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Chinese medicine CGA formula ameliorates DMN-
induced liver fibrosis in rats via inhibiting MMP2/9, 
TIMP1/2 and the TGF-β/Smad signaling pathways
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Aim: Chinese medicine CGA formula consists of polysaccharide from Cordyceps sinensis mycelia (CS-PS), gypenosides and amygdalin, 
which is derived from Fuzheng Huayu (FZHY) capsule for treating liver fibrosis.  In this study we attempted to confirm the therapeutic 
effects of CGA formula in dimethylnitrosamine (DMN)-induced liver fibrosis in rats, and to identify the mechanisms of anti-fibrotic 
actions.
Methods: Rats were injected with DMN (10 mg·kg-1·d-1, ip) for 3 consecutive days per week over a 4-week period.  The rats then were 
orally administered with CGA formula (CS-PS 60 mg·kg-1·d-1, gypenosides 50 mg·kg-1·d-1 and amygdalin 80 mg·kg-1·d-1) daily in the next 2 
weeks.  CS-PS, gypenosides or amygdalin alone were administered as individual component controls, whereas colchicine and FZHY 
were used as positive controls.  Serum biomarkers were measured.  Hepatic injury, collagen deposition and stellate cell activation 
were examined.  The MMP activities, expression of TIMP protein and proteins involved in the TGF-β1/Smad signaling pathways in liver 
tissues were assayed.
Results: In DMN-treated rats, administration of CGA formula significantly decreased serum ALT, AST and total bilirubin and hepatic 
hydroxyproline levels, increased serum albumin level, and attenuated liver fibrosis as shown by histological examination.  Furthermore, 
these effects were comparable to those caused by administration of FZHY, and superior to those caused by administration of colchicine 
or the individual components of CGA formula.  Moreover, administration of CGA formula significantly decreased the protein levels of 
α-SMA, TGF-β1, TGF-β1 receptor (TβR-I), p-TβR-I, p-TβR-II, p-Smad2, p-Smad3, TIMP1 and TIMP2, as well as MMP2 and MMP9 activities 
in liver tissues of DMN-treated rats.
Conclusion: Chinese medicine CGA formula ameliorates DMN-induced liver fibrosis in rats, and this effect was likely associated with the  
down-regulation of MMP2/9 activities, TIMP1/2 protein expression and the TGF-β1/Smad signaling pathways in the liver.
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Introduction
Liver fibrosis is the generic response to chronic injury of 
varying etiologies, including chronic hepatitis B and C, non-

alcoholic fatty liver disease, alcoholic liver disease, drug-
induced hepatitis, immune-mediated liver diseases and cho-
lestasis[1].  Hepatic fibrosis ultimately leads to cirrhosis because 
of the pathological progression, and this is accompanied by 
severe complications, including liver failure, ascites, portal 
hypertension, encephalopathy, and hepatocellular carcinoma.  
Reversing hepatic fibrosis is the key step in blocking patho-
logical progression to cirrhosis[2].
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Overproduction and irregular deposition of extracellular 
matrix (ECM) in liver tissue is the main pathological fea-
ture of hepatic fibrosis and leads to distortion of the hepatic 
microstructure and dysfunction of the liver[3].  Overwhelming 
evidence supports the idea that activated hepatic stellate cells 
(HSCs) are the key source of ECM[2].  Transforming growth 
factor-β (TGF-β) is the most potent of the fibrogenic cytokines, 
and the TGF-β signaling pathway is a core pathway in HSC 
activation and hepatic fibrogenesis[4].  In addition to ECM syn-
thesis, the pathological process of liver fibrosis also involves 
major changes in matrix degradation, which is under the com-
bined regulation of matrix metalloproteinases (MMPs) and tis-
sue inhibitors of metalloproteinases (TIMPs)[5].

The CGA formula consists of polysaccharides from Cordy-
ceps sinensis mycelia (CS-PS), gypenosides from Gynostemma 
pentaphyllum  and amygdalin from semen persicae (seed of 
Prunus persica (L) Batsch), and it is derived from a traditional 
Chinese medicine, Fuzheng Huayu (FZHY) capsules.  FZHY 
has been approved and used clinically for the treatment of 
liver fibrosis caused by hepatitis B in China for decades[6, 7].  
FZHY consists of six Chinese medicinal herbs: Radix Salvia 
Miltiorrhizae (Salvia miltiorrhiza root), Cordyceps sinensis myce-
lia, semen persicae, Gynostemma pentaphyllum, Pollen Pini 
(Pinus thunbergii pollen), and Fructus Schisandrae Chinensis 
(Schisandra chinensis fruit).  Recently, a phase II clinical trial 
of the anti-fibrotic activity of FZHY in chronic hepatitis C 
patients with hepatic fibrosis was completed in the US (Trial 
No NCT00854087), and the subjects who received FZHY exhib-
ited amelioration or stabilization of their liver fibrosis[8].  FZHY 
is an herbal medicine composed of multiple components, but 
it is unclear which components are the active anti-fibrotic 
components.  In our previous study of liver fibrosis induced 
by dimethylnitrosamine (DMN) and carbon tetrachloride 
(CCl4) in rats, the primary active components of each Chinese 
medicinal herb presented in FZHY were screened at different 
dosages using a uniform design, and hepatic hydroxyproline 
(Hyp) was used as the screening index[9].  The regression equa-
tion indicated that the formula consisting of CS-PS (60 mg/kg 
per day), gypenosides (50 mg/kg per day) and amygdalin 
(80 mg/kg per day) was the effective formula, and this was 
named CGA[9].  

CGA has been demonstrated to inhibit HSC activation in 
vitro[10].  The present study sought to confirm the anti-fibrotic 
activity of CGA and to identify its probable mechanism of 
action, including its effect on the TGF-β1 signaling pathway, 
MMP activity and TIMP protein expression.  The DMN-
induced hepatic fibrosis was induced in rats.  CS-PS, gypeno-
sides and amygdalin were used at the previously reported 
liver-protective doses[11–13] as individual component controls 
for CGA.

Colchicine is an alkaloid agent that improves clinical  
laboratory values, decreases fibrosis markers and prolongs 
survival in patients with mild to moderate cirrhosis[14, 15].  Col-
chicine and FZHY were used as positive controls in the pres-
ent study.

Materials and methods
Materials
CS-PS was purchased from Kangzhou Fungi Extract Co, Ltd 
(Shanghai, China).  Gynostemma pentaphyllammak gypenosides 
were purchased from Xi-an Honson Biotechnology Co, Ltd 
(Xi-an, China).  Amygdalin ([(6-O-β-D-glucopyranosyl-β-D-
glucopyranosyl)oxy](phenyl)acetonitrile) (Supplementary Fig-
ure S1, purity ≥98%) was a commercial product of Shanghai 
Winherb Medical Technology Co, Ltd (Shanghai, China).

Preliminary chemical analyses of gypenosides and CS-PS
The gypenosides were analyzed using high-pressure liquid 
chromatography (HPLC).  Gypenoside A and gypenoside 
XLIX (Chengdu Must Biotechnology Co, Ltd, Chengdu, China) 
were dissolved in 50% acetonitrile and methanol, respectively, 
and used as the standard.  The gypenosides were dissolved 
in 50% acetonitrile, filtered through 0.2-μm nylon filters and 
analyzed using HPLC (Agilent 1200 Series, Santa Clara, CA, 
USA).  Chromatographic separation was performed using a 
mixture of acetonitrile and water, and the mobile phase was 
as described in Supplementary Table S1.  The column eluent 
was monitored at 250 nm.  Chromatography was performed 
at room temperature with a flow rate of 1.0 mL/min, and a 
20-μL sample was analyzed.  Analysis demonstrated that the 
gypenosides contained 18.16% gypenoside XLIX and 44.68% 
gypenoside A (Supplementary Figure S2).

The total carbohydrate content of CS-PS was determined 
using the phenol-sulfuric acid method, as described previ-
ously[13, 16].  CS-PS (10 mg) was dissolved in 20 mL of deionized 
water and centrifuged at 1000×g for 10 min.  The supernatant 
(3 mL) was removed into a clean tube and diluted to 25 mL 
with deionized water.  Two milliliters of the prepared sample 
solution of CS-PS was added to the test tube for detection.  An 
aqueous solution of glucose (2 mL, containing glucose 0–48 
μg/mL) was used as the standard to obtain the standard curve 
(Supplementary Figure S3).  One milliliter of a 6% phenol 
solution was added to the standard and experimental tubes 
and mixed.  Concentrated H2SO4 (5 mL) was added, and the 
mixture was vortexed and incubated at room temperature for 
30 min (Supplementary Table S2).  The absorbance was read 
three times at 490 nm using an ultraviolet visible spectropho-
tometer (Shanghai Spectrum Instruments Co, Ltd, Shang-
hai, China).  The total carbohydrate content of CS-PS was 
32.2%±0.4% according to the calibration curve (Supplementary 
Figure S3).

The carbohydrate composition of CS-PS was analyzed using 
a gas chromatograph-mass spectrometer (GC-MS) (Thermo 
Fisher Scientific Inc, Waltham, MA, USA).  CS-PS (5 mg) was 
hydrolyzed at 120 °C in 3 mL of 2.0 mol/L trifluoroacetic acid 
for 2 h.  The solution was cooled at room temperature, vac-
uum dried at 60 °C and dissolved in 2 mL methanol followed 
by vacuum drying.  This process was repeated three times.  
The residue was reacted with 100 mg sodium borohydride 
and 2 mL double-distilled water at room temperature, over 
night.  Acetic anhydride (2 mL) was added, and the mixture 
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was maintained at 100 °C for another 60 min.  The sample was 
analyzed using GC-MS (TRACE-DSQ).  Analysis revealed 
that 100 mg CS-PS contained 0.7±0.01 mg ribose, 0.32±0.04 mg 
arabinose, 11.0±0.62 mg mannose, 83.71±0.54 mg glucose and 
4.27±0.12 mg galactose (Supplementary Figure S4).

Animals and treatment
Male Wistar rats (Experimental Animal Centre, Chinese Acad-
emy of Sciences, Shanghai, China; certificate number: SCXK 
2007-0005) weighing 150±10 g, SPF grade, were used in this 
study.  The animals were housed in a controlled environment 
(25 °C, 12 h dark/light cycle).  Experiments were performed in 
accordance with the principles for laboratory animal use and 
care, and the local ethics committee approved all studies.  

Liver fibrosis in rats was induced using intraperitoneal (ip) 
injections of 10 mg/kg DMN (Tokyo Chemical Industry Co 
Ltd, Tokyo, Japan) for 3 consecutive days each week over a 
4-week period using a method modified from the previous 
study[17].  Rats in the control group were injected with an equal 
volume of saline.  

Sixty rats were randomly divided into control (n=5) and 
DMN-stimulated groups (n=55) for dose-effect response test-
ing.  After 4 week of DMN stimulation, 16 rats died and the 
left were then divided into DMN (n=12), DMN plus CGA (CS-
PS, 60 mg/kg per day; gypenosides, 50 mg/kg per day; amyg-
dalin, 80 mg/kg per day) (n=9), DMN plus CGA-low dosage 
(CS-PS, 30 mg/kg per day; gypenosides, 25 mg/kg per day; 
amygdalin, 40 mg/kg per day) (n=9), and DMN plus FZHY 
(Pearl Ocean Pharmaceutical Holdings Ltd, Shanghai, China, 
4.6 g/kg per day) (n=9) groups.

To observe the effects of CGA on HSC activation, MMPs, 
TIMPs and TGF-beta1 signaling pathway, eighty-six rats were 
randomly divided into control (n=6) and DMN-stimulated 
groups (n=80). After 4 week of DMN stimulation, 18 rats died 
and the left were then divided into: DMN (n=9), DMN plus 
CS-PS (Kangzhou Fungi Extract Co, Ltd, Shanghai, China, 60 
mg/kg per day) (n=9), DMN plus gypenosides (Xi-an Hon-
son biotechnology Co, Ltd, Xi-an, China, 200 mg/kg per day) 
(n=9), DMN plus amygdalin (Xi-an Guanyu Biotechnology 
Co Ltd, Xi-an, China, 80 mg/kg per day) (n=9), DMN plus 
CGA (CS-PS, 60 mg/kg per day; gypenosides, 50 mg/kg per 
day; amygdalin, 80 mg/kg per day) (n=8), DMN plus FZHY 
(Pearl Ocean Pharmaceutical Holdings Ltd, Shanghai, China, 
4.6 g/kg per day) (n=9) and DMN plus colchicine (Kunming 
Pharmaceutical Corp, Kunming, China, 0.1 mg/kg per day) 
(n=9).  Drugs were dissolved in double-distilled water (DDW) 
and administered via intragastric gavage (ig) daily.  Rats in the 
control and DMN groups received an equal volume of DDW 
ig.

Drugs were orally administered during the last  2 week, and 
rats were then anesthetized with nembutal (45 mg/kg, ip).  
Serum and liver tissue were sampled and stored at -80 °C for 
analysis.

Histological examinations
Liver tissue was fixed in formalin and embedded in paraffin.  

Specimens (4 μm) were stained with hematoxylin-eosin (H&E, 
Nanjing Jiancheng Bioengineering Institute, Nanjing, China) 
and observed under a light microscope (Olympus Medical 
Systems Corp, Tokyo, Japan).  

Liver sections (5 μm) were stained with Sirius red for col-
lagen deposition.  A previously described grading system for 
fibrosis and cirrhosis[18] (Table 1) was used to identify the stage 
of hepatic pathological changes.

Serum ALT, AST, Alb, TBil and hepatic Hyp assays
Serum alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), albumin (Alb) and total bilirubin (TBil) levels 
were measured using the corresponding biochemical assay 
kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, 
China).  Hepatic Hyp content was examined using the previ-
ously reported method with slight modifications[19].  Briefly, 
100 mg of liver tissue was homogenized and dissolved in 5 
mL of 6 mol/L HCL at 110 °C for 18 h.  The hydrolysate was 
filtered through a Millipore filter (0.45 μm, Millipore, Darm-
stadt, Germany), and 100 μL was removed to a clean tube and 
dried at 40 °C.  The specimens were incubated with Ehrlich’s 
reagent (25% [w/v] para-dimethylaminobenzaldehyde and 
27.3% [v/v] perchloric acid in isopropanol) at 50 °C for 90 
min and cooled to room temperature.  The optical density of 
the samples was read at 558 nm (SpectraMax M5; Molecular 
Devices, Sunnyvale, CA, USA) against a reagent blank, and 
the Hyp content was determined from the Hyp standard curve 
(Nakateyitesuku Company, Japan).  Hyp results are presented 
as mg per g liver tissue.

Immunohistochemical analysis of hepatic α-SMA
Paraffin-embedded slices (4 μm) were used for immunohis-
tochemical assessment using a method described in a previ-
ous study[20].  Briefly, endogenous peroxidase was blocked 
with 0.3% H2O2, and non-specific binding sites were blocked 
with bovine serum albumin.  The samples were incubated 
with a smooth muscle actin (α-SMA)-specific antibody (1:400 
dilution, Mouse IgG2a α-SMA; Sigma, MO, USA) at 4 °C 
overnight, followed by incubation with a 1:250 dilution of a 
horseradish peroxidase (HRP)-linked goat anti-mouse IgG 
(Santa Cruz Biotechnology Inc, Santa Cruz, CA, USA) for 1 h 
at 37 °C.  Diaminobenzidine (DAB) was used as a chromogen, 
and hematoxylin was used for nuclear staining.

Sections were scanned using a Leica SCN400 scanning sys-
tem (Leica Biosystems Inc, Buffalo Grove, IL, USA), and all 

Table 1.  Hepatic fibrosis grading system.

Grade	                                          Fibrosis

0	 None
I	 Enlarged, fibrotic portal tracts
II	 Periportal or portal-portal septa but intact architecture
III	 Fibrosis with architectural distortion but no obvious cirrhosis
IV	 Probable or definite cirrhosis
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images were analyzed using Image Pro Plus software (Media 
Cybernetics, Inc, Rockville, MD, USA).  The integrated optical 
density of five high-power fields (×400 magnification) of each 
section was calculated and corrected for the area of each sec-
tion stained.

Western blot analysis
The protein expression of α-SMA, TGF-β1, TGF-β1 receptor 
I (TβR-I), TGF-β1 receptor II (TβR-II), phosphorylated TGF-
β1 receptor (p-TβR)-I, p-TβR-II, Smad2/3, phosphorylated 
Smad2/3 (p-Smad2/3), TIMP1 and TIMP2 in liver tissue 
were detected using Western blot analysis, as described pre-
viously[20].  The total protein concentrations of liver tissue 
extracts were determined using a bicinchoninic acid (BCA) 
protein concentration assay kit (Beyotime Biotechnology, 
Haimen, China).  A 10% SDS-PAGE separating gel and Bio-
Rad electrophoresis system (BioRad Laboratories, Hercules, 
CA, USA) were used to separate proteins.  Blots were incu-
bated with primary antibodies (Table 2) at 4 °C overnight and 
then the corresponding HRP-conjugated secondary antibodies 
at room temperature for 1 h.  An enhanced chemiluminescence 
kit (Pierce Biotechnology Inc, Rockford, IL, USA) and the Furi 
FR-980 image analysis system (Shanghai Furi Co, Shanghai, 
China) were used for chemiluminescence detection.  The 
GAPDH protein was used as the internal control.

Gelatin zymography
MMP2 and MMP9 activity were assessed using gelatin 
zymography as previously described[19, 21].  Total protein was 
extracted with the addition of RIPA solution (containing 1 
mol/L Tris–HCl and 0.5 mol/L NaCl, pH 7.0) and separated 
using electrophoresis in 0.1% gelatin and an 8% stacking gel 
at 4 °C, followed by elution with elution buffer (containing 
2.5% Triton X-100, 50 mmol/L Tris–HCl, 5 mmol/L CaCl2, 
and 1 mmol/L ZnCl2, pH 7.6) for 45 min, twice.  Gels were 
rinsed twice (rinsing buffer containing 50 mmol/L Tris–HCl, 5 

mmol/L CaCl2, and 1 mmol/L ZnCl2, pH 7.6) for 30 min.  Gels 
were then incubated in buffer (containing 50 mmol/L Tris–
HCl, 5 mmol/L CaCl2, 1 mmol/L ZnCl2, and 0.02% Brij-35, 
pH 7.6) on incubating shakers at 37 °C for 18 h, stained with a 
mixture of 0.05% Coomassie blue G-250 R-250, 30% methanol 
and 10% acetic acid for 3 h, and then destained in solution A 
(containing 30% methanol and 10% acetic acid), solution B 
(containing 20% methanol and 10% acetic acid) and solution 
C (containing 10% methanol and 5% acetic acid).  The Furi 
FR-980 image analysis system (Shanghai Furi Co, Shanghai, 
China) was used to assess band intensity.

Statistical analysis
Data are presented as the mean±SD.  The statistical signifi-
cance of the differences was analyzed using one-way analysis 
of variance (ANOVA), followed by the least significant differ-
ence (LSD) post hoc test.  The t-test was used for comparisons 
between two parameters.  Fibrosis grading was analyzed 
using ridit analysis.  Differences were considered statistically 
significant when P<0.05.

Results
Dose-effect response of CGA on DMN-induced liver fibrosis
Sixteen rats in the DMN-stimulated group died in the first four 
weeks of the dose-effect response test.  Five rats died in the 
DMN group in the subsequent two weeks of treatment; one rat 
died in the DMN plus CGA group, and two rats in the DMN 
plus CGA-low dosage and DMN plus FZHY groups died.

Dose-dependent effects of CGA were observed on liver 
fibrosis in DMN-stimulated rats.  The effects of CGA on 
hepatic Hyp concentration (Supplementary Table S3), serum 
ALT, AST, Alb (Supplementary Table S4), and fibrosis grad-
ing in the liver (Supplementary Table S5) were all superior to 
that of low-dose CGA.  Therefore, CGA composed of CS-PS 
(60 mg/kg per day), gypenosides (50 mg/kg per day) and  
amygdalin (80 mg/kg per day) was used in the subsequent 

Table 2.  Antibodies in immunohistochemical assay and immunoblot.

Antibody                                                                   Species	          Brand	  Dilution

α-SMA	 Mouse IgG2a 	 Sigma, MO, USA	 1:400
TIMP-1	 Mouse IgG1	 Lab Vision, USA	 2 µg/mL
TIMP-2	 Mouse IgG1	 Lab Vision, USA	 2 µg/mL
TGF-β1	 Mouse IgG1	 Abcam, UK	 1:2000
TbR-I 	 Rabbit IgG	 Cell Signaling, MA, USA	 1:1000
TbR-II	 Rabbit IgG	 Cell Signaling, MA, USA	 1:1000
p-TβR I	 Rabbit IgG	 Signalway Antibody LLC, MD, USA	 1:1000
p-TβR II	 Goat IgG	 Cell Signaling, MA, USA	 1:200
Smad2 	 Mouse IgG1	 Cell Signaling, MA, USA	 1:1000
Smad3 	 Rabbit IgG1	 Cell Signaling, MA, USA	 1:1000
p-Smad2  	 Rabbit IgG	 Abcam, UK	 1:300
p-Smad3	 Rabbit IgG	 Epitomics, CA, USA	 1:1000
GAPDH 	 Mouse IgG1	 Kangchen, Shanghai, China	 1:5000
HRP-linked antibody 	 Goat anti rabbit IgG	 Santa Cruz, CA, USA	 1:5000
HRP-linked antibody 	 Goat anti mouse IgG	 Santa Cruz, CA, USA	 1:5000
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experiments.

Mortality, body weight and liver/spleen weight ratio 
Eighteen rats in the DMN-stimulated group died in the first 
four weeks.  One rat died in the DMN, DMN plus gypeno-
sides, DMN plus amygdalin and DMN plus colchicine groups 
in the subsequent two weeks.  Two rats died in the DMN plus 
CS-PS and DMN plus FZHY groups.  No rats died in the con-
trol group or the DMN plus CGA group.

The body weight and the liver/spleen weight ratio 
decreased in the DMN group compared to the control (P<0.01).  
There was no significant change in body weight in the drug-
treated groups compared with the DMN group.  However, 
CGA, CS-PS, gypenosides, amygdalin or FZHY treatment sig-
nificantly increased the liver/spleen weight ratio compared to 
the DMN group (Table 3).

Effects of CGA formula on DMN-induced liver injury
DMN-induced liver injury was assayed using serum biomark-
ers and histological changes in liver tissue.  H&E staining 
revealed typical pseudo lobules, a large amount of fibrous 
connective tissue, hepatocyte swelling, and inflammatory cell 
infiltration following DMN administration.  Fewer complete 
pseudolobules, thinner fibrous connective tissue and recov-
ered sinusoids were observed in the CGA and FZHY treatment 
groups.  The hepatic pathological changes in the other treat-
ment groups were also ameliorated to some degree.  However, 
some pseudolobules were visualized in the colchicine-treated 
group (Figure 1A).

Serum ALT (P<0.01), AST (P<0.01) and TBil (P<0.01) levels 
increased significantly and the Alb level decreased (P<0.01) 
significantly with DMN stimulation.  Serum ALT (P<0.01), 
AST (P<0.01), and TBil (P<0.01) levels decreased and the Alb 
level increased (P<0.05) in the CGA treatment group com-
pared to the DMN group, and the effects were comparable to 
those in FZHY-treated rats (P>0.05).  In contrast, the inhibi-
tory effect of CGA on ALT was superior to that of amygdalin 
(P<0.05), and the inhibitory effect of CGA on TBil was superior 

to that of CS-PS (P<0.01) and gypenosides (P<0.05).  Serum 
Alb level did not increase with colchicine (P>0.05) or amygda-
lin (P>0.05) treatment compared with that in the DMN group 
(Figure 1C).

Effects of CGA formula on collagen deposition in DMN-stimulated 
liver tissue 
DMN administration induced collagen deposition in liver 
tissue, especially in the peri-sinusoidal areas, in Sirius red 
stained sections, and numerous complete pseudolobules and 
fibrous septa were also observed between the portal area and 
central venous area (Figure 1B).  Collagen deposition was 
obviously ameliorated in the CGA or FZHY-treated groups 
compared to the DMN group, and few complete pseudolob-
ules were observed.  The collagen staining with Sirius red 
was weaker with colchicine, CS-PS, gypenosides or amygda-
lin treatment compared to that of the DMN group, but some 
pseudolobules were visible in the colchicine group (Figure 
1B).  Fibrosis grading based on the Sirius red staining data also 
showed that a much higher fibrosis score was obtained in the 
DMN-stimulated group than in the control or CGA (P<0.01), 
FZHY (P<0.01) or colchicine (P<0.05) treatment groups.  Fibro-
sis grading also decreased compared to the DMN group (Fig-
ure 1C).

The hepatic Hyp content of rats in the DMN group obvi-
ously increased compared to the control (P<0.01).  Hyp content 
decreased dramatically with CGA treatment (P<0.01), and this 
decrease was comparable to that in the FZHY (P>0.05) group 
and superior to that in the colchicine (P<0.05), CS-PS (P<0.05), 
gypenoside (P<0.05) and amygdalin (P<0.05) treatment groups 
(Figure 1C).

Effect of CGA formula on hepatic α-SMA expression
HSC activation is characterized by proliferation and myofibro-
blastic transformation.  α-SMA is a marker of activated HSCs, 
which show a myofibroblastic phenotype[22].

The expression of α-SMA protein in liver tissue increased 
markedly (P<0.01) with DMN administration and decreased 
dramatically with CGA (P<0.01), FZHY (P<0.01), CS-PS 
(P<0.01) or gypenoside (P<0.05) treatment.  However, α-SMA 
was not altered in amygdalin- or colchicine-treated groups 
(Figure 2A and 2B).  

Similarly, positive α-SMA staining was observed only in 
vessel walls in the control group, but much stronger posi-
tive α-SMA staining was found on fibrous septa in the DMN 
group.  Weaker staining was observed in the CGA-, FZHY-, 
CS-PS- and gypenoside-treated groups.  However, positive 
α-SMA staining was not obviously weaker in the amygdalin 
and colchicine-treated groups than in the DMN group (Figure 
2C).  Semi-quantitation of α-SMA immunohistochemical stain-
ing indicated that the relative optical density of the α-SMA 
positive area increased with DMN stimulation (P<0.01) and 
clearly decreased in the CS-PS, gypenoside, CGA, FZHY and 
colchicine treatment groups (P<0.01, Supplementary Figure 
S5).

Table 3.  Body weight and the liver/spleen weight ratio of rats.

Group 	 n	 Body weight (g)	 Liver/spleen weight ratio

Control	 6	 375±12	 13.04±1.12
DMN	 8	   272±29** 	      4.03±1.51**

CS-PS	 7	 267±41	     6.29±2.75#

Gypenosides	 8	 269±36	     6.25±1.86#

Amygdalin	 8	  277±33	     6.11±2.30#

CGA	 8	 285±32	      6.35±1.22##

FZHY	 7	 292±40	     6.87±0.59##

Colchicine	 8	 280±43	   5.30±3.20

Data represent mean±standard deviation. **P<0.01 vs control group; 
#P<0.05, ##P<0.01 vs DMN group.
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Figure 1.  Effects of CGA on liver injury and collagen deposition.  (A) Histological changes visualized in hematoxylin and eosin (H&E) staining, original 
magnification ×200.  With dimethylnitrosamine (DMN) stimulation, typical pseudo lobules and large amounts of fibrous connective tissue were 
observed, as well as hepatocytes swelling, inflammatory cells infiltration.  In the CGA and FZHY treatment group, fewer complete pseudo lobules, 
thinner fibrous connective tissue were observed.  (B) Collagen deposition visualized in Sirius red staining, original magnification ×100.  With DMN 
administration, hepatic collagen deposition was obvious and numerous complement pseudo lobules were observed.  Few pseudo lobules and collagen 
deposition was found in the CGA and FZHY treatment group.  (C) Fibrosis grading based on Sirius red staining, serum Alanine aminotransferase (ALT), 
aspartate aminotransferase (AST), albumin (Alb), total bilirubin (TBiL) and hepatic hydroxyproline (Hyp) content.  Data represents mean±standard 
deviation (n≥6).  **P<0.01 vs control; #P<0.05, ##P<0.01 vs DMN; nsP>0.05, &P<0.05, &&P<0.01 vs DMN+CGA.
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Effects of CGA formula on TGF-β1, TβR-I, TβR-II, p-TβR-I, p-TβR-II 
protein expression 
TGF-β1 signaling is dependent on TβR-I, TβR-II and the 
down-stream phosphorylation of Smad proteins.  TGF-β1 
binding to TβR-II leads to the formation and stabilization of a 
TβR-I/TβR-II complex.  Then, TβR-I is phosphorylated, and 
TβR-II kinase activates Smad2 and Smad3.  Phosphorylated 
Smad2 and Smad3 then form a complex that translocates to 
the nucleus and serves as a transcriptional regulator[23].  Six 
weeks of DMN administration increased the protein level of 
TGF-β1 (P<0.05), TβR I (P<0.01) and p-TβR-I (P<0.01) in liver 
tissue.  CGA or FZHY treatment decreased the TGF-β1 protein 
level (P<0.05, treated with CGA; P<0.05, treated with FZHY), 
TβR-I protein level (P<0.05, treated with CGA; P<0.01, treated 
with FZHY) and p-TβR-I protein level (P<0.05, treated with 
CGA; P<0.01, treated with FZHY).  Colchicine treatment inhib-
ited DMN-induced protein expression of TβR-I (P<0.05) but 
not TGF-β1 or p-TβR-I.  Individual component treatment also 
altered the protein levels of TGF-β1, TβR-I and p-TβR-I in the 
liver: TGF-β1 (P<0.05), TβR-I (P<0.01) and p-TβR-I (P<0.05) 
levels were lower in the gypenoside-treated group, and TβR-I 
and p-TβR-I levels were lower in the CS-PS-treated group 
(P<0.01).  In contrast, DMN administration did not obviously 
alter TβR-II protein expression, but the p-TβR II protein level 
increased with DMN stimulation and decreased in the CGA 
group (P<0.01, Figure 3).

Effects of CGA formula on Smad2/p-Smad2 and Smad3/
p-Smad3 protein levels
The protein levels of p-Smad2 (P<0.01) and p-Smad3 (P<0.01) 
increased with DMN administration and decreased with CGA 
(P<0.01, on p-Smad2; P<0.05, on p-Smad3), FZHY (P<0.01, on 
p-Smad2; P<0.05, on p-Smad3), CS-PS (P<0.01, on p-Smad2; 
P<0.05, on p-Smad3) or gypenoside (P<0.05, on p-Smad2; 
P<0.05, on p-Smad3) treatment.  Colchicine decreased the pro-
tein level of p-Smad 3 (P<0.05) but not p-Smad 2.  In contrast, 
there were no obvious changes in the protein expression of 
Smad-2 and Smad-3 in liver tissue (Figure 4).

Effects of CGA formula on MMP2 and MMP9 activity and protein 
expression of TIMP-1 and TIMP-2
The expression of TIMP-1 (P<0.01) and TIMP-2 (P<0.01) pro-
tein in liver tissue was increased with DMN administration 
and decreased in the CGA (P<0.05, on TIMP1; P<0.05, on 
TIMP2), FZHY (P<0.01, on TIMP1; P<0.05, on TIMP2) and col-
chicine (P<0.01, on TIMP1; P<0.05, on TIMP2) groups (Figure 
5A and 5B).  Similarly, MMP2 (P<0.01) and MMP9 (P<0.01) 
activity in liver tissue was increased following six weeks of 
DMN administration and decreased only in the CGA (P<0.01, 
on MMP2; P<0.01, on MMP9) or FZHY groups (P<0.01, on 
MMP2; P<0.05, on MMP9) (Figure 5A and 5C).

Figure 2.  Effects of CGA on α-smooth muscle actin (α-SMA) expression in liver tissue.  (A) Protein expression of α-SMA in liver tissue detected by 
Western-blot analysis.  (B) Band intensity of α-SMA was normalized to GAPDH and expressed as α-SMA/GAPDH ratio.  α-SMA protein expression 
increased remarkably with DMN administration and decreased dramatically with CGA, FZHY, CS-PS and gypenosides treatment.  Data represent 
mean±standard deviation.  All experiments were performed in different samples independently in triplicate.  **P<0.01 vs control; #P<0.05, ##P<0.01 vs 
DMN.  (C) Protein expression of α-SMA in liver tissue detected by immunohistology, original magnification ×200.  In control group, the positive α-SMA 
staining was only observed in vessel wall.  Much stronger positive staining of α-SMA was found located on the fibrous septa in DMN group, which was 
light colored in CGA, FZHY, CS-PS and gypenosides-treated groups.
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Discussion
DMN-induced liver fibrosis is a classic stable model of fibrosis 
that progresses for weeks or months after discontinuation of 
toxin administration[24].  The effects of CGA on serum markers 
of liver function and histological changes in the present study 
demonstrated that the effects of CGA on DMN-induced liver 
injury were comparable to those of FZHY, from which CGA 
was derived, and these effects were superior at ameliorating 
the injury to colchicine or the individual components of CGA.  
Collagen deposition in the liver was demonstrated using Sir-
ius red staining and fibrosis grading, and collagen and hepatic 
Hyp content revealed that CGA has comparable inhibitory 
effects to FZHY and superior effects to colchicine or the indi-
vidual CGA components on DMN-induced liver fibrosis.

HSC activation is a crucial event in liver fibrogenesis[25-27], 
and it can be divided into initiation and perpetuation[27].  Initi-
ation refers to early changes in gene expression that result pri-
marily from paracrine stimuli derived from damaged resident 
liver cells (hepatocytes, endothelial cells and Kupffer cells) 
and platelets[28, 29].  Persistence of the initiation stimuli and the 
accompanying sustained injury lead to a perpetuation phase, 
in which at least seven distinct changes in HSC behavior are 

involved, including proliferation, chemotaxis, fibrogenesis, 
contractility, matrix degradation alterations, retinoid loss and 
inflammatory signaling[30].  Increased fibrogenesis is the most 
direct path by which HSCs contribute to hepatic fibrosis.  HSC 
activation in the present study was inhibited by CGA treat-
ment, and this inhibition was accompanied by the ameliora-
tion of hepatic fibrosis.

TGF-β1 is one of the most prominent drivers of cellular acti-
vation and the HSC to myofibroblast transdifferentiation[31].  
CGA treatment down-regulated TGF-β1 protein expression 
in DMN-stimulated liver tissue.  There are multiple cellular 
sources of TGF-β1, including Kupffer cells[29], endothelial cells 
and platelets[28], but HSC autocrine expression is one of the 
most important sources[32, 33].  In vitro primary HSC studies[10] 
suggest that CGA down-regulated the gene expression of 
TGF-β1 and TβR in primary HSCs and simultaneously inhib-
ited HSC activation.  Therefore, we conclude that activated 
HSCs are one of the cellular targets of CGA that lead to the 
inhibition of TGF-β1.

TGF-β signaling is initiated by ligand binding to and com-
plex formation of type I and type II receptor serine/threonine 
kinases on the cell surface.  The formation of this complex 

Figure 3.  Effects of CGA on the protein expression of transforming growth factor-β1 (TGF-β1), TGF-β1 receptor (TβR)-I, phosphorylated TGF-β1 receptor 
(p-TβR)-I, TβR-II and p-TβR-II in hepatic fibrosis in rat induced by DMN.  (A) The protein expression of TGF-β1, TβR-I, p-TβR-I, TβR-II and p-TβR-II in liver 
tissue detected by Western-blot.  (B) Band intensity of TGF-β1, TβR-I p-TβR-I, TβR-II and p-TβR-II was normalized to GAPDH and expressed as fold of 
GAPDH.  Hepatic TGF-β1, TβR-I and p-TβR-I protein was up-regulated with DMN stimulation, and down-regulated in CGA, FZHY and gypenosides groups.  
TβR-I and p-TβR-I protein expression also decreased in CS-PS group and moreover, TβR-I protein was decreased in colchicine group.  No obvious 
change was detected in hepatic TβR-II protein expression, while the protein expression of p-TβR-II was up-regulated with DMN administration and down-
regulated in CGA group.  Data represent mean±standard deviation.  All experiments were performed in different samples independently in triplicate.  
*P<0.05, **P<0.01 vs control; #P<0.05, ##P<0.01 vs DMN.
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allows the type II receptor to phosphorylate the kinase domain 
of the type I receptor, which propagates the signal through the 
phosphorylation of Smad proteins[34].  The levels of TGF-β1, 
TβRI, p-TβRI, p-TβRII, p-Smad2 and p-Smad3, but not TβRII, 
proteins were increased significantly in DMN-induced fibrotic 
liver tissue, and the CGA formula or FZHY treatment mark-
edly decreased the levels of these proteins.  These data indi-
cate that the amelioration of liver fibrosis by CGA treatment is 
likely associated with inhibition of the TGF-β signaling path-
way.

TGF-β is synthesized as a prohormone and cleaved in the 
Golgi to an amino terminal latency-associated protein and a 
mature TGF-β fragment.  These two fragments remain bound 
to various latent TGF-β binding proteins, which are secreted 
as a latent complex.  Latent TGF-β is activated via multiple 
mechanisms, including through MMP2 and MMP9[35].  CGA 
treatment down-regulated MMP2 and MMP9 activity and 
TGF-β1 protein expression in the present study compared to 
that in the DMN group, which suggests that the effect of CGA 
on MMP2 and MMP9 also contributed to the inhibition of 
TGF-β1.  The target cellular source of TGF-β1, the mechanism 
of CGA inhibition of TGF-β1 and the direct contribution of 
TGF-β1 to the pharmacological effects of CGA require further 
investigation.

MMPs and TIMPs closely regulate the degradation and 
accumulation of the ECM.  MMP2 and MMP9 are the most 

relevant MMPs that degrade normal liver matrix, and these 
enzymes contribute to the pathogenesis of liver fibrosis, partic-
ularly in early responses to liver injury[5].  TIMP1 and TIMP2 
inhibit the active forms of MMPs, which cleave types I and III 
collagen.  MMP2 and MMP9 activity and the protein expres-
sion of TIMP1 and TIMP2 increased dramatically with DMN 
administration in the present study and clearly decreased after 
CGA treatment.  These results suggest that the regulation of 
MMPs and TIMPs by CGA also contributes to the effects of 
CGA on liver fibrosis.

Fibrosis and cirrhosis are major causes of morbidity and 
mortality worldwide[1].  Several clinical trials on liver fibrosis 
are ongoing, but the outcomes of completed trials have not 
been satisfactory[1].  FZHY is the only herbal medicine that 
is approved for phase II clinical trials in chronic hepatitis C 
patients with hepatic fibrosis in the US, and FZHY is safe, well 
tolerated and tends to stabilize and ameliorate liver fibrosis 
in chronic hepatitis C patients with moderate to severe fibro-
sis[8].  CGA is the active component of FZHY and was found 
to inhibits DMN-induced liver fibrosis in rats in the present 
research, thereby confirming the anti-fibrotic effect of CGA 
formula that was uncoveredusing a uniform design in our pre-
vious study[9].  The pharmacological effects of CGA formula 
in the present study were comparable to those of FZHY and 
superior to those of colchicine and the individual components 
of CGA.  Furthermore, the inhibitory effect of CGA formula 

Figure 4.  Effects of CGA on Smad2, p-Smad2, Smad3 and p-Smad3 protein expression in hepatic fibrosis in rat induced by DMN.  (A) The protein 
expression of Smad2, p-Smad2, Smad3 and p-Smad3 in liver tissue detected by Western-blot.  (B) Band intensity of Smad2, p-Smad2, Smad3 and 
p-Smad3 was normalized to GAPDH and expressed as fold of GAPDH.  Hepatic p-Smad2 and p-Smad3 protein expression was up-regulated with DMN 
administration and down-regulated with CGA, FZHY, CS-PS and gypenosides treatment.  Colchicine down regulated the protein expression of p-Smad3 
but not p-Smad2.  No obvious changes in the protein expression of Smad2 and Smad3 in the liver tissue.  Data represent mean±standard deviation.  All 
experiments were performed in different samples independently in triplicate.  **P<0.01 vs control; #P<0.05, ##P<0.01 vs DMN.
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on DMN-induced liver fibrosis was associated with the inhibi-
tion of the TGF-β1/Smad signaling pathway and MMPs and 
TIMPs.

In contrast to FZHY, which consists of six kinds of tradi-
tional Chinese herbal medicines, CGA consists of only three 
herbal components.  However, the effects of CGA on liver 
fibrosis were comparable to those of FZHY.  The effects and 
mechanisms of action of CGA on liver fibrosis deserve further 
investigation because the effect can be achieved with a smaller 
dose, quality control is easier and less of the herbal medicine 
source is needed than with FZYH.
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