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Abstract 
 

 From our earlier reports of the stimulatory effect of prolactin (PRL) on the in 
vivo intestinal calcium absorption in nonmated pregnant and lactating rats, we 
hypothesized that prolactin might have a role in the regulation of calcium and bone 
metabolism especially during the reproductive phase.  In the present study, we 
investigated the mechanism of action of prolactin in the intestine as well as 
explored prolactin action on the electrolyte transport in the colon and endometrium, 
and calcium handling in the mammary cells. 
 We were able to show that PRL had a regulatory role in supplying calcium 
for developing bone and for milk production by stimulating calcium absorption and 
accelerating bone turnover.  We found that long term exposure to PRL increased 
the duodenal calcium absorption by stimulating the transcellular active calcium 
transport in adult rats, while stimulating both the transcellular and solvent drag-
induced active calcium transport in young rats.  Increased calcium transport was 
explained by enhanced brush border uptake of calcium and increased activities of 
the basolateral Na+-K+-ATPase and Ca2+-ATPase.    The intracellular PRL signal 
transduction involved the PI3kinase and MAPKinase pathways.  As for the 
electrolyte transport, PRL inhibited the Ca2+-dependent Cl- and K+ secretion in the 
colon by interfering with the intracellular Ca2+ signaling.  In contrast, PRL stimulated 
the anion secretion in the endometrium via the JAK-STAT pathway, this could 
contribute to provision of appropriate uterine fluid environment for implantation and 
embryo development.  We also found that PRL stimulated bone remodeling in adult 
rats and the action was estrogen dependent. 
 In the second project, we studied the effect of chronic metabolic acidosis 
on calcium-phosphorus and bone metabolism in cats with chronic renal failure 
(CRF). Although bone mineral density was not significantly reduced, CRF cats had 
hyperparathyroidism and high bone resorption with lower bone formation.  
Metabolic acidosis appeared to be a potentiating factor in the induction of these 
changes.  Since there was no correlation between blood pH and parathyroid 
hormone levels, the cause of change in bone remodeling may be multifactorial and 
probably involved a direct effect of acid on bone cells.  Thus, close monitoring of 
cats with CRF and early correction of acidosis were necessary to prevent 
osteopenia and hyperparathyroidism with its consequences.  Measurement of 
bone mineral density was not sensitive enough to detect early changes in bone, so 
it should be used with other biochemical tests. 



บทคัดยอ 
 

 เนื่องจากกลุมวิจัยของเราไดพบวาโพรแลคตินมีผลกระตุนการดูดซึมแคลเซียมในหนู
ขาวธรรมดา หนูทองและหนูใหนมลูก เราจึงตั้งสมมติฐานวาโพรแลคตินนาจะมีหนาที่
ควบคุมเมตาบอลิสมของแคลเซียมและกระดูก โดยเฉพาะในแมหนูทองและใหนม ในการ
วิจัยนี้ เรามุงศึกษากลไกการออกฤทธิ์ของโพรแลคตินตอการดูดซึมแคลเซียม ผลตอการ
ขนสงสารอิเล็กโทรไลทและของเหลวที่ลําไสใหญและผนังมดลูก และการขนสงแคลเซียมใน
เซลลเตานม 
 จากการวิจัยเราพบวา โพรแลคตินเปนฮอรโมนที่มีสวนในการควบคุมการขนถาย
แคลเซียมโดยกระตุนการดูดซึมแคลเซียมและกระตุนวงจรการสราง-สลายกระดูกเพื่อใหมี
แคลเซียมเพียงพอสําหรับการสรางกระดูกในวัยเจริญเติบโต และสําหรับการผลิตน้ํานมเลี้ยง
ลูกออน ผลการวิจัยแสดงใหเห็นวาการมีระดับโพรแลคตินในเลือดสูงเปนเวลานาน มีผลเพิ่ม
การดูดซึมแคลเซียมที่ลําไสสวนตน โดยมีผลกระตุนการขนสงแบบ transcellular active ใน
หนูเจริญวัย และกระตุนการขนสงแบบ transcellualr active และ solvent drag-induced 
active transport ในหนูอายุนอย การขนสงแคลเซียมที่เพิ่มข้ึนมีกลไกมาจากการนําเขา
แคลเซียมจากโพรงลําไสผานเยื่อเซลลท่ีเพิ่มข้ึน และการกระตุนการทํางานของ Na+-K+-
ATPase และ Ca2=-ATPase ท่ีเยื่อเซลลดานเลือด โพรแลคตินออกฤทธิ์ท่ีเซลลลําไสผาน
กลไก PI3Kinase และ MAPKinase สําหรับการขนสงอิเล็กโทรไลทและของเหลวนั้น พบวา
โพรแลคตินมีผลยับยั้งการขับหลั่ง Cl_ และ K+ ประเภทที่ตองใช Ca2+ ท่ีเซลลลําไสใหญ โดย
มีผลยับยั้งกลไกการสงสัญญาณภายในเซลลผานทาง Ca2+ แตท่ีเซลลผนังมดลูกโพรแลคติ
นกลับมีผลกระตุนการขับหลั่งอิออนประจุลบโดยออกฤทธิ์ผานกลไก JAK-STAT ผลดังกลาว
บงบอกหนาที่ของโพรแลคตินในการควบคุมใหของเหลวในมดลูกมีคุณสมบัติเหมาะสม
สําหรับการฝงตัวและการเจริญเติบโตของตัวออน นอกจากนั้นเรายังพบวาโพรแลคตินมีผล
กระตุนวงจรสราง-สลายกระดูกในหนูเจริญวัย ซ่ึงการออกฤทธิ์ท่ีกระดูกนี้ตองอาศัยฮอรโมน
เพศหญิงเอสโตรเจนดวย 
 ในโครงการวิจัยที่ 2 เราศึกษาผลของภาวะเลือดเปนกรดระยะยาวตอเมตาบอลิสม
ของแคลเซียมฟอสฟอรัสและกระดูกในแมวไทยที่เปนโรคไตวายเรื้อรัง (CRF) จากการ
ทดลองพบวาถึงแมความหนาแนนของกระดูกจะไมลดลงอยางมีนัยสําคัญ แตแมว CRF ก็
เกิดภาวะพาราไทรอยดฮอรโมนสูง มีการสลายกระดูกมากขึ้น และการสรางกระดูกลดลง 
ภาวะเลือดเปนกรดดูจะเปนตัวแปรสําคัญที่ทําใหเกิดการเปลี่ยนแปลงเหลานี้ เนื่องจากไม
พบความสัมพันธระหวางความเปนกรดของเลือดกับระดับพาราไทรอยดฮอรโมนในเลือด 
การเพิ่มการสลายกระดูกหรือลดการสรางกระดูกนาจะมาจากหลายสาเหตุ เชน ผลโดยตรง
ของกรดตอเซลลกระดูก ดังนั้นสัตวแพทยไมควรใชการเปลี่ยนแปลงของความหนาแนนของ
กระดูกในการวินิจฉัยในชวงแรกแตควรติดตามดูแลแมว CRF อยางใกลชิด และลดภาวะกรด
ในเลือดโดยเร็วที่สุด เพื่อปองกันไมใหเกิดภาวะมวลกระดูกลดหรือภาวะพาราไทรอยด
ฮอรโมนสูง ซ่ึงจะนําไปสูความผิดปกติอื่นๆ 
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BACKGROUND AND RATIONALE 
 
 At present there is very little basic and clinical research on calcium 
metabolism and bone disorders in Thailand.  One of the reasons is that bone 
diseases are mostly chronic and not easily diagnosed in the early stages.  
However, incidences of bone diseases have been known to increase dramatically 
with increase in life extectancy and the proportion of elderly population.  
Undoubtedly, bone diseases will ultimately create a negative socioeconomic 
impact in Thailand in the near future.  It is thus necessary for Thailand to 
encourage the development of research in this field for better understanding of  



the etiology and mechanisms of bone diseases, better and earlier diagnoses, and 
effective treatment and prevention.  Multidisciplinary research approach can make 
use of the basic fundamental knowledge and clinical findings for the benefit of 
patients and also for improving the quality of life of the general population. 
  
 Prolactin has been demonstrated by our laboratory to be a novel calcium-
regulating hormone during pregnancy and lactation (Lotinun et al. 1998; Piyabhan 
et al. 2000; Charoenphandhu et al. 2001; Lotinun et al. 2003).  We have shown that 
prolactin stimulated the in vivo absorption of calcium in the small intestine.  
Calcium absorption can be classified into  passive and active (dependent on the 
Ca-ATPase) absorption.  We have further identified three components of the active 
calcium transport and have shown that they were enhanced by prolactin 
(Tanrattana et al. 2004).  The fact that basal endogenous prolactin had a role in the 
regulation of normal intestinal calcium absorption in nonlactating rats (Piyabhan et 
al. 2000), it was believed that endogenous prolactin, albeit low concentrations (7-8 
ng/mL), had a physiological significance in normal female rats. 
 Because prolactin receptors on rat bone-forming cells, osteoblasts, have 
been reported (Coss et al. 2000), prolactin might have a direct action on bone 
cells.  Previous investigations reported high prolactin levels during lactation 
affecting the primary trabecular sites (Ritchie et al. 1998), such as vertebrae and 
sternum and the trabecular portions of cortical bones (Clement-Lacroix et al. 1999).  
Moreover, there were reports of pathological hyperprolactinemia-induced decrease 
in bone mass (Klibanski et al. 1988; Biler et al. 1992; Naliato et al. 2005).  However, 
it was not known whether hyperprolactinemia affected bone directly, or via 
inducing estrogen deficiency. Therefore, we were interested in investigating the 
role of prolactin in the regulation of calcium metabolism and bone turnover during 
growth, in nonmated rats, as well as in pregnant and lactating rats.  Our hypothesis 
was that prolactin orchestrated the transport of calcium in the various calcium 
handling target organs namely, the intestine, bone, and mammary gland, so as to 
channel absorbed calcium for growth and development of young, and milk 
production in lactation.  Bone remodeling was also accelerated under prolactin 
influence to provide calcium if dietary calcium was not adequate.  However, 
excess prolactin may result in accelerated bone remodeling and loss of bone 
mass.  There appear to be a delicate balance of prolactin actions which is 
dependent on age, sex, and reproductive phases. 
 
 Metabolic acidosis can have drastic effect on the organ systems including 
bones.  Distal renal tubular acidosis (dRTA) which is caused by the inability of 
kidney to excrete ammonia and acid, is one example of the cause of chronic 
metabolic acidosis in human. Chronic renal failure (CRF) which is the most 



common renal diseases in dogs and cats in Thailand  also  results  in  chronic  
metabolic  acidosis.     It  was  not  known  how  chronic  
metabolic acidosis affect the calcium regulating hormones and calcium-
phosphorus homeostasis.  It would be interesting to use Siamese cat model to 
understand the impact of chronic metabolic acidosis on calcium and bone 
metabolism. 
 
Objectives 
 
 Our goal was to  understand possible causes and mechanisms underlying 
metabolic bone disorders and calcium imbalance which may ultimately lead to a 
decrease in bone mass.  To reach our goal, the strategy was to use the basic 
research in calcium and bone metabolism to familiarize ourselves with 
experimental approaches and technicalities necessary for indepth investigations.  
The multidisciplinary approach was essential for translating the clinical problems 
into basic science experiments, and vice versa. 
 
Research Strategy 
 
 The research projects involved multidisciplinary approaches at whole body, 
organ, cellular and molecular levels of organization.  Models for the study of 
metabolic bone diseases were hyperprolactinemia and chronic metabolic acidosis-
induced bone change. 
 
Research Projects 
 

1. Investigation on prolactin (PRL) and its novel role as a calcium regulating 
hormone 

 
1.1. Study of the mechanism of action and signal transduction of  PRL in the 

regulation of calcium and fluid transport in the  intestine. 
1.1.1 Study of the mechanism and signal transduction pathway of acute 

prolactin action on the enhancement of the transepithelial calcium 
transport in rat duodenum and CaCo2-monolayer. 

1.1.2 Study of the acute effect, mechanism of action and signal transduction 
of prolactin in the regulation of ion transport in the large intestine. 

1.2. Role of prolactin in fluid and electrolyte regulation in the endometrium 
1.3. Investigation of the role of PRL in calcium handling in the mammary gland 



1.3.1 Expression and localization of calcium transporters other than P-types 
Ca2+ ATPase in mammary tissue during the mammary development 
and lactation. 

1.3.2 The effect of prolactin on calcium metabolism in mammary cells. 
 

2. Study of the etiology, mechanism of diseases, and possible treatment of the 
metabolic bone diseases using the Siamese cat model. 

 
The role of metabolic acidosis on changes in PTH, vitamin D, calcium and 

phosphate homeostasis and bone changes in Siamese cats with chronic renal 
failure. 
 
Outcome 
 
1. International Publications 
 

1.1    Amnattanakul S, Charoenphandhu N, Limlomwongse L, Krishnamra N. 
Endogenous prolactin modulated the calcium absorption in the jejunum of 
suckling rats. Can J Physiol Pharmacol 2005; 83: 1-10. (Impact Factor 
1.603) 

1.2    Tudpor K, Charoenphandhu N, Saengumnart W, Krishnamra N.  Long-
term prolactin exposure differentially stimulated the transcellular and 
solvent drag-induced calcium transport in the duodenum of 
ovariectomized rats. Explt Biol Med  2005; 230: 836-844. (Impact Factor 
2.369) 

1.3    Charoenphandhu N, Limlomwongse L, Krishnamra N.  Prolactin directly 
enhanced Na+/K+ and Ca2+-ATPase activities in the duodenum of female 
rats.  Can J Physiol Pharmacol 2006, 84: 555-563. (Impact Factor 1.603) 

1.4    Anantamongkol U, Takemura H, Suthiphongchai T, Krishnamra N, Horio 
Y.  Regulation of Ca2+ mobilization by prolactin in mammary gland cells : 
Possible role of secretory pathway Ca2+-ATPase type 2.  Biochem Biophys 
Res Comm 2007; 352(2): 537-542. (Impact Factor 3.0) 

1.5    Puntheeranurak S, Schreiber R, Spitzner M, Sausbier M, Ruth P, 
Krishnamra N, Kunzelmann K.  Control of ion transport in mouse proximal 
and distal colon by prolactin.  Cell Physiol Biochem 2007; 19: 77-88. 
(Impact Factor 4.1) 

1.6    Jantarajit W, Thongon N, Pandaranandaka J, Teerapornpuntakit J, 
Krishnamra N, Charoenphandhu N.  Prolactin-stimulated transepithelial 
calcium transport in duodenum and Caco-2 monolayer are mediated by 



the phosphaenositide-3-kinase pathway. Am J Physiol Endocrinol Metab 
2007; 293 : E372-384. (Impact Factor 4.456) 

1.7    Charoenphandhu N, Krishnamra N.  Prolactin : an important regulator of 
intestinal calcium transport . Can J Physiol Pharmacol 2007; 85: 569-581. 
(Impact Factor 1.603) 

 
 
 
 
 

2. Manuscripts in preparation 
 

2.1 Siriwetwiwat J, Vitayakritsirikul V, Anantamongkol U, Prapong T, 
Charoenphandhu N, Krishnamra N, Prapong S.  Expression and 
localization of selective calcium channels, TRPV5 and TRPV6 in active 
mammary tissues.  (in preparation) 

2.2 Regulation of prolactin on electrolyte transport across porcine endometrial 
epithelial cells. 

2.3 The effects of metabolic acidosis on parathyroid hormone secretion, 
calcium-phosphorus homeostasis and bone remodeling in cats with 
natural occurring chronic renal failure. 
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6. Organized Academic Meeting, Seminar, Invited Lecture and Workshop 
 

- TRF Senior Scholar annual academic meetings   3   (2005, 2006, 
2007) 

- Consortium for Calcium and Bone Research (COCAB) organized 
workshop   2   (2006, 2007) 

- Special lecture by Prof. Karl Kunzelmann, University of 
Regensburg, Germany (2005) 

- Special seminar “Prolactin : its role in the regulation of calcium 
and bone metabolism” at the University of Western Ontario 
Canada (2007), presented by Prof. Nateetip Krishnamra and Dr. 
Narattaphol Charoenphandhu 

- Poster presentations at international academic meetings   5 
- Oral presentations at international academic meetings   2 
- Oral presentations at local academic meetings   3 
- Special lectures at local academic meetings   10 
- COCAB group seminars   14 (2007  3, 2006  4, 2005  5, 2004  2) 
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(1) Investigation on prolactin (PRL) and its novel role as a calcium 
regulating hormone 

 
Background and Rationale 
 

Prolactin has been demonstrated to be a novel calcium-regulating hormone 
during pregnancy and lactation (Lotinun et al. 1998; Piyabhan et al. 2000; 
Charoenphandhu et al. 2001; Krishnamra et al. 2001; Lotinun et al. 2003).  Both 
conditions place a stress on maternal calcium metabolism as a result of a high 
calcium loss for the intrauterine fetal development and lactogenesis.  Because 
1,25(OH)2D3, a putative calcium-regulating hormone, does not contribute to an 
increase in the intestinal calcium absorption during these periods (Halloran and 
DeLuca 1980; Boass et al. 1981), the enhanced calcium absorption should be 
under the influence of other calcium-regulating hormones, particularly 
prolactin(Mainoya 1975; Pahuja and DeLuca 1981; Krishnamra et al. 1993; 
Krishnamra et al. 1998).  The physiological significance of prolactin has recently 
been demonstrated by our finding which showed reductions in the intestinal 
calcium absorption and vertebral mineral density in growing rats during 
bromocriptine-induced suppression of endogenous prolactin (Piyabhan et al. 
2000). 
 Acute effect of prolactin on the intestinal calcium absorption was shown in 
pregnant and lactating rats by Krishnamra and colleagues (1990).  Moreover, the 
elevated duodenal calcium absorption of pregnant and lactating rats was found to 
correlate with changes in the plasma level of prolactin (Boass et al. 1992).  
Generally, small intestine has two mechanisms of  calcium transport, known as 
gradient-dependent passive transport and metabolically energized active calcium 
transport (Nellans and Kimberg 1978; Bronner 2003).  It is apparent that 
duodenum possesses both types of transport whereas the remaining parts 
possess mostly the passive transport (Bronner et al. 1986; Karbach 1991, 1992).  
Duodenum is a site where calcium absorption is tightly controlled, especially 
during increased calcium requirement (Boass et al. 1992; Karbach 1991, 1992).  
To gain further insight into effects of prolactin on each mechanism, our pioneer 
investigations provided evidence that 0.2 mg/kg prolactin injected intraperitoneally 
(i.p.) enhanced the passive calcium transport by in situ perfused small intestine  
(Krishnamra et al. 1998) and the active calcium transport by in vitro everted 
intestinal sacs (Krishnamra and Taweerathitam 1995) within an hour.  Its effect was 
confined to the duodenum and the proximal jejunum (Krishnamra et al. 1998) 
where highly expressed prolactin receptors were reported (Dusanter-Fourt et al. 
1992; Ouhtit et al. 1994).  We also showed that both exogenous and endogenous 



prolactin significantly enhanced the gradient-dependent passive calcium transport 
in the small intestine of female rats (Krishnamra et al. 1998; Piyabhan et al. 2000). 
 In the absence of the calcium gradient, the metabolically energized active 
calcium transport could be measured (Bronner et al. 1986; Bronner 1990), and its 
three fractions, namely transcellualr active, solvent drag-induced-and voltage-
dependent calcium transport, could be studied separately (Charoenphandhu et al. 
2001).  Transcellular active calcium transport is a primarily active process 
composed of apical facilitated calcium entry, cytoplasmic calcium translocation 
and basolateral Ca2+-ATPase-dependent calcium extrusion (Slepchenko and 
Bronner 2001; Bronner 2003).   In 2001, Charoenphandhu and coworkers 
elucidated that prolactin directly and acutely stimulated the transcellular active 
calcium transport in a dose-response manner. 
 The solvent drag-induced and voltage-dependent calcium transports are 
secondary to the transcellular active sodium transport which produces a 
convective water flow (Diamond and Bossert 1967; Karbach 1991; Spring 1998) 
and an electrodiffusive force from transepithelial potential difference (Clarkson and 
Toole 1964; Rose and Schultz 1971; Sten-Knudsen and Ussing 1981), respectively, 
for paracellular calcium movement.  In the duodenum, the voltage-dependent 
mechanism is presumptive but has been reported to be negligible and could be 
considered absent under both control and prolactin-exposed condition 
(Charoenphandhu et al. 2001).  However, the presence and importance of  the 
solvent drag-induced duodenal calcium transport has not been studied, and the 
direct action of prolactin on this component of calcium transport has not been 
investigated yet. 
 The perijunctional actomyosin-regulated widening of the tight junction has 
been postulated to increase the tight junction permeability as well as the solvent 
drag (Madara et al. 1987; Perez et al. 1997).  Some inert chemicals such as 
mannitol, inulin and polyethyleneglycol were utilized to determine the widening of 
tight junction (Madara et al. 19887; Krugliak et al. 1994; Perez et al. 1997; Lloyd 
1998).  Nevertheless, a growing number of tight junction-associated proteins have 
been reported, and the tight junction was evinced to share physiological properties 
with conventional charge-selective ion channels (Simon et al. 1999; Weber et al. 
2001; Tang and Goodenough, 2003).  The regulation of solvent drag through tight 
junction may, therefore, not solely be regulated by the widening of the paracellular 
pores.  We hypothesized that, under the influence of prolactin, the widening of tight 
junction was not sufficient to enhance the solvent drag-induced duodenal calcium 
transport.  To prove the hypothesis, we administered cytochalasin E to induce the 
widening of duodenal tight junction.  The jejunum was used as a reference 
because changes in the permeability of tight junction have been intensively studied 
in the rat jejunum (O’Rourke et al. 1995; Perez et al. 1997; Krishnamra et al. 1998). 



 We recently demonstrated in the in vitro system that the duodenum 
responded to the acute direct actions of prolactin by increasing the solvent drag-
induced component of the active calcim transport (Tanrattana et al, 2004).  We 
also found that the widening of tight junction was not required for the prolactin-
induced increase in calcium transport, and that the convective force alone was 
sufficient to enhanced calcium movement.  We would like to speculate that the 
properties of the tight junction in limiting the paracellular calcium traversing the 
epithelia are charge-selective and not size-selective since there was no association 
between the widening of tight junction and the solvent drag-induced calcium 
transport.  It is possible that the tetraspan proteins claudins in the intercellular 
fibrils may be the critical proteins involved in paracellular transport of calcium 
(Colegio et al. 2002). 
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1.1 Study of the mechanism of action and signal transduction of prolactin (PRL) 

in the regulation of calcium and fluid transport in the intestine 
 
Present Findings 
 
 The present research first established the effect of endogenous prolactin on 
calcium absorption in various intestinal segments of the suckling rats.  Before 
measuring the calcium fluxes, 9-day-old rats were administered for 7 days with 
0.9% NaCl, s.c. (control), 3 mg/kg bromocriptine, i.p., twice daily to abolish 
secretion of endogenous prolactin, or bromocriptine plus exogenous 2.5 mg/kg 
prolactin, s.c.  Thereafter, the 16-day-old rats were experimented upon by instilling 
the 45Ca-containing solution into the intestinal segments.  The results showed that, 
under a physiological condition, the jejunum had the highest rate of calcium 
absorption compared with other segments (1.4±0.35 µmol.-1, p<0.05).  The 
duodenum and ileum also manifested calcium absorption, whereas the colon 
showed calcium secretion.  Lack of endogenous prolactin decreased lumen-to-
plasma and net calcium fluxes in jejunum from 2.07±0.31 to 1.19±0.12 and 
1.40±0.35 to 0.88±0.18 µmol.h-1,cm-1 (p<0.05), respectively, and exogenous 
prolactin restored the jejunal calcium absorption to the control value.  Endogenous 
prolactin also had an effect on the duodenum but, in this case, exogenous 
prolactin did not reverse the effect of bromocriptine.  However, neither ileal nor 
colonic calcium fluxes were influenced by prolactin.  Because luminal sodium 
concentration has been demonstrated to affect calcium absorption in mature rats, 
the effect of varying luminal sodium concentrations on calcium fluxes in suckling 
rats was evaluated.  The jejunum was used due to its highest rate of calcium 
absorption.  After filling the jejunal segments with 124 (control), 80, 40 mmol/L Na+-
containing or Na+-free solution, increases in calcium absorption were found to be 
inversely related to luminal sodium concentrations in both control and 



bromocriptine-treated rats. The plasma concentration of 45Ca under luminal sodium 
free condition was also higher than that of the control condition (2.26%±0.07% vs. 
2.01%±0.09% administered dose, p<0.05).  However, 3H-mannitol, a marker of the 
widening of tight junction that was introduced into the lumen, had a stable level in 
the plasma during an increase in plasma 45Ca, suggesting that the widening of 
tight junction was not required for enhanced calcium absorption.  In conclusion, 
calcium absorption in suckling rats was of the highest rate in the jejunum where 
endogenous prolactin modulated calcium absorption without increasing the 
paracellular transport of mannitol. 
 
 We further investigated the effect of prolactin on the duodenal calcium 
absorption and found that 200, 400, and 800 ng/mL prolactin produced a 
significant increase in the total ATPase activity of duodenal crude homogenate in a 
dose-dependent manner within 60 min (i.e., from a control value of 1.53±0.13 to 
2.29±0.21 (p<0.05), 2.68±0.19 (p<0.01), and 3.92±0.33 (p<0.001) µmol Pi (mg 
protein)-1.min-1, respectively.  Activity of Na+/K+-ATPase was increased by 800 
ng/mL prolactin from 0.17±0.03 to 1.18±0.29 µmol Pi (mg protein)-1.min-1 
(p<0.01).  Prolactin at doses of 400 and 600 ng/mL also significantly increased the 
activities of Ca2+-ATPase in crude homogenate from a control value of 0.84 ±0.03 
to 1.75±0.29 (p<0.05, and 2.30±0.37 (p<0.001) µmol Pi (mg protein)-1.min-1.  
When the crude homogenate was purified for the basolateral membrane, the 
Na+/K+-ATPase activities were elevated 10-fold.  In the purified homogenate, 800 
ng/mL prolactin increased Na+/K+-ATPase activity from 1.79±0.38 to 2.63±0.44 
µmol Pi (mg protein)-1.min-1 (p<0.05), and Ca2+-ATPase activity from 0.08±0.14 to 
0.23±0.23 µmol Pi (mg protein)-1.min-1 (p<0.001).  Because the apical calcium 
entry was the first important step for the transcellualr active calcium transport, the 
brush border calcium uptake was also investigated in this study.  We found that, 8 
min after being directly exposed to 800 ng/mL proalctin, the brush border calcium 
uptake into the duodenal epithelial cells was increased from 0.31±0.02 to 
0.80±0.28 µmol Pi (mg protein)-1.min-1 (p<0.05).  It was concluded that prolactin 
directly and rapidly enhanced the brush border calcium uptake as well as the 
activities of the basolateral Na+/K+- and Ca2+/K+-ATPase in the duodenal epithelium 
of female rats.  These findings explained the mechanisms by which prolactin 
stimulated duodenal active calcium absorption.    We next studied the mechanism 



and signaling pathway by which PRL enhanced calcium transport in the rat 
duodenum and Caco-2 monolayer.  Both epithelia strongly expressed mRNAs and 
proteins of PRL receptors. Ussing chamber technique showed that the duodenal 
active calcium fluxes were increased by PRL in a dose-response manner with the 
maximal effect dose of 800 ng/ml.  This response diminished after exposure to LY-
294002, a phosphoinositide 3-kinase (PI3K) inhibitor.  Caco-2 monolayer gave 
similar response to PRL with the maximal effective dose of 600 ng/ml.  By nullifying 
the transepithelial potential difference, we showed that the voltage-dependent 
paracellular calcium transport did not contribute to the PRL-enhanced flux in Caco-
2 monolayer.  In contrast, the calcium gradient-dependent paracellular transport 
and calcium permeability were increased by PRL.  Effects of PRL on Caco-2 
monolayer were abolished by PI3K inhibitors (LY-294002 and wortmannin), but not 
by inhibitors of MEK (U-0126) or JAK2 (AG-490).  To investigate whether the PRL-
enhanced parcellular transport was linked to changes in the epithelial charge 
selectivity, the permeability ratio of sodium and chloride (PNa/PCl) was determined.  
We found that PRL elevated the (PNa/PCl) in both epithelia, and the effects were 
blocked by PI3K inhibitors.  In conclusion, PRL directly and rapidly stimulated the 
active and passive calcium transport in the rat duodenum and Caco-2 monolayer 
via the nongenomic PI3K-signaling pathway.  This PRL-enhanced paracellular 
calcium transport could have resulted from altered charge selectivity. 
 Since there has been no report pertaining a down regulation of active 
duodenal calcium transport in estrogen deficient female rats, we next investigated 
the long term effect of prolactin on the active duodenal calcium transport in 
ovariectomized rats,  The aim of the study was therefore, to demonstrate the effects 
of long-term prolactin exposure produced by anterior pituitary (AP) transplantation 
on the duodenal calcium transport in young (9-week-old) and adult (22-week-old) 
ovariectomized rats.  We found that ovariectomy did not alter the transcellular 
active duodenal calcium transport in young and adult rats fed normal calcium diet 
(1.0% w/w Ca) but decreased the solvent drag-induced duodenal calcium 
transport from 75.50±10.12 to 55.75±4.77 nmol.hr-1.cm-2 (p<0.05) only in adult 
rats.  Long-term prolactin exposure stimulated the transcellular active calcium 
transport in young and adult AP-grafted ovariectomized rats fed with normal 
calcium diet by more than 2-fold from 7.56±0.79 to 16.54±2.05 (p<0.001) and 
9.78±0.72 to 15.99±1.75 (p<0.001) nmol.hr-1.cm-2, respectively.  However, only the 



solvent drag-induced duodenal calcium transport in young rats was enhanced by 
prolactin from 95.51±10.64 to 163.20±18.03 nmol.hr-1.cm-2 (p<0.001) whereas that 
in adult rats still showed a decreased flux from 75.50±10.12 to 47.77±5.42 
nmol.hr-1.cm-2 (p<0.05).  Because oral calcium supplement has been widely used 
to improve calcium balance in estrogen-deficient animals, the effect of a high-
calcium diet (2.0% w/w Ca) was also investigated.  The results showed that 
stimulatory action of long-term prolactin on the transcellular active duodenal 
calcium transport in both young and adult rats was diminished after being fed a 
high-calcium diet.  The same diet also abolished prolactin-enhanced solvent drag-
induced duodenal calcium transport in young and further decreased that in adult 
AP-grafted ovariectomized rats.  We concluded that the solvent drag-induced 
duodenal calcium transport in adult rats was decreased after ovariectomy.  Long-
term prolactin exposure stimulated the transcellular active duodenal calcium 
transport in both young and adult rats whereas enhancing the solvent drag-
induced duodenal calcium transport only in young rats.  Effects of prolactin were 
abolished by a high-calcium diet. 
 Most of the previous work was on the small intestine but prolactin has been 
known to increase fluid and NaCl absorption in the rat proximal colon too.  
Therefore we analyzed ion transport in mouse proximal and distal colon, and acute 
changes induced by PRL.  In the proximal colon, carbachol activated a Ca2+ 
dependent Cl- secretion that was sensitive to DIDS and NFA.  In the distal colon, 
both ATP and carbachol activated K+ secretion.  Ca2+-activated KCl transport in 
proximal and distal colon was inhibited by PRL (200 ng/ml), while amiloride 
sensitive Na+ absorption and cAMP induced Cl- secretion remained unaffected.  
Luminal large conductance Ca2+-activated K+ (BK) channels were largely 
responsible for Ca2+-activated K+ secretion in the distal colon, and basolateral BK 
channels supported Ca2+-activated Cl- secretion in the proximal colon.  Ca2+ 
chelating by BAPTA-AM attenuated effects of carbachol and abolished effects of 
PRL.  Both inhibition of P13 kinase with wortmannin and blockage of MAP kinases 
with SB 203580 or U 0126, interfered with the acute inhibitory effect of PRL on ion 
transport, while blocking of Jak/Stat kinases with AG 490 was without effects.  PRL 
attenuated the increase in intracellular Ca2+ that was caused by stimulation of 
isolated colonic crypts with carbachol.  Thus prolactin inhibits Ca2+ dependent Cl- 



and K+ secretion in the colon by interfering with intracellular Ca2+ signaling and 
probably by activating P13 kinase and MAP kinase pathways. 
 
 In summary, we have found stimulatory effect of prolactin on the 
transcellular and solvent drag-induced active calcium absorption and the passive 
calcium absorption in the small intestine as shown in Figure 1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. 1 Schematic diagram shows active and passive calcium transport in the 

duodenum of female rats.  Active transport consists of 3 components : 
transcellular active, solvent drag-induced, and voltage-dependent 
transport.  Passive paracellular calcium transport is dependent on the 
calcium gradient across the epithelial sheet.  The “plus” signs (+) represent 
the sites of prolactin stimulation (Bruns et al. 1983; Charoenphandhu et al, 
2001, 2006a; Tanrattana et al. 2004).  TRPV6, transient receptor potential 
vanilloid family channel 6; PMCA1b, plasma membrane Ca2+-ATPase isoform 
1b;SGLT1, Na+/glucose cotransporter 1; GLUT2, glucose transporter 2. 
(Charoenphandhu and Krishnamra 2007) 

 
 
 
 
 
 
 
 
 
 
 

 



1.2 Role of prolactin in fluid and electrolyte regulation in the endometrium 
 
Background and Rationale 
 

The endometrium is responsible for the transfer of nutrients, fluid and 
electrolytes between the circulatory system and the uterine lumen. The transport 
activities of the endometrial epithelium is thus essential for the maintenance of  the 
composition of fluid and electrolytes, and the suitable environment for fertilization, 
implantation and embryo development. Several signaling molecules such as 
hormones, prostaglandins, growth factors, regulatory peptide and cytokines have 
been shown to regulate ion transport processes across the endometrial epithelial 
cells (Vetter and O’Grady, 1996; Deachapunya and O’Grady, 1998). These 
molecules are produced by endometrial epithelial cells under the influence of 
ovarian steroid hormones and act as autocrine and paracrine mediators to regulate 
proliferation, differentiation and secretion including ion transport activities (Jacobs 
and Carson, 1993; Chen et al., 1995).   

Prolactin (PRL) is synthesized and secreted from anterior pituitary gland 
and extrapituitary tissues including myometrium, deciduas, mammary epithelial 
cells. It exerts a wide variety of biological actions such as water and electrolyte 
balance, growth of mammary gland, milk production and secretion. Recently, PRL 
has been considered as a novel calcium regulating hormones for its effect on 
increased intestinal calcium absorption (Krishnamra et al., 1997; Charoenphandhu 
et al., 2001), especially under conditions where high calcium is needed during 
pregnancy and lactation.  

In the endometrium, PRL is synthesized by decidualized endometrial 
stromal cells from the late secretory phase of the menstrual cycle and throughout 
pregnancy. The level of PRL is much higher in blood and amniotic fluid during 
pregnancy (Golander et al., 1978; Daly et al., 1983). After conception, a continuous 
increase of PRL production in decidual cells leads to an accumulation of PRL  in 
the amniotic fluid  up to 2-3 µg/ml. (Golander et al., 1978; Daly et al., 1983). In 
addition, PRL receptors (PRL-R) and its mRNA as well as the JAK-STAT proteins 
have been identified in human glandular epithelial cells and stromal cells (Tseng 
and Zhu, 1998; Jabbour et al., 1998). Levels of PRL receptor mRNA are much 
higher in glandular cells compared with stromal cells. Although the exact role of 
PRL in the human endometrium remains to be clarified; however, the pattern of 
secretion and expression supports a role for PRL during implantation and 
placentation this hypothesis is supported by the findings that the blastocyst 
implantation and the maintenance of pregnancy are impaired in PRL and PRL-R 
knockout mice (Jikihara et al., 1996). PRL also has mitogenic effect on endometrial 
cells. It increases endometrial cell growth at physiological concentrations and 
inhibits cell growth and attachment at higher concentrations (>100 ng/ml) (Nagami 



and Tominaga, 1991; Tseng and Mazella, 1999). In the rhesus monkey, PRL 
regulates the amniotic and fetal extracellular fluid and electrolyte balance   by   
decreasing   the   water   flux   from  the  amniotic  side   of  fetal  membrane 
(Josimovich et al., 1977). These lines of evidence strongly  suggest the role of PRL 
in the regulation of  endometrial cell transport functions. Due to the presence of 
PRL and its roles on fluid and electrolyte regulation of the amniotic fluid, it is likely 
that the local production of PRL exerts autocrine and paracrine actions to regulate 
volume and composition of fluid and electrolytes within uterine cavity, to provide 
optimal conditions for implantation and development of embryo.  

There have been a few reports on the effect of PRL on the regulation of water 
and electrolyte transport in various epithelial cells. Previous studies using mouse 
mammary epithelial cells grown on floating collagen gels have demonstrated that 
PRL treatment for at least 3 days in the culture media produces an increase in short 
circuit current (Isc) and transepithelial potential difference (PD), corresponding to an 
increase in net active Na+ absorption and a small net Cl- secretion (Bisbee et al., 
1978). In mouse mammary epithelial cell line HC 11, PRL acutely increases Cl- 
transport through the JAK-STAT system (Selvaraj et al., 2000). In rabbit mammary 
glands, PRL decreases the membrane permeability to sucrose, suggesting a 
decrease in permeability of tight junction (Linzell et al., 1975). Studies in mammalian 
intestinal tissues using everted sac technique have shown the effect of PRL on 
increasing the fluid and NaCl absorption in rat, hamster and quinea pig jejunum, but 
not in quinea pig ileum and rat colon (Mainoya et al., 1974). These studies suggest 
an important role of PRL in the regulation of transepithelial ion transport in a variety 
of epithelia. However, little is known about the effect of PRL on the transport of water 
and ions by endometrial epithelial cells.  

The endometrial epithelial cells from mammalian species have been isolated 
and grown as a primary cell in culture (Nagami and Tominaga, 1991; Jacobs and 
Carson 1993; Deachapunya and O’Grady, 1998). These cells possess the 
morphological and functional polarity in culture, providing a useful system for 
studying transepithelial electrolyte transport. Several hormones, growth factors and 
cytokines have been shown to affect the transport-related activities of endometrial 
epithelial cell in culture. Our preliminary study demonstrates that treatment of cell 
monolayers with PRL for 2 days causes an increase in basal Isc which is markedly 
inhibited by amiloride, Na+ channel blockers. This finding suggests a possible role 
of PRL in the regulation of electrolyte transport in the endometrium. Therefore the 
objectives of this study were to identify the mechanism and regulation of PRL on 
water and electrolyte transport in the primary culture of endometrial epithelial cells.  

 
 
 



Objectives of the Research Project 
 

1. To characterize the possible effect of PRL on water and electrolyte 
transport in the primary culture of glandular endometrial epithelial cells  

2. To study the transport mechanisms of PRL action on the regulation of 
electrolyte transport in endometrial epithelial cells  

3. To characterize the expression of PRL receptor in endometrial epithelial 
cells under normal and estrogen-treated conditions 

4. To investigate the mechanism of action and the intracellular signaling 
pathway of PRL in endometrium  
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Present Findings 
 The regulation of prolactin(PRL) on electrolyte transport was investigated in 
primary culture of glandular endometrial epithelial cells.  Porcine endometrial 
epithelial cells was isolated, cultured on permeable filters and mounted in Ussing 
chambers with the use of voltage clamp circuitry to measure short circuit current 



(Isc).  PRL produced a peak and sustained increase in Isc in a concentration 
dependent manner with a maximum effect at 1 µg/ml and an EC50 value of 120 
ng/ml.  The Isc increased by PRL was mostly inhibited by pretreatment with an 
apical addition of 200 µM NPPB or 1 mM diphenylamine-2-carboxylic acid (DPC), 
Cl- channel blockers, but not by 10 µM amiloride, a Na+ channel blocker.  In 
addition, replacement of Cl- and HcO3

- or pretreatment with 200 µM bumetanide, a 
Na+-K+-2Cl- cotransporter inhibitor, in the basolateral solution mostly abolished the 
PRL-stimulated Isc.  Pretreatment with 10 µM indomethacin also abolished the 
PRL-induced increase in Isc.  Addition of 50 µM AG490, an inhibitor of JAK2 
activity, to both apical and basolateral solutions completely abolished the PRL-
increased Isc.  Western blot analysis and immunocytochemistry revealed the 
expression of short isoform PRL receptors.  These results demonstrated the PRL 
stimulation of anion secretion in endometrial epithelial cells, which may be 
mediated by JAK-STAT dependent pathway or through the release of 
cyclooxygenase metabolites. 
 
 (Full manuscript is in the Appendix) 
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1.3 Investigation of the role of prolactin in calcium handing in the mammary 
gland 

 
Background and Rationale 
 

Huge amount of calcium (Ca) is transported from plasma to be stored in the 
mammary gland cells via unclear mechanisms before eventually to be secreted 
into milk (5, 6). In cows, this process, if very active, can be dangerous because it 
leads to nearly fatal hypocalcemia before parturition (7). These changes in cellular 
activities during pregnancy and lactation are thought to be under the influences of 
a number of hormones and growth factors. 

The mechanisms of calcium transport across the mammary epithelial cells 
are not well understood. However, the drastic changes in cellular activities 
commence at the beginning of pregnancy and continue consistently through 
lactation. Ca enters the mammary gland cells from the serosal side via unknown 
mechanism, which is proposed to involve some as yet unidentified Ca channels 
(8). The huge amount of the Ca influx is kept in the intracellular calcium storages or 
pumped out of the cell to prevent causing cytotoxicity due to abnormally high level 
of the cytosolic calcium. These intracellular calcium storages are endoplasmic 
reticulum, mitochondria and Golgi apparatus, the last of which, being different from 
the other organs, is the major storage (9, 10). Ca is delivered into milk via a number 
of pathways. The intracellular calcium is bound to casein, lactose and inorganic 
anions (eg. phosphate and citrate) and transported by the Golgi apparatus. They 
form the micelle complex in milk. However, two-third of these Ca vesicles bind to 
casein and form the casein micelle complex (11, 12). From this evidence, it could 
be implied that the regulatory mechanism of Ca transport may link to that of casein. 
There might be Ca channel localized at the apical membrane of the mammary 
gland cell, but it has not been investigated.   

In addition, the cytosolic calcium concentration can be maintained at low 
level (10-7 M) by the activity of plasma membrane Ca2+-ATPases (PMCA) in the 
mammary gland cells. There are three types of PMCA, namely, PMCA1, 2 and 4. 
PMCA1 and PMCA4 are housekeeping form, which are found ubiquitously in many 
organs. They are located mostly at the basolateral side of the cells and in minimal 
amount at the apical side. Their numbers are increased in pregnancy and keep 
rising through the lactating period (13, 14). PMCA2, which is originally found in the 
brain only (15), is also localized chiefly at the apical side of the mammary gland 
cells and is drastically increased on the first day of lactation and continue to 
increase over the whole period (13, 14). PMCA2 is thus proposed to be the 
effective mechanism for Ca secretion into milk. The elevated expression of PMCA2 
starting at the beginning of lactation also indicates its association with PRL. 



Nevertheless, the direct action of PRL on the expression of these PMCAs has not 
been demonstrated. 
 
 
Factors affecting milk Ca concentration 

The output of Ca into milk is much greater than the intake unless the mother 
drink a large amount of milk with adequate intake of vitamin D. It has been shown 
that dietary Ca per se is not an important factor affecting milk Ca content (16). If 
dietary Ca is not sufficient for milk production, then Ca will be made available from 
bone of the lactating mothers (17). The parathyroid hormone is also involved with a 
role in supplying the required Ca by maintaining the plasma Ca level. Milk 
production has been shown to be regulated by a number of hormones, such as 1, 
25-(OH)2D3 (18) and parathyroid hormone-related peptide (PTHr) (19). However, 
the mechanism of how the concentration of Ca in milk is controlled or whether it is 
controlled at all has not been studied. 
 
Prolactin  

PRL has direct effects on growth and activities of the mammary gland 
during lactation. In human, its level greatly increases from the non-pregnant level of 
1-10 ng/ml to about 200 ng/ml during pregnancy and decreases by 50% to 100 
ng/ml in the first week of lactation. After 2-3 months postpartum, the basal level 
declines to 40-50 ng/ml but elevates to about ten- to twenty-fold during suckling. 
(20)  

During pregnancy and lactation, the highly elevated level of PRL regulates 
the growth and differentiation of mammary gland cells including the synthesis of 
many significant substances such as casein, lactose, and fatty acids, which are 
secreted into milk (21). Its effect on the synthesis and transport of the milk-
containing substances has been studied extensively. PRL also affects the transport 
of electrolytes notably phosphate and iodide (22, 23, 24). Lactose synthesis by 
mammary gland cells and transport into milk during parturition are under combined 
effect of PRL and growth hormone since they enhance the expression of GLUT1 
transporter required for uptake of glucose which is a precursor of lactose (25). In 
the cultured mouse tissue studies, PRL was also found to stabilize and promote the 
transcription of casein mRNA, which was expressed maximally at 10 ng PRL/ml 
(26, 27). The study in rabbit mammary epithelial cells demonstrated that casein 
secretion is stimulated by PRL through the activation of arachidonic acid which is 
the non-genomic signaling pathway (28). 

Since PRL is the lactating hormone that has stimulating effects on the 
secretion of many major constituents of milk especially casein, it was hypothesized 
that PRL should also enhance the secretion of Ca in milk. However, the effects of 



PRL on Ca transport in the mammary gland cells were still not clearly understood. 
In this study, we aimed to investigate both genomic and non-genomic actions of 
PRL on calcium metabolism in the mammary gland cells. The effect of PRL on the 
expression of PMCA will be used to represent the genomic action, whereas acute 
changes in the cellular calcium uptake will represent the non-genomic action. 
Possible genomic effect of PRL on Ca transport proteins will also be examined. 
Finally, the signaling pathway of PRL involved in the regulation of calcium 
metabolism in mammary gland will be evaluated. These investigations will be 
performed on breast cancer cell lines, MCF-7. However, at the end of this 
experimental plan, mammary gland explants would also be used to demonstrate 
the physiological role of PRL. 

 
Relationship of PRL and calcium metabolism  

From our laboratory investigations, we found a strong relationship between 
PRL and Ca metabolism in the gastrointestinal tract and bone. Ca channels allow 
the passive movement of Ca from the lumen into intestinal cells (31). Ca is then 
translocated across the cell and transported via Ca-ATPase across the basolateral 
membrane into the blood. This transcellular active transport of Ca was found to be 
stimulated by PRL. Passive absorption of Ca along the paracellular pathway was 
also enhanced by PRL (32). Bone Ca turnover rate and Ca accumulation were 
increased after 7 day treatment with PRL (33, 34). 

 
Present Finding 
  

Regulatory role of prolactin(PRL) on Ca2+ mobilization in human mammary 
gland cell line MCF-7 was examined.  Direct addition of PRL did not affect 
cytoplasmic Ca2+ concentration ([Ca2+]); however, treatment with PRL for 24 h 
significantly decreased the peak level and duration time of ([Ca2+]) elevation 
evoked by ATP or thapsigargin(TG).  Intracellular Ca2+ release by IP3 or TG in 
permeablized cells was not decreased after PRL-treatment, indicating that the Ca2+ 
release was not impaired by PRL treatment.  Extracellular Ca2+ entry evoked by 
ATP or TG was likely to be intact, because entry of extracelualr Ba2+ was not 
affected by PRL treatment.  Among Ca2+-ATPase expressed in MCF-7 cells, we 
found significant increase of secretory pathway Ca2+-ATPase type 2 (SPCA2) 
mRNA in PRL-treated cells by RT-PCR experiments including quantitative RT-PCR.  
Knockdown of SPCA2 by siRNA in PRL-treated cells showed similar Ca2+ 
mobilization to that in PRL-untreated cells.  The present results suggest that PRL 
facilitates Ca2+ transport into Golgi apparatus and may contribute the supply of 
Ca2+ to milk. 

 
(Full manuscript is in the appendix) 
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Summary of the role of prolactin as a calcium regulating hormone 
 
 
 

 
 
 
 
 
Fig. 2 Diagram shows possible actions of prolactin (PRL) on calcium metabolism.  

During pregnancy and lactation, maternal calcium is utilized for fetal growth 
and milk production, respectively, thereby inducing negative calcium 
balance.  High endogenous prolactin, which stimulates intestinal calcium 
absorption (as well as turnover and renal calcium reabsorption), may help 
to alleviate calcium loss during these reproductive periods.  These effects 
of endogenous prolactin can be abolished by bromocriptine, a 
dopaminergic agonist that suppresses prolactin secretion.  In addition, 
exogenous prolactin administration mimics high endogenous prolactin by 
enhancing intestinal calcium absorption, thus maintaining calcium balance.  
Nonetheless, pregnant and lactating animals may still require the presence 
of vitamin D (Vit. D) to modulate intestinal calcim absorption. 
(Charoenphandhu and Krishnamra 2007) 



(2)  Study of the etiology, mechanism of diseases, and possible treatment of the metabolic bone disease using the Siamese cat model 
 
Background and Rationale 
 
 Chronic renal failure (CRF) is the most common renal disease in dogs and cats 
in Thailand. CRF is defined as primary renal failure that has persisted for an extended 
period, usually months to years. Regardless of the causes(s) of nephron loss, 
irreversible renal structural lesions characterize CRF (1). In United States, DiBartola et 
al. (1987) found that CRF is a common disease especially in older cats. In his study, he 
found that 53% of affected cats were older than 7 years, but animals ranged in age from 
9 months to 22 years (2). A survey of 36 feline patients with CRF indicated that the mean 
age of cats with CRF was 7.4 years (3). In a study of the age distribution of renal failure 
in cats, 37% of cats were younger than 10 years, 31% were between 10 and 15, and 
32% were older than 15 (4). In Thailand, CRF was commonly observed especially in 
middle-aged cats with the mean age of 6.0 years old (5). Various reports also indicated 
that feline chronic renal failure was recognized with increased frequency in Maine coon, 
Abyssinian, Siamese, Russian blue, and Burmese cats (6). The increase incidence of 
CRF in middle-age Siamese cats may be due to genetic predisposition of this breed to 
chronic renal failure. 
 Metabolic acidosis is a well-recognized component of CRF in dogs and human. 
It results primarily from the limited ability of failing kidneys to excrete hydrogen ions, 
secondary to disordered ammoniagenesis, decreased filtration of phosphate and 
sulphate compounds, and decreased maximal renal tubular proton secretion (7). 
Bicarbonate wasting may also contribute. Bicarbonate wasting and chloride retention 
result in hyperchloremic (normal anion gap) acidosis. When phosphate and organic acid 
(uric acid, hippuric acid, lactic acid) retention is sufficient, high-anion-gap acidosis 
results. In retrospective case series, 63% and 80% of cats with CRF had metabolic 
acidosis (2,4). From our study of feline chronic renal failure at Chulalongkorn University 
Veterinary Teaching Hospital between January 2001 and December 2003, we followed 
CRF cats prospectively for 2 months and found that 100% of those cats with end-stage 
CRF developed acidosis at the end of the study. CRF Cats with metabolic acidosis had 
decreased survival rate when compared with other CRF cats(5).The role of metabolic 
acidosis in cats with CRF remain to be investigated. 
 From one study in UK, eighty cats with chronic renal failure (CRF) were 
evaluated in a prospective study to investigate the prevalence and etiopathogenesis of 
renal secondary hyperparathyroidism (RHPTH), using routine plasma biochemistry and 
assays of parathyroid hormone (PTH), blood ionized calcium and 1,25 
dihydroxycholecalciferol (1,25[OH]2D3). Hyperparathyroidism was a frequent sequela of 



CRF in that study, affecting 84 per cent of cats with CRF, the severity and prevalence of 
RHPTH increasing with the degree of renal dysfunction (9). However, significant ionized 
hypocalcemia was present only in cats with end-stage renal failure. A number of cats 
were hyperparathyroid in the absence of abnormalities in the parameters of calcium 
homeostasis measured in that study(9).  

Feline chronic renal failure causes much concern to cats' owners in Thailand  
and remain one of the most common renal problems for cats with advanced age. More 
than 70% of cats presented to Chulalongkorn University Veterinary Teaching Hospital 
with chronic renal failure died within one year after first diagnosis(5). Recent report 
suggested that Siamese cats may have breed predisposition for feline chronic renal 
failure (6). The effect of metabolic acidosis on parathyroid hormone secretion, vitamin D 
metabolites, calcium-phosphorus homeostasis, and changes in bone of Siamese cats 
with naturally occurring chronic renal failure remain to be investigated. 
 
Present Findings 
 

2.1 The role of metabolic acidosis on parathyroid hormone secretion and 
change in electrolytes in cats with naturally occurring chronic renal failure 

 
The purpose of this study was to investigate the effect of acid – base 

status on plasma parathyroid hormone level, calcium-phosphorus homeostasis, 
and changes in electrolytes in cats with naturally occurring chronic renal failure.  
Thirty-one cases presented to the Small Hospital, Faculty of Veterinary Science, 
Chulalongkorn University were followed prospectively.  Cats were categorized into 
three groups.  Control group consisted of healthy cats which were presented to the 
same hospital for vaccinated at the same time with CRF cats.  Two chronic renal 
failure groups diagnosed by veterinarians on duty which had more than 50 mg/dl of 
blood urea nitrogen (BUN) and more than 2.1 mg/dl of serum creatinine level.  
Chronic renal failure groups were divided into non-acidosis group (n=11) and 
acidosis group (n=8) whose blood pH level were higher and lower than 7.3 
respectively.  Blood collection was taken for hematology, blood chemical profile, 
acid-base status and plasma parathyroid hormone level analysis on day 0, 14, 30 
and 60 of the study.  The result of this study revealed that both of the chronic renal 
failure groups had anemia indicated by the decreasing of red blood cells, 
hemoglobin concentration and packed cell volume compared to the control group 
(p<0.05).  Parathyroid hormone and phosphorus level of chronic renal failure group 
with metabolic acidosis was significantly higher than group of chronic renal failure 
without metabolic acidosis on Day 0 of the study (p<0.05).  Chronic renal failure 
cats with metabolic acidosis had hyperparathyroidism and hyperphosphatemia.  
However, there was no significant correlation between blood pH and parathyroid 



hormone level which may be due to low number of chronic renal failure cats with 
metabolic acidosis in the study. 

 
 
 

2.2 The effect of metabolic acidosis on calcium-phosphorus homeostasis and 
bone remodeling in cats with natural occurring chronic renal failure. 
 

The purpose of this study was to investigate the effect of acid-base status 
on calcium-phosphorus homeostasis and bone remodeling in cats with naturally 
occurring chronic renal failure.  Twenty-nine cats presented to the Small Animal 
Hospital, Faculty of Veterinary Science, Chulalongkorn University were studied.  
Cats were categorized into three groups.  The control group was a group of healthy 
cats which were presented at the same time of study (n=6).  Two chronic renal 
failure groups were diagnosed by the veterinarians and were based on more than 
50 mg/dl of blood urea nitrogen (BUN) and more than 2.1 mg/dl of serum 
creatinine level.  Chronic renal failure groups were divided into non-acidosis group 
(n=9) and acidosis group (n=12) whose blood pH levels were lower than 7.3.  
Blood collections were taken for hematology, blood chemical profile, acid-base 
status, vitamin D, and plasma parathyroid hormone level analysis on day 0, 30, 60, 
90, 120, and 150 of the study.  Bone formation and bone remodeling were 
measured using bone alkaline phosphatase, Dpd level in urine samples, and bone 
density in all groups of cats.  The result of this study revealed that cats with chronic 
renal failure and metabolic acidosis had hyperphosphatemia and 
hyperparathyroidism throughout the study.  However, there were no significant 
changes in the level of total calcium, adjusted calcium, or ionized calcium levels.  
Cats with chronic renal failure and acidosis had significantly lower level of bone 
alkaline phosphatase which indicated less bone formation and higher levels of Dpd 
in urine which indicated more bone resorption than control cats.  There were no 
significant difference of bone mineral density in all three groups of cats that may be 
due to less severity of chronic renal failure stage and a shorter duration of 
metabolic acidosis that occurred during the study.  Metabolic acidosis seems to be 
the potentiating factor to promote hyperparathyroidism and induced calcium-
phosphorus imbalance and bone changes in cats with chronic renal failure.  Close 
monitoring in cats with chronic renal failure and correction of acidosis help to 
prolong live and give better quality of life to cats with naturally occurring chronic 
renal failure. 
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บทความเพื่อการเผยแพร 
  

งานวิจัยของเรามีวัตถุประสงคท่ีจะศึกษาคนควาเพื่อใหไดองคความรูใหมท่ีเปนองครวม
เกี่ยวกับการควบคุมสมดุลแคลเซียมและเมตาบอลิสมของกระดูก องคความรูท่ีไดน้ีจะสามารถใช
เปนฐานตอยอดความรูทางการแพทยสําหรับคนหาสาเหตุความผิดปกติของกระดูกใน metabolic 
bone diseases และศึกษาหาวิธีวินิจฉัยและปองกัน การวิจัยของเราใชวิธีศึกษาท่ีทุกระดับตั้งแต
ในระดับรางกายของสัตวทดลอง ระบบอวัยวะ เนื้อเยื่อ เซลล สูระดับชีววิทยาโมเลกุล หัวขอวิจัยคือ
การศึกษาผลของฮอรโมนโพรแลคตินในฐานะฮอรโมนที่ชวยควบคมุสมดุลแคลเซียมและ
เมตาบอลิสมของกระดกูในภาวะตั้งครรภและใหนมบุตร  

 
โพรแลคตินเปนฮอรโมนจากตอมใตสมองสวนหนา เปนที่รูจักทั่วไปจากหนาที่หลักคือ 

กระตุนการผลิตน้ํานมในเซลลเตานม แตจากงานวิจัยของเราพบวา โพรแลคตินสมารถกระตุนการ
ดูดซึมแคลเซียมทั้งแบบพาสซีพไมใชพลังงาน (passive paracellular calcium absorption) และ
แบบแอคทีฟที่ตองใช ATP (active calcium absorption)  ซ่ึงแบบแอคทีฟนี้ยังแบงไดอีกคือ โพร
แลคติน 
กระตุนการขนสงแคลเซียมทั้งแบบผานเซลล (transcellular transport) และผานชองระหวางเซลล
ตามการไหลของของเหลว (solvent drag-induced paracellular active transport) ดังที่แสดงใน
รูปท่ี 1 การขนสงแคลเซียมที่เพิ่มข้ึนนี้เปนผลมาจากโพรแลคตินกระตุนการนําเขาแคลเซียมจาก
โพรงลําไสผานเยื่อเซลลและเพิ่มการทํางานของ Na+-K+-ATPase ท่ีเปนตัวทําใหเกิด solvent 
drag-induced paracellular transport และการทํางานของ Ca2+-ATPase ท่ีชวยขนสงแคลเซียม
ออกจากเซลลสูเลือด โดยโพรแลคตินออกฤทธิ์ผานทางกลไกสงสัญญาณ PI3-kinase และ 
MAPkinase 
 

เปนที่ทราบกันดีวาโพรแลคตินมีผลตอการขนสงอิเล็กโทรไลทโดยเฉพาะ Na+ และ Cl- ใน
เนื้อเยื่อหลายชนิด จากการวิจัยโดยใชเทคนิค in vitro Ussing chamber พบวาโพรแลคตินมีผล
ยับยั้งการขับหลั่ง Cl- และ K+ ชนิดที่ตองอาศัย Ca2+ โดยออกฤทธิ์ผานทางกลไก PI3kinase และ 
MAPkinase เชนเดียวกัน แตท่ีผนังมดลูกโพรแลคตินกลับมีผลกระตุนการขับหลั่งอิออนประจุลบ
ผานทางกลไก JAK-STAT ผลดังกลาวนี้มีความสําคัญตอการควบคุมคุณสมบัติของของเหลว
ภายในมดลูก ซ่ึงมีความสําคัญมากตอกระบวนการปฎิสนธิ การฝงตัวและการเจริญเติบโตของตัว
ออนในครรภ 

 
นอกจากนั้นเรายังพบอีกวาเมื่อรางกายมีระดับของโพรแลคตินในเลือดสูง เชนในชวง

ตั้งครรภหรือหลังคลอดซึ่งโพรแลคตินมีระดับในเลือดเพิ่มข้ึนเปน 20 เทา โพรแลคตินมีผล 



กระตุนการสลายกระดูก และลดการขับแคลเซียมทิ้งในปสสาวะ ทําใหมีการปลอยแคลเซียมกลับสู
เลือดเปนผลใหมีแคลเซียมในเลือดในระดับท่ีสูงเพียงพอสําหรับสงผานรกเพื่อการเจริญเติบโตของ
ตัวออนในครรภและสําหรับเซลลเตานมใชในการผลิตน้ํานม ดังนั้นไมวาจะเปนสัตวประเภทปลา 
นก หรือสัตวเลี้ยงลูกดวยนม โพรแลคตินเปนฮอรโมนที่เรียกวา “Maternal hormone” คือมีหนาที่
หลักในการเตรียมรางกายของแมท้ังทางกายภาพและพฤติกรรมใหมีความพรอมในการดูแลเลี้ยง
ลูกออน (รูปท่ี 2)  

 
ดังนั้นผลงานวิจัยของเราจึงสนับสนุนสมมติฐานที่วา “โพรแลคตินเปนฮอรโมนที่ชวย

ควบคุมสมดลุแคลเซียมและเมตาบอลิสมของกระดูก เพ่ือใหแมมีแคลเซียมในเลือด
เพียงพอสําหรับการสรางกระดูกของตัวออนและผลิตน้ํานมเลี้ยงลูกแรกเกิด กลาวคือ ถา
แมไดรับแคลเซียมจากอาหารไมพอ แคลเซียมในเลือดของแมจะถูกนําไปใชสําหรับลูกในครรภหรือ
ในการผลิตน้ํานมจนระดับแคลเซียมในเลือดอาจมีคาลดลง ซ่ึงจะเปนอันตรายได ดังนั้นรางกาย
ของแมจึงใชโพรแลคตินเปนสัญญานสั่งใหมีการสลายกระดูกมากขึ้น เพื่อปลอยแคลเซียมออกมา
ในเลือด โพรแลคตินเปนฮอรโมนที่ไมเพียงแตจะมีความสําคัญในแมเทานั้น เรายังพบอีกวาโพรแล
คตินในระดับปกติ(ซ่ึงมีคาต่ํา)ในสัตวอายุนอยที่ยังอยูในวัยเจริญเติบโต ก็มีผลกระตุนการดูดซึม
แคลเซียมและกระตุนกระบวนการสรางและสลายกระดูกดวย แตมีผลตางจากในสัตวอายุมาก คือ
ในสัตวอายุนอยทําใหมีมวลกระดูกเพิ่มข้ึน ดูเหมือนวาโพรแลคตินจะเปนฮอรโมนที่ชวยควบคุม
สมดุลแคลเซียมและเมตาบอลิสมของกระดูกในทุกวัย แตผลของโพรแลคตินจะมีความแตกตางกัน
ข้ึนอยูกับวัยดวย ซ่ึงรายละเอียดเกี่ยวกับกลไกการออกฤทธิ์ของโพรแลคติน และทําไมโพรแลคตินมี
ผลตางกันในสัตวอายุนอยและสัตวอายุมาก หรือเปนไปไดหรือไมท่ีจะพัฒนาโพรแลคตินใหใชเปน
ยาเพื่อเพิ่มประสิทธิ ภาพการดูดซึมแคลเซียม และควบคุมวงจรการสราง-สลายกระดูก (Bone 
remodeling) จะตองศึกษาวิจัยตอไป 

 
 
 
 
 
 
 
 
 
 
 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

รูปที่ 1   โพรแลคตินมีผลกระตุนการดูดซึมแคลเซียมที่ลําไสเล็กทั้งแบบพาสซฟีตามตามลาดความเขมขน 
และแบบแอคทีฟที่ตองใชเอทีพ ี สําหรับการขนสงแคลเซียมแบบแอคทีฟ โพรแลคติน 
กระตุนการขนสงแบบแอคทีฟ 2 ชนิดไดแก (1) ชนิดผานเซลล (transcellular active transport) 
โดยใชโปรตีน  TRPV6 calbindin และ PMCA1b และ (2) การขนสงแคลเซียมแบบแอคทีฟที่เกดิ
จากการไหลของๆเหลว ผานชองระหวางเซลล (solvent drag-induced paracellular transport)  
ซึ่งอาศัยการทาํงานของ Na+-K+-ATPase 

 
 
 
 
 
 
 
 
 
 
 
 



 
 

  
  

    รูปที่ 2    โพรแลคติน (PRL) ในฐานะฮอรโมนที่ควบคุมสมดุลแคลเซียมและเมตาบอลิสมของกระดูก
โดยมีผลกระตุนการดูดซึมแคลเซียมที่ลําไสลดการขับถายแคลเซียมในปสสาวะ และกระตุน
วงจรการสราง-สลายกระดูก (Bone remodeling) ทําใหมีแคลเซยีมออกมาในเลือดมากขึ้น 
โพรแลคตินระดับสูงในเลือดยังมีผลยับยั้งการหลัง่ฮอรโมนเอสโตรเจน (E2) และกระตุนการ
หลั่งพาราไทรอยดฮอรโมนรีเลเท็ดเพบไทด (PTHrP) ซึ่งทาํใหมีการสลายกระดูกมากขึ้น 
นอกจากนัน้โพรแลคตินยังมีผลตอเซลลเตานมทําใหมกีารขับหลัง่แคลเซียมออกมาในน้าํ 
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