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Abstract: Doxorubicin is a highly effective anticancer agent, but its clinical use is restricted
by severe side effects, including atherosclerosis and cardiomyopathy. These complica-
tions are partly attributed to doxorubicin’s ability to induce endothelial-to-mesenchymal
transition (EndMT) in vascular endothelial cells, a critical process in the initiation and
progression of atherosclerosis and cardiomyopathy. GV1001, a multifunctional peptide
with anti-inflammatory, anti-cancer, antioxidant, and anti-Alzheimer’s properties, has
demonstrated inhibition of EndMT. We investigated whether GV1001 could counteract
doxorubicin-induced EndMT in endothelial cells and prevent atherosclerosis in a mouse
model. The results revealed that GV1001 significantly suppressed EndMT induced by
doxorubicin, likely through its protective effects on mitochondria. By mitigating mitochon-
drial damage, GV1001 reduced the accumulation of mitochondrial and cellular reactive
oxygen species (ROS), repressed the activation of nuclear factor kappa B (NF-kB), and
reduced the production of proinflammatory cytokines in endothelial cells. Additionally,
GV1001 reduced systemic and vascular inflammation, lipid accumulation, and mono-
cyte/macrophage infiltration within arterial walls in mice. In conclusion, GV1001 appears
to prevent doxorubicin-induced atherosclerosis by safeguarding vascular endothelial cells
from mitochondrial dysfunction, inflammation, and phenotypic changes. These findings
suggest the potential of GV1001 as a therapeutic agent to mitigate the long-term cardiovas-
cular side effects associated with doxorubicin treatment in humans.

Keywords: GV1001; doxorubicin; endothelial-to-mesenchymal transition; mitochondria;
atherosclerosis

1. Introduction

Doxorubicin, an anthracycline chemotherapeutic agent, is widely used to treat various
malignancies, especially refractory and recurrent tumors [1]. However, its clinical applica-
tion faces significant challenges due to severe side effects, including doxorubicin-induced
cardiotoxicity (DIC) and atherosclerosis [2,3]. While the detailed mechanisms underlying
DIC remain unclear, mitochondrial dysfunction is considered one of the major contributors,
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as doxorubicin preferentially accumulates in mitochondria at concentrations up to 100-fold
higher than in plasma [4,5]. Despite available interventions, such as 3-blockers and an-
giotensin II inhibitors, no treatment showed long-term efficacy in preventing or alleviating
DIC [6].

Studies demonstrated that doxorubicin induced endothelial-to-mesenchymal transi-
tion (EndMT) in vascular endothelial cells, a process characterized by the loss of endothelial
traits and the gain of mesenchymal features [7]. EndMT disrupts endothelial barrier func-
tion and contributes to both DIC and atherosclerosis. This transition is primarily driven
by the upregulation of transforming growth factor beta/suppressor of mothers against
decapentaplegic (TGF-f3/Smad) signaling pathways, proinflammatory cytokines, and tran-
scription factors such as Snail and Twist [8,9]. Oxidative stress and reactive oxygen species
(ROS) were implicated as key drivers of doxorubicin-induced EndMT [10,11].

GV1001 comprises 16 amino acids, which are derived from the hTERT 616-626 se-
quences (Glu-Ala-Arg-Pro-Ala-Leu-Leu-Thr-Ser-Arg-Leu-Arg-Phe-Ile-Pro-Lys) and locates
within the reverse transcriptase domain [12,13], exhibits diverse biological functions, in-
cluding anti-cancer [14], anti-inflammatory [15,16], anti-oxidant [17], and antiviral proper-
ties [18]. GV1001 inhibits proinflammatory cytokines [19], protects against ROS [20], and
ameliorates atherosclerosis in preclinical models [15]. Notably, GV1001 attenuates vascular
inflammation and prevents EndMT in arterial endothelial cells [15,16]; GV1001 was also
reported to have a myocardial protective effect against ischemia-reperfusion injury in
laboratory animals [19,21], suggesting its potential cardioprotective effect.

Given its multi-functional properties, GV1001 may serve as a novel therapeutic agent
to counteract doxorubicin-induced cardiotoxicity and atherosclerosis. To investigate this
potential, we examined its effects on doxorubicin-induced EndMT in vitro, elucidated its
underlying mechanisms, and assessed its efficacy in mitigating systemic and vascular
inflammation, as well as atherosclerosis, in a murine model.

2. Materials and Methods
2.1. Cell Culture

Human umbilical vein endothelial cells (HUVEC; #C2519A, Lonza, Basel, Switzerland)
were cultured in endothelial basal medium-2 (EBM-2) with EGM-2 SingleQuot Kit (#CC-
4176, Lonza, Morristown, NJ, USA). The medium was renewed every 2 days. HUVECs
were cultured at 37 °C in 5% v/v of CO, with humidity.

2.2. Animals and Animal Welfare

We purchased thirty 8-week-old male Apolipoprotein E (ApoE)-deficient mice (C57BL/6
background) from Jackson Laboratory (Bar Harbor, ME, USA). All mice were housed on a
high-fat diet (HFD) (#D12079B, Research Diets, New Brunswick, NJ, USA) and given free
access to food and water as described previously [15,16]. Mice’s health and behavior were
monitored three times per week throughout the experiment. As shown in Figure 51, mice
were divided into four groups:

Group 1 (n =7): Intraperitoneal (ip) injections of PBS for 9 weeks.

Group 2 (n =7): ip injections of GV1001 (2 mg/kg) for 9 weeks.

Group 3 (n = 8): ip injections of doxorubicin (#25316409, MedChemExpress LLC,
Monmouth Junction, NJ, USA) (5 mg/kg) for 8 weeks and PBS for 9 weeks.

Group 4 (n = 8): ip injections of GV1001 (2 mg/kg) for 9 weeks and doxorubicin
(5 mg/kg) for 8 weeks.

Doxorubicin was administered once a week at a dose of 5 mg/kg via intraperitoneal
injection, as this dosage has been shown by others to be appropriate for investigating
the doxorubicin-induced atherogenesis in mice [22]. PBS or GV1001 was administered
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three times per week, and doxorubicin administration began one week after the PBS or
GV1001 injections, with doses administered once a week. The intraperitoneal (ip) injection
of PBS or GV1001 (2 mg/kg of body weight, obtained from GemVax/Kael, Inc., Seongnam-
si, Republic of Korea) was started one week before the doxorubicin injection using a
volume of 0.1 mL (Figure S1). GV1001 (2 mg/kg) was administered three times a week via
intraperitoneal injection, as our findings [15] have demonstrated this dosage to be effective
for its anti-inflammatory effects without causing toxicity.

2.3. Sample and Tissue Collections

As shown in Figure S1, we sacrificed the mice after the completion of PBS, GV1001,
or doxorubicin injections under general anesthesia and collected whole blood, entire ar-
teries for en face analysis, heart, and spleen as previously reported [16]. Whole blood
was collected from mice by cardiac puncture under isoflurane anesthesia (#G46D22, Ve-
tOne, Boise, ID, USA). The mice were then perfused with 4% paraformaldehyde (#158127,
Millipore Sigma, Burlington, MA, USA) in phosphate-buffered saline (PBS) via the left
ventricle for 5 min. Following perfusion, the entire aorta, extending to the iliac bifurcation,
was exposed, carefully dissected from surrounding tissues, and preserved in RNAlater
(#AM7020, Thermo Fisher Scientific, Waltham, MA, USA). Additionally, the spleen was
resected, and its tissue was split into two portions. One half was fixed in 4% paraformalde-
hyde in PBS (pH 7.4), while the other half was stored in RNAlater at —80 °C for analysis of
proinflammatory cytokine expression.

2.4. Frozen Sectioning

The heart samples were embedded in cryomolds using Tissue-Tek O.C.T. compound
(#M71484, Sakura Finetek, Torrence, CA, USA) and stored at —80 °C until cryosectioning.
Frozen heart blocks were sectioned at a thickness of 10 pm at —20 °C using a Cryostar
NX70 cryostat (Thermo Fisher Scientific, Waltham, MA, USA), following the procedure
described previously [23].

2.5. Histological and Immunofluorescence (IF) Analysis

For immunofluorescent staining, the fixed or live cells, paraffin sections of spleen,
and frozen sections of aortic roots were incubated with primary antibodies, such as CD31
(cluster differentiation 31, #ab28364, Abcam, Cambridge, UK), «-SMA (alpha-smooth
muscle actin, #A2547, Millipore Sigma, Burlington, MA, USA), TNF-o (#ab6671, Ab-
cam, Cambridge, UK), p65 (#SC8008, Santa Cruz Biotechnology, Dallas, TX, USA), p-p65
(#CST3036, Cell Signaling, Danvers, MA, USA), Mitosox Red Mitochondrial Superoxide
Indicator (#M36008, Invitrogen, Carlsbad, CA, USA), Fluorometric Intracellular ROS probe
(#MAK143, Millipore Sigma, Burlington, MA, USA), MitoTracker Red CMXRos (#CST9082,
Cell Signaling Technology, Danvers, MA, USA), BioTrackerTM Mitochondrial FerroGreen
live cell probe (Mito-FerroGreen) (#5CT262, EMD Millipore Corp., Burlington, MA, USA),
BioTracker Mitochondrial Lipid Peroxide Live Cell Ferroptosis Indicator (#Mct261, Milli-
pore Sigma, Burlington, MA, USA), and MOMA-2 (#MCA519G, Bio-Rad, Hercules, CA,
USA), followed by fluorometric detection with Alexa Fluor 488- or 546-conjugated sec-
ondary antibodies (#A11029 or #A11010, respectively, Thermo Fisher Scientific, Waltham,
MA, USA). Sequentially, the sections were mounted on slides with VECTASHIELD TM
anti-fade mounting medium with 4’,6-diamidino-2-phenylindole (DAPI) (#H1200, Vector
Laboratories, Burlingame, CA, USA). The immunofluorescent images were taken under
a confocal fluorescent microscope (#LSM 700, Carl Zeiss, Oberkochen, Germany). All
experiments were performed according to the manufacturer’s guidelines [24-27].
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2.6. Serum Lipid and Proinflammatory Cytokines Measurement in Mouse Serum

Levels of total cholesterol (TC), triglycerides (TG), high-density lipoprotein (HDL),
and non-HDL were measured using enzymatic assay kits in the UCLA Cardiovascular
Core Facility as described previously [16,28].

2.7. Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR)

Total RNA was extracted from HUVECs and mouse tissue, reverse transcribed, and
qPCR was performed as described previously [16]. Total RNA was extracted from mouse
aortic and spleen tissues using the RNeasy Micro Kit (#74004, Qiagen, Valencia, CA, USA)
and reverse transcribed following these steps: 5 min at 65 °C, 2 min at 25 °C, and 1 h at
45 °C using the SuperScript® III Reverse Transcriptase Synthesis Kit (#18080044, Thermo
Fisher Scientific, Waltham, MA, USA). Quantitative PCR (qPCR) was then performed using
PowerUp™ SYBR-Green Master Mix (#A25742, Thermo Fisher Scientific, Waltham, MA,
USA), according to the manufacturer’s protocol. Glyceraldehyde 3-phosphate dehydro-
genase (Gapdh) was used as a loading control. Fold induction was calculated using the
comparative ACq method and presented as relative transcript levels (2~24€9). The primer
sequences used for RT-qPCR are listed in Table S1 (Supplemental Materials).

2.8. En Face Analysis

The en face analysis and the examination of lipid deposition were performed with
entire length of the aorta-to-iliac bifurcation as previously described [29]. The entire length
of the aorta, from the aortic arch to the iliac bifurcation, was exposed along the ventral
midline and carefully dissected from the animal under a stereomicroscope (Zeiss, Stemi 305,
Oberkochen, Germany). For en face analysis, the aorta was stained with Sudan IV (#198102,
Sigma-Aldrich, St. Louis, MO, USA) and pinned flat with the intimal side facing up. Aortic
images were captured using a Nikon digital camera (Nikon D7500 DSLR Camera, Tokyo,
Japan) and analyzed with Image] Software version 1.48 (NIH, accessed on 11 May 2023,
Bethesda, MD, USA).

2.9. Induction of EndMT

The induction of EndMT from HUVECs, immunofluorescent staining, and image anal-
ysis were described in our previous reports [16]. HUVECs were seeded in a chamber well
of a 4-well chamber slide (#C6932, Lab-Tek II, Nunc, Rochester, NY, USA). The cells were
treated with doxorubicin (0.25 pM) or 10 pg/mL GV1001 in endothelial growth medium
for two days. Following treatment, the cells were fixed with ice-cold 100% methanol
(#L13255, Thermo Fisher Scientific, Waltham, MA, USA) for 10 min and permeabilized
with 0.1% Tween 20 (#P2287, Sigma-Aldrich, St. Louis, MO, USA) for 20 min. The cells
were then blocked with 5% normal goat serum at room temperature for 1 h. Primary anti-
bodies (CD31, cluster differentiation 31, #ab28364, Abcam, Cambridge, UK; and a-SMA,
alpha-smooth muscle actin, A2547, Burlington, MA, USA) were applied overnight at 4 °C.
Fluorescence-tagged secondary antibodies were applied for 1 h at room temperature (Alexa
Fluor 546-conjugated secondary antibody (#A11010, Thermo Fisher Scientific, Waltham,
MA, USA) and Alexa Fluor 488-conjugated secondary antibody (#A11029, Thermo Fisher
Scientific, Waltham, MA, USA). The cells were washed three times with PBS and mounted
with VECTASHIELDTM anti-fade mounting medium with DAPI (#1200, Vector Labo-
ratories, Burlingame, CA, USA). Immunostaining images were captured using a confocal
microscope (Carl Zeiss, LSM 700, Oberkochen, Germany).
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2.10. Western Blotting

Western blotting was performed on whole-cell extracts (WCEs) from cultured HU-
VECs, as described previously [29]. WCEs were isolated using radioimmunoprecipitation
assay (RIPA) lysis buffer (#89901, Thermo Fisher Scientific, Waltham, MA, USA). The WCEs
were then fractionated by SDS-PAGE and transferred to an Immobilon®-P membrane
(#IPVHO00010, Millipore, Billerica, MA, USA). The membrane was incubated sequentially
with primary and secondary antibodies, followed by exposure to chemiluminescence
reagents (#1705061, Bio-Rad, Hercules, CA, USA) for signal detection.

2.11. Enzyme-Linked Immunosorbent Assay (ELISA)

The serum levels of Tumor Necrosis Factor-« (TNF-x), Interleukin (IL)-13, and IL-6
were measured by enzyme-linked immunosorbent assay (ELISA) using commercial kits
(#BMS607-2HS, #BMS6002, or #BMS603, respectively, Thermo Fisher Scientific, Waltham,
MA, USA), following the manufacturer’s protocols. The color reaction was stopped with
Stop solution (#423001, BioLegend, San Diego, CA, USA), and absorbance was measured
immediately at 450 nm using a plate reader (Bio-Rad Laboratories, PR4100, Hercules, CA,
USA). The standard curve was constructed by plotting the standard concentrations against
absorbance values, and cytokine levels were calculated in pg/mL [30].

2.12. Cell Migration Assay

For the scratch wound healing assay, HUVECs were seeded onto 12-well plates at a
density of 1.5 x 10° cells/mL in starvation medium containing 0.5% fetal bovine serum
(FBS, #10082147, Thermo Fisher Scientific, Waltham, MA, USA). The cells were allowed
to adhere for 24 h at 37 °C in 5% CO,, after which they were pre-treated with 10 pg/mL
GV1001 for 3 h. Following treatment, HUVECs were scratched using a sterile 200 uL pipette
tip. The cells were then washed with PBS to remove debris. After 48 h of treatment with
50 ng/mL TNF-a (#210-TA, R&D Systems, Minneapolis, MN, USA) or 0.25 uM doxoru-
bicin at 37 °C, the distance between the scratch wounds was observed microscopically.
Images were captured using an inverted microscope (Olympus, Tokyo, Japan) [29]. For the
migration assay, a transwell system with a polycarbonate filter (8.0 um pore size, #3422,
Corning, Corning, NY, USA) was used. HUVECs were pre-treated with 10 ug/mL GV1001
for 3 h, then transferred to the upper chamber of the transwell in medium with 0.5% FBS.
The lower chamber was filled with a culture medium containing 50 ng/mL TNF-« or
0.25 uM doxorubicin. After incubation for 24 h, non-migrated cells in the upper chamber
were removed with a cotton swab. Migrated cells on the bottom side of the membrane were
fixed, stained with 1% crystal violet (#C6158, Sigma-Aldrich, St. Louis, MO, USA), and
photographed [15]. The wound gap areas and the number of migrated cells were analyzed
using Image] Software version 1.48 (NIH, accessed 11 May 2023, Bethesda, MD, USA).

2.13. ATP Detection Assay

HUVECs were seeded into a 6-well plate at a density of 1.5 x 10° cells/well in 2 mL
of EGM-2 medium. The cells were treated with GV1001 (10 ng/mL) with or without
doxorubicin (0.25 pg/mL) for 48 h. Intracellular ATP content was measured using the
ATP Detection Assay Kit (#700410, Cayman Chemical, Ann Arbor), following the manufac-
turer’s instructions, as previously described [31,32]. Briefly, after washing the cells with
pre-chilled PBS, 1 mL of 1x ATP Detection Sample Buffer was added to each well. The cells
were homogenized by pipetting the buffer up and down several times, and the cell lysates
were then transferred to pre-chilled tubes. The Reaction Mixture was prepared by mixing
D-Luciferin and Luciferase with 1x ATP Detection Assay Buffer. One hundred microliters
of the freshly prepared Reaction Mixture and 10 uL of cell lysates were added to a white
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opaque 96-well plate in triplicates. The plate was covered and incubated at room tempera-
ture for 20 min. The ATP concentration was determined by measuring luminescence using
a Synergy H1 multimode microplate reader (BioTek Instruments, Winooski, VT, USA).

2.14. Statistical Analyses

All graphs were created using GraphPad Prism Software, and statistical analyses were
calculated using GraphPad Prism 9 (GraphPad Software, Boston, MA, USA). For multiple
comparisons, a one-way ANOVA with a Newman-Keuls test was used. A p-value of less
than 0.05 was considered significant. All in vitro results were confirmed by at least three
independent experiments. Error bars represent mean + SE.

3. Results
3.1. GV1001 Prevents the Doxorubicin-Induced EndMT and Mobility of HUVECs

Numerous studies have demonstrated that atherosclerosis commences by the disrup-
tion of the function of vascular endothelial cells, primarily through EndMT [33]. Previous
studies have shown that doxorubicin induces EndMT in endothelial cells, leading to an
impaired endothelial barrier function [34,35]. In line with these findings, we observed
that doxorubicin induced a morphological shift in endothelial cells toward a mesenchymal
phenotype, characterized by downregulation of CD31 and an upregulation of x-SMA in
HUVECs. GV1001 effectively suppressed doxorubicin-induced mesenchymal transition,
negating the downregulation of CD31 and the upregulation of x-SMA (Figure 1A-C). West-
ern blotting analysis also demonstrated doxorubicin notably reduced CD31 and increased
x-SMA levels in HUVECs (Figure 52). GV1001 at 10 ug/mL in culture medium completely
reversed this doxorubicin-induced CD31 and «-SMA level changes.

In an in vitro scratch wound healing assay, the migration of HUVECs was significantly
increased in response to either TNF-o or doxorubicin. GV1001 almost entirely blocked this
migration increase caused by TNF-« or doxorubicin (Figure S3). Similarly, the transwell
migration assay demonstrated that both TNF-« and doxorubicin significantly enhanced
the HUVEC migration, and GV1001 entirely inhibited the TNF-x- or doxorubicin-induced
HUVEC migration (Figure 1D,E). For the migration assay, HUVECs were cultured in the
starvation medium (EBM-2 with 0.5% FBS) not only to decrease the potential proliferation
of cells by serum but also to maintain HUVECs, reducing the possibility of undernourished
adversity. We included TNF-« as a positive control, as it is known to induce EndMT in
HUVECs [29]. These results indicate the protective role of GV1001 in shielding endothelial
cells from doxorubicin-induced phenotypic changes, suggesting its potential relevance in
in vivo atherogenesis.
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Figure 1. Effect of GV1001 on doxorubicin-induced EndMT and migration of HUVECs. (A) Rep-
resentative immunofluorescent-staining images showing CD31 (red), «-SMA (green), and DAPI
(blue) in HUVECsS after a 48h exposure to doxorubicin (0.25 uM) and /or GV1001 (10 ug/mL). (B,C)
display the quantification of the fluorescent intensity of CD31 and «-SMA per represented field,
analyzed with Image]. Statistical significance is indicated as follows: ns (not significantly different),
** p <0.01, *** p < 0.0001 with n = 5 per group. Scale bar: 20 um. (D) Representative images of
migrated HUVECs exposed to GV1001 (10 png/mL), TNF-o (100 ng/mL), doxorubicin (0.25 M), or
TNF-a+ GV1001 or doxorubicin + GV1001, as assessed with the transwell chamber assay. Images
are shown at 40x magnifications. (E) Quantification of the number of migrated cells per field. Sta-
tistical analysis was performed using one-way ANOVA: ns (not significantly different), * p < 0.05,
***p <0.001, **** p < 0.0001 with n = 5 per group.

3.2. GV1001 Inhibits the Overexpression of Proinflammatory Cytokines Induced by Doxorubicin
in HUVECs

Proinflammatory cytokines, including TGF-f3, IL-6, IL-1f3, and TNF-«, are known
to induce EndMT in endothelial cells [36]. To determine if doxorubicin-induced EndMT
is associated with the overexpression of these proinflammatory cytokines, we exposed
HUVECs to 0.25 uM doxorubicin and measured cytokine expression levels using RT-qPCR.
As shown in Figure 2A, exposure of cells to 0.25 uM doxorubicin significantly increased
the expression of TGF-f3 and its downstream target gene, Smad3, in HUVECs; this effect
was completely inhibited by either 2 uM or 10 uM of GV1001. Additionally, doxorubicin
significantly enhanced the expression of IL-1¢, IL-1, and IL-6 in HUVECs, and GV1001
markedly reduced the doxorubicin-induced overexpression of these cytokines (Figure 2B).
These findings suggest that the protective effect of GV1001 against doxorubicin-induced
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EndMT may be linked to its suppression of proinflammatory cytokine overexpression in
HUVECs, as these proinflammatory cytokines induce EndMT in HUVECs [15,37].
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Figure 2. GV1001 reverses the overexpression of proinflammatory cytokines induced by doxoru-
bicin in HUVECs. (A) Reversal effect of GV1001 on doxorubicin-induced upregulation of TGF-1,
TGF-32, Smad3, and Smad4 in HUVECs. Statistical analysis was conducted using one-way ANOVA.
(B) Reversal effect of GV1001 on doxorubicin-induced upregulation of IL-1«, IL-13, and IL-6 ex-
pression in HUVECs. Statistical analysis was conducted using the one-way ANOVA. Significance
levels are indicated as follows: ns = not significantly different, * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001. Results are presented as mean = SEM. All experiments were performed in triplicate.

3.3. GV1001 Inhibits the Doxorubicin-Induced Nuclear Translocation of NF-xB in HUVECs

Since activation of NF-«B induces the expression of proinflammatory cytokines [38],
we examined whether doxorubicin activates NF-«B by assessing the nuclear translocation
of the p50/p65 heterodimer through immunofluorescent staining of p65. As shown in
Figure 3A,B, doxorubicin significantly enhanced the immunostained p65 in the nucleus,
indicating that doxorubicin activated NF-«B in HUVECs. Notably, GV1001 almost com-
pletely inhibited this nuclear translocation of p65, a subunit of NF-«xB. We also assessed
the effect of doxorubicin on p65 phosphorylation, as phosphorylation of the p65 subunit is
crucial for the nuclear translocation of the NF-«B p50/p65 complex to initiate downstream
gene transcription [39]. As shown in Figure 3C, doxorubicin markedly increased p65
phosphorylation, while GV1001 inhibited doxorubicin-induced p65 phosphorylation in
a dose-dependent manner in HUVECs. These findings suggest that GV1001 suppresses
doxorubicin-induced NF-«B activation by inhibiting phosphorylation of p65.
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Figure 3. (A) Representative immunofluorescent staining images of NF-«B p65 (green) in HUVECs
after 48 h exposure of cells to doxorubicin (0.25 uM), GV1001 (10 ug/mL), or doxorubicin + GV1001
(10 pg/mL). (B) Percentage of the cells with p65 in the nuclei per field using Image] analysis. ns: not
significantly different, **** p < 0.001. Scale bar: 20 um. (C) Western blotting of phosphorylated p65
(p-p65) and p65 in cells exposed to vehicle only, GV1001 (2 or 10 ug/mL), doxorubicin (0.25 uM), or
in a combination of GV1001 with doxorubicin. All experiments were performed in triplicate.

3.4. Doxorubicin Induced the Accumulation of Cytoplasmic and Mitochondrial Reactive Oxygen
Species (ROS)

Intracellular ROS are known to induce inflammation, partly through the activation
of NF-kB pathways [40]. Often generated as a byproduct of oxidative phosphorylation,
intracellular ROS are primarily produced in mitochondria [41], where electron leakage
from the electron transport chain contributes to their production [42]. To investigate the
mechanisms by which GV1001 inhibits doxorubicin-induced NF-«kB activation, we exam-
ined the effects of doxorubicin and the combined GV1001 and doxorubicin on the cellular
and mitochondrial ROS levels, as well as cellular ATP levels in HUVECs, using immunoflu-
orescent staining analysis and an ATP detection assay kit as described by others [31,32].
As shown in Figure 4A-D, doxorubicin significantly increased both mitochondrial and
intracellular ROS levels. However, GV1001 notably prevented the doxorubicin-induced
accumulation of ROS in the cytoplasm and mitochondria. Moreover, cellular ATP level
was also diminished by half by doxorubicin, which was almost completely reversed by
GV1001, as shown in Figure 4E. These findings indicate that GV1001 effectively mitigates
doxorubicin-induced oxidative stress by preventing ROS accumulation in the cytoplasm
and mitochondria and restoring cellular ATP levels near to normal.
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Figure 4. (A,C) Representative immunofluorescent staining images showing mitochondrial ROS
(red) and cytoplasmic ROS (blue) in cells after 48 h exposure to doxorubicin (0.25 uM), GV1001
(10 pg/mL), or a combination of doxorubicin and GV1001 (10 pug/mL). (B,D) ROS staining intensity
was quantified using Image] Software. (E) Relative cellular ATP levels. Statistical significance:
ns = not significant, * p < 0.05, ** p < 0.01, **** p < 0.0001. Scale bar: 20 um. All experiments were
conducted in triplicate.

3.5. Doxorubicin Altered the Mitochondrial Structure, and GV1001 Prevented Such
Structural Damages

The accumulation of mitochondrial ROS leads to significant structural alterations of
mitochondria, along with the buildup of mitochondrial ferrous ions [34] and peroxidized
lipids [43]. To examine the impact of doxorubicin-induced mitochondrial ROS accumu-
lation, we investigated the effects of doxorubicin on mitochondrial morphology, ferrous
iron levels, and lipid peroxidation in HUVECs utilizing immunofluorescence staining. As
illustrated in Figure 5A,B, a 48 h doxorubicin treatment substantially shortened mitochon-
drial length, producing a rounded or short stick-like morphology, which was indicative of
fragmented mitochondria. However, GV1001 effectively mitigated these structural changes
induced by doxorubicin. Additionally, doxorubicin significantly increased mitochondrial
levels of ferrous iron (Figure 5C,D) and peroxidized lipids (Figure 5E,F). Notably, GV1001
entirely prevented these alterations.
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Figure 5. (A) Representative immunofluorescent-staining images of mitochondria (red) in fixed
HUVEGCs after 48 h exposure to doxorubicin (0.25 uM), GV1001 (10 ug/mL), or a combination of
doxorubicin and GV1001 (10 ug/mL). (B) Mitochondrial length measured using Image] analysis.
Statistical significance: ns, not significant; *** p < 0.001; and **** p < 0.0001. Scale bar: 20 pm.
(C,E) Representative immunofluorescent staining images of mitochondrial ferrous iron (Mito-Fe?*),
peroxidated lipid (MitoPeDPP staining), and nucleus (stained with Hoechst nucleic acid staining;:
Hoechst 33342) of non-fixed HUVECs. (D,F) The levels of ferrous iron and peroxidated lipid were
measured using Image] analysis. Statistical significance: ns, not significant; *** p < 0.001; and

##** p < 0.0001. Scale bar: 10 um. All experiments were performed in triplicate.

3.6. GV1001 Inhibits the Doxorubicin-Induced Systemic and Vascular Inflammation in
ApoE-Deficient Mice

Since hyperlipidemia is necessary for the development of atherogenesis, we adopted
ApoE-deficient mice for the present study, since wild-type mice are not hyperlipidemic and
do not develop atherosclerosis [15,16,30]. As shown in Figure S4, doxorubicin suppressed
body weight gain in ApoE-deficient mice fed a high-fat diet (HFD), with the effect becoming
evident two weeks after the initiation of doxorubicin administration. This anti-weight
gain effect was not mitigated by GV1001. Doxorubicin is known to induce systemic
inflammation [44]. In this study, we evaluated its effects by measuring serum levels of
proinflammatory cytokines, including IL-6, IL-8, TNF-«, and IL-13, in ApoE-deficient
mice. Doxorubicin treatment significantly elevated all cytokine levels in serum. However,
GV1001 effectively prevented these increases (Figure 6A), demonstrating its ability to
mitigate doxorubicin-induced systemic inflammation. Since the spleen acts as a principal
source of proinflammatory cytokines during systemic inflammation [45], we explored
the levels of p-p65 and TNF-« in spleen of mice administrated with doxorubicin and/or
GV1001. Interestingly, doxorubicin notably raised p-p65 levels in the nucleus and TNF-
o expression in the splenic cells, further confirming spleen’s prominent inflammation
effects when stimulated by doxorubicin. GV1001 also reversed these increases, as shown in
Figure S5.
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Figure 6. (A) Reversing effect of GV1001 on doxorubicin-induced increases in serum levels of
proinflammatory cytokines in ApoE-deficient mice. Cytokine levels were measured using an ELISA,
as described in the Methods section. Statistical analysis was conducted using one-way ANOVA.
Symbols denote significance levels: ns, not significantly different; * p < 0.05; ** p < 0.01, **** p < 0.0001.
(B) Inhibitory effect of GV1001 on doxorubicin-induced increases in the expression of TNF-«, IL-1§3,
and IL-6 in the arterial tissue. Gene expression was measured via RT-qPCR, with Gapdh serving
as a loading control. Statistical analysis was conducted using one-way ANOVA, with significance
indicated as follows: ns = not significantly different, * p < 0.05, ** p < 0.01, **** p < 0.0001. Results are
presented as means &+ SEM, based on 7-8 samples.

Vascular inflammation is a well-known contributor to atherosclerosis [15,16], and
doxorubicin was reported to induce such inflammation [46]. To assess the protective effects
of GV1001, we determined the expression level of proinflammatory cytokines (TNF-«,
IL-1B, and IL-6) in arterial tissues. As shown in Figure 6B, doxorubicin significantly
elevated the expression of these cytokines, but GV1001 completely suppressed this increase.
These results indicate that GV1001 effectively prevents doxorubicin-induced vascular
inflammation in ApoE-deficient mice.

3.7. Doxorubicin Enhanced the Lipid Deposition in the Arterial Wall, and GV1001 Ameliorated
Such Increase

Since vascular inflammation, along with EndMT, is a primary driver of atherosclerosis
development [47], we investigated whether the doxorubicin administration enhanced
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EndMT in arterial endothelial cells, along with possible counteractive effect of GV1001, in
the aortic root of mice (Figure S6). Shown in Figure 7 is the impact of doxorubicin and/or
GV1001 on lipid deposition and infiltration of macrophages and monocytes in the arterial
wall, as previously described [15]. En face analysis revealed minimal lipid deposition
in the arterial walls of control mice fed a high-fat diet (HFD) for nine weeks. Systemic
administration of GV1001 (2.0 mg/kg) did not alter lipid deposition in these mice. In
contrast, treatment with doxorubicin significantly increased lipid deposition in the arterial
wall, exceeding three times the levels observed in control mice. Markedly, this increase was
completely prevented by GV1001 co-administration (Figure 7A,B). Similarly, the substantial
lipid accumulation in the aortic roots caused by doxorubicin was effectively mitigated
by GV1001 (Figure 7C). Additionally, doxorubicin treatment resulted in a pronounced
increase in macrophage and monocyte accumulation within arterial wall, which was
notably reduced when GV1001 was co-administered (Figure 7D).
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Figure 7. GV1001 inhibited the doxorubicin-induced arterial plaque formation: Inhibition of lipid
deposition and macrophage/monocyte infiltration into the arterial wall. (A) Representative pho-
tographs of mouse arteries from the en face preparation after staining with Oil Red O (8-10 mice
per group). (B) Quantification of areas of artery stained by Oil Red O using Image] analysis. ns,
not significantly different; ** p < 0.01, *** p < 0.001. (C) Representative Oil Red O staining of aortic
root from the mice. Red color: Lipid; L: Lumen; LF: Leaflet; P: Plaque; (D) Representative images of
immunofluorescent staining with MOMA-2 (red) in the aortic root of the mice. Nuclei were stained
with DAPI (blue). L: Lumen; AW: Arterial Wall; LF: Leaflet; M: Macrophages/Monocytes. Scale bar:
100 pm.

3.8. GV1001 Did Not Impact Doxorubicin-Elicited Changes in Serum Cholesterol Levels

Doxorubicin administration significantly reduced total cholesterol (TC), high-density
lipoprotein (HDL), and non-HDL levels in serum, while triglyceride (TG) levels remained
unchanged compared to the control group (Figure S7). The reduction in TC levels may be
attributed to the downregulation of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
reductase expression induced by doxorubicin [48]. We also observed that GV1001 did not
affect the doxorubicin-induced alterations in cholesterol profiles. Therefore, the anti-lipid
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deposition effects of GV1001 in mice treated with doxorubicin are likely unrelated to the
lipid profile changes caused by doxorubicin.

4. Discussion

Doxorubicin, an anthracycline-based chemotherapy agent, is widely used to treat
various malignancies, including head and neck cancers, lymphoma, leukemia, bladder
cancer, etc. [49]. However, doxorubicin usage is frequently associated with severe long-
term side effects, such as atherosclerosis and cardiomyopathy, which can progress to heart
failure [50,51]. The atherosclerosis and cardiomyopathy could be partly initiated with the
phenotypic alterations of endothelial cells by doxorubicin. Currently, no effective strategies
are available to prevent or mitigate these adverse effects.

Our study demonstrated that GV1001 effectively inhibits doxorubicin-induced phe-
notypic changes in endothelial cells, e.g., EndMT, in human endothelial cells. This effect
may result from GV1001’s suppression of doxorubicin-induced overexpression of proin-
flammatory cytokines. Mechanistically, our findings suggest that GV1001 inhibits NF-«B
activation, a critical regulator of proinflammatory cytokine transcription, by inhibiting the
phosphorylation p65 subunit and nuclear translocation of activated NF-«B.

As previous studies have indicated that there are correlations between NF-«B activa-
tion, mitochondrial dysfunction, and the accumulation of ROS in mitochondria [52,53], we
further investigated the effects of doxorubicin on mitochondrial ROS levels and structures.
Our findings revealed that doxorubicin induces mitochondrial ROS accumulation, leading
to structural abnormalities, lipid peroxidation, ferrous iron accumulation, and impaired
ATP production. Remarkably, GV1001 abrogated these mitochondrial impairments caused
by doxorubicin. While the exact mechanisms by which GV1001 protects mitochondria
remain unclear, our results suggest that GV1001 preserves mitochondrial function, which,
in turn, reduces proinflammatory cytokine expression and prevents EndMT in endothelial
cells. Mitochondrial dysfunction is implicated in the development of conditions such as
atherosclerosis and Alzheimer’s disease [54,55]. Therefore, further studies are warranted
to elucidate the mechanisms underlying GV1001’s protective effects against mitochon-
drial damage.

NF-kB plays a key role in the transactivation of proinflammatory cytokines, including
TNEF-a [56]. NF-kB activation can also be triggered by TNF-a binding to its receptors [57],
potentially leading to systemic inflammation through the nuclear translocation of activated
NEF-«kB and subsequent upregulation of proinflammatory cytokine genes. In our study,
mice administered with doxorubicin exhibited elevated TNF-aexpression in the spleen and
more accumulation of phosphorylated p65 in the splenic cell nucleus, indicating systemic
inflammation elicited by doxorubicin may be associated with activation of NF-«kB, and
subsequently abnormal high expression of TNF-a. However, further studies are needed
to clarify the relationship between doxorubicin exposure and NF-«B activation in splenic
cells, as well as uncovering the mechanisms by which GV1001 inhibits NF-«B activation in
the spleen.

Atherosclerosis is driven by chronic systemic and vascular inflammation, characterized
by the formation of plaques in the vascular intima that consist of lipids, macrophages,
foam cells, and tissue debris [47]. Additionally, EndMT of aortic endothelial cells plays
a significant role in the initiation and progression of atherosclerosis by facilitating the
accumulation of lipids, monocytes, macrophages, and other leukocytes in the arterial
intima [29,58]. Using ApoE-deficient mice, we also showed that doxorubicin significantly
induced expression and serum levels of proinflammatory cytokines and that GV1001
reversed these adversary effects of doxorubicin. More importantly, GV1001 allowed for
preventing lipid deposition in the arterial wall and atherosclerosis development, suggesting
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that GV1001 may potentially be used as a therapeutic agent for doxorubicin-induced
atherosclerosis.

While our study is the first to demonstrate GV1001’s ability to prevent doxorubicin-
induced atherosclerosis in mice, its effects should be further investigated in tumor-bearing
mice to better understand its therapeutic potential in cancer settings. However, since
hyperlipidemia is a prerequisite for atherosclerosis development [24], we had to use hy-
perlipidemic mice in this study. Nonetheless, this approach presents a potential limitation,
as hyperlipidemic conditions, such as those in ApoE-deficient or other hyperlipidemic
mouse models, restrict tumor development. Future studies should aim to address these
challenges by optimizing models that allow concurrent evaluation of tumor progression
and atherosclerosis. With these limitations, care should be taken when interpreting the
results obtained in this study:.

5. Conclusions

Although doxorubicin is an effective anticancer agent, its use is limited due to severe
side effects, such as cardiomyopathy and atherosclerosis. As GV1001 was reported to
inhibit the development and progression of atherogenesis under severe inflammation,
we investigated the effect of GV1001 on the development of EndMT and atherosclerosis
caused by doxorubicin. As expected, doxorubicin induced mitochondrial dysfunction,
activation of NF-kB, and upregulation of proinflammatory cytokines (e.g., IL-6, IL-1$3, and
TNF-o) in HUVECs, triggering EndMT, a crucial process in the initiation and progres-
sion of atherosclerosis. GV1001 effectively mitigated doxorubicin-induced mitochondrial
damage, inflammatory responses, and EndMT in vitro. In ApoE-deficient mice, systemic
administration of doxorubicin resulted in widespread systemic and vascular inflamma-
tion. Remarkably, concurrent administration of GV1001 with doxorubicin counteracted
doxorubicin-induced inflammation, both systemically and within the vasculature, thereby
attenuating the progression of atherosclerosis in these mice. Specifically, GV1001 reduced
doxorubicin-induced EndMT, lipid deposition, and macrophage infiltration in the arterial
wall. Further investigations, including clinical trials, are essential to confirm the therapeutic
potential of GV1001 in mitigating atherosclerosis induced by doxorubicin chemotherapy in
cancer patients.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/cells14020098 /s1, Figure S1. In vivo experimental de-
sign for assessing the effect of GV1001 on doxorubicin-induced atherosclerosis; Figure S2. Protein
levels of CD31 and «-SMA in HUVECs exposed to doxorubicin alone or together with GV1001;
Figure S3. GV1001 alleviated Doxorubicin-induced migration of endothelial cells in the scratch
wounding healing assay; Figure S4. GV1001 did not counteract the inhibitory effect of Doxorubicin
on body weight gain in ApoE-deficient mice on a high-fat diet (HFD); Figure S5. GV1001 attenuated
doxorubicin-induced TNF-« expression and p-p65 nuclear translocation in splenic cells of ApoE-
deficient mice; Figure S6. Effect of GV1001 on doxorubicin-induced EndMT in vascular endothelial
cells of the aortic roots. Figure S7. GV1001 did not modify the doxorubicin-induced alterations in
serum cholesterol profiles of ApoE-deficient mice; Table S1. Sequences of the primers for quantitative
reverse transcription-polymerase chain reaction (RT-qPCR).

Author Contributions: Conceptualization, N.-H.P. and S.K. (Sangjae Kim); methodology, N.-H.P,,
W.C., S.K. (Seojin Kim), C.B., N.K. and S5.Y.K,; software, W.C. and S.K. (Seojin Kim); validation, N.-H.P,,
W.C. and S K. (Sangjae Kim); formal analysis, N.-H.P. and W.C.; investigation, W.C., S.K. (Seojin Kim),
C.B.,, N.K. and S.Y.K,; resources, N.-H.P,, RH.K,, K.-H.S. and S.K. (Sangjae Kim); data curation, N.-H.P.
and W.C.; writing-original draft preparation, N.-H.P., RH.K., K.-H.S. and W.C.; writing—review
and editing, N.-H.P,, RH. K., K.-H.S., S.K. (Sangjae Kim) and W.C.; visualization, N.-H.P. and W.C.;


https://www.mdpi.com/article/10.3390/cells14020098/s1

Cells 2025, 14, 98 16 of 19

supervision, N.-H.P.; project administration, N.-H.P. and S.K. (Sangjae Kim); funding acquisition,
N.-H.P. and W.C. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported, in part, by the research funds awarded from the UCLA Chan-
cellor’s Office, various private donations (N-HP), University of California System: 441902-19900,
National Institute of Dental Research: 1R21DE031074-01A1 (WC).

Institutional Review Board Statement: All animal procedures were performed in compliance with
the institution’s policy and applicable provisions of the United States Department of Agriculture
(USDA) Animal Welfare Act Regulations and the Public Health Service (PHS) Policy. The animal study
protocol was approved by the Animal Research Committee (ARC) of the University of California,
Los Angeles (UCLA) under ARC# 2019-057 (2024-04-01).

Informed Consent Statement: Not applicable.
Data Availability Statement: Data are available upon request to the corresponding author.

Conflicts of Interest: Dr. Sangjae Kim is an employee of GemVax/Kael, Inc., as the chief scientific
officer. However, all other authors confirm that the research was conducted without any commercial
or financial relationships that could be perceived as a potential conflict of interest. Additionally,
the funders, including UCLA, NIH, and various donors, played no role in the study’s design, data
collection, analysis, interpretation, or the decision to publish the results.

References

1.

10.

11.

12.

13.

14.

Smith, L.A.; Cornelius, V.R.; Plummer, C.J.; Levitt, G.; Verrill, M.; Canney, P.; Jones, A. Cardiotoxicity of anthracycline agents
for the treatment of cancer: Systematic review and meta-analysis of randomised controlled trials. BMC Cancer 2010, 10, 337.
[CrossRef] [PubMed]

Cardinale, D.; Colombo, A.; Bacchiani, G.; Tedeschi, I.; Meroni, C.A.; Veglia, F.; Civelli, M.; Lamantia, G.; Colombo, N.;
Curigliano, G.; et al. Early detection of anthracycline cardiotoxicity and improvement with heart failure therapy. Circulation 2015,
131, 1981-1988. [CrossRef] [PubMed]

Armenian, S.H.; Lacchetti, C.; Barac, A.; Carver, J.; Constine, L.S.; Denduluri, N.; Dent, S.; Douglas, P.S.; Durand, J.B.; Ewer, M.;
et al. Prevention and Monitoring of Cardiac Dysfunction in Survivors of Adult Cancers: American Society of Clinical Oncology
Clinical Practice Guideline. J. Clin. Oncol. 2017, 35, 893-911. [CrossRef] [PubMed]

Govender, J.; Loos, B.; Marais, E.; Engelbrecht, A.M. Mitochondrial catastrophe during doxorubicin-induced cardiotoxicity: A
review of the protective role of melatonin. J. Pineal Res. 2014, 57, 367-380. [CrossRef]

Wu, B.B,; Leung, K.T.; Poon, E.N. Mitochondrial-Targeted Therapy for Doxorubicin-Induced Cardiotoxicity. Int. J. Mol. Sci. 2022,
23, 1912. [CrossRef]

Zamorano, J.L.; Lancellotti, P.; Rodriguez Munoz, D.; Aboyans, V.; Asteggiano, R.; Galderisi, M.; Habib, G.; Lenihan, D.]J.; Lip,
G.YH,; Lyon, A.R,; et al. 2016 ESC Position Paper on cancer treatments and cardiovascular toxicity developed under the auspices
of the ESC Committee for Practice Guidelines: The Task Force for cancer treatments and cardiovascular toxicity of the European
Society of Cardiology (ESC). Eur. Heart J. 2016, 37, 2768-2801. [CrossRef]

Feng, J.; Wu, Y. Endothelial-to-Mesenchymal Transition: Potential Target of Doxorubicin-Induced Cardiotoxicity. Am. J. Cardiovasc.
Drugs 2023, 23, 231-246. [CrossRef]

Tsai, TH.; Lin, C.J.; Hang, C.L.; Chen, W.Y. Calcitriol Attenuates Doxorubicin-Induced Cardiac Dysfunction and Inhibits
Endothelial-to-Mesenchymal Transition in Mice. Cells 2019, 8, 865. [CrossRef]

Grakova, E.V,; Shilov, S.N.; Kopeva, K.V.; Berezikova, E.N.; Popova, A.A.; Neupokoeva, M.N.; Ratushnyak, E.T.; Teplyakov, A.T.
Anthracycline-Induced Cardiotoxicity: The Role of Endothelial Dysfunction. Cardiology 2021, 146, 315-323. [CrossRef]

Luu, A.Z.; Chowdhury, B.; Al-Omran, M.; Teoh, H.; Hess, D.A.; Verma, S. Role of Endothelium in Doxorubicin-Induced
Cardiomyopathy. JACC Basic Transl. Sci. 2018, 3, 861-870. [CrossRef]

Li, J.; Zhang, Q.; Ren, C.; Wu, X.; Zhang, Y.; Bai, X.; Lin, Y.; Li, M,; Fu, J.; Kopylov, P; et al. Low-Intensity Pulsed Ultrasound
Prevents the Oxidative Stress Induced Endothelial-Mesenchymal Transition in Human Aortic Endothelial Cells. Cell Physiol.
Biochem. 2018, 45, 1350-1365. [CrossRef] [PubMed]

Stevenson, C.L. Advances in peptide pharmaceuticals. Curr. Pharm. Biotechnol. 2009, 10, 122-137. [CrossRef] [PubMed]

Chen, W.; Shin, K.H.; Kim, S.; Shon, W.J.; Kim, R.H.; Park, N.H.; Kang, M.K. hTERT peptide fragment GV1001 demonstrates
radioprotective and antifibrotic effects through suppression of TGF-beta signaling. Int. . Mol. Med. 2018, 41, 3211-3220.

Li, C; Tian, Y;; Sun, E; Lei, G.; Cheng, J.; Tian, C.; Yu, H,; Deng, Z.; Lu, S.; Wang, L.; et al. A Recombinant Oncolytic Influenza
Virus Carrying GV1001 Triggers an Antitumor Immune Response. Hum. Gene Ther. 2024, 35, 48-58. [CrossRef]


https://doi.org/10.1186/1471-2407-10-337
https://www.ncbi.nlm.nih.gov/pubmed/20587042
https://doi.org/10.1161/CIRCULATIONAHA.114.013777
https://www.ncbi.nlm.nih.gov/pubmed/25948538
https://doi.org/10.1200/JCO.2016.70.5400
https://www.ncbi.nlm.nih.gov/pubmed/27918725
https://doi.org/10.1111/jpi.12176
https://doi.org/10.3390/ijms23031912
https://doi.org/10.1093/eurheartj/ehw211
https://doi.org/10.1007/s40256-023-00573-w
https://doi.org/10.3390/cells8080865
https://doi.org/10.1159/000512771
https://doi.org/10.1016/j.jacbts.2018.06.005
https://doi.org/10.1159/000487561
https://www.ncbi.nlm.nih.gov/pubmed/29462805
https://doi.org/10.2174/138920109787048634
https://www.ncbi.nlm.nih.gov/pubmed/19149594
https://doi.org/10.1089/hum.2022.206

Cells 2025, 14, 98 17 of 19

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Chen, W,; Kim, S.Y.; Lee, A.; Kim, YJ.; Chang, C.; Ton-That, H.; Kim, R.; Kim, S.; Park, N.H. hTERT Peptide Fragment GV1001
Prevents the Development of Porphyromonas gingivalis-Induced Periodontal Disease and Systemic Disorders in ApoE-Deficient
Mice. Int. J. Mol. Sci. 2024, 25, 6126. [CrossRef]

Kim, S.Y,; Kim, Y.J.; Kim, S.; Momeni, M.; Lee, A.; Treanor, A.; Kim, S.; Kim, R.H.; Park, N.H. GV1001 Inhibits the Severity of the
Ligature-Induced Periodontitis and the Vascular Lipid Deposition Associated with the Periodontitis in Mice. Int. ]. Mol. Sci. 2023,
24, 12566. [CrossRef]

Park, HH.; Yu, H].; Kim, S.; Kim, G.; Choi, N.Y.; Lee, E.H.; Lee, Y.J.; Yoon, M.Y.; Lee, K.Y.; Koh, S.H. Neural stem cells injured by
oxidative stress can be rejuvenated by GV1001, a novel peptide, through scavenging free radicals and enhancing survival signals.
Neurotoxicology 2016, 55, 131-141. [CrossRef]

Lee, S.A.; Kim, J.; Sim, J.; Kim, S.G.; Kook, Y.H.; Park, C.G.; Kim, H.R.; Kim, B.]. A telomerase-derived peptide regulates reactive
oxygen species and hepatitis C virus RNA replication in HCV-infected cells via heat shock protein 90. Biochem. Biophys. Res.
Commun. 2016, 471, 156-162. [CrossRef]

Chang, J.E.; Kim, H.J.; Jheon, S.; Lim, C. Protective effects of GV1001 on myocardial ischemia-reperfusion injury. Mol. Med. Rep.
2017, 16, 7315-7320. [CrossRef]

Park, HH.; Lee, K.Y;; Kim, S.; Lee, JW.; Choi, N.Y.; Lee, E.H.; Lee, Y.J.; Lee, S.H.; Koh, S.H. Novel vaccine peptide GV1001
effectively blocks beta-amyloid toxicity by mimicking the extra-telomeric functions of human telomerase reverse transcriptase.
Neurobiol. Aging 2014, 35, 1255-1274. [CrossRef]

Kim, J.H.; Cho, Y.R,; Ahn, EK; Kim, S.; Han, S.; Kim, S.J.; Bae, G.U.; Oh, ].S.; Seo, D.W. A novel telomerase-derived peptide
GV1001-mediated inhibition of angiogenesis: Regulation of VEGF/VEGFR-2 signaling pathways. Transl. Oncol. 2022, 26, 101546.
[CrossRef] [PubMed]

Ko, K.A.; Wang, Y.; Kotla, S.; Fujii, Y.; Vu, H.T,; Venkatesulu, B.P.; Thomas, T.N.; Medina, ].L.; Gi, Y.J.; Hada, M.; et al. Developing
a Reliable Mouse Model for Cancer Therapy-Induced Cardiovascular Toxicity in Cancer Patients and Survivors. Front. Cardiovasc.
Med. 2018, 5, 26. [CrossRef] [PubMed]

Kim, S.; Bando, Y.; Chang, C.; Kwon, J.; Tarverti, B.; Kim, D.; Lee, S.H.; Ton-That, H.; Kim, R.; Nara, P.L.; et al. Topical application
of Porphyromonas gingivalis into the gingival pocket in mice leads to chronic-active infection, periodontitis and systemic
inflammation. Int. J. Mol. Med. 2022, 50, 5159. [CrossRef] [PubMed]

Wang, K.; Gong, Q.; Zhan, Y.; Chen, B.; Yin, T,; Lu, Y.,; Zhang, Y.; Wang, H.; Ke, ].; Du, B.; et al. Blockage of Autophagic Flux
and Induction of Mitochondria Fragmentation by Paroxetine Hydrochloride in Lung Cancer Cells Promotes Apoptosis via the
ROS-MAPK Pathway. Front. Cell Dev. Biol. 2019, 7, 397. [CrossRef]

Jang, SK.; Ahn, S.H.; Kim, G.; Kim, S.; Hong, J.; Park, K.S.; Park, I.C.; Jin, H.O. Inhibition of VDACI oligomerization blocks
cysteine deprivation-induced ferroptosis via mitochondrial ROS suppression. Cell Death Dis. 2024, 15, 811. [CrossRef]
Tadokoro, T.; Ikeda, M.; Ide, T.; Deguchi, H.; Ikeda, S.; Okabe, K,; Ishikita, A.; Matsushima, S.; Koumura, T.; Yamada, K.I.; et al.
Mitochondria-dependent ferroptosis plays a pivotal role in doxorubicin cardiotoxicity. JCI Insight 2020, 5, 132747. [CrossRef]
Bharat, V.; Durairaj, A.S.; Vanhauwaert, R; Li, L.; Muir, C.M.; Chandra, S.; Kwak, C.S.; Le Guen, Y.; Nandakishore, P.; Hsieh,
C.H,; et al. A mitochondrial inside-out iron-calcium signal reveals drug targets for Parkinson’s disease. Cell Rep. 2023, 42, 113544.
[CrossRef]

Suh, J.S.; Kim, S.; Bostrom, K.I.; Wang, C.Y.; Kim, R.H.; Park, N.H. Periodontitis-induced systemic inflammation exacerbates
atherosclerosis partly via endothelial-mesenchymal transition in mice. Int. J. Oral. Sci. 2019, 11, 21. [CrossRef]

Suh, J.S.; Lee, S.H.; Fouladian, Z.; Lee, ].Y.; Kim, T.; Kang, M.K.; Lusis, A.J.; Bostrom, K.I; Kim, R.H.; Park, N.H. Rosuvastatin
Prevents the Exacerbation of Atherosclerosis in Ligature-Induced Periodontal Disease Mouse Model. Sci. Rep. 2020, 10, 6383.
[CrossRef]

Suh, ].S;; Kim, S.YJ.; Lee, S.H.; Kim, R.H.; Park, N.H. Hyperlipidemia is necessary for the initiation and progression of
atherosclerosis by severe periodontitis in mice. Mol. Med. Rep. 2022, 26, 12789. [CrossRef]

Lin, HY,; Liang, C.J.; Yang, M.Y.; Chen, PL.; Wang, TM.; Chen, Y.H.; Shih, Y.H.; Liu, W.; Chiu, C.C.; Chiang, C.K,; et al. Critical
roles of tubular mitochondrial ATP synthase dysfunction in maleic acid-induced acute kidney injury. Apoptosis 2024, 29, 620—-634.
[CrossRef] [PubMed]

Sun, Y.; Preiss, N.K.; Valenteros, K.B.; Kamal, Y.; Usherwood, Y.K.; Frost, H.R.; Usherwood, E.]. Zbtb20 Restrains CD8 T Cell
Immunometabolism and Restricts Memory Differentiation and Antitumor Immunity. J. Immunol. 2020, 205, 2649-2666. [CrossRef]
[PubMed]

Chen, PY,; Schwartz, M. A.; Simons, M. Endothelial-to-Mesenchymal Transition, Vascular Inflammation, and Atherosclerosis.
Front. Cardiovasc. Med. 2020, 7, 53. [CrossRef] [PubMed]

Clayton, Z.S.; Brunt, V.E.; Hutton, D.A.; VanDongen, N.S.; D’Alessandro, A.; Reisz, ].A.; Ziemba, B.P.; Seals, D.R. Doxorubicin-
Induced Oxidative Stress and Endothelial Dysfunction in Conduit Arteries Is Prevented by Mitochondrial-Specific Antioxidant
Treatment. JACC CardioOncol 2020, 2, 475-488. [CrossRef]


https://doi.org/10.3390/ijms25116126
https://doi.org/10.3390/ijms241612566
https://doi.org/10.1016/j.neuro.2016.05.022
https://doi.org/10.1016/j.bbrc.2016.01.160
https://doi.org/10.3892/mmr.2017.7528
https://doi.org/10.1016/j.neurobiolaging.2013.12.015
https://doi.org/10.1016/j.tranon.2022.101546
https://www.ncbi.nlm.nih.gov/pubmed/36183673
https://doi.org/10.3389/fcvm.2018.00026
https://www.ncbi.nlm.nih.gov/pubmed/29675417
https://doi.org/10.3892/ijmm.2022.5159
https://www.ncbi.nlm.nih.gov/pubmed/35703359
https://doi.org/10.3389/fcell.2019.00397
https://doi.org/10.1038/s41419-024-07216-1
https://doi.org/10.1172/jci.insight.132747
https://doi.org/10.1016/j.celrep.2023.113544
https://doi.org/10.1038/s41368-019-0054-1
https://doi.org/10.1038/s41598-020-63350-8
https://doi.org/10.3892/mmr.2022.12789
https://doi.org/10.1007/s10495-023-01897-3
https://www.ncbi.nlm.nih.gov/pubmed/38281282
https://doi.org/10.4049/jimmunol.2000459
https://www.ncbi.nlm.nih.gov/pubmed/32998985
https://doi.org/10.3389/fcvm.2020.00053
https://www.ncbi.nlm.nih.gov/pubmed/32478094
https://doi.org/10.1016/j.jaccao.2020.06.010

Cells 2025, 14, 98 18 of 19

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Sun, Z.; Schriewer, J.; Tang, M.; Marlin, J.; Taylor, F.; Shohet, R.V.; Konorev, E.A. The TGF-beta pathway mediates doxorubicin
effects on cardiac endothelial cells. J. Mol. Cell Cardiol. 2016, 90, 129-138. [CrossRef]

Perez, L.; Munoz-Durango, N.; Riedel, C.A.; Echeverria, C.; Kalergis, A.M.; Cabello-Verrugio, C.; Simon, F. Endothelial-to-
mesenchymal transition: Cytokine-mediated pathways that determine endothelial fibrosis under inflammatory conditions.
Cytokine Growth Factor. Rev. 2017, 33, 41-54. [CrossRef]

Cho, J.G.; Lee, A.; Chang, W.; Lee, M.S.; Kim, J. Endothelial to Mesenchymal Transition Represents a Key Link in the Interaction
between Inflammation and Endothelial Dysfunction. Front. Immunol. 2018, 9, 294. [CrossRef]

Su, C.M.; Wang, L.; Yoo, D. Activation of NF-kappaB and induction of proinflammatory cytokine expressions mediated by ORF7a
protein of SARS-CoV-2. Sci. Rep. 2021, 11, 13464. [CrossRef]

Giridharan, S.; Srinivasan, M. Mechanisms of NF-kappaB p65 and strategies for therapeutic manipulation. J. Inflamm. Res. 2018,
11, 407-419. [CrossRef]

Mittal, M.; Siddiqui, M.R; Tran, K.; Reddy, S.P.; Malik, A.B. Reactive oxygen species in inflammation and tissue injury. Antioxid.
Redox Signal 2014, 20, 1126-1167. [CrossRef]

Zhang, Y.; Wong, H.S. Are mitochondria the main contributor of reactive oxygen species in cells? J. Exp. Biol. 2021, 224, 221606.
[CrossRef] [PubMed]

Raimondji, V.; Ciccarese, F.; Ciminale, V. Oncogenic pathways and the electron transport chain: A dangeROS liaison. Br. J. Cancer
2020, 122, 168-181. [CrossRef] [PubMed]

Chen, Y.; Guo, X.; Zeng, Y.; Mo, X.; Hong, S.; He, H.; Li, J.; Fatima, S.; Liu, Q. Oxidative stress induces mitochondrial iron overload
and ferroptotic cell death. Sci. Rep. 2023, 13, 15515. [CrossRef] [PubMed]

Wang, L.; Chen, Q.; Qi, H.; Wang, C.; Wang, C.; Zhang, J.; Dong, L. Doxorubicin-Induced Systemic Inflammation Is Driven by
Upregulation of Toll-Like Receptor TLR4 and Endotoxin Leakage. Cancer Res. 2016, 76, 6631-6642. [CrossRef]

Fonseca, M.T.; Moretti, E.H.; Marques, L.M.M.; Machado, B.F,; Brito, C.F,; Guedes, ].T.; Komegae, E.N.; Vieira, T.S.; Festuccia, W.T.;
Lopes, N.P; et al. A leukotriene-dependent spleen-liver axis drives TNF production in systemic inflammation. Sci. Signal 2021,
14, abb0969. [CrossRef]

Yu, J.; Qi, H.L.; Zhang, H.; Zhao, Z.Y,; Jing, Z.; Nie, Z.Y. Morin Inhibits Dox-Induced Vascular Inflammation By Regulating
PTEN/AKT/NF-kappaB Pathway. Inflammation 2022, 45, 2406-2418. [CrossRef]

Kong, P; Cui, Z.Y,; Huang, X.F,; Zhang, D.D.; Guo, R.J.; Han, M. Inflammation and atherosclerosis: Signaling pathways and
therapeutic intervention. Signal Transduct. Target. Ther. 2022, 7, 131. [CrossRef]

Yun, UJ.; Lee, J.H.; Shim, J.; Yoon, K.; Goh, S.H.; Yi, E.H.; Ye, SK,; Lee, ].S.; Lee, H.; Park, J.; et al. Anti-cancer effect of doxorubicin
is mediated by downregulation of HMG-Co A reductase via inhibition of EGFR/Src pathway. Lab. Invest. 2019, 99, 1157-1172.
[CrossRef]

Kciuk, M.; Gielecinska, A.; Mujwar, S.; Kolat, D.; Kaluzinska-Kolat, Z.; Celik, I.; Kontek, R. Doxorubicin-An Agent with Multiple
Mechanisms of Anticancer Activity. Cells 2023, 12, 659. [CrossRef]

Belger, C.; Abrahams, C.; Imamdin, A.; Lecour, S. Doxorubicin-induced cardiotoxicity and risk factors. Int. J. Cardiol. Heart Vasc.
2024, 50, 101332. [CrossRef]

Rawat, PS,; Jaiswal, A.; Khurana, A.; Bhatti, ].S.; Navik, U. Doxorubicin-induced cardiotoxicity: An update on the molecular
mechanism and novel therapeutic strategies for effective management. Biomed. Pharmacother. 2021, 139, 111708. [CrossRef]
[PubMed]

Qu, K;; Yan, E; Qin, X.; Zhang, K.; He, W.; Dong, M.; Wu, G. Mitochondrial dysfunction in vascular endothelial cells and its role
in atherosclerosis. Front. Physiol. 2022, 13, 1084604. [CrossRef] [PubMed]

Pan, J.A.; Zhang, H; Lin, H.; Gao, L.; Zhang, H.L.; Zhang, J.F.; Wang, C.Q.; Gu, ]. Irisin ameliorates doxorubicin-induced cardiac
perivascular fibrosis through inhibiting endothelial-to-mesenchymal transition by regulating ROS accumulation and autophagy
disorder in endothelial cells. Redox Biol. 2021, 46, 102120. [CrossRef]

Vendrov, A.E.; Lozhkin, A.; Hayami, T.; Levin, J.; Silveira Fernandes Chamon, J.; Abdel-Latif, A.; Runge, M.S.; Madamanchi,
N.R. Mitochondrial dysfunction and metabolic reprogramming induce macrophage pro-inflammatory phenotype switch and
atherosclerosis progression in aging. Front. Immunol. 2024, 15, 1410832. [CrossRef]

Zhang, X.X.; Wei, M.; Wang, H.R.; Hu, Y.Z.; Sun, HM,; Jia, J.J. Mitochondrial dysfunction gene expression, DNA methylation,
and inflammatory cytokines interaction activate Alzheimer’s disease: A multi-omics Mendelian randomization study. J. Transl.
Med. 2024, 22, 893. [CrossRef]

Yu, H,; Lin, L.; Zhang, Z.; Zhang, H.; Hu, H. Targeting NF-kappaB pathway for the therapy of diseases: Mechanism and clinical
study. Signal Transduct. Target. Ther. 2020, 5, 209. [CrossRef]


https://doi.org/10.1016/j.yjmcc.2015.12.010
https://doi.org/10.1016/j.cytogfr.2016.09.002
https://doi.org/10.3389/fimmu.2018.00294
https://doi.org/10.1038/s41598-021-92941-2
https://doi.org/10.2147/JIR.S140188
https://doi.org/10.1089/ars.2012.5149
https://doi.org/10.1242/jeb.221606
https://www.ncbi.nlm.nih.gov/pubmed/33707189
https://doi.org/10.1038/s41416-019-0651-y
https://www.ncbi.nlm.nih.gov/pubmed/31819197
https://doi.org/10.1038/s41598-023-42760-4
https://www.ncbi.nlm.nih.gov/pubmed/37726294
https://doi.org/10.1158/0008-5472.CAN-15-3034
https://doi.org/10.1126/scisignal.abb0969
https://doi.org/10.1007/s10753-022-01701-5
https://doi.org/10.1038/s41392-022-00955-7
https://doi.org/10.1038/s41374-019-0193-1
https://doi.org/10.3390/cells12040659
https://doi.org/10.1016/j.ijcha.2023.101332
https://doi.org/10.1016/j.biopha.2021.111708
https://www.ncbi.nlm.nih.gov/pubmed/34243633
https://doi.org/10.3389/fphys.2022.1084604
https://www.ncbi.nlm.nih.gov/pubmed/36605901
https://doi.org/10.1016/j.redox.2021.102120
https://doi.org/10.3389/fimmu.2024.1410832
https://doi.org/10.1186/s12967-024-05680-z
https://doi.org/10.1038/s41392-020-00312-6

Cells 2025, 14, 98 19 of 19

57.  Gough, P; Myles, I.A. Tumor Necrosis Factor Receptors: Pleiotropic Signaling Complexes and Their Differential Effects. Front.
Immunol. 2020, 11, 585880. [CrossRef]

58. Huang, Q.; Gan, Y; Yu, Z.; Wu, H.; Zhong, Z. Endothelial to Mesenchymal Transition: An Insight in Atherosclerosis. Front.
Cardiovasc. Med. 2021, 8, 734550. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fimmu.2020.585880
https://doi.org/10.3389/fcvm.2021.734550

	Introduction 
	Materials and Methods 
	Cell Culture 
	Animals and Animal Welfare 
	Sample and Tissue Collections 
	Frozen Sectioning 
	Histological and Immunofluorescence (IF) Analysis 
	Serum Lipid and Proinflammatory Cytokines Measurement in Mouse Serum 
	Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR) 
	En Face Analysis 
	Induction of EndMT 
	Western Blotting 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Cell Migration Assay 
	ATP Detection Assay 
	Statistical Analyses 

	Results 
	GV1001 Prevents the Doxorubicin-Induced EndMT and Mobility of HUVECs 
	GV1001 Inhibits the Overexpression of Proinflammatory Cytokines Induced by Doxorubicin in HUVECs 
	GV1001 Inhibits the Doxorubicin-Induced Nuclear Translocation of NF-B in HUVECs 
	Doxorubicin Induced the Accumulation of Cytoplasmic and Mitochondrial Reactive Oxygen Species (ROS) 
	Doxorubicin Altered the Mitochondrial Structure, and GV1001 Prevented Such Structural Damages 
	GV1001 Inhibits the Doxorubicin-Induced Systemic and Vascular Inflammation in ApoE-Deficient Mice 
	Doxorubicin Enhanced the Lipid Deposition in the Arterial Wall, and GV1001 Ameliorated Such Increase 
	GV1001 Did Not Impact Doxorubicin-Elicited Changes in Serum Cholesterol Levels 

	Discussion 
	Conclusions 
	References

