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Robinin attenuates cardiac
oxidative stress-induced
endoplasmic reticulum-dependent
apoptosis through AKT/GSK3[

pathway
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Myocardial injury is a pathological condition often resulting from excessive B-adrenergic stimulation,
such as that induced by isoproterenol (ISO), a B-adrenergic agonist that increases reactive oxygen
species (ROS) production, leading to endoplasmic reticulum (ER) stress, apoptosis, and impaired
survival signaling. This study investigated Robinin’s (Rob) ability to mitigate ISO-induced myocardial
damage in H9¢2 cardiomyocytes and male Sprague-Dawley rats. 1ISO-induced damage was assessed
through histology, oxidant/antioxidant assays, cardiac marker enzyme assays, and molecular
analyses, including PCR and Western blotting. Rob treatment significantly reduced 1SO-induced ROS
generation and apoptosis, while preserving cell morphology and survival. Rob also modulated ER
stress and apoptosis-related proteins, restoring cardiomyocyte function in a dose-dependent manner.
Western blot analysis confirmed Rob’s inhibition of ER stress-mediated apoptosis in both in vitro and
in vivo models. These findings suggest that Rob exerts potent cardioprotective effects by reducing
oxidative stress, modulating ER stress, and inhibiting apoptosis. Its ability to restore ER function and
cardiomyocyte viability highlights its potential as a therapeutic agent for 1ISO-induced myocardial
damage.
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Abbreviations

CVD Cardiovascular Disease

MI Myocardial Infarction

ISO Isoproterenol

ERS Endoplasmic Reticulum Stress
Met Metoprolol Succinate

RT-PCR  Real-Time Polymerase Chain Reaction
a-MHC Alpha Myosin Heavy Chain
B-MHC Beta Myosin Heavy Chain

SOD Superoxide Dismutase

CAT Catalase

ROS Reactive Oxygen Species

FACS Fluorescence-Activated Cell Sorting
AO/EB Acridine Orange/Ethidium Bromide
FITC Fluorescein Isothiocyanate

PI Propidium Iodide

CK-MB Creatine Kinase-MB

LDH Lactate Dehydrogenase
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MDA Malondialdehyde

SGOT Serum Glutamic Oxaloacetic Transaminase
TTC Triphenyl Tetrazolium Chloride

CHOP C/EBP Homologous Protein

Bip Binding Immunoglobulin Protein

ATF 6 Activating Transcription Factor 6

PDI Protein Disulfide Isomerase

Bax Bcl-2 Associated X Protein

Bcl-2 B-Cell Lymphoma 2

AKT Protein Kinase B

GSK 3-B  Glycogen Synthase Kinase 3 Beta
ERK1/2 Extracellular Signal-Regulated Kinase 1/2

Cardiovascular disease (CVD) encompasses a wide variety of disorders affecting the heart and blood vessels,
such as hypertension, heart failure, coronary artery disease, and stroke. When combined, these medical
disorders are among the world’s most serious health challenges, affecting a significant number of people each
year!. Myocardial infarction (MI), sometimes known as a heart attack, is a specific symptom of CVD that is
intrinsically linked to a broader set of CVD-related conditions.

Long-term ischaemia is produced by an imbalance in oxygen supply and demand, which leads to MI.
This causes necrosis of the heart muscle and a reduction in contractile ability. According to recent studies,
oxidative stress, inflammation, and apoptosis all play essential roles in the pathophysiology and progression
of MI. Experimental models are essential for understanding the pathophysiology of MI and discovering novel
therapeutic targets for intervention. Isoproterenol (ISO), a non-selective beta-adrenergic agonist, has gained
popularity because of its ability to cause cardiac damage both in vitro and in vivo. ISO-induced MI models
provide various benefits, including the ability to replicate certain aspects of human MI pathophysiology, as well
as control and repeatability?.

The fundamental goal of modern MI therapy approaches is the quick revascularisation of the affected heart
muscle. This can be performed by surgery and pharmacological treatments such as anticoagulants, antiplatelet
medications, and fibrinolytic therapy. Long-term therapy for MI patients includes nitrates, beta blockers, lipid-
lowering drugs, and angiotensin-converting enzyme (ACE) inhibitors®. Because of their limited effectiveness,
these long-term treatments are not appropriate for many MI patients. Novel therapeutic strategies that might
enhance the regeneration and repair of injured cardiac tissue are thus urgently needed. One exciting area of
research is the use of phytochemicals, which are bioactive compounds obtained from plants that have the
potential to improve cardiovascular health. These chemical compounds have the potential to be cardioprotective,
anti-inflammatory, and antioxidant, making them intriguing options for new treatment techniques of MI.

Robinin (Rob) is made up of the flavonoid aglycone kaempferol connected to three sugar moieties: two
glucose molecules and one rhamnose. Rob is used to treat CVDs because of its ability to improve endothelial
function, reduce oxidative stress, and inhibit platelet aggregation. Eom et al. discovered that Rob inhibited the
synthesis of cyclooxygenase-2, interleukin-6, tumour necrosis factor-a, and inducible nitric oxide synthases.
Rob alters the TLR-NF-kB signalling pathway by inhibiting NF-kB p65 translocation and blocking oxidised low-
density lipoprotein (ox-LDL), which increases the development of TLR2 and TLR4*.

Metoprolol succinate (Met) serves as a positive control in this study since it has been found to lower heart
rate and myocardial oxygen demand. Met, a B1-selective adrenoceptor blocking drug lowers blood pressure by
decreasing heart rate and muscle contraction force. Met’s capacity to control these haemodynamic parameters
and increase cardiac efficiency makes it a recommended therapy for MI°LS,

ISO-induced stress connects the protein kinase B (AKT), apoptotic, and Endoplasmic Reticulum Stress (ERS)
pathways. These interactions are complicated and crucial for understanding how cells respond to stress, notably
in the cardiopulmonary system and blood vessels’. Severe or unresolved ERS may impede AKT signalling,
perhaps by activating CHOP, a pro-apoptotic transcription factor activated under severe ER stress®.

In the present research, we aimed to better understand the processes causing ISO-induced MI by simulating
myocardial injury in a controlled environment and investigating cellular and signaling responses such as
oxidative stress, apoptosis, and alterations in gene expression patterns associated with MI. We used multiple
approaches to acquire insights into the cellular and molecular pathways involved in ISO-mediated cardiac injury
and examine possible treatment options.

Materials and methods

Materials

Sigma (Sigma-Aldrich, USA) supplied Rob, isoproterenol, dimethyl sulfoxide (DMSO), Metoprolol succinate,
Triphenyl tetrazolium chloride (TTC), Hematoxylin, Eosin and dichlorodihydrofluorescein diacetate (DCFH-
DA). Himedia (Maharashtra, India) supplied the antibiotic penicillin-streptomycin, trypsin (0.25%), and
MTT [3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazoliumbromide]. Gibco (Gibco, Grand Island, NY, USA)
supplied DMEM, PBS, and foetal bovine serum. H9¢2 cell line was received from ATCC (Manassas, Virginia),
and Trizol reagent was obtained from SRL (Mumbai, India). Assay kits were bought from Origin Diagnostics
and Research in Kerala, India. Thermo Fisher Scientific Inc. (United States) supplied the fluorescent dyes, Pierce
BCA Protein Assay Kit, GeneJET RNA purification kit, Power SYBR' Green Master Mix, and Verso cDNA
Synthesis Kit. APJ Scientific Solutions (Trivandrum, India) synthesised the forward and reverse real-time PCR
primers. Antibodies were bought from Cell Signalling Technology (Massachusetts, USA). All of the compounds
used were analytic grade.
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Experimental design

24 male 6 week old Sprague Dawley rats weighing between 150 and 180 g were acquired from the Mannuthy
College of Veterinary and Animal Sciences. They were housed in a specific pathogen-free, temperature and
humidity-controlled environment (25+2 °C, 50 + 5% humidity) with a standard 12 h Light/12 h Dark cycle at
University of Kerala’s Department of Biochemistry. During the course of the trial, rats were given an unlimited
supply of standard diet and water ad libitum.

Ethical statement The study was approved by University of Kerala Institutional Animal Ethical Committee
(IAEC sanction no. IAEC 2-KU-01/2023-BCH-JA (08)), in accordance with the guidelines of the Committee
for the Control and Supervision of Experiments on Animals (CCSEA), Government of India. All animal
experiments were conducted following ARRIVE guidelines, ensuring compliance with current animal welfare
regulations. Every effort was made to minimize the number of animals used and their suffering. The number of
rats used in each experiment is specified in the corresponding figure legends.

Cardiac H9c2 cell culture

H9c2 cells derived from rat embryonic cardiomyocytes were acquired from ATCC, Manassas and maintained
in high glucose DMEM supplemented with 10% (v/v) heat-inactivated FBS, 100 pg/mL penicillin-streptomycin.
H9¢2 cardiomyoblasts were differentiated using the methods previously reported®!?. In summary, H9¢2 cells
were treated with retinoic acid (10 nM) every day for 6-7 days in DMEM with 1% FBS.

Confirmation of differentiated cardiomyocytes
H9C2 differentiation was investigated by monitoring morphological changes, performing gene expression
analysis with qRT-PCR, protein expression with western blotting, and stimulating differentiated cells with ISO.

In vitro experimental design
Cardiomyocytes were cultured in 96-well plates at a density of 2 x 10 cells/well and differentiated as previously
described. After reaching 80% confluence, the cells were divided into five groups

Cells cultured in medium without drugs and used as a control
Cells cultured in medium containing 50 ug/ml Rob and named as Rob group
Cells cultured in medium containing 50 ug/ml Rob and 100 uM of ISO and named as Rob +ISO group

Cells cultured in medium containing 50 uM Met and 100 uM of ISO and named as Met +ISO group

The dose of ISO was determined by reviewing previous publications!. The following studies were carried out on
the cells after they had been grown for 24 h.

Protective effect of Rob

H9c2 cardiomyocytes were cultured in a 96-well plate and treated with 50 pig/ml Rob and Met for 24 h. The
cultures were then treated with 100 pM ISO for 24 h. The MTT test was used to determine cell viability. The
absorbance was measured at 570 nm with a microplate reader (BioTek Instruments Inc., Winooski, USA). The
morphological changes in the cells were examined and documented using an inverted microscope (EVOS XL
Core).

Detection of intracellular reactive oxygen species (ROS)

DCFH,-DA, a cell-permeable fluorescent probe, was utilised to quantify intracellular ROS. H9c2 cells were pre-
treated with Rob and Met, and then exposed to ISO for 24 h. The samples were incubated with 10 uM DCFH,-DA
for 20 min at 37 °C in the dark. After incubation, cells were gently rinsed with PBS thrice and subsequently fixed
with 4% paraformaldehyde for 10 min at room temperature. Following fixation, nuclei were counterstained with
DAPI for 5 min to visualize nuclear morphology. Images were captured using a microscope (ZOE Fluorescent
Cell Imager, BioRad) at 100 x magnifications with a filter of emission wavelengths 510-550 nm and excitation
wavelengths 470-490 nm and DAPIL.

Intracellular ROS levels were measured by Fluorescence-activated cell sorting. After treatment, the cells were
then trypsinised, collected, and washed three times with PBS before centrifugation at 1000 g for two minutes.
The cell pellets were resuspended in 1 ml of cold PBS and analysed using a BD FACS Aria III (BD FACSDiva
version 7.0). The results were reported as the percentage of fluorescence intensity relative to the control.

Acridine orange/ethidium bromide (AO/EtBr) double staining

Rob’s protective effect against ISO-induced necrosis and apoptosis was assessed using a fluorescent double-
staining technique with AO/EB. 5x10? cells were seeded in a 12-well plate and differentiated as previously
described. The groups were subsequently treated according to the procedures mentioned above. After treatment,
adherent cells were washed twice with PBS (pH 7.4). Each group was re-suspended with a 1 ml working solution
containing a 1:1 solution of AO (100 pg/ml)/EB (100 pg/ml) and incubated for 30 min at 37 °C in the dark. The
unbounded stain was then rinsed thoroughly with PBS. A fluorescent microscope (ZOE Fluorescent Cell Imager,
BioRad) was used to differentiate live and dead cells in each well.
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Determination of cellular apoptosis

Annexin V detects early and late apoptosis in cells by binding to the phosphatidylserine (PS) on the cell’s outer
leaflet. 2 x 10° cells were seeded in a six-well plate and treated as mentioned above. The cells were rinsed with 1X
binding buffer and stained with Annexin V (5 pL) and propidium iodide (10 pL) as instructed by the Apoptosis
Detection Kit (Invitrogen, USA). The apoptotic cells of each group were quantified through BD FACS Aria III
(BD FACSDiva version 7.0). Early apoptotic cells were identified as Annexin V*/PI-, while late apoptotic or
necrotic cells were Annexin V*/PI*.

Experimental animal models of ISO-induced myocardial injury
The animals were randomly divided into 4 groups of 6 animals each and the experimental period was 14 days.
Group I (Control group): Rats were injected with 100 pl normal saline for 14 days intravenously.
Group II (ISO group): Rats were injected with 100 ul normal saline for 14 days intravenously and ISO (85 mg/
kg, s.c.) in normal saline on 13th and 14th day at an interval of 24 h.
Group III: (Rob group): Rats were injected with Rob in normal saline (20 mg/kg, i.v) for 14 days intravenously.
Group IV: (Rob+ISO group): Rats were injected with Rob in normal saline (20 mg/kg, i.v) for 14 days
intravenously and ISO (85 mg/kg, s.c.) in normal saline on the 13th and 14th days at an interval of 24 h'2.
The rats were euthanized using 5% isoflurane, administered through an induction chamber, followed by
cervical dislocation to ensure humane euthanasia.

Estimation of lipid peroxidation products and antioxidants

Heart tissues and H9c2 cells were collected, sonicated, and their protein concentration was measured with a
Pierce BCA Protein Assay Kit. The cells were then collected in accordance with the manufacturer’s instructions
supplied by Origin Diagnostics and Research (Kerala, India) to assess the level of MDA (2202-01), CAT (3303-
01), and SOD (3302-01). Each test was conducted in quadruples.

Measurement of myocardial infarct size

MI size was determined using the direct triphenyl tetrazolium chloride (TTC) technique. The process entailed
cutting the heart transversely across the left ventricle with a thickness of 2 to 3 mm, then incubating it in a 1%
TTC solution in phosphate bufter (pH 7.4) for 30 min at 37 °C. The sections were then preserved using 10%
formalin. The infarcted myocardium was pale grey or white, while the non-ischemic myocardium was dyed red.

Pathological changes of myocardial tissue

Heart tissue was extracted and fixed in 4% paraformaldehyde for 24 h, then dried, embedded, and sliced to 5 pm.
Routine H&E was done. After sealing, the alterations in myocardial histopathology were examined under an
optical microscope (EVOS XL Core).

Myocardial injury determination

Blood samples were collected and centrifuged to obtain serum. Myocardial injury indexes of LDH (6603-01),
SGOT (11408005), and creatine kinase (11404001) in serum and LDH in cultural supernatant in vitro were
determined by a commercial kit purchased from Origin and Agappe Diagnostics Ltd, India.

SYBR green real-time PCR assay for gene expression

Trizol reagent was used to extract total RNA from tissues and cells. Gene expression levels of a-MHC, -MHC,
a-actinin, CHOP, Bip, ATF 6, PDI, Cas 3, Cas 9, BAX, and Bcl-2 were analysed following treatments. The RNA
content and purity were estimated using a nanoplate reader and the ratio of absorbance readings at 260 and
280 nm (A260/A280) was taken. The Verso cDNA Synthesis kit was used to reverse transcribe 1 ug of total RNA
extracted from each sample into cDNA, as per the manufacturer’s instructions. Power SYBR™ Green Master
Mix was used to create PCRs for each group’s real-time experiment. The manufacturer’s instruction for the heat
cycler was followed to conduct reactions in a 20 pL volume. DNA targets were amplified and analysed using a
Quant Studio ™ 5 Real-Time PCR system. Table 1 contains the primer sequences used to amplify target genes.

Gene Forward primer sequence (5'-3") Reverse primer sequence (5'-3")
a-MHC | TGAGCATTCTCCTGCTGTTTC ACACACGCGCACACACTAGCA
B-MHC | ATCCCTCAAGGTCACACAAGG CTCCAGGTCTCAGGGCTTCAC
a-actinin | ACCGAGCATGGCTACAGCGTCACC | GTGGCCATCTCTTGCTCGGAGTCT
Bip CGAGGCGTATTTGGGAAAGA CAGCAATAGTGCCAGCATCC
ATF-6 TCAGCTGATGGCTGTCCAGT AACTTCCAGGCGAAGCGTAA
Cas-9 ACGTGAACTTCTGCCCTTCC GGTCGTTCTTCACCTCCACC
Cas-3 GTGGAACTGACGATGATATGGC CGCAAAGTGACTGGATGAACC
Bcl-2 GGACAACATCGCTCTGTGGA CATCCCAGCCTCCGTTATCC
CHOP GCACCTCCCAAAGCCCTCGC CCGTTTCCTAGTTCTTCCTT
PDI TACGATGGCAAATTGAGCA CTTCCACCTCATTGGCTGTT
B-actin | GCCAACCGTGAAAAGATGACCC AGTGGTACGACCAGAGGCATAC

Table 1. Rat primer sequences for RT-PCR.
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AACt was computed for each sample, and mRNA expression levels were shown by 2-AACt. The amount of PCR
product was assessed as fluorescence signal intensity after standardising to B-actin as an internal reference.

Western blot

The expression of the target proteins was analyzed using western blotting. In summary, total protein was obtained
by lysing cells/tissue following treatment with RIPA. After centrifugation, the supernatant was collected, and the
protein content was determined using the Pierce BCA Protein Assay Kit. Equivalent protein-containing samples
were electrophoresed for 90 min on 10% SDS-PAGE gels, and the separated proteins were wet-transferred to
nitrocellulose (NC) membranes. Immunoblots were performed with appropriate antibodies: Calsequestrin
(1:1000 CST), Troponin I (1:1000), Bip (1:1000 CST), CHOP (1:1000 CST), PDI (1:1000 CST), AKT (1:1000
CST), pAKT (1:1000 CST), pGSK 3f (1:1000 CST), GSK 3B (1:1000 CST), ERK1/2 (1:1000 CST), p-ERK1/2
(1:1000 CST), Caspase 9 (1:1000 CST), and B-actin (1:1000 CST). The membranes were incubated with the
primary antibodies overnight at 4 °C after blocking with 5% skim milk in tris-buffered saline (TBST) for 1 h at
37 °C. The following day, the membranes were incubated with horseradish peroxidase-conjugated anti-mouse
and anti-rabbit IgG secondary antibodies (1:2500, CST) for 1 h at room temperature after being rinsed with
TBST three times. Protein bands were visualized using enhanced chemiluminescence (Biorad ChemiDoc™ MP
Imaging System). The optical density (OD) of the reaction zones was calculated using Image] image analysis
software (NIH, Bethesda, MD, USA).

Statistical analysis

GraphPad Prism, version 9 for PC (GraphPad Software, San Diego, CA, USA), was utilized for statistical analyses.
Data are presented as mean + SD. Unless otherwise specified, all experiments were performed at least four times.
Statistical analyses included one-way ANOVA, t-test, and Tukey’s test.

Results

Confirmation of differentiated cardiomyocytes

Significant morphological alterations under a microscope revealed that H9¢2 cells had differentiated into
cardiomyocytes. Differentiated H9¢2 cells displayed elongated, spindle-like and orderly striated structures,
indicative of adult cardiomyocytes, when compared to undifferentiated cells, which maintained a rounded
and irregular form (Fig. 1. A.). ISO stimulation of differentiated H9¢2 cardiomyocytes resulted in a significant
decrease in cell viability, as determined by MTT assay (Fig. 1. B.). Morphological analysing indicated significant
cellular alterations, such as cell shrinkage, abnormal forms, and membrane blebbing. Quantitative RT-PCR
revealed that cardiomyocyte-specific genes were upregulated in differentiated H9c2 cells. Notably, the expression
levels of genes such as alpha myosin heavy chain (a-MHC) (Fig. 1. E), beta myosin heavy chain (B-MHC)
(Fig. 1. G.) and B-actinin (Fig. 1. H.) were significantly increased, confirming the successful differentiation of
the cells. Western blotting results further supported the differentiation process (Fig. 1. C.). The protein levels of
key cardiac markers, including Calsequestrin (Fig. 1. D.) and Troponin I (Fig. 1. E.) were markedly elevated in
differentiated H9c2 cells compared to undifferentiated controls.

Rob reduced 1SO-induced cytotoxicity in H9c2 cells
The cardiotoxicity of different Rob concentrations on H9c2 cardiomyoblasts was determined using the MTT
assay. The cells were treated with different concentrations of Rob (0-50 pg/ml) for 24 h (Fig. 2. A). The results
clearly revealed that treatment with Rob alone had no effect on cell viability, indicating that Rob was not cytotoxic
to the relevant cell line at any tested dose. After 24 h at a dosage of 50 ug/ml, cell viability remained at 95%. To
test Rob’s protective effects against ISO-induced oxidative stress, we used concentrations of 50 ug/ml or less for
24 h of treatment.

To study the protective effects of Rob on cardiomyocytes, cells were pre-treated with Rob (1, 5, 10, 25, and
50 pg/ml) for 24 h before being exposed to 100 pM ISO (Decreases cell viability to 50%) (Fig. 2. B.). Rob (1, 5,
10, 25, and 50 pg/ml) improved H9¢2 cell viability to 63.45%, 69.82%, 76.35%, 85.45%, and 90.19%, respectively.
These data suggest that Rob may be capable of protecting H9¢2 cells from oxidative stress-induced cell damage.

Rob ameliorates ISO-induced geometric and morphological changes in H9¢2 cells

The level of morphological alterations in H9¢2 cells was assessed, and cytomorphology was done using a phase-
contrast microscope (Fig. 2.C.). H9¢2 cells treated with 100 uM ISO demonstrated considerable morphological
alterations. Cells in the control and Rob-treated groups had intact plasma membranes, elongated fusiform
and spindle shapes, and spherical nuclei. ISO-pronounced cell injury, characterised by loss of adhesion and
the appearance of rounded cells. ISO treatment caused cellular shrinkage, membrane blebbing, and structural
alternations, which were characterised as a rise in cell size and shape owing to changes in protein synthesis
and metabolism. Pre-treatment with Rob dramatically improved these ISO-induced morphological changes,
restoring cell integrity, retaining cell shape, minimising intercellular gaps, and preserving nuclear morphology.

Effect of Rob on antioxidant enzymes
When cells were treated with 50 pg/ml Rob against ISO, SOD and CAT levels increased. These results demonstrate
that Rob’s natural anti-oxidant activity protects cells from ISO-induced toxicity (Fig. 2. F, G.).

Rob reduced the production of intracellular ROS

HO9c¢2 cells treated with 100 uM ISO for 24 h produced considerably more ROS than untreated cells. However, pre-
treatment with Rob significantly reduced ROS levels. (Fig. 3. A.). FACS analysis (Fig. 3. B-F.) was also employed
to monitor ROS levels. The fluorescence shift from left to right indicates that intracellular ROS levels increased
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Fig. 1. Confirmation of differentiation of H9c2 (A) Morphological changes upon 100 uM ISO treatment under
inverted microscopy after treatment (x100 pm magnification). The elongated, spindle-shaped morphology
indicative of cardiomyocyte differentiation is visibly altered upon ISO exposure. (B) Cytotoxic effect of

ISO at micromolar concentration on H9¢2 cardiomyocytes was evaluated by MTT assay. A concentration-
dependent decrease in cell viability, indicating ISO’s detrimental effect on H9¢2 cells. (C) Western blot
chemiluminescence. (D) Graphical representation of Calsequestrin, (E) Graphical representation of

Troponin I. mRNA expression of (F) a-MHC, (G) p-MHC and (H) B-actinin. Results indicated the successful
differentiation of H9¢2. *Denotes statistically significant differences in comparison with control: ns>0.05,
*p<0.05, **p<0.01, ***p <0.001. Data are presented as mean + SD of three and four independent. experiments.
SD, standard deviation.

during 24 h of ISO therapy (Fig. 5. C.). Statistical analysis demonstrated that the proportion of cells with elevated
ROS in the ISO-treated group was 78 +2.5%, but declined to 65 + 3.1% with Rob pre-treatment (Fig. 3. G.). These
findings suggest that pre-treatment with Rob significantly reduces intracellular ROS generation. The full original
image of DCFH-DA staining is presented in supplementary data (Fig. S2.)

Rob reduced the number of early and late apoptotic cell

In the control and Rob-treated groups, cells showed no significant evidence of apoptosis and maintained a
normal morphology with green fluorescence. The experimental group treated with ISO showed a significant
increase in apoptotic cells. Rob pre-treatment dramatically decreased the amount of ISO-induced apoptotic cells
at both the early and late stages. The number of necrotic cells also decreased, and the cells had a more consistent
shape than the ISO group. Rob pre-treatment boosted the number of viable cells, as evidenced by the reduction
of AO/EB staining associated with apoptosis and necrosis (Fig. 4. A.). The full original image of AO/EB staining
is presented in supplementary data (Fig. $3.)

H9c2 cells were also stained with Annexin V-FITC and propidium iodide (PI) and analyzed using FACS
to assess apoptosis and necrosis. In the ISO-treated group, there was a substantial increase in apoptotic and
necrotic cells. FACS analysis revealed a significant population of early apoptotic cells (Annexin V+/PI-) and late
apoptotic cells (Annexin V+/PI+). This indicates that ISO induces both early and late stages of apoptosis as well
as necrosis in H9¢2 cells. Rob pre-treatment markedly reduced the population of early apoptotic (Annexin V+/
PI-) and late apoptotic (Annexin V+/PI+) cells (Fig. 4B-D.). The full original image of FACS analysis is presented
in supplementary data (Fig. S4.)
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Fig. 2. Cytotoxic effects of Rob on H9¢2 cell line, and protective effect of Rob to ameliorate ISO induced stress
in H9¢2 cardiomyocyte. (A) Cytotoxic effect of Rob at microgram concentration on H9¢2 cardiomyocytes was
evaluated by MTT assay, confirming its safety profile at tested doses. (B) Protective effect of Rob on 100 uM
ISO induced oxidative stress on H9c2 cardiomyocytes evaluated by MTT assay, showing a dose-dependent
restoration of cell viability. (C) Morphological observations of cardiomyocytes under inverted microscopy
after treatment, illustrate ISO-induced cellular damage and Rob-mediated morphological preservation

(x100 pm magnification). Effect of Rob on oxidant and antioxidant enzyme levels, measured by enzyme assay
kit, (D) LDH, (E) MDA, (F) CAT and (G) SOD. Rob pre-treatment significantly reduced ISO-elevated levels
of LDH and MDA, while restoring the activities of antioxidant enzymes CAT and SOD, indicating its potent
cytoprotective and antioxidant role. *Denotes statistically significant differences in comparison with control:
ns>0.05, *p <0.05, **p <0.01, **p <0.001. #Denotes statistically significant differences in comparison with ISO
group: #p <0.05, ##p <0.01, ###p <0.001. Data are presented as mean + SD of four independent experiments.
SD, standard deviation.

Effect of Rob on body weight, heart weight, and heart-to-Body weight ratio

There were no statistically significant variations in body weight between groups. Figure 5A. shows the treatment
procedure for the animal experiment. The heart size of rats treated with ISO increased, whereas Rob pre-treatment
helped maintain a normal heart size (Fig. 5B.). Additionally, the ISO-administered groups did not show any
significant increase or decrease in body weight compared to the control group (Fig. 5C.). When rats were pre-
treated with Rob, their heart weight and heart weight to body weight ratios dropped dramatically compared to
those receiving ISO treatment (Fig. 5D.). Compared to the normal control groups, the ISO-administered groups
had substantially greater heart weight and heart weight to body weight ratios (Fig. 5E.).

Effect of Rob on marker enzymes

The levels of diagnostic markers MDA in the cell and cardiac tissue homogenates, LDH in the culture
supernatant, CK-MB, LDH, and SGOT in serum were increased significantly (Fig. 2. D., Fig. 2E.) and (Fig. 5. F-
I.). In compared with the ISO, Rob pre-treatment resulted in a significant reduction in the levels of all diagnostic
marker enzymes.

Effect of Rob on myocardial tissue damage

(Fig. 6. A.) illustrates typical images of infarction size stained with TTC. While ISO therapy resulted in a larger
region of infarction (unstained section), the cardiac section of Rob-treated group revealed a considerable
quantity of tissues that stained positively, suggesting tissue viability.
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Fig. 3. Effect of Rob on reducing intracellular ROS production. (A) H9c2 cells were pre-incubated with
DCFH,-DA (10 uM) for 15 min to detect ROS generation. After the pre-incubation, cells were treated with or
without Rob and Met for an additional 24 h, followed by ISO treatment. The generation of ROS was visualized
using a fluorescence microscope, where green fluorescence indicates the presence of ROS (Bar =100 pm).
Nuclei were counterstained with DAPI (blue), and the images were merged to illustrate the overlap between
ROS generation and cellular morphology. The fluorescence intensity of DCFH,-DA corresponds to the levels
of intracellular ROS, providing a visual representation of the oxidative stress induced by ISO and the protective
effects of Rob and Met. Intracellular ROS generation in H9¢2 cells measured by FACS. (B) Control, (C) ISO,
(D) Rob (E) Rob +ISO and (F) Met +ISO. (G) Graphical representation of percentage of ROS production.
The data show the mean fluorescence intensity of DCE The analysis reveals how pre-treatment with Rob and
Met affects ROS production in response to oxidative stress induced by ISO. *Denotes statistically significant
differences in comparison with control: ns>0.05, *p <0.05, **p <0.01, ***p <0.001. #Denotes statistically
significant differences in comparison with ISO group: #p <0.05, ##p <0.01, ###p <0.001. Data are presented as
mean + SD of four independent experiments. SD, standard deviation.

Effect of Rob on histological changes

The histopathological examination of the untreated and Rob alone treated group’ left ventricular heart section
revealed a usual myofibrillar structure with striations, branching, and consistency with the surrounding
myofibrils (Fig. 6B., Fig. 6D.). ISO-injected rats showed significant myofibrillar degeneration, interstitial swelling,
and neutrophil granulocyte invasion (Fig. 6C.). In comparison to the ISO-induced group, the morphology of
the cardiac muscle fibres was rather intact, with no evidence of localised necrosis in the tissue sections from the
Rob pre-treated group (Fig. 6E.). However, there was minimal neutrophil granulocyte infiltration, interstitial
oedema, and some discontinuity with adjacent myofibrils.

Gene expression analysis

Quantitative RT-PCR was performed to evaluate the expression levels of key genes involved in apoptosis and
ER stress (Table 1). ISO treatment markedly increased the expression of ER stress markers, including CHOP
(Fig. 7A., Fig. 8A.), Bip (Fig. 7B., Fig. 8B.), ATF 6 (Fig. 7C., Fig. 8C.) and PDI (Fig. 7D., Fig. 8D.). Rob pre-
treatment significantly reduced the expression of these markers, suggesting a protective effect against ISO-
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induced ER stress. There was a significant upregulation of pro-apoptotic genes such as Caspase 3 (Fig. 7E.,
Fig. 8E.) Caspase 9 (Fig. 7E, Fig. 8F.) and Bax (Fig. 7G., Fig. 8G.) in the ISO-treated group compared to the
control group. Conversely, the expression of the anti-apoptotic gene Bcl-2 (Fig. 7H., Fig. 8H.) was significantly
downregulated in the ISO group. Pre-treatment with Rob normalized the expression levels of these genes,
indicating a reduction in apoptosis.

Protein expression analysis

Western blotting was conducted to assess the protein levels corresponding to the apoptotic, ER stress, and
survival pathways (Fig. 71., Fig. 7M., Fig. 70., Fig. 81., Fig. 8M., Fig. 80). ISO-treated cells showed elevated levels
of Bip (Fig. 7]., Fig. 8]), CHOP (Fig. 7K., Fig. 8K), and PDI (Fig. 7L., Fig. 8L) proteins, indicative of ER stress. Rob
pre-treatment significantly lowered the levels of these ER stress markers. Protein levels of Caspase 9 (Fig. 7N.,
Fig. 8N) were significantly increased in the ISO-treated group. Rob pre-treatment significantly decreased Caspase
9 levels, demonstrating its anti-apoptotic effect. ISO treatment resulted in reduced levels of phosphorylated AKT
(Fig. 7P, Fig. 8P), Glycogen synthase kinase-3p (GSK 3-B) (Fig. 7Q., Fig. 8Q), and increased level of ERK1/2
phosphorylation (Fig. 7R., Fig. 8R) correlating with decreased cell survival. Rob pre-treatment increased the
phosphorylated AKT and GSK 3- levels, suggesting a restoration of survival and anti-apoptotic capacity. The
uncropped, untouched and full original image of western blot is presented in supplementary data (Fig. S1.).

Discussion

This study elucidates the novel protective role of Rob against ISO induced MI in H9¢2 cardiomyocytes, providing
insights into its potential therapeutic applications. The processes of ISO-induced myocardial ischaemic damage
are complicated, involving cardiomyocyte apoptosis and autophagy, ERS, intracellular calcium excess and
oxidative stress, among others.

Significant morphological alterations, as well as activation of cardiomyocyte-specific genes and proteins,
indicated H9c2 cell differentiation into cardiomyocytes. These differentiated cells provided a good model for
investigating cardiac injury and Rob’s preventive effects. Differentiated cardiomyocytes closely resemble adult
heart cells in terms of physiological characteristics and functional responses, making them more valuable
for simulating cardiac diseases and evaluating treatment methods. They feature discrete cardiac markers and
structural characters , enabling for accurate analysis of gene and protein expression variations in experimental
conditions. Non-differentiated cells lack these characteristics, making them less valuable for studying heart
disorders and drug response’®.

When ISO is supplied in supramaximal dosages, the heart exhibits morphological and functional changes
that are similar to the pathological irregularities associated with local MI that occur in humans. These alterations
include subendocardial myocardial ischemia, hypoxia, and necrosis which leads to fibroblastic hyperplasia with
lower myocardial compliance and suppression of diastolic and systolic function'®. One of the key contributing
causes of ISO-induced cardiac damage has been recognised as the formation of extremely cytotoxic free
radicals through the auto-oxidation of catecholamines'. According to studies, the auto-oxidation of excess
catecholamines leads to the peroxidation of membrane phospholipids mediated by free radicals, which causes
changes in the permeability of the heart membrane, intracellular calcium overload, and irreversible damage!.
By activating beta-1 receptors on myocardial cells, ISO also enhances the force of contraction of the heart
muscle (positive inotropic effect). This increased contractility has the potential to increase myocardial oxygen
consumption, which exacerbates the supply and demand imbalance for oxygen, a major cause of myocardial
ischemia and injury’.

The current study on cell viability discovered that ISO treatment significantly reduced cell viability, as seen by
aloss of adhering nature and the formation of rounded cells, suggesting progressive cell death. When compared
to ISO-treated cells, cells pre-treated with Rob showed a significant increase in cell viability while maintaining
normal morphology. It has also been demonstrated that when H9¢2 cells are exposed to higher levels of ISO, they
experience mitochondrial swelling, extensive cytoplasm vacuolization, and nuclear swelling with membrane
rupture. Our results show that Rob efficiently decreases ISO-induced cytotoxicity and morphological changes.
This suggests that Rob helps preserve cellular integrity under oxidative stress conditions.

ISO significantly enhanced the production of ROS in H9¢2 cells, as seen by increased fluorescent intensity.
While the cells treated with Rob produced lower ROS levels than ISO-alone cells. Rob significantly reduced
ROS formation in H9¢2 cells, which might be attributable to its antioxidant properties. The cell line treated with
ISO and Rob was also stained with AO/EB to qualitatively determine apoptotic activity. Cells showing green to
orange fluorescence were considered apoptotic, depending on nuclear morphology and membrane integrity. The
necrotic cells seemed degraded and deformed, with stains dispersed asymmetrically across them. The outcomes
of this study clearly indicated that cells treated with ISO undergo cell death, as seen by a higher percentage of
red-colored cells compared to untreated cells. Cells treated with Rob showed a significant reduction in cell death,
as evidenced by a decreased number of red-colored cells.

In the rats treated with ISO, we found that there was a notable rise in both the heart weight and the heart
weight to body weight ratio. According to Patel et al. the observed rise in heart weight in ISO-induced rats may
be caused by increased water content, oedematous intramuscular space, and widespread cardiac muscle fibre
necrosis, which is followed by inflammatory cells invading injured tissues'®. In rats induced with ISO, the Rob
treatment resulted in a considerable reduction in heart weight.

TTC dye, which creates a red formazan precipitate when dehydrogenase enzyme systems are intact but
does not stain the infarcted myocardium because it lacks dehydrogenase activity, can be used to detect the
degree of the MI. Loss of membrane integrity and dehydrogenase leakage might be connected to the infarction
region!’. Rats that were exposed to ISO had larger myocardial infarcts with reduced TTC absorption ability,
which suggested a substantial myocardial dehydrogenase leak. The Rob pre-treatment prevented the loss of
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dehydrogenases caused by ISO, the group showed a much lower level of infarct size, further demonstrating the
combination’s superior protection against heart injury.

The levels of CK-MB, LDH, SGOT and MDA are sensitive indicators that can be used to determine the
extent of MI. This was presumably related to changes in membrane permeability and disintegrity caused by
ISO-induced MI. Increased activity of these markers in the serum/tissue is suggestive of cellular injury, loss
of membrane permeability, and/or loss of functional integrity?®?!. The present investigation has revealed a
noteworthy rise in the levels of CK-MB, LDH, SGOT and MDA in rats that were induced with ISO which
has been decreased by Rob treatment. For oxidative stress in intracellular organelles to be effectively removed,
the balance between enzymatic antioxidants and free radicals is crucial’’. However; the generation of ROS can
dramatically disrupt this balance in pathological conditions such as MI by putting the extra workload on the
antioxidant defence system. The drop in SOD and CAT activity might be attributed to the increased utilisation
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«Fig. 4. Assessment of apoptosis and necrosis in H9¢2 cells using AO/EB staining. Following treatment, cells

were stained with acridine orange (AO) and ethidium bromide (EB) to differentiate between viable, early
apoptotic, late apoptotic, and necrotic cells. AO stains viable cells green, while EB stains dead or dying cells red.
(A) Representative fluorescence images showing the different cell populations. Viable cells appear green, early
apoptotic cells exhibit yellow-green fluorescence, and late apoptotic or necrotic cells show red fluorescence. The
images were captured using a fluorescence microscope (Bar =100 um). (B) Analysis of apoptosis and necrosis
in H9¢2 cells using Annexin V-FITC and propidium iodide (PI) staining (C) Graphical representation of the
percentage of each cell type (D) Table showing the number of early, late apoptotic and necrotic cell populations
in response to oxidative stress. *Denotes statistically significant differences in comparison with control:
ns>0.05, *p <0.05, **p <0.01, ***p <0.001. #Denotes statistically significant differences in comparison with ISO
group: #p <0.05, ##p <0.01, ###p <0.001. Data are presented as mean + SD of four independent experiments.
SD, standard deviation.
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Fig. 5. Schematic representation of the experimental design for MI rat model induced by ISO (A) Timeline
of the study design. (B) size of heart. (C) Effect of Rob on the body weight. (D) Effect of Rob on the heart
weight. (E) Effect of Rob on the heart to body weight. Effect of Rob on serum/tissue marker levels, measured
by enzyme assay kit, (F) LDH, (G) MDA, (H) SGOT and (I) CK-MB. Rob treatment significantly reduced
elevated levels of myocardial injury markers in ISO-induced rats. *Denotes statistically significant differences
in comparison with control: ns>0.05, *p <0.05, **p <0.01, ***p < 0.001. #Denotes statistically significant
differences in comparison with ISO group: #p <0.05, ##p < 0.01, ###p <0.001. Data are presented as mean + SD
of six independent experiments. SD, standard deviation.

of these enzymes for ROS scavenging, as well as inactivation by high ISO oxidants. In comparison to ISO groups,
pre-treatment with Rob significantly boosts the activities of SOD and CAT.

When compared to the ISO-induced heart, a histopathological analysis of the tissue of control group revealed
obvious integrity of the hearts cell membrane along with no signs of localised necrosis or inflammatory cell
infiltration. Rats treated with ISO had heart muscle fibre separation and a significant neutrophil granulocyte
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Fig. 6. (A) Triphenyl Tetrazolium Chloride stained transverse slices of the heart of Control, ISO treated, Rob
and Rob +ISO treated groups. TTC stains viable cardiac muscle deeply red, whereas regions of infarction are
pale. Photomicrograph of H&E stained sections of left ventricular tissues, (B) Quantitative analysis of infarct
size. Infarct size was calculated by the ratio of the infarction area to the total left ventricular section area and
quantified using Image] software. (C) Cardiomyocytes shows regular striated structure in control group. (D)
In ISO group cardiomyocytes shows altered morphology, the nuclei are irregular in shape, the cytoplasm is
devoid of organelles (star), damaged myocytes presented with loss of cellular organization, diffused/focal
inflammatory infiltrate (). (E) Rob alone group shows morphology similar to that of control. (F) In Rob + ISO
group heart tissue with improved structural and morphological features similar to healthy control. Scale bar:
100 um. Data are presented as mean + SD of six independent experiments. SD, standard deviation.

infiltration. Further evidence of the cardioprotective benefits of Rob was provided by the Rob+ISO group’s
decreased inflammatory cell infiltration and normal cardiac muscle fibre architecture.

Apoptosis has been connected to both inflammation and oxidative stress. Pro-apoptotic proteins like Bax and
anti-apoptotic proteins like Bcl-2 govern the intrinsic route of apoptosis, which is triggered by ROS. As a result,
apoptosis and caspase-8 activation occurs first, followed by caspase-3 activation?. Therefore, elevated oxidative
stress and inflammation may be the cause of the apoptotic alterations seen in the ISO group. Consistent with
other research, ISO led to a considerable rise in cardiac Bax levels and a significant decrease in Bcl-2 levels. It
is commonly known that the acute stage of MI involves both necrosis and apoptosis®*. The Bcl-2 family’s pro-
and anti-apoptotic proteins interact to integrate various death and survival signals, ultimately determining the
destiny of the cells®*. Apoptotic signalling in mitochondria is triggered by an excess of ROS in infarction regions
during acute MI. This activation of Bax, a pro-apoptotic Bcl-2 family protein, is a result of this activation. The
majority of Bax is found in the cytosol in healthy cells, but when apoptotic signalling begins, activated Bax
quickly moves to the mitochondria, where it undergoes a conformational change and joins forces with Bak to
create protein-permeable pores on mitochondrial membranes?®.

Although catecholamines regulate cardiac function, high levels cause ischemic heart disease such as MI,
cardiac hypertrophy, and heart failure. This is a consequence of aberrant p-adrenergic activity?’. This indicates
that excess production of ROS induced by ISO triggered ER stress. Furthermore, Rob treatment ameliorated
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«Fig. 7. Effects of Rob on ER-stress related gene expression, apoptotic, and anti-apoptotic genes in H9c2
through real-time PCR. Genes were normalized with -actin and results are expressed as fold change from
control, and ISO. mRNA expression of (A) CHOP, (B) Bip, (C) ATF 6, (D) PD], (E) Cas 3, (F) Cas 9, (G)
BAX and (H) Bcl-2 on Control, ISO and Rob pre-treated groups. Effects of Rob on ER-stress, apoptotic and
survival related protein expression through western blot. (I) Western blot chemiluminescence of ERS related
proteins. (J) Bip, (K) CHOP, and (L) PDI. (M) Western blot chemiluminescence of apoptosis related proteins.
(N) Caspase 9 and (O) Western blot chemiluminescence of survival related proteins. (P) AKT, (Q) GSK-3p and
(R) ERK1/2. Equal protein loading was confirmed by B-actin. Densitometry was performed with the Image]
software and densitometric analysis of the observed bands was intensity normalized to f-actin. *Denotes
statistically significant differences in comparison with control: ns>0.05, *p <0.05, **p <0.01, ***p <0.001.
#Denotes statistically significant differences in comparison with ISO group: #p <0.05, ##p <0.01, ###p <0.001.
In vitro data are presented as mean + SD of four independent experiments. In vivo data are presented as
mean * SD of six independent experiments. SD, standard deviation.

ISO-induced myocardial injury, as evidenced by improvements in histopathology and biochemical markers of
oxidative stress and cardiac damage. The protective effects of Rob were evidenced by the down regulation of
ER stress markers, such as CHOP, Bip, ATF 6, and PDI, at mRNA and protein levels, which corresponded to
decreased apoptosis and oxidative stress. Specifically, ISO treatment markedly increased ER stress and pro-
apoptotic gene expression, alongside elevated ROS production and reduced antioxidant enzyme activity, which
collectively induced significant cardiomyocyte damage. These findings underscore Rob’s capacity to modulate
ER stress and associated apoptotic pathways, positioning it as a promising candidate for the treatment of ML

Angiogenesis is a crucial compensatory tissue response to hypoxia®®. A number of mechanisms linked to the
control of angiogenesis are activated by hypoxia, including as the Akt and HIF-1a signalling pathways. Through
the regulation of several physiological processes, including angiogenesis and cell survival, Akt signalling is
important in the adaptation of the body to ischemia®®. Akt phosphorylates and inactivates pro-apoptotic factors
like Bax and caspase-9, promoting cell survival. On the other hand ERK1/2 activation leads to the expression
of genes involved in cell survival, repair, and regeneration, which are crucial for recovering from ISO-induced
damage. However, prolonged or high-dose ISO exposure may shift ERK1/2 activation toward maladaptive
remodeling or apoptosis, especially in cardiomyocytes®.

Despite the promising findings, the study has certain limitations. The exact molecular mechanisms underlying
Rob’s protective effects need to be elucidated in greater detail. Although our findings indicate that Rob activates
the AKT/GSK3p signaling pathway, the study does not establish a direct causal relationship. Further mechanistic
investigations using pathway-specific inhibitors or gene silencing approaches are needed to confirm the role
of this pathway in mediating the cardioprotective effects of Rob. In conclusion, this study highlights the novel
protective role of Rob against ISO-induced myocardial damage. Rob demonstrated comparable efficacy to Met
in reducing cytotoxicity, oxidative stress, apoptosis, and ERS, underscoring its promise as an alternative or
complementary therapy for managing MI. Robs ability to reduce cytotoxicity, oxidative stress, apoptosis, and
ER stress, while enhancing cell survival, underscores its potential as a therapeutic agent for MI. The findings
provide a strong foundation for further exploration of Rob’s cardioprotective properties and its possible clinical
applications. The relevance of this study lies in its potential therapeutic implications. MI remains a leading cause
of morbidity and mortality worldwide, and the development of effective treatments is crucial. By demonstrating
the efficacy of Rob in protecting cardiomyocytes from oxidative stress and apoptosis, this research paves the
way for further investigations into its clinical applications. The findings support the potential use of Rob as
a complementary therapy for patients at risk of or suffering from MI, ultimately contributing to improved
cardiovascular health outcomes.

Conclusions

In conclusion, this is the first study to demonstrate that, in an ISO-induced rat model, Rob, a glycoflavanoid has
cardioprotective effects. Rob mitigated myocardial oxidative stress and apoptosis, accompanied by activation of
AKT and normalization of ERK signaling. Our study also suggests that Rob significantly improved all parameters
linked to oxidative stress and, inflammatory status in ISO-induced MI rats. By modulating key signaling
pathways involved in ER stress and apoptosis, Rob not only enhances cellular resilience against oxidative insults
but also promotes overall myocardial health. These findings position Rob as a promising therapeutic agent for
M]I, offering a multifaceted approach to mitigating cardiac injury and enhancing recovery.
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«Fig. 8. Effects of Rob on ER-stress related gene expression, apoptotic, and anti-apoptotic genes in Sprague

Dawley rat model through real-time PCR. Genes were normalized with (-actin and results are expressed as
fold change from control, and ISO. mRNA expression of (A) CHOP, (B) Bip, (C) ATF 6, (D) PDI, (E) Cas 3,
(F) Cas 9, (G) BAX and (H) Bcl-2 on Control, ISO and Rob pre-treated groups. Effects of Rob on ER-stress,
apoptotic and survival related protein expression through western blot. (I) Western blot chemiluminescence
of ERS related proteins. (J) Bip, (K) CHOP, and (L) PDI. (M) Western blot chemiluminescence of apoptosis
related proteins. (N) Caspase 9. (O) Western blot chemiluminescence of survival related proteins. (P) AKT,
(Q) GSK-3p and (R) ERK1/2. Equal protein loading was confirmed by B-actin. Densitometry was performed
with the Image] software and densitometric analysis of the observed bands was intensity normalized to p-
actin. *Denotes statistically significant differences in comparison with control: ns >0.05, *p <0.05, **p <0.01,
***p <0.001. #Denotes statistically significant differences in comparison with ISO group: #p <0.05, ##p <0.01,

###p <0.001. In vitro data are presented as mean + SD of four independent experiments. In vivo data are
presented as mean + SD of six independent experiments. SD, standard deviation.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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