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The role of NADPH oxidases in iron-mediated osteoblastic cell death and the therapeutic potential 

of NOXs inhibitors in iron overload and thalassemia-induced osteoporosis 

Project duration:   2 years (from 2nd July 2018  to  1st July 2020) 

Principal investigator:   Assistant professor Dr. Kornkamon Lertsuwan, Ph.D. 

Mentor :   Professor Dr. Narattaphol Charoenphandhu, M.D., Ph.D. 

Abstract  

 The association between iron overload and osteoporosis has been found in many diseases, such as 

hemochromatosis, β-thalassemia and sickle cell anemia with multiple blood transfusion. One of the contributing factors 

is iron toxicity to osteoblasts. Herein, ferric ammonium citrate (FAC) and ferrous ammonium sulfate (FAS) were used 

as ferric and ferrous donors. Our results showed that both iron species suppressed cell survival and proliferation. Both 

also induced osteoblast cell death consistent with the higher levels of cleaved caspase 3 and caspase 7 in osteoblasts 

indicating that iron-induced osteoblast apoptosis. By using ferroptosis inhibitor, ferrostatin-1 as well as the determination 

of glutathione peroxidase 4 expression, our data showed that iron-induced osteoblasts also relied on ferroptosis. 

Additionally, both iron species could induce G0/G1 cell cycle arrest in osteoblasts with the stronger effects from ferric 

than ferrous. Downregulation of osteoblast differentiation genes was observed in osteoblasts exposed to ferric and 

ferrous. Decreased alkaline phosphatase (ALP expression), ALP activity and mineralization in osteoblasts under iron 

overload were also shown with the stronger effects from ferric than ferrous. Cellular ROS production was significantly 

increased in osteoblasts exposed to ferric and ferrous, but antioxidant agent (N-acetyl cysteine; NAC) could not alleviate 

osteoblast cell death. In addition, the expression of NADPH oxidases (NOX1 and NOX4) was also significantly 

increased in iron treated osteoblasts, but NOX inhibitor (diphenylene iodonium; DPI) failed to rescued iron-osteoblast 

cell death suggesting that iron-induced osteoblast cell death did not depend on NOX expression or activity. Iron 

treatments led to the elevated intracellular iron in osteoblasts as determined by flame atomic absorption 

spectrophotometry. Iron chelator (deferiprone; DFP); however, could not rescue iron-induced osteoblast cell death. As 

the common treatment for calcium malabsorption, effects of 1,25 dihydroxyvitamin D3 [1,25(OH)2D3] and exogenous 

calcium on osteoblast cell viability and iron uptake capacity in osteoblasts under iron overload were investigated. While 

1,25 dihydroxyvitamin D3 [1,25(OH)2D3] treatment led to increased levels of intracellular iron in osteoblasts exposed to 

iron, it did not affect osteoblast cell viability under iron overload. These results confirmed the independence of 

intracellular iron level or iron uptake capacity in iron-induced osteoblast cell death. Interestingly, our results showed 

that exogenous treatment of calcium improved osteoblast cell viability under iron overload suggesting the potential 

therapeutic application of exogenous calcium treatment in iron overload-induced osteoporosis. In conclusion, ferric and 

ferrous differentially compromised the osteoblast functions and viability, which can be alleviated by an increase in 

extracellular ionized calcium, but not 1,25(OH)2D3 or iron chelator DFP. This study has provided the invaluable 

information for therapeutic design targeting specific iron specie(s) in iron overload-induced osteoporosis. Moreover, an 

increase in extracellular calcium could be beneficial for this group of patients. Results from this project have been 

published and accepted in 2 international peer-reviewed journals including Biometals (impact factor 2.478, Q1) 

and PLoS One (impact factor 2.776, Q1) Moreover, results have been presented (both oral and poster 

presentation) and published in 4 international conferences both in Thailand and abroad  
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บทคดัย่อ  

 ภาวะกระดกูพรุนถูกพบเป็นภาวะแทรกซอ้นไดม้ากในโรคหลายชนิดทีเ่กดิภาวะเหลก็เกนิ (iron overload) รว่มดว้ย

เช่น โรคธาลสัซเีมยีชนิดเบตา้ โรค sickle cell anemia ทีอ่าจมภีาวะเหลก็เกนิจากการรบัเลอืดอย่างต่อเน่ือง หน่ึงในปัจจยัที่

ทาํใหเ้กดิภาวะกระดกูพรุนแทรกซอ้นกบัภาวะเหลก็เกนิไดแ้ก่ ภาวะทีเ่หลก็ทาํใหเ้กดิการตาย หรอืยบัยัง้การทาํงานของเซลล์

สรา้งกระดกู (เซลลอ์อสตโิอบลาสต;์ osteoblast) ในการศกึษาน้ีเฟอรร์กิแอมโมเนียมซเิตรท และเฟอรร์สัแอมโมเนียมซลัเฟต 

ถูกใชเ้ป็นตวัแทนของเหลก็เฟอรร์กิและเฟอรร์สัตามลําดบั ผลการศกึษาพบว่าเหลก็ทัง้สองรปูแบบสามารถความสามารถใน

การแบง่เซลล ์และทาํใหเ้กดิการตายของเซลลอ์อสตโิอบลาสตไ์ด ้เหลก็ทัง้สองชนิดสามารถทาํใหเ้กดิการเพิม่ขึน้ของ cleaved 

caspase 3 และ cleaved caspase 7 บ่งชี้ว่าภาวการณ์ตายของเซลล์ออสติโอบลาสต์ภายใต้ภาวะเหล็กเกินนัน้เกิดผ่าน

กระบวนการอะพอพโตซสิ (Apoptosis) นอกจากน้ีเมื่อทําการทดลองโดยใชส้ารยบัยัง้กระบวนการตายแบบเฟอรร์อพโตซสิ 

(Ferroptosis) ไดแ้ก่สาร Ferrostatin-1 รว่มกบัการตดิตามการแสดงออกของโปรตนี Glutathione peroxidase 4 (GPX4) ทํา

ใหไ้ดข้อ้มลูเพิม่เตมิวา่การตายของเซลลอ์อสตโิอบลาสตภ์ายใตภ้าวะเหลก็เกนิยงัเกดิผ่านกระบวนการเฟอรร์อพโตซสิอกีดว้ย 

นอกจากน้ีเหลก็ทัง้สองรปูแบบยงัทําใหเ้กดิ cell cycle arrest ทีร่ะยะ G0/G1 ซึ่งนําไปสูก่ารยบัยัง้กระบวนการแบ่งเซลลแ์ละ

ทาํใหเ้กดิการตายของเซลลไ์ด ้การยบัยัง้การแสดงออกของยนีทีเ่กี่ยวขอ้งกบัการพฒันาของเซลลอ์อสตโิอบลาสต ์อกีทัง้การ

ลดลงของการแสดงออกและกิจกรรมของเอนไซม์อัลคาไลน์ฟอสฟาเตส (Alkaline phosphatase; ALP) และการสะสม

แคลเซยีมของเซลลอ์อสตโิอบลาสต์ทีไ่ดร้บัเหลก็ บ่งชีว้่าเหลก็ทัง้สองรปูแบบยบัยัง้การพฒันาและความสามารถในการสะสม

แคลเซยีมของเซลลอ์อสตโิอบลาสต์ อย่างไรกด็ผีลการทดลองทัง้หมดพบว่าเหลก็ในรปูแบบเฟอรร์กิมคีวามเป็นพษิต่อเซลล์

ออสตโิอบลาสตม์ากกวา่เฟอรร์สั นอกจากน้ียงัพบวา่เซลลอ์อสตโิอบลาสตท์ีไ่ดร้บัเหลก็มกีารสรา้ง Reactive oxygen species 

(ROS) เพิม่ขึน้ในเซลลอ์อสตโิอบลาสต ์แต่การไดร้บัสาร antioxidant ไดแ้ก่ N-acetyl cysteine (NAC) กไ็มส่ามารถยบัยัง้การ

ตายของเซลล์ออสติโอบลาสต์ และการแสดงออกของเอนไซม์เอ็นเอดพีเีอชออกซิเดส (NADPH oxidases; NOXs) ได้แก่ 

NOX1 และ NOX4 กเ็พิม่ขึน้ในเซลลก์ลุม่น้ี แต่การใชส้ารยบัยัง้การทาํงานของเอนไซมด์งักลา่วไดแ้ก่ Diphenylene iodonium 

(DPI) ก็ไม่สามารถป้องกนัการตายของเซลล์ออสตโิอบลาสต์ได้ นอกจากน้ีเมื่อทําการวดัความสามารถในการนําเหลก็เขา้

เซลล ์(Iron uptake) ของเซลลอ์อสตโิอบลาสตใ์นภาวะเหลก็เกนิ พบวา่เซลลอ์อสตโิอบลาสตม์กีารนําเหลก็เขา้สูเ่ซลลท์ีเ่พิม่ขึน้

ในภาวะเหลก็เกนิ แต่การลดระดบัของเหลก็ภายในเซลล์โดยใช ้Iron chelator ไดแ้ก่ Deferiprone (DFP) กไ็ม่สามารถช่วย

ป้องกนัการตายของเซลลอ์อสตโิอบลาสตภ์ายใตภ้าวะเหลก็เกนิได ้เป็นการยนืยนัวา่การตายของเซลลอ์อสตโิอบลาสตภ์ายใต้

ภาวะเหลก็เกนิไมข่ึน้กบัปรมิาณของเหลก็ทีเ่ซลลอ์อสตโิอบลาสตนํ์าเขา้สูเ่ซลล ์เน่ืองจากวติามนิด ีและแคลเซยีมเสรมิเป็นอกี

หน่ึงหนทางในการรกัษาผูป่้วยทีอ่าจเกดิภาวะกระดูกพรุนได ้ผลของสารทัง้สองต่อการตายของเซลลอ์อสตโิอบลาสต์ภายใต้

ภาวะเหลก็เกนิจงึถูกทาํการศกึษา ผลการศกึษาพบวา่วติามนิดทีาํใหเ้กดิการนําเขา้เหลก็สูเ่ซลลอ์อสตโิอบลาสตม์ากขึน้แต่ไม่

มผีลต่อการตายของเซลลอ์อสตโิอบลาสต์ภายใตภ้าวะเหลก็เกนิ ในขณะทีก่ารใหแ้คลเซยีมในรปูของ CaCl2 สามารถป้องกนั

การตายของเซลลอ์อสตโิอบลาสต์ภายใตภ้าวะเหลก็เกนิได ้โดยสรุปแลว้ ผลการศกึษาครัง้น้ีพบกว่าเหลก็ทัง้รปูแบบเฟอรร์กิ

และเฟอร์รสัสามารถทําให้เกดิการตาย และยบัยัง้การทํางานของเซลล์ออสตโิอบลาสต์ได้ โดยกระบวนการดงักล่าวไม่ถูก

ยบัยัง้ได้โดยการใช้ DFP หรอืวติามนิด ีแต่จะถูกยบัยัง้ได้โดยการใช้แคลเซยีมเสรมิ ผลการศกึษาน้ีได้ให้ขอ้มูลสําคญัเพื่อ

ประกอบการออกแบบการรกัษาผูป่้วยทีม่ภีาวะกระดกูพรนุจากการมเีหลก็เกนิ (Iron-induced osteoporosis) เชน่ผูป่้วยธาลสั-

ซีเมยีได้ ผลที่ได้การศกึษาได้ถูกเผยแพร่ (Published) และได้รบัการตอบรบั (accepted) ใน international peer-reviewed 

journals 2 เรื่องในวารสาร Biometals (Impact factor 2.478, Q1) และวารสาร PLoS One (Impact factor 2.776, Q1) 

นอกจากน้ีผลการศึกษาที่ได้ยงัได้ถูกเผยแพร่ทัง้ในรูปแบบของโปสเตอร์ การบรรยาย และ proceedings ในงานประชุม

วชิาการระดบันานาชาตทิัง้สิน้ 4 งานทัง้ในและต่างประเทศ 
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Executive Summary  

Contract number: MRG6180268 

 

 

Project title:  บทบาทของเอนไซมเ์อน็เอดพีเีอชออกซเิดส ในกระบวนการตายของเซลลอ์อสตโิอบลาสตเ์น่ืองจากเหลก็ 

และศกัยภาพของสารยบัยัง้เอนไซมเ์อน็เอดพีเีอชออกซเิดส ในการรกัษาภาวะกระดกูพรนุในผูป่้วยธาลสัซี

เมยีและผูม้ภีาวะเหลก็เกนิThe role of NADPH oxidases in iron-mediated osteoblastic cell death and 

the therapeutic potential of NOXs inhibitors in iron overload and thalassemia-induced osteoporosis 

Project duration:   2 years (from 2nd July 2018  to  1st July 2020) 

Principal investigator:   Dr. Kornkamon Lertsuwan, Ph.D. 

Mentor :   Professor Dr. Narattaphol Charoenphandhu, M.D., Ph.D. 

 

1. Introduction to the research problem and its significance  

It has been shown that more than 50% of ß-thalassemia patients develop osteoporosis and osteopenia, which 

can lead to patients’ immobility, morbidity and even mortality Haidar (2011), De Sanctis (2013). Similar phenomenon 

could be seen in thalassemic mouse models Charoenphandhu (2013), Kraidith (2016), Thongchote (2011), 

Thongchote (2014), Thongchote (2015). In addition to osteoporosis, iron overload is another complication commonly 

found in thalassemia patients. Iron has been shown to have negative effects on osteoblast differentiation and function, 

which could contribute to iron overload-induced osteoporosis Diamond (1991), Chen (2015), Tsay (2010), Zhao 

(2014). Corresponding to other studies, results from our group also showed the negative effects of iron on osteoblast 

survival (Lertsuwan, et al., unpublished data). Knowing the underlying mechanism of iron-induced osteoblast cell 

death will provide the critical data for therapeutic method for iron overload-induced osteoporosis. However, the 

signaling involving in iron-induced osteoblastic cell death has not been elucidated.  

Studies in mammalian cells showed that iron exposure leads to increased intracellular reactive oxygen species 

(ROS) accumulation from the reduced level of antioxidant, glutathione. Enzymes that play a crucial role in iron-

mediated cell death is a group of ROS-producing enzymes called NADPH oxidases (NOXs) Dixon (2012). Previous 

studies showed that overactivated NOXs contributed to high level of oxidative stress associated with osteoporosis 

Schroder (2015), Schroder (2009), Leboff (2009), and ROS production from NOXs caused osteoblast damage and 

dysfunction Nojiri (2011). Therefore, the involvement of ROS and NOX in osteoblast toxicity under iron overload was 

investigated. Since iron chelator has been widely used to prevent iron overload in patients with thalassemia and 

other iron overload causing diseases, the association of iron uptake capacity and the effects of iron chelator in iron-

induced-cell death were also demonstrated.  

In summary, this study provided the information about mechanisms behind iron-induced osteoblast cell death 

and the potential involvement of NOXs in this mechanism were investigated. In addition, effects of iron overload on 

osteoblast differentiation and mineralization as well as osteoblast cell proliferation and cell cycle progression under 

iron overload were examined. The potential therapeutic properties of NOX inhibitor (diphenylene iodonium; DPI), iron 

chelator (deferiprone; DFP) and antioxidant agent (N-acetyl cysteine; NAC) in iron-induced osteoblast cell death were 

tested. Last but not least, the effects of the commonly used calcium absorption enhancer (vitamin D3) and exogenous 

calcium treatment on osteoblast cell death under iron overload were also demonstrated. This study provided an 
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important data for the identification of novel therapeutic target(s) and methods for iron-mediated osteoporosis in iron 

overload and/or thalassemia patients.  

Results from this project has been published and accepted in 2 international peer-reviewed journals including 

Biometals (impact factor 2.478, Q1) in the topic of “Ferrous and ferric differentially deteriorate proliferation and 

differentiation of osteoblast‐like UMR‐106 cells” and PLoS One (impact factor 2.776, Q1) in the topic of "Differential 

effects of Fe2+ and Fe3+ on osteoblasts and the effects of 1,25(OH)2D3, deferiprone and extracellular calcium on 

osteoblast viability under iron-overloaded conditions". Moreover, results have been presented and published in 4 

international conferences both in Thailand and abroad.  

 

2. Objectives  

2.1 To investigate the underlying mechanism iron-induced osteoblast cell death 

 2.2 To examine the effects of iron overload on osteoblast differentiation and mineralization 

2.3 To elucidate and compare the involvement reactive oxygen species (ROS) production and NADPH 

oxidases (NOXs) in ferric (FAC) and ferrous (FAS)-treated osteoblast cells 

2.4 To involvement of iron uptake capacity of osteoblasts in iron-induced osteoblast cell death 

2.5 To examined the potential therapeutic properties of NOX inhibitor (diphenylene iodonium; DPI), iron 

chelator (deferiprone; DFP) and antioxidant agent (N-acetyl cysteine; NAC) in iron-induced osteoblast cell death 

2.6 To elucidate the effects of vitamin D3 and exogenous calcium treatment on osteoblast cell survival under 

iron overload 

2.7 To investigate the effects of ferric and ferrous on cell cycle progression in osteoblasts under iron 

overload. 

 
3. Methodology  

3.1 The underlying mechanisms involving iron-induced osteoblast cell death by ferric and ferrous were 

performed by investigating the alteration of apoptotic markers and ferroptosis markers including cleaved caspase 3, 

cleaved caspase 7, poly (ADP-ribose) polymerase-1 (PARP-1) by western blot analysis. The dependence of 

ferroptosis in iron-induced osteoblast cell death was tested by using ferroptosis inhibitor, ferrostatin-1. Osteoblast cell 

viability was determined by MTT assay 

 3.2 Effects of iron overload from ferric and ferrous on osteoblast differentiation was determined by the 

expression of osteoblastic genes by qRT-PCR and alkaline phosphatase (ALP) activity assay. Mineralization of 

osteoblasts was determined by alizarin red staining of calcium deposition in osteoblast cells and extracellular 

matrices.  

3.3 The level of cellular ROS was determined by using a commercially available ROS detection kit. The 

potential involvement of NOXs was determined by the expression alteration of NOXs in osteoblasts treated with ferric 

and ferrous. Gene expression alteration was examined by qRT-PCR.  

3.4 To study the correlation of iron uptake capacity of osteoblast cell death under iron overload, intracellular 

iron in osteoblasts treated ferric and ferrous was measured by using flame atomic absorption spectrometry (FAAS) 

3.5 The potential therapeutic properties of NOX inhibitor (diphenylene iodonium; DPI), iron chelator 

(deferiprone; DFP) and antioxidant agent (N-acetyl cysteine; NAC) in iron-induced osteoblast cell death were 
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examined by osteoblast cell viability assay of osteoblasts cells treated with ferric and ferrous in the presence or 

absence of these agents.  

3.6 As the common treatment for calcium malabsorption, effects of vitamin D and exogenous calcium on 

osteoblast cell viability and iron uptake capacity in osteoblasts under iron overload were investigated. Osteoblast cell 

viability under iron overload with ferric or ferrous in the presence or absence of vitamin D or exogenous calcium 

treatment. In addition, intracellular iron in osteoblasts treated with iron in the presence and absence of vitamin D was 

also investigated by using FAAS. 

3.7 Effects of ferric and ferrous on cell cycle progression in osteoblasts under iron overload were determined 

by flow cytometry analysis.   
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4. Key findings from this project 

 

4.1 The alteration of apoptotic markers was clearly observed, especially in ferric treated osteoblasts. 

Ferrostatin could significantly rescued osteoblasts from iron-induced osteoblast cell death indicated the involvement 

of ferroptosis mechanism in iron-induced osteoblast cell death. This speculation was later confirmed by the 

downregulation of the ferroptosis downregulated marker, glutathione peroxidase 4. Hence, iron-induced osteoblast 

cell death replied on both apoptosis and ferroptosis mechanisms.  

4.2 The downregulation of osteoblast differentiation genes was observed in osteoblasts exposed to ferric 

and ferrous. Decreased ALP expression, activity and mineralization in osteoblasts under iron overload were also 

shown.  

4.2 Results showed that cellular ROS production was significantly increased in osteoblasts exposed to ferric 

and ferrous. In addition, the expression of NOX1 and NOX4 was also significantly increased in iron treated 

osteoblasts. These indicated the correlation between cellular ROS level and iron-osteoblast cell death and the 

potential role of NOX1 and NOX4 in iron-induced osteoblast cell death. 

4.3 Intracellular iron in osteoblasts was significantly increased after being exposed to both ferric and ferrous. 

This result showed the potential correlation between iron uptake capacity and iron-induced osteoblast cell death. 

More experiments on intracellular level and iron-induced osteoblast cell death were conducted using several 

treatments that affected intracellular iron including iron chelator and vitamin D. These results have been discussed 

later in this section.  

4.4 The results showed that DPI, DFP and NAC could not rescue osteoblasts from iron-induced osteoblasts 

cell death. Some of these agents also showed its toxicity in osteoblasts itself; hence, they were not the good 

candidates for therapeutic agents for iron-induced osteoblast cell death. While iron chelator, DFP, was shown to 

effectively lower intracellular level of iron in osteoblasts under iron overload, it could not suppress iron-induced 

osteoblast cell death indicating that this phenomenon might not depend on iron uptake capacity or intracellular iron 

level in osteoblasts.  

4.5 Our results showed that while vitamin D treatment led to increased levels of intracellular iron in 

osteoblasts exposed to ferric and ferrous, it did not affect osteoblast cell viability under iron overload. These results 

confirmed the independence of intracellular iron level or iron uptake capacity of osteoblasts in iron-induced osteoblast 

cell death. Interestingly, our results showed that exogenous treatment of calcium improved osteoblast cell viability 

under iron overload suggesting the potential therapeutic application of exogenous calcium treatment in iron overload-

induced osteoporosis.  

4.6 Effects ferric and ferrous on cell cycle progression in osteoblasts under iron overload were studied. The 

results showed that iron significantly induced G0/G1 cell cycle arrest leading to the suppression of osteoblast cell 

viability and proliferation.  
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5. Research output 

 

International publication 

 Results from this project has been published in 1 international peer-reviewed article in Biometals (impact 

factor 2.478, Q1), and another manuscript is accepted to be published in PLoS One (impact factor 2.776, Q1) as 

follows. More output summary could be found in Table 2. 

 

Lertsuwan K, Nammultriputtar K, Nanthawuttiphan S, Phoaubon S, Lertsuwan J, Thongbunchoo J, Wongdee 

K, Charoenphandhu N (2018) Ferrous and ferric differentially deteriorate proliferation and differentiation of osteoblast‐
like UMR‐106 cells. Biometals 31(5):873‐889. (Attached document) 

 

Lertsuwan K, Nammultriputtar K, Nanthawuttiphan S, Tannop N, Teerapornpuntakit J, Thongbunchoo J, 

Charoenphandhu N (2020) Differential effects of Fe2+ and Fe3+ on osteoblasts and the effects of 1,25(OH)2D3, 

deferiprone and extracellular calcium on osteoblast viability under iron-overloaded conditions. PLoS One (Accepted) 

(Attached document) 

 

Presentation in international and national conferences  

 1.1 Being a speaker in the topic: “Targeting Molecular Mechanism for Osteoporosis in Thalassemia and Iron 

Overload” in COCAB-moving forward for food and drug translational research (August 2018) 

 1.2 Parts of results from this project has been presented and published (conference proceeding) in the topic: 

“Comparative Effects of Ferric and Ferrous on Osteoblast Cell Survival and Function” in Pure and Applied Chemistry 

International Conference 2019 (February 2019).  

Nanthawuttiphan S, Charoenphandhu N, Lertsuwan, K. (2019, February) Comparative Effects of Ferric and Ferrous 

on Osteoblast Cell Survival and Function presented at Pure and Applied Chemistry International Conference 2019, 

Bangkok, Thailand.  

 1.3 Parts of results from this project has been presented as a poster in a topic of: "Differential effects of 

Fe2+ and Fe3+ on the proliferation and differentiation of osteoblasts"  

Nammultriputtar K., Lertsuwan K. and Charoenphandhu N. (2019, March) Differential effects of Fe2+ and Fe3+ on 

the proliferation and differentiation of osteoblasts. Poster presented at the 9th Federation of the Asian and Oceanian 

Physiological Societies Congress (FAOPS), Kobe, Japan. 

 1.4 Oral presentation at 27th FAOBMB & 44th MSBMB Conference and IUBMB Special Symposia, Kuala 

Lumpur, Malaysia in a topic of "Unveiling underlined molecular mechanisms of Thalassemia-induced osteoporosis" 

Lertsuwan K, Nammultriputtar K, Nammultriputtar K, Phoaubon S and Charoenphandhu N. (2019, August) Unveiling 

underlined molecular mechanisms of Thalassemia-induced osteoporosis. Oral presentation at   

27th FAOBMB & 44th MSBMB Conference and IUBMB Special Symposia, Kuala Lumpur, Malaysia 

 1.5 Parts of results from this project has been presented and published (conference proceeding) in the topic: 

"Investigating the Involvement of Ferroptosis in Osteoblast Cell Death under Iron Overload" 
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Tannop N, Charoenphandhu N. and Lertsuwan K. (2020, February) Investigating the Involvement of Ferroptosis in 

Osteoblast Cell Death under Iron Overload. Poster presented at Pure and Applied Chemistry International 2020 

(PACCON 2020), Bangkok, Thailand 
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Table 2 Outputs from this project were illustrated as follows 

Output Detail First / Corresponding author 

First author Corresponding 

author 

Research articles 

Lertsuwan K, Nammultriputtar K, Nanthawuttiphan 

S, Phoaubon S, Lertsuwan J, Thongbunchoo J, 

Wongdee K, Charoenphandhu N (2018) Ferrous and 

ferric differentially deteriorate proliferation and 

differentiation of osteoblast‐like UMR‐106 cells. 

Biometals 31(5):873‐889. (IF 2.478, Q1) 

 

 manuscript is under 

preparation. 

 manuscript is submitted. 

 manuscript is under revision. 

 manuscript is accepted/ in 

Press. 

 manuscript is published.  

 

 

Lertsuwan K. 

 

Charoenphandhu N 

Lertsuwan K, Nammultriputtar K, Nanthawuttiphan 

S, Tannop N, Teerapornpuntakit J, Thongbunchoo J, 

Charoenphandhu N (2020) Differential effects of Fe2+ 

and Fe3+ on osteoblasts and the effects of 

1,25(OH)2D3, deferiprone and extracellular calcium 

on osteoblast viability under iron-overloaded 

conditions. PLoS One (IF 2.776, Q1) (Accepted) 

 manuscript is under 

preparation. 

 manuscript is submitted. 

 manuscript is under revision. 

 manuscript is accepted/ in 

Press. 

 manuscript is published.  

Lertsuwan K Charoenphandhu N 

International conference  

Nanthawuttiphan S, Charoenphandhu N and 

Lertsuwan, K. (2019, February) Comparative Effects 

of Ferric and Ferrous on Osteoblast Cell Survival 

and Function presented at Pure and Applied 

Chemistry International Conference 2019, Bangkok, 

Thailand. 

 
 results are presented. 

  proceeding is accepted. 

 proceeding is published. 

 
Nanthawuttiphan S 

 
Lertsuwan K. 

Nammultriputtar K., Lertsuwan K. and 

Charoenphandhu N. (2019, March) Differential 

effects of Fe2+ and Fe3+ on the proliferation and 

differentiation of osteoblasts. Poster presented at 

the 9th Federation of the Asian and Oceanian 

Physiological Societies Congress (FAOPS), Kobe, 

Japan.  

 results are presented. 

 proceeding is accepted. 

 proceeding is published 

Nammultriputtar K  Charoenphandhu N 

Lertsuwan K, Nammultriputtar K, Nammultriputtar K, 

Phoaubon S and Charoenphandhu N. (2019, August) 

Unveiling underlined molecular mechanisms of 

Thalassemia-induced osteoporosis. Oral 

presentation at   
27th FAOBMB & 44th MSBMB Conference and 

IUBMB Special Symposia, Kuala Lumpur, Malaysia 

 results are presented. 

 proceeding is accepted. 

 proceeding is published 

Lertsuwan K Charoenphandhu N 

Tannop N, Charoenphandhu N. and Lertsuwan K. 

(2020, February) Investigating the Involvement of 

Ferroptosis in Osteoblast Cell Death under Iron 

Overload. Poster presented at Pure and Applied 

Chemistry International 2020 (PACCON 2020), 

Bangkok, Thailand 

 results are presented. 

  proceeding is accepted. 

 proceeding is published. 

Tannop N Lertsuwan K 
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6. Schedule for the entire project  

 
Schedule/year Year 1 Year 2 

Month 

  1-6 

Month 

 7-12 

Month 

  1-6 

Month 

 7-12 

Investigate the involvement of apoptosis and ferroptosis in iron-induced osteoblast cell death  /    

Determine the involvement of ROS production and the expression of NADPH oxidases 

including NOX1 and NOX4 upon iron exposure to osteoblastic UMR-106 cells 

Manuscript #1 submission 

/    

Determine the effects of extracellular iron exposure on iron uptake ability into UMR-1106 cells 

Manuscript #1 published 

 /   

Examine the effects of ferric and ferrous on osteoblast differentiation and mineralization  /   

Evaluate effects of NOX inhibitor (diphenylene iodonium; DPI), iron chelator (deferiprone; DFP  

and antioxidant agent (N-acetyl cysteine; NAC) on iron uptake ability and osteoblast cell death 

under iron overload 

  /  

Examine effects of vitamin D3 on iron uptake ability and osteoblast cell death under iron 

overload 

Manuscript #2 preparation/submission 

  /  

Examine effects of both iron species on cell cycle progression of osteoblasts 

Manuscript #2 accepted 

   / 

Full report submission    / 

 

7. Budget details 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 Year 1 (Baht) Year 2 (Baht) Sum 

(Baht) 

1. Honorarium 

   - Honorarium for principal investigator 

156,000 156,000 312,000 

2. Materials 

   - Chemicals and disposables for cells tissue culture and 

treatments 

   - Chemicals and consumables for molecular techniques, 

such as qRT-PCR, Western blot, ROS assay, glutathione 

assay, CRIPSR/Cas9 construction 

   - Experimental animals and related chemicals and 

consumables 

 

35,000 

 

99,000 

 

 

 

10,000 

 

35,000 

 

89,000 

 

 

 

20,000 

 

70,000 

 

188,000 

 

 

 

30,000 

3. Expenses - - - 

4. Hiring  - - - 

Total 300,000 300,000 600,000 
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Research results from the project 

 

Objective 1: To investigate the alteration of apoptotic markers upon iron-induced osteoblast cell 

death 

  

 1.1 Rationale 

 Previous studies from our and other groups showed that iron could induce osteoblast cell death, so the primary 

program cell death, apoptosis, was investigated to verify and compare the potential mechanism of osteoblast cell death 

under iron overload by ferrous and ferric species.  

 

 1.2 Experimental procedures  

 UMR-106 cells were seeded at 4.2x105 cells/well in 6-well tissue culture plate. Then, the cells were treated 

with ferric ammonium citrate (FAC) or ferrous ammonium sulfate (FAS) at 0, 100, 200 or 300 µM. After 72 hours of 

treatment, cell pellet was collected by scraping, and protein samples were extracted by using modified 

radioimmunoassay precipitation (RIPA) buffer containing 50 mM Tris–HCl pH 7.4, 1% Triton X-100, 0.25% 

deoxycholate, 150 mM NaCl. Protein concentration in each sample was determined by using BCA protein assay kit 

(Roche, USA). Twenty-five micrograms of proteins were used for SDS-PAGE and western blot analysis for the 

expression of cleaved caspase-3, cleaved caspase-7, poly (ADP-ribose) polymerase-1 (PARP-1) and actin 

(housekeeping control). The relative protein expression was determined by pixel density of each protein band 

normalized by its own actin.   

 

 1.3 Results 

 As caspase 3 and caspase 7 function as the executive caspases in apoptosis pathway, they are commonly 

used as apoptotic markers. Our results showed that FAC induced the increased level of cleaved caspase 3 and cleaved 

caspase 7 significantly in dose-dependent fashion (Figure 1A). While the change is not significant in FAS treated 

groups, the increasing trends of cleaved caspase 3 and cleaved caspase 7 were also observed. The semi-quantitative 

value of cleaved caspase 3 and cleaved caspase 7 upon FAC and FAS treatment on UMR-106 cells normalized to 

control was also shown in Figure 1B and 1C. These results suggested that FAC and FAS induced osteoblast cell 

death via apoptosis.  
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Figure 1 Both FAC and FAS induced the increased level of cleaved caspase 3 and cleaved caspase 7 in UMR-106 

cells. (A) western blot of cleaved caspase 3 and 7 from UMR-106 cells treated with FAC and FAS, (B and C) 

quantitative analysis of cleaved caspase 3 and 7 from western blot normalized to β-actin (* P < 0.05; ** P < 0.01,  

*** P < 0.001) 

 

 In addition to cleaved caspases, the alteration of total and cleaved Poly (ADP-ribose) polyemerase-1 (PARP-

1), which is the protein functioning in DNA repair and is known to be the primary caspases target during apoptosis, 

was also investigated. The expression of PARP-1 and cleaved PARP-1 was shown in Figure 2A. Even though they 

are not statistically significant, our quantified results showed that the full length of PARP-1 was notably decreased in 

UMR-106 cells treated with FAC, while this effect could not be seen in FAS treated groups (Figure 2C). Similar trend 

was also shown in cleaved PARP-1 level upon FAC and FAS treatment (Figure 2B). When the level of cleaved PARP-

1 was normalized to the full length PARP-1 to yield the relative level of cleaved PARP-1 to full length PAR-1, the 

results showed that the ratio between cleaved PARP-1 to full length PARP-1 was increased significantly in osteoblastic 

cells, UMR-106 cells, treated FAS at 300 µM (Figure 2D).  

 

  

A 

B C 
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Figure 2 The expression of full length PARP-1 and cleaved PARP-1 in UMR-106 cells upon ferric (FAC) and ferrous 

(FAS) treatments was shown in this figure. (A) western blot showed that expression alteration of full length and cleaved 

PARP-1 upon FAC and FAS treatments, (B) and (C) quantified data from western blot, (D) relative level of cleaved 

PARP-1 and full length PARP-1 (* P < 0.05; ** P < 0.01) 

B 

A 

C 

D 
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Objective 2: To investigate the involvement of ferroptosis mechanism in iron-induced osteoblast 

cell death 

  

 2.1 Rationale 

  Our results from objective 1 showed that FAC could significantly induce apoptotic marker processing, while 

FAS could not. With the relative similar EC50 of both iron species on UMR-106 cell death, other alternative cell death 

pathway(s) was also considered to be a potential cell death mechanism in UMR-106 cell death under iron overload.  

 

 2.2 Experimental procedures  

 UMR-106 cells were seeded at 2500 cells/well in 96-well tissue culture plate. Then, the cells were treated 

with ferric ammonium citrate (FAC) or ferrous ammonium sulfate (FAS) at 0, 100, 200 or 300 µM with or without 0.5 

µ M ferroptosis inhibitor (ferrostatin-1). After 72 hours of treatment, cell viability was measured by MTT assay. 

Tetrazolium dye, 3- (4,5-dimethylthiazol- 2- yl) -2,5- diphenyltetrazolium bromide (MTT) was reduced by metabolic 

enzymes in mitochondria of living cells. The reducing activity can change the color of yellow tetrazole (MTT dye) to 

purple formazan. After the end of the experiments, the culture media were removed followed by adding 100 µL of 0.5 

mg/mL MTT dye in culture media in each well and incubating at in 37°C for 3 hours. The background of culture medium 

was subtracted by the empty well contained only 0.5 mg/mL MTT solution. After incubation, 100 µL of 5% (w/v) sodium 

dodecyl sulfate (SDS) in 50% (v/v) N, N-Dimethylformamide in purified water was added in each well. The MTT 

formazan was completely dissolved by mixing with 200P micropipette. The absorbance was measured with microplate 

reader at 540 nm. For data analysis, the absorbance was subtracted from culture medium background and normalized 

to control group. Then, the absorbance was calculated as a percentage of cell viability. 

 

 2.3 Results  

Ferroptosis is a novel iron-dependent non-apoptotic cell death. As FAS does not induce significant change in 

apoptotic markers in UMR-106 cells, the alternative cell death pathway was investigated. In this experiment, ferroptosis-

specific inhibitor, ferrostatin-1 was used. Our results showed that FAC dramatically decreased osteoblast cell survival 

in dose-dependent manner. While ferrostatin-1 alone did not negatively affect UMR-106 cell viability, cells treated with 

both FAC and ferrostatin-1 was shown to be resistant to FAC-induced osteoblast cell death (Figure 3A). Similar results 

were shown in FAS-treated groups. As FAS markedly induced osteoblast UMR-106 cell death, ferrostatin-1 could also 

suppress FAS-induced cell death (Figure 3B). These results indicated that iron also induced osteoblast cell death via 

ferroptosis pathway. 
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Figure 3 Ferrostatin-1 could prevent iron-induced osteoblast cell death in FAC and FAS-treated UMR-106 cells. (A) 

UMR-106 cells treated with FAC, (B) UMR-106 cells treated with FAS with or without ferrostatin-1 (*** P < 0.001 

compared to the treatment at 30 µM, ### P < 0.001 compared to the treatment at 100 µM,&&& P < 0.001 compared to 

the treatment at 200 µM)  

  

A 

B 
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Objective 3: To examine the effects of FAC and FAS on glutathione peroxidase 4 (GPX4) level in 

osteoblasts 

 

 3.1 Rationale  

 Inactivation of glutathione peroxidase 4 (GPX4) can increase intracellular lipid peroxides, resulting in 

ferroptosis. Therefore, we would like to examine if treating osteoblast cells with FAC and FAS at different 

concentration would affect the level of GPX4 protein in osteoblasts. Moreover, GPX4 down-regulation is one of the 

hallmarks for ferroptosis. This experiment would confirm the involvement of ferroptosis in iron-induced osteoblast cell 

death. 

 3.2 Experiment procedures 

 UMR-106 cells were seeded at 1.0 x 105 cells/well in 6-well plate (Corning, NY, USA). Cells were treated with 

0, 30, 100, 200 and 300 μM of FAC or FAS for 72 hours. The treatments were changed every day. After that, cell 

pellets were collected by scraping and washed twice with 1X cold phosphate buffer saline (PBS). Proteins were 

extracted by radioimmunoassay precipitation (RIPA) buffer containing 10% protease inhibitor for 1 hour on ice. Cell 

lysates were centrifuged at 7,500 rpm for 30 minutes and supernatants were collected. Protein concentration was 

measured by using BCA protein assay kit (Thermo scientific, USA). Thirty-five microgram of protein were separated 

through 8-15% acrylamide gel at 100 volts for 100 minutes and transferred to nitrocellulose membrane at 12 volts 

for 120 minutes. Membranes were blocked for 2 hours at room temperature in blocking solution (Capricorn Scientific, 

USA). After that, membranes were washed 3 times with TBST and incubated with specific antibody for GPX4 (Abcam, 

USA) and β-actin (Abcam, USA) overnight at 4ºC. Then, membranes were wash 3 times with TBST and incubated 

with anti-rabbit IgG secondary antibody (Cell Signaling, USA). Protein was visualized by enhanced 

chemiluminescence (ECL) (Millipore, USA) and exposed to X-ray film (GE Healthcare, UK). The band intensity was 

quantified by using Image J software. 

 

 3.3 Results 

  Even though the results were not statistically significant, the expression level of GPX4 protein was notably 

decreased after UMR-106 cells were treated with FAC or FAS in a dose-dependent manner (Figure 4A and B). 

These results suggested that both FAC and FAS reduced GPX4 level in osteoblasts resulting in ferroptosis cell 

death. 
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Figure 4 The effects of FAC and FAS on glutathione peroxidase 4 (GPX4) level in osteoblasts (A) The expression 

level of GPX4 protein (B) The quantified data of (A).  
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Objective 4: To elucidate and compare the involvement reactive oxygen species (ROS) 

production activity in ferric (FAC) and ferrous (FAS)-treated osteoblast cells 

 

 4.1 Rationale 

 Since ROS production was shown to play an important role in both apoptosis and ferroptosis, cellular ROS 

production in UMR-106 cells upon FAC and FAS treatment was investigated and compared. These results would 

lead to the potential prevention for iron toxicity in osteoblast by using antioxidants in the future experiments.   

 

4.2 Experimental procedures  

UMR-106 cells were seeded at 2.5×104 cells/well in 96-black well plate. After 24 hours, ROS production was 

measured by using DCFDA cellular ROS detection assay kit (ab113851, Abcam, USA). In brief, the cells were 

washed with 1X buffer. Then, DCFDA solution was added 100 µL/well, and the cells were incubated for 45 minutes. 

They were washed with 1X buffer again; then iron treatment was added at 0, 30, 100 and 200 µM and incubated for 

6 hours. ROS production was measured with fluorescence microplate reader at Ex/Em: 485/535 nm. The levels of 

ROS production in each treatment were normalized to control.  

 

4.3 Results 

Our results showed that FAC at 30, 100 and 200 µM significantly increased cellular ROS production (Figure 

5A). Similarly, FAS was shown to induce ROS production significantly in UMR-106 cells at 100 and 200 µM (Figure 

5B). Even though both iron species could induce ROS production significantly in osteoblast UMR-106 cells, the cells 

showed to be more sensitive for FAC than FAS. In general, these results showed that ROS might involve in iron-

induced osteoblast cell death in UMR-106 cells with both ferric and ferrous exposure.  
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Figure 5 ROS production was increased in osteoblast UMR-106 cells after FAC and FAS exposure. (A) FAC 

increased ROS production significantly at 30, 100 and 200 µM, (B) FAS induced ROS production significantly at 100 

and 200 µM (*** P < 0.001 compared to control)  

A 

B B 
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Objective 5: To elucidate and compare the expression of NADPH oxidases in osteoblast UMR-

106 cells under iron overload 

 

 5.1 Rationale 

 NADPH oxidases (NOXs) were the ROS-producing enzymes. Previous studies showed that the inhibition of 

NOXs pharmacologically and genetically led to the prevention of alcohol- and ovariectomy-induced osteoporosis. The 

basal expression of NOXs in UMR-106 cells were investigated in the previous studies from ours and others. NOX1 

and NOX4, expressed in UMR-106 cells, were selected for this study. Here, the expression alteration of NOX1 and 

NOX4 in UMR-106 cells under iron overload was investigated.  

 

5.2 Experimental procedures 

UMR-106 cells were plated in 6-well plate at seeding density 4.2 x 105 cells/well. Twenty-four hours after 

plating, cells were treated FAC or FAS with EC50 at 200 µM for 72 hours. The cells were collected by washing with 

1X PBS 2 times and resuspended in TRIzol reagent to extract total RNA. The RNA was purified and measured with 

NanoDrop-2000c spectrophotometer with OD at 260 and 280 nm. The ratio of which ranged between 1.8 and 2.0 

was considered acceptable. Then, one microgram of RNA was converted to complementary DNA (cDNA) with iScript 

cDNA synthesis kit (Bio-rad, CA, USA). The quantitative real–time PCR (qRT-PCR) was performed by QuantStudio 

3D Digital PCR System (Thermo Fisher Scientific, MA, USA) with SsoFast EvaGreen Supermix (Bio-rad, Hercules, 

CA, USA) for 40 cycles at 95 °C for 60 seconds, 55-60 °C annealing temperature for 30 seconds, and 72 °C for 30 

seconds. Fold change values were calculated from the threshold cycles (CT) based on the standard ∆CT method. 

Relative expression was expressed as the 2-∆∆CT method normalized to control. 

 

5.3 Results  

 Previous study showed that NADPH oxidases (NOXs) 1 and 4 were expressed in UMR-106 cells, while NOX2 

and NOX3 were not. The expression alteration of NOX1 and NOX4 after both iron exposure was investigated. Even 

though the expression alteration of NOX1 was not statistically significant in UMR-106 cells under iron exposure, the 

increasing trend of NOX1 was noticeable in both FAC and FAS treated cells with the stronger effects from FAC 

(Figure 6A). In the other hand, NOX4 was significantly increased in FAC-treated UMR-106 cells for 24 and 72 hours 

(Figure 6B). These data showed that NOX4 could be a contributor for ROS production in UMR-106 cells under iron 

overload.  
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Figure 6 Gene expression alteration of NOX1 and NOX4 in UMR-106 cells upon FAC and FAS exposure was 

illustrated. (A) NOX1 showed non-significant increase in UMR-106 cells treated with FAC and FAS, (B) NOX4 showed 

a statistically significant increase in UMR-106 cells after being treated with FAC at 24 and 72 hours ( ** P < 0.01 

and *** P < 0.001 as compared to control)  
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Objective 6: To investigate the effects of NOX inhibitor on UMR-106 cell survival in normal 

condition and under iron overload 

 

 6.1 Rationale 

  As the ROS-producing enzymes, NOXs inhibition was used to prevent several ROS-related cell toxicity in 

many models. However, the dosage and length of the treatment of NOXs inhibitor still needed to be compromised 

because NOXs also participated in electron transport within mitochondria. In this experiment, dose-dependent effects 

of NOX pan inhibitor, Diphenyleneiodonium (DPI), on UMR-106 cells in normal condition and under iron overload will 

be tested.  

 

6.2 Experimental procedures  

UMR-106 cells were seeded at 2500 cells/well in 96-well tissue culture plate. Then, the cells were treated 

with DPI at varied doses ranging from 0 to 3.162 µ M. After 72 hours of treatment, cell viability was measured by 

MTT assay as discussed in the previous experiment (objective 2). For data analysis, the absorbance was subtracted 

from culture medium background and normalized to control group. Then, the data was calculated as a percentage 

of cell viability.  

 

6.3 Results 

Our results showed that high doses of DPI could negatively affect UMR-106 cell survival leading to the 

significantly decreased percent cell survival of UMR-106 cells treated with 31.62 nM, 100 nM, 316.23 nM, 1000 nM 

(1 µ M) and 3162.28 nM (3.162 µ M). However, low concentration of DPI at 1 nM, 3 nM and 10 nM did not affect 

UMR-106 cell survival (Figure 7). Therefore, the low concentration of DPI will be selected for the future experiment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 DPI toxicity on UMR-106 cells was shown. Significant decreased of percent cell viability was observed in 

the concentration greater than 31.26 nM, while the lower concentration did not affect UMR-106 cell survival. (*** P < 

0.001 as compared to control)  
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Objective 7: To evaluate the effects of diphenyleneiodonium (DPI) on iron-induced osteoblast 

cell death under iron overload with FAC and FAS 

 

 7.1 Rationale 

  As the ROS-producing enzymes, NADPH oxidases (NOXs) inhibition was used to prevent several ROS-related 

cell toxicities in many models. However, the dosage and length of the treatment of NOXs inhibitor still needed to be 

compromised because NOXs also participated in electron transport within mitochondria. Our preliminary data found 

that NOXs were overexpressed, and ROS was increased in osteoblasts treated with FAC and FAS. A pan NOXs 

inhibitor, diphenylene iodonium (DPI) was selected as the potential therapeutic agent for iron-induced osteoblast cell 

death under iron overload. Thereby, the effects of DPI on iron-induced osteoblast cell death are examined.   

 

 7.2 Experiment procedures 

 UMR-106 cells were plated at 1,000 cells/well in 96-well tissue culture plate. Twenty-four hours after plating, 

the cells were treated with 0, 250 or 1,000 μM of FAC for 48 hours with or without DPI (1.0 nM) or DMSO (vehicle 

control). After the treatment period, cell viability was measured by using MTT assay. The absorbance of each well 

representing cell viability was determined at 595 nm by a microplate reader as mentioned earlier.  

 

 7.3 Results 

  The results showed that treating cells with only FAC decreased osteoblastic cell viability in a concentration-

dependent manner comparing to the control. Whereas, increasing of cell viability were not statically significant in 

FAC and DPI-treated groups, and DMSO as a vehicle control did not affect cell viability (Figure 8). Therefore, this 

result suggested that DPI at 1 nM could not improve osteoblastic cell viability under iron overload.  

 

 

 
 

 

Figure 8 Osteoblast cell viability after iron exposure with FAC in the presence of DPI or vehicle control. ***P < 0.001 

as compared to control group (0 μM) without DPI  
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Objective 8: To verify the potential capacity of osteoblast to uptake different iron species, ferric 

(FAC) and ferrous (FAS) in iron overload condition by flame atomic absorption spectrometry 

(FAAS)  

 

 8.1 Rationale 

  In intestinal cells, the two iron forms can use different transport routes into the cells. Previous studies showed 

that osteoblast also expresses transporter proteins from both transport systems. Therefore, this experiment is aimed 

to elucidate whether exogenous iron exposure could lead to the increased iron uptake capacity by measuring 

intracellular iron concentration by FAAS.  

 

8.2 Experimental procedures  

 UMR-106 cells were plated in 12-well plate at 2.1 x 105 cells/well. Twenty four hours after plating, cells were 

treated with iron treatments (FAC or FAS) at 0 , 1 0 0 , 2 0 0  and 3 0 0  µM for 2 4  hours. The cells were collected by 

washing twice with 1 X phosphate buffered saline (PBS) before gently scraped with cell scraper in PBS. After 

centrifugation at 7 , 0 0 0  rpm for 1 5  minutes, the pellet was resuspended in 2 5 0  µL of ultrapure water for a brief 

sonication.  Then, the samples were digested with 65% nitric acid (HNO3) and 30% hydrogen peroxide (H2O2)  by 

Ethos UP MAXI-44 microwave digester (Milestone, CT, USA). After digestion, the samples were adjusted to 25 mL 

with ultrapure water. Intracellular iron concentration was measured by FAAS (PinAAcle 900T Atomic Absorption 

Spectrometer, PerkinElmer, Waltham, MA, USA). The system was calibrated with blank solution (2% HNO3) to 

subtract background and start analyzing. The working standard in optimum range at 0, 0.04, 0.4, 0.8, 1.6, and 3 

µ g/mL that were diluted from 1,000 µ g/ml Fe certified standard solution with 2% HNO3 were used to construct the 

standard curve. Then, the samples were analyzed and 0.8 µ g/mL standard concentration was re–analyzed after 

every 8 samples for the accuracy. Intracellular iron concentration was normalized to protein concentration that can 

measured by bicinchoninic acid assay (BCA assay) as previously described. 

 

8.3 Results  

 The experiment aimed to measure the intracellular iron concentration of UMR-1 0 6  cells under the different 

iron treatment using FAAS. After 24-hours treatment with either FAC or FAS at concentration 0, 100, 200 and 300 

µM, cells were collected and prepared for FAAS measurement. UMR-106 osteoblast-like cells showed the increased 

intracellular iron concentration after being exposed to FAC from 0 . 1 8  mg/mg protein (in a control group) to 0 . 4 3 , 

0 . 6 5  and 1 . 0 3  mg/mg protein in FAC treatment at 1 0 0 , 2 0 0  and 3 0 0  µ M, respectively. The intracellular iron 

concentration of cells that were exposed to FAS also showed the same trend from 0.17 mg/mg protein (in a control 

group) to 0.56, 0.50 and 0.51 mg/mg protein in FAS treated groups at 100, 200 and 300 µM, respectively. These 

results demonstrated that both iron species could increase intracellular iron in UMR-106 cells. In addition, our results 

showed that FAC could induce higher intracellular iron uptake into UMR-106 cells (Figure 9). 
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Figure 9 The potential capacity of osteoblast to uptake different iron species, ferric (Fe3+) and ferrous (Fe2+) in iron 

overload condition by flame atomic absorption spectrometry (FAAS) showing increased intracellular iron concentration 

upon iron exposure. FAC showed the significant higher potent to influx into osteoblast than FAS. (* P < 0.05, *** P 

< 0.001 as compared to control) 
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Objective 9: To study effects of 1,25-dihydroxyvitamin D3 on iron uptake into osteoblast under 

iron overload condition by flame atomic absorption spectrometry (FAAS) 

 

 9.1 Rationale:  

Vitamin D3 was shown to regulate the genes involved in iron homeostasis at the enterocytes. It downregulated 

hepcidin expression but upregulated ferroportin expression leading to increased iron excretion. However, in the 

condition of iron overload the effects of vitamin D3 on iron uptake into bone cells have not been reported. Therefore, 

this experiment aimed to test the action of vitamin D3 on iron influx into osteoblast under enrich iron concentrations 

and compare the capability of osteoblast to uptake two iron species under vitamin D3 treatment.  

 

9.2 Experimental procedures  

 UMR-106 cells were plated in 12-well plate at 2.1 x 105 cells/well. Twenty four hours after plating, cells were 

treated with 10 nM 1,25(OH)2D3 or 9:1 propylene glycol-ethanol (as a vehicle control) without iron treatment for 72 

hours. Then, cells were treated with iron treatments (FAC or FAS) at 0, 100, 200 and 300 µM containing 10 nM 

1,25(OH)2D3 or vehicle control for 24 hours. After that, the cells were collected, and intracellular iron was measured 

by FAAS as mentioned previously (objective 7).  

 

9.3 Results 

The results showed that vitamin D3 significantly increased intracellular iron of UMR-106 cells as compared to 

the similar concentration of iron with vehicle control. Intracellular iron rose from 0.11 to 0.16 mg/mg protein in 100 

µM of FAC, increased from 0.12 to 0.20 mg/mg protein in 200 µM of FAC and increased 0.14 to 0.22 mg/mg protein 

in 300 µM of FAC (Figure 10A). Likewise, the same condition with FAS treatment demonstrated that vitamin D3 also 

enhanced FAS uptake into osteoblast leading to the elevated intracellular iron significantly different from vehicle 

control at the same concentration of FAS treatments. Intracellular iron increased from 0.10 to 0.14 mg/mg protein in 

a control group, increased 0.10 to 0.16 mg/mg protein in 100 µM of FAS, increased 0.11 to 0.18 mg/mg protein in 

200 µM of FAS and increased 0.11 to 0.17 mg/mg protein in 300 µM of FAS (Figure 10B). The results indicated that 

1,25-dihydroxyvitamin D3 enhanced iron uptake into osteoblasts after FAC and FAS exposure, and FAC still had 

stronger effects on iron uptake into osteoblasts. 
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Figure 10 Effects of 1,25-dihydroxyvitamin D3 on iron uptake into osteoblast under iron overload condition by FAAS. 

UMR-106 cells were treated with 72-hours vitamin D3 pre-treatment and 24-hours of FAC (A) or FAS (B) together 

with vitamin D3. (* P < 0.05, ** P < 0.01 *** P < 0.001 as compared to control group (0 µM); ## P < 0.01, ### P < 

0.001 as compared to the same dose in vehicle control treatment) 
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Objective 10: To examine the effects of 1,25-dihydroxyvitamin D3 on osteoblast cell viability 

under iron overload condition  

 

 10.1 Rationale 

  Previous experiments showed that 1 ,2 5 ( OH)2 D3  (1,25-dihydroxyvitamin D3) increased iron uptake into 

osteoblast UMR-106 cells (Figure 9). Our results indicated that both cytotoxic effects and iron uptake into osteoblast 

were dose-dependent. Therefore, increased of iron uptake into osteoblast from vitamin D3 uptake could lead to higher 

iron-induced cell death. This experiment is aimed to elucidate the effects of vitamin D3 on osteoblast cell viability 

under iron overload.  

 

10.2 Experimental procedures  

 UMR-106 cells were plated in 12-well plate by seeding density at 2.1 x 105 cells/well. Twenty-four hours after 

plating, cells were treated with 10  nM 1 ,25 (OH)2D3 (vitamin D3) or 9 : 1  propylene glycol-ethanol (vehicle control) 

without iron treatment for 72 hours; then, cells were treated iron treatments (FAC or FAS) at 0, 100, 200 and 300 

µM by containing 10 nM vitamin D3 or vehicle control for 24 hours. After the treatment, cell viability was assayed by 

MTT assay as previously described.  

 

 10.3 Results 

 The results showed that vitamin D3 tended to enhance both iron species to suppress UMR-106 cell viability; 

even though, the differences between vitamin D3 and vehicle control in each concentration of iron treatment could 

not reach to statistical significantly different. The comparison between cell viability in vehicle control and vitamin D3 

treatment at the same concentration of FAC found to decrease from 56.07% to 49.77% in 100 µM of FAC, decreased 

54.23% to 47.13% in 200 µM of FAC and decreased 45.87% to 41.08% in 300 µM of FAC (Figure 11A). Similarly, 

in FAS treatment, vitamin D3 was showed to promote FAS for suppressing osteoblast cell viability. The comparison 

between cell viability in vehicle control and vitamin D3 treatment at the same concentration of FAS found to decrease 

from 64.89% to 57.01% in 100 µM of FAS, decreased 60.88% to 55.68% in 200 µM of FAS and decreased 55.94% 

to 52.40% in 300 µM of FAC (Figure 11B). These results suggested that vitamin D3 could facilitate iron-induced 

osteoblast cell death from both FAC and FAS exposure. This indicated the potential correlation between iron uptake 

and osteoblast cell death under iron overload.  
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Figure 11 Effects of 1,25-dihydroxyvitamin D3 (vitamin D3) on osteoblast cell viability under iron overload condition 

by MTT assay. UMR-106 cells were treated with 72-hours vitamin D3 pre-treatment and 24-hours of FAC (A) or FAS 

(B) treatment together with vitamin D3. ( *** P < 0.001 as compared to control group (0 µM)) 
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Objective 11: To elucidate the effects of iron in two forms, ferric (Fe3+) and ferrous (Fe2+), on 

osteoblast cell mineralization 

 

 11.1 Rationale  

 Since the previous studies showed that iron overload suppressed the expression of several bone-specific 

proteins, such as ALP and osteocalcin that are important for bone mineralization. In addition, iron overload might 

decrease osteoid maturation and bone mineralization by incorporating into hydroxyapatite crystals. However, the 

comparative effects of two iron species on bone mineralization need to be investigated. Therefore, this experiment 

was aimed to test the effects of two iron species on bone mineralization by alizarin red staining that refer to bone 

nodule formation and calcium deposition. 

 

11.2 Experimental procedures  

 UMR-106 cells were plated in 24-well plate by seeding density at 2 x 104 cells/well. Twenty-four hours after 

plating, the old media was changed to complete media with 50 mM β-glycerophosphate and 50 µg/ml L-ascorbate 

2-phospate in the presence of the treatments including 0, 50,100, 200, 250 and 300 µM of FAC or FAS. The media 

was changed every other day for 6 days. At day 6th, the cells were stained for calcium mineralization by alizarin red 

staining. The culture media was removed, and cells were gently washed with 1x PBS for 3 times. Then, cells were 

fixed in 70% cold ethanol for 1 hour at 4°C, and after fixing, cells were washed with deionized water for 3 times. The 

water was completely removed, and cells were stained with 40 mM alizarin red S for 5-10 minutes on the shaker at 

room temperature. Alizarin red S was removed and 5 times washing with 1x PBS or until the water came out clear. 

The cells were inspected with microscope and took the pictures. The total area of red nodule formation was quantified 

by Image J software 

 

11.3 Results  

 After the osteoblast-like UMR-106 cells were induced for bone nodule formation and treated with either FAC 

or FAS for 6 days, cells were stained with alizarin red to determine bone mineralization (Table 1). The proportion of 

alizarin red staining was quantified to area coverage. The results showed that both iron species inhibited bone 

mineralization by decreasing bone nodule formation (Figure 12). Especially FAC had strong inhibitory effects on bone 

nodule formation in dose dependent manner (Figure 12A). The comparative effects between two iron forms showed 

that FAC had a stronger suppressive effect on bone mineralization than FAS, such as at the highest concentration 

(300 µM) FAC showed a markedly reduced bone mineralization by 82.52% while FAS decreased bone mineralization 

by 33.21% (Figure 12). 
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Table 1 Alizarin staining (red color) determined bone mineralization after iron exposure for 6 days.  
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Figure 12 Effects of ferric (Fe3+) and ferrous (Fe2+) on osteoblast mineralization by alizarin red staining. Bone nodule 

formation was induced in UMR-106 cells by adding 50 mM β-glycerophosphate and 50 µg/ml L-ascorbate 2-phospate 

together with or without iron exposure for 6 days. (A) FAC showed a markedly reduced bone mineralization in dose 

dependent manner. (B) Similar pattern with lower potency was found in FAS treated groups. (** P < 0.01, *** P < 

0.001 as compared to control group (0 µM)) 
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Objective 12: To evaluate effects of antioxidant (N-acetyl cysteine; NAC) on iron-induced 

osteoblast cell death under iron overload with FAC and FAS 

 

 12.1 Rationale The results from this study showed the increased cellular reactive oxygen species (ROS) 

production in osteoblast cells exposed to both iron species: Fe3+ (from FAC) and Fe2+ (from FAS). Therefore, effects 

of antioxidant (N-acetyl cysteine; NAC) on iron-induced osteoblast cell death is evaluated. 

 

 12.2 Experiment procedure 

  UMR-106 cells will be seeded at 1000 cells/ well in 96-well plates for 24 hours. After that, cells will be 

treated with either FAC and FAS at 30, 100, 200 or 300 µM in the presence or absence of 0.5 mM NAC for 72 hours. 

After the treatment, cells in each group are subjected to cell viability assay by MTT assay. At the end of the treatment 

period, cell viability was determined by MTT assay by adding 0.5 mg/mL thiazolyl blue tetrazolium bromide (MTT 

dye) (Sigma Chemical Co., St. Louis, MO, USA) in culture media and incubating at in 37°C for 3 hours. After 

incubation, MTT solvent (5% (w/v) Sodium dodecyl sulfate (SDS) (Vivantis Technologies Sdn. Bhd., Malaysia) in 

50% (v/v) N, N-dimethylformamide (VWR international, LLC, OH, USA) in purified water) was added in each well. 

The absorbance was measured with micro-plate reader (M695+, Metertech Inc., Taiwan) at 540 nm Riss et al (2016). 

An absorbance was subtracted from culture medium background and normalized to control group. Then the 

absorbance was calculated as a percentage of cell viability. 

 

 12.3 Results  

 Similar to the inhibitory effects of iron on osteoblast cell viability shown in previous study, increased cellular 

ROS was shown in osteoblasts treated with both Fe3+ and Fe2+. N-acetyl-L-cysteine (NAC) is a well-known 

antioxidant that has been shown to effectively reduce cellular ROS. In this experiment, osteoblast cell viability was 

determined in osteoblasts treated with various doses of FAC or FAS with or without NAC (Figure 13) Osteoblast cell 

viability decreased significantly down to 88.00%, 65.04%, 47.84 and 19.60% in osteoblasts treated with 30 μM, 100 

μM, 200 μM and 300 μM FAC, respectively (Figure 13A). Similarly, FAS also reduced osteoblast cell viability to 

88.89%, 74.18%, 53.40% and 21.67% at 30 μM, 100 μM, 200 μM and 300 μM FAS, respectively (Figure 13B). Our 

results showed that NAC did not help protecting osteoblasts from iron-induced osteoblast cell death. Interestingly, 

osteoblast viability also further reduced from 65.04% to 36.77% in 100 μM FAC treated groups, from 47.84% to 

15.96% in 200 μM FAC treated groups (Figure 13A) and from 53.40% to 39.09% in 200 μM FAS treated groups 

(Figure 13B) in the presence of NAC.   
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Figure 13 Effects of N-acetyl-L-cysteine (NAC) on osteoblast cell viability under iron overload with (A) FAC and (B) 

FAS. ***P < 0.001 as compared to control group (0 μM) with vehicle control; ###P < 0.001 as compared to the same 

dose of iron between vehicle and NAC treatment. 
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Objective 13: To examine the effects of iron chelator, deferiprone (DFP), on intracellular iron in 

osteoblasts and iron-induced osteoblast cell death under iron overload with FAC and FAS 

 

 13.1 Rationale  

 Intracellular iron was increased in osteoblasts treated with both FAC and FAS according to our results 

reported earlier. Thereby, the correlation between intracellular iron and iron-induced osteoblast cell death is 

hypothesized, and the effects of iron chelator on intracellular iron in osteoblasts and iron-induced osteoblast cell 

death during iron overload are examined. 

  

 13.2 Experiment procedure 

 UMR-106 cells were plated in 12 well plate by seeding density 1 x 105 cells/well. Twenty four hours after 

plating, cells were treated with 10 nM 1,25(OH)2D3 and used 9:1 propylene glycol-ethanol as a vehicle without iron 

treatment for 72 hours; then cells were treated iron treatments (FAC or FAS) with concentration 0, 100, 200 and 300 

µM by containing 10 nM 1,25(OH)2D3 or vehicle control without 1,25(OH)2D3 for 24 hours. 

  After treatment, cells were collected by washing twice in cold 1X phosphate buffered saline (PBS) and then 

the cell were added 1 0 0  µM 3 - hydroxy-1 , 2 - dimethyl-4 ( 1 H)-pyridone (deferiprone; catalog no. 3 7 9 4 0 9  Sigma 

Chemical Co., St. Louis, MO, USA) in 1X PBS and incubated with slowly shaker at 4 °C for 30 minutes and then the 

solution was removed and cells are washed again with 1X PBS before gently scraped with cell scraper (Corning In., 

NY, USA) in 1X PBS. After centrifugation at 7 , 0 0 0  rpm for 1 5  minutes, the pellet was re-suspended in 2 5 0  µl of 

ultrapure water for a brief sonication (Li et al., 2016). Then the samples were digested with 65% nitric acid (HNO3) 

and 30% hydrogen peroxide (H2O2) by Ethos UP MAXI-44 microwave digester (Milestone, CT, USA). After digestion 

the samples were adjusted volume to 25 mL with ultrapure water. 

 Intracellular iron concentration was measured by FAAS (PinAAcle 9 0 0 T Atomic Absorption Spectrometer, 

PerkinElmer, Waltham, MA, USA). The system was calibrated with blank solution (2% HNO3) to subtract background 

and start analyzing the working standard in optimum range at 0, 0.04, 0.4, 0.8, 1.6, and 3 μg/mL that were diluted 

from 1,000 μg/mL Fe certified standard solution with 2% HNO3. Then the samples were analyzed and 0.8 μg/mL 

standard concentration was re-analyzed after every 8  samples for checking the accuracy of working standard. Data 

analysis, intracellular iron concentration was normalized to protein concentration that can measured by bicinchoninic 

acid assay (BCA assay) as previously described in Noble et al. (2009). 

 For the determination of osteoblast cell viability, cells were treated with FAC or FAS in the presence or 

absence of 100 µM deferiprone for 72 hours. After that, osteoblast cell viability will be measured by MTT assay as 

mentioned earlier.  

 

 13.3 Results 

  To further verify whether intracellular iron level relates to iron-induced osteoblast cell death under iron 

overload or not, effects of iron chelator on intracellular iron in osteoblasts under iron overload with FAC and FAS 

were tested. Deferiprone (DFP) was an iron chelator used to protect the excess iron in iron overload patients. 

Therefore, this experiment aimed to study effects of DFP on intracellular iron of osteoblasts under iron overload with 

or without 1,25(OH)2D3 stimulation. After cells were exposed to vehicle control or 1,25(OH)2D3 and iron treatments, 

osteoblasts were incubated with DFP prior to intracellular iron measurement by FAAS. Overall, intracellular iron in 
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osteoblast UMR-106 cells was decreased after the incubation with 100 μM deferiprone (Figure 14). In the absence 

of 1,25(OH)2D3, only high concentration of FAC at 300  μM could significantly raise intracellular iron in osteoblasts. 

No significant change was observed in other FAC or FAS treated groups; hence, the effects of DFP on the level of 

intracellular iron in these groups (Figure 14A-B). However, intracellular iron level in osteoblasts treated with 300 μM 

FAC was decreased significantly from 0.14 mg/mg proteins to 0.10 mg/mg proteins in the presence of DFP (Figure 

14A). On the other hand, DFP notably lowered intracellular iron from 0.11 to 0.09 mg/mg proteins in control groups, 

from 0.16 to 0.11 mg/mg proteins in 100 μM, from 0.20 to 0.12 mg/mg proteins in 200 μM and from 0.22 to 0.14 

mg/mg proteins in 300 μM FAC treated groups under 1,25(OH)2D3 stimulation (Figure 14C). Similarly, intracellular 

iron in FAS together with 1 , 2 5 (OH)2D3 treated osteoblasts also decreased from 0 . 1 4  to 0 . 1 0  mg/mg proteins in 

control groups, from 0.16 to 0.12 mg/mg proteins in 100 μM, from 0.18 to 0.12 mg/mg proteins in 200 μM and from 

0.17 to 0.12 mg/mg proteins in 300 μM FAS treated osteoblasts (Figure 14B). These results demonstrated that iron 

chelator, DFP, could reduce 1,25(OH)2D3-induced intracellular iron in osteoblasts from both iron exposure. 

 As previous experiment showed that deferiprone (DFP) could reduce intracellular iron in osteoblasts treated 

with FAC and FAS with and without 1,25(OH)2D3 (Figure 14). Effects of DFP on osteoblast cell survival under iron 

overload, especially those under 1 , 2 5 ( OH)2 D3  stimulation were investigated. As shown in Figure 15A, FAC 

significantly reduced osteoblast cell survival in dose-dependent manner both in vehicle control and DFP treated 

groups. While osteoblast cell survival was slightly improved in DFP treated groups: from 92.75% to 99.63%, from 

73 .54% to 75 .66%, from 46 .09% to 50 .94% in osteoblasts treated with 30  μM, 100  μM and 200  μM FAC, 

respectively, none of these changes showed statistical significance. This effect could not be seen in osteoblast 

treated with 3 0 0  μM FAC (Figure 15A). Similarly, dose-dependent inhibitory effects were also seen in FAS treated 

osteoblasts. However, a nonsignificant improvement of osteoblasts was only seen in osteoblasts cells treated with 

3 0  μM FAS from 9 3 . 8 3 %  in vehicle control to 9 7 . 8 9 %  in DFP treated group. It is worth to note that long-term 

exposure of DFP also significantly reduced osteoblast cell survival by itself (Figure 15A-B). Thereby, the further 

reduction in osteoblasts exposed to both iron and DFP was also observed. Osteoblast cell survival further decreased 

in the presence of DFP from 23.14% to 16.62% in 300 μM FAC, from 77.13% to 45.03% in 100 μM FAS, from 

52.54% to 21.20% in 200 μM FAS and from 28.12% to 14.25% in 300 μM FAS treated groups (Figure 15A-B). 
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Figure 14 Intracellular iron in osteoblasts after treated with iron under the stimulation of vehicle control (A-B) or 

1,25(OH)2D3 (C-D) in the presence or absence of deferiprone (DFP). Both (A&C) FAC and (B&D) FAS were 

included. *P < 0.05, **P < 0.01 ***P < 0.001 as compared to control group (0 μM) without DFP. #P < 0.05, ##P < 

0.01, ###P < 0.001 as compared to the same iron concentration. 
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Figure 15 Osteoblast cell viability under iron overload from (A) FAC and (B) FAS in the presence of deferiprone 

(DFP). *P < 0.05, **P < 0.01 ***P < 0.001 as compared to control group (0 μM) without DFP. #P < 0.05, ##P < 0.01, 
###P < 0.001 as compared to the same iron concentration. 
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Objective 14: To examine the effects of ferric and ferrous on the expression of osteoblast 

differentiation factors 

 

 14.1 Rationale  

 Osteoblast differentiation was determined by the expression of osteoblast differentiation factors, and iron 

overload has been reported to contribute to osteoblast differentiation impairment. This study aimed to investigate the 

effects of two iron species, ferric (Fe3+) and ferrous (Fe2+), on the expression of osteoblast differentiation factors 

including runt-related transcription factor 2 (Runx2), alkaline phosphatase (ALP), collagen type 1A and osteocalcin 

by qRT-PCR. UMR-106 cells were exposed to ferric ammonium citrate (FAC) of ferrous ammonium sulfate (FAS) as 

Fe3+ and Fe2+iron donors, respectively for 24, 48 and 72 hours before subjected to qRT-PCR. 

 

 14.2 Experiment procedures 

 Cells were plated at 4.2 × 105 cells/well in 6-well plate (Corning, NY, USA). After seeding, cells were 

exposed to Fe3+ or Fe2+ iron donors (FAC and FAS) at 0, 100, 200 and 300 µM for 24, 48, and 72 hours. Several 

studies showed that the expression alteration of osteoblast differentiation markers in different osteoblast cell lines 

including UMR-106 cells could be observed since 12 to 96 hours of extracellular treatments, and the alteration of 

mRNA and protein expression was significantly correlated Accordingly, 24 to 72-hour exposure period should be 

sufficient to see the mRNA expression alteration in iron treated osteoblasts. Moreover, this short exposure time will 

minimize the effects of Fe2+ and Fe3+ on osteoblast viability; while, the iron overload condition can still be represented. 

The cells were collected by washing twice with phosphate buffered saline (PBS) solution and dissolved in TRIzol 

reagent (Invitrogen, Carlsbad, CA, USA) to extract total RNA. RNA was purified then measured the OD with 

NanoDrop-2000c spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) at 260 and 280 nm. The ratio of 

which ranged between 1.8 and 2.0 was considered acceptable. Then, 1 µg of RNA was converted to complementary 

DNA (cDNA) with iScript cDNA synthesis kit (Bio-rad, Hercules, CA, USA) according to the manufacturer's instruction. 

 The quantitative real-time PCR (qRT-PCR) was performed by QuantStudio 3D Digital PCR System with 

SsoFast EvaGreen Supermix (Bio-rad, Hercules, CA, USA) for 40 cycles at 95 °C for 60 seconds, 55–60 °C annealing 

temperature (S1 Table) for 30 seconds and 72 °C for 30 seconds. Fold change values were calculated from the 

threshold cycles (CT) based on the standard ∆CT method. Relative expression was expressed as the 2–∆∆CT method. 

 

 14.3 Results 

  Twenty-four, 48 and 72 hour-treatments of Fe3+ or Fe2+ did not significantly change Runx2 mRNA expression 

level (Figure 16A–B). On the other hand, high concentration of both iron treatments significantly decreased ALP 

mRNA level at 24 hours (Figure 16C–D). For 48- and 72-hour exposure, the significant reduction of ALP mRNA level 

was found in only Fe3+ iron treatment but not Fe2+ (Figure 16C–D). Ferric treatment also had stronger effects on the 

expression of collagen type 1A at 24 hours than Fe2+ iron. Interestingly, Fe3+ treatment at 200 and 300 µM triggered 

collagen type 1A mRNA expression (Figure 16E), but neither Fe3+ nor Fe2+ changed collagen type 1A mRNA level 

at 48 and 72-hour (Figure 16E–F). Similar trend could be seen in the expression of osteocalcin. Only Fe3+ treatment 

at 300 μM for 72 hours significantly increased osteocalcin mRNA level (Figure 16G); whereas, 24 and 48-hour 

treatments of both iron species did not significantly affect osteocalcin expression (Figure 16G–H).  
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Figure 16 The expression of osteoblast differentiation markers in UMR-106 cells upon FAC and FAS exposure at 

24, 48 and 72 hours was determined by qRT-PCR. (A–B) Runx2, (C–D) alkaline phosphatase (ALP), (E–F) 

collagen I alpha (1A), and (G–H) osteocalcin expression upon FAC and FAS exposure. *P < 0.05, **P < 0.01, ***P 

< 0.001 as compared to control group (0 µM). 
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Objective 15: To elucidate the effects of exogenous calcium treatment on iron-induced osteoblast cell death 

 

  15.1 Rationale 

   Hypocalcemia has been reported in thalassemia, which could worsen thalassemia and iron overload-induced 

osteoporosis. Giving that calcium supplement could be one of the therapeutic agents for thalassemia and iron 

overload-induced osteoporosis, the direct effects of extracellular calcium on osteoblast cell viability under iron 

overload have not been elucidated. 

  

  15.2 Experiment procedures 

  In this experiment, osteoblast UMR-106 cell viability was determined in osteoblasts treated with FAC at 0, 

30, 100 and 200 µM in the presence or absence of CaCl2. At the end of the treatment period, cell viability was 

determined by MTT assay by adding 0.5 mg/mL thiazolyl blue tetrazolium bromide (MTT dye) (Sigma Chemical Co., 

St. Louis, MO, USA) in culture media and incubating at 37 °C for 3 hours. After incubation, MTT solvent (5% (w/v) 

Sodium dodecyl sulfate (SDS) (Vivantis Technologies Sdn. Bhd., Malaysia) in 50% (v/v) N, N-dimethylformamide 

(VWR international, LLC, OH, USA) in purified water was added in each well. The absorbance was measured with 

microplate reader (Metertech Inc., Taiwan) at 540 nm according to Riss et al. (2016). An absorbance was subtracted 

from culture medium background and normalized to control group (vehicle control without iron treatment). Then the 

absorbance was calculated as a percentage of cell viability. 

 

  15.3 Results 

   Similar to results from previous experiments, this experiment also showed that FAC significantly reduced 

osteoblast cell viability in dose dependent manner. When extracellular calcium in a form of CaCl2 was applied, 

deleterious effect of ferric on osteoblast was subsided in a dose-dependent manner of CaCl2 (Figure 17). CaCl2 at 1 

mM was able to rescue osteoblasts from FAC-induced osteoblast cell death by 17.63% and 16.31% in 100 and 200 

µM FAC, respectively. More profound effects were shown in a higher concentration of CaCl2. Our results showed 

that osteoblast cell death was recovered by 25.38%, 32.61% and 25.43% in 30, 100 and 200 µM FAC treated groups 

in the presence of 2.5 mM CaCl2 (Figure 17). 

 

 

  



42 

 

 

 

 

 

 
 

 

Figure 17 Effects of extracellular CaCl2 on UMR-106 osteoblast cell survival under iron overload with FAC were 

illustrated. Osteoblast cell viability was significantly improved ***P < 0.001 as compared to control group (0 µM) with 

vehicle control; ###P < 0.001 as compared to 30 µM FAC in vehicle control group; $P < 0.05, $$$P < 0.001 as compared 

to 100 µM FAC in vehicle control group; &P < 0.05, &&&P < 0.001 as compared to 200 µM FAC in vehicle control 

group. 
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Objective 16: To examine the effects of ferric and ferrous on osteoblast cell cycle progression 

 

 16.1 Rationale 

 Many studies showed the correlation between ROS production and cell cycle arrest in osteoblast MC3T3-

E1cells. In addition, our previous published data showed that both ferric and ferrous suppressed osteoblast cell 

viability and proliferation. Therefore, this experiment aimed to elucidate the potential effects of these iron species 

on cell cycle progression in osteoblasts.  

 

 16.2 Experimental procedures  

 UMR-106 cells were seeded at 1.0 x 105 cells/well in 6-well tissue culture plate (Corning, NY, USA). After 

24 hours, the cells were treated with 0, 30, 100, 200 and 300 μM of FAC and FAS (Sigma Chemical Co., St. Louis, 

MO, USA) for 72 hours. The treatments were refreshed every day. Then, the cells were harvested by trypsinization 

and fixed in cold 70% ethanol overnight at -20˚C. Subsequently, each cell suspension was centrifuged at 800 rpm 

for 3 minutes and incubated with propidium iodide (PI) DNA staining solution (20 μg/mL PI )(Life Technologies, CA, 

USA) and 200 μg/mL DNAse-free RNAse A (Life Technologies, CA, USA) for 30 minutes at room temperature in the 

dark. Cell cycle distribution was analyzed using a FACScan flow cytometer (FACSCanto; BD Biosciences, USA). 

 

 16.3 Results 

 To investigate the involvement of iron-induced cell growth inhibition in osteoblast cells, cell cycle distribution 

of iron-treated UMR-106 cells was analyzed by flow cytometry. UMR-106 cells were treated with 0 (control), 30, 100, 

200 and 300 μM of FAC or FAS for 72 hours. The results showed that the percentage cell population in the G0/G1 

phase was significantly increased in 200 and 300 μM FAC-treated groups as compared to the control (Figure 18). 

Similar results could be seen in osteoblasts treated with 200 μM FAS (Figure 19). Whereas, no significant change 

was observed in the S and G2/M phases. Therefore, these results suggested that FAC and FAS could induce cell 

cycle arrest in G0/G1 phase resulting in cell growth inhibition in osteoblasts. 
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Figure 18 Cell cycle distribution of UMR-106 cells treated with FAC (A) representative figures of cell cycle distribution 

from flow cytometry, Quantified data showing percent cell distribution in G0/G1 phases (B), S phase (C) and G2/M 

phases (D), *P < 0.05 as compared to control group (0 µM) 
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Figure 19 Cell cycle distribution of UMR-106 cells treated with FAS (A) representative figures of cell cycle distribution 

from flow cytometry, Quantified data showing percent cell distribution in G0/G1 phases (B), S phase (C) and G2/M 

phases (D), *P < 0.05 as compared to control group (0 µM) 
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Research Output 

 

International publication 

 

 Results from this project has been published in 1 international peer-reviewed article in Biometals (impact 

factor 2.478, Q1), and another manuscript is accepted to be published in PLoS One (impact factor 2.776, Q1). (Table 

2). 

 

Lertsuwan K, Nammultriputtar K, Nanthawuttiphan S, Phoaubon S, Lertsuwan J, Thongbunchoo J, Wongdee K, 

Charoenphandhu N (2018) Ferrous and ferric differentially deteriorate proliferation and differentiation of osteoblast‐
like UMR‐106 cells. Biometals 31(5):873‐889. (Attached document) 

 

Lertsuwan K, Nammultriputtar K, Nanthawuttiphan S, Tannop N, Teerapornpuntakit J, Thongbunchoo J, 

Charoenphandhu N (2020) Differential effects of Fe2+ and Fe3+ on osteoblasts and the effects of 1,25(OH)2D3, 

deferiprone and extracellular calcium on osteoblast viability under iron-overloaded conditions. PLoS One (Accepted) 

(Attached document) 

 

Other activities  

 

 1 Presentation in international and national conferences  
 

 1.1 Being a speaker in the topic: “Targeting Molecular Mechanism for Osteoporosis in Thalassemia and Iron 

Overload” in COCAB-moving forward for food and drug translational research, Bangkok, Thailand (August 2018) 

 1.2 Parts of results from this project has been presented and published (conference proceeding) in the topic: 

“Comparative Effects of Ferric and Ferrous on Osteoblast Cell Survival and Function” in Pure and Applied Chemistry 

International Conference 2019 (February 2019).  

Nanthawuttiphan S, Charoenphandhu N, Lertsuwan, K. (2019, February) Comparative Effects of Ferric and Ferrous 

on Osteoblast Cell Survival and Function presented at Pure and Applied Chemistry International Conference 2019, 

Bangkok, Thailand.  

 1.3 Parts of results from this project has been presented as a poster in a topic of:  

"Differential effects of Fe2+ and Fe3+ on the proliferation and differentiation of osteoblasts" in the 9th Federation of 

the Asian and Oceanian Physiological Societies Congress (FAOPS), Kobe, Japan. (March 2019) 

Nammultriputtar K., Lertsuwan K. and Charoenphandhu N. (2019, March) Differential effects of Fe2+ and Fe3+ on 

the proliferation and differentiation of osteoblasts. Poster presented at the 9th Federation of the Asian and Oceanian 

Physiological Societies Congress (FAOPS), Kobe, Japan. 

 1.4 Oral presentation in a topic of "Unveiling underlined molecular mechanisms of Thalassemia-induced 

osteoporosis" at 27th FAOBMB & 44th MSBMB Conference and IUBMB Special Symposia, Kuala Lumpur, Malaysia 

(August 2019) 
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Lertsuwan K, Nammultriputtar K, Nammultriputtar K, Phoaubon S and Charoenphandhu N. (2019, August) Unveiling 

underlined molecular mechanisms of Thalassemia-induced osteoporosis. Oral presentation at   

27th FAOBMB & 44th MSBMB Conference and IUBMB Special Symposia, Kuala Lumpur, Malaysia 

 1.5 Parts of results from this project has been presented and published (conference proceeding) in the topic: 

"Investigating the Involvement of Ferroptosis in Osteoblast Cell Death under Iron Overload" at Pure and Applied 

Chemistry International 2020 (PACCON 2020), Bangkok, Thailand (February 2020). 

Tannop N, Charoenphandhu N. and Lertsuwan K. (2020, February) Investigating the Involvement of Ferroptosis in 

Osteoblast Cell Death under Iron Overload. Poster presented at Pure and Applied Chemistry International 2020 

(PACCON 2020), Bangkok, Thailand 

 

 2 Collaboration with other researchers 

 

 2.1 Associate professor Dr. Kannikar Wongdee (Burapha University) in her suggestions and expertise in iron 

transport and regulation  

 2.2 Dr. Jomnarong Lertsuwan (Chulabhorn Research Institute) in his suggestions and expertise in apoptotic 

and non-apoptotic cell death mechanisms 
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Table 2 Outputs from this project were illustrated as follows 

 

 

 

 

  

Output Detail First / Corresponding author 

First author Corresponding 

author 

Research articles 

Lertsuwan K, Nammultriputtar K, Nanthawuttiphan S, 

Phoaubon S, Lertsuwan J, Thongbunchoo J, Wongdee 

K, Charoenphandhu N (2018) Ferrous and ferric 

differentially deteriorate proliferation and differentiation 

of osteoblast‐like UMR‐106 cells. Biometals 31(5):873‐
889. (IF 2.478, Q1) 

 

 manuscript is under preparation  

 manuscript is submitted. 

 manuscript is under revision. 

 manuscript is accepted/ in 

Press. 

 manuscript is published.  

 

 

Lertsuwan K. 

 

Charoenphandhu N 

Lertsuwan K, Nammultriputtar K, Nanthawuttiphan S, 

Tannop N, Teerapornpuntakit J, Thongbunchoo J, 

Charoenphandhu N (2020) Differential effects of Fe2+ 

and Fe3+ on osteoblasts and the effects of 

1,25(OH)2D3, deferiprone and extracellular calcium on 

osteoblast viability under iron-overloaded conditions. 

PLoS One (IF 2.776, Q1) (Accepted) 

 manuscript is under preparation  

 manuscript is submitted. 

 manuscript is under revision. 

 manuscript is accepted/ in 

Press. 

 manuscript is published.  

Lertsuwan K Charoenphandhu N 

International conference  

Nanthawuttiphan S, Charoenphandhu N and 

Lertsuwan, K. (2019, February) Comparative Effects of 

Ferric and Ferrous on Osteoblast Cell Survival and 

Function presented at Pure and Applied Chemistry 

International Conference 2019, Bangkok, Thailand. 

 
 results are presented. 

  proceeding is accepted. 

 proceeding is published. 

 
Nanthawuttiphan S 

 
Lertsuwan K. 

Nammultriputtar K., Lertsuwan K. and 

Charoenphandhu N. (2019, March) Differential effects 

of Fe2+ and Fe3+ on the proliferation and differentiation 

of osteoblasts. Poster presented at the 9th Federation 

of the Asian and Oceanian Physiological Societies 

Congress (FAOPS), Kobe, Japan.  

 results are presented. 

 proceeding is accepted. 

 proceeding is published 

Nammultriputtar K. Charoenphandhu N 

Lertsuwan K, Nammultriputtar K, Nammultriputtar K, 

Phoaubon S and Charoenphandhu N. (2019, August) 

Unveiling underlined molecular mechanisms of 

Thalassemia-induced osteoporosis. Oral presentation at   
27th FAOBMB & 44th MSBMB Conference and IUBMB 

Special Symposia, Kuala Lumpur, Malaysia 

 results are presented. 

 proceeding is accepted. 

 proceeding is published 

Lertsuwan K Charoenphandhu N 

Tannop N, Charoenphandhu N. and Lertsuwan K. 

(2020, February) Investigating the Involvement of 

Ferroptosis in Osteoblast Cell Death under Iron 

Overload. Poster presented at Pure and Applied 

Chemistry International 2020 (PACCON 2020), 

Bangkok, Thailand 

 results are presented. 

  proceeding is accepted. 

 proceeding is published. 

Tannop N Lertsuwan K 
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5. Budget details  

 

 

 

 

 

 

 

 

 

 

  

 Year 1 (Baht) Year 2 (Baht) Sum (Baht) 

1. Honorarium 

   - Honorarium for principal investigator 

156,000 156,000 312,000 

2. Materials 

   - Chemicals and disposables for cells tissue culture and 

treatments 

   - Chemicals and consumables for molecular techniques, 

such as qRT-PCR, Western blot, ROS assay, glutathione 

assay, CRIPSR/Cas9 construction 

   - Experimental animals and related chemicals and 

consumables 

 

35,000 

 

99,000 

 

 

 

10,000 

 

35,000 

 

89,000 

 

 

 

20,000 

 

70,000 

 

188,000 

 

 

 

30,000 

3. Expenses - - - 

4. Hiring  - - - 

Total 300,000 300,000 600,000 
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OUTPUTS 

 

Publication in international peer-reviewed journals 
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Ferrous and Ferric Differentially Deteriorate Proliferation and Differentiation of 

Osteoblast-Like UMR-106 Cells 

  



52 

 

 
 

 



53 

 

 
 



54 

 

 
 



55 

 

 
 

 



56 

 

 
 

 



57 

 

 
 



58 

 

 
 



59 

 

 
 

 



60 

 

 
 



61 

 

 
 



62 

 

 
 

 



63 

 

 
 



64 

 

 
 



65 

 

 
 



66 

 

 
 



67 

 

 
 



68 

 

 
  



69 

 

 

 

 

 

 

 

 

 

 

 

 

 

Differential effects of Fe2+ and Fe3+ on osteoblasts and the effects of 1,25(OH)2D3, 

deferiprone and extracellular calcium on osteoblast viability under iron-overloaded 

conditions 
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Proceeding in an international conference 
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Comparative Effects of Ferric and Ferrous on  

Osteoblast Cell Survival and Function 
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Investigating the Involvement of Ferroptosis in Osteoblast Cell Death under Iron 
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