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Abstract
Biogenic amines, such as serotonin and dopamine, 
regulate a multitude of cellular responses. A great 
deal of effort has been invested into understanding 
the effects of these molecules and their correspon­
ding receptor systems on cholangiocyte and cholang­
iocarcinoma secretion, apoptosis and growth. This 
review summarizes the results of these efforts and 
highlights the importance of these regulatory mo­
lecules on the physiology and pathophysiology of 
cholangiocytes. Specifically we have focused on the 
recent findings into the effects of serotonin and do­
pamine on cholangiocyte hyperplasia and neoplastic 
growth.
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INTRODUCTION
The intrahepatic biliary tree is network of  interconnected 
ducts, which play a key role in determining the final 
composition of  the bile reaching the duodenum by 
a series of  secretive and absorptive events[1,2]. Cho­
langiocytes are the epithelial cells that line the biliary 
tract and regulate these secretive and absorptive events.  
These cells also possess marked proliferative capacity, 
which is evidenced during experimental conditions 
such as cholestasis induced by bile duct ligation (BDL), 
as well as in human cholangiopathies such as primary 
biliary cirrhosis (PBC), primary sclerosing cholangitis 
(PSC) and extrahepatic biliary obstruction and biliary 
atresia[1,2]. These disorders are responsible for 20% of  
the liver transplantations among adults and close to 
50% in pediatrics in the United States[3]. The ductal 
reactions during these diseases range from hyperplastic 
cholangiocyte proliferation to severe ductopenia[1,4]. 
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What regulates cholangiocyte proliferation and death 
and how these mechanisms fail is still undefined. 

BIOGENIC AMINES
Serotonin, norepinephrine, epinephrine, dopamine, and 
histamine are often collectively referred to as “biogenic 
amines”[5-7]. These agents play key roles in neurotrans­
mission and other signaling functions[5-7]. They are 
relatively small in size, can act as neurotransmitters to 
elicit various physiological responses and all have various 
other sites of  action throughout the body[5-7]. Generally, 
they can be synthesized at various sites throughout the 
body and are released from intracellular vesicles into 
the surrounding tissue where they can then bind to cell 
membrane-located receptors on the neighboring cells to 
elicit their responses[8]. These molecules are capable of  
affecting mental functions such as mood and appetite as 
well as regulating blood pressure, body temperature and 
other bodily processes[8]. This review will focus on the 
effects of  serotonin and dopamine on the hyperplastic 
and neoplastic proliferation of  cholangiocytes.

SEROTONIN
Serotonin, or 5-hydroxytryptamine (5-HT), is a neuro­
endocrine hormone that is synthesized in serotonergic 
neurons in the central nervous system[9] and in ente­
rochromaffin cells throughout the gastrointestinal 
tract[10]. It is synthesized by the systematic hydroxylation 
and decarboxylation of  the amino acid tryptophan by 
the enzymes tryptophan hydroxylase (TPH1) and amino 
acid decarboxylase, respectively[9]. There are 16 serotonin 
receptors through which serotonin exerts its multiple 
effects. With the exception of  the 5-HT3 receptor, a 
ligand-gated ion channel, all other 5-HT receptors are 
G protein-coupled, seven transmembrane receptors that 
activate intracellular secondary messenger systems[11]. 
Once serotonin has activated the receptor it is cleared 
from the extracellular space by specific re-uptake trans
porters whereupon it undergoes catabolism[12].  Degra­
dation of  serotonin is carried out primarily by the enzy 
me monoamine oxidase (MAO), which occurs as two 
molecular subtypes called MAO A and MAO B, which 
have some differences in their tissue and cellular distri­
butions[13]. MAO A is more selective for serotonin oxi­
dation (and has a higher affinity for the substrate) than 
MAO B, as it is able to metabolize serotonin with a 
much lower Km value[14].

Serotonin in liver function
Serotonergic nerve fibers are part of  the autonomic 
nervous system and nerve endings have been found 
on the branches of  the hepatic artery, portal vein, bile 
ducts and connective tissue of  the interlobular septa 
in humans[15], as well as in portal tracts and the fibrous 
septa within rat hepatic lobules[16]. The function of  se­
rotonergic fibers in liver function appears to be related 

to the regulation of  blood flow through the portal vein 
as well as sinusoidal blood flow[17].

Serotonin in cell proliferation
In the liver, inhibition of  the 5-HT2 receptors by ketan­
serin arrested liver regeneration only when administered 
late (16 h) after partial hepatectomy, suggesting that 
serotonin may have a role in the G1/S transition check 
point through 5-HT2 receptors[18]. Studies have shown 
that liver regeneration after partial hepatectomy was 
completely dependent upon platelet-derived serotonin, 
as a mouse model of  thrombocytopenia inhibited nor­
mal liver regeneration in a 5-HT2 receptor-dependent 
manner[19].

Serotonin is involved in the pathogenesis of  certain 
clinical features of  cholangiopathies: pruritus and fatigue 
in particular[20,21]. In animal models of  chronic cholestasis, 
this may be due to an enhanced release of  serotonin in 
the central nervous system and its subsequent interactions 
with subtype 1 serotonin receptors[21].

Recently, it was demonstrated that cholangiocytes 
have the capacity to synthesize and secrete serotonin, 
both of  which are increased in proliferating rat cho­
langiocytes after BDL[22]. In addition, the 5-HT 1A and 
1B receptors are found predominantly on the baso­
lateral membrane of  cholangiocytes in the liver[22].  It 
was postulated that this autocrine loop is integral in 
limiting the growth of  the biliary tree as a result of  
chronic cholestasis. This was based on the observation 
that chronic treatment of  rats with the 5-HT 1A and 1B 
receptor agonists inhibited cholangiocyte proliferation 
in BDL rats[22]. Furthermore, this effect is more than 
likely due to a direct effect of  the receptor agonists 
on cholangiocytes, as the treatment of  cholangiocytes 
with serotonin had a similar inhibitory effect. By im­
munoneutralizing the endogenous serotonin secreted 
from cholangiocytes as a result of  BDL, using an anti-
serotonin antibody, we were able to enhance the growth 
of  the biliary tree in the course of  chronic cholestasis, 
suggesting that the autocrine secretion of  serotonin 
does, indeed, play an important role in the control of  
cholangiocyte growth[22].

Certain physiological aspects of  cholangiocyte func­
tion were also inhibited by 5-HT 1A and 1B receptor 
agonists in proliferating cholangiocytes after BDL, but 
not in mitotically dormant cholangiocytes[22].  Both sec­
retin-stimulated bile and bicarbonate secretion were 
inhibited by chronic in vivo administration of  the sero­
tonin receptor agonists[22]. In freshly isolated cultures 
of  cholangiocytes, serotonin receptor agonists inhibited 
both secretin-stimulated cAMP synthesis and protein 
kinase A (PKA) activity[22].  This suggests that activation 
of  both 5-HT 1A and 1B receptors can modulate not 
only cholangiocyte proliferation and survival, but also 
physiological functions of  cholangiocytes.

The intracellular signaling pathways that may be 
responsible for the antiproliferative effects of  serotonin 
are associated with enhanced IP3 levels, increased Ca2+-
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dependent PKC activity and a reduction in the cAMP/
PKA pathway[22]. Downstream of  these events is a re­
duction in the activation of  the Src/ERK1/2 cascade, 
which directly effects cholangiocyte proliferation[22]. A 
schematic representation of  this pathway can be seen in 
Figure 1 (adapted from[3]).

A role for serotonin in biliary choleresis is also sup­
ported by the observation that selective serotonin reuptake 
inhibitors such as citalopram and paroxetine have been 
linked with cholestasis as well as severe acute and chronic 
hepatitis in humans[23-25]. However, the mechanisms by 
which selective serotonin reuptake inhibitors contribute to 
cholestasis are unknown[17].

Serotonin control of neoplastic growth in the biliary 
epithelium
Several opposing effects of  serotonin on tumor growth 
have been reported[26]. On one hand, serotonin is known 
as a growth factor for several types of  non-tumoral 
cells[27,28], and it has been proposed to take part in the 
autocrine loops of  growth factors contributing to cell 
proliferation in aggressive tumors such as small cell 
lung carcinoma[29], prostate cancer[30], breast cancer[31] 
and bladder cancer[32]. In contrast, several studies have 
reported that serotonin can inhibit tumor growth, mainly 
via the specific vasoconstrictive effects of  serotonin on 
the vessels irrigating the tumors[26,32-34]. In addition, the 
synthesis and secretion of  serotonin have previously been 
shown to be dysregulated in neuroendocrine tumors, with 
these cells possessing a higher biogenic amine content 
than normal cells[35-37].

We have recently shown that serotonin is overpro­
duced in cholangiocarcinoma. It can be detected in the 

supernatant from cholangiocarcinoma cell lines as well 
as in the bile taken from cholangiocarcinoma patients 
at higher levels, compared to those with non-malignant 
biliary diseases[38]. Further analysis revealed disequilibrium 
between the synthesis and degradation pathways of  
serotonin[38]. Specifically, the rate-limiting synthesis enzy
me TPH1 is overexpressed in cholangiocarcinoma cell 
lines and tumor tissue, whereas the expression of  MAO 
A is dramatically downregulated[38].  This increase in 
serotonin production has growth-promoting effects on 
cholangiocarcinoma and blocking serotonin synthesis by 
treating animals with a specific TPH1 inhibitor effectively 
reduces tumor growth[38].  

Precisely why serotonin goes from having growth-
suppressing activities in non-malignant cholangiocytes 
to promoting growth in neoplastic cholangiocarcinoma 
cells is unknown and is a topic of  ongoing research in 
our laboratory.

DOPAMINE
Dopamine is synthesized mainly by nervous tissue 
and adrenal glands, first by the enzymatic conversion 
of  tyrosine to DOPA (3,4-dihydroxyphenilalanine) by 
tyrosine hydroxylase and then by the decarboxylation 
of  DOPA by aromatic-L-amino-acid decarboxylase.  
As a member of  the catecholamine family, dopamine 
is also a precursor to epinephrine and norepinephrine.  
The dopamine receptors are a class of  metabotropic G 
protein-coupled receptors and, to date, there are 5 types: 
D1-D5[39]. Activation of  these receptors has differing 
effects on signal transduction pathways. For example, the 
D1 receptor interacts with the Gs complex to activate 
adenylyl cyclase, whereas the D2 receptor interacts with 
Gi to inhibit cAMP production[39]. As with serotonin, 
dopamine is rapidly cleared from the extracellular space 
by a dopamine-specific re-uptake transporter whereupon 
it is degraded, predominantly by MAO A[40].

In the brain dopamine acts as a neurotransmitter 
where it activates dopamine receptors, but it can also act 
as a neurohormone which is released by the hypothalamus 
and exerts various effects on the pituitary[41]. Dopamine 
has been implicated in the etiology of  Parkinson’s dis­
ease[42] and schizophrenia[43] and plays a major role in the 
reward system of  behavior[44].  

Dopamine in hyperplastic cell proliferation in the liver
The studies into the effects of  dopaminergic innervation 
on cholangiocytes have focused on the D2 dopamine 
receptor[45]. Expression of  the other dopamine recep­
tors was absent from cholangiocytes under all condi­
tions studied (mitotically dormant and proliferating 
cholangiocytes), whereas the D2 dopamine receptor 
was expressed in normal cholangiocytes and markedly 
upregulated after BDL[45]. In similar experiments to 
those described above for serotonin, the effects of  
D2 dopamine receptor activation on other aspects of  
cholangiocyte physiology have been determined[45].  
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Figure 1  Schematic representation of the mechanism of the serotonin-
induced decrease in cholangiocyte proliferation. Activation of 5-HT 
1A/1B receptors results in an increase in IP3/Ca2+/PKC pathway, which in turn 
decreases the adenylyl cyclase/cAMP/PKA/ERK1/2 pathway. This ultimately 
leads to a decrease in cholangiocyte proliferation. (This figure was adapted 
from DeMorrow et al[3] and reproduced with permission from the Society for 
Experimental Biology and Medicine).



Infusion of  quinelorane had no effect on basal bile flow 
and bicarbonate concentration and secretion.  However, 
co-infusion of  quinelorane with secretin resulted in a 
decrease in secretin-stimulated bile flow and bicarbonate 
secretion, an effect that could be abolished with the D2 
receptor antagonist eticlopride[45]. It has been repeatedly 
demonstrated that agents that inhibit secretin-stimulated 
bile flow also exhibit growth-suppressive actions on cho
langiocytes[22,46-48]. This further supports a tentative role 
for D2 dopamine receptor activation in the suppression 
of  cholangiocyte proliferation after BDL.

The mechanism by which quinelorane inhibits secre­
tin-induced ductal secretion and, by extension, cholan­
giocyte growth, is similar to that observed after serotonin 
receptor activation. That is, quinelorane activates the 
Ca2+-dependent Protein kinase C (PKC)-γ but not any 
other PKC isoform. Once again, blocking PKC-γ acti­
vity effectively inhibits the effects of  D2 dopamine re­
ceptor activation on ductal secretion[45]. This pathway is 
summarized in Figure 2.

Information regarding the ability of  cholangiocytes 
to synthesize and secrete dopamine is lacking, so it is not 
possible to say whether these dopamine-induced effects 
on cholangiocytes are through an autocrine mechanism 
and/or are a direct result of  dopaminergic innervation 
of  the liver. 

Dopamine control of neoplastic growth in the biliary 
epithelium
Similar to serotonin, several opposing effects of  dopa­
mine on tumor growth have been reported. There is 
an increase in the circulating level of  dopamine in lung 
tumors, which seems to play a protective role by inhibiting 
cytotoxic t-cell proliferation, thereby preventing their 
ability to mount an adequate attack on the tumor cells[49,50]. 
Furthermore, dopamine secretion is increased in some 
cases of  the rare malignancy pheochromocytoma[51,52] and 

in carcinoid tumors[53], although the consequences of  this 
secretion on tumor growth or progression are unclear. 
However, agents such as dexamethasone that increase 
pheochromocytoma dopamine content also increase cell 
proliferation[54], suggesting that there may be a causal link 
between increased dopamine content and cell proliferation 
in these tumor cells. Conversely, in malignant colon 
tissue[55] and gastric cancer tissue[56] where dopamine levels 
are depleted, dopamine treatment slows tumor growth, 
presumably by decreasing the expression of  vascular 
epithelial growth factor and subsequent angiogenesis[56,57]. 
In addition, modulation of  dopamine receptors is being 
proposed as a possible treatment for pituitary tumors 
due to the suppressive effects of  dopamine on prolactin 
secretion[58]. It may also have a role in the treatment of  
neuroblastoma cells, where D1DR agonists have a toxic 
effect on cell proliferation, which appears to be neuronal 
specific. 

We have recently shown that dopamine, similar to 
serotonin, is overproduced in cholangiocarcinoma and 
can be detected in both the supernatant from cholang­
iocarcinoma cell lines and in the bile from cholangio­
carcinoma patients[59]. The two enzymes responsible 
for dopamine synthesis, tyrosine hydroxylase and dopa 
decarboxylase are both overexpressed in cholangioc­
arcinoma cell lines and in cholangiocarcinoma tumor 
tissue[59]. Once again, the increased dopamine production 
increased cell proliferation and tumor growth, and inhi­
biting dopamine synthesis by using specific inhibitors of  
dopa decarboxylase suppresses tumor growth in vitro and 
in vivo[59].

As is the case with serotonin, the explanation of  why 
dopamine has growth-inhibitory actions in cholangiocytes 
but has growth-promoting effects in cholangiocarcinoma 
is unclear and is the topic of  ongoing research in our 
laboratory.

CONCLUSIONS AND FUTURE 
DIRECTIONS
Biogenic amines such as serotonin and dopamine re­
gulate a plethora of  biological responses. We, and others, 
have strived to dissect the precise effects of  these im­
portant biological molecules on cholangiocyte growth 
and physiology as well as on the malignant growth 
and progression of  cholangiocarcinoma. Specifically, 
we suggest that both serotonin and dopamine have a 
buffering role in limiting the cholangiocyte hyperplastic 
proliferation seen after bile duct ligation. Conversely, 
somewhere during the course of  the malignant trans­
formation of  cholangiocytes, serotonin and dopamine 
effects become growth promoting rather than growth 
suppressive and may contribute to tumor growth and 
the progression of  cholangiocarcinoma. Studies have 
highlighted the potential importance of  these molecules 
and their receptors in the pathological processes asso­
ciated with chronic cholestatic liver diseases and cholan­
giocarcinoma. Further research into the molecular events 
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induced decrease in ductal secretion. Activation of D2DR results in an 
increase in IP3/Ca2+/PKC pathway, which in turn decreases the ductal secretion.



associated with the actions of  the various biogenic 
amines on hyperplastic and neoplastic cholangiocyte 
proliferation is ongoing in our laboratory. Regulation 
of  cholangiocyte growth and cell death by therapeutic 
agents aimed at activating or blocking these receptor 
systems may prove beneficial in the treatment of  various 
cholangiopathies such as primary biliary cirrhosis and 
sclerosing cholangitis, as well as for blocking or slowing 
the progression of  cholangiocarcinoma.

REFERENCES
1	 Alpini G, McGill JM, Larusso NF. The pathobiology of 

biliary epithelia. Hepatology 2002; 35: 1256-1268
2	 Desmet VJ. Vanishing bile duct disorders. Prog Liver Dis 

1992; 10: 89-121
3	 Demorrow S, Francis H, Alpini G. Biogenic amine actions 

on cholangiocyte function. Exp Biol Med (Maywood) 2007; 
232: 1005-1013

4	 Tinmouth J, Lee M, Wanless IR, Tsui FW, Inman R, Hea
thcote EJ. Apoptosis of biliary epithelial cells in primary 
biliary cirrhosis and primary sclerosing cholangitis. Liver 
2002; 22: 228-234

5	 Singewald N, Philippu A. Involvement of biogenic amines 
and amino acids in the central regulation of cardiovascular 
homeostasis. Trends Pharmacol Sci 1996; 17: 356-363

6	 Toninello A, Salvi M, Pietrangeli P, Mondovì B. Biogenic 
amines and apoptosis: minireview article. Amino Acids 2004; 
26: 339-343

7	 Zeisberger E. Biogenic amines and thermoregulatory chan
ges. Prog Brain Res 1998; 115: 159-176

8	 Medina MA, Urdiales JL, Rodríguez-Caso C, Ramírez 
FJ, Sánchez-Jiménez F. Biogenic amines and polyamines: 
similar biochemistry for different physiological missions 
and biomedical applications. Crit Rev Biochem Mol Biol 2003; 
38: 23-59

9	 Diksic M, Young SN. Study of the brain serotonergic system 
with labeled alpha-methyl-L-tryptophan. J Neurochem 2001; 
78: 1185-1200

10	 Costedio MM, Hyman N, Mawe GM. Serotonin and its role 
in colonic function and in gastrointestinal disorders. Dis 
Colon Rectum 2007; 50: 376-388

11	 Kroeze WK, Kristiansen K, Roth BL. Molecular biology of 
serotonin receptors structure and function at the molecular 
level. Curr Top Med Chem 2002; 2: 507-528

12	 Martel F. Recent advances on the importance of the sero
tonin transporter SERT in the rat intestine. Pharmacol Res 
2006; 54: 73-76

13	 Shih JC. Cloning, after cloning, knock-out mice, and phy
siological functions of MAO A and B. Neurotoxicology 2004; 
25: 21-30

14	 Ekstedt B. Substrate specificity of monoamine oxidase in 
pig liver mitochondria. Med Biol 1979; 57: 220-223

15	 el-Salhy M, Stenling R, Grimelius L. Peptidergic innervation 
and endocrine cells in the human liver. Scand J Gastroenterol 
1993; 28: 809-815

16	 Stoyanova II. Relevance of mast cells and hepatic lobule 
innervation to liver injury. Rom J Gastroenterol 2004; 13: 
203-209

17	 Ruddell RG, Mann DA, Ramm GA. The function of sero
tonin within the liver. J Hepatol 2008; 48: 666-675

18	 Papadimas GK, Tzirogiannis KN, Panoutsopoulos GI, 
Demonakou MD, Skaltsas SD, Hereti RI, Papadopoulou-
Daifoti Z, Mykoniatis MG. Effect of serotonin receptor 2 
blockage on liver regeneration after partial hepatectomy in 
the rat liver. Liver Int 2006; 26: 352-361

19	 Lesurtel M, Graf R, Aleil B, Walther DJ, Tian Y, Jochum W, 
Gachet C, Bader M, Clavien PA. Platelet-derived serotonin 
mediates liver regeneration. Science 2006; 312: 104-107

20	 Jones EA, Bergasa NV. The pathogenesis and treatment of 
pruritus and fatigue in patients with PBC. Eur J Gastroenterol 
Hepatol 1999; 11: 623-631

21	 Swain MG, Maric M. Improvement in cholestasis-associated 
fatigue with a serotonin receptor agonist using a novel rat 
model of fatigue assessment. Hepatology 1997; 25: 291-294

22	 Marzioni M, Glaser S, Francis H, Marucci L, Benedetti A, 
Alvaro D, Taffetani S, Ueno Y, Roskams T, Phinizy JL, Venter J, 
Fava G, Lesage GD, Alpini G. Autocrine/paracrine regulation 
of the growth of the biliary tree by the neuroendocrine 
hormone serotonin. Gastroenterology 2005; 128: 121-137

23	 Benbow SJ, Gill G. Paroxetine and hepatotoxicity. BMJ 
1997; 314: 1387

24	 Cosme A, Barrio J, Lobo C, Gil I, Castiella A, Arenas JI. 
Acute cholestasis by fluoxetine. Am J Gastroenterol 1996; 91: 
2449-2450

25	 Milkiewicz P, Chilton AP, Hubscher SG, Elias E. Antide
pressant induced cholestasis: hepatocellular redistribution of 
multidrug resistant protein (MRP2). Gut 2003; 52: 300-303

26	 Vicaut E, Laemmel E, Stücker O. Impact of serotonin on 
tumour growth. Ann Med 2000; 32: 187-194

27	 Nocito A, Georgiev P, Dahm F, Jochum W, Bader M, Graf 
R, Clavien PA. Platelets and platelet-derived serotonin pro
mote tissue repair after normothermic hepatic ischemia in 
mice. Hepatology 2007; 45: 369-376

28	 Yang M, Li K, Ng PC, Chuen CK, Lau TK, Cheng YS, Liu 
YS, Li CK, Yuen PM, James AE, Lee SM, Fok TF. Promoting 
effects of serotonin on hematopoiesis: ex vivo expansion of 
cord blood CD34+ stem/progenitor cells, proliferation of 
bone marrow stromal cells, and antiapoptosis. Stem Cells 
2007; 25: 1800-1806

29	 Vicentini LM, Cattaneo MG, Fesce R. Evidence for receptor 
subtype cross-talk in the mitogenic action of serotonin on 
human small-cell lung carcinoma cells. Eur J Pharmacol 1996; 
318: 497-504

30	 Siddiqui EJ, Shabbir M, Mikhailidis DP, Thompson CS, 
Mumtaz FH. The role of serotonin (5-hydroxytryptamine1A 
and 1B) receptors in prostate cancer cell proliferation. J Urol 
2006; 176: 1648-1653

31	 Sonier B, Arseneault M, Lavigne C, Ouellette RJ, Vaillan
court C. The 5-HT2A serotoninergic receptor is expressed 
in the MCF-7 human breast cancer cell line and reveals a 
mitogenic effect of serotonin. Biochem Biophys Res Commun 
2006; 343: 1053-1059

32	 Huhnt W, Lübbe AS. Venules and arterioles in xenotran
splanted human colon adenocarcinoma critically constrict 
with hyperthermia and serotonin. J Cancer Res Clin Oncol 
1995; 121: 267-274

33	 Huhnt W, Lübbe AS. Growth, microvessel density and tumor 
cell invasion of human colon adenocarcinoma under repeated 
treatment with hyperthermia and serotonin. J Cancer Res Clin 
Oncol 1995; 121: 423-428

34	 Stücker O, Vicaut E, Teisseire B. Specific esponse to 5-HT2 
agonists by arterioles linked to Meth A tumors in mice. Am 
J Physiol 1992; 262: H704-H709

35	 di Sant'Agnese PA. Neuroendocrine cells of the prostate 
and neuroendocrine differentiation in prostatic carcinoma: a 
review of morphologic aspects. Urology 1998; 51: 121-124

36	 Lertprasertsuke N, Tsutsumi Y. Neuroendocrine carcinoma 
of the urinary bladder: case report and review of the litera
ture. Jpn J Clin Oncol 1991; 21: 203-210

37	 Memon MA, Nelson H. Gastrointestinal carcinoid tumors: 
current management strategies. Dis Colon Rectum 1997; 40: 
1101-1118

38	 Alpini G, Invernizzi P, Gaudio E, Venter J, Kopriva S, 
Bernuzzi F, Onori P, Franchitto A, Coufal M, Frampton G, 
Alvaro D, Lee SP, Marzioni M, Benedetti A, DeMorrow S. 
Serotonin metabolism is dysregulated in cholangiocarcinoma, 
which has implications for tumor growth. Cancer Res 2008; 68: 
9184-9193

67 June 15, 2010|Volume 1|Issue 2|WJGP|www.wjgnet.com

Frampton GA et al . Cholangiocyte proliferation is regulated by biogenic amines



39	 Callier S, Snapyan M, Le Crom S, Prou D, Vincent JD, 
Vernier P. Evolution and cell biology of dopamine receptors 
in vertebrates. Biol Cell 2003; 95: 489-502

40	 Shih JC, Chen K, Ridd MJ. Role of MAO A and B in neuro
transmitter metabolism and behavior. Pol J Pharmacol 1999; 
51: 25-29

41	 Enjalbert A. Multiple transduction mechanisms of dopamine, 
somatostatin and angiotensin II receptors in anterior pituitary 
cells. Horm Res 1989; 31: 6-12

42	 Carvey PM, Punati A, Newman MB. Progressive dopamine 
neuron loss in Parkinson's disease: the multiple hit 
hypothesis. Cell Transplant 2006; 15: 239-250

43	 Willner P. The dopamine hypothesis of schizophrenia: 
current status, future prospects. Int Clin Psychopharmacol 
1997; 12: 297-308

44	 Bressan RA, Crippa JA. The role of dopamine in reward 
and pleasure behaviour--review of data from preclinical 
research. Acta Psychiatr Scand Suppl 2005; 14-21

45	 Glaser S, Alvaro D, Roskams T, Phinizy JL, Stoica G, Francis 
H, Ueno Y, Barbaro B, Marzioni M, Mauldin J, Rashid S, 
Mancino MG, LeSage G, Alpini G. Dopaminergic inhibition 
of secretin-stimulated choleresis by increased PKC-gamma 
expression and decrease of PKA activity. Am J Physiol 
Gastrointest Liver Physiol 2003; 284: G683-G694

46	 Glaser S, Benedetti A, Marucci L, Alvaro D, Baiocchi L, 
Kanno N, Caligiuri A, Phinizy JL, Chowdury U, Papa E, 
LeSage G, Alpini G. Gastrin inhibits cholangiocyte growth in 
bile duct-ligated rats by interaction with cholecystokinin-B/
Gastrin receptors via D-myo-inositol 1,4,5-triphosphate-, 
Ca(2+)-, and protein kinase C alpha-dependent mechanisms. 
Hepatology 2000; 32: 17-25

47	 Glaser SS, Rodgers RE, Phinizy JL, Robertson WE, Lasater J, 
Caligiuri A, Tretjak Z, LeSage GD, Alpini G. Gastrin inhibits 
secretin-induced ductal secretion by interaction with speci
fic receptors on rat cholangiocytes. Am J Physiol 1997; 273: 
G1061-G1070

48	 Francis H, Glaser S, Ueno Y, Lesage G, Marucci L, Benedetti 
A, Taffetani S, Marzioni M, Alvaro D, Venter J, Reichenbach 
R, Fava G, Phinizy JL, Alpini G. cAMP stimulates the 
secretory and proliferative capacity of the rat intrahepatic 
biliary epithelium through changes in the PKA/Src/MEK/
ERK1/2 pathway. J Hepatol 2004; 41: 528-537

49	 Saha B, Mondal AC, Basu S, Dasgupta PS. Circulating 

dopamine level, in lung carcinoma patients, inhibits prolife
ration and cytotoxicity of CD4+ and CD8+ T cells by D1 
dopamine receptors: an in vitro analysis. Int Immunopharmacol 
2001; 1: 1363-1374

50	 Saha B, Mondal AC, Majumder J, Basu S, Dasgupta PS. Phy
siological concentrations of dopamine inhibit the proliferation 
and cytotoxicity of human CD4+ and CD8+ T cells in vitro: a 
receptor-mediated mechanism. Neuroimmunomodulation 2001; 
9: 23-33

51	 Awada SH, Grisham A, Woods SE. Large dopamine-
secreting pheochromocytoma: case report. South Med J 2003; 
96: 914-917

52	 Yasunari K, Kohno M, Minami M, Kano H, Ohhira M, 
Nakamura K, Yoshikawa J. A dopamine-secreting pheochro
mocytoma. J Cardiovasc Pharmacol 2000; 36 Suppl 2: S75-S77

53	 Kema IP, de Vries EG, Slooff MJ, Biesma B, Muskiet FA. 
Serotonin, catecholamines, histamine, and their metabolites 
in urine, platelets, and tumor tissue of patients with carci
noid tumors. Clin Chem 1994; 40: 86-95

54	 Yang TT, Tsao CW, Li JS, Wu HT, Hsu CT, Cheng JT. 
Changes of dopamine content and cell proliferation by 
dexamethsone via pituitary adenylate cyclase-activating 
polypeptide in PC12 cell. Neurosci Lett 2007; 426: 45-48

55	 Basu S , Dasgupta PS. Decreased dopamine receptor 
expression and its second-messenger cAMP in malignant 
human colon tissue. Dig Dis Sci 1999; 44: 916-921

56	 Chakroborty D, Sarkar C, Mitra RB, Banerjee S, Dasgupta 
PS, Basu S. Depleted dopamine in gastric cancer tissues: 
dopamine treatment retards growth of gastric cancer by 
inhibiting angiogenesis. Clin Cancer Res 2004; 10: 4349-4356

57	 Sarkar C, Chakroborty D, Mitra RB, Banerjee S, Dasgupta 
PS, Basu S. Dopamine in vivo inhibits VEGF-induced pho
sphorylation of VEGFR-2, MAPK, and focal adhesion kinase 
in endothelial cells. Am J Physiol Heart Circ Physiol 2004; 287: 
H1554-H1560

58	 Ivan G, Szigeti-Csucs N, Olah M, Nagy GM, Goth MI. 
Treatment of pituitary tumors: dopamine agonists. Endocrine 
2005; 28: 101-110

59	 Coufal M, Invernizzi P, Gaudio E, Bernuzzi F, Frampton 
GA, Onori P, Franchitto A, Carpino G, Ramirez JC, Alvaro D, 
Marzioni M, Battisti G, Benedetti A, DeMorrow S. Increased 
local dopamine secretion has growth-promoting effects in 
cholangiocarcinoma. Int J Cancer 2010; 126: 2112-2122

S- Editor  Zhang HN    L- Editor  Hughes D    E- Editor  Liu N

68 June 15, 2010|Volume 1|Issue 2|WJGP|www.wjgnet.com

Frampton GA et al . Cholangiocyte proliferation is regulated by biogenic amines


