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Abstract
Introduction. Liver fibrosis is the damage repair response following chronic liver diseases. Activated hepatic stellate 
cells (HSCs) are the main extracellular matrix (ECM)-producing cells and key regulators in liver fibrosis. Periplaneta 
americana shows prominent antifibrotic effects in liver fibrosis; however, the underlying mechanisms remain unde-
termined. This study aimed to elucidate the therapeutic effects of P. americana extract (PA-B) on liver fibrosis based 
on the regulation of the TGF-β1/Smad signal pathway.
Material and methods. HSCs and Sprague Dawley rats were treated with TGF-β1 and CCl4, respectively, to establish 
the hepatic fibrosis model in vitro and in vivo. The effect of PA-B on liver rat fibrosis was evaluated by biochemical 
(serum aspartate aminotransferase (AST), alanine aminotransferase (ALT), hyaluronic acid (HA), laminin (LN), collagen 
type IV (Col-IV), pro-collagen type III (PC-III)) and histological examinations. Further, fibrogenic markers expression 
of alpha smooth muscle actin (α-SMA), collagen type I (Col-I), and collagen type III (Col-III), and the TGF-β1/Smad 
pathway-related factors were assessed by immunofluorescence (IF), real time quantitative polymerase chain reaction 
(RT-qPCR), and western blotting (WB).
Results. Treatment of HSC-T6 cells with PA-B suppressed the expression of α-SMA, Col-I, and Col-III, downregulated 
the expression of TGF-β1 receptors I and II (TβR I and TβR II, respectively), Smad2, and Smad3, and upregulated 
Smad7 expression. PA-B mitigates pathologic changes in the rat model of liver fibrosis, thus alleviating liver index, 
and improving liver function and fibrosis indices. The effects of PA-B on the expression of α-SMA, Col-I, Col-III, TβR 
I, TβR II, Smad2, Smad3, and Smad7 were consistent with the in vitro results, including reduced TGF-β1 expression. 
Conclusions. The therapeutic effect of PA-B on liver fibrosis might involve suppression of the secretion and expression 
of TGF-β1, regulation of the TGF-β1/Smad signaling pathway, and inhibition of collagen production and secretion. 
(Folia Histochemica et Cytobiologica 2023, Vol. 61, No. 4, 231–243) 
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Introduction

Liver fibrosis is a tissue repair process of numerous 
chronic liver diseases, including non-alcoholic ste-

atohepatitis, cholestasis, viral hepatitis, autoimmune 
hepatitis, and so on [1]. Liver fibrosis is a necessary 
pathological process of cirrhosis and liver failure. 
About 2 million patients die of liver fibrosis or cir-
rhosis in the world every year, and the case-fatality 
rate caused by complications has been high in recent 
years, increasing the economic burden on families and 
society [2]. However, there is no specific drug to cure 
liver fibrosis at present [1]. Therefore, research and 
development of safe and effective therapeutic drugs 
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with less adverse reactions is still a clinical problem 
for the treatment of liver fibrosis.

Liver fibrosis is caused by the imbalance of extra-
cellular matrix (ECM) synthesis and degradation. 
Hepatic stellate cells (HSCs) activation is the key link 
within the advancement of liver fibrosis. HSCs are 
specialized perihepatic cells located in the Disse space 
within the liver sinusoid [3]. HSCs are responsible for 
maintaining ECM homeostasis and storing vitamin 
A in the form of retinyl esters within cytoplasmic lipid 
droplets, under normal physiological conditions [4]. 
However, following liver injury, they are activated 
and phenotypically transformed into myofibroblasts, 
leading to excessive accumulation of the ECM [5–8]. 
Platelets discharge excess transforming growth fac-
tor-β1 (TGF-β1) post injury in the liver cell, which 
enhances activation of HSCs. Activated HSCs promote 
ECM synthesis and accumulation [9, 10]. Notably, ac-
tivated HSCs also enhance the synthesis and secretion 
of TGF-β1, and further promote liver fibrosis [11, 
12]. TGF-β1 is a crucial promoter of the TGF-β/Smad 
signaling pathway [13]. The TGF-β family exercises its 
biological effects via this pathway, which is implicated 
in the regulation of various cellular activities inclu-
ding activation of transmembrane receptors, collagen 
transcription, regulation of cell separation, apoptosis, 
and migration [14, 15]. Recently, the TGF-β/Smad 
signaling pathway was utilized as an effective target 
for fibrosis treatment [16–18].

Traditional Chinese medicine is utilized to handle 
a wide range of maladies, as evidenced by its great 
effectiveness and safety over a long periods of clinical 
use. Periplaneta americana L. is a precious traditional 
Chinese medicine, which was initially recorded in Shen 
Nong’s Herbal Classic nearly 2000 years ago. Modern 
research has indicated that Periplaneta americana ma-
inly contains proteins, peptides, polyols, and aliphatic 
acids, and has various biological and pharmacological 
properties including tissue repair, anti-inflammatory, 
antioxidant, anti-fibrosis, and hepatoprotective effects 
[19–23]. A previous study of our research team found 
that Periplaneta americana extract (PA-B) reduced the 
expression of four indices of liver fibrosis in CCl4 mo-
del rats, indicating that it can be used as a therapy for 
liver fibrosis [24, 25]. However, the anti-fibrosis effect 
and underlying mechanisms of PA-B remain poorly 
understood. This study aimed to determine the degree 
of collagen and correlation factor expression in the 
TGF-β1/Smad signaling pathway in HSC-T6 cells and 
hepatic fibrosis rat liver. The molecular mechanism of 
anti-liver fibrosis effects by PA-B were determined to 
enable a better understanding of treating liver fibrosis.

Material and methods

Reagents and antibodies. Colchicine was acquired from 
Yunnan Plant Pharmaceutical Co., Ltd. (Nanjing, China). 
Carbon tetrachloride was purchased from Tianjin Fuchen Che-
mical Reagent Factory (Tianjin, China). PeproTech provided 
recombinant human TGF-β1  (Westlake Village, CA, USA). 
Aminotransferase (AST), alanine aminotransferase (ALT), 
hyaluronic acid (HA), laminin (LN), procollagen-III (PC-III), 
and type IV collagen (Col-IV) assay kits were acquired from 
Nanjing Jiancheng Bioengineering Institute (Nanjing, China). 
Diaminobenzidine (DAB) chromogen kit, 4′,6-diamidino-
-2-phenylindole (DAPI), Radio-Immunoprecipitation Assay 
(RIPA) lysis buffer, and bicinchoninic acid assay (BCA) kit 
were purchased from Solarbio (Beijing, China). LY364947 was 
acquired from Sigma (St. Louis, MO, USA). TRIzolTM reagent 
was obtained from Invitrogen (Carlsbad, CA, USA). RevertA-
idTM first strand cDNA synthesis kit was obtained from Thermo 
Fisher Scientific (Waltham, MA, USA). SYBR Green master 
mix was obtained from Takara (Tokyo, Japan). Primers were 
purchased from Shanghai Sangon Biological Engineering Co., 
Ltd. (Shanghai, China). Anti-α-SMA (ab124964), anti-colla-
gen I (ab34710), anti-collagen III (ab7778), Cy5-labeled goat 
anti-rabbit IgG H&L Cy5  (ab6564), anti-TβR I (ab235578) 
and anti-Smad7  (ab216428) were obtained from Abcam 
(Cambridge, UK). GAPDH (5174S), Anti-TβR II (79424S), 
anti-Smad2 (5339S), and anti-Smad3 (9523S) were obtained 
from Cell Signaling Technology (Danvers, MA, USA). Goat 
anti-rabbit IgG-horseradish peroxidase (SA00001-2) was obta-
ined from Proteintech (Wuhan, China). Enhanced chemilumine-
scence kit (ECL) was obtained from Beyotime Biotechnology 
(Nanjing, China).

Preparation of PA-B. Periplaneta americana was collected 
from Yunnan Jingxin Biological Technology Co. Ltd. and 
authenticated by Dr. Z Yang of Key Laboratory of Insect Bio-
medical Research and Development, Dali University, Yunnan 
Province, China. Voucher specimens of the insect visitors are 
deposited in the Herbarium of Dali University (No. 2018.06.24). 

The following procedure was used to extract PA-B (freeze-
-dried powder). The extraction was carried out three times with 
70% aqueous ethanol at 80°C (2.5 h per time). The extract was 
then loaded onto a polyamide column and eluted with water and 
various quantities of aqueous ethyl alcohol before being quanti-
tatively collected and concentrated separately. This extract was 
freeze-dried and used in further experiments. At the same time, 
the quality control methods were used for testing, as previously 
described by Fu et al. [26].

Separation and identification. PA-B extract was adjusted to 
20 mg/mL with methanol and separated by semi-preparative 
high performance liquid chromatography (HPLC) according 
to previously described chromatographic conditions [26]. Hy-
drogen and carbon spectra of the compounds were determined 
using a Bruker Avance III HD 400 nuclear magnetic resonance 
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(NMR) spectrometer (Bruker Corporation, Billerica, USA, QNP 
1H/13C/19F/31P probe, 400.13 MHz).

Cell culture. The Cell Bank of Chinese Academy of Sciences 
provided HSC-T6 cells (an immortalized strain of rat HSCs) 
(Shanghai, China). HSC-T6 cells were maintained at 37°C and 
5% CO2  in Dulbecco’s modified Eagle’s medium (DMEM, 
Gibco, Thermo Fisher Scientific, Inc.) with 10% fetal calf serum 
(FBS, Gibco, Thermo Fisher Scientific, Inc.) and 100 U/mL pe-
nicillin-streptomycin (Beijing Solarbio Science and Technology 
Co., Ltd.). Cells were passaged at a density of 70–80%. The 
medium was replaced every other day. 

Establishment of the TGF-β1 activated HSC-T6 cells model 
and drug treatments. Cells were seeded at 6 × 104 cells/mL on 
culture plates before treatment. HSC-T6 cells were cultured for 
24 h, then treated with multiple concentrations of PA-B, TGF-
-β1 and LY-364947 (a diheteroaryl-substituted pyrazole com-
pound used as a selective, ATP-competitive inhibitor of TGF-β 
Receptor I kinase) for a further 24 h. The following groups of 
HSC-T6 cells were established: 1) control; 2) TGF-β1 (10 ng/
mL); 3) TGF-β1 (10 ng/mL) + LY-364947 (50 μmol/L); 4) TGF-
-β1 (10 ng/mL) + PA-B (50 μg/mL); 5) TGF-β1 (10 ng/mL) + 
PA-B (60 μg/mL); 6) TGF-β1 (10 ng/mL) + PA-B (70 μg/mL). 
The concentration of the PA-B storage solution was 30 mg/mL. 
The PA-B stock was diluted 10 times using DMEM with 1% 
FBS and further diluted to the desired concentration for use.

Experimental animals. Forty-eight six-week-old male Sprague 
Dawley rats weighing 180–200 g were purchased from Hunan 
SJA Laboratory Animal Technology, Co., Ltd. (Hunan, China) 
[Animal License No. SCXK (Xiang) 2019-0004]. The rats were 
kept in a typical 12 h light/dark cycle at 21 ± 2°C and 60 ± 5% 
humidity with unrestricted access to food and water. The animal 
experiments adhered to the guidelines set out by the school’s 
animal ethics committee.

Establishment of the CCl4-induced liver fibrosis model and 
drug treatment. Rats were acclimatized for 1 week before being 
randomly assigned into 6 groups (8 rats per group): (1) control; 
(2) CCl4 (1 mL/kg); (3) CCl4 (1 mL/kg ) + colchicine (0.2 mg/kg);  
(4) CCl4 (1 mL/kg ) + PA-B (30 mg/kg); (5) CCl4 (1 mL/kg) 
+ PA-B (60 mg/kg); (6) CCl4 (1 mL/kg) + PA-B (120 mg/kg).  
The control rats were intraperitoneally injected with corre-
sponding dose of olive oil (2  mL/kg or 1  mL/kg), whereas 
the CCl4, colchicine, and PA-B groups were administered in 
40% CCl4 oil solution (diluted with olive oil, first injection at 
a dose of 2 mL/kg and maintained at a dose of 1 mL/kg) twice 
a week for a duration of six weeks. After HE staining revealed 
that the liver fibrosis model was successfully established, the 
following protocol was performed by gavage administration 
once a day for 4  weeks: the control and CCl4  groups were 
administered an equal volume of 0.5% sodium carboxymethyl 
cellulose (CMC-Na) solution, while the colchicine group was 
given colchicine (0.2  mg/kg, suspended in 0.5% CMC-Na), 
and the PA-B treatment groups were administered different 
concentrations of PA-B (30, 60, and 120 mg/kg, suspended in 
0.5% CMC-Na), respectively. 

The animals were anesthetized with 1% sodium pentobarbital 
(5.5 mL/kg) after 24 h fasting following the conclusion of the 
treatment. Serum samples were collected and stored at –80°C 
for subsequent experiments. The liver was promptly separated 
before removing surrounding fat and connective tissue, then 
accurately weighed. The changes of liver mass in proportion 
to body’s mass was evaluated by the liver index formula: liver 
weight (g)/body weight (g). Part of the liver was fixed in 4% 
paraformaldehyde for 24 h to prepare histological sections. The 
remaining parts and tissues were preserved at –80°C.

Serum liver function index and parameters of liver fibrosis. 
Commercial kits were used to test serum AST and ALT activities 
according to the manufacturer’s instructions. The levels of 
HA, LN, PC-III, and Col-IV in rat serum were measured using 
enzyme linked immunosorbent assay (ELISA) kits according 
to the procedures (Nanjing Jiancheng Bioengineering Institute).

Histopathological analysis. Liver samples were fixed in 4% 
paraformaldehyde, embedded in paraffin, and cut into 5 μm-
-thick slices. Samples were stained with hematoxylin and eosin 
(H&E) and Masson’s trichrome stain [27, 28]. Subsequently, the 
morphological alterations of liver tissues of rats were evaluated 
by an optical microscope (CX31, Olympus, Tokyo, Japan).

Immunofluorescence staining analysis. HSC-T6 cells were 
seeded in 24-well plates and treated with TGF-β1. Cells 
were collected after 24  h, 48  h, and 72  h of culturing with 
LY364947 and PA-B of designed concentrations. Cells were 
fixed with 4% paraformaldehyde, then permeabilized with 
0.1% Triton X-100. Permeabilized cells were blocked with 
3% albumin, then incubated overnight at 4°C with primary 
antibodies diluted to 1:200  using phosphate-buffered saline 
(PBS). HSC-T6  cells were rinsed with PBS, incubated with 
anti-rabbit IgG (Cy5-labeled, diluted in PBS, 1:1000) at  
25  ± 5°C, then counterstained with DAPI (diluted in PBS, 
1:100). Images were captured using a Leica TCS SP8 STED 
confocal microscope (Weztlar, Germany).

Immunohistochemistry and quantitative analysis. Liver 
tissue sections were de-waxed and rehydrated. HSC-T6 cells 
were grown on coverslips as for horizontal climbing slices, then 
cultured with various concentrations of TGF-β1, LY-364947, 
and PA-B for 24 h. The sections and slices were blocked with 
0.3% H2O2 solution and treated with 5% (w/v) bovine serum 
albumin (BSA) to prevent nonspecific protein binding, then 
incubated with primary antibodies (TβRI 1:500, TβRII 1:200, 
Smad2  1:100, Smad3 1:100, Smad7  1:500), diluted in 1% (w/v) 
BSA overnight at 4°C, followed by incubation with secondary 
antibody (1:1000, diluted in 1% (w/v) BSA for 30 min at 37°C 
 in an incubator. Finally, DAB was used to visualize proteins 
and nuclei were re-stained with hematoxylin. Image-Pro Plus 
6.0 (Media Cybernetics Inc, Rockville, MD, USA) was used 
to perform immunohistochemical quantification of positive re-
gions, and the quantitative results were expressed by integrated 
optical density (IOD) values.
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RNA isolation and real time quantitative polymerase chain 
reaction (RT-qPCR) analysis. TRIzolTM reagent was used to 
isolate total RNA from HSC-T6 cells and liver samples. Chlo-
roform, isopropanol, ethanol, and other reagents were used for 
purification and further separation of RNA. A certain amount 
of RNA was reverse transcribed into cDNA for 5 min at 25°C, 
60 min at 42°C, and 5 min at 70°C [29]. cDNA was amplified 
using SYBR Green master mix. The primer sequences are listed 
in Table 1. The cycling conditions were as follows: initial dena-
turation at 95°C for 30 s, followed by 48 cycles of denaturation 
at 95°C for 5 s, annealing for 5 s, and extension at 60°C for 30 s. 
RT-qPCR analysis was performed with the Bio-Rad CFX96TM 
real-time system. The 2–ΔΔCt method was used to analyze the 
data and normalized to GAPDH as a control.

Protein isolation and western blot analysis. RIPA lysis buffer 
was added to HSC-T6 cells and liver samples to isolate total 
proteins. The supernatant protein concentration was determined 
using a bicinchoninic acid assay (BCA) kit. Each sample was 
adjusted to the same protein concentration. The proteins were 
separated by 10% sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE), and immediately transferred to 
a polyvinylidene difluoride (PVDF) membrane. The mem-
brane was blocked with 5% (w/v) skim milk at 25 ± 5°C for 
2 h, then incubated with primary antibodies (GAPDH 1:1000,  
TβRΙ 1:1000, TβRII 1:500, Smad2   1:1000, Smad3  1:1000, 
Smad7 1:1000), diluted in 1% (w/v) BSA at 4°C overnight. 
The membranes were washed with Tris buffered saline Tween 
20  (TBST), then incubated with the appropriate secondary 
antibody. The membranes were then scanned with an enhanced 
chemiluminescence kit (ECL). The band intensity was perfor-
med using Image J (National Institutes of Health, Bethesda, MD, 
USA), with the results compared to the intensity of GAPDH.

Statistical analysis. The data was processed by SPSS26.0 (SPSS 
Inc., Chicago, IL, USA). Data that conformed to the normal 
distribution were depicted as the mean ± standard deviation 
(SD), and the analysis of variance (ANOVA) was adopted for 
comparisons in three or more groups. Graph Pad Prism 6 (Graph 

Pad Software, San Diego, CA) was performed for all analyses. 
A P value of < 0.05 was treated as statistically significant.

Results

Semi-preparative HPLC identified compound 
structures in PA-B
The 9 purified compounds from PA-B were isolated by 
semi-preparative HPLC (Fig. 1). They were identified 
according to the results of 1H- and 13C-NMR (Table 2).

PA-B attenuates the liver index and biochemical 
indices of liver fibrosis induced by CCl4 in rats
The liver index and biochemical indices were evalu-
ated in the serum of rats with liver fibrosis to evaluate 
the effect of PA-B. Compared with the control group, 
the liver index of the CCl4-treated rats increased signi-
ficantly (Fig. 2A). Compared with the CCl4 group, the 
liver index decreased after treatment with colchicine 
and PA-B. It is worth noting that the colchicine and 
PA-B intervention reduced the liver index, but it was 
still higher than in the control group. However, it de-
creased as compared with the model group after middle 
and high dose of PA-B (60 mg/kg and 120 mg/kg).  
There was no difference in liver index between the 
PA-B (60 mg/kg and 120 mg/kg) intervention group 
and the control group. 

As shown in Fig. 2B, the serum activity of AST 
was considerably greater in the CCl4-induced animals 
than those in the control group. Following PA-B treat-
ment with the middle and high PA-B doses (60 mg/kg  
and 120 mg/kg), the CCl4-induced animals showed 
decreased AST serum activity, in contrast to rats 
that received colchicine and the lowest PA-B dose. 
Similarly to changes of the serum AST activities, the 
serum activities of ALT were significantly higher in 
CCl4-induced animals than that of the control group 

Table 1. PCR primer sequences

Gene Forward Reverse

GAPDH 5’-GGGGCTCTCTGCTCCTCCCTG-3’ 5’-CGGCCAAATCCGTTCACACCG-3’

α-SMA 5’-CAGCCAGTCGCCATCAGGAAC-3’ 5’-CCAGCAAAGCCCGCCTTACAG-3’

Col-I 5’-TGTTGGTCCTGCTGGCAAGAATG-3’ 5’-GTCACCTTGTTCGCCTGTCTCAC-3’

TβR I 5’-GCTCTGGGCAAAGATTAGGGTGAC-3’ 5’-GCAGGATTACAGGCTCAGCTCATC-3’

TβR II 5’-AATGAAGAATACACCACCAGCAGTCC-3’ 5’-ACGGTAACAGTAGAAGATGGCAATGAC-3’

Smad2 5’-ATGTCGTCCATCTTGCCATTCACTC-3’ 5’-CATTCTGTTCTCCACCACCTGCTC-3’

Smad3 5’-AACCACAGAAGATGCCAGCGATG-3’ 5’-GCCACCAGATCAGAAGCCATCAC-3’

Smad7 5’-CAGCCGCCCTCGTCCTACTC-3’ 5’-ACAGCAACACAGCCTCTTGACTTC-3’

TGF-β1 5’-GCAACAATTCCTGGCGTTACCTTG-3’ 5’-GTATTCCGTCTCCTTGGTTCAGC-3’
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(Fig. 2C). After the treatment with colchicine and all 

doses of PA-B, levels of ALT activity became marke-

dly reduced .

Serum levels of four liver fibrosis markers (HA, 

LN, PC-III, and Col-IV) (Fig. 2D–G) were higher in 

CCl4-induced rats compared with the control group; 

however, their concentrations decreased after colchici-

ne and PA-B treatment at each PA-B dosage as compa-

red with the CCl4-treated rats. This indicated that PA-B 

alleviates suppression of liver function and decreases 

the indices of liver fibrosis in CCl4-induced rats. 

PA-B attenuates the pathological changes  
in the fibrotic liver of CCl4-treated rats
The sections of the rat liver were evaluated to assess 
the effects of PA-B on experimental hepatic fibrosis 
(Fig. 3). The control group exhibited normal hepatocy-
te structure, and the central vein was clearly delineated 
with radiating hepatic cords of cells. In contrast, in the 
CCl4 group inflammatory cell infiltration and pseudo-
-lobule formation were clearly visible, accompanied 
by hepatic cords disappearance and karyolysis (Fig. 
3). In the colchicine group, hepatocyte disarray, in-
flammatory cell infiltration and disordered hepatocyte 
cords arrangement were observed. Treatment with the 
middle and high doses of PA-B caused a dose-depen-

Table 2. Identification of nine compounds purified from Periplaneta americana extract (PA-B) by semi-preparative high perfor-
mance liquid chromatography

No. tR (min) Formula Identification

S1 18.440 C20H36O4 9,12-heptadecanedenoic acid glyceride

S2 21.198 C20H40O2 Nonadecanoic acid methyl ester

S3 22.864 C21H40O4 Glyceryl oleate

S4 24.295 C25H44O2 13,16,19-eicosatrienoic acid

S5 28.670 C21H36O4 9,12,15-octadecatrienoic acid glyceride

S6 31.922 C18H32O2 Linoleic acid

S7 38.528 C16H32O2 Hexadecanoic acid

S8 43.384 C18H34O2 Oleic acid

S9 61.260 C18H36O2 Octadecanoic acid

Figure 1. Chromatogram of Periplaneta americana extract (PA-B) semi-preparation by HPLC-VWD (280 nm)-ELSD. A. Evapo-
rative light signal. B. Ultraviolet light signal. 
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dent partial attenuation of the liver structure alterations 
compared with the CCl4 group.

The shape and distribution of collagen fibrosis was 
observed by Masson’s staining to further examine the 
effect of PA-B on CCl4-induced liver fibrosis (Fig. 3). 
In the control group there was only minimal staining 
of collagen fibers in portal areas and around central 
veins, and the hepatic lobule structure was normal. 
In the CCl4 group collagen fibers proliferated around 
the portal spaces, and the collagen fibers in different 
portal areas were connected to each other to form 
pseudo-lobular formations (Fig. 3). Compared with the 
CCl4 group, the arrangement of collagen fiber bundles 
did not decrease in the colchicine group. However, the 
collagen fibers staining was reduced to different degree 
amongst the PA-B groups and the effect of the PA-B 
at 120 mg/kg was the most significant. 

PA-B attenuates the expression of fibrogenic  
markers in HSC-T6 cells
In the TGF-β1-exposed HSC-T6 cells, immunoflu-
orescence staining clearly showed α-SMA red fluore-
scence which was randomly distributed throughout 
the cytoplasm, and most intensely expressed after 24 h 
(Fig. 4A, B). Similarly, Col-I (Fig. 4C) and Col-III 
(Fig. 4E) were mainly distributed in the cytoplasm, 
however, the intensity of Col-I immunostaining was 
much higher than that of Col-III (Fig. 4D, F). Thus, 
α-SMA, Col I and Col III stainings indicated that  
TGF-β1 activated cultured HSC-T6 cells. The immu-
nofluorescence intensity of α-SMA, Col-I, and Col-III 
in TGF-β1-exposed HSC-T6 cells significantly decre-
ased with increasing PA-B concentrations. In addition, 
the LY-364947 group showed the same trend as did 
the PA-B treatment groups (Fig. 4A–F). 

Figure 2. Effects of CCl4, colchicine and Periplaneta americana extract (PA-B) on the liver organ index, serum liver function index 
and liver fibrosis index. Male rats received CCl4 in a total dose of 15 mL/kg over six weeks, and then they received indicated doses 
of PA-B for four weeks. Additional group of animals received CCl4 for six weeks and then they received colchicine (0.2 mg/kg) for 
four weeks. A. Liver weight index. B. Serum AST activity. C. Serum ALT activity. D–G. Serum concentrations of hyaluronic acid 
(HA), laminin (LN), procollagen III (PC-III) and collagen type IV (Col-IV), respectively. Data are expressed as the mean ± standard 
deviation (SD) (n = 8). #P < 0.05 and ##P < 0.01, vs. control; *P < 0.05 and **P < 0.01, vs. CCl4. 

Figure 3. Representative microphotographs of hematoxylin and eosin- and Masson-stained liver sections of rats treated with CCl4 for 
six weeks, and then with colchicine or PA-B for four weeks at the doses provided in the legend to Fig. 2. Magnification: 200×. 
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PA-B attenuates expression of fibrogenic markers 
in the liver of rats with experimental fibrosis 
Immunohistochemistry was used to localize the 
expression of fibrogenic markers in the liver to evalu-
ate the effect of PA-B on experimental hepatic fibrosis. 
Almost no expression of α-SMA and Col-I was found 
in the liver of control rats (Fig. 5A, B). In the liver of 
the CCl4 group α-SMA was highly expressed in por-
tal tracts between pseudo-lobuli (Fig. 5A), whereas 
Col-I was expressed mainly in the portal tract areas 
(Fig. 5B). The expression of α-SMA and Col-I in the 

colchicine group and PA-B (30 mg/kg) groups appe-
ared to be lower than that in the CCl4 group even if not 
confirmed by integrated optical density measurements. 
Apparently, the hepatic immunoreactivity of α-SMA 
and Col-I was highly reduced in the middle and high 
PA-B groups (60 mg/kg and 120 mg/kg) (Fig. 5A–C). 

The mRNA levels of α-SMA and Col-I increased to 
varying degrees in rat liver after CCl4 treatment com-
pared with the control group (Fig. 5D, E). Treatment of 
rats with induced fibrosis with PA-B and colchicine led 
to decreased hepatic α-SMA and Col-I mRNA levels, 

Figure 4. Effects of TGF-β1, PA-B and LY-364947 on α-smooth-muscle actin (α-SMA), collagen type I (COL-I), and collagen 
type III (COL-III) expression in cultures of hepatic stellate HSC-T6 cells. A. Immunofluorescence of α-SMA at 24, 48, and 72 h. 
B. Protein expression of α-SMA at 24, 48, and 72 h. C. Immunofluorescence of Col-I at 24, 48 and 72 h. D. Protein expression 
of Col-I at 24, 48 and 72 h. E. Immunofluorescence of Col-III at 24, 48, and 72 h. F. Protein expression of Col-III at 24, 48, and 
72 h. Cell nuclei were stained blue with DAPI. Scale bar: 50 μm. Data are expressed as the mean ± standard deviation (n = 5). #P < 
0.05 and ##P < 0.01, vs. the Control; *P < 0.05 and **P < 0.01, vs. LY-364947.
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and these changes were especially conspicuous in rats 
treated with the highest dose of PA-B (120 mg/kg).  
Thus, PA-B considerably decreased the mRNA expres-
sion level of collagen in hepatic fibrosis rats.

Administration of PA-B inhibits the TGF-β/Smad 
pathway in HSC-T6 cells
The expression of TGF-β receptors type I and II (TβR 
I, TβR II), and their key signaling factors (Smad2, 
Smad3, and Smad7) were examined by immunohi-
stochemistry to investigate the effects of PA-B in 
HSC-T6  cells through the TGF-β/Smad pathway 
(Fig. 6A, B). The immunoreactivity (Ir) of TβR I and 
TβR II increased in TGF-β1-induced HSC-T6 cells, 
as did the downstream Smad2 and Smad3 expression. 
Besides, the Smad7-Ir in TGF-β-exposed HSC-T6 cel-
ls was considerably decreased. The LY-364947- and 
PA-B-treated cells exhibited reduced expression levels 
of TβR I, TβR II, Smad2, and Smad3 proteins, and 
increased expression level of Smad7, compared with 
the TGF-β1 group. Western blot results corresponded 
with those of immunohistochemistry (Fig. 6C, E).
In addition, mRNA expression of TβR I, TβR II, 
Smad2, and Smad3 highly stically increased in TGF-

-β1-induced HSC-T6 cells, while the Smad7 mRNA 
expression was decreased (Fig. 6D). After treatment 
of TGF-β1-induced HSC-T6 cells with LY-364947 and 
PA-B, the mRNA levels of TβR I, TβR II, Smad2 and 
Smad3 were considerably decreased whereas that of 
Smad7 was increased.

Administration of PA-B inhibits the TGF-β/Smad 
pathway in liver fibrosis rats
The expression levels of key signaling factors (TβR 
I, TβR II, Smad2, Smad3, TGF-β1, and Smad7) were 
examined by RT-qPCR and western blotting to investi-
gate the effects of PA-B on liver fibrosis by analyzing 
the TGF-β/Smad pathway. The mRNA expression 
of TβR I, TβR II, Smad2, Smad3, and TGF-β1 was 
significantly higher in the CCl4 group compared with 
the control group, and Smad7 mRNA expression was 
evidently lower (Fig. 7A). After PA-B and colchicine 
treatment the mRNA expression of TβR I, TβR II, 
Smad2, Smad3, and TGF-β1 was significantly decre-
ased in liver tissues, and that of Smad7 was signifi-
cantly increased. 

Western blotting (Fig. 7B, C) showed that the 
protein expression of TβR I, TβR II, Smad2, and 

Figure 5. PA-B inhibits α-smooth-muscle actin (α-SMA) and collagen expression in CCl4-induced liver fibrosis in rats. A. Immu-
nohistochemical images. B. Integrated optical density (IOD) of α-SMA in liver tissue. C. IOD of Col-I in liver tissue. D. Expression 
of α-SMA mRNA in liver tissue. E. Expression of Col-I mRNA in liver tissue. Magnification: 200×. Data are expressed as the mean 
± standard deviation (n = 5). #P < 0.05 and ##P < 0.01 vs. the Control; *P < 0.05 and **P < 0.01, vs. CCl4 group. 
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Figure 6. Effects of PA-B on the expression of TGF-β/Smad signaling pathway in TGF-β1-treated HSC-T6 cells. A. Immunohis-
tochemical demonstration of TβR I, TβR II, Smad2, Smad3, and Smad7. Scale bar: 50 μm. B. IOD value of TβR I, TβR II, Smad2, 
Smad3, and Smad7 in HSC-T6 cells (n = 5). C. Protein expression of TβR I, TβR II, Smad2, Smad3, and Smad7 (n = 3). D. mRNA 
expression of TβR I, TβR II, Smad2, Smad3, and Smad7 (n = 5). E. Western blots of TβR I, TβR II, Smad2, Smad3, and Smad7. Data 
are expressed as the mean ± standard deviation. #P < 0.05 and ##P < 0.01, vs. the Control; *P < 0.05 and **P < 0.01, vs. LY-364947. 
Abbreviation: IOD — integrated optical density.
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Smad3 were much higher in the liver of CCl4-indu-
ced rats than in the control group, and Smad7 protein 
expression was significantly decreased. The expres-
sion of TβR I, TβR II, Smad2, and Smad3 decreased 
in the liver after PA-B and colchicine treatment. The 
greatest changes were observed in the PA-B group at 
120 mg/kg, while Smad7 protein increased compared 
with the CCl4 group. These results matched those of 
the RT-qPCR assays (Fig. 7B, C).

Discussion

The occurrence and development of liver fibrosis is 
closely linked to the imbalance of ECM synthesis and 
degradation in liver tissue [30]. Liver damage causes 
hepatocytes and Kupffer cells to produce pro-fibrotic 
and pro-inflammatory factors to activate resting HSCs 
[31]. Activated HSCs increase ECM secretion, which 
results in excessive ECM deposition [32].

Periplaneta americana L has been found to be 
effective in preventing fibrogenesis and chronic liver 
injury [33, 34]. PA-B is an anti-fibrosis active com-
ponent extracted from Periplaneta americana L. Our 
group has been trying to unravel the main components 
in PA-B, and isolated 9 compounds [26]. At the expe-
rimental dose of 40–120 μg/mL, the inhibitory effect 
of compound 1 (IC50 = 67.03 μg/mL) and compound 
3 (IC50 = 70.46 μg/mL) on HSC-T6 was slightly bet-
ter than that of PA-B (IC50 = 75.29 μg/mL), but there 
was no significant difference, and their proportion 
was very low (1.63%, 0.30%). The compounds 4 and 
5  had poor inhibitory effect on HSC-T6  cells, and 
other compounds had no effect on the proliferation. 
Therefore, we speculated that the inhibitory effect of 
PA-B on HSC-T6 cell proliferation was the result of 
multi-component synergic action. Based on the above 
factors, PA-B was selected to study the mechanism of 
anti-liver fibrosis in subsequent experiment. 

Colchicine is an alkaloid extracted from Colchicum 
autumnale L. that has anti-gout and anti-inflammatory 
effects. Many studies demonstrated that colchicine can 
counteract hepatocytes’ damage by inhibiting the acti-
vation and proliferation of HSCs, promoting collagen 
degradation, inhibiting excessive ECM deposition, 
and reducing hepatic peroxidation damage. Therefore, 
colchicine was selected as an established anti-fibrotic 
drug in this study [35, 36].

TGF-β1  is a major cytokine that induces liver 
fibrosis by initiation and activation of HSCs [37, 38]. 
CCl4 directly destroys the liver cell membrane resul-
ting in necrosis of hepatocytes and liver fibrosis [39, 
40]. The liver damage caused by CCl4 is very similar 
to human liver disease in morphology and biochemi-
stry, so CCl4 is widely used to induce liver fibrosis or 

liver injury models, which are often used to explore 
the anti-fibrotic mechanisms and anti-hepatotoxic 
(hepatoprotective) activity of synthetic substances or 
natural products [41]. Therefore, our choice of TGF-β-
1-stimulated HSCs and CCl4-induced hepatic fibrosis 
rat model may have important clinical significance for 
the elucidation of the mechanisms of PA-B interven-
tion for the treatment of hepatic fibrosis. 

Serum activities of AST and ALT are the most 
basic indices reflecting liver function [42]. HA, LN, 
PC-III, and Col-IV are the main components of the 
ECM, which act as important markers for the forma-
tion and degree of liver fibrosis in clinical diagnosis. 
The activity of AST and ALT, together with the serum 
levels of HA, LN, PC-III, and Col-IV in CCl4  rats 
were considerably greater than that of the control 
group. Colchicine and PA-B reduced the activities of 
AST and ALT in serum of CCl4-induced rats, and also 
decreased the contents of HA, LN, PC-III, and Col-IV. 
PA-B treatment induced a dose-dependent decrease of 
liver enzymes serum activities in the hepatic fibrosis 
rat model. However, only the 120 mg/kg dose of PA-B 
maintained the levels of AST, ALT, HA, LN, PC-III, 
and Col-IV to a similar level as that of the control 
group. These findings implied that PA-B alleviates 
liver function injury and fibrosis progression in rats 
with experimental hepatic fibrosis.

Liver damage induced by CCl4 mainly manifests 
as hepatic cell necrosis, inflammatory cell infiltration, 
steatosis, and fibrous hypertrophy. The morphological 
analysis of liver sections in our experimental model 
clearly demonstrated these changes. The liver fibrosis 
in PA-B and colchicine treatment groups was impro-
ved to varying degrees; the PA-B (120 mg/kg) group 
showed the greatest improvement. This suggests that 
PA-B exhibits a therapeutic effect on CCl4-induced 
liver fibrosis in rats. 

Col-I and Col-III are the most common collagen 
types in the ECM of the fibrotic liver. The collagen 
content can indicate the severity of liver fibrosis, and 
α-SMA is a key sign of HSCs’ activation [43, 44]. 
HSCs are the main source of ECM in the liver paren-
chyma, and they are also regulated by the ECM compo-
nents. Thus, HSCs and ECM appear to be inextricably 
linked and reciprocally regulate each other [45, 46]. 
Our study of the cultured HSC-T6 cells incubated with 
TGF-β1 showed that Col-I and Col-III proteins are ma-
inly uniformly in their cytoplasm or around the cells. 
At the same time, the expression of α-SMA, Col-I, 
and Col-III protein decreased in each drug treatment 
group in vitro and in vivo. This indicated that PA-B 
suppressed α-SMA, Col-I and Col-III production and 
secretion, inhibited activation of HSCs, and reduced 
ECM deposition. The mRNA expression levels of 
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α-SMA and Col-I were highly reduced in the liver of 
CCl4-induced rats treated with colchicine and PA-B. 
These findings further confirmed that PA-B reduces 
the degree of liver fibrosis.

The TGF-β1/Smad pathway was identified as a vi-
tal process of liver fibrosis [47–49]. TGF-β1 initiates 
cell membrane signaling by binding and activating 
TβR I on the cell surface. Activated TβR I binds to 
TβR II to form complex receptors, and amplifies and 
transmits signals to intracellular Smad proteins [50, 
51]. Phosphorylated TβR I activates downstream si-
gnaling factors Smad2 and Smad3 to form complexes 
that aggregate as transcription factors in the nucleus 
and control the transcription of target genes. Simulta-
neously, Smad7 acts as a negative feedback regulator 
by preventing the phosphorylation of Smad2  and 
Smad3 though competitive binding to phosphorylated 
TβR I and other pathways; this inhibits transmission 
of the TGF-β1/Smad signaling pathway [52].

TβR I and TβR II, as cell surface receptors, exhibit 
specific- and non-specific binding, so they have a rela-
tively high expression. Immunohistochemical results 
showed that TβR I and TβR II proteins were highly 
expressed on the surface of HSC-T6 cells, especially 
in the TGF-β1 stimulated group. Smad2 and Smad3 in-
tracellular signaling proteins were mainly expressed 
in the nucleus, and their expression levels were lower 
than that of receptor proteins. LY-364947 was selected 
as a selective ATP-competitive TGF-β receptor kinase 

I inhibitor [53]. The LY-364947 and PA-B drug groups 
downregulated the mRNA and protein expressions 
of TβR I, TβR II, Smad2, and Smad3. Meanwhile, 
the mRNA and protein levels of antagonistic factor 
Smad7 decreased. This suggests that PA-B inhibits the 
TGF-β1/Smad signaling pathway by interfering with 
the expression of TβR I, TβR II, Smad2, Smad3, and 
Smad7 in HSC-T6 cells. In vivo experiments confir-
med that PA-B and colchicine decrease the expression 
of TβR I, TβR II, Smad2, Smad3, and TGF-β1 in rat li-
ver tissue, and increase Smad7 expression to inhibit the 
TGF-β1/Smad signaling pathway. The result showed 
that PA-B plays an anti-fibrosis role by inhibiting the 
TGF-β1/Smad signaling pathway in a dose-dependent 
manner, and inhibiting the synthesis and secretion of 
α-SMA, Col-I, and Col-III in HSC-T6 cells.

In conclusion, this study demonstrated the anti-fi-
brotic effects of PA-B in in vitro and in vivo liver fibrosis 
models by interfering with TGF-β1secretion, reducing 
collagen synthesis, and regulating the TGF-β1/Smad  
signaling pathway. Overall, these results suggest that 
the TGF-β1/Smad signaling pathway is a possible 
molecular mechanism of the PA-B antifibrotic effect 
in rat liver. However, PA-B is an active extract of P. 
americana containing multiple components, so its 
mechanism of action may involve multiple targets 
and the joint action of multiple signaling pathways.

Figure 7. Effects of PA-B on the expression of the TGF-β/Smad signaling pathway in CCl4-induced rat liver fibrosis. A. Relative 
mRNA expression of TβR I, TβR II, Smad2, Smad3, Smad7, and TGF-β1 in CCl4 (n = 5). B. Protein expression of TβR I, TβR II, 
Smad2, Smad3, and Smad7 (n = 3). C. Western blot of TβR I, TβR II, Smad2, Smad3, and Smad7. Data are expressed as the mean 
± standard deviation. #P < 0.05 and ##P < 0.01, vs. the Control; *P < 0.05 and **P < 0.01, vs. CCl4. 
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