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Background. The nasal vaccine HB-ATV-8 has emerged as a promising approach for
NAFLD (non-alcoholic fatty liver disease) and atherosclerosis prevention. HB-ATV-8
contains peptide seq-1 derived from the carboxy-end of the Cholesteryl Ester Transfer
Protein (CETP), shown to reduce liver fibrosis, inflammation, and atherosclerotic plaque
formation in animal models. Beyond the fact that this vaccine induces B-cell lympho-
cytes to code for antibodies against the seq-1 sequence, inhibiting CETP’s cholesterol
transfer activity, we have hypothesized that beyond the modulation of CETP activity
carried out by neutralizing antibodies, the observed molecular effects may also corre-
spond to the direct action of peptide seq-1 on diverse cellular systems and molecular
features involved in the development of liver fibrosis.

Methods. The HepG2 hepatoma-derived cell line was employed to establish an in vitro
steatosis model. To obtain a conditioned cell medium to be used with hepatic stellate
cell (HSC) cultures, HepG2 cells were exposed to fatty acids or fatty acids plus peptide
seq-1, and the culture medium was collected. Gene regulation of COL1A1, ACTA2,
TGF-8, and the expression of proteins COL1A1, MMP-2, and TIMP-2 were studied.

Aim. To establish an in vitro steatosis model employing HepG2 cells that mimics molec-
ular processes observed in vivo during the onset of liver fibrosis. To evaluate the effect
of peptide Seq-1 on lipid accumulation and pro-fibrotic responses. To study the effect of
Seq-1-treated steatotic HepG2 cell supernatants on lipid accumulation, oxidative stress,
and pro-fibrotic responses in HSC.

Results and Conclusion. Peptide seq-1-treated HepG2 cells show a downregulation
of COLIAI, ACTA2, and TGF-f genes, and a decreased expression of proteins such
as COL1A1, MMP-2, and TIMP-2, associated with the remodeling of extracellular
matrix components. The same results are observed when HSCs are incubated with
peptide Seq-1-treated steatotic HepG?2 cell supernatants. The present study consolidates
the nasal vaccine HB-ATV-8 as a new prospect in the treatment of NASH directly
associated with the development of cardiovascular disease. © 2023 The Authors.
Published by Elsevier Inc. on behalf of Instituto Mexicano del Seguro Social (IMSS).
This is an open access article wunder the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

Non-alcoholic fatty liver disease (NAFLD), which is
directly associated with non-alcoholic steatohepatitis
(NASH), has recently been identified as metabolic
dysfunction-associated steatotic liver disease (MASLD) or
metabolic-associated steatohepatitis (MASH). This condi-
tion is characterized histologically and metabolically by
the excessive accumulation of fat in the liver (1,2), clini-
cally known as steatosis (3,4). NAFLD is closely linked to
metabolic disorders, including obesity, insulin resistance,
and dyslipidemia, and is recognized as a risk factor for
atherosclerosis (5-9). It is characterized by elevated plasma
triglyceride levels, increased low-density lipoprotein (LDL)
levels, and decreased high-density lipoprotein (HDL) lev-
els, all of which contribute to the development of athero-
genesis (10-12).

The mechanisms by which NAFLD leads to liver fi-
brosis and contributes to atherosclerosis are complex and
poorly understood. One proposed mechanism involves the
production of pro-inflammatory cytokines by hepatocytes,
which may promote endothelial dysfunction and increase
the recruitment of inflammatory cells to the arterial wall
(13,14). Inflammation, a key driver of atherosclerosis as-
sociated with cytokine production by hepatocytes, may ex-
acerbate this process. The involvement of cytokines in the
association between fatty liver disease and atherosclerosis
is complex and involves both pro- and anti-inflammatory
cytokines (13,15,16). Additionally, due to its association
with insulin resistance, NAFLD may promote atheroscle-
rosis through the accumulation of advanced glycation end
products (AGEs) in the arterial wall. These AGEs can
activate inflammatory pathways that further contribute to
plaque formation (17,18), potentially involving interleukins
IL-6 and IL-18, which have been significantly associated
with disease progression (19). The production of these pro-
inflammatory cytokines appears to be actively suppressed
by nitric oxide (NO) through the action of three isoforms
of NO synthase (NOS) (20). NOS3 (endothelial NOS)
is most abundant in vascular endothelium but has also
been found in neurons, epithelial cells, cardiomyocytes,
adipocytes, and hepatocytes. NOS2 (inducible NOS) is ex-
pressed in multiple cell types in response to inflammatory
stimuli (21). In addition, vascular cell adhesion molecules,
such as VCAM, ICAM, and E-selectin, which are ex-
pressed by endothelial cells and upregulated in response
to inflammatory signals, are known to regulate leukocyte
adhesion to the endothelium and mediate inflammation in
NAFLD (22).

While hepatocytes are the primary functional cells
of the liver responsible for many of its metabolic and
detoxification functions, hepatic stellate cells (HSCs) are
mesenchymal cells that reside in a quiescent state in the
normal liver and contain abundant lipid droplets of vitamin
A and retinoids (23-25). Upon liver injury, HSCs are

activated and lose their vitamin A content, changing their
phenotype to o-smooth muscle actin («¢-SMA)-positive
myofibroblasts. These activated HSCs acquire proliferative,
contractile, migratory, and fibrogenic properties. These
processes are involved in the production of extracellular
matrix proteins, matrix-degrading metalloproteinases, and
increased amounts of pro-inflammatory and pro-fibrogenic
cytokines, ultimately leading to the development of liver
fibrosis. Through the space of Disse, hepatocytes com-
municate with HSCs, allowing these cells to respond to
hepatocyte signals (25,26).

One important signal that hepatocytes provide to HSCs
is through transforming growth factor-beta (TGF-g), which
promotes HSC activation and proliferation. While HSC ac-
tivation is a normal response to liver injury, prolonged or
excessive activation can lead to liver fibrosis, which is
characterized by the excessive accumulation of extracel-
lular matrix (ECM) proteins in the liver. This process can
ultimately lead to cirrhosis and liver failure (27-29).

Due to the lack of current treatments for NAFLD and
limited treatments for atherosclerosis, there is a need for
new therapeutic approaches. Recent studies from our labo-
ratory have shown that administration of the nasal vaccine
HB-ATV-8, which contains the peptide Seq-1 (CHLLVD-
FLQSLS), a small fragment derived from the C-terminal
region of the cholesteryl-ester transfer protein (CETP),
may be a promising new approach for the prevention of
both NAFLD and atherosclerosis (30-32). Preclinical stud-
ies in animal models have shown that immunization with
the nasal vaccine HB-ATV-8 reduces liver fibrosis, inflam-
mation, and atherosclerotic plaque formation in the arteries
(33-30).

The mechanism by which HB-ATV-8 exerts its bene-
ficial effects is thought to involve the presentation of the
antigen to B-cell lymphocytes through somatic hypermu-
tation. This process allows B cells to begin coding for a
new antibody against the unique epitope of the C-terminal
region of CETP (37). Once antibodies with sufficient speci-
ficity to the epitope are encoded, the B cells release anti-
bodies that specifically bind to the native peptide seq-1 and
inhibit the cholesterol transfer activity of CETP, as the C-
terminal region corresponds to the functional region of the
protein (37—41,). Additionally, the activation of regulatory
T cells (Tregs) and the suppression of pro-inflammatory cy-
tokines may play a vital role in the prevention of NAFLD
and atherosclerosis. Tregs are a subset of immune cells
that regulate the immune response, and some evidence sug-
gests that their activation may be linked to the production
of a unique antibody by B cells (42-44). By promoting
the development of Tregs, HB-ATV-8 may help reduce in-
flammation and prevent the development of NAFLD and
atherosclerosis.

Furthermore, we have demonstrated that peptide seq-1
can directly affect cells such as hepatocytes or endothe-
lial cells by downregulating a series of genes involved
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in extracellular matrix (ECM) production. This action ap-
pears to prevent the process of liver fibrosis, suggesting
that the HB-ATV-8 nasal vaccine may represent a promis-
ing new approach for treating these common and serious
health problems.

Based on the histological results obtained in our labo-
ratory while studying a model of atherosclerosis in rabbits
and pigs, we observed a significant decrease in the fibrotic
process in the liver when using nasal vaccine HB-ATV-8
(33,34). Therefore, in this study, we developed and ex-
amined an in vitro model employing the human cell lines
HepG2 (hepatocytes) and HSC (stellate cells) to mimic
some of the features present in NASH. We investigated the
direct effect of the peptide Seq-1, the active component of
the vaccine formula, on the downregulation of genes in-
volved in the development of inflammation and fibrosis.

Methods

Cell Culture and Establishment of an In vitro Steatosis
Model

The HepG2 hepatoma-derived cell line (ATCC HB-8065
Manassas, VA, USA) was grown in Dulbecco’s Modified
Eagle Medium (DMEM) (Gibco, Billings, MT, USA) sup-
plemented with 10% fetal bovine serum (Gibco, Billings,
MT, USA) and 10,000 U/mL of penicillin, 10 mg of strep-
tomycin, and 25 pwg/mL of amphotericin B, at 37°C, at an
atmosphere of 5% CO,.

Human hepatic stellate cells (HSC) were obtained from
ScienCell Research Laboratories (Carlsbad, CA, USA)
(Cat. 5300). As recommended by the laboratory, only Sci-
enCell reagents were used for cell handling. Briefly, cells
were cultured in SteCM basal medium supplemented with
2 % fetal bovine serum (Carlsbad, CA, USA), 1% stellate
cell growth supplement (Carlsbad, CA, USA), and 1 %
antibiotic solution (Carlsbad, CA, USA), at 37°C, 5% CO,.
All culture plates seeded with HSCs were pre-coated with
2 nwg/mL poly-L-lysine (Carlsbad, CA, USA). The medium
was changed daily until the cells reached 70% confluence.
HSCs were then incubated for 72 h with the fatty acid-
treated HepG2 supernatant (0.6 mM fatty acids, with or
without 100 pg/mL of peptide seq-1) or with a condi-
tioned medium of control cells. After the treatment, cells
were collected for total RNA extraction and further anal-
ysis of fibrinogenic gene expression.

To induce lipid overload, once HepG2 cells reached
75% confluence, cells were exposed to a mixture of oleic
acid and palmitic acid (Merck, Saint Louis, MO, USA) in
a 2:1 ratio, respectively, increasing concentrations of the
fatty acid mixture (0.05,0.1,0.2,0.4,0.6,0.8, 1, and 2 mM)
for 24 h.

Briefly, 100 mM palmitic and oleic acid stock solutions
for fatty acid treatment were prepared by dissolving the
fatty acids in DMSO. A 10% (w/v) fatty acid-free BSA

solution (Merck, Saint Louis, MO, USA) was then pre-
pared in H,O MilliQ. A 5 mM fatty acid/ 1% BSA solu-
tion was obtained by adding the required amount of oleate
and palmitate stock solutions to 10% BSA at 55°C for 30
minutes. The solution was filtered under sterile conditions
before use. Cell viability for cell seeding for all cell culture
experiments was assessed using the trypan blue dye exclu-
sion test (Gibco, Billings, MT, USA). Experimental doses
were determined by performing dose curves and evaluating
cell viability, which was always higher than 85% compared
to control cells (100% viability). The effectiveness of the
steatotic model employed in this study has been extensively
and successfully used by other groups (45,46).

To obtain a conditioned cell medium to be used in HSC
cultures, HepG2 cells were exposed to fatty acids or fatty
acids plus peptide seq-1 for 24 h, and the culture medium
was collected, centrifuged at 6000 rpm to remove cell de-
bris, sterilized by filtration (0.45 pum pore size filter), and
stored in aliquots at —20°C until use.

Determination of the Intracellular Lipid Content by
Fluorescence Microscopy

Intracellular lipid content was determined microscopically
using Nile red stain (47). 250,000 cells were seeded in a
six-well microplate and exposed to fatty acid treatment for
24 h at the following concentrations: 0.05, 0.1, 0.2, 0.4,
0.6, 0.8, 1, and 2 mM. The cells were then washed, per-
meabilized, and fixed. Intracellular lipids were stained with
Nile red (0.5 pg/mL) and were examined using an LSM
800 confocal microscope with a 40x/1.3 objective (Carl
Zeiss, Oberkochen, Germany). Due to its solvatochromic
properties, we used two emission and excitation spectra
(Aex = 495/ em = 519 nm and Aex = 594/Aem = 618
nm) (45-47). The whole staining procedure was performed
at room temperature, with the samples protected from di-
rect light. Qualitative data were confirmed by quantitative
analysis in which the amount of lipids inside the cells was
assessed by applying a fluorimetric approach using ImageJ
software (NIH, Bethesda, MD, USA).

Cytotoxicity of Fatty Acid Overload and the effect of
Peptide Seq-1

Cell viability was assessed using the neutral red uptake col-
orimetric assay (48). A density of 1x10° HepG2 cells per
well was seeded in a 96-well plate and allowed to adhere
for 24 h. The cells were treated with increasing concen-
trations of fatty acids (0.1,0.2,0.4,0.6,0.8,1,2, and 4 mM)
for 24 h and then incubated with the neutral red solution
(40 pg/mL). Finally, the absorbance of each well was read
at 540 nm in a Synergy HTX microplate reader (BioTek
Instruments Inc., Winooski, VT, USA). The absorbance of
untreated (control) cells was 100% survival.
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Data are expressed as the mean + S.E. of six inde-
pendent experiments. Cells were distributed into a control
group of cells incubated with supplemented DMEM only
and cells to which the lipid solution was added at different
concentrations.

Since the fundamental point of this work is to evalu-
ate the effect of the peptide seq-1 on gene regulation in
liver cells, once the concentration of fatty acids to induce
a pro-fibrotic response was determined, a subsequent anal-
ysis was performed to determine the concentration of pep-
tide to be used. A 5 mg/mL stock solution of the peptide
seq-1 (GeneScript, Piscataway, NJ, USA) was dissolved in
carbonate buffer (NaHCO3/Na,CO3; 50 mM pH 9.5). Cells
were stimulated with different concentrations of the peptide
(0.0001, 0.001, 0.01, 0.1, 1, 10, 100, and 10000 pg/mL)
for 24 h. As described above, cell viability curves were
performed with neutral red to determine the experimental
dose used throughout the study.

Evaluation of Apoptosis by Flow Cytometry

Early and late apoptosis of control cells, those treated with
0.6 mM fatty acids and those treated with fatty acids
plus the peptide seq-1 100 pg/mL, was determined by
a two-stain assay and assessed by flow cytometry. Cells
were labeled with Annexin V and 7-amino actinomycin D
(7TAAD). To ensure the consistency of flow cytometry data
and to compensate for fluorophore cross-linking, a single
staining of each dye (Annexin V and 7-AAD) was per-
formed for each preparation. Briefly, cells were harvested
by gentle trypsinization, washed, and the pellet was sus-
pended in DMEM. 2x10* cells were incubated with 5 L
of Annexin V and 5 pL of 7AAD for 30 min at 37°C.
Cells were diluted with an incubation buffer and analyzed
with a Cytoflex S cytometer (Beckman Coulter, Inc. Brea,
CA, USA) using a 660/20 nm band-pass filter for Annexin
detection (FL6 channel) and a 690/50 nm filter for 7AAD
detection (FL4 channel). Data were analyzed using FlowJo
software (BD Bioscience, Franklin Lakes, NJ, USA). The
same flow cytometry protocol was used for all experiments
in the study.

Biochemical Analysis

After obtaining lysates with RIPA from cells treated with
0.6 mM fatty acids and those treated with fatty acids
plus the peptide seq-1 100 pg/mL, triglyceride (TG)
concentration, total cholesterol (TC), glucose, as well
as the enzymatic activity of aspartate aminotransferase
(AST), and alanine aminotransferase (ALT), were deter-
mined using a Dirui ¢s-T240 UV-visible spectrophotome-
ter (Dirui Industrial, Jilin, China), using dcL-SEKISUI
reagents (SEKISUI, Secaucus, NJ, USA). These studies
were performed at the Department of Pathology, Faculty

of Veterinary Medicine and Zootechnics, Universidad Na-
cional Auténoma de México.

Measurement of Intracellular ROS levels using
H2DCFDA

To determine whether fatty acid-induced ROS production
could be reversed by the peptide seq-1 treatment, cells
were co-treated with 0.6 mM fatty acid solution and 100
pg/mL of peptide seq-1. ROS accumulation was deter-
mined with the fluorescent probe 2',7" -dichlorofluorescein
diacetate (H2DCFDA) (Invitrogen, Waltham, MA USA).
Briefly, pre-treated cells were incubated with 5 mM
H2DCFDA for 30 min at 37°C. Fluorescence intensity was
measured using a microplate reader (BioTek Instruments
Inc., Winooski, VT, USA) at 485 nm excitation and 530
nm emission.

Expression Analysis of pro-fibrotic and Inflammatory
Markers Using Real-time Quantitative PCR

After the indicated treatments, the culture medium was re-
moved, and the cells were lysed with Trizol reagent (In-
vitrogen, Waltham, MA USA). Total RNA was dissolved
in nuclease-free water and stored at —20°C until further
analysis. RNA was quantified spectrophotometrically, and
purity was evaluated by measuring the A260/A280 ratio,
considering RNA with appropriate purity values between
1.8 and 2.0. Total RNA was reverse transcribed using the
iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA),
according to the following reaction protocol: five min at
25°C, 20 min at 46°C, and one min at 95°C.

Real-time quantitative PCR was performed on a
QuantStudio 7 Flex (Thermo Fisher Scientific, Waltham,
MA, USA), using GAPDH as a housekeeping gene. Primer
sequences are listed in Table 1. PCR amplification was
carried out using PowerUp SYBR Green Master Mix 2X
(Thermo Fisher Scientific, Waltham, MA, USA). The dis-
sociation curve analysis showed that non-specific products
were amplified. Relative quantification was performed us-
ing the 2"22€T method, considering the efficiencies of each
gene. The results were normalized to GAPDH and reported
as the mean expression = S.E. of at least three different
determinations for each gene.

Immunofluorescence Microscopy of COLIAI, MMP-2 and
TIMP-2

HepG2 cells were seeded in 6-well plates, each with a
glass slide, and stimulated with 0.6 mM lipid solution
and lipid solution plus the peptide seq-1 (100 pg/mL)
for 24 h. They were fixed in 4% paraformaldehyde, per-
meabilized, and blocked, followed by incubation with the
anti-COL1A1 (SC-293182), anti-MMP-2 (SC-13594), and
anti-TIMP-2 (SC-21735) antibodies 1:50 overnight at 4°C.
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Table 1. Primers designed for the identification of genes associated with liver fibrosis

Gene Sequence
GAPDH 5’-GCG GGG CTC TCC AGA ACA-3 (F)
5'-ACT GAC ACG TTG GCA GTC-3' (R)
COL1Al 5'-CGA CGG GAG CAG CAT TAG-3' (F)
5'-GCG CAG GGG CAA AAT TCG-3'(R)
ACTA2 5'-AGC TGG GGC AGT TGG GTC-3' (F)
5'- TGG CCC CAG AGC TGG TAA-3' (R)
TGFB 5’-ACA GGT TCC TGC TGT GTC-3' (F)
5'-CCA TCC TGC ATG CCT CCC-3’' (R)
ICAM 5'-GTA GCA GCC GCA GTC ATA AT-3' (F)
5-GGG CCT GTT GTA GTC TGT ATT T-3' (R)
VCAM 5'-GAT TGG TGA CTC CGT CTC ATT-3’' (F)
5'-CCT TCC CAT TCA GTG GAC TAT C-3’ (R)
SELECTIN 5'-CTC AGT GTT CCC TTT CCT ACT C-3' (F)
5-GAG TCT TGG TCT CTT CAC CTT T-3' (R)
NOS2 5-GTC AGA GTC ACC ATC CTC TTT G-3’ (F)
5'-GCA GCT CAG CCT GTA CTT ATC-3' (R)
NOS3 5-GGT AGA TTC CTC TTG CCT CTC TC-3' (F)
5-GGC ACA GTC CCT TAT GGT AAA-3' (R)
1L-10 5-TTT CCC TGA CCT CCC TCT AA-3’ (F)
5-CGA GAC ACT GGA AGG TGA ATT A-3’ (R)
IL-1 8 5-CAA AGG CGG CCA GGA TAT A-3' (F)
5'-CTA GGG ATT GAG TCC ACA TTC AG-3’ (R)
IL-6 5-GGA GAC TTG CCT GGT GAA A-3' (F)

5'-CTG GCT TGT TCC TCA CTA CTC-3' (R)

F: Forward; R: Reverse.

Subsequently, incubation with goat anti-mouse Alexa 488
Cat. A110011 (Invitrogen, Waltham, MA, USA) 1:5000
was performed. Images were captured using an LSMS800
confocal microscope with a 63 X objective.

Statistical Analysis

Unless otherwise specified, all data are expressed as mean
£ S.E. of three independent experiments (biological repli-
cates). The Kolmogorov-Smirnov test was used to evaluate
the distribution of each group. The significance of differ-
ences between more than two groups was calculated using
one-way ANOVA, followed by Tukey’s post hoc test for
normally distributed data, and Kruskal-Wallis and Dunn’s
test for non-normally distributed data. Comparisons be-
tween the two groups were made using one-way student
t-tests. The Mann-Whitney U test was used to compare
data with a non-normal distribution. For all analyses, p
<0.05 was considered significant. Statistical analysis and
figures were performed using Prism 8.0 software (Graph-
Pad Software, San Diego, CA, USA).

Results

Treatment with Oleate and Palmitate Induces Lipid
Internalization in HepG2 Cells

To investigate the effect of peptide seq-1 on human
steatotic cells, we established an in vitro model that mim-
ics the steatosis process in fatty livers, induced by a 2:1

mixture of oleate and palmitate. Fatty acids were added
to a 1% BSA solution to obtain a 6:1 molar ratio (fatty
acids/BSA), mimicking hyperlipidemic conditions.

Cell exposure to 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1, and
2 mM oleate/palmitate 2:1 for 24 h induced a dose-
dependent lipid accumulation (Figure 1A and 1B). Con-
focal microscopy images show increased lipid droplets in
response to fatty acid treatment. Internalization is evident
after oleate/palmitate 0.2 mM, where the amount of cyto-
plasmic lipid droplets increased compared to that observed
at lower doses (Figure 1A). Qualitative findings were con-
firmed by a fluorometric approach using Imagel software
(Figure 1B). It was observed that the increase in cell fluo-
rescence is proportional to the concentration of fatty acids.
We found a 3-fold increase (£ 2.3; p = 0.0005) in fluores-
cence after incubation with 0.6 mM fatty acids compared
to control cells. The lipid accumulation was even more
pronounced after exposure to 2 mM palmitate for 24 h (5
£ 6.8-fold increase over control, p <0.0001.

Cell Viability During the Establishment of an In vitro
Model of Steatosis

The effect of lipid treatment on cell viability was evalu-
ated by measuring neutral red absorbance at 540 nm. The
results show that HepG2 cells were sensitive to elevated
concentrations of fatty acids, with a decrease in cell via-
bility from a concentration of 1.2 mM (p <0.0001) com-
pared to the control (Figure 2A). Therefore, the 0.6 mM
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Figure 1. Intracellular lipid accumulation after oleate/palmitate stimulation. A. Human hepatoma HepG2 cells were incubated with increasing concen-
trations of oleate/palmitate (CT, 0.05 mM, 0.1 mM, 0.2 mM, 0.4 mM, 0.6 mM, 0.8 mM, 1 mM, and 2 mM) for 24 h. Cells without fatty acid treatment
served as controls. Cytoplasmic lipid droplets are shown in green: Nile Red staining, images acquired by confocal microscopy. B. Fluorometric assessment
of intracellular lipid content. The data represent the mean of the fluorescence intensity values + the S.E.

fatty acid mixture was selected for subsequent experiments
to achieve maximal lipid over-accumulation with minimal
cytotoxicity. In this assay a 0.1% Triton X-100 solution
was used as a positive control; a cytotoxicity curve was
also used to determine the dose.

The effect of peptide seq-1 on the viability of HepG2
cells was also evaluated.A wide range of concentrations
(0.0001,0.001,0.01,0.1,1,10,100, and 1000 pg/mL) was
tested, and we did not observe a significant decrease in vi-
ability at any of the concentrations evaluated (Figure 2B).
The effect of peptide seq-1 on cell proliferation was also
measured using the neutral red assay. The results showed
that the concentration (100 pwg/mL) was safe in the subse-
quent experiments.

To confirm the cell viability results, both HepG2 cells
stimulated with 0.6 mM fatty acids and those treated with
peptide seq-1100 pg/mL were stained with Annexin V and
7AAD to evaluate early and late apoptosis. According to
cell staining, cells were classified as a) live cells, negative
for both Annexin-V and 7AAD; b) early apoptotic cells,
positive for Annexin-V and negative for 7AAD; and c) late
apoptotic cells, positive for both Annexin-V and 7AAD;
cells positive for 7AAD only were considered necrotic.
The evaluation showed that the percentage of apoptotic
cells in the control, steatosis, and the peptide seq-1 treated
groups was 2.64, 2.53, and 2.41%, respectively. As shown
in Figure 2D, the 0.6 mM concentration of fatty acids
did not increase the percentage of cells in early apoptosis

(2.53%) or late apoptosis (1.61%), and there was 0.12%
in the necrotic population. Similarly, peptide seq-1 did not
increase the percentage of cells in early apoptosis (2.41%),
late apoptosis (1.57%), or necrosis (0.20%) (Figure 2E).

Peptide seq-1 Regulates the Synthesis of Intracellular
Lipids and Attenuates Glucose Accumulation in HepG2
Cells

An assay to measure the intracellular content of choles-
terol and triglycerides in HepG2 cells revealed that cells
treated with 0.6 mM fatty acids for 24 h (Lipid Tx group)
were significantly increased compared to those in the con-
trol group (p = 0.0018 and p <0.0001, respectively),
(Figure 3A), suggesting that fatty acid treatment success-
fully induces cholesterol and triglyceride synthesis in this
cell type. In contrast, it was observed that peptide seq-
1 treatment promoted the reduction of intracellular con-
centrations of cholesterol and triglycerides in fatty acid-
treated HepG2 cells (p = 0.0031; p <0.0001, respectively)
(Figure 3A, and 3B).

To analyze the effect of the peptide seq-1 on glucose
metabolism, glucose levels in HepG2 cells were measured.
After the addition of fatty acids to the cell culture medium,
the intracellular glucose content of the cells increased sig-
nificantly compared to the control cells (p = 0.0847), while
the extracellular glucose content decreased 10-fold com-
pared to the control (p = 0.0011). The addition of 100
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pg/mL of peptide seq-1 to the culture media, allowed the
glucose content of the cells to be maintained at normal
control levels (Figure 3C). Interestingly, the extracellular
glucose level followed the opposite direction, first show-
ing a significant reduction with lipid treatment, a result
that is reversed when the cells are further treated with the
peptide seq-1 (Figure 3D).

In addition, associated with this phenomenon, there
is also a significant increase in AST (99.42 £+ 16.42
p = 0.0019) and ALT (30.85 £+ 5.412 p = 0.0023) lev-
els in the extracellular medium after 24 h of fatty acid
stimulation compared to controls (Figure 3E, 3F). In con-
trast, after the addition of peptide seq-1 (100 pg/mL) to
the medium, both AST (115.8 &+ 8.021, p <0.0001) and
ALT (71.33 £ 43.04, p = 0.0002) levels were maintained
at normal control levels.

Peptide seq-1 Attenuates Oxidative Stress Induced by
Lipid Accumulation in HepG2 Cells

To investigate the effect of peptide seq-1 on the process
of oxidative stress in steatotic HepG2 cells, we measured
intracellular ROS levels. The results show that lipid treat-
ment (0.6 mM) in HepG2 cells induces a significant in-
crease in ROS levels. Interestingly, the addition of peptide
seq-1 during treatment reduces the level of oxidative stress
(Figure 4).

Cells treated with 0.6 mM lipid showed a significant
(p <0.0001) 1.4 + 14.22-fold increase in ROS genera-
tion compared to untreated control HepG2 cells. When
0.6 mM lipid-treated cells were concomitantly exposed to
100 pg/mL of peptide seq-1, the ROS level decreased
(»p = 0.0158) 1.22 £+ 0.12-fold compared to those stim-
ulated with lipids only. This result indicates that the pres-
ence of peptide seq-1 can reduce the redox state induced
by fatty acid treatment.
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Figure 4. Intracellular ROS formation in HepG2 cells after fatty acids
and peptide seq-1 treatment. The relative levels of intracellular ROS of
the two treatments are shown. CT (untreated cells); Tx-Lipids (cells incu-
bated with 0.6 mM fatty acids); Tx-Lipids+Seq-1 (HepG2 cells + fatty
acid treatment 0.6 mM + Seq-1 at a 100 pg/mL concentration). Rela-
tive fluorescence levels were normalized against control (untreated cells).
Data are mean £ S.E. representation. *p <0.05; ***p <0.0001.

Peptide seq-1 Promotes a Decreased Pro-fibrogenic and
Inflammatory Cytokine Gene Expression in HepG2 Cells

Next, we analyzed the effect of peptide seq-1 on gene ex-
pression in fatty acid-stimulated HepG2 cells. The mRNA
expression of two established markers of HSC activation,
type I collagen (COL1A1) and alpha-smooth muscle actin
(ACTA2), was determined by quantitative RT-PCR anal-
ysis. HepG2 cells stimulated with 0.6 mM fatty acids
showed a higher expression of type I collagen (1.57 £
0.17, p = 0.340; Figure 5A) and ACTA2 (1.3 £ 0.563,
p = 0.981; Figure 5B) expression compared to control
HepG2 cells.

Interestingly, COL1A1 and ACTA2 levels decreased
significantly in the lipid-stimulated group in the presence

COL1A1 ACTA2 TGF-
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Figure 5. Peptide seq-1 negatively regulates the expression of COL1A1, ACTA2, and TGF-8 in steatotic HepG2 cells. 24 h after treatment, mRNA
expression of A. COL1A1, B. ACTA2, and C. TGF-$ were analyzed by qPCR analysis. Control (untreated cells); Lipid Tx (cells incubated with 0.6
mM fatty acids); Lipid Tx+Seq-1 (HepG2 cells + fatty acid treatment 0.6 mM + Seq-1 100 pg/mL). *p <0.05; **p <0.01; ****p <0.0001.
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of peptide seq-1, in contrast to the fatty acid-stimulated
group (2.73 £ 0.3280, p = 0.0010 and 2.42 + 0.1741
p = 0.0456) (Figure 5A, and 5B). These results confirm
the effect of peptide seq-1 in the signaling pathways and
genes that are directly involved in the fibrotic process.

To further analyze the effect of peptide seq-1 on the in-
flammatory process induced by fatty acid overload, TGF-8,
a cytokine reported as a marker of fibrosis in NAFLD, was
evaluated. As shown in Figure 5C, intracellular lipid accu-
mulation was associated with the upregulation of the TGF-
B mRNA (p = 0.9999). Nevertheless, when cells were
treated with peptide seq-1, a negative regulation of TGF-8
was observed (1.73 £ 0.36, p = 0.0008), suggesting that
peptide seq-1 reduces inflammatory responses regulated by
this cytokine.

One of the key points of our investigation is to support
the results we have obtained with the HB-ATV-8 vaccine,
which has been shown to be effective in reducing fatty
liver disease along with the prevention of atherogenesis
in vivo. For this reason, the effect of the peptide seq-1
as the active component of this vaccine has been used
in the present research to study not only the balance
between a series of inflammatory cytokines but also the
oxidative stress process, using our in vitro model of
steatosis. Figure 6 shows that although under our working
conditions, by PCR we did not find any detectable changes
in the expression of the cytokines IL-6 and IL-1f8 after
lipid treatment ; in contrast, IL-10 presents a statistically
significant increase, a result that is reversed when the
cells are further treated with peptide seq-1. Cell adhesion
molecules, which are known to promote in vivo the fibrotic
process and leukocyte migration to the injury site, again
showed no significance between groups under our working
conditions. However, since there is an interesting tendency
for VCAM and selectin to increase in lipid-treated cells,
associated with the fact that peptide seq-1 seems to pro-
mote the recovery close to control levels, there is a good
basis to further investigate these effects by increasing the
number of replicas. Although there are no changes in
the level of NOS3 after lipid treatment, the nitric oxide
synthase NOS2 appears to be significantly decreased in
the lipid-treated cell assay, a result that tends to return to
control levels when cells are concomitantly treated with
lipids in the presence of peptide seq-1 (Figure 6).

Immunocytochemistry: Peptide seq-1 Regulates the
Expression of Extracellular Matrix-associated Proteins

We analyzed the effect of peptide seq-1 treatment in
steatotic HepG2 cells by evaluating the expression of three
fibrosis-related proteins: COL1A1, MMP-2, and TIMP-
2. Compared to control HepG2 cells, fatty acid stimu-
lation induced overexpression of COL1A1 (Figure 7A),
MMP-2 (Figure 7B), and TIMP-2 (Figure 7C). Consis-
tent with the downregulation of pro-fibrotic genes af-

ter peptide seq-1 treatment, we observed a decrease in
the expression of all three proteins, expressed as fluores-
cence intensity in this assay. Compared to the Tx-Lipid
group, the Tx-Lipid+Seq-1 group showed a decrease in
COL1A1 (Figure 7A); MMP-2 (Figure 7B), and TIMP-2
(Figure 7C).

The Culture Medium of Steatotic HepG?2 Cells Induces
HSC Activation

Human HSCs were exposed to the culture media of HepG2
cells with different treatments for 72 h. HSCs exposed
to the culture media of steatotic HepG2 cells showed an
upregulation of pro-fibrotic genes statistically higher than
HSCs treated with the culture media of control hepa-
tocytes: COL1A1 (9.54 + 2.189, p = 0.0010), ACTA2
(17 £ 1.068, p <0.0001). This effect was also observed
when the pro-inflammatory cytokine TGF-8 was measured
(5.690 + 0.106, p = 0.0009) (Figures 8A-8C). In con-
trast, when HSCs were maintained in the culture media
of fatty acid-stimulated HepG2 cells but in the presence
of 100 pg/mL of peptide seq-1, we observed a restora-
tion, and found that the expression levels of COLIAI,
ACTA2, and TGF-B were statistically decreased: COL1A1
(6.240 £ 1.317, p = 0.0752; Figure 8A), ACTA2 (8.262
+ 0.588, p = 0.0003; Figure 8B) and TGF-8 (3.574 +
0.676, p = 0.0190; Figure 8C). These results suggest that
HepG2 cells secrete pro-fibrogenic factors involved in HSC
activation, where peptide seq-1 shows the ability to pro-
mote a decrease in COL1A, ACTA2, and TGF-8 expres-
sion, therefore, most likely explaining the regulation of the
fibrotic process observed in the in vivo experiments.

Since it is crucial to demonstrate that the soluble factors
released by steatotic hepatocytes are responsible for the
pro-fibrogenic effects observed in HSCs after stimulation
with the culture media of fatty acid-treated hepatocytes, we
measured the concentration of residual fatty acids present
in the media using the Nile Red fluorescent dye. Following
this procedure, we did not observe any statistically signifi-
cant differences between the two fatty acid-treated groups
compared to controls (data not shown).

Discussion

This study evaluated the hepatoprotective effect of pep-
tide seq-1 by the regulation of key genes involved in the
fibrotic process using an in vitro model of liver steato-
sis. The model successfully induced lipid accumulation in
HepG2 cells, mimicking the key features of NASH. As
an important component of the nasal vaccine HB-ATV-8,
peptide Seq-1 has demonstrated its anti-fibrotic and anti-
inflammatory effects, and therefore, its usefulness as a ther-
apeutic agent to modulate the complex and dynamic rela-
tionship between hepatocytes and HSCs in NAFLD.
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Figure 8. Steatotic hepatocyte culture media plus peptide seq-1 reduce profibrogenic expression of HCS. HSCs were incubated with the conditioned
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The association between NAFLD and atherosclerosis
highlights the importance of insulin resistance in both con-
ditions. Insulin resistance affects glucose uptake by hepato-
cytes and impairs the ability of adipocytes to store glucose
as triglycerides, leading to an increased lipolysis and the
release of free fatty acids (FFAs) into the bloodstream. The
FFAs are then taken up by the liver and contribute to the
development of hepatic steatosis, a critical factor in the
progression of atherosclerosis and cardiovascular disease
(49-51).

In this context, our study established a cellular model
of hepatic steatosis using a mixture of oleic and palmitic
acids, the most abundant long-chain fatty acids in hepatic
triglycerides in normal subjects and patients with micro-
and macro-vesicular steatosis (52,53). The successful in-
duction of lipid accumulation in HepG2 cells by this model
is particularly relevant, as it can replicate the conditions
associated with lipid accumulation in NASH, a disease in
which lipid accumulation exceeds the body’s ability to re-
move it. This imbalance leads to an increased hepatic fatty
acid uptake, and de novo lipogenesis, which promotes cell
damage and the progression of NAFLD by inducing ox-
idative stress (54,55).

To address this metabolic dysfunction, our study in-
vestigated the hepatoprotective effect of peptide Seq-1
on steatotic HepG2 cells. Employing the cellular model
of hepatic steatosis, we have shown that treatment with
peptide seq-1 results in a decreased level of cell glu-
cose concentration, which is associated with a decreased
triglyceride and cholesterol synthesis. As mentioned above,
insulin resistance may contribute to NASH by affecting
intracellular glucose levels. When cells become insulin
resistant, their ability to efficiently take up glucose from
the bloodstream is impaired, leading to elevated blood
sugar levels and increased glucose availability within
hepatocytes. High intracellular glucose levels trigger a
cascade of events that promote the development of NASH.
Excess glucose within the hepatocytes stimulates de novo

lipogenesis, resulting in the synthesis of fatty acids. These
fatty acids are then converted to triglycerides, which ac-
cumulate in the liver (56-58). Moreover, elevated glucose
levels also activate inflammatory pathways and oxidative
stress, contributing to liver inflammation and damage (59).
Over time, the progression of NASH can lead to fibrosis,
cirrhosis, and liver failure. In this regard, the effect of
peptide seq-1 upon the regulation of the intracellular
glucose and lipid levels, even in the presence of fatty
acids, is particularly relevant to theoverall benefical effect
of the HB-ATV-8 nasal vaccine.

As a well-known anti-inflammatory cytokine, IL-10 can
activate the signal transducer and activatior of transcription
3 protein (STAT3) in Kupffer cells, effectively regulating
liver inflammation (60). It has also been shown that IL-10
knockout mice have less steatosis and lower serum ala-
nine aminotransferase (ALT) levels than control animals
(61). Therefore, it is important to consider that IL-10 may
have both anti-inflammatory and pro-inflammatory effects
in different inflammatory contexts. Under our experimen-
tal conditions, HepG2 cells that received lipid treatment
increased the synthesis of IL-10, whereas incubation in
the presence of both, lipid, and peptide seq-1, returned its
synthesis to basal levels, showing that IL-10 might have
different roles in the cell depending on the conditions and
the balance between an important number of inflammatory
mediators, supporting the duality of this cytokine (62). The
reduction of IL-10 expression upon stimulation with pep-
tide seq-1 may be related to the fact that peptide treatment
reduces cell damage in response to the downregulation
of key markers of fibrosis. Although the significance of
ICAM, VCAM, and selectin was not achieved in response
to lipid treatment and further exposure to peptide seq-1, the
interesting trend observed with both VCAM and selectin
warrants further experimentation increasing the number of
replicates.

Another crucial aspect of NASH progression is oxida-
tive stress, known to increase in patients with NAFLD.
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Oxidative stress is characterized by elevated levels of reac-
tive oxygen species (ROS) and mitochondrial dysfunction.
Excessive ROS production and lipid peroxidation products
contribute to oxidative stress and mitochondrial damage
(63). In the present work, we observed that the accumu-
lation of fatty acids in steatotic HepG2 cells led to an
increase in the intracellular content of ROS. Interestingly,
treatment with peptide seq-1 mitigated ROS generation,
potentially activating an antioxidant system to neutralize
ROS and lipid peroxides.

In addition to promoting metabolic restoration through
regulation of lipid, glucose, and oxidative stress, the pep-
tide seq-1 seems to have an important role in the ex-
pression of genes and proteins directly associated with
the fibrotic process in parenchymal and non-parenchymal
liver cells. Since hepatocytes and HSCs play a signifi-
cant role in liver dysfunction and the process of fibro-
genesis, the understanding of the important signals reg-
ulating HSC activation and proliferation has become a
key point in the potential control of fibrosis and liver
failure.

Under non-pathological conditions, stellate cells are in
a quiescent state, but when liver damage occurs, they be-
come activated and undergo a transformation that produces
extracellular matrix proteins and promotes tissue scarring
(64). Stellate cell activation is triggered by various fac-
tors, including oxidative stress, cytokines, growth factors,
and lipid peroxidation products (65). These factors promote
the production of ROS and activate signaling pathways, in-
cluding the TGF-g8/Smad and NF-«B pathways that lead
to this activation (66-68). In response to TGF-B, HSCs
become highly proliferative during transformation, produc-
ing large amounts of extracellular matrix (ECM) proteins
such as collagen, fibronectin, and laminin. In pathologi-
cal conditions where hepatocytes are compromised, these
ECM proteins accumulate in the liver and disrupt its nor-
mal architecture and function. This phenomenon results in
the formation of fibrous tissue and the progressive loss of
liver function (33-35,69). In addition to TGF-8, hepato-
cytes secrete other cytokines and growth factors that can
influence HSC activation and proliferation. For example,
the platelet-derived growth factor (PDGF), and the fibrob-
last growth factor (FGF) are known to stimulate HSC pro-
liferation and collagen synthesis (70,71).

Since the relationship between hepatocytes and HSCs is
complex and dynamic, a new approach is needed to fully
understand this relationship and find new ways to block ex-
acerbated HSC responses due to hepatocyte damage (72).
Therefore, considering the experiments presented here and
demonstrating the anti-fibrotic and anti-inflammatory ef-
fects of peptide seq-1 as the key component of the ther-
apeutic vaccine HB-ATV-8, we can further strengthen the
conclusion that HB-ATV-8 holds great promise in the pre-
vention and potential treatment for both NASH and asso-
ciated atherosclerosis.

The discovery of the anti-fibrotic properties of peptide
seq-1 adds a new dimension to the therapeutic potential
of HB-ATV-8 in NASH. Fibrosis, characterized by ex-
cessive deposition of extracellular matrix components in
the liver, is a critical determinant of disease progression
and liver dysfunction in patients with NASH. The abil-
ity of peptide seq-1 to inhibit fibrosis represents a signifi-
cant breakthrough, as it suggests that HB-ATV-8 may not
only address the blockade of CETP through antibody pro-
duction, but may also directly target inflammation and the
underlying fibrotic process by attenuating hepatic fibrosis
through the downregulation of key markers in the fibrotic
process, such as ACTA2, COL1Al, and TGF-B. Peptide
seq-1 has the potential to improve liver function and re-
duce the risk of developing advanced stages of NASH,
such as cirrhosis and hepatocellular carcinoma. The HB-
ATV-8 vaccine may help restore the balance between pro-
and anti-inflammatory factors by targeting and modulat-
ing key inflammatory pathways, effectively dampening the
presence of chronic inflammation associated with NASH
and atherosclerosis.

Advanced atherosclerotic plaques are characterized by
the development of fibrous caps, that can become fragile
and prone to rupture, leading to blood clots and subse-
quent cardiovascular complications. Further studies with
the nasal vaccine HB-ATV-8 will need to address the pos-
sibility that, by inhibiting fibrosis within the initial lesions
that lead to plaques, the treatment may contribute to stabi-
lize the lesions and reduce the likelihood of rupture. While
our experimentation provides compelling evidence for the
anti-fibrotic and anti-inflammatory effects of peptide seq-1,
further preclinical and clinical investigations are warranted
to fully explore its preventive and therapeutic potential as
part of the nasal vaccine HB-ATV-8.

In conclusion, our findings highlight the importance of
peptide seq-1 in addressing the key pathological features
of NASH, including lipid accumulation, insulin resistance,
oxidative stress, and fibrosis. Peptide seq-1, the key com-
ponent of the nasal vaccine HB-ATV-§, shows an impor-
tant effect in regulating gene expression, reducing cell
glucose, inhibiting triglyceride and cholesterol synthesis
pathways, mitigating cell ROS generation, and preventing
liver fibrosis. Supported by the present results, the HB-
ATV-8 nasal vaccine consolidates itself as a new prospect
in the prevention and treatment of NASH, which is di-
rectly associated with the development of cardiovascular
disease.
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