU incorporation into newly synthesized DNA strands, the
time course of two dimensional FACS analysis for DNA contents and
BrdU incorporation would provide more accurate information for cell
proliferation. Additional experiments, such as the annexin FACS ana-
lysis, the TUNEL assay, are needed to further verify the diminished
apoptotic potential of irradiated human PDL cells for 20 times observed
on day 3.

Similar to no effect of dental x-ray on osteoblast proliferation, the
ability of primary human osteoblasts to deposit calcified nodules as
shown by Alizarin red staining was also unaffected by dental x-ray at
any of the three doses (10.5, 21 or 42mGy), which is in agreement with
a previous finding that showed no significant effect of x-ray at 40mGy
on mineralization as determined by alkaline phosphatase activity or
von Kossa staining in the MC3T3-E1 cell line and rat osteoblasts (Dare
et al., 1997). Therefore, it is reasonable to assume that the low-dose
dental x-ray has no inhibitory effect on mineralization determined by
various techniques in the osteoblastic cell lines or primary osteoblasts
from different species. It is interesting to note that irradiation with

Fig. 4. Percentage of the ratios of BCL-2 to BAX mRNA expressions in primary
human periodontal ligament (PDL) cells upon repeated exposures to conven-
tional dental x-ray for various doses (5x, 10x or 20x) at different time points (1,
3 or 7 days after irradiation). The ratio of BCL-2 to BAX mRNA expression was
computed in each sample in comparison to that of non-irradiated control cells,
set to 100%. Error bars represent standard deviations of four separate experi-
ments using PDL cells from four different donors. * = P < 0.05.

Fig. 5. Representative blots (A) of BCL-2, BAX and β-actin
expressions in primary human periodontal ligament (PDL)
cells from one donor after repeated exposures to conventional
dental x-ray for various doses (5x, 10x or 20x) at different time
points (1, 3 or 7 days after irradiation). Percentage (B) of the
ratios of BCL-2 to BAX expressions normalized by β-actin ex-
pression in primary human PDL cells. The ratio of BCL-2 to
BAX protein expression in each sample was computed in
comparison to that of non-irradiated control cells, set to 100%.
Error bars represent standard deviations of four separate ex-
periments using PDL cells from four different donors. * =
P < 0.05.
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digital x-ray at a very low dose (0.781mGy) enhanced the alkaline
phosphatase activity in human fetal osteoblasts (Kurt et al., 2016).
However, the doses of conventional x-ray, also used in diagnosis similar
to digital x-ray, are higher than those of the digital x-ray; it is, therefore,
not possible for us to determine the promoting effect on mineralization
of such a very low dose from using the conventional x-ray in this study.
In addition to no effect of various x-ray doses on mineralization, the
mineralization ability of primary human osteoblasts was unaffected by
two different conditions designed to mimic heterogeneous populations
of osteoblasts in human alveolar bone, including exposure to x-ray
before induction of mineralization (X-Min) and exposure to x-ray after
induction of mineralization (Min-X).

It is worthwhile to note the significant, but transient, increases in
the mean ratios of BCL-2 to BAX expressions at both mRNA and protein
levels on day 3 after exposure to dental x-ray at 42mGy in human PDL
cells (Figs. 4 and 5, respectively), implying that low-dose irradiation
temporarily diminishes apoptosis of PDL cells. These significant in-
creases coincide with the significantly transient decrease in PDL cell
proliferation (Fig. 2). These findings may imply a cellular phenomenon,
known as a radioadaptive response, an acquirement of cellular re-
sistance to the genotoxic effects of radiation. To survive oxidative stress
and deleterious effects from radiation, cells usually activate the pro-
grammed defense system through various mechanisms depending on
organisms and cell types (Barcellos-Hoff, 1998), such as transcriptional
activation of early response genes together with the reduction of
apoptotic cell death (Sasaki et al., 2002). BCL-2, which is an anti-
apoptotic protein, antagonizes the activity of BAX, a pro-apoptotic
protein, by forming the BCL-2/BAX heterodimer. An alteration in the
ratio of BCL-2 to BAX protein expression relates to changing in the
mitochondrial membrane potential (Δψ) (Zhang, Yu, Park, Kinzler, &
Vogelstein, 2000). When the ratio is low, it induces loss of Δψ and re-
leases cytochrome c into the cytoplasm, which activates caspase-3
function leading to cellular apoptosis (Schmidt-Ullrich, Dent, Grant,
Mikkelsen, & Valerie, 2000). In contrast, if the ratio is increased as
shown in this study (Figs. 4 and 5), it may represent the radioadaptive
protection of irradiated human PDL cells after being exposed to low-
dose ionizing radiation (< 100mGy) in mammalian cells, as suggested
by Sasaki (1995) and Shadley (1994). Accordingly, low-dose irradiation
(75mGy) has been recently shown to relieve cardiotoxicity from
treatment with doxorubicin by inhibition of cardiomyocyte apoptosis
(Jiang et al., 2018), which is in line with a tendency of higher BCL-2/
BAX mRNA and protein ratios observed in irradiated PDL cells on day 1
than those in the non-irradiated cells (Figs. 4 and 5). Consistent with a
finding from the previous study (Pramojanee et al., 2012), which
showed that the maximal dose at 15mGy had no effect on protein ex-
pressions of BCL-2 or BAX in the MC3T3-E1 cell line, our result also
demonstrated that there were no differences in the ratios of BCL-2 to
BAX mRNA or protein expressions in irradiated PDL cells at 10.5 mGy
(5 repeated exposures) compared to those of non-irradiated PDL cells at
any time points (Figs. 4 and 5).

During irradiation, monolayers of both osteoblasts and periodontal
cells were cultured in vitro without other tissue structures that may help
absorb dental x-ray and reduce its actual dosage on these cells as it
passes through the tissue. Therefore, the generalizability of our in vitro
findings for clinical scenarios should be carefully interpreted as the cells
would probably react to the x-ray differently in the tissue context.
Moreover, three limitations are noted from this study. The first is the
use of primary human osteoblasts harvested from the long bone rather
than the alveolar bone due to a considerable number of osteoblasts from
each donor required to complete the proliferation and mineralization
assays for various doses of dental x-ray at different time points after
irradiation designed in this study. It is not possible for us to isolate such
large numbers of osteoblasts from the alveolar bone. However, it is
noteworthy that the doubling time and the expressions of alkaline
phosphatase and osteocalcin between osteoblasts from different origins
are different (Kasperk et al., 1995), especially from intramembranous

alveolar bones versus endochondral long bones, and these discrepancies
require a further study to address the differential effects of dental x-ray
on different types of osteoblasts. The second is the use of heterogeneous
populations of periodontal cells that were only characterized by visual
assessment, not by analyses of marker gene expressions, which were
conducted to fully characterize osteoblasts mentioned in the Section
2.1. The third is the selection of GAPDH gene as a reference gene in this
study. Although this gene was used previously in another study
(Truntipakorn et al., 2017), it does not imply that the expression of
GAPDH is stable during multiple x-ray exposures, and, therefore, may
not be optimal for target gene normalization. Furthermore, the findings
from melting curve analysis and western blot hybridization only
showed the specificity, but not the stability of GAPDH detection. To
address this issue, a separate analysis, as performed by Kirschneck
et al., 2017, based on several candidate reference genes, is required for
irradiated PDL cells, since it has been previously demonstrated that the
expression of GAPDH is not as stably expressed as desirable for nor-
malization purposes (Kirschneck et al., 2017).

5. Conclusion

Multiple exposures to conventional dental x-ray in the full-mouth
intraoral radiography had no effect on the proliferation or the miner-
alization of primary human osteoblasts. However, multiple exposures to
dental x-ray for 20 times (42mGy) temporarily decreased the pro-
liferation of primary human PDL cells on day 3 after irradiation, which
coincided with a transient reduction in the apoptotic potential, as evi-
denced by a significant increase in the ratios of BCL-2 to BAX mRNA
and protein expressions. The transiently reduced proliferation of PDL
cells returned to the normal level on day 7. Therefore, dental x-ray is
relatively safe in terms of the clinical deterministic effect for patients
even with the full-mouth intraoral radiography, but precaution and care
should be taken if the radiography has to be repeated within one week.
In addition, the risk of carcinogenesis from the stochastic effect of
dental x-ray, which is not determined in this study, is still concerned.
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A B S T R A C T

Objective: To determine the matrix metalloproteinase-2 (MMP-2) levels in root-canal exudates from teeth un-
dergoing root-canal treatment.
Material and methods: The root-canal exudates from six teeth with normal pulp and periradicular tissues that
required intentional root canal treatment for prosthodontic reasons and from twelve teeth with pulp necrosis and
asymptomatic apical periodontitis (AAP) were sampled with paper points for bacterial culture and aspirated for
the detection of proMMP-2 and active MMP-2 by gelatin zymography and the quantification of MMP-2 levels by
ELISA.
Results: By gelatin zymography, both proMMP-2 and active MMP-2 were detected in the first collection of root-
canal exudates from teeth with pulp necrosis and AAP, but not from teeth with normal pulp, and their levels
gradually decreased and disappeared at the last collection. Consistently, ELISA demonstrated a significant de-
crease in MMP-2 levels in the root-canal exudates of teeth with pulp necrosis and AAP following root canal
procedures (p < 0.05). Furthermore, the MMP-2 levels were significantly lower in the negative bacterial culture
than those in the positive bacterial culture (p < 0.001).
Conclusions: The levels of MMP-2 in root-canal exudates from teeth with pulp necrosis and AAP were gradually
reduced during root canal procedures. Future studies are required to determine if MMP-2 levels may be used as a
biomolecule for the healing of apical lesions, similar to the clinical application of MMP-8 as a biomarker.

1. Introduction

Pulpal infection and periradicular lesions are caused by oral mi-
croorganisms (Kakehashi, Stanley, & Fitzgerald, 1965; M& ller,
Fabricius, Dahlén, Ohman, & Heyden, 1981). In the process, invading
microbes activate human immune responses, including both protective
and destructive reactions that lead to pulpitis and eventually total pulp
necrosis. If untreated, destruction of the bone surrounding the root apex
of the affected tooth ensues (Nair, 1997). In order to prevent or manage
the periradicular lesions, root-canal treatment is indicated. A major aim
of this treatment is to eliminate bacteria and their byproducts from the
root-canal system through mechanical cleansing and chemical irriga-
tion (Bystrom, Happonen, Sjogren, & Sundqvist, 1987; Nair, 2004).

A bacterial culture from the root-canal exudate has been regarded in
the past by some clinicians and researchers to predict the successful

outcome of treatment. However, bacterial culture is a time-consuming
process and is costly if anaerobic culture is required to grow fastidious
bacteria (Sathorn, Parashos, &Messer, 2007). Therefore, host-derived
biomolecules from apical tissues and root-canal exudates would be an
alternative for prediction of treatment outcomes.

In the pathogenesis and the healing processes of periradicular le-
sions, a number of biomolecules are involved, such as the family
members of Zn2+-dependent matrix metalloproteinases (MMPs)
(Marton & Kiss, 2000; Nair, 2004). MMPs are capable of degrading ex-
tracellular matrix and basement membrane constituents (Birkedal-
Hansen et al., 1993; Visse & Nagase, 2003). MMPs play an important
role in several physiological phenomena, as well as in pathological
conditions, such as atherosclerosis, rheumatoid arthritis, recurrent
aphthous ulcers, periodontitis and apical periodontitis (Hannas,
Pereira, Granjeiro, & Tjaderhane, 2007; Makela, Salo, Uitto, & Larjava,
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1994; Malemud, 2006; Mantyla et al., 2003; Sorsa, Tjaderhane, & Salo,
2004; Sousa et al., 2014). In particular, MMP-2, or gelatinase A, is a 72-
kDa enzyme known to degrade type IV collagen, a major component
found in the basement membrane. This enzyme plays a predominant
role in the regulation of angiogenesis and inflammation. MMP-2 is ex-
pressed in inflamed pulp tissue and periradicular pathosis, and thus
plays an important role in inflammation (Corotti et al., 2009; Letra
et al., 2013; Shin, Lee, Baek, & Lim, 2002).

In addition to MMP-2, MMP-8, a 75-kDa neutrophil collagenase, is
found in inflamed connective tissue. MMP-8 is activated by autolytic
cleavage and its function is to degrade collagen types I, II and III. MMP-
8 up-regulation is demonstrated in inflamed pulp and periradicular
lesions, and its levels are raised in root-canal exudates (Wahlgren et al.,
2002). Therefore, it is suggested that elevated MMP-8 levels could be
used to indicate ongoing inflammation in the apical tissue, reflecting
the success of root-canal treatment. However, there is a paucity of in-
formation regarding the levels of human MMP-2 in root-canal exudates
and little is known about the changes in MMP-2 and MMP-8 levels in
the root-canal exudates of human teeth undergoing root canal proce-
dures. Therefore, the objective of this study was to detect the presence
of MMP-2 in root-canal exudates of human teeth, diagnosed with
normal pulp and periradicular tissues or with pulp necrosis and
asymptomatic apical periodontitis (AAP). Furthermore, the alterations
in MMP-2 and MMP-8 levels were investigated during each treatment
visit and compared with bacterial culture results.

2. Materials and methods

2.1. Patients

Eleven patients (age range: 17–69 years old) scheduled for root
canal treatment at the Department of Restorative Dentistry and
Periodontology, Faculty of Dentistry, Chiang Mai University, were in-
cluded in this study. A total of twelve teeth, having only one root canal,
which were diagnosed with pulp necrosis and AAP from nine patients
and six teeth, having only one root canal, which were diagnosed with
normal pulp and periradicular tissues that required root-canal therapy
for prosthodontic reasons from two patients were selected. Patients
with underlying systemic diseases were excluded from this study.
Clinical and radiographic examinations were conducted, and the diag-
nosis was based on clinical symptoms, vitality testing and radiographic
interpretation, according to the guidelines of the American Association
of Endodontists (Glickman, 2009). Teeth with pulp necrosis and AAP
responded negatively to pulp testing, and their radiographic findings
showed a radiolucent lesion or loss of lamina dura; patients had no pain
on percussion. Teeth with normal pulp responded positively to pulp
testing and radiographs showed an intact lamina dura without thick-
ening of periodontal ligament space. All root-canal exudates were col-
lected at baseline and during each treatment visit; all procedures were
performed with the approval of the Human Experimentation Com-
mittee, Faculty of Dentistry, Chiang Mai University. Informed consent
was obtained from all patients prior to sample collection.

2.2. Sample collection

Access to the pulp was achieved using sterile dental burs under
dental dam isolation. Radiographic images and an electrical apex lo-
cator were used to determine the root-canal length. All root canals were
instrumented with a step back technique using master apical files to at
least size 40. During instrumentation, the canals were disinfected with
5.25% sodium hypochlorite (NaOCl), and the smear layer was removed
by 17% EDTA, using passive ultrasonic irrigation for one minute and a
final rinse with 5.25% NaOCl. Root canals were dried with sterile paper
points, and a sterile dry cotton pellet dampened with camphorated
monochlorophenol (CMP) was placed in the pulp chamber. The access
cavity was sealed with Cavit-G (3M ESPE, St. Paul, MN, USA). All

patients were recalled within a few days, and the temporary filling and
the medicated cotton pellet were removed using an aseptic technique. A
10-μl quantity of sterile buffer, containing 50 mM Tris-HCl pH 7.5,
0.15 M NaCl and 1 mM CaCl2, was added into the root canal for two
minutes, and the same volume was aspirated from each root-canal
exudate and transferred to an eppendorf tube, containing 40 μl of the
same buffer to dilute the exudate fivefold. This dilution was chosen
from data obtained in a pilot study that showed two clear and discrete
gelatinolytic bands between proMMP-2 and active MMP-2. A sterile
paper point was inserted into the canal, left for 30 s, and then put in the
tube, containing thioglycollate medium that was further incubated at
37 °C for a standard protocol of bacterial culture. The canal was rinsed
with NaOCl and dried. For the teeth with normal pulp, the root canals
were filled in this visit, but for those with pulp necrosis and AAP, cal-
cium hydroxide paste, pH 12.5 (Biocalc, Orion, Helsinki, Finland) was
placed into the canal and the cavity was sealed. After two weeks, the
paste in the root canal was removed and replaced with a sterile dry
cotton ball dampened with CMP. A few days later, the procedure for
collection of root-canal exudates was repeated and the collections were
continued until the bacterial culture was negative. The root canals were
filled with gutta-percha and zinc oxide-eugenol sealer (Tubliseal EWT,
Kerr Co., Romulus, MI, USA) using cold lateral compaction in the next
appointment. All collected root-canal exudates were stored at −80 °C
for further analysis.

2.3. Gelatin zymography

Total protein concentrations of all root-canal exudates were de-
termined by the Bio-Rad Protein assay kit (Bio-Rad Laboratories,
Hercules, CA, USA), based on the method of Bradford (Bradford, 1976),
and expressed in units of mg/ml. An equal amount of total protein from
each root-canal exudate was loaded in each lane for detection of MMP-2
activity by gelatin zymography as described previously (Pattamapun,
Tiranathanagul, Yongchaitrakul, Kuwatanasuchat, & Pavasant, 2003).
Briefly, the root-canal exudates and the conditioned medium collected
from primary human periodontal ligament cells, treated with 10 ng/ml
of Concanavalin A (Sigma-Aldrich, St. Louis, MO, USA) for 24 h as a
positive control for the presence of proMMP-2 and active MMP-2
(Kawagoe, Tsuruga, Oka, Sawa, & Ishikawa, 2013; Overall et al., 2000),
were mixed with non-reducing sample buffer, containing 0.5 M Tris-
HCl pH 6.8, glycerol, 10% sodium dodecyl sulfate (SDS) without β-
mercaptoethanol, and loaded onto 0.1% gelatin-containing SDS-poly-
acrylamide gel electrophoresis along with the molecular weight mar-
kers (Bio-Rad Laboratories) at 100 V for two h. Following electro-
phoresis, the gels were gently washed with buffer, containing 2.5%
Triton-X100 (Sigma-Aldrich) at room temperature three times for
30 min each to remove SDS, and then incubated in activating buffer,
containing 0.15 M NaCl, 10 mM CaCl2, 50 mM Tris-HCl pH 7.5, 0.1%
Brij-35, at 37 °C for 20 h. The gels were stained with 2.5% Coomassie
Brilliant Blue R-250 (Sigma-Aldrich) in 30% methanol and 10% acetic
acid, and then de-stained for 30 min in 5% methanol and 7.5% acetic
acid. The digitized images of the gelatin zymograms were captured
using a LaserJet M1522 MFP Series PCL scanner (Hewlett-Packard, Palo
Alto, CA, USA), and the intensities of proMMP-2 and active MMP-2
bands were measured by Scion Image software version beta 4.0.3 (Scion
Corporation, Rockville, MA, USA). The ratios of active MMP-2 to
proMMP-2 were determined for all root-canal exudate samples.

2.4. Sandwich ELISA for MMP-2 and MMP-8 measurements

The levels of total MMP-2, including proMMP-2 and active MMP-2,
and of MMP-8 in the root-canal exudates were determined by the
human MMP-2 Immunoassay kit (Quantikine, R & D Systems, Inc.,
Minneapolis, MN, USA) and by the human total MMP-8 kit (Quantikine,
R & D Systems, Inc.), respectively, according to the manufacturer’s in-
structions. Briefly, the root-canal exudates were first diluted with the
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Calibrator Diluent RD5-10 buffer at 1:10 for MMP-2 measurement, and
further diluted with the same buffer at 1:2 for MMP-8 measurement. A
50-μl quantity of each root-canal sample and of the standards was as-
sayed in duplicate in 96-well plates, coated with a captured antibody
against either MMP-2 or MMP-8. Then, a 150-μl quantity of the Assay
Diluent RD1-52 buffer was added into each well and incubated for two
h at room temperature on an orbital shaker. Thereafter, the wells were
washed four times and 200 μl of horseradish peroxidase-conjugated
detection antibody against either MMP-2 or MMP-8 was added into
each well and incubated for two h at room temperature on the shaker.
Subsequently, the wells were washed four times and left to air-dry. A
200-μl quantity of the substrate solution was added to each well and
incubated for 30 min at room temperature under light protection, fol-
lowed by the addition of 50 μl stop solution. The absorbance value of
each sample was measured within 30 min at 450 nm with the correc-
tion wavelength at 540 nm using a microplate reader (Sunrise™ TECAN
Group Ltd., Mannedorf, Switzerland), and the concentrations of total
MMP-2 and MMP-8 in ng/ml were determined from their standard
curve. The concentration of total MMP-2 and that of MMP-8 were
normalized by the total protein concentration in each sample and ex-
pressed as ng/mg.

2.5. Statistical analysis

The Friedman test and the Wilcoxon Signed Ranks test were used to
determine the differences in the ratio between the intensities of active
MMP-2 and those of proMMP-2 and in the levels of total MMP-2 and
MMP-8 in the root-canal exudates between different appointments. The
Mann Whitney U test was used to compare the MMP-2 and MMP-8
levels between the negative and the positive bacterial culture results.
The analyses were performed using the Statistical Package for Social
Sciences (SPSS) version 17.0 for Windows (IBM, Inc., Chicago, IL, USA),
and p-values less than 0.05 were considered statistically significant.

3. Results

3.1. Bacterial culture findings

For the first collection of root-canal exudates, no evidence of mi-
crobial growth was found in any exudate samples from six teeth with
normal pulp and periradicular tissues, whereas eight out of the twelve
exudate samples (8/12 = 67%) from teeth with pulp necrosis and AAP
were positive for microbial growth. However, all root-canal exudate
samples from teeth with pulp necrosis and AAP were negative for mi-
crobial growth in the last collection before root-canal obturation.

3.2. Decreased expression of proMMP-2 and active MMP-2 upon
endodontic treatment

Using gelatin zymography, two clear gelatinolytic bands of
proMMP-2 and active MMP-2 at the predicted molecular weights, 72
and 62 kDa, respectively, were detected in the first collection of root-
canal exudates from all teeth with pulp necrosis and AAP, whereas no
clear band was detectable in those from any teeth with normal pulp and
periradicular tissues (Fig. 1), although total protein concentrations
were equivalent among the different root-canal exudate samples. In
addition, the sizes of these two gelatinolytic bands were comparable to
those of the two clear bands detected in the conditioned medium of
cultured periodontal ligament cells treated with Concanavalin A (Fig. 1;
Kawagoe et al., 2013; Overall et al., 2000). The intensities of proMMP-2
and active MMP-2 bands in the root-canal exudates were gradually
decreased in the subsequent collections, and these bands were virtually
absent in the last collection before root-canal obturation (Fig. 1). Using
densitometry, the median ratios of the intensities between active MMP-
2 and proMMP-2 gradually decreased from the first to the last collection
(Fig. 2), and significant reductions in these ratios were found between

the first and the third or the fourth collections (p < 0.01) and between
the second and the third or the fourth collections (p < 0.05).

3.3. Significant reduction of total MMP-2 and MMP-8 levels upon root-
canal therapy

To further verify the zymogram results in Figs. 1 and 2, an ELISA
was conducted to quantitatively measure the levels of total MMP-2 in
the root-canal exudates collected from teeth diagnosed with pulp ne-
crosis and AAP because no gelatinolytic bands were detected for either
proMMP-2 or active MMP-2 in the root-canal exudates of teeth with
normal pulp and periradicular tissues (Fig. 1). The ELISA result de-
monstrated a gradual and significant decrease in the median levels of

Fig. 1. Detection of proMMP-2 and active MMP-2 by gelatin zymography. The root-canal
exudates from six teeth with normal pulp and periradicular tissues (N1-N6; upper panel)
and the representative root-canal exudates from two teeth (A and B; lower panel), di-
agnosed with pulp necrosis and asymptomatic apical periodontitis (AAP) from three
collections (1–3), along with the conditioned medium collected from human periodontal
ligament cells, treated with 10 ng/ml of Concanavalin A (PDL + Con A) for 24 h as a
positive control, were resolved by 0.1% gelatin-containing non-reducing gel electro-
phoresis as described in Materials and Methods. Note the absence of two clear gelatino-
lytic bands for proMMP-2 and active MMP-2 in the root-canal exudates from normal pulp
and periradicular tissues, whereas these bands, detected in the root-canal exudates from
the first collection, were gradually decreased upon treatment.

Fig. 2. Significant reduction in the ratios between active MMP-2 and proMMP-2 upon
root-canal treatment. The intensities of the two clear gelatinolytic bands for proMMP-2
and active MMP-2 in Fig. 1 were measured from the root-canal exudates of twelve teeth
with pulp necrosis and asymptomatic apical periodontitis from the first to the fourth
collection in two teeth or from the first to the third collection for the remaining ten teeth
depending on the bacterial culture result. Then, the ratios between active MMP-2 and
proMMP-2 (Active/ProMMP-2) were calculated in each exudate sample and plotted on
the y-axis of the box plot graph. The median ratio for each collection is indicated in the
graph. The black circles and the small asterisks are outlier and extreme values, respec-
tively.

K. Pattamapun et al. Archives of Oral Biology 82 (2017) 27–32

29



total MMP-2 (p < 0.05) in the root-canal exudates upon endodontic
treatment (Fig. 3A). In addition, the total MMP-2 level was not de-
tectable at all in the last collection prior to root-canal filling (Fig. 3A).
Similarly to the gradual and significant reduction of total MMP-2 levels
upon root-canal treatment, the median levels of total MMP-8 in the
root-canal exudates of teeth with pulp necrosis and AAP were also
gradually and diminished significantly by root-canal treatment
(p < 0.01), and very low levels of total MMP-8 were detected in the
last collection (Fig. 3B). Interestingly, the levels of total MMP-8 were
approximately tenfold higher than those of total MMP-2.

3.4. Low levels of total MMP-2 and MMP-8 in agreement with the negative
bacterial culture

Since the root-canal exudates were also sampled for bacterial cul-
ture as one of the indicators before root-canal obturation, the differ-
ences in both total MMP-2 and MMP-8 levels between the negative and
the positive bacterial culture results were determined. The median level
of total MMP-2 (Fig. 4A) and that of MMP-8 (Fig. 4B) were significantly
lower in the negative bacterial culture than in the positive culture
(p < 0.001), suggesting that both decreased levels of MMP-2 and
MMP-8 and the negative bacterial culture reflect a possible decrease in

inflammation in the periradicular tissues after elimination of microbial
infection within the root-canal system, which may then result in
healing.

4. Discussion

In this study, an investigation for the MMP-2 levels in the root-canal
exudates collected at various times during root-canal therapy from
teeth diagnosed with pulp necrosis and AAP was performed by both
gelatin zymography and ELISA. The results from both assays showed a
similar trend for gradual and significant reduction in the ratios between
active MMP-2 and proMMP-2 and in the total MMP-2 levels in the root-
canal exudates. Interestingly, both MMP-2 ratios and levels were not
measurable at the last exudate collection prior to root-canal obturation,
corresponding with the negative bacterial culture. Therefore, in addi-
tion to the negative bacterial culture, the absence of MMP-2 in the root-
canal exudates may be considered a possible indicator for when to fill
the root canal. As a negative control, both active MMP-2 and proMMP-2
bands at their expected sizes were not detectable in the root-canal
exudates collected from teeth with normal pulp and periradicular tis-
sues, although total protein concentrations in these exudate samples

Fig. 3. Significant decrease in total MMP-2 and MMP-8 levels in the root-canal exudates
upon root-canal treatment. The levels of total MMP-2 (A) and MMP-8 (B) in units of ng/
mg on the y-axis were determined by ELISA in the root-canal exudate samples from
twelve teeth with pulp necrosis and asymptomatic apical periodontitis and normalized by
their total protein concentration in each sample. The median levels of total MMP-2 (A)
and MMP-8 (B) for each collection from the first to the fourth collection are indicated in
the graphs. The black circle and the small asterisks are outlier and extreme values, re-
spectively.

Fig. 4. Significantly lower MMP-2 and MMP-8 levels in the negative bacterial culture
than those in the positive bacterial culture. The levels of total MMP-2 (A) and MMP-8 (B)
in the root-canal exudate samples from twelve teeth with pulp necrosis and asymptomatic
apical periodontitis were normalized by their total protein concentration in units of ng/
mg and plotted on the y-axis of the box plot graphs. All exudate samples were categorized
into two groups, the negative bacterial culture group and the positive bacterial culture
group on the x-axis, irrespective of the different periods of collection. The median levels
of total MMP-2 (A) and MMP-8 (B) for the negative and the positive bacterial culture are
indicated in the graphs. The black circles are outlier values. *** p < 0.001.

K. Pattamapun et al. Archives of Oral Biology 82 (2017) 27–32

30



were measurable, confirming a true negative finding. The reason for
collecting the exudates from teeth with normal pulp and periradicular
tissues only one time is that it would be inappropriate to delay the root-
canal obturation for intentional root-canal therapy. Moreover, the
reason to evaluate MMP levels in exudates collected from patients with
pulp necrosis rather than with irreversible pulpitis (Wahlgren et al.,
2002) was to determine the effect of instrumentation and chemical
debridement on the removal of residual microorganisms, which are
more likely to be present in dentinal tubules of teeth diagnosed with
pulp necrosis rather than those with irreversible pulpitis, following the
reduction of both MMP-2 and MMP-8 levels.

The levels of total MMP-2 in the negative bacterial culture were
much lower than those in the positive bacterial culture, suggesting that
the MMP-2 levels in the root-canal exudates may reflect the degrees of
inflammation in the apical tissues that are induced by the presence of
microbial infection in the root-canal system. In other words, if the
bacteria in the root-canal system are effectively eliminated, the in-
flammation should subside, resulting in lower levels of inflammation-
related molecules, like MMP-2, and eventual healing. One of the main
purposes for root-canal treatment in teeth with pulp necrosis is to ef-
fectively eliminate the bacteria and their byproducts within the root-
canal system (Bystrom et al., 1987), and disinfected root canals can
then no longer stimulate the inflammation in the periradicular tissues
leading to a decrease in MMP-2 synthesis and activation in the root-
canal exudates.

Similar to the significant reduction of MMP-2 in the root-canal
exudates upon root-canal therapy, the MMP-8 levels in the root-canal
exudates were also significantly decreased, consistent with the findings
from some previous studies conducted in both animals and humans
(Ding et al., 1997; Paula-Silva, da Silva, & Kapila, 2010; Sorsa et al.,
1999; Wahlgren et al., 2002). These studies have proposed MMP-8 as a
biomarker for the healing of apical tissue. Therefore, it may be possible
to introduce MMP-2 as another biomolecule that could potentially be
applied in the clinical setting as a biomarker for the healing of the
periradicular tissue. However, the cell types that produce and secrete
MMP-2 and MMP-8 are different. In particular, MMP-8 is pre-
dominantly released from neutrophils that migrate into the periradi-
cular tissue during inflammation (Sousa et al., 2014), whereas MMP-2
is mainly synthesized by a mesenchymal cell lineage, such as period-
ontal ligament cells (Birkedal-Hansen et al., 1993; Birkedal-Hansen,
1993; Hipps et al., 1991). Moreover, proMMP-2 entrapped in the dentin
matrix (Mazzoni et al., 2007, 2009) can be possibly detached and
present in root-canal exudates upon mechanical instrumentation and
chemical debridement. ProMMP-2, irrespective of its sources (dentin
matrix or periodontal ligament cells), can be converted into an active
form by bacterial enzymes and acidic byproducts during the state of
inflammation at the periapical tissues. Therefore, it is not critical to
determine the source of MMP-2, but it would rather be interesting to
examine levels of active MMP-2 in root-canal exudates as shown by
gelatin zymography in this study. It is possible that reduced levels of
active MMP-2 would be clinically useful for an appropriate time of root-
canal obturation.

MMP-2 has been demonstrated to be expressed in dog periodontal
ligament cells by immunohistochemistry and its expression is reduced
upon root-canal treatment as well (Corotti et al., 2009). Furthermore,
human periodontal ligament cells can produce and secrete proMMP-2 in
vitro, which is later converted into active MMP-2 by proteases secreted
from Porphyromonas gingivalis (Grayson, Douglas, Heath,
Rawlinson, & Evans, 2003) and the culture supernatants of Porphyr-
omonas gingivalis via induction of membrane type 1-matrix metallo-
proteinase (Pattamapun et al., 2003) and Aggregatibacter actinomyce-
temcomitans through reduction of the secretion of tissue inhibitor of
metalloproteinase-2 (Tiranathanagul, Pattamapun, Yongchaitrakul, &
Pavasant, 2004). Therefore, it is interesting to further examine the
relationship between diminished levels of active MMP-2 and those of
bacterially-derived proteases in root-canal exudates upon endodontic

treatment.
The reason we did not investigate MMP-9 in root-canal exudates

although it is mainly produced by inflammatory cells was because the
gelatinolytic bands at the expected size of MMP-9 were faint and in-
consistently detected in the root-canal exudates by gelatin zymography
(data not shown). As a result, MMP-8 was selected as a known bio-
molecule for the state of apical inflammation in the root-canal exudates
(Wahlgren et al., 2002). In addition to the analyses of MMP-8 levels in
the root-canal exudates examined in previous studies (Shin et al., 2002;
Wahlgren et al., 2002), the present investigation into the MMP-2 levels
in the root-canal exudates is well justified because these two MMPs are
synthesized by different cell types and the measurement of MMP-2 le-
vels in parallel with that of MMP-8 levels could be sufficiently sensitive
to detect any low grade, residual inflammation that still remains in the
periradicular tissue. Consequently, it is possible that the development
of a chair-side diagnostic tool to simultaneously measure the levels of
both MMP-2 and MMP-8 in the root-canal exudates could be clinically
helpful to reflect the degree of inflammation at the apical tissue. This
may be beneficial for clinicians to determine the appropriate time for
root-canal obturation. It is worthwhile to note that some exudate
samples from teeth with pulp necrosis and AAP were not positive for
microbial growth in the first collection. This may be because the
aerobic culture performed in this study was not able to grow un-
cultivable anaerobes in the root-canal exudates, and our culture tech-
nique can be considered one of the limitations. Therefore, the proposed
diagnostic tool could replace the time-consuming bacterial culture with
more reliability and effectiveness in clinical practice.

In summary, MMP-2 and MMP-8 were detected in the root-canal
exudates from teeth with periradicular lesions and their levels were
gradually reduced upon root-canal treatment. The reduction of both
MMP-2 and MMP-8 levels may imply that both biomolecules have a
potential to be developed as biomarkers for the healing of periradicular
lesions and may possibly lead to the development of a chair-side di-
agnostic tool similar to the ones developed for gingival crevicular fluid
in periodontitis (Mantyla et al., 2003; Sorsa et al., 1999) and for peri-
implant sulcular fluid in peri-implantitis (Sorsa et al., 1999).
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Periodontal Ligament Proliferation and Expressions of Bone Biomolecules upon 

Orthodontic Preloading: Clinical Implications for Tooth Autotransplantation 

Objectives: Preservation of periodontal ligament (PDL) is vital to the success of tooth 

autotransplantation (TAT). Increased human PDL amounts and facilitated tooth extraction 

have been observed upon orthodontic preloading. However, it is unclear whether there would 

be any changes in expressions of bone biomolecules in the increased PDL volumes. This 

study aimed to determine the expressions of Runt-related transcription factor 2 (RUNX2), 

alkaline phosphatase (ALP), receptor activator of nuclear factor kappa-Β ligand (RANKL) 

and osteoprotegerin (OPG) in human PDL upon preloading. 

Materials and Methods: Seventy-two premolars from 18 participants were randomly 

assigned to experimental groups that received a leveling force for one, two or four weeks or 

to a control unloaded group. Following extraction, PDL volumes from 32 premolars of eight 

participants (21.0±3.8 years) were evaluated using toluidine blue staining. The expressions of 

the biomolecules in PDL from 40 premolars of ten participants (21.4±4.0 years) were 

analyzed by immunoblotting. 

Results: The median percentage of stained PDL was significantly increased at two and four 

weeks compared to the unloaded (p<0.05). The median RUNX2 and ALP expressions were 

significantly higher in the loaded PDL at two and four weeks than those in the unloaded 

(p<0.05), whereas the median RANKL to OPG ratios were significantly increased upon 

preloading at one and four weeks (p<0.05). 

Conclusions: Orthodontic preloading for four weeks enhances the amounts of PDL tissue 

together with the RUNX2 and ALP expressions and the RANKL/OPG ratio in the PDL, 

suggesting that this loading period is suitable for successful TAT. 
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Introduction 

Preservation of vital periodontal ligament (PDL) on a donor tooth is a key factor for 

successful tooth autotransplantation (TAT).1 The PDL attached to the root surface contains 

several cell types essential for prevention of root resorption.2 PDL injuries often occur during 

extraction of the donor teeth, leading to root resorption and ankylosis, which result in 

unsuccessful TAT.3 Two main tissues involved in TAT healing comprise PDL and alveolar 

bone. For the healing of PDL after TAT, proliferative fibroblasts are the most prevalent cell 

type within the PDL responsible for production and alignment of collagen fiber bundles, 

whereas the bone remodeling process that begins with bone resorption by osteoclasts coupled 

with bone formation by osteoblasts is essential for the healing of alveolar bone.2 In addition 

to the synthesis and organization of collagen fibers, the proliferative PDL fibroblasts secrete 

various bone mediators that control osteoblast and osteoclast differentiation in response to 

mechanical stresses.4 

Several bone mediators have been studied during orthodontic tooth movement and 

their levels are changed in the PDL of animals and humans.5-8 Among these mediators, Runt-

related transcription factor 2 (RUNX2)5, 9 and alkaline phosphatase (ALP)9-11 are commonly 

used to monitor osteoblast differentiation under mechanical stresses. RUNX2 is a specific 

transcription factor that activates mesenchymal cells of the bone marrow leading to their 

differentiation into osteoblasts. Additionally, this transcription factor can regulate osteoblast 

maturation.6 ALP is commonly used to assess osteoblasts’ phenotypic development,12 whose 

expression reflects an early stage of osteoblastic differentiation.11 Osteoblasts also directly 

regulate osteoclast activity during bone remodeling.10 Osteoblastic lineage cells express 

receptor activator of nuclear factor kappa-Β ligand (RANKL),13 one of the key factors 

mediating osteoclastogenesis that is regarded as an osteoclastic biomarker.10 RANKL triggers 

osteoclast formation and activity once it binds to its specific receptor, called RANK, on the 



osteoclast precursor cell membrane. To exert further control, osteoblasts also produce a 

potent inhibitor of RANKL, osteoprotegerin (OPG),14 which is a member of the tumor 

necrosis factor receptor family. OPG functions by binding to RANKL and interrupting the 

RANKL-RANK interaction, resulting in inhibition of osteoclastogenesis.13  

In a few previous studies, orthodontic force application before TAT resulted in 

increased PDL tissue volume.15 Consequently, such force application is recommended to 

enhance the success rate of transplantation.16 However, the expressions of bone biomolecules 

within the PDL at different loading durations and the optimal preloading duration to obtain 

the greatest PDL volume remain unclear.  Therefore, the aims of this study were to evaluate 

the optimal orthodontic preloading duration to increase PDL volume and to determine the 

expressions of bone biomolecules, RUNX2, ALP, RANKL, and OPG in human PDL tissue 

upon loading with a leveling force at different time points. 

Materials and Methods 

Patient Selection 

Healthy, non-smoking patients requiring extraction of first premolars for orthodontic 

treatment, were recruited from the Postgraduate Clinic, Faculty of Dentistry, OOO 

University, Thailand, with written informed consent. The study protocol (#9/2018) was 

approved by the OOO University Human Ethics Committee. The inclusion criteria were 

patients who had sound first premolars with complete root formation in their four quadrants 

without caries or restorations and had good oral hygiene and healthy periodontium . The 

exclusion criteria were patients with systemic infections or diseases, who required 

medications, such as nonsteroidal inflammatory drugs, or with severe crowding at the 

extraction sites.  



Eighteen orthodontic patients were randomly divided into two groups for 

measurement of the PDL volume and determination of protein expression. For the 

measurement of the PDL volume, 32 first premolars from eight orthodontic patients (mean 

age 21.0±3.8 years; six females and two males) were selected. The calculation for the sample 

size of at least eight teeth for each period of loading was determined using G*Power software 

version 3 .1 .9 .2 (Franz Faul, University of Kiel, Kiel, Schleswig-Holstein, Germany), with the 

effect size = 1.45 derived from the preliminary data, α = 0 .05 and 1-β   = 0.95. To determine 

the protein expression, 40 first premolars from ten remaining patients (mean age 21.4±4.0 

years; eight females and two males) were selected. The sample size of at least nine teeth for 

each period of loading was determined with the effect size = 1.33 derived from the 

preliminary data, α   = 0 .05 and 1-β   = 0.95. 

Orthodontic preloading and tooth extraction 

 The orthodontic leveling force was obtained from a continuous archwire, 0.016-

inch, improved superelastic nickel -titanium alloy wire (Sentalloy blue, Sentalloy®, Tomy 

International, Inc., Tokyo, Japan), inserted into a pre -adjusted edgewise bracket (Roth 

prescription; 0.018 x 0.025 inch, Tomy International, Inc.) that was bonded on the first 

premolar and all remaining teeth. The bracket position was performed using indirect 

bonding technique in order to allow precise bracket positioning.17 For the first 

premolars, brackets were passively placed to avoid either intrusive or extrusive 

movements. The wire possesses a shape-memory effect, enabling the generation of 

light continuous force at 30-70 g in oral cavity.18 The control unloaded premolars were 

extracted at the first visit of each patient, whereas the experimental loaded premolars were 



extracted after orthodontic loading for one, two or four weeks. Simple exodontia was carried 

out by one oral surgeon under local anesthesia with 4% articaine and 1:100,000 epinephrine 

(Septanest SP, Septodont, Co., Paris, France) by an infiltration technique (1.0 ml for the 

maxillary premolars) or an inferior alveolar nerve block together with lingual and long buccal 

nerve blocks (1.7 ml for the mandibular premolars) using a conventional aspirating dental 

syringe and a disposable 30-gauge and 21-mm-short needle (Septoject XL, Septodont, Co., 

Paris, France) for the infiltration or a disposable 27-gauge and 30-mm-long needle (Septoject  

XL) for the nerve blocks. Both experimental and control premolars were atraumatically 

extracted by gentle separation of gingiva using a no. EL3S straight elevator no. EL3S (Hu-

Friedy Mfg. Co., LLC, Chicago, IL, USA), followed by a no. 151 forceps (Hu-Friedy 

Presidential, Hu-Friedy Mfg. Co., LLC) to avoid injury to the PDL tissue. The extracted 

premolars were then washed with normal saline to remove blood and tissue debris.  

Assessment of periodontal ligament tissue  

Toluidine blue staining and determination of remaining PDL tissue on the root surface were 

performed using the protocol of Nakdilok et al.19 Briefly, the extracted teeth were stained with 

0.04% (w/v) toluidine blue (Sigma-Aldrich, St. Louis, MO, USA), and de-stained with PBS 

for 14 days. A stereomicroscope (Olympus SZX7; Olympus, Inc., Tokyo, Japan) was used to 

observe all surfaces of the stained roots. A digitized image in a plane perpendicular to the 

tooth axis was then recorded using a charge-coupled device (Olympus E-330; Olympus, Inc.) 

attached to the stereomicroscope.  The ImageJ2 (National Institute of Health, Bethesda, MD, 

USA) software program was used to quantify the stained images, and the stained area in each 

image was determined as a percentage of the total area. This percentage of stained PDL was 

achieved, using the ImageJ2 program, by differentiating between the white and blue pixels, 

which represent the unstained and stained areas, respectively. The percentage of the stained 

PDL of each tooth was then calculated. 



Expressions of bone biomolecules in periodontal ligament tissue  

The PDL tissue of the extracted premolars was scraped off from 3 mm below the 

cemento-enamel junction to the root apex. Total protein was isolated by grinding the PDL 

tissue in a glass homogenizer using 350 µl of lysis buffer from a NucleoSpin® RNA/Protein 

isolation kit (MACHEREY-NAGEL GmbH & Co. KG, Düren, Germany) and 1% (v/v) β-

mercaptoethanol (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The lysate was 

transferred to a 1.5-ml Eppendorf® tube and stored at -80 ºC until simultaneous Western blot 

analysis of every sample from the ten patients. The frozen lysates were thawed and their total 

protein was extracted using the NucleoSpin® RNA/Protein isolation kit (MACHEREY-

NAGEL GmbH & Co. KG) following the manufacturer’s instruction. In brief, the lysates 

were first centrifuged at 1,100 g for one minute to remove tissue debris using filter tubes, and 

the filtrated lysates were mixed with 70% ethanol at an equal volume. The mixtures were 

centrifuged using the NucleoSpin® columns to collect their protein fraction from the flow-

through solution. Protein in the solution was precipitated and dissolved in protein solving 

buffer, containing a reducing agent, Tris (2-carboxyethyl) phosphine hydrochloride. The 

quantity of total protein in each sample was determined using UV absorbance at 280 nm in a 

NanoDropTM 2000 spectrophotometer (Thermo ScientificTM, Rockford, IL, USA). A 20-µg 

quantity of total protein was resolved by 10% sodium dodecyl sulfate polyacrylamide gel 

electrophoresis under electrical current at 100V/300W for 135 minutes and transferred to 

nitrocellulose membranes under electrical current at 100mA/300W for 12 hours. To block 

non-specific binding, the membranes were incubated for one hour in 5% (w/v) non-fat dry 

milk (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) in 0.1% (v/v) Tween-20/Tris-

buffered saline. Subsequently, the membranes were incubated overnight at 4°C with the 

primary antibodies. On the following day, the membranes were washed and incubated with 

the secondary antibodies for one hour. The primary and secondary antibodies used in this 



study are summarized in Table 1. After washing, the membranes were reacted with 

LumiGLO ReserveTM Chemiluminescent reagent (KPL, Gaithersburg, MD, USA). 

Chemiluminescent signals were captured using the ChemiDoc XRS gel documentation 

system (Bio-Rad Laboratories, Inc.). The intensities of RUNX2, ALP, RANKL and OPG 

bands at their predicted size were measured using the ImageJ2 software and normalized by 

that of the beta actin band in each sample. Then, the normalized intensities of the 

aforementioned proteins were compared between the experimental and the control groups. In 

addition, the relative ratios of normalized RANKL to OPG were determined and compared 

between the experimental and the control groups.  

Statistical Analysis 

Data were analyzed using SPSS 19.0 software for Windows® (SPSS Inc., Chicago, IL, 

USA). Comparisons between the percentages of overall stained PDL tissue at different time 

points, the significant differences between protein expressions and the ratios of RANKL to 

OPG in different orthodontic loading durations were tested using the Friedman Test, followed 

by the Wilcoxon Signed Ranks Test. The differences were considered statistically significant 

if p-values were less than 0.05. Spearman’s method was used to analyze correlations between 

the percentages of stained PDL, protein expressions or the RANKL/OPG ratio and increased 

loading durations.  

Results 

Enhancement of periodontal ligament tissue upon orthodontic preloading  

Larger areas of stained PDL were observed on the root surface of the loaded teeth, 

particularly those loaded for two and four weeks, compared to those in the control unloaded 

teeth (Figure 1). The median percentages of stained PDL were significantly greater in the 



teeth loaded for two and four weeks than those in the control unloaded teeth and in the teeth 

loaded for one week (p<0.05; Figure 2). In addition, a strong positive correlation was found 

between the percentage of stained PDL and increased preloading durations (r=0.608, 

p<0.001). 

Significant increases in RUNX2, ALP and the RANKL/OPG ratio upon orthodontic 

preloading  

The expressions of RUNX2 and ALP were found to be enhanced in premolars loaded 

for one, two and four weeks as compared to the control unloaded teeth, whereas those of 

RANKL and OPG varied among the unloaded and the loaded teeth for different preloading 

durations (Figure 3). The expression of beta actin was approximately equal among different 

samples within each individual. By densitometry, the normalized median RUNX2 and ALP 

expressions were significantly greater in the premolars loaded for two and four weeks than 

those in the control unloaded premolars (Figure 4A and B). Moreover, moderately positive 

correlations were found between the normalized RUNX2 or the normalized ALP expression 

and increased preloading durations (r=0.384, p=0.015 and r=0.403, p=0.010, respectively). 

By contrast, there was no difference in the normalized median RANKL or OPG expression 

between the loaded and the unloaded premolars (data not shown). However, the median ratios 

of RANKL relative to OPG expression were significantly higher in the premolars loaded for 

one and four weeks than that in the unloaded premolars (p<0.05; Figure 4C). Furthermore, 

the RANKL/OPG ratio was positively correlated with increased preloading durations 

(r=0.329, p=0.038). 

Discussion 

PDL is a fiber-reinforced tissue, containing various types of cells that play an 

important role in response to mechanical stresses, maintaining the periodontium and 



promoting periodontal regeneration.9 The results of this study demonstrated that orthodontic 

preloading led to macroscopic and molecular alterations in the PDL tissue.  During the early 

stage of this process, i.e., after application of the leveling force for one week, no significant 

changes were observed in the percentages of stained PDL, whereas significant increases in 

RUNX2 expression and the RANKL/OPG ratio were noted. Two weeks after orthodontic 

preloading, the amounts of PDL tissue and the ALP expression were found to be significantly 

increased, whereas the degree of RUNX2 expression still remained high. At the end of the 

observation, i.e., after four weeks of preloading with the leveling force, the amounts of PDL 

tissue and the expressions of RUNX2 and ALP along with the RANKL/OPG ratio were 

approximately at their maximal levels and greater than for the unloaded teeth. Taken together, 

the preloading duration appears to be a crucial factor that induces the amounts of proliferative 

PDL, as shown by an increase in the percentage of stained PDL, the expressions of RUNX2 

and ALP as well as the RANKL/OPG ratio within the PDL. 

Pre-application of orthodontic loading with various loading durations has been 

previously performed in several studies. In an animal study, the preloading of light 

continuous orthodontic force for seven days resulted in rich PDL tissue attached to the 

extracted teeth.15 A study performed in humans also demonstrated that preoperative extrusion 

force for two to three weeks helped prevent extraction failure and increased the success rate 

of tooth replantation.16 Moreover, our previous study has shown a significant increase in the 

amounts of PDL and facilitated tooth extraction upon orthodontic preloading for four weeks.19 

However, the time-course study of orthodontic preloading that may help promote the success 

rate of TAT has not been discussed. 

Our study suggests that increased proliferative PDL and the expression profiles of the 

four bone biomolecules derived from the proliferative PDL are associated with various 

clinical phases of orthodontic tooth movement. In the initial phase, PDL becomes 



disorganized; the collagen fiber orientation in the PDL is considerably changed by the 

function of PDL fibroblasts.20 These cells play crucial roles in synthesizing new collagen 

fibers and ground substances while simultaneously breaking down old connective tissue in 

the PDL.21 Therefore, no significant changes in the net PDL tissue amounts were observed at 

the first week, which correspond to no change in the median percentage of stained PDL 

(Figure 2). However, at the molecular level, the mechanosensitive PDL cells can convert 

mechanical stimuli from orthodontic preloading force into biological signals, which regulate 

osteoblastogenesis22 and osteoclastogenesis.23 These are consistent with significant increases 

in the RUNX2 expression and the RANKL/OPG ratio, respectively, at the first week. The 

upregulated RUNX2 expression indicates an induction of mesenchymal cells into 

differentiated osteoblasts.5 On the contrary, an increase in the RANKL/OPG ratio, either from 

enhanced RANKL expression due to inflammation within PDL caused by orthodontic 

preloading,8, 13  from decreased OPG expression in PDL,8, 13 or both, probably accounts for the 

significantly increased RANKL/OPG ratio by orthodontic preloading observed at the first 

week that would lead to enhanced osteoclastogenesis and then alveolar bone resorption 

during the initial phase.24  

Subsequently, the lag and the post-lag phases involve reorganization of the fibrous 

attachment apparatus by augmented production of new periodontal fibrils, which takes place 

throughout the PDL.20 Consequently, enhanced synthesis of PDL fibers would be in line with 

significant increases in the percentage of stained PDL observed at two and four weeks after 

orthodontic preloading. In addition, significant increases in the RUNX2 and ALP expressions 

in the PDL observed at two and four weeks after orthodontic preloading would help recruit 

and activate new osteoblast progenitors and quiescent bone lining cells to commence the 

production of new bone matrix.25 After four weeks of orthodontic force application, 

continuous PDL cell division, resulting in continual collagen synthesis,26 and high capacities 



of PDL and alveolar bone remodeling27 are substantiated by significant and continuing 

enhancement of PDL volume and expressions of RUNX2 and ALP as well as the 

RANKL/OPG ratio. 

The kinetic profiles of induced RUNX2 and ALP protein expressions and the 

increased RANKL/OPG ratio in human PDL tissue upon receiving the leveling force 

observed in this study are in agreement with the findings from previous in vivo studies that 

have shown upregulated RUNX2 expression,28 raised ALP levels,29 elevated GCF and 

salivary RANKL levels, and decreased GCF and salivary OPG levels8, 30 upon orthodontic 

preloading in a time-dependent manner. However, it is noteworthy that there was no 

difference in the expression of RANKL or that of OPG found between different loading 

durations (data not shown). This may be attributable to the first observation period at one 

week that is too late to be able to detect any initial changes in the levels of RANKL or OPG, 

which have been previously reported to be significantly elevated or declined, respectively, 

upon orthodontic loading for 24 hours in human GCF.8  

This study reveals that orthodontic preloading induces alterations at the macroscopic 

level, as evidenced by the significant increase in the proliferative PDL tissue, which may help 

prevent the occurrence of denuded root surfaces due to tooth extraction, possibly leading to a 

reduction in ankylosis and root resorption after TAT. In addition, orthodontic preloading aids 

in facilitated tooth extraction,19 which would decrease the possibility of root fracture of the 

donor tooth. Moreover, at the molecular level, orthodontic preloading results in significant 

increases in the expressions of RUNX2 and ALP that are essential for osteoblast 

differentiation and new bone formation and in the RANKL/OPG ratio that induces bone 

resorption. All of these molecular changes that affect bone formation and resorption would 

facilitate adaptation of the donor tooth to the alveolar bone at the recipient site and promote 

bone remodeling during the healing of transplanted teeth. Therefore, application of 



orthodontic preloading results in both PDL proliferation and increased expressions of 

bone-related molecules. Increased PDL volume ensures easy and atraumatic extraction 

and provides thick PDL coverage around the radicular portion, which is beneficial for 

reducing ankylosis risks. Furthermore, increased expressions of bone-related molecules, 

which are involved in bone remodeling, would modulate the bone healing response. 

These combined beneficial effects would provide clinical implications of orthodontic 

preloading for good PDL and bone healing, which lead to increased TAT success rate. 

However, further clinical studies are necessary to investigate the overall benefits of 

orthodontic preloading on TAT.   

Although there were no differences in the PDL volumes and bone biomolecules 

expressions between two and four weeks, the optimal orthodontic preloading duration 

to gain benefits both in PDL and bone tissue responses is suggested at four weeks in this 

study, when all parameters tested were found to be significantly increased as compared 

to the controls. (Table 2) Additionally, this study is the first to show not only the 

enhancement of PDL tissues but also the time-course changes in expressions of 

important bone biomolecules within human PDL tissues upon orthodontic preloading 

using the leveling force. Moreover, our investigations for protein expressions were 

performed in the human PDL tissues rather than in GCF or saliva as previously 

reported.8,30  

In this study, continuous leveling force was used to determine the effect of 

orthodontic preloading on the amounts of PDL tissue as well as the expressions of bone 

biomolecules within the PDL. Despite the leveling force used to generate jiggling 

movement for the first premolars, it is likely that the expressions of bone biomolecules 

vary between the pressure and the tension sides. This issue was not, however, addressed 

in this study due to the collection of total proteins from PDL tissue of the whole root 



surface. Consequently, our results should be cautiously interpreted as the total effect of 

PDL responses upon orthodontic preloading, not the specific effect at the pressure or 

the tension side. Other factors, such as the magnitudes and the types of force, may 

differently influence the biological responses of PDL tissue. Therefore, it would be 

interesting to further investigate the effect of these factors on the PDL. Moreover, future 

long-term clinical research is essential to confirm the success rate of TAT by an application of 

orthodontic preloading force on the donor tooth for four weeks.  

Conclusions  

The findings from this study demonstrated that orthodontic preloading for four weeks 

significantly increased proliferative PDL tissue, expressions of RUNX2 and ALP, and the 

RANKL/OPG ratio, which may be beneficial for improving the success rate of TAT. 
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Legends for Illustrations 

Figure 1 Representative image illustrating stained PDL for unloaded tooth (control) and after 

orthodontic loading for one (1), two (2) or four (4) weeks 

Figure 2 Percentage of stained PDL in unloaded teeth compared to loaded teeth for different 

loading durations. *p<0.05 

Figure 3 Representative immunoblotting results of Runt-related transcription factor 2 

(RUNX2), alkaline phosphatase (ALP), receptor activator of nuclear factor kappa-Β ligand 

(RANKL), osteoprotegerin (OPG), and beta actin expressions in human periodontal ligament 

tissues after orthodontic loading for one (1), two (2), four (4) weeks or unloaded as a control. 

Figure 4 Box plot diagrams showing significantly enhanced RUNX2 (A) and ALP (B) 

expressions normalized by beta actin expressions as well as RANKL/OPG ratio (C) at 

different loading durations (gray boxes) compared to those of control unloaded (empty 

boxes).  Moderately positive correlations were found between RUNX2 (A), ALP (B) or 

RANKL/OPG and loading durations from one to four weeks. The horizontal line within each 

box represents the median. *p<0.05; **p<0.01 

 

 



 
Table1 List of antibodies 

Antibody Donor Dilution Supplier 

 
Primary antibody 

   

Polyclonal IgG 
anti-human 
Runx2/CBFA1 

Goat 1:2000 R&D systems, 
Minneapolis, MN, USA 

Monoclonal IgG1 
anti-human ALPL 

Mouse 1:2000 R&D systems 

Monoclonal IgG1 
anti-human 
RANKL 

Mouse 1:500 Santa Cruz 
Biotechnology,  Santa 
Cruz, CA, USA 

Monoclonal  IgG1 
anti-human OPG  

Mouse 1:500 Santa Cruz 
Biotechnology 

Monoclonal IgG1 
anti-human beta-
actin 

Mouse 1:1000 Santa Cruz 
Biotechnology 

Secondary antibody   

Anti-rabbit 
immunoglobulins 

Horseradish 
peroxidase 
(HRP)-
conjugated swine 

1:2000 Dako, Glostrup, 
Denmark 

Anti-mouse 
immunoglobulins  

HRP-conjugated 
Rabbit 

1:2000 R&D systems 

Anti-goat IgG 
(H+L)  

HRP-Mouse 1:2000 Thermoscientific, 
Rockford, IL, USA 

    
   



 
Table 2 Outcomes of orthodontic preloading compare to unloading   

Outcome 
Loading duration (week) 

1 2 4 

Enhancement of PDL tissue NS * * 

RUNX2 ** * * 

ALP NS * ** 

RANKL/OPG ratio * NS ** 
NS: No significant, *p<0.05, **p<0.01 



Fig. 1. Figure 1 Representative image illustrating stained PDL for unloaded tooth (control) and after orthodontic 

loading for one (1), two (2) or four (4) weeks



Fig. 2. Figure 2 Percentage of stained PDL in unloaded teeth compared to loaded teeth for different loading 

durations. *p<0.05



Fig. 3. Figure 3 Representative immunoblotting results of Runt-related transcription factor 2 (RUNX2), alkaline 

phosphatase (ALP), receptor activator of nuclear factor kappa-Β ligand (RANKL), osteoprotegerin (OPG), and beta 

actin expressions in human periodontal ligament tissues after orthodontic loading for one (1), two (2), four (4) 

weeks or unloaded as a control.



Fig. 4. Figure 4 Box plot diagrams showing significantly enhanced RUNX2 (A) and ALP (B) expressions normalized 

by beta actin expressions as well as RANKL/OPG ratio (C) at different loading durations (gray boxes) compared 

to those of control unloaded (empty boxes).  Moderately positive correlations were found between RUNX2 (A), 

ALP (B) or RANKL/OPG and loading durations from one to four weeks. The horizontal line within each box 

represents the median. *p<0.05; **p<0.01
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Abstract: Introduction: Mesio-angulated impaction of mandibular third molars makes them
unsuitable as donor teeth for tooth autotransplantation (TAT). However, the uprighted
molars may be applicable for TAT. This study aimed to determine the amount of
periodontal ligament (PDL) on the root surfaces of extracted third molars after an
application of uprighting force and examine the amount of PDL at the tension and
compression sites.
Methods: In this prospective cohort study, fifteen mesio-angulated mandibular third
molars (iM8s) from 15 patients, planned for orthodontic extraction, were uprighted
using springs connected to miniscrews, while 15 non-opposing and fully erupted
mandibular third molars from the other 15 patients served as controls. Altered
angulation was monitored and assessed from panoramic radiographs. All 30 molars,
removed by simple extraction, were stained with 0.04% (w/v) toluidine blue to analyze
the percentages of stained PDL on the root surfaces.
Results: An average period of 3.4 months was necessary to upright the iM8s at a mean
rate of 8.3 degrees/month. The mean percentage of stained PDL on the loaded iM8s
was significantly greater than that on the unloaded molars (p<0.05). The mean
percentages of stained PDL were significantly increased at the cervical and middle
thirds, and the buccal, mesial and distal surfaces of the loaded iM8s compared to
those of the unloaded molars (p<0.05), whereas the apical third and the lingual
surface, corresponding to the compression sites, showed no significant increase.
Conclusions: Orthodontic uprighting leads to significantly increased proliferative PDL
on certain radicular portions and surfaces of iM8s, which might be useful for TAT.
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Highlights 

 The average period of uprighting mesio-angulated lower 3
rd

 molars was 3.4 months. 

 The mean rate of reduced angulation was 8.3 degrees per month. 

 The reduced angulation was correlated with an increased period of uprighting. 

 The mean percentage of stained PDL on uprighted molars was significantly increased. 

 Significant PDL enhancement was observed at the tension sites.  

*Highlights (for review)



Abstract 

Introduction: Mesio-angulated impaction of mandibular third molars makes them unsuitable as donor teeth for 

tooth autotransplantation (TAT). However, the uprighted molars may be applicable for TAT. This study aimed to 

determine the amount of periodontal ligament (PDL) on the root surfaces of extracted third molars after an 

application of uprighting force and examine the amount of PDL at the tension and compression sites. 

Methods: In this prospective cohort study, fifteen mesio-angulated mandibular third molars (iM8s) from 15 

patients, planned for orthodontic extraction, were uprighted using springs connected to miniscrews, while 15 non-

opposing and fully erupted mandibular third molars from the other 15 patients served as controls. Altered 

angulation was monitored and assessed from panoramic radiographs. All 30 molars, removed by simple 

extraction, were stained with 0.04% (w/v) toluidine blue to analyze the percentages of stained PDL on the root 

surfaces. 

Results: An average period of 3.4 months was necessary to upright the iM8s at a mean rate of 8.3 degrees/month. 

The mean percentage of stained PDL on the loaded iM8s was significantly greater than that on the unloaded 

molars (p<0.05). The mean percentages of stained PDL were significantly increased at the cervical and middle 

thirds, and the buccal, mesial and distal surfaces of the loaded iM8s compared to those of the unloaded molars 

(p<0.05), whereas the apical third and the lingual surface, corresponding to the compression sites, showed no 

significant increase. 

Conclusions: Orthodontic uprighting leads to significantly increased proliferative PDL on certain radicular 

portions and surfaces of iM8s, which might be useful for TAT. 

 

Keywords: Mesio-angulation, orthodontic loading, periodontal ligament, third molars, tooth autotransplantation 
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Introduction  

Maintaining cell viability within human periodontal ligament (PDL) and good tissue adaptation of PDL 

are among the most important considerations for successful tooth autotransplantation (TAT).1 However, PDL can 

be damaged mechanically during extraction.2 Complete PDL healing after tooth replantation can be expected if 

damage to the PDL of the donor tooth during extraction is reduced or limited,3 whereas development of root 

resorption is regarded as the beginning of failure, resulting from trauma to the PDL at the time of replantation.4 

PDL cells possess an ability to produce and secrete a wide range of regulatory molecules, which are crucial 

components of PDL tissue remodeling and homeostasis.5 The multi-lineage differentiation potential of PDL stem 

cells essentially partakes in PDL homeostasis by giving rise to various types of progenitor cells.6 Despite cellular, 

genetic, biochemical and mechanical factors working together to maintain this homeostasis, much of the research 

investigating PDL homeostasis has dealt extensively with mechanical stress from applied physical force and its 

consequent biochemical signaling molecules, leading to changes in the metabolism and organization of the soft 

connective tissue within PDL.7  

Both animal and clinical studies have shown that applying orthodontic force to the donor tooth is 

beneficial for TAT in terms of facilitating extraction and of stimulating PDL proliferation, consequently resulting 

in reduced rates of root resorption.8-10 An animal study by Suzaki et al8 reported that preloading of light 

orthodontic force for seven days before extraction significantly increased the PDL space as well as the width of 

the alveolar socket, as observed histologically, resulting in rich PDL tissues attached to the root surface of the 

extracted teeth. Moreover, the length of active root resorption lacunae was less than that in the contralateral control 

unloaded teeth, thus suggesting that the increased width of PDL space and alveolar socket may prevent crushing 

of the PDL during extraction. Cho et al9 applied preloading orthodontic forces to third molars in two cases to 

increase tooth mobility before TAT, using uprighting springs and removable appliances. The teeth were easily 

extracted, and then successfully transplanted. The authors concluded that the pre-application of orthodontic force 

reduces the risks of PDL damage, and, therefore, lessens the risk of ankylosis. Choi et al,10 in a retrospective 

study, observed the effects of intentional PDL stimulation through the application of orthodontic extrusive forces 

applied to the donor teeth before autotransplantation. A higher success rate was observed in the teeth with 

preoperative orthodontic extrusion than in the teeth without orthodontic extrusion. Collectively, these studies 

support the use of orthodontic force application before transplantation; such force application contributes 

significantly to successful TAT. However, direct assessment of enhanced PDL on the root surfaces and evaluation 

of PDL amounts at the tension and compression sites have not yet been performed. 



Although mandibular third molars have been reported to be the most frequently-used donor teeth for 

TAT,3,11,12 they are often present as impacted teeth, especially at the mesio-angulated position, thus making them 

unsuitable candidates for TAT. In this study, the orthodontic extraction approach for atraumatic extraction of 

mesio-angulated third molars (iM8s) was used to evaluate the effects of controlled orthodontic preloading force 

on human PDL. It was hypothesized that use of springs to upright iM8s, providing controlled orthodontic 

preloading forces, would make possible the clinical application of iM8s as suitable donor teeth for TAT. Therefore, 

the purposes of this study were 1) to determine the amounts of PDL on the root surfaces of extracted third molars 

after an application of uprighting force, and 2) to examine the amounts of PDL at the tension and the compression 

sites after tooth displacement. 

  



Materials and Methods 

Participants 

In this prospective cohort study, thirty patients, at the Graduate Clinic, Department of Orthodontics, 

Faculty of Dentistry, XXXXXXXX University, consisting of 22 females and 8 males, who were referred for the 

removal of their mandibular third molars as part of their orthodontic treatment plan, were recruited from January 

to September, 2018, during the period of orthodontic treatment plan. The 30 patients were categorized into two 

groups; the experimental group including 15 patients (11 females and 4 males; age 20-36 years) who had at least 

one mesio-angulated mandibular third molar in their mouth, and the control group consisting of 15 patients (11 

females and 4 males; age 20-34 years) who had at least one non-opposing and fully-erupted mandibular third 

molar. The sample size calculation (n≥10 for each group) was determined by G*Power software (Franz Faul, 

University of Kiel, Kiel, Schleswig-Holstein, Germany) version 3.1.9.2 with the effect size (Glass’s ) = 1.8 

derived from the preliminary data, α = 0.05 and 1-β = 0.95. The inclusion criteria were: 1) patients with good 

general health; 2) no radiographic sign of periodontal bone loss as shown by full-mouth periapical radiographs; 

3) non-carious mandibular third molars with complete root formation; 4) partial eruption of mesio-angulated  third 

molars with depth A or B according to the Pell & Gregory classification13 and the Winter classification,14 

respectively, for the experimental group; 5) similar root form and shape between the experimental and the control 

groups, as evidenced by the full-mouth periapical radiographs; and 6) all 30 selected roots were free from 

dilacerations or other malformations that might have hindered the extraction. Exclusion criteria were: 1) patients 

with systemic diseases; 2) patients requiring any medications; 3) patients with a smoking habit; 4) presence of 

periodontal disease or periapical lesions; 5) teeth with extensive caries or restorations; 6) teeth with incomplete 

root formation; 7) teeth with abnormal root form and shape. Approval for the use of dental tissues for research 

activities was received from the human ethics committee of the XXXXXXXX University (approval number: 

11/2561). Written informed consent was obtained from all patients before initiation of the study. 

 

Orthodontic loading condition and tooth extraction 

Smart Spring 

Two hundred grams of force was applied to 15 mandibular third molars in the experimental group that 

met the inclusion criteria, using a custom-made uprighting device so-called Smart Spring that was developed by 

E.Y.S. and was adjusted for each individual patient (Fig. 1). The Smart Spring contained a closed stainless-steel 

(SS) coil spring (an asterisk in Fig. 1A; Dynaflex®, St. Ann, MO, USA) and 150 gram-open nickel-titanium (NiTi) 



coil spring (an arrowhead in Fig. 1A; Sentalloy®, Tomy Orthodontics; Tokyo, Japan), wrapping around a 0.017 x 

0.025-inch SS rectangular wire (an arrow in Fig. 1A; Highland Metals Inc., Franklin, IN, USA), which was bended 

to form a hook and a helical loop at the mesial and the distal ends, respectively.  The wire connected to a single 

1.6 x 8.0 mm miniscrew anchorage (Jeil Medical®, Seoul, Korea) using an elastomeric ligature to prevent the 

wire from being rotated around the buccal miniscrew. The purposes of the hook at the mesial end of the Smart 

Spring were 1) to allow the application of additional force, if necessary, using an elastomeric chain or ligature tie 

connecting the hook to the head of miniscrew; 2) to limit the maximal amount of distal movement for the iM8s in 

order to prevent their excessive distal movement as a "fail-safe" mechanism, albeit the relatively heavy distalizing 

force (150g) used in this study; 3) to protect soft tissues in the oral cavity from being injured in order to maximize 

comfort for each patient; and 4) to hold the spring. In addition to the adjustable hook, the Smart Spring could be 

bended and contoured to adapt to the intraoral anatomy of each patient. On the distal end of the wire, the helical 

loop provided increased flexibility and served as a stopper of the main wire. The helical loop was adjusted to 

deliver controlled tip back force (50 gram-force; gf) to upright the iM8s. The distal portion of the Smart Spring 

was inserted into a 0.022-inch Roth prescription buccal tube (Tomy Orthodontics; Fig. 1A) that was bonded at the 

buccal surface of each iM8 with Super-Bond C&B cement (Sun Medical, Shiga, Japan). When the Smart Spring 

is inserted into the buccal tube, a stable connection is obtained, thus avoiding any undesirable rotation of the wire. 

The orthodontic miniscrew was precisely placed inter-radicularly in the premolar area (Fig. 1A), using a 3-D 

surgical guide, following Suzuki’s protocol15 for safe placement. The changes in position and angulation (light 

grey in Fig. 1B versus dark grey in Fig. 1C) of the iM8s were assessed using pre- and post-operative panoramic 

radiographs (Fig. 1D-F). Careful positioning of the patients was verified to reduce positioning errors in panoramic 

radiography, as previously described.16 Loading duration was recorded from the beginning of orthodontic force 

application until each tooth was uprighted to an angulation, at which the iM8s could be removed by simple and 

atraumatic exodontia, based on clinical judgement of an experienced oral surgeon. Smart springs were re-activated 

monthly by adjusting the closed coil spring (an asterisk in Fig. 1A) to ensure adequate tooth movement. Passive 

and activated stages of the Smart Spring device are illustrated in Figure 2. 

Tooth extraction 

The control 15 mandibular third molars received no force application. Prior to tooth extraction, a total of 

1.7 ml for inferior alveolar nerve, lingual nerve, and long buccal nerve blocks using 4% articaine with epinephrine 

1:100,000 (Septanest SP, Septodont, Co., Paris, France) was administered by S.L. using a conventional aspirated 

dental syringe and a disposable 27-gauge and 30-mm-long needle (Terumo, Terumo, Co., Tokyo, Japan). Both 



experimental and control teeth were removed by gentle separation of gingiva using a straight elevator no. EL3S 

(Hu-Friedy Mfg. Co., LLC, Chicago, IL, USA), followed by the tooth forceps no. 151 (Hu-Friedy Presidential, 

Hu-Friedy Mfg. Co., LLC) to avoid injury to the PDL tissue. After that, the extracted teeth were first checked for 

the complete integrity of their root without any root tip fracture before being immersed in normal saline to remove 

blood, fixed and assessed for remaining PDL. After extraction of third molars in both loaded and unloaded groups, 

all 30 patients showed up for a 1-week follow-up to check their extraction wounds. 

 

Assessment of remaining PDL on the roots of extracted third molars 

The extracted molars, consisting of 15 loaded and 15 unloaded teeth, were used for assessment of 

remaining PDL on the root surfaces, following the protocol of Nakdilok et al.17 Briefly, the extracted molars were 

soaked in 10% neutral buffered formalin solution for 24 hours to fix periodontal tissue. Then, the teeth were rinsed 

gently with phosphate buffered saline (PBS; pH 7.2) for 30 seconds to remove residual formalin solution. The 

remaining PDL on the root surfaces of the extracted teeth was stained using 0.04% (w/v) toluidine blue (Sigma-

Aldrich, St. Louis, MO, USA), freshly prepared for each tooth, for 10 minutes. Then, the teeth were de-stained in 

20 ml of PBS (pH 7.2) with daily replacement of PBS for 14 days. The buccal, lingual, mesial, and distal radicular 

surfaces were observed by an Olympus SZX7 stereomicroscope (Olympus America Inc., Center Valley, PA, 

USA), with each surface digitally photographed perpendicular to the tooth axis. The stained PDL area against the 

total area of each radicular surface on each root surface was analyzed using ImageJ2 software18 (National Institute 

of Mental Health, Bethesda, MD, USA) with fixed values of hue, saturation, and brightness for every digitized 

image. The percentage of stained PDL area in each tooth was derived from an average of the percentage of stained 

PDL area from the four radicular surfaces. For further image analysis of the radicular portion, the roots were 

divided equally, according to its length, into three portions, including apical third, middle third and cervical third 

(Fig. 3). The percentage of stained PDL area in each portion of the root was calculated from an average of the 

percentage of stained PDL area from the four radicular surfaces. The intra-examiner reliability of the 

measurements was 0.968 as determined by the intraclass correlation coefficient. 

 

Statistical analysis 

Comparisons of mean age and the proportion of gender between the experimental and control groups 

were analyzed using the Independent t-test and the Chi-square test, respectively. The data of all variables studied, 

including loading condition, different tooth surfaces, and different tooth portions, were first tested for normality 



by the Shapiro-Wilk test and their distributions were found to be normal. The percentages of overall stained PDL 

tissue in each tooth, of stained PDL tissue on each surface, and of stained PDL tissue on each portion of the root 

between the experimental and control teeth were analyzed and compared using the Independent t-test. The 

percentages of stained PDL tissue on the four surfaces, on the three portions, and on the four surfaces and the 

three portions were compared using one-way ANOVA followed by multiple comparisons using the Dunnett T3 

test due to unequal variances of all tested groups. The Pearson method was used for analyzing a correlation 

between reduced angulation and increased loading duration. Data were analyzed using SPSS 19.0 software (SPSS 

Inc., Chicago, IL, USA). The results were considered statistically significant if p-values were less than 0.05. 



Results  

 The mean age in the experimental loaded group (23.6 ± 1.1 years; 95% confidence interval=21.33-25.87; 

Table 1) was not different from that in the control unloaded group (24.5 ± 1.0 years; 95% confidence 

interval=22.41-26.66; p=0.525). The proportion of gender in both groups was also not different (11 females versus 

4 males; p=1.0). 

 

Decrease in the angulation of mesio-angulated mandibular third molars upon orthodontic loading 

Demographic data, angulations of the iM8s before and after orthodontic preloading, differences in the 

degrees and percentages of angulation changes, loading durations, and rates of tooth movement are shown in 

Table 1. The mean percentage of uprighted angulation was reduced to approximately half of the initial angulation 

(54.0 ± 4.3). The mean duration of tooth movement was 3.4 ± 0.5 months and the mean rate of tooth movement 

was 8.3 ± 1.2 degrees per month. Using the Pearson correlation, the reduction of angulation was significantly and 

strongly correlated with an increase in the duration of orthodontic loading (r=0.63; p=0.011). 

 

Significant enhancement of PDL tissue at the tension sites following orthodontic loading 

Successfully uprighted iM8s were removed by simple extraction without flap opening. After being 

stained with toluidine blue, the stained PDL area on the loaded teeth was generally large than that on the unloaded 

teeth in all four surfaces (Fig. 4). Following the analysis of the stained radicular area, the mean percentage of 

stained PDL tissue on the loaded teeth (62.4 ± 4.4) was significantly greater than that on the unloaded teeth (42.7 

± 5.7; p<0.05; Fig. 5A). Regarding each radicular surface, the mean percentages of stained PDL area were 

significantly increased on the buccal, mesial and distal surfaces of loaded teeth compared to those of unloaded 

teeth (p<0.05; Fig. 5B). Although the mean percentage of stained PDL on the lingual surface was higher in loaded 

teeth than in unloaded teeth, the difference was not significant (Fig. 5B). Using ANOVA, there was no difference 

among the four surfaces in either the loaded or the unloaded group (Fig. 5B). When considering each portion of 

the root (Fig. 5C), the mean percentages of stained PDL at the cervical third and the middle third of all four 

surfaces of loaded teeth were significantly greater than those of unloaded teeth (p<0.05; Fig. 5C), but there was 

no difference in the apical third. The most profound difference in the mean percentage between the loaded and 

the unloaded teeth was observed in the middle third of the root (20.6), followed by the cervical third (20.4) and 

the apical third (18.6), respectively. Using ANOVA, there was no difference among the three portions of the root 

in either the loaded or the unloaded group (Fig. 5C). Although the results in Fig. 5D showed that the mean 



percentages of stained PDL on the loaded teeth were generally greater than those on the unloaded teeth on all 

surfaces, the significant differences (p<0.05) between the loaded and the unloaded teeth were observed only at 

the buccal surface of the middle third, proposed to be the tension site of tooth movement as shown in Fig. 6B, and 

the distal surface of the cervical third, consistent with a previous finding from the finite element analysis that 

showed the tensile stress at the lower area of the distal surface of uprighted lower second molars.19 Note that the 

mean percentage of stained PDL area on the loaded teeth was two times more than that on the unloaded teeth at 

the buccal surface of the middle third (Fig. 5D). 

  



Discussion  

This study assessed the amounts of remaining PDL tissue on the root surfaces of iM8s after orthodontic 

loading. The amounts of PDL tissue on the loaded iM8s were generally greater than those on the unloaded control 

third molars on all radicular surfaces and portions with the significant increases in the amounts of PDL tissue 

observed at the tension sites of tooth displacement. Toluidine blue staining is a method for identification of 

proliferative cells.20 Therefore, it was used to detect proliferative PDL cells in this study. The stained area on the 

root surface refers to remaining proliferative PDL cells after the extraction. The results demonstrated that there 

was greater proliferative PDL cells on the root surfaces of the loaded teeth than on those of the unloaded teeth. 

This is consistent with the finding of Suzaki et al,8 in which rich attached PDL on the root surfaces of the extracted 

rat teeth upon loading was reported. Also, the effect of orthodontic force on PDL tissue enhancement in humans 

has previously been described.2,9,10,17 The direct assessment of the remaining PDL in this study allowed the precise 

description of the sites of proliferative PDL. Our results showed that the significantly increased proliferative PDL 

tissue was related to the application of orthodontic loading from the uprighting spring at the proposed tension 

sites, including the lower area of the distal surface and the buccal surface (lined areas in Fig. 6). When the 

uprighting spring was activated, tensile (lined areas) and compressive (dark grey areas) stress were consecutively 

produced on different surfaces of the iM8s as illustrated in Fig. 6 before the teeth were finally uprighted. 

A mechanical analysis of simulated tooth movement in molar uprighting was investigated in the finite 

element study performed by Kojima et al.19 In their study, compressive stress was produced in the upper area of 

the distal surface, while tensile stress was produced in the lower area. The patterns of the stress on the mesial 

surface were opposite to those on the distal surface. The alteration of blood flow in the PDL in accordance with 

the pressure-tension theory of tooth movement has been previously investigated.21 Such an alteration results in 

decreased oxygen levels on the pressure side due to compression of the PDL, whereas increased oxygen levels 

are observed on the tension side. Low oxygen levels lead to reduced adenosine triphosphate (ATP) activity, which 

finally results in decreased cell replication and fiber production.22 Nevertheless, in this study, increased 

proliferative PDL, but not significantly, was instead observed on the compression sites of the root. This 

discrepancy may be due to the late stage of tooth movement in this study compared to the early stage in those 

studies.21,22 In the initial stage after orthodontic force application, the aforementioned cell replication and 

proliferative activities are reduced on the pressure or compression side. However, in the late stage, extracellular 

matrix fiber production is upregulated by proliferating and active fibroblasts at the compression site.23-25 The 

compressed PDL is finally disassembled and restored in the late stage of tooth movement that might explain 



enhancement, but did not reach the significance level, of PDL tissue observed at the compression sites, including 

the whole lingual surface and the apical third (Fig. 5B and C, respectively). On the contrary, increased oxygen 

levels on the tension side, leading to increased cellular activities and PDL fiber production, would result in 

enhancement of the remodeling process of PDL,26 which corresponds to the significant enhancement of stained 

PDL area observed at the tension sites. The type of tooth movement performed in this study was basically tipping, 

not bodily, movement in order to upright the iM8s. This tipping movement may generate particular sites of 

compression and tension (Fig. 6), reflecting a non-uniform pattern of proliferative PDL on the radicular surfaces 

found in this study. The classical zones of compression and tension sites in tipping movement are, therefore, not 

the same as those in bodily movement, in which uniform tension and compression sites on each radicular surface 

are observed.27 

In this study, the percentage of angulation changes and the rate of tooth movement (degrees per month) 

indicate that there was tooth displacement in an upright direction using the aforementioned Smart Spring device. 

The orthodontic force was applied to iM8s until the iM8s could be removed by simple and atraumatic extraction 

with the mean duration of orthodontic loading for approximately three months and the mean reduction of 

angulation more than 50 percent. However, the duration required to upright the iM8s varied between patients, 

regardless of differences in the initial angulations of the iM8s, gender or age (Table 1). This may imply that 

variable periods of time required for third molar uprighting are dependent on distinct bone remodeling and 

turnover rate between different individuals. Nevertheless, the duration still tended to be proportional to the amount 

of correction required, as shown by a strong correlation between a decrease in the angulation of mesio-angulated 

mandibular third molars and increase in the duration of orthodontic loading. The loading duration for several 

months, which plays an important role in PDL remodeling, allowed complete regeneration of the PDL on all 

surfaces, both compression and tension sites. The regeneration of new tissue begins as soon as the adjacent bone 

and degenerated membranous PDL tissue have been removed. The periodontal ligament space is wider than that 

before the force application, reflecting that more PDL tissue under repair is rich in cells.28 

TAT is a viable treatment option for replacing missing teeth because of a considerable number of 

advantages.12 The alveolar bone of a transplanted tooth can be maintained due to physiological stimulation of the 

PDL.29 In addition, successful TAT enhances esthetics, arch form and integrity, dentofacial development, 

mastication, and speech.30 Mandibular third molars are important donor teeth for TAT.3,11,12 However, the 

mandibular third molar is the most frequently impacted tooth, with an incidence of 18-32%.31 Thus, uprighting 

iM8s is an approach which raises the possibility of using any iM8 for autotransplantation. Furthermore, the quality 



and quantity of proliferative PDL ensure safe recovery of PDL healing after autotransplantation and, 

consequently, reduce risks of failure, such as ankylosis and root resorption. Remaining PDL attached to the 

extracted tooth is a key factor for periodontal healing after replantation or transplantation. The extent of root 

resorption coincides with the disruption of the PDL attached to the root after extraction.8 The larger the exposed 

root surface, the more extensive the root resorption that might occur. Several studies have reported that loss of the 

PDL from the root surface causes root resorption or dentoalveolar ankylosis.32-35 In the present study, several sites 

of poor PDL attachment were clearly observed in the control teeth. Such sites potentially contribute to ankylosis 

and external root resorption. Following the application of orthodontic force, these sites were covered by a rich 

layer of PDL on almost all radicular surfaces, possibly providing protection against ankylosis and external root 

resorption. The effects of pre-application of orthodontic force before extraction on PDL have been investigated 

in animal and clinical studies.8-10 However, to the best of our knowledge, this is the first study that demonstrates 

quantitatively the effects of pre-application of orthodontic force on human PDL tissue of the iM8s. 

In this study, orthodontic tooth movement results in the PDL enhancement on all radicular surfaces, while 

there was no difference in terms of the percentage of stained PDL found for the four tooth surfaces or the three 

tooth portions in the loaded or the unloaded group. Moreover, application of orthodontic force also enlarges PDL 

space and increases the width of alveolar sockets. These facilitate tooth extraction and then prevent destruction of 

PDL during extraction that, consequently, leads to greater area of PDL on the loaded teeth.8 Therefore, the results 

of this study highlight the effect of orthodontic tooth movement on PDL enhancement. However, due to various 

durations for the device activation to upright the iM8s among different subjects, which were based on clinical 

judgement for simple exodontia by the oral surgeon, an optimal period of proliferative PDL tissue that can be 

applicable for TAT is not investigated in this study. The application of orthodontic tooth movement for PDL 

enhancement before TAT still requires further clinical investigations.  

  



Conclusions 

 The application of orthodontic force leads to tooth movement, which, consequently, increases the 

amounts of PDL tissue on impacted third molars. This application of orthodontic force before tooth extraction 

may be beneficial for facilitating removal of impacted third molar in order to reduce a risk of surgical 

complications and increasing the success rates of tooth autotransplantation, while reducing the risk of ankylosis. 

Further clinical studies are necessary to evaluate the effects of orthodontic loading on the success rate of tooth 

autotransplantation. Moreover, the application of orthodontic loading in this study may be used to upright tilted 

molars and protract them to close an edentulous space. 
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Figure legends 

Fig. 1 (A) Components of the Smart Spring device applied to the experimental tooth, comprising a closed coil 

spring (asterisk), an open coil spring (arrowhead) and a stainless-steel wire (arrow). (B and C) Diagrams of tooth 

displacement: the measurement of angulation (degrees) between the second molar (M7) and the mesio-angular 

impacted third molar (iM8) before and after activation, respectively. Note the angulation was reduced from light 

grey to dark grey. Panoramic radiographs for initial (D), one month after activation (E), and after complete 

activation for the uprighted tooth (F). 

Fig. 2 A diagram for the passive and activated stages of the Smart Spring device. During the activation, the open 

NiTi coil spring delivered 150 gram-force (gf) and the helical loop delivered controlled tip back force at 50 gf. 

MI = miniscrew, SS = stainless-steel rectangular wire. 

Fig. 3 The radicular portion was divided equally according to its length into three parts: apical third (1/3), middle 

third and cervical third. 

Fig. 4 Representative images demonstrating all four surfaces, including buccal, lingual, mesial and distal, of 

unloaded (upper row) and loaded (lower row) teeth. 

Fig. 5 Enhancement of stained PDL area on the radicular surfaces of loaded teeth. (A) Percentage of stained PDL 

comparing between unloaded (N=15) and loaded teeth (N=15). (B) Percentage of stained PDL on each surface of 

the root comparing between unloaded and loaded teeth. (C) Percentage of stained PDL on each portion of the root 

comparing between unloaded and loaded teeth. (D) Percentage of stained PDL on each portion of the root, which 

is further divided into each of the four surfaces, comparing between unloaded and loaded teeth. Error bars 

represent standard errors of the means. * p<0.05. 

Fig. 6 Diagrams of compression and tension sites during activation of the device. (A) the buccal and (B) the 

occlusal views. Dark grey areas on the mesio-angular impacted third molar (iM8) indicate compression sites. 

Lined areas on the iM8 indicate tension sites. Dotted lines indicate the initial position of iM8. The straight and 

curved arrows indicate the directions of tooth movement. Dotted lines in the premolar region in (A) and (B) 

illustrate the initital position of the mesial hook from the buccal and the occlusal views, respectively. 
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Table 1 A summary of the degrees, durations, and rate of tooth movement for uprighting 15 mesio-angulated 

mandibular molars.  

 

 

 
 

Case 

No. 
Age Sex 

Mesio-angulated 

Third Molar 
Difference 

(Degrees) 

Difference 

(%) 

Duration 

(Months) 

Rate 

(Degrees/month) 
Before 

(Degrees) 

After 

(Degrees) 

1 20 F 70.3 19.3 51.0 72.6 6.0 8.5 

2 21 F 42.0 18.5 23.5 56.0 2.3 10.2 

3 23 F 4.5 1.6 2.8 63.5 1.2 2.5 

4 28 F 62.0 34.1 27.9 44.9 5.8 4.8 

5 21 F 56.4 44.2 12.2 21.6 5.8 2.1 

6 23 F 38.9 23.2 15.7 40.3 1.6 9.7 

7 21 F 91.2 37.6 53.6 58.8 5.5 9.7 

8 26 F 56.9 32.4 24.5 43.1 2.8 8.9 

9 36 F 46.8 9.2 37.6 80.3 3.2 11.7 

10 24 M 16.1 9.0 7.1 44.1 2.5 2.8 

11 22 M 23.8 11.1 12.7 53.2 0.7 18.3 

12 24 M 47.6 7.2 40.4 84.8 4.1 9.7 

13 21 M 71.4 39.9 31.5 44.1 2.3 13.7 

14 20 F 70.0 28.0 42.0 60.0 4.8 8.7 

15 24 F 26.0 15.0 11.0 42.3 3.0 3.7 

Mean 23.6 
 

48.3 22.0 26.2 54.0 3.4 8.3 

SE 1.1 
 

6.1 3.5 4.2 4.3 0.5 1.2 

Table 1
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  Original Article  

Osteosarcoma is the primary malignant bone 
tumor that commonly affects children, adolescents, 
and young adults. Osteosarcoma usually occurs in the 
metaphysis of long bones, and most commonly occurs 
in the distal femur, proximal tibia, or humerus(1). 
The incidence has been reported at 1.6 to 2.8 per 
million of children under 15 years and are more 
common in male than female at a ratio of 1.6:1(2). 

Due to the complexity of the genomic background 
and heterogeneity, the causes of osteosarcoma 
remain unclear. The current treatment strategy for 
osteosarcoma includes neoadjuvant chemotherapy, 
followed by surgical removal of the primary tumor 
along with all clinically evident metastatic disease, 
plus the addition of adjuvant chemotherapy.

O-GlcNAcylation (O-GlcNAc) is one of post-
translation modifications (PTM) of protein. This PTM 
play important roles in regulating various functions of 
proteins through an addition of N-acetylglucosamine 
(GlcNAc) to hydroxyl group of serine or threonine 
residues of target proteins. O-GlcNAc is regulated 
by a pair of enzymes, O-GlcNAc transferase (OGT) 
and O-GlcNAcase (OGA), which add and remove a 
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O-GlcNAc molecule from the proteins, respectively. 
Uridine diphosphate N-acetylglucosamine (UDP-
GlcNAc) is a substrate of O-GlcNAc process and 
an end-product of hexosamine biosynthesis pathway 
(HBP). HBP pathway is one of the glucose metabolic 
pathways in which about 2% to 5% of glucose 
enters the HBP(3,4). Glucose is imported into the 
cell via a glucose transporter, then phosphorylated 
by hexokinase to be glucose-6-phosphate (Glc-
6-P) and then converted into fructose-6-phosphate 
(Fruc-6-P) by Glc-6-P isomerase. Glutamine 
donates the amino group to form glucosamine-6-
phosphate (GlcN-6-P), using glucosamine:fructose-
6-phosphate aminotransferase (GFAT). Acetyl-CoA 
is added to GlcN-6-P by glucosamine-6-phosphate 
N-acetylglucosamine transferase to generate 
N-acetylglucosamine-6-phosphate (GlcNAc-6-P) 
and converted to N-acetylglucosamine-1-phosphate 
(GlcNAc-1-P) by phosphoacetylglucosamine 
mutase. Finally, uridine-5’-triphosphate (UTP) is 
phosphorylased by UDP-GlcNAc pyrophosphorylyse 
(UAP) to create UDP-GlcNAc. The rate limiting 
enzyme of HBP is GFAT1. This is due to feedback 
inhibition by the products including both GlcN-6-P 
and the final product: UDP-GlcNAc(5).

O-GlcNAc governs diverse intracellular 
processes such as translation, transcription, cell cycle 
regulation, and epigenetic control of gene expression 
in response to nutrient and cellular stress(6,7). Balance 
of the enzymes regulating O-GlcNAc is required 
to maintain normal cellular function. High level of 
O-GlcNAc has been found in many diseases such as 
diabetes, Alzheimer disease, and cancers.

In various types of cancers, increased level of 
O-GlcNAc seem to be involved with tumor invasion 
and distant metastasis. Several lines of research 
suggested that decreasing levels of O-GlcNAc by 

OGT inhibition or OGT knockdown could reduce 
migration and invasion of cancer cells in vitro and 
decrease distant metastasis in vivo in breast, prostate, 
and colorectal cancer. Champattanachai et al(8) showed 
an increase of OGT protein and O-GlcNAc levels 
relating to the histological grade of breast tumors. 
Furthermore, Slawson et al(9) showed an association 
of increased OGA activity and breast cancer tumor 
grade.

Until now, there is a lack of information about 
O-GlcNAc-modified proteins and their roles in 
osteosarcoma. In the present study, the authors 
studied the level of O-GlcNAc, expression of OGT 
and OGA in patient-derived osteosarcoma cells using 
immunoblotting analysis. The authors also explored 
an association of O-GlcNAc profile and its regulating 
enzymes with clinical outcomes of the patients.

Materials and Methods
Patients characteristics

Primary osteosarcoma cells were derived from 
seven selected osteosarcoma patients diagnosed 
as stage IIB osteosarcoma and treated at Maharaj 
Nakorn Chiang Mai Hospital, Thailand. Patients had 
been treated with a standard neoadjuvant regimen or 
underwent surgery at Maharaj Nakorn Chiang Mai 
Hospital. Exclusion criteria were patient who died 
from other systemic disease or accidental trauma and 
patient who had been diagnosed with serious systemic 
diseases that restricted tumor surgery.

The Research Ethics Committee of the Faculty of 
Medicine, Chiang Mai University, approved the present 
study. Clinicopathologic characteristics, including 
age, gender, Enneking staging, chemotherapy, 
percentage of tumor necrosis, and metastasis status is 
shown in Table 1. The response of treatment, defined 
by the tumor necrosis in the previous study, showed 

Table 1. Clinicopathologic characteristics of osteosarcoma cases

Case Age at diagnosis (years) Sex Enneking stage Chemotherapy Tumor necrosis (%) Status Metastasis (lung)

OS1 9 Female IIb Carbo/Doxo 90.0 Alive No

OS2 15 Female IIb Adria/Cis 90.0 Alive No

OS3 17 Female IIb Cis/Adria 80.0 Alive No

OS4 14 Male IIb Carbo/Doxo 90.0 Alive No

OS5 21 Male IIb Cis/Adria 15.0 Death Yes

OS6 61 Female IIb Cis/Adria 35.5 Death Yes

OS7 5 Female IIb Carbo/Adria
Cis/Doxo
HD-MTX

10.0 Death Yes

OS=osteosarcoma primary cells; Carbo=carboplatin; Doxo=doxorubicin; Adria=adriamycin; Cis=cisplatin; HD-MTX=high-dose methotrexate
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a significant greater result of 90% tumor necrosis(10). 
Metastasis is indicated if the cancer was identified in 
distant organ by computed tomography.

Primary cells and culture condition
All primary osteosarcoma cells were derived 

from musculoskeletal, sciences, and Translational 
Research Biobank. Primary osteosarcoma cells 
were isolated from chemo-naïve tissues of the seven 
patients(11) at Maharaj Nakorn Chiang Mai Hospital. 
All cells were cultured and maintained in Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented 
with 10% fetal calf serum (Invitrogen™) and 1% 
penicillin and streptomycin (Invitrogen™). All 
primary cells were incubated at 37℃ in a humidified 
chamber with 5% CO₂. Culture medium was refreshed 
every two days until 80% confluence.

Protein extraction and western blotting analysis
Whole cell lysates were extracted using 

radio-immunoprecipitation assay (RIPA) buffer 
supplemented with protease inhibitor and Thimet-G. 
Total protein concentration in the whole cell lysates 
was first determined by Bradford assay according to 
the manufacturer’s protocol. The absorbance is then 
measured by using microplate reader (Sunrise™, 
Tecan). Each whole cell lysate sample was denatured 

by heating at 100℃ for five minutes in a sampling 
buffer. Ten μg of protein of whole cell lysates 
reduced for titrate error were separated on sodium 
dodecyl sulfate polyacrylamide gels (SDS-PAGE) 
and transferred to polyvinylidene difluoride (PVDF) 
membranes. After transferring, the membranes were 
blocked with 1% casein in phosphate buffered saline 
(PBS), buffer at room temperature for one hour with 
gentle agitation. Then, the membranes were incubated 
with primary antibody against β-Actin (Santa Cruz 
Biotechnology, Inc.), O-GlcNAc (RL2, Santa Cruz 
Biotechnology, Inc.), OGT (F-12, RL2, Santa Cruz 
Biotechnology, Inc.) or OGA (ab124807, Abcam) 
at 4℃ for 16 to 18 hours. The membranes were 
washed three times with PBS buffer for 15 minutes 
each time. Secondary antibodies in 1% casein PBS, 
including horseradish peroxidase (HRP)-conjugated 
antibodies against mouse immunoglobulins or 
rabbit immunoglobulins, where then added into the 
membranes at dilution 1:5,000 for one hour at room 
temperature. After washing with PBS buffer, reserve 
chemiluminescent reagent (KPL, Gaithersburg, 
MD, USA) was used as a substrate. The signal was 
later captured by a CCD camera attached to the 
ChemiDoc XRS gel documentation system (Bio-Rad 
Laboratories). This protocol was repeated three times.

Image analysis
Scion Image software was used to quantify the 

intensities of all O-GlcNAcylated protein, OGT, 
and OGA bands in the same level by using line 
and measured the area under the graph. Level of 
O-GlcNAcylated proteins, OGT, and OGA of each 
sample was normalized by β-Actin expression.

Statistical analysis
Statistical analysis was performed using 

GraphPad Prism, version 8.0.1 (GraphPad Software, 
Inc., San Diego, CA, USA). The different levels of 
O-GlcNAc, OGT, and OGA among osteosarcoma cells 
and association to clinicopathological characteristic of 
patients were tested using Student’s t-test.

Results
Level of O-GlcNAc, OGT, and OGA expression levels in 
osteosarcoma cells

Levels of O-GlcNAc, OGT, and OGA were 
examined in seven cases of primary osteosarcoma 
cells using immunoblotting technique as shown in 
Figure 1. The results revealed variable levels of 
O-GlcNAc in the osteosarcoma cells. The results 
showed a tendency of higher OGT expression in the 

Figure 1. Immunoblots of O-GlcNAcylation, OGT, and OGA.

OS=osteosarcoma primary cells
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metastasis primary osteosarcoma cells compared with 
the non-metastasis primary osteosarcoma.

Correlation of levels of O-GlcNAc, OGT, OGA, and 
clinicopathological factors

O-GlcNAc and OGT levels were elevated in 
metastasis, poor responders, and dead group (Table 2). 
Furthermore, the osteosarcoma patients who poorly 
responded to chemotherapy (tumor necrosis of less 
than 90%) expressed higher levels of OGT compared 
with the good responders (tumor necrosis of 90% or 
more) (p=0.04) as shown in Table 2.

Discussion
From the current knowledge, the present 

study is the first study that investigated levels 
of O-GlcNAcylated proteins, OGT, and OGA in 
osteosarcoma. Levels of O-GlcNAc as well as 
expression of OGT and OGA were observed in 
primary osteosarcoma cells derived from chemo-naïve 
tissues of osteosarcoma patients.

To minimize the inconsistence of treatment 
decision and clinical outcome, the study focused 
to observe protein expression in osteosarcoma with 
clinical stage IIB, which is the most commonly 
detected.

Accumulating evidences revealed increasing 
levels of O-GlcNAc and OGT in various diseases 
including cancers. The study of pancreatic tumors 
indicated higher O-GlcNAc and OGT levels, together 
with down-regulated expression of OGA in cancerous 
tissues in comparison to normal tissues(12). Lynch 
et al showed that O-GlcNAc and OGT levels were 
higher in prostate cancer cells compared with normal 

cells lines(13). Furthermore, Itkonen et al suggested 
that OGT inhibitor could be used as a target therapy 
for prostate cancer, in that OGT was upregulated 
in prostate cancer and inhibition of OGT reduced 
c-MYC protein stability(14). Besides from prostate 
cancer, it is reported that O-GlcNAc levels and an 
expression of OGT was upregulated in breast cancer 
cells(8,15). Moreover, Gu et al also found that level 
of O-GlcNAc was upregulated in breast cancer 
tissues and metastatic lymph node(16). Interestingly, 
Champattanachai et al found that upregulated OGT 
was related with degree of cell differentiation and 
OGT knockdown of breast cancer cell lines resulting 
in decrease colony formation, but not affecting cell 
viability or cell proliferation(8).

The present study revealed that OGT level was 
significantly associated with chemo-response in stage 
IIB osteosarcoma patients, in which expression of 
OGT was higher in patients who poorly responded to 
chemotherapy compared to good responders. Roles 
of OGT on an aggressiveness of cancers have been 
widely studied. Krzeslak et al measured O-GlcNAc 
cycling enzymes messenger RNA (mRNA) levels in 
76 endometrial cancer patients using real-time reverse 
transcription polymerase chain reaction (RT-PCR) 
analysis. Both OGT and OGA mRNA expression 
were significantly higher in high grade tumors 
compared with low grade groups. They also showed 
an association between OGT and OGA expression 
and myometrial invasion(17), indicating that OGT was 
related to aggressiveness and prognosis of cancer 
cells. Furthermore, a significant decrease of in vitro 
cell migration and invasion upon OGT knockdown 
was observed in three different breast cell lines(16). 

Table 2. Level of O-GlcNAc and expression of OGT and OGA in primary osteosarcoma cells

Factor Total 
patients

Expression levels; mean±SD

O-GlcNAcylated proteins p-value OGT p-value OGA p-value

Distant invasion 0.20 0.17 0.52

Non-metastasis 4 5.32±1.57 0.51±0.26 0.58±0.26

Metastasis 3 6.96±1.25 0.76±0.10 0.69±0.06

Chemoresistance 0.06 0.02* 0.04*

Good responders (tumor necrosis ≥90%) 3 4.77±1.37 0.41±0.21 0.47±0.15

Poor responders (tumor necrosis <90%) 4 6.97±1.25 0.77±0.08 0.75±0.13

Status 0.20 0.17 0.52

Alive 4 5.32±1.57 0.51±0.26 0.58±0.26

Died 3 6.96±1.25 0.76±0.10 0.69±0.06

OGT=O-GlcNAc transferase; OGA=O-GlcNAcase
* p<0.05 is considered significant
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From the study of Caldwell, inhibition of OGT for 
treatment in MCF-10A-ErbB2 and MDA-MB-231 
breast tumor cells by using Transwell assays shows 
a decrease of cell migration(15). OGT knockdown in 
the PC3-ML prostate tumor cell line also reduced 
their ability to migrate compared with control cells(13). 
Another study in prostate tumor cells demonstrated 
that OGT knockdown decreased invasiveness of 
LNCaP cells(18).

Correlation of levels of O-GlcNAc, OGT as well 
as OGA and status of patient after diagnosis were 
investigated in the present study. The results showed 
a relationship between OGT and O-GlcNAc level 
with status after diagnosis of stage IIB-osteosarcoma 
patients but not OGA. Higher level of OGT and 
O-GlcNAc were associated with dead patients. 
Elevated O-GlcNAc and altered expression of its 
cycling enzymes were previously observed in nearly 
all cancer types. OGT overexpression was associated 
with prostate cancer progression and recurrence, 
and high O-GlcNAc immunohistochemistry (IHC) 
staining was an independent prognostic factor for 
poor survival(18). Lin et al showed that the high-OGT 
group of patients with lung adenocarcinoma had 
shorter recurrence free survival and overall survival 
in comparison with the low-OGT(19). Pham et al also 
showed that patients with high OGT expression 
in diffuse large B-cell lymphoma had the worst 
progression free survival compared with patients 
with low or intermediate OGT mRNA expression(20). 
Recent study from Xu et al that the 3-year overall 
survival rate in patient with high OGT expression was 
lower than that with low expression(21).

The present study was performed in limited 
number of cases, thereby the finding required further 
validation in a larger cohort.

Conclusion
From a previous study, increased OGT levels 

were used as prognostic factors in various type of 
cancer but there are still lack of information about 
OGT levels and their roles in osteosarcoma. The 
present study showed significant higher levels of OGT 
in osteosarcoma cells line isolated from patients who 
poorly responded to chemotherapy. Furthermore, level 
of OGT relates to aggressiveness of osteosarcoma. 
These findings suggest that the intensive study 
of O-GlcNAc in specific protein might reveal the 
pathogenesis of osteosarcoma.

What is already known on this topic?
Several studies reported the O-GlcNAc protein 

and the increased OGT levels were used as prognostic 
factors in various type of cancer.

What this study adds?
This study showed significant higher levels of 

OGT in osteosarcoma patients that poorly responded 
to chemotherapy.
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ความสัมพันธของระดับการแสดงออกเอนไซม O-GlcNAc transferase ตอการตอบสนองการรักษา
ดวยเคมีบําบัดในผูปวยมะเร็งกระดูกออสทีโอซารโคมา

ศิวกร รัตนกุณฑี, ภรัณยา ชัยวัฒน, ดําเนินสันต พฤกษากร, สุทธิชัย กฤษณะประกรกิจ, อนุพงศ เมฆอุดม,   
ชยารพ สุพรรณชาติ

วัตถุประสงค: เพื่อศึกษาระดับของ O-GlcNAcylation การแสดงออกของเอนไซม O-GlcNAc transferase และ 
O-GlcNAcase ในมะเร็งกระดูกออสทีโอซารโคมา และหาตัวชี้วัดการพยากรณโรค

วัสดุและวิธีการ: การวิเคราะหการแสดงออกของโปรตีนใชกระบวนการแยกโปรตีนในเจล ใชเพื่อวัดระดับของ 
O-GlcNAcylation การแสดงออกของเอนไซม O-GlcNAc transferase และ O-GlcNAcase ในการเพาะเล้ียงเน้ือเยือ่ซึง่
ไดมาจากผูปวยมะเร็งกระดูกออสทีโอซารโคมาจํานวนเจ็ดราย โดยวัดความเขมขนของแถบโปรตีนดวยโปรแกรม Scion 
Image และหาความสัมพันธกับลักษณะการแสดงออกทางคลินิกของผูปวยโดยใชการทดสอบที (Student’s t-test) โดย
ทําการศึกษาทั้งหมดสามครั้ง และเปนการศึกษาท่ีเปนอิสระตอกันทั้งสามการทดลอง

ผลการศึกษา: ผลการศึกษาพบวามีแนวโนมของการเพ่ิมขึ้นของการแสดงออกของเอนไซม O-GlcNAc transferase ใน
มะเร็งกระดูกออสทีโอซารโคมา โดยพบระดับท่ีเพิ่มขึ้นอยางมีนัยสําคัญในกลุมที่มีการตอบสนองตอการรักษาดวยยาเคมี
บําบัดตํ่า (p<0.05) ซึ่งการศึกษานี้พบวาอาจจะสามารถใชเอนไซม O-GlcNAc transferase ในการพยากรณโรคของ
มะเร็งกระดูกออสทีโอซารโคมาได

สรุป: การศึกษาน้ีพบการแสดงออกท่ีเพิ่มขึ้นอยางมีนัยสําคัญของการแสดงออกของเอนไซม O-GlcNAc transferase 
ในมะเร็งกระดูกออสทีโอซารโคมา ที่มีการตอบสนองตอการรักษาดวยยาเคมีบําบัดตํ่า และเก่ียวเนื่องกับการรอดชีวิต
ของผูปวย การศึกษานี้มีขอจํากัดในเรื่องของจํานวนผูปวย ควรทําการศึกษาในกลุมประชากรที่ใหญขึ้นหากมีการศึกษา
ตอเนื่องในอนาคต



ONCOLOGY LETTERS  15:  495-502,  2018

Abstract. Overexpression of a disintegrin and metallopro-
teinase 9 (ADAM9) has been shown in various types of cancer. 
Some studies have reported inconclusive findings regarding 
chromosomal aberrations in the ADAM9‑containing region 
and ADAM9 expression in oral cancer. Therefore, in this 
study, ADAM9 protein expression was determined and 
compared between oral squamous cell carcinoma (OSCC) and 
normal oral tissues, and between oral cancer cell lines and 
human oral keratinocytes (HOKs). In total, 34 OSCC and 10 
healthy paraffin‑embedded tissue sections were probed with 
an anti‑ADAM9 antibody, and the immunohistochemical 
score was determined by multiplying the percentage of posi-
tively stained cells with the intensity score. Four different oral 
cancer and eight independent HOK cell lines were cultured, 
and the expression of membrane ADAM9 and active ADAM9 
at 84 kDa in these cell lines was assayed by flow cytometry and 
western blot hybridization, respectively. The results showed 
that the median immunohistochemical score of ADAM9 
expression in OSCC tissues was significantly greater than 
that in normal tissues (P<0.001). Furthermore, among OSCC 
cases, intense staining of ADAM9 expression was detected in 
well‑differentiated and in moderately‑differentiated OSCC; 
ADAM9 expression was also correlated with an increased 
degree of cell differentiation (r=0.557; P=0.001). Expression 
of membrane ADAM9 was present in 3/4 cancer cell lines. 
Expression of active ADAM9 varied among all the tested cell 

lines, but significantly higher ADAM9 expression was present 
in certain cancer cell lines than those in HOKs (P<0.05). 
In summary, ADAM9 expression is enhanced in OSCC and 
oral cancer cell lines, suggesting its role in the pathogenesis 
of oral cancer. Similar to the overexpression of ADAM9 in 
well‑differentiated prostate cancer, high degrees of ADAM9 
expression have also been observed in well‑differentiated 
OSCC.

Introduction

Approximately 300,000 new cases of oral cancer, or ~2.1% 
of all cancer cases, were reported worldwide in 2012, with a 
greater prevalence in males than in females at a ratio of 2:1 (1). 
Generally, oral squamous cell carcinoma (OSCC) accounts for 
~94% of all oral cancer cases reported (2). OSCC is a devas-
tating disease with 145,000 mortalities (~1.8% of the total 
cancer‑associated mortalities) reported in 2012 (1). In Thailand, 
oral cancer is the sixth most common type of cancer, and there 
were 3,689 new cases diagnosed in 2012 (1). The conventional 
treatment for oral cancer includes surgical and radiation 
therapy, with or without adjuvant chemotherapy (3,4), but the 
five‑year survival rate for patients with OSCC remains low, 
depending on the Tumor‑Node‑Metastasis (TNM) staging (5). 
Consequently, a ‘targeted therapy’ has been introduced as a 
possible and adjuvant treatment for patients with cancer (6). 
An example of a possible target molecule relevant to the 
present study has been reported in a previous study, which 
demonstrated that the inhibition of a disintegrin and metal-
loproteinase 9 (ADAM9) expression in prostate cancer cells 
in vitro results in enhanced cancer cell death and increased 
sensitivity to radiotherapy and chemotherapy (7).

ADAM9, otherwise known as metalloproteinase disinte-
grin cysteine‑rich protein 9 or meltrin γ, was first discovered 
in 1995  (8). The ADAM9 gene is in the chromosomal 
region 8p11.23‑11.22 (9). ADAM9 is first synthesized as an 
intracellular pro‑form protein with the molecular weight of 
110 kDa, and is later cleaved to create a mature 84‑kDa type 
I membrane‑anchored protein (10). ADAM9 contains several 
domains, including a propeptide domain, a metalloproteinase 
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domain, a disintegrin domain, a cysteine‑rich domain, an 
epidermal growth factor‑like domain, a transmembrane domain 
and a cytoplasmic tail (11). ADAM9 is widely expressed in 
human tissues (11), especially in the suprabasal layers of the 
skin, indicating the association between ADAM9 expression 
and cell differentiation (12). ADAM9 possesses shedding and 
adhesive properties due to its metalloproteinase and disinte-
grin domains, respectively (13). Several specific substrates 
for ADAM9 have been reported, including heparin‑binding 
epidermal growth factor (HB‑EGF), β‑amyloid precursor 
protein, fibronectin, β‑casein, gelatin, tumor necrosis factor 
(TNF)‑α, fibroblast growth factor, p75 TNF receptor, and 
c‑kit ligand‑1 (14,15). Therefore, ADAM9 can function in both 
physiological and pathological conditions.

Regarding its involvement in pathologic conditions, 
ADAM9 overexpression has been identified in a variety of 
cancer types, including breast cancer (16), renal cancer (17), 
prostate cancer  (18), skin melanoma  (19), uterine cervical 
cancer (20,21), hepatocellular carcinoma (22), non‑small cell 
lung cancer (23), colon cancer (24), gastric cancer (15), esopha-
geal cancer (25) and head and neck squamous cell carcinoma 
(HNSCC) (26). In the oral cavity, conflicting results of chro-
mosomal aberrations in the ADAM9‑containing region have 
been identified by the array comparative genomic hybridiza-
tion technique (9,27). Furthermore, no significant difference 
in ADAM9 mRNA expression has been observed between 
OSCC and normal tissues, or between oral cancer cell lines 
and normal oral keratinocytes (9,28). Conversely, a significant 
difference in ADAM9 mRNA expression has been reported 
between HNSCC and normal tissues (26). Therefore, these 
inconclusive data prompted the determination of the ADAM9 
protein expression profile in OSCC tissues and oral cancer cell 
lines. The objectives of the present study were: (1) To compare 
ADAM9 protein expression between OSCC and normal oral 
tissue specimens; (2) to determine membrane ADAM9 expres-
sion in oral cancer cell lines; (3) to compare ADAM9 protein 
expression between oral cancer cell lines and normal human 
oral keratinocytes (HOKs).

Materials and methods

Antibodies. The goat polyclonal anti‑ADAM9 antibody (cat 
no. sc‑23290) and the mouse monoclonal anti‑β‑actin antibody 
(cat no. sc‑47778) used in immunohistochemistry and western 
blot hybridization were from Santa Cruz Biotechnology, 
Inc. (Dallas, TX, USA). The rabbit anti‑ADAM9 antibody 
(cat no.  LS‑C100638) used in flow cytometry was from 
LifeSpan BioSciences, Inc. (Seattle, WA, USA). The phyco-
erythrin (PE)‑conjugated goat F (ab')2 anti‑rabbit antibody (cat 
no. P2771MP) was obtained from Invitrogen (Thermo Fisher 
Scientific, Inc., Waltham, MA, USA).

Immunohistochemistry. A total of 34 formalin‑fixed and 
paraffin‑embedded OSCC tissue specimens, including all 
four clinical stages according to Sobin et al  (29), and ten 
tissue specimens of healthy oral mucosa were retrieved from 
the tissue archive of the Dental Hospital, Faculty of Dentistry, 
Chiang Mai University, (Chiang Mai, Thailand). Of 34 OSCC 
cases, 17 were female and 17 were male, with a mean age 
of 66.94  years (43‑85  years). Other clinicopathological 

characteristics of the 34 OSCC cases are summarized in 
Table  I. The histological grading of the OSCC specimens 
was examined by an oral pathologist (Department of Oral 
Biology and Diagnostic Sciences, Faculty of Dentistry, 
Chiang Mai University). The research protocol (no. 54/2014) 
was approved by the Human Experimentation Committee, 
Faculty of Dentistry, Chiang Mai University. The specimens 
were sectioned at 5‑µm thickness and placed on silanized 
glass slides (Dako; Agilent Technologies, Inc., Santa Clara, 
CA, USA). The immunohistochemical protocol used in 
the present study was modified from that of Iamaroon and 
Krisanaprakornkit, 2009 (30). Briefly, the tissue sections were 
deparaffinized in xylene, rehydrated through graded alcohol 
and distilled water, and incubated with 3% hydrogen peroxide 
at room temperature for 10 min. Antigen unmasking was 
performed in 0.01 M sodium citrate buffer pH 6.0, prepared 
from sodium citrate monobasic (cat no. 71497; Sigma‑Aldrich; 
Merck KGaA, Darmstadt, Germany), at 100˚C for 15 min, 
and the sections were cooled down at room temperature for 
20 min. The sections were blocked with 1.5% normal blocking 
serum (cat no. sc‑2023; ImmunoCruz ABC Staining Systems; 
Santa Cruz Biotechnology, Inc.) in Tris‑buffered saline 
(TBS) for 20 min at room temperature, and then incubated 
overnight in 100 µl goat polyclonal anti‑ADAM9 antibody 
diluted in TBS (1:100) at 4˚C. For the negative control, the 
sections were incubated in normal blocking serum without 
the addition of primary antibody. The sections were subse-
quently reacted with the secondary anti‑goat antibody (cat 
no. sc‑2023; ImmunoCruz ABC Staining Systems; Santa Cruz 
Biotechnology, Inc.) diluted in PBS (1:100), and then with 
avidin‑biotinylated horseradish peroxidase (ImmunoCruz 
ABC Staining Systems; Santa Cruz Biotechnology, Inc.) for 
20 min at room temperature. The sections were washed and 
developed in 3,3'‑diaminobenzidine (Vector Laboratories, 
Inc., Burlingame, CA, USA). The reaction was stopped in 
water when brown staining was observed without background 
staining, monitored using light microscopy (CHK‑H model; 
Olympus Corporation, Tokyo, Japan). Subsequently the 
sections were counterstained with hematoxylin and mounted. 
Digitized images of the tissue sections were captured by a 
charge‑coupled device (CCD) camera (DP71; Olympus 
Corporation), attached to a bright‑field microscope (BX41; 
Olympus Corporation) and a desktop computer system.

Determination of immunohistochemical (IHC) score. The 
sections were scored by two independent observers, with 
kappa values equal to 0.908 and 0.848 for the intra‑examiner 
and the inter‑examiner calibrations, respectively. The 
observers were blinded to the clinicopathological data for each 
specimen. ImageJ software (version 1.48; National Institutes 
of Health, Bethesda, MA, USA) was used to score the number 
of positively stained cells, regardless of their staining intensity, 
under x400 magnification. Prior to scoring, each section was 
observed under x100 magnification to determine the orienta-
tion of the epithelium and connective tissue. In normal tissues, 
scoring was performed only in the epithelial layer; in oral 
cancer tissues, scoring was performed in the epithelial cell nest 
in the connective tissue layer. Each section was first screened 
and then selected for three representative fields of vision. The 
staining intensities were scored as follows: 0=none, 1=weak, 
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2=moderate, and 3=intense staining (31). The percentage of 
positive cells was calculated by dividing against the total 
number of cells in each field of view. Then, the average 
percentage of positive cells in each section was determined. 
Finally, the average percentage of positive cells was multiplied 
by the staining intensity score, and the IHC score (0‑3) was 
obtained for each section (25).

Cell culture. Four oral cancer cell lines, including HN5, HN6, 
HN15 and HN008, have been previously studied for the over-
expression and activation of Akt2 (30). Primary HOKs were 
isolated from non‑inflamed oral tissues overlying the impacted 
third molars of eight healthy and non‑smoking donors (n=8), 
with their informed consent, as previously described (30). As 
a positive control cell line for expression of both pro‑form 
and active form of ADAM9 (32), the hepatoblastoma cell line, 
HepG2, was obtained from Professor Prachya Kongtawelert, 
Thailand Excellence Center for Tissue Engineering and Stem 
Cells, Department of Biochemistry, Faculty of Medicine, 
Chiang Mai University. HOKs were cultured in serum‑free 
keratinocyte growth medium (Lonza, Walkersville, MA, 
USA), while the four oral cancer cell lines and HepG2 
cells were cultured in Dulbecco's modified Eagle's medium 
(Invitrogen; Thermo Fisher Scientific, Inc.), supplemented 
with 10% fetal bovine serum and 1% penicillin/streptomycin 
(Invitrogen; Thermo Fisher Scientific, Inc.). All cells were 

maintained at 37˚C in a humidified chamber with 5% CO2. 
Culture medium was changed every two days, until the cells 
reached 80% confluency, prior to flow cytometry and western 
blot hybridization.

Flow cytometry. To determine the expression of membrane 
ADAM9 in four cancer cell lines and HepG2 cells, flow cytom-
etry was performed. In brief, the tested cells (2x106 cells) were 
washed with PBS twice, removed from 100‑mm culture dishes 
by scraping in 0.5 mM EDTA pH 7.3, centrifuged at 400 x g 
at room temperature for 5 min, and again washed twice with 
PBS pH 7.2. To block nonspecific Fc‑receptor‑mediated anti-
body binding, cells were pre‑incubated with 10% AB serum 
from a healthy donor with blood group AB (from whom 
written informed consent was obtained), at 4˚C for 1 h. The 
blocked cells were then incubated for 30 min at 4˚C with the 
anti‑ADAM9 antibody (1:20) or the rabbit immunoglobulins 
(1:20; final concentration, 20 µg/ml); normal rabbit serum, 
which was purified using a protein G column, was used as 
the control. The cells that were not incubated with primary 
antibodies or purified rabbit immunoglobulins served as a 
negative conjugate control. The cells were washed twice with 
FACS buffer, PBS containing 1% bovine serum albumin 
(code A7906; Sigma‑Aldrich) and 0.02% sodium azide (code 
0639; Amresco LLC, Solon, OH, USA), and then incubated 
with the PE‑conjugated goat anti‑rabbit immunoglobulin 
antibody (dilution, 1:1,000) at 4˚C for 30 min. The fluorescent 
signals were analyzed by a FACSCalibur flow cytometer (BD 
Biosciences, San Jose, CA, USA).

Western blot hybridization. Whole cell lysates from all cell 
lines were extracted using radio‑immunoprecipitation assay 
(RIPA) buffer (33). The total protein was quantified using 
a BCA Protein Assay kit (Pierce; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's protocol. The whole cell 
lysates (20 µg) were denatured by heating at 100˚C for 5 min, 
then resolved via 7.5% SDS‑PAGE prior to transfer to a nitro-
cellulose membrane (Bio‑Rad Laboratories, Inc., Hercules, 
CA, USA). Unoccupied binding sites on the membranes were 
blocked with 5% non‑fat dry milk (Santa Cruz Biotechnology, 
Inc.) at room temperature for 1 h. Then, the membranes were 
incubated overnight with the anti‑ADAM9 antibody (dilution, 
1:500) or the mouse monoclonal anti‑β‑actin antibody (dilution, 
1:1,000) at 4˚C. The membranes were subsequently incubated 
for 1  h at room temperature with either HRP‑conjugated 
mouse anti‑goat immunoglobulins (cat no. 31400; Thermo 
Fisher Scientific, Inc.) or HRP‑conjugated rabbit anti‑mouse 
immunoglobulins (cat no. P0260; Dako; Agilent Technologies) 
at 1:2,000 dilutions. The LumiGLO Reserve® chemilumines-
cent reagent (KPL, Gaithersburg, MA, USA) was used as a 
substrate, and the signals were captured using a CCD camera 
attached to the ChemiDoc™ XRS gel documentation system 
(Bio‑Rad Laboratories, Inc.). To quantify the expression of 
active ADAM9 in each cell line, the intensities of the bands 
at 84 kDa were measured using the Scion Image program 
(Scion Corporation, Frederick, MA, USA), and the intensity of 
ADAM9 expression was normalized to that of β‑actin expres-
sion in each sample. Then, the ratios of ADAM9 to β‑actin 
expression were adjusted for the percentages of ADAM9 
expression by comparing the ratio of ADAM9 to β‑actin 

Table I. Clinicopathologic characteristics of OSCC cases.

Variables	 Number of cases

Clinical diagnostic staginga	
  I	 6
  II	 6
  III	 5
  IV	 17
Histological grading	
  Well‑differentiated	 14
  Moderately-differentiated	 12
  Poorly-differentiated	 8
Location	
  Buccal mucosa	 10
  Lateral tongue	 5
  Gingiva/alveolar mucosa	 13
  Labial mucosa	 1
  Retromolar pad	 1
  Lip vermillion	 2
  Mandible	 2

aCriteria described in (29) as follows: I, tumor size ≤2 cm without 
regional lymph node spreading; II, tumor size >2‑4 cm without 
regional lymph node spreading; III, tumor size >4 cm or of any size 
with spread to a single ipsilateral lymph node (≤3 cm); IV, tumor of 
any size with spread to ≥1 ipsilateral lymph node (>3 cm) or with 
spread to ≥1 contralateral lymph node, or tumor invasion to adjacent 
organs or spreading to other parts of the body regardless of lymph 
node involvement.
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expression in each cell line with the highest ratio of ADAM9 
to β‑actin expression observed in HN008 cells, set to 100%.

Statistical analysis. The Mann‑Whitney U test was used to 
compare the IHC scores, representing ADAM9 expression, 
between the OSCC and normal oral tissues. The Spearman's 
correlation coefficient was used to determine the correlations 
between the IHC scores and the histological grading or clinical 
staging. The independent sample t‑test was used to compare 
the percentages of ADAM9 expression between oral cancer 
cell lines and normal HOKs. The data from the Mann‑Whitney 
U test are presented as medians and interquartile ranges; the 
data from the independent sample t‑test are presented as means 
and standard deviations. All statistical analyses were carried 
out with SPSS software version 17 (SPSS, Inc., Chicago, IL, 
USA). P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

Overexpression of ADAM9 in OSCC. Using immunohisto-
chemistry, intense ADAM9 staining was observed in both the 
cytoplasm and the membrane of the majority of cancer cell 
nests, which were localized in the connective tissue layer of 
OSCC specimens (arrowheads in Fig. 1A); comparatively, 
weak and diffuse ADAM9 staining was observed in the cyto-
plasm of normal epithelial cells, particularly in the suprabasal 
cell layers (Fig. 1A). The intensity of ADAM9 staining in 
the overlying epithelium of the OSCC tissues was also weak 
(bracket in Fig. 1A). No staining in the OSCC sections was 
observed in the absence of the anti‑ADAM9 antibody (data 
not presented). The median IHC score in the OSCC group was 
significantly higher than that in the normal group (P<0.001; 
Fig. 1B).

Positive correlation between ADAM9 expression and cell 
differentiation in OSCC. All 34 OSCC cases were grouped into 
four clinical diagnostic stages (Table I) according to tumor size 
and nodal status (29), based on the histopathological reports. 
Using the Spearman's correlation test, the IHC scores, repre-
senting ADAM9 expression, were not determined to correlate 
with these four clinical diagnostic stages (r=‑0.082, P=0.661), 
indicating that ADAM9 protein expression in OSCC has no 
significant association with OSCC severity and aggressiveness. 

However, when all OSCC cases were stratified according to 
their histological grade, including 14 well‑differentiated, 12 
moderately‑differentiated and 8 poorly‑differentiated cases 
(Table I), it was revealed that the intensity of ADAM9 staining 
was greatest in the well‑differentiated OSCC tissues, followed 
by in the moderately and the poorly‑differentiated OSCC 
tissues, respectively (Fig. 2A). A semi‑quantitative analysis of 
the staining intensity in all OSCC specimens is summarized 
in Table II. In general, the intense score (=3) was applicable 
in >60% of the well‑differentiated OSCC cases, whereas it 
was assigned in only 25 and 0% of the moderately and the 
poorly‑differentiated OSCC cases, respectively (Table II). By 
contrast, >60% of the moderately and the poorly‑differentiated 
OSCC cases were scored as moderate staining (=2). Similar 
to the staining intensity scores, the average percentage of 

Table II. A semi‑quantitative analysis of the intensity score for ADAM9 expression in OSCC, according to different levels of 
histological grading.

Intensity scorea	 Well-differentiated N (%)	 Moderately-differentiated N (%)	 Poorly-differentiated N (%)

0	 0 (0)	 0 (0)	 0 (0)
1	 2 (14.3)	 1 (8.3)	 3 (37.5)
2	 3 (21.4)	 8 (66.7)	 5 (62.5)
3	 9 (64.3)	 3 (25)	 0 (0)
Total	 14 (100)	 12 (100)	 8 (100)

a0, no staining; 1, weak (light brown staining, visible only with high magnification); 2, moderate (between 1 and 3); 3, intense (dark brown 
staining, visible with low magnification) (31). ADAM9, a disintegrin and metalloproteinase 9; OSCC, oral squamous cell carcinoma.

Figure 1. ADAM9 overexpression in OSCC. (A) A representative image of 
ADAM9 expression in normal and OSCC tissues. Weak ADAM9 staining 
is present in the suprabasal layers of normal epithelium and in the overlying 
epithelium of OSCC (bracket); intense cytoplasmic staining of ADAM9 is 
in tumor cell nests within the connective tissue layer of OSCC (arrowheads). 
Bar=200 micron. (B) A box plot diagram demonstrating significantly higher 
IHC scores (0‑3) for ADAM9 expression in the OSCC group than in the 
normal group. ***P<0.001. Two small black circles represent outliers in the 
normal group. ADAM9, a disintegrin and metalloproteinase 9; OSCC, oral 
squamous cell carcinoma; IHC, immunohistochemical.
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positively‑stained cells, irrespective of staining intensity, 
was greater in the well and in the moderately‑differentiated 
OSCC tissues than in the poorly‑differentiated OSCC (data 

not presented). Using the Spearman's correlation test, the IHC 
scores were positively correlated with an increased degree of 
cell differentiation (r=0.557, P=0.001; Fig. 2B). Therefore, the 
median IHC scores for the moderately and well‑differentiated 
OSCC tissues were significantly higher than that of the 
poorly‑differentiated OSCC (P<0.01; Fig. 2B). However, there 
was no significant difference in the median IHC score between 
the well and moderately‑differentiated OSCC (Fig.  2B), 
suggesting that ADAM9 expression may not be used as a diag-
nostic marker to distinguish well‑differentiated OSCC from 
moderately‑differentiated OSCC.

Significantly increased expression of active ADAM9 in 
oral cancer cell lines. We first determined the expression of 
membrane ADAM9 in four different oral cancer cell lines, 
HN5, HN6, HN15 and HN008, by flow cytometry. It was 
found that membrane ADAM9 was expressed in 3/4 tested oral 
cancer cell lines, HN6, HN15 and HN008, whereas membrane 
ADAM9 was not expressed in HN5 cells (Fig. 3). As expected, 
membrane ADAM9 was expressed in HepG2 cells. No expres-
sion signals were detected in any of the tested cell lines, either 
those incubated with the purified rabbit immunoglobulins 
control or without the anti‑ADAM9 antibody (Fig. 3). Varying 
degrees of ADAM9 expression for the pro‑form, previously 
reported as 110 or 120 kDa (10,34), and for the active form 
(84 kDa) were detected in the whole cell lysates of HN5, HN6, 
HN15, HN008 and 8 independent HOK cell lines (Fig. 4A). 
In general, the expression of active ADAM9 in HN6, HN15 
and HN008 cells was greater than that in HOKs, whereas the 
expression of the active form of ADAM9 in HN5 cells was 
less than that in the HOKs (Fig. 4A), which is consistent with 
the absence of a fluorescent signal for membrane ADAM9 
in HN5 cells (Fig. 3). Expression of β‑actin was equivalent 
among the various samples (Fig. 4A). Using densitometry, the 
average percentage expression of the active form of ADAM9 
in HN6 and HN008 cells was significantly higher than that in 
the 8 independent HOKs (P<0.05 and P<0.001, respectively); 
however, there was no significant increase in the expression 
of the active form of ADAM9 in HN15 cells (Fig. 4B). By 
contrast, the mean percentage expression of the active form 
of ADAM9 in HN5 cells was significantly lower than that in 
HOKs (P<0.001; Fig. 4B).

Discussion

In this study, a significant increase in ADAM9 protein expres-
sion in OSCC tissues, compared with in normal oral tissues, 
was demonstrated by immunohistochemistry, a finding that 
agrees with the results of other prior studies, which demon-
strated ADAM9 protein overexpression in various types of 
cancer (9,15,17,18,20‑23,25,26). Though particularly in squa-
mous cell carcinoma, ADAM9 protein overexpression is also 
present in cancer of the cervix, the esophagus, the pharynx, the 
larynx, and the skin around the head and neck region (9,21,25,26). 
However, few previous studies have demonstrated no significant 
difference in ADAM9 mRNA expression between OSCC and 
normal tissues, or between oral cancer cell lines and normal oral 
keratinocytes (9,28), a finding that differs from our results on 
ADAM9 protein overexpression. This discrepancy may suggest 
a possible post‑transcriptional or epigenetic modification of 

Figure 2. A positive correlation between ADAM9 expression and cell differ-
entiation in OSCC. (A) A representative image of ADAM9 expression in each 
histological grading. Note the strongest intensity of ADAM9 staining in the 
well‑differentiated OSCC, followed by the moderately‑differentiated and 
the poorly‑differentiated OSCC. Bar = 100 micron. (B) A box plot diagram 
showing the positive correlation between increased IHC scores (0‑3) for 
ADAM9 expression and enhanced levels of cell differentiation. **P<0.01. 
A small black circle represents an outlier in the moderately‑differentiated 
OSCC. ADAM9, a disintegrin and metalloproteinase 9; OSCC, oral squa-
mous cell carcinoma; IHC, immunohistochemical.
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ADAM9 expression, as demonstrated in esophageal squamous 
cell carcinoma (25).

A significant and positive correlation was demonstrated 
between ADAM9 expression and an increased degree of oral 
cancer cell differentiation. This finding is similar to the results 
shown in mouse prostate and breast cancer, wherein higher 
ADAM9 mRNA expression is present in well‑differentiated 
lesions, compared with in poorly‑differentiated lesions (35). 
Moreover, the significantly greater ADAM9 protein expres-
sion in well and moderately‑differentiated OSCC, compared 
with in poorly‑differentiated OSCC, may suggest a possible 
role for ADAM9 during the transition from well‑differen-
tiated to poorly‑differentiated carcinomas, as proposed by 
Peduto et al (35). Poorly‑differentiated OSCC is generally 
associated with cancer aggressiveness due to its high recur-
rence rate and poor disease‑free survival rate, compared with 
well and moderately‑differentiated OSCC (36). As a result, it is 
speculated that decreased ADAM9 expression in OSCC may 
regulate a change from low‑grade to high‑grade cancer that 
then results in increased cancer aggressiveness and severity.

The significantly increased ADAM9 protein expression in 
well and in moderately‑differentiated OSCC also corresponds 
with ADAM9 expression in the suprabasal layers of normal 
epidermis and in differentiated skin keratinocyte cell lines (12), 
indicating the association between ADAM9 expression and 
epithelial cell differentiation in both OSCC and normal tissues. 

However, the present study determined that ADAM9 expres-
sion in OSCC was not correlated with tumor size or nodal 
status, suggesting that the degree of ADAM9 expression is not 
involved with the clinical features or anatomical extent of oral 
cancer. A lack of this involvement is consistent with higher 
ADAM9 expression in well‑differentiated OSCC compared 

Figure 3. Expression of membrane ADAM9 in oral cancer cell lines. A representative histogram for expression of membrane ADAM9 in the four oral cancer 
cell lines, HN5, HN6, HN15 and HN008, from three separate experiments is presented. Note the expression of membrane ADAM9 (black area) in HN6, HN15 
and HN008 cells, whereas membrane ADAM9 expression was not detected in HN5 cells. Membrane ADAM9 was expressed in HepG2 cells, which were used 
as the positive control, while there was no membrane ADAM9 expression in all four oral cancer cell lines and HepG2 cells stained with only the PE‑conjugated 
goat anti‑rabbit immunoglobulin antibody as the conjugate control (light gray area) or with purified rabbit immunoglobulins (dark gray area), used as the two 
negative controls. ADAM9, a disintegrin and metalloproteinase 9.

Figure 4. A significant increase in the expression of active ADAM9 in certain 
oral cancer cell lines. (A) A representative blot demonstrating varying 
expression of the ADAM9 pro‑form (110 and 120 kDa) and of its active form 
(84 kDa) in the four oral cancer cell lines, HN5, HN6, HN15 and HN008, 
and in four normal human oral keratinocytes (HOK 1‑4). Expression of 
β‑actin was equal among all the samples. (B) A bar graph demonstrating 
a significant increase in the average percentage of active ADAM9 expres-
sion in HN6 and HN008 cells, and a significant decrease in the average 
percentage in HN5 cells, determined from five separate experiments (n=5) 
and compared with the average percentage of ADAM9 expression in eight 
independent HOK cell lines (n=8). The percentage of ADAM9 expression 
in each oral cancer and HOK cell line was determined by comparison with 
the percentage in HN008 cells, set to 100%. Error bars=standard deviations; 
*P<0.05; ***P<0.001. ADAM9, a disintegrin and metalloproteinase 9; HOK, 
human oral keratinocytes.
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with in poorly‑differentiated OSCC (Fig. 2), as well as with 
no association observed between ADAM9 expression and the 
TNM staging of prostate and lung cancer (18,23). Nonetheless, 
the correlation results were based on the histopathological 
reports of 34 OSCC cases. A notable limitation of the present 
study was the lack of treatment and follow‑up data for the 
34 patients with OSCC; it would, therefore, be useful to further 
determine whether distinct degrees of ADAM9 expression are 
associated with OSCC aggressiveness, particularly the recur-
rence and the five‑year survival rates.

Consistent with ADAM9 protein expression on the surface 
of cancer cells in OSCC tissues, expression of membrane 
ADAM9 was detected in 3/4 tested oral cancer cell lines using 
flow cytometry (Fig. 3). Furthermore, using western blot hybrid-
ization, the expression of membrane ADAM9 (active form) at 
84 kDa was significantly enhanced in 2/3 oral cancer cell lines 
(Fig. 4B), which were positive for membrane ADAM9 expres-
sion. These results are similar to those of Uehara et al (28), 
who demonstrated increased ADAM9 mRNA expression in 
certain oral cancer cell lines, and also add up their results (28) 
by demonstrating the presence of membrane ADAM9 in 
oral cancer cell lines and a significant increase in membrane 
ADAM9 expression, suggesting that ADAM9 can possibly 
function as a shedding enzyme for HB‑EGF (14,25). In addi-
tion, varying degrees of active ADAM9 expression among oral 
cancer and HOK cell lines are similar to the different degrees 
of ADAM9 mRNA expression in other oral cancer and normal 
epithelial cell lines (28).

ADAM9 overexpression has been demonstrated to serve 
an essential role in the pathogenesis of numerous cancer types, 
particularly through enhanced cancer cell survival due to an 
anti‑apoptotic activity mediated by the epidermal growth factor 
receptor (EGFR)/Akt pathway in squamous cell carcinoma of 
the skin and the esophagus (19,25). The active ADAM9 overex-
pression in oral cancer cell lines is concordant with the results 
of our previous study (30), which recorded the overexpression 
and activation of Akt2 in the same oral cancer cell lines. Thus, 
the possible function of active ADAM9 as a sheddase that acti-
vates EGFR and Akt via phosphorylation in these oral cancer 
cell lines warrants further investigation. It is also necessary 
to examine the behavior and aggressiveness of the HN6 and 
HN008 cells, in which ADAM9 expression was significantly 
enhanced compared with HN5 cells that minimally expressed 
ADAM9. Further investigations into the effect of ADAM9 inhi-
bition in both normal oral cells and highly expressing ADAM9 
oral cancer cell lines are also required.

As ADAM9 does not appear to be essential to develop-
ment, fertility or adult homeostasis, inhibition of ADAM9 
expression in tumors may only affect cancer cells, and not 
normal cells, resulting in fewer complications than conven-
tional therapies, including surgical, chemo and radiation 
therapies (37). Recently, studies have proposed the usage of 
ADAM9 as a prognostic or a therapeutic marker in various 
types of cancer. One example is a study conducted using high 
and low ADAM9‑expressing gastric cancer cell lines (15). It 
was observed that monoclonal antibodies, or small interfering 
RNA, specifically targeted against ADAM9 could reduce 
cell proliferation and invasion in high ADAM9‑expressing 
cell lines but not in low ADAM9‑expressing cell lines (15). 
Therefore, it is reasonable to assume that silencing ADAM9 

expression could prove useful in decreasing aggressive 
behavior in high ADAM9‑expressing oral cancer cell lines, 
which warrants further investigation.

In summary, the present study is the first, to the best 
of our knowledge, to demonstrate that ADAM9 protein 
is overexpressed in OSCC tissues and in oral cancer cell 
lines. Its expression is positively correlated with cancer cell 
differentiation, consistent with other cancer types and with 
increased ADAM9 expression in the suprabasal layers of the 
skin. Nevertheless, ADAM9 overexpression in OSCC is not 
correlated with tumor size or nodal status, which corresponds 
with low levels of ADAM9 expression in poorly‑differentiated 
OSCC tissues. Certain oral cancer cell lines that highly express 
active ADAM9 on their cell surface also strongly express Akt2 
and phosphorylated‑Akt (30), suggesting a possible connection 
between active ADAM9 and the activation of EGFR and Akt2 
via phosphorylation in these oral cancer cell lines. Additional 
studies are still required to explore the functional role of 
ADAM9 in the pathogenesis and aggressiveness of OSCC.
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A B S T R A C T

Background and objective: Based on our earlier work on the response of periodontal ligament (PDL) cells to
mechanical stress by induction of cyclooxygenase expression and production of prostaglandin PGE2 that could
regulate mineralization of PDL cells, it was hypothesized that PGE2 had potential effects on PDL stemness. In this
study, we aimed to investigate clonogenicity, proliferation and expression of certain pluripotent markers, con-
sidered to be characteristics of PDL stemness, in response to treatment with exogenously-added PGE2.
Material and methods: Human PDL cells were cultured and treated with various doses of PGE2, and the afore-
mentioned characteristics of PDL stemness were analyzed.
Results: The clonogenicity and proliferation were significantly enhanced by PGE2 at low concentrations (0.01,
0.1 and 1 ng/ml; P < 0.05), but only the proliferation was significantly diminished by PGE2 at a high con-
centration (100 ng/ml; P < 0.05). Expression of NANOG and OCT4 mRNA and protein was increased by PGE2
treatment at 0.1 and 1 ng/ml. Consistently, expression of stage-specific embryonic antigen 4, a putative stem cell
marker, was significantly augmented by PGE2 treatment at 1 ng/ml (P < 0.05).
Conclusion: Our findings suggest that although a high dose of PGE2 (100 ng/ml) inhibits proliferation of PDL
cells, PGE2 at low doses appears to play a role in the maintenance of PDL stemness.

1. Introduction

Periodontal ligament (PDL) tissue possesses a high regenerative
capacity and a rapid turnover rate. Its principal cell types consist of
fibroblasts, endothelial cells, epithelial cell rests of Malassez and un-
differentiated mesenchymal cells. Fibroblasts function as a major pro-
ducer of extracellular matrix and other substances, which in turn play a
role in maintaining periodontal homeostasis (Hinz, 2013) and result in
the maintenance of periodontal ligament width over lifetime (Lim et al.,
2014). Periodontal homeostasis is suggested to rely very much on
multipotency of undifferentiated mesenchymal cells in PDL (Kawanabe
et al., 2010) which allows a rise of various progenitor cells, including
precementoblasts, prefibroblasts and preosteoblasts (Ivanovski,
Gronthos, Shi, & Bartold, 2006). Although cellular, genetic, biochemical
and mechanical factors are believed to work in concert to maintain this
homeostasis, much of research investigating periodontal homeostasis
has dealt extensively with mechanical stress and its subsequent

biochemical signaling mechanisms, in which prostaglandin (PG) E2 was
shown to act a mediator to control the mineralization of human PDL
cells. This regulation seems to be an important aspect of periodontal
homeostasis (Manokawinchoke, Pimkhaokhum, Everts, & Pavasant,
2014).

Prostaglandins (PGs), produced from arachidonic acid by the action
of cyclooxygenases (COX), are lipid autacoids responsible for sustaining
homeostasis and mediating pathological changes in tissue. There are
four types of PGs generated in vivo, including PGE2, prostacyclin,
prostaglandin D2 and prostaglandin F2α. PGE2 works in an autocrine
and/or a paracrine manner via E prostanoid receptors in human PDL
fibroblasts (Luckprom, Wongkhantee, Yongchaitrakul, & Pavasant,
2010). PGE2 at low levels is proposed to help maintain the homeostasis
of periodontal tissue (Manokawinchoke, Pimkhaokhum,
Everts, & Pavasant, 2014), whereas surges in amount of PGE2 are
commonly reported in the acute state of inflammation in different tissue
types (Ricciotti & Fitzgerald, 2011). Our previous works have
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demonstrated that PDL cells respond to mechanical stress by increasing
the rate of ATP efflux (Wongkhantee, Yongchaitrakul, & Pavasant,
2008). Subsequently, an increase in extracellular ATP can directly
regulate RANKL expression in PDL cells through the P2Y1/PKA/NFκB-
mediated induction of cyclooxygenase and PGE2 release (Luckprom,
Wongkhantee, Yongchaitrakul, & Pavasant, 2010). Based on these two
findings, it was proposed in this study that increased amounts of PGE2
from mechanical stress during normal mastication might benefit stem-
ness maintenance of PDL cells. Besides, PGE2 down-regulated mRNA
expression of RUNX2, an osteoblastic differentiation marker, in a dose-
dependent manner in human PDL cells that were cultured in regular
growth medium (unpublished data), implying that PDL stemness is
likely to be maintained by PGE2 treatment.

Consistently, PGE2 has formerly been shown to enhance stemness of
cancer cell lines, e.g. colorectal carcinoma, hepatocellular carcinoma
and rat bladder carcinoma (Chu et al., 2014; Liu et al., 2016; Moon
et al., 2014). PGE2 at low concentrations also up-regulates expression of
certain pluripotency-related markers in human tendon stem cells
(Zhang &Wang, 2014) and inhibits mineral deposition in cultured
human PDL cells (Manokawinchoke, Pimkhaokhum, Everts, & Pavasant,
2014). All of these studies thus suggested that the stemness of PDL cells
is probably retained by PGE2 at low doses. However, to the best of our
knowledge, it is still unknown as to whether PGE2 can influence the
clonogenicity, proliferation and expression of pluripotent markers,
which are some characteristics of PDL stemness. Accordingly, we aimed
to study effects of PGE2 on these three parameters.

2. Materials and methods

2.1. Cell culture

The protocol to retrieve human PDL cells was approved by the
Human Experimentation Committee, Faculty of Dentistry, Chiang Mai
University (#40/2016). Third molars without extensive caries, severe
periodontal infection and periapical lesions were collected from three
donors (aged 18–25 years) with informed consent to avoid potential
PDL cell stimulation with high doses of PGE2 from already-existing
inflammation in PDL tissues and contamination in cultures of PDL cells
from teeth with pulp, periapical or periodontal infection. The tissues
were gently removed from the middle third of the roots and dissected
into small pieces. Tissue explants were grown in Dulbecco’s Modified
Eagle Medium (DMEM; Gibco, Grand Island, NY, USA) supplemented
with 10% fetal bovine serum (FBS; Gibco), 2 mM glutamine (Gibco),
100 U/ml penicillin, 100 μg/ml, streptomycin and 5 μg/ml amphoter-
icin B (Gibco) under 100% humidified atmosphere at 37 °C and 5%
CO2. Cell culture medium was replenished every 48 h. After having
grown out from the explants and having reached confluence, PDL cells
were sub-cultured at a ratio of 1:3 for further expansions. Cells isolated
from each of the three donors in the third to fifth passages were kept
separately and used in all subsequent assays.

2.2. AlamarBlue® cytotoxicity and proliferation assay

PDL cells (1 × 104 cells per well) were seeded in 24-well plates with
500 μl of complete DMEM and incubated overnight at 37 °C under
100% humidified atmosphere containing 5% CO2. The cells in the wells
were treated with PGE2 (Tocris Biosciences, Bristol, UK) in 500 μl
complete DMEM at the following concentrations, including 0.01, 0.1, 1,
10 and 100 ng/ml. Because dimethyl sulfoxide (DMSO; Sigma-Aldrich,
St. Louis, MO, USA) was used as a solvent for PGE2, the concentration of
DMSO in every condition was finally equated to 0.1% v/v. Cells
maintained in cultures in the presence of 0.1% DMSO (v/v) without
PGE2 treatment were used as a negative control. Culture medium in all
conditions was replenished every 72 h.

To determine effects of PGE2 on both cytotoxicity and proliferative
potential, AlamarBlue® (Thermo Scientific™, Rockford, IL, USA) assay

was performed on days 1, 3 and 7. A quantity of 50 μl of AlamarBlue®

(10X) solution was added into each well. After 4 h of incubation at
37 °C, a 100-μl quantity of the supernatant from each well was trans-
ferred to a 96-well microplate for absorbance readings at 540-nm and
595-nm wavelength with a microplate spectrophotometer (Sunrise,
Tecan, Grödlg, Austria). Percentage of reduction was calculated against
a positive control well where AlamarBlue® (1X) in complete DMEM was
autoclaved for 15 min in order to obtain full reduction. A standard
curve plotting the percentages of reduction against the number of cells
in each PDL cell line was constructed. Population doubling times
(PDTs), expressed in h, between days 3 and 7 were calculated by using
the following formula, PDT = T ln2/ln(Xe/Xb) where T stands for in-
cubation time, Xb for cell number at the beginning of incubation, and Xe

for cell number at the end of incubation.

2.3. Clonogenic assay

Five hundred PDL cells per well were seeded in 6-well culture plates
and maintained in complete DMEM as described in the previous section.
After incubation with PGE2 at the concentrations mentioned above for
14 d, the cells were fixed with 10% v/v paraformaldehyde for 10 min,
washed with phosphate-buffered saline (PBS) twice and stained with
crystal violet (Sigma-Aldrich). The colony forming units, consisting of
more than 50 cells, were counted under stereomicroscope (Olympus,
Tokyo, Japan).

2.4. BrdU cell proliferation assay

PDL cells (3 × 103 cells per well) were seeded in 96-well tissue
culture plates with 100 μl of complete DMEM in each well. The cells
were treated with PGE2 at the concentrations described above. A cul-
ture condition without PGE2 was used as a negative control, whereas
the cells treated with 100 ng/ml of phorbol 12-myristate 13-acetate
(PMA; Sigma-Aldrich) served as a positive control for PDL cell pro-
liferation. Proliferation was determined at the end of the treatment
period for 48 h by using the cell proliferation ELISA BrdU kit (Roche
Diagnostics Ltd., Mannheim, Germany). After attachment to the bottom
of the plates, the cells were grown in complete DMEM containing 10 μM
BrdU for another 4 h at 37 °C. The medium was then discarded and the
cells were fixed with FixDenat solution at room temperature for 30 min
and further incubated with 100 μl of the anti-BrdU-POD working so-
lution for 90 min at room temperature. The wells were then washed
with PBS and the substrate solution was added and incubated at room
temperature for 30 min. Finally, the reaction was stopped by 1 M
H2SO4. The absorbance was read at 450 nm against that of the reference
wavelength at 595 nm with a microplate reader (Sunrise). The absor-
bance values at 595 nm were, therefore, subtracted from those at
450 nm. All absorbance values were subtracted again by the absorbance
value of the blank wells where no cells were seeded.

2.5. RNA extraction and real-time RT-PCR

PDL cells (1.2 × 105 per well) were seeded in 6-well plates and
cultured in complete DMEM. Then, the cells were treated with PGE2 at
according concentrations for 72 h or left untreated as a negative con-
trol. Total RNA was extracted with the RNA Minispin kit (GE
Healthcare, Little Chalfont, Buckinghamshire, UK) according to manu-
facturer’s instructions. One μg of each RNA sample was converted to
cDNA with the Tetro cDNA Synthesis kit (SensiFAST™, Taunton, MA,
USA) for 1.5 h at 45 °C at a total volume of 20 μl. Subsequently, all
cDNA products were diluted 1:5 (v/v) with nuclease-free water. Real-
time PCR was performed by using LightCycler® 480 instrument II
(Roche, Rotkreuz, Switzerland) with specific primer pairs for NANOG,
OCT4 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a
housekeeping gene (Table 1). All primer sequences were taken from our
previous work (Osathanon, Subbalekha, Sastravaha, & Pavasant, 2012).
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PCR was performed with the SYBR No-ROX kit (SensiFAST™), con-
taining Taq polymerase and SYBR green I, up to 45 cycles. The reaction
mixture consisted of 16 pmol of each primer and 5 μl of a diluted cDNA
product, making a total volume of 20 μl. The PCR working conditions
were set as follows: pre-incubation at 95 °C for 10 min, denaturation at
95 °C for 20 s, annealing at 65 °C for 20 s and elongation at 72 °C for
25 s. The levels of NANOG and OCT4 expression in each cDNA sample
were normalized with that of GAPDH expression with the aid of a cal-
culation algorithm, LightCycler® 480 Software version 1.5 (Roche).
Relative quantifications of NANOG and OCT4 expression were de-
termined by making a comparison between PGE2-treated and PGE2-
untreated samples.

2.6. Nuclear protein extraction and Western blot hybridization

PDL cells (1×108 cells) were cultured in complete DMEM in 15-cm
culture dishes and treated with PGE2 at varying concentrations as de-
scribed above for 72 h or left untreated as a negative control. The cells
were harvested with 0.5% trypsin in EDTA (Gibco) and then nuclear
protein was extracted with the NE-PER™ Nuclear and Cytoplasmic
Extraction reagent (Thermo Scientific™). Total protein content of each
sample was quantified by the BCA reaction (BCA Protein Assay Kit;
Pierce®, Rockford, IL, USA). A 3-μg quantity of nuclear extract in
Laemmli sample buffer (2X), consisting of 125 mM Tris-HCl at pH 6.8,
20% (v/v) glycerol, 4% (w/v) sodium dodecyl sulfate and 0.004% (w/
v) bromophenol blue and 5% (v/v) β-mercaptoethanol, was heated for
5 min, resolved by 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis under electrical current at 100 V/300 W for 2 h and
15 min and transferred to nitrocellulose membranes (Bio-Rad
Laboratories, Hercules, CA, USA) under electrical current at 100 mA/
300W for 12 h. The membranes were blocked for 1 h in 5% (w/v) non-
fat dry milk (Santa Cruz Biotechnology, Santa Cruz, CA, USA) in 0.1%
(v/v) Tween-20/Tris-buffered saline. Subsequently, the membranes
were incubated with rabbit polyclonal anti-human NANOG (1:1000;
EMD Millipore Corporation, Temecula, CA, USA), rabbit polyclonal
anti-human OCT4 (1:500; EMD Millipore Corporation) and rabbit
polyclonal anti-human histone deacetylase 1 (HDAC1; 1:1000; EMD
Millipore Corporation) antibodies overnight at 4 °C. On the following
day, the membranes were incubated with horseradish peroxidase-con-
jugated mouse anti-rabbit antibody (1:2000; Dako, Glostrup, Denmark)
for 1 h and reacted with LumiGLO Reserve Chemiluminescent reagent
(KPL, Gaithersburg, MD, USA). Chemiluminescent signals were cap-
tured with ChemiDoc XRS gel documentation system (Bio-Rad
Laboratories).

2.7. Immunofluorescence

PDL cells (1 × 104 cells) were seeded in chamber slides (Nunc™
Lab-Tek™ II Chamber Slide™ System; Thermo Scientific™) with com-
plete DMEM overnight. The cells were then treated with PGE2 at
varying concentrations (see above) for 72 h or left untreated as a ne-
gative control. After treatment, the cells were fixed with 4% paraf-
ormaldehyde in PBS for 10 min, permeabilized with Triton X-100 for
5 min, and incubated with phycoerythrin-conjugated mouse mono-
clonal anti-human stage-specific embryonic antigen 4 (SSEA4) antibody
(Thermo Scientific™) for 90 min. The cells were washed with PBS twice,
reacted with DAPI (Sigma-Aldrich) for 5 min and mounted in

fluorescence mounting medium. Immunofluorescence images were
captured with a fluorescence microscope (AxioImager II, Zeiss,
Göttingen, Germany). Percentages of SSEA4-positive cells were re-
ported against the total number of cells in four different fields of
counting using Zen 2 software (blue edition 2011, Carl Zeiss
Microscopy GmbH, Zeiss) to measure the fluorescent intensity where
the positive cells had a higher mean fluorescent intensity than that of
the background signal.

2.8. Statistical analysis

Since data derived from all assays performed in this study were
normally distributed by the test of normality with the Shapiro-Wilk,
analysis of variance (ANOVA) with Tukey’s multiple comparisons was
used to compare the numbers of clones, PDTs, newly-synthesized DNA
amount, relative mRNA expression of NANOG and OCT4, and percen-
tages of SSEA4-positive cells of the test groups with those of the control
groups. Statistical analysis was calculated with Statistical Package for
Social Sciences version 17 (SPSS; Chicago, IL, USA).

3. Results

3.1. Effect of PGE2 on the number of clones

Clonogenic assays were first conducted with 500 cultured PDL cells
for 14 d. The representative images of PDL clones stained with crystal
violet in response to PGE2 treatments are illustrated in Fig. 1A. Densely
formed colonies were observed in PGE2-treated groups at low doses
(0.01, 0.1 and 1 ng/ml) compared with those of the untreated group
(Fig. 1A). Quantitatively, the number of colonies was significantly in-
creased by treatment with PGE2 at concentrations from 0.01 to 10 ng/
ml (P < 0.001), whereas the number of colonies upon PGE2 treatment
at 100 ng/ml did not significantly differ from that of the untreated
group (P = 0.051; Fig. 1B). Note that several tiny colonies were si-
tuated in close proximity such that enhanced staining intensity of the
colonies was demonstrated. However, an increase in the number of
colonies could be clearly observed under higher magnification powers.

3.2. Effect of PGE2 on the proliferation of PDL cells

The proliferative potential was first determined by AlamarBlue®

assay at three different time points (1, 3 and 7 days). Because metabolic
activity of PGE2-treated PDL cells increased dramatically from day 3 to
7 (data not shown), PDTs were thus calculated from the numbers of
cells between days 3 and 7. PDTs tended to decline by PGE2 treatment
at 0.1 ng/ml; however, the decrease did not statistically reach sig-
nificance (Fig. 2A). Therefore, BrdU assay with a higher sensitivity to
evaluate cell proliferation was conducted. The absorbance values, re-
presenting the amounts of DNA-bound BrdU, of the samples treated
with PGE2 at low doses (0.01, 0.1 and 1 ng/ml) and with 100 ng/ml of
PMA significantly increased compared with those of the control
(P < 0.05; Fig. 2B). However, there was no significant difference be-
tween these PGE2-treated groups and the PMA group. On the contrary,
a treatment with 100 ng/ml of PGE2 significantly reduced the absor-
bance value compared with that of the control (P < 0.05; Fig. 2B),
suggesting that a high dose of PGE2 adversely affects PDL cell pro-
liferation.

3.3. Effect of PGE2 on expression of pluripotency-related markers

Next, the PDL stemness was further explored at the gene expression
level. The mRNA expression of NANOG and OCT4 was measured by
real-time PCR. Treatment with PGE2 at 0.1 and 1 ng/ml significantly
enhanced NANOG (P < 0.001) and OCT4 (P < 0.05), whereas treat-
ment with PGE2 at 0.01, 10 and 100 ng/ml did not significantly induce
NANOG and OCT4 expression (Fig. 3A). It is noteworthy that the

Table 1
Oligonucleotide sequences of forward and reverse primers used in real-time PCR.

Gene Forward (5′-3′) Reverse (5′-3′)

NANOG GGAAGAGTAGAGGCTGGGGT TCTCTCCTCTTCCTTCTCCA
OCT4 AGACCCAGCAGCCTCAAAATC GCAACCTGGAGAATTTGTTCCT
GAPDH TGAAGGTCGGAGTCAACGGAT TCACACCCATGACGAACATGG
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induction of NANOG was greater than that of OCT4. Consistent with the
induction of NANOG and OCT4 mRNA expression, expression of the
nuclear protein counterparts was up-regulated by treatment with PGE2
at 0.1 and 1 ng/ml (Fig. 3B). Expression of HDAC1, a housekeeping
gene control for nuclear protein fraction (Galbán et al., 2003), was
approximately equal among the different samples.

3.4. Induction of SSEA4 expression by PGE2 treatment

SSEA4, a human embryonic stem cell marker, was apparently ex-
pressed in human PDL cells treated with PGE2 at according con-
centrations as observed by more intense fluorescent signals than those
of the untreated cells (Fig. 4A). Correspondingly, treatments with PGE2
at any concentrations from 0.01 to 100 ng/ml tended to cause the
percentages of SSEA4-positive cells to increase; however, the percen-
tage of SSEA4-positive cells was significantly increased only by treat-
ment with PGE2 at 1 ng/ml (P < 0.05; Fig. 4B).

4. Discussion

Although PGE2 has previously been shown to cause an alteration in
PDL mineralization where PDL stemness is expected to change
(Manokawinchoke, Pimkhaokhum, Everts, & Pavasant, 2014), the effect
of direct PGE2 treatment in cultured PDL cells where characteristics of

cellular stemness are examined has yet to be reported in scientific lit-
erature. Therefore, in the present work some aspects of stemness were
studied in primary human PDL cells isolated from PDL tissues, cultured
and exposed to PGE2 at varying nontoxic concentrations. Firstly, pro-
liferative potential and clonogenicity had been examined. Secondly,
expression of pluripotency-related markers, including NANOG and
OCT4, in response to treatment with PGE2 at varying concentrations
was determined at both transcriptional and translational levels. Finally,
expression of SSEA4, a human embryonic stem cell marker, was in-
vestigated. The results revealed that treatment of PDL cells with PGE2 at
low concentrations (0.01, 0.1 and 1 ng/ml) significantly increased cell
proliferation and the number of clones. Furthermore, PGE2 at low doses
(0.1 and 1 ng/ml) might help maintain PDL stemness, as evidenced by
significantly up-regulated expression of NANOG and OCT4 at both
mRNA and protein levels. Nevertheless, significantly increased ex-
pression of SSEA4 in terms of the number of SSEA4-positive cells was
only observed in cells treated with PGE2 at 1 ng/ml.

Even though this study is limited to in vitro findings that cannot yet
reflect the physiological status or are not ready to be translated into
clinical applications, it is rather clear that PDL cells have a threshold
where expression of important embryonic stem cells is enhanced. It is
speculative that in the physiological condition, PDL cells would simi-
larly exhibit this feature which indicates a status where stemness is
retained or even enhanced. Additional animal or clinical studies are,
therefore, required to address a possible translation of the in vitro
findings to physiological and clinical significances and to prove whe-
ther or not PGE2 has any differential effects comparable to the in vitro
results.

PDL cells originate from ectomesenchymal cells in the dental follicle
surrounding the developing tooth bud. Although most of the

Fig. 1. Treatment with prostaglandin (PG) E2 at low doses significantly induces the
number of clones. Five hundred periodontal ligament (PDL) cells were seeded in 6-well
culture plates and treated with PGE2 at varying concentrations for 14 d. Cells were fixed
and stained with crystal violet. Representative images of colony forming units upon PGE2
treatment at indicated doses are shown in A. The number of clones consisting of more
than 50 cells was counted under stereomicroscope and plotted in a linear graph (B). Error
bars = standard deviation; n= 3. *** = P < 0.001.

Fig. 2. PGE2 at low doses significantly increases PDL cell proliferation. (A) A bar graph
demonstrates population doubling times (PDTs) upon treatment with PGE2 at varying
concentrations, calculated from the number of cells as determined by an AlamarBlue®

assay between days 3 and 7. Note PDTs tended to decline by treatment with PGE2 at
0.1 ng/ml. (B) A bar graph shows a significant increase in absorbance values reflecting
increased amounts of BrdU incorporation as determined by a BrdU assay in PDL cells
treated with PGE2 at low doses (0.01, 0.1 and 1 ng/ml) and with 100 ng/ml of phorbol
12-myristate 13-acetate (PMA, empty bar) compared with that of the untreated control
group. Note treatment with PGE2 at 100 ng/ml decreased the absorbance value compared
with that of the control. Error bars = standard deviation; n = 3. * = P < 0.05.
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ectomesenchymal cells have undergone cellular differentiations into
several specific cell types, including osteoblasts, cementoblasts, fibro-
blasts, the remaining cells retain themselves in an undifferentiated state
where multipotency is still maintained. Multipotency of PDL cells has
been demonstrated in a few studies in which mesenchymal cells could
differentiate into specialized cells belonging to three embryonic germ
layers, including ectodermal (neurons), mesodermal (adipocytes, os-
teoblasts and chondrocytes) and endodermal (hepatocytes) lineages
(Gay, Chen, &MacDougall, 2007; Kawanabe et al., 2010). In physiolo-
gical conditions, it has been proposed that continual masticatory force
is important for PDL functions in maintaining homeostasis of period-
ontium (Pavasant & Yongchaitrakul, 2011) partly because mechanical
stress from masticatory force appears to involve the maintenance of
multipotency in PDL by stimulating an extracellular release of ATP and
a subsequent induction of COX/PGE2 synthesis and PGE2 secretion by
PDL cells (Luckprom, Wongkhantee, Yongchaitrakul, & Pavasant, 2010;
Wongkhantee, Yongchaitrakul, & Pavasant, 2008). It is well known that
PGE2 has a broad spectrum of cellular activities because not only are
there at least four major types of prostaglandin E receptors distributed
unevenly elsewhere in different tissue types, but also differential affi-
nity of PGE2 for various EP receptors leads to different cellular re-
sponses. Therefore, the concentration of PGE2 should be considered
carefully in any experimental studies because different concentrations
render distinct biological effects.

PGE2 at low doses was reported to promote proliferation of several

different cell types. For example, endogenous PGE2 exerted positive
influence on proliferation of human mesenchymal stem cells derived
from umbilical cord blood and adipose tissue (Lee et al., 2016). In-
hibition of either COX or its downstream molecule, i.e. microsomal PGE
synthase-1 (mPGES-1), led to G1 cell cycle arrest that inhibited cell
division according to the fluorescence-activated cell sorter analysis (Lee
et al., 2016). Inhibition of the COX/PGE2 axis in ankylosing spondylitic
fibroblasts with inhibitors significantly decreased cell proliferation as
per EdU (5-ethynyl-2′-deoxyuridine) incorporation assay (Zou, Yang,
Yuan, Zhang, & Li, 2016). Consistent with the findings from these
aforementioned studies, the result from this study showed a significant
increase in proliferation of PDL cells with PGE2 treatment at 0.01, 0.1
and 1 ng/ml. Similarly, the number of clones was significantly in-
creased and the clones were densely populated by PGE2 treatment at
these low doses.

In agreement with increased cell proliferation and enhanced
number of clones, expression of pluripotency-related markers, NANOG
and OCT4, was up-regulated at both transcriptional and translational
levels with PGE2 treatment at low doses (0.1 and 1 ng/ml). Although
concentrations of PGE2 used to enhance expression of pluripotent
markers vary among cell types due to cell-type-specific responses, our
results appear to be consistent with those of many studies, previously
demonstrating the importance of PGE2 on stemness maintenance in
different cell types. For instance, at low levels (0.01 and 0.1 ng/ml) did
PGE2 increase expression of NANOG and OCT4 in human tendon stem
cells, implying stemness retention, but at a high level did it increase
expression of RUNX2, inferring cellular differentiation (Zhang &Wang,
2014). Moreover, silencing the expression of mPGES-1 with siRNA
transfection in prostate cancer cells resulted in a decrease in expression
of NANOG and OCT4 as well as vimentin, a protein involved in a pro-
cess of epithelial-mesenchymal transition (Finetti et al., 2015).

Fig. 3. Treatment with PGE2 at low doses for 72 h up-regulates mRNA and protein ex-
pression of NANOG and OCT4. (A) Significant induction of NANOG (empty bars) and
OCT4 (gray bars) mRNA expression upon treatment with PGE2 at 0.1 and 1 ng/ml. Error
bars = standard deviation; n = 3. *** = P < 0.001; * = P < 0.05. (B) Up-regulation of
NANOG and OCT4 protein expression in nuclear extract of PDL cells treated with PGE2 at
1 ng/ml. Expression of human histone deacetylase 1 (HDAC1) was equal among the
different samples. Note the molecular weights of OCT4 and HDAC1 are as predicted,
whereas there are two bands above 30 kDa for NANOG protein expression in the nuclear
extract similar to a previous result shown in mouse embryonic stem cells (Hatano et al.,
2005). These blots are representative of three independent experiments using three dif-
ferent PDL cell lines.

Fig. 4. Expression of stage-specific embryonic antigen 4 (SSEA4) is induced by PGE2
treatment. (A) Representative immunofluorescence images demonstrate punctate dis-
tribution of SSEA4 expression in PDL cells, especially more intense fluorescent signals
observed in cells treated with PGE2 for 72 h than those of the untreated cells. (B) A bar
graph shows a significant increase in percentage of SSEA4-positive cells upon treatment of
PDL cells with PGE2 at 1 ng/ml. Error bars = standard deviation; n = 3. * = P < 0.05.
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In addition to expression of NANOG and OCT4, SSEA4 was used as a
screening marker for stemness of PDL cells treated with PGE2 basically
because SSEA4 is rarely expressed in differentiating cells (Draper,
Pigott, Thomson, & Andrews, 2002). SSEA4-positive cells were reported
to locate in different tissues of mesenchymal origin, for example, limbal
stromal cells, patellar tendon cells and PDL cells (Kawanabe et al.,
2010; Lim et al., 2012; Zhang &Wang, 2014). Besides, these SSEA4-
positive cells possess multipotency with which the cells could differ-
entiate into several cell lineages (Kawanabe et al., 2010; Lim et al.,
2012; Zhang &Wang, 2013). The finding from this study showed that
PGE2 treatment at low doses (0.01, 0.1 and 1 ng/ml) increased the
number of SSEA4-positive cells; however, only at 1 ng/ml could PGE2
yield a statistically significant increase in SSEA4 expression. This
finding corresponds with expression of surface markers found in tendon
stem cells where both STRO-1 and SSEA4 were enhanced in terms of
increased positive cell numbers with PGE2 treatment at a low dose
(0.01 ng/ml), albeit a difference in optimal concentrations
(Zhang &Wang, 2014). Moreover, enhancement of SSEA4 in this study
coincides with induction of NANOG and OCT4 expression, collectively
suggesting that stemness might have been enhanced to a certain extent.
However, it is noteworthy that expression of SSEA-4 in mesenchymal
stem cells may be an artificial induction in the culture as fetal calf
serum contains globoseries glycosphingolipids, which can be re-
cognized by an SSEA-4 antibody, and in vitro exposure to fetal calf
serum may also induce SSEA-4 expression (Suila et al., 2011).

The results from this study may provide clinical translation of PGE2
thresholds in stemness maintenance of PDL cells where high pro-
liferative rate, clone-formation ability and multipotency are held, and
thus the determination of PGE2 concentration in gingival crevicular
fluid is herein speculated to be used for an estimation of optimal PGE2
levels that support a niche to PDL stemness. Unfortunately, clinical
investigations into the baseline PGE2 levels in gingival crevicular fluid
collected from gingival sulci surrounding non-inflamed periodontium of
healthy volunteers have yet to be established. These levels may prove
useful for orthodontic tooth movement where the ability of PDL cells to
maintain their stemness is possibly critical for a stem cell reservoir in
PDL tissues during periodontal tissue remodeling after an application of
orthodontic force. In summary, some aspects of stemness maintenance,
including proliferative potential, clone-formation ability, and induction
of pluripotency-related markers, by PGE2 treatment at low doses have
been demonstrated in cultured human PDL cells. However, it is still
necessary to perform cell differentiation assays to assure that PDL
stemness is truly maintained in a future study. Moreover, involvement
of signaling pathways that mediate the effects of PGE2 at low doses on
stemness maintenance in PDL cells warrants further investigations.
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Abstract

The purpose of this systematic review and meta-analysis was to evaluate utili-

sation of supplementary techniques for pain control during root canal treat-

ment of lower molars with irreversible pulpitis. The literature was searched

using electronic databases up to year 2012. Seventeen studies with 1504 par-

ticipants were included and each study compared experimental interventions

with a standard treatment, i.e. the inferior alveolar nerve block. Changing the

injection techniques or supplemental injection had no significant effect on

pulp anaesthesia compared to the standard treatment (P = 1.00 or P = 0.14),

whereas changing anaesthetic features and increasing anaesthetic volumes

resulted in significantly higher rates of anaesthesia than those of the standard

treatment (P = 0.03 and P = 0.007, respectively). Premedication with non-

steroidal anti-inflammatory drugs (NSAIDs) also significantly increased the

success rate of anaesthesia (P = 0.001). Taken together, increased anaesthetic

volumes and premedication with NSAIDs provide predictable anaesthesia and

more pain control during endodontic treatment of lower molars with irre-

versible pulpitis.

Introduction

The inferior alveolar nerve block (IANB) is the most

commonly used local anaesthetic technique for root

canal treatment of mandibular teeth. In healthy teeth,

the failure rate of IANB is 15%, whereas this rate

increases dramatically to be as high as 44–81% in teeth

with acute irreversible pulpitis (1). Numerous studies

have evaluated the efficacy of different pain manage-

ment strategies as well as the influences of various sup-

plemental anaesthetic techniques and pre-operative

medications with distinct methods and results. The pur-

pose of this systematic review was, therefore, to assess

the effectiveness of various interventions for pain relief

during root canal treatment in lower molars with irre-

versible pulpitis.

Materials and Methods

Inclusion criteria for eligible studies

Type of studies

Randomised control trials (RCTs) that compared various

interventions with a standard intervention (IANB) for

pain relief during root canal treatment in lower molars

with irreversible pulpitis.

Type of participants

Adults aged 18 years and above who were experiencing

pain in mandibular molars as a result of irreversible pul-

pitis. Radiographs showed no periapical radiolucency

other than a widened periodontal ligament space. The
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participants were able to understand and use a visual

pain scale. The participants were in good health and not

taking any medications that would alter their pain per-

ception, and females were neither pregnant nor breast-

feeding.

Type of interventions

Any supplementary interventions, such as changing the

injection techniques, supplemental injection, changing

the characteristics of local anaesthetic agents, or using

pre-operative medications with analgesic drugs, were

considered. The standard intervention was defined as use

of local anaesthetic injection by IANB.

Type of outcome measures

The primary outcome was clinical success of pulp anaes-

thesia such that the participants felt only mild or no pain

during root canal treatment.

Search methods for identification of studies and data

collection

The following databases were searched for relevant trials

from the inception of each electronic database to April

2013: Cochrane Central Register of Controlled Trials

(CENTRAL) http://www.thecochranelibrary.com/view/

0/index.htmll, MEDLINE (Pubmed) http://www.ncbi.

nlm.nih.gov/pubmed?holding=ithkkumlib, SCOPUS

http://www.scopus.com/home.url, and MEDLINE (Ovid)

http://ovidsp.tx.ovid.com/sp3.8.0a/ovidweb.cgi. The fol-

lowing keywords were used: ‘inferior alveolar nerve

block’, ‘irreversible pulpitis’, and ‘randomised or ran-

domised control trials’.

Hand searching was performed in relevant journals

from 2003 to 2012 plus Journal of the Endodontic Soci-

ety of Thailand, Khon Kaen University Dental Journal,

Mahidol Dental Journal, Chiang Mai Dental Journal,

Journal of the Dental Association of Thailand, Srinakhar-

inwirot University Dental Journal, Chulalongkorn

University Dental Journal, North-Eastern Thai Journal of

Neuroscience, Thai Journal of Oral and Maxillofacial Sur-

gery, Journal of Orofacial Pain and Songklanagarind

Medical Journal.

Two reviewers (PT and PC) independently screened

abstracts of the potential articles obtained from all the

electronic and hand searching to decide whether the

studies met the inclusion criteria. Any disagreements

were resolved by discussion. A third reviewer (ML) was

consulted if there was any unresolved disagreement. Full

texts of the eligible articles were then separately

reviewed by the first two reviewers.

Assessment for the methodological quality of

included studies

The risk of bias for all included studies was assessed using

seven domains as described in the Cochrane Handbook

for Systematic Reviews of Interventions (2), including

sequence generation, allocation concealment, blinding of

participants, personnel and outcome assessors, incom-

plete outcome data, selective outcome reporting and

other potential sources of bias. The judgment for each

item was ‘Yes’ indicating low risk of bias, ‘No’ indicating

high risk of bias, or ‘Questionable’ indicating the lack of

information. If the sequence generation and allocation

concealment of each study were judged to have a low risk

of bias, its quality was assumed to have a low risk of bias.

Data analysis

Data analysis was carried out using Revman 5.2 software

(Cochrane Collaboration, Oxford, UK) (2). The rate of

successful pulp anaesthesia was expressed as relative risk

(RR) with 95% confidence interval (CI). The RR and

95% CI for pain relief improvement of individual studies

were presented using forest plots. The heterogeneity of

results from included studies was investigated by I square

(I2). The statistical heterogeneity was presented as signifi-

cant when I2 was over 50% or P < 0.10. Sub-group anal-

ysis was conducted to investigate whether there was a

statistically significant difference between interventions.

The random effect meta-analysis was used to combine

success rates of anaesthesia. A funnel plot of successful

pulp anaesthesia was conducted to identify a publication

bias.

Results

A total of 113 articles were retrieved from PubMed

(n = 34), CENTRAL (n = 17), SCOPUS (n = 33) and Ovid

(n = 29), while there was no additional article found

through other sources by hand searching (Fig. 1). All

articles were evaluated by reading their titles and

abstracts. Seventy-seven articles were rejected as being

from the same journals and fourteen articles were

rejected because they did not meet the inclusion criteria.

Twenty-two full texts were evaluated independently by

two reviewers (PT and PC), from which five studies were

rejected as not meeting the inclusion criteria. Thus, 17

studies were assessed for quality and their data were

analysed (Fig. 1).

There were 1504 participants involved in these 17

studies (Table 1), and each study compared the experi-

mental (supplemental) techniques with the standard

intervention of IANB. The 17 studies were divided into
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five categories for comparison, and some studies were

used for more than one comparison. Of the 17 studies, 15

studies showed comparable baseline characteristics of the

participants, such as gender, age, initial pain and distribu-

tion of teeth. The quality of included articles was good

since most of them had low risk (Fig. 2). As summarised

in Table 1, the indicators used to determine clinically

successful IANB in 17 studies varied as ten studies used

lip numbness, while five studies used lip numbness plus a

cold pulp test and two studies used electric pulp testing.

Thirteen studies used the Heft-Parker visual analogue

scale, two studies used a verbal analogue scale, one study

used a visual analogue scale and one study used verbal

description of pain whilst having root canal treatment. A

funnel plot of primary outcome from eight included stud-

ies relating to changing the features of local anaesthetic is

shown in Figure 3, and the symmetry of eight plots,

which means no publication bias, was demonstrated.

Effects of interventions

1. Changing the techniques of local anaesthetic injection

versus standard intervention. Buccal infiltration with 4%

articaine and 1:100 000 epinephrine was compared in

Figure 1 PRISMA flow diagram of the meta-analysis.
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one study (n = 104) with a standard intervention, i.e.

IANB with 2% lidocaine (3). There was no statistically

significant difference in terms of pulp anaesthesia

between these two techniques (RR = 1.00; 95%

CI = 0.76–1.32; Fig. 4).
2. Supplemental injection plus standard intervention

versus standard intervention. Two studies (n = 107)

reported a comparison of different methods of supple-

mental injection. The standard intervention, i.e. IANB

using 2% lidocaine, was followed by the buccal and lin-

gual infiltration as the supplemental injection in one

study (4), whereas only the buccal infiltration was per-

formed for the supplemental injection in the other study

(5). Although there was a statistically significant

difference in pulp anaesthesia (P = 0.002; RR = 4.41;

95% CI = 1.71–11.37), favouring IANB plus supplemen-

tal buccal infiltration (5), there was no statistically signifi-

cant difference in pulp anaesthesia between IANB and

IANB plus supplemental injection for pooled data from

these two studies (P = 0.14; pooled RR = 2.37; 95%

CI = 0.75–7.46; Fig. 5).
3. Changing the features of local anaesthetic versus stan-

dard intervention. A meta-analysis of eight studies (3, 5–
11), including a total of 492 participants, is reported in

Figure 6. The overall success rate of pulp anaesthesia

with supplemental interventions was statistically signifi-

cantly higher than that of the standard intervention

(P = 0.03; pooled RR = 1.26; 95% CI = 1.02–1.56).
However, the results among these eight studies were low

in consistency with overlapped CIs and I2 = 20%. Thus,

the source of heterogeneity was conducted by sub-group

analysis: (i) increasing volumes of local anaesthetic (ii)

increasing volumes and changing components of local

anaesthetic and (iii) changing types of local anaesthetic.

Among the three sub-groups, a statistically significant

higher success rate of pulp anaesthesia was found only in

the sub-group where there was an increase in anaesthetic

volumes (P = 0.007; RR = 2.25; 95% CI = 1.25–4.05;
Fig. 6).

4. Premedication with non-steroidal anti-inflammatory

drugs (NSAIDs), acetaminophen, or a combination of

acetaminophen and ibuprofen versus standard interven-

tion. Seven studies (n = 696; 12–18) were included for

this comparison. The supplemental interventions were

divided into three sub-groups: (I) premedication with

NSAIDs (II) premedication with acetaminophen and (III)

premedication with a combination of acetaminophen

and ibuprofen. The results derived from these seven stud-

ies could not be pooled due to two comparisons being

reported in one study (17). However, five studies (12–16)
using premedication with NSAIDs as the supplemental

intervention showed a statistically significantly higher

rate of successful pulp anaesthesia than that of the stan-

dard intervention (P = 0.001; random pooled RR = 1.75,

95% CI = 1.24–2.48; Fig. 7).
5. Supplemental infiltration with other local anaesthetic

agents, including 2% articaine with 1:200 000 epinephr-

ine, 4% articaine with 1:100 000 epinephrine,

30 mg mL�1 of ketorolac tromethamine, and 4 mg mL�1

of dexamethasone, versus standard intervention. Two

studies (n = 194) (4, 19) provided four comparisons of

the supplemental infiltration with different local anaes-

thetic agents versus the standard intervention, i.e. IANB

using 2% lidocaine with 1:200 000 epinephrine. Of four

different interventions, only supplemental buccal and

lingual infiltration with 2% articaine and 1:200 000 epi-

nephrine yielded a statistically significant higher rate

Figure 2 Quality of 17 included studies: (+) indicates adequate quality;

(?) indicates questionable quality.
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of pulp anaesthesia than the standard intervention

(P = 0.03; RR = 2.00, 95% CI = 1.08–3.72; Fig. 8),

whereas the differences between supplemental infiltra-

tion and the standard intervention for the remaining

three comparisons did not reach the significance level

(Fig. 8).

Discussion

The current review included 17 studies with a total of

1504 participants. The results demonstrate that more

effective local anaesthesia and pain control occurs

when supplemental interventions are used in addition

Figure 3 Funnel plot of primary outcome from eight included studies. RR, relative risk; SE, standard error.

Figure 4 Changing the techniques of local anaesthetic injection versus standard intervention. CI, confidence interval; IANB, inferior alveolar nerve

block.

Figure 5 Supplemental injection plus standard intervention versus standard intervention. CI, confidence interval; IANB, inferior alveolar nerve block.
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Figure 6 Changing the features of local anaesthetic versus standard intervention. CI, confidence interval.

Figure 7 Premedication with non-steroidal anti-inflammatory drugs (NSAIDs), acetaminophen, or a combination of acetaminophen and ibuprofen ver-

sus standard intervention. CI, confidence interval; IANB, inferior alveolar nerve block.
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to the standard inferior alveolar nerve block whilst

performing root canal treatment on lower molars with

irreversible pulpitis. These supplemental interventions

that improved the success of pulp anaesthesia were

increasing the anaesthetic volumes and premedication

with NSAIDs. This result is similar to a study by Li

et al. in 2012 (20) who used similar criteria and a sim-

ilar methodology.

The review process of the current study was done inde-

pendently by two reviewers for the selection of eligible

studies, for assessment of the quality of each study, and

for data extraction. Discussion with the third reviewer

was only required when disagreement occurred. Eleven

of the 17 included studies (65%) were judged to have a

low risk of bias and none of the 17 included studies was

judged as having a high risk of bias in any domains of

methodological quality (Fig. 2). Baseline characteristics

were balanced between the intervention groups. Hence,

this review provides evidence that should be reliable and

of benefit to clinical practice.

Most studies reviewed have used lip numbness as the

criteria for successful anaesthesia but some used this

along with a cold pulp test or electric pulp testing. Most

studies used the Heft-Parker visual analogue scale,

although some used a verbal analogue scale or verbal

description of pain during root canal treatment.

The risk ratio was used in this review because prospec-

tive studies were selected. The random effect model was

used due to heterogeneity of the selected studies in

which a very low possibility of no difference among those

studies was expected. Even though no heterogeneity was

observed, the results of random and fix models are still

the same.

Although some results of this study were statistically

significant, the 1.75–2.25 times of difference may not

be considered by some as being of clinical significance.

However, clinical significance is very subjective and it

can be affected by many individual patient and opera-

tor factors. The most important consideration when

treating patients is to try and minimise the pain they

feel and ideally this should be done in a proactive or

anticipatory manner. That is, it is better for the patient

not to experience any pain at all than to experience

pain and then have to have further anaesthetic admin-

istered. This can result in the patient losing confidence

in the procedure and/or the operator in addition to

possibly increasing the amount of post-operative pain

experienced. Hence, this systematic review provides

readers with beneficial information that can be

adapted for the clinical situation to minimise pain for

the patient. For example, operators should consider

using pre-operative medications with NSAIDs where

appropriate and supplemental injection to increase the

volume of anaesthetic solution used prior to commenc-

ing root canal treatment.

Conclusions

Increasing the volume of anaesthetic and premedication

with NSAIDs provided more predictable pulp anaesthesia

and pain control during root canal treatment of lower

molars with irreversible pulpitis.

Figure 8 Supplemental infiltration with other local anaesthetic agents, including 2% articaine with 1:200 000 epinephrine, 4% articaine with 1:100 000

epinephrine, 30 mg mL�1 of ketorolac tromethamine, and 4 mg mL�1 of dexamethasone, versus standard intervention. CI, confidence interval; IANB,

inferior alveolar nerve block.
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Abstract
Background/Aim: Avulsed teeth should be immediately replanted into the socket or 
otherwise kept in a physiologic storage medium to maintain periodontal ligament cell 
viability. A previous study has demonstrated that Thai propolis extract can maintain vi-
ability of human periodontal ligament cells. However, root resorption by osteoclasts 
often occurs when the avulsed teeth are replanted. The aim of this study was to deter-
mine the inhibitory effect of Thai propolis extract on human osteoclastogenesis in vitro.
Materials and methods: Human peripheral blood mononuclear cells were isolated for 
osteoclast precursors and cultured in the presence or absence of various non-toxic con-
centrations of propolis extract, as determined by the alamarBlue® assay, during in vitro 
induction of osteoclastogenesis. Osteoclast formation was examined by tartrate-
resistant acid phosphatase staining, actin ring formation, and real-time polymerase chain 
reaction. The resorption pit assay was performed to determine osteoclast function.
Results: Non-toxic concentrations of propolis extract suppressed osteoclast forma-
tion by significantly decreasing the percentages of tartrate-resistant acid 
phosphatase-positive multinuclear cells and the ratios of cells with F-actin ring for-
mation (P < .01) in a dose-dependent fashion. Expression of several osteoclast-
specific genes was significantly downregulated by propolis in a dose-dependent 
manner (P < .05). The percentages of resorption areas on dentin slices were signifi-
cantly decreased by propolis (P < .05).
Conclusions: Thai propolis can inhibit human osteoclast formation and function, 
which may be beneficial for prevention of root resorption following replantation of 
avulsed teeth.

K E Y W O R D S

osteoclastogenesis, propolis, root resorption, tartrate-resistant acid phosphatase, tooth 
avulsion

1  | INTRODUC TION

Avulsion is defined as total displacement of a tooth out of the socket. 
It is the most severe type of dental injury and it damages multiple 
tissues, including the periodontal ligament (PDL), alveolar bone, 

cementum, gingiva, and dental pulp. The damages include severance 
of PDL, fracture of alveolar bone, tear of cementum, disruption of 
gingival and dental pulp tissues.1 The incidence of tooth avulsion 
ranges from 1% to 16% of all traumatic injuries to the permanent 
dentition.2 It is recommended by the International Association for 
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Dental Traumatology that avulsed teeth be immediately replanted 
in the socket because long-term success without any complications 
depends on the extra-oral period.3 Extended extra-oral dry time is 
associated with decreased PDL viability4 and increased root resorp-
tion.5 If immediate replantation is not possible, avulsed teeth should 
be stored in a physiologic storage medium such as Hank’s Balanced 
Salt Solution (HBSS) to maintain PDL cell viability until the teeth are 
replanted. Besides HBSS, the preservative effect of Thai propolis ex-
tract on viability of PDL cells from extracted human premolars for up 
to 3 hours has been investigated.6

Some previous studies have reported that root resorption after 
tooth replantation is common, ranging from 60% to 85% of replanted 
teeth,7–9 and it is considered to be a major cause of loss of the teeth. 
Osteoclasts, multinucleated giant cells with F-actin rings, are dif-
ferentiated from hematopoietic cells of the monocyte/macrophage 
lineage and they play a major role in root resorption.10 Therefore, it 
is probable that any constituents within the storage medium that 
can help reduce osteoclast formation and function may enhance the 
long-term success rate of replanted teeth.

Propolis or bee glue is a natural non-toxic resinous substance 
collected from several types of plants by honeybees. Its chemical 
composition and biological properties vary with different geograph-
ical locations and climate characteristics. Khurshid and co-workers11 
have reviewed various biological properties of propolis in therapeu-
tic medicine, ranging from antimicrobial, anticancer, antioxidant, 
anti-inflammatory activities to wound-healing promotion. In den-
tistry, some studies have demonstrated the preventive effect of 
propolis against dental caries12 as well as its therapeutic benefits for 
oral mucositis,13 plaque inhibition,14 and pulp capping.15 Moreover, 
Pileggi et al16 have previously demonstrated that Brazilian propolis 
from the southern region of Brazil in the vicinity of Sao Paulo inhibits 
osteoclast maturation. Therefore, it was hypothesized in this study 
that Thai propolis could also prevent osteoclastogenesis similar to 
the inhibitory effect of the Brazilian propolis. Hence, the aim of this 
study was to determine the inhibitory effect of Thai propolis extract 
on human osteoclastogenesis in vitro.

2  | MATERIAL S AND METHODS

As previously described,6 propolis was collected and extracted in a 
single batch used for all experiments in this study. Briefly, propo-
lis obtained from beehives in Nong Khai province, Thailand, was 
ground and dissolved in 95% ethanol (1 g per 5 mL). After that, the 
mixture was stirred in an orbital shaker at 200 rpm for 5 days and 
filtered with Whatman No. 1 filter paper several times. Then, the 
ethanol in the extract was evaporated and lyophilized in a freeze-
dryer (CHRIST, ALPHA 2-4 LD plus, Martin Christ, Germany). The 
semisolid and brownish propolis extract at 1.185 g per mL was kept 
in the bottle, wrapped with aluminum foil, and stored at 4°C until 
further uses.

The research protocol (no. 6/2017) was approved by the Human 
Experimentation Committee of Faculty of Dentistry, Chiang Mai 

University. Peripheral blood mononuclear cells (PBMCs), as os-
teoclast progenitor cells, were separated from heparinized whole 
blood, drawn from twelve healthy volunteers (20-35 years old) with 
informed consent, by density gradient centrifugation using Ficoll-
Paque™ (GE Healthcare Bio-Sciences, Uppsala, Sweden) as previ-
ously described.17 In brief, heparinized venous blood was diluted 
with sterile phosphate-buffered saline (PBS) at the ratio 1:1, and the 
diluted blood was gently overlaid onto the Ficoll-Paque solution at 
the ratio 3:1. After centrifugation at 400 g for 30 minutes at 25°C, 
PBMCs were collected from the buffy coat, washed two times with 
20 mL of PBS, and cultured in complete medium, containing minimum 
essential medium alpha Eagle’s (αMEM; Lonza, Walkersville, MD, 
USA), supplemented with 10% fetal bovine serum (FBS; Invitrogen, 
Thermo Fisher Scientific, Inc., Waltham, MA, USA), 2 mmol L−1 L-
glutamine (Lonza), 1% penicillin/streptomycin (Invitrogen), and 
15 ng mL−1 of recombinant human macrophage-colony-stimulating 
factor (M-CSF; R&D Systems, Inc., Minneapolis, MN, USA), at the 
density of 5 × 105 cells per cm2 in appropriate culture vessels for 
subsequent experiments.

Peripheral blood mononuclear cells were seeded in black and 
clear bottom 96-well culture plates (Nunc A/S, Roskilde, Denmark) 
and cultured in complete medium at 37°C in 5% CO2 and 95% hu-
midity. After 48 hours, the complete medium was replenished, and 
cells were treated with various concentrations (0.025-10 mg mL−1) of 
the propolis extract, diluted in absolute ethanol at the final concen-
tration of 1% (v/v), or with 1% (v/v) of absolute ethanol as a solvent 
control for 24 hours or 7 days. After that, a 100-μL quantity of 10% 
FBS-containing αMEM together with 4 μL of the alamarBlue® re-
agent (AbD Serotec®, Bio-Rad Laboratories, Raleigh, NC, USA) was 
added and incubated at 37°C for 4 hours. The fluorescent intensity 
was measured by a multimode microplate reader (Synergy4, BioTek, 
Winooski, VT, USA) at 540 nm for an excitation wavelength and at 
590 nm for an emission wavelength. The fluorescent intensities of 
treated samples were adjusted for the ratios of cell viability by com-
paring to those of the untreated control, set to 1.0.

Peripheral blood mononuclear cells were seeded into 96-well 
culture plates (Nunc A/S) and cultured in complete medium with or 
without 30 ng mL−1 of recombinant human receptor activator of nu-
clear factor kappaB ligand (RANKL; R&D Systems, Inc.) in the pres-
ence or absence of non-toxic doses of propolis extract that were 
chosen from the cytotoxicity assay. As a solvent control, cells were 
treated with absolute ethanol at the final concentration of 1% (v/v) 
instead of the propolis extract. The medium replacement and treat-
ment were performed every other day. After 7 days, cells were fixed 
with 4% paraformaldehyde (Sigma-Aldrich; Merck KGaA, Darmstadt, 
Germany) in PBS at 4°C for 10 minutes and stained with tartrate-
resistant acid phosphatase (TRAP) reagent, comprising 0.2 mmol L−1 
Naphthol AS-MX phosphate disodium salt (Sigma-Aldrich) and 
1.5 mmol L−1 Fast red violet (Sigma-Aldrich) in 40 mmol L−1 sodium 
acetate (Sigma-Aldrich) and 10 mmol L−1 sodium tartrate (Sigma-
Aldrich), for 2 hours, as previously described.18 Three images that 
covered around 80% of each well of the 96-well plate were captured 
by a digital camera (EOS 600D, Canon, Inc., Tokyo, Japan) attached 
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to an inverted phase contrast microscope (Olympus Corporation, 
Tokyo, Japan), and the number of TRAP-positive multinuclear cells, 
containing at least three nuclei, in each image was manually counted 
and combined. The percentage of TRAP-positive multinuclear cells 
was determined in the propolis-treated or the absolute ethanol-
treated sample compared to that in the M-CSF- and RANKL-treated 
sample, set to 100.

Peripheral blood mononuclear cells were seeded in Lab-Tek™ 
chamber slides (Thermo Fisher Scientific, Inc.) and cultured in com-
plete medium with or without 30 ng mL−1 of RANKL in the pres-
ence or absence of non-toxic concentrations of propolis extract or 
1% (v/v) absolute ethanol. The medium replacement and treatment 
were performed every other day. After 7 days, cells were fixed with 
4% paraformaldehyde in PBS at 4°C for 10 minutes and then per-
meabilized with 0.1% Triton X-100 (Amresco, Solon, OH, USA) and 
3% bovine serum albumin (Sigma-Aldrich) in PBS. Subsequently, 
cells were stained with 0.1% Alexa Fluor®488-conjugated phalloi-
din (Invitrogen) and 4′,6-diamidino-2-phenylindole (DAPI; Biotium, 
Inc., Hayward, CA, USA). The presence of actin rings was visualized, 
and their images were captured by a fluorescence microscope (Axio 
Imager Z2 m, Carl Zeiss Microscopy GmbH, Göttingen, Germany). 
The number of cells with F-actin ring formation in propolis-treated or 
absolute ethanol-treated samples was adjusted for the relative ratio 
of cells with F-actin rings in comparison with that of the M-CSF- and 
RANKL-treated sample, set to 1.0.

Peripheral blood mononuclear cells were seeded in 6-well 
culture plates and cultured in complete medium with or without 
30 ng mL−1 of RANKL in the presence or absence of non-toxic doses 
of propolis extract or 1% (v/v) absolute ethanol for 7 days. Total RNA 
was isolated by the RNAspin Mini RNA isolation kit (GE Healthcare 
UK limited, Buckinghamshire, UK) according to the manufacturer’s 
protocol. The quantity of RNA was measured by the NanoDrop™ 
2000 UV-Vis spectrophotometer (Thermo Fisher Scientific, Inc.). A 
400-nanogram quantity of total RNA was used for synthesis of com-
plementary DNA (cDNA) using the RevertAid H Minus First Strand 
cDNA Synthesis kit (Thermo Fisher Scientific, Inc.).19 Real-time PCR 
was performed in a 20-μL total volume of reaction mixture, contain-
ing 1 μL of cDNA, 0.4 μmol L−1 of each forward and reverse primer 
for several genes (Table 1), including nuclear factor of activated T 
cell 2 (NFAT2), cathepsin K (CTSK), receptor activator of nuclear fac-
tor kappa B (RANK), chloride channel 7 (CLCN7), calcitonin receptor 
(CTR), and colony-stimulating factor 1 (CSF1) for M-CSF, and 10 μL of 
the SensiFAST™ SYBR No-ROX reagent (Bioline, Taunton, MA, USA) 
in the LightCycler® 480 instrument (Roche Molecular Biochemicals, 
Mannheim, Germany) for 40 cycles with a profile of 95°C for 20 sec-
onds, 60°C for 20 seconds, and 72°C for 25 seconds. To compare 
the degrees of gene expression among samples, the relative gene 
expression (∆Ct) of each gene was normalized by that of glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) as a housekeeping gene 
control. GAPDH is considered one of the most common genes used 
for normalization of gene expression.20 Moreover, a few previous 
studies have shown that GAPDH expression levels are changed only 
by treatment with glucose, insulin, or heat shock.21,22 Consequently, 

GAPDH was selected for normalization in this study; furthermore, 
previous osteoclast differentiation studies17,18 used GAPDH as a 
housekeeping gene control without any significant changes in the 
levels of GAPDH expression among different conditions. The ∆Ct 
values of samples treated with the propolis extract or with absolute 
ethanol were compared with that of the untreated sample, set to 1.0, 
to obtain ∆∆Ct.

Dentin slices were immersed in 70% ethanol for 1 hour and 
stored in complete medium at 37°C in 5% CO2 and 95% humidity 
for 24 hours. After that, PBMCs were seeded on the dentin slices 
that were placed in 96-well culture plates and cultured in complete 
medium with or without 30 ng mL−1 of RANKL in the presence or 
absence of various non-toxic concentrations of propolis extract or 
1% (v/v) absolute ethanol for 7 days. The medium replacement and 
treatment were conducted every 2 days. Then, the dentin slices 
were washed with water and stained with Indian ink for 30 seconds, 
and excessive dye was wiped out. The images of stained dentin 
slices were examined by a bright field microscope (BX41, Olympus 
Corporation). To quantify the percentage of resorption areas, four 
images were taken from each dentin slice by a charge-coupled de-
vice camera (DP71, Olympus Corporation) attached to a micro-
scope and then combined. The resorption areas, containing stained 
pits and grooves, against the total area of each dentin slice were 
determined as the percentage using ImageJ software version 1.48 
(National Institutes of Health, Bethesda, MD, USA), which was then 
compared with the percentage of resorption area in the M-CSF- and 
RANKL-treated sample, set to 100.

All experiments were conducted in triplicate using three differ-
ent cell lines from three different donors. Data were compared by 

TABLE  1 Oligonucleotide primer sequences for the real-time 
reverse transcription polymerase chain reaction

Gene Sequence (5′-3′)

NFAT2 (forward) GTACGGCTGGTGTTCCGCGT

NFAT2 (reverse) AAAAAGCACCCCCACGCGCTCA

CTSK (forward) CCACTGGGAGCTATGGAAGA

CTSK (reverse) GCCTCAAGGTTATGGATGGA

RANK (forward) GGCTGGGTACCACTGGAG

RANK (reverse) TGCACACTGTGTCCTTGTTG

CLCN7 (forward) ACTGTCCTTCTGGGTGTTGC

CLCN7 (reverse) TGAGGAAGCACTTGATCTGG

CTR (forward) TGGTGCCAACCACTATCCATGC

CTR (reverse) CACAAGTGCCGCCATGACAG

CSF1 (forward) CACATGATTGGGAGTGGACA

CSF1 (reverse) TAATTTGGCACGAGGTCTCC

GAPDH (forward) TGCACCACCAACTGCTTAGC

GAPDH (reverse) GGCATGGCTGTGGTCATGAG

NFAT2, nuclear factor of activated T cell 2; CTSK, cathepsin K; RANK, 
receptor activator of nuclear factor kappaB; CLCN7, chloride channel 7; 
CTR, calcitonin receptor; CSF1, colony-stimulating factor 1; GAPDH, 
glyceraldehyde 3-phosphate dehydrogenase.
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mean ± standard deviation. Differences in the ratios of cell viability, 
in the percentages of TRAP-positive cells, in the ratios of cells with 
F-actin ring formation, in the relative gene expression, and in the 
percentages of resorption areas between the propolis-treated or 
the solvent-treated sample and the untreated control sample were 
analyzed using one-way analysis of variance, and individual sample 
comparisons were made using the Tukey HSD test. All statistical 
analyses were carried out with SPSS software version 17.0 (IBM 
SPSS Statistics, IBM Corp., Armonk, NY, USA). P-values <.05 were 
considered to indicate a statistically significant difference.

3  | RESULTS

Using the alamarBlue® assay, the mean ratios of cell viability in 
PBMCs treated with propolis extract from 0.025 to 5 mg mL−1 
for 24 hours (Figure 1A) or from 0.025 to 0.5 mg mL−1 for 7 days 
(Figure 1B) were not different from that of PBMCs treated with 
1% (v/v) absolute ethanol as a solvent control. However, the mean 
ratios of cell viability for treatment with propolis at 10 mg mL−1 for 
24 hours (Figure 1A) and for treatment with propolis at 1 mg mL−1 or 
greater for 7 days (Figure 1B) were significantly lower than that of 
the untreated sample (P < .05), indicating that the doses of propo-
lis extract at 0.5 mg mL−1 or less were not toxic to PBMCs even if 
they were treated for 7 days and were then chosen for subsequent 
experiments.

With TRAP staining, the propolis extract at 0.1 mg mL−1 or higher 
inhibited the number of TRAP-positive multinuclear cells compared 
to that of the M-CSF- and RANKL-treated or of the ethanol-treated 
sample (black arrowheads in Figure 2A). Accordingly, the percent-
ages of TRAP-positive multinuclear cells were significantly decreased 
by propolis treatment in a dose-dependent fashion, especially at the 
concentrations of 0.1, 0.25, and 0.5 mg mL−1 (P < .001; Figure 2B). By 
contrast, there was no difference in the percentage of TRAP-positive 
multinuclear cells between the M-CSF- and RANKL-treated and the 
ethanol-treated samples. As expected, there was no TRAP-positive 
multinuclear cell in PBMCs treated with only M-CSF (Figure 2A,B). 
Similar to the inhibition of TRAP-positive cells, the propolis extract 
at 0.1 mg mL−1 or higher suppressed the formation of actin rings, 
observed in the M-CSF- and RANKL-treated or the ethanol-treated 
sample (white arrowheads in Figure 3A). Note that the propolis ex-
tract at 0.25 and 0.5 mg mL−1 could prevent cell fusion (Figure 3A). 
Consistent with the significant inhibition of treatment with propolis 
at 0.1 mg mL−1 or higher on the percentages of TRAP-positive cells 
(Figure 2B), treatment with propolis at 0.1 mg mL−1 or greater sig-
nificantly decreased the ratios of cells with F-actin ring formation 
compared to that of the sample treated with M-CSF and RANKL 
(P < .01; Figure 3B), whereas no difference was found between the 
M-CSF- and RANKL-treated sample and the ethanol-treated sample.

At the gene expression level, the propolis extract at 0.1 and 
0.5 mg mL−1 significantly downregulated expression of certain 
osteoclast-specific genes, NFAT2, CTSK, RANK, CLCN7, and 
CTR, in a dose-dependent fashion compared to the M-CSF- and 

RANKL-treated or the ethanol-treated sample (P < .05; Figure 4). 
However, mRNA expression of the CSF1 gene, which is not inhib-
ited by treatment with the human cathelicidin antimicrobial peptide 
LL-37 that can block expression of several other osteoclast-specific 
genes,18 was not altered by propolis or absolute ethanol treatment 
(Figure 4), suggesting the specificity of propolis treatment to inhibit 
only genes related to osteoclast maturation markers.

To investigate whether the Thai propolis extract inhibited os-
teoclast function, PBMCs were seeded on dentin slices and differ-
entiated into multinuclear osteoclast-like cells in the presence or 
absence of propolis. The propolis extract at 0.1 mg mL−1 or greater 
decreased the amounts of stained pits and grooves compared to the 
M-CSF- and RANKL-treated sample (Figure 5A). Correspondingly, 
the percentages of resorption area were significantly reduced by 
propolis treatment in a dose-dependent manner (P < .05; Figure 5B). 
Very little stained pit or groove was observed in the sample 
treated with M-CSF alone that could not drive differentiation into 
osteoclast-like cells (Figure 5). Due to the significant reduction in 
cell viability by treatment with the propolis at 1 mg mL−1 upon treat-
ment for 7 days (Figure 1B), the percentage of resorption area was 

F IGURE  1 The cytotoxicity test of Thai propolis extract by 
an alamarBlue® assay. Peripheral blood mononuclear cells were 
treated with indicated doses of propolis for 24 h (A) or 7 d (B). The 
linear graphs demonstrate the ratios of cell viability in the propolis-
treated samples relative to that of the sample treated with M-CSF 
and 1% (v/v) of absolute ethanol, as a solvent control, set to 1.0. 
Error bars = SD; * P < .05; ** P < .01; *** P < .001; n = 3. M-CSF, 
macrophage-colony-stimulating factor
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considerably reduced close to that of the sample treated with M-
CSF (Figure 5B).

4  | DISCUSSION

In this study, Thai propolis extract was shown to exert anti-
osteoclastogenesis induced by RANKL in vitro in human peripheral 
blood mononuclear cells, which is consistent with the previously 
demonstrated inhibition of Brazilian propolis extract on maturation 
of mouse osteoclasts that were derived from bone marrow cells.16 
This result also corresponds with a significant decrease in root re-
sorption after an application of propolis extract on the root surface 
of extracted rat teeth compared to immersion of the rat teeth in the 
control physiologic saline.23 Moreover, a dose-dependent inhibitory 
effect of Thai propolis on human osteoclast formation and function 
was demonstrated from 0.1 to 0.5 mg mL−1. These concentrations 
are comparable to a single effective dose of the Brazilian propolis 
extract at around 0.334 mg mL−1, previously reported to suppress 
mouse osteoclast maturation.16 In addition to the inhibitory effect 
of Brazilian propolis on a few osteoclast characteristics, including 
TRAP and F-actin ring staining,16 this study provided more evidence 
for the suppressive effect of the Thai propolis extract on osteoclast 
function and expression of osteoclast-specific genes. In addition, 

although Thai propolis extract at these low doses inhibited in vitro 
osteoclastogenesis as shown in this study, it did not affect the prolif-
eration of human periodontal ligament cells,6 implying the specificity 
of Thai propolis extract for a certain cell type. Nonetheless, it is in-
teresting to investigate the effect of Thai propolis on differentiation 
of PBMCs into macrophages.

The alamarBlue® assay was selected to determine the cytotoxic-
ity of propolis extract at various concentrations in the present study 
because the brownish extract could interfere with the measure-
ments of cell viability by the colorimetric MTT assay. Furthermore, 
the fluorescent activity from the alamarBlue® assay, representing 
the metabolic activity and growth of living cells, can minimize the 
interference from the color of propolis extract, as shown in a pre-
vious study.6 It is noteworthy that the lowest dose (0.1 mg mL−1) of 
the Thai propolis extract that significantly decreased the percent-
age of TRAP-positive cells, the ratio of cells with F-actin rings, the 
expression of osteoclast-specific genes, and the percentage of re-
sorption area was less than the toxic dose of this extract on PBMCs 
at 10 mg mL−1 for 24 hours (Figure 1A) or at 1 mg mL−1 for 7 days 
(Figure 1B), indicating the safety of the extract for possible use as 
a storage medium6 or at least as a component of the storage me-
dium to prevent root resorption of replanted teeth in the future. 
However, this possibility warrants further investigations in an an-
imal model and a clinical trial. Note that avulsed teeth are usually 

F IGURE  2 Propolis inhibits in vitro 
osteoclast formation. A, Representative 
images from three independent 
experiments showing a decrease in the 
number of TRAP-positive multinuclear 
cells by treatment with three non-toxic 
doses (0.1, 0.25 and 0.5 mg mL−1) of 
the propolis extract for 7 d. Note the 
TRAP-positive multinuclear cells (black 
arrowheads) were generated by M-CSF 
and RANKL treatment in the presence 
or absence of absolute ethanol as a 
solvent control, while no TRAP-positive 
multinuclear cells were seen in the sample 
treated with M-CSF alone. Bar = 200 μm. 
B, The bar graph demonstrates a 
dose-dependent and significant decline 
in the percentages of TRAP-positive 
multinuclear cells in the propolis-treated 
samples relative to that of the untreated 
sample, set to 100. Error bars = SD; *** 
P < .001; n = 3. M-CSF, macrophage-
colony-stimulating factor; RANKL, 
receptor activator of nuclear factor 
kappaB ligand; TRAP, tartrate-resistant 
acid phosphatase
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F IGURE  3 Propolis blocks formation 
of F-actin rings. Peripheral blood 
mononuclear cells were incubated with 
M-CSF and RANKL in the presence or 
absence of non-toxic doses of propolis 
or absolute ethanol as a solvent control 
for 7 d. A, The formation of F-actin 
rings (white arrowheads) was inhibited 
by treatment with propolis extract 
at 0.1 mg mL−1 or higher. The nuclei 
were stained with DAPI (blue). These 
fluorescence images are representative of 
three separate experiments with similar 
results. Bar = 100 μm. B, The bar graph 
demonstrates the ratio of cells with 
F-actin ring formation in each condition 
mentioned in A relative to that of the 
sample treated with M-CSF and RANKL, 
set to 1.0. Error bars = SD; ** P < .01; 
*** P < .001; n = 3. M-CSF, macrophage-
colony-stimulating factor; RANKL, 
receptor activator of nuclear factor 
kappaB ligand

F IGURE  4 Propolis significantly downregulates expression of osteoclast-specific genes. Peripheral blood mononuclear cells were induced 
by M-CSF and RANKL with or without treatment with 0.1 (light gray bars) or 0.5 (stippled bars) mg mL−1 of the propolis extract or absolute 
ethanol (dark gray bars) as a solvent control for 7 d. The bar graph illustrates the relative ratios (∆∆Ct) of mRNA expressions for nuclear 
factor of activated T cell 2 (NFAT2), cathepsin K (CTSK), receptor activator of nuclear factor kappaB (RANK), chloride channel 7 (CLCN7), 
calcitonin receptor (CTR), and colony-stimulating factor 1 (CSF1) in the propolis-treated or absolute ethanol-treated sample to those of the 
untreated sample (empty bars), set to 1.0. Note that CSF1 mRNA expression was not altered by either dose of propolis or absolute ethanol. 
Error bars = SD; * P < .05; ** P < .01; *** P < .001; n = 3. M-CSF, macrophage-colony-stimulating factor; mRNA, messenger ribonucleic acid; 
RANKL, receptor activator of nuclear factor kappaB ligand
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kept in the storage medium for no longer than a few hours before 
being replanted, so the effective doses of Thai propolis extract at 
0.5 mg mL−1 or less can still be regarded as a safe storage medium 
for avulsed teeth.

Root resorption is the most common complication after de-
layed tooth replantation into the socket.24 Several different mate-
rials have been introduced by a number of studies for application 
to the root surface to prevent resorption, such as Emdogain,25 
fluoride,26 doxycycline,27 alendronate,28 and dexamethasone.29 
None of them has yet been effective for improving the survival 
rate of avulsed teeth after delayed replantation. However, Gulinelli 
et al23 found that an application of the Brazilian propolis extract 
on the root surface of extracted rat teeth enhanced the resistance 
to resorption after delayed replantation. Unlike other materials, 
the propolis extract may, therefore, hold promise for prevention 
of root resorption by osteoclasts after delayed tooth replantation. 
Propolis is generally a complex mixture of various naturally occur-
ring constituents, in which its main active compounds consist of 
flavonoids and phenolic and aromatic compounds.30,31 Using the 
aluminum chloride and 2,4-dinitrophenylhydrazine and the Folin-
Ciocalteu colorimetric methods, a previous study has shown that 
the Thai propolis extract contains around 10% (w/w) of total fla-
vonoids, which are more than total phenolic compounds by four 
times.32 Flavonoids are known to possess the anti-inflammatory 
and antioxidant activities via suppression of the NF-kappaB 

pathway.33 Furthermore, NF-kappaB is an essential transcription 
factor for osteoclast formation.34 Consequently, it is speculative 
that flavonoids within the Thai propolis extract exert their inhibi-
tory effect on human osteoclastogenesis in this study, possibly via 
blockade of the NF-kappaB activity. This warrants further investi-
gations with the fractionated flavonoids.

In the present study, Thai propolis extract was tested for its in-
hibitory action against osteoclastogenesis, as it is impractical to use 
the active compounds of propolis for storage of avulsed teeth or 
these active chemicals may not be stable due to their short shelf life. 
In summary, there is a potential to further develop Thai propolis ex-
tract as a storage medium or even as a mixture of HBSS and the prop-
olis extract for storage of avulsed teeth to gain clinical benefits from 
not only maintaining PDL cell viability6 but also inhibiting osteoclast 
formation and function as shown in this study. Nevertheless, further 
animal studies are required before clinical application.

ACKNOWLEDG EMENTS

The support from The Intramural Endowment Fund, Faculty of 
Dentistry, Chiang Mai University to Dr. Nattaporn Wimolsantirungsri; 
The Royal Golden Jubilee-Thailand Research Fund (PHD/0051/2556) 
to Mr. Anupong Makeudom and The Thailand Research Fund 
(BRG6080001) to Dr. Suttichai Krisanaprakornkit is gratefully ac-
knowledged. The authors would like to thank Professor Dr. Kornak 

F IGURE  5 Propolis inhibits in vitro 
dentin resorption. A, Representative 
images from three independent 
experiments showing a dose-dependent 
inhibition of resorption pits, formed by 
in vitro generation of osteoclast-like cells 
under M-CSF and RANKL treatment for 
7 d, by propolis at 0.1, 0.5 and 1 mg mL−1, 
diluted in absolute ethanol at 1% (v/v). 
Note that absolute ethanol at 1% (v/v) 
was added in cultures treated either 
with M-CSF or with M-CSF and RANKL, 
as a solvent control. Bar = 200 μm. B, 
The bar graph shows the percentages of 
resorption area in the propolis-treated 
samples relative to that of the M-CSF- 
and RANKL-treated sample, set to 100. 
Error bars = SD; n = 3. Different letters 
denote statistically significant differences 
at P < .05. M-CSF, macrophage-colony-
stimulating factor; RANKL, receptor 
activator of nuclear factor kappaB ligand



244  |     WIMOLSANTIRUNGSRI et al.

Uwe, Institute of Medical Genetics and Human Genetics, Charité-
Universitaetsmedizin, Berlin, Germany, for generously providing 
dentin slices used in a resorption pit assay.

CONFLIC T OF INTERE S T

The authors confirm that they have no conflict of interest.

ORCID

Suttichai Krisanaprakornkit   http://orcid.
org/0000-0001-9189-0333 

R E FE R E N C E S

	 1.	 Barrett E, Kenny D. Avulsed permanent teeth: a review of the litera-
ture and treatment guidelines. Dent Traumatol. 1997;13:153–63.

	 2.	 Flores MT, Andersson L, Andreasen JO, Bakland LK, Malmgren B, 
Barnett F et al. Guidelines for the management of traumatic dental inju-
ries. II. Avulsion of permanent teeth. Dent Traumatol. 2007;23:130–6.

	 3.	 Andreasen J. Effect of extra-alveolar period and storage media upon 
periodontal and pulpal healing after replantation of mature permanent 
incisors in monkeys. Int J Oral Surg. 1981;10:43–53.

	 4.	 Söder PÖ, Otteskog P, Andreasen J, Modeer T. Effect of drying on via-
bility of periodontal membrane. Eur J Oral Sci. 1977;85:164–8.

	 5.	 Van Hassel HJ, Oswald RJ, Harrington GW. Replantation 2. The role of 
the periodontal ligament. J Endod. 1980;6:506–8.

	 6.	 Prueksakorn A, Puasiri S, Ruangsri S, Makeudom A, Sastraruji T, 
Krisanaprakornkit S et  al. The preservative effect of Thai propolis 
extract on the viability of human periodontal ligament cells. Dent 
Traumatol. 2016;32:495–501.

	 7.	 Andreasen JO, Borum MK, Jacobsen HL, Andreasen FM. Replantation 
of 400 avulsed permanent incisors. 2. Factors related to pulpal heal-
ing. Endod Dent Traumatol. 1995;11:59–68.

	 8.	 Soares Ade J, Gomes BP, Zaia AA, Ferraz CC, de Souza-Filho FJ. 
Relationship between clinical-radiographic evaluation and outcome of 
teeth replantation. Dent Traumatol. 2008;24:183–8.

	 9.	 Petrovic B, Markovic D, Peric T, Blagojevic D. Factors related to treat-
ment and outcomes of avulsed teeth. Dent Traumatol. 2010;26:52–9.

	10.	 Kamat M, Puranik R, Vanaki S, Kamat S. An insight into the regulatory 
mechanisms of cells involved in resorption of dental hard tissues. J 
Oral Maxillofac Pathol. 2013;17:228–33.

	11.	 Khurshid Z, Naseem M, Zafar MS, Najeeb S, Zohaib S. Propolis: a nat-
ural biomaterial for dental and oral healthcare. J Dent Res Dent Clin 
Dent Prospects. 2017;11:265–74.

	12.	 Parolia A, Thomas MS, Kundabala M, Mohan M. Propolis and its po-
tential uses in oral health. Int J Med Med Sci. 2010;2:210–5.

	13.	 Abdulrhman M, Samir Elbarbary N, Ahmed Amin D, Saeid Ebrahim R. 
Honey and a mixture of honey, beeswax, and olive oil–propolis extract 
in treatment of chemotherapy-induced oral mucositis: a randomized 
controlled pilot study. Pediatr Hematol Oncol. 2012;29:285–92.

	14.	 Murray MC, Worthington HV, Blinkhorn AS. A study to investigate the 
effect of a propolis-containing mouthrinse on the inhibition of de novo 
plaque formation. J Clin Periodontol. 1997;24:796–8.

	15.	 Bretz WA, Chiego D, Marcucci M, Cunha I, Custódio A, Schneider L. 
Preliminary report on the effects of propolis on wound healing in the 
dental pulp. Z Naturforsch. 1998;53:1045–8.

	16.	 Pileggi R, Antony K, Johnson K, Zuo J, Shannon Holliday L. Propolis 
inhibits osteoclast maturation. Dent Traumatol. 2009;25:584–8.

	17.	 Makeudom A, Supanchart C, Montreekachon P, Khongkhunthian 
S, Sastraruji T, Krisanaprakornkit J et  al. The antimicrobial peptide, 

human beta-defensin-1, potentiates in vitro osteoclastogenesis via 
activation of the p44/42 mitogen-activated protein kinases. Peptides. 
2017;95:33–9.

	18.	 Supanchart C, Thawanaphong S, Makeudom A, Bolscher JG, Nazmi K, 
Kornak U et al. The antimicrobial peptide, LL-37, inhibits in vitro osteo-
clastogenesis. J Dent Res. 2012;91:1071–7.

	19.	 Montreekachon P, Chotjumlong P, Bolscher JG, Nazmi K, Reutrakul V, 
Krisanaprakornkit S. Involvement of P2X(7) purinergic receptor and 
MEK1/2 in interleukin-8 up-regulation by LL-37 in human gingival fi-
broblasts. J Periodontal Res. 2011;46:327–37.

	20.	 Arya M, Shergill IS, Williamson M, Gommersall L, Arya N, Patel HR. 
Basic principles of real-time quantitative PCR. Expert Rev Mol Diagn. 
2005;5:209–19.

	21.	 Suzuki T, Higgins P, Crawford D. Control selection for RNA quantita-
tion. Biotechniques. 2000;29:332–7.

	22.	 Bustin SA. Absolute quantification of mRNA using real-time reverse 
transcription polymerase chain reaction assays. J Mol Endocrinol. 
2000;25:169–93.

	23.	 Gulinelli JL, Panzarini SR, Fattah CM, Poi WR, Sonoda CK, Negri MR 
et al. Effect of root surface treatment with propolis and fluoride in 
delayed tooth replantation in rats. Dent Traumatol. 2008;24:651–7.

	24.	 Andreasen JO, Borum MK, Jacobsen HL, Andreasen FM. Replantation 
of 400 avulsed permanent incisors. 1. Diagnosis of healing complica-
tions. Endod Dent Traumatol. 1995;11:51–8.

	25.	 Iqbal MK, Bamaas N. Effect of enamel matrix derivative (EMDOGAIN) 
upon periodontal healing after replantation of permanent incisors in 
beagle dogs. Dent Traumatol. 2001;17:36–45.

	26.	 Shulman LB, Gedalia I, Feingold RM. Fluoride concentration in root 
surfaces and alveolar bone of fluoride-immersed monkey incisors 
three weeks after replantation. J Dent Res. 1973;52:1314–6.

	27.	 Cvek M, Cleaton-Jones P, Austin J, Lownie J, Kling M, Fatti P. Effect 
of topical application of doxycycline on pulp revascularization and 
periodontal healing in reimplanted monkey incisors. Endod Dent 
Traumatol. 1990;6:170–6.

	28.	 Lustosa-Pereira A, Garcia RB, de Moraes IG, Bernardineli N, Bramante 
CM, Bortoluzzi EA. Evaluation of the topical effect of alendronate on 
the root surface of extracted and replanted teeth. Microscopic analy-
sis on rats’ teeth. Dent Traumatol. 2006;22:30–5.

	29.	 Kum KY, Kwon OT, Spangberg LS, Kim CK, Kim J, Cho MI et al. Effect 
of dexamethasone on root resorption after delayed replantation of rat 
tooth. J Endod. 2003;29:810–3.

	30.	 Ahn MR, Kumazawa S, Hamasaka T, Bang KS, Nakayama T. Antioxidant 
activity and constituents of propolis collected in various areas of 
Korea. J Agric Food Chem. 2004;52:7286–92.

	31.	 Parolia A, Kundabala M, Rao NN, Acharya SR, Agrawal P, Mohan M 
et al. A comparative histological analysis of human pulp following di-
rect pulp capping with Propolis, mineral trioxide aggregate and Dycal. 
Aust Dent J. 2010;55:59–64.

	32.	 Chailertvanitkul P, Namsirikul T, Damrongrungruang T, Peerapatana J. 
Phenolic and flavonoids contents and antibacterial activity of ethano-
lic extract of propolis. Isan J Pharm Sci. 2017;13:59–67.

	33.	 Vezza T, Rodríguez-Nogales A, Algieri F, Utrilla MP, Rodriguez-
Cabezas ME, Galvez J. Flavonoids in inflammatory bowel disease: a 
review. Nutrients. 2016;8:211–32.

	34.	 Abu-Amer Y. NF-κB signaling and bone resorption. Osteoporos Int. 
2013;24:2377–86.

How to cite this article: Wimolsantirungsri N, Makeudom A, 
Louwakul P, et al. Inhibitory effect of Thai propolis on human 
osteoclastogenesis. Dent Traumatol. 2018;34:237–244.  
https://doi.org/10.1111/edt.12401

http://orcid.org/0000-0001-9189-0333
http://orcid.org/0000-0001-9189-0333
http://orcid.org/0000-0001-9189-0333
https://doi.org/10.1111/edt.12401
https://doi.org/10.1111/edt.12401


ORIGINAL ARTICLE

Anesthetic efficacies of intrapapillary injection in comparison
to inferior alveolar nerve block for mandibular premolar extraction:
a randomized clinical trial

Duangkamon Wongpang1
& Anupong Makeudom2

& Thanapat Sastraruji2 & Sakornrat Khongkhunthian3
&

Suttichai Krisanaprakornkit2,4 & Chayarop Supanchart1,2

Received: 7 March 2019 /Accepted: 6 May 2019 /Published online: 21 May 2019
# Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
Objective Intrapapillary injection (IPI) has been suggested to improve pulpal anesthesia of mandibular teeth and to avoid
complications from inferior alveolar nerve block (IANB). This study aimed to determine and compare clinical efficacies and
prostaglandin E2 (PGE2) levels between IPI and IANB.
Materials and methods IANBwas randomly selected for mandibular premolar anesthesia on one side of 40 patients, whereas IPI
was locally administered to the contralateral premolar. Pulpal anesthesia, pain during injection and extraction, patients’ satisfac-
tion, and complications were assessed from 30 patients. Gingival crevicular fluid from ten patients was collected for PGE2

quantification by ELISA.
Results Of 30 patients, 18 preferred IPI after injection due to significantly faster mean onset of pulpal anesthesia (p < 0.001) and
lower mean score of injection pain (p = 0.017) than IANB, but 21 preferred IANB instead after extraction due to less postoper-
ative pain, consistent with the significantly lower median PGE2 level on the IANB side than that on the IPI at 30 min (p = 0.047).
However, there was no difference in the mean satisfaction score between the two techniques. Ulcerated epithelium and sloughing
tissues were found at the IPI site in some patients with complete healing within 2 weeks.
Conclusions The anesthetic efficacies of IPI for mandibular premolar extraction are comparable to those of IANB. However,
postoperative pain and local complications at the IPI site should be considered.
Clinical relevance IPI may be used for dental procedures that require only a short anesthetic duration to avoid failure of pulpal
anesthesia, complications, and discomfort from IANB.

Keywords Complication . Inferior alveolar nerve block . Intrapapillary injection . Local anesthesia . Prostaglandin E2

Introduction

Local anesthesia is essential for pain management during den-
tal procedures and considered to be safe and effective com-
pared to general anesthesia. For local anesthetic injection in
the mandible, the diffusion of anesthetic agents is impeded by
a dense cortical bone, so inferior alveolar nerve block (IANB)
into the pterygomandibular space is recommended as a prima-
ry technique for mandibular tooth anesthesia [1]. However,
IANB is not always successful and its success rate ranges from
60 to 92% [1–3]. Moreover, several studies have previously
revealed some complications of IANB compared to other
techniques, such as post-injection paresthesia that is most
commonly found, transient facial nerve paralysis generally
caused by too deep injection into the capsule of the parotid
gland, and trismus caused by trauma to the muscles and blood
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vessels in the infratemporal space with an increased risk from
multiple injections [4–6]. In addition, an incidence rate of
toxic overdose reaction was higher by IANB than that by an
infiltration technique [7].

To avoid these disadvantages, several alternative injection
methods have been introduced to achieve mandibular tooth
anesthesia [8–11]. Particularly, intrapapillary injection (IPI)
[12] is a technique that administers anesthetic agents coronally
to the alveolar bone crest, whose prominent feature is a per-
forated bone compared to the outer compact bone in the other
areas of the mandible. IPI may promote drug diffusion into the
marrow space, possibly leading to pulpal anesthesia. Giffin
[12] reported an almost 100% success rate of local anesthesia
in both maxillary and mandibular teeth by IPI, formerly called
crestal anesthesia. However, only a few experimental studies
have so far investigated both drug distribution and clinical
efficacies of IPI compared to other techniques with contradic-
tory results. Whereas one study showed the diffusion of anes-
thetic agent into the cancellous bone of the mandible together
with a higher success rate (> 90%) of IPI for posterior man-
dibular tooth anesthesia than that of IANB [13], the other
instead reported the drug distribution within only soft tissue,
resulting in less profound effect and a shorter duration of
anesthesia than periodontal ligament injection (PLI) [14].
Note that while simple exodontia was conducted in the former
study, only assessment of pulpal anesthesia was performed in
the latter.

In general, dental practitioners do not use IPI as a sole
technique for mandibular tooth anesthesia since IPI is on-
ly chosen as a supplement after the failure of IANB or to
avoid the complications from IANB [15]. Therefore, with
the limited information to confirm the anesthetic effica-
cies of IPI, it is interesting to compare the clinical effica-
cies of IPI with those of IANB in order to verify its future
use as a technique of choice for mandibular tooth anes-
thesia. Moreover, no study has yet assessed tissue trauma
from IPI in addition to that from an extraction wound that
may affect postoperative pain perception of the patient.
Prostaglandin E2 (PGE2) is known to be one of the essen-
tial inflammatory and pain mediators involved in pulp and
periodontal diseases and in the surgical wound [16–18].
Consequently, measurement of PGE2 levels would repre-
sent the amount of tissue trauma and inflammation,
resulting in patients’ pain sensation. It was hypothesized
in this study that the clinical efficacies—including the
success rate of pulpal anesthesia, injection and extraction
pain, patients’ satisfaction, and complications—or PGE2

levels of IPI were not different from those of IANB.
Thus, the purposes of this study were to determine and
compare clinical efficacies and PGE2 levels in gingival
crevicular fluid (GCF) collected from the gingival crev-
ices of the adjacent teeth, mesially and distally to the
extracted mandibular premolar, between IPI and IANB.

Materials and methods

Patient selection

Forty patients (18–30 years old), whose physical and
health statuses were categorized as class I by the
American Society of Anesthesiologists, were recruited
from the clinic of Oral and Maxillofacial Surgery, Faculty
of Dentistry, Chiang Mai University. This study was ap-
proved by the local Human Experimentation Committee of
Faculty of Dentistry, Chiang Mai University (No.42/2017),
and registered with the Thai Clinical Trials Registry (No.
TCTR20181218001). The inclusion criteria of this pro-
spective study with a split-mouth design were healthy pa-
tients who required extraction for orthodontic treatment of
their bilateral mandibular first or second premolars that
were sound teeth without any pathologies, but with similar
difficulty for uncomplicated exodontia. Moreover, there
were at least two normal adjacent teeth without periodon-
titis located mesially and distally to the premolar to be
extracted still remaining with normal interdental papilla
(IDP), as classified by Nordland and Tarnow [19]. The
exclusion criteria were patients who had contraindications
for articaine and epinephrine use, were pregnant or
breastfeeding, were taking any analgesics that could alter
pain perception within the last 2 weeks [20–22], or were
unable to assess their pain. The crowding premolars and
complicated extraction cases as well as abnormal root con-
figurations, as evidenced by the panoramic radiographs,
were excluded. The experiment was discontinued as pa-
tients requested or life-threatening complications from IPI
or IANB occurred.

Of 40 patients, the sample sizes of 30 and 10 patients for
assessment of clinical efficacies and for PGE2 quantification,
respectively, were sufficient to detect the mean difference of
22 for injection pain score and of 293 pg/μl for PGE2 levels
between IPI and IANB. The sample size calculationwas based
on a previous study [13] and our pilot study using G*Power
software (version 3.1.9.2) [23] with alpha = 0.05 and beta =
0.20.

Study design

The flowchart of study design for assessment of clinical effi-
cacies in the first 30 patients and quantification of PGE2 levels
in the next ten patients is illustrated in Fig. 1 a and b, respec-
tively. IANB using 4% articaine with epinephrine 1:100,000
(1.7 ml per cartridge; Septanest SP®, Septodont, Co., Paris,
France) was first administered on one side of the mouth, ran-
domly chosen using an available program from http.//www.
randomizer.org. A conventional aspirated dental syringe and a
disposable 30-mm-long and 27-gauge needle (Terumo®,
Terumo, Co., Tokyo, Japan) were used to slowly block
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inferior alveolar nerve and lingual nerve with the total volume
of anesthetic solution equal to 1.4 ml. To anesthetize buccal
mucosa of premolars, long buccal nerve block was performed
by administering 0.3 ml of the anesthetic solution. Prior to
tooth extraction, pulpal anesthesia was confirmed by electric
pulp testing (EPT) and cold test, and soft tissue numbness
around the tooth to be extracted was tested by an explorer. If
sharp pain was still felt, additional injections by an infiltration
technique were provided at the soft tissue surrounding the
tooth. The tooth extraction was performed by the experienced
oral surgeon (D.W.), who also administered local anesthesia,
using an atraumatic technique with a duration of extraction no
longer than 5 min (or 300 s). In brief, soft tissue surrounding
the tooth to be extracted was gently separated by a straight
elevator no. EL3S (Hu-Friedy Mfg. Co., LLC, Chicago, IL,

USA) that also provided a wedge action to loosen the tooth,
which was later removed by the tooth forceps no. 151 (Hu-
Friedy Presidential®, Hu-Friedy Mfg. Co., LLC).

After tooth extraction on the IANB side, IPI using the
aforementioned anesthetic agent was administered on the oth-
er side by the same operator at the same appointment so that
the orthodontic treatment already planned was not delayed.
IPI was done by a high-pressure syringe (Sopira®
Citoject®, Kulzer GmbH, Hanau, Germany) to better control
the volume and delivery of anesthetic agent [10] with a fixed
volume of anesthetic solution at 0.06 ml per each pressing and
a disposable 21-mm-long and 27-gauge needle (Septoject
XL®, Septodont, Co.) on both mesial and distal IDP of the
tooth to be extracted. The needle angle was approximately 45°
to the tooth axis [12]. The needle was inserted into the center

Fig. 1 The flowcharts summarize the study design for a an assessment of
clinical efficacies and complications with a sample size of 30 patients and
b PGE2 quantification in GCF with a sample size of ten patients. EPT =
electrical pulp testing, F/U = follow-up, GCF = gingival crevicular fluid,

HP VAS=Heft-Parker visual analogue scale, IANB = inferior alveolar
nerve block, IDP = interdental papilla, IPI = intrapapillary injection,
PGE2 = prostaglandin E2
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of IDP below the IDP tip about 2–3 mm [11] with the depth
approximately 2–3 mm for the final position of the needle’s
bevel facing toward the alveolar crest. If the needle contacted
the alveolar bone, it was slightly withdrawn. The injection was
performed by pressing a lever of the syringe five times with an
interval for 2 s between each time. After the last time of injec-
tion, the needle was held in place for 10 s before withdrawal
[24]. In total, a 0.3-ml volume of the anesthetic solution was
given for each IDP over 20 s [12, 13]. Blanched IDP and
surrounding gingiva is a sign of the IPI achievement. The
pulpal anesthesia and soft tissue numbness around the tooth
to be extracted and the tooth extraction protocol were follow-
ed as aforementioned.

Assessment of clinical efficacies

To determine pulpal anesthesia, an electric pulp tester (vitality
scanner model 2006, SybronEndo, Co., Orange, CA, USA),
with the maximum stimulation of 80 and the setting rate of 7
to reach the maximum within 14 s, was used. After the pa-
tient’s lip was numb on the IANB side or immediately after
finishing IPI on the other side [13], the tooth to be extracted
was isolated with gauze rolls, dried with air blow, and tested
with EPT every 30 s for IANB and continuously for IPI until
the absence of response to two consecutive maximum stimu-
lations that indicated pulpal anesthesia [1, 25]. However, an
onset of pulpal anesthesia was reported at the first absence of
response to EPT (Fig. 1a). To confirm the result of pulpal
anesthesia by EPT, a foam pellet (Roeko Endo-Frost Pellets,
Coltene Whaledent, Inc., Langenau, BW, Germany) sprayed
with dichlorodifluoromethane (Roeko Endo-Frost) was ap-
plied onto the tooth (Fig. 1a) [26]. The successful criterion
of pulpal anesthesia was an absence of response to either the
maximum stimulation by EPT or cold test within 15 min for
IANB [27] or 2 min for IPI from the first injection.

The pain perception was evaluated by using the Heft-
Parker visual analogue scale (HP VAS) [28] at two periods,
pain during injection (immediately after injection; Fig. 1a),
and pain during extraction (immediately after extraction;
Fig. 1a). According to the HP VAS, the patients rated their
pain on a 170-mm-long line together with eight modified de-
scriptive terms for pain, including none, faint, weak, mild,
moderate, strong, intense, and maximum possible [29]. The
HP VAS was then rated as none = 0 mm on the line; 0 <mild
pain ≤ 54 mm that included faint, weak, and mild; 54 < mod-
erate pain < 114 mm; and 114 ≤ severe pain ≤ 170 mm that
included strong, intense, and maximum possible according
to Robertson et al. [29]. In addition to rating their pain after
injection and extraction, patients were instructed to record
their pain onset, location, required analgesic intake, and any
other complications after extraction at home (Fig. 1a).
Acetaminophen (Beramol, B.M.Pharmacy Co., Ltd.,

Bangkok, Thailand) at 500 mg was prescribed as needed for
pain every 4 h.

For postoperative assessment, all patients were weekly
recalled up to 2 weeks depending on the complications of
injection and extraction (Fig. 1a). Overall patients’ satisfaction
score for IPI and IANBwas rated by a 100-mm line of VAS at
1 week after the extraction. Moreover, each patient was
interviewed for his/her preference over the two anesthetic
techniques together with his/her reasons.

GCF collection

GCF was collected from the gingival crevices of the two
adjoined teeth, mesially and distally to the extracted tooth,
on both IPI and IANB sides for four periods: baseline (before
injection), 30 min, 1 h, and 3 h after tooth extraction (Fig. 1b),
as previously described [30]. Briefly, the supragingival plaque
was gently removed by sterile gauze prior to GCF collection.
Then, a paper strip (Periopaper™, Oraflow, Inc., Smithtown,
NY, USA) was gently inserted into each sulcus of the two
teeth until light resistance was felt, and left for 30 s. The
GCF volume in each strip was measured by a Periotron
8000™ device (Oraflow, Inc.). The two paper strips from
the same extraction site were kept in the same Eppendorf tube
at − 80 °C for further PGE2 analysis. If analgesics were re-
quested by these ten patients during GCF collection, tramadol
HCl (Matradol®, Charoon Bhesaj, Co., Ltd., Bangkok,
Thailand) at a single oral dose of 50mgwas instead prescribed
due to the suppressive effect of acetaminophen on PGE2 levels
[18].

PGE2 quantification in GCF

To measure the PGE2 levels in GCF, sequential competitive
ELISA was performed using the 96-well plate PGE2 assay
commercial kit (R&D systems, Inc., Minneapolis, MN,
USA) following the manufacturer’s instruction. The sensitiv-
ity of this assay is reported at 16.0–41.4 pg/ml. In brief, GCF
was eluted from the paper strips by shaking in phosphate-
buffered saline at 10 °C for 30 min. The 96-well plate pre-
coated with goat anti-mouse polyclonal antibody was added
with the eluted GCF samples or the serial dilutions of PGE2

standard in duplicate, followed by addition of mouse mono-
clonal antibody against human PGE2. The mixture was incu-
bated at room temperature for 1 h on a shaker set at 500 rpm.
Thereafter, horseradish peroxidase-labeled PGE2 was added
and incubated at room temperature for 2 h on the shaker.
The plate was washed with the prepared washing buffer for
four times before being incubated with mixed substrate solu-
tion for 30 min at room temperature under light protection.
The reaction was terminated by the addition of 2N H2SO4. An
ELISA plate reader (Tecan Group, Ltd., Männedorf, Zürich,
Switzerland) was used to measure an optical density value at
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450 nm with the correction wavelength at 540 nm. The aver-
age concentration of PGE2 in each unknown sample was de-
rived from the standard curve of PGE2, then normalized by
GCF volume determined by the Periotron 8000™, and
expressed as a unit of pg/μl [31]. To determine the recovery
rate of PGE2 from the paper strip, 100-pg and 200-pg amounts
of PGE2 standard were applied onto the paper strips, left to air
dry, and stored at − 80 °C until simultaneous analysis with the
GCF samples as mentioned above. The average percentage of
PGE2 recovered from the paper strips was equal to 66.77.

Statistical analysis

The mean root length that was measured from the cemento-
enamel junction to the root apex, the mean duration of extrac-
tion, the mean injection pain score, the mean onset of pulpal
anesthesia, and the mean satisfaction score between IPI and
IANB groups were tested for significant differences by paired
t test. The proportions of anesthetic success and of two extrac-
tion pain categories, no and mild pain between the two groups
were compared by Fisher’s exact test. Moreover, the propor-
tions of two injection pain categories, mild and moderate pain,
between the two groups were compared by chi-square test. To
assess the differences in PGE2 levels among four time points
within the IPI or IANB group, Friedman test followed by
Wilcoxon signed-rank test were used, whereas the differences
in PGE2 levels between the two groups in each time point and
the difference in cumulative PGE2 levels for 3 h after extrac-
tion between IPI and IANB groups were analyzed by
Wilcoxon signed-rank test. The statistical analyses were ana-
lyzed by SPSS version 17.0 for IBM (SPSS, Chicago, IL,
USA) with the significance level at p < 0.05.

Results

Comparable clinical efficacies between intrapapillary
injection and inferior alveolar nerve block

A cohort of the first 30 patients, which comprised ten males
and 20 females, whose ages ranged from 18 to 30 years
(20.73 ± 2.77), was recruited for the comparisons of clinical
efficacies. The characteristics of IPI and IANB groups are
summarized in Table 1. There was no difference in the root
length or in the duration of extraction that indicated similar
difficulty of extraction between the two groups. The clinical
efficacies of IPI and IANB groups are summarized in Table 2.
A 96.67% success rate of pulpal anesthesia within the first
injection was shown for 29 premolars in the IANB group,
and an 86.67% success rate of pulpal anesthesia (26 premo-
lars) was demonstrated in the IPI group due to leakage of
anesthetic agent in four cases. However, there was no differ-
ence in the success rate between the two groups (Table 2).

Regarding the remaining one tooth in the IANB group and
four teeth in the IPI group that failed to achieve pulpal anes-
thesia within the first set of injections, pulpal anesthesia was
achieved by the second set of injections. Note that the success
rates of pulpal anesthesia in each technique between the left
and the right were not different (data not shown).

Of 30 patients, five were excluded from the analysis of the
onset of pulpal anesthesia because three premolars in the
IANB group and two premolars in the IPI group were still
positive to EPT within the durations indicated in the
BMaterials and Methods^ section although these five teeth
were considered to achieve pulpal anesthesia due to their neg-
ative response to cold test (Table 2). Therefore, only 25 teeth
in each group were used for the analysis of the mean onset of
pulpal anesthesia. The mean onset in the IPI group (< 1 min)
was significantly faster than that in the IANB group (~ 7 min;
p < 0.001).

Regarding the injection pain on the 170-mm HP VAS, a
significant difference was found between IPI and IANB
groups, in which the mean injection pain perceived by the
patients in the IPI group (35.92) was significantly lower than
that in the IANB group (50.65; p = 0.017). Consistently, 18
patients (60%) preferred IPI, probably owing to less injection
pain and faster onset of pulpal anesthesia. However, when the
injection pain was categorized as no, mild, moderate, and
severe according to the aforementioned criteria, no difference
in the proportions of mild or moderate pain was found be-
tween the two groups (Table 2).

With respect to pain during premolar extraction classified
as no, mild, moderate, and severe, only one patient perceived
mild pain on the IANB side (Table 2) and rated her pain at
22 mm on the 170-mm HP VAS (data not shown). Additional
injection was then provided. No difference in the proportions
of no or mild extraction pain was found between the two
groups (Table 2).

With regard to the anesthetic duration, since three patients
did not report any pain on either IPI or IANB side in an
evaluation form, they were excluded from the assessment be-
cause the anesthetic duration could not be determined if the
patients did not feel any pain after local anesthesia wore off.
So, the duration of anesthesia started from pulpal anesthesia to
the pain onset on the IPI side of the remaining 27 patients
because analgesic intake would affect pain perception on the
IANB side that happened later. The pain onset of 27 patients
varied from 3 to 62 min after pulpal anesthesia, implying that
the range of anesthetic duration for IPI was 3–62 min with
mean ± SD equal to 27.11 ± 16.43 min (Table 2).

From an interview at 1-week follow-up, 21 patients (70%)
had a more satisfied experience with IANB than with IPI due
to less postoperative pain, while the remaining nine patients
(30%) preferred IPI because of no prolonged soft tissue numb-
ness, often resulting in patients’ discomfort. In addition, while
being asked for the next mandibular tooth anesthesia, 16
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(53.33%) and 14 (46.67%) patients would request IANB and
IPI, respectively, consistent with a slightly higher mean satis-
faction score in the IANB group than that in the IPI group, but
no difference was found (Table 2).

Of 11 patients who exhibited postoperative complications
from IPI, six had ulcerated gingival epithelium at the injected
IDP (Fig. 2a), four had sloughing tissue over the IDP (Fig.
2b), and one displayed alveolar osteitis (Fig. 3a). These pa-
tients recovered from the aforementioned complications to
normal wound healing within 2 weeks. Five patients exhibited
postoperative complications on the IANB side, including self-
inflicted lip and tongue trauma (n = 2), transient trismus (n =
1), increased heart rate (n = 1) [32], and alveolar osteitis (n =
1; Fig. 3b) with a complete recovery within 1 week. Of these
five patients, one patient who had trismus on the IANB side
also had ulcerated gingival epithelium on the IPI side, while
the other who had increased heart rate on the IANB side also
had sloughing tissue on the IPI side.

A significant increase in PGE2 levels
by the intrapapillary injection

GCF samples were collected from a group of the next ten
patients, which comprised three males and seven females,
whose ages ranged from 18 to 24 years (21.00 ± 2.11). PGE2

concentrations in GCF were normalized by GCF volume and
reported as a unit of pg/μl (Fig. 4). PGE2 levels in GCF col-
lected from the gingival crevices of the two teeth next to the
extracted premolars tended to continuously elevate up to 3 h
after tooth extraction with significant increases found in both
IPI and IANB groups (p < 0.05; Fig. 4a). Interestingly, when
PGE2 levels were compared between the two groups at each of
the four time points, the median PGE2 level in the IPI group
(684.04 pg/μl) was significantly higher than that in the IANB
group (430.01 pg/μl) at 30 min after extraction (p = 0.047;
Fig. 4a). However, there was no difference in the median
PGE2 levels at baseline between the two groups (471.54 and
345.59 pg/μl in IPI and IANB groups, respectively; p = 0.203;
Fig. 4a) or in the cumulative PGE2 levels up to 3 h after
extraction between the two groups (2144.01 and
1965.28 pg/μl in IPI and IANB groups, respectively;
p = 0.285; Fig. 4b), indicating that the degrees of inflamma-
tion nearby the extraction wound on the IPI side are

temporarily increased, but do not differ from those on the
IANB side throughout the study period.

Discussion

This study demonstrated that the patients preferred IPI after
injection because of its faster mean onset of pulpal anesthesia
and lower mean score of injection pain than those of IANB.
Unlike the 96.67% achievement of pulpal anesthesia by
IANB, the success rate of pulpal anesthesia by IPI was slightly
lower, but no difference was found. In addition, the overall
patients’ satisfaction at a 1-week follow-up period between the
two groups was not different. In contrast to the patients’ pref-
erence for IPI after injection, the majority of patients (70%)
were more satisfied with IANB than IPI after tooth extraction
due to their lower postoperative pain, possibly as a result of a
longer anesthetic duration by IANB. However, the real anes-
thetic duration of IANB could not be determined in this study
because the patients had already taken analgesics after local
anesthesia wore off on the IPI side. The higher postoperative
pain on the IPI side perceived by these patients is also corrob-
orated with the transiently higher median PGE2 level observed
in GCF collected from the adjacent teeth on the IPI side than
that on the IANB side at 30 min after tooth extraction.

The complications at the injected IDP by IPI, such as ul-
cerated gingival epithelium and sloughing tissue, were revers-
ible and similar to those found by the PLI and intraseptal
injection (ISI) due to anesthetic injection [9, 33, 34]. The
probable causes are high pressure during injection and exces-
sive volumes of the anesthetic solution used [9]. Therefore,
use of a conventional syringe as an alternative to the high-
pressure syringe may help avoid these complications. On the
other hand, the complications of IANB, including self-
inflicted lip and tongue trauma albeit repeated postoperative
care instruction, transient trismus, and increased heart rate,
were regarded as distant from the injection site. It is notewor-
thy that alveolar osteitis was equally found in both IPI and
IANB (Fig. 3); therefore, IPI does not increase an incidence of
alveolar osteitis, so does PLI as compared to IANB [35]. All
complications occurring from IPI and IANB were resolved to
normal wound healing within a 2-week follow-up period.

In this study, the rapid onset of pulpal anesthesia by IPI was
approximately 1 min after being examined by the first EPT

Table 1 Characteristics of
intrapapillary injection (IPI) and
inferior alveolar nerve block
(IANB) groups (n = 30)

Variable IPI IANB P value

Duration of extraction (sec) Mean ± SD 113.03 ± 57.36 120.60 ± 60.60 0.437a

Min − max 20–250 35–254

Root length (mm) Mean ± SD 15.48 ± 1.72 15.30 ± 2.03 0.239a

Min − max 13–20 12–21

a Paired t test
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(Table 2), which is consistent with the immediate pulpal an-
esthesia after IPI as previously demonstrated [12, 13], and is
sensible due to direct injection into the operation area. In ad-
dition, it was necessary to measure EPT immediately and con-
tinuously on the IPI side until the first absence of response to
maximal stimuli due to the aforementioned rapid onset [12,
13] and a short duration of pulpal anesthesia by IPI. However,
owing to a much delayed onset of pulpal anesthesia by IANB
(mean onset = 7.4 min) [36], EPT was, therefore, conducted
after lip numbness and continued every 30 s to avoid patients’
discomfort. The rapid mean onset of pulpal anesthesia by IPI
was comparable to that by ISI [11–13, 37], but the needle tip
in the ISI technique has to penetrate into the crestal bone in
comparison with no direct contact to the alveolar crest in the
IPI technique.

Moreover, although not significantly different, 70% of the
patients rated mild injection pain on the IPI side, whereas 50%
rated mild injection pain and around 47% rated moderate in-
jection pain on the IANB side. This is in line with a previous
finding from the survey study of pain during local anesthetic

injections in the oral cavity, which has indicated that IANB
was the most painful injection technique, followed by PLI,
mental nerve block, and local infiltration, respectively [38].
Less injection pain from IPI than from IANBmay help reduce
patients’ dental fear and anxiety. To rate patients’ pain,
Robertson et al. [29] showed that the HP VAS with a 170-
mm scale was easy for patients to assess their pain due to eight
distinct pain descriptive and self-explainable terms on the
scale. Moreover, the 170-mm length of the HP VAS is unique
for this scale that would yield more precise pain evaluation
than the 100-mm length of the VAS, which is generally used
in questionnaires. The HP VAS together with these terms was,
therefore, chosen to assess patients’ pain in this study because
this scale has been previously used to rate patients’ pain in a
number of clinical studies and provides high sensitivity for
pain perception by patients due to these comprehensible de-
scriptive terms [28].

In this study, the success rate of pulpal anesthesia by IPI
was slightly lower than those previously reported by Giffin at
99% for mandibular teeth [12] and by Taheritalesh et al. at 94–

Table 2 Comparisons of clinical efficacies between intrapapillary injection (IPI) and inferior alveolar nerve block (IANB) in a cohort of 30 patients

Variable IPI IANB P value

Success within the n (%) 26 (86.67) 29 (96.67) 0.353a

1st injection

Onset of anesthesia (sec) n 251 251 < 0.001b

Mean ± SD 53.36 ± 14.92 441.16 ± 161.58

Min − max 32–88 210–858

Injection pain (max = 170 mm) Mean ± SD 35.92 ± 31.58 50.65 ± 29.92 0.017b

Injection pain categories No pain, n (%) 1 (3.33) 1 (3.33)

Mild pain, n (%) 21 (70.00) 15 (50.00) 0.104c

Moderate pain, n (%) 8 (26.67) 14 (46.67)

Severe pain, n (%) 0 0

Extraction pain (max = 170 mm)

Extraction pain categories No pain, n (%) 30 (100) 29 (96.67) 1.000a

Mild pain, n (%) 0 1 (3.33)

Moderate pain, n (%) 0 0

Severe pain, n (%) 0 0

Anesthetic duration
(min)

n 272 ND N/A

Mean ± SD 27.11 ± 16.43

Min–max 3–62

Satisfaction score Mean ± SD 72.33 ± 18.38 77.56 ± 14.10 0.244b

(max = 100 mm) Min − max 31.00–100.00 55.00–100.00

ND not determined, N/A not applicable
1 Five patients were excluded before the analysis of mean onset
2 Three patients were excluded since they did not feel any pain
a Fisher’s exact test
b Paired t test
c Chi-square test
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95% for mandibular premolars [13]. However, Taheritalesh
et al. had stated that the anesthetic success rate in the molars
was higher than that in premolars because broad alveolar bone
crest in the molar region accompanied by large and numerous
nutrient canals promotes diffusion of the anesthetic solution
[13]. The narrower alveolar bone crest plus thinner IDP in the
premolar region, which often causes the leakage of anesthetic
solution observed in our four failed cases, may, therefore, be
one of the reasons for the failure of pulpal anesthesia by IPI. In
addition, the success of pulpal anesthesia by IPI observed in

the remaining 26 cases could be predicted by the operator’s
sensation of initial back pressure and oozing solution that are
two signs for a proper position of the needle tip [12, 13]. Note
that the almost complete success rate of pulpal anesthesia in
mandibular premolars by IANB in this study compared to
81% in the previous study [13] may be due to the absence of
any pathology in sound premolars selected in this study.
Therefore, it would be interesting to further study and com-
pare the anesthetic efficacies between IPI and IANB in teeth
with pulpal diseases with or without periapical lesions.
Regarding the patients’ satisfaction, 14 patients preferred IPI
for their next mandibular tooth anesthesia because of the ab-
sence of prolonged lip and tongue numbness, so the patients
would resume their routine activities as early as possible sim-
ilar to the results of two previous studies [12, 13]. On the other
hand, 16 patients preferred IANB due to the main reason of
less pain sensation after tooth extraction.

Three possible reasons for less postoperative pain on the
IANB side may be involved with (1) a complete inhibition of
nociceptive inputs from the extraction site that travel along the
afferent nerve fibers to sensitize central nervous system,
resulting in a longer duration and deeper anesthesia [39, 40];
(2) the preemptive analgesics that was taken to relieve the
patients’ first pain perception on the IPI side would continu-
ously exert its analgesic effect for several hours after extrac-
tion on the IANB side [39]; and (3) more tissue trauma at the
injected IDP from IPI, as reflected by a significant increase in
PGE2 levels, representing tissue trauma and pain, on the IPI
side compared to the IANB side, which would provoke more
pain sensation.

Several previous clinical studies have demonstrated con-
stantly raised PGE2 levels up to 4 h with its variable levels
during the first hour postoperatively in serum from the extrac-
tion socket after surgical removal of the mandibular third mo-
lars [18, 41–45]. Moreover, another study that extended an
observation of PGE2 levels up to 7 days postoperatively in
saliva and urine has demonstrated an increase in PGE2 con-
centrations up to 3 days [46]. To the best of our knowledge,
our study is the first to determine PGE2 levels in GCF collect-
ed from the gingival crevices of the adjacent teeth in associa-
tion with tissue trauma from IPI. The continual increment in
GCF PGE2 levels found at both IPI and IANB sides up to 3 h

Fig. 2 Postoperative complications at 1-week follow-up after simple
extraction under local anesthesia with the intrapapillary injection
technique, a ulcerated gingival epithelium (an arrowhead) in the middle
of interdental papilla (IDP; injection site) distal to extracted 44, b
sloughing tissue (an arrow) at the injected IDP mesial to extracted 44
compared with an extraction wound of 34 under local anesthesia by the
inferior alveolar nerve block technique (an asterisk)

Fig. 3 Pie charts illustrate the
number (percentage) of a
postoperative complications in 30
patients for the intrapapillary
injection and b for the inferior
alveolar nerve block groups
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is consistent with the results of those studies. Furthermore, the
significantly higher median PGE2 level in IPI than that in
IANB at 30 min after extraction coincided with the mean
onset of patients’ pain sensation at 27 min (Table 2).
Therefore, it is likely that mechanical trauma from IPI at the
injected IDP affects PGE2 production during an initial phase.
The mean duration of pulpal anesthesia by IPI, or better called
periodontal anesthesia since the tooth vitality examined by
EPT could not be continually conducted in the extracted pre-
molar, was 27min, corresponding with 20- to 60-min intervals
shown by the two previous studies [12, 13]. The shorter dura-
tion of pulpal anesthesia by IPI than by IANB is expected
because of more rapid distribution of anesthetic solution into
high vascularity within the medullary bone and less anesthetic
volumes used in IPI than in IANB. The rationales for choosing
GCF collection at 30 min, 1 h, and 3 h were the mean duration
of pulpal anesthesia on the IPI side at 27 min, the findings
from several previous studies [18, 41–45] that revealed a dra-
matic increase in PGE2 levels at 1 h after tooth removal and
the duration of soft tissue anesthesia for 3 h after injection with
articaine [47], respectively.

Conclusion

Since there was no difference in the root length or in the
duration of extraction that indicated similar difficulty of ex-
traction between the two injection techniques, the clinical ef-
ficacies of IPI comparable to those of IANB suggest that IPI
may be used to replace IANB for mandibular premolar anes-
thesia only for short and simple dental procedures in order to
avoid failure of pulpal anesthesia, complications, and discom-
fort from IANB. Nevertheless, if the simple procedures turn
out to be complex, IANB is still required. Moreover, more
postoperative pain and the higher rate of complications from

IPI than from IANB (11 versus 5 cases, respectively) must be
taken into consideration.
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