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ABSTRACT

Introduction and objectives: Hepatic fibrosis is characterized by the accumulation of extracellular matrix
which includes the accumulation of a-smooth muscle actin (a-SMA), collagen type I (COL1a1), as well
as remodeling induced by metalloproteinases and tissue inhibitor of metalloproteinase (TIMPs), where
hepatic stellate cells (HSCs) play a central role. In addition, the transcription factor SNAI1 (which partici-
pates in epithelial-mesenchymal transition, EMT) and mitofusin 2 (MFN2, a mitochondrial marker) plays
an important role in chronic liver disease. Turnera diffusa (TD), a Mexican endemic plant, has been shown
to possess antioxidant and hepatoprotective activity in vitro. We treated human HSC (LX2 cells) with a
methanolic extract of Turnera diffusa (METD) to evaluate the mechanism involved in its hepatoprotective
effect measured as fibrosis modulation, EMT, and mitochondrial markers.
Materials and methods: HSC LX-2 cells were treated with METD (100 and 200 ng/mL) alone or combined
with TGF-$ (10 ng/mL) at different time points (24, 48, and 72 h). «-SMA, COL1a1, MMP2, TIMP1, SNAI1,
and MFN2 mRNAs and protein levels were determined by real-time quantitative PCR and Western Blot
analysis.
Results: We found that METD decreases COL1a1-mRNA, a-SMA, and TIMP1 protein expression in LX2
cells treated with and TGF-[3. This treatment also decreases MFN2 and TIMP1 protein expression and
induces overexpression of MMP2-mRNA.
Conclusions: Our results suggest that a methanolic extract of Turnera diffusa is associated with an antifi-
brotic effect by decreasing profibrotic and mitochondrial markers together with the possible induction
of apoptosis through SNAI1 expression in activated HSC cells.

© 2020 Fundaci6n Clinica Médica Sur, A.C. Published by Elsevier Espafia, S.L.U. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The liver can be damaged by a variety of acute, chronic, or
intermittent acute insults that in turn induce progressive fibro-
sis, demonstrated as inflammatory damage, extracellular matrix
(ECM) deposition, death of parenchymal cells, and angiogene-
sis [1]. During liver damage, the liver parenchyma undergoes
necrosis and/or apoptosis; the release of cellular contents and reac-
tive oxygen species (ROS) activate hepatic stellate cells (HSCs)
and macrophages. HSCs secrete several soluble factors, including
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Abbreviations

TGF-beta transforming growth factor-beta

HSC hepatic stellate cells

ECM extra cellular matrix

RT-qPCR reverse transcriptase — quantitative polymerase
chain reaction

METD  methanolic extract of turnera diffusa

cytokines, chemokines, and growth factors, including transforming
growth factor-3 (TGF-[3), which is the main profibrogenic cytokine
and stimulates transdifferentiation of HSC to myofibroblasts. Acti-
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vated macrophages release platelet-derived growth factor (PDGF)
that stimulates the proliferation of myofibroblasts, and these con-
tinue to produce TGF-f3, perpetuating transdifferentiation, the
production of a-smooth muscle actin (a-SMA), collagen type I
(COL1a1) matrix metalloproteinases (MMPs), and tissue inhibitor
of metalloproteinase (TIMPs), resulting in progressive deposition
of ECM and accumulation of tissue damage [2].

In a fibrotic process, changes in the ECM are driven by modu-
lation of MMPs and TIMPs expression. The three most important
MMPs expressed in liver injury and fibrosis are MMP2, MMP9, and
MMP3 [3]. TIMPs control several functions, which overlap but have
different inhibitory profiles for MMPs. TIMP-1 inhibits the active
forms of MMP2, MMP7, and MMP9, and its overexpression has been
associated with progression to cancer [4].

TGF-f3 has other pleiotropic functions. It induces the activation
of snail family transcriptional repressor 1 (SNAI1), a transcription
factor that regulates subsequent processes such as apoptosis and
epithelial-mesenchymal transition (EMT) [5].

Also, several chronic liver diseases are associated with early
initiating events of mitochondrial damage and dysfunction [6].
Mitochondria are a highly dynamic organelle in constant fission and
fusion, and the balance of processes regulates its morphology and
normal function [7]. In mammals, the fusion of mitochondria is reg-
ulated by two mitofusins, MFN1 and MFN2. In addition to the fusion
role, MFN2 participates in mitochondria-mitochondria interaction
and the juxtaposition of mitochondria with other organelles, par-
ticularly with the endoplasmic reticulum (ER), and its expression
has been related to chronic liver disease [8,9].

Currently, some agents stimulate and favor different processes
involved in liver regeneration with the consequential reversal of
fibrosis. Antifibrotic agents that stimulate liver regeneration more
efficiently are still being sought. Since ancient times, plants have
been an important source of bioactive compounds against various
diseases [10]. Traditional herbal medicine and the use of natural
compounds to treat diseases are widely used in society. One of
our approaches is the systematic search for natural compounds
that show scientific evidence of activity or hepatoprotective prop-
erties in vitro. We have evaluated several plants from northeast
Mexico to determine their usefulness for liver disease treatment
[11]. One of these endemic plants, Turnera diffusa (TD) has been
shown to possess antioxidant and hepatoprotective activity in vitro.
We demonstrated that HepG2 cells treated with CCly and fur-
ther exposed to TD extracts showed decreased levels of AST [11].
Furthermore, we isolated a compound, named as hepatodamianol
(flavonoid C-glycosylated derived from luteolin) being the main
compound responsible for this activity, that showed a maximum
enzyme decrease effect in exposed cells [12,13].

Based on this, we aimed to study the potential mechanism(s)
by which treatment with a methanolic extract of Turnera diffusa
(METD) decreases liver injury enzymatic markers in HEPG2 cells,
by using an in vitro model of a human hepatic stellate (HSC) cell
line, LX-2, exposed to METD and evaluating modulation of fibrosis,
EMT, and mitochondrial markers.

2. Material and methods

2.1. Preparation of a methanolic extract of Turnera diffusa
(METD)

All solvents used in this study were analytical grade, except
HPLC-grade methanol (Fisher Scientific, Fair Lawn, NJ). To obtain
a flavonoid-rich subfraction we worked with an extract of the
aerial part of TD (stems and leaves); subsequently, chlorophylls
were removed by solid-phase extraction (phase C-18 cartridge,
1000 mg/8 mL; Alltech). The extracted product was eluted sub-

Annals of Hepatology 22 (2021) 100281

sequently with aqueous methanol 50%, 70%, and finally, 100%
methanol. The fraction obtained with 50% aqueous methanol was
fractionated using silica vacuum column chromatography (Silica
60G, Merk Millipore); it was then eluted with a mix of methylene
chloride, ethyl acetate, ethyl acetate:methanol 1:1 and methanol.
The subfraction obtained with ethyl acetate:methanol 1:1 was the
one tested in this work. It was characterized by quantification of
hepatodamianol (flavonoid C-glycoside) in a Waters Alliance 1525
liquid chromatography system (Waters, USA) equipped with an
online degasser, a binary pump, autosampler, and a 2996 diode
array detector (HPLC-DAD) (Waters, USA). Separation was carried
out in an inverse phase HypersilGold column (150 mm x 4.6 mm,
5 pm, Thermo Fisher) under the conditions previously established
[12].

2.2. Cell culture

We used an in vitro model of human hepatic stellate cells (LX-2)
kindly donated by Dr. Maria Luz Martinez Chantar (Metabolomics
laboratory, CIC bioGUNE, Spain). Cells were cultured in Dulbecco’s
Modified Eagle medium (DMEM; Gibco, Grand Island, NY, USA),
supplemented with 2% fetal bovine serum (FBS; Gibco, Grand
Island, NY, USA), 2mM L-glutamine, 100U/mL penicillin, and
100 ug/mL streptomycin, and incubated at 37°C with a humid
atmosphere containing 5% CO,.

2.3. Cell viability assay

LX-2 cells (4 x 103 cells/well) were seeded in 96-well plates in
growth medium containing serum, and after 24 h, cells were treated
with 0.1% DMSO (Sigma-Aldrich, Saint Louis, MO, USA) and/or
METD (10 to 0.05 mg/mL) for 24, 48, and 72 h. Following incubation,
cell viability was evaluated using an MTT [3-(4, 5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide] assay (Roche Diagnostics
GmbH Mannheim, Germany), according to the standard experi-
mental protocol. Cell viability was calculated comparing results
from METD-treated cells with untreated cells (100% viability).

2.4. HSC exposed to METD treatment

Since METD was dissolved with 0.1% DMSO, we used the same
amount of DMSO in all treatments as an untreated control. Human
HSC (LX2) were seeded in complete DMEM for 24 h, then cells were
treated with a different amount of METD (100 or 200 ng/mL) alone
or combined with TGF-31 (10 ng/mL) (Peprotech, Rocky Hill, NJ) at
different times (24, 48, and 72 h) in FBS-free DMEM.

2.5. RNA extraction and Retrotranscription assay

LX-2 cells were seeded at 1 x 10° cells/well in a 24-well plate
with complete DMEM for 24 h. The different treatments were added
in FBS-free conditions. Cells were harvested at each time point (24,
48, and 72h) and total RNA was extracted using TRIzol reagent
(Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, USA) accord-
ing to the manufacturer’s specifications. RNA was precipitated with
100% isopropanol, washed with 75% alcohol, resuspended in 12 .l
RNase-free water, and then stored at —80 °C. Subsequently, 300 ng
of RNA was used for cDNA synthesis with the MML-V RT-enzyme
(Life Technology; Thermo Fisher Scientific, Carlsbad, CA, USA) as
described by the manufacturer.

2.6. Quantitative PCR (qPCR) for fibrosis markers
We used 200 ng of cDNA to perform qPCR to quantify mRNA

levels for «-SMA, COL1«1, MMP2, TIMP1, SNAI1, MFN2, and B-actin-
mRNA as an endogenous control. The real-time PCR thermocycler
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used was a StepOne Plus (Applied Biosystems, Foster City, CA, USA).
SYBR green was used for detection, and the following primers
were used: a-SMA forward (+) 5’-CTACTGCTGAGCGTGAGATTG-

3, a-SMA reverse (-) 5-CAGGCAACTCGTAACTCTTCTC;
COL1al +) 5-CGATGGATTCCAGTTCGAGTATG-
3, COL1al (-) 5-CTTGCAGTGGTAGGTGATGTT-3;
MMP2  (+)  5-GACAGGTGATCTTGACCAGAAT-3,  MMP2
(-) 5-GTGTGTAGCCAATGATCCTGTA-3; TIMP1 +)
5-CAATTCCGACCTCGTCATCAG-3 and TIMP1 (-)
5-CCTAAGGCTTGGAACCCTTTATAC-3, SNAI1 (+)
5-CCACGAGGTGTGACTAACTATG-3, SNAI1 (-) 5-
ACCAAACAGGAGGCTGAAATA-3 and MFN2 +)
5-CCTTCCTTGAAGACACGTACAG-3, MFN2 (-) 5-

GATGCCTCTCACTTTGGATAGG-3. For each gPCR reaction, the
following reagents were used: 10 wL of SYBR-Green PCR Master
Mix 2x (Applied Biosystems, Foster City, CA, USA), 200-400 nm of
each primer, 200 ng of cDNA, completing a total volume of 20 L.
Thermal cycling conditions were 95°C for 10 min, followed by
40 cycles of 95°C for 15s and 60°C for 60s. The TagMan assay
was used for B-actin (Applied Biosystems, Foster City, CA, USA),
according to the manufacturer’s specifications. [3-actin expression
was used as a housekeeping gene and the fold changes of gene
expression were calculated by the 2-2ACt method.

2.7. Protein expression levels of fibrosis markers

LX-2 cells were seeded at 3 x 10° cells/well in a 6-well plate with
complete DMEM. The different treatments were added 24 h later in
the absence of FBS. Then, total protein extraction was performed
at different time points (24, 48, and 72 h), with 1X lysis buffer
containing 10mM Tris-HCl (pH 7.5), 50mM KCI, 2mM MgCl2,
1% Triton X-100, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl
fluoride, and Complete Protease Inhibitor Cocktail, according to
the manufacture conditions (Roche, Mannheim, Germany), and
then quantified by the Bradford method (Bio-Rad, Hercules, CA,
USA). We used 50 p.g of protein for 12% SDS-PAGE gels and trans-
ferred them to PVDF membranes (Amersham Biosciences, Freiburg,
Germany). Membranes were incubated with the following anti-
bodies, anti-a-SMA (ab32575, Abcam, Cambridge, MA, USA) at
a dilution 1:1000, anti-TIMP1 (ab109125, Abcam) at a dilution
1:1000, MFN2 (Ab56889, Abcam) at a dilution 1:1000 and anti-
GAPDH (MAB5718, R&D Systems, Minneapolis, MN, USA) at a
dilution of 1:2500. Membranes were washed with TBS-Tween,
then incubated with horseradish-peroxidase-conjugated goat anti-
mouse IgG or goat anti-rabbit IgG (Promega, Madison, WI, USA)
both at a dilution 1:10,000. Signal detection was measured by
chemiluminescence using a Clarity™ Western ECL Substrate (Bio-
Rad, Hercules, CA, USA) and ChemiDoc Imaging Systems (Bio-Rad).

2.8. Statistical analysis

The data were analyzed using Student’s t-test or one-way analy-
sis of variance (ANOVA) for comparison between any two groups or
among multiple groups, respectively. The program used was Graph-
Pad Prism 6 (Northside Dr. Suite, San Diego, CA, USA). All data were
expressed as mean+ SEM and a p-value <0.05 was considered a
significant difference.

3. Results
3.1. METD treatment is not cytotoxic for LX-2 cells

First, METD was analyzed by high-performance liquid chro-
matography with diode array detection (HPLC-DAD) for the quan-

tification of hepatodamianol present in the METD. Fig. 1A shows
a representation of a profile of METD measured (chromatogram)
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in milli-absorbance units (mAU) through time (retention time, RT).
We identified that ata wavelength of 280 and 350 nm, where a max-
imum RT can be observed at 8 min, the hepatodamianol estimated
concentration was between 5.35 +£0.12% [12].

Based on this, we then proceeded to determine the METD con-
centrations that are not cytotoxic for the LX-2 cell line by measuring
cytotoxicity using an MTT assay. A range of METD concentrations
from 0.05 to 10 mg/mL at 24 h (Fig. 1B) was used to treat cells up
to 72h and choose the concentrations that do not decrease cell
viability below 75%. We observed that cell viability was above
60% in concentrations less than 1mg/mL for 24 h; contrary to
that, a significant reduction in cell viability (<20%) was observed
when cells were incubated at 5.0 and 10.0 mg/mL (Fig. 1B). We
also determined that METD 0.5 mg/mL treatment at 24 h, inhibited
proliferation of LX-2 cells in a concentration-dependent manner
(Fig. 1B). The inhibitory concentration 50 (IC50) of METD extract
was 1.148 mg/mL in LX-2 cells (Fig. 1C). Based on this, the evalua-
tion of the cytotoxicity of the METD was performed using a range
of concentrations from 0.05 to 5.0 mg/mL in LX-2 cells at different
time points (24, 48, and 72 h). We found that METD 0.15 mg/mL,
decreases cell proliferation in a time-dependent manner (Fig. 1D).
At concentrations of 1.0 and 5.0 mg/mL METD inhibited prolifera-
tion at early time points (24 h), while at concentrations of 200 to
500 ng/mL cell viability decreased to less than 80% at 72 h and con-
centrations less than 150 ng/mL maintain cell viability around 80%
(Fig. 1D). Based on these results, we decided to use the METD at the
concentrations of 100 and 200 ng/mL until 72 h because it demon-
strated no cytotoxic effect. This was done to further evaluate the
effect of the METD in the presence of TGF-3 in this cell line.

3.2. METD does not modify sustained LX-2 cell morphology in the
presence of TGF-p.

To assess whether exposure to METD induces morphology dis-
ruption (Fig. 2), LX-2 cells were cultured in free-serum conditions in
the presence of METD (200 ng/mL) alone or combined with TGF-f3
(10 ng/mL) at three different time points (24, 48 and 72 h) and were
evaluated under a phase-contrast microscope. We observed that
LX-2 cells in the presence of METD (Fig. 2B, 24 h) preserve a stel-
late shape, but when the cells were exposed to TGF-3 (10 ng/mL),
cell morphology changed to an adherent spindle shape (stretching)
forming clusters and leaving wide spaces between them (Fig. 2C,
24 h). In addition, when the cells were exposed to combined treat-
ment with TGF-f3 (10 ng/mL) and METD (200 ng/mL), this pattern
was not observed (adherent spindle shape and clusters) and most
of the cells kept their stellate shape (Fig. 2D, 24 h). Most dead cells
were observed upon treatment with TGF-3 (10 ng/mL) at 48 h, and
this effect was attenuated by the METD treatment. This pattern is
similar to cells treated until 72 h but showing a greater amount of
cell death.

3.3. METD attenuates fibrogenic expression markers in LX-2 cells.

We wanted to know whether METD could suppress LX-2
cell activation (Fig. 3). For this purpose, LX-2 cells were treated
with METD (100 and 200 ng/mL) alone o combined with TGF-f3
(10ng/mL) in FBS-free conditions at three different time points
(24, 48, and 72 h). We evaluated the expression of COL1oe1-mRNA
(Fig. 3A) through RT-qPCR in METD-treated cells at different times
described above. We found that treatment with METD (100 or
200 ng/mL) decreases COL1x1-mRNA levels expression. Only the
concentration of 200ng/mL of METD inhibited COL1x1-mRNA
expression at all times. We observed that, even at 72 h, it has 65%
more inhibition of COL1a1-mRNA expression than 100 ng/mL of
METD. As expected, treatment with TGF- (10ng/mL) increased
COL1c1-mRNA level expression at all times, and in the presence
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Fig. 1. Effect of METD on the cell viability of LX-2. (A) Chromatographic profile of METD by High-Performance Liquid Chromatography with Diode-Array Detection (HPLC-
DAD). (B) Evaluation of cell viability at 24 h. LX-2 cells were treated with the METD (0-10 mg/mL) for 24 h; viability was measured by the MTT assay, the bars indicate the

percentage of cell viability. (C) IC50 of METD. D) Evaluation of cell viability at concentrations of 5.0 to 0.05 mg/mL of METD for 24, 48, and 72 h in LX-2 cells. All experiments
were performed in triplicate. *p>0.05, **p>0.01, ***p>0.001 and ****p>0.0001.
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Fig. 2. Effect of METD on the morphology of LX-2 cells treated with TGF-f3. LX-2 cells were treated with 200 ng/mL of METD alone or combined with TGF-$ (10 ng/mL)
for 24, 48, and 72 h and then images were observed under a phase contrast microscope.

of METD, this effect was attenuated in both concentrations used
(100 or 200 ng/mL), but the concentration of 200 ng/mL of METD «-SMA-mRNA levels were increased and perpetuating up to 72 h.
presented the maximum effect in the inhibition of COL1«e7-mRNA Treatment with TGF- (10ng/mL) increases a-SMA-mRNA level
levels expression versus TGF- (10ng/mL) (Fig. 3A), inhibiting expression at 72 h, and the presence of METD (100 or 200 ng/mL)
expression at all times and being maintained until 72 h, reach- enhances this effect. METD (100 ng/mL) decreases a-SMA protein
ing the levels of basal COL1a1-mRNA expression from 48h to 72h expression at all times but at a concentration of 200 ng/mL, this
(Fig. 3A). effect was observed only upon 48 h (Fig. 3B). In the presence of

Furthermore, we evaluated transcriptional and translational TGF-$ (10 ng/mL) and METD, there was a-SMA protein downreg-
a-SMA level expression (Fig. 3A and B, respectively). In the tran-

scriptional evaluation, the presence of METD (100 or 200 ng/mL)
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ulation from 48 h at 200 ng/mL of METD and was only observed at
72 h for 100 ng/mL of METD.

3.4. METD modulates TIMP1 expression

Since we observed that METD lowers expression levels of
COL1a1-mRNA and a-SMA protein, we wanted to assess whether
METD was modifying extracellular matrix modulators such as
MMP2 and TIMP1 (Fig. 4). Therefore, LX-2 cells were treated
with METD (100 and 200 ng/mL) alone o combined with TGF-3
(10 ng/mL) in FBS-free conditions at three different time points (24,
48, and 72h).

We observed that MMP2-mRNA expression (Fig. 4A) was
increased in cells in the presence of METD (100 and 200 ng/mL) and
when cells were further exposed to TGF-f3 (10 ng/mL), this effect
was enhanced. There was TIMP1-mRNA overexpression (Fig. 4A)
in LX2 cells in presence of METD (100 and 200 ng/mL) and the
pattern repeated when the cells were also exposed to TGF-$3
(10ng/mL), showing enhanced overexpression levels. But TIMP1
protein expression (Fig. 4B) showed downregulation in LX2 cells
in the presence of METD (48 and 72 h), with 30% for 100 ng/mL of
METD to 44% for 200 ng/mL of METD with greater inhibition at 72 h;
in combined treatment of TGF-3 (10 ng/mL) and METD, there was

a decrease in TIMP1 protein expression levels at 72 h (100 ng/mL of
METD) and at all times (200 ng/mL of METD).

3.5. METD increases SNAI1-mRNA expression

To assess whether METD participates in the EMT mechanism
(Fig. 5), LX-2 cells were treated with METD (100 and 200 ng/mL)
alone or combined with TGF-f3 (10 ng/mL) in FBS-free conditions
at three different time points (24, 48, and 72 h) and then SNAI1-
mRNA expression was evaluated. In the presence of METD, there
was SNAIT1-mRNA overexpression at all times, which increased even
more than with stimulation with TGF-3 (10 ng/mL), and with the
stimulation of both (METD and TGF-[3), expression was up to 4
times more than the control.

3.6. METD modulates MFN2 expression

To assess mitochondrial function in the presence of METD, LX-
2 cells were treated with METD (100 and 200 ng/mL) alone or
combined with TGF-f3 (10 ng/mL) in FBS-free conditions at three
different time points (24, 48, and 72 h). We evaluated MFN2 mRNA
and protein expression levels (Fig. 6) and found that MFN2-mRNA
levels were upregulated in the presence of METD at all times, even
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more than upon stimulation with TGF-3. The stimulation with both
(METD and TGF-[3) also caused overexpression at all times and this
effect was more evident in the dose of 200 ng/mL of METD to 72 h
(Fig. 6A). MFN2 protein expression was decreased in the presence
of METD at 24 (only for 200 ng/mL) and 48 h (both doses); in the
presence of METD and TGF-f3, it decreased compared to TGF-f3 at
all times, even compared to control at 48 and 72 h (Fig. 6B).

4. Discussion

Hepatic stellate cells are a major cell type responsible for liver
fibrosis following their activation into fibrogenic myofibroblast-
like cells [ 14]. We explored the potential of METD as an antifibrotic
agent and its role in EMT modulation and mitochondria dynamics
in LX-2 cells. Liver fibrosis is in part the result of the imbalance
between synthesis and degradation of ECM proteins. Activated
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HSCs express a combination of MMPs and TIMPs in different stages
of the disease through the TGF-[3 pathway. They specifically express
high levels of TIMP1 and MMP2. TIMP1 inhibits MMPs activity,
perpetuating the accumulation of ECM whereas MMP2 activity is
inhibited by TIMP1 [15,16].

COL1a1 is a marker used for fibrosis and METD causes a sig-
nificant decrease in COL1a1-mRNA expression, 69% less than the
basal expression of HSC in FBS-free conditions and the inhibition
was dose-dependent. METD decreased COL1«v1-mRNA expression
in the presence of TGF-3 also in a dose-dependent manner, even
reaching the level of basal expression of HSC in FBS-free conditions,
indicating that METD is a potent inhibitor of COL1c:1-mRNA expres-
sion in a dose-dependent manner. In the fibrotic process, when the
ECM is modified, in part by the accumulation of COL1a1 protein
and cross-linking [17], it creates a pro-fibrotic environment that
can activate MMP2 [18] and this, in turn, can activate TGF-3 latent,
and/or unlink the ECM integrins promoting apoptosis [19].

During HSC activation there is upregulation of smooth muscle-
specific genes (among them a-SMA) and actin polymerization is
increased. This promotes the release of ECM molecules like MRTF/A
(actin-binding protein) and TGF-f activation that further increase
the fibrotic response by stimulating the expression of genes such
as @-SMA and COL1x1 [20]. The METD increased o-SMA-mRNA
expression and decreased a-SMA protein levels, in the presence
or absence of TGF-[3. This decrease of the a-SMA protein modu-
lated by METD will diminish fibrotic stimulation and transmission
of mechanical signals through actin polymerization, reducing the
activation of TGF-3, release binding proteins to actin and therefore,
lowering the fibrotic response by a decrease in a-SMA and COL1a 1
expression.

We observed that LX-2 cells exposed to METD treatment alone
or combined with TGF-3 showed TIMP1-mRNA levels were upreg-

ulated compared with cells in FBS-free conditions but the METD in
both concentrations used alone or combined with TGF-3 decreased
the levels of TIMP1 protein expression. Numerous studies suggest
a positive association of TIMP1 with hepatic fibrogenesis and with
progression to cancer [4]. TIMP1 inhibition is associated with a
favorable fibrosis resolution but it has also been shown that the
cell type and the microenvironment (a molecular network of fac-
tors) play a very important role; for example, the rigidity of the
ECM [17] and the presence of other molecules [21,22].

According to the aforementioned, we expect that a decrease
in TIMP1 protein expression could be modulated by METD and
could have a favorable fibrotic resolution; however, the decrease
or irruption of a stimulus would not be sufficient for the decrease
or regression of a complex process, such as fibrosis [23].

MMPs are central to the fibrosis remodeling process and
MMP activity is controlled at various levels: modulation of gene
expression, compartmentalization, availability of activators, and
inhibition [24,25]. METD alone or combined with TGF-f3 induced
an increase in MMP2-mRNA expression with respect to cells in
FBS-free conditions. MMP2 has a dose-dependent activation for
COL1«a1[24], if METD decreases the COL1a1 protein level, MMP2
activation could be affected. Also, MMP2 can activate latent TGF-[3
[26]; therefore, METD will decrease ECM deposition (a decrease in
«-SMA and COL1a1 protein), and MMP2 and TGF-[3 activation. The
induction of MMP2-mRNA overexpression by METD is not indica-
tive of translational overexpression, so we do not know if METD is
causing MMP2-mediated apoptosis [19].

SNAIT is a downstream target of TGF-f3 and plays a key role
in regulating several following cell fate decisions such as apopto-
sis and EMT induction (relates fibrogenesis to carcinogenesis) [5].
SNAIT-mRNA expression is different in distinct cell lines [27,28].
In this work, only at 48 h, we found that SNAIT-mRNA levels were
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upregulated with the stimulation of TGF-3 in relation to cells in
FBS-free conditions. METD alone or combined with TGF-f3 increases
SNAIT-mRNA expression. We hypothesized that SNAIT-mRNA over-
expression is not reflected at the translational level or that there
is some translational regulation that does not allow its activ-
ity because SNAI1 represses o-SMA-mRNA expression [29] and
this does not happen, since, despite SNAIT-mRNA overexpression
caused by the METD, there is «-SMA-mRNA overexpression at all
times evaluated.

Mitochondria participate in almost all aspects of cell function
and have been linked to pathogenic processes. Specifically, MFN2
expression has been related to chronic liver disease [8,9]. METD
alone or combined with TGF-[3 causes MFN2-mRNA overexpression
and decreased MFN2 protein expression. The modulation caused by
METD and the probable cell triggering is not clear because MFN2
plays a role in the balance between apoptosis and autophagy and
lack evaluation of the response caused in the cell context.

In this work, there were discrepancies in mRNA and protein
expression in different genes («-SMA, TIMP1, and MFN2) in the pres-
ence of METD alone or combined with TGF-f3, indicating that METD
is causing differential regulation of expression between mRNA and
protein; thus, we hypothesize that transcriptional and transla-
tional regulatory mechanisms are being activated differently. These
mechanisms of transcriptional regulation can be mediated by trans-
acting factors, RNA-binding proteins, microRNA, and IncRNA that
interact with cis-elements located in the mRNA, with activity pro-
fibrotic or anti-fibrotic [30]. While translational regulation through
protein degradation (ubiquitination) [30,31] could influence the
discrepancy of mRNA and protein expression. Previous work [32]
reported that miR-130 can regulate genes related to activation of
HSC in a rat model, while miR-205 moderates the TGF-3/Smad
signaling effect by direct downregulation of Smad [33].

We found evidence that METD in the presence of TGF-f3
decreases COL1o1-mRNA, a-SMA, and TIMP1 protein expression.
It also decreases MFN2 and TIMP1 protein expression and overex-
pression of MMP2-mRNA. We suggested a probable mechanism by
which METD could perform its hepatoprotective role is by induc-
ing apoptosis of activated HSC cells. This effect must be verified in
animal models, and the routes by which METD is modulating these
markers should be explored. The increase in SNAIT-mRNA expres-
sion caused by METD was not explored in this work. Plant extracts,
specifically flavonoids, are potential compounds in the search for
antifibrotic drugs [34].

The fibrotic and HSC activation mechanism toward myofibrob-
last differentiation is a complicated molecular process in which
multiple factors are involved; therefore, the mechanism for fibro-
genesis reduction in vivo is complex and multifactorial. Cell type,
the sequence of events, cell-cell interaction, and cell-ECM interac-
tion intervene in the fibrotic process, in addition to the regulation
triggered directly by a stimulus; therefore, the true activity of the
molecules produced by the triggering of the stimulus will be subject
to transcriptional, translational, functional and spatial regulation
[17,30,31,35]. Further evidence should be generated to identify the
related mechanisms involved in the hepatoprotective role of natu-
ral compounds.

Financial support
Financial support was providing by PAICYT SA845-19 to Lozano-

Sepulveda SA and CONACYT through the NATIONAL BIOBANK
LABORATORY PROJECT: CONSOLIDATION 299077.

Conflict of interest

The authors have no conflicts of interest to declare.

Annals of Hepatology 22 (2021) 100281
Acknowledgments

Thanks to Dr. Natalia Martinez Acuia for her valuable com-
ments.

References

[1] Pellicoro A,Ramachandran P, Iredale JP, Fallowfield JA. Liver fibrosis and repair:
immune regulation of wound healing in a solid organ. Nat Rev Immunol
2014;14:181-94, http://dx.doi.org/10.1038/nri3623.

[2] Stalnikowitz DK, Weissbrod AB. Liver fibrosis and inflammation. A review. Ann
Hepatol 2003;2:159-63, http://dx.doi.org/10.1016/S1665-2681(19)32127-1.

[3] Arthur MJP. Fibrogenesis II. Metalloproteinases and their inhibitors in liver
fibrosis. Am ] Physiol Liver Physiol 2000;279:G245-9, http://dx.doi.org/10.
1152/ajpgi.2000.279.2.G245.

[4] Jackson HW, Defamie V, Waterhouse P, Khokha R. TIMPs: versatile extracellular

regulatorsin cancer.NatRev Cancer 2017;17:38-53, http://dx.doi.org/10.1038/

nrc.2016.115.

Thuault S, Tan E-J, Peinado H, Cano A, Heldin C-H, Moustakas A. HMGA2

and smads co-regulate SNAIL1 expression during induction of epithelial-to-

mesenchymal transition. ] Biol Chem 2008;283:33437-46, http://dx.doi.org/
10.1074/jbc.M802016200.

Rector RS, Thyfault JP, Uptergrove GM, Morris EM, Naples SP, Borengasser SJ,

etal. Mitochondrial dysfunction precedes insulin resistance and hepatic steato-

sis and contributes to the natural history of non-alcoholic fatty liver disease in
an obese rodent model. ] Hepatol 2010;52:727-36, http://dx.doi.org/10.1016/
j.jhep.2009.11.030.

Giacomello M, Pyakurel A, Glytsou C, Scorrano L. The cell biology of mitochon-

drial membrane dynamics. Nat Rev Mol Cell Biol 2020;21:204-24, http://dx.

doi.org/10.1038/541580-020-0210-7.

[8] ChenY,LvL,JiangZ, Yang H, Li S, Jiang Y. Mitofusin 2 protects hepatocyte mito-

chondrial function from damage induced by GCDCA. PLOS ONE 2013;8:e65455,

http://dx.doi.org/10.1371/journal.pone.0065455.

XueR, Yang],JiaL, Zhu X, Wu ], Zhu Y, et al. Mitofusin2, as a protective target in

the liver, controls the balance of apoptosis and autophagy in acute-on-chronic

liver failure. Front Pharmacol 2019;10:1-10, http://dx.doi.org/10.3389/fphar.

2019.00601.

[10] Li FS, Weng JK. Demystifying traditional herbal medicine with modern
approaches. Nat Plants 2017;3:1-7, http://dx.doi.org/10.1038/nplants.2017.
1009.

[11] Torres-Gonzélez L, Elsa Muiioz-Espinosa L, Maria Rivas-Estilla A, Trujillo-
Murillo K, Salazar-Aranda R, Waksman De Torres N, et al. Protective effect of
four Mexican plants against CCl4-induced damage on the Huh7 human hep-
atoma cell line. Ann Hepatol 2011;10:73-9, http://dx.doi.org/10.1016/S1665-
2681(19)31590-X.

[12] Pérez-Meseguer ], Garza-Juarez A, Salazar-Aranda R, Salazar-Cavazos ML, de
la Torre Rodriguez YC, Rivas-Galindo V, et al. Development and validation
of an HPLC-DAD analytical procedure for quality control of damiana (Turn-
era diffusa), using an antioxidant marker isolated from the plant. ] AOAC Int
2010;93:1161-8, http://dx.doi.org/10.1093/jaoac/93.4.1161.

[13] Delgado-Montemayor C, Perez-Meseguer J, Salazar-Aranda R, C-PP WN. Hepa-
todamianol as the hepatoprotective constituent of Turnera diffusa. Pak ] Pharm
Sci 2020.

[14] Wynn TA. Cellular and molecular mechanisms of fibrosis. ] Pathol
2008;214:199-210, http://dx.doi.org/10.1002/path.2277.

[15] Iredale JP, Murphy G, Hembry RM, Friedman SL, Arthur MJP. Human hepatic
lipocytes synthesize tissue inhibitor of metalloproteinases-1. Implications for
regulation of matrix degradation in liver. ] Clin Invest 1992;90:282-7, http://
dx.doi.org/10.1172/JCI115850.

[16] Iredale JP, Benyon RC, Arthur MJP, Ferris WF, Alcolado R, Winwood PJ,
et al. Tissue inhibitor of metalloproteinase-1 messenger RNA expression is
enhanced relative to interstitial collagenase messenger RNA in experimen-
tal liver injury and fibrosis. Hepatology 1996;24:176-84, http://dx.doi.org/10.
1053/jhep.1996.v24.pm0008707259.

[17] Lachowski D, Cortes E, Rice A, Pinato D, Rombouts K, del Rio Hernandez A.
Matrix stiffness modulates the activity of MMP-9 and TIMP-1 in hepatic stel-
late cells to perpetuate fibrosis. Sci Rep 2019;9:1-9, http://dx.doi.org/10.1038/
s41598-019-43759-6.

[18] Théret N, Musso O, L'Helgoualc’h A, Campion JP, Clément B. Differential
expression and origin of membrane-type 1 and 2 matrix metalloproteinases
(MT-MMPS)in association with MMP2 activation in injured human livers. Am J
Pathol 1998;153:945-54, http://dx.doi.org/10.1016/S0002-9440(10)65636-2.

[19] Levkau B, Kenagy RD, Karsan A, Weitkamp B, Clowes AW, Ross R, et al. Activation
of metalloproteinases and their association with integrins: an auxiliary apop-
totic pathway in human endothelial cells. Cell Death Differ 2002;9:1360-7,
http://dx.doi.org/10.1038/sj.cdd.4401106.

[20] ShiZ, Rockey DC. Upregulation of the actin cytoskeleton via myocardin leads to
increased expression of type 1 collagen. Lab Investig 2017;97:1412-26, http://
dx.doi.org/10.1038/labinvest.2017.96.

[21] Ramezani-Moghadam M, Wang ], Ho V, Iseli TJ, Alzahrani B, Xu A,
et al. Adiponectin reduces hepatic stellate cell migration by promoting
tissue inhibitor of metalloproteinase-1 (TIMP-1) secretion. ] Biol Chem
2015;290:5533-42, http://dx.doi.org/10.1074/jbc.M114.598011.

(5

(6

17

[9


dx.doi.org/10.1038/nri3623
dx.doi.org/10.1038/nri3623
dx.doi.org/10.1038/nri3623
dx.doi.org/10.1038/nri3623
dx.doi.org/10.1038/nri3623
dx.doi.org/10.1038/nri3623
dx.doi.org/10.1038/nri3623
dx.doi.org/10.1016/S1665-2681(19)32127-1
dx.doi.org/10.1016/S1665-2681(19)32127-1
dx.doi.org/10.1016/S1665-2681(19)32127-1
dx.doi.org/10.1016/S1665-2681(19)32127-1
dx.doi.org/10.1016/S1665-2681(19)32127-1
dx.doi.org/10.1016/S1665-2681(19)32127-1
dx.doi.org/10.1016/S1665-2681(19)32127-1
dx.doi.org/10.1016/S1665-2681(19)32127-1
dx.doi.org/10.1016/S1665-2681(19)32127-1
dx.doi.org/10.1152/ajpgi.2000.279.2.G245
dx.doi.org/10.1152/ajpgi.2000.279.2.G245
dx.doi.org/10.1152/ajpgi.2000.279.2.G245
dx.doi.org/10.1152/ajpgi.2000.279.2.G245
dx.doi.org/10.1152/ajpgi.2000.279.2.G245
dx.doi.org/10.1152/ajpgi.2000.279.2.G245
dx.doi.org/10.1152/ajpgi.2000.279.2.G245
dx.doi.org/10.1152/ajpgi.2000.279.2.G245
dx.doi.org/10.1152/ajpgi.2000.279.2.G245
dx.doi.org/10.1152/ajpgi.2000.279.2.G245
dx.doi.org/10.1152/ajpgi.2000.279.2.G245
dx.doi.org/10.1038/nrc.2016.115
dx.doi.org/10.1038/nrc.2016.115
dx.doi.org/10.1038/nrc.2016.115
dx.doi.org/10.1038/nrc.2016.115
dx.doi.org/10.1038/nrc.2016.115
dx.doi.org/10.1038/nrc.2016.115
dx.doi.org/10.1038/nrc.2016.115
dx.doi.org/10.1038/nrc.2016.115
dx.doi.org/10.1038/nrc.2016.115
dx.doi.org/10.1074/jbc.M802016200
dx.doi.org/10.1074/jbc.M802016200
dx.doi.org/10.1074/jbc.M802016200
dx.doi.org/10.1074/jbc.M802016200
dx.doi.org/10.1074/jbc.M802016200
dx.doi.org/10.1074/jbc.M802016200
dx.doi.org/10.1074/jbc.M802016200
dx.doi.org/10.1074/jbc.M802016200
dx.doi.org/10.1016/j.jhep.2009.11.030
dx.doi.org/10.1016/j.jhep.2009.11.030
dx.doi.org/10.1016/j.jhep.2009.11.030
dx.doi.org/10.1016/j.jhep.2009.11.030
dx.doi.org/10.1016/j.jhep.2009.11.030
dx.doi.org/10.1016/j.jhep.2009.11.030
dx.doi.org/10.1016/j.jhep.2009.11.030
dx.doi.org/10.1016/j.jhep.2009.11.030
dx.doi.org/10.1016/j.jhep.2009.11.030
dx.doi.org/10.1016/j.jhep.2009.11.030
dx.doi.org/10.1016/j.jhep.2009.11.030
dx.doi.org/10.1038/s41580-020-0210-7
dx.doi.org/10.1038/s41580-020-0210-7
dx.doi.org/10.1038/s41580-020-0210-7
dx.doi.org/10.1038/s41580-020-0210-7
dx.doi.org/10.1038/s41580-020-0210-7
dx.doi.org/10.1038/s41580-020-0210-7
dx.doi.org/10.1038/s41580-020-0210-7
dx.doi.org/10.1038/s41580-020-0210-7
dx.doi.org/10.1038/s41580-020-0210-7
dx.doi.org/10.1038/s41580-020-0210-7
dx.doi.org/10.1371/journal.pone.0065455
dx.doi.org/10.1371/journal.pone.0065455
dx.doi.org/10.1371/journal.pone.0065455
dx.doi.org/10.1371/journal.pone.0065455
dx.doi.org/10.1371/journal.pone.0065455
dx.doi.org/10.1371/journal.pone.0065455
dx.doi.org/10.1371/journal.pone.0065455
dx.doi.org/10.1371/journal.pone.0065455
dx.doi.org/10.1371/journal.pone.0065455
dx.doi.org/10.3389/fphar.2019.00601
dx.doi.org/10.3389/fphar.2019.00601
dx.doi.org/10.3389/fphar.2019.00601
dx.doi.org/10.3389/fphar.2019.00601
dx.doi.org/10.3389/fphar.2019.00601
dx.doi.org/10.3389/fphar.2019.00601
dx.doi.org/10.3389/fphar.2019.00601
dx.doi.org/10.3389/fphar.2019.00601
dx.doi.org/10.3389/fphar.2019.00601
dx.doi.org/10.1038/nplants.2017.109
dx.doi.org/10.1038/nplants.2017.109
dx.doi.org/10.1038/nplants.2017.109
dx.doi.org/10.1038/nplants.2017.109
dx.doi.org/10.1038/nplants.2017.109
dx.doi.org/10.1038/nplants.2017.109
dx.doi.org/10.1038/nplants.2017.109
dx.doi.org/10.1038/nplants.2017.109
dx.doi.org/10.1038/nplants.2017.109
dx.doi.org/10.1016/S1665-2681(19)31590-X
dx.doi.org/10.1016/S1665-2681(19)31590-X
dx.doi.org/10.1016/S1665-2681(19)31590-X
dx.doi.org/10.1016/S1665-2681(19)31590-X
dx.doi.org/10.1016/S1665-2681(19)31590-X
dx.doi.org/10.1016/S1665-2681(19)31590-X
dx.doi.org/10.1016/S1665-2681(19)31590-X
dx.doi.org/10.1016/S1665-2681(19)31590-X
dx.doi.org/10.1016/S1665-2681(19)31590-X
dx.doi.org/10.1093/jaoac/93.4.1161
dx.doi.org/10.1093/jaoac/93.4.1161
dx.doi.org/10.1093/jaoac/93.4.1161
dx.doi.org/10.1093/jaoac/93.4.1161
dx.doi.org/10.1093/jaoac/93.4.1161
dx.doi.org/10.1093/jaoac/93.4.1161
dx.doi.org/10.1093/jaoac/93.4.1161
dx.doi.org/10.1093/jaoac/93.4.1161
dx.doi.org/10.1093/jaoac/93.4.1161
dx.doi.org/10.1093/jaoac/93.4.1161
http://refhub.elsevier.com/S1665-2681(20)30206-4/sbref0240
http://refhub.elsevier.com/S1665-2681(20)30206-4/sbref0240
http://refhub.elsevier.com/S1665-2681(20)30206-4/sbref0240
http://refhub.elsevier.com/S1665-2681(20)30206-4/sbref0240
http://refhub.elsevier.com/S1665-2681(20)30206-4/sbref0240
http://refhub.elsevier.com/S1665-2681(20)30206-4/sbref0240
http://refhub.elsevier.com/S1665-2681(20)30206-4/sbref0240
http://refhub.elsevier.com/S1665-2681(20)30206-4/sbref0240
http://refhub.elsevier.com/S1665-2681(20)30206-4/sbref0240
http://refhub.elsevier.com/S1665-2681(20)30206-4/sbref0240
http://refhub.elsevier.com/S1665-2681(20)30206-4/sbref0240
http://refhub.elsevier.com/S1665-2681(20)30206-4/sbref0240
http://refhub.elsevier.com/S1665-2681(20)30206-4/sbref0240
http://refhub.elsevier.com/S1665-2681(20)30206-4/sbref0240
http://refhub.elsevier.com/S1665-2681(20)30206-4/sbref0240
http://refhub.elsevier.com/S1665-2681(20)30206-4/sbref0240
http://refhub.elsevier.com/S1665-2681(20)30206-4/sbref0240
http://refhub.elsevier.com/S1665-2681(20)30206-4/sbref0240
http://refhub.elsevier.com/S1665-2681(20)30206-4/sbref0240
http://refhub.elsevier.com/S1665-2681(20)30206-4/sbref0240
http://refhub.elsevier.com/S1665-2681(20)30206-4/sbref0240
http://refhub.elsevier.com/S1665-2681(20)30206-4/sbref0240
dx.doi.org/10.1002/path.2277
dx.doi.org/10.1002/path.2277
dx.doi.org/10.1002/path.2277
dx.doi.org/10.1002/path.2277
dx.doi.org/10.1002/path.2277
dx.doi.org/10.1002/path.2277
dx.doi.org/10.1002/path.2277
dx.doi.org/10.1002/path.2277
dx.doi.org/10.1172/JCI115850
dx.doi.org/10.1172/JCI115850
dx.doi.org/10.1172/JCI115850
dx.doi.org/10.1172/JCI115850
dx.doi.org/10.1172/JCI115850
dx.doi.org/10.1172/JCI115850
dx.doi.org/10.1172/JCI115850
dx.doi.org/10.1053/jhep.1996.v24.pm0008707259
dx.doi.org/10.1053/jhep.1996.v24.pm0008707259
dx.doi.org/10.1053/jhep.1996.v24.pm0008707259
dx.doi.org/10.1053/jhep.1996.v24.pm0008707259
dx.doi.org/10.1053/jhep.1996.v24.pm0008707259
dx.doi.org/10.1053/jhep.1996.v24.pm0008707259
dx.doi.org/10.1053/jhep.1996.v24.pm0008707259
dx.doi.org/10.1053/jhep.1996.v24.pm0008707259
dx.doi.org/10.1053/jhep.1996.v24.pm0008707259
dx.doi.org/10.1053/jhep.1996.v24.pm0008707259
dx.doi.org/10.1038/s41598-019-43759-6
dx.doi.org/10.1038/s41598-019-43759-6
dx.doi.org/10.1038/s41598-019-43759-6
dx.doi.org/10.1038/s41598-019-43759-6
dx.doi.org/10.1038/s41598-019-43759-6
dx.doi.org/10.1038/s41598-019-43759-6
dx.doi.org/10.1038/s41598-019-43759-6
dx.doi.org/10.1038/s41598-019-43759-6
dx.doi.org/10.1038/s41598-019-43759-6
dx.doi.org/10.1038/s41598-019-43759-6
dx.doi.org/10.1016/S0002-9440(10)65636-2
dx.doi.org/10.1016/S0002-9440(10)65636-2
dx.doi.org/10.1016/S0002-9440(10)65636-2
dx.doi.org/10.1016/S0002-9440(10)65636-2
dx.doi.org/10.1016/S0002-9440(10)65636-2
dx.doi.org/10.1016/S0002-9440(10)65636-2
dx.doi.org/10.1016/S0002-9440(10)65636-2
dx.doi.org/10.1016/S0002-9440(10)65636-2
dx.doi.org/10.1016/S0002-9440(10)65636-2
dx.doi.org/10.1038/sj.cdd.4401106
dx.doi.org/10.1038/sj.cdd.4401106
dx.doi.org/10.1038/sj.cdd.4401106
dx.doi.org/10.1038/sj.cdd.4401106
dx.doi.org/10.1038/sj.cdd.4401106
dx.doi.org/10.1038/sj.cdd.4401106
dx.doi.org/10.1038/sj.cdd.4401106
dx.doi.org/10.1038/sj.cdd.4401106
dx.doi.org/10.1038/sj.cdd.4401106
dx.doi.org/10.1038/labinvest.2017.96
dx.doi.org/10.1038/labinvest.2017.96
dx.doi.org/10.1038/labinvest.2017.96
dx.doi.org/10.1038/labinvest.2017.96
dx.doi.org/10.1038/labinvest.2017.96
dx.doi.org/10.1038/labinvest.2017.96
dx.doi.org/10.1038/labinvest.2017.96
dx.doi.org/10.1038/labinvest.2017.96
dx.doi.org/10.1038/labinvest.2017.96
dx.doi.org/10.1074/jbc.M114.598011
dx.doi.org/10.1074/jbc.M114.598011
dx.doi.org/10.1074/jbc.M114.598011
dx.doi.org/10.1074/jbc.M114.598011
dx.doi.org/10.1074/jbc.M114.598011
dx.doi.org/10.1074/jbc.M114.598011
dx.doi.org/10.1074/jbc.M114.598011
dx.doi.org/10.1074/jbc.M114.598011
dx.doi.org/10.1074/jbc.M114.598011

D.R. Rodriguez-Rodriguez, S.A. Lozano-Sepulveda, C. Delgado-Montemayor et al.

[22] Kopitz C, Gerg M, Gansbacher B, Kriiger A. Plasminogen activator inhibitor-
2, but not cystatin C, inhibits the prometastatic activity of tissue inhibitor of
metalloproteinases-1 in the liver. Hum Gene Ther 2008;19:1039-49, http://dx.
doi.org/10.1089/hum.2008.078.

[23] Thiele ND, Wirth JW, Steins D, Koop AC, Ittrich H, Lohse AW, et al. TIMP-1 is
upregulated, but not essential in hepatic fibrogenesis and carcinogenesis in
mice. Sci Rep 2017;7:1-9, http://dx.doi.org/10.1038/s41598-017-00671-1.

[24] Théret N, Lehti K, Musso O, Clément B. MMP2 activation by collagen I
and concanavalin A in cultured human hepatic stellate cells. Hepatology
1999;30:462-8, http://dx.doi.org/10.1002/hep.510300236.

[25] Campana L, Iredale J. Matrix metalloproteinases and their inhibitors. Stellate
Cells Heal Dis 2015:107-24, http://dx.doi.org/10.1016/B978-0-12-800134-9.
00007-5. Elsevier.

[26] Yu Q, Stamenkovic I. Cell surface-localized matrix metalloproteinase-9 prote-
olytically activates TGF-beta and promotes tumor invasion and angiogenesis.
Genes Dev 2000;14:163-76, http://dx.doi.org/10.1101/gad.14.2.163.

[27] Yang M-H, Chen C-L, Chau G-Y, Chiou S-H, Su C-W, Chou T-Y, et al. Compre-
hensive analysis of the independent effect of twist and snail in promoting
metastasis of hepatocellular carcinoma. Hepatology 2009;50:1464-74, http://
dx.doi.org/10.1002/hep.23221.

[28] Zhang], Tian X], Chen Y], Wang W, Watkins S, Xing J. Pathway crosstalk enables
cells to interpret TGF-3 duration. NPJ Syst Biol Appl 2018;4:1-12, http://dx.doi.
org/10.1038/s41540-018-0060-5.

[29] Bi WR, Jin CX, Xu GT, Yang CQ. Bone morphogenetic protein-7 regulates Snail
signaling in carbon tetrachloride-induced fibrosis in the rat liver. Exp Ther Med
2012;4:1022-6, http://dx.doi.org/10.3892/etm.2012.720.

Annals of Hepatology 22 (2021) 100281

[30] Clark IM, Swingler TE, Sampieri CL, Edwards DR. The regulation of matrix met-
alloproteinases and their inhibitors. Int ] Biochem Cell Biol 2008;40:1362-78,
http://dx.doi.org/10.1016/j.biocel.2007.12.006.

[31] Huang D, DuX, YuanR, ChenL, Liu T, Wen C, et al. Rock2 promotes the invasion
and metastasis of hepatocellular carcinoma by modifying MMP2 ubiquitination
and degradation. Biochem Biophys Res Commun 2014;453:49-56, http://dx.
doi.org/10.1016/j.bbrc.2014.09.061.

[32] Lu L, Wang ], Lu H, Zhang G, Liu Y, Wang J, et al. MicroRNA-130a and -130b
enhance activation of hepatic stellate cells by suppressing PPARy expression:
a rat fibrosis model study. Biochem Biophys Res Commun 2015;465:387-93,
http://dx.doi.org/10.1016/j.bbrc.2015.08.012.

[33] Zeng Y, Zhu ], Shen D, Qin H, Lei Z, Li W, et al. Repression of Smad4
by miR205 moderates TGF-induced epithelial-mesenchymal transition in
A549 cell lines. Int ] Oncol 2016;49:700-8, http://dx.doi.org/10.3892/ijo.2016.
3547.

[34] Domitrovic R, Poto¢njak I. A comprehensive overview of hepatoprotective nat-
ural compounds: mechanism of action and clinical perspectives. Arch Toxicol
2016;90:39-79, http://dx.doi.org/10.1007/s00204-015-1580-z.

[35] Primikyri A, Chatziathanasiadou MV, Karali E, Kostaras E, Mantzaris MD, Hatz-
imichael E, et al. Direct binding of Bcl-2 family proteins by quercetin triggers
its pro-apoptotic activity. ACS Chem Biol 2014;9:2737-41, http://dx.doi.org/
10.1021/cb500259e.


dx.doi.org/10.1089/hum.2008.078
dx.doi.org/10.1089/hum.2008.078
dx.doi.org/10.1089/hum.2008.078
dx.doi.org/10.1089/hum.2008.078
dx.doi.org/10.1089/hum.2008.078
dx.doi.org/10.1089/hum.2008.078
dx.doi.org/10.1089/hum.2008.078
dx.doi.org/10.1089/hum.2008.078
dx.doi.org/10.1089/hum.2008.078
dx.doi.org/10.1038/s41598-017-00671-1
dx.doi.org/10.1038/s41598-017-00671-1
dx.doi.org/10.1038/s41598-017-00671-1
dx.doi.org/10.1038/s41598-017-00671-1
dx.doi.org/10.1038/s41598-017-00671-1
dx.doi.org/10.1038/s41598-017-00671-1
dx.doi.org/10.1038/s41598-017-00671-1
dx.doi.org/10.1038/s41598-017-00671-1
dx.doi.org/10.1038/s41598-017-00671-1
dx.doi.org/10.1038/s41598-017-00671-1
dx.doi.org/10.1002/hep.510300236
dx.doi.org/10.1002/hep.510300236
dx.doi.org/10.1002/hep.510300236
dx.doi.org/10.1002/hep.510300236
dx.doi.org/10.1002/hep.510300236
dx.doi.org/10.1002/hep.510300236
dx.doi.org/10.1002/hep.510300236
dx.doi.org/10.1002/hep.510300236
dx.doi.org/10.1016/B978-0-12-800134-9.00007-5
dx.doi.org/10.1016/B978-0-12-800134-9.00007-5
dx.doi.org/10.1016/B978-0-12-800134-9.00007-5
dx.doi.org/10.1016/B978-0-12-800134-9.00007-5
dx.doi.org/10.1016/B978-0-12-800134-9.00007-5
dx.doi.org/10.1016/B978-0-12-800134-9.00007-5
dx.doi.org/10.1016/B978-0-12-800134-9.00007-5
dx.doi.org/10.1016/B978-0-12-800134-9.00007-5
dx.doi.org/10.1016/B978-0-12-800134-9.00007-5
dx.doi.org/10.1016/B978-0-12-800134-9.00007-5
dx.doi.org/10.1016/B978-0-12-800134-9.00007-5
dx.doi.org/10.1016/B978-0-12-800134-9.00007-5
dx.doi.org/10.1016/B978-0-12-800134-9.00007-5
dx.doi.org/10.1101/gad.14.2.163
dx.doi.org/10.1101/gad.14.2.163
dx.doi.org/10.1101/gad.14.2.163
dx.doi.org/10.1101/gad.14.2.163
dx.doi.org/10.1101/gad.14.2.163
dx.doi.org/10.1101/gad.14.2.163
dx.doi.org/10.1101/gad.14.2.163
dx.doi.org/10.1101/gad.14.2.163
dx.doi.org/10.1101/gad.14.2.163
dx.doi.org/10.1101/gad.14.2.163
dx.doi.org/10.1002/hep.23221
dx.doi.org/10.1002/hep.23221
dx.doi.org/10.1002/hep.23221
dx.doi.org/10.1002/hep.23221
dx.doi.org/10.1002/hep.23221
dx.doi.org/10.1002/hep.23221
dx.doi.org/10.1002/hep.23221
dx.doi.org/10.1002/hep.23221
dx.doi.org/10.1038/s41540-018-0060-5
dx.doi.org/10.1038/s41540-018-0060-5
dx.doi.org/10.1038/s41540-018-0060-5
dx.doi.org/10.1038/s41540-018-0060-5
dx.doi.org/10.1038/s41540-018-0060-5
dx.doi.org/10.1038/s41540-018-0060-5
dx.doi.org/10.1038/s41540-018-0060-5
dx.doi.org/10.1038/s41540-018-0060-5
dx.doi.org/10.1038/s41540-018-0060-5
dx.doi.org/10.1038/s41540-018-0060-5
dx.doi.org/10.3892/etm.2012.720
dx.doi.org/10.3892/etm.2012.720
dx.doi.org/10.3892/etm.2012.720
dx.doi.org/10.3892/etm.2012.720
dx.doi.org/10.3892/etm.2012.720
dx.doi.org/10.3892/etm.2012.720
dx.doi.org/10.3892/etm.2012.720
dx.doi.org/10.3892/etm.2012.720
dx.doi.org/10.3892/etm.2012.720
dx.doi.org/10.1016/j.biocel.2007.12.006
dx.doi.org/10.1016/j.biocel.2007.12.006
dx.doi.org/10.1016/j.biocel.2007.12.006
dx.doi.org/10.1016/j.biocel.2007.12.006
dx.doi.org/10.1016/j.biocel.2007.12.006
dx.doi.org/10.1016/j.biocel.2007.12.006
dx.doi.org/10.1016/j.biocel.2007.12.006
dx.doi.org/10.1016/j.biocel.2007.12.006
dx.doi.org/10.1016/j.biocel.2007.12.006
dx.doi.org/10.1016/j.biocel.2007.12.006
dx.doi.org/10.1016/j.biocel.2007.12.006
dx.doi.org/10.1016/j.bbrc.2014.09.061
dx.doi.org/10.1016/j.bbrc.2014.09.061
dx.doi.org/10.1016/j.bbrc.2014.09.061
dx.doi.org/10.1016/j.bbrc.2014.09.061
dx.doi.org/10.1016/j.bbrc.2014.09.061
dx.doi.org/10.1016/j.bbrc.2014.09.061
dx.doi.org/10.1016/j.bbrc.2014.09.061
dx.doi.org/10.1016/j.bbrc.2014.09.061
dx.doi.org/10.1016/j.bbrc.2014.09.061
dx.doi.org/10.1016/j.bbrc.2014.09.061
dx.doi.org/10.1016/j.bbrc.2014.09.061
dx.doi.org/10.1016/j.bbrc.2015.08.012
dx.doi.org/10.1016/j.bbrc.2015.08.012
dx.doi.org/10.1016/j.bbrc.2015.08.012
dx.doi.org/10.1016/j.bbrc.2015.08.012
dx.doi.org/10.1016/j.bbrc.2015.08.012
dx.doi.org/10.1016/j.bbrc.2015.08.012
dx.doi.org/10.1016/j.bbrc.2015.08.012
dx.doi.org/10.1016/j.bbrc.2015.08.012
dx.doi.org/10.1016/j.bbrc.2015.08.012
dx.doi.org/10.1016/j.bbrc.2015.08.012
dx.doi.org/10.1016/j.bbrc.2015.08.012
dx.doi.org/10.3892/ijo.2016.3547
dx.doi.org/10.3892/ijo.2016.3547
dx.doi.org/10.3892/ijo.2016.3547
dx.doi.org/10.3892/ijo.2016.3547
dx.doi.org/10.3892/ijo.2016.3547
dx.doi.org/10.3892/ijo.2016.3547
dx.doi.org/10.3892/ijo.2016.3547
dx.doi.org/10.3892/ijo.2016.3547
dx.doi.org/10.3892/ijo.2016.3547
dx.doi.org/10.1007/s00204-015-1580-z
dx.doi.org/10.1007/s00204-015-1580-z
dx.doi.org/10.1007/s00204-015-1580-z
dx.doi.org/10.1007/s00204-015-1580-z
dx.doi.org/10.1007/s00204-015-1580-z
dx.doi.org/10.1007/s00204-015-1580-z
dx.doi.org/10.1007/s00204-015-1580-z
dx.doi.org/10.1007/s00204-015-1580-z
dx.doi.org/10.1007/s00204-015-1580-z
dx.doi.org/10.1007/s00204-015-1580-z
dx.doi.org/10.1021/cb500259e
dx.doi.org/10.1021/cb500259e
dx.doi.org/10.1021/cb500259e
dx.doi.org/10.1021/cb500259e
dx.doi.org/10.1021/cb500259e
dx.doi.org/10.1021/cb500259e
dx.doi.org/10.1021/cb500259e

	Turnera diffusa extract attenuates profibrotic, extracellular matrix and mitochondrial markers in activated human hepatic ...
	1 Introduction
	2 Material and methods
	2.1 Preparation of a methanolic extract of Turnera diffusa (METD)
	2.2 Cell culture
	2.3 Cell viability assay
	2.4 HSC exposed to METD treatment
	2.5 RNA extraction and Retrotranscription assay
	2.6 Quantitative PCR (qPCR) for fibrosis markers
	2.7 Protein expression levels of fibrosis markers
	2.8 Statistical analysis

	3 Results
	3.1 METD treatment is not cytotoxic for LX-2 cells
	3.2 METD does not modify sustained LX-2 cell morphology in the presence of TGF-.
	3.3 METD attenuates fibrogenic expression markers in LX-2 cells.
	3.4 METD modulates TIMP1 expression
	3.5 METD increases SNAI1-mRNA expression
	3.6 METD modulates MFN2 expression

	4 Discussion
	Financial support
	Conflict of interest
	Acknowledgments
	References


