
Summary. We investigated whether Notch signaling
was increased in an experimental liver fibrosis model
and examined the effects of resveratrol on Notch
expression. Rats were divided into four groups: the
control group, injected with physiological saline; the
CCl4 group; the CCl4 plus resveratrol group; and the
resveratrol group. After treatment, immunostaining was
performed to detect Notch1, Notch3, Notch4,
transforming growth factor (TGF)-beta, alpha-smooth
muscle actin (SMA), glial fibrillary acidic protein
(GFAP), and proliferating cell nuclear antigen (PCNA),
and TUNEL assays were performed to evaluate
apoptosis. Sirius red staining was used to detect fibrosis.
Samples were also biochemically evaluated for
glutathione (GSH), glutathione peroxidase (GPx),
catalase (CAT), lipid peroxidation, and protein
oxidation. GSH, GPx, and catalase activities were
significantly decreased (p<0.001) in the CCl4 group.
Distinct collagen accumulation was detected around the
central vein and portal areas, and numbers of Notch1-,
Notch3-, and Notch4-positive cells were significantly
increased (p<0.001) in fibrotic areas in the CCl4 group.
Increased expression of Notch proteins in fibrotic areas
may support the role of Notch in mediating signaling
associated with liver fibrosis through activation of
hepatic stellate and progenitor cells. In contrast,
resveratrol prevented liver fibrosis by decreasing lipid

peroxidation and may be effective for inhibiting Notch
signaling.
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Introduction

Liver fibrosis is a wound-healing disorder that
occurs as a result of various chronic liver diseases and is
characterized by excessive deposition of extracellular
matrix (ECM) proteins, including collagens,
proteoglycans, and fibronectin. A variety of chronic
stimuli, such as viral hepatitis, excess alcohol
consumption, or chronic biliary obstruction, and some
cytokines, such as transforming growth factor (TGF)-β,
tumor necrosis factor (TNF)-α, angiotensin II, and
leptin, can also cause hepatic fibrosis. Progressive
fibrosis eventually leads to cirrhosis and hepatic
dysfunction (Wells, 1988; Bataller and Brenner, 2005;
Chen et al., 2012). 

During liver injury, hepatic stellate cells (HSCs),
liver-specific pericytes (previously known as ‘vitamin
A-storing cells’ or ‘Ito cells’), are the most relevant cell
type for hepatic fibrogenesis and overproduce
extracellular matrix (ECM) upon activation. During
hepatic fibrogenesis, quiescent HSCs become active,
highly fibrogenic, proliferative, and contractile.
Additionally, HSCs lose their lipid droplets, express
ECM components, such as collagen type 1, α-smooth
muscle actin (α-SMA), and glial fibrillary acidic protein
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(GFAP), and convert into myofibroblasts (Guyot et al.,
2006; Beaussier et al., 2007; Greenbaum and Wells,
2011; Ahmad and Ahmad, 2012, 2014). Because these
cells are the primary source of ECM in liver injury, they
are considered key targets for antifibrotic therapies
(Chen et al., 2012; Stewart et al., 2014).

The Notch signaling pathway is an evolutionarily
conserved signaling mechanism that regulates cell fate
specification, stem cell maintenance, and differentiation
in embryonic and postnatal tissues. There are four Notch
receptors (Notch1, -2, -3, and -4) and two ligand families
(Jagged1 and Jagged2; Delta-like [DII] 1, DII 3, and DII
4) in mammals. Notch signaling is triggered by a
receptor-ligand interaction between two neighboring
cells. Ligand-activated Notch receptors are cleaved by
the δ-secretase complex, leading to the release of the
Notch intracellular domain (NICD), which translocates
to the nucleus. In the nucleus, NICD interacts with
transcription factors of the C promoter binding factor
1/suppressor of hairless/Lag-1 (CSL) family. The signal
culminates with the expression of Notch target genes,
such as the family of Hes- and Hey-related transcription
factors (Gridley, 2003; Wang et al., 2008; Tanriverdi et
al., 2013; Morell and Strazzabosco, 2014).

Some researchers have reported that Notch signaling
is essential for developing the biliary tree and for
tubulogenesis in the liver (Morell and Strazzabosco,
2014). The effects of Notch on human fibrotic diseases,
such as pulmonary, renal, and peritoneal fibrosis, have
also been investigated (Hansson et al., 2004; Bielesz et
al., 2010; Zhu et al., 2010). However, there is little
information available concerning the importance of the
Notch proteins in liver metabolism, inflammation, and
cancer. According to the recent reports, overexpression
of Notch is associated with liver malignancies (Morell et
al., 2013). Thus, agents that can act as Notch inhibitors
may have novel therapeutic applications in the treatment
of hepatic fibrosis.

In the current study, we investigated whether Notch
signaling could promote experimental liver fibrosis. We
also analyzed changes in Notch expression in response
to resveratrol (3,5,4’-trans-trihydroxystilbene), a
naturally occurring polyphenol (Garcia et al., 2012) that
has several pharmacological activities, including anti-
inflammatory, anticancer, and antioxidant properties, and
modulates lipid metabolism (Fremont, 2000; Dong,
2003; Moreira et al., 2013; Yavuz et al., 2014; Ahmad
and Ahmad, 2014). 
Materials and methods

Research design

Five-week-old female Wistar-albino rats (n=40)
weighing 200–250 g each were used in this study. All
animals were fed a standard rat diet and maintained
under similar conditions. Animals were divided into four
groups: 1) physiological saline (control), administered

intraperitoneally (i.p.); 2) 0.5 mg/kg CCl4 (Sigma-
Aldrich, St. Louis, MO, USA) administered i.p. twice a
week, for six weeks; 3) 0.5 mg/kg CCl4 administered i.p.
twice a week plus 1 mg/kg body weight, resveratrol
(Sigma-Aldrich) administered i.p. once per day for the
duration of the study; and 4) 1 mg/kg resveratrol (freshly
prepared in physiological saline) only, administered once
per day i.p. for the duration of the study. CCl4 is a
hepatotoxic agent that is widely used in experimental
liver damage; this agent causes liver cirrhosis, fibrosis,
and necrosis by producing free radicals, initiating lipid
peroxidation, and causing centrilobular necrosis by
activating HSCs (Weber et al., 2003; Chavez et al.,
2008). Therefore, this treatment was expected to induce
liver damage. Body weight of the animals was also
measured during the experiment. At the end of the sixth
week, liver biopsies were collected, fixed in 10% neutral
buffered formalin, and embedded in paraffin.

The experimental protocol was approved by the
Committee for the Ethics on Animal Care and
Experiments, Istanbul University.
Biochemical assay

The liver tissue was stored at −70°C until use in
biochemical analyses. Livers were thawed and
homogenized (10% w/v) with 0.15 KCl at 4°C and then
centrifuged at 10,000×g for 1.5 h. The supernatant was
used as the source of experimental product. Glutathione
(GSH) assays were carried out using the method
described by Beutler (1988) with 5,5’-dithiobis-(2-
nitrobenzoic acid) as a product. Catalase activity was
analyzed using Aebi’s method (Aebi, 1974). Glutathione
peroxidase activity was measured using the method of
Paglia and Valentine (1967). Protein oxidation was
determined according to the technique reported by
Levine et al. (1990). Protein levels were measured by the
Lowry method. All the measurements were carried out
using a Schimadzu 1601 UV spectrophotometer. 
Histological evaluation

For histological examination, the liver tissues were
dissected, fixed in 10% neutral buffered formalin,
embedded in paraffin, and then cut into 5-μm-thick
sections. The sections were placed onto coated slides,
deparaffinized, and rehydrated. All tissue sections were
also stained with hematoxylin and eosin (H&E) for
evaluation of general tissue morphology and Sirius red
for demonstrating collagen fiber architecture. Fibrosis
and fatty degeneration were graded by two independent
researchers. The sections were scored as described by
Kaya-Dagistanli et al. (2013) as follows: 0, intact liver;
1, centrilobular necrosis and fatty degeneration; 2,
centrilobular and midlobular fatty degeneration,
perivenular fibrosis; 3, septal fibrosis, pseudolobule
formation; and 4, regenerative nodule formation,
cirrhosis. An Olympus BX61 (Olympus Corp., Miami,
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FL, USA) research microscope was used for histological
score (HSCORE) analysis, and the samples were
photographed with an Olympus DP72 (Olympus Corp.)
digital microscope camera.
Immunohistochemistry

Immunohistochemistry was performed as described
previously (Tanriverdi et al., 2013). A Histostain Plus
Bulk Kit (Life Technologies Corp., Carlsbad, CA, USA)
was used for immunoperoxidase staining with the
following primary antibodies: anti-Notch1 (1:100
dilution; sc-6010; Santa Cruz Biotechnology, CA, USA),
anti-Notch3 (1:100 dilution; sc-5593; Santa Cruz
Biotechnology), anti-Notch4 (1:100 dilution; sc-5594;
Santa Cruz Biotechnology), anti-TGF-β (1:200 dilution;
sc-146; Santa Cruz Biotechnology), α-SMA (1:200
dilution; 1A4 Neomarkers, Fremont, CA, USA), anti-
GFAP (1:200 dilution; 1A4 Neomarkers), and anti-
proliferating cell nuclear antigen (PCNA; 1:200 dilution;
1A4 Neomarkers). Liver sections were incubated
overnight at 4°C and then incubated for 5–10 min with a
substrate-chromogen solution (AEC or DAB; Life
Technologies Corp.). Nuclei were stained with Mayer’s
Hematoxylin (Life Technologies Corp.). Normal rabbit
IgG (Santa Cruz Biotechnology) was used as a negative
control. Alternatively, distilled water was added instead
of primary antibody. 

The intensity of liver immunostaining for Notch1,
Notch3, TGF-β, and α-SMA was semiquantitatively
evaluated by the following categories: 0 (no staining),
1+ (weak, but detectable staining), 2+ (moderate or
distinct staining), and 3+ (intense staining). For each
slide, the HSCORE value was derived by summing the
percentage of cells that stained at each intensity category
and multiplying that value by the weighted intensity of
the staining, using the formula: [1×(% of 1+ cells)] +
[2×(% of 2+ cells)] + [3×(% of 3+ cells)]. The scale of
the HSCORE values was 0–300. Eight randomly
selected areas were evaluated under a light microscope
for each slide, and the percentages of cells at the various
intensities within these areas were determined at
different times by two researchers in a blind fashion. The
intra-individual and interindividual coefficients of
variation were 10% and 12%, respectively, for the
HSCORE evaluation. The average score of the two
researchers was used (Mazières et al., 2013). At least 10
fields were evaluated per slide for all sections.

Cell proliferation assay

PCNA was used to evaluate liver regeneration. In
this experiment, five fields (400× magnification) per
slide were randomly selected, and the total hepatocytes
per field were counted by two independent researchers,
as described by Buyukbayrak et al. (2014). The mean
percentages of PCNA-positive hepatocytes were
calculated and compared among groups.
In situ terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) assays

TUNEL assays were performed to estimate apoptotic
cells as described previously (Kaya-Dagistanli et al.,
2013). For control of staining specificity, thymus tissue
sections obtained from dexamethasone-treated rats were
used as a positive control (Kaya-Dagistanli et al., 2005),
and distilled water was used instead of Tdt enzyme as a
negative control.

For the analysis of the apoptotic index, positive cells
identified by TUNEL assays were counted under high-
power magnification (400×) in a blinded fashion. Ten
fields were randomly selected from each slide, and the
apoptotic index was calculated by using the formula:
AI=(AC/AC+IC)×100 formula, where AI is the
apoptotic index, AC is the apoptotic cell number, and IC
is the intact cell number (Kaya-Dagistanli et al., 2013).
Electron microscopy

Samples were collected, cut into 1-mm3 pieces, and
prepared for electron microscopy as described by Ayla et
al. (2011). Samples were then examined under a Jeol
JEM 1011 electron microscope (Tokyo, Japan), and
images were captured using an Olympus Veleta soft
imaging camera system (Tokyo, Japan). On each
semithin section, the lipid droplets that filled HSCs were
counted under high-power magnification (400×) at
different times by two researchers in a blinded fashion.
Statistical analysis

Data were expressed as means±SDs, and the
statistical analysis of the results was carried out by one-
way analysis of variance (ANOVA) with post-hoc
Tukey’s tests performed using GraphPad InStat version
3.00 for Windows 7 (GraphPad Software Inc., San
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Table 1. Body weight (g) values of all groups.

Group (n=10 each) Control CCl4 CCL4 plus resveratrol Resveratrol

Body weight (g) 244.0±8.44 193.4± 9.74a,b 220.0±5.75a 239.3±7.51

ap<0.01 vs control and resveratrol groups. bp<0.01 vs control, resveratrol and CCl4 plus resveratrol groups.



Diego, CA, USA). Differences with P values of less than
0.05 were considered statistically significant.
Results

Biochemistry 

The study groups were compared for their body
weights at the end of the experiments (Table 1). CCl4-
treated group exhibited decreased body weight
(193.4±9.74), compared with control (244.0±8.44)
(p<0.001), resveratrol (239.3±7.51) (p<0.001) and CCl4plus resveratrol (220.0±5.75) (p<0.01) groups. And also,
we analyzed biochemical laboratory parameters in rats
from the four groups. GSH, GPx, and catalase (CAT)
activities were significantly decreased (p<0.001) in liver
tissues from CCl4-treated rats (Table 2). However, lipid
peroxidation and protein oxidation levels increased in

CCl4-treated rats as compared with the other groups. In
contrast, GSH, GPx, and CAT levels were higher in the
CCl4 plus resveratrol group than in the CCl4 group
(Table 2). 
Histological results

We examined changes in the liver structures in the
different treatment groups. Liver structures were normal
in control rats (Fig. 1A); however, rats in the CCl4 group
had degenerative changes, such as centrilobular necrosis,
including ballooning of hepatocytes, vacuolization,
deposition of lipid droplets in hepatocytes (severe fatty
degeneration), and infiltration of inflammatory cells, as
well as collagen deposition (Fig. 1B,C). In rats treated
with both CCl4 and resveratrol, inflammation, fatty
degeneration, vacuolization, and ballooning of
hepatocytes decreased (Fig. 1D). Rats treated with
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Fig. 1. Toluidine Blue stained liver tissues from rats in all groups. A. Normal liver architecture was observed in the control group. B, C. Fatty
degeneration, degenerative cells, and vacuolization in hepatocytes in the CCl4 group. Similar histological features were observed in the CCl4 plus
resveratrol group (B). A, C, D, × 400; B, × 200



resveratrol only exhibited liver morphology
characteristics similar to those of rats in the control
group (data not shown).

Interestingly, we observed an increase in collagen
deposition in rats treated with CCl4 alone, while that in
control and resveratrol-treated rats was normal (Fig. 2).
In addition to centrilobular and midlobular fatty
degeneration, we also observed well-developed
perivenular fibrosis and markedly increased collagen
fibers around central vein (Fig. 2D,E) and portal areas
(Fig. 2B,C) in the CCl4 group. In the CCL4 plus
resveratrol group, there was a noticeable decrease in
collagen deposition around the venules. Additionally, the
morphology of the tissues was similar to that of the
control group (Fig. 2F). Scoring for fibrosis and fatty

degeneration is shown in Table 3.
Immunohistochemistry

TGF-β1
TGF-β1 is an important regulator of fibrogenesis in

various organs, and the expression of TGF-β1 protein
can be caused by chronic organ fibrosis and metabolic
disorders (Ki et al., 2013). Our data demonstrated the
presence of intense TGF-β1 immunostaining,
particularly around portal areas and inflammatory
regions (Fig. 3B–D). HSCORE analysis showed that
TGF-β1 immunoreactivity was significantly higher in
liver samples from the CCl4 group than in those from the
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Fig. 2. Sirius-red staining for detection of collagen accumulation in all groups. A. Control group. Increased collagen deposition was observed around
central vein (D, E) and portal areas (B, C) in the CCl4 group. Decreased collagen accumulation around the central vein and portal area in the CCl4 plus
resveratrol group (F). A, × 100; B-F, × 200

Table 2. The activities of catalase (CAT), glutathione peroxidase (GPx), glutathione (GSH), and protein oxidation (Po) levels in the livers of rats in the
control, resveratrol, CCl4, and CCL4 plus resveratrol groups.

Group (n=10 each) GSH (μmoL/mg protein) GPx (μmoL/μg) CAT (μmoL/μg) Protein oxidation (nmoL/μg) Lipid peroxidation (nmoL/μg)

Control 2.01±0.14 0.10±0.012 2.30±0.18 1.51±0.26 0.42±0.08
CCl4 0.66±0.13*** 0.05±0.01*** 0.72±0.19*** 3.27±0.29*** 2.13±0.21***
CCL4 plus resveratrol 1.63±0.16** 0.09±0.01** 1.74±0.24** 2.10±0.22** 1.12±0.22**
Resveratrol 1.83±0.17 0.19±0.28 2.04±0.07 1.41±017 0.42±0.07

***p=0.001, CCl4 versus control and CCl4 plus resveratrol; ** p=0.05, control versus CCl4 plus resveratrol.



control and CCl4 plus resveratrol groups (p<0.001; Table
4; Fig. 3). 

α-SMA
α-SMA is a key marker of liver fibrosis, and the

expression of α-SMA is primarily mediated by TGF-β1.
Activated HSCs express α-SMA in fibrotic liver tissues
(Ki et al., 2013). In this study, we detected intense α-
SMA-positive signals in regions of portal and
perivenular fibrosis (Fig. 4C-G), similar to the
accumulation of collagen, as observed by Sirius red

staining. Furthermore, HSCORE analysis indicated that
there was a significant increase in α-SMA expression in
the CCl4 group compared with those in the control and
CCl4 plus resveratrol groups (p<0.001; Table 4; Fig. 4).

GFAP
HSCs express GFAP; thus, GFAP can be used as a

marker of HSCs. In our analysis, GFAP-positive cells
were localized around the accumulated fibers in the CCl4group. In addition, in the CCl4 plus resveratrol group,
some hepatocyte-like cells, which localized near the
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Fig. 3. Immunolocalization of TGF-β1 in livers
from rats in all groups. A. Control group. B-D.
expression of TGF-β1 in the CCl4 group. E. CCl4
plus resveratrol group. A, B, E, × 100; C, D, 
× 200

Table 3. Fibrosis and fatty degeneration scores in all groups.

Group (n=10 each) Control CCl4 CCL4 plus resveratrol Resveratrol

Fibrosis and fatty degeneration scoring 0.32±0.21 3.75±0.18a,b 1.05±0.19a 0.35±0.19

ap=0.001 versus control and resveratrol groups; bp=0.001 versus CCl4 plus resveratrol group.

Table 4. HSCORE analysis of TGF-beta, alpha-SMA, Notch1, Notch3, and Notch4 expression.

Group (n=10 each) TGF-beta Alpha-SMA Notch1 Notch3 Notch 4

Control 17.64±3.69 5.06±1.29 2.67±1.08 2.01±0.78 33.70±11.38
CCl4 154.78±23.27*** 116.8±15.65*** 121.31±14.87*** 119.98±12.77*** 247.10±20.69***
CCl4 plus resveratrol 39.92±6.03 20.93±3.11 5.62±1.77 29.35±13.44 137.00±12.56
Resveratrol 15.37±1.58 5.39±1.57 1.95±0.61 3.52±1.42 30.50±9.20

***P=0.001, CCl4 versus control, CCl4 plus resveratrol and resveratrol.



central vein and in close proximity to the hepatocytes,
were detected as GFAP-positive cells (Fig. 5).

PCNA
PCNA is used to evaluate hepatocyte regeneration.

Immunohistochemical PCNA staining is shown for each
group in Fig. 6. The PCNA labeling index (%) was
significantly improved in the CCl4 plus resveratrol group

(17.26±0.99; p<0.001; Fig. 6C,D) versus the CCl4-only
group (0.67±0.27; Fig. 6B; Table 5). However, there
were no detectable differences in either of these groups
compared with the control group (1.91±0.31; Fig. 6A).

Notch1, Notch3, and Notch4
Notch proteins belong to the TGF-β1 superfamily,

and the expression levels of these proteins are associated
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Fig. 4. Immunolocalization of α-SMA in the livers of rats in all groups. A, B. Control group. C–G. Expression of α-SMA in the CCl4 group. H, I. CCl4 plus
resveratrol group. A, C, × 100; B, D, H, I, × 200; E-G, × 400

Table 5. Mean apoptotic index and proliferating index values.

Group (n=10 each) Control CCl4 CCl4 plus resveratrol Resveratrol

Apoptotic index 0.53±0.26 5.44±0.70a,b 1.98±0.59a 0.68±0.20
Proliferating index 1.91±0.31 0.67±0.27c 17.26±0.99c 4.59±0.47c

ap=0.001; versus control and Resveratrol groups, bp=0.001; versus CCl4+Resveratrol group. cp=0.001; versus control group.
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Fig. 5. Immunolocalization of GFAP in the livers of rats in all groups. A–D. GFAP-positive cells were observed around the degenerative areas in the
CCl4 group. While these cells had different shapes in the CCl4 group, (E, F) cells in the CCl4 plus resveratrol group were similar to hepatocytes. A-F, 
× 200

Fig. 6. PCNA staining was used to measure
hepatocyte proliferation. The numbers of PCNA-
positive cells were increased in the CCl4 plus
resveratrol group (C, D) compared with those in
the (A) control, (B) CCl4, and (E) resveratrol
groups. A-F, × 200
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Fig. 7. Immunolocalization of Notch1 in the livers of rats in all groups. A. Control group. B–D. The numbers of Notch1-immunopositive hepatocytes
were increased in the CCl4 group compared with those in the other groups. E. CCl4 plus resveratrol group. F. Resveratrol group. Counterstaining:
hematoxylin. A, C, E, F, × 200; B, × 100; D, × 400

Fig. 8. Immunolocalization of Notch3 in the livers of rats in all groups. A. Control group. B–D. The numbers of Notch3-immunopositive hepatocytes
were increased in the CCl4 group compared with those in the other groups. E. CCl4 plus resveratrol group. F. Resveratrol group. Counterstaining:
hematoxylin. × 200 
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Fig. 9. Notch4 staining was observed on micrographs. A. Control group. B–D. Notch4-staining was stronger in the CCl4 group than in the other groups.
E. CCl4 plus resveratrol group. F. Resveratrol group. A, C-E, × 100; B, × 50; F, × 200

Fig. 10. Results of TUNEL analysis of apoptotic
cells. A. Control group. B, C. TUNEL-positive
cells were observed within the cell cords and the
sinusoids in rats in the CCl4 group. D. CCl4 plus
resveratrol group. E. Resveratrol group.
Counterstaining: methyl green. × 200



with TGF-β1 and related cytokines. Cells positive for
Notch1, Notch3, and Notch4 were detected at high levels
in rats treated with CCl4 as compared with the control
group (p<0.001; Table 3). Additionally, all of these
Notch proteins were expressed more strongly in fibrotic
areas in the CCl4 groups, while little or no Notch
expression was observed in the other groups (Figs. 7-9).
While the expression of Notch1 and Notch3 was
observed only on mesenchymal cells, Notch4 expression
was also present on epithelial cells, particularly in
hepatocytes in the CCl4 groups.
TUNEL

The numbers of TUNEL-positive cells were

determined within cell cords and sinusoids. TUNEL-
positive cells were observed in increasing numbers in
CCl4 groups (5.44±0.70; Fig. 10B,C) compared with the
other groups. In rats treated with resveratrol alone, we
observed a significant reduction in hepatocyte apoptosis
compared with the rats treated with CCl4 (p<0.001; Fig.
10D). In addition, the number of apoptotic cells in the
resveratrol-only group (Fig. 10E) was similar to that in
the control group (0.68±0.20; Fig. 10A). The apoptotic
index of each group is shown in Table 5.
Electron microscopy

We examined the structures of liver biopsies using
electron microscopy. In the control group, the
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Fig. 11. A, B. Electron micrographs of control groups with normal hepatocytes. Nuclei were euchromatic, and the cytoplasm contained many
mitochondria, the endoplasmic reticulum, and numerous glycogen granules. C-G. Electron micrographs of CCl4 group with degenerative hepatocytes.
Images showed heterochromatic nuclei with degraded membrane structures and membrane pores. The cytoplasms contained mitochondria of different
sizes, fragmented RER, dispersed glycogen granules, and electron lucent areas. Additionally, the cytoplasms were filled with large amounts of lipid
droplets. H, I. Electron micrographs of the CCl4 plus resveratrol group showing hepatocytes with euchromatic nuclei similar to the control group. The
cytoplasms contained some electron-dense mitochondria, few cisternae of the RER, some glycogen granules, and few electron lucent areas. A, I, 
× 3,000; F, H, × 5,000; B, C, E, × 7,500; D, × 10,000; G, × 20,000



ultrastructure of the tissues was normal for all
histological aspects; hepatocytes had round nuclei and
exhibited clearly visible polygonal shapes, intact
membranes, and organelles (Fig. 11A,B). Hepatocyte
cords were regular, sinusoidal spaces were proper, and
Kupffer cells, HSCs, and sinusoidal endothelial cells
were easily recognized according to morphological
analyses. HSCs contained lipid droplets, and their
morphologies were distinct from those of myofibroblasts
(Figs. 1A, 11A,B). In rats treated with CCl4, hepatocytes
exhibited a spherical morphology, loss of cellular
membrane boundaries, and lipid droplets within the
cytoplasm (Fig. 11C-G). Additionally, hepatocytes from
this group exhibited mitochondrial degeneration, nuclear
membrane abnormalities, dispersed glycogen granules,
and dilated and/or fragmented endoplasmic reticulum.
Furthermore, focal necrotic areas and apoptotic cells
were observed within the cell cords (Fig. 11C-E). As
compared with rats treated with CCl4 only, rats given
CCL4 plus resveratrol showed reduced degenerative and
fibrotic areas, fewer lipid droplets, impaired vacuoli-
zation, and reduced numbers of apoptotic cells.
However, the endoplasmic reticulum and mitochondria
were completely normal, and the nuclei had well-
organized nuclear membranes (Fig. 11H, I).
Discussion 

Liver fibrosis is a reversible wound-healing process
characterized by the accumulation of ECM caused by
liver injury. The activation of HSCs is known to play a
critical role in this process. Activated HSCs are
converted into myofibroblasts and synthesize a large
amount of ECM, including α-SMA and collagen type I.
HSCs are considered the key therapeutic target for
hepatic fibrosis. Therefore, studies investigating the

development of antifibrotic therapies rely on the
inhibition of HSC activation and the proliferation of
HSCs (Chen et al., 2012). In this study, we investigated
the effects of CCl4, a widely used agent for inducing
experimental hepatic fibrosis and hepatic cirrhosis
(Chavez et al., 2008), on the pathophysiological
mechanisms of the disease and evaluated the antifibrotic
capacity of resveratrol. Our data demonstrated that
resveratrol could prevent CCl4-induced fibrosis, further
supporting the use of this popular agent in the treatment
of hepatic fibrosis. 

Recent studies have shown that CCl4 causes
inflammation, fatty changes, necrosis, loss of cellular
boundary, collagen deposition, breakdown of the
organization of the rough endoplasmic reticulum (RER),
vacuolization of the smooth endoplasmic reticulum
(SER), irregularities in nuclear content, and variations in
the sizes of lipid droplets in the nuclei and cytoplasm in
liver cells (Yao et al., 2005; Tang et al., 2006; Mas et al.,
2008). Moreover, CCl4 causes oxidative stress by
producing reactive oxygen species (ROS) following
initiation of lipid peroxidation (LPO) (Hartleyb et al.,
1999; MacDonald-Wicks and Garg, 2003). ROS play an
important role in the activation of HSCs and col-lagen
accumulation. Indeed, in our study, we observed high
levels of LPO following treatment with CCl4. Moreover,
because resveratrol can prevent oxidative stress and LPO
(Ignatowicz and Baer-Dubowska, 2001; Bujanda et al.,
2008; Li et al., 2014), LPO levels may be an indicator of
oxidative stress, and analyses of GSH, GPx, and CAT
can provide information on the antioxidant capacity of
the cells, following treatment with resveratrol, as was
observed in our study. Moreover, we found evidence of
membrane damage, especially in the cell and nuclear
membrane, and observed disorders in organelles, such as
the mitochondria and RER. However, resveratrol
preserved liver structure by decreasing fatty
degeneration, cell vacuolization, and membrane damage
in hepatocytes. These results suggested that resveratrol
may play a preventive role in liver damage caused by
CCl4.

Oxidative stress can promote the expression of
profibrogenic cytokines, such as TGF-β1. For this
reason, researchers have used antioxidative therapies for
preventing hepatic fibrosis (Chavez et al., 2008; Lee et
al., 2010) and lipogenesis (Jin et al., 2013). Many
antioxidant agents are still used clinically. However, no
reports have evalu¬ated the mechanisms through which
resveratrol affects hepatic fibrosis via Notch signaling.
In this study, we found that the antifibrotic capacity of
resveratrol proceeded through the attenuation of
oxidative stress via regulation of Notch proteins.
However, further studies are required to determine the
precise roles of Notch proteins in hepatic fibrosis.

GSH plays an important role in the detoxification of
xenobiotic compounds and in defense mechanisms
against ROS and free radicals. During oxidative stress,
low levels of GSH are observed (Ayla et al., 2011). This
observation supports our findings. In our CCl4-treated
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Fig. 12. This cascade shows how resveratrol affects on CCl4 mediated
liver injury by suppressing notch signaling and cytokine releasing.



group, CCl4 also induced LPO and caused a significant
depletion of GPx and CAT levels in liver tissues, similar
to the observations of GSH levels in previous studies
(Zhang et al., 2013; Gezginci-Oktayoglu et al., 2014).
Consistent with this, resveratrol treatment in rats given
CCl4 exhibited higher levels of GSH, GPx, and CAT, but
decreased levels of LPO similar to Ahmad and Ahmad
(2014) results. 

Notch signaling regulates cell fate specification,
stem cell maintenance, and initiation of differentiation in
embryonic and postnatal tissues (Artavanis-Tsakonas et
al., 1999; Morell et al., 2013). Aberrant activation of this
pathway is associated with several pathologies and
malignancies. Recently, some researchers have reported
that Notch signaling mediates human fibrotic diseases,
such as pulmonary, renal, and peritoneal fibrosis (Morell
et al., 2013; Zheng et al., 2013). Additionally, in our
study, we found that Notch signaling may selectively
mediate the fibrogenic properties of TGF-β1, which are
essential to promoting the production and deposition of
the ECM by activating HSCs during liver injury (Zheng
et al., 2013).

Previous studies have shown that all four Notch
receptors (Notch1, Notch2, Notch3, and Notch4) are
expressed in healthy adult livers. However, in diseased
liver tissues, the expression levels of Notch3 and Jagged
1 are significantly increased (Hansson et al., 2004;
Bielesz et al., 2010; Zhu et al., 2010). Proteolytic
cleavage of the Notch receptor is important for initiating
signal transduction on adjacent ligand-expressing cells.
This cleavage is catalyzed by the δ-secretase complex.
Recent studies have identified new strategies for
inhibiting δ-secretase activity. For example, Chen et al.
(2012) used DAPT (a δ-secretase inhibitor) to study the
role of Notch signaling; they observed reduced
expression of Notch3 and Jagged 1 mRNA. Moreover,
they also reported that TGF-β1 and α-SMA mRNAs
were decreased. These results suggest that DAPT may be
involved in the suppression of TGF-β1 expression and
may contribute to hepatocyte proliferation and protection
of hepatocytes from apoptosis. Consistent with this
previous study, we found increased expression of Notch1
and Notch 3 in fibrotic areas following CCl4 treatment.
Additionally, these regions were markedly stained by
TGF-β1 and α-SMA, and collagen type I accumulation
correlated with the staining intensities of these markers.
These results revealed that activation of Notch signaling
was involved in the regulation of HSC activation and
that Notch1 and Notch3 may participate in liver
fibrogenesis.

While DAPT has been shown to have beneficial
effects on liver fibrosis, it has also been shown to have
adverse effects, such as gastrointestinal toxicity (Fleisher
et al., 2008; Wei et al., 2010; Darwiche et al., 2011).
Therefore, in our study we used resveratrol, which is
generally safe and has minimal adverse effects. In
previous studies, resveratrol has been used for
preventing liver fibrosis (Park et al., 2010; Chan et al.,
2011); however, to the best of our knowledge, this is the

first study to examine the effects of resveratrol on Notch
signaling. We found that Notch1 and Notch3 expression
levels were lower in rats treated with resveratrol than in
rats treated with CCl4, which caused fibrosis. Thus, our
results were similar to those of Chen et al. (2012) and
suggest that resveratrol may be a Notch inhibitor. 

Promoting hepatocyte proliferation in the diseased
liver is as important as suppressing HSC proliferation
through Notch inhibition. While DAPT can prevent
hepatic fibrosis, the mechanisms mediating this process
are unclear, and there is little information on the effects
of DAPT on hepatocyte proliferation. However, our
study showed the clear effects of resveratrol on
hepatocyte proliferation, and we hypothesize that
resveratrol may be more effective than DAPT in terms of
proliferative capacity in hepatocytes, particularly
considering the added benefits of the antioxidant effects
of resveratrol.

The adult liver has critical regenerative capacity.
Bipotent progenitor cells are present as quiescent cells in
the healthy liver and can become either hepatocytes or
cholangiocytes (biliary cells) following proliferation in
response to hepatic injury (Diehl, 2012; Zheng et al.,
2013). When a chronic liver injury occurs and
hepatocyte/cholangiocyte proliferation is required, the
hepatic progenitor cell (HPC) compartment is activated.
HPCs are members of the hepatic stem cell niche located
in Herring’s canals and can give rise to hepatocytes or
cholangiocytes. Whether these cells differentiate into
hepatocytes or cholangiocytes depends on the balance
between Wnt and Notch signaling (Fabris et al., 2007;
Groth and Fortini, 2012). Thus, recent advances indicate
that Notch is a critical player in liver regeneration and
repair as well as in liver metabolism, inflammation, and
cancer (Morell and Strazzabosco, 2014).

In the case of liver injury, Notch proteins are widely
expressed in both epithelial and mesenchymal
compartments of the liver, which are regulated
differentially. Notch1 and Notch2 are normally
expressed by cholangiocytes and HPCs (Flynn et al.,
2004); in contrast, Notch3 and Notch4 are expressed in
mesenchymal cells, but only weakly expressed in
epithelial cells (Morell et al., 2013). In chronic liver
disease, liver repair occurs through the concerted efforts
of epithelial, mesenchymal, and inflammatory cells;
HPCs are located centrally between these cells. Jagged 1
is strongly upregulated in injured livers and becomes an
important ligand, triggering hepatic Notch activation
(Boulter et al., 2012; Morell et al., 2013). Jagged 1 is
also detected on proliferating biliary cells and
hepatocytes as well as α-SMA-positive myofibroblasts
of fibrotic livers and acts as a regulator of the abundant
production of collagen matrix (Zong et al., 2009; Chen
et al., 2012; Morell et al., 2013). Myofibroblast-derived
Jagged 1 interacts with the Notch receptor on the surface
of adjacent bipotent liver progenitor cells to activate
Notch intracellular signaling, driving the progenitors to
acquire a biliary phenotype. In this process, Notch1 and
Notch2 are the main receptors strongly expressed on
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reactive progenitor cells in response to the over-
expression of Jagged 1 (Darwiche et al., 2011; Morell et
al., 2013). In our study, Notch1- and Notch3-positive
cells were detected clearly in fibrotic areas. In addition,
their localizations corresponded to that of α-SMA. Thus,
our findings supported the importance of Notch
expression in the survival and regeneration of the
fibrotic liver. Recently, researchers found that activated
HSCs have important roles in liver regeneration and can
differentiate into hepatocytes when necessary (Buniatian
et al., 2007; Carotti et al., 2008; Yang et al., 2008).
Interestingly, we detected GFAP-positive hepatocyte-like
cells, together with GFAP-positive HSCs. These positive
cells had polygonal or round shapes and spherical nuclei,
similar to hepatocytes, and were still present in the CCl4plus resveratrol in high numbers. Therefore, our findings
suggested the importance of HSC conversion to
hepatocytes and supported other recent studies
elucidating the role of Notch signaling in the liver
regeneration process, particularly in the study by Yang et
al. (2008). We demonstrated that resveratrol could
inhibit CCl4 liver toxicity cascade as it is shown in Fig.
12. 

In conclusion, we found a substantial increase in the
expression of Notch1, Notch3, and Notch4 proteins in
fibrotic areas, which may indicate the importance of
Notch-mediating signaling in liver fibrosis through the
activation of HSCs. However, resveratrol effectively
prevented liver fibrosis by decreasing LPO and could
represent a novel inhibitor of Notch proteins. 
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