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A B S T R A C T   

Osteopontin (OPN) is a matricellular cytokine and a stress-induced profibrogenic molecule that promotes acti
vation of stellate cells during the pathogenesis of hepatic fibrosis. We studied the protective effects of 
epigallocatechin-3-gallate (EGCG) to suppress oxidative stress, inhibit OPN expression, and prevent experi
mentally induced hepatic fibrosis. Liver injury was induced with intraperitoneal injections of N-nitro
sodimethylamine (NDMA) in a dose of 1 mg/100 g body weight on 3 consecutive days of a week for 28 days. A 
group of rats received 0.2 mg EGCG/100 g body weight orally everyday during the study. The animals were 
sacrificed on day 28th from the beginning of exposure. Serum levels of AST, ALT, OPN, malondialdehyde, 
collagen type IV, and hyaluronic acid were measured. Immunohistochemistry and/or real-time PCR were per
formed for α-SMA, 4-HNE, OPN, collagen type I, and type III. Serial administrations of NDMA produced well 
developed fibrosis and early cirrhosis in rat liver. Treatment with EGCG significantly reduced serum/plasma 
levels of AST, ALT, OPN, malondialdehyde, collagen type IV, and hyaluronic acid and prevented deposition of 
collagen fibers in the hepatic tissue. Protein and/or mRNA levels demonstrated marked decrease in the 
expression of α-SMA, 4-HNE, OPN, collagen type I, and type III. Treatment with EGCG prevented excessive 
generation of reactive oxygen species, suppressed oxidative stress, significantly reduced serum and hepatic OPN 
levels, and markedly attenuated hepatic fibrosis. The results indicated that EGCG could be used as a potent 
therapeutic agent to prevent hepatic fibrogenesis and related adverse events.   

1. Introduction 

Hepatic fibrosis is the outcome of a continuous wound healing pro
cess to a chronic liver injury and is marked with increased synthesis and 
deposition of extracellular proteins, especially collagens in the liver 
[1–3]. The pathogenesis of hepatic fibrosis is a complex and dynamic 
process in response to a chronic stimuli such as steatosis, viral hepatitis, 
drugs, toxins, alcohol, cholestasis, and metabolic disorders [4,5]. The 
chronic stimuli responsible for the initiation of fibrosis leads to gener
ation of reactive oxygen species (ROS) that triggers several molecular 
events involved in the process of fibrogenesis [6–8]. In addition, acute 
and chronic hypoxia could lead to hepatitis and activation of 
hypoxia-inducible factor (HIF), which in turn triggers nuclear factor 
kappa B (NF-κB) that incite several signaling pathways [9,10]. These 

processes results in cellular injury and increase the expression of a va
riety of inflammatory cytokines, chemokines, and growth factors that 
trigger activation and transformation of quiescent hepatic stellate cells 
into myofibroblast like cells [11,12]. The activated and transformed 
stellate cells rapidly proliferate and dramatically upregulate a number of 
genes for connective tissue proteins, especially collagens and start 
excessive synthesis and deposition of respective proteins in the extra
cellular matrix leading to fibrosis. [13,14]. Inhibition of the excessive 
generation of ROS and subsequent activation of hepatic stellate cells 
could arrest pathogenesis of hepatic fibrosis and further adverse events. 

Osteopontin (OPN), also known as bone sialoprotein− 1 (BSP1) or 
secreted phosphoprotein− 1 (SPP1), was first cloned and sequenced in 
1986 [15]. It is a multifunctional cytokine that plays a prominent role in 
development, innate immunity, cell proliferation, tumor invasion, and 
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angiogenesis [16]. OPN is expressed in a variety of cells including fi
broblasts, macrophages, dendritic cells, endothelial cells, and smooth 
muscle cells [17]. OPN is a key modulator of hepatic inflammation, 
steatosis, fibrosis, and cancer progression [18]. We have observed that 
OPN is a stress induced profibrogenic molecule that promotes activation 
of stellate cells during the pathogenesis of hepatic fibrosis and ROS can 
upregulate OPN both in vitro and in vivo [19]. Furthermore, we have 
noticed that OPN reflects the degree of hepatic fibrosis and serves as a 
biomarker in patients hepatitis C virus (HCV) infection [20]. 

Epigallocatechin-3-gallate (EGCG) is a polyphenol and a potent 
antioxidant abundantly present in dried leaves of green tea [21]. EGCG 
induces tumor cell apoptosis, has antiangiogenic and antitumor prop
erties, and also act as a modulator of tumor cell response to chemo
therapy [21]. It was observed that EGCG prevents oxidative stress, 
hepatic fat deposition, and infiltration of inflammatory cells in experi
mentally induced nonalcoholic steatohepatitis (NASH) in mice [22]. 
Furthermore, it was reported that EGCG protects against hepatic 
ischemia-reperfusion injury and apoptotic cell death by decreasing 
oxidative stress in a mouse model [23]. However, the effects of EGCG to 
suppress the expression of the profibrogenic cytokine OPN and its pro
tective effects against the pathogenesis of hepatic fibrosis have not been 
evaluated. 

We have demonstrated that N-nitrosodimethylamine (NDMA) 
induced model of liver injury and hepatic fibrosis in rats is a quick and 
reproducible animal model and is appropriate to study the early events 
associated with the pathogenesis of human hepatic fibrosis and alcoholic 
cirrhosis [24,25]. Furthermore, we have clearly elucidated the molec
ular mechanisms involved in the pathogenesis and development of 
NDMA-induced model of hepatic fibrosis and early cirrhosis [26,27]. In 
the present study, we investigated the antioxidant effects of EGCG to 
suppress the expression of OPN and subsequent protection against the 
development of hepatic fibrosis during serial administrations of NDMA 
in rats. 

2. Materials and methods 

2.1. Animals 

Male albino rats of Wistar strain at the age of around three months 
and weighing between 250 and 300 g were used for the experiments. We 
have previously demonstrated that three months old young adult male 
rats without diseases are appropriate to study the biochemical events 
associated with the pathogenesis of hepatic fibrosis [28]. All the animals 
were maintained in an air-conditioned and humidity controlled animal 
house under 12-h light/12-h dark cycles with commercial rat feed pel
lets and water available ad libitum. All the animal experimental pro
cedures were carried out with relevant guidelines and regulations and 
followed the Guide for the Care and Use of Laboratory Animals prepared by 
the National Academy of Sciences and published by the US National 
Institutes of Health (NIH Publication No. 86–23, revised 1996). The 
animal experiments protocol (# 2012− 47) was approved by the Animal 
Care and Use Committee of Kanazawa Medical University on the Ethics 
and Use of Laboratory Animals. All the animal experiments were carried 
out in the animal house and associated laboratories of Kanazawa Med
ical University, Uchinada, Japan. 

2.2. Experimental procedure 

A total of 24 animals were used for the study. The animals were 
divided into 4 groups of six rats each. The first group served as healthy 
control and the second group as drug control (EGCG group). The third 
group used for induction of hepatic fibrosis (NDMA group) and the 4th 
group was to study the effect of EGCG to prevent the development of 
hepatic fibrosis (NDMA-EGCG group). Hepatic fibrosis was induced by 
serial intraperitoneal administrations of N-nitrosodimethylamine 
(NDMA) (#N7756; Mol Wt 74.08, density 1.01 g/ml, Sigma-Aldrich, St. 

Louis, MO, USA) in a dose of 1 mg/100 g body weight (10 µl diluted to 1 
ml with 0.15 mol/L sterile NaCl) on three consecutive days of a week 
over a period of four weeks [29]. Healthy control animals received 
sterile NaCl without NDMA. The course of the treatment, dosage of 
NDMA, and duration of the experiment have been standardized previ
ously to develop well-formed fibrosis and early cirrhosis [30,31]. The 
4th group of NDMA treated animals received EGCG at a dose of 0.2 
mg/100 g body weight about 2 h prior to the administration of NDMA 
and at the same time on all the remaining days during the study. Drug 
control animals received the same dose of EGCG along with the NDMA 
treated group. The dosage was decided after trial experiments and based 
on previous reports [32]. EGCG is readily soluble in water and prepared 
at a concentration of 50 mg/100 ml. The drug was administered orally 
employing intragastric teflon tubes (Cat #KN-349-RC; Natsume Seisa
kusho, Tokyo, Japan) at a dose of 1 ml/250 g body weight. Body weight 
and behavioral changes of the animals were monitored throughout the 
study. All the animals were sacrificed on day 28 from the beginning of 
exposure. The animals were anaesthetized with isoflurane and blood 
was collected from right jugular vein. Serum was separated and stored in 
polypropylene vials at − 80 ◦C until assayed. The liver was rapidly 
removed, washed in cold phosphate buffered saline, and weighed in the 
wet state after blotting off water. A median lobe of 3 mm thick was cut 
and instantly fixed in 10% phosphate-buffered formalin for histopath
ological studies. Another portion of the liver was frozen at − 80 ◦C for 
biochemical analyses. 

2.3. Histopathological evaluation of the liver tissue after serial 
administrations of NDMA and treatment with EGCG 

Hematoxylin and Eosin (H&E) and Azan trichrome staining was used 
to assess the development of hepatic fibrosis after serial administrations 
of NDMA and to evaluate the effect of treatment with EGCG. The 
paraffin-embedded tissues were cut into sections of 5 µm thick, depar
affinized, and hydrated. The serial sections were then stained for H&E 
and Azan trichrome as per the standard protocol. The stained sections 
were examined using an Olympus BX51 microscope (Olympus corpo
ration, Tokyo, Japan) attached with an Olympus digital camera (DP71) 
and photographed. 

2.4. Measurement of AST and ALT in serum 

Aspartate transaminase (AST) and alanine transaminase (ALT) in the 
serum are potent markers of hepatic necrosis and impairment of liver. 
We measured AST and ALT levels in rat serum after the serial adminis
tration of NDMA and after treatment with EGCG using an auto-analyzer 
exclusively for animal samples. AST and ALT values are presented as 
International Units per liter ((IU/liter) of serum. 

2.5. Determination of total collagen content in the liver 

Total collagen content in the liver tissue was measured as a 
biochemical parameter to assess the degree of hepatic fibrosis. Collagen 
content was determined by estimating hydroxyproline, a characteristic 
imino acid present in collagen. To estimate hydroxyproline, exactly 50 
mg of wet liver tissue was hydrolyzed in 5 ml of 6 N HCl in sealed glass 
tubes at 110 ◦C for 16 hrs. The hydrolyzed samples were evaporated to 
dryness in a boiling water bath to remove acid, and the residue was 
dissolved in 5 ml of distilled water. It was then treated with activated 
charcoal, vortexed well, and filtered through Whatman No. 1 filter 
paper. Hydroxyproline content in the clear filtrate was measured as 
described before [3]. The total collagen content in the liver tissue was 
calculated by multiplying the hydroxyproline content with a factor of 
7.46 as described previously [2]. 
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2.6. Measurement of malondialdehyde, hyaluronic acid, and collagen 
type IV 

Malondialdehyde (MDA) is a potent marker for elevated intracellular 
levels of ROS and subsequent oxidative stress. Malondialdehyde present 
in the plasma was determined as a measure of lipid peroxidation 
employing spectrofluorometric method as described before [8]. Fluo
rometric method eliminates the measurement of nonspecific colored 
products of thiobarbituric acid (TBA) reaction while using plasma 
samples. In brief, 50 µl of plasma was diluted to 0.5 ml with normal 
saline and mixed with 4 ml of 3 mol/L sulfuric acid and 0.5 ml of 10% 
phosphotungstic acid. It was allowed to stand for 5 min at room tem
perature and then centrifuged at 3000 rpm for 10 min. The supernatant 
was discarded and the sediment was suspended in 2 ml of distilled water. 
Then 1 ml of 0.67% TBA reagent (prepared freshly by dissolving TBA in 
50% glacial acetic acid with gentle warming) was added. A standard 
solution was prepared using 1 nmol of 1,1,3,3-tetramethoxypropane in 
2 ml of distilled water and 1 ml of TBA reagent. It was heated at 95 ◦C for 
60 min in a water bath to generate MDA. After cooling in ice-cold water, 
the TBA–MDA adduct was extracted in 5 ml of spectroscopic grade 
n-butanol. It was centrifuged at 3000 rpm for 10 min and 3 ml of the 
butanol layer was collected. The fluorescence intensity was measured on 
a Hitachi fluorescence spectrophotometer (model F-7000; Hitachi Koki, 
Tokyo, Japan) at an excitation of 515 nm and an emission of 553 nm. 
The data are presented as nmoles malondialdehyde formed/ml plasma. 

Collagen type IV present in rat serum was determined using a 
chemiluminescence based ELISA kit (Cat# NBP2–75863; Novus Bi
ologicals, Centennial, CO, USA). The assay was performed as per the 
manufacturer’s instructions and the levels of collagen type IV are pre
sented as ng/ml serum. Hyaluronic acid (HA) concentrations in rat 
serum were determined using a Solid Phase Sandwich ELISA kit (Cat# 
DHYAL0; R&D Systems, Minneapolis, MN, USA) following the manu
facturer’s protocol. Serum HA levels are presented as ng/ml. 

2.7. Measurement of osteopontin in serum 

Serum levels of osteopontin (OPN) markedly increase during path
ogenesis of hepatic fibrosis and its concentration is directly correlates 
with the degree of liver fibrosis [20]. In the current study, we measured 
serum levels of OPN after serial administrations of NDMA and treatment 
with EGCG using a rat OPN solid phase sandwich ELISA kit (Cat# 27360; 
Immuno-Biological Laboratories (IBL), Gunma, Japan) according to 
manufacturer’s instructions. In brief, the serum samples were diluted 10 
fold with the EIA buffer provided in the kit. Recombinant rat OPN 
ranging from 0 to 4.75 ng/ml was used as standards. Exactly, 100 µl of 
diluted serum sample or standard solution was added to a microplate 
pre-coated with anti-rat OPN rabbit IgG, covered with the plate lid, and 
incubated for 60 min at 37 ◦C with gentle shaking. All test samples and 
standards were prepared in triplicate. Discarded the liquid, washed the 
wells five times with the wash buffer, and snapped the plate on What
man paper. Then 100 µl of HRP conjugated-second antibody was added 
and incubated at 4 ◦C for 30 min. The microplate was washed for six 
times, 100 µl of TMB solution was added, and incubated exactly for 30 
min at room temp in dark. The reaction was stopped by addition of 100 
µl of stop solution (1 N H2SO4) and the absorbance was measured within 
10 min on a microplate reader at 450 nm. A standard curve was prepared 
using Microsoft Excel software in log-log mode and plotted a linear 
graph. The concentration of OPN in unknown samples was calculated 
from the regression equation obtained from the curve. 

2.8. Immunohistochemical staining for α-smooth muscle actin, 4-HNE, 
and osteopontin 

The expression of α-smooth muscle actin (α-SMA) is a characteristic 
and very specific marker for activated hepatic stellate cells. Reactive 
oxygen species (ROS) are involved in lipid peroxidation and membrane 

lipids are one of the major targets of ROS. A variety of aldehydes are 
formed during peroxidation of membrane lipids and 4-hydroxy-2-none
nal (4-HNE) is an α, β-unsaturated aldehyde and one of the most reliable 
biomarkers of lipid peroxidation. The immunohistochemical staining for 
α-SMA, 4-HNE, and osteopontin was carried out on paraffin-embedded 
liver sections using a broad-spectrum histostain-plus kit (Invitrogen, 
Carlsbad, CA, USA). The paraffin liver sections were deparaffinized and 
hydrated to water. The slides for osteopontin staining were immersed in 
deionized water in a glass beaker and autoclaved at 121 ◦C for 20 min. 
After blocking, the clear liver sections were treated with primary anti
bodies against α-SMA (Cat# 412021; Nichirei Biosciences, Tokyo, 
Japan) or 4-HNE (Cat# HNE-J2; Nikken Seil, Shizuoka, Japan) or 
osteopontin (Cat# ab63856; Abcam, Chuo-ku, Tokyo, Japan) and 
incubated overnight in a moisturized chamber (Evergreen Scientific, Los 
Angeles, CA, USA) at 4 ◦C overnight. The sections were then washed 3–5 
times with PBS and incubated with broad-spectrum biotinylated sec
ondary antibody for 2 h at room temperature. The slides were again 
washed, treated with streptavidin-peroxidase conjugate, and incubated 
for another 1 h. The final stain was developed by using 3% 3-amino-9- 
ethylcarbazole (AEC) in N,N-dimethylformamide. The stained sections 
were washed and counterstained with Mayer’s haematoxylin for 2 min 
and mounted using aqueous-based mounting medium. The dried slides 
were examined under a microscope (Olympus BX51, Tokyo, Japan) 
attached with a digital camera (Olympus DP71) and photographed. The 
images were quantified using Image-Pro Discovery software (Media 
Cybernetics, Silver Spring, MD, USA) and the data are presented as 
percentage square microns. 

2.9. Quantitative real-time PCR for markers of hepatic fibrosis 

In order to examine the upregulation of major molecular markers of 
hepatic fibrosis, we performed quantitative real-time PCR to evaluate 
mRNA levels of α-SMA, OPN, collagen type I, and collagen type III in the 
liver tissue following serial administrations of NDMA and after treat
ment with EGCG. Small pieces of liver tissue were flash frozen in liquid 
nitrogen and stored at − 80 ◦C. Total RNA was isolated from the frozen 
liver tissue employing PureLink RNA Mini Kit (Cat# 12183018A, Invi
trogen, Carlsbad, CA, USA) in combination with Trizol (Cat# 15596026, 
Thermo Fisher, Waltham, MA, USA) as per manufacturer’s instructions. 
The gene specific primers for α-SMA, OPN, collagen type I (α1 chain), 
collagen type III (α1 chain) and GAPDH were designed using Beacon 
Designer software (Premier Biosoft International, Palo Alto, CA). Details 
of the primer sets used are provided in supplementary Table 1. The 
cDNA was synthesized with 1–2 μg of isolated total RNA using Prime
Script 1st strand cDNA Synthesis Kit (Cat# 6110 A, Takara Bio, Shiga, 
Japan) in a total volume of 20 µl in RNAse-free dH2O at 42 ◦C for 60 min. 

Real-time quantitative PCR (qPCR) was carried out with PowerTrack 
SYBR Green Master Mix (Cat# A46012, ThermoFisher, Waltham, MA, 
USA) on ABI 7900HT Fast Real-Time PCR System (Applied Biosystems, 
Foster City, CA). The synthesized cDNA was diluted to 20 fold with 
RNAse-DNAse-free water. The qPCR reaction was carried out with 5 µl of 
diluted cDNA, 10 µl of PowerTrack SYBR Green Master Mix, and 
nuclease free water containing gene specific primers and the Yellow 
sample buffer to a total volume of 20 µl in a 384 well plate. All samples 
were run in triplicates. The qPCR machine was run on standard cycling 
mode and the parameters were set as, enzyme activation at 95 ◦C for 2 
min (1 cycle), denature at 95 ◦C for 15 s and anneal/extend at 60 ◦C for 
60 s (40 cycles). All data were normalized to GAPDH gene. 

2.10. Isolation and culture of hepatic stellate cells and staining for 
osteopontin 

In order to study whether stellate cells express OPN during patho
genesis of hepatic fibrosis, we stained cultured primary hepatic stellate 
cells for OPN. Stellate cells were isolated from adult albino rat liver, 
purified, characterized, and cultured as reported before [12]. About 
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80% confluent cells were sub-cultured into 4-well glass microscopic 
chamber slides (CAT# 154526PK, Lab-Tek, Thermo Fisher Scientific, 
Waltham, MA, USA) that are treated with 0.1% collagen solution. After 
72 hrs, the media was discarded, washed the slides twice with PBS, and 
the cells were fixed in 1:1 methanol and ethanol mixture at − 20 ◦C for 
10 min. The cells were washed with PBS and stained for α-SMA and OPN 
employing the respective antibodies used for paraffin sections. The cells 
are also stained for α-SMA in addition to OPN to demonstrate that all 
cultured cells express α-SMA, which is a characteristic marker for acti
vated stellate cells. 

2.11. Data analysis and statistics 

All declared group size is the number of independent values and all 
statistical analyses were done on the independent values. Arithmetic 
mean and standard deviation were calculated for all the numerical data 
and presented as Mean ± SD. The data were statistically analyzed using 
one-way analysis of variance (ANOVA) to evaluate the effect of EGCG 
treatment to ameliorate NDMA induced hepatic fibrosis. Least signifi
cant difference method was used to compare the mean values of NDMA 
group with NDMA-EGCG group. A value of P < 0.05 was considered 
statistically significant. 

3. Results 

3.1. Histopathological evaluation of hepatic fibrosis and effect of EGCG 
treatment 

The histopathological evaluation of NDMA-induced hepatic fibrosis 
and the effect of EGCG treatment are depicted in Fig. 1A along with the 
respective controls. The control livers showed normal lobular architec
ture with central veins and radiating hepatic cords. Treatment with 
EGCG alone did not produce any histopathological changes in the rat 
liver. Serial administrations of NDMA produced well developed fibrosis 
with deposition of collagen fibers (arrow) in the hepatic parenchyma. 
There were infiltration of mononuclear cells and bridging fibrosis be
tween central veins and portal triads. However, all these changes were 
either significantly reduced or absent in the livers treated with EGCG 
during the serial administrations of NDMA. Such livers depicted only 
mild to moderate focal hemorrhagic necrosis of hepatocytes with infil
tration of mononuclear cells. The normal lobular hepatic architecture 
was almost intact. 

Serum levels of AST and ALT in NDMA treated animals and also after 
the concurrent treatment with NDMA and EGCG are presented in 
Fig. 1B. Treatment with EGCG alone did not alter either AST or ALT level 
in the serum. Both AST and ALT levels were remarkably increased in the 
animals after the serial administrations of NDMA. Treatment with EGCG 
during NDMA administrations resulted in marked decrease of both AST 
and AST levels. 

3.2. Treatment with EGCG prevented deposition of collagen in the liver 
and reduced total collagen content 

Azan trichrome staining is specific for connective tissue to demon
strate excessive synthesis and deposition of collagen fibers in the hepatic 
parenchyma during fibrogenesis. Azan staining did not show any 
collagen deposition in the hepatic parenchyma either in the control liver 
or livers treated EGCG alone (Fig. 2A). The four week course of serial 
administrations of NDMA produced well developed fibrosis and early 
cirrhosis with marked deposition of mature collagen fibers that stained 
in blue (arrows) (Fig. 2A). Simultaneous treatment with EGCG pre
vented hepatic fibrosis and deposition of collagen fibers in the hepatic 
parenchyma except the formation of thin collagen fibers between central 
vein and portal tracts. 

The total collagen content in the liver tissue was measured to assess 
the increase of collagen in NDMA-induced hepatic fibrosis and to eval
uate the effect of EGCG to prevent deposition of collagen in the liver. The 
total collagen content in the liver tissue was increased over 4-fold in 
NDMA treated animals compared to untreated controls (Fig. 2B). Con
current administration of EGCG markedly reduced (P < 0.001) hepatic 
collagen content compared to the animals treated with NDMA alone 
(Fig. 2B). 

3.3. EGCG decreased oxidative stress and lipid peroxidation 

Malondialdehyde (MDA) is one of the final products of peroxidation 
of polyunsaturated fatty acids in the cells. An increase in free radicals 
causes overproduction of MDA. Increased levels of MDA indicate 
cellular oxidative stress and elevated lipid peroxidation. Plasma levels of 
MDA in NDMA induced hepatic fibrosis and after the treatment with 
EGCG is presented in Fig. 3A. The mean MDA level in plasma was 
markedly increased in the NDMA group compared to untreated controls. 
Concurrent treatment with EGCG during NDMA administrations resul
ted in significant reduction of MDA levels in serum (Fig. 3A). Treatment 
with EGCG alone did not produce any alteration of plasma MDA in the 
EGCG group. 

3.4. EGCG treatment decreased hyaluronic acid and collagen type IV in 
serum 

Serum HA is a very early indicator of toxic liver injury and hepatic 
fibrosis [30]. Serum type IV collagen used as a fibrogenesis marker in 
alcoholic liver disease and several other chronic liver injury [33]. 
Therefore, we measured serum concentrations of both HA and collagen 
type IV as biochemical markers of hepatic fibrosis and the data are 
presented in Fig. 3B and C, respectively. Both serum HA and collagen 
type IV concentrations are increased markedly after serial administra
tions of NDMA, which are well established factors in any type of chronic 
liver injury and hepatic fibrosis. Simultaneous treatment with EGCG 
during serial administrations of NDMA resulted in significant decrease 

Table 1 
Sequences of the primers used in real-time RT-PCR.  

Transcript Genebank Number Primer Sequence Position Length (m) Product 
size (bp) 

α-SMA X13297 5’–CTGACAGAGGCACCACTGAA–3’ 368F 20 160   
5’–CATCTCCAGAGTCCAGCACA–3’ 527R 20  

Osteopontin M14656 5’–ATGCTATCGACAGTCAGGCG–3’ 864F 20 437   
5’–TGCAGTGGCCATTTGCATTT–3’ 1274R 20  

Collagen Type I (α1) BC059281 5’–AAGAGGCGAGAGAGGTTTCC–3’ 2101F 20 244   
5’–AGAACCATCAGCACCTTTGG–3’ 2344R 20  

Collagen Type III (α1) BC087039 5’–TGCAATGTGGGACCTGGTTT–3’ 118F 20 501   
5’–GATAGCCACCCATTCCTCCG–3’ 618R 20  

GAPDH BC145810 5’–AACTTTGGCATTGTGGAAGG–3’ 536F 20 223   
5’–ACACATTGGGGGTAGGAACA–3’ 758R 20  

F: forward primer; R: reverse primer 
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of both serum HA and collagen type IV, indicating the potent effect of 
EGCG to prevent hepatic fibrosis. 

3.5. Treatment with EGCG markedly reduced serum osteopontin levels 

Increased levels of serum OPN is a potent marker of hepatic fibrosis. 
However, serum OPN levels will increase in several pathological con
ditions including various cancers. The serum OPN concentrations 
measured using ELISA after NDMA-induced hepatic fibrosis and 

concurrent treatment with EGCG are presented in Fig. 3D. A dramatic 
increase in serum OPN level was observed after the serial administra
tions of NDMA (Fig. 6D). Concurrent administration of EGCG resulted in 
marked decrease (P < 0.001) of mean serum OPN concentration in 
NDMA-EGCG group of animals. There was no difference in mean serum 
OPN concentrations between control and EGCG group. 

Fig. 1. (A) Hematoxylin and Eosin staining of rat liver sections following serial administrations of NDMA and after the treatment with EGCG. There were no his
topathological alterations in the control and the livers treated with EGCG only. Serial intraperitoneal injections of NDMA produced well developed fibrosis and early 
cirrhosis with deposition of mature collagen fibers (arrows). Treatment with EGCG completely prevented liver fibrosis and deposition of collagen fibers in the hepatic 
parenchyma. Original magnification, ×100. (B) Aspartate transaminase (AST) and alanine transaminase (ALT) levels in the serum following the administration of 
NDMA and after the treatment with EGCG. Treatment with EGCG resulted in significant reduction of serum AST and ALT levels following NDMA administration. The 
data are mean ± S.D. of 6 rats in per group. 
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3.6. Treatment with EGCG inhibited activation of hepatic stellate cells 

Expression of α-SMA is considered as a marker for the activation of 
quiescent hepatic stellate cells in conjunction with the initiation of liver 
fibrosis [13]. Immunohistochemical staining was performed for α-SMA 
to examine the activation of hepatic stellate cells after the serial ad
ministrations of NDMA to induce hepatic fibrosis in rat liver. Staining for 
α-SMA was completely absent in the hepatic parenchyma of control 

animals and the animals treated with EGCG alone (Fig. 4A). Remarkable 
and strong staining for α-SMA was in present in the fibrotic zone of rat 
livers treated with NDMA (arrows) indicating extensive activation of 
hepatic stellate cells (Fig. 4A). The staining for α-SMA was dramatically 
reduced in the rat livers concurrently treated with EGCG (Fig. 4A). 
Quantification of the staining intensity of α-SMA is presented as per
centage square microns in Fig. 4B. The data indicated that the overall 
staining intensity of α-SMA has been decreased about 5-fold after the 

Fig. 2. (A) Azan trichrome staining for collagen in rat liver sections following serial administrations of NDMA and after the treatment with EGCG. There was no 
staining for collagen in the control and the livers treated with EGCG alone except in the central vein wall. Serial administrations of NDMA produced well developed 
fibrosis and early cirrhosis with the deposition of thick and mature collagen fibers stained in blue (arrows). Concurrent treatment with EGCG prevented liver fibrosis 
and deposition of collagen fibers in the hepatic parenchyma. However, mild collagen fibril formation was present between central vein and portal tracts. Original 
magnification, ×100. (B) Total collagen content in the liver following the administration of NDMA and after concurrent treatment with EGCG. The data are mean 
± S.D. of 6 rats in per group. 
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concurrent treatment of EGCG during serial administrations of NDMA. 

3.7. EGCG diminished production of 4-HNE 

Excessive production and elevated levels of cellular ROS results in 
oxidative stress that leads to lipid peroxidation and formation of a va
riety of aldehydes. 4-Hydroxy-2-nonenal is an α,β-unsaturated aldehyde 
formed from the peroxidation of omega-6 unsaturated fatty acids such as 
linoleic acid and arachidonic acid [34]. The results of the immunohis
tochemical staining for 4-HNE in NDMA and EGCG treated animals are 
presented in Fig. 5A. Staining for 4-HNE was completely absent in 
control livers and animals treated with EGCG alone. Marked and con
spicuous staining of 4-HNE was present in NDMA treated animal livers, 
especially in the necrotic and fibrotic zone (arrows) (Fig. 5A). On the 
other hand, only moderate staining of 4-HNE was present in the fibrotic 
zone in the animal livers concurrently treated with EGCG. Quantifica
tion of the staining intensity of 4-HNE is presented as percentage square 
microns in Fig. 5B. The staining intensity of 4-HNE was significantly 
reduced (P < 0.001) in NDMA-EGCG group compared to NDMA group. 

3.8. Treatment with EGCG inhibited expression of osteopontin 

Osteopontin is a stress sensitive profibrogenic cytokine that pro
motes activation of stellate cells during the pathogenesis of hepatic 
fibrosis. Immunohistochemical staining for OPN was performed in the 
liver tissue to examine the upregulation of OPN during pathogenesis of 
hepatic fibrosis and to study the effect of EGCG to prevent OPN 

expression. Staining for OPN was absent in the paraffin liver sections of 
control and the animals treated with EGCG alone except a mild staining 
surrounding central vein and portal triads (Fig. 6A). Obvious and 
marked staining for OPN was in present in the fibrotic areas of rat livers 
treated with NDMA (arrows) indicating increased expression of OPN 
during pathogenesis of hepatic fibrosis (Fig. 6A). Staining for OPN was 
significantly reduced in rat livers that are simultaneously administered 
EGCG along with NDMA (Fig. 6A). The outcome of quantitative analysis 
of the intensity of OPN staining employing Image-Pro Discovery soft
ware is depicted as percentage square microns in Fig. 6B. The data 
indicated that the staining for OPN was reduced significantly 
(P < 0.001) after the treatment with EGCG during serial administrations 
of NDMA to induce hepatic fibrosis. 

3.9. Treatment with EGCG decreased expression of major molecules 
involved in hepatic fibrosis 

The mRNA levels of α-SMA, OPN, collagen type I, and collagen type 
III were quantified in the liver tissue using real-time PCR in order to 
evaluate the enhanced expression during pathogenesis of hepatic 
fibrosis and to study the protective effect of EGCG to prevent the in
crease of those molecules during fibrogenesis. The rate of expression of 
mRNA of all the molecules examined were normalized to GAPDH gene 
and presented in Fig. 7. There was dramatic increase in the expression of 
all the molecules studied after the serial administrations of NDMA. The 
maximum increase (8.2 fold) was observed with regard to collagen type I 
followed by collagen type III in NDMA treated group. All the molecules 

Fig. 3. Biochemical markers of hepatic fibrosis and the effect of EGCG treatment (A) Malondialdehyde levels in plasma. (B) Hyaluronic acid levels in serum. (C) 
Collagen type IV in serum. (D) Osteopontin in serum. All the parameters evaluated were significantly decreased after the treatment of EGCG. The data are mean ± S. 
D. of 6 rats in per group. 
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studied were significantly reduced (P < 0.001) after the concurrent 
administration of EGCG indicating its protective effect to prevent the 
upregulation of the markers of hepatic fibrosis. It is important to note 
that mRNA levels of both collagen type I and type III were markedly 
reduced after the treatment with EGCG. 

3.10. Activated hepatic stellate cells express osteopontin 

Since OPN expression is dramatically increased in hepatic fibrosis, 
we isolated and cultured hepatic stellate cells from rat liver to study 
whether stellate cells express OPN during pathogenesis of hepatic 

fibrosis. The results of the immunohistochemical staining for α-SMA and 
OPN is presented in Fig. 8A and B, respectively. The staining for OPN in 
the activated stellate cells in cultures was very strong and deep. The cells 
were stained for α-SMA also to demonstrate that all cultured cells ex
press α-SMA, which is a characteristic marker for activated stellate cells. 

4. Discussion 

Hepatic fibrosis and alcoholic cirrhosis are major health problems 
with significant morbidity and mortality that affects several millions of 
people worldwide. It is characterized by excessive synthesis and 

Fig. 4. (A) Immunohistochemical staining of α-smooth muscle actin (α-SMA) in rat liver sections following serial administrations of NDMA and after the treatment 
with EGCG. Staining for α-SMA was completely absent in the control and the livers treated with EGCG alone. Remarkable staining for α-SMA was present in the 
fibrotic areas of rat livers treated with NDMA (arrows). The staining for α-SMA was markedly reduced after concurrent treatment with EGCG. Original magnification, 
×100. (B) Quantification of the staining intensity of α-SMA as square microns. The staining intensity was analysed using Image-Pro Discovery software. The data are 
mean ± S.D. of 10 randomly selected microscopic fields from six rats per group. 
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deposition of connective tissue proteins, especially interstitial collagens 
in the extracellular matrix of the liver. Clinical and experimental data 
indicate that excessive generation of reactive oxygen species (ROS) and 
subsequent cellular oxidative stress mediate the initiation and progres
sion of liver fibrosis. It is well established that EGCG from green tea is a 
potent antioxidant that can prevent several diseases including pulmo
nary fibrosis and cancers [35]. EGCG is a polyphenol catechin with a 
molecular weight of 458.37 and having eight hydroxyl groups (− OH), 
which are important for the antioxidant activities to bind and detoxify 
free radicals [36]. EGCG is abundant in dried leaves of green tea 
(7380 mg per 100 gm) and 100 ml of green tea contains about 70 mg of 

EGCG. Excessive intake of EGCG may induce hepatic toxicity and the 
recommended daily intake is about 700 mg when consumed as tea 
beverage and 338 mg as capsule [37]. Once the green tea turns into 
brown color, oxidation takes place and the number of available hydroxyl 
groups to bind with the free radicals will decrease. 

Osteopontin is a multifunctional cytokine involved in various phys
iological and pathological process including inflammation, fibrogenesis, 
angiogenesis, and tumor progression [38]. Excessive generation of ROS 
and the resultant cellular oxidative stress occurs under several physio
logical and pathological conditions [39]. Metabolic interactions of drugs 
occur during multidrug therapy which cause upregulation of several 

Fig. 5. (A) Immunohistochemical staining of 4-hydroxy-2-nonenal (4-HNE) in rat liver sections following serial administrations of NDMA and after the treatment 
with EGCG. Staining for 4-HNE was absent in the control and the livers treated with EGCG only. Marked staining for 4-HNE was present in the rat livers treated with 
NDMA (arrows). However, only mild staining was present in the livers treated with EGCG along with NDMA. Original magnification, ×100. (B) Quantification of the 
staining intensity of 4-HNE. The staining intensity of 4-HNE was analysed employing Image-Pro Discovery software. The data are mean ± S.D. of 10 randomly 
selected microscopic fields from six rats per group. 
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cytochrome P450 subfamily of drug metabolizing enzymes that cause 
lipid peroxidation and excessive generation of ROS [40,41]. Osteo
pontin is highly upregulated during oxidative stress which in turn 
stimulates activation of hepatic stellate cells and promotes pathogenesis 
of hepatic fibrosis [19]. We have reported that in patients serum OPN 
levels coincide with the degree of hepatic fibrosis and can be used as a 
biomarker to assess the stage of fibrosis, which will help to reduce the 
number of liver biopsies [20]. In the current study, we have noticed a 
dramatic increase of serum and hepatic OPN levels, which were mark
edly reduced in EGCG treated animals. Both immunohistochemistry and 

qPCR clearly demonstrated remarkable reduction of hepatic OPN 
expression in EGCG treated samples. These data indicate that EGCG 
binds with free radicals and ROS which in turn inhibits the upregulation 
of OPN and prevents progression of hepatic fibrosis. The metabolic 
degradation of NDMA by CYP2E1 produces extensive amounts of free 
radicals and ROS in the hepatic system and the resultant oxidative stress 
is responsible for the pathogenesis of hepatic fibrosis during NDMA 
administration. 

Hepatic inflammation, repeated wound healing process, distortion of 
lobular architecture, and deposition of connective tissue components in 

Fig. 6. (A) Immunohistochemical staining of osteopontin (OPN) in rat liver sections following serial administrations of NDMA and after the treatment with EGCG. 
Staining for OPN was absent in the control and the livers treated with EGCG alone. Conspicuous staining for OPN, especially in the fibrotic areas was present in the rat 
livers treated with NDMA (arrows). The staining for OPN was markedly reduced during concurrent treatment with EGCG. Original magnification, ×100. (B) 
Quantification of the staining intensity of OPN. The staining intensity was analysed using Image-Pro Discovery software and presented as square microns. The data 
are mean ± S.D. of 10 randomly selected microscopic fields from six rats per group. 
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the hepatic parenchyma are the prominent characteristics of hepatic 
fibrosis. We have measured and evaluated the markers for most of the 
prominent characteristic features of hepatic fibrosis to study effect of 
EGCG treatment to arrest the pathogenesis and progression of hepatic 
fibrosis. Hematoxylin and Eosin staining of paraffin liver sections 
demonstrated that treatment with EGCG could significantly reduce 

hepatic necrosis and retain the lobular architecture of liver along with 
marked decrease of transaminases. Azan trichrome staining depicted 
dramatic decrease of the deposition of fibrillar collagen in the hepatic 
parenchyma of EGCG treated animals. Similarly, the total hepatic 
collagen content measured in terms hydroxyproline, the molecular 
fingerprint for collagen, demonstrated a significant reduction after 
treatment with EGCG. Real-time qPCR for collagen type I and type III 
mRNA depicted marked decrease in EGCG treated samples. Further
more, collagen type IV and hyaluronic acid, which are prominent serum 
markers of liver fibrosis have been decreased markedly in the animals 
treated with EGCG. It was reported that both in-vitro and in-vivo, EGCG 
inhibits OPN-dependant experimental liver injury and fibrosis [42]. All 
these data clearly indicate that EGCG could effectively prevent patho
genesis and progression of hepatic fibrosis and could be used as a 
therapeutic agent to arrest liver fibrosis. 

Oxidative stress is a condition that reflects an imbalance between 
production and accumulation of reactive oxygen species (ROS) in cells 
and tissues and the ability of a cellular system to detoxify the reactive 
intermediates. Oxidative stress induced lipid peroxidation and the 
consequent generation of highly electrophilic aldehydes delineate a 
potential mechanism by which ROS can inflict cellular membrane 
damage. The aldehyde, 4-hydroxy-2-nonenal (4-HNE) is a major end- 
product of peroxidation of omega-6 unsaturated fatty acids such as 
linoleic acid and arachidonic acid [43]. It has 3 reactive groups con
sisting an aldehyde, a double-bond at carbon 2, and a hydroxyl group at 
carbon 4. The formation of excessive 4-HNE is considered as one of the 
most reliable biomarker of lipid peroxidation during liver injury [44]. 
We have observed a marked decrease of ascorbic acid and reduced 
glutathione levels in the liver tissue during NDMA administration [8, 
25]. Furthermore, we have reported significantly reduced levels of 
glutathione in hepatic ischemia-reperfusion injury in rats [45]. The 
marked diminish of cellular antioxidant status during toxic liver injury 
may be effectively restored by EGCG, which could be the reason for the 
mechanism of inhibition of hepatic fibrosis. In the present study, 
immunohistochemical staining for 4-HNE demonstrated that treatment 
with EGCG remarkably reduced ROS production and subsequent cellular 
membrane lipid peroxidation. Overall, the current data indicates that 
EGCG could effectively prevent the formation of 4-HNE, which play a 
significant role in the pathogenesis and progression of liver diseases. 

One of the major reasons for hepatic cellular injury, tissue inflam
mation, and fibrosis is oxidative stress that cause series of impairments 
including cellular membrane lipids. Under normal physiological condi
tions low rates of lipid peroxidation occurs, which stimulates cellular 
maintenance and survival through constitutive antioxidant defense 
mechanisms and signaling pathways as an adaptive stress response. 
Excessive production of ROS and subsequent cellular oxidative stress 
leads to enhanced lipid peroxidation that forms a variety of reactive 
aldehydes. Malondialdehyde is an end product of lipid peroxidation of 
polyunsaturated fatty acids and one of the best markers of ROS and 
oxidative stress [46]. It is a highly reactive compound and mutagen that 
can form nucleic acid and protein adducts. The protein adducts formed 
from MDA are referred as advanced lipoxidation end-products (ALEs) 
analogous to advanced glycation end-products (AGEs) [47]. Since 
enhanced lipid peroxidation and increased production of MDA triggers 
pathogenesis of hepatic fibrosis, it is important to prevent cellular 
oxidative stress and subsequent membrane damage. In the current study, 
we have observed a marked reduction in plasma MDA levels in EGCG 
treated animals indicating EGCG is capable to prevent excessive gener
ation of ROS and subsequent cellular oxidative stress. This is in par with 
the report of a powerful hepatoprotective effect of EGCG to mitigate 
liver injury and toxicity induced by diethylnitrosamine [48]. 

When there is a chronic stimulus such as regular alcohol intake or 
infection with a virus, the round quiescent hepatic stellate cells will get 
activated and transformed into myofibroblast like cells with the 
expression of α-smooth muscle actin filaments [12]. This process is 
accompanied with the production of numerous cytokines and growth 

Fig. 7. Real-time quantitative PCR for the expression of α-SMA, OPN, collagen 
type I, and type III in rat liver following serial administrations of NDMA and 
after the treatment with EGCG. There was a dramatic increase in the expression 
of all the molecules studied which were markedly decreased in EGCG treated 
group. All the data are normalized to GAPDH mRNA that serve as housekeeping 
gene. The data are mean ± S.D. of 6 rats in per group. ***P < 0.001 NDMA 
treated group versus NDMA+EGCG group. 

Fig. 8. Immunohistochemical staining for α-SMA and OPN in cultured stellate 
cells isolated from in rat liver. Stellate cells were isolated from rat liver and 
cultured for 7 days. (A) Staining for α-SMA to demonstrate that all the cultured 
and activated cells express α-SMA, which is a characteristic marker for stellate 
cells. (B) The cultured and activated stellate cells stained for OPN to demon
strate that stellate cells express OPN. This further proved that the increased 
source of OPN during hepatic fibrosis is expressed by activated stellate cells. 
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factors and upregulation of the expression of numerous connective tis
sue proteins including OPN [26,49]. The activation and 
trans-differentiation of quiescent hepatic stellate cells is a result of a 
complex interplay between the parenchymal cells, dendritic cells, and 
extracellular matrix milieu and is a major rate limiting event in the 
pathogenesis of hepatic fibrosis [50]. In the current study we observed 
extensive and remarkable activation of hepatic stellate cells in NDMA 
treated animals. On the other hand, in EGCG treated animals, the acti
vation hepatic stellate cells were very minimum and negligible. This 
data clearly indicates that EGCG can effectively prevent activation and 
transformation hepatic stellate cells and subsequent enhanced synthesis 
of connective tissue components. Furthermore, qPCR for α-SMA, a 
characteristic marker for activated stellate cells, depicted significant 
decrease of mRNA levels in the liver tissue of EGCG treated animals. 

The activation and transformation of hepatic stellate cells is 
accompanied with upregulation of numerous connective proteins 
including OPN. In the present study we stained activated stellate cells for 
OPN to demonstrate that stellate cells express OPN during pathogenesis 
of hepatic fibrosis. An interesting feature of the activated hepatic stellate 
cells both in-vitro and in-vivo is to intricate and cross-talk with adjacent 
cells. This phenomena is clearly evident in cultured hepatic stellate cells 
in the current study (Fig. 8B). Every activated stellate cell in the image 
was interlocked with another cell in some place. The crosstalk between 
activated stellate cells and with other non-parenchymal cells including 
sinusoidal endothelial cells, bile duct epithelial cells, platelets, hepatic 
macrophages (Kupffer cells), natural killer cells, or dendritic cells either 
directly or indirectly contributes to form a cellular microenvironment 
and promotes the pathogenesis and progression of hepatic fibrosis [51]. 
In the current study, staining of cultured and activated primary hepatic 
stellate cells from rat liver provided evidence that stellate cells express 
OPN during the pathogenesis of hepatic fibrosis. Therefore, finding 
appropriate strategies to inhibit activation and transformation of 
quiescent hepatic stellate cells could prevent hepatic fibrosis, subse
quent liver cirrhosis, hepatocellular carcinoma, and ultimate death. 

In conclusion, the results of the present study demonstrated that 
treatment with EGCG can effectively prevent excessive generation of 
free radicals, cellular oxidative stress, hepatic inflammation, and upre
gulation OPN. Furthermore, EGCG inhibits activation of hepatic stellate 
cells, decreases expression of hyaluronic acid, and prevents deposition 
of collagen fibers in the extracellular matrix of liver. Overall, the data 
indicate that EGCG could be used as a potent therapeutic agent to pre
vent pathogenesis of hepatic fibrosis and subsequent adverse events 
such as liver cirrhosis and hepatocellular carcinoma. 
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