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Cholangiopathies, such as primary biliary cirrhosis and primary

sclerosis cholangitis, are characterized at the end stage by

ductopenia due to increased cholangiocyte apoptosis and

decreased cholangiocyte proliferation. Although cholangiocyte

proliferation is associated with an increased number of intra-

hepatic bile ducts and secretin-stimulated ductal secretion,

ductopenia is coupled with decreased ductal mass and secretin-

induced ductal secretory activity. We have shown that a single

injection of actinomycin D 1 tumor necrosis factor-a (TNF-a) to

bile duct–ligated (BDL) rats induces cholangiocyte injury, which

is characterized by loss of cholangiocyte proliferation, and

secretory activity and by an increase in cholangiocyte apopto-

sis. We also have shown that taurocholic acid both in vivo and in

vitro stimulates cholangiocyte proliferation. We hypothesize

that taurocholic acid feeding protects cholangiocytes against

TNF-a–induced apoptosis through a phosphatidylinositol-3-

kinase (PI3K)–dependent pathway. Immediately after BDL, rats

were fed taurocholic acid or control diet in the absence/

presence of daily injections of wortmannin for 1 week. Seven

days later, control-fed or taurocholic acid–fed rats were treated

with a single intraperitoneal injection of actinomycin D 1 TNF-a.

Twenty-four hours later we evaluated: (i) cholangiocyte apopto-

sis and proliferation in liver sections and (ii) basal and secretin-

stimulated bile and bicarbonate secretion in bile fistula rats.

Taurocholic acid feeding prevented TNF-a–induced increases in

cholangiocyte apoptosis and decreases in growth and secretin-

stimulated bile and bicarbonate secretion, changes that were

blocked by PI3K inhibition. The PI3K survival pathway is

important in bile acid protection against immune-mediated

cholangiocyte injury in cholestatic liver diseases. Exp Biol Med

232:942–949, 2007
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Introduction

Bile is first secreted at the bile canaliculus of

hepatocytes (1), and before it reaches the small intestine

it is modified by cholangiocytes through a series of

reabsorptive and secretory events that are modulated by

several factors, including gastrointestinal hormones (e.g.,

secretin, somatostatin, and gastrin), neurotransmitters, and

bile salts (2–8). Secretin is of particular importance,

because its effects on bile secretion (4, 7, 9) and the

expression of its receptor (present only in cholangiocytes

in the rat liver; Ref. 10) is altered based on changes in
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cholangiocyte proliferation and bile duct mass observed in

cholestatic liver diseases (3, 4, 10–12). For instance, in

pathologic conditions associated with enhanced cholangio-

cyte proliferation (e.g., following bile duct ligation [BDL],

partial hepatectomy or chronic bile acid feeding; Refs. 3, 4,

11) there is enhanced secretin receptor gene expression and

increased secretin-stimulated ductal secretion (3, 4, 10, 11,

13). Conversely, reduced cholangiocyte growth (associated

with bile duct damage, for example, after acute carbon

tetrachloride [CCl4] administration) is coupled with

reduced secretin receptor expression and decreased secre-

tin-stimulated, bicarbonate-rich choleresis (12). The stim-

ulatory effect of secretin on ductal secretion is mediated by

its interaction with basolateral receptors and an increase in

intracellular cAMP levels (13, 14). Increased cAMP levels

(13, 14) leads to opening of the Cl� channel, cystic fibrosis

transmembrane regulator (15), and activation of the Cl�/

HCO3
� exchanger (16), with subsequent secretion of

bicarbonate into bile (4).

Impaired bile secretion (during cholestasis) is due to

functional damage of either hepatocytes or cholangiocytes

(9, 17). Chronic cholestasis is a characteristic of several

chronic liver diseases, including biliary strictures (18),

primary sclerosing cholangitis (PSC; Ref. 19), and chol-

angiocarcinoma (20). Studies have demonstrated the role of

impaired canalicular membrane transport function as well as

the effects of impaired bile flow and bile salt accumulation

on hepatocyte damage (21–24). Although there is growing

information on the role of cholangiocytes in the develop-

ment of cholestasis (12, 25, 26), the mechanisms of

cholangiocyte injury during chronic cholestasis remain

unclear.

Tumor necrosis factor-a (TNF-a) regulates epithelial

cell injury as well as immune-mediated cholangiocyte

damage (27). Immune-mediated cholangiocyte injury has

been suggested to play a role in the pathogenesis of

cholangiopathies, including primary biliary cirrhosis

(PBC) and PSC (9, 28). Furthermore, systemic levels of

TNF-a are enhanced following biliary obstruction in mice

(29). In vitro studies have shown that TNF-a, in

combination with interleukin-1 (IL-1), IL-6, and interfer-

on-c, inhibits cAMP-dependent ductal secretion (30).

Although we have shown (26) that TNF-a, when

administered in combination with actinomycin D, induces

cholangiocyte damage and loss of ductal secretion in BDL

rats, information on the role of TNF-a and death receptors

in the modulation of cholangiocyte function during chronic

cholestasis is limited.

Bile acids regulate the apoptotic, proliferative, and

secretory activities of the intrahepatic biliary epithelium (2,

3, 9, 31–34) by entering cholangiocytes by a specific

transporter, the Naþ-dependent apical bile acid transporter,

ASBT (35). Studies have shown that bile acids (taurocholic

acid and ursodeoxycholic acid) protect intrahepatic bile

ducts against injury induced by parasympathetic (32, 34) or

sympathetic (36) denervation or CCl4 administration (33) by

a phosphatidylinositol-3-kinase (PI3K)–dependent pathway

(37), a major determinant of cell growth and survival (33,

34). No information exists regarding either (i) the protective

effect of taurocholic acid against TNF-a–induced changes in

cholangiocyte apoptosis and proliferation and secretin-

stimulated ductal secretion, and (ii) role of the PI3K system

in taurocholic acid prevention of TNF-a–induced changes in

cholangiocyte functions. Thus, we posed the following

questions: (i) Does taurocholic acid feeding protect the

intrahepatic biliary epithelium from the damage induced by

the administration of actinomycin þ TNF-a administration

to BDL rats (26)? and (ii) Is taurocholic acid prevention of

TNF-a–induced changes in cholangiocyte apoptosis and

proliferation blocked by the in vivo administration of the

PI3K inhibitor, wortmannin (34)?

Materials and Methods

Materials. Reagents were purchased from Sigma

Chemical (St. Louis, MO) unless otherwise indicated. Rat

chow (containing AIN 76, control diet, or 1% taurocholic

acid in AIN 76) was prepared by Dyets Inc. (Bethlehem,

PA). Porcine secretin was purchased from Peninsula

Laboratories (Belmont, CA). The monoclonal mouse anti-

body against proliferating cellular nuclear antigen (PCNA)

was purchased from DAKO (Kyoto, Japan). The mouse

anti–cytokeratin-19 (anti–CK-19) antibody was purchased

from Amersham (Arlington Heights, IL). Recombinant

TNF-a was purchased from R&D Systems (Minneapolis,

MN).

Animal Models. Male Fisher 344 rats (175–200 g)

were purchased from Charles River (Wilmington, MA),

maintained in a temperature-controlled environment (208C–

228C) with a 12:12-hr light:dark cycle, and fed ad libitum
standard rat chow. Rats had free access to drinking water.

The studies were performed in two models. The first

included BDL (for liver block collection) or bile duct–

incannulated (BDI, for bile collection) rats that, immediately

after BDL (4) or BDI (4), were fed control diet (AIN 76) for

1 week, followed by a single intraperitoneal injection of

0.9% NaCl or actinomycin D (100 lg/kg body wt)þTNF-a
(50 ng/kg body wt; Ref. 26). Twenty-four hours later, the

animals were sacrificed for the selected experiments. The

second model included BDL or BDI rats that, immediately

after BDL or BDI (4), were fed 1% taurocholic acid (which

represents an approximate dose of 275 lmol/day; Ref. 3) for

1 week in the presence of daily injections of 0.9% NaCl or

wortmannin (0.7 mg/kg body wt; Ref. 34) dissolved in

dimethyl sulfoxide (DMSO), followed by a single intra-

peritoneal injection of actinomycin D (100 lg/kg body wt)

þ TNF-a (50 ng/kg body wt; Ref. 26). Twenty-four hours

later, the animals were sacrificed for the selected experi-

ments. BDL and BDI were performed as described (4). The

groups of animals used in the study are summarized in Table

1. Since we have previously shown that daily injections of

DMSO or wortmannin to BDL rats do not affect
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cholangiocyte survival, proliferation, and functional activity

(36, 38), and that taurocholic acid feeding to BDL rats does

not alter cholangiocyte apoptosis and increase cholangiocyte

growth (32), these groups of animals were not included in

the study. Before each experimental procedure, the animals

were anesthetized intraperitoneally with pentobarbital

sodium (50 mg/kg body wt) according to the regulations

of the panel on euthanasia of the American Veterinarian

Medical Association.

Measurement of Cholangiocyte Apoptosis, Pro-
liferation, and Secretion. We performed studies to

evaluate whether: (i) in vivo administration of actinomycin

DþTNF-a to BDL rats induces damage of intrahepatic bile

ducts, leading to enhanced apoptosis and loss of prolifer-

ative and secretory activity of cholangiocytes; (ii) tauro-

cholic acid feeding prevents actinomycin D þ TNF-a–

induced duct damage and loss of cholangiocyte proliferation

and secretion (26); and (iii) consistent with the concept that

PI3K plays a role in taurocholic acid prevention of

actinomycin D þ TNF-a duct damage, chronic daily

intraperitoneal injections of wortmannin block taurocholic

acid prevention of actinomycin D þ TNF-a–induced

changes in cholangiocyte apoptosis, proliferation, and

secretion.

Cholangiocyte apoptosis was evaluated by TUNEL

analysis in liver sections using a commercially available kit

(Wako Chemicals, Tokyo, Japan). Following counterstain-

ing with hematoxylin solution, sections (4 lm thick; three

slides evaluated per group of animals) were examined by

light microscopy with an Olympus BX-40 (Melville, NY)

microscope equipped with a CCD camera. Approximately

200 cells per slide were counted in a coded fashion in seven

nonoverlapping fields.

Cholangiocyte proliferation was measured by quantita-

tive evaluation of the number of PCNA- and CK-19–

positive cholangiocytes in liver sections (5 lm thick; three

slides evaluated per group of animals) from the selected

group of animals. Immunohistochemistry for PCNA or CK-

19 was performed in paraffin-embedded sections (5 lm;

three slides analyzed for each group) as described (11, 25).

Sections were counterstained with hematoxylin and exam-

ined with a microscope (U-PMTVC; Olympus Optical Co.,

Tokyo, Japan). More than 100 cholangiocytes were counted

in a random, blinded fashion in three different fields for each

group of animals. Data were expressed as number of PCNA-

or CK-19–positive cholangiocytes per 100 cholangiocytes.

Following anesthesia with sodium pentobarbital, the

selected rats were surgically prepared for bile collection as

described (4). When steady-state bile flow was reached (60–

70 mins from the infusion of Krebs Ringer Henseleit

[KRH]), the selected animal was infused with secretin (100

nM) for 30 mins and a final infusion of KRH for 30 mins.

Bile was collected every 10 mins in preweighed tubes and

immediately stored at �708C before determination of

bicarbonate concentration. Bicarbonate concentration

(measured as total CO2) in the selected bile samples was

determined by an ABL 520 Blood Gas System (Radiometer

Medical A/S, Copenhagen, Denmark).

Statistical Analysis. All data are expressed as mean

6 SEM. Differences between groups were analyzed by the

Student’s unpaired t test when two groups were analyzed

and analysis of variance (ANOVA) when more than two

groups were analyzed.

Results

Measurement of Cholangiocyte Apoptosis, Pro-
liferation, and Secretion. In agreement with previous

studies (26), a single injection of actinomycin DþTNF-a to

1-week BDL rats significantly increased the number of

apoptotic cholangiocytes compared with liver sections from

BDL rats treated with a single injection of NaCl (Fig. 1).

Taurocholic acid feeding partially prevented the actino-

mycin D þ TNF-a–induced increase in cholangiocyte

apoptosis (Fig. 1). Consistent with the concept that the

PI3K system plays a role in taurocholic acid protective

effects on bile duct injury, wortmannin intraperitoneal

Table 1. Animal Modelsa

Treatment Surgery Treatment

BDL þ BA control feeding þ NaCl BDL or BDI Immediately after surgery, rats were fed BA control diet for 1
week. After 1 week, rats were treated with a single injec-
tion of NaCl. After injection, rats were used 24 hrs later

BDL þ BA control feeding þ AT BDL or BDI Immediately after surgery, rats were fed BA control diet for 1
week. After 1 week, rats were treated with a single injec-
tion of AT. After injection, rats were used 24 hrs later

BDL þ TC feeding þ AT BDL or BDI Immediately after surgery, rats were fed TC for 1 week. After
1 week, rats were treated with a single injection of AT.
After injection, rats were used 24 hrs later

BDL þ TC feeding þ wortmannin þ AT BDL or BDI Immediately after surgery, rats were fed TC for 1 week and
simultaneously treated by intraperitoneal injections of wort-
mannin. After 1 week, rats were treated with a single injec-
tion of AT After injection, rats were used 24 hrs later

a BA, bile acid; AT, actinomycin Dþ TNF-a; TC, taurocholic acid.
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injections blocked taurocholic acid prevention of actino-

mycin D þ TNF-a–induced increase in cholangiocyte

apoptosis (Fig. 1). A single injection of actinomycin D þ
TNF-a decreased the number of PCNA- and CK-19–

positive cholangiocytes compared with liver sections from

BDL rats treated with a single injection of NaCl (Figs. 2 and

3). Taurocholic acid prevention of actinomycin Dþ TNF-a
changes in cholangiocyte proliferation was blocked by

wortmannin (Figs. 2 and 3).

Basal and secretin-stimulated bile flow, bicarbonate

concentration, and secretion of BDI rats treated with a single

injection of NaCl were similar to those of previous studies

(Table 2; Refs. 4, 26). In agreement with our previous

findings (26), in BDI rats treated with a single injection of

actinomycin Dþ TNF-a, secretin did not increase bile flow

and bicarbonate concentration and secretion compared with

BDI rats treated with a single injection of NaCl (Table 2).

Taurocholic acid feeding to BDI rats (treated with a single

injection of actinomycin D þ TNF-a) prevented TNF-a
inhibition of secretin-stimulated bicarbonate-rich choleresis,

which was similar to that of BDI rats treated with NaCl

(Table 2). Consistent with the concept that the PI3K system

regulates bile acid effects on cholangiocyte functions,

chronic administration of wortmannin to taurocholic acid–

Figure 1. Measurement of cholangiocyte apoptosis by TUNEL
analysis in liver sections from the selected group of animals. A
single injection of actinomycin D þ TNF-a to BDL rats significantly
increased the number of apoptotic cholangiocytes compared with
liver sections from BDL rats treated with a single injection of NaCl.
Taurocholic acid feeding prevented actinomycin Dþ TNF-a–induced
increase in cholangiocyte apoptosis. Wortmannin blocked taurocholic
acid prevention of actinomycin D þ TNF-a–induced increase in
cholangiocyte apoptosis. Data are mean 6 SEM of seven cumulative
values from 10 randomly selected portal areas. *P , 0.05 versus
cholangiocyte apoptosis from BDL rats treated with a single injection
of NaCl. #P , 0.05 versus cholangiocyte apoptosis from: (i) 1-week
BDL rats treated with a single injection of actinomycin DþTNF-a and
(ii) rats that immediately after BDL were fed taurocholic acid for 1
week and simultaneously treated by intraperitoneal injections of
wortmannin before being treated with a single injection of actino-
mycin D þ TNF-a.
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fed BDI rats (treated with a single injection of actinomycin

DþTNF-a) blocked the protective effect of taurocholic acid

on secretin-stimulated, bicarbonate-rich choleresis (Table

2). In this group of animals, secretin did not increase bile

flow and bicarbonate concentration and secretion (Table 2).

Discussion

The findings of this study relate to the protective role of

taurocholic acid feeding versus TNF-a–induced changes in

cholangiocyte apoptosis and proliferation and secretin-

stimulated ductal secretion. We have shown that taurocholic

acid feeding prevented TNF-a–induced increases in chol-

angiocyte apoptosis and decreases in biliary growth and

secretin-stimulated ductal secretion, changes that were

blocked by the simultaneous administration of the PI3K

inhibitor, wortmannin (34).

Although cholangiopathies have different etiologies,

they are characterized by chronic damage of different

portions of the biliary tree, with consequent dysregulation of

the balance between survival and death of cholangiocytes

(9, 28, 39), a pathologic condition leading to vanishing of

bile ducts and liver failure (9, 28, 39). This sequence of

pathologic events seems to be paced by the progressive loss

of bile ducts to adequately provide a compensatory

proliferative response to chronic liver injury (28). Unfortu-

nately, the knowledge of the factors modulating cholangio-

cyte proliferative response to liver injury is limited. Our

study demonstrates that the balance between apoptosis and

proliferation of cholangiocytes and their functional activity

in the course of cholestasis (following extrahepatic bile duct

obstruction) are likely modulated by the PI3K system

(sensitivity to wortmannin) by the cooperative action of bile

acids and TNF-a.

Studies suggest that TNF-a (a key mediator in inducing

and processing inflammatory events; Refs. 40, 41) may play

a role in the development of immune-mediated liver

diseases (27). For example, during intrahepatic cholestasis

there is enhanced formation of basal and endotoxin-induced

TNF-a, which has been linked with the severity of liver

damage (41). In experimental models of cholestasis (41) as

well as in patients with PBC (42), there is increased

expression of TNF-a and related receptors in cholangiocytes

(41, 42). Moreover, TNF-a (when administered in combi-

nation with actinomycin D) induces cholangiocyte damage,

decreased cholangiocyte proliferation, and loss of ductal

secretion in BDL rats (26). Although oral bile acid

replacement inhibits endotoxin-induced TNF-a production

in cholestatic rats (41), no information exists regarding the

coordinated role of bile acids and TNF-a in the regulation of

cholangiocyte functions.

We first evaluated the effect of taurocholic acid feeding

on TNF-a–induced changes in cholangiocyte functions and

Figure 2 Measurement of PCNA-positive cholangiocytes in liver sections from the selected group of animals. A single injection of actinomycin D
þ TNF-a decreased the number of PCNA-positive cholangiocytes compared with liver sections from BDL rats treated with a single injection of
NaCl. Taurocholic acid prevention of actinomycin D þ TNF-a decrease in cholangiocyte proliferation was blocked by wortmannin. *P , 0.05
versus cholangiocyte apoptosis from BDL rats treated with a single injection of NaCl. Data are mean 6 SEM of seven cumulative values from 10
randomly selected portal areas. #P , 0.05 versus cholangiocyte apoptosis from: (i) BDL rats treated with a single injection of actinomycin Dþ
TNF-a and (ii) rats that immediately after BDL were fed taurocholic acid for 1 week and simultaneously treated by intraperitoneal injections of
wortmannin before being treated with a single injection of actinomycin D þ TNF-a. Bar ¼ 100 lm.
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showed that taurocholic acid feeding prevents both the

increase in cholangiocyte apoptosis and the decrease in

cholangiocyte growth and secretin-stimulated, bicarbonate-

rich choleresis induced by TNF-a. Our data support the

concept that bile acids modulate the balance between

cholangiocyte damage and proliferation. In support of this

notion, although some bile acids (e.g., chenodeoxycholic

and deoxycholic acids) are cytotoxic (27, 43, 44), other bile

salts (e.g., taurochenodeoxycholic, ursodeoxycholic, taur-

oursodeoxycholic, and taurocholic acids) are cytoprotective

in a number of different cells, including cholangiocytes (27,

32–34, 43, 45–48). Taurocholic acid, the most predominant

‘‘tauro-conjugated’’ bile acid in human bile (49), plays a key

role in the regulation of the balance between cholangiocyte

apoptosis and growth (3, 32, 33, 50). In support of this

concept, prolonged bile depletion reduced the endogenous

bile acid pool, cholangiocyte growth, and secretin-stimu-

lated ductal secretion of BDL rats (50). In addition,

taurocholic acid both in vivo and in vitro protects BDL

cholangiocytes from a CCl4-induced increase in apoptosis

and loss of proliferative and secretory activity (33).

We next performed experiments to demonstrate that the

protective effects of taurocholic acid on TNF-a–induced

changes in cholangiocyte apoptosis, proliferation, and

secretin-stimulated ductal secretion occur through a PI3K-

dependent pathway (sensitivity to wortmannin) that plays a

role in the modulation of cell growth and survival (33, 34).

Consistent with this concept, taurocholic acid prevention of

TNF-a effects on cholangiocyte apoptosis, proliferation, and

secretin-stimulated ductal secretion were ablated by wort-

mannin. Our studies are consistent with the concept that

PI3K plays an important role in bile acid modulation of

cholangiocyte functions. The regulatory protein PI3K is

involved in many different signaling pathways and regulates

key functions of a number of cells, including cholangiocytes

(32–34, 50–52). PI3K is considered a key intracellular

factor that is responsible for the regulation of antiapoptotic

signals and modulation of the balance between cell loss/

growth (32–34, 53, 54). Overexpression of PI3K in cells is

accompanied by a marked antiapoptotic effect and a

significant increase in cell survival following radiation

(19, 24). In support of our findings, the hydrophobic bile

salt, taurochenodeoxycholate, activates PI3K-dependent

survival mechanisms in hepatocytes, an effect preventing

the cytotoxicity of this bile acid (43). In addition,

cytoprotection against bile acid–induced apoptosis in rat

hepatocytes is dependent on the PI3K pathway (55, 56).

We have shown recently that both ursodeoxycholic and

taurocholic acids exert similar prosurvival effects on

cholangiocytes (32–34). Specifically, in models where

Figure 3. Measurement of CK-19–positive cholangiocytes in liver sections from the selected group of animals. A single injection of actinomycin
DþTNF-a decreased the number of CK-19–positive cholangiocytes compared with liver sections from BDL rats treated with a single injection of
NaCl. Taurocholic acid prevention of actinomycin D þ TNF-a decrease in the number of CK-19–positive cholangiocytes was blocked by
wortmannin. Data are mean 6 SEM of seven cumulative values from 10 randomly selected portal areas. *P , 0.05 versus cholangiocyte
apoptosis from (i) BDL rats treated with a single injection of NaCl; and (ii) rats that immediately after BDL were fed taurocholic acid for 1 week
and simultaneously treated by intraperitoneal injections of wortmannin before being treated with a single injection of actinomycin DþTNF-a. Bar
¼ 100 lm.
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cholestasis and induction of cholangiocyte death are

simultaneously recreated, the administration of ursodeoxy-

cholic and taurocholic acids prevents cholangiocyte apop-

tosis and maintains bile duct mass and functional activity to

a similar extent. Moreover, we treated tauroursodeoxycholic

acid (TUDCA)–fed BDL rats with a single intraperitoneal

injection of actinomycin DþTNF-a, and we observed1 that,

similar to taurocholic acid, the treatment with TUDCA

resulted in the prevention of the reduction of cholangiocyte

growth and of the increase of cholangiocyte apoptosis.

In summary, our study demonstrates that taurocholic

acid feeding prevents (through a PI3K-dependent pathway)

cholangiocyte loss and the lack of proliferative and

functional response to extrahepatic bile duct obstruction

due to TNF-a. The present studies allow a better under-

standing of the mechanisms by which bile ducts are

damaged and how certain bile acids protect against

immune-mediated cholangiocyte injury in cholestatic liver

diseases, including PBC and PSC (9, 28). Failure of bile

acids to activate specific cytoprotective mechanisms in

cholangiocytes may promote apoptosis and loss of chol-

angiocytes in these diseases.

We would like to thank Meg Chrisler and Glen Cryer, Division of
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