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SUMMARY

Prolonged administration of melatonin (1.03 mg intake per
mouse per day) in Mdr2-/- mice improves liver histology and
restores the circadian rhythm by interaction with Melatonin
receptor 1 (MT1) through decreased angiogenesis and
increased glutathione-S transferase activity. Manipulation of
clock genes/miR200b pathway by melatonin treatment may
be a therapeutic option for primary sclerosing cholangitis
patients.

BACKGROUND & AIMS: Primary sclerosing cholangitis (PSC) is
characterized by biliary senescence and hepatic fibrosis. Mela-
tonin exerts its effects by interacting with Melatonin receptor 1
and 2 (MT1/MT2) melatonin receptors. Short-term (1 wk)
melatonin treatment reduces a ductular reaction and liver
fibrosis in bile duct–ligated rats by down-regulation of MT1 and
clock genes, and in multidrug resistance gene
2 knockout (Mdr2-/-) mice by decreased miR200b-dependent
angiogenesis. We aimed to evaluate the long-term effects of
melatonin on liver phenotype that may be mediated by changes
in MT1/clock genes/miR200b/maspin/glutathione-S trans-
ferase (GST) signaling.

METHODS: Male wild-type and Mdr2-/- mice had access to
drinking water with/without melatonin for 3 months. Liver
damage, biliary proliferation/senescence, liver fibrosis, peri-
biliary inflammation, and angiogenesis were measured by
staining in liver sections, and by quantitative polymerase chain
reaction and enzyme-linked immunosorbent assay in liver
samples. We confirmed a link between MT1/clock genes/
miR200b/maspin/GST/angiogenesis signaling by Ingenuity
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Pathway Analysis software and measured liver phenotypes and
the aforementioned signaling pathway in liver samples from
the mouse groups, healthy controls, and PSC patients and
immortalized human PSC cholangiocytes.

RESULTS: Chronic administration of melatonin to Mdr2-/- mice
ameliorates liver phenotypes, which were associated with
decreased MT1 and clock gene expression.

CONCLUSIONS: Melatonin improves liver histology and re-
stores the circadian rhythm by interaction with MT1 through
decreased angiogenesis and increased maspin/GST activity.
(Cell Mol Gastroenterol Hepatol 2022;14:877–904; https://
doi.org/10.1016/j.jcmgh.2022.07.007)

Keywords: Cholangiopathies; Ductular Reaction; Circadian
Rhythm; TGFb1.
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Pliver disease (incidence, <1/100,000) leading to
biliary strictures, recurrent cholangitis, and biliary cancer.1

Reliable drug therapy still is lacking, thus prompting
studies on the molecular mechanisms regulating PSC pro-
gression are needed. The multidrug resistance protein 2
(Mdr2-/-) mouse model resembles some features of human
PSC such as concentric periductal fibrosis with onion-skin
shape, suggesting the appropriateness of this model.2 The
phenotypes of PSC are evidenced by increased ductular re-
action (DR) and biliary senescence that causes the release of
senescence-associated secretory phenotypes, thus contrib-
uting to the paracrine activation of hepatic stellate cells
(HSCs) and collagen deposition.3–5 There is increasing in-
formation in mouse models and human samples regarding
the role of gastrointestinal hormones and neurotransmitters
(eg, secretin and melatonin) in the modulation of PSC phe-
notypes.5,6 Melatonin, which regulates and is regulated by the
circadian rhythm in mammals through interaction with MT1
and MT2 melatonin receptors, is synthesized from serotonin
by the pineal gland and the biliary epithelium by the enzyme
aralkyl amine N-acetyltransferase (AANAT).7,8 Several
studies have identified the role of melatonin in the regulation
of cholestatic liver diseases.5,8–14 For example, melatonin
protects cholangiocytes from oxidative stress–induced
inflammation by inhibiting nuclear factor-kB signaling.11 In
addition, melatonin ameliorates liver damage in several
cholestatic liver diseases, in both early and advanced stages,
and nonalcoholic fatty liver diseases.9 We have shown that
short-term (1 wk) administration of melatonin or exposure
to complete dark (which increases melatonin levels), modu-
lation of AANAT, pinealectomy (which decreases melatonin
synthesis), or down-regulation of MT1 (by which melatonin
exerts its effects) modulates DR, biliary senescence, liver
angiogenesis, and fibrosis by a paracrine pathway through
changes in biliary transforming growth factor b1 (TGFb1)/
transforming growth factor b1 receptor signaling.5,8,12–14

Cholestatic bile duct–ligated (BDL) rats treated with mela-
tonin for 1 week have decreased biliary hyperplasia through
MT1 interaction that down-regulates 30-50-cyclic adenosine
monophosphate (cAMP)-dependent protein kinase A (PKA)
phosphorylation and the expression of selected clock genes.8

Furthermore, treatment of Mdr2-/- mice with melatonin or
dark therapy (which increases melatonin synthesis) reduces
cholestatic phenotypes such as DR, biliary senescence, and
liver fibrosis through down-regulation of miR200b-depen-
dent angiogenesis, which regulates biliary damage and liver
fibrosis in cholestatic liver diseases including PSC.5,6,15–17

Overexpression of AANAT (which increases melatonin
levels) reduces DR, biliary damage, and liver fibrosis.5,13

Conversely, in BDL rats subjected to pinealectomy (which
reduces AANAT expression and melatonin levels) there
was enhanced biliary senescence and liver fibrosis through
enhanced expression of clock genes and miR200b.13

Melatonin ameliorates cholestatic phenotypes through
down-regulation of MT1, which reduces biliary damage
and liver fibrosis by down-regulation of cAMP/G protein-
coupled receptor 50 (GPR50)/TGFb1/TGFb1 receptor
signaling. In contrast, the knockout of MT2 worsens biliary
and liver damage by activating this transduction
pathway.14 Exploring the short-term modulation of mela-
tonin signaling is a shortcoming of our previous
studies5,13,14; thus, we aimed to perform experiments to
evaluate the long-term treatment of melatonin administra-
tion on PSC phenotypes and the associated downstream
signaling mechanisms.

Results
Measurement of Immunoreactivity/Expression of
AANAT, and Melatonin Levels in Serum

Parallel to previous studies,5,13 we showed immunore-
activity of AANAT in both mouse and human bile ducts
(Figure 1B). There was weak immunoreactivity of AANAT in
hepatocytes from Mdr2-/- mice, but no immunoreactivity for
AANAT was seen in HSCs (Figure 2, white arrows). Biliary
immunoreactivity and messenger RNA (mRNA) expression
of Aanat were higher (owing to a compensatory mechanism)
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Figure 1. (A) Experimental design: both male FVB/NJ and Mdr2-/- mice at 12 weeks underwent vehicle/melatonin
treatment for 12 weeks. Mice were killed at 24 weeks and we isolated cholangiocytes as well as collected liver, organs, and
serum. The graphic for the experimental design was created with BioRender.com. (B) Using immunofluorescence for AANAT
(green) in liver sections (co-stained with CK19, red) there is increased biliary immunoreactivity in both Mdr2-/- (left) and human
PSC groups (right) compared with control groups, which is reduced after melatonin treatment. Original magnification, 20�;
scale bar: 20 mm. (C) IHC of AANAT in both murine (original magnification, 20�; scale bar: 200 mm) and human PSC groups
(n ¼ 2 control, n ¼ 3 PSC samples; original magnification, 20�; scale bar: 100 mm). Data are means ± SEM of 10 nonover-
lapping random fields of 5 mice per group. *P < .05 vs WT; #P < .05 value vs Mdr2-/- mice. Data are means ± SEM of 4 normal
and 6 PSC nonoverlapping random fields of n ¼ 2 normal control and n ¼ 3 PSC samples. P < .05 vs normal control. Each dot
represents 1 value in data set. (D) mRNA expression of Aanat in both isolated cholangiocytes and total liver human samples
(n ¼ 5 control and n ¼ 5 PSC) is increased in PSC groups, which is reduced after melatonin treatment. (E) Serum levels of
melatonin was increased in both WT and Mdr2-/- mice after 12 weeks of melatonin treatment. Each dot represents 1 value in
data set. Data are means ± SEM of 3 evaluations from 3 cumulative preparations of cholangiocytes from 6 mice per group. *P
< .05 vs WT or control; #P < .05 vs Mdr2-/- mice.
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Figure 2. AANAT expression in hepatocytes and cholangiocytes. By immunofluorescence, (A) HSCs (red, desmin) showed
no indication of AANAT (green) in both murine and PSC samples compared with their respective control group, and (B) low
expression of AANAT in hepatocytes (red), which is reduced after melatonin treatment. Original magnification of the murine
model, 100� (left), and the actual magnification of the human sample is 20� (right). Scale bars: 20 mm. The white box shows a
high-magnification picture: 40� (human staining) and 50� (murine staining). White arrows in the white box indicate the
expression of AANAT in both HSCs and hepatocytes.
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in both 24-week-old Mdr2-/- mice (reduced after 12-week
melatonin treatment) and late-stage human PSC samples
(Figure 1C and D). Previously, we showed that the mela-
tonin serum levels of Mdr2-/- at 12 weeks were increased
significantly compared with the wild-type (WT) mice, likely
owing to a compensatory mechanism.5 However, in our current
study, melatonin serum levels decreased in 24-week Mdr2-/-

mice (mimicking late-stage PSC), but were higher in Mdr2-/-
mice treated with melatonin (Figure 1E). The reduction of
melatonin serum levels observed in 24-week Mdr2-/- mice is
supported by a study showing that serum melatonin levels
decrease with age and are reduced by 80% in 27-month-old
mice compared with 12-month-old mice.18 The reduced mela-
tonin serum levels in 24-week-old Mdr2-/- mice (which had
enhanced AANAT mRNA expression) likely are owing to
increased post-transcriptional degradation of melatonin.



Table 1.Assessment of Liver Weight, Body Weight, and Liver to Body Weight Ratio

Group BW, g LW, g LW/BW ratio, %

FVB/NJ (n ¼ 10) 32.4 ± 0.5 1.6 ± 0.1 4.88 ± 0.37

FVB/NJ þ melatonin (n ¼ 8) 34.1 ± 0.7 2.0 ± 0.1 5.82 ± 0.29

Mdr2-/- (n ¼ 10) 33.3 ± 0.5 2.5 ± 0.06a 7.6 ± 0.2a

Mdr2-/- þ melatonin (n ¼ 9) 35.6 ± 0.9 2.6 ± 0.09 7.3 ± 0.1

BW, body weight; LW, liver weight.
aP < .05 vs FVB/NJ.
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Chronic Administration of Melatonin Reduces
Liver Damage and Intrahepatic Bile Duct Mass

The liver to body weight ratio (index of liver cell
growth)19 was higher in Mdr2-/- compared with WT mice;
there was no significant difference in liver to body weight
ratio between Mdr2-/- mice compared with Mdr2-/- mice
treated with melatonin (Table 1). Twenty-four–week-old
Mdr2-/- (n ¼ 9) mice showed increased portal fibrosis with
few bridges and a mild to focally moderate increase in bile
duct mass and DR (supported by cytokeratin 19 [CK19]
immunohistochemistry [IHC]) (Figure 3C). We observed
mild patchy portal inflammation, prominent diffuse bile
stasis, and variable reactive changes in hepatocytes with
rare acidophil bodies. Mdr2-/- mice treated with melatonin
(n ¼ 8) showed periportal fibrosis, portal tracts expanded
by moderate chronic inflammatory infiltrate with mild
interface activity, and diffuse DR. Furthermore, we observed
variable reactive changes in hepatocytes with rare acidophil
bodies and atrophic epithelium in the periportal zone with
minimal inflammation; no significant pathologic changes
were observed in the other organs among the experimental
groups (Figure 4). The number of proliferating cellular nu-
clear antigen (PCNA)-positive cholangiocytes (also
confirmed by quantitative polymerase chain reaction
(qPCR) for Pcna in isolated cholangiocytes (Figure 3B) and
intrahepatic bile duct mass (IBDM) increased markedly in
24-week Mdr2-/- mice compared with WT mice, which was
reduced significantly in Mdr2-/- mice treated with mela-
tonin; no changes in the number of PCNA-positive chol-
angiocytes and IBDM were observed between WT animals
treated with melatonin compared with WT control mice
(Figure 3A–C).

Long-Term Treatment With Melatonin
Ameliorates Biliary Senescence in Mdr2-/- Mice

By staining for both senescence-associated b-galacto-
sidase (SA-b-GAL) and cyclin-dependent kinase inhibitor
2A (p16) in liver sections, as well as qPCR for p16
(Cdkn2a) and cyclin-dependent kinase inhibitor 1A
(Cdkn1a) in isolated cholangiocytes, there was enhanced
biliary senescence in Mdr2-/- compared with WT mice,
which was decreased in Mdr2-/- mice treated with mela-
tonin compared with the corresponding Mdr2-/- mice. No
changes in biliary senescence were observed between WT
animals treated with melatonin compared with WT control
mice (Figure 5).
Liver Fibrosis Is Reduced in Mdr2-/- Mice Treated
With Melatonin for 12 Weeks

By Fast Green/Sirius Red and Masson Trichrome stain-
ing, collagen deposition was higher in Mdr2-/- compared
with WT mice, an increase that was reduced in Mdr2-/- mice
treated with melatonin compared with the corresponding
Mdr2-/- mice. No changes in collagen deposition were
observed between WT animals treated with melatonin
compared with WT control mice (Figure 6A and B). There
was enhanced mRNA expression of collagen, type I a
(Col1a1) and Tgfb1 in the total liver, as well as TGFb1 level
in cholangiocyte supernatant from Mdr2-/- compared with
WT mice, which was decreased in Mdr2-/- mice treated with
melatonin. No changes in these phenotypes were observed
between WT animals treated with melatonin compared with
WT control mice (Figure 6C and D).

Prolonged Melatonin Administration Alleviates
Portal Inflammation in Mdr2-/- Mice

Several studies have shown the role of hepatic mac-
rophages in PSC progression20 and how melatonin re-
duces inflammation by promoting antioxidant events.11

With this background, we measured the effect of
chronic melatonin treatment on liver inflammation and
observed the following: (1) human PSC (n ¼ 3) samples
have increased cluster of differentiation 80 (CD80)-posi-
tive and CD206-positive macrophages compared with
control groups (n ¼ 2) (Figure 7A), as well as inducible
nitric oxide synthase (iNOS)-positive cells (Figure 8A); (2)
an increased number of F4/80-positive, interferon-
regulatory factor 5–positive macrophages (Figure 5B)
and iNOS-positive cells (Figure 8C) in Mdr2-/- mice
compared with WT mice, which are reduced after mela-
tonin treatment; (3) cholangiocytes from human PSC and
Mdr2-/- mice expressed iNOS, which is involved in the
generation of the free radical NO (proinflammatory
mediator)21; (4) an increased number of CD206-positive
macrophages in Mdr2-/- mice that was enhanced in
Mdr2-/- mice treated with melatonin22 (Figure 7B, middle
panel); and (5) an increased mRNA expression of Il1b
and Il6 in total liver samples of Mdr2-/- compared with
WT mice. These changes were reversed in Mdr2-/- mice
treated with melatonin compared with Mdr2-/- mice
(Figure 5C); no changes in liver inflammation were
observed between WT animals treated with melatonin
compared with WT control mice (Figures 7 and 8).



Figure 3. Biliary proliferation is reduced in Mdr2-/- mice treated with melatonin for 12 weeks. In Mdr2-/- mice, there was a
significant increase in both (A) PCNA cholangiocyte–positivity (original magnification, 20�; scale bar: 200 mm; data are means
± SEM of 5 evaluations from n ¼ 3 different animals per groups); (B) mRNA expression of Pcna in isolated cholangiocytes (data
are means ± SEM of 3 evaluations from 3 cumulative preparations of cholangiocytes from 6 mice per group), as well as (C)
IBDM compared with the WT group, which was reduced after melatonin treatment. Original magnification, 10�; scale bar: 300
mm. Data are means ± SEM of 24 nonoverlapping random fields of 5 mice per group. Black arrows indicate bile ducts. Each dot
represents 1 value in data set. *P < .05 vs WT; #P < .05 vs Mdr2-/- mice.
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Figure 4. Melatonin ame-
liorates liver damage in
Mdr2-/- mice. H&E stain-
ing of melatonin-treated
Mdr2-/- mice showed mild
to moderate portal inflam-
mation with extension into
and atrophy of bile duct
epithelium, and atrophic
epithelium in portal areas
with minimal inflammation
may suggest a biliary
repair. No histomorpho-
logic changes were
observed among the or-
gans of the experimental
groups. Data are analyzed
from n ¼ 9-8 animals per
each experimental group.
Original magnification,
20�; scale bars: 200 mm.
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Melatonin Reduces Angiogenesis in Mdr2-/- Mice
Because several studies have shown that melatonin

effects on hyperplastic and neoplastic liver phenotypes
are mediated by decreased angiogenesis,5,13,23 and
because vascular endothelial growth factor A (VEGFA)
stimulates biliary proliferation,24 we measured liver
angiogenesis and VEGFA levels in our experimental
setting. Mdr2-/- mice showed the following was enhanced:



Figure 5. Melatonin prevents cholangiocyte senescence in Mdr2-/- mice. (A) By SA-b-GAL staining, Mdr2-/- mice have
increased biliary senescence (blue) compared with WT, which is reduced in Mdr2-/- mice treated with melatonin for 12 weeks.
Original magnification, 20�; scale bars: 200 mm. Data are means ± SEM of 20 pictures from n ¼ 3 different animals per group.
*<P vs WT; #<P vs Mdr2-/- mice. (B) Immunofluorescence staining for p16 (green) co-stained for CK19 (red) have increased
immunoreactivity in Mdr2-/- mice, which is reduced after melatonin treatment for 12 weeks. Original magnification, 20�; scale
bars: 100 mm. (C) Cdnk2a and Cdnk1a mRNA expression from isolated cholangiocytes of 12-week melatonin-treated Mdr2-/-

mice were decreased when compared with Mdr2-/- mice. Each dot represents 1 value in data set. Data are means ± SEM of 3
evaluations from 3 cumulative preparations of cholangiocytes from 6 mice per group.
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(1) immunoreactivity of VEGFA and CD31 in liver sec-
tions (Figure 9A and B); (2) mRNA expression of vascular
endothelial growth factor C (Vegfc) and Pecam1 (gene for
CD31) in the total liver (Figure 9C); (3) mRNA expression
of Vegfa, Kdr (gene for vascular endothelial growth factor
receptor 2) and for Flt4 (gene for vascular endothelial
growth factor receptor 3) in cholangiocytes (Figure 9D);
and (4) VEGFA levels in cholangiocyte supernatant
(Figure 6E); these phenotypes were reduced in Mdr2-/-

mice treated with melatonin (Figure 9).



Figure 6. Protective effect of melatonin in liver fibrosis. (A) Prolonged administration of melatonin reduced collagen
deposition in Mdr2-/- mice as shown by Fast Green Sirius red (red) and (B) Masson trichrome (blue) staining. Original
magnification, 20�; scale bars: 200 mm. Data are means ± SEM of slides (completed scanned) from n ¼ 3 different animals per
group. (C) mRNA expression of Col1a1 and Tgfb1 in total liver was decreased in Mdr2-/- mice treated with melatonin for 12
weeks; no changes in mRNA expression of the fibrotic markers were observed between WT animals treated with melatonin
compared with WT control mice. Data are means ± SEM of 3 evaluations from 3 cumulative preparations of total liver from 4
mice per group. (D)Mdr2-/- mice have increased levels of TGFb1 in cholangiocyte supernatant compared with WT groups, and
melatonin reduced TGFb1 levels significantly in Mdr2-/- mice. Data are means ± SEM of a duplicate from 4 cumulative
preparations of cholangiocytes from 6 mice per group. Each dot represents 1 value in data set. *P < .05 vs WT; #P < .05 vs
Mdr2-/- mice.
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Measurement of Immunoreactivity/Expression of
MT1 in Liver Sections and Cholangiocytes and
Expression of Phosphor-Protein Kinase A/cAMP
Response Element-Binding Protein/Clock Genes/
miR200b-/Maspin (Serpinb5)/Glutathione-S
Transferase Signaling

Finally, we performed studies aimed to show the effects
of melatonin on liver phenotypes of Mdr2-/- mice that are
associated with changes in the expression of phosphor-
protein kinase A (pPKA)/cAMP response element-binding
protein (CREB)/clock genes/miR200b/Serpinb5/gluta-
thione-S transferase (GST) signaling. Through Ingenuity
Pathway Analysis software (Qiagen, Germantown, MD)
(Figure 10A), we postulated that melatonin decreases
angiogenesis by improving the activity of the antioxidant
enzyme GST (a family of phase II detoxication enzymes) in
non–receptor-mediated mechanisms; and by CREB/clock



Figure 7. Anti-inflammatory properties of melatonin in Mdr2-/- mice. (A) Human PSCs (n ¼ 3) showed increased immu-
noreactivity of CD206 and CD80 compared with the control group (n ¼ 2). Original magnification, 20�; scale bars: 100 mm. (B)
Mdr2-/- mice had increased expression of F4/80 (upper), CD206 (middle), and interferon-regulatory factor 5 (IRF5) (lower).
Melatonin decreases the expression of F480 and IRF5 in Mdr2-/- mice, but increases the polarization of M2 macrophages in
Mdr2-/- to relieve peribiliary inflammation. Original magnification, 10�; scale bars: 300 mm. (C) Quantification data are means ±
SEM of 20 nonoverlapping figures from n ¼ 5 different animals per group.19 mRNA expression of PCR for Il1b and Il6 in total
liver were decreased in Mdr2-/- mice treated with melatonin compared with the corresponding Mdr2-/- mice. Data are means ±
SEM of 3 evaluations from 3 cumulative preparations of total liver from 6 mice per groups. Each dot represents 1 value in data
set. *P < .05 vs WT; #P < .05 vs Mdr2-/- mice.
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genes/miR200b/Serpinb5/VEGFA through a receptor-
mediated mechanism. Previously, we have shown that
melatonin reduces biliary damage and liver fibrosis by
down-regulation of the MT1/miR200b/pPKA/clock genes/
angiogenesis axis.5,8 Several studies have shown the key
role of cAMP/PKA signaling in the modulation of biliary
homeostasis25; and down-regulation of the serine protein-
ase inhibitor maspin (Serpinb5) triggers angiogenesis during
tumorigenesis by interaction with GST.26

Consistent with the finding that melatonin inhibits
biliary hyperplasia in BDL rats by down-regulation of MT1,8

we showed enhanced biliary immunoreactivity (in liver



Figure 8. iNOS expression. (A) Human PSCs showed increased immunoreactivity of iNOS in both M1 macrophages and
cholangiocytes (original magnification, 20�; scale bars: 100 mm) and (B) mRNA expression of Nos2 (gene for iNOS) in total liver
compared with control group. Data are means ± SEM of 2 evaluations from n ¼ 5 normal and n ¼ 6 PSC samples. This
phenotype also was observed in Mdr2-/- mice, in which (C) the immunoreactivity of iNOS, and (D) the mRNA expression of
Nos2 in isolated cholangiocytes were reduced in Mdr2-/- treated with melatonin. Data for mRNA expression are means ± SEM
of 3 evaluations from 3 cumulative preparations of cholangiocytes from 6 mice per group. Each dot represents 1 value in data
set. *P < .05 vs WT or control; #P < .05 vs Mdr2-/- mice.
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sections) and mRNA expression (in isolated cholangiocytes)
of MT1 in 24-week-old Mdr2-/- mice compared with WT
mice, which was reduced in Mdr2-/- mice treated with
melatonin for 12 weeks (Figure 10B and C). In agreement
with a previous study,13 in liver sections there was weak
immunoreactivity for MT1 in HSCs, whereas no immuno-
reactivity for MT1 was observed in hepatocytes (Figure 11).
Altogether, these data showed that melatonin decreased the
immunoreactivity of MT1 in both cholangiocytes and he-
patocytes, but melatonin treatment does not affect MT1
localization or expression in other cell types. Next, we
showed enhanced expression of pPKA (brown) in bile ducts
(red) by IHC in liver sections and protein expression for
phospho-CREB (pCREB)/CREB ratio in cholangiocytes from
Mdr2-/- mice compared with WT mice, parameters that were
reduced in Mdr2-/- treated with melatonin (Figure 10D and
E). Together, these data show that melatonin decreases the
immunoreactivity of pPKA, which reduces the activation of
pCREB to act as a transcription factor in clock gene
regulation.27

Similar to previous studies,5,13 we showed enhanced
biliary immunoreactivity (in liver sections) and expression
(in cholangiocytes) of the clock genes, PER1, CRY1, CLOCK,
and ARNTL, in Mdr2-/- mice compared with WT mice, which



Figure 9. Melatonin acts as an antiangiogenic factor in Mdr2-/- mice. Immunoreactivity of (A) VEGFA (black box: high-
magnification figure) and (B) CD31 (green) co-staining with CK19 (red) in paraffin and frozen liver sections, respectively, is
increased in Mdr2-/- mice compared with the WT group, which is reduced after melatonin treatment. Original magnification,
20�; scale bars: 100 mm. (C) mRNA expression of angiogenic factors (Vegfc and Pecam1) in total liver samples (data are means
± SEM of 3 evaluations from 3 cumulative preparations of total liver from 6 mice per group) and (D) in isolated cholangiocytes
(Vegfa, Kdr, and Flt4; data are means ± SEM of 3 evaluations from 3 cumulative preparations of cholangiocytes from 6 mice
per group) was decreased in Mdr2-/- mice treated with melatonin for 12 weeks compared with Mdr2-/- mice. (E) VEGFA
cholangiocyte supernatant levels were reduced in Mdr2-/- mice after prolonged administration of melatonin. Data are means ±
SEM of a duplicate from 4 cumulative preparations of cholangiocytes from 6 mice per group. Each dot represents 1 value in
data set. *P < .05 vs WT; #P < .05 vs Mdr2-/- mice.
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was decreased in Mdr2-/- mice treated with melatonin
compared with Mdr2-/- mice (Figure 12A and B). In human
histologic samples, we showed enhanced expression in bile
ducts of PER1, CRY1, CLOCK, and ARNTL in late-stage PSC
compared with healthy control samples (Figure 12C). In
cholangiocytes from Mdr2-/- mice and total liver samples
from human PSC samples, we showed decreased levels of
SERPINB5/maspin, and reduced GST activity; these pheno-
types were reversed in the murine groups after melatonin
treatment (Figure 13A and B). Furthermore, both 24-week
Mdr2-/- mice and late-stage PSC patients showed a signifi-
cant increase of miR200b compared with their correspond-
ing group, which was decreased in Mdr2-/- mice treated with
melatonin for 12 weeks (Figure 13D). Together, these data



Figure 10. Melatonin interacts with MT1 to down-regulate pPKA/pCREB signaling. (A) Ingenuity Pathway Analysis sug-
gested that melatonin may influence VEGF secretion by MT1/pPKA/CREB/clock genes/miR200b/Maspin signaling. (B) Enhanced
biliary immunoreactivity (in liver sections, original magnification, 20�; scale bars: 20 mm; data are means ± SEM of 6 pictures from
n ¼ 3 different animals per group) and (C) mRNA expression (in isolated cholangiocytes) of Mtnr1a were observed in Mdr2-/-

compared with WT mice, which was reduced inMdr2-/- mice treated with melatonin. Data are means ± SEM of 3 evaluations from
3 cumulative preparations of cholangiocytes from 6 mice per group. (D) Immunoreactivity of pPKA is reduced in Mdr2-/- mice
treated with melatonin for 12 weeks. Original magnification, 20�; scale bars: 100 mm black arrows showed the pPKA-bile duct
positivity. (E) The pCREB/CREB ratio in isolated cholangiocytes showed increased activation of pCREB inMdr2-/- mice compared
with WT. Its activation was reduced after melatonin treatment. Both CREB and pCREB were normalized with total protein loading
(Pounce S staining). Data are means ± SEM of 3 evaluations from cumulative preparations of cholangiocytes from 6 mice per
group. Each dot represents 1 value in data set. *P < .05 vs WT; #P < .05 vs Mdr2-/- mice.
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showed that melatonin may be linked to miR200b by
reducing its expression through the MT1/clock gene axis in
a murine PSC model, as well as there is an association be-
tween mir200b and angiogenesis through maspin/GST
signaling.
In Vitro Effect of Melatonin on Biliary Phenotypes
We observed that the PSC cholangiocyte cell line is

approximately 94% positive for CK19 showing an epithelial
origin (Figure 14B). Moreover, there was no positive
immunoreactivity for hepatocytes, macrophages, or



Figure 11. MT1 expres-
sion in different cell lines.
By immunofluorescence,
(A) HSCs (red, desmin)
showed low expression of
MT1 (green) inMdr2-/- mice
compared with WT, which
was reduced in Mdr2-/-

mice treated with mela-
tonin. (B) There was no co-
localization of MT1 (green)
with the hepatocytes (red,
HNF4a) in the experimental
groups. Original magnifi-
cation, 40�; (upper side).
The white box shows a
high-magnification picture,
100�.
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endothelial cell markers and less immunoreactivity of HSCs
in the PSC isolated cell lines (Figure 14C). Melatonin-treated
PSC cholangiocyte cells have reduced immunoreactivity and
mRNA expression of MTNR1A and clock genes (PER1, CRY1,
CLOCK, and ARNTL) compared with the vehicle-treated
P92–PSC control group (Figure 15). Finally, mRNA expres-
sion of proliferative, senescence, fibrotic, and angiogenic
markers, as well as miR200b, are decreased significantly in
the melatonin–PSC cholangiocyte cell line compared with
the vehicle-treated PSC control group (Figure 16).

Discussion
In the present study, we showed that prolonged mela-

tonin administration to Mdr2-/- mice ameliorates PSC phe-
notypes, such as biliary senescence and collagen deposition.
No changes in liver phenotypes were observed in WT mice
treated with melatonin and melatonin did not induce
pathologic changes in other organs. The beneficial effects of
melatonin on liver damage were associated with reduced
liver inflammation and angiogenesis. Our findings support
the beneficial effects of long-term melatonin exposure (12
weeks of treatment) by acting as an antiproliferative,28 anti-
inflammatory,29 and anti-angiogenic agent30 in cholestatic
liver diseases, and the amelioration of biliary senescence
and release of senescence-associated secretory phenotype
such as TGFb1.3,14,31 Furthermore, we observed that long-
term melatonin treatment does not induce any negative
morphologic changes in other organs. Our data are sup-
ported by a previous study showing that short-term mela-
tonin administration in severely ill human beings is
considered safe, and long-term administration (24 weeks)
does not induce serious adverse events.32 Furthermore, in a
pilot study, 3-month administration of melatonin to patients
with nonalcoholic steatohepatitis reduced plasma levels of
liver enzymes and lipids through increased melatonin
serum levels.33 These observations and the evidence of
melatonin’s strong antioxidant and anti-inflammatory ef-
fects in the experimental setting prompt studies to deter-
mine the efficacy of this molecule as a therapeutic for
human cholangiopathies.34



Figure 12. Melatonin resynchronized clock gene expression in Mdr2-/- mice. (A) By immunofluorescence, Mdr2-/- mice
have increased immunoreactivity of clock genes (green) compared with WT, which was reduced in Mdr2-/- mice treated with
melatonin for 12 weeks. Original magnification, 40�. (B) Per1, Cry1, Clock, and Arntl mRNA expression from isolated chol-
angiocytes of Mdr2-/- mice treated with melatonin for 12 weeks were decreased compared with Mdr2-/- mice. Each dot
represents 1 value in data set. Data are means ± SEM of 3 evaluations from 3 cumulative preparations of cholangiocytes from
6 mice per group. *P < .05 vs WT; #P < .05 vs Mdr2-/- mice. (C) Immunofluorescence staining for clock genes (green) co-
stained for CK19 (red) showed increased immunoreactivity in PSC patients compared with the normal group. Original
magnification, 40�; scale bar: 10 mm. White box: high-magnification picture, 100�. Data are means ± SEM of 3 pictures from
n ¼ 3 different human samples per group. *P < .05 vs control group.
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The secretory and proliferative functions of chol-
angiocytes are regulated by several gastrointestinal hor-
mones and neuropeptides such as secretin and
melatonin.31,35 We have previously shown that, in the
cholestatic rat model of BDL, MT1 and MT2 receptors are
up-regulated together with the clock genes, CLOCK, BMAL1,
CRY1, and PER1; and that short-term (1 week) melatonin
treatment reduces BDL-induced biliary hyperplasia, liver
damage, and clock gene expression.8 In the same study,
experiments performed with Luzindole (a receptor antago-
nist for MT1 and MT2 that has approximately 11- to 25-fold
greater affinity for MT2 compared with MT1)36 or 4-phenyl-
2-propionamidotetralin (4-P-PDOT, MT2 receptor antago-
nist that is >300-fold more selective for MT2 than MT1)37



Figure 13. Pleiotropic effects of melatonin are mediated by miR-200b/maspin signaling. (A) Serpinb5 (left) mRNA
expression and GST activity from isolated cholangiocytes of Mdr2-/- mice treated with melatonin for 12 weeks were increased
compared withMdr2-/- mice. Data are means ± SEM of 3 evaluations from 3 cumulative preparations of cholangiocytes from 6
mice per group. (B) Human PSCs showed decreased mRNA levels of SERPINB5 (left), and reduced GST activity (right)
compared with the control group. (C) This phenotype was confirmed by immunoblot of maspin in total liver human samples.
Data for mRNA expression are means ± SEM of 2 evaluation from n ¼ 5 normal and n ¼ 7 PSC samples. Data for GST activity
are means ± SEM of 2 evaluations from n ¼ 6 normal and n ¼ 6 PSC samples. Data for immunoblots are means ± SEM of n ¼
5 normal and n ¼ 9 PSC samples. (D) Mdr2-/- mice have increased mRNA expression of miR200b in both murine (left) and
human PSC samples (right), which was reduced with melatonin treatment; no changes in miR200b expression were observed
between WT animals treated with melatonin compared with WT control mice. Data are means ± SEM of 3 evaluations from 3
cumulative preparations of cholangiocytes from 6 mice per group. Data for mRNA expression are means ± SEM of 2 eval-
uation from n ¼ 4 normal and n ¼ 9 PSC samples. Each dot represents 1 value in data set. *P < .05 vs WT or control; #P < .05
vs Mdr2-/- mice. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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allowed us to determine that the MT1 receptor likely me-
diates the beneficial effects of melatonin.8 In separate
studies in BDL and Mdr2-/- mice, we provided conclusive
evidence that melatonin improves liver phenotypes through
down-regulation of MT1 (a receptor subtype expressed
mainly by cholangiocytes). In contrast, knockout of MT2
triggers biliary damage and liver fibrosis through GPR50/
TGFbR1 signaling.14

Higher nocturnal expression of AANAT in rodents and
the involvement of CREB activation in melatonin synthesis
have been described.38 Furthermore, it has been shown that
PER1-/- mice show increased nocturnal AANAT transcription



Figure 14. (A) Fluorescence-activated cell sorting plot represents the percentage of the EpCAM-positive cell in H69
(control) and PSC cells (right). (B) Representative image of PSC cell line (upper, n ¼ 4) and table (lower) to show the purity of
the cell lines (94.42%). Original magnification, 10�; scale bars: 20 mm. (C) Evaluation of other cell lines to determine
contamination, such as hepatocytes (HNF4a, green), HSCs (desmin, yellow), CD68 (macrophages, magenta), and endothelial
cells (CD31, cyan). Original magnification, 10�; scale bars: 20 mm. DAPI, 40,6-diamidino-2-phenylindole; EpCAM, Epithelial cell
adhesion molecule; FITC-A, Fluorescein isothiocyanate.
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in the pineal gland39 and the role of BMAL1–CLOCK heter-
odimer in triggering biliary AANAT expression.40 Together
with our data, these results conclude that increased clock
gene expression in Mdr2-/- mice increases the expression of
AANAT in cholangiocytes. After melatonin administration in
the cholestatic murine model, we proposed that the clock
system is restored along with AANAT expression. Because
AANAT is expressed mainly by cholangiocytes and at lower
levels by hepatocytes (but not HSCs)13; and melatonin
serum levels are decreased markedly in 24-week-old
Mdr2-/- mice, our data support the concept that melatonin
administration ameliorates biliary/liver phenotypes by both
paracrine (enhanced secretion of melatonin by the pineal
gland)12,13,35 and autocrine mechanisms (by increased
melatonin biliary secretion)12,13,35 as evidenced by
enhanced levels of melatonin in serum. Interestingly, the
chronic administration of melatonin to WT and Mdr2-/- mice
did not change the hepatic localization of AANAT, further
supporting the concept that enhanced biliary melatonin
secretion may be a key factor modulating biliary/liver



Figure 15. Melatonin influences the phenotype of isolated P92-PSC. (A) Morphologic shapes of human isolated PSC cell
line. Scale bars: 20 mm. (B) By immunofluorescence and qPCR, the MT1 and (C and D) clock genes (PER1, CRY1, CLOCK, and
BMAL1) are decreased in isolated PSC cell lines treated with melatonin compared with vehicle-treated PSC cells. Original
magnification, 20�; scale bars: 20 mm. Data are means ± SEM of 2 evaluations from 3 cumulative preparations of in vitro
experiments. Each dot represents 1 value in data set. *P < .05 vs PSC.
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damage. Consistent with previous studies,8,14 the effects of
melatonin were associated with decreased biliary expres-
sion of MT1, the receptor by which melatonin exerts its
therapeutic effects in the liver by down-regulation of cAMP/
PKA signaling.14 Several studies in other cell systems have
shown that melatonin effects are mediated by interaction
with the MT1 receptor.41,42 MT1–melatonin interaction also
ameliorates liver injury caused by alcohol gastric perfusion
reducing lipid peroxidation through down-regulation of
cAMP, but enhanced the activity of AMPK.41 Moreover,
melatonin–MT1 interaction inhibits insulin secretion in rat
insulinoma cells and mouse pancreatic islets through
decreased phosphorylation of CREB protein.43 The finding
that melatonin amelioration of liver damage is mediated by
down-regulation of cAMP signaling supports the concept
that this transduction pathway plays a vital role in the ho-
meostasis of biliary functions.44,45 Because cAMP/phos-
phorylated extracellular signal-related kinase (pERK1/2)/
TGFb1 signaling plays a key role in the modulation of biliary
phenotypes and liver fibrosis, and because MT1 receptors
are expressed mainly by cholangiocytes,5,14 our findings
support the concept that melatonin effects on liver



Figure 16. Isolated P92-PSC phenotype. (A) Proliferative (PCNA, KIM67), (B) senescence (CDKN1A, CDKN2A), (C) fibrotic
(TGFB1, FN1, and ACTA2), and (D) angiogenic (VEGFA) markers, as well as (E)miR200b is decreased in isolated PSC cell lines
treated with melatonin compared with vehicle-treated PSC cells. Data are means ± SEM of 2 evaluations from 3 cumulative
preparations of in vitro experiments. Each dot represents 1 value in data set. *P < .05 vs PSC.
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phenotypes are mediated by changes in cholangiocyte
signaling, which affect the functions of adjacent chol-
angiocytes, Kupffer cells, and HSCs by paracrine
pathways.14,46–48 However, melatonin actions on chol-
angiocytes, Kupffer cells, and HSC phenotypes may be
regulated by receptor-independent mechanisms because
previous studies have shown that melatonin acts as an
antioxidant, increasing GST activity.22,49 Regarding this
latter point, 1 study underscored the role of lipid peroxi-
dation (characteristically in the periportal area) and
reduced antioxidant activity in human PSCs as an essential
process in the progressing pathogenesis of this disease.50

Several studies have shown that neo-angiogenesis
regulates biliary damage, liver inflammation, and fibrosis
during the progression of liver diseases in both rodent
models of cholestasis and human samples,5,24,51 and the



Table 2.Patient Information

Groups Sample ID Company Gender Age, y Blood type Ethnicity Sample

Control H1255 XenoTech Female 56 N/A African American Liver
H1293 XenoTech Female 52 N/A Caucasian Liver
H1296 XenoTech Male 46 N/A Caucasian Liver
H1299 XenoTech Female 17 N/A Caucasian Liver
EB66 Indiana University (IU) Health University Hospital Male 46 O Unknown Liver
EB92 IU Health University Hospital Unknown Unknown Unknown Unknown Liver
EB125 IU Health University Hospital Male 35 A Unknown Liver
EB126 IU Health University Hospital Male 43 O Unknown Liver

PSC PSC1 IU Health University Hospital Unknown Unknown Unknown Unknown Liver
EB29 IU Health University Hospital Female 59 O Unknown Liver
EB37 IU Health University Hospital Male 33 A Unknown Liver
EB43 IU Health University Hospital Female 45 O Unknown Liver
EB62 IU Health University Hospital Male 61 O Unknown Liver
EB71 IU Health University Hospital Male 38 O Unknown Liver
EB80 IU Health University Hospital Female 56 O Unknown Liver
EB94 IU Health University Hospital Male 55 O Unknown Liver
EB97 IU Health University Hospital Male 60 A Unknown Liver
EB105 IU Health University Hospital Male 32 O Unknown Liver
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miR200b/TGFb1 signaling axis (up-regulated in BDL and
Mdr2-/- mice and down-regulated by melatonin)4,5,46 regu-
lates biliary damage and liver fibrosis in cholangiopathies.
Based on this background, we performed experiments that
showed that the expression of the miR200b/angiogenesis
axis increases in our mouse models of cholestasis and hu-
man PSC samples, but was down-regulated in Mdr2-/- mice
treated with melatonin. We show that human PSC samples
and Mdr2-/- mice had decreased expression/activity of
maspin/GST and increased expression of miR200b. Mela-
tonin reduces angiogenesis through receptor and non-
–receptor-mediated mechanisms. Specifically, melatonin
interaction with MT1 restores the circadian rhythm and
down-regulates miR200b, enhancing maspin expression and
GST activity presumably by a non–receptor-mediated
mechanism. Supporting our findings, several studies have
shown the therapeutic effects of maspin (SerpinB5) and its
role as an antiangiogenic factor in different cancer
models.52,53 In addition, when maspin is expressed endog-
enously, there is increased GST activity, which decreases
VEGF-dependent angiogenesis in human prostatic carci-
noma cell lines.26 Supporting the importance of melatonin in
regulating liver angiogenesis, studies have shown that
melatonin reduces tumor angiogenesis in a renal adeno-
carcinoma murine model54 and VEGF serum levels in pa-
tients with metastatic diseases.55

In the last sets of experiments, we aimed to evaluate the
role of melatonin in the modulation of clock genes, which
several studies have shown to play a key role in early and
late-stage liver diseases.9,35,56 For example, a study showed
dysregulation of circadian rhythm in primary biliary chol-
angitis patients associated with a disturbance of sleep–wake
patterns.56 Furthermore, melatonin stimulates mitophagy,
with a high number of mitophagosomes in hepatocytes,
through changes in circadian clocks in a mouse model of
viral-induced fulminant hepatraphiic failure.57 Dysregula-
tion of the circadian rhythm regulates hepatic lipid meta-
bolism, gut microbiota, and gallstone formation in a mouse
model of a lithogenic diet.58 Parallel to our previous work
and the present study showing up-regulation of selected
clock genes during cholestasis,8,13 an in vitro study has
shown that alcohol-induced intestinal hyperpermeability
(that triggers liver injury) is associated with increased Clock
and Per2 circadian expression. In contrast, the knockdown
of these clock genes prevents alcohol-induced perme-
ability.59 In addition, a study showed the role of the circa-
dian clock in regulating angiogenesis developments by
modulation of VEGF in developing zebrafish.60 The increase
in biliary damage, liver fibrosis, angiogenesis, and clock
gene expression (observed in BDL rats subjected to pine-
alectomy or prolonged exposure to light and in a human PSC
cholangiocyte line) was reduced by melatonin treatment.13

Moreover, the inhibitory effect of melatonin on BDL-
induced biliary damage was associated with decreased
clock gene expression.8 In summary, our findings support
the concept that the inhibition of biliary damage during
chronic liver diseases may be performed by a combination
of both melatonin with current antiangiogenic therapy,51

which could be an essential therapeutic approach for the
management of cholangiopathies such as PSC.
Materials and Methods
Unless otherwise indicated, reagents were purchased

from Sigma-Aldrich Chemical Co. (St. Louis, MO). Total liver
RNA was extracted with TRIzol reagent from Sigma Life
Science (Burlington, MA); RNA isolation from isolated
cholangiocytes was performed with the mirVANA miRNA
isolation Kit (AM1561; Invitrogen, Waltham, MA). The
iScript cDNA Synthesis Kit and iTaq Universal SYBR Green
Supermix were purchased from Bio-Rad Laboratories
(Hercules, CA). The Real-Time PCR machine used was the
Applied Biosystems QuantStudio 7 Flex (Bedford, MA), and
data were analyzed with the QuantStudio real-time PCR
software v1.3. The mouse and human PCR primers were
purchased from Qiagen (Germantown, MD) (Table 2). The



Table 3.List of PCR Primers

Gene Species Reference sequence Company

Aanat Mouse NM_009591 Qiagen

Arntl Mouse NM_007489 Qiagen

Cdkn1a (p21) Mouse NM 007669 Qiagen

Cdkn2a (p16) Mouse NM 009877 Qiagen

Col1a1 Mouse NM 007742 Qiagen

Clock Mouse NM_007715 Qiagen

Cry1 Mouse NM_007771 Qiagen

Flt4 (VEGFR3) Mouse NM_008029 Qiagen

Il1b Mouse NM_008361 Qiagen

Il6 Mouse NM_031168 Qiagen

Kdr (VEGFR2) Mouse NM_010612 Qiagen

miR200b Mouse MI0000342 ThermoFisher

MTNR1Aa Mouse NM_008639 Designed by us

Nos2 Mouse NM_001313921 Qiagen

Pecam1 Mouse NM_008816 Qiagen

Per1 Mouse NM_011065 Qiagen

Rps18 Mouse NM_011296 Qiagen

RNAU6 Mouse NR_004394 ThermoFisher

Serpinb5 (maspin) Mouse NM_009257 Qiagen

Tgfb1 Mouse NM 011577 Qiagen

Vegfa Mouse NM 009505 Qiagen

Vegfc Mouse NM 009506 Qiagen

AANAT Human NM 001088 Qiagen

ACTB Human NM 001101 Qiagen

ARNTL Human NM 001178 Qiagen

ACTA2 Human NM 001613 Qiagen

CDKN1A Human NM 000389 Qiagen

CDKN2A Human NM 000077 Qiagen

CLOCK Human NM 004898 Qiagen

CRY1 Human NM 004075 Qiagen

FN1 Human NM 002026 Qiagen

GAPDH Human NM 002046 Qiagen

MTNR1A Human NM 005958 Qiagen

NOS2 Human NM 000625 Qiagen

PER1 Human NM 002616 Qiagen

TGFB1 Human NM 000660 Qiagen

SERPINB5 Human NM 002639 Qiagen

VEGFA Human NM 003376 Qiagen

p21, cyclin-dependent kinase inhibitor 1A.
aThe mouse Mtnr1a primers were designed in our laboratory (sequence: forward: TGTGTACCGCAACAAGAAGC, reverse:
GTCAGCACCAAGGGATAAGG).
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antibodies used are listed in Table 3. The stripping buffer
used for immunoblots were Restore Western Blot Stripping
Buffer and the substrate used was SuperSignal West Femto
Maximum Sensitivity Substrate, both were purchased from
ThermoFisher Scientific, Inc (Waltham, MA).

All the immunofluorescence staining in liver frozen
sections (6-mm thick) was analyzed by the SP8 confocal
microscope platform from Leica Microsystems (Leica
Microsystems, Inc, Buffalo Grove, IL) and immunohisto-
chemistry in paraffin liver sections (4-mm thick) in both
mouse and human samples, which were evaluated by the
Leica Aperio AT2 (Aperio Scanscope CS System, Leica Bio-
systems, Milan, Italy) and the Olympus BX-51 light micro-
scope with a DP27 Microscope Digital Camera from
Olympus (Center Valley, PA) in a blinded fashion for mouse
and human samples, respectively.



Table 4.List of Antibodies

Antibodies Application Description Catalog number Company

AANAT IHC Rabbit polyclonal ab3505 Abcam (Cambridge, UK)

ARNTL IF Rabbit polyclonal PA1-523 Invitrogen (Waltham, MAMassachusetts, US)

B-actin WB Mouse monoclonal Sc-47778 Santa Cruz Biotechnology, (Dallas, TX)

CD206 IHC Rabbit Monoclonal 24595 Cell Signaling (Danvers, MA)

CD31 IF Rat monoclonal ab7388 Abcam (Cambridge, UK)

CD80 IHC Rabbit polyclonal ab64116 Abcam (Cambridge, UK)

CK19 IHC/IF Rat monoclonal TROMA III Developmental Studies Hybridoma Bank (Iowa City, IA)

CLOCK IF Rabbit polyclonal PA1-520 Invitrogen (Waltham, MA)

Collagen 1 IF Rabbit polyclonal ab21286 Abcam (Cambridge, UK)

CREB (ser133)(87G3)phospho- WB Rabbit monoclonal 9198S Cell Signaling (Danvers, MA)

CREB total- WB Rabbit monoclonal 9197S Cell Signaling (Danvers, MA)

CRY1 IF Rabbit polyclonal PA1-527 Invitrogen (Waltham, MA)

Desmin IF Goat polyclonal AF3844 R&D Systems (Minneapolis, MN)

F4/80 IHC Rabbit monoclonal 70076S Cell Signaling (Danvers, MA)

GAPDH-HRP (conjugated) WB Mouse monoclonal 51332S Cell Signaling (Danvers, MA)

HNF4A IF Goat polyclonal LS-C758303 LifeSpan Biosciences (Seattle, WA)

iNOS IHC Rabbit polyclonal ab15323 Abcam (Cambridge, UK)

IRF5 IHC Rabbit monoclonal Ab181553 Abcam (Cambridge, UK)

Maspin (T50) WB Rabbit polyclonal 9117S Cell Signaling (Danvers, MA)

MT1 IF Rabbit polyclonal Orb11085 biorbyt (Cambridge, UK)

P16 IF Rabbit polyclonal Ab189034 Abcam (Cambridge, UK)

PCNA IHC Rabbit monoclonal 13110S Cell Signaling (Danvers, MA)

PER1 IF Rabbit polyclonal PA1-524 Invitrogen (Waltham, MA)

pPKA IHC Rabbit polyclonal 9621S Cell Signaling (Danvers, MA)

VEGFA IHC Rabbit monoclonal ab52917 Abcam (Cambridge, UK)

AANAT, aralkyl amine N-acetyltransferase; ARNTL, Arnt-like protein-1; CLOCK, circadian locomotor output cycles kaput;
CRY1, cryptochrome circadian regulator 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HRP, horseradish perox-
idase; IF, immunofluorescence; IHC, immunohistochemistry; IRF5, interferon regulatory factor 5; Mdr2, multidrug resistance
protein 2; PER1, period circadian clock 1; p16, cyclin-dependent kinase inhibitor 2A; PER1, period circadian regulator 1; WB,
Western blot.
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Measurement of Immunoreactivity/Expression of
AANAT in Liver Sections and Cholangiocytes and
Melatonin Levels in Serum and Bile

We measured the immunoreactivity/expression of
AANAT (the rate-limiting enzymes of melatonin biosyn-
thesis)61 by the following: (1) immunofluorescence in
frozen liver sections (6-mm thick) co-stained with CK19
(biliary marker),45 hepatocyte nuclear factor a (HNF4a),62

or desmin (marker of HSCs)63 from mouse and human
liver samples; (2) immunohistochemistry in both mouse and
human samples; and (3) qPCR in mouse and human chol-
angiocytes. Furthermore, we performed semiquantification
of AANAT IHC with the following formula: positivity area/
total area of bile duct) �100 for an image of the portal field
by Image-Pro Premier software (Media Cybernetics, Inc,
Rockville, MD) on 10 nonoverlapping random fields of 5
mice per group. The bile ducts were selected by their his-
tomorphologic characteristics. Melatonin levels in mouse
and human serum and human bile were measured by a
commercially available competitive enzyme immunoassay
(EIA) kit (LS-F25779; LS-Bio, Seattle, WA).
Evaluation of Organ Histology, Biliary
Proliferation, and IBDM

We evaluated the morphology of liver, heart, lung,
stomach, pancreas, spleen, kidney, small intestine, and
large intestine by H&E staining in paraffin-embedded liver
sections (4-mm thick) from the selected groups of mice;
slides were evaluated in a blinded fashion by a board-
certified pathologist. Biliary proliferation was evaluated
by immunohistochemistry for PCNA (marker of cell pro-
liferation)24 in paraffin-embedded liver sections (4-mm
thick) from 4 different mice for each group as well as by
qPCR for PCNA in isolated cholangiocytes. The stained
slides were processed by ImageScope 12.3.3 (Leica Bio-
systems) to identify PCNA-positive cholangiocytes and
analyzed with the following formula: positive-PCNA cell
lines/total area �100 for an image of the portal field
IBDM was determined by immunohistochemistry for
CK1945 in paraffin-embedded liver sections (4-mm thick);
IBDM (DR) was quantified as the area of CK19-positive
bile ducts/total area � 100 for an image of the portal
field. The slides were analyzed by Image-Pro Premier
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software on 24 nonoverlapping random fields of 5 mice
per group.

Evaluation of Biliary Senescence
Biliary senescence was examined by staining for SA-b-

GAL by commercially available kits (Millipore Sigma, Bill-
erica, MA) in frozen liver sections (10-mm thick). Observa-
tions were made in a blinded fashion with the digital
scanner Leica Aperio AT2 (Aperio Scanscope CS System;
Aperio Digital Pathology); 20 nonoverlapping random fields
were analyzed with the Image-Pro Premier software on 3
mice for each group and quantified as follows: area of SA-b-
GAL positivity in biliary duct/total area of biliary �100 for
an image of the portal field. Biliary senescence also was
evaluated by immunofluorescence for the senescence
marker, cyclin-dependent kinase inhibitor 2A (cdkn2a/p16),
in frozen liver sections (6-mm thick), co-stained with CK19,
and immunofluorescent staining was analyzed in a blinded
fashion; and qPCR for cdkn2a (gene for p16) and cdkn1a/
cyclin-dependent kinase inhibitor 1A from isolated mouse
cholangiocytes.

Evaluation of Liver Fibrosis
Liver fibrosis was assessed by Fast Green/Sirius Red

staining in paraffin-embedded liver sections (4-mm thick) in
entire sections from 6 different mice for each group by
ImageScope version 12.3.3 (Leica Biosystems) using a
dedicated algorithm. Liver fibrosis also was evaluated with
the following: (1) Masson’s Trichrome staining, (2) qPCR for
fibrotic genes (Col1a1 and Tgfb1) in total liver samples from
4 mice per group, and (3) TGFb1 levels in cholangiocyte
supernatants by commercially available enzyme-linked
immunosorbent assay kits (DY1670-05; R&D Systems,
Minneapolis, MN).

Measurement of Biliary Inflammation and Liver
Angiogenesis

Liver inflammation was evaluated by semiquantitative
immunohistochemistry in paraffin-embedded liver sections
(4-mm thick) for F4/80 (a marker of macrophages),64 for
both iNOS and interferon regulatory factor 5, which are M1
macrophage markers involved in promoting inflamma-
tion,65,66 as well as for CD206 (marker of M2 macrophages
promoting resolution).67 Images were quantified with the
Image-Pro Premier software on 20 nonoverlapping figures
from 5 mice per group and semiquantified as follows: area
of F4/80, interferon regulatory factor 5, and CD206 posi-
tivity/total area of picture � 100 for an image of the portal
field with Image-Pro Premier software on 20 nonoverlap-
ping random fields of 5 mice per group. Inflammation was
assessed further by qPCR for Il1b and Il6 in total liver
samples (n ¼ 4 mice for each group) and Nos2 (gene for
iNOS) in the total human liver, as well as isolated mouse
cholangiocytes.

Liver angiogenesis was analyzed by the following: (1)
immunoreactivity of VEGFA (pro-angiogenic) and (CD31,
endothelial cell marker)4,6 in paraffin-liver sections (4-mm
thick) and frozen liver sections (6-mm thick), respectively;
(2) mRNA expression of Vegfc and Pecam1 in total liver
samples; (3) mRNA expression of Vegfa, Kdr, and Flt4 in
isolated cholangiocytes; and (4) VEGFA levels in chol-
angiocyte supernatant by commercially available enzyme-
linked immunosorbent assay kit (ab119565; Abcam, Cam-
bridge, MD). VEGFA analysis was performed with the
following formula: positivity area (brown)/total area � 100
for an image of the portal field by ImageScope 12.3.3 (Leica
Biosystems).
Measurement of Immunoreactivity/Expression of
MT1 in Liver Sections and Cholangiocytes and
Expression of pPKA/CREB/Clock Genes/
miR200b-3p/Maspin (SERPINB5)/GST Signaling

We previously have shown that short-term melatonin
treatment or prolonged dark exposure (that increases
melatonin secretion)5 ameliorates PSC phenotypes in
Mdr2-/- mice through down-regulation of miR200b-depen-
dent angiogenesis.5 Thus, by Ingenuity Pathway Analysis
version 01-16 (Qiagen, Redwood City, CA), we showed a link
between the melatonin/MT1 axis and pPKA/CREB/clock
genes/miR200b/maspin/GST signaling. We first evaluated
the hepatic localization/immunoreactivity of MT1 in frozen
liver sections (6-mm thick) co-stained with CK19,45 des-
min,63 or HNF4a68 from the selected experimental groups;
after staining, slides were analyzed as described earlier.
Furthermore, we semiquantified the immunoreactivity of
MT1 (green) in cholangiocytes (red) with the following
formula: MT1 positivity in biliary duct/total area of
biliary �100 for an image of the portal field by Image-Pro
Premier software on 6 nonoverlapping random fields of 3
mice per group. The mRNA expression of Mtnr1a (gene for
MT1) also was evaluated by qPCR in isolated mouse chol-
angiocytes. We measured pPKA substrate by immunohisto-
chemistry in paraffin-embedded liver sections (4-mm thick,
co-stained with CK19) as well as the expression of pCREB/
CREB in isolated cholangiocytes by immunoblots; as a loading
control for protein used for the immunoblots, we used b-actin
and Ponceau S staining (total protein loading). The intensity of
the bands from immunoblots was analyzed by the Bio-Rad
ChemiDoc Imaging System; quantification was expressed as
a ratio to total protein loading by ImageJ version 1.52n (Na-
tional Institutes of Health, Bethesda, MD) because of the dy-
namic changes in the mouse model of liver fibrosis.69,70

The immunoreactivity and mRNA/protein expression of
selected clock genes (Per1, Cry1, Clock, and Arntl) was
evaluated by immunofluorescence in frozen mouse liver
sections (6-mm thick) and by qPCR in isolated mouse chol-
angiocytes. Furthermore, we co-stained clock genes
(Per1, Cry1, Clock, and Arntl) with CK19 in normal controls
and PSC samples and semiquantified the biliary immuno-
reactivity as follows: clock gene positivity in biliary duct/
total area of biliary � 100 for an image of the portal field by
Image-Pro Premier software on 3 nonoverlapping random
fields of 3 human samples per group. We measured the
mRNA expression of miR200b and Serpinb5 (gene for mas-
pin) in isolated cholangiocytes by qPCR, and the antioxidant
activity of GST with commercially available GST assay kits
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(CS0410; Sigma-Aldrich) in isolated cholangiocytes. In
normal control and PSC late-stage patients, we measured
the following: (1) the mRNA expression of miR200b/Ser-
pinb5 in total liver samples by qPCR; (2) GST activity by
commercially available GST assay kits; and (3) protein
expression of maspin in total liver samples; as loading
control for the amount of protein used for the immunoblots,
we used glyceraldehyde-3-phosphate dehydrogenase. The
quantification was expressed as a ratio to glyceraldehyde-3-
phosphate dehydrogenase by ImageJ version 1.52n.
In Vitro Effect of Melatonin on Cholangiocyte
Phenotypes

The in vitro studies were performed in P92 cells (PSC
cholangiocyte cell line immortalized with SV40) isolated
from liver explant tissue from a 60-year-old man who was a
late-stage PSC patient obtained through Dr Ekser under an
approved protocol (see later). The explant liver tissue was
cut into small pieces using sterile scissors and washed in 1�
phosphate-buffered saline, and then incubated in Dulbecco’s
modified Eagle medium–F12 (Lonza, Walkersville, MD) so-
lution containing 1.66 mg/mL of collagenase type XI and
10% antibiotic-antimycotic, for 30minutes in a shaking
water bath at 37�C. The digested liver tissue was filtered
through a sterilized gauze first and then a 100-mm cell
strainer. To remove hepatocytes, the lysate was centrifuged
at 100 � g for 4 minutes at 4ºC, and the pellet was dis-
carded. Next, we centrifuged the supernatant at 700 � g for
5 minutes to collect nonparenchymal cells (NPCs) washed in
Dulbecco’s modified Eagle medium–F12 containing 10%
antibiotic-antimycotic before centrifuging again at 700 � g
for 5 minutes. The NPC was resuspended in H69 media,3

plated on collagen-coated flasks (BD Biosciences, San Jose,
CA), and allowed to grow to confluence. At the second
passage, the NPC was sorted via fluorescence-activated cell
sorting with an Epithelial cell adhesion molecule (EpCAM)
antibody (surface epithelial marker expressed by chol-
angiocytes, EA125/anti-EP-CAM; Progen, Wayne, PA).71

EpCAM-positive cholangiocytes72 (33.1%) (Figure 14A)
were immortalized by transfection SV40 antigen into cells
using a lentiviral system (G203; Applied Biological Mate-
rials, Inc, Richmond, British Columbia, Canada) and cultured
them to expand the population. The purity of the PSC line
was characterized phenotypically in cell smears by immu-
nofluorescence for CK19 co-stained with HNF4a (a marker
of hepatocytes),62 desmin (a marker of HSCs),63 CD68 (a
marker of macrophages), or CD31 (a marker of endothelial
cells).4,73 Next, PSC cell lines after serum starvation for 24
hours were treated with 0.46% of ethanol (vehicle) or 10-3

mol/L melatonin29 dissolved in 0.46% of ethanol for 24
hours before measuring the mRNA expression of prolifera-
tion (PCNA, MKI67), senescence (CDKN1A, CDKN2A), fibrosis
(FN1, TGFB1, and ACTA2), and angiogenesis (VEGFA)
markers, as well as MTNR1A, clock genes, and miR-200b by
qPCR. Finally, PSC cell lines (2 � 1010) treated with vehicle/
melatonin were plated on collagen-coated chambers (BD
Biosciences) for immunostaining analysis for clock genes
and MT1 receptor co-stained with CK19.
Animal Models
Animal experiments were performed with protocols

approved by the Indiana University School of Medicine
Institutional Animal Care and Use Committee. The studies
were performed in 12-week-old (20–25 g) male FVB/NJ
(Friend Virus B NIH Jackson) WT and Mdr2-/- mice treated
with vehicle or melatonin for 12 weeks. All mice were killed
at 24 weeks of age. FVB/NJ WT mice were purchased from
Jackson Laboratory (Bar Harbor, ME); Mdr2-/- mice are
available in our breeding colony. All mice had access to
drinking water with/without melatonin (1.03 mg melatonin
intake per mouse per day) for 12 weeks ad libitum; mela-
tonin was dissolved in 1 L water (0.03% melatonin), and
water intake was measured every 3 days during treatment
(Figure 1A). All mice were housed in a temperature-
controlled environment (20�C–22�C) with 12:12 light/dark
cycles, and had access to standard chow ad libitum. Mice
were injected with euthasol, 50 mg/kg body weight, before
collecting serum, bile, tissue/organs, and cholangiocytes.
Liver and body weight were recorded from the selected
groups of animals (Table 1).

Cholangiocyte Isolation and Human Samples
Cholangiocytes were purified by immunoaffinity separa-

tion using a monoclonal antibody (IgG2a, a gift from Dr R.
Faris, Brown University, Providence, RI) against an antigen
expressed by all intrahepatic cholangiocytes.74 Liver tissues
from healthy patients (n¼ 2) and late-stage male PSC patients
(n ¼ 10) were obtained from Dr Burcin Ekser under a pro-
tocol approved by the Indiana University School of Medicine
Indianapolis Institutional Review Board. Liver specimens
from late-stage PSC were obtained from the explant during
liver transplantation, and each patient provided written
informed consent to participate in the study. Additional con-
trol liver samples (n ¼ 4) derived from healthy patients with
no history of chronic liver diseases were purchased from
Sekisui XenoTech (Kansas City, KS). The human control and
late-stage PSC patient information are shown in Table 4.

All authors had access to the study data, and reviewed
and approved the final manuscript.

Statistical Analysis
GraphPad Prism 8.3.1 software (San Diego, CA) was used

to perform the statistical analyses. Data are expressed as the
means ± SEM. Differences between groups were evaluated
by the Student unpaired t test when 2 groups were analyzed
or by 1-way analysis of variance when more than 2 groups
were analyzed followed by an appropriate post hoc test. A P
value less than .05 was considered statistically significant.
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