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Abstract

Aims: Ginsenosides are major bioactive components of ginseng and have been
demonstrated to provide protective activity against injury triggered by myocardial
ischemia/reperfusion (MIRI). Drawing on the structural attributes of naturally
occurring ginsenosides, we synthesized a novel ginsenoside derivative, Compound 3
(C3). This investigation aimed to evaluate the protective effects of C3 against MIRI and
to clarify the molecular mechanism underlying its action.

Materials and methods: In vivo and ex vivo rat MIRI models were established. Both
models were subjected to 30 min ischemia followed by reperfusion. Cardiac functional
indices, including LVDP, LVEDP, and +dp/dtmax, were recorded to evaluate cardiac

function. Myocardial infarct size, LDH activity, MDA levels, and SOD activity was



measured to assess myocardial damage and oxidative stress. HE staining enabled
observation of myocardial morphological changes. Cardiomyocyte apoptosis was
detected via TUNEL assay. Finally, Western blot quantified protein expression of
TRPM?7, Bax, Bcl-2, Cleaved-Caspase3, Keapl, Nrf2, HO-1.
Results: In MIRI models, C3 treatment significantly restored impaired cardiac function,
reduced histopathological injury, and suppressed oxidative stress. C3 markedly
inhibited TRPM7 expression, promoted activation of the Nrf2-Keap1-HO-1 antioxidant
pathway, and lessened apoptosis in cardiomyocytes. The TRPM?7 inhibitor NS8593
recapitulated the cardioprotective effects of C3, whereas the TRPM7 agonist MIB
abrogated C3-mediated protection.
Significance: This study demonstrates that the novel ginsenoside derivative C3
alleviates MIRI via attenuation of oxidative stress and decreased cardiomyocyte
apoptosis. Mechanistically, C3 inhibits TRPM7, which in turn promotes activation of
the downstream Nrf2—Keap1-HO-1 cascade. These findings offer preclinical evidence
that C3 represents a promising agent for MIRI therapy.
Keywords: Myocardial ischemia reperfusion injury; Ginsenoside derivatives;
Apoptosis; Oxidative stress; TRPM7 ; Nrf2
1.Introduction

Ischemic heart disease (IHD) ranks among the leading global causes of death, with
its mortality rate steadily increasing worldwide!'l. IHD refers to the pathophysiological
phenomenon in which damage to myocardial tissue is further exacerbated following the
recanalization of partially or fully occluded coronary arteries’®. At present,
thrombolysis and percutaneous coronary intervention (PCI) remain the most broadly
employed and efficacious strategies for diminishing infarct size, preserve left
ventricular systolic performance, and reducing susceptibility to heart failurel).
Although these interventions can rapidly relieve ischemic damage, restoring perfusion
nevertheless triggers a chain of detrimental pathological responses, including excessive
reactive oxygen species (ROS), intracellular Ca?*" overload, and inflammatory
activation, which further exacerbate cardiac dysfunction and ultimately trigger

extensive cardiomyocyte death. This pathological cascade is defined as myocardial



ischemia/reperfusion  injury (MIRI)*%.  Despite substantial advances in
cardioprotective research, clinically viable interventions to alleviate MIRI are still
absent. Despite substantial advances in cardioprotective research, clinically viable
interventions to alleviate MIRI are still absent. Accordingly, it is critical to clarify the
pathogenic mechanisms underlying MIRI, so as to discover promising therapeutic
targets for IHD and its secondary myocardial damage.

Ginsenosides are important bioactive triterpenoid saponins isolated from ginseng.
According to the skeleton structure of the ginsenoside aglycone, they are classified into
three main types: dammarane, oleanolic, and octotillol. Within the dammarane category,
two subtypes are recognized, namely PPD (protopanaxadiol) and PPT
(protopanaxatriol)”). Aglycones in the PPD class include Rg3, Ral, Ra3, Ra2, and Rh2;
by contrast, the PPT category comprises F1, Rgl, Rg2, and Rf ¥1. Cumulative evidence
demonstrates that ginsenosides exert prominent protective effects against MIRI®.
Among these ginsenosides, the aglycones Rg3 and Rh2 exhibit anti-inflammatory,
antioxidative and anti-MIRI bioactivities!* 1],

Nevertheless, research focusing on structural modification and pharmacological
evaluation of ginsenoside aglycones was previously constrained by their low natural
abundance and high purification costs. In recent years, advances in separation and
chemical synthesis techniques for ginsenosides, coupled with growing demand to
enhance oral bioavailability, have driven extensive research into novel semi-synthetic
ginsenoside derivatives'?l. Our research group previously synthesized Compound 3
(C3), a novel ginsenoside derivative that integrates the shared aglycone scaffold of
both Rg3 and Rh2. To date, no published studies have clarified whether C3 recapitulates
the anti-inflammatory and antioxidant capacities of natural ginsenosides, or whether it
confers therapeutic benefits against MIRI.

The TRP (transient receptor potential) channel family constitutes a superfamily of
non-voltage-gated cation channels, which was, initially identified in Drosophila
melanogaster by Cosens et al. in 1969'*) Up to now, 28 genes encoding subunits of
TRP channels have been recognized. The TRP superfamily is further classified into

seven subgroups, namely TRPA, TRPC, TRPM, TRPML, TRPN, TRPP, and TRPV 4],



Within the TRPM subfamily, TRPM7 (transient receptor potential cation channel
subfamily melastatin 7) displays a distinctive bifunctional organization, comprising an
ion-permeable pore alongside a serine/threonine kinase domain!!'>). TRPM7 is broadly
distributed across cardiac, cerebral, pulmonary, and renal tissues, as well as various
other organs and tissues, and is involved in various physiological events including
cellular development and ion homeostasis!'® !7!. Accumulating evidence demonstrates
that pharmacological blockade of TRPM7 mitigates ischemia/reperfusion-induced
tissue damage and reduce ROS generation ['®]. Nevertheless, no existing literature has
clarified whether C3 exerts protective effects against MIRI via TRPM?7 suppression.

191 Nuclear factor

Oxidative stress represents a primary driver of MIRI
erythrocyte-derived factor 2 (Nrf2) exerts antioxidant cardio protection by upregulating
a panel of antioxidant proteins [?!. Kelch-like ECH-associated protein 1 (Keapl) is an
endogenous chaperone essential for maintaining cellular redox homeostasis [?!. Under
normal physiological conditions, cytoplasmic Nrf2 binds to Keapl and undergoes
ubiquitin-mediated proteasomal degradation, which silences its transcriptional activity
in the nucleus; however, during oxidative stress triggers conformational rearrangement
of Keap1 and thereby blocks Nrf2 degradation!?). Stabilized Nrf2 translocate into the
nucleus, binds to antioxidant response element, and initiates the transcription of the
downstream antioxidant gene HO-1. This cascade suppresses myocardial ROS
accumulation and reinforces intrinsic antioxidant defensel®*!. Cumulative evidence
demonstrates that ginsenoside Rg3 activates the Nrf2-Keap1 axis to reduce the area of

21 Collectively, , we

myocardial infarction and boost cellular antioxidant capacity
hypothesized that C3 elicits cardio protection through modulation of the Nrf2-Keap1-
HO-1 signaling cascade; however, no prior study has clarified the functional link
between C3, TRPM7 and the Nrf2 pathway in the setting of MIRI.

Apoptosis represents the predominant mode of cardiomyocyte death during
MIRI, and the mitochondrial intrinsic apoptotic cascade is mainly governed by the pro-
apoptotic protein Bax and anti-apoptotic Bcl-2*. Apoptotic stimuli break the
homeostatic balance between Bcl-2 and Bax, which triggers cytochrome C (Cyt-C)

release., Cyt-C subsequently activates caspase-3, ultimately triggering the full apoptotic



program!?>26l, Suppression of cardiomyocyte apoptosis is critical for preserving cardiac
function and improving patient prognosis after MIRI’!. Nevertheless, it remains
unclarified whether C3 modulates apoptosis in injured cardiomyocytes via TRPM7
inhibition.

On the basis of the above literature evidence, we proposed the hypothesis that the
novel ginsenoside derivative C3 suppresses TRPM7 to activate the Nrf2-Keap1-HO-1
antioxidant cascade, thereby exerting anti-oxidative and anti-apoptotic activities and
alleviating MIRI. In the present work, ex vivo isolated heart and in vivo rat MIRI
models were constructed to separately evaluate C3’s effects at the organ level and
within intact systemic physiological environments, as well as to dissect its underlying
molecular mechanisms. Collectively, our experimental observations offer fundamental
preclinical evidence and lay a theoretical foundation for developing targeted therapeutic

interventions against MIRI.

2.Materials and methods

2.1. Animal

All procedures involving animals were carried out in compliance with the NIH
(National Institutes of Health) guidelines on animal care and use, and the study protocol
was approved by China Three Gorges University's ethics committee for laboratory
animal care. Male Sprague-Dawley rats, six weeks of age, were supplied by the Animal
Experimentation Center of China Three Gorges University. They were kept at standard
room temperature on a 12 h light/12 h dark cycle and allowed unrestricted access to
regular rodent chow and water. humidity was maintained between 55% and 65%. The

animal care license number is SYXK (E) 2017-0061.

2.2. Structure and synthesis of ginsenoside derivative 3

Figure 1 depicts the synthetic pathway leading to triterpenoid derivative 3. At



the outset, the 3,12-dihydroxy moieties of PPD were masked as a diacetate with
DMAP and acetic anhydride, yielding compound 1. Reaction of 1 with m-CPBA
afforded epoxide 2, which was subsequently treated with Jones reagent to give
acetylated lactone 3. Subsequent base-mediated deprotection and acidification
provided lactone 4 in acceptable yields. Next, Compound 4 undergoes successive
aminolysis and esterification to give compound 3.

PPD (500 mg, 1.08 mmol) and DMAP (20 mg, 0.16 mmol) were dissolved within
anhydrous pyridine (4 mL). Dropwise addition of acetic anhydride (0.42mL,
4.43 mmol) was performed, and followed by 24 h agitation under ambient temperature
conditions. Ethyl acetate diluted the crude mixture, which was consecutively rinsed by
10% HCI, purified water and saturated brine. After drying over anhydrous sodium
sulfate and vacuum concentration, crude residue was purified on silica-gel columns
(petroleum ether-ethyl acetate =10:1) to obtain white solid
3B,12B-O-diacetyl-20(S)-protopanaxadiol (1) (515 mg, 86%).

Substrate 1 (208 mg; 0.38 mmol) was taken up in dichloromethane (10 mL), and
the resulting solution was chilled to 0°C. After the mixture had been cooled, a
dichloromethane solution (10 mL) containing m-CPBA (0.76 mmol; 185 mg; 75%) was
introduced in a dropwise fashion, and stirring was maintained for 2 h. The organic phase
was then washed sequentially with saturated aqueous NaHCO3, saturated aqueous
NayS,03, H>O, and brine, and dried over Na>SOa4. After concentration under reduced
pressure, the crude material was purified by silica-gel column chromatography, eluting
with petroleum ether/EtOAc (8:1). The title compound (20S,24)-epoxy-3,123-O-
diacetyl dammarane-25-o0l (2) was isolated as a white powder (145 mg, 69%).

Compound 2 (370 mg, 0.66 mmol) was dissolved in acetone (10 mL), after which
Jones reagent (4 mL) was introduced. The resulting mixture was stirred at ambient
temperature for 4 h. Acetone was evaporated in vacuo, and ethyl acetate (100 mL) was
then added. The organic phase was washed successively with H>O and brine, dried with
NazS04, and concentrated. The crude residue was subjected to silica gel column
chromatography, eluting with petroleum ether-ethyl acetate (6:1). This gave (208S,24)-

Epoxy-38,12B-O-diacetyl-24-carbonyl dammarane (3), which was obtained as a white



powder (300 mg, 89%).

Compound 3 (0.59 mmol; 305 mg) was dissolved in a mixed solvent of methanol
and H>O (15 mL/3 mL), and potassium hydroxide (1.18 mmol; 66 mg) was then added.
The resulting solution was heated at reflux for 3 h. After cooling, the pH was brought
to 1 by addition of aqueous sulfuric acid (50%). The mixture was then maintained at
60°C with stirring for 2 h. Methanol was evaporated in vacuo, and the remaining
material was diluted with dichloromethane. The organic layer was washed with H,O
and brine, dried over Na»SOs4, and concentrated. The crude product was purified by
column chromatography on silica gel using petroleum ether-ethyl acetate (1:1). This
afforded (20S,24)-Epoxy-24-carbonyl dammarane-3f,123-diol (4) as a white solid in
90% yield (230 mg)?®!.

A THF (8 mL) solution containing compound 4 (62 mg, 0.15 mmol) was treated
with sodium hydroxide (10 mg, 0.25 mmol) and the amine (0.30 mmol). The resulting
mixture was stirred at ambient temperature for 8 h, after which the volatiles were
removed in vacuo. The residue was taken up in ethyl acetate, and the organic layer was
washed sequentially with H>O and brine, dried over Na>SOg, filtered, and concentrated.
The crude material was purified by silica-gel column chromatography, eluting with a
petroleum ether-ethyl acetate (4:1 to 1:1), to provide the target compound 5?1,

Heptanoic acid (0.36 mL, 3.78 mmol) was introduced at ambient temperature into
a dry pyridine (10 mL) solution of compound 5 (600 mg, 1.26 mmol) and DMAP (24
mg, 0.19 mmol) with stirring. After 12 h, the reaction mixture was diluted with EtOAc.
The resulting solution was washed in sequence with 10% HCI, H>O, and the brine. The
organic layer was dried over Na;SO4 and concentrated evaporated. The crude product
was purified by silica-gel column chromatography (petroleum ether-EtOAc, 8:1) to

afford 6 as a white-colored solid.
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Figure 1. Synthesis process of ginsenoside derivative 3

2.3. Ex vivo myocardial ischemia-reperfusion model

An ex vivo myocardial ischemia-reperfusion model was primarily established
using a Langendorff perfusion apparatus. Rats were first anesthetized with sodium
pentobarbital (50 mg/kg) and then decapitated. The heart was removed and placed in
pre-chilled, oxygenated Krebs-Henseleit’s solution (K-H buffer). The heart was
immediately transferred to and secured in a Langendorff perfusion apparatus. A pre-
prepared water-filled latex balloon was inserted through the incised left atrial
appendage into the left ventricle; perfusion was initiated immediately after fixation.
The perfusion fluid pressure was maintained at a constant 80 mmHg at 37°C; the fluid
was pre-oxygenated with 95% O: and 5% CO: for 30 min, and the pH was maintained
between 7.35 and 7.45. Data including left ventricular diastolic pressure (LVDP), left
ventricular end-diastolic pressure (LVEDP), and the maximum rate of change of left
ventricular pressure (+dp/dtmax) were recorded using the TM-Wave pressure
transduction software (ADInstruments Ltd., Australia). Experimental procedures were
performed after each group of hearts had completed perfusion equilibration for at least
20 min to reach a stable state. The rats were randomly divided into eight groups, with
six rats in each group: Sham group, Ischemia/Reperfusion (I/R) group, C3 group (0.1
umol/L, 0.01 umol/L, 0.001 pmol/L), NS8593 group (TRPM?7 inhibitor NS8593,
Medchemexpress, HY-137952), MIB group (Mibefradil, a TRPM?7 agonist,



Medchemexpress, HY-15553A), and MIB+C3 group. Hearts in the Sham group were
perfused continuously with K-H solution for 150 min; hearts in the I/R group, C3 group,
NS8593 group, MIB group, and MIB+C3 group were all subjected to 30 min of
ischemia. For all drug concentrations, 20 min of reperfusion with K-H solution
containing the respective drug concentration was initiated 30 min after ischemia,
followed by perfusion with K-H solution; The NS8593 group was perfused with K-H
solution containing NS8593 (0.75 pumol/LBY ) for the first 20 min, followed by
reperfusion with K-H solution; The MIB group was perfused with K-H solution
containing MIB (70 umol/L!"3!) for the first 20 min, followed by reperfusion with K-H
solution; The MIB+ drug group was perfused with K-H solution containing MIB (70
pmol/L) for the first 20 min; following ischemia, the group was perfused with K-H

solution containing the drug (0.1 pmol/L) for 20 min, followed by perfusion with K-H

solution (Fig 2A).
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Figure 2. Schematic diagram of the MIRI model experimental protocol. (A) Ex vivo MIRI model. (B) In vivo MIRI

model

2.4. In vivo myocardial ischemia-reperfusion model

In vivo model of myocardial ischemia-reperfusion was primarily established by
ligating the left anterior descending artery (LAD). Rats were subjected to a 12 - hour
fasting period before surgical operation. After intraperitoneal anesthesia with sodium
pentobarbital (50 mg/kg), the chest was opened via thoracotomy, and the LAD was
ligated using 5-0 silk suture. A significant ST-segment elevation detected by limb-lead

ECG (Opto-Electronics Corp., Japan) served as the indicator of successful LAD



ligation and myocardial ischemia. After 30 min of ischemia, the ligature was loosened
to restore perfusion, followed by 120 min reperfusion. Rats were randomly divided into
eight groups (n=6 per group): the sham group (Sham), the ischemia/reperfusion group
(I/R), the C3 group (0.2 mg/kg, 0.5 mg/kg, 1.0 mg/kg), the NS8593 group, the MIB
group, and the MIB+C3 group. The Sham group received identical thoracotomy without
LAD ligation, whereas all other groups were subjected to LAD occlusion. For C3
subgroups , 1 mL of C3 solution (0.5 mg/kg) was injected via femoral vein at the onset
of reperfusion; For the NS8593 group, 1 mL of NS8593 solution was administered into
the femoral vein prior to surgery (2 mg/kg *!). For the MIB group, 1 mL of MIB
solution (3 mg/kg) was injected into the femoral vein prior to surgery. For the MIB+C3
group, 1 mL of MIB solution (3 mg/kg) was injected into the femoral vein prior to
surgery, followed by injection of 1 mL of C3 solution (0.5 mg/kg) via the same vein
immediately after 30 min ischemia. All cardiac tissues were harvested for subsequent

detection after reperfusion (Figure 2B).

2.5. Lactate dehydrogenase (LDH) measurement

For the ex vivo myocardial ischemia/reperfusion model: Coronary effluent was
collected at five time points: at the end of equilibration, as well as at 5, 10, 15, and 30
min after reperfusion. The optical density (OD) values of effluent samples were
detected using a LDH assay kit (Nanjing Jiancheng Biotechnology Corp., Ltd.) via
spectrophotometry, and LDH activity was calculated accordingly.

For the in vivo myocardial ischemia/reperfusion model, abdominal aortic blood
was collected after model establishment, and serum was isolated for detection. Similarly,
the OD values were measured by spectrophotometry with the same LDH assay kit, and

serum LDH activity was calculated.

2.6. Measurement of superoxide dismutase (SOD)and malondialdehyde (MDA)

For the ex vivo myocardial ischemia/reperfusion model, 100 mg of myocardial



tissue was homogenized in 0.9% saline solution. After centrifugation, the supernatant
was harvested. Myocardial MDA and SOD levels were detected using commercial
assay kits (Nanjing Jiancheng Biotechnology Corp., Ltd.) according to the
manufacturer’ s instructions. Total protein concentration was quantified via the BCA
method (P1511-3; Prilay Corp., China).

For the in vivo model, blood samples were collected from the abdominal aorta
after model establishment. Serum was isolated by centrifugation and used for the

detection of MDA and SOD levels with the same assay kits.

2.7. 2,3,5-Triphenyl-2H-Tetrazolium Chloride (TTC) staining

After modeling, myocardial samples were harvested, embedded in embedding
medium (G6059-110ML; Servicebio, China), and frozen at —20° C for 40 min.
Subsequently, the frozen tissues were cut into approximately 2 mm thick transverse
sections and incubated with TTC staining solution (G1017-100ML; Servicebio, China)
at 37° C for 10 min. Stained sections were fixed in 4% paraformaldehyde (G1101-
500ML; Servicebio, China) for 40 min. ImagelJ software (National Institutes of Health,
Bethesda, MD, USA) was applied to quantify the infarct area and the area at risk (AAR).
In TTC staining, white regions indicate infarcted myocardium, while red regions
represent viable myocardium at risk. The myocardial infarct size was calculated and

presented as the percentage of infarct area relative to the total area at risk.

2.8. Hematoxylin and eosin (HE) staining

Cardiac specimens collected after the procedure were washed in physiological
saline and subsequently immersed in 4% paraformaldehyde for overnight fixation. The
fixed material was then embedded in paraffin and sectioned at a nominal thickness of 4
um. The paraffin sections were dewaxed twice in xylene (Sinopharm Reagent Corp.,
Ltd., China), 25 min per wash, followed by hematoxylin-eosin (HE) staining (G1004-

100ML; Servicebio, China). After the staining procedure, the sections were dehydrated



through a graded ethanol series, clarified in xylene, and ultimately mounted with neutral

balsam. Histological images were captured under an Olympus light microscope.

2.9. TUNEL staining

Prepared hearts were washed with physiological saline, after which the specimens
underwent overnight fixation in 4% paraformaldehyde. The fixed material was then
embedded in paraffin and cut into sections of about 4 pum thickness. The paraffin
sections were subsequently deparaffinized twice in xylene for 25 min per wash. TUNEL
labeling was conducted according to the protocol provided with a one-step TUNEL
apoptosis assay kit from Biyuntian Biotechnology Corporation. Afterward, the sections
were counterstained at room temperature using 4',6-diamidino-2-phenylindole (DAPI;
Biyuntian Biotechnology Corp., Ltd.). They were then mounted with an anti-fade
mounting reagent and examined by fluorescence microscopy to determine the number

of apoptotic cardiomyocytes.

2.10. Western blot analysis

Cardiac tissues (about 50 mg) were weighed, cut into small pieces, and placed in
a centrifuge tube. Total protein was extracted by adding prepared RIPA lysis buffer
(Servicebio, China; G2002). Each sample’s protein content was determined using the
BCA assay. Equivalent protein quantities were loaded and resolved by polyacrylamide
gel electrophoresis in the presence of sodium dodecyl sulfate (SDS-PAGE). The
resolved proteins were then transferred electrophoretically to PVDF (polyvinylidene
fluoride) membranes (Millipore, USA), followed by blocking with 5% skimmed milk
for at least 90 min.

The membranes were subjected to overnight incubation at 4 °C with primary
antibodies targeting the proteins listed below: TRPM7 (1:500; 55251-1-AP; Proteintech,
China), NRF2/NFE2L2 (1:2000; 16396—1-AP; Proteintech, China), KEAP1 (1:2000;
10503-2-AP; Proteintech, China), HO-1/HMOX1 (1:5000; 10701-1-AP; Proteintech,
China), BAX (1:20,000; 50599-2-1g; Proteintech, China), BCL2 (1:2000; 12789-1-AP;
Proteintech, China), Cleaved Caspase-3 (1:500; 25128-1-AP; Proteintech, China), and



B-actin (1:10,000; 20536-1-AP; Proteintech, China). Following washing, the blots were
exposed to a horseradish peroxidase-linked secondary antibody generated in goat
against rabbit IgG (H+L) (1:10,000; GB23303; Servicebio, China) for 1h at ambient
temperature. Bands were then developed using an ECL reagent (G2020-50ML;
Servicebio, China) and recorded with a chemiluminescence imaging platform. Band

gray intensities were finally quantified with ImagelJ software.

2.11. Statistical analysis

Values were shown as the mean with standard deviation (SD), based on a minimum
of three separate biological replicates. GraphPad Prism 10 was employed for statistical
evaluation. Unpaired t-tests were used for two-group comparisons, whereas a one-way
analysis of variance, abbreviated as ANOVA, was utilized when more than two groups
were compared. A threshold of P < 0.05 was regarded as statistically significant.
Significance is denoted by asterisks in the following manner: "P < 0.05, P < 0.01, *P

sokokok

<0.001, " "P<0.001.

3. Result

3.1. C3 improved cardiac contractile function and alleviated myocardial infarct
size in ex vivo MIRI hearts

Hemodynamic indices were detected using the ex vivo MIRI model. Compared
with the Sham group, the I/R group exhibited markedly lower LVDP (Figure 3A),
+dp/dtmax (Figure 3C), and -dp/dtmax (Figure 3D) as well as elevated LVEDP (Figure
3B) at 5, 10, 15, and 30 min after reperfusion. Treatment with graded concentrations of
C3 reversed these abnormalities: LVDP, +dp/dtmax and -dp/dtmax at all detected time
points were notably higher, accompanied by a decline in LVEDP relative to the I/R
group (Figure 3A - D).

Notably, 0.1 umol/L C3 exerted the strongest protective effect on cardiac systolic
and diastolic function at 5 min post-reperfusion; thus, this concentration was adopted
for all subsequent mechanistic experiments (Figure 3E-H).

We further quantified myocardial infarct area to verify the cardioprotective



capacity of C3. Larger infarct size was observed in the I/R group (Figure 31, J). All C3
intervention groups displayed varying degrees of infarct reduction, among which 0.1

umol/L C3 yielded the most remarkable infarct-limiting effect. (Figure 31, J).
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Figure 3. C3 improves cardiac contractile function and decreases myocardial infarct size in ex vivo MIRI models.
(A-D) Dynamic alterations of hemodynamic indicators at five reperfusion time in the Sham, I/R, and C3 treatment
groups with serial concentrations (n = 6 per group). LVDP, left ventricular diastolic pressure; LVEDP, left ventricular

end-diastolic pressure; +dp/dtmax, maximum rate of left ventricular pressure rise; -dp/dtmax, maximum rate of left



ventricular pressure decline. (E-H) Hemodynamic indicators measured at 5 min post-reperfusion in the Sham, I/R,
and C3-treated subgroups (n = 6 per group). (I) Representative TTC-stained myocardial slices from all experimental
groups (n = 6 per group). (J) Quantitative statistical analysis of myocardial infarct area across groups (n = 6 per

group). P < 0.0001, ***P < 0.005, **P < 0.01.

3.2. C3 alleviated tissue injury and oxidative stress induced by ex vivo MIRI

LDH release during MIRI acts as a critical marker of myocardial metabolic
disturbance and cardiomyocyte damage. Oxidative stress injury is a typical pathological
feature of MIRI, driven by disrupted cardiac antioxidant homeostasis. This imbalance
triggers massive reactive oxygen species (ROS) buildup and subsequent myocardial
tissue injury. LDH, MDA and SOD were detected to evaluate tissue damage and
oxidative stress status.

The results showed that LDH activity in the I/R group was markedly elevated at
5, 10, 15, and 30 min post-reperfusion (Figure 4A); Relative to the I/R group, all C3
dosage groups displayed suppressed LDH leakage in a concentration-dependent
manner (Figure 4A).Tissue injury peaked at 5 min post-reperfusion, so this time point
was chosen for follow-up biomarker detection (Figure 4B). Cardiac MDA content and
SOD activity were further quantified to evaluate oxidative stress. The I/R group
exhibited higher MDA levels (Figure 4C) and lower SOD activity (Figure 4D).
Treatment with serial concentrations of C3 reversed these alterations: MDA levels
declined while SOD activity rose to different extents compared with untreated I/R
hearts. Among all doses, 0.1 umol/L C3 exerted the strongest regulatory effect on both

antioxidant indicators (Figure 4C, D).
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Figure 4. Effects of C3 on LDH release, MDA content and SOD activity in ex vivo rat hearts with MIRI injury. (A)
LDH activity measured at five reperfusion time points in Sham, I/R and serially diluted C3 treatment groups (n = 6
per group). (B) LDH activity at 5 min after reperfusion across all groups (n = 6 per group). (C) Myocardial MDA
levels of each group (n = 6 per group). (D) Myocardial SOD activity of each group (n = 6 per group). ***P < 0.0001,
P <0.005, P <0.01.

3.3. C3 alleviated in vivo MIRI injury, suppressed oxidative stress, and reduced
myocardial infarct size

The ex vivo Langendorff MIRI model confirmed the cardioprotective properties
of C3, yet this isolated heart system could only reflect direct drug effects on the
myocardium. Considering that systemic organs and neurohumoral regulation
collectively mediate drug efficacy under physiological conditions, an in vivo rat MIRI
model was constructed to comprehensively validate C3’s protective function.
Successful model establishment was confirmed by characteristic ST-segment elevation
on electrocardiography (ECG) (Figure 5A).

TTC staining was conducted to quantify myocardial infarct area. Larger infarct
regions were observed in the I/R group (Figure 5B, C), whereas C3 administration at
serial doses markedly diminished infarct size in all treatment subgroups (Figure 5B, C).
Serum biochemical detection revealed drastically increased LDH and MDA
concentrations, alongside suppressed SOD activity in untreated I/R rats (Figure 5D -
F). Relative to the I/R group, C3 intervention lowered serum LDH and MDA levels and
restored SOD activity in a dose-dependent manner (Figure 5D - F). Among all tested
doses, 0.5 mg/kg C3 exerted the optimal regulatory effect on all three injury and

oxidative stress biomarkers.
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Figure 5. C3 mitigates oxidative stress-induced myocardial injury and limits infarct size in vivo MIRI models. (A)
Representative ECG traces before and after left anterior descending artery (LAD) ligation. (B) Representative TTC-
stained myocardial slices of all experimental groups (n = 6 per group). (C) Quantitative statistical analysis of
myocardial infarct area of each group (n = 6 per group). (D) Serum LDH activity of each group (n = 6 per group).
(E) Myocardial MDA content of each group (n = 6 per group). (F) Myocardial SOD activity of each group (n =6
per group). “***P < 0.0001, ***P < 0.005, P < 0.01, “P < 0.05.

3.4. Intervention in the TRPM7 pathway regulated C3-mediated cardio protection
against ex vivo MIRI.

After identifying the optimal C3 concentration in the ex vivo MIRI model, we set
up three additional experimental groups: a TRPM7 inhibitor (NS8593) group, a TRPM7
agonist (Mibefradil, MIB) group, and an MIB + C3 co-treatment group. This series of

interventions was designed to verify whether TRPM7 serves as the core target through



which C3 exerts cardioprotective activity. We evaluated cardiac function, myocardial
injury and oxidative stress to confirm this regulatory axis. After identifying the optimal
C3 concentration in the ex vivo MIRI model, we set up three additional experimental
groups: a TRPM?7 inhibitor (NS8593) group, a TRPM7 agonist (Mibefradil, MIB)
group, and MIB + C3 co-treatment group. This series of interventions was designed to
verify whether TRPM7 serves as the core target through which C3 exerts
cardioprotective activity. We evaluated cardiac function, myocardial injury and
oxidative stress to confirm this regulatory axis.

Hemodynamic detection revealed that relative to the Sham group, the I/R group
exhibited marked declines in LVDP, +dp/dtmax and —dp/dtmax, alongside a prominent
rise in LVEDP. Treatment with 0.1 pmol/L C3 remarkably restored all impaired cardiac
functional indices; the NS8593 group yielded similar protective phenotypes. In contrast,
MIB monotherapy and MIB + C3 co-treatment abolished the beneficial effects of C3,
accompanied by suppressed LVDP, +dp/dtmax and —dp/dtmax as well as a striking
secondary elevation in LVEDP (Figure 6A - D).

Myocardial infarct size and LDH leakage assays demonstrated enlarged infarct
regions and elevated LDH activity in I/R hearts. Supplementation with 0.1 1 mol/L C3
or NS8593 alleviated these injuries, whereas such protective improvements were
eliminated in both the MIB and MIB + C3 groups (Figure 6E - G).

Biochemical assessment of oxidative stress showed increased MDA levels and
diminished SOD activity in the I/R myocardium. Compared with the I/R group, C3 and
NS8593 treatment lowered MDA accumulation and recovered SOD activity. However,
these antioxidant benefits were abrogated in MIB and MIB + C3 co-treatment groups,

which displayed higher MDA and lower SOD levels (Figure 6H, I).
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Figure 6. C3 exerts cardio protection against ex vivo MIRI via regulation of the TRPM7 channel. (A) Changes in

SOD activity (U/mgprot)

LVDP at 5 min of reperfusion in each group (n = 6 per group). (B) Changes in LVEDP at 5 min of reperfusion in
each group (n = 6 per group). (C) Changes in +dp/dtmax at 5 min of reperfusion in each group (n = 6 per group). (D)
Changes in -dp/dtmax at 5 min of reperfusion in each group (n = 6 per group). LVDP, left ventricular diastolic
pressure; LVEDP, left ventricular end-diastolic pressure; +dp/dtmax, maximum rate of rise of left ventricular
pressure; -dp/dtmax, maximum rate of fall of left ventricular pressure. (E) Representative TTC- stained myocardial
sections from each group (n = 6 per group). (F) Quantitative statistical analysis of myocardial infarction area of each
group (n = 6 per group). (G) Myocardial LDH activity in each group (n = 6 per group). (H) Myocardial MDA content
of each group (n = 6 per group). (I) Myocardial SOD activity of each group (n = 6 per group). ***P < 0.0001, ***P <
0.005, P < 0.01, "P < 0.05.

3.5. C3 regulated the TRPM?7 protein abundance in myocardial tissue of ex vivo
MIRI rats

Western blot assays were conducted to clarify whether TRPM7 serves as the direct
molecular target underlying C3-mediated cardio protection. TRPM7 protein abundance
was significantly increased in myocardial tissues of the I/R group, while 0.1 1 mol/L
C3 treatment markedly suppressed TRPM7 expression. The NS8593 group exhibited a
similar inhibitory trend against TRPM7 upregulation, and both the C3 and NS8593
groups displayed notably lower TRPM7 levels relative to the I/R group; in contrast,
TRPM7 protein was significantly restored in both the MIB monotherapy and MIB + C3
co-treatment groups when compared with the C3-only group (Figure 7A, B). This
finding confirmed that C3 suppressed MIRI-triggered TRPM7 overexpression, and

TRPMT7 represented a core target responsible for C3's cardioprotective activity.
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Figure 7. Graphs showing TRPM?7 protein expression levels and quantification. (A) Western blot analysis of TRPM7
(n =5 per group). (B) TRPM7 expression levels (n = 5 per group). ****P < 0.0001, “P < 0.01.

3.6. C3 alleviated ex vivo MIRI and suppressed cardiomyocyte apoptosis via
TRPMP inhibition and Nrf2 pathway activation

As a key transcription factor governing oxidative stress response, Nrf2
orchestrates the central antioxidant defense network by regulating the transcription of
downstream antioxidant genes. Western blot detection revealed altered abundance of
Nrf2, Keapl and HO-1 in myocardial tissues. Western blot results revealed altered
abundance of Nrf2, Keapl and HO-1 in myocardial tissues. Compared with the Sham
group, the I/R group displayed markedly downregulated Nrf2 and HO-1 alongside
elevated Keapl levels. Treatment with 0.1 pmol/L C3 robustly upregulated all three
proteins, implying activation of the Nrf2 antioxidant axis; consistently, the TRPM7
inhibitor NS8593 produced identical regulatory trends. In contrast, co-administration
of the TRPM7 agonist Mibefradil (MIB) abolished C3-triggered Nrf2 signaling
activation. These observations confirmed that C3 exerted cardio protection against ex
vivo MIRI by suppressing TRPM?7 to initiate Nrf2-mediated antioxidant responses.
(Figure 8A-D).

Apoptosis is one of the hallmarks of MIRI. To clarify whether C3 confers anti-
apoptic benefits through TRPM7 suppression, hematoxylin-eosin (HE) staining was
performed to examine cardiomyocyte morphological alterations. Cardiomyocytes from
Sham hearts exhibited regular alignment and intact cellular architecture. In contrast, I/R

injury induced disorganized myofibers, widened intercellular spaces and visible



myocardial fiber rupture. Both 0.1 umol/L C3 and NS8593 partially rescued these
morphological abnormalities and restored cardiomyocyte arrangement. However,
MIB and MIB+C3 co-treatment aggravated tissue injury, featured by widened
intercellular spaces, and cytoplasmic vacuolization (Fig. 8E).

TUNEL staining was further applied to quantify apoptotic cardiomyocytes. The
I/R group presented a drastically elevated apoptotic index compared with the Sham
group. C3 and NS8593 intervention both reduced the proportion of apoptotic cells,
whereas co-treatment with MIB abrogated C3’s anti-apoptotic phenotype (Figure 8F,
G). Western blot quantification of apoptosis-related proteins further validated these
TUNEL results. Compared with Sham samples, I/R myocardium showed reduced anti-
apoptotic Bcl-2 abundance and increased pro-apoptotic Bax and cleaved caspase-3
levels. C3 or NS8593 treatment reversed these changes: Bcl-2 was upregulated, while
Bax and cleaved caspase-3 were downregulated relative to the I/R group. Compared
with the C3-only group, the MIB + C3 combination group displayed suppressed Bcl-2
expression and accumulated Bax and cleaved caspase-3 (Figure 8H - K).

Collectively, these data demonstrated that C3 mitigated ex vivo myocardial I/R
injury by inhibiting TRPM7 and activating the Nrf2 antioxidant cascade, thereby

attenuating cardiomyocyte apoptosis.
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Figure 8. C3 upregulates Nrf2 pathway protein abundance and suppresses MIRI-triggered cardiomyocyte apoptosis
in ex vivo cardiac tissues. (A) western blot of Nrf2, Keapl and HO-1 from ex vivo cardiac tissues of all groups.
Representative Western blot bands of Nrf2, Keapl, and HO-1 from ex vivo cardiac tissues of all groups. (B-D)
Quantitative statistical analysis of Nrf2, Keap1, and HO-1 protein levels (Nrf2 n =4, Keapl n=5, HO-1 n =4). (E)
Hematoxylin and eosin (HE) staining of cardiac tissue sections(scale bar 50 pum). (F) Representative TUNEL
immunofluorescence images of myocardial tissues (green: TUNEL-positive apoptotic cells; blue: DAPI nuclear
staining; scale bar 20 pm). (G) Quantification of TUNEL-positive apoptotic cell ratio (n = 3 per group)
Quantification of TUNEL -positive apoptotic cell ratio (n = 3 per group). (H) Representative western blot bands of
Bcl-2, Bax, and Cleaved-Caspase3 across groups (I-K) Quantitative analysis of Bcl-2, Bax, and Cleaved-Caspase3
expression (Bcl-2 n = 3, Bax n = 5, Cleaved-Caspase3 n = 4). ***P < 0.0001, ***P < 0.005, *"P < 0.01, *P < 0.05.

3.7. TRPM7 pathway intervention modulated C3-conferred cardio protection
against in vivo MIRI injury

To validate whether TRPM?7 acts as the functional target mediating C3’ s cardio



protection in the in vivo MIRI model, three additional cohorts were established: a
TRPM?7 inhibitor (NS859) group, a TRPM7 agonist (MIB) group, and an MIB + C3
co-treatment group. TTC staining and serum LDH activity assays demonstrated
enlarged infarct area and elevated LDH leakage in untreated I/R rats. Supplementation
with 0.5 mg/kg C3 or NS8593 alleviated both injuries, whereas co-administration of
MIB abolished the beneficial outcomes induced by C3 (Fig. 9A-C).

Biochemical detection of oxidative stress biomarkers revealed drastically higher
MDA levels and suppressed SOD activity in the I/R group relative to the Sham group.
C3 or NS8593 intervention markedly lowered MDA accumulation and recovered SOD
activity; however, MIB co-treatment counteracted these antioxidant effects of C3,
resulting in a secondary rise in MDA levels and further reduction of SOD activity

(Figure 9 D, E).
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Figure 9. C3 exerts cardio protection against in vivo MIRI via modulation of the TRPM?7 channel. (A)
Representative TTC-stained myocardial slices of all experimental groups (n = 6 per group). (B) Quantitative
statistical analysis of myocardial infarction area across groups (n = 6 per group). (C) Myocardial LDH activity in

each group (n = 6 per group). (D) Myocardial MDA content in each group (n = 6 per group). (E) SOD activity in



each group (n = 6 per group). ***P < 0.0001, **P < 0.005, *P < 0.01, P < 0.05.

3.9. C3 modulated TRPM7 protein abundance in myocardial tissue of in vivo
MIRI rats

Western blot assays were performed to identify whether TRPM?7 serves as the
direct molecular target underlying C3-mediated cardio protection. TRPM7 protein
abundance was significantly higher in myocardial tissues of the I/R group relative to
the Sham group; following 0.5 mg/kg C3 intervention, TRPM7 levels were remarkably
suppressed. Treatment with the TRPM?7 inhibitor NS8593 yielded a comparable
inhibitory effect on TRPM7 overexpression versus untreated I/R hearts. In contrast,
TRPM?7 agonist MIB abrogated C3-induced TRPM7 downregulation. Both the MIB
monotherapy and MIB + C3 co-treatment groups exhibited significantly restored
TRPM?7 expression relative to the C3-only group (Figure 10A, B). These findings
confirmed that TRPM7 acts as a core target responsible for C3’s cardioprotective

activity, and C3 efficiently suppressed in vivo MIRI-triggered TRPM7 upregulation.
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Figure 10. Graphs showing TRPM7 protein expression levels and quantification. (A) Western blot analysis of
TRPM7 (n = 5 per group). (B) TRPM7 expression levels (n = 5 per group). “**“P <0.0001, **P < 0.005, “P < 0.01.

3.10. C3 alleviated in vivo MIRI and suppressed cardiomyocyte apoptosis via

TRPMT7 inhibition and Nrf2 signaling pathway activation

Consistent with our ex vivo MIRI findings, western blot assays were performed to

detect core proteins of the Nrf2 antioxidant cascade. Nrf2 signaling was markedly



suppressed in myocardial tissues from I/R rats. Treatment with 0.5 mg/kg C3 or the
TRPM7 inhibitor NS8593 robustly restored pathway activity. However, co-
administration of the TRPM7 agonist MIB abolished C3-mediated Nrf2 activation,
accompanied by reduced protein abundance of Nrf2 and HO-1 alongside elevated
Keapl levels (Figure 11A-D).

HE staining showed regular alignment and intact morphology of cardiomyocytes
in the Sham group. By contrast, I/R injury induced disorganized myofibers, enlarged
intercellular gaps and overt myocardial fiber laceration. C3 or NS8593 intervention
mitigated these pathological injuries and restored relatively ordered cardiomyocyte
structure. Conversely, MIB monotherapy and MIB + C3 co-treatment aggravated tissue
damage, with recurrent widened interstitial spaces and broken cardiac fibers observed
(Figure 11E).

TUNEL staining revealed a markedly higher apoptotic index in the I/R group
relative to the Sham group. Both C3 and NS8593 markedly lowered the proportion of
apoptotic cardiomyocytes, while the MIB and MIB + C3 groups displayed elevated
apoptotic levels compared with the C3-only cohort (Figure 11F, G). Follow-up western
blot quantification of apoptosis-related proteins further validated these phenotypes: C3
and NS8593 suppressed cardiomyocyte apoptosis, whereas MIB counteracted such

protective effects, as reflected by upregulated pro-apoptotic protein expression (Figure

11H - K).
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Figure 11. C3 upregulates Nrf2 pathway protein abundance and alleviates cardiomyocyte apoptosis after in vivo
MIRI injury. (A) Representative western blot bands of Nrf2, Keap1, and HO-1 in myocardial tissue of all groups.
(B-D) Quantitative statistical analysis of Nrf2, Keapl and HO-1 protein levels (Nrf2 n =5, Keapl n=5, HO-1 n=
4). (E) Representative hematoxylin and eosin (HE) staining in myocardial tissue of all groups (scale bar = 50 pum).
(F) Representative TUNEL immunofluorescence images of myocardium (green: TUNEL-positive apoptotic cells;
blue: DAPI nuclear staining; scale bar = 20 um). (G) Quantitative statistical analysis of TUNEL-positive apoptotic
cell ratio (n = 3 per group). (H) Representative western blot bands of Bcl-2, Bax, and Cleaved-Caspase3 from

myocardial tissues of each group. (I-K) Quantitative statistical analysis of Bcl-2, Bax and Cleaved-Caspase3 across



groups (Bcl-2 n =3, Bax n = 5, Cleaved-Caspase3 n = 4). “***P < 0.0001, **P < 0.005, “P < 0.01, "P < 0.05.

Discussion

MIRI represents a common adverse complication of myocardial ischemia
reperfusion therapy and severely affects long-term prognostic outcomes in patients.
Although timely thrombolysis and interventional procedures effectively restore
myocardial blood perfusion, subsequent pathological cascades, including ROS
overproduction, Ca*" overload within cells, and inflammatory activation, further
aggravate cardiac dysfunction and ultimately trigger extensive cardiomyocyte death].
Accumulating studies have focused on the molecular and cellular mechanisms
underlying MIRI pathogenesis, among which oxidative stress is well recognized as a

BU. Over the past few years, naturally occurring

key driver of myocardial injury
bioactive substances have attracted considerable interest as potential cardioprotective
candidates for treating MIRI. As the principal bioactive constituents of ginseng,
ginsenosides display a broad spectrum of pharmacological actions, such as anti-
inflammatory and antioxidative effects”]. Specifically, ginsenoside aglycones Rg3 and
Rh2 have been validated to alleviate myocardial I/R injury!'® ', Consistent with these
findings, Li et al. **! found that ginsenoside Rg3 effectively reduces myocardial infarct
size, preserves left ventricular function, and alleviates MIRI progression, while,
ginsenoside Rh2 attenuates myocardial infarction, improves ventricular contractility,
and inhibited myocardial fibrosis**. Nevertheless, the clinical translational application
of native ginsenoside aglycones is largely restricted by limited natural sources and high
purification costs. Advances in isolation and synthesis techniques have recently
facilitated the development of semi-synthetic ginsenoside derivatives as novel

therapeutic candidates!!.

In this study, we synthesized a novel semi-synthetic
ginsenoside derivative, Compound 3 (C3), which integrates the structural
characteristics of both Rg3 and Rh2 aglycones!!?l.

This work was designed to comprehensively assess the protective effects of C3 on

MIRI and to elucidate the molecular pathways involved, thereby offering preclinical



support for the development of new anti-MIRI therapies.

To comprehensively evaluate the protective effects of C3, two classic and
complementary MIRI models were established in this study: an ex vivo Langendorft-
perfused rat heart model and an in vivo rat model constructed via ligation of the left
anterior descending coronary artery. Functional assessment demonstrated that C3
pretreatment significantly rescued impaired cardiac contractile and diastolic function in
ex vivo MIRI. as evidenced by restored LVDP and +dp/dtmax, alongside reduced
LVEDP. Moreover, C3 markedly reduced myocardial infarct size and decreased LDH
leakage in both ex vivo and in vivo MIRI models, indicating its direct protective action
against myocardial I/R damage. Given that the ex vivo Langendorff system excludes
systemic neurohumoral regulation and only reflects direct drug effects on isolated
hearts, the in vivo MIRI model was further adopted to simulate the complex
physiological microenvironment of myocardial ischemia and reperfusion. In vivo
experimental results confirmed that C3 effectively ameliorated MIRI-associated
oxidative stress, as demonstrated by reduced myocardial infarct size, decreased serum
MDA levels and LDH activity, and elevated antioxidant SOD activity. Collectively,
these findings indicate that the cardioprotective capacity of C3 is closely attributed to
its potent antioxidant properties.

TRPM7 is a dual-function protein exhibiting both cation channel and kinase
activities, which participates extensively in the pathogenesis of multiple cardiovascular
diseases '8!, Growing evidence has verified that TRPM7 is significantly upregulated
during I/R injury, and TRPM7-mediated Ca?" influx triggers mitochondrial dysfunction
and excessive oxidative stress, ultimately inducing cardiomyocyte death.[3% 331,
Mechanistically, previous mechanistic studies have in validated the pathological role of
TRPM?7 in MIRI. Deng et al. **) reported that in hypoxia/reoxygenation (H/R)-induced
AC16 cardiomyocytes, dysregulation of the miR-335-5p/TRPM7 axis augments
cellular damage, whereas pharmacological inhibition of TRPM7 efficiently reverses
H/R-induced injury. In addition, LI et al. **) demonstrated that TRPM?7 upregulation
exacerbates myocardial infarction and cardiomyocyte apoptosis in an ex vivo I/R model,

and TRPM7 inhibition by 2-APB substantially improves cardiac functional recovery.



Consistently, multiple studies have confirmed that TRPM7 exacerbates H/R-induced
myocardial damage by facilitating Ca®" influx and activating downstream calcium-
dependent signaling cascades®!. In mouse MIRI models, TRPM?7 overexpression is,
accompanied by cardiac dysfunction, myocardial structural damage, and increased
apoptotic rates, while TRPM7 inhibition via Waixenicin A efficiently alleviates MIRI
pathological phenotypes. These studies collectively establish TRPM7 as a pathogenic
mediator of MIRI. In line with previous reports, our Western blot results revealed
significant TRPM?7 protein upregulation in I/R-injured myocardial tissues, whereas C3
intervention significantly suppressed TRPM7 abundance, suggesting that TRPM7 may
serve as a core target for C3-mediated cardio protection.

To gain further evidence for the causal link between modulation of TRPM7 and
the protective actions of C3, pharmacological rescue experiments were performed using
the specific TRPM?7 inhibitor NS8593 and agonist MIB. Our results showed that
NS8593 treatment recapitulated the cardioprotective phenotypes of C3, including
restored cardiac performance, diminished infarct area, and attenuated oxidative stress
together with reduced cardiomyocyte apoptosis; In contrast, MIB-mediated TRPM7
activation abrogated C3-induced TRPM7 downregulation and partially counteracted
the protective effects of C3 against MIRI. These rescue results demonstrate that C3
alleviates MIRI primarily by suppressing TRPM7 expression and activity. Notably,
Chubanov et al. 7} demonstrated that NS8593 specifically blocks TRPM7 channel
function by interfering with magnesium-dependent gating, which further supports the
specific targeting efficiency of NS8593 observed in our study.

During MIRI, apoptosis of cardiomyocytes represents a major mode of cell death,
and its regulation is largely dependent on Bcl-2 family members and the caspase
signaling cascade. Mitochondrial vulnerability to apoptosis is governed by the ratio of
pro-apoptotic Bax to anti-apoptotic Bcl-2, while caspase-3 act as the final effector that
executes apoptotic progression, whose expression level directly reflects the severity
of myocardial apoptosis®. In this study, HE staining and Western blot assays were
applied to assess the regulatory effects of C3 on cardiomyocyte apoptosis and its

correlation with TRPM?7 activity. Morphological observations showed that C3



pretreatment alleviated I/R-induced myocardial structural disorder, restored orderly
cardiomyocyte arrangement, and narrowed widened intercellular gaps. At the molecular
level, C3 significantly upregulated the expression of Bcl-2 and downregulated the
levels of pro-apoptotic Bax and Cleaved-Caspase3. These findings are consistent with
a previous study reporting that Rg3 alleviates I/R-induced cardiomyocyte ferroptosis
by modulating the Bax/Bcl-2 balance?!!. Further pharmacological intervention verified
that NS8593, a TRPM?7 inhibitor, mimicked the anti-apoptotic effects of C3, whereas
MIB-induced TRPM?7 activation abolished C3-mediated anti-apoptotic activity. Taken
together, these results demonstrate that C3 suppresses MIRI-triggered cardiomyocyte
apoptosis in a TRPM7-dependent manner. Having confirmed the TRPM7-dependent
cardioprotective and anti-apoptotic effects of C3, we further explored the downstream
antioxidant signaling mechanism. The Nrf2-Keap1-HO-1 cascade is the core regulatory
axis of intracellular antioxidant defense. Under physiological conditions, Nrf2 is
constitutively bound to Keapl, undergoing continuous ubiquitination and proteasomal
degradation. Upon oxidative stress stimulation, Keap1 conformational changes trigger
Nrf2 dissociation and, nuclear transcription, thereby initiating the transcription of
downstream antioxidant genes such as HO-1 to restore redox homeostasis®> 23!,
Previous studies have demonstrated that natural ginsenosides Rh2 and Rg3 exert anti-
MIRI and antioxidant effects by activating the Nrf2-Keap! signaling pathway!!'"- 2!/,
Based on our phenotypic findings that C3 effectively mitigates MIRI-associated
oxidative damage, we further detected the expression profiles of Nrf2 pathway proteins.
The results verified that C3 treatment significantly activated the Nrf2-Keap1-HO-1 axis,
characterized by the of upregulation of Nrf2 and HO-1 and decreased Keap1 abundance.
To clarify whether C3 exerts its antioxidant effects via TRPM7, we conducted
pharmacological rescue validation. The results showed that TRPM?7 inhibition by
NS8593 activated Nrf2 antioxidant signaling and phenocopied the antioxidant effects
of C3, while TRPM?7 activation by MIB blocked C3-mediated Nrf2 pathway activation.
Collectively, these data elucidate a novel molecular mechanism: C3 exerts antioxidant

cardio protection against MIRI by inhibiting TRPM?7 and activating the Nrf2-Keap1-

HO-1 signaling cascade.



In this study, dual ex vivo and in vivo MIRI models were adopted to systematically
validate the protective efficacy and its underlying molecular mechanisms of C3,
ensuring the robustness and reliability of our conclusions. The ex vivo in vitro model
eliminated interference of systemic neurohumoral regulation, enabling direct and
accurate evaluation of the intrinsic effects of C3 on isolated myocardial tissues. In
contrast, the in vivo LAD ligation model recapitulates the complex in vivo pathological
microenvironment, incorporating systemic organ crosstalk and neurohumoral
regulatory networks. The consistent protective phenotypes observed in two distinct
models mutually corroborate the stability and authenticity of C3” s anti-MIRI effects.
Furthermore, dual pharmacological verification using TRPM7 inhibitor and agonist
clarified the indispensable role of TRPM7 in mediating C3’ s cardio protection.
Combined with the detection of oxidative stress and apoptosis-related biomarkers, this
study systematically elucidates the upstream target and downstream antioxidant
signaling pathway of C3.

Despite these meaningful findings, the present study has several limitations that
warrant further improvement and in-depth exploration in future research. First, only
male SD rats were included in this study. Given the well -documented sex differences
in cardiovascular disease susceptibility and drug responsiveness, further validation In
female animal models is required to clarify the influence of gender on C3’ s protective
effects. Second, this study only established an acute MIRI model with 30 min of
ischemia followed by 120 min of reperfusion; longer reperfusion durations and multiple
time-point interventions should be included in future studies to explore the time-
dependent protective profile of C3. Third, the downstream regulatory network of
TRPMT7 requires further in-depth investigation. As a bifunctional protein with both ion
channel and kinase activities, whether the kinase function of TRPM7 participates in
modulating C3-mediated Nrf2 activation remains unclear. In addition, whether TRPM7
directly regulates Nrf2 nuclear translocation or synergizes with other classic
cardioprotective pathways (e.g., PI3K/Akt and MAPK) needs further validation. Future
studies could combine TRPM?7-specific kinase inhibition and phosphoproteomics

analysis will help systematically elucidate the downstream signaling network of



TRPM7. Fourth, the mechanistic validation of this study is limited to animal tissue
levels. No in vitro cardiomyocyte hypoxia/reoxygenation (H/R) model (e.g., primary
cardiac myocytes or H9¢c2 cell lines) was applied to verify the cellular molecular
mechanism of C3. Gene overexpression and silencing strategies at the cellular level are
needed to further consolidate the causal mechanism. Fifth, this study only adopted
pharmacological intervention tools; genetic validation via TRPM7 knockout or
knockdown animal models is lacking. Genetic functional verification can provide more
rigorous causal evidence for the TRPM7-dependent mechanism of C3. Finally, recent
studies have reported that ginsenosides regulate multiple cell death modes, including
ferroptosis?!> 3% and pyroptosis*>#!l to alleviate MIRI. However, the present study only
focused on cardiomyocyte apoptosis and oxidative stress; whether C3 modulates
ferroptosis, pyroptosis, or other cell death pathways via TRPM7 requires
comprehensive exploration in future work.

In summary, this study innovatively clarifies the molecular mechanism of the
novel semi-synthetic ginsenoside derivative C3 against MIRI. Mechanistically, C3
suppresses TRPM7 expression and activity, thereby activating the downstream Nrf2-
Keapl-HO-1 antioxidant signaling pathway, reducing excessive oxidative stress and
cardiomyocyte apoptosis, and ultimately alleviating myocardial I/R injury. These
findings provide solid preclinical evidence supporting C3 as a promising candidate for
MIRI treatment and identify TRPM7 as a viable therapeutic target for cardiovascular

ischemic diseases.

Conclusion
In summary, C3 protects the myocardium against MIRI via TRPM7 inhibition,
whereby the TRPM?7-regulated Nrf2-Keapl-HO-1 antioxidant signaling pathway

suppresses oxidative stress and mediates C3” s cardioprotective effects.
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