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Abstract

The development of new therapeutic strategies to control or reverse hepatic fibrosis requires
thorough knowledge about its molecular and cellular basis. It is known that the heptapeptide
angiotensin-(1-7) [ang-(1-7)] can reduce hepatic fibrosis and steatosis in vivo; therefore, it is
important to uncover the mechanisms regulating its activity and cellular model of investigation.
Ang-(1-7) is a peptide of the renin-angiotensin system (RAS), and here we investigated its
modulatory effect on the expression pattern of microRNAs (miRNAS) in hepatic stellate cells
(HSCs) LX-2, which transdifferentiate into fibrogenic and proliferative cells. We compared the
miRNA profiles between quiesced, activated and ang-(1-7)-treated activated HSCs to identify
miRNAs that may regulate their transdifferentiation. Thirteen miRNAs were pointed, and cellular
and molecular analyses identified miRNA-1914-5p as a molecule that contributes to the effects of
ang-(1-7) on lipid metabolism and on the pro-fibrotic environment control. In our cellular model,
we also analyzed the regulators of fatty acid metabolism. Specifically, miRNA-1914-5p regulates
the expression of malonyl-CoA decarboxylase (MLYCD) and phosphatidic acid phosphohydrolase
(PAP or Lipin-1). Additionally, Lipin-1 was closely correlated with mRNA expression of
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peroxisome proliferator-activated receptors (PPAR)-a and —y, which also contribute to lipid
homeostasis and to the reduction of TGF-B1 expression. These findings provide a novel link
between RAS and lipid metabolism in controlling HSCs activation.
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1. Introduction

Hepatic fibrosis and its end stage, cirrhosis, were reported to have caused the death of more
than one million people in 2010, and the numbers continue to increase (Mokdad et al.,
2014). However, no effective therapy is available. Alcohol abuse and hepatitis B and C are
the major causes of hepatic injuries that contribute to the development of fibrosis (Lida-
Ueno et al., 2017), which is frequently associated with an increased production of
extracellular matrix (ECM) (Friedman et al., 1985; Kocabayoglu and Friedman, 2013;Lee
and Friedman, 2010). In addition, nonalcoholic fatty liver diseases are rapidly rising as a
potential cause of death (Ahmed, 2015; Le et al., 2017; Nayak et al., 2010; Pappachan et al.,
2017).

In the liver, hepatic stellate cells (HSCs) play a major role in promoting liver fibrosis. These
mesenchymal, perisinusoidal cells contribute to the liver homeostasis, and they respond to
liver injury by transdifferentiating from a quiescent to an activated state (Friedman, 2008). In
the healthy liver, HSCs have a star-like morphology and store large amounts of vitamin A, as
retinyl esters, and triglycerides in the cytoplasmic lipid droplets (LD) (Ito and Shibasaki,
1968; Molenaar et al., 2017). However, in liver injuries, HSCs lose their intracellular lipid
droplets, change their morphology from stellate to myofibroblast-like, and produce increased
ECM components (Friedman et al., 1985; Kocabayoglu and Friedman, 2013; Lee and
Friedman, 2010). The link between changes in lipid metabolism in HSCs and the
development of hepatic fibrosis is not well understood (Lee et al., 2010; Pirazzi et al., 2014;
Shirakami et al., 2012). Recently, autophagic degradation of LD has been linked to the
transdiferentiation of HSCs by contributing with the energy source (Hernandez-Gea et al.,
2012). Clarifying the regulation of lipid metabolism in HSCs transdifferentiation could lead
to the development of new therapeutic strategies for liver fibrosis.

The heptapeptide angiotensin-(1-7) [ang-(1-7)] can modulate liver fibrosis (Cai et al., 2016;
Moreira de Macédo et al., 2014; Pereira et al., 2007; Simdes et al., 2017); however, its
mechanisms of action are not known. Ang-(1-7) is a peptide hormone of the renin-
angiotensin system (RAS), initially described as an important regulator of the cardiovascular
system (Ferreira et al., 2001; Loot et al., 2002). More recently, a study demonstrated that the
heptapeptide protects the liver against steatosis by modulating hepatic lipid metabolism and
interrupting fibrosis (Cao et al., 2016; Simdes et al., 2017). In addition, other studies
describe the effect of the ang-(1-7) in hepatic metabolism, but the molecular details
regarding the contribution of the heptapeptide to lipid metabolism and fibrogenesis in HSCs
have not been clarified.
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In the present study, we investigated the mechanistic effect of the ang-(1-7) heptapeptide on
the lipid metabolism of activated HSCs to clarify its contribution to cell phenotypic
transdifferentiation and reversion. For this, we studied the expression pattern of microRNAS
(miRNAS) in LX-2 cells, a widely used immortalized human stellate cell line (Xu et al.,
2005) and we have uncovered miRNA-1914-5p as a novel molecule that contributes to the
regulation of cellular fatty acid (FA) metabolism and with the controlling of the pro-fibrotic
environment in this cell type.

miRNAs are small (21-25 nt) non-coding RNAs that modulate gene expression by binding
to the 3’ -untranslated region (UTR) of target mMRNAs, decreasing protein synthesis
(Ambros, 2003; Bartel, 2004; Bartel, 2009). Several studies have demonstrated that changes
on miRNA expression are correlated with the physiological or pathological states of the cells
(Szabo and Bala, 2013), having provided new biomarkers for the characterization of diseases
and support drug development strategies (Hsu et al., 2017; Imamura et al., 2017; Wang et al.,
2017). Therefore, we investigated the modulatory effect of the miR-1914-5p in LX-2,
pointing its relevance in the cellular metabolism transdifferentiation.

2. Materials and methods

2.1. Cell culture

The LX-2 human HSC cell line (Xu et al., 2005) was maintained in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 2% (quiesced culture) or 10% (activated
culture) fetal bovine serum (FBS) plus antibiotics under 37 °C and 5% CO,. For
experiments, cells were seeded at 3.2 x 102 cells/cm? and, when required, the heptapeptide
(Bachem Americas Inc, USA) was added to the activated cultures at a final concentration of
10~7 M (Su et al., 2006; Verano-Braga et al., 2012). The media containing or not the peptide
was renewed every 24 h until the cultures reached ~90% confluency.

2.2. Phase-contrast microscopy

LX-2 cells were fixed in 3.7% formaldehyde solution containing 1% calcium chloride and
lipid droplets were stained with 0.7% Oil Red O and hematoxylin counterstained. The
images were acquired on an Olympus BX51 microscopy and a DP71 CCD camera (Tokyo,
Japan). The LDs were quantified using the Image J platform (Rashand, 1997). One hundred
randomly selected cells were analyzed in each independent group.

2.3. Total RNA isolation, miRNA profiling and data analysis

Total RNA from different groups of LX-2 cultures was isolated, profiled and analyzed
according to Silva et al. (2016). The global analyses of the microRNA arrays identified the
upregulated and the downregulated miRNAs in LX-2 cells cultivated under different
conditions and for the heat map construction, using the GenEx software (Tata Biocenter
Team, 2014), only clustering of miRNAs with significantly different expression (p < 0.05)
between samples were considered.
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2.4. Real time PCR

The miRCURY LNA™ PCR array results were validated by real-time PCR using EXiLENT
SYBR® Green master mix (Exiquon, Denmark) and a specific set of MIRCURY LNA™
primers for human-miR-15a-5p, miR-165p, miR-30c-5p, miR-30e-3p, miR-139-3p,
miR-196b-3p, miR-323a-3p, miR-380-5p, miR-491-5p, miR-769-3p, miR-1179, miR-1254
and miR1914-5p. In addition, gPCRs were also performed to verify the mMRNA expression of
different genes in LX-2 groups using 2 “2ACT analysis and specific primers sets. Relevant
sequences to the present study are presented in Table 1. The qPCR reactions were performed
as described in Silva et al. (2016) and values were plotted relative to the normal control
values.

2.5. Selection of miRNA for functional validation

MicroRNAs pointed by statistical analysis were evaluated by Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway using the DIANA-microT-CDS online tool
(Paraskevopoulou et al., 2013; Reczko et al., 2012). The analysis revealed thirty-four cellular
signaling pathways that were possibly correlated with HSC transdifferention (p < 0.01).
Next, based on miRBase (Griffiths-Jones et al., 2006), miRDB (Wong and Wang, 2015)
online databases, literature search at PubMed and Web of Science, and the statistical
analyses, the fatty acid biosynthesis pathway and the miR-1914-5p were selected for further
assays.

2.6. Cellular transfections

For miRNA and small interfering RNA (siRNA) transfections, 6 x 104 LX-2 cells were
plated on a 24-well plate and incubated overnight under regular growth conditions. Next,
miR-1914-5p mimic or inhibitor (mirVana™miRNAs, Thermo Fisher Scientific, USA) and
MLYCD-siRNA and ACSL4-siRNA or their Non-targeting Pool (OnTarget Plus siRNA —
Smart Pools — Dharmacon/GE Health Care, USA) were transfected into cells, according to
Silva et al. (2016). At 48 h after transfection, cells were collected for further investigation.

2.7. Enzyme-linked immunosorbent assay (ELISA)

Cell culture supernatants were used in the TGF-B 1 immunoassays. The secreted
Transforming Growth Factor-p1 (TGF-p1, Thermo Fisher Scientific, USA) were measured
using 50 L of the supernatants and ELISA kit, as directed by the manufacturer, using a
microplate reader (Packard Instrument Company Inc., USA).

2.8. Fourier transform infrared spectroscopy analysis

Fourier transform infrared (FTIR) spectroscopy spectra were obtained using universal
attenuated total reflectance (UART-FITR). For the assays, 1 x10% LX-2 dried cells from each
independent group were used. The samples were analyzed in a Spectrum Spotlight 400 FT-
IR (PerkinElmer, USA) and the spectra were recorded between the regions 4000 cm~1 and
450 cm~1 at 20 °C. Thirty two scans were taken with resolution of 4 cm™1 and digital data
were processed with Spectrum 5.2 software (PerkinElmer, USA). The spectra were
normalized to amide | band (and A1651) and the baseline-corrected spectrum was
considered to determine the variations. The protocol was adapted from Stuart (2004).
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2.9. Fatty acid oxidation and citrate synthase activity in hepatic stellate cells

Fatty acid oxidation was determined by the incubation of 2.4 x 108 cells in Krebs Ringer
solution in the presence of 0.4 uCi/ mL [1-14C] palmitate (Perkin Elmer, USA). The
reactions were processed at 37 °C for 1 h and they were terminated by the addition of 0.25
mL of H,SO,4 (5N). Radioactivity of the generated 14CO, was determined by liquid
scintillation counting using 4 mL of Uniscint BD (National Diagnostics, USA) (Massao
Hirabara et al., 2003).

For the citrate synthase (CS) activity measurement, LX-2, 5 x 106 cells/mL were frozen
under liquid nitrogen and thawed two times to disrupt the mitochondria and release the
citrate synthase (Siu et al., 2003). The homogenate was centrifuged at 12000 x gat 4 °C for
10 min and the supernatant containing the proteins collected and the concentration was
determined by Bradford assay (Bio-Rad, USA). Ten ug of protein was added to the reaction
mixture containing triethanolamine-HCI buffer 0.1 M, pH 8.0, 0.3 mM acetyl-CoA, 0.5 mM
oxaloacetate, 0.25% Triton X-100 and 0.1 mM 5,5’-Dithiobis-2-nitrobenzoic acid (DTNB).
Citrate synthase activity was determined according to Srere (1969).

2.10. Western blot

Western blot assays were performed, visualized and analyzed according to Da Silva et al.
(2016), using anti-actin a-smooth muscle (a-SMA, Sigma-Aldrich, USA) or anti-ACC1
monoclonal antibodies, and anti-MLYCD (ABCAM, UK), anti-ACSL4 and anti-Lipin-1
(Thermo Fisher Scientific, USA) or anti-p-actin (Cell Signaling, USA) polyclonal
antibodies, followed by 2 h of incubation with horseradish peroxidase-conjugated secondary
antibodies (Cayman Chemical, USA).

2.11. Dual-luciferase reporter assay

The initial 226 pb of 3’-UTR of MLYCD, containing the putative binding site for the
miR-1914-5p (seed sequence 5'-GCACAGG), or a mutated seed sequence (5 -GAGCCAG)
were amplified by PCR and cloned in the pGL3-Control vector (Promega, USA). These
vectors were co-transfected with miR-1914-5p mimic or inhibitor into LX-2 cells using
Lipofectamine® RNAIMAX Transfection Reagent (Thermo Fisher Scientific, USA). The
Renilla luciferase reporter plasmid (pRL-TK) was used as the internal control for
transfection efficiency. The assays were measured in a TD20/20 luminometer (Turner
Designs).

2.12. Graphs and statistical analyses

Multiple data are presented as mean + standard deviations (SD) from at least 3 independent
experiments and analyses. Graphs and statistical analyses were generated using Graph Pad
Prism® 5 software. The differences between the cellular groups were calculated using
oneway analysis of variance (ANOVA), followed by Dunnett’s test. Significance was set at p
< 0.05.
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3. Results

3.1. Modulatory activity of angiotensin-(1-7) in LX-2 hepatic stellate cells and miRNA

signatures

The transcriptional level of classical pro-fibrotic genes alpha-smooth muscle actin (a-SMA),
transforming growth factor p (TGF-B)1, TGF-B2, collagen alpha-1 chain precursor
(COL1AL1), connective-tissue growth factor (CTGF) and platelet derived growth factor
(PDGF-B) were evaluated in different groups of LX-2. Fig. 1 shows the results. In activated
cells (10% FBS), the heptapeptide decreased the mRNA expression of the investigated genes
to nearly quiesced cell (2% FBS) levels, suggesting a positive effect of the heptapeptide in
the activation reversion of this HSC.

Next, miRCURY LNA™ PCR array analyses pointed 13 miRNAs differentially expressed
among quiesced, activated and activated plus ang(1-7) treatment (p < 0.05). Fig. 2A
illustrates the heatmap for the microarray data from groups of LX-2 cells. Three main
clusters of miRNA expression presented interconnections between them. Fig. 2B lists the
identified mMiRNAs and the differences between the groups in log scale. The analyses
revealed higher miRNA expression levels for miR-139-3p, miR-196b-3p, miR-380-5p,
miR-491-5p, miR-769-3p, miR-1179, and miR-1254 in ang-(1-7)-treated group. On the
other hand, lower miRNA levels were observed in 11 out of the 13 investigated miRNAs in
activated LX-2 cultures. To validate these results, gRT-PCR miRNAs assays were performed
and the results were consistent with those found in PCR array (Fig. 2C).

To investigate functional activities of the selected miRNAs in LX-2 phenotype reversion,
DIANA-microT-CDS algorithm (Paraskevopoulou et al., 2013) was used and 34 KEGG
molecular pathways were pointed (*p < 0.01) (Fig. 3A and B). The statistical analyses (p
values) of the KEGG pathways and their connection with the HSC transdifferentiation,
pointed the miR-1914-5p for further investigation. This miRNA was pointed to be correlated
with the fatty acid biosynthesis. miR-15a-5p and 16-5p were not functionally investigated
because their activities were not as restricted as those of miR-1914-5p.

3.2. Modulatory effects of miRNA-1914-5p on pro-fibrotic markers and lipid droplets in

LX-2 cells

Activated LX-2 cells transfected with miR-1914-5p mimic or inhibitor were used to evaluate
the expression level of pro-fibrotic markers. In activated LX-2 cells high levels of a-SMA
gene transcript and protein were found; on the other hand, reduced levels nearly comparable
to quiesced were observed for miR-1914-5p mimic and in ang(1-7)-treated cells as well.
The a-SMA transcripts and protein levels of activated cells transfected with miR-1914-5p
inhibitor remained unaltered (Fig. 4A). Considering TGF-B1 production, it presents a 12%
higher level in activated cells than in quiesced cells. In addition, when compared the
cytokine production level in activated cells to the amount found in ang-(1-7) treated-cells
and miR-1914-5p-mimic transfected cells,~21% and ~58% reduction was found in TGF-p1
levels respectively (Fig. 4B). Moreover, to confirm the modulatory effect of the
miR-1914-5p in the pro-fibrotic processes in LX-2, classical molecular markers of
fibrogenesis were verified. The Fig. A1 shows mRNA and protein expression levels of

Int J Biochem Cell Biol. Author manuscript; available in PMC 2019 January 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

de Oliveira da Silva et al. Page 7

COL1A1, CTGF and PDGF-B. In addition, the presence of lipid droplets was analyzed
through Oil Red O staining in each individual LX-2 group (Fig. 4C). Reduced numbers of
LDs were found in activated LX-2 cells when compared to the average number found in
quiesced LX-2, heptapeptide-treated and in miR-1914-5p-transfected cells. Combined the
results confirm the modulatory effect of the peptide and the miR-mimics-1914-5p in the
investigated HSC lipid metabolism, contributing to the pro-fibrotic environment control.

3.3. Effects of angiotensin-(1-7) and miRNA-1914-5p in cellular fatty acid metabolism in
the HSC LX-2

To study the effects of the heptapeptide and the miR-1914-5p in LX2 lipid metabolism, the
total amount of lipids in LX-2 cells was measured by UART-FITR. The total lipids were
identified by major assigned bands between the regions 3000-2850 cm~1 (Hamilton and
Cast, 1999). The results were summarized as relative measured area (Fig. 5A), and
demonstrated increase amount of lipids in activated LX-2 cells, compared to the level found
in quiesced culture (~8-fold increase). This result is supported by the fact that more lipids
(albuminlinked) were available in the media containing 10% FBS, which was probably
incorporated by the cells, facilitating cellular activation and pro-fibrotic metabolism.
However, the ang-(1-7) treatment and the miRNA-mimic transfection reduced the total
amount of lipids in activated cells, and the miRNA-inhibitor did not change the lipid pattern
found in activated HSCs.

Next, palmitate oxidation was investigated in LX-2. Increased oxidation level was found in
activated cells in comparison with the quiesced cells (Fig. 5B). The heptapeptide treatment
markedly decreased fatty acid oxidation in activated LX-2 and a 25% reduction in palmitic
acid oxidation was observed in activated cells transfected with miR-1914-5p-mimic. No
significant changes in palmitate oxidation were verified in activated cells transfected with
miR-1914-5p-inhibitor. Moreover, citrate synthase activity increased in activated cells, and
greater amounts were found in activated cells treated with ang-(1-7), when compared to the
quiesced culture (Fig. 5C), suggesting high mitochondrial density, probably correlated with
the need for enhanced energy production to support cellular maintenance, once a decreased
level of palmitic acid oxidation was observed in such cellular groups (Fig. 5B).
miR-1914-5p mimic or inhibitor did not altered the citrate synthase content in activated
cells, suggesting that this miRNA is not involved in the increase of mitochondrial density.

Furthermore, we analyzed the expression pattern of the key genes regulating fatty acid
biosynthesis (Fig. 6A): ATP citrate lyase (ACLY) converts citrate coming from mitochondria
to cytosolic acetyl-CoA,; acetyl-CoA carboxylase (ACC) 1 and ACC2. ACCL1 is cytosolic,
and ACC2 is associated with the mitochondria and they catalyze the irreversible
carboxylation of acetyl-CoA to malonyl-CoA, the rate-limiting step in fatty acid synthesis;
MLYCD, which decarboxylates malonyl-CoA to acetyl-CoA, and fatty acid synthase
(FASN), that catalyzes the synthesis of palmitate from acetyl-CoA and malonyl-CoA (Currie
et al., 2013). The global analyses of investigated genes showed significant increased
expression for ACC2, in ang-(1-7)-treated cells. Moreover, MLY CD transcripts increased in
activated cells and even more in miR-mimic-transfected cells, when compared to the level
found in quiesced cells. However, the MLYCD transcripts decreased in ang-(1-7)-treated
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cells, and in cells transfected with the miR-inhibitor, no major changes were observed in the
MLYCD mRNA level compared to that of activated cells. In addition, lower FASN
expression was found in the cells cultivated under high extracellular fatty acid concentration
(10% FBS), supporting the fact that FASN expression is frequently downregulated under
these conditions (Wang, 2010).

To clarify the functional activity of the miR-1914-5p in lipid metabolism, bioinformatics
approaches pointed to ACC1 and MLYCD as potential targets of the miR-1914-5p, and
protein levels of those enzymes were evaluated in LX-2 cultures (Fig. 6B). The analyses
revealed a 50% increase in ACC1 protein levels in all groups cultivated under activated
conditions, when compared to the level found in quiesced cells. For MLYCD (Fig. 6B), the
protein level also demonstrated a similar pattern to the mRNA expression, except for
activated cells transfected with miR-1914-5p. These group of cells presented MLYCD
protein content close to the quiesced cells despite the high mMRNA level observed, suggesting
the presence of post-transcriptional mechanisms controlling MLYCD protein level (Carthew
and Sontheimer, 2009; Fabian et al., 2010; Meijer et al., 2013; Wilczynska and Bushell,
2015) in miRNA-mimic-transfected cells. To confirm the physical interaction between the
molecules, dual-luciferase assays were performed and Fig. A2 presents the results, which
corroborates the physical interaction between the miRNA-1914-5p mimic and the pGL3-
MLYCD-3’-UTRtransfected groups.

3.4. Functional validation of miRNA-1914-5p in pro-fibrotic lipid metabolism of LX-2 cells

To address the modulatory function of the miR-1914-5p in pro-fibrotic lipid metabolism of
LX-2 cells, MLYCD was downregulated (siMLYCD), using 10 nM of MLYCD-siRNA
molecules. The mRNA expression was abolished, while Western blot analyses revealed a
73% reduction in MLYCD protein level (Fig. 7A). The incomplete protein silencing may be
explained by its half-life of more than 12 h (Clark et al., 2012). Moreover, the HSC
transfection with the non-targeting pool of siRNAs did not yield differences either in
MLYCD transcript or protein levels, when compared to the control group.

In addition, in SIMLYCD cells reduced TGF-B1 expression (Fig. 7B) and a-SMA mRNA
and protein levels (Fig. 7C), compared to the activated group. These results suggest that the
MLYCD knock-down contributes to the control of initial pro-fibrotic stimuli in LX-2 cells.
Other molecular markers of the pro-fibrotic stimuli, such as COL1A1, CTGF and PDGF-B
were also reduced in siMLYCD cells (Fig. A3). Furthermore, LD in siMLYCD cells
increased in number by approximately 50%, when compared to the activated cells (Fig. 7D).
The same pattern of LD was found in ang-(1-7) treated cells and in miR-1914-5p
transfected cells (Fig. 4), in which the expression level of MLYCD was also reduced (Fig.
6).

For the LX-2-siMLYCD cells, the UART-FITR analyses demonstrated a small decrease in
the total amount of lipids, when compared to the activated ones (Fig. 7E). Moreover, in
SIMLYCD cells, the palmitic acid oxidation levels (Fig. 7F) and citrate synthase activity
(Fig. 7G) were reduced near to the level found in activated LX-2 transfected with the
miR-1914-5p. In addition, no major changes were observed in cells transfected with the On-
Target Plus Non-targeting siRNA.
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Moreover, to uncover details of the molecular activity of ang-(1-7) or miR-1914-5p in fatty
acid metabolism, the expression levels of relevant molecules that control this metabolic
pathway after palmitic acid synthesis were investigated: acyl-CoA synthetase (ACSL),
glycerol-3-phosphate acyltransferases (GPATS), acylglycerolphosphate acyltransferases
(AGPATS), Lipin-1, diglyceride acyltransferase (DGAT)1, DGATZ2, adipose triglyceride
lipase (ATGL), hormone sensitive lipase (HSL) and monoacylglycerol lipase (MAGL)
(Currie et al., 2013). The results revealed differences in the mRNA expression in LX-2
groups of cells for ACSL4, LIPINIand DGATS genes.

ACSL enzymes activate intracellular long chain fatty acids providing acyl-CoA substrates
for several metabolic fates such as lipid synthesis or p-oxidation. ACSL4 mRNA expression
is increased in HSCs activated cells, as demonstrated by Tuohetahuntila et al. (2015). Our
assays also presented high ACSL4 mRNA expression in activated cells as in LX-2
transfected cells (Fig. 8A). In the heptapeptide treated-groups, there was an expressive
reduction in gene expression and protein level compared to the other groups (Fig. 8A). To
address the physiological effect of ACSL4 in our model, we knocked down this mMRNA
(SIACSLA4 cells), reducing the protein level (Fig. 8B). In addition, the lipid content and the
fatty acid oxidation reduced considerable when compared to the activated cells (Fig. 8C), as
observed in ang-(1-7) treated cells, suggesting the existence of cellular connections that
support the mitochondrial oxidation processes and cellular maintenance (Fig. 5), probably
by the compensatory activity of different ACSL isoforms. For the miRNA-1914-5p-
transfected cells, higher levels of ACSL4 may favor higher fatty acid oxidation as found in
activated cells and demonstrated in Fig. 5B.

We also investigated LD assemble in ang-(1-7)-treated and miR-1914-5p-transfected cells,
and special attention was given to the expression level of DGATs enzymes. DGATs (DGAT1
and DGAT?2) are enzymes involved in lipogenesis and fatty acid storage control (Currie et
al., 2013). These enzymes esterify diacylglycerol (DAG) and acyl-CoA into triacylglycerol
(TAG). Recently, Yuen et al. (2015) demonstrated that the DGAT-1 inhibition favors the
accumulation of LDs in HSCs, in opposition to what was described for hepatocytes. The
same authors pointed that Dgat1—/- rat livers were protected against fibrosis. In our assays,
the relative gene expression of two mammalian DGATS, DGAT1 and DGAT2, were found
reduced only in quiesced and in heptapeptide-treated cells (Fig. 9A), supporting the
increased number of LDs (Fig. 4C) present in those cells.

However, the assembly of LD in miR-1914-5p-transfected cells demonstrated to be
modulated by a molecular route, where Lipin-1 plays a role. This enzyme is a Mg(2 +)-
dependent phosphatidic acid phosphohydrolases (PAP) that acts in the penultimate step in
triglyceride (TG) synthesis (Han et al., 2006), facilitating the assembly of LD mediated by
the direct interaction with perilipin proteins (Skinner et al., 2009). In our assays, the Lipin-1
relative gene expression and protein level decreased in activated cells as found in Jang et al.
(2016). However, the level of Lipin-1 increased both in the heptapeptide treated-groups and
even more in the miR-mimic-1914-5p transfected cells, when compared to the level found in
activated cells (Fig. 9B). In addition, Lipin-1 acts as molecular scaffold considering its
interactions with different transcriptional factors, leading the activation or repression of gene
transcription in lipid metabolic pathway (Harris and Finck, 2011). In our study, the mRNA
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level of peroxisome proliferator-activated receptor (PPAR)-a and PPAR-y increased in miR-
mimic-1914-5p transfected cells (Fig. 9C), contributing to the homeostatic lipid metabolism
(Bou et al., 2010) in LX-2 cells. In addition, the high expression levels of those molecules
could be related with the increased fatty acid oxidation (Finck et al., 2006) found in miR-
mimic-1914-5p transfected cells (Fig. 5B) and even to the control of the pro-fibrogenic
environment in LX-2 (Jang et al., 2016) (Fig. 1).

4. Discussion

Hepatic fibrosis is a worldwide health concern, and no effective therapy is currently
available. In addition, the advanced liver fibrosis impairs liver functions, which may favor
the development of hepatocellular carcinoma (HCC) (Saeki et al., 2013; Sakurai and Kudo,
2013; Waller et al., 2015); then, liver fibrosis controlling is mandatory. Considering the
relevant function of HSCs in the establishment of hepatic fibrosis, in this study, the
molecular response of activated LX-2 to the treatment of the heptapeptide angiotensin-(1-7)
was investigated, revealing the miR-1914-5p as an element that modulates the lipid
metabolism in such cell line, changes cellular environment, and contributes to the control of
molecular markers of hepatic fibrogenesis.

Angiotensin-(1-7) modulates several metabolic pathways. Shearn et al. (2014) reported that
the modulatory activity of the heptapeptide in the AKT pathway influences the lipid
metabolism. Singh et al. (2010) demonstrated the effect of the ang-(1-7) in changing lipid
composition in renal cortical tissue in diabetic rats. Other studies demonstrated the effect of
the ang-(1-7) in reducing levels of lipids in the plasma and in the whole body (Moreira et
al., 2017; Santos et al., 2010; Schuchard et al., 2015; Tang et al., 2017), in preventing or
positive controlling hepatic steatosis (Cao et al., 2016; Feltenberger et al., 2013; Moreira et
al., 2017; Simdes et al., 2017), and in antifibrotic activity (Cai et al., 2016; Lubel et al.,
2009; Simdes et al., 2017). In our analyses, ang-(1-7) modulated pro-fibrotic markers, lipid
metabolism and the expression pattern of miRNAs in LX-2 cells, including the
miR-1914-5p. In our assays, this miRNA modulated the biochemistry of lipid metabolism,
contributing to the LX-2 phenotypic reversion from a myofibroblast-like form to a more
quiesced stellate cells. However, the mechanistic differences observed between the effects of
the ang-(1-7) and the isolated miR-mimic-1914-5p in LX-2 are supported by the fact that
many molecular players are expressed and work synchronically when cells are treated with
the peptide, including the miR-1914-5p. On the other hand, the miR-mimic-1914-5p acts on
its molecular routes without any interference from molecular effectors coming from the
heptapeptide transduction cellular signaling. The accurate analysis of the miR-1914-5p,
demonstrated its relevant function in lipid metabolism, which may be useful in future drug
development.

Considering the investigated elements, ACC2 emerged as a molecule that would probably
modulated the B-oxidation reduction in the heptapeptide-treated cells (Vance and Vance,
2008) in LX-2 (Figs. 5, 6 and 10). The product of this enzyme (malonyl-CoA) blocks
carnitine palmitoyltransferase 1 (CPT1) protein and avoids mitochondrial FA oxidation. In
our assay, the increased expression of the ACC2 gene was observed exclusively in
heptapeptide-treated cells (Fig. 6). In Feltenberger et al. (2013), the ang-(1-7) administration
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in mice fed with high-fat diet also suggested a modulatory function of the heptapeptide in
the reduction of mitochondrial fatty acid oxidation. In addition, under different molecular
connections, the heptapeptide and the miR-1914-5p reduced the MLYCD protein level. This
reduction favors the accumulation of malonyl-CoA produced by the ACC1 enzyme, and the
downstream cellular events that contribute to LDs reassembly and to the control of fibrotic
markers level to a more quiesced state (Fig. 4). In heptapeptide-treated cells, the
transcriptional pattern of MLYCD matches the protein level (Fig. 6), suggesting the
existence of a regulatory mechanism closely dependent on transcriptional regulation. In
miR-mimic-1914-5p transfected cells, the results pointed to the presence of post-
transcriptional gene silencing (PTGS) in the control of MLYCD enzyme level in LX-2. The
RNAI was clearly verified in the cells by translational repression of the enzyme (Carthew
and Sontheimer, 2009) mediated by the interaction of mMRNA-mimic (Figs. 6, A2), ensuring
cellular survival, as the imbalanced MLYCD expression creates a toxic environment, which
may induce cellular death. In a systemic point of view, both the ang-(1-7) and the
miR-1914-5p modulate MLYCD, whose cellular activity plays a relevant function in LX-2
lipid metabolism, contributing to the transdifferentiation processes by its direct effect on the
pro-fibrotic elements (Figs. 1 and 4, Fig. Al). The siMLYCD analyses corroborated the
relevant function of this enzyme on the LX-2 metabolism (Figs. 7, A2).

Moreover, the analyses of the ACSL4 reinforced the differences between metabolic routes
conducted by the heptapeptide and the miRNA-1914-5p in LX-2 cells. The ACSL4 is the
only ACSL isoform upregulated in activated cells (Tuohetahuntila et al., 2015), facilitating
changes in lipid metabolism. In heptapeptide-treated cells, the low ACSL4 level found (Fig.
8) associated to the high ACC2 expression (Fig. 6) could have contributed to the low
palmitate oxidation level (Figs. 5 and 10). Moreover, the high number of LD observed is
probably correlated with the increased level of Lipin-1 (Fig. 9) and could have been
intensified by the reduced levels of DGATs molecules (Yuen et al., 2015) (Fig. 9). In
miRNA-mimic-transfected LX-2 cell, higher levels of ACSL4, Lipin-1 and DGATS were
found. The increased level of ACSL4 may have contributed to the increased palmitate
oxidation found in those cells (Fig. 5), and LD assembling would be more connected to
Lipin-1, having occurred independently from DGAT-1 and DGAT-2. Moreover, in Jang et al.
(2016), the authors demonstrated that Lipin-1 is able to regulate the fibrogenesis and TGF-p
signaling in hepatic stellate cells. In our cellular model, the effective controlling of pro-
fibrotic stimuli and the transdifferenciation processes mediated by the effect of the
heptapeptide or the miR-1914-5p connects to the lipid metabolism. In addition, co-culture
assays of LX-2 and the hepatocyte cell line HepG2, heptapeptide-treated or miR-1914-5p-
transfected also reinforced the relevant function of the miR-1914-5p in cellular lipid
metabolism and in the control of pro-fibrotic environment. Supplemental File discuss and
presents the results of the assays performed using the two cell lines and the physiological
effects of the miR-1914-5p. Fig. A4, Fig. A5 and Fig. A6 summarize the results, whose
complete explanation is described in attached file.

In conclusion, the results demonstrated that the miR-1914-5p contributed to the LX-2
transdifferentiation based on the response of the cells to the ang-(1-7) treatment, both
molecules downregulate MLYCD levels and normalize LD number through distinct
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mechanisms. Fig. 10 presents a schematic overview of the modulatory effect of the
investigated molecules in the lipid metabolism pathway in LX-2.

Therefore, the clarification of how the molecular interplays modulated by the heptapeptide
fine-tunes lipid metabolism is relevant to the development of new biotechnological
strategies. The characterization of such molecular markers may be a useful probe in
understanding and promoting the reversion of hepatic diseases. Unfortunately, there were
certain limitations to our study, considering that primary human cells are difficult to obtain,
and the non-existence of hsa-miR-1914-5p orthologue to validate its in vivo physiological
function. Future indirect approaches might validate our findings and the mechanistic effect
of the miR-1914-5p in human system biology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. AL

Fibrotic markers expression in LX-2-miR-1914-5p mimic transfected cells. Transcriptional
and protein levels of fibrotic markers were evaluated in different groups of LX-2 cells. The
graphs represent the mean values of at least three independent experiments (p < 0.05).
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Fig. A2.

Dual-luciferase assays corroborates the physical interaction between the miRNA-1914-5p
mimic and the MLYCD-3’- UTR. pGL3-Control group was used as reference in the assays.
(A) Representative potential target sequences of the MLYCD-3’- UTR and MLYCDmut-3’-
UTR and the miR-1914-5p. (B) Relative luciferase activity in pGL3-MLYCD-3’- UTR cells
co-transfected or not with the 1914-5p miRNA mimic or inhibitor.(C) Relative luciferase
activity in pGL3-MLYCDmut-3"- UTR cells co-transfected or not with the 1914-5p miRNA
mimic or inhibitor, where the presence of small molecules did not affect the luciferase
production. The graphs represent the mean values of at least three independent experiments
(p <0.05).
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Fibrotic markers expression in LX-2 —siMLYCD cells. Transcriptional and protein levels of

fibrotic markers were evaluated in different groups of LX-2 cells cultivated in 10% of FBS
(activated). The graphs represent the mean values of at least three independent experiments

(p < 0.05).
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Fig. Ad.

Pro-fibrotic markers expression in HepG2 and HepG2: LX-2 co-cultured cells cultivated

under different conditions. (A and B) Transcriptional level of fibrotic markers was evaluated

in different groups of cells by gRT-PCR. (C) TGF-p1 production measured by ELISA. The
graphs represent the mean values of at least three independent experiments (p < 0.05).
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Fig. AS.

M%Iecular connectors of fatty acid biosynthesis in HepG2 (A) and HepG2: LX-2 co-cultured
cells. The Figure presents relative mRNA expression of the main genes of fatty acids
pathway. Graphs represent values of the average from three independent experiments, and
the error bars represent the standard deviation of the mean. ANOVA analysis showed
significant differences (p < 0.05).
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Fig. A6.
Major assigned genes in fatty acid storage metabolism in HepG2 (A) and HepG2: LX-2 co-
cultured. (C) Lipid droplets from the different groups of cells were stained by Oil Red O and
the detected droplets were quantified using Image J software. The graphs and images present
mean values of the average from at least three independent experiments. The significance
level was set at p < 0.05.
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Fig. 1.

Pro-fibrotic markers expression in LX-2 cells cultivated under different conditions.
Transcriptional level of fibrotic markers was evaluated in different groups of LX-2 cells by
gRT-PCR. The graphs represent the mean values of at least three independent experiments (p

< 0.05).
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Fig. 2.
miRNA expression profiles of LX-2 cells cultivated under different conditions. (A) Heatmap

of the 13 miRNAs differentially expressed between LX-2 groups. Each column represents an
individual cellular group and each row represents an individual miRNA. Colors of the
heatmap represent the Z-score: higher — red, lower — green. The heatmap was packed using
GeneEX (Exiquon, Denmark) software and significance was set at p < 0.05. (B) List of
miRNAs differentially expressed between LX-2 groups, value: p < 0.05. (C) Relative
miRNA expression in logarithmic scale by gRT-PCR confirms the results found in miRNA
PCR arrays. The graphs present values from the average from three independent
experiments, and the error bars represent the standard deviation of the mean. ANOVA testing
showed significant differences between the LX-2 groups. The significance level was set at p
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< 0.05. Figure legend (Q = quiesced; A = activated). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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KEGG cellular signaling of LX-2 cultivated under different conditions. (A) Heatmap of the
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13 miRNAs differentially expressed in LX-2 groups and KEGG cellular signaling using
DIANA-microT-CDS algorithm (p < 0.01). Colors of the heatmap represent the Z-score:
higher — red, lower — yellow. (B) KEGG cellular signaling of the 13 miRNAs. (For
interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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Functional activities of miR-1914-5p in LX-2 fibrotic markers and lipid droplets. (A) a-
SMA mRNA and protein levels from groups of LX-2 cells. The protein was examined and
quantified by western blot. B-actin was used as the loading control. (B) TGF-B1 production
from LX-2 groups was measured using ELISA. (C) Lipid droplets from LX-2 cultures were
stained by Oil Red O and the detected droplets were quantified. The graphs and images
present mean values of the average from at least three independent experiments. ANOVA
testing showed significant differences (p < 0.05) in the assays. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this

article.)
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Cellular fatty acid metabolism in LX-2 groups. (A) UART-FITR spectra from regions 4000—
450 cm~1 from LX-2 groups containing major assigned bands for lipids (regions 3000-2850

cm~1 —arrow), which were relative quantified. (B) Fatty acid oxidation in LX-2 cells. (C)
Citrate synthase measurement. Graphs represent the mean values of at least three
independent experiments. ANOVA testing showed significant differences (p < 0.05).
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Fig. 6.

Molecular connectors of fatty acid biosynthesis in groups of LX-2 cells. (A) Relative mRNA
expression of the main genes of fatty acids pathway. (B) Western blot analyses of ACC1 and
MLYCD proteins. p-actin was used as loading control. Graphs represent values of the
average from three independent experiments, and the error bars represent the standard
deviation of the mean. ANOVA analysis showed significant differences (p < 0.05).
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Functional analyses of the effect of MLYCD gene silencing in groups of LX-2. (A) MLYCD
mRNA and protein levels (B) TGF-B1 production measured by ELISA. (C) mRNA and
protein levels of the fibrotic marker a-SMA. (D) Lipid droplets amount in LX-2 cultures.
(E) UART-FITR spectra of LX-2 groups from regions 4000-450 cm~2 containing major
assigned bands for lipids (regions 30002850 cm~ — arrow), which were relative quantified.
(F) Fatty acid oxidation in LX-2 groups. (G) Citrate synthase measurements. Graphs were
plotted using values of the average from three independent experiments, and the error bars
represent the standard deviation of the mean. ANOVA testing was applied. The significance

level was set at p < 0.05.
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Fig. 8.

LX-2 fatty acid metabolism and ACSL4 connections. (A) ACSL4 mRNA and protein levels
in LX-2 groups. (B) ACSL4 mRNA and protein levels in LX-2-si-ACSL4 cells. The protein
was examined and quantified by western blot, and p-actin was used as the loading control.
(C) Fatty acid total amount and palmitic acid oxidation in LX-2-si-ACSL4 cells was plotted
in graphs. Graphs and images present mean values from at least three independent
experiments. The significance level was set at p < 0.05.
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Fig. 9.

ngor assigned genes in fatty acid storage metabolism in LX-2-heptapeptide treated and
miR-1914-5p mimic-transfected cells. (A) Relative mRNA expression for DGAT1 and
DGAT?2 in different groups of cells. (B) lipin-1 mRNA and protein expression were analyzed
in LX-2. (C) PPAR-transcriptional factors were also investigated at mRNA and protein
levels. In western blot assays, p-actin was used as the loading control. The graphs and
images present mean values of the average from at least three independent experiments. The
significance level was set at p < 0.05.
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Schematic representation summarizing the effects of the ang-(1-7) and the miRNA-1914-5p
in activated LX-2 lipid metabolism and their connections on the control of profibrotic
environment. Central elements of the lipid metabolism pathway are represented. Target
molecules, whose molecular effects support the major differences between the groups are
presented in color letters: green; blue and red for (A) activated LX-2; (B) angiotensin-(1-7)
treated cells; (C) miRNA-1914-5p transfected-cell. Symbols represent the connections as
follow: (1) increased amount; (V) decreased amount; (X) pathway inhibition; () structure
blockage. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Table 1

Primer sequences used in gPCR assays.

GENE SYMBOL  Primer sequence
ACC1 5 - TGTAAGAGCTCATTTTGGAGGA,;
5’- GAATCGAGAGTGCTGGTTCAG
ACC2 5’- GCAGCTGATGACCAACTTCA,
5'- TCCGGGTAGACTCACGAGAT
ACLY 5’- CATCCGGAGGTAGATGTGCT;
5’- CGGATCTGGGCATAGTTCAT
ACSL4 5'- ATGGATGATTGCAGCACAGA,
5- CTGCTTCTTTGCCAAGTGTG
B-actin 5’- CGGGACCTGACTGACTAC;
5'- CTCCTTAATGTCACGCAC
COL1A1 5- GTGCTCCTGGTATTGCTGGT;
5’- ACCAGGTTCACCGCTGTTAC
CTGF 5'- TGCCTGCCATTACAACTGTC;
5’- CATGCCATGTCTCCGTACAT
DGAT1 5- GCCTTCTTCCACGAGTACCT;
5'- AGTGGGATCTGAGCCATCA
DGAT2 5 - TGAGTCTCTGAGCTCCATGC;
5’- AACCAGGTCAGCTCCATGAC
FASN 5’- TCCTGCTGACCAAGAAGTCC;
5- CTTGCTCCTTGAAGCCATCT
LIPIN-1 5- CCATCAGCCAGTCTTTCACA,;
5'- CAGGGTTGCAGACACTCAAG
MLYCD 5’- GACATCTCCAGCAACATCCA,;
5'- CTGGGTCAAGCTGATGGAAT
PDGF-B 5'- CTGTCCAGGTGAGAAAGATCG;
5’- ATGCCAGGTGGTCTTCCA
PPAR-a 5’- GGCCTCAGGCTATCATTACG;
5- ACCAGCTTGAGTCGAATCGT
PPAR-y 5’- GCTTCATGACAAGGGAGTTTC
5’- AACTCAAACTTGGGCTCCATAAAG
a-SMA 5’- AATCCTGACCCTGAAGTACC
5'- TAGAAAGAGTGGTGCCAGAT
TGF-p1 5’- CCCTGGACACCAACTATTGC;
5- GTCCTTGCGGAAGTCAATGT
TGF-p2 5’- CCCTGGACACCTGCTATTCC;

5'- GTCCTTGCGCTAGTCAATAC
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