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Abstract
Coumaric acid is a phenolic compound found in medicinal plants. Its use has been reported in the treatment of inflammatory 
diseases, prevention of alterations induced by oxidative stress, as well as acetaminophen-induced hepatotoxicity. Thus, this 
study evaluated coumaric acid as a potential treatment for liver fibrosis. Cell proliferation was assessed by the trypan blue 
exclusion technique and the cytotoxicity of coumaric acid was performed using an LDH assay. Mechanisms of cell apoptosis 
were evaluated by flow cytometry. The expression of genes associated with apoptosis, cell cycle control, and fibrosis was 
assessed by qPCR. The production of lipid droplets was quantified by oil red staining. The experiments performed showed that 
the treatment with coumaric acid was able to reduce cell proliferation without causing cell cytotoxicity or apoptosis. Coumaric 
acid was able to inhibit the expression of cyclin D1 and CDK’s (CDK2, CDK4, and CDK6), increasing p53 and p21, which 
could lead to cell cycle arrest. Treatment with coumaric acid was also able to revert the activated phenotype of GRX cells 
to their quiescent state. Thus, our results suggest that coumaric acid has a potential therapeutic effect against liver fibrosis.
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GFAP  Glial fibrillary acidic protein
GRX  Hepatic stellate cell line
HA  Hydroxybenzoic acid
HF  Hepatic fibrosis
HPLC  High-performance liquid chromatography
HSCs  Hepatic stellate cells
LDH  Lactate dehydrogenase
MP  Moquiniastrum polymorphum subsp. 

Polymorphum
NAC  N-acetylcysteine
PPAR-γ  Proliferation-activated gamma receptor
ORO  Oil red-O
TE  Total extract
TGF-β  Transforming growth factor beta

Introduction

Hepatic fibrosis (HF) is a regenerative process (Khomich 
et al. 2019) induced by chronic liver injury (CLI), repre-
senting an early stage in the progression to liver cirrho-
sis, hepatocellular carcinoma and, eventually, liver failure 
(Cheng et al. 2021). Unlike acute liver injury, which allows 
the organ to recover all its original mass and architecture, 
CLI is triggered by different etiologies, inducing repetitive 
tissue injury, resulting in an impaired regenerative capacity 
and marked by an altered inflammatory infiltrate, leading to 
a chronic wound healing response (Ginès et al. 2021).

The main causes of liver fibrosis are schistosomiasis, 
viral hepatitis (hepatitis B and C), alcoholic liver disease, 
non-alcoholic fatty liver disease, as well as cholestatic and 
autoimmune liver diseases (Weiskirchen and Tacke 2016; 
Zhang et al. 2016; Higashi et al. 2017; Ginès et al. 2021). 
During HF, hepatic stellate cells (HSCs) acquire fibrogenic 
properties (activated phenotype), thus losing their intracel-
lular lipid droplets and presenting characteristics of myofi-
broblasts. This mechanism promotes the accumulation of 
extracellular matrix (EMC) components, such as collagen 
(Col-1), alpha smooth muscle actin (α-SMA), desmin, and 
glial fibrillary acidic protein (GFAP) resulting in impaired 
liver function, deposition of fibrous scars, and, in more 
severe cases, liver cirrhosis accompanied by liver failure 
(Tsochatzis et al. 2014; Kisseleva and Brenner 2021).

Prior to their activation, HSCs remain in a non-proliferative, 
retinoid-storing state, also known as a quiescent state (Higashi 
et al. 2017). This is maintained by transcription factors, such 
as the peroxisome proliferation-activated gamma receptor 
(PPAR-γ), considered one of the key factors for the regulation 
of adipogenesis in HSCs, as well as for the regression of HF 
(Liu et al. 2020).

The treatment of HF aims to reduce or even reverse the 
fibrotic state, mainly by the activation of anti-inflammatory 
processes, inhibition of the proliferation and activation of 

HSCs, as well as decrease of the production and deposition 
of EMC. Currently, antioxidants such as vitamin E, silyma-
rin, phosphatidylcholine, and S-adenosyl-L-methionine, are 
able to inhibit HSC activation and attenuate liver fibrosis. 
Moreover, transforming growth factor beta (TGF-β) inhibi-
tors prevent scar formation in experimental liver fibrosis. 
N-acetylcysteine (NAC) is also another drug with antioxidant 
effects, being widely used for liver regeneration in patients 
intoxicated with paracetamol, managing to balance the 
hepatic values of glutathione that were destabilized with the 
use of paracetamol (Tsochatzis et al. 2014; Plano et al. 2021).

Plant extracts present molecules with antioxidant and 
anti-inflammatory properties known as phenolic compounds, 
which are widely used for the treatment of various diseases. 
Among the plants that present these properties, Moquinias-
trum polymorphum subsp. polymorphum (MP) extracts have 
been used in medicine for the treatment of inflammatory 
diseases of the respiratory tract, chronic diseases, and cancer 
(Piornedo et al. 2011; David et al. 2014; Martins et al. 2015; 
Limeiras et al. 2017; de Moraes Gonçalves et al. 2019; Guar-
neire et al. 2021). Coumaric acid (CA) is one of the several 
phenolic compounds that can be found in plant extracts. It 
is a common compound found in several medicinal herbs 
and it has been used in the treatment of inflammatory lung 
diseases caused by cigarette smoke, as well as inflammatory 
bowel diseases (Kim et al. 2018b). It has been also shown 
that its use may decrease macrophages in typical inflamma-
tory diseases, preventing the induction of oxidative stress, 
as well as acetaminophen-induced hepatotoxicity (Cha et al. 
2018; Lee et al. 2019; Roychoudhury et al. 2021).

Therefore, the antioxidant properties of CA may be of 
great importance in the development of new strategies to treat 
HF. For this reason, this study aimed to evaluate the antifi-
brotic effects of CA in GRX cells, an activated HSC cell line.

Material and methods

Chemical and reagents

Absolute ethyl alcohol 99.5%, methanol, and dichlorometh-
ane (SYNTH, São Paulo, Brazil) were used to prepare the 
extract and fractions. Pure standards of phenolic com-
pounds were purchased from Sigma-Aldrich (St. Louis, 
USA). DMEM (Dulbecco’s Modified Eagle’s Medium), 
amphotericin B (Fungizone®), fetal bovine serum (FBS), 
penicillin–streptomycin (10,000 U/mL), 0.5% trypsin/
EDTA solution and Trypan blue were obtained from Gibco 
Laboratories (Carlsbad, USA). The lactate dehydrogenase 
(LDH) kit was purchased from Labtest (Minas Gerais, Bra-
zil). Annexin V-FITC and propidium iodide were provided 
by Quatro G (Porto Alegre, Brazil). Trizol™ was purchased 

926 Naunyn-Schmiedeberg's Archives of Pharmacology (2023) 396:925–937



1 3

from Invitrogen (Massachusetts, USA) and the GoScript kit 
used to produce cDNA was purchased from Promega (São 
Paulo, Brazil). The oil-red dye used to stain the lipid droplets 
was purchased from Sigma-Aldrich (St. Louis, USA).

Collection, preparation, fractionation, and identification 
of the main components of the crude extract and its 
fractions

The specimen of Moquiniastrum polymorphum subsp. Poly-
morphum was collected in Mariana Pimentel, Rio Grande do 
Sul, Brazil (30° 21 ′09 ″S; 51° 34 ′59″ W; 119 m). Afterward, 
it was identified, authenticated, and deposited in the Herbarium 
of the Museum of Science and Technology at the Pontifical 
Catholic University of Rio Grande do Sul-PUCRS (Herbar-
ium MPUC; MPUC 22,565). Its leaves were dried, ground, 
and soaked in ethanol (80%), and filtered to prepare the total 
extract (TE). TE was fractionated on a silica chromatography 
column (stationary phase) and its mobile phases consisted of 
solutions of dichloromethane/methanol (90:10; v/v), methanol 
(100%), and methanol/water (80:20; v /v), resulting in frac-
tions F1, F2, and F3, respectively. The TE and fractions (F1, 
F2, and F3) were dried under reduced pressure and then dis-
solved in DMEM at a concentration of 100 mg/mL (Basso 
et al. 2019). The profile of TE phenolic compounds and their 
fractions was analyzed by High-Performance Liquid Chroma-
tography (HPLC), on a Sikam Chromatography™ S600, and 
UV–VIS Mod detector 3345DAD set at 280 nm. The separa-
tion of phenolic compounds was carried out on a MetaSil ODS 
column (5 µm; 250 × 4.6 mm), with a C18 guard column, in 
a 25 °C oven. The results obtained were analyzed using the 
Clarity Chromatography software. The molecules present in 
the extract were compared for retention times to commercial 
standards: coumaric acid (CA), gallic acid (GA), hydroxy-
benzoic acid (HA), and chlorogenic acid (CLA). The mobile 
phase consisted of methanol (eluent A) and acidic water with 
formic acid (2.5%; v/v) (eluent B). The linear gradient started 
with 10% eluent B from 0 to 10 min, 20 to 80% B from 10 to 
25 min, 80 to 100% B from 25 to 32 min, and 100% B from 32 
to 35 min, with a flow rate of 0.5 mL/min (Basso et al. 2019).

Cell culture, viability, and cytotoxicity

Activated hepatic stellate cell line (GRX; Bank of Cells of Rio 
de Janeiro; Brazil) was used for cell culture experiments. Cells 
were cultured in DMEM supplemented with 5% FBS, 0.1% 
(v/v) fungizone ® and 0.5 U/mL of penicillin/streptomycin, 
under 37 °C, 95% relative humidity and 5%  CO2 atmosphere. 
Cell viability was determined by the trypan blue exclusion 
assay (Strober 2001). GRX cells were seeded in a 24-well 
plate at 5 ×  103 per well for 24 h and then treated with the phe-
nolic compounds: CA (6.36 µg/mL), GA (0.24 µg/mL), HA 
(12.98 µg/mL) and CLA (1.62 µg/mL). After 72 h, cells were 

harvested and suspended in PBS containing trypan blue (1:1), 
and the amount of trypan blue positive cells was determined 
using a Neubauer chamber. The negative control consisted of 
cells treated with medium, while NAC (2.5 µg) was used as a 
positive control. Results are expressed as a percentage of live 
cells over the control group. The percentage of living cells 
was calculated using the following equation (Eq. 1). The eval-
uation of cytotoxicity was performed by the LDH enzymatic 
assay. The LDH assay is performed to assess a membrane 
disruption through cell necrosis (Kumar et al. 2018). GRX 
cells were seeded at 5 ×  103 per well in 24-well plates and 
incubated with the phenolic compound CA (6.36 µg/mL) for 
72 h. Enzyme activity was measured in the supernatant and 
cell lysate by colorimetry using the Lactate Dehydrogenase 
kit. Tween (5%) was used to control cell lysis. LDH release 
was measured at 490 nm on a microplate reader (EZ Read 
400, Biochrom). In order to measure antiproliferative activity, 
the required concentration of TE and fractions (F1, F2, and 
F3) to inhibit the growth of HF by 50% (IC50) was calculated 
by plotting the percentage of relative cell viability (%) against 
the logarithm of the tested concentrations.

Cell death assay

The identification of living necrotic and apoptotic cells was 
performed by flow cytometry (FACS Canto II Flow Cytome-
ter; Becton Dickinson, USA) as described by (Darzynkiewicz 
et al. 2001). GRX cells were seeded in a 24-well plate at a 
density of 5 ×  103 cells per well and treated with CA (6.36 µg/
mL). After 72 h, cells were harvested, washed with ice-cold 
PBS, resuspended in binding buffer (200 µL; 10 mM Hepes)/
NaOH, pH 7.4, 140 mM NaCl, 2.5 mM CaCl2), 4 µL annexin 
V-FITC, 4 µL of propidium iodide (PI), and incubated at room 
temperature in the dark for 15 min. Untreated cells were used 
as a negative control and cells treated with 20 μM cisplatin 
(CIS) served as a positive control. Data were analyzed using 
FlowJo 7.6.5 software (Tree Star Inc., Ashland, OR).

Expression of profibrotic, apoptotic, senescent, 
and cell cycle arrest genes

The expression of genes related to fibrosis (TGF-β, Col-1, 
α-SMA, Desmin, and glial fibrillary acidic protein), lipid 
synthesis (PPAR-γ), apoptosis (BAX), CDKIs (p53, p21, 
p27, and p16), cyclin D1 and kinase-dependent cyclins 
(CDK2, CDK4, and CDK6) were assessed by real-time PCR. 
GRX cells were seeded at 10 ×  104 cells per well in a six-well 
plate and cultured for 24 h. After that, the cells were treated 
with CA (6.36 µg/mL) for 72 h. Total RNA from controls and 

(1)% of living cells =

(

TBPCTreated cells

Mean TBPCUntreated cells

)

× 100
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treated GRX cells was extracted using Trizol and cDNA 
was synthesized using the GoScript reverse transcription 
kit, following the manufacturer’s instructions. cDNA quan-
tification was performed using NanoDrop 2000 (Thermo 
Fisher Scientific). A total of 64 ng of cDNA from each 
sample was used for the analysis of relative gene expres-
sion in quantitative real-time PCR (qPCR, Step One 
Plus–Applied Biosystems) using the SYBR green fluores-
cence marker (de Souza Basso et al. 2021). The relative 
expression of mRNA was calculated by the Delta-Delta Ct 
(ΔΔCt) method. B2M (mouse gene) was used as an inter-
nal control to normalize RNA variation. The primers used 
to assess gene expression are shown in Table 1. Samples 
were analyzed in duplicate.

Phenotypic reversion through the oil‑red assay

Phenotypic reversion of hepatic stellate cells was observed 
using the oil red staining assay (Koopman et al. 2001). 
Cells were seeded in a 24-well cell culture plate, 3 ×  103 

cells/well, and treated with CA (6.36 µg/mL). After 72 h, 
cells were fixed with 10% formaldehyde for 1 h and then 
stained with Oil Red-O (ORO) (Sigma Chemical). After 
30 min, intracellular lipid accumulation was observed 
using an inverted light microscope at 400 × magnifica-
tion. For estimation of lipid accumulation, ORO within 
lipid droplets was extracted using isopropanol; absorbance 
was read at a wavelength of 492 nm using an ELISA plate 
reader. Specific lipid content was calculated as the ratio 
between the absorbance value obtained for ORO and the 
number of cell counts.

Statistical analysis

Results are expressed as mean ± standard error of the 
mean. Data were analyzed by one-way analysis of variance 
(ANOVA) followed by the Tukey posthoc test (p < 0.05). 
Statistical analyses were performed using the software 
GraphPad Prism 8.0.

Table 1  Sequence of primers 
used for qPCR

Gene Primer sequences (5′–3′) Reference

B2M F: ACA GTT CCA CCC GCC TCA CATT Stepanenko et al. (2022)
R: TAG AAA GAC CAG TCC TTG CTG AAG 

p53 F: TGC TCA CCC TGG CTA AAG TT Bassiony et al. (2014)
R: AAT GTC TCC TGG CTC AGA GG

p16 F: TTG GCC CAA GAG CGG GGA CA Bassiony et al. (2014)
R: GCG GGC TGA GGC CGG ATT TA

p21 F: CTG TCT TGC ACT CTG GTG TCTGA- Teratake et al. (2016)
R: CCA ATC TGC GCT TGG AGT GA

p27 F: CAA AAC CGA ACA AAA GCG AAA CGC CA Teratake et al. (2016)
R: GAT ACT CTC CCC TTC CTT TGC CTT GTC 

CCDN1 F: GCG TAC CCT GAC ACC AAT CTC Teratake et al. (2016)
R: ACT TGA AGT AAG ATA CGG AGGGC 

CDK2 F: ACC TCC CGC AGT GTT CCT ATT Teratake et al. (2016)
R: CAC AGA CCT CTA GCA TCC AGG 

CDK4 F: ACT GGC GCA TCA GAT CCT TA Teratake et al. (2016)
R: GGA GGC CTT TGA ACA TCC CA

CDK6 F: GCT GAC CAG CAG TAC GAA TG Teratake et al. (2016)
R: GCA CAC ATC AAA CAA CCT GACC 

BAX F: CTA CAG GGT TTC ATC CAG Ghatei et al. (2017)
R: CCA GTT CAT CTC CAA TTC G

TGF-β F: GGG AAA TTG AGG GCT TTC GC de Souza Basso et al. (2021)
R: TGA ACC CGT TGT CCACT 

Col-1 F: AGT GGT TTG GAT GGT GCC AA de Souza Basso et al. (2021)
R: GCA CCA TCA TTT CCA CGA GC

α-SMA F: TAG CAC CCA GCA CCA TGA AG de Souza Basso et al. (2021)
R: CTG CTG GAA GGT GGA CAG AG

PPAR-γ F: CTA CAG GGT TTC ATC CAG de Souza Basso et al. (2021)
R: CCA GTT CAT CTC CAA TTC G
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Results

Evaluation of the effect of TE and fractions on cell 
proliferation

In order to evaluate the antiproliferative effect of the TE and 
its fractions, a concentration curve (60, 120, 250, 500, 1000, 
2500, and 5000 μg/mL) was performed (Fig. 1). Results have 
shown that all concentrations presented significant antipro-
liferative action, with TE and F1 being the most pronounced 
effect (Table 2). IC50 values were obtained to compare the 
antiproliferative activity between TE, F1, F2, and F3. TE has 
shown antiproliferative activity with an IC50 value of 68.2 μg/
mL, F1 showed an antiproliferative activity with an IC50 
value of 59.7 μg/mL, F2 presented an IC50 value of 99.1 μg/
mL, and F3 was able to decrease the number of cells, although 
it did not promote a 50% reduction in the cell population with 
the maximum concentration used (5000 μg/mL) (Fig. 1).

Phytochemical analysis of M. polymorphum extracts 
and fractions

We have performed a chromatographic separation by HPLC 
(chromatogram is shown in Fig. 2) using a concentration of 
60 μg/mL. The main phenolic compounds found and their 
retention times in the ethanol extract, as well as in the MP 

fractions are presented in Tables 3 and 4. The phytochemical 
analysis of the MP leaf extract showed the presence of CA, 
CLA, HA, and GA. The most abundant phenolic compounds 
for TE are HA and CA, while for the fractions, CA and CL 
were detected in F1. In F2, the most present was the CLA, 
although the GA was also detected. F3 contained only GA. 
Considering these results, the amounts found of each phe-
nolic compound were used to test cell proliferation.

Evaluation of the effect of phenolic compounds 
in the proliferation of GRX cells

In order to assess the effect of molecules from extracts 
on the proliferation of GRX cells, we have used the high-
est concentrations found, according to Table 4. The treat-
ment performed with HA and CLA at concentrations of 
12.96 and 45.36 µg/mL did not show significant results 

Fig. 1  Total extract concentra-
tions and their fractions respon-
sible for inhibiting 50% (IC50) 
of the relative cell viability. A 
Total extract, B F1, C F2, and 
D F3 at concentrations of 60, 
125, 250, 500, 1000, 2500, and 
5000 µg/mL. Cell proliferation 
was evaluated by the trypan 
blue exclusion method

Table 2  Effect of extracts 
on cell proliferation at a 
concentration of 60 μg/mL

% survive 
cell number

Control 100
TE 51
F1 50
F2 62
F3 90
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compared to the control group (Fig. 3). CA was able to 
inhibit proliferation by 36% at a concentration of 6.36 µg/
mL, while GA decreased by 23% at a concentration of 
9.78 µg/mL (Fig. 3). CA at 6.36 µg/mL was chosen as the 
phenolic compound for the following experiments since it 
presented the best effect among the phenolics obtained in 
the TE and fractions (Fig. 3).

Effect of CA on cellular cytotoxicity

Cell membrane integrity was assessed in order to rule out 
the possibility that the cellular decline of GRX cells dur-
ing proliferation was associated with membrane damage. 
Treatment of cells with CA (6.36 µg/mL) did not result in a 

Fig. 2  HPLC analysis of phenolic compounds in the M. polymorphum obtained fractions. A TE, B F1, C F2, and D F3

Table 3  Retention time of the 
main phenolic compounds 
detected by HPLC in the 
extracts of Moquiniastrum 
polymorphum at a concentration 
of 60 μg/mL

ND non-detected

Phenolic compounds Retention time (min) Compounds (%)

TE F1 F2 F3 TE F1 F2 F3

Hydroxybenzoic acid (HA) 18.49 ND ND ND 21.60% ND ND ND
Coumaric acid (CA) 24.36 24.90 ND ND 4.50% 10.60% ND ND
Chlorogenic acid (CLA) 21.85 21.39 27.00 ND 2.70% 1.30% 75.60% ND
Gallic acid (GA) 3.82 ND 4.85 24.84 0.40% ND 0.10% 16.30%

Table 4  Concentration of the 
main phenolic compounds 
detected by HPLC in the 
extracts of Moquiniastrum 
polymorphum at a concentration 
of 60 μg/mL

ND non-detected

Concentration (60 μg/mL)

Phenolic compounds TE FI FII FIII

Hydroxybenzoic acid (HA) 12.96 μg/60 μg ND ND ND
Coumaric acid (CA) 2.70 μg/60 μg 6.36 μg/60 μg ND ND
Chlorogenic acid (CLA) 1.62 μg/60 μg 0.78 μg/60 μg 45.36 μg/60 μg ND
Gallic acid (GA) 0.24 μg/60 μg ND 0.06 μg/60 μg 9.78 μg/60 μg
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significant release of LDH, which indicates no membrane 
damage in response to treatment (Fig. 4).

Effect of CA on apoptosis

In order to further investigate the mechanism leading to 
reduced cell proliferation, we have evaluated the process of 
cell death by apoptosis. There was no significant difference 
between CA and the negative control, both for total apopto-
sis and necrosis. On the other hand, the CIS (20 µM) positive 
control showed induction of apoptosis, as well as necrosis 
(Fig. 5A–B). In addition, to confirm these results, we have 
evaluated the BAX gene, which is a pro-apoptotic gene. Data 
have shown that there was no increase in the expression of 
the BAX gene (Fig. 5C), confirming that the treatment did 

not induce apoptosis and suggesting another path to decrease 
cell proliferation.

Effect of CA on the expression of CDK inhibitor 
genes

Seeking to additionally examine the GRX cells’ decrease in 
proliferation, we investigated the gene expression of CDKIs 
(CDKs inhibitors). There are two well-known families of 
CDKI’s, the p53, p21, p27, and p57 (CIP/KIP inhibitors), 
and the p16, p15, p18, and p19 (INK4 inhibitors). The 
p53, p21, p27 genes (CIP/KIP inhibitors), and p16 (INK4 
inhibitors) were measured and results have shown that p53 
expression increased in response to CA treatment (Fig. 6A), 
which consequently induced the expression of the p21 gene 
(Fig. 6B). The p16 and p27 genes were not altered with the 
treatments tested (Fig. 6C–D).

Effect of CA on the expression of CDK genes

Considering the increase found in the expression of 
CDKI’s p53 and p21, we have investigated the effect 
of CA on cyclin D1 and CDK’s (kinase-dependent cyc-
lins). Therefore, the expression of CCND1 (cyclin D1), 
as well as CDK2, CDK4, and CDK6 genes were evalu-
ated. Results have demonstrated a decrease in CCND1 
gene expression (Fig. 7A), as well as CDK2, CDK4, and 
CDK6 (Fig. 7B–D), demonstrating that treatment with CA 
may cause cell cycle arrest by downregulating cyclin D1 
and CDK’s.

Effect of CA on the phenotypic reversal of activated 
GRX cells

There are two possible ways to reduce liver fibrosis: (i) 
decreasing cell proliferation and (ii) reversing its acti-
vated phenotype. For this reason, we have examined the 
capacity of CA to reverse the activated GRX cell phe-
notype. Cells were evaluated by the red-o oil (ORO) 
technique and treatment with CA-induced GRX cells to 
increase fat storage in the cytoplasm (Fig. 8A–C). NAC 
treatment (positive control) also induced the accumulation 
of lipids in the cytoplasm (Fig. 8A–C). Since ORO stain-
ing showed the formation of fat droplets, the expression 
of PPAR-γ, which is a gene related to lipid synthesis, was 
evaluated. CA induced a significant increase in PPAR-γ 
mRNA expression, suggesting its involvement in the accu-
mulation of lipid droplets in the cytoplasm of GRX cells 
(Fig. 8B).

Fig. 3  Effect of phenolic compounds on cell proliferation after 72 h. 
NAC was used as a positive control (2.5 µg) to decrease proliferation. 
Cell proliferation was assessed by the trypan blue exclusion method. 
**p < 0.01 and ***p < 0.001 compared to the control

Fig. 4  The cytotoxicity of CA (6.36  µg/mL) was assessed by meas-
uring the levels of LDH released. Data represent mean ± SD (n = 4). 
Results were expressed as a percentage of cells
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Fig. 6  Effect of CA on the 
expression of genes encoding 
cell growth regulators in GRX 
cells after 72 h of treatment. 
Relative expression of mRNA A 
p53, B p21, C p16, and D p27 
in the treatment groups. B2M 
was used as an internal control. 
Results are expressed as target 
gene/B2M, and data represent 
mean ± SD (n = 4). *p < 0.05, 
**p < 0.01, and ***p < 0.001 in 
comparison to the control

Fig. 5  Effect of CA on cell apoptosis. Cells were exposed to CA 
(6.36  µg/mL) and analyzed for A total apoptosis and B necrosis by 
flow cytometry. Cisplatin (20 μM) was used as a positive control. C 
Effect of CA on the BAX gene expression (pro-apoptotic) in GRX 
cells after 72 h of treatment. B2M was used as an internal control. D 

Representative flow cytometry plots of PI (x-axis)/Annexin (y-axis). 
Results are expressed as the percentage of apoptotic cells. Data rep-
resent mean ± SD (n = 4). ***p < 0.001 in comparison to the control 
(medium and cells)
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Fig. 7  Effect of CA on the 
expression of genes encoding 
cell cycle progression in GRX 
cells after 72 h of treatment. 
Relative expression of A 
CCND1, B CDK2, C CDK4, 
and D CDK6 mRNA in the 
treatment groups. B2M was 
used as an internal control. 
Results are expressed as target 
gene/B2M, and data represent 
mean ± SD (n = 4). **p < 0.01 
and ***p < 0.001 in comparison 
to the control

Fig. 8  Quantification of lipid droplets and 72  h-treated PPAR-γ 
mRNA expression. A Quantitative evaluation of CA treatment per-
formed by quantification of lipid droplets dissolved in isopropyl alco-
hol (active absorbance for ORO adjusted for cell number 5 ×  104). 
NAC was used as a positive control (2.5 µg). C Qualitative evaluation 

of lipid droplets stained with OIL-Red (400 × magnification). Lipid 
droplets are indicated by arrows. B CA effect on 72 h-treated PPARγ 
mRNA expression. Results are expressed as target gene/B2M, and 
data represent mean ± SD (n = 4). **p < 0.01 and ***p < 0.001 com-
pared to the control
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Effect of CA on the expression of extracellular 
matrix genes

Considering the ability of CA to induce the production of 
lipid droplets in GRX cells, we have evaluated the gene 
expression of pro-fibrotic genes, such as Col-1 (Fig. 9A) 
α-SMA (Fig. 9B), TGF-β (Fig. 9C), Desmin (Fig. 9D) and 
Glial fibrillary acidic protein (GFAP; Fig. 9E). We observed 
that CA decreased the gene expression of all fibrotic 
markers.

Discussion

The main cells present in the liver are the hepatocytes, 
hepatic stellate cells, and Kupffer cells, arranged in a hex-
agonal lobe, creating unique physiology and thus performing 
a wide range of functions necessary to maintain homeosta-
sis. However, as a result of the action of external factors 
(viruses, alcohol) liver function can be largely compromised, 
leading to life-threatening conditions. HF is a regenerative 
process induced by chronic liver injury and is characterized 
by increased collagen deposition and replacement of healthy 
and functional liver tissue by non-functional scar tissue.

The treatments available to date are ineffective and 
most anti-fibrosis drugs are still in the stage of preclinical 

research, including drugs for chronic liver disease and liver 
fibrosis induced by different etiologies (Rahman et al. 2021). 
Therefore, in terms of therapeutic options for HF, there is 
still a need for more effective treatments. In the present 
study, we have evaluated the antifibrotic potential of the 
main phenolic compounds found in the ethanol extract of 
MP and its fractions. Among all the phenolics tested, CA 
presented the best results, as the treatment was able to reduce 
cell growth without inducing cell necrosis. We have also 
tried to test if the antiproliferative effect was by inducing 
apoptosis. Our results, evaluated by flow cytometry, showed 
that the treatment does not induce apoptosis or necrosis, cor-
roborating the findings of the LDH enzyme assay. In order to 
confirm that the decrease in proliferation was not involved in 
cell apoptosis, we have evaluated the expression of the BAX 
gene (BCL-2-associated X protein) which, when inserted 
into the mitochondrial membrane, induces the release of 
cytochrome C and cell death by apoptosis (Edlich 2018). 
Our results have also shown that the BAX gene was not 
altered, confirming data obtained by flow cytometry and that 
the antiproliferative effect of CA is not through apoptosis.

Another mechanism leading to decreased cell proliferation 
is cell cycle arrest. Therefore, cellular cycle pathways were 
investigated. Cell cycle arrest occurs in response to many 
different triggers, including DNA damage, telomere dysfunc-
tion, oncogene activation, and organelle stress, and has been 

Fig. 9  Effect of CA on the expression of profibrotic genes in GRX 
cells after 72 h of treatment. Relative mRNA expression of A COL-
1, B α-SMA, C TGF-β, D Desmin, and E GFAP. B2M was used as 

an internal control. Results are target gene/B2M, and data represent 
mean ± SD (n = 4). *p < 0.05, **p < 0.01 and ***p < 0.001 in compar-
ison to the control
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shown to exhibit a finite capacity for cell division before 
entering an irreversible growth arrest known as replicative 
senescence (Di Micco et al. 2021). In antifibrotic therapy, 
a decrease in HSC proliferation is a promising approach to 
treatment. In order to explore this aspect, the study aimed 
to examine the CA potential in modulating the gene expres-
sion of cyclin-dependent kinase inhibitor p53, p21, p16, and 
p27 RNA. CA treatment showed an increase in the p53 gene 
expression, and, consequently, increased p21 expression. 
However, CA treatment did not increase p16 or p27 expres-
sion levels. Thus, the findings on the treatment with CA sug-
gest that the decrease in cell proliferation is due to a process 
of cell cycle arrest by the activation of the p53/p21 genes.

Cyclin-dependent kinases (CDKs) play an essential role 
in regulating cell cycle progression, allowing the transition 
between different phases. Its activation depends on mol-
ecules that are synthesized and degraded during the cell 
cycle. As cell cycle regulators, their inhibition ensures that 
diseased cells do not undergo cell division, thus preventing 
them from proliferating and breaking a growth cycle (Li 
et al. 2021). For this reason, we have evaluated CCND1, 
CDK2, CDK4, and CDK6 genes. The treatments showed 
inhibition of cyclin D1 expression levels (CCND1), as well 
as CDK2, CDK4, and CDK6, which are important cell cycle 
regulators in cell proliferation and growth (Besson et al., 
2008). These results suggest a strong correlation between 
the decrease in cell numbers and the induction of cell cycle 
arrest, which is being triggered by the p53 and p21 path-
ways, key regulators in cell cycle progression.

The quiescent, non-activated stellate cells, have in their 
cytoplasm drops of fat, mainly composed of vitamin A. 
When these cells are activated during the fibrotic process, 
they become elongated (myofibroblast) and lose drops of 
fat (Mendes Ouri et al. 2018). One of the ways to treat liver 
fibrosis is by deactivating stellate cells. From the ORO assay, 
we are able to visualize (under phase contrast microscopy) 
the lipid deposits in the cytoplasm of GRX cells. Our results 
showed that CA-treated GRX cells lost their activated myofi-
broblast appearance and accumulate lipid droplets inside the 
cells compared to the control. Thus, treatment with CA has 
an antiproliferative effect and the ability to deactivate HSCs, 
transforming the fibroblastic phenotype into quiescent cells.

The PPAR nuclear receptor subfamily regulates several 
metabolic processes, including fatty acid β-oxidation, glucose 
utilization, cholesterol transport, energy balance, and adipo-
cyte differentiation. The PPAR-γ is a nuclear receptor that 
modulates the activation and reduces cell proliferation of HSCs 
and, therefore, reduces the expression of α-SMA, collagen, 
and TGF-β (Alatas et al. 2020). Thus, we have investigated the 
expression of PPAR-γ mRNA and observed that the expression 
of the PPAR-γ gene was increased with the treatment, suggest-
ing the possible restoration of the quiescence HSC phenotype. 
NAC did not alter the expression of PPAR-γ mRNA, which is 

in agreement with previous literature, since its effect is mainly 
related to the expression of PPAR-α (Calzadilla et al. 2011).

In addition, after hepatocytes are injured, HSCs are 
activated and acquire a myofibroblastic phenotype in an 
effect driven by TGF-β and cytokines. This process leads to 
increased expression of contractile filaments, such as α-SMA, 
and ECM proteins, such as collagen (Troeger et al. 2012; 
Alatas et al. 2020). In addition to activating ECM proteins, 
activated HSCs strongly increase expression of desmin, 
expressed in all muscle types, including myofibroblasts, and 
GFAP, also noted in HSC-derived myofibroblasts, in com-
paration with quiescent HSCs and other non-parenchymal 
cells in the liver, especially in advanced fibrosis (Zhang et al. 
2018; Kim et al. 2018a). Thus, we have evaluated the effects 
of CA treatment on the activation of ECM genes (α-SMA, 
Col-1, and TGF-β) as well as desmin and GFAP, demonstrat-
ing that CA was able to reduce its expression, further sup-
porting the evidence of the deactivation of HSCs.

Conclusion

Currently, phytochemicals such as phenolic compounds 
may present great importance both in the prevention and 
treatment of diseases due to their antioxidant, antiprolifera-
tive, anti-inflammatory, and antineoplastic properties. Our 
in vitro study showed that CA reduces the proliferation of 
HSCs without inducing cell membrane damage. Further-
more, results suggest that the antiproliferative effect is 
related to the induction of cell cycle arrest, mediated by the 
upregulation of the p53 and p21 pathways. This upregulation 
may lead to the inhibition of CDKs, triggering a possible 
arrest of the cell cycle. Our results also demonstrate that 
the treatments tested were able to modulate the phenotype 
of activated HSCs by activating PPAR-ɣ and decreasing 
profibrotic genes, as well as increasing the production of 
lipid droplets, which is another marker of the deactivation 
of HSCs returning to their quiescent stage. Finally, our data 
present in vitro evidence to support a potential therapeutic 
effect of CA in the treatment of liver fibrosis.
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