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Abramovitch S, Sharvit E, Weisman Y, Bentov A, Brazowski E,
Cohen G, Volovelsky O, Reif S. Vitamin D inhibits development of liver
fibrosis in an animal model but cannot ameliorate established cirrhosis. Am J
Physiol Gastrointest Liver Physiol 308: G112–G120, 2015. First published
September 11, 2014; doi:10.1152/ajpgi.00132.2013.—1,25(OH)2D3, the
active form of vitamin D, has an antiproliferative and antifibrotic
effect on hepatic stellate cells. Our aim was to investigate the potential
of 1,25(OH)2D3 to inhibit the development of liver fibrosis and to
ameliorate established fibrosis in vivo. The antifibrotic effect of
1,25(OH)2D3 was investigated in a thioacetamide (TAA) model (as a
preventive treatment and as a remedial treatment) and in a bile duct
ligation model. In the preventive model, rats received simultaneously
intraperitoneum injection of TAA and/or 1,25(OH)2D3 for 10 wk. In
the remedial model, rats were treated with TAA for 10 wk and then
received 1,25(OH)2D3 or saline for 8 wk. Fibrotic score was determined by Masson staining. Collagen I, ␣-smooth muscle actin (␣SMA), tissue inhibitor of metalloproteinase-1 (TIMP1), platelet-derived growth factor (PDGF), and transforming growth factor-␤
(TGF-␤) expression were measured by Western blot analysis and
real-time PCR. Hypercalemia was detected by chemistry measurements. Preventive treatment of 1,25(OH)2D3 significantly suppressed
liver fibrosis both macroscopically and microscopically and significantly lowered the fibrotic score of the TAA ⫹ 1,25(OH)2D3 group
compared with the TAA group. 1,25(OH)2D3 significantly inhibited
expression of PDGF and TGF-␤ by ⬃50% and suppressed the
expression of collagen I␣1, TIMP1, and ␣-SMA by approximately
three-, two-, and threefold, respectively. In contrast, 1,25(OH)2D3 was
inefficient in amelioration of established liver fibrosis. Administration
of 1,25(OH)2D3 to bile duct ligation rats led to a high mortality rate
probably caused by hypercalcemia. We conclude that 1,25(OH)2D3
may be considered as a potential preventive treatment in an in vivo
model but failed to ameliorate established cirrhosis.
fibrosis; liver; vitamin D; collagen; thioacetamide
LIVER FIBROSIS IS CAUSED BY the excessive accumulation of
extracellular matrix proteins (ECM), which leads to the destruction of liver architecture and liver cell dysfunction. Advanced liver fibrosis results in cirrhosis, liver failure, and portal
hypertension and often requires liver transplantation (1). Vitamin D is a prohormone that requires sequential enzymatic
modification of 25- and 1a-hydroxylation in the liver and
kidney, respectively, leading to production of 1,25(OH)2D3,
the active form of vitamin D (2). Several studies have supported the notion that vitamin D, in addition to its classical
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action of maintaining systemic calcium homoeostasis and bone
mineralization, has nonclassical extraskeletal actions, including a potential capacity to inhibit fibrosis in various tissues.
Murine lung fibroblasts treated with 1,25(OH)2D3 inhibited
transforming growth factor-␤1 (TGF-␤1)-induced fibroblast
proliferation and ␣-smooth muscle actin (␣-SMA) expression
and diminished the upregulation of fibronectin and collagen
expression. 1,25(OH)2D3 also inhibited the transdifferentiation
of TGF-␤1 and stimulated lung epithelial cells into myofibroblasts (3). Recent studies in mesenchymal multipotent cells
showed that treatment with vitamin D led to an antiproliferative effect by inducing cell cycle arrest (4). Moreover, vitamin
D reduced the collagen expression and other key profibrotic
factors and increased the expression of antifibrotic factors,
such as BMP7 and matrix metalloproteinase (MMP) 8, in those
cells (5). Peritoneal sclerosis was also prevented by 22-oxacalcitriol, an analog of vitamin D. 22-Oxacalcitriol treatment
reduced collagen III accumulation, decreased myofibroblasts,
and suppressed the inflammatory response (6). A mouse obstructed kidney model treated with paricalcitol (19-nor-1,25
hydroxyvitamin D2), a synthetic analog of vitamin D, significantly reduced the fibrotic lesions. This was demonstrated by
the reduced expression and deposition of interstitial matrix
components, including fibronectin and type I and III collagen
(7). Furthermore, comparison between vitamin D receptor
(VDR) null mice and wild-type mice in a unilateral kidney
obstruction model reveled that functional VDR is extremely
important for inhibition of severe renal damage and interstitial
fibrosis (8).
In our previous study using an in vitro model of primary
hepatic stellate cells (HSCs) we showed that 1,25(OH)2D3
demonstrated an antiproliferative effect and suppresses cyclin
D1 expression. Moreover, we found that 1,25(OH)2D3 also
possess antifibrotic activity, demonstrated by effecting collagen I␣1 in three regulation levels: inhibition of collagen I␣1
promoter activity, suppression of collagen I␣1 mRNA expression, and inhibition of collagen I␣1 protein expression. Tissue
inhibitor of metalloproteinase (TIMP1) mRNA expression was
also inhibited, and the enzymatic activity of MMPs (MMP-9)
was increased following treatment of 1,25(OH)2D3 (9).
The first goal of the present study was to widen our research
and investigate the mechanisms by which vitamin D promotes
the prevention of liver fibrosis in an in vivo model. The second
goal was to investigate vitamin D’s ability to ameliorate
established liver fibrosis [induced by thioacetamide (TAA)]
when administered as a remedial treatment. The third goal was
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MATERIALS AND METHODS

into the following four groups: sham, sham ⫹ 1,25(OH)2D3, BDL,
and BDL ⫹ 1,25(OH)2D3. 1,25(OH)2D3, was prepared as mentioned
above and was administered at a dose of 0.5 g/100 g body wt two
times weekly.

Animals

Fibrotic Score

Male retired breeder Wistar rats (300 – 400 g) were maintained in
the animal facility of the Tel Aviv Sourasky Medical Center on a
standard rat chow diet with a 12:12-h light-dark cycle. The use of
animals was in accordance with the National Institutes of Health
Policy on the care and use of laboratory animals and was approved by
the Animal Use and Care Committee.

A histological assessment of the livers was performed on formalinfixed paraffin-embedded tissue sections after staining with hematoxylin-eosin (H&E) and Mason trichrome staining. Evaluation of fibrosis was based on the Ludwig and Batts staining system (6) using the
following parameters: portal fibrosis (stage 1) characterized by mild
fibrous expansion of portal tracts; periportal fibrosis (stage 2) showing
fine strands of connective tissue in zone 1 with only rare portal-portal
septa; septal fibrosis (stage 3) manifested by connective tissue bridges
that link portal tracts with other portal tracts and central veins but not
regenerative nodules; and cirrhosis (stage 4) showing bridging and
nodular regeneration.

to study the effect of vitamin D on another model of liver
fibrosis, i.e., the bile duct ligation (BDL) model.

In Vivo Experiments
Male Wistar rats weighing 250 –300 g were obtained from Harlan
(Jerusalem, Israel) for use in this study. The study was approved by
the local ethics committee. The rats were randomly selected and
assigned to experimental groups. Animals were kept in an air-conditioned room at 21°C, received humane care, and were given a standard
rat diet and water ad libitum under standard environmental conditions.
TAA-Induced Liver Fibrosis Models
1,25(OH)2D3 efficiency as a antifibrotic agent. Liver fibrosis was
induced by intraperitoneal injections of TAA (100 mg/ml) at a dose of
20 mg/100 g body wt (Sigma Chemical, St. Louis, MO) two times
weekly for up to 10 wk. 1,25(OH)2D3 (5 g/ml) at a dose of 0.5
g/100 g body wt was injected simultaneously. A high-dose
1,25(OH)2D3 regimen, two times weekly, was chosen to prevent
development of hypercalcemia [1,25(OH)2D3 was a kind gift from Dr.
Zeev Mazor, Teva Pharmaceutical Industries.]
Rats were divided into the following four groups: group 1 was the
control group (n ⫽ 4), group 2 received TAA treatment (n ⫽ 8),
group 3 received 1,25(OH)2D3 treatment (n ⫽ 6), and group 4
received combined treatment of TAA and 1,25(OH)2D3 (n ⫽ 12).
1,25(OH)2D3 as a remedial treatment. Liver fibrosis was achieved
by intraperitoneal injections of TAA two times per week for up to 10
wk. TAA was dissolved in saline (100 mg/ml) and injected at a dose
of 20 mg/100 g body wt.
Rats (n ⫽ 16) were injected with TAA treatment. After 10 wk,
three rats were killed, and the effect of TAA was examined. Next, the
rats were divided into the following two groups: the control group
(n ⫽ 5) and 1,25(OH)2D3 treated (n ⫽ 8). 1,25(OH)2D3 was prepared
as mentioned above and was administered at a dose of 0.5 g/100 g
body wt two times per week for 8 wk.
BDL-Induced Liver Fibrosis Model
The animals were randomly distributed into the following two
groups: BDL group (n ⫽ 12) and sham operated (control group, n ⫽
7). The BDL procedure was conducted as described previously (13,
24). The rats were anesthetized with ketamine (90 mg/kg) and xylazine (12 mg/kg) intraperitoneally and placed in the supine position on
an operating table. A middle abdominal incision was performed, and
the hepatic ligament was exposed. The common bile duct was ligated
with two 4-0 nonabsorbent surgical sutures. The first suture was
placed below the junction of the biliary hepatic ducts, and the second
suture was placed above the entrance of the pancreatic ducts. The
common bile duct was resected between the two ligatures. The
abdominal incision was closed with 4-0 nonabsorbent sutures in two
layers. The rats were then returned to their home cages. The control
rats consisted of sham-operated rats, i.e., rats that had the hepatic
ligament exposed and manipulated, but the common bile duct was not
ligated.
The second BDL experiment contained the following four groups:
sham (n ⫽ 5), sham ⫹ 1,25 D (n ⫽ 5), BDL (n ⫽ 5), and BDL ⫹ 1,25
D (n ⫽ 5). Seventy two hours after the surgery, the rats were divided

Quantification of Collagen Content
Collagen content quantification was performed on formalin fixed
paraffin-embedded tissue sections after staining with Sirius red. Sirius
red-positive areas were measured using the Ariol system (an automated multispectral scanning and imaging). The use of the Ariol
system provides a means to overcome the limitations of manual
semiquantitative scoring of immunohistochemistry. Sirius red quantitation was calculated from four different areas from each slide
(magnification ⫻20), which represented a single animal. Each of the
four experimental groups contained between 4 and 12 animals.
Real-Time PCR
Total RNA was extracted using an EZ-RNA kit according to the
manufacturer’s instructions (Biological Industries, Bet Haemek, Israel). One microgram of total RNA was reverse transcribed into
cDNA using a high-capacity cDNA kit (Applied Biosystems) and
analyzed using quantitative real-time PCR to determine the expression
of collagen I␣1 (Rn01463848_m1), TIMP-1 (Rn00587558_m1),
␣-SMA (Rn01759928_g1), platelet-derived growth factor (PDGF)
(Rn01502596_m1), and TGF-␤ (Rn99999016_m1). Semiquantitative
real-time PCR was performed using peptidylpropyl isomerase A
(Rn00690933_m1) as an internal control to normalize gene expression. All Taqman primers were purchased at Applied Biosystems.
Zymogram
Liver samples (⬃50 mg) were homogenized in lysis buffer containing 0.5 M Tris·HCl, (pH 7.45), 2.0 M sodium chloride, 50 mM
calcium chloride, and 0.2% Brij-35. After 20 min of centrifugation at
14,000 rpm at 4°C, 25 g were loaded on zymography gels (Invitrogen). Gels were washed two times, incubated for 30 min with
renaturing buffer (Invitrogen), incubated in developing buffer (Invitrogen) at 37°C overnight with gentle agitation, and then stained with
Brilliant Blue R (Sigma-Aldrich).
Western Blot
Total proteins were extracted from 50 –100 mg of liver samples by
incubation in a RIPA buffer containing a 1:100 dilution of a protease
inhibitor cocktail (Sigma-Aldrich) for 30 min on ice. After 20 min of
centrifugation at 14,000 rpm at 4°C, extracts were normalized to total
protein content, determined by the BCA Reagent (Sigma-Aldrich).
Equal amounts of total protein were separated in 10% SDS-PAGE
gels; blotted onto Hybond C extramembranes; blocked overnight in
5% milk; incubated with antibodies against proliferating cell nuclear
antigen (PCNA; Abcam, Bristol, UK), ␤-actin (Millipore), ␣-SMA,
TIMP-1, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
housekeeping gene (Santa Cruz Biotechnology); and then incubated
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Fig. 1. Liver morphology following thioacetamide (TAA) and/or 1,25(OH)2D3 treatment. A:
macroscopic images of rat livers, harvested after
10 wk treatment with TAA, 1,25(OH)2D3, or a
combination of TAA ⫹ 1,25(OH)2D3. B: microscopic images of rat liver sections stained with
Sirius red (⫻100 magnification). C: quantification of fibrosis by Ariol analysis of Sirius redstained sections. *P ⬍ 0.05 vs. TAA.
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with horseradish peroxidase-conjugated secondary antibody. Signals
were later detected by chemiluminescence.
Statistical Analysis
The results are presented as fold induction compared with control
values, considered as being 100%, and are presented as means ⫹ SE
from three separate experiments. Statistical significance was assessed
using Microsoft Excel software using an unpaired two-tailed Student’s t-test with P ⬍ 0.05 considered significant.
RESULTS

1,25(OH)2D3 Prevented Development of Liver Fibrosis
Induced by TAA
Following our previous in vitro results supporting the ameliorative role of vitamin D in liver fibrosis, we further examined the antifibrotic effect of 1,25(OH)2D3 in an in vivo model
using TAA-induced fibrosis (1). As shown in Fig. 1A, the
TAA-treated group developed cirrhosis. However, rats that
received TAA and 1,25(OH)2D3 showed almost normal morphology. Rats injected with 1,25(OH)2D3 alone showed normal
morphology as presented at the control group. Microscopically,
the TAA treatment group displayed a periportal fibrosis characterized by portal-portal septa surrounding the hepatic lobules
and received a fibrotic score of 3.94 ⫾ 0.06, whereas rats
treated with the TAA and 1,25(OH)2D3 demonstrated only
mild fibrosis and scored 2.54 ⫾ 0.3 (P ⬍ 0.05). No fibrosis was
observed in the control rats or the group that received
1,25(OH)2D3 alone (Table 1). Sirius red staining confirmed the
H&E and Masson trichrome results (Fig. 1B). The amount of
collagen in rats treated with TAA was 50-fold higher compared
with the untreated (control) group. However, administration of
TAA combined with 1,25(OH)2D3 significantly decreased collagen levels by fivefold compared with the TAA group, indicating that administration of 1,25(OH)2D3 ameliorates liver
fibrosis (Fig. 1C).
1,25(OH)2D3 Suppressed Proliferation, Fibrotic Markers,
and Cytokine Expression
In our previous study, we found that 1,25(OH)2D3 has an
antiproliferative effect in primary HSCs (1). Therefore, in
this study, we examined the effect of 1,25(OH)2D3 in an in
vivo model, using PCNA as a marker for proliferation.
Similar results to the in vitro model were found. TAA
treatment significantly increased proliferation, whereas addition of 1,25(OH)2D3 to TAA diminished the proliferation
level, although it did not reach statistical significance (Fig.
Table 1. Evaluation of fibrotic score following treatment
with TAA, 1,25(OH)2D3, and a combination of the two
Treatment

Fibrotic Score

Control
TAA
1,25(OH)2D3
TAA ⫹ 1,25(OH)2D3

0
3.94 ⫾ 0.06*
0
2.54 ⫾ 0.3**

Values are means ⫾ SE.TAA, thioacetamide; 1,25(OH)2D3, active form of
vitamin D. The fibrotic score was evaluated following Masson trichrome
staining, based on the Ludwig and Batts staining system. Scoring: 0, no
fibrosis;, 1, portal fibrosis; 2, periportal fibrosis; 3, bridging fibrosis; and 4,
cirrhosis. P ⬍ 0.05 vs. control (*) and vs. TAA (**).
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2A). To examine whether 1,25(OH)2D3 effected the proliferation of HSCs, we performed immunofluorescence double
staining on liver sections from the four study groups. The
double staining contained antibodies against KI-67 (marker
for proliferation) and ␣-SMA (marker of activated HSCs).
We found a higher number of cells that were both positive
for ␣-SMA and KI-67 in the TAA-treated group vs. the
1,25(OH)2D3 ⫹ TAA-treated group. These results indicated
that the predominant proliferating cells are indeed HSCs and that
1,25(OH)2D3 ⫹ TAA treatment suppressed their proliferation
(data not shown).
To understand the mechanisms by which 1,25(OH)2D3 presents an antifibrogenic effect, we first investigated the effect of
1,25(OH)2D3 on the main fibrotic marker’s expression, such as
collagen I␣1, TIMP-1, and ␣-SMA. Quantification of collagen
I␣1 mRNA expression revealed an elevation of ⬃50-fold
following TAA treatment, whereas the 1,25(OH)2D3 ⫹ TAA
treatment group suppressed collagen I␣1 expression by approximately threefold compared with the TAA-treated group
(Fig. 2B). Treatment of 1,25(OH)2D3 alone revealed similar
expression as the control group. Moreover, treatment of TAA
increased TIMP-1 mRNA expression (Fig. 2C) by threefold,
whereas addition of 1,25(OH)2D3 to the TAA-treated group
suppressed mRNA expression by approximately twofold.
TIMP-1 protein expression (Fig. 2D) was also investigated,
and the results revealed a similar trend to those presented in
TIMP-1 mRNA expression. TIMP-1 protein expression was
increased by 40% following treatment with TAA, whereas the
combination of TAA and 1,25(OH)2D3 diminished TIMP-1
expression by 60% compared with the TAA group (Fig. 2E).
␣-SMA expression was measured in both mRNA and protein
levels (Fig. 2, F and G). The results obtained demonstrated an
approximately ninefold increase in mRNA level following
TAA treatment, whereas treatment of TAA together with
1,25(OH)2D3 suppressed the mRNA level by approximately
threefold. Similar results were found in the protein expression
of ␣-SMA measured by Western blot analysis. Exposure to
TAA highly increased ␣-SMA protein expression, but addition
of 1,25(OH)2D3 to TAA treatment significantly suppressed
␣-SMA expression (Fig. 2G). ␣-SMA expression was undetected both in the control group and in the 1,25(OH)2D3-treated
group. MMP-2 and MMP-9 activity was also assessed using
zymography. As seen, TAA increased MMP-9 and MMP-2 by
4- and 10-fold, respectively. However, no significant change
was detected in MMP-2 and MMP-9 activity following
1,25(OH)2D3 treatment (Fig. 2H).
Furthermore, we examined the effect of 1,25(OH)2D3 on
two important cytokines that induce liver fibrosis: PDGF and
TGF-␤. We found that, while TAA increased both cytokine’s
mRNA expression by approximately twofold, the injection of
1,25(OH)2D3 significantly inhibited their expression (Fig. 2, I
and J).
These results suggested that 1,25(OH)2D3 not only decreased the expression of liver fibrosis-induced cytokines but
also inhibited several markers that play an important role in the
accumulation and development of liver fibrosis. Inhibition of
fibrotic marker expression can also be caused by apoptosis of
HSCs; therefore, using immunohisotochemistry staining for
caspase-3 activated, we investigated this hypothesis. We found
no significant changes in apoptosis levels between the different
groups (data not shown). Aspartate aminotransferase (AST)/
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Fig. 2. Proliferation and fibrotic markers expression following TAA and/or 1,25(OH)2D3
treatment. A: proliferation levels of whole
liver tissue were measured using proliferating cell nuclear (PCNA) expression in all 4
groups. Total RNA and protein expression
was extracted from liver sections after 10-wk
injections with TAA, 1,25(OH)2D3, or a combination of TAA ⫹ 1,25(OH)2D3 and analyzed
by quantitative real-time PCR using primers
specific to collagen I␣1 (B), tissue inhibitor of
metalloproteinase-1 (TIMP-1, C), ␣-smooth
muscle actin (␣-SMA, F), platelet-derived
growth factor (PDGF, I), and transforming
growth factor-␤ (TGF-␤, J). The results were
normalized using endogenous gene peptidylpropyl isomerase A (Ppia). Expression of
␣-SMA (G) and TIMP-1 (D) proteins was
also detected by Western blot analysis.
TIMP-1 blots were spliced to present one
band from each group. Quantitation of
TIMP-1 protein expression is also represented and was calculated from densitometry
measurements of 3– 4 different animals from
the same group (E). Matrix metalloproteinase (MMP)-2 and MMP-9 activity from
whole liver tissue was detected using zymography (H). Data are expressed as means ⫾
SE. *P ⬍ 0.05 vs. TAA.

alanine aminotransferase levels also did not present significant
changes between these four groups.
1,25(OH)2D3 Did Not Lead to Hypercalcemia or Renal
Toxicity
One of the side effects of daily administration of
1,25(OH)2D3 for a long period of time is development of
hypercalcemia. Therefore, we used a new regimen of injection

of a high dosage of 1,25(OH)2D3 two times weekly. We
examined and measured several biochemical parameters [calcium, phosphorous, creatinine, and blood urea nitrogen
(BUN)] in the rat’s serum by the end of the experiment. The
results obtained revealed that the different treatments did not
significantly change the levels of those parameters. Hence,
neither hypercalcemia nor renal toxicity was found in rats
receiving 1,25(OH)2D3 treatment (Fig. 3).
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Fig. 3. Toxicity effect following TAA and/
or 1,25(OH)2D3 treatment. Effect of TAA,
1,25(OH)2D3, or a combination of TAA ⫹
1,25(OH)2D3 on several biochemical parameters in the serum: calcium, phosphor, creatinine, and blood urea nitrogen (BUN).

1,25(OH)2D3 Treatment Had No Remedial Effect For
TAA-Induced Liver Fibrosis
Because we found that 1,25(OH)2D3 can significantly ameliorate liver fibrosis as a preventive treatment, we investigated
whether 1,25(OH)2D3 has also a remedial effect following
establishment of liver fibrosis. By the end of 10-wk injections
of TAA, we injected either saline or 1,25(OH)2D3 for an
additional 8 wk. Rats were killed, and their livers were harvested. As shown in Table 2, although some spontaneous
resolution was observed after 8-wk injections of saline (fibrotic
score of 3.33 ⫾ 0.6 vs. 2.4 ⫾ 0.7), 1,25(OH)2D3 treatment
revealed no additional therapeutic effect (2.9 ⫾ 0.6). Measurement of calcium, phosphorus, creatinine, and BUN in the rat’s
serums showed neither hypercalcemia nor renal toxicity in rats
treated with 1,25(OH)2D3 (data not shown).
1,25(OH)2D3 Has Toxic Effect in a BDL Model
Chronic BDL in rats is a very frequently used method that
produces an experimental model of liver cirrhosis (29). Therefore, we also investigated the effect of 1,25(OH)2D3 treatment
on the BDL model. Seventy two hours after the procedure,
orange-colored serum and urea were detected in the BDL
group, probably caused by high levels of bilirubin, which
indicates obstruction of the bile duct. The results obtained were
Table 2. Evaluation of fibrotic score following 10-wk
treatment of TAA and 8-wk treatment with either saline or
1,25(OH)2D3
Treatment

Fibrotic Score

TAA for 10 wk
TAA for 10 wk⫹ saline for 8 wk
TAA for 10 wk ⫹ 1,25(OH)2D3 for 8 wk

3.33 ⫾ 0.6
2.4 ⫾ 0.7
2.9 ⫾ 0.6

Values are means ⫾ SE. The fibrotic score was evaluated following Masson
trichrome staining, based on the Ludwig and Batts staining system. Scoring: 0,
no fibrosis; 1, portal fibrosis; 2, periportal fibrosis; 3, bridging fibrosis; 4,
cirrhosis.

highly unexpected. As presented in Fig. 4A, 4 days after the
first injection of 1,25(OH)2D3, ⬃70% rats of the BDL ⫹
1,25(OH)2D3 group survived. Three days following the second
injection, only 25% of the rats survived. All of the rats of the
other groups survived, except one of the BDL ⫹ saline group,
which died after 7 days. Sirius red staining of the liver
histological section revealed collagen accumulation surrounding the portal triads 10 days following BDL. 1,25(OH)2D3
treatment did not affect collagen deposition (Fig. 4B). To
further explore the lethal possible effect of 1,25(OH)2D3 on the
BDL rats, different parameters were measured (Table 3). Indeed, bilirubin (direct) and AST levels were significantly
increased in both BDL groups, indicating successful BDL
procedure. Hypercalcemia was discovered only in the BDL ⫹
1,25(OH)2D3 group, but no renal damage was found. Moreover, we repeated the BDL experiment to examine the level of
1,25(OH)2D3 in the serum. Usually, 1,25(OH)2D3 is metabolized and secreted from serum after 6 h. We found that 12 h
was not a long enough interval to show the difference between
the sham ⫹ 1,25(OH)2D3 group and the BDL ⫹ 1,25(OH)2D3
group to suggest defected metabolism and clearance of
1,25(OH)2D3 in the last group.
DISCUSSION

Liver fibrosis may be the result of different types of chronic
injury to the liver, including chronic viral hepatitis, chronic
alcohol consumption, fatty liver, biliary tract disease, and iron
or copper overload (5).
It is important to emphasize that, currently, the most effective antifibrotic therapies are those that target the primary
stimulus to fibrogenesis (23). For example, eradication or
inhibition of hepatitis B virus (11, 15) or hepatitis C virus
(HCV) (20) may lead to prevention or even reversion of the
fibrotic process and is associated with improved clinical outcome (7). Unfortunately, in many patients, eradication of the
primary insult to the liver is unattainable; therefore, there is a
need for effective direct antifibrotic therapy.
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Fig. 4. Survival curve. A: survival rate of rats following the 1st and 2nd
administration of 1,25(OH)2D3 at a dose of 0.5 g/100 g body wt 72 h after the
sham or bile duct ligation (BDL) procedures were performed. B: collagen
deposition was examined using Sirius red staining in BDL rats and shamoperated rats (control). Fibrosis was observed mainly around the portal triads
(arrows) only in the BDL rats (⫻100 magnification).

The central event in fibrogenesis appears to be activation of
effector cells, most prominently HSCs. Stellate cell activation
is characterized by many important features, including proliferation, enhanced matrix synthesis, and a contractile pheno-

type. The activation process is complex, leading to multiple
potential sites for therapeutic interventions (16).
Accumulating data indicate that vitamin D has the ability to
affect the pathological process of liver fibrosis at several
different stages, such as inhibition of injury trigger, suppression of HSC activation and proliferation, reduction in accumulation of ECM, and even degradation of collagen by MMP
activation and TIMP inhibition (1). Moreover, Ding et al.
revealed an intersecting VDR/SMAD genomic circuit that
regulates hepatic fibrogenesis and defined a role for VDR as an
endocrine checkpoint to modulate the wound-healing response
in liver and VDR ligands as a potential therapy for liver fibrosis
(8). Chronic hepatitis C and nonalcoholic fatty liver are major
triggers for liver fibrosis. Recently, it has been found that
vitamin D suppresses HCV production in hepatocytes (10, 17).
Moreover, clinical observations have recently demonstrated
that low 25-hydroxyvitamin D3 (25-OHD) serum levels were
associated with more severe fibrosis and lower responsiveness
to interferon-based therapy in those patients (18). Other studies
have shown that low 25-OHD serum levels are associated with
poor liver function and more advanced stages of liver fibrosis
in HCV patients (4). Vitamin D also reduces the risk for
nonalcoholic fatty liver in men (22) and attenuates high-fat
diet-induced hepatic steatosis in rats (27).
Activation of HSCs following chronic injury is mediated by
secretion of PDGF and TGF-␤, which are key mediators
between the initiation injury, HSC proliferation, and ECM
deposition. As presented in this study, 1,25(OH)2D3 significantly suppresses PDGF and TGF-␤ mRNA expression in rat
fibrotic liver induced by TAA. The ability of 1,25(OH)2D3 to
inhibit proliferation of primary rat HSCs and to suppress cyclin
D1 expression was demonstrated in our previous study (1).
Furthermore, the effect of 1,25(OH)2D3 to inhibit collagen I␣1
accumulation was revealed both in vitro and in vivo. In our in
vitro experiments, 1,25(OH)2D3 suppressed collagen I␣1 production of activated HSCs at three regulatory levels: collagen
I␣1 promoter activity and mRNA and protein expression (9).
In the current study, we showed that 1,25(OH)2D3 also suppressed collagen I␣1 mRNA and protein expression in TAAinduced liver fibrosis in rats. Moreover, 1,25(OH)2D3 markedly downregulated both ␣-SMA and TIMP-1 mRNA and
protein expression in the liver of rats treated with TAA ⫹
1,25(OH)2D3. The effect of 1,25(OH)2D3 on ␣-SMA expression in liver fibrosis is in accordance with other studies demonstrating that vitamin D has the ability to suppress ␣-SMA
expression in renal and lung fibrosis (3, 26). These results,
somehow, contradict our previous finding showing no effect on
␣-SMA expression in primary HSCs (1). We suggest that the in
vivo model is a more accurate model, since it represents the
effect of 1,25(OH)2D3 on all liver components and the cross
talk between them, whereas addition of 1,25(OH)2D3 to fully

Table 3. Measurements of biochemical parameters in the serum of rats following saline or 1,25(OH)2D3 treatment on either sham or
BDL
Sham
Sham ⫹ 1,25(OH)2D3
BDL
BDL ⫹ 1,25(OH)2D3

Calcium

Phosphor

Creatinine

BUN

AST

ALT

Bilirubin

1,25(OH)2D3

9.54 ⫾ 0.2
11.03 ⫾ 0.2
10.4 ⫾ 0.2
12.96 ⫾ 0.23

6.2 ⫾ 0.42
8.9 ⫾ 0.44
7.5 ⫾ 0.4
9.7 ⫾ 0.6

0.68 ⫾ 0.02
0.78 ⫾ 0.07
0.73 ⫾ 0.05
0.73 ⫾ 0.01

24.5 ⫾ 1.1
25.5 ⫾ 0.9
20.6 ⫾ 1.5
20 ⫾ 0.6

104 ⫾ 4.3
135 ⫾ 23
475 ⫾ 59
487 ⫾ 26

38.4 ⫾ 1.2
62.3 ⫾ 7.1
208 ⫾ 23
289 ⫾ 60

0.0 ⫾ 0
0.03 ⫾ 0.03
7.04 ⫾ 0.62
8.68 ⫾ 0.5

52 ⫾ 10.2
⬎380,000
51 ⫾ 7.8
⬎380,000

Values are means ⫾ SE. BDL, bile duct ligtion; BUN, blood urea nitrogen; AST, aspartate aminotransferase; ALT, alanine aminotransferase.
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activated primary HSCs could not overcome the high levels of
␣-SMA expression in these cells. The effect of 1,25(OH)2D3
on ECM degradation was demonstrated by induction of
MMP-9 activity and inhibition of TIMP-1 mRNA expression
in activated HSCs (1).
One possible mechanism of the antifibrotic effect of
1,25(OH)2D3 is by its upregulation of MMP activity and ECM
degradation. Indeed, in our in vitro study, 1,25(OH)2D3 increased MMP-9 activity. In the current study, 1,25(OH)2D3 did
not show such effect. We can speculate several explanations:
1) in whole tissue, in contrast to HSCs alone, we examined the
activity of MMP-9 and MMP-2 derived from several cell
populations and 2) because minimal fibrosis was detected in
the TAA ⫹ 1,25(OH)2D3 group, no fibrosis resolution, expressed by MMP activity, was induced. We, however, demonstrated in this study that 1,25(OH)2D3 downregulated TIMP-1
mRNA expression in vivo and could be partially responsible
for the antifibrotic effect of vitamin D.
The effect of 1,25(OH)2D3 on all of the fibrogenic mechanisms mentioned above led to significant prevention of liver
fibrosis as demonstrated both macroscopically and microscopically. Macroscopically, while liver of TAA-treated rats developed severe fibrosis, rats that received TAA with 1,25(OH)2D3
showed almost normal morphology. Microscopically, the fibrotic score of the TAA ⫹ 1,25(OH)2D3 group was significantly lower compared with the TAA group.
In contrast to the highly beneficial effect of 1,25(OH)2D3
treatment in the preventive model of liver fibrosis, treatment
with 1,25(OH)2D3 failed to ameliorate established hepatic
fibrosis. These results suggest that 1,25(OH)2D3 may effect the
proliferation and the initial fibrogenesis process of liver fibrosis
but cannot effect the advanced stages of liver fibrosis such as
degradation of stable cross-bonded collagen structure.
The use of vitamin D as treatment may raise concern
regarding the ability of vitamin D to develop hypercalcemia
and nephrotoxicity. We prove that neither hypercalcemia nor
renal toxicity was found in rats receiving 1,25(OH)2D3 treatment in both models of TAA-treated animals. We believe that
the regimen that we used of high 1,25(OH)2D3 dose, two times
weekly, provided the beneficial effect of vitamin D without its
toxic effects.
Surprisingly, in the BDL model, addition of 1,25(OH)2D3
caused a high lethality rate. Twenty five percent of the rats in
the BDL ⫹ 1,25(OH)2D3 treatment group survived after the
second 1,25(OH)2D3 injection. In contrast, all rats of the
control group (without BDL) that received the same high dose
of 1,25(OH)2D3 survived. Histology confirmed no direct hepatotoxicity of 1,25(OH)2D3 treatment. However, examination
of serum calcium concentration revealed hypercalcemia in the
BDL ⫹ 1,25(OH)2D3 group and normal serum calcium concentration in the 1,25(OH)2D3-treated rats (without BDL). It
clearly appears that the combination of high 1,25(OH)2D3 dose
and bile duct obstruction is lethal. Kumar et al. (14) showed
that, after intravenous administration of radiolabeled 1,25(OH)2D3 to
rats, ⬃25% of the administered radioactivity appears in the bile
within 24 h. Therefore, the bile duct may be an important route
for excretion of 1,25(OH)2D3. Obstruction of the bile duct may
result in accumulation of 1,25(OH)2D3, leading to hypercalcemia and death of the animals.
In conclusion, our data indicate that the active metabolite of
vitamin D, 1,25(OH)2D3, may prevent liver fibrosis in the in
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vivo model. However, it cannot ameliorate established cirrhosis in an animal model. Nevertheless, it can be deleterious in
BDL-induced liver fibrosis. Therefore, we suggest that vitamin
D may have therapeutic effect in the chronic diseases that lead
to cirrhosis such as HCV, metabolic diseases, and even fatty
liver to inhibit the fibrosis process, but not in conditions with
established cirrhosis.
ACKNOWLEDGMENTS
We thank Joshua Hirth for editorial assistance.
GRANTS
This study was supported by Grant No. 3000 – 4894 from the Chief Scientist
of the Ministry of Health, Israel.
DISCLOSURES
No potential conflicts of interest relevant to this article were reported.
AUTHOR CONTRIBUTIONS
Author contributions: S.A., E.S., Y.W., and S.R. conception and design of
research; S.A., E.S., A.B., G.C., and O.V. performed experiments; S.A., E.S.,
and E.B. analyzed data; S.A., E.S., Y.W., and S.R. interpreted results of
experiments; S.A. prepared figures; S.A. drafted manuscript; S.A., Y.W., and
S.R. edited and revised manuscript; S.A., E.S., Y.W., and S.R. approved final
version of manuscript.
REFERENCES
1. Abramovitch S, Dahan-Bachar L, Sharvit E, Weisman Y, Ben Tov A,
Brazowski E, Reif S. Vitamin D inhibits proliferation and profibrotic
marker expression in hepatic stellate cells and decreases thioacetamideinduced liver fibrosis in rats. Gut 60: 1728 –1737, 2011.
2. Artaza JN, Norris KC. Vitamin D reduces the expression of collagen and
key profibrotic factors by inducing an antifibrotic phenotype in mesenchymal multipotent cells. J Endocrinol 200: 207–221, 2009.
3. Artaza JN, Sirad F, Ferrini MG, Norris KC. 1,25(OH)2vitamin D3
inhibits cell proliferation by promoting cell cycle arrest without inducing
apoptosis and modifies cell morphology of mesenchymal multipotent
cells. J Steroid Biochem Mol Biol 119: 73–83, 2010.
4. Arteh J, Narra S, Nair S. Prevalence of vitamin D deficiency in chronic
liver disease. Dig Dis Sci 55: 2624 –2628, 2010.
5. Bataller R, Brenner DA. Liver fibrosis. J Clin Invest 115: 209 –218,
2005.
6. Batts KP, Ludwig J. Chronic hepatitis: an update on terminology and
reporting. Am J Surg Pathol 19: 1409 –1417, 1995.
7. Bruno S, Crosignani A, Facciotto C, Rossi S, Roffi L, Redaelli A, de
Franchis R, Almasio PL, Maisonneuve P. Sustained virologic response
prevents the development of esophageal varices in compensated, childPugh class A hepatitis C virus-induced cirrhosis. A 12-year prospective
follow-up study. Hepatology 51: 2069 –2076, 2010.
8. Ding N, Yu RT, Subramaniam N, Sherman MH, Wilson C, Rao R,
Leblanc M, Coulter S, He M, Scott C, Lau SL, Atkins AR, Barish GD,
Gunton JE, Liddle C, Downes M, Evans RM. A vitamin D receptor/
SMAD genomic circuit gates hepatic fibrotic response. Cell 153: 601–613,
2013.
9. Friedman SL. Liver fibrosis: from bench to bedside. J Hepatol 38, Suppl
1: S38 –S53, 2003.
10. Gal-Tanamy M, Bachmetov L, Ravid A, Koren R, Erman A, TurKaspa R, Zemel R. Vitamin D: an innate antiviral agent suppressing
hepatitis C virus in human hepatocytes. Hepatology 54: 1570 –1579, 2011.
11. Hadziyannis SJ, Tassopoulos NC, Heathcote EJ, Chang TT, Kitis G,
Rizzetto M, Marcellin P, Lim SG, Goodman Z, Wulfsohn MS, Xiong
S, Fry J, Brosgart CL. Adefovir dipivoxil for the treatment of hepatitis
B e antigen-negative chronic hepatitis B. N Engl J Med 348: 800 –807,
2003.
12. Hirose M, Nishino T, Obata Y, Nakazawa Y, Nakazawa Y, Furusu A,
Abe K, Miyazaki M, Koji T, Kohno S. 22-Oxacalcitriol prevents
progression of peritoneal fibrosis in a mouse model. Perit Dial Int 33:
132–142, 2012.

AJP-Gastrointest Liver Physiol • doi:10.1152/ajpgi.00132.2013 • www.ajpgi.org
Downloaded from www.physiology.org/journal/ajpgi by ${individualUser.givenNames} ${individualUser.surname} (093.172.200.166) on October 18, 2018.
Copyright © 2015 American Physiological Society. All rights reserved.

G120

VITAMIN D INHIBITS DEVELOPMENT OF LIVER FIBROSIS

13. Kountouras J, Billing BH, Scheuer PJ. Prolonged bile duct obstruction:
a new experimental model for cirrhosis in the rat. Br J Exp Pathol 65:
305–311, 1984.
14. Kumar R, Nagubandi S, Mattox VR, Londowski JM. Entero-hepatic
physiology of 1,25-dihydroxyvitamin D3. J Clin Invest 65: 277–284,
1980.
15. Lai CL, Chien RN, Leung NW, Chang TT, Guan R, Tai DI, Ng KY,
Wu PC, Dent JC, Barber J, Stephenson SL, Gray DF. A one-year trial
of lamivudine for chronic hepatitis B. Asia Hepatitis Lamivudine Study
Group. N Engl J Med 339: 61–68, 1998.
16. Liaw YF, Sung JJ, Chow WC, Farrell G, Lee CZ, Yuen H, Tanwandee
T, Tao QM, Shue K, Keene ON, Dixon JS, Gray DF, Sabbat J,
Cirrhosis Asian Lamivudine Multicentre Study Group. Lamivudine
for patients with chronic hepatitis B and advanced liver disease. N Engl J
Med 351: 1521–1531, 2010.
17. Matsumura T, Kato T, Sugiyama N, Tasaka-Fujita M, Murayama A,
Masaki T, Wakita T, Imawari M. 25-Hydroxyvitamin D3 suppresses
hepatitis C virus production. Hepatology 56: 1231–1239, 2012.
18. Petta S, Camma’ C, Scazzone C, Tripodo C, Di Marco V, Bono A,
Cabibi D, Licata G, Porcasi R, Marchesini G, Craxí A. Low vitamin D
serum level is related to severe fibrosis and low responsiveness to
interferon-based therapy in genotype 1 chronic hepatitis C. Hepatology 51:
1158 –1167, 2010.
19. Plum LA, Deluca HF. The functional metabolism and molecular biology
of vitamin D action. In: Vitamin D: Physiology, Molecular Biology and
Clinical Applications (2nd ed.), edited by Holick MF. Totowa, NJ:
Humana, 2009.
20. Poynard T, McHutchison J, Manns M, Trepo C, Lindsay K, Goodman
Z, Ling MH, Albrecht J. Impact of pegylated interferon alfa-2b and

21.

22.

23.
24.
25.
26.
27.
28.
29.

ribavirin on liver fibrosis in patients with chronic hepatitis C. Gastroenterology 122: 1303–1313, 2002.
Ramirez AM, Wongtrakool C, Welch T, Steinmeyer A, Zügel U,
Roman J. Vitamin D inhibition of pro-fibrotic effects of transformation
growth factor ␤1 in lung fibroblasts and epithelial cells. J Steroid Biochem
Mol Biol 118: 142–150, 2010.
Rhee EJ, Kim MK, Park SE, Park CY, Baek KH, Lee WY, Kang MI,
Park SW, Kim SW, Oh KW. High serum vitamin D levels reduce the
risk for nonalcoholic fatty liver disease in healthy men independent of
metabolic syndrome. Endocrine [Epub ahead of print] 2013.
Rocket DC. Translating an understanding of the pathogenesis of hepatic
fibrosis to noval therapies. Clin Gastro Hepat 11: 224 –231, 2013.
Scott-Conner CH, Grogan JB. The pathophysiology of biliary obstruction and its effect on phagocytic and immune function. J Surg Res 57:
316 –336, 1994.
Tan X, Li Y, Liu Y. Paricalcitol attenuates renal interstitial fibrosis in
obstructive nephropathy. J Am Soc Nephrol 7: 3382–3393, 2006.
Tan X, Li Y, Liu Y. Therapeutic role and potential mechanism of active
vitamin D in renal interstitial fibrosis. J Steroid Biochem Mol Biol 103:
491–496, 2007.
Yin Y, Yu Z, Xia M, Luo X, Lu X, Ling W. Vitamin D attenuates high
fat diet-induced hepatic steatosis in rats by modulating lipid metabolism.
Eur J Clin Invest 42: 1189 –1196, 2012.
Zhang Y, Kong J, Deb DK, Chang A, Li YC. Vitamin D receptor
attenuates renal fibrosis by suppressing the renin-angiotensin system. Am
Soc Nephrol 21: 966 –973, 2010.
Zimmermann H, Blaser H, Zimmermann A, Reichen J. Effect of
development on the functional and histological changes induced by bileduct ligation in the rat. J Hepatol 20: 231–239, 1994.

AJP-Gastrointest Liver Physiol • doi:10.1152/ajpgi.00132.2013 • www.ajpgi.org
Downloaded from www.physiology.org/journal/ajpgi by ${individualUser.givenNames} ${individualUser.surname} (093.172.200.166) on October 18, 2018.
Copyright © 2015 American Physiological Society. All rights reserved.

