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Background: Myocardial injury induced by ischemia-reperfusion (I/R) remains a major barrier to improved clinical outcomes
and continues to compromise human health. Adenosine diphosphate-ribosylation factor GTPase-activating protein (ArfGAP)
with homology 3 (SH3) domain, ankyrin repeat, and pleckstrin homology (PH) domain-containing protein 3 (ASAP3) is a key
regulator involved in cytoskeletal remodeling, membrane dynamics, and signal transduction. Its potential role in the pathogen-
esis of myocardial I/R injury, however, remains unclear. This study aims to elucidate the function of ASAP3 in myocardial I/R
injury.

Methods: A hypoxia-reperfusion (H/R) injury model was established in H9¢2 cells. The expression of ASAP3 and ras-related C3
botulinum toxin substrate 1 (RAC1) was modulated by transfection. Cell viability and apoptosis were subsequently assessed. Ad-
ditionally, intracellular Ca®>" accumulation, mitochondrial reactive oxygen species (ROS) production, mitochondrial membrane
potential, and adenosine triphosphate (ATP) levels were evaluated. Endoplasmic reticulum (ER) stress and mitochondria-ER
crosstalk were also investigated. Co-immunoprecipitation (Co-IP) experiments were conducted to verify the ASAP3-RAC1 in-
teraction.

Results: ASAP3 expression was significantly downregulated following H/R injury (p < 0.01), concomitant with reduced cell
viability and increased apoptosis in H9¢2 cells (p < 0.01). Overexpression of ASAP3 significantly improved cell viability and
decreased apoptosis under H/R conditions (p < 0.01). Furthermore, ASAP3 overexpression reduced intracellular Ca>* accumu-
lation (p < 0.01), preserved mitochondrial and ER function as evidenced by increased JC-1 and ATP levels, and reduced ROS
production and ER stress markers (p < 0.01). Co-IP experiments confirmed a physical interaction between ASAP3 and RAC1,
suggesting a possible direct regulatory mechanism. Notably, RAC1 overexpression abolished the protective effects of ASAP3 (p
< 0.01), highlighting an antagonistic interplay between these proteins.

Conclusions: Overexpression of ASAP3 in cells subjected to H/R injury inhibits RAC1 activation and facilitates mitochondria-
endoplasmic reticulum crosstalk, thereby alleviating cardiomyocyte injury.
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Introduction

The implementation of reperfusion therapies, includ-
ing percutaneous coronary intervention (PCI) and coronary
artery bypass grafting (CABG), has greatly advanced the
management of acute myocardial infarction [1]. Nonethe-
less, myocardial injury following reperfusion remains an in-
evitable consequence [2]. Ischemia/reperfusion (I/R) injury
can induce extensive cardiomyocyte death, subsequently

leading to myocardial fibrosis and remodeling, which con-
tribute to the progressive deterioration in cardiac function
[3,4]. Over time, this condition elevates the risk of heart
failure. Studies indicate that I/R injury constitutes approx-
imately 30% to 50% of the overall myocardial damage ob-
served in patients experiencing acute myocardial infarction
[5,6]. Despite the exploration of various clinical strategies
and pharmacological agents aimed at mitigating this injury,
effective interventions remain limited, rendering the pre-

Copyright: © 2025 The Author(s). Published by Discovery Medicine. This is an open access article under the CC BY 4.0 license.
Note: Discovery Medicine stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.24976/Discov.Med.202537200.172
https://creativecommons.org/licenses/by/4.0/

vention and management of I/R injury a notable challenge
in both clinical and scientific contexts [7]. I/R injury is pri-
marily driven by oxidative damage, calcium dysregulation,
and disturbances in mitochondrial and endoplasmic reticu-
lum function [8]. Targeted therapeutic approaches encom-
pass pharmacological treatments (such as calcium chan-
nel blockers, antioxidants, and 3-blockers) and mechanical
protective strategies (primarily involving transient ischemia
in distal limbs to activate systemic protective mechanisms
and reduce myocardial I/R damage) [9]. Although existing
therapies can partially alleviate I/R injury, numerous limi-
tations persist, particularly the lack of precise interventions
targeting critical molecular pathways associated with I/R
damage [10]. Consequently, investigating the underlying
mechanisms of myocardial I/R injury is essential, not only
for elucidating the intricate pathological processes involved
in managing acute myocardial infarction but also in advanc-
ing the optimization of therapeutic strategies, the develop-
ment of cardioprotective agents, the application of stem cell
therapies, and related areas.

The endoplasmic reticulum (ER) and mitochondria
are recognized as critical organelles implicated in I/R in-
jury, significantly influencing cellular survival and apop-
tosis [11,12]. Through close physical and functional in-
teractions, these organelles establish the mitochondria-
associated endoplasmic reticulum membrane (MAM) [13].
The MAM consists of lipids, various proteins, and cal-
cium transporters that are essential for energy metabolism,
calcium homeostasis, and lipid metabolism in cardiomy-
ocytes [14]. Notably, dysfunction of the MAM has been
observed in cardiomyocytes subjected to I/R injury, sug-
gesting that impaired MAM function contributes to the
mechanisms driving I/R injury development [15]. Ar-
fGAP with homology 3 (SH3) domain, ankyrin repeat,
and pleckstrin homology (PH) domain-containing protein
3 (ASAP3), an adenosine diphosphate-ribosylation fac-
tor GTPase-activating protein (ArfGAP), also referred to
as development and differentiation-enhancing factor-like 1
(DDEFL1) or adenosine diphosphate-ribosylation factor 6
GTPase-activating protein (ACAP4), plays a pivotal role
in regulating cytoskeletal dynamics, membrane trafficking,
and signal transduction [16]. Research indicates that Ar-
fGAP influences cell morphology and migration through
the modulation of Rho family GTPases, which are integral
to actin remodeling [17]. Additionally, ArfGAP regulates
endocytosis, membrane trafficking, and intracellular mem-
brane remodeling through modulation of Arf6 activity [18].
Recent studies increasingly suggest a potential link between
ArfGAP and mitochondrial function, calcium homeostasis,
and apoptosis, leading to the hypothesis that ASAP3 may
also regulate MAM function [19]. It has been indicated
that ArfGAP family proteins may significantly contribute
to various cardiovascular diseases, leading to increased in-
terest in ASAP3 in the context of myocardial I/R injury
[20]. To date, most studies on ASAP3 have focused on
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its involvement in cancer cell motility and invasive behav-
ior [21]. Moreover, ras-related C3 botulinum toxin sub-
strate 1 (RAC1), a member of the Rho family of small
GTPases, plays a role in the biogenesis of mitochondria-
associated membranes (MAMs) [22]. RACI, a key regu-
lator of NADPH oxidase (NOX), promotes reactive oxy-
gen species (ROS) production via NOX activation, a criti-
cal mechanism contributing to myocardial I/R injury [23].
Although clinical myocardial I/R injury encompasses mul-
tiple pathophysiological processes following interruption
and restoration of blood flow, it is challenging to fully re-
capitulate this cycle in vitro at the cellular level. Therefore,
a hypoxia-reoxygenation (H/R) model in H9¢c2 cells was
used to specifically mimic the critical “oxygen deprivation—
restoration” component of I/R injury. H/R exposure in car-
diomyocyte cell cultures effectively reproduces hallmark
features of myocardial I/R injury, including oxidative dam-
age, calcium dysregulation, and disturbances in mitochon-
drial and ER function, thus serving as a robust platform for
mechanistic investigation [24,25]. In summary, this study
aims to elucidate the role of ASAP3 in the regulation of my-
ocardial I/R injury and to identify the underlying molecular
mechanisms that may serve as novel therapeutic targets.

Materials and Methods

Cell Culture and Processing

The H9c2 cell line (American Type Culture Col-
lection (ATCC), CRL-1446, Manassas, VA, USA) was
cultured in high-glucose Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine
serum (Gibco, Thermo Fisher Scientific, Waltham, MA,
USA; cat. no. A5670701) and 1% antibiotics at 37 °C and
5% COa. To ensure the stability and reliability of the cell
line, mycoplasma contamination was routinely screened
using the EZ-PCR Mycoplasma Test Kit (Biological
Industries, Beit HaEmek, Israel, cat. no. 20-700-20) before
experimentation; all cell cultures used in this study tested
negative. The identity of the H9c2 cell line was further
authenticated by short tandem repeat (STR) profiling. To
assess ASAP3 expression following H/R injury, H9c2
cells were cultured to 70%—-80% confluence. The culture
medium was then replaced with glucose- and serum-free
DMEM, and the cells were incubated under hypoxic
conditions (1% Os, 94% N», 5% CO3) at 37 °C for 6 hours.
Subsequently, they were returned to normoxic conditions
for 3, 6, 12, 18 or 24 hours before sample collection
[24,26]. To evaluate the effect of different expression
levels of ASAP3 on H/R injury, H9¢c2 cells were trans-
fected with either the control plasmid (empty pcDNA3.1),
an ASAP3 overexpression plasmid (pcDNA3.1-ASAP3,
synthesized and purchased from GeneChem, Shanghai,
China), or a RACI overexpression plasmid (pcDNA3.1-
RACI1, purchased from Addgene, Watertown, MA,
USA), as well as with control shRNA, ASAP3 shRNA,
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and RAC1 shRNA using Lipofectamine 3000 (Thermo
Fisher Scientific, Waltham, MA, USA) (Supplementary
Table 1). The siRNA sequences targeting ASAP3
were 5’-ATAGAAAGCCCACTTTCTCCG+dTdT-3’
(sense) and 5'-GAGAAAGTGGGCTTTCTATAC+HITAT-
3’ (antisense); those targeting RACl1 were 5'-
TATATTCTCCAGGAAATGCAT+ITAT-3’ (sense) and
5'-GCATTTCCTGGAGAATATATC+dTdT-3’ (antisense).
After 48 hours of transfection, cells were subjected to a
12-hour hypoxia-reoxygenation protocol.

Construction and Validation of RACI and ASAP3
Overexpression Systems

To construct the RACI and ASAP3 overexpression
systems, the respective cDNAs were obtained and cloned
into the pcDNA3.1 vector. The plasmid map of the
pcDNA3.1(+)-RACI construct is provided in Supplemen-
tary Fig. 1. The RACI and ASAP3 gene fragments were
amplified and digested with EcoRI and Xhol, followed by
ligation into the multiple cloning site of the pcDNA3.1 vec-
tor to ensure proper orientation and expression under the
vector’s promoter. The recombinant plasmids were verified
by restriction enzyme digestion and sequencing to confirm
successful insertion.

Subsequently, the plasmids (pcDNA3.1-RACI and
pcDNA3.1-4S4P3) were transfected into H9c2 cells us-
ing Lipofectamine 3000. Transfection efficiency was as-
sessed by quantitative real-time polymerase chain reac-
tion (QRT-PCR), which demonstrated significant upregu-
lation of RACI and ASAP3 mRNA in the overexpression
groups compared to controls. Protein levels of RAC1 and
ASAP3 were validated by Western blot. To investigate
the potential interaction between ASAP3 and RACI, co-
immunoprecipitation (Co-IP) assays were conducted. Cell
lysates were incubated with anti-ASAP3 antibody, and im-
munoprecipitated complexes were analyzed by Western
blot using anti-RAC1 antibody. The detection of RACI1
in ASAP3 immunoprecipitates confirmed a direct interac-
tion between the two proteins. These experiments demon-
strated the successful construction of pcDNA3.1-RAC! and
pcDNA3.1-AS4P3 overexpression systems and validated
both their expression and the interaction of their protein
products in H9¢2 cells.

qRT-PCR

Total RNA was extracted from cells homogenized in
1 mL TRIzol® reagent. RNA concentration and purity
were determined using a NanoDrop ND-2000 spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, USA),
with purity assessed by the A260/A280 ratio. cDNA syn-
thesis was performed using SuperScript IV Reverse Tran-
scriptase (K1612, Thermo Fisher Scientific, Waltham, MA,
USA) according to the manufacturer’s instructions. The re-
sulting cDNA was diluted 1:5 with nuclease-free water for
subsequent quantitative PCR. Quantitative PCR was per-

formed using PowerUp SYBR Green Master Mix (A25742,
Thermo Fisher Scientific, Waltham, MA, USA) on a
QuantStudio 7 Real-Time PCR System (Thermo Fisher Sci-
entific, Waltham, MA, USA). Relative gene expression was
calculated using the 2~ 22¢ method, with glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) used as the endoge-
nous control. Expression levels of ASAP3 and RAC1 in the
treatment group were normalized to controls. The specific
primer sequences used are listed in Table 1.

Table 1. Primers for qRT-PCR.

Gene name Sequences (5' to 3')
AS4P3 F: CGGAAGAACTCAGGATGTGGCT
R: AGGCAGCCATACTTGACTCCAC
RACI F: GACTCCCATCACCTATCCGC
R: CTCGGATCGCTTCGTCAAAC
GAPDH F: GTCTCCTCTGACTTCAACAGCG

R: ACCACCCTGTTGCTGTAGCCAA

qRT-PCR, quantitative real-time polymerase chain reaction;
ASAP3, adenosine diphosphate-ribosylation factor GTPase-
activating protein (ArfGAP) with homology 3 (SH3) do-
main, ankyrin repeat, and pleckstrin homology (PH) domain-
containing protein 3; RACI, ras-related C3 botulinum toxin
substrate 1; GAPDH, glyceraldehyde-3-phosphate dehydroge-

nase.

Cell Viability Assays

H9c2 cells (1 x 10%/well) were seeded into 96-well
plates and incubated for 24 hours, followed by transfec-
tion and hypoxia-reoxygenation treatment. Thirty minutes
before the end of treatment, 10 uL. of Cell Counting Kit-
8 reagent (CCK-8; Beyotime, Shanghai, China; cat. no.
C0038) was added to each well. The plates were further
incubated for 4 hours at 37 °C in a CO5 incubator until a
visible color change occurred. Optical density (OD) val-
ues were measured at 450 nm using a Multiskan Sky mi-
croplate reader (Thermo Fisher Scientific, Waltham, MA,
USA). Cell viability was calculated as a percentage relative
to the control group, which was defined as 100%.

Apoptosis Assays

HO9c2 cells (1 x 10%/well) were seeded into 6-well
plates and incubated for 24 hours, followed by transfection
and hypoxia-reoxygenation treatment. After treatment, the
medium was discarded, and cells were trypsinized and col-
lected by centrifugation at 1000 rpm for 5 minutes. Cells
were washed twice with phosphate-buffered saline (PBS)
to remove residual media. Using the Annexin V-fluorescein
isothiocyanate (FITC)/propidium iodide (PI) apoptosis de-
tection kit (BD Biosciences, Franklin Lakes, NJ, USA; cat.
no. 556547), cells were resuspended at 1 x 10° cells/mL
in binding buffer and incubated with 5 uL Annexin V-FITC
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and 10 pL PI for 30 minutes at room temperature in the dark.
Apoptotic cells were analyzed by flow cytometry (FAC-
SCanto II) with fluorescence detection at 530 nm and 610
nm emission wavelengths.

Immunofluorescence Detection

After treatment, H9c2 cells (1 x 106 cells/well) were
plated into 6-well plates, rinsed twice with PBS, and incu-
bated with 1 uM Fluo-4 AM (F14201, Thermo Fisher Sci-
entific, Waltham, MA, USA) at 37 °C for 30 min. After
washing with PBS, fluorescence images were obtained us-
ing a Leica DMi8 microscope (excitation 494 nm, emission
516 nm). In parallel, JC-1 dye (2 uM, T3168) was used to
assess mitochondrial membrane potential, with excitation
at 490 nm and emission at 525 nm.

Assessment of Cellular ATP Levels and
Mitochondrial ROS Production

Intracellular adenosine triphosphate (ATP) levels were
measured using a luciferase-based ATP assay kit (S0026,
Beyotime, China) according to the manufacturer’s guide-
lines. Cells were lysed on ice for 5 min and centrifuged at
12,000 x g for 5 min at 4 °C. Equal volumes of ATP detec-
tion working solution and sample or standard were mixed in
a 96-well plate. Luminescence was recorded within 5 min-
utes using a microplate reader (model Synergy2, BioTek In-
struments, Winooski, VT, USA). ATP concentrations were
normalized to total protein and expressed as relative ATP
levels. Mitochondrial ROS production was assessed in par-
allel using the MitoSOX Red mitochondrial superoxide in-
dicator (S0061S, Beyotime, China). Cells were incubated
with 5 pM MitoSOX Red in serum-free medium at 37 °C
for 30 min. After rinsing with PBS, fluorescence was mea-
sured (excitation 561 nm, emission 585 nm) using the same
microplate reader. ROS levels were normalized to total pro-
tein and reported as fold change relative to the control.

Western Blot

PBS-washed H9c2 cells were lysed in radioimmuno-
precipitation assay (RIPA) buffer and incubated on ice
for 15 minutes. Lysates were centrifuged at 12,000 rpm
for 10 minutes, and protein concentrations were deter-
mined using the bicinchoninic acid (BCA) kit (23225,
Thermo Fisher Scientific, Waltham, MA, USA). Equal
amounts of protein (30 ug per sample) were mixed with
5 x sample buffer (P0015, Beyotime, China), dena-
tured, and loaded onto a 10% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) gel. Pro-
teins were then transferred onto polyvinylidene difluoride
(PVDF) membranes at 100 V for 1 hour. After block-
ing with 5% non-fat milk, membranes were incubated
overnight at 4 °C with the following primary antibodies:
ASAP3 (differentiation-enhancing factor-like 1 (DDEFL1),
1:1000, GTX120116, GeneTex, Irvine, CA, USA), RACI
(1:1000, #4651, CST, Danvers, MA, USA), inositol 1,4,5-
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trisphosphate receptor (IP3R, 1:1000, ab264281, Abcam,
Cambridge, UK), Mitofusin-2 (MFN2, 1:1000, #9482,
CST, USA), sigma-1 receptor (Sig-1r, 1:1000, ab307548,
Abcam, UK), C/EBP homologous protein (CHOP, 1:1000,
2895, CST, USA), PKR-like endoplasmic reticulum ki-
nase (PERK, 1:1000, 3192, CST, USA), phosphorylated
PERK (p-PERK, 1:1000, 3179, CST, USA), and [(-actin
(1:1000, 4970, CST, USA). After washing, membranes
were incubated at room temperature with horseradish per-
oxidase (HRP)-conjugated secondary antibodies: goat anti-
mouse immunoglobulin G (IgG) (H+L, 1:5000, A0350,
Beyotime, China) and goat anti-rabbit IgG (H+L, 1:5000,
A0352, Beyotime, China). Bands were visualized using
enhanced chemiluminescence (ECL, 32106, Thermo Fisher
Scientific, Waltham, MA, USA), and images were captured
with a ChemiDoc MP imaging system (Bio-Rad Laborato-
ries, Hercules, CA, USA). Densitometric analysis was per-
formed using ImageJ software (version 1.53k, National In-
stitutes of Health, Bethesda, MD, USA), and protein ex-
pression levels were normalized to S-actin. For detection
of RAC1-GTP (GTP: guanosine triphosphate), RAC1-GTP
was enriched from cell lysates using a RAC1-GTP pull-
down kit (BK036, Cytoskeleton, Denver, CO, USA) prior
to electrophoresis, followed by analysis with a RACI anti-
body (1:1000, #2465, CST, USA) to assess its expression
level.

Co-Immunoprecipitation (Co-1P) Assay

Co-immunoprecipitation was performed using the
Pierce™ Co-IP Kit (Thermo Fisher Scientific, Waltham,
MA, USA) to investigate whether ASAP3 interacts with
RACI. H9c2 cells were lysed in IP lysis buffer containing
protease inhibitors. Cell lysates (500 pg) were incubated
overnight at 4 °C with an anti-ASAP3 antibody (1:1000,
14099-1-AP, Proteintech, Wuhan, China), followed by in-
cubation with Protein A/G agarose beads for 2 hours. Af-
ter extensive washing, the immunoprecipitates were dena-
tured in sample SDS buffer and subjected to Western blot
using an anti-RACI antibody (1:500, 24072-1-AP, Protein-
tech, China) and goat anti-rabbit IgG (H+L, 1:5000, A0352,
Beyotime, China). Rabbit IgG was used as a negative con-
trol.

Statistical Analysis

Data were analyzed using GraphPad Prism 8 (Graph-
Pad Software, San Diego, CA, USA). One-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test was
used for multiple group comparisons. Data are presented
as mean =+ standard deviation (SD). Differences were con-
sidered statistically significant at p < 0.05. All experi-
ments were independently repeated at least three times, with
specific sample sizes (n) indicated in the figure legends.
Graphs were generated using GraphPad Prism 8.
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Fig. 1. ASAP3 overexpression promotes the viability of H9¢2 cells following H/R and inhibits apoptosis and intracellular Ca*"

accumulation. (A) ASAP3 mRNA expression in H9¢2 cells from the control group and the following treatment groups: H/R, H/R + oe-
NC, H/R + 0e-ASAP3, H/R + sh-NC, H/R + sh-ASAP3, measured by qRT-PCR. (B) Cell viability was assessed by CCK-8 assay. (C,D)
Flow cytometry was used to quantify apoptosis in H9c2 cells. (E) Intracellular Ca®>" levels were evaluated by immunofluorescence. * p

< 0.05, ** p < 0.01 (n=3). H/R, Hypoxia-reperfusion; qRT-PCR, quantitative real-time PCR; oe-NC, negative-control overexpression
vector; oe-ASAP3, ASAP3 overexpression; sh-NC, negative-control shRNA; sh-ASAP3, ASAP3 knockdown; CCK-8, Cell Counting

Kit-8.

Results

ASAP3 Overexpression Promotes H/R-Induced
Viability of H9c2 Cells and Inhibits Apoptosis and
Ca*t Accumulation

ASAP3 transfection efficiency was confirmed by as-
sessing mRNA and protein levels using qRT-PCR and West-
ern blot. Compared with the oe-NC (negative control over-
expression) group, ASAP3 expression was significantly
upregulated in the oe-ASAP3 group. Conversely, com-
pared with the sh-NC (negative control knockdown) group,
ASAP3 expression was notably downregulated in the sh-
ASAP3 group (p < 0.01; Supplementary Fig. 2A). Under
hypoxia-reoxygenation (H/R) conditions, ASAP3 mRNA
levels in the H/R group were significantly lower than those
in the control group (p < 0.01; Fig. 1A). Functionally, rela-
tive to H/R + 0e-NC, the H/R + oe-ASAP3 group exhibited
significantly increased cell viability, decreased apoptosis,
and reduced intracellular Ca?* accumulation (all p < 0.01;
Fig. IB-E). In contrast, the H/R + sh-ASAP3 group showed

opposite effects compared to the H/R + sh-NC group (all p
< 0.01; Fig. 1B-E). These findings suggest that ASAP3
plays a critical role in regulating endoplasmic reticulum-
mitochondrial dynamics during H/R.

ASAP3 Overexpression Ameliorates H/R-Induced
MAM Dysfunction in H9c2 Cells

In H9c2 cells exposed to H/R, levels of RAC1 and
RACI1-GTP increased significantly compared to the con-
trol group (p < 0.01; Fig. 2A). ASAP3 overexpression re-
versed these increases (compared to H/R + oe-NC), while
ASAP3 knockdown further elevated them (compared to
H/R + sh-NC). Similarly, H/R significantly upregulated
ER stress markers, including IP3R, CHOP, and the p-
PERK/PERK ratio, while downregulating MFN2 and Sig-
IR (all p < 0.01; Fig. 2B). ASAP3 overexpression miti-
gated these changes, whereas ASAP3 knockdown exacer-
bated them. Collectively, these data indicate that ASAP3
overexpression alleviates H/R-induced MAM dysfunction.
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Fig. 2. ASAP3 overexpression ameliorates H/R-caused MAM dysfunction in H9¢2 cells. (A) Western blot was conducted to observe
the protein expression levels of RAC1 and RAC1-GTP in H9¢2 cells in the control, H/R, H/R + oe-NC, H/R + oe-ASAP3, H/R + sh-NC,
and H/R + sh-ASAP3 groups. (B) Western blot of the protein levels of IP3R, MFN2, Sig-1r, CHOP, PERK, and p-PERK in H9¢c2 cells
in the control, H/R, H/R + 0e-NC, H/R + oe-ASAP3, H/R + sh-NC, and H/R + sh-ASAP3 groups. ** p < 0.01 (n = 3). H/R, Hypoxia-
reperfusion; MAM, mitochondria-associated endoplasmic reticulum membrane; RACI1, Ras-related C3 botulinum toxin substrate 1;
IP3R, inositol 1,4,5-trisphosphate receptor; MFN2, mitofusin-2; Sig-1R, sigma-1 receptor; CHOP, C/EBP homologous protein; PERK,
PKR-like endoplasmic reticulum kinase; p-PERK, phosphorylated PERK; oe-NC, negative-control overexpression vector; oe-ASAP3,
ASAP3 overexpression; sh-NC, negative-control shRNA; sh-ASAP3, ASAP3 knockdown.

Overexpression of ASAP3 Alleviates Mitochondrial
Injury Induced by H/R in H9c2 Cells

Additionally, a notable elevation in mitochondrial
ROS levels was observed in H9¢2 cells exposed to H/R, as
well as in the H/R + sh-ASAP3 group, which was accom-
panied by a marked decrease in both JC-1 and ATP levels.
Conversely, overexpression of ASAP3 under H/R condi-
tions significantly suppressed mitochondrial ROS and led
to increased JC-1 and ATP levels (p < 0.05, Fig. 3A-D),
underscoring the protective role of ASAP3 against mito-
chondrial dysfunction.

RACI Reverses the Regulatory Effects of ASAP3
Overexpression on Cell Viability, Apoptosis, and
Intracellular Ca®*t Accumulation Under H/R
Conditions in H9¢2 Cells

gRT-PCR and Western blot analyses showed that
RACI1 mRNA and protein levels were significantly ele-
vated in the oe-RAC1 group compared to the oe-NC group
(»p < 0.01, Supplementary Fig. 2B) indicating success-

ful overexpression. Given that ASAP3 is downregulated
under H/R conditions and its overexpression alleviates cell
injury, we further explored the interaction and functional
roles of ASAP3 and RACI1 during H/R. Since ASAP3 regu-
lates RAC1 expression, CCK-8, Annexin V-FITC/PI stain-
ing, and Fluo-4 AM assays were performed to evaluate cell
viability, apoptosis, and intracellular Ca?* levels, respec-
tively. The H/R + oe-ASAP3 + RACI group displayed
significantly lower viability, higher apoptosis rates, and in-
creased intracellular Ca?* levels compared to the H/R + oe-
ASAP3 group (p < 0.01, Fig. 4A—C). Conversely, in com-
parison to the H/R + oe-RAC1 group, the H/R + oe-ASAP3
+ RACI group showed improved cell viability and reduced
apoptosis and Ca?* levels (p < 0.01). Furthermore, to as-
sess a potential interaction between ASAP3 and RACI, a
Co-IP assay was performed. Using an ASAP3 antibody for
immunoprecipitation from H9c2 cell lysates, subsequent
Western blot analysis detected RAC1 in the ASAP3 im-
munoprecipitates, indicating a direct physical interaction
(Fig. 4D). Collectively, these findings suggest that RAC1
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can antagonize the protective effects conferred by ASAP3
overexpression in H9¢2 cells subjected to H/R injury, po-
tentially through a direct binding mechanism.

RACI Alleviates the Impact of ASAP3
Overexpression on H/R-Induced Mitochondrial
Damage in H9c2 Cells

Assessment of mitochondrial ROS indicated a notable
increase in the H/R + 0oe-ASAP3 + RACI group compared
to the H/R + oe-ASAP3 group, accompanied by a substan-
tial decrease in JC-1 and ATP levels. Conversely, when
compared to the H/R + oe-RAC1 group, H9¢c2 cells in the
H/R + 0e-ASAP3 + RAC1 group demonstrated a significant
reduction in mitochondrial ROS levels, while JC-1 and ATP

levels were significantly elevated (p < 0.01, Fig. SA-D).
These findings suggest that RAC1 mitigates the effects of
ASAP3 overexpression on mitochondrial injury following
H/R-induced stress.

RACI Compromises ASAP3-Mediated Protection
Against H/R-Induced MAM Dysfunction in H9c2
Cells

Compared to the H/R + oe-RAC1 group, the H/R +
0e-ASAP3 +RACI group exhibited significantly decreased
levels of total RACI and RAC1-GTP (p < 0.01, Fig. 6A).
Moreover, this group displayed higher IP3R and CHOP lev-
els, an increased p-PERK/PERK ratio, and reduced lev-
els of MFN2 and Sig-1r relative to the H/R + oe-ASAP3
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group, as determined by Western blot analysis (p < 0.01,
Fig. 6B). These findings indicate enhanced ER stress and
further suggest that RAC1 impairs the protective effects of
ASAP3 in maintaining MAM homeostasis following H/R

injury (Fig. 7).
Discussion

I/R injury involves multiple complex cellular and
molecular events, including oxidative stress, calcium over-
load, apoptosis, inflammation, and mitochondrial dysfunc-
tion [25]. Understanding these pathways is crucial for iden-
tifying molecular targets and developing cardioprotective
drugs. Our results indicate that ASAP3 may confer protec-
tion against I/R injury and could serve as a potential target
for future therapeutic strategies.

ASAP3, previously studied mainly in cancer cell
migration and invasion, regulates cytoskeletal dynamics,
membrane trafficking, and actin remodeling as a GTPase.
Originally named DDEFLI, it shares substrates and do-

main architecture with other members of the ASAP family
[27,28]. In this study, we observed a significant reduction
in ASAP3 expression in H9¢2 cells following H/R. Over-
expression of ASAP3 notably enhanced cell viability and
reduced apoptosis.

Further experiments revealed that ASAP3 overexpres-
sion improved H9c2 cell tolerance to H/R injury. Previ-
ous studies have shown that ischemia impairs the Na™/K+
pump, leading to intracellular sodium accumulation. Con-
sequently, the Na®/Ca?* exchanger operates in reverse
mode, driving calcium overload, which is exacerbated upon
reperfusion [29,30]. This calcium overload disrupts mito-
chondrial membrane potential, reduces ATP synthesis, and
activates destructive enzymatic cascades, ultimately induc-
ing apoptosis or necrosis [31,32]. In our study, ASAP3-
overexpressing cells showed significantly reduced Ca%* ac-
cumulation, suggesting that ASAP3 may help preserve mi-
tochondrial and membrane integrity.
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MAMSs, which physically connect mitochondria
and the ER, play a central role in Ca?t transfer,
lipid metabolism, and mitochondrial dynamics [33-35].
ASAP3, as a known regulator of Arf6, may influence MAM
structure by modulating cytoskeletal elements involved in
membrane interactions [36]. These findings suggest that
ASAP3 preserves MAM function during H/R by reducing
ROS, restoring mitochondrial membrane potential and ATP
levels, and mitigating ER stress.

RACI, a small GTPase of the Rho family, has been
implicated in myocardial injury by regulating oxidative
stress, apoptosis, inflammation, and cytoskeletal remodel-

ing [37,38]. RAC1 activates NADPH oxidase via p67phox,
thereby elevating ROS production [39], and promotes apop-
tosis through the JNK and p38 MAPK signaling pathways
[40,41]. Additionally, RAC1 enhances intracellular Ca?*
levels by activating L-type calcium channels and inducing
ER calcium release [42]. In our study, ASAP3 and RACI1
exhibited opposing effects in cells subjected to H/R stress.
Interestingly, prior cancer research has reported a positive
correlation between ASAP3 and Rho proteins [43], high-
lighting the complexity and context-dependent nature of
their interaction.
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To distinguish between active and total RACI1 pro-
tein levels, we analyzed RAC1-GTP alongside total RACI.
RACI-GTP represents the GTP-bound, active form that
mediates downstream signaling, while total RACI1 reflects
both active and inactive forms. We observed that RAC1
and RAC1-GTP showed similar expression patterns across
groups, and the RAC1-GTP to total RACI ratio remained
relatively constant. This suggests that changes in total
RACI levels corresponded to parallel changes in activa-
tion status. Presenting total and active forms separately
is consistent with previous studies and helps avoid re-
dundancy while improving data interpretability. In con-
trast, for PERK, we directly quantified and presented the
p-PERK/PERK ratio, and phosphorylation significantly
changed independently of total PERK levels.

ASAP3 appears to function as a protective factor in
myocardial ischemia-reperfusion injury, whereas its known
functions in tumor cells are primarily associated with mi-
gration and invasion. This apparent divergence suggests
the existence of cell-type-specific regulatory mechanisms.
Such differences may arise from variations in protein inter-
action networks, subcellular localization, or signaling en-

vironments of ASAP3 in cardiomyocytes compared to can-
cer cells. Future studies using single-cell transcriptomics or
proteomics may uncover the unique regulatory pathways of
ASAP3 in cardiac tissue.

Although our current findings highlight the signifi-
cance of ASAP3 at the cellular level, clinical evidence link-
ing its expression to cardiovascular outcomes remains lim-
ited. Incorporating analyses of patient tissue samples or
leveraging public datasets to correlate ASAP3 expression
with clinical parameters, such as infarct size, cardiac func-
tional recovery, and long-term survival, would further val-
idate its potential as a prognostic marker.

In addition, the therapeutic potential of ASAP3 war-
rants additional investigation. Its ArfGAP domain, which
functions as a molecular switch regulator, represents a
promising pharmacological target. Structure-based drug
screening for small-molecule inhibitors of ASAP3 could
be a viable therapeutic strategy. Furthermore, combining
ASAP3-targeted modulation with existing cardioprotective
agents, such as antioxidants, mitochondrial protectants, or
calcium channel blockers, may enhance treatment efficacy
against I/R injury.
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While our research highlights the involvement of
ASAP3 in I/R injury, it remains unclear whether a definitive
mechanistic link exists between ASAP3 and RACI1. Addi-
tionally, we did not investigate the function of ASAP3 in
vivo. In summary, comprehensive studies are necessary to
elucidate the detailed mechanisms of ASAP3 action to be
validated as a potential therapeutic target.

Conclusions

In conclusion, ASAP3 levels were significantly re-
duced in H9¢c2 cells subjected to hypoxia-reoxygenation,
which was associated with reduced cell viability and ele-
vated apoptosis. Furthermore, ASAP3 was found to sup-
port the maintenance of physiological MAM function, as
well as mitochondrial and endoplasmic reticulum integrity,
in H9¢2 cells following reoxygenation after hypoxic stress

by inhibiting RACI1 activation. This regulatory effect helps
maintain cell viability and modulate apoptosis. Our study
highlights ASAP3 as a potential molecular target for the
treatment of I/R-related damage.
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