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Figure 1: Graphical abstract
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ABSTRACT

Baccharis articulata (Lam) Pers. is an herb native to southern Brazil and is widely used in local traditional medi-
cine for weight loss and for the treatment of digestive and liver diseases. However, only a few studies have been
conducted to scientifically validate the folk use of this plant. This study assessed the in vitro therapeutic effects of
an aqueous extract of B. articulata and chlorogenic acid on liver fibrosis in murine hepatic stellate cells (HSC;
GRX cell line). The decrease in cell proliferation and cytotoxicity, as well as phenotypic reversion by the presence
of lipid droplets and reduction in collagen content after seven days of treatment, were evaluated. The mechanisms
responsible for the antifibrotic effects of the extract, including the plasminogen activation system, were assessed.
from high-performance liquid chromatography coupled with diode array detector and tandem mass spectrometry
(HPLC-DAD-MS/MS) data. Twenty-six metabolites were identified in the extract, including flavonoids, phe-
nylpropanoid derivatives, and diterpenes. Treatment with the extract significantly induced the accumulation of
lipids in the cytoplasm of cells, indicating that it could revert the HSC phenotype to a quiescent state with no
cytotoxic or antiproliferative effects. These findings may be related to the inhibition of the TGF-B1 pathway, a
biomarker of liver fibrosis, upregulation of the plasminogen system, and dose-dependent inhibition of plasmin
activity. The presence of caffeoylquinic acids seems to be partially related to the extract effect, as chlorogenic acid
displayed antiproliferative activity and reduced collagen content in hepatic stellate cells. Considering the unmet
need for antifibrotic therapies, the use of medicinal plants to inhibit the proliferation of activated HSC is promising,
and this study indicated that the aqueous extract of B. articulata has potential therapeutic activity against hepatic
fibrosis (see also Figure 1 graphical abstract).

Keywords: Baccharis articulata, liver fibrosis, chlorogenic acid, extracellular matrix, collagen, plasminogen

INTRODUCTION and Friedman, 2017). In this activated state,
the cell proliferation rate is increased, secret-
ing a large amount of ECM proteins, mainly
collagen fibers, and contributing to tissue re-
pair in liver diseases (Tsuchida and Friedman,
2017). Finally, this process is perpetuated by
the production of pro-inflammatory media-
tors by activated HSC, resulting in excessive
ECM deposition, replacement of normal tis-
sue with non-functional scar tissue, and even-
tually organ failure (Cogliati et al., 2023).
Currently, no specific drugs have been ap-
proved for the treatment of hepatic fibrosis
(Tsuchida and Friedman, 2017) and the use of
anti-inflammatory drugs, glucocorticoids, and
immunosuppressants is associated with poor
efficacy and adverse reactions (Shan et al.,
2022). One of the most challenging aspects of
hepatic fibrosis treatment is the complexity of
the cell activation process and the many fac-
tors and steps involved in fibrogenesis (Fried-
man et al., 2010). Therefore, new antifibrotic
therapies that target the inhibition of the acti-
vation, proliferation, or synthesis of cytokines
and growth factors by activated HSC have
been remarkably successful (Bogomolova et

sponse to transforming growth factor (TGF- al., 2024). Medicinal plants hold significant
B1) and platclet-derived growth factor value in understanding the treatment of liver

(PDGF) secretion (Li et al., 2008; Tsuchida fibrosis because one advantage of plant-based
N ’ therapies is the presence of different potential

Liver fibrosis is characterized by exces-
sive and continuous deposition of extracellu-
lar matrix (ECM) proteins, particularly colla-
gen types I and III (Borojevic et al., 1985).
Infections, alcohol abuse, toxins, and meta-
bolic disorders are among the factors that can
induce ECM accumulation in humans, thus
altering the balance between the synthesis and
degradation of collagen fibers and leading to
scar deposition (George et al., 2019). Due to
the chronicity of the injury in liver diseases,
hepatic fibrosis can result in cirrhosis, a com-
plex disease associated with high rates of
mortality and characterized by alterations in
the liver parenchyma and vascular architec-
ture (Bataller and Brenner, 2005).

Hepatic stellate cells (HSC) are non-
parenchymal liver cells that play key roles in
the pathophysiology of liver fibrosis. Under
physiological conditions, they exist in a qui-
escent state and present phenotypes and
marker characteristics of adipocytes (Fried-
man et al.,, 2008, 2010). Following injury,
HSC are activated and transdifferentiate into
profibrogenic myofibroblast-like cells in re-
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bioactive molecules in herbal preparations
(Pelkonen et al., 2014). Consequently, they
can act simultaneously on multiple potential
targets and mechanisms, which is desirable
for the treatment of complex chronic diseases,
such as liver fibrosis (Chang and Li, 2020;
Zhang et al., 2022).

Historically, bitter plants such as Baccha-
ris trimera (Less.) DC., and Strychnos
pseudoquina A.St.-Hil. are commonly used in
Brazilian folk medicine as digestive tonics to
stimulate, clean, and protect liver and
gallbladder function (Antunes et al., 2022).
Baccharis articulata (Lam) Pers (Aster-
aceace), also known as “carqueja-miuda”, is a
native Brazilian plant that has one of the high-
est bitter taste indices among Baccharis spe-
cies (Budel et al., 2004). The “carquejas”
share botanical morphological similarities
that include their winged stems (cladodes)
and branches (Barroso and Bueno, 2002),
which reflect in their common traditional in-
dications for cholagogue and choleretic ef-
fects (Lopes and Alvarez Filho, 1997; Simdes
et al.,, 1998). Aqueous beverages prepared
from the aerial parts of B. articulata are
widely used in folk medicine to treat diabetes
and digestive and hepatic diseases, in addition
to being a popular herb used for weight loss
in southern Brazil (Dickel et al., 2007).

The aerial parts of B. articulata have been
shown to display antihyperglycemic, insulin-
secretagogue, antiviral, and antimutagenic ac-
tivities (Kappel et al., 2012; Rodriguez et al.,
2011; Torres et al., 2011), and their pharma-
cological effects are often associated with a
high content of flavonoids and other polyphe-
nols (de Oliveira et al., 2003, 2014; Vieira et
al., 2011). For example, chlorogenic acid (5-
O-caffeoylquinic acid) and other
caffeoylquinic acids identified in the genus
Baccharis have antioxidant and anti-inflam-
matory properties (Bagdas et al.,, 2020;
Cariddi et al., 2012; Rodriguez et al., 2011).
Although this is a promising species, the pos-
sible effects of this plant on hepatic disorders
remain unclear. In this context, the present
study investigated the possible liver antifi-
brotic effects of an aqueous preparation of B.

articulata, reflecting its popular use in hu-
mans, in activated murine HSCs (GRX) and
the possible mechanisms that have evolved
during treatment.

MATERIAL AND METHODS

Chemicals and reagents

Low-glucose Dulbecco’s modified Eagle
medium (DMEM), fetal bovine serum (FBS),
penicillin/ streptomycin, EDTA, trypsin, 3-
(4,5-dimethylthiazol-2-yl)-  2,5-diphenylte-
trazolium bromide (MTT), and trypan blue
dye were purchased from Life Technologies
(Carlsbad, CA, USA). The chromogenic sub-
strate for plasmin (S2251) was obtained from
Chromogenix (Milan, Italy). The primary
horseradish peroxidase-conjugated and sec-
ondary antibodies PAI-1 (plasminogen acti-
vator inhibitor 1) and TGF-B1 (transforming
growth factor beta 1) were obtained from
Santa Cruz Biotechnology, USA. Chloro-
genic acid (98%) and pyrogallol (98 %)
standards were purchased from Merck
(Darmstadt, Germany) and Sigma-Aldrich
(St. Louis, MO, USA), respectively. Water
was treated using a Milli-Q water purification
system (Millipore, Bedford, MA, USA). All
other chemicals and organic solvents used
were of highest purity available and were
commercially available.

Collection and botanical authentication
Plant material was collected in April 2022
from the Porto Alegre Botanical Garden
(Porto Alegre, Rio Grande do Sul State, Bra-
zil), and a voucher was deposited under num-
ber ICN 204261. Legal access to plant mate-
rial was obtained by registering this study in
the National System for the Management of
Genetic Heritage and Associated Traditional
Knowledge (SisGen, number A2744AB).

Preparation of the B. articulata aqueous
extract (BAE)

The BAE was prepared by decoction ac-
cording to popular use based on the prepara-
tion of the aqueous extract of B. trimera pre-
sent in the Herbal Medicines National Formu-
lary (Brazil, 2021). Briefly, the extract was
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obtained by boiling the dried and ground wing
stems (0.5 g/ 150 mL distilled water) for 5
min. After reaching room temperature (25
°C), the extract was filtered and lyophilized.
The BAE was stored at - 18° C until further
analysis.

Determination of total polyphenols

The total phenolic content of BAE was
determined using the classic Folin-Ciocalteu
method (Singleton and Rossi, 1965) with
some slight modifications. Briefly, 2 mL of
the extract, 1.5 mL of Folin-Ciocalteu rea-
gent, 10 mL of distilled water and 11.5 mL of
15% sodium carbonate were mixed and incu-
bated at room temperature in the dark. After
25 min, the absorbance of the mixed solution
was measured at 780 nm wavelength. The to-
tal polyphenol content was expressed as mil-
ligrams of pyrogallol equivalents per gram of
extract.

HPLC-DAD-MS/MS analysis of BAE

The analysis of BAE was conducted using
a Shimadzu Prominence UFLC system cou-
pled with a diode array detector (DAD) and a
MicrOTOF-Q III mass spectrometer (Bruker
Daltonics). Chromatographic separation was
performed on a Kinetex® C18 column (2.6
pum, 150 x 2.1 mm, Phenomenex), with a mo-
bile phase consisting of 0.1 % formic acid in
water (solvent A) and acetonitrile (solvent B).
Gradient elution was as follows: 0-2 minutes
at 3 % B, 2-25 minutes from 3 % to 25 % B,
and 2540 minutes from 25 % to 80% B, fol-
lowed by an 8-minute column wash and re-
conditioning. The flow rate was set to 0.3
mL/min, with an injection volume of 1 pL (1
mg/mL extract). The oven temperature was
maintained at 50° C. The mass spectrometer
was operated in both negative and positive
ionization modes, using nitrogen as the nebu-
lizer gas (4 bar) and dry gas (9 L/min), with a
capillary voltage of 2.5 kV. Identification of
major compounds was based on UV spectra
and ESI fragmentation patterns compared to
previously reported data and authentic stand-
ards.

Determination of total caffeic acid deriva-
tives content by HPLC-DAD

The quantification of total caffeic acid de-
rivatives in the BAE was performed accord-
ing to the B. trimera monograph presented in
the Brazilian Pharmacopeia, 6" ed. (Brazil,
2019). Quantitative analysis was performed
using high-performance liquid chromatog-
raphy (HPLC, Waters Alliance model €2695)
coupled with a diode array detector (DAD).
Chromatographic separation was conducted
using a C18 column (Phenomenex, 150 x 4.6
mm X 4 um) at room temperature using a gra-
dient elution program at a flow rate of 0.6
mL/min and detection was performed at 325
nm. The mobile phases consisted of (A) ul-
trapure water (Milli-Q) containing acetoni-
trile and acidified with trifluoroacetic acid at
a proportion of 95:5:0.05 (v/v/v) and (B) ace-
tonitrile. The following linear gradient was
applied: 0-30 min, 0-43 % B; 30-35 min, 43-
100 % B; 35-36 min, 0-100 % A; 36-42 min,
100 % A. Samples were prepared at a con-
centration of 5.3 mg/mL, filtered using a 0.22
pm nylon syringe filter (Allcrom), and 10 pL
was injected into the chromatographic sys-
tem. Total caffeic acids were quantified using
a calibration curve constructed by three injec-
tions of a solution prepared with a chloro-
genic acid standard (0.0085, 0.017, 0.035,
0.07, 0.14 and 0.28 mg/mL). Data were ac-
quired using Empower® software, and data
processing was performed using Excel
(2013).

GRX cell culture

The murine hepatic stellate GRX cell line
was obtained from the Rio de Janeiro Cell
Bank (UFRJ, Rio de Janeiro, Brazil) and
kindly donated by Prof. Dr. Fatima Guma
(UFRGS, Porto Alegre, Brazil). Cells were
cultured in low-glucose DMEM medium sup-
plemented with 10 % FBS and 1 % penicil-
lin/streptomycin in a humidified incubator
with 5 % CO; at 37°C. Following confluence,
GRX cells were dissociated with 0.1 %/
0.01 % trypsin/EDTA and then seeded into
new culture flasks or multi-well plates for a
maximum of 12 passages.
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Cell viability analysis using the MTT assay

The effects of BAE on cell viability were
measured by the MTT assay. Briefly, GRX
cells (1 x 10* cells/well) were seeded in 96-
well plates for 24 h to obtain confluent mon-
olayers and then treated with medium con-
taining BAE at concentrations from 5 to 250
pug/mL. After 24 h, the media was removed,
100 pL of MTT solution (0.5 mg/mL) was
added, and the cells were incubated for 3
hours at 37° C. Following incubation, the su-
pernatant was discarded and the formazan
crystals were dissolved in DMSO. The ab-
sorbance was measured at 585 nm using a
spectrophotometer (SpectraMAX 190 micro-
plate reader).

Cell viability analysis using the trypan blue
exclusion method

The effects of BAE on GRX cell growth
were assessed by direct counting in a
Neubauer chamber using trypan blue staining
to differentiate between viable and nonviable
cells. Briefly, GRX cells (1.1 x 10* cells) were
seeded in T25 cell culture flasks, treated with
50 and 200 pg/mL of BAE or 50 pg/mL of
chlorogenic acid for 24 h, and then harvested.
The control group received only the culture
medium. Cellular viability was assessed by
trypan blue dye exclusion after seven days of
incubation. The results are presented as per-
centages of viable and total cells.

Lipid droplet detection using the Oil Red O
staining

For cell morphology and lipid droplet de-
tection, cells were seeded in T25 culture
flasks (1.0 x 10* cells/flask) for 24 h and then
treated with 50 and 200 pg/mL of BAE for 7
days. After the cells were fixed with 10 % for-
maldehyde, Oil Red O staining solution was
added for 15 min as previously described
(Ramirez-Zacarias et al., 1992). Intracellular
lipid droplets were examined using an in-
verted light microscope at magnification of
400x. The droplets were counted using Image
J  software (available at https://im-

agej.nih.gov/ij/). Lipid accumulation was cal-
culated as the ratio of the number of stained
lipid droplets to total number of cells.

Measurement of the collagen content us-
ing the Sirius red staining

The collagen content in GRX cells was
measured in the supernatants using the Sirius
Red staining method (Keira et al., 2004) to
evaluate the effects of BAE (10, 50, and 200
pg/mL) and chlorogenic acid (50 pug/mL) af-
ter incubation for 2, 4, and 7 days. This
method is based on the selective reaction be-
tween collagen type I and Sirius Red, forming
a dye complex that is directly correlated with
collagen content. After incubation, the cell su-
pernatant was collected and incubated with
dye diluted in 0.5 M acetic acid to form and
precipitate the complex. After incubation, the
samples were centrifuged and the unbound
dye was removed. The pellets were then dis-
solved in 0.1 % KOH solution, and the ab-
sorbance was read at 540 nm. Each sample
was normalized to the relative amount of total
protein as measured using the Bradford assay
(Bradford, 1976). The results were calculated
based on the standard curve concentration of
collagen type 1, and collagen levels were ex-
pressed as a percentage of mg of collagen per
mg of protein.

Western blot analysis

Total protein was extracted from GRX
cells in RIPA buffer containing protease and
phosphatase inhibitors. Thirty to 50 pg of pro-
teins were subjected to sodium dodecyl sul-
fate-polyacrylamide  gel electrophoresis
(SDS-PAGE) under reducing conditions. The
proteins were transferred onto nitrocellulose
membranes using a Trans-Blot Turbo Trans-
fer System (Bio-Rad, CA, USA). After block-
ing, the individual primary horseradish perox-
idase-conjugated antibodies (Santa Cruz Bio-
technology, USA), PAI-1 (1:500 dilution),
and TGF-B1 (1:500 dilution) were used to de-
tect specific proteins. The membrane was
subsequently washed thrice with PBS-Tween
buffer, after which each blot was incubated
with the corresponding secondary antibody
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for 1 h. Immunoreactive proteins were visual-
ized by ECL detection using an iBright
CL750 imaging system (Thermo Fisher Sci-
entific, MA, USA). Expression levels were
normalized against -actin and quantified us-
ing the ImagelJ software.

Plasmin generation assays in GRX cells
The effects of BAE on plasmin generation
were measured in the presence of human plas-
minogen using GRX cell monolayers as a
source of plasminogen activator activity ac-
cording to the previously described method
(Zanon et al., 2024). Confluent cells were
treated with BA (1, 10, 50, 100, and 200
png/mL) for 24 h in the presence of plasmino-
gen (0.1 mg/mL). The generated plasmin ac-
tivity was measured directly on cell monolay-
ers using the S2251 synthetic substrate (0.2
mM). The kinetics of p-nitroaniline formation
was measured at 405 nm, and enzyme activity
was expressed as mOD/min/mg of protein.

Inhibition of plasmin activity

Human plasmin (10 nM) was pre-incu-
bated at 37° C for 15 min with different con-
centrations of BAE (1, 10, 50, 100, 200, 400,
800 and 1600 pg/mL) in a reaction medium
containing 20 mM Tris-HCI, and 150 mM
NaCl (pH 7.4). The remaining plasmin activ-
ity was measured by adding a 0.2 mM solu-
tion of S-2251 substrate (H-D-Val-Leu-Lys-
p-nitroanilide) in a volume of 100 pL. The
amount of p-nitroaniline produced was moni-
tored at 405 nm at intervals of 14 s for 30 min,
using a spectrophotometer. Progress curves
were obtained by plotting the absorbance val-
ues versus time. For all calculations, the ini-
tial rate of hydrolysis was chosen to deter-
mine the steady-state kinetics (Vmax mode)
of the BAE-plasmin interactions. ICso values
were obtained by plotting the plasmin residual
activity versus BAE concentrations. All data
points from the kinetic measurements were
fitted using the GraphPad Prism software
(GraphPad Software, Inc., San Diego, CA,
USA). Data represent the mean of three deter-
minations, each performed in triplicate (Za-
non et al., 2024).

Statistical analysis

The data obtained were analyzed by one-
way analysis of variance (ANOVA) followed
by Bonferroni’s test using the GraphPad
Prism software (GraphPad Software, Inc., San
Diego, CA, USA). Results are presented as
mean = SEM, and p values < 0.05 were con-
sidered statistically significant.

RESULTS AND DISCUSSION

Annotation and quantification of the me-
tabolites from BAE

Previous studies on B. articulata extracts
showed the presence of diterpenes, flavo-
noids, and other phenolic compounds (Dai et
al., 1993; de Oliveira et al., 2003). The most
representative metabolites belong to the class
of caffeoylquinic acids, which are commonly
found in several Baccharis species (Cariddi et
al., 2012). Accordingly, HPLC-DAD-MS/MS
analysis of BAE revealed a variety of com-
pounds, which were grouped into three major
categories based on their UV spectra, molec-
ular formulas, and MS/MS fragmentation pat-
terns (Fig. 2, Table 1). The most prominent
class of compounds detected was phenylpro-
panoid derivatives, followed by flavonoids,
and several putative diterpenes. The phe-
nylpropanoid derivatives were identified and
characterized by their typical UV absorption
(Amax = 291 and 326 nm), corresponding to
caffeic acid and its derivatives. Compounds 2,
3,4,15,17,and 18 displayed UV spectra con-
sistent with phenylpropanoid structures, par-
ticularly the caffeic acid derivatives. Among
them, compounds 3 (caffeic acid, 10.4 min),
4 (5-0-E-caffeoylquinic acid, 11.0 min), 17
(3,5-dicaffeoylquinic acid, 21.4 min), and 18
(4,5-dicaffeoylquinic acid, 23.2 min) were
identified by comparison with the authentic
standards, confirming their structures. Caffeic
acid and its derivatives exhibit characteristic
MS/MS fragment ions, such as m/z 191 and
179, reinforcing their 1identification as
caffeoylquinic acids (Clifford et al., 2003,
2005).

In addition to phenylpropanoid deriva-
tives, flavonoids were also identified in the
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extract. Compound 10, corresponding to 6,8-
di-C-hexoside apigenin (15.2 min), and com-
pound 30, corresponding to apigenin (30
min), were detected based on their distinct
UV absorption (Amax = 270 and 340 nm). The
identification of apigenin and its derivatives
was further confirmed by their molecular for-
mulas and MS/MS fragmentation patterns,
with apigenin displaying fragment ions at m/z
299 and 255. Compound 12 (17.1 min) dis-
played UV absorption peaks at 271 and 335
nm and produced characteristic MS/MS frag-
ment ions at m/z 503 and 473 consistent with
isoschaftoside, a compound that has previ-
ously been reported in other Baccharis spe-
cies (Akaike et al., 2003).

Another important group of compounds
identified was putative diterpenes. Com-
pounds 13, 14, 16, 21, 22, 23, 24, 25, and 26
exhibited molecular formulae consistent with
those of diterpenes, but no UV absorption was
observed for these peaks, suggesting the ab-
sence of conjugated double bonds. This lack
of UV absorption, combined with their mo-

lecular formulae, aligns with previously re-
ported diterpenes in B. articulata (Stapel et
al., 1980). Despite their consistent fragmenta-
tion patterns and molecular formulas, these
compounds could not be fully identified be-
cause of the absence of reference standards
and the limited fragmentation data available
in the literature. Therefore, further isolation
and structural elucidation are necessary to
confirm their identity. In this study, quantifi-
cation of the total caffeic acid derivatives in
BAE was performed using the HPLC-UV-
DAD method present in the herbal drug mon-
ograph of B. trimera, which was included in
the Brazilian Pharmacopoeia 6th edition (Bra-
zil, 2019). The relative retention times of
caffeoylquinic acids were calculated based on
the approximate relative retention time of
chlorogenic acid. As a result, all four com-
pounds were detected in BAE, resulting in a
total content of 4.3 g%, expressed as chloro-
genic acid (0.9 g%), 3,4-dicaffeoylquinic acid
(0.8 g%, 3,5-dicaffeoylquinic acid (2.2 g%)
and 4,5-dicaffeoylquinic acid (0.4 g%).

MS-

UV 245-380 nm

g ' ' . '1b ' : ! \115r

25/26

! 2.0 1 v ! ' 2.5 ' ' ! v 3b " ' 315me[.mﬂ]

0
Figure 2. Base peak chromatogram obtained in negative ion mode (MS-) and UV chromatogram
(245-380 nm) of Baccharis articulata aqueous extract (BAE).

*: Column contaminants.
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Table 1. Compounds annotated from Baccharis articulata aqueous extract (BAE) by LC-DAD-

MS/MS
Peak RT Compound UV (nm) MF [M-H] - MS/MS
(min) m/z

1 1.2 di-O-hexoside - Ci12H2,011 341.1095 179

2 6.9 3-O-E-caffeoyl quinic 291, 323 CisH1809 353.0879 191,179, 173
acid

3 10.4 Caffeic acid 293, 324 CoHsO4 179.0375

4 11.0 5-O-E-Caffeoylquinic 295,323 CisH1809 353.0885 191
acid

5 13.4 Unknown - Ci3H1406 265.0768 166

6 14.1 Unknown - Ci6H20010 371.0961 265,249,191, 179, 161

7 14.2 Unknown - CisH1806 305.1087 265, 183, 166

8 14.4 Unknown - C2H34014 533.1844

9 14.9 Unknown - Ci7H2201¢ 385.1137 267,249

10 15.2 6,8-di-C-hexoside 271,334 C27H30015 593.1499 503, 473, 383,353
apigenin

11 15.8 Unknown - C24H3405 561.1792 187

12 17.1 Isoschaftoside 271,335 Ca6H23014 563.1391 503, 473, 383, 353

13 18.5 Putative diterpene - C20H3406 369.2281 351,277,191, 197, 161

14 19.1 Putative diterpene - C20H3406 369.2278 351,277,191, 197,

179, 161

15 20.8 3,4-dicaffeoylquinic 294,323 CysH24012 515.1175 353,335,191, 179,
acid 173, 161

16 20.9 Putative diterpene - C20H3:06 367.2149 275, 191

17 21.4 3,5-dicaffeoylquinic 296, 326 CosH24012 515.1169 353,335,191, 179,
acid 173, 161

18 232 4,5-dicaffeoylquinic 296, 326 CosH24012 515.1152 353,335,191, 179,
acid 173, 161

19 23.9 Caffeic acid derivative 296, 325 C24H23012 507.1482 379, 345,179

20 30.0 Apigenin 266, 340 Ci5H1005 269.0477 299, 255

21 30.3 Putative diterpene - C20H3205 351.2190 321,277

22 31.6 Putative diterpene - C20H2606 345.1683

23 33.1 Putative diterpene - C20H2305 347.1878 317,273,271, 255

24 35.6 Putative diterpene - C20H2604 329.1778 299, 255

25 35.8 Putative diterpene - C20H2604 329.1774 299, 255

26 35.8 Putative diterpene - C20H2504 331.1928

RT: retention time; MF: molecular formula
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Similarly, Rodriguez et al. (2011) re-
ported that the chlorogenic acid content in the
aqueous extract of B. articulata aerial parts
was close to 1.0%, whereas another study
conducted by Cariddi et al. (2012) reported an
aqueous  extract containing 6.2 g%
caffeoylquinic acids. Such differences in the
contents of caffeic acid derivatives could be
explained by the fact that the extracts were
obtained differently depending on the place
and date of collection of plant material, time,
and water temperature used for the extraction
method. Additionally, the results of the phy-
tochemical analysis of the total polyphenol
content of BAE determined by spectrophoto-
metric assay were expressed as pyrogallol
equivalents (PE), and revealed a polyphenol
content of 11.4 % (w/w).

Effects of BAE on the activated phenotype
of GRX myofibroblasts

Hepatic fibrosis is a wound-healing pro-
cess that generally results from chronic and
persistent liver injury caused by different eti-
ologic agents, including toxins, hepatitis B
and C, and alcohol abuse (Roehlen et al.,
2020). This reversible event normally causes
an extensive inflammatory response, inevita-
bly leading to scarring and subsequent liver
cirrhosis followed by hepatocellular death
and liver failure (Lepreux and Desmoulicre,
2015). Notably, cirrhosis is a major global
health problem, and there are currently no ef-
fective therapies to minimize or reverse dis-
ease progression (Gines et al., 2021), justify-
ing the search for new active compounds.

HSC are a primary source of activated
myofibroblasts, which play an essential role
in triggering fibrinogenesis (Zhang et al.,
2021). After activation, these cells lose intra-
cellular lipid droplets and contribute to exces-
sive extracellular matrix deposition, as ob-
served in the pathology of liver fibrosis (Ki-
tano and Bloomston, 2016). Therefore, under-
standing the biochemical and molecular

mechanisms underlying this process is essen-
tial for the development of novel therapeutic
targets. In this sense, two possible pathways
have been described to decrease liver fibrosis,
among them the inhibition of cell prolifera-
tion and the reversal of cell phenotype for the
hepatic stellate cells (Bastos et al., 2023).

To evaluate the antifibrotic potential of
BAE and chlorogenic acid, the MTT cell via-
bility assay was used to study their biocom-
patibility on the GRX cell line. As shown in
Fig.3 (panel A), there was no significant cy-
totoxicity in GRX cell viability at any of the
concentrations of BAE tested after 24 h of
treatment, with viability maintained above
80 %. Therefore, intermediate concentrations
of 10, 50, and 200 ug/mL were used in the
following in vitro experiments to evaluate the
antifibrotic effects of BAE. In addition, the
extract reduced cell proliferation after seven
days of treatment at 200 pg/mL (panel B),
whereas no significant effects were observed
for chlorogenic acid at 50 pg/mL (panel C).
GRX cells cultured in a standard culture me-
dium normally grow in monolayers and share
an elongated appearance associated with the
presence of a few lipid droplets (Hermann and
Matter, 2007). Morphological modifications
were clearly visible from day two to seven of
treatment, when BAE-treated GRX cells dis-
played a more polygonal shape, with the ac-
cumulation of lipids in the cytoplasm being
noticeable at both concentrations tested, as
shown in the qualitative images during cell
treatment using an inverted light microscope
(Fig. 4, panel A). Lipid accumulation signifi-
cantly increased in cells treated with the ex-
tract, whereas the myofibroblastic morphol-
ogy of the control group was preserved. After
the seventh day of treatment, lipid droplets
were stained and quantified. GRX cells
treated with 50 pg/mL presented 2.4 times
more lipid droplets than control cells, while
incubation with 200 pg/mL BAE led to 3.8
times increase (Fig. 4, panel B).
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Figure 3. Cell viability of murine hepatic stellate (GRX) cells treated with Baccharis articulata aqueous
extract (BAE, 0 - 250 uM) for 24 h as measured by the MTT assay (panel A). Effect of BAE (0- 200 uM,
panel B) and chlorogenic acid (50 uM, panel C) on GRX cell proliferation after seven days of treatment.
Results are expressed as mean = SEM (n = 4) analyzed by ANOVA followed by Bonferroni’'s post-hoc
test. * p < 0.05: control vs. treated cells.
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Figure 4. Effect of Baccharis articulata aqueous extract (BAE) on the fat-storing phenotype of
murine hepatic stellate (GRX) cells. Panel A shows representative images of the accumulation of lipid
droplets in GRX cytoplasm, which increased after treatment with BAE, as compared to the control. In
panel B, the results of lipid quantification are shown as the absorbance values obtained for ORO, ad-
justed for the number of cells. Results are expressed as mean + SEM (n=4) analyzed by ANOVA fol-
lowed by Bonferroni’s post-hoc test. *** p < 0.001; **** p < 0.0001: control vs. treated cells. 7 days #:
GRX cells stained with ORO.
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The accumulation of lipid content in the
cytoplasm indicates that HSC are in a quies-
cent state, have a fat-storing phenotype, and
accumulate retinol (Bastos et al., 2023). The
results revealed that treatment with BAE had
an antiproliferative effect and induced fat ac-
cumulation in the cytoplasm, demonstrating
that the extract was able to deactivate GRX
cells from the fibroblastic phenotype. It can
be suggested that the B. articulata aqueous
extract displayed an effect similar to that of
crude extracts obtained from Baccharis
anomala leaves (popularly known as “cam-
bara-de-cipd”) after a three-day treatment us-
ing the same cell line (Basso et al., 2019). For
both treated groups, the protective effect was
correlated with the presence of phenolic com-
pounds, of which chlorogenic acid was one of
the main components in the plant extracts.

Effects of BAE and chlorogenic acid on the
collagen deposition from GRX cells

Although the inhibition of cell prolifera-
tion and presence of lipid droplets are consid-
ered important factors related to the deactiva-
tion of stellate cells, one of the most well-
studied components of hepatic fibrosis is the
production of type I collagen (Chen et al.,
2017). Upon activation, HSCs become the
main source of collagen in the liver, resulting
in the secretion of ECM proteins and matrix
metalloproteinases, leading to alterations in
the architecture and physiological functions
of the liver (Puche et al., 2013; Zhang et al.,
2016). Therefore, modulation of stellate cell
processes plays a key role in resolving hepatic
fibrotic events.

The effects of BAE (10, 50, and 200
pg/mL) and chlorogenic acid (50 pg/mL) on
the collagen content secreted by GRX cells
were tested after 2, 4, and 7 days of treatment
(Fig. 5). After 2 days of incubation, BAE at
the highest concentration significantly re-
duced collagen content by approximately
74.5 % compared to the control (panel A).
However, on the 4™ day all of the extract con-
centrations presented the maximum effect,
showing reductions of 80.8 %, 75.8 %, and

84.3 % in collagen content at 10, 50, and 200
png/mL, respectively (panel B). The effect of
BAE on the inhibition of collagen deposition
was sustained until the 7 day of treatment, as
observed in panel C, and was 49.7, 54.5, and
68.5 % lower in the culture medium of GRX
cells treated with BAE (10, 50, and 200
png/mL, respectively) than in the control, indi-
cating an antifibrotic effect of the extract.
Conversely, treatment with chlorogenic acid
decreased cell collagen deposition only on the
4™ day of incubation at 50 pg/mL (19.6 %,
panels D and E), but this effect was not sus-
tained until the end of the experiment (panel
F). In addition to deactivation of HSCs, pre-
vious studies have shown that many well-es-
tablished mechanisms are related to the anti-
liver fibrosis activity of chlorogenic acid.
Among them, scavenging of excess free radi-
cals, inhibition of apoptosis, and inflamma-
tion triggered by hepatotoxic agents through
the modulation of TGF-B1 and VEGF secre-
tion, as well as the toll-like receptor 4 and
Nrf2/PPARa signaling pathways (Kim et al.,
2018; Nguyen et al., 2024; Shi et al., 2009;
Shietal., 2016; Yang et al., 2017). Moreover,
the effect of chlorogenic acid on HSCs as-
sessed in in vivo and in vitro studies associ-
ated its antifibrotic effects with a reduction in
the expression of important proteins related to
hepatic fibrosis, such as a-smooth muscle ac-
tin (a-SMA) and type I collagen, by complex
networks of signaling pathways (Yang et al.,
2017) and reduction of oxidative stress (Shi et
al., 2016). It is widely known that complex
mixtures of plant-derived bioactive com-
pounds often present higher efficacy than pu-
rified molecules owing to the important inter-
actions between compounds within the mix-
ture (Caesar and Cech, 2019). Therefore, the
results presented in the present study suggest
that this phenolic compound may be im-
portant for the antifibrotic effect of BAE;
however, there are other bioactive compounds
present in the extract that may contribute to
the above-mentioned bioactivity.
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Figure 5. Effects on the total collagen content in murine hepatic stellate (GRX) cells supernatants after
2-, 4- and 7-day treatments with Baccharis articulata aqueous extract (BAE) (panels A, B, and C, re-
spectively) and chlorogenic acid (panels D, E, and F, respectively). Results are shown as mean + SEM
(n =4) analyzed by ANOVA followed by Bonferroni’s post-hoc test. * p <0.05, ** p <0.01, *** p < 0.001
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Figure 6. Effects of Baccharis articulata aqueous extract (BAE, 10 — 200 ug/mL) on the expression
of fibrosis markers in murine hepatic stellate (GRX) cells via immunoblot detection after 24 h of
treatment. Panel A shows band gels, while panels C and D represent band densities for the analysis of
TGF-B and PAI-1 markers, respectively. Results are shown as mean + SEM (n = 4) analyzed by ANOVA,
followed by Bonferroni’s post-hoc test. * p < 0.05: control vs. treated cells.
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Effects of BAE on the modulation of the
TGF-f1 and PAI-1 expressions in GRX
cells

The ability of the aqueous extract of B. artic-
ulata to regulate both TGF-B1 and PAI-1 ex-
pression during fibrosis was investigated.
Western blot analysis showed that pretreat-
ment with BAE (10-200 pg/mL) signifi-
cantly reduced TGF-B1 expression in GRX
cells after seven days of treatment (Fig. 6).
Under treatment, the observed reductions
ranged from 53 to 58 % compared to the
control (panels A and B), and were con-
sistent with our previous findings on GRX
cell deactivation and antifibrotic activity.
Moreover, Fig. 6C shows that PAI-1 expres-
sion was almost two-fold higher in cells
treated with the extract than in control cells.
Given that TGF-B1 is considered a pivotal
cytokine that directly correlates with the acti-
vation of HSCs and the subsequent accumu-
lation of ECM proteins, it is plausible to con-
clude that it plays a significant role in the
progression of chronic hepatic diseases
(Dewidar et al., 2019; Lee et al., 2020).
Thus, targeting its expression may be a
promising strategy for inhibiting liver fibro-
sis (Bataller and Brenner, 2005).

The results revealed that the extract in-
duced a fat-storing phenotype in GRX cells,
and the antifibrotic effect was likely related to
the suppression of active TGF-B1. These find-
ings agree with previous studies indicating
that inhibition of profibrogenic cytokines re-
sults in an important mechanism for inducing
the lipocyte phenotype and decreasing the ex-
pression of ECM proteins, such as a-SMA
and type I collagen, in GRX cells (Bastos et
al., 2023; Bitencourt et al., 2012). The pres-
ence of chlorogenic acid in the aqueous ex-
tract of B. articulata may be suspected as pos-
sible contributor to the observed mechanism
of action. The basis for such a premise is
based on previous studies reporting this
caffeoylquinic acid as a potent negative regu-
lator of the TGF-B1 signaling pathway in he-
patic stellate cells LX2 (Yangetal., 2017) and
in fibrotic rats following CCls-hepatic injury
(Shi et al., 2009).

As the extract affected plasmin generation
by upregulating PAI-1 expression, the next
step was to evaluate the conversion of plas-
minogen to plasmin on the surface of treated
cells. As shown in Fig. 7, BAE inhibited plas-
min formation in a dose-dependent manner,
with a decrease in plasmin activity on the cell
surface ranging from 48.6 to 96.2 %. It has
been previously established that HSC-T6 and
LX-2 stellate cell lines may regulate the syn-
thesis and degradation of ECM components
and subsequent matrix remodeling by modu-
lating the expression of PAI-1 and the plas-
minogen-activating system (Hermann and
Matter, 2007; Leyland et al., 1996), although
there are conflicting results regarding their
potential risks or benefits.

PAI-1 is the main inhibitor of both tissue-
type (tPA) and urokinase-type (uPA) plas-
minogen activators and is a key regulator of
fibrinolysis by plasmin (Sultana et al., 2019).
While there is evidence that PAI-1 expression
is elevated and that its excessive expression
inhibits ECM degradation, it also plays an im-
portant role in fibrogenic disorders (Hu et al.,
2023). However, findings regarding the role
of PAI-1 in liver fibrosis are still conflicting.
The expression of PAI-1 has demonstrated a
protective effect against CCls-induced he-
patic fibrosis in mice (von Montfort et al.,
2010). In this study, high concentrations of
BAE increased PAI-1 expression after seven
days of incubation. To the best of our
knowledge, this is the first study to investigate
the expression of PAI-1 in GRX cells.

Lastly, the evaluation of plasmin enzyme
kinetics showed that BAE incubation can di-
rectly inhibit plasmin activity also in a dose-
dependent manner, with an ICsoof 1.17£0.16
ug/mL (Fig. 8, panels A and B). As the phe-
notypic changes in GRX cells and decreased
collagen accumulation in the ECM were more
pronounced at the same concentration, the in-
hibition of plasmin formation appears to be
beneficial. Based on these results, the effects
of BAE on the plasminogen-activating system
were evaluated, which resulted in decreased
plasmin formation on the surface of GRX
cells. Additionally, an enzymatic assay
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demonstrated that BAE directly inhibited
plasmin activity. After liver injury, plasmin-
mediated activation causes degradation of the
normal ECM and activation of HSCs by acti-
vating TGF-B1, which is secreted in latent
form (Leyland et al., 1996). It is possible that
the inhibition of the conversion of plasmino-
gen to plasmin or plasmin activity may pre-
vent the formation of active TGF-B1 in vitro.
Since previous studies evaluating the effect of

0.4 5
0.3+

0.2 4

polyphenols on plasmin and plasminogen ac-
tivation systems did not detect any inhibitory
activity of chlorogenic acid, BAE activity ap-
pears to be related to the different molecules
present in the preparation (Ogston et al.,
1985). Further investigations are required to
evaluate the mechanisms of action of BAE
and the bioactive compounds responsible for
its effects on the GRX cells.
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Figure 7. Effects of Baccharis articulata aqueous extract (BAE) on plasmin generation in murine
hepatic stellate (GRX) cell monolayers cultured in the presence of plasminogen (0.1 mg/mL) and
treated with the extract (1 — 200 pg/mL) for 24 h. Results are shown as mean + SEM (n = 4) analyzed
by ANOVA followed by Bonferroni’s post-hoc test. * p < 0.05: control vs. treated cells.
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Figure 8. Effect of Baccharis articulata aqueous extract (BAE, 0 — 1600 pg/mL) on plasmin inhi-
bition. Panel A shows the progress curves of the kinetics of plasmin inhibition by the extract. Panel B
shows the residual activity plotted against the BAE concentration for ICsp calculations.
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CONCLUSIONS

In this study, the aqueous extract prepared
from the wing stems of B. articulata, a medic-
inal plant species widely used in Southern
Brazilian folk medicine for digestive and he-
patic disorders, was studied for its liver anti-
fibrotic properties in vitro. HPLC-DAD-
MS/MS of BAE revealed an abundance of
phenolic compounds, including flavonoids,
diterpenes, and several caffeoylquinic acids
such as chlorogenic acid. BAE induced phe-
notypic conversion of GRX cells and exerted
an antifibrotic effect by decreasing the colla-
gen content in the ECM as well as the expres-
sion of TGF-B1. As it was the first time that
the plasminogen activation system was stud-
ied using GRX cells, more studies are neces-
sary to elucidate the role of PAI-1; however,
it seems that inhibition of plasmin activity
may play an antifibrotic role in this in vitro
model. Finally, this study suggests that B. ar-
ticulata has potential therapeutic activity
against liver fibrosis, partially owing to the
presence of caffeoylquinic acids. Further in-
vestigations are required to elucidate the
mechanisms of action and the underlying ac-
tive components.
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