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Abstract

Background Deregulated autophagy followed by cellular

senescence in biliary epithelial cells (BECs) may be closely

related to the abnormal expression of mitochondrial anti-

gens and following autoimmune pathogenesis in primary

biliary cirrhosis (PBC). We examined an involvement of

endoplasmic reticulum (ER) stress in the deregulated

autophagy and cellular senescence in PBC.

Methods We examined the degree of ER stress using

markers; glucose-regulated protein 78 (GRP78) and pro-

tein disulfide isomerases (PDI), autophagy and cellular

senescence in cultured BECs treated with an ER stress

inducer, tunicamycin (TM), glycochenodeoxycholic acid

(GCDC), and palmitic acid (PA), and the effect of pre-

treatment with tauroursodeoxycholic acid (TUDCA). We

examined the expression of PDI and GRP78 in livers

taken from the patients with PBC (n = 43) and 75 control

livers.

Results The expression of ER stress markers was signif-

icantly increased in cultured BECs treated with TM, GCDC

or PA in BECs (p\ 0.05), and pretreatment with TUDCA

significantly suppressed the induced ER stress (p\ 0.05).

Autophagy, deregulated autophagy, and cellular senes-

cence were induced in BECs treated with TM, GCDC, or

PA. Pretreatment with TUDCA further increased autoph-

agy in BECs treated with PA and suppressed cellular

senescence caused by treatments with TM, GCDC, or PA

(p\ 0.05). A granular expression of PDI and GRP78 was

significantly more extensive in small bile ducts in PBC,

compared with control livers (p\ 0.05). The expression of

GRP78 was seen in senescent BECs in PBC.

Conclusions ER stress may play a role in the pathogen-

esis of deregulated autophagy and cellular senescence in

biliary epithelial lesions in PBC.

Keywords Primary biliary cirrhosis � Endoplasmic

reticulum stress � Autophagy � Biliary epithelial cells �
Cellular senescence

Introduction

Primary biliary cirrhosis (PBC) is an organ-specific auto-

immune disease presenting with chronic, progressive

cholestasis and liver failure [1–3]. PBC is characterized by

a high frequency of serum anti-mitochondrial antibodies

(AMAs) and bile duct lesions such as chronic non-sup-

purative destructive cholangitis; CNSDC in small bile

ducts [1, 4]. Recent progress in this field revealed several

susceptible loci for PBC by a genome-wide association

study (GWAS) [5, 6]. However, there still remain enigma

in the pathogenesis of PBC, for example, a role of AMAs

in the occurrence and progression of bile duct lesions

[1–4, 7–9].

Macroautophagy (hereafter referred to as autophagy)

is a lysosomal pathway that degrades and recycles
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intracellular organelles such as mitochondria and proteins

to maintain energy homeostasis during times of nutrient

deprivation and to remove damaged cell components [10,

11]. Deregulated autophagy is caused by blockage of

early and late process of autophagosome formation and

is accompanied by accumulation of p62/sequastosome-1

[12, 13]. Accumulating data suggest that autophagy plays

a role in physiological processes and deregulated

autophagy may be involved in a wide variety of disease

processes, including neurodegeneration, cancer, infection,

and inflammation [10, 14]. Recent progress in this field

also revealed a crucial role of the autophagy pathway

and proteins in autoimmunity [15, 16]. For example,

autophagy has been implicated in intracellular antigen

processing for the presentation of MHC class I and II

[17–19].

We have recently disclosed a possible involvement of

deregulated autophagy in biliary epithelial cells (BECs) in

the pathogenesis of bile duct lesions in PBC [12, 20].

Deregulated autophagy in BECs may be closely related to

the abnormal expression of mitochondrial antigens and

following autoimmune pathogenesis in PBC [21]. Fur-

thermore, we have disclosed that deregulated autophagy

may precede cellular senescence in BECs involved in

CNSDC showing augmented expression of senescence-

associated b-galactosidase (SA-b-gal), p16INK4a, and

p21WAF1/Cip1 and telomere shortening in PBC [22–25].

In our previous studies, factors and mechanisms caus-

ing deregulated autophagy have remained to be

elucidated.

Accumulating data suggest that endoplasmic reticulum

(ER) and autophagy are cross-regulated [26, 27]. ER

stress is characteristically induced by the accumulation

of misfolded proteins in the ER arising from either pri-

mary (genetic) or secondary (environmental) factors that

affect the folding of proteins within the ER [28]. ER

stress is a consequence of maintained and unsuccessful

unfolded protein response (UPR) and some mediators of

the UPR can directly induce autophagy [29, 30].

Although ER stress can trigger autophagy and thereby

foster protein degradation [26, 29, 30], others suggested

that defective hepatic autophagy promotes ER stress [27,

31].

We hypothesized that ER stress may be involved in the

deregulated autophagy and cellular senescence in biliary

epithelial lesions in PBC and assessed the ER stress and its

association with autophagy and cellular senescence in

cultured BECs and liver tissues taken from patients with

PBC. Furthermore, we examined the effect of taurourso-

deoxycholic acid (TUDCA), which is known as a chemical

chaperone and also is widely used for the treatment of

PBC, on ER stress, deregulated autophagy, and cellular

senescence in BECs.

Materials and methods

Culture study

Cell culture and treatments

Mouse intrahepatic BECs were isolated from 8-week-old

female BALB/c mice and were purified and cultured as

described previously [32]. The cell density of the cells was

less than 80 % during experiments. In several experiments,

BECs were treated with tunicamycin (TM; Sigma-Aldrich,

St. Louis, MO, USA; 0.5 lg/ml), a potent inducer of ER

stress, glycochenodeoxycholate (GCDC; Sigma-Aldrich,

500 lM), palmitic acid (PA; Sigma-Aldrich, 400 lM) or

oleic acid (OA; Sigma-Aldrich, 400 lM) for 6 h or 1 day.

PA, a saturated fatty acid, is known to induce ER stress in

cultured hepatocytes and other cells [31, 33]. PA and OA

were complexed to 0.5 % (wt./vol) bovine serum albumin

(BSA; Sigma-Aldrich) according to previous reports [34].

The approximate molar ratio of fatty acids to BSA is 6:1

with 400 lM PA. The addition of BSA or a fatty acid/BSA

mixture has not been shown to affect the pH of the media.

In some experiments, BECs were treated with serum

deprivation for the induction of autophagy, as described

previously [20]. In several experiments, the effect of pre-

treatment with TUDCA (Sigma-Aldrich, 1 mM, 1 h) was

also examined. In preliminary experiments, we found that a

pretreatment with UDCA was effective for the reduction of

ER stress as well as a pretreatment with TUDCA (data not

shown). So, we used TUDCA for further experiments in

this study.

Real-time quantitative reverse transcriptase-polymerase

chain reaction (RT-PCR)

Total RNA was extracted from the cells with a QIAGEN

RNeasy Mini kit (QIAGEN) according to the manufac-

turer’s protocol. After cDNA was synthesized, quantitative

real-time PCR was performed to measure a series of ER

stress markers, glucose-regulated protein 78 (GRP78)/Bip,

C/EBP homologous protein (CHOP), X-box binding pro-

tein 1 (XBP-1) (unspliced and spliced) and b-actin mRNA

according to a standard protocol using the SYBR Green

PCR Master Mix (Toyobo, Tokyo, Japan). Primers used are

shown in Table 1. Each experiment was performed twice in

triplicate, and the mean was adopted in each experiment.

Immunoblotting

The cell lysate samples (10 lg) were resolved by SDS-

PAGE and transferred to a nitrocellulose membrane as

described previously [35]. After transfer, the membranes

were processed for immunoblotting as described previously
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[35]. The primary antibodies used are shown in Table 2.

Densitometry of the resulting bands was performed using

ImageJ software and normalized to the loading control.

Immunofluorescence staining for cultured cells

The BECs growing in a Lab-Tek chamber were fixed and

immunostained using the primary antibodies for ER stress

markers (PDI and GRP78/Bip), LC3, or p62 (Table 2), as

described previously [20]. A similar dilution of the control

mouse or rabbit Immunoglobulin G (Dako) was applied

instead of the primary antibody as a negative control. The

cells were then incubated with Alexa-488-labeled rabbit anti-

mouse or rabbit IgG (Molecular Probes, Eugene, OR, USA)

for 30 min, counterstained with 10 lg/ml 40 and 6-diamidi-

no-2-phenylindole (DAPI) and evaluated under a conven-

tional fluorescence microscope (Olympus, Tokyo, Japan).

Assay for cellular senescence

SA-b-gal activity was detected by using the senescence

detection kit (BioVision, Mountain View, CA, USA)

according to the manufacturer’s protocol [36]. The pro-

portion of senescent cells in each condition was assessed at

day 4 by counting the percentage of SA-b-gal-positive cells

in at least 1 9 103 total cells using light microscopy.

Double staining for ER stress and cellular senescence

The BECs growing in a Lab-Tek chamber were fixed and

SA-b-gal activity was detected as described above. The

BECs were then immunostained for ER stress markers as

described above.

Human study

Classification of intrahepatic biliary tree

The intrahepatic biliary tree is classified into intrahepatic

large and small bile ducts (septal and interlobular bile

ducts) by their size and distributions in the portal tracts

[37]. Bile ductules, which are characterized by tubular or

glandular structures with a poorly defined lumen and

located at the periphery of the portal tracts [37, 38], are not

included in the small bile ducts.

Liver tissue preparation

A total of 118 liver tissue specimens (all were biopsied or

surgically resected) were collected from the liver disease

file of our laboratory and affiliated hospitals. The Ethics

Committee of Kanazawa University approved this study.

The liver specimens in this study were 43 PBC, ten primary

Table 1 Primers used in this study

Target gene Forward Reverse Product size (bp)

GRP78/bip ctgaggcgtatttgggaaag tcatgacattcagtccagcaa 105

CHOP gcgacagagccagaataaca gatgcacttccttctggaaca 91

XBP-1 unspliced gggagtggagtaaggctggtg gagtccatgggaagatgttctgg 118

XBP-1 spliced gctgagtccgcagcaggt gaatctgaagaggcaacagtgtca 86

b-actin ccaccgatccacacagagta ggctcctagcaccatgaaga 143

GRP78 glucose-regulated protein 78, CHOP C/EBP homologous protein, XBP-1 X-box binding protein 1

Table 2 Primary antibodies used in this study

Primary antibody Type (clone) Pre-treatment Dilution Source

For immunoblotting

LC3 Rabbit poly 1:400 MBL, Nagoya, Japan

b-tubulin Mouse mono (TU-01) 1:400 Zymed, South San Francisco, CA

For immunostaining

PDI Mouse mono (ID3) eARI –BA (121 �C, 5 min) 1:400 ENZO, Farmingdale, NY

GRP78/Bip Rabbit mono (C50B12) eARI –BA (121 �C, 5 min) 1:800 Cell Signaling, Danvers, MA

p62 Rabbit poly eARI –BA (121 �C, 5 min) 1:1000 MBL, Nagoya, Japan

LC3 Mouse mono (5F10) eARI –BA (121 �C, 5 min) 1:50 NanoTools, San Diego, CA

p16INK4a Mouse mono (JC8) eARI –BA (121 �C, 5 min) 1:100 Neomarkers, Freemont, CA

p21WAF1/Cip1 Mouse mono (70) eARI –BA (121 �C, 5 min) 1:100 BD Transduction, San Jose, CA

LC3 microtubule-associated proteins-light chain 3b, PDI protein disulfide isomerase, GRP78 glucose-regulated protein 78, p62 p62/sequesto-

some-1, eARI electronic antigen retrieval instrument (pascal, Dako), BA 0.05 M boric acid buffer (pH 8)
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sclerosing cholangitis (PSC), 43 chronic viral hepatitis

(CVH), ten livers with extrahepatic biliary obstruction

(EBO), and 12 ‘‘histologically normal’’ livers. All PBC

were from patients fulfilling the clinical, serological, and

histological characteristics consistent with the diagnosis of

PBC [1]. PBC livers were staged histologically [1], and 25

and 18 of PBC were stages 1, 2 (early PBC) and stages 3, 4

(advanced PBC), respectively. Twenty-four CVH were

regarded as F0-2 and 19 as F3, 4, respectively [39]. Nine

and 34 of CVH cases were serologically positive for hep-

atitis B surface antigen (HBsAg) and anti-hepatitis C viral

antibody (HCVAb), respectively. Causes of EBO were

obstruction of the bile duct at the hepatic hilum or the

extrahepatic bile ducts, because of carcinoma or stones,

and the duration of jaundice was less than 1 month.

‘‘Histologically normal’’ livers were obtained from surgi-

cally resected livers for traumatic hepatic rupture or met-

astatic liver tumor. Normal liver tissues were obtained from

an area apart from the tumor, and carcinoma tissues were

not evaluated. Chemotherapy was not performed before

liver resection in all patients with histologically normal

liver.

Liver tissue samples were fixed in 10 % neutral-buf-

fered formalin, and embedded in paraffin. More than 20

serial sections, 4 lm thick, were cut from each block.

Several were processed routinely for histologic study, and

the remainder was processed for the subsequent

immunohistochemistry.

Immunohistochemistry

We examined immunohistochemically the expression of

ER stress-related proteins: PDI and GRP78 using the pri-

mary antibodies are shown in Table 2, as described pre-

viously [23]. A similar dilution of the control mouse or

rabbit Immunoglobulin G (Dako) was applied instead of

the primary antibody as a negative control. Positive and

negative controls were routinely included. Histological

analysis was performed in a blinded manner. For the

assessment of PDI and GRP78 expression in small bile

ducts, the extent of expression was evaluated as follows:

1? (focal, positive cells detected in less than a half of

small bile ducts) and 2? (extensive, positive cells detected

in more than a half of small bile ducts).

Double immunostaining

We also performed double immunostaining for GRP78

with senescence markers (p16INK4a and p21WAF1/Cip1). In

brief, GRP78 detected as described above, followed by

second staining for either of p16INK4a or p21WAF1/Cip1

using Vector Blue Alkaline Phosphatase Substrate Kit

(Vector Labs, Burlingame, CA).

Statistical analysis

Statistical analysis of differences was performed using the

Kruskal–Wallis test with Dunn’s post test. When the

p value was less than 0.05, the difference was regarded as

significant.

Results

Culture study

Treatment with TM, GCDC, and PA induces ER stress

in BECs and pretreatment with TUDCA reduces the ER

stress

Real-time PCR We examined the mRNA expression

level of ER stress markers, GRP78, CHOP, and XBP-1

(spliced and unspliced form), in cultured BECs treated with

TM, GCDC, or PA. Figure 1a summarizes the data. The

expression of ER stress markers was significantly increased

in BECs treated with TM, GCDC, or PA (p\ 0.05). TM

and PA upregulated all three of ER markers, whereas

GCDC did only CHOP. It is known that some drugs and

factors activated only a part of three major ER stress sen-

sors, PKR-like ER stress kinase (PERK), activating tran-

scription factor (ATF6) and inositol-requiring

transmembrane kinase and endonuclease 1 (IRE1).

Although there was no report describing the sensor of ER

stress activated by GCDC, to our knowledge, GCDC may

activate only PERK-signaling and consequently enhance

CHOP. Pretreatment with TUDCA significantly suppressed

the expression of ER stress markers in BECs treated with

TM, GCDC, or PA (p\ 0.05).

Immunofluorescence The expression of ER stress marker

PDI was assessed by immunofluorescent staining in BECs

treated with GCDC, PA, or OA for 6 h with or without

pretreatment with TUDCA (Fig. 1b). The expression of

PDI was absent in control (no treatment) and BECs treated

by OA, whereas PDI-positive dots were increased in the

cytoplasm of BECs treated by GCDC or PA (Fig. 1b). The

increased expression of PDI by treatment with GCDC or

PA was inhibited by pre-treatment with TUDCA (Fig. 1b,

Supplemental Fig. 1).

TM, GCDC, or PA induced autophagy

and the pretreatment with TUDCA further increased

autophagy induced by PA

Immunoblotting showed that LC3-II/LC3-I ratio, which

indicates the level of autophagy, was upregulated by the
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treatment with TM, GCDC, or PA (Fig. 2a). The LC3-II/

LC3-I ratio was further increased by pre-treatment

with TUDCA in BECs treated with PA, whereas

pre-treatment with TUDCA did not affect the LC3-II/

LC3-I ratio in BECs treated with TM or GCDC

(Fig. 2a).

Fig. 1 ER stress induced by TM, GCDC, and PA and effect of

TUDCA. a The expression of mRNA in biliary epithelial cells treated

with tunicamycin (TM, 0.5 lg/ml), glycochenodeoxycholate (GCDC,

500 lM) or palmitic acid (PA, 400 lM) or oleic acid (OA, 400 lM)

for 6 h with or without pretreatment with tauroursodeoxycholic acid

(TU, 1 mM) for 1 h was quantified with real-time PCR and

normalized as a ratio using b-actin as the housekeeping gene. Data

are expressed as the mean ± SD. * p\ 0.05 compared to the control;

# p\ 0.05 compared to the TU pretreatment; n = 6 for each group.

b Immunofluorescent staining for ER stress marker, protein disulfide

isomerase, (shown in green) in biliary epithelial cells treated with

tunicamycin (TM, 0.5 lg/ml), glycochenodeoxycholate (GCDC,

500 lM) or palmitic acid (PA, 400 lM) or oleic acid (OA,

400 lM) for 6 h with or without pretreatment with tauroursodeoxy-

cholic acid (TU, 1 mM). The expression of PDI was absent in control

(no treatment) and biliary epithelial cells treated by OA, whereas

PDI-positive dots were increased in the cytoplasm of biliary epithelial

cells treated by TM, GCDC, and PA. The upregulated expression of

PDI by treatment with TM, GCDC, and PA was inhibited by pre-

treatment with TU
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ER stress was induced by increased autophagy

The expression of ER stress marker PDI was assessed by

immunofluorescent staining in BECs treated with serum

deprivation for the induction of autophagy. PDI-positive

dots were increased in the cytoplasm of BECs treated with

serum deprivation (Supplemental Fig. 2).

TM, GCDC, or PA induced deregulated autophagy

with p62 accumulation and pretreatment with TUDCA

suppressed deregulated autophagy

Immunofluorescent staining disclosed that p62 expression

suggesting a deregulated autophagy was observed as

cytoplasmic dots in BECs treated with GCDC and PA

Fig. 2 Autophagy and deregulated induced by TM, GCDC, and PA

and effect of TUDCA. a Immunoblotting for microtubule-associated

proteins-light chain 3b (LC3). LC3-II/LC3-I ratio, which indicates the

level of autophagy, was upregulated by the treatment with glyco-

chenodeoxycholate (GCDC, 500 lM) or palmitic acid (PA, 400 lM)

or tunicamycin (TM, 0.5 lg/ml), for 6 h with or without pretreatment

with tauroursodeoxycholic acid (TU, 1 mM). LC3-II/LC3-I ratio was

not increased by the treatment with oleic acid (OA, 400 lM).

Increased LC3-II/LC3-I ratio induced by PA was further upregulated

by pretreatment with TU. * p\ 0.05 vs. control (Cont); ** p\ 0.05.

n = 4 for each group. b Immunofluorescent staining for a deregulated

autophagy marker p62 (shown in green) in biliary epithelial cells

treated with tunicamycin (TM, 0.5 lg/ml), glycochenodeoxycholate

(GCDC, 500 lM) or palmitic acid (PA, 400 lM) or oleic acid (OA,

400 lM) for 6 h with or without pretreatment with tauroursodeoxy-

cholic acid (TU, 1 mM). The expression of p62 was absent in control

(no treatment) or biliary epithelial cells treated with OA, whereas a

granular expression of p62 was increased in the cytoplasm of biliary

epithelial cells treated by GCDC and PA. The upregulated expression

of p62 by treatment with GCDC and PA was inhibited by pre-

treatment with TU
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(Fig. 2b, Supplemental Fig. 3). The p62-positive cyto-

plasmic dots induced by GCDC and PA were decreased by

pretreatment with TUDCA (Fig. 2b, Supplemental Fig. 3).

TM, GCDC, and PA induced cellular senescence

and pretreatment with TUDCA suppressed stress-

induced cellular senescence

Cellular senescence was assessed by percentage of cells

positive for SA-b-gal. Percentage of cells positive for SA-

b-gal was significantly increased in cells treated with TM

(SA-b-gal labeling index, 8.9 ± 2.7), GCDC (10.4 ± 4.1),

and PA (11.5 ± 3.5), when compared with control

(0.4 ± 0.5) (p\ 0.01) (Fig. 3). The stress-induced cellular

senescence was significantly inhibited by a pre-treatment

with TUDCA (TM?TU, 3.3 ± 1.5; GCDC?TU,

2.3 ± 1.5; PA?TU, 1.5 ± 1.7) (p\ 0.01) (Fig. 3).

Expression of ER stress markers in senescent BECs

Expression of ER stress marker protein PDI was detected

in senescent BECs treated with TM and GCDC, whereas it

was not observed in BECs in control BECs (Fig. 3c).

Human study

Increased expression of ER stress markers in damaged

BECs in small bile ducts in PBC

PDI The expression of an ER stress marker PDI was

absent or faint in control livers (Fig. 4a), whereas an intense

granular and vesicular expression of PDI was seen in small

bile ducts (SBDs), especially those involved in CNSDC, in

PBC (Fig. 4a). The expression of PDI was significantly

more extensive in SBDs in PBC, st1/2, compared to control

PSC, CVH, st1/2 and NL (p\ 0.01) (Fig. 4b). There was no

significant difference between PBC, st1/2 and PBC, st3/4.

GRP78 The expression of an ER stress marker GRP78

was absent or faint in control livers (Fig. 5a), whereas an

intense granular and vesicular expression of GRP78 was

seen in small bile ducts (SBDs), especially those involved

in CNSDC, in PBC (Fig. 5a). The granular expression of

GRP78 was heterogeneous in part of the damaged bile

ducts in PBC (Fig. 5a). The expression of GRP78 was

significantly more extensive in SBDs in PBC, st1/2, com-

pared to control PSC and CVH, st1/2 (p\ 0.01) (Fig. 5b).

Double immunostaining for ER stress marker GRP78

and senescent markers p16INK4a and p21WAF1/Cip1

Double immunostaining revealed that the expression of

GRP78 was frequently observed in the damaged bile ducts

in which senescent markers p16INK4a and p21WAF1/Cip1

were expressed in PBC (Fig. 5c). Whereas, the expression

of GRP78 was rare in small bile ducts in control livers in

which p16INK4a and p21WAF1/Cip1 were not expressed.

Discussion

The data obtained in this study are summarized as follows:

(1) the expression of ER stress markers was significantly

increased in cultured BECs treated with TM, GCDC, or

PA; (2) Pretreatment with TUDCA significantly suppressed

ER stress in BECs treated with TM, GCDC, or PA; (3)

Autophagy, deregulated autophagy with p62 accumulation,

and cellular senescence were induced in cultured BECs

treated with TM, GCDC, or PA; (4) Pretreatment with

TUDCA further increased the degree of autophagy in BECs

treated with PA; (5) Pretreatment with TUDCA suppressed

the stress-induced deregulated autophagy and cellular

senescence in cultured BECs; (6) An intense granular and

vesicular expression of ER stress markers, PDI and GRP78,

was seen in damaged SBDs in PBC. The expression of PDI

and GRP78 was significantly more extensive in SBDs in

PBC, compared with control livers. (7) Increased expres-

sion of ER stress marker GRP78 was co-localized with

senescent markers p16INK4a and p21WAF1/Cip1 in bile duct

lesions in PBC.

In this study, we demonstrated firstly that ER stress

might be involved in deregulated autophagy and sub-

sequent cellular senescence in BECs. We have previously

reported a deregulated autophagy and its possible role in

abnormal expression of mitochondrial antigens in biliary

epithelial lesions in PBC [12, 20, 21]. Triggers of

deregulated autophagy, however, remained unclear in our

previous studies [12, 20, 21]. In this study, we found that

TM, a well-known ER stressor, and also a hydrophobic

bile acid, GCDC, and a saturated free fatty acid, PA,

induce ER stress, deregulated autophagy and cellular

senescence in cultured BECs. These findings clearly

suggest a presence of ER stress-mediated autophagy in

BECs, as reported in neuroblastoma cells and other types

of cells [26, 29, 30]. In addition, ER stress was increased

in case of autophagy induced by serum deprivation in

cultured BECs. Autophagy is linked to the ER stress at

many levels and these two systems are cross-regulated

[26, 27]. This result suggests that impaired autophagy

may induce ER stress in BECs, as reported in other types

of cells [27, 31], although the relationship between ER

stress and autophagy is not fully clarified so far. The

mechanism underlying PA toxicity remains incompletely

understood and the reason why ER stress was not

induced by OA is not clear, but this result agrees with

previous reports [33].
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Fig. 3 Cellular senescence induced by TM, GCDC, and PA and

effect of TUDCA. a Cellular senescence was assessed by senescence-

associated b-galactosidase activity (SA-b-gal) on day 4 after a

treatment with tunicamycin (TM, 0.5 lg/ml, for 2 h), glyco-

chenodeoxycholate (GCDC, 500 lM) or palmitic acid (PA,

400 lM) or oleic acid (OA, 400 lM) for 6 h with or without

pretreatment with tauroursodeoxycholic acid (TU, 1 mM). Pretreat-

ment with TUDCA suppressed the stress-induced cellular senescence

in cultured BECs. b Percentage of cells positive for SA-b-gal was

significantly increased in cells treated with TM (SA-b-gal labeling

index, 8.9 ± 2.7), GCDC (10.4 ± 4.1), and PA (11.5 ± 3.5), when

compared with control (0.4 ± 0.5). The stress-induced cellular

senescence was significantly inhibited by a pre-treatment with

TUDCA (TM?TU, 3.3 ± 1.5; GCDC?TU, 2.3 ± 1.5; PA?TU,

1.5 ± 1.7). Data was expressed as mean ± SD. * p\ 0.01 compared

to control, ** p\ 0.01. c Expression of ER stress markers in

senescent BECs. Expression of ER stress marker protein disulfide

isomerase (PDI, shown in green) in senescent BECs treated with TM

and GCDC assessed by SA-b-gal (SA) on day 4 after a treatment with

TM (0.5 lg/ml, for 2 h) or GCDC (500 lM). Expression of ER stress

marker PDI was co-localized in senescent BECs treated with TM or

GCDC
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This study revealed for the first time an involvement of

ER stress in BECs in bile duct lesions in PBC. Although

there have been studies on the involvement of ER stress

mainly in hepatocytes in various liver disease [40], there

have been few studies regarding ER stress in BECs, to our

knowledge. It is conceivable that ER stress in biliary epi-

thelial lesions may trigger autophagy, deregulated

autophagy, and following cellular senescence, as shown in

cultured BECs in this study. In fact, we demonstrated in

this study that increased expression of ER stress marker

GRP78 was co-localized with senescent markers p16INK4a

and p21WAF1/Cip1 in bile duct lesions in PBC. The co-

localization of ER stress marker in cultured senescent

BECs was also observed in this study. We have also shown

the co-localization of autophagy marker LC3 and deregu-

lated autophagy marker p62 with senescent markers

p16INK4a and p21WAF1/Cip1 in bile duct lesions in PBC in

our previous studies [12, 20]. On the other hand, it is

reported that impaired autophagy induces ER stress [27,

31]. Therefore, another possibility is that ER stress

detected in biliary epithelial lesions may be induced by

impaired autophagy in PBC. The reason why the staining

of PDI or GRP78 was rather low in PSC in this study is

unknown. Small bile ducts are generally intact in PSC and

portal inflammation was rather weak in PSC livers exam-

ined in this study. This may be related to the rather weak

expression of ER stress markers in PSC.

Several candidates of susceptible genes/loci in PBC

have been identified in recent GWAS studies [5, 6]. It is of

interest that ER-stress-related genes, such as ORM1-like

protein 3 (ORMDL3), are included in the candidates

associated with the susceptibility of PBC [5, 6]. ORMDL3

has also been linked to the pathogenesis of asthma,

inflammatory bowel disease, and insulin-dependent diabe-

tes mellitus [41, 42]. Recent studies have shown that OR-

MDL3 altered ER-mediated calcium homeostasis and

facilitated the UPR, which is an endogenous inducer of

inflammation [42]. The expression of ORMDL3 in PBC

and other liver diseases is unknown so far. Cross-regulation

between ER stress and autophagy and its role in

Fig. 4 Increased expression of ER stress markers protein disulfide

isomerase (PDI) in damaged small bile ducts in primary biliary

cirrhosis (PBC). a The expression of PDI was absent in biliary

epithelial cells in the small bile duct (arrow) in normal liver (NL).

Intense granular and vesicular expression of PDI was seen in damaged

small bile ducts (arrows) in PBC (PBC #1 and #2). Immunostaining

for PDI. Original magnification, 9400. b Semiquantitative evaluation

of PDI expression in biliary epithelial cells in small bile ducts in PBC

and control livers. Grey column, score 1 (mild) and black, score 2

(extensive). * p\ 0.01 compared to PSC, CVH F1/2 and NL;

# p\ 0.05 compared to PSC
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pathogenesis of cell injuries and inflammation based on

genetic susceptibility have been reported in intestinal epi-

thelial cells in inflammatory bowel disease [41, 43]. Sim-

ilarly to intestinal epithelial cells in inflammatory bowel

disease, deregulated ER stress due to genetic susceptibility

may be related to deregulated autophagy and pathogenesis

of biliary epithelial lesions in PBC. This hypothesis

remains to be elucidated.

This study clearly showed that pretreatment with TU-

DCA suppressed ER stress, deregulated autophagy, and

cellular senescence in BECs. TUDCA and UDCA are

chemical chaperones enhancing the adaptive capacity of

Fig. 5 Increased expression of ER stress markers glucose-regulated

protein 78 GRP78 in damaged small bile ducts in primary biliary

cirrhosis (PBC). a The expression of GRP78 was absent in biliary

epithelial cells in the small bile duct (arrow) in control liver, primary

sclerosing cholangitis (PSC). Intense granular expression of GRP78

was seen diffusely (PBC #1 and 2) in the damaged small bile duct in

PBC. There were several round cells, probably macrophages, showing

granular expression. PBC cases #1 and #2 (stage 2). Immunostaining

for GRP78. Original magnification, 9400. b Semiquantitative eval-

uation of GRP78 expression in biliary epithelial cells in small bile

ducts in PBC and control livers. Grey column, score 1 (mild) and

black, score 2 (extensive). * p\ 0.01 compared to PSC and CVH F1/

2. c Co-localization of ER stress marker GRP78 with senescent

markers p16INK4a and p21WAF1/Cip1 in the damaged small bile ducts in

PBC. Nuclear and cytoplasmic expression of senescent marker

p16INK4a (right) and nuclear expression of p21WAF1/Cip1 (left) were

seen in a part of biliary epithelial cells showing cytoplasmic

expression of GRP78 in the damaged bile ducts in PBC. PBC, stage

2. Double immunostaining for GRP78 (brown) and senescent markers

p16INK4a or p21WAF1/Cip1 (blue). Original magnification, 9400
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the ER [44] and the effect of TUDCA on the reduction of

ER stress has been shown in hepatocytes and other types of

cells [45, 46]. On the other hand, UDCA is today regarded

as the standard treatment of primary biliary cirrhosis (PBC)

[3]. UDCA exerts anti-cholestatic, anti-fibrotic, and anti-

proliferative effects in primary biliary cirrhosis (PBC) via

mechanisms not yet fully understood [3]. This study pro-

vided evidence for the first time that TUDCA may be

effective for the treatment of PBC by reducing ER stress in

BECs. It is plausible that TUDCA reduces ER stress in

BECs in PBC, which result in a reduction of deregulated

autophagy and cellular senescence in BECs. The reason

why the autophagy level was further increased by pre-

treatment with TUDCA in BECs treated with PA, but not in

BECs treated with TM and GCDC, remains unclear. One

possibility is that PA may activate another pathway related

to autophagy in addition to ER stress-induced autophagy

and TUDCA may affect the alternative pathway. However,

the distinct molecular pathway remains to be clarified.

Since PA induced deregulated autophagy and cellular

senescence in this study, it is plausible that PA may play a

role in the pathogenesis of biliary injuries. TUDCA may be

effective in relieving lipotoxicity caused by PA via

reduction of ER stress.

In conclusion, ER stress is involved in BECs in biliary

epithelial lesions in PBC. ER stress may play a role in the

pathogenesis of deregulated autophagy and cellular senes-

cence in biliary epithelial lesions in PBC.
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