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A B S T R A C T

Melatonin, a neuroendocrine hormone synthesized by the pineal gland and cholangiocytes, decreases biliary
hyperplasia and liver fibrosis during cholestasis-induced biliary injury via melatonin-dependent autocrine sig-
naling through increased biliary arylalkylamine N-acetyltransferase (AANAT) expression and melatonin secre-
tion, downregulation of miR-200b and specific circadian clock genes. Melatonin synthesis is decreased by
pinealectomy (PINX) or chronic exposure to light. We evaluated the effect of PINX or prolonged light exposure
on melatonin-dependent modulation of biliary damage/ductular reaction/liver fibrosis. Studies were performed
in male rats with/without BDL for 1 week with 12:12 h dark/light cycles, continuous light or after 1 week of
PINX. The expression of AANAT and melatonin levels in serum and cholangiocyte supernatant were increased in
BDL rats, while decreased in BDL rats following PINX or continuous light exposure. BDL-induced increase in
serum chemistry, ductular reaction, liver fibrosis, inflammation, angiogenesis and ROS generation were sig-
nificantly enhanced by PINX or light exposure. Concomitant with enhanced liver fibrosis, we observed increased
biliary senescence and enhanced clock genes and miR-200b expression in total liver and cholangiocytes. In vitro,
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the expression of AANAT, clock genes and miR-200b was increased in PSC human cholangiocyte cell lines
(hPSCL). The proliferation and activation of HHStecs (human hepatic stellate cell lines) were increased after
stimulating with BDL cholangiocyte supernatant and further enhanced when stimulated with BDL rats following
PINX or continuous light exposure cholangiocyte supernatant via intracellular ROS generation. Conclusion:
Melatonin plays an important role in the protection of liver against cholestasis-induced damage and ductular
reaction.

1. Introduction

Melatonin, a neuroendocrine hormone synthesized by the pineal
gland and cholangiocytes, inhibits biliary hyperplasia and liver fibrosis
during cholestatic injury by an autocrine pathway though: (i) upregu-
lation of arylalkylamine N-acetyltransferase (AANAT, the enzyme reg-
ulating melatonin synthesis) and melatonin secretion; and (ii) down-
regulation of clock genes (CLOCK, ARNTL, Cry1, and Per1) [1,2]. The
levels of melatonin are reduced by pinealectomy (PINX) [3] and ex-
posure to light but increased by dark exposure, detected by the pho-
tosensitive ganglion cells of the retina [4], however no information
exists on the role of PINX on biliary functions.

Cholangiocytes undergo senescence in human cholangiopathies in-
cluding primary sclerosing cholangitis (PSC) and primary biliary cho-
langitis (PBC) [5] and animal models of cholestasis including bile duct
ligation (BDL) and the Mdr2−/− mouse model that mimics some fea-
tures of PSC [6,7]. Release of SASPs (senescence associated secretory
phenotypes) during biliary senescence represents an important patho-
genic mechanism in cholangiopathies including PSC [8] that cause
paracrine activation of hepatic stellate cells with subsequent enhanced
liver fibrosis [8,9].

Melatonin ameliorates liver damage by attenuating oxidative stress,
inflammatory responses in animal models of hepatic cirrhosis and fi-
brosis [10–12]. We have previously shown that melatonin decreases
biliary senescence and liver fibrosis of Mdr2−/− mice by down-
regulating miR-200b-dependent liver angiogenesis [13]. PINX ag-
gravates acute caerulein-induced pancreatitis, which is related to re-
duce melatonin levels in pancreas of animals with PINX [14]. Since no
data exists regarding the role of central regulation of melatonin
synthesis in cholangiopathies, we evaluated the effect of PINX or light
exposure on melatonin-dependent modulation of biliary damage and
liver fibrosis.

2. Materials and methods

2.1. Materials

Reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless
otherwise indicated. The antibodies for cytokeratin-19 (CK-19, ab
52625), AANAT (ab3505), MT1 (ab203038), MT2 (ab203346), cyclin-
dependent kinase inhibitor 1A (p16, ab189043), CLOCK (ab3517),
desmin (ab185033) and CD68 (ab31630) were purchased from Abcam
(Cambridge, MA); mouse CK-19 antibody (NCL-LCK19) was purchased
from Leica (Buffalo Grove, IL); MT1(sc390328, sc390328AF488) from
mouse and hepatocyte nuclear factor-4α (HNF-4α, sc6556) were pur-
chased from Santa Cruz (Dallas, TX); CD31 (AF3628) was purchased
from R&D Systems Inc. (Minneapolis, MN). Commercially available
enzyme-linked immunosorbent assay (ELISA) kits for measuring mela-
tonin levels in serum and biliary supernatant were purchased from
Genway (San Diego, CA). ELISA kits to measure transforming growth
factor-β1 (TGF-β1) levels were purchased from Affymetrix Inc. (Santa
Clara, CA). Reactive oxygen species (ROS) detection assay kits for
measuring ROS levels were purchased from Cell Biolabs, Inc. (San
Diego, CA) and Abcam. MTS Cell Titer 96 Aqueous One Solution
Reagent assay kit was purchased from Promega Corporation (Madison,
WI, USA). The RNeasy Mini Kit for RNA purification and the selected
primers were purchased from Qiagen (Valencia, CA). The iScript cDNA

Synthesis Kit (170-8891) and iTaq Universal SYBR Green Supermix
(172-5124) were purchased from Bio-Rad (Hercules, CA). The in-
formation of real-time PCR (qPCR) primers used in this project is listed
in Supplemental Table 1.

2.2. Animal models

Animal experiments were performed according to protocols ap-
proved by the Baylor Scott & White Research Institute CTX IACUC. Male
Fischer 344 rats (200–225 g) were purchased from Charles River
(Wilmington, MA) and housed in a temperature-controlled environment
(22 °C). The PINX surgery [15] was performed by Charles River ac-
cording to a surgical procedure approved by their Animal Use Protocol
(AUP). Briefly, the animals were placed in the stereotaxic apparatus and
skin incision was made. A hole was drilled into the skull to access the
pineal gland. The venous sinuses were ligated and the pineal gland was
removed. The skin incision was closed with wound clips. Seven days
after PINX, rats underwent sham or BDL for 1 week [16] at the Baylor
Scott Animal Facility. In separate experiments, normal and BDL rats
(immediately after surgery) were housed in 12:12 h light-dark cycles or
complete light for 1 week. In all groups, liver and body weight and liver
to body weight ratio were measured; serum, total liver samples, cho-
langiocytes, cholangiocyte supernatant and selected organs were also
collected.

Since melatonin treatment or dark therapy (that increases mela-
tonin serum levels) [13] decreases biliary damage and liver fibrosis
through downregulation of miR-200b, the expression of selected clock
genes was measured in: (i) normal wild-type (WT, FVB/NJ, 12 wk. age)
mice (Jackson Laboratories, Ann Harbor, MN); (ii) Mdr2−/− (Abcb4)
control mice; and (iii) Mdr2−/− mice (12 wk. age) treated with mela-
tonin in drinking water (20 mg/L corresponding to a melatonin intake
of 2 mg/Kg BW/day) for 1 wk., Vivo-Morpholino sequences of miR-
200b (5′-TCCAATGCTGCCCAGTAAGATGGCC-3-, to reduce the hepatic
expression of miR-200b) or mismatched Morpholino (5′-
TCCAATcCTcCCCAcTAAcATcGCC-3′) (Gene Tools, Philomath, OR) by
2 tail vein injections (at days 3 and 7, 30 mg/kg BW) [13] for 1 wk.
Since in a preliminary study we have shown that in MT2−/− BDL mice
there is enhanced biliary mass and liver fibrosis [17], we treated normal
and BDL rats (immediately after surgery) with melatonin in drinking
water (20 mg/L corresponding to a melatonin intake of 2 mg/Kg BW/
day) for 1 wk. before measuring changes in biliary mass and liver fi-
brosis.

2.3. Human healthy control and PSC samples

The liver tissue samples (paraffin-embedded sections) collected
from healthy human (n = 4) and PSC patients (n = 5, diagnosed by a
board-certified pathologist, Humanitas Clinical and Research Center,
Rozzano, Italy) (Supplementary Table 2) were obtained from Dr. Pietro
Invernizzi. The unidentified human samples were obtained under a
protocol approved by the Ethics Committee of the Humanitas Research
Hospital; the protocol was reviewed by the Veterans' Administration
IRB and International Research Committee. Written informed consent
was received from participants prior to inclusion in the study. The use
of human tissue was approved by the Texas A&M HSC College of
Medicine Institutional Review Board. The RNeasy was used to extract
total RNA from paraffin-embedded liver sections.
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2.4. Isolated cholangiocytes and HSCs

Cholangiocytes were obtained by immunoaffinity separation [18]
using a rat IgG2a monoclonal antibody (Dr. R. Faris, Brown University,
Providence, RI) against an unidentified antigen expressed by all cho-
langiocytes. Rat HSCs were isolated by laser capture microdissection
(LCM) using an antibody against desmin. Following immuno-
fluorescence, desmin-positive cells were dissected from the slides by the
LCM system Leica LMD7000 (Buffalo Grove, IL). RNA from HSCs were
extracted with the Arcturus PicoPure RNA isolation kit (Thermo Fisher
Scientific, Mountain View, CA).

2.5. Measurement of AANAT, MT1 and MT2 expression, melatonin levels
in serum and cholangiocyte supernatant

We measured the immunoreactivity of AANAT, MT1 and MT2 by: (i)
immunofluorescence in frozen liver sections (6 μm thick) co-stained
with CK-19, desmin (marker of HSCs) or HNF-4α (hepatocyte marker);
and (ii) immunohistochemistry in paraffin-embedded liver sections
(4 μm thick) from the selected groups of animals. We measured by qPCR
the expression of: (i) AANAT in pineal gland and cholangiocytes; (ii)
MT1 and MT2 in cholangiocytes; and (iii) melatonin levels in serum and
cholangiocyte supernatant by commercially available ELISA kits.

2.6. Assessment of the histology of liver and other organs, serum chemistry
and TGF- β 1 levels in serum and cholangiocyte supernatant, intrahepatic
bile duct mass (IBDM), liver fibrosis and HSC activation

The histology of liver, pancreas, heart, spleen, lung, kidney, sto-
mach, small and large intestine was evaluated in paraffin-embedded
liver sections (4 μm thick) by H&E staining. Sections were evaluated in
a blinded fashion by a board-certified pathologist. Serum levels of
alanine aminotransferase (SGPT), aspartate aminotransferase (SGOT),
alkaline phosphatase (ALP), and total bilirubin were measured by a
Dimension RxL Max Integrated Chemistry system (Dade Behring Inc.,
Deerfield IL), Chemistry Department, Baylor Scott & White Health.

We evaluated IBDM by immunohistochemistry for CK-19 in par-
affin-embedded liver sections (4 μm thick, 10 fields analyzed from three
different samples from three animals). Sections were evaluated by
Image Pro-analyzer software (Olympus, Tokyo, Japan). Liver fibrosis
was measured in liver sections (4 μm thick) by Sirius Red staining (10
different fields were analyzed from three samples from three animals).
Liver fibrosis was evaluated by measurement of hydroxyproline levels
in total liver samples using the hydroxyproline Assay Kit. We also
measured: (i) the mRNA expression of α-SMA, TGF-β1, TGF-βR1, col-
lagen type I alpha 1 (Col1a1) and fibronectin 1 (Fn1) in total liver and
cholangiocytes by qPCR; and (ii) TGF-β1 levels in serum and cho-
langiocyte supernatant by ELISA kits. We evaluated HSC proliferation/
activation by (i) immunofluorescence in frozen liver sections (6 μm) co-
stained with desmin and α-SMA (index of HSC activation) [19]; and (ii)
measurement of mRNA expression for proliferating cell nuclear antigen
(PCNA), Ki67, α-SMA and TGF-β1, Col1a1 and Fn1 in LCM-isolated
HSC.

2.7. Measurement of cellular senescence, inflammatory and angiogenesis
markers and ROS levels

Cellular senescence was evaluated by: (i) staining for senescence-
associated beta-galactosidase (SA-β-gal) in frozen liver sections (10 μm
thick) using a commercially available kit (Millipore Sigma, Billerica,
MA); and (ii) immunofluorescence for p16 in frozen liver sections (6 μm
thick) co-stained with CK-19; following staining, images were obtained
using Leica AF 6000 Modular Systems. We measured the mRNA ex-
pression of the senescence markers, p16, p21 and CCL2, in cholangio-
cytes and p16 and p21 in HSCs by qPCR. The mRNA expression of the
inflammatory markers, IL-1β, IL-6, IL-33, and tumor necrosis factor

(TNF-α), was evaluated by qPCR in total liver. We analyzed the number
of Kupffer cells in rat liver sections by staining CD68. Kupffer cell
number was measured by Visiomorph software. We measured the ex-
pression of the angiogenesis markers vascular endothelial growth factor
A (VEGFA), Von Willebrand Factor (vWF) and (PECAM-1 or CD31) in
total liver by qPCR. We evaluated the immunoreactivity of the angio-
genic factor, platelet endothelial cell adhesion molecule (PECAM-1 or
CD31), by immunofluorescence in frozen liver sections (6 μm thick).
ROS generation in total liver samples and cholangiocyte supernatant
was measured by ROS detection assay kits.

2.8. Expression of clock genes and miR-200b

Since the expression of circadian rhythm and its related clock genes
is mediated by melatonin released by the pineal gland and peripheral
organs including the liver [1,20–22], we measured by qPCR the ex-
pression of the clock genes (CLOCK, Per1, Cry1, and ARNTL) in: (i) total
liver and/or cholangiocytes from the selected groups of animals; and
(ii) total liver from healthy human and patients with early and ad-
vanced stage of PSC (see Supplementary Table 2). CLOCK im-
munoreactivity evaluated by immunofluorescence in frozen liver sec-
tions (6 μm thick) co-stained with CK-19. To understand the
mechanisms by which changes in melatonin secretion (decreased by
PINX and exposure to light) [23,24] affect biliary damage and liver
fibrosis, we measured by miRNA qPCR the biliary expression of miR-
200b in cholangiocytes and total liver samples, whose expression is
downregulated during melatonin inhibition of biliary damage and liver
fibrosis in Mdr2−/− mice [13].

2.9. In vitro studies in normal and human PSC cell lines, human hepatic
stellate cells (HHStecs) and immortalized murine cholangiocytes (IMCLs)

Studies were performed in: (i) normal human cholangiocyte lines
(HIBEpiC); (ii) a human cholangiocyte cell line (hPSCL) from an uni-
dentified 46-year old male patient with stage 4 PSC without cho-
langiocarcinoma [5]; purity of hPSCL was evaluated by CK19 im-
munofluorescence; and (iii) IMCLs and HHStecs; the immunoreactivity
of MT1 and MT2 in HHStecs was measured by immunofluorescence. We
evaluated the: (i) mRNA expression of MT1, MT2, AANAT, clock genes,
miR-200b, fibrosis and senescent genes in HIBEpiC and hPSCL by qPCR;
and (ii) immunoreactivity of MT1, AANAT and p16 in HIBEpiC and
hPSCL by immunofluorescence. HHStecs were also treated with cho-
langiocyte supernatant from the mentioned animal groups before
evaluating (i) proliferation by MTS assays and the mRNA expression of
PCNA and Ki67; (ii) ROS levels in cells by ROS detection kits; and (iii)
the mRNA expression of fibrosis and senescence genes by qPCR. In vitro
studies, IMCLs were treated with melatonin (10−1 M), miR-200b in-
hibitor or miR-200b mimic before evaluating the expression of miR-
200b, TGF-β1, Col1a1, Fn1, p16, p21 and CCL2 by qPCR. All of these
studies were performed in triplicate.

2.10. Statistical analysis

All data are expressed as the mean ± SEM. Differences between
groups were analyzed by unpaired Student's t-test when two groups
were analyzed and one-way ANOVA when more than two groups were
analyzed, followed by an appropriate post hoc test. The level of sig-
nificance was set at P < 0.05.

3. Results

3.1. Measurement of AANAT, MT1 and MT2 expression, melatonin levels
in serum and cholangiocyte supernatant

Parallel to our previous study [2], the immunoreactivity of AANAT
was mostly seen in intrahepatic cholangiocytes and upregulated after
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Fig. 1. [A–B] There were increased immunoreactivity [A] and mRNA expression in cholangiocytes [B] of AANAT in liver sections from BDL compared with normal
rats, which were decreased in BDL rats with PINX or exposed to light [A–B] (Orig. magn., x40; scale bars 25 μm; green arrows indicate immunoreactivity of AANAT in
cholangiocytes). [C–D] There were increased immunoreactivity [C] and mRNA expression in cholangiocytes [D] for MT1 in liver sections from BDL compared with
normal rats, which were increased in BDL rats with PINX or exposed to light [C–D] (Orig. magn. ×40; scale bar 25 μm; green arrows indicate immunoreactivity of
MT1 in cholangiocytes). [E–F] There were increased immunoreactivity [E] and mRNA expression in cholangiocytes [F] for MT2 in liver sections from BDL compared
with normal rats, which were decreased in BDL rats with PINX or exposed to light compared with BDL rats [E–F] (Orig. magn. ×40; scale bar 25 μm; green arrows
indicate immunoreactivity of MT1 in cholangiocytes). Data are mean ± SEM of 3 evaluations from 3 cumulative preparations of cholangiocytes from 4 rats.;
⁎P < 0.05 vs. Normal; #P < 0.05 vs. BDL.
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BDL compared with normal rats; minimal immunoreactivity for AANAT
was observed in BDL hepatocytes (Fig. 1A); no immunoreactivity for
AANAT was observed in HSCs (Supplementary Fig. 1A). There was
enhanced immunoreactivity of AANAT in cholangiocytes from BDL

compared with normal rats (likely to a compensatory mechanism) [2],
immunoreactivity that was decreased in BDL rats with PINX or exposed
to light (Fig. 1A–B). AANAT mRNA expression was reduced in pineal
glands of rats exposed to light compared with rats exposed to 12 h:12 h
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light:dark cycles (Supplementary Fig. 1B). Melatonin levels were higher
in serum and cholangiocyte supernatant from BDL compared with
normal rats [2], but decreased in rats following PINX and exposed to
light compared with rats exposed to 12 h:12 h light:dark cycles (Sup-
plementary Fig. 1C).

The immunoreactivity of MT1 was mainly present in cholangiocytes
(and at much lower extend in hepatocytes and HSCs) (Fig. 1C and E,
and Supplementary Fig. 1D–F). The immunoreactivity of: (i) MT1 in-
creased in cholangiocytes from BDL rats (compared with normal rats)
and further increased in BDL rats with PINX or exposed to complete
light compared with the respective control rats (Fig. 1C–D); and (ii)
MT2 increased in cholangiocytes from BDL rats (compared with normal
rats) but was decreased in BDL rats with PINX or prolonged light ex-
posure compared with the respective control rats (Fig. 1E–F).

3.2. Assessment of the histology of liver and other organs, serum chemistry,
TGF-β1 levels in serum and cholangiocyte supernatant, intrahepatic bile duct
mass (IBDM) and liver fibrosis

By H&E staining we demonstrated: (i) moderate ductular reaction
with bile stasis, minimally increased inflammation, Kupffer cell acti-
vation, ballooning degeneration and single hepatocyte necrosis in BDL
rat liver; (ii) ductular reaction with bile stasis, minimal patchy active
interface hepatitis and stage 2 fibrosis with focal early bridging (stage
3) in BDL rats exposed to light; and (iii) ductular reaction with bile
stasis, mild patchy active interface hepatitis, focal stage 2 fibrosis with
focal early bridging (stage 3), and collapse, markedly dilated portal
veins in BDL rats following PINX (Supplementary Fig. 2A). However,
there were no significant changes in the histology of the heart, spleen,
kidney, small and large intestine and stomach between normal and BDL
rats that underwent PINX or prolonged light exposure compared with
their corresponding control rats (Supplementary Fig. 2B).

BDL-induced increases in: (i) serum levels of SGTP, SGOT, ALP and
total bilirubin; and (ii) liver to body weight ratio were further increased
in BDL rats following PINX or exposed to light compared with BDL rats
(Table 1). BDL-induced increase in: (i) IBDM (Fig. 2A) and mRNA ex-
pression of PCNA and Ki67 in cholangiocytes (Supplementary Fig. 3A);
(ii) liver fibrosis in liver sections (Fig. 2B) and total liver samples
(Fig. 2C); (iii) mRNA expression of α-SMA, Col1a1, TGF-β1, TGF-βR1
and Fn1 in total liver samples (Supplementary Fig. 3B) and Col1a1,
TGF-β1, TGF-βR1 and Fn1 in cholangiocytes (Supplementary Fig. 3C);
and TGF-β1 levels in serum and cholangiocyte supernatant (Supple-
mentary Fig. 3D) were further increased in BDL rats following PINX or
exposed to light compared with BDL rats. In MT2−/− BDL mice, we
demonstrated enhanced IBDM (Fig. 2D) and liver fibrosis (Fig. 2E)
compared with BDL mice, parameters that were reduced by treatment

of MT2−/− BDL mice with melatonin (Fig. 2D–E).

3.3. Evaluation of HSC proliferation and activation

By immunofluorescence, we observed increased expression of
desmin and α-SMA in BDL compared with normal rats, expression that
further enhanced in BDL rats following PINX or light treatment com-
pared with BDL rats (Fig. 3A). We also observed enhanced mRNA ex-
pression of α-SMA, Col1a1, TGF-β1 and Fn1 (Fig. 3B), PCNA and Ki67
(Fig. 3C) in LCM-isolated HSC from BDL rats compared with normal
rats, increases that were further enhanced in BDL rats following PINX or
light treatment compared with LCM-isolated HSC from BDL rats
(Fig. 3B–C).

3.4. Measurement of cellular senescence

There was enhanced cellular senescence (evidenced by SA-β-gal
staining in liver sections from BDL compared with normal rats, Fig. 4A),
which was further increased in BDL rats following PINX or light ex-
posure compared with BDL rats (Fig. 4A). There was increased biliary
immunoreactivity of p16 in BDL compared with normal rats, that was
further increased in BDL rats following PINX or light treatment com-
pared with BDL rats (Fig. 4B). The mRNA expression of p16, p21 and
CCL2 was increased in cholangiocytes from BDL compared with normal
rats and further enhanced in cholangiocytes from BDL rats following
PINX or prolonged light exposure compared with BDL rats (Fig. 4C).
However, there was decreased expression of the senescence markers,
p16 and p21, in LCM-isolated HSC from BDL compared with normal
rats, which was further decreased in BDL rats following PINX or light
treatment compared with LCM-isolated HSC from BDL rats (Fig. 4D).

3.5. Evaluation of inflammatory, angiogenesis, and ROS levels

There was increased mRNA expression of: (i) IL-1β, IL-6, IL-33, and
TNF-α (Fig. 5A); and (ii) VEGFA, vWF and PECAM-1 (Fig. 5C) in total
liver samples from BDL compared with normal rats, expression that
increased in total liver from BDL rats following PINX or light exposure
compared with BDL rats. The immunoreactivity for CD68 (a marker of
macrophages) [25] and CD31 (a marker of angiogenesis) [26] was
enhanced in BDL compared with normal rats, and further increased in
BDL rats following PINX or light exposure (Fig. 5B, D). ROS levels were
increased in total liver (Fig. 5E) and cholangiocyte supernatant
(Fig. 5F) from BDL compared with normal rats, and further increased in
BDL rats following PINX or light exposure compared with BDL rats
(Fig. 5E–F).

Table 1
Evaluation of serum levels of SGTP, SGOT, ALK PHOS and Total Bilirubin and liver to body weight ratio.

Treatment Normal Normal+
light

Normal+
PINX

BDL BDL+
light

BDL+
PINX

Liver weight (gm) 5.05 ± 0.01
n = 4

6.53 ± 0.19
n = 4

7.31 ± 0.22
n = 4

7.22 ± 0.22
n = 4

7.09 ± 0.14
n = 4

9.36 ± 0.14
n = 4

Body weight (gm) 123.7 ± 1.13
n = 4

153.0 ± 1.53
n = 4

171.8 ± 3.88
n = 4

148.5 ± 6.75
n = 4

129.3 ± 4.71
n = 4

172.1 ± 2.70
n = 4

LW/BW (%) 4.09 ± 0.04
n = 4

4.27 ± 0.09
n = 4

4.26 ± 0.09
n = 4

4.87 ± 0.09⁎

n = 4
5.47 ± 0.19#

n = 4
5.45 ± 0.16#

n = 4
Serum chemistry SGTP

(units/L)
165.5 ± 14.23

n = 4
163.2 ± 6.56

n = 4
151.5 ± 1.81

n = 4
254.5 ± 8.49⁎

n = 4
300.0 ± 10.35#

n = 4
357.8 ± 2.06#

n = 4
SGOT

(units/L)
514.5 ± 58.89

n = 4
434.5 ± 46.33

n = 4
439.4 ± 6.67

n = 4
630.8 ± 46.2⁎

n = 4
806.6 ± 38.96#

n = 4
1332.5 ± 13.47#

n = 4
ALK PHOS
(units/L)

332.9 ± 7.94
n = 4

307.00 ± 30.46
n = 4

296.1 ± 3.58
n = 4

403.3 ± 33.39⁎

n = 4
479.2 ± 43.14#

n = 4
589.0 ± 15.21#

n = 4
Total bilirubin

(mg/dL)
0.6 ± 0.04

n = 4
0.6 ± 0.09

n = 4
0.53 ± 0.03

n = 4
6.88 ± 0.43⁎

n = 4
8.23 ± 0.33#

n = 4
9.77 ± 0.03#

n = 4

⁎ P < 0.05 vs. Normal.
# P < 0.05 vs. BDL.
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Fig. 3. [A] Immunofluorescence of liver sections co-stained CK19 (purple), desmin (green) and α-SMA (red) demonstrated increased for α-SMA and desmin in liver
sections from BDL compared with normal rats, which was enhanced in liver sections from BDL rats following PINX or exposed to light (upper three panels: scale bar
50 μm; lower panel: scale bar 10 μm). [B] The expression of α-SMA, Col1a1, TGF-β1, and Fn1 increased in LCM isolated HSC from BDL compared with normal rats,
which further increased in BDL rats following PINX or exposed to light compared with BDL rats. [C] There was increased expression of PCNA and Ki67 in LCM
isolated HSC from BDL compared with normal rats, that was further increased in BDL rats following PINX or exposed to light compared with BDL rats. Data are
mean ± SEM of 3 evaluations from 3 preparations LCM-isolated HSC from 3 rats. ⁎P < 0.05 vs. Normal; #P < 0.05 vs. BDL.
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Fig. 4. [A] Cellular senescence (by SA-β-gal staining, blue, in liver sections) was enhanced in BDL compared with normal rats and further enhanced in BDL rats
following PINX or exposed to light compared with BDL rats (Orig. magn. ×20; scale bar 50 μm). [B] There was increased immunoreactivity of p16 (p16 green, CK19
red) in liver sections of BDL compared with normal rats that was further increased in BDL rats following PINX or exposed to light compared with BDL rats (upper
three panels: Orig. magn. ×40, scale bar 50 μm; lower panel: Orig. magn. ×40 zoom5, scale bar 10 μm). [C] There was enhanced mRNA expression of p16, p21,
CCL2 in cholangiocytes from BDL rats (compared with normal rats) that was further increased in BDL rats following PINX or exposed to light compared with BDL rats.
[D] There was decreased mRNA expression of senescent markers (p16, p21) in LCM-isolated HSC from BDL rats compared with normal rats, which was further
decreased in BDL rats following PINX or light treatment compared with LCM-isolated HSC from BDL rats. Data are mean ± SEM of: (i) 10 different fields analyzed
from each sample from 3 different animals; (ii) 3 evaluations from 3 cumulative preparations of cholangiocytes from 4 rats; and (iii) 3 evaluations from 3 total liver
samples or LCM-isolated HSC from 3 different rats. ⁎P < 0.05 vs. Normal; #P < 0.05 vs. BDL.
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Fig. 5. [A] The mRNA expression of IL-1β, IL-6, IL-33, and TNF-α was increased in BDL rats compared with normal rats and further increased in BDL rats following
PINX or exposed to light compared with BDL rats. [B] The immunoreactivity of CD68 was increased in liver sections from BDL compared with normal rats and further
increased in BDL rats following PINX or exposed to light compared with BDL rats (Orig. magn. ×20; scale bar 50 μm). [C–D] There were increased expression of
VEGFA, vWF and PECAM-1 in total liver [C] and immunoreactivity of CD31 (CD31 green, CK19 red) in liver sections [D] (Orig. magn. ×40; scale bar 50 μm) from
BDL compared with normal rats that was more increased in BDL rats following PINX or exposed to light compared with BDL rats. [E–F] ROS levels were increased in
total liver [E] and cholangiocyte supernatant [F] from BDL rats compared with normal rats and further increased in BDL rats following PINX or prolonged light
exposure[E–F]. Data are mean ± SEM of: (i) 10 different fields analyzed from each sample from 3 different animals; (ii) 3 evaluations from 3 total liver samples from
3 different rats; and (iii) 3 evaluations from 3 cumulative preparations of cholangiocyte supernatant from 4 rats. ⁎P < 0.05 vs. Normal; #P < 0.05 vs. BDL.
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3.6. Expression of mir-200b and clock genes

The expression of miR-200b (downstream to melatonin and whose
expression is increased in Mdr2−/− mice and human PSC samples but
decreased by dark exposure or melatonin treatment) [13] was higher in
cholangiocytes and total liver from BDL rats but increased in BDL rats
following PINX or light exposure compared with BDL rats (Fig. 6A). To
determine the specificity of our findings, we confirmed that the ex-
pression of miR-200b was decreased in the cholangiocyte line, IMCLs,
after treatment with melatonin (Supplementary Fig. 4A). To pinpoint
the role of miR-200b in cholangiocyte fibrosis and senescence, we
transfected IMCLs with either miR-200b inhibitor or miR-200b mimic
(Supplementary Fig. 4A). The expression of fibrosis (TGF-β1, Fn1 and
Col1a1) and senescence (p16, p21 and CCL2) genes was decreased in
IMCLs treated with melatonin and miR-200b inhibitor but increased in
IMCLs treated with miR-200b mimic (Supplementary Fig. 4B–C). Con-
sistent with our previous study showing that administration of mela-
tonin to BDL rats decreases the expression of clock genes [1], we de-
monstrated that the mRNA expression of the clock genes, CLOCK, Per1,
Cry1, and ARNTL was increased in total liver samples (Fig. 6C) and
cholangiocytes (Fig. 6D) from BDL rats compared with normal rats, and
further enhanced in BDL rats following PINX or light exposure com-
pared with BDL rats (Fig. 6C–D). The mRNA expression of CLOCK, Per1,
Cry1, and ARNTL was increased in total liver samples from PSC patients
compared with healthy controls (Fig. 6B). There was increased im-
munoreactivity of CLOCK in liver sections from BDL compared with
normal rats, which was further increased in BDL rats following PINX or
light treatment compared with BDL rats (Fig. 6E). We also demon-
strated enhanced mRNA expression of clock genes in total liver from
Mdr2−/− compared with WT mice, which was reduced by prolonged
dark exposure or melatonin treatment or in vivo administration of a
miR-200b inhibitor (Fig. 6F).

3.7. In vitro studies in HIBEpiC, hPSCL and HHStecs

Approximately 99% of hPSCL were CK19 positive (Supplementary
Fig. 5A). There was enhanced mRNA expression of AANAT, MT1, MT2,
fibrosis genes (Fn1 and TGF-β1), senescence genes (p21 and p16), miR-
200b as well as CLOCK, Per1, Cry1 and ARNTL in hPSCL compared with
HIBEpiC (Supplementary Fig. 5B–F). We observed increased im-
munoreactivity of AANAT, MT1 and p16 in hPSCL compared with
HIBEpiC (Supplementary Fig. 5G). When HHStecs (that express MT1
and MT2, see Supplementary Fig. 6) were treated with cholangiocyte
supernatant from BDL rats, there was increased (i) ROS generation
(Fig. 7A–B); (ii) cell proliferation (Fig. 7C–D); (iii) the expression of
fibrosis genes (Fig. 7E) compared with HHStecs treated with normal
cholangiocyte supernatant. These changes were further increased when
HHStecs were treated with cholangiocyte supernatant from BDL rats
following PINX or light treatment (Fig. 7A–E). When HHStecs treated
with cholangiocyte supernatant from BDL rats there was decreased
expression of senescent markers (Fig. 7F) compared with HHStecs
treated with normal cholangiocyte supernatant, which was further de-
creased when HHStecs were treated with cholangiocyte supernatant
from BDL rats following PINX or light treatment (Fig. 7F).

4. Discussion

We evaluated the effect of PINX and prolonged light exposure
(which reduces melatonin serum levels) [3] on BDL-induced biliary
damage and liver fibrosis. In BDL rats following PINX or exposed to
light there was; (i) decreased melatonin levels in serum and cho-
langiocyte supernatant and reduced AANAT biliary expression; (ii) in-
creased MT1 but decreased MT2 expression; (iii) increased BDL-in-
duced IBDM, cellular senescence, liver inflammation, liver fibrosis,
angiogenesis and TGF-β1 and ROS levels; and (iv) increased expression
of melatonin-dependent miR-200b [13] and clock genes in cholangio-
cytes and total liver. PINX or prolonged exposure to light exacerbates
biliary damage and liver fibrosis in cholestatic rats through decreased
biliary melatonin synthesis. As validation of our models, we demon-
strated that BDL-induced increase in AANAT biliary expression and
melatonin levels in serum and cholangiocyte supernatant (likely due to
a compensatory mechanism) [1] was reduced in BDL rats following
PINX or light exposure. In support of the concept that enhanced biliary
damage and liver fibrosis (observed in BDL rats plus PINX or light ex-
posure) is due to reduced expression of melatonin levels, studies have
shown reduced melatonin serum levels in rats with PINX [23] and
proposed PINX as a model of PBC [27]. The decrease in melatonin
synthesis observed in our PINX model is supported by a previous study
showing an age-related decline in liver melatonin synthesis [28]. Si-
milarly, prolonged exposure to light increased lipid peroxidation in
brain, kidney and liver that was ameliorated by treatment with mela-
tonin [29].

Melatonin exerts its effects by interacting with the G-protein-cou-
pled membrane receptors, MT1, MT2 and MT3 (the latter found only in
non-mammals). The increase in the expression in MT1/MT2 in BDL rats
(due to a compensatory mechanism associated with enhanced mela-
tonin levels) [1] as well as human PSC cell lines is supported by a study
showing enhanced MT1/MT2 expression in cholangiocarcinoma [22].
The increase in MT1 and the decrease in MT2 expression (observed in
BDL + PINX or exposed to light) is supported by our preliminary data
showing that knock-out of MT1 reduces biliary damage and liver fi-
brosis, whereas knock-out of MT2 increases biliary senescence and liver
fibrosis in cholestatic models [30]. Consistent with a role of biliary
senescence (upregulated after PINX) in the downregulation of MT2, a
study has demonstrated age-related decline in MT2 expression in rat
liver [28]. Supporting our findings, we have demonstrated that mela-
tonin decreases biliary hyperplasia through increased biliary melatonin
secretion by interaction with MT1 [2]. To support the concept that
downregulation of MT2 induces an increase in biliary damage and liver
fibrosis through reduced melatonin synthesis, we have performed stu-
dies demonstrating that administration of melatonin to MT2−/− BDL
mice presents the increase in biliary damage/senescence and liver fi-
brosis. Melatonin has been shown to ameliorate liver damage and liver
fibrosis as well as systemic oxidative stress in BDL rats and Mdr2−/−

mice [13,22,31,32]. Our study provides novel data related to the im-
portant protective role of melatonin during biliary damage and liver
fibrosis since reduced melatonin levels cause enhanced biliary senes-
cence and liver fibrosis.

A hallmark of liver fibrosis is the activation of HSCs, which serve as
major producer of fibrogenic extracellular matrix [33]. Damaged

Fig. 6. [A] The mRNA expression of miR-200b was increased in cholangiocytes and total liver from BDL rats compared with normal rats and further enhanced in BDL
rats following PINX or prolonged light exposure. [B] The mRNA expression of CLOCK, PER1, Cry1, and ARNTL was increased in total liver from late stage PSC
patients (n = 5) compared with healthy controls (n = 4), data are mean ± SEM. [C–D] There was increased expression of CLOCK, PER1, Cry1, and BAML1 in total
liver [C] and cholangiocytes [D] from BDL rats compared with normal rats that was further increased in BDL rats following PINX or prolonged light exposure
compared. [E] Immunofluorescence demonstrated that CLOCK (CLOCK green, CK19 red) immunoreactivity increased in cholangiocytes from BDL compared with
normal rats that further increased in cholangiocytes from BDL rats following pinealectomy or prolonged light exposure (upper panel: Orig. magn. ×40, scale bar
50 μm; lower panel: Orig. magn. ×40 zoom5, scale bar 10 μm). [F] There was increased expression of CLOCK, PER1, Cry1, and ARNTL in total liver from Mdr2−/−

mice (compared with WT mice) that was reduced by dark exposure or treatment with melatonin or miR-200b inhibitor treatment. Data are mean ± SEM of: (i) 3
evaluations from 3 cumulative preparations of cholangiocytes from 4 rats; and (ii) 3 evaluations from 3 total liver samples from 3 different rats or mice. ⁎P < 0.05 vs.
the respective control; #P < 0.05 vs. BDL or Mdr2−/−.
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cholangiocytes express a number of SASPs (e.g., TGF-β1) [34], profi-
brogenic and chemotactic proteins, attracting inflammatory cells and
activating HSCs by paracrine pathways [6,34]. Parallel to our findings,

several studies support melatonin antifibrotic activity [35,36]. Mela-
tonin prevents H2O2-induced activation of HSCs through regulation of
TGF-β1 [36]. Our data expands these studies demonstrating that the
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Fig. 7. [A–E] There were increased ROS generation [A–B] (Orig. magn. ×20, scale bar 100 μm), cell proliferation [C–D] and expression of fibrosis genes [E] in
HHStecs stimulated with cholangiocyte supernatant from BDL rats compared with HHStecs stimulated with cholangiocyte supernatant from normal rats, which were
further increased in HHStecs stimulated with cholangiocyte supernatant from BDL rats following PINX or exposed to prolonged light. [F] There was decreased mRNA
expression of p16 and p21 in HHStecs treated with cholangiocyte supernatant from BDL rats compared with treated with cholangiocyte supernatant from normal rats,
which was further decreased when HHStecs treated were treated with cholangiocyte supernatant from BDL rats following PINX or light treatment. Data are
mean ± SEM of the mean for at three independent experiments. ⁎P < 0.05 vs. Normal; #P < 0.05 vs. BDL.
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anti-fibrotic effects of melatonin is due not only to interaction with MT1
on HSCs but also to a paracrine mechanism involving enhanced HSCs
senescence through decreased release of TGF-β1 and ROS from cho-
langiocytes. Indeed, we observed increased levels of TGF-β1 and ROS in
BDL rats that were further increased in BDL rats + PINX or exposed to
light, which likely depends on the decreased melatonin levels leading to
increased biliary release of TGF-β1. Supporting this notion, studies have
shown that enhanced levels of biliary TGF-β1 not only increase cho-
langiocyte senescence but also trigger the activation of HSC by a
paracrine mechanism [34,37]. Further studies are necessary to de-
termine the direct link between melatonin and TGF-β1, perhaps
mediated by changes in miR-200b. In addition to a direct effect of
melatonin on melatonin receptor on HSCs, we observed that cho-
langiocyte supernatant from BDL rats following PINX or prolonged light
exposure increased ROS levels that further activate HHStecs. These
findings suggest that increased chemotactic factors (likely due to de-
creased melatonin secretion by cholangiocytes) mediate the activation
of HSCs. Supporting our hypothesis and findings, a number of studies
have shown that melatonin affects ROS levels in liver cells [10,38].
Also, melatonin protects against alcoholic liver injury through de-
creased oxidative stress as well as inflammatory responses [10].

Biliary senescence (a hallmark of cholangiopathies) is increased in
mouse models of PSC as well as the livers of patients with PSC and PBC
[5,9]. Enhanced cholangiocyte senescence and release of SASPs have
been shown to trigger the activation of HSCs by paracrine pathways
[6,37]. Indeed, there were increased cholangiocyte senescence and
decreased cellular senescence of HSCs in BDL rats as well as in HHStecs
stimulated with the supernatant of BDL cholangiocytes, which supports

our previous finding in cholestatic mice [6]. There is evidence that
melatonin loss is linked to senescence, geriatric diseases and thus
highlighted the anti-aging effects of melatonin [39]. Recent studies
identified melatonin as a novel anti-SASP molecule [40], supporting
our finding that the increase of cholangiocyte senescence in BDL rats
following PINX or prolonged light exposure is due to reduced melatonin
levels. Melatonin possesses a variety of physiological functions in-
cluding antiangiogenic and anti-inflammatory effects [13,41]. Parallel
to a study showing that PINX aggravates acute pancreatitis by increased
susceptibility of PINX rats to inflammatory tissue damage [14], we
show increased inflammation in BDL rat liver following PINX or light
exposure.

A number of studies have shown that angiogenic factors trigger
biliary damage and liver fibrosis in cholestatic BDL rats, Mdr2−/− mice
as well as human PSC samples, suggesting that modulation of angio-
genesis is an important target for the management of liver fibrosis
[13,42]. In our study, we show enhanced expression of angiogenic
factors and increased angiogenesis in liver from BDL rats, which were
further increased in liver from of BDL rats following PINX or light ex-
posure likely due to reduced melatonin levels. Supporting this concept
and our finding, melatonin has been shown to exert antiangiogenic
activity in Mdr2−/− mice, HepG2 cells and metastatic cancer patients
[13,43,44].

A study has shown that: (i) miR-200b is increased in Mdr2−/− mice
and human PSC samples; and (ii) melatonin reduces biliary senescence
and liver fibrosis through downregulation of miR-200b leading to de-
creased liver angiogenesis [13]. In this study, we confirmed the ex-
pression of miR-200b was increased in rats with PINX and exposed to
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light and in hPSCL and that the enhanced expression of miR-200b was
associated with reduced melatonin levels. In support of the notion that
melatonin inhibits BDL-induced biliary hyperplasia through down-
regulation of selected clock genes (upregulated following BDL and in
hPSCL) [1], our findings introduce the novel concept that the upregu-
lation of the clock genes, CLOCK, Per1, Cry1 and ARNTL, (due to de-
creased melatonin levels) trigger the enhanced biliary damage/senes-
cence and liver fibrosis. Opposite to our studies and findings, showing
upregulation of clock genes in cholangiocytes from cholestatic animals
and downregulation of biliary clock gene expression by melatonin, a
number of studies have shown that downregulation of clock genes ex-
acerbates liver injury and fibrosis during cholestasis [45,46]. This dis-
crepancy is likely due to the fact that our studies were performed in
pure cholangiocytes [1] but not only in total liver as the other studies
have shown [45,46].

Since: (i) melatonin inhibits biliary damage and liver fibrosis by
downregulation of miR-200b; and (ii) downregulation of miR-200b (by
Vivo Morpholino) in Mdr2−/− mice decreases the expression of se-
lected clock genes, we propose that the modulation of the melatonin/
MT1/miR-200b/circadian rhythm may be important top modulate
biliary damage and liver fibrosis.

In summary, we demonstrated that PINX or prolonged exposure to
light exacerbates biliary damage and liver fibrosis in cholestatic rats by
decreased biliary melatonin synthesis (Fig. 8). We propose that the
dramatic reduction of melatonin secretion in cholangiocytes during
BDL plus PINX or light exposure aggravates biliary damage and liver
fibrosis by: (i) increasing biliary senescence through reduced biliary
levels of SASPs (e.g., TGFβ-1) and ROS thereby activating of HSCs by a
paracrine mechanism; and (ii) directly interacting with MT1 on HSCs.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbadis.2019.03.002.
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