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Abstract

Despite clinical advances, ischemia-induced cardiac diseases remain an underlying cause of 

death worldwide. Epigenetic modifications, especially alterations in the acetylation of histone 

proteins play a pivotal role in counteracting stressful conditions, including ischemia. In our study, 

we found that histone active mark H3K27ac was significantly reduced and histone repressive 

mark H3K27me3 was significantly upregulated in the cardiomyocytes exposed to the ischemic 

condition. Then, we performed a high throughput drug screening assay using rat ventricular 

cardiomyocytes during the ischemic condition and screened an antioxidant compound library 

comprising of 84 drugs for H3K27ac by fluorescence microscopy. Our data revealed that 

most of the phenolic compounds like eugenol, apigenin, resveratrol, bis-demethoxy curcumin, 

D-gamma-tocopherol, ambroxol, and non-phenolic compounds like L-Ergothioneine, ciclopirox 

ethanolamine, and Tanshinone IIA have a crucial role in maintaining the cellular H3K27ac histone 

marks during the ischemic condition. Further, we tested the role of eugenol on cellular protection 

during ischemia. Our study shows that ischemia significantly reduces cellular viability and 

increases total reactive oxygen species (ROS), and mitochondrial ROS in the cells. Interestingly, 

eugenol treatment significantly restores the cellular acetylation at H3K27, decreases cellular ROS, 

and improves cellular viability. To explore the mechanism of eugenol-medicated inhibition of 

deacetylation, we performed a RNAseq experiment. Analysis of transcriptome data using IPA 

indicated that eugenol regulates several cellular functions associated with cardiovascular diseases, 

and metabolic processes. Further, we found that eugenol regulates the expression of HMGN1, 

CD151 and Ppp2ca genes during ischemia. Furthermore, we found that eugenol might protect the 

cells from ischemia through modulation of HMGN1 protein expression, which plays an active role 

in regulation of histone acetylation and cellular protection during stress. Thus, our study indicated 

that eugenol could be exploited as an agent to protect the ischemic cells and could be used to 

develop a novel drug for treating cardiac disease.
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1. Introduction:

In the past decade, we have witnessed an unprecedented increase in the number of patients 

suffering from cardiovascular disorders, including myocardial infarction, as it has become 

one of the leading causes of mortality and morbidity across the globe [1, 2]. Ischemia-

induced myocardial infarction is a syndrome characterized by the reduced blood supply 

to the tissues resulting in reversible or irreversible tissue damage [3]. Although various 

pharmacological drugs (nitrates, angiotensin-converting enzyme/receptor inhibitors, beta-

blockers, calcium channel blockers, potassium channel openers, free fatty acid oxidation 

inhibitors) and even revascularization techniques have been adopted to combat myocardial 

infarction and its associated complications, yet it remains a burden to the health care system 

[4]. In fact, percutaneous coronary interventions, which are supposed to profoundly reduce 

the chances of myocardial infarction may predispose individuals to subsequent reperfusion 

injury [4, 5].

Apparently, the intricate interaction between the oxidant and antioxidant defense system 

plays a pivotal role in maintaining homeostasis in the cardiomyocytes during normal as 

well as stressful conditions [6]. It is manifested that ischemic conditions produce metabolic 

perturbations and dysregulate cardiovascular homeostasis, followed by an exaggerated 

generation of reactive oxygen/nitrogen species [7]. The reactive oxygen/nitrogen species 

are considered as the key culprits of ischemic injury [7]. However, various in-vitro and 

in-vivo studies have revealed that increased antioxidant activity can shield the heart against 

oxidative damage [8] [9]. In fact, clinical studies have unveiled that boosting the antioxidant 

defense system may reduce the chances of precipitation of heart attack among individuals 
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[10] [11]. Furthermore, it has also been reported that supplementation of an antioxidant drug 

along with a pharmacological drug reduced the infarct size in the patients [12].

Intriguingly, besides altering the cellular metabolism, the ischemic injury may also induce 

epigenetic alterations in the heart. Epigenetic alterations are defined as changes in the gene 

function without alterations in the DNA sequence [13]. These include post-translational 

modifications of histone proteins, including acetylation, methylation, ubiquitinylation, 

phosphorylation, sumoylation, carbonylation, glycosylation, and even DNA methylation 

[14]. In the chromatin structure, the DNA wraps around the histone proteins, which strongly 

adhere to each other owing to a strong electrostatic interaction between them because of the 

opposite charges. However, the acetylation of lysine residues of histone proteins destabilizes 

the DNA-protein interaction and allows the transformation of condensed chromatin to 

a loose structure, and facilitates transcriptional activation [15] [14]. On the other hand, 

methylation of histone proteins usually results in condensation of the chromatin but can be 

associated with either activation or repression of gene transcription based on which amino 

acid residues are being methylated.

An array of enzymes called histone acetyltransferases (HATs) and histone deacetylases 

(HDACs) control acetylation as well as de-acetylation of histone proteins [14], whereas 

methylation is carried out by DNA methyltransferases (DNMTs). A very recent study has 

indicated that ischemic condition possibly induces alteration in the expression pattern of 

aforementioned enzymes [16]. Interestingly, previous preclinical studies have suggested that 

an increase in histone acetylation exerts a protective effect against ischemic injury [17] [18] 

[19]. Therefore, the present study has been envisaged to identify the antioxidant compounds 

which can enhance the H3K27 acetylation during ischemia. Our study showed that the 

polyphenolic compound eugenol enhances the H3K27 acetylation and improves the viability 

of ischemic cardiomyocytes.

2. Material and Methods

2.1 Isolation of cells and drug treatment

The animal experiments were approved by the IACUC. Time pregnant Harlan Sprague-

Dawley rats were procured from Jackson’s laboratory (Bar Harbor, ME) for this study. 

The rats had free access to a standard laboratory diet and water. Neonatal rat ventricular 

cardiomyocytes (NRVCs, primary cardiomyocytes) were isolated from 1–2 days old rat pups 

as described before [20]. In brief, the left ventricles were dissected from the rat neonates 

and were subjected to overnight trypsin (0.05%) treatment at 4°C and this was followed 

by collagenase treatment for 40 min at 37 °C. Cardiomyocytes were separated from other 

cells by replating them in sterile petri dishes. Later, the cell suspension was plated in 

gelatin-coated 10 cm plates for isolating protein, in two-chamber slides for carrying out 

immunostaining, and 96 well plates for drug screening. The cells were cultured in MEM 

(Grand Island, NY) with 10% FBS (Sigma, St. Louis, MO) and 1X anti-anti (Gibco) for 

24h at a cell seeding density of 1.5×106 for 10 cm plate, 1×105 cells for the two-chambered 

slide and 20,000 cells per well for 96 well plates. Further, MEM media was replaced with 

DMEM with 2% FBS, and the cells were allowed to grow for another 24h before conducting 

the experiments. Moreover, total RNA was extracted from the cells which were grown in 
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6 wells plates at a density of 1×105. For drug screening, cardiomyocytes were treated with 

antioxidant compounds for 24h at a concentration of 10 μM [21].

2.2 Screening of an antioxidant compound library

A library of 84 antioxidant compounds was purchased from Enzo Life Sciences 

(Farmingdale, NY) and was screened during the ischemic condition. For drug screening, 

NRVCs were plated in 96 well black clear-bottomed plates (Thermo Fisher Scientific) 

coated with 0.1% gelatin at 20,000 cells/well density. The cells were allowed to settle 

for 24h and were grown in 2% DMEM media for another 24h. For inducing normoxia 

condition, the cells were incubated in the DMEM with 2% FBS at 37°C with 5 % CO2. 

For inducing ischemia, the cells were incubated in DMEM having no glucose, reduced 

serum media (0.5% FBS, DMEM) with 1X Penicillin-streptomycin [22] using a hypoxia 

incubator (Eppendorf, Enfield, CT) with a setting of 1% O2, 5% CO2 at 37° C for 24h 

[21, 23, 24]. For drug screening, in under ischemic conditions, cardiomyocytes were treated 

with antioxidant compounds for 24h at a concentration of 10 μm for each drug in triplicate. 

For comparison, three wells of each plate were incubated with DMSO, which served as 

control. After 24h of incubation, the cells were washed with 1X PBS and then fixed with 

the 4% PFA for immunocytochemistry as described before [25]. The cells were stained 

with actinin (Abcam), and H3K27ac (Abcam) antibodies, and the nucleus was stained 

with DAPI. The plates were stored at 4°C until scanning was done under the fluorescence 

microscope (Keyence). Automated image capturing was performed using image cytometry, 

and the captured images were analyzed using Hybrid cell count (Keyence, Osaka, Japan). 

Apparently, 10 images were analyzed for each well [21] (Figure 2).

2.3 Protein extraction and western blot analysis

Total cellular protein was extracted from the cells as described before [25, 26]. In brief, 

the culture cells were washed twice with 1X PBS and lysed using a combination of RIPA 

buffer (50mM Tris-HCl pH-8.0, 150 mM NaCl, 1% IGEPAL, 12 mM sodium deoxycholate, 

1% SDS) and mammalian protease inhibitor (1X, Sigma). Subsequently, the cells were 

sonicated for 10 seconds with 2 s on and 1 second off setting at 20% amplitude (QSonica, 

Newtown, CT). To remove the cell debris and unbroken cells, the samples were centrifuged 

at 10,000g for 10 minutes at 4°C. The supernatant was collected for western blotting, and 

the protein concentration was determined using a BCA assay kit (Thermo Fisher Scientific, 

Waltham, MA). In order to perform a western blot, the protein samples were prepared 

in 1X Laemmli buffer and resolved in SDS-PAGE (Bio-Rad, Hercules, California). The 

resolved proteins were then transferred to the PVDF membrane using a trans-blot turbo 

transfer system (Bio-Rad). Next, membranes were incubated with Li-Cor blocking buffer 

(Li-COR, Lincoln, Nebraska) for an hour at room temperature to block the membranes and 

to avoid non-specific antibody binding. Afterward, membranes were incubated overnight 

with the primary antibody in the blocking buffer (Li-COR) at 4 °C. This was followed 

by washing the membrane with 1X PBST (twice) and with 1X PBS (once) on a shaker 

for 10 min for each wash. Membranes were then incubated with the secondary antibody 

tagged with IRDye®680, or 800 (Li-COR) in Li-COR antibody dilution buffer and incubated 

for 2h at room temperature. The membranes were washed twice with 1X PBST and 

once with 1X PBS before scanning on the Li-COR scanner (Odyssey). The following 
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antibodies were used for western blotting:H3K27ac, H3K9ac, H3K27me3, and H3K9me3 

(Abcam, Waltham, MA), GAPDH (Proteintech, Rosemont, IL), and histone 3, HMGN1 

(Cell Signaling, Danvers, MA) [25].

2.4 Immunocytochemistry

For immunocytochemistry, the NRVCs grown in the chamber slides were washed with 1X 

PBS for two times, and then the cells were fixed by incubating with 4% paraformaldehyde 

(PFA) at room temperature for 10 min. Next, cells were washed twice with 1X PBS and 

permeabilized by incubating them with 0.5% Triton X-100 for 10 min at room temperature. 

The cells were masked with 0.1 M glycine at room temperature for 30 min, followed by 

washing with 1X PBS. Afterward, the cells were blocked in the blocking buffer (1% BSA, 

0.1% Tween 20 in 1X PBS) for 1 h at room temperature. This was followed by overnight 

incubation of the cells with primary antibody diluted in the blocking buffer at 4°C. The cells 

were then washed with 1X PBS for twice and were incubated with a secondary antibody 

tagged with Alexa Fluor (Thermo Fisher Scientific) for 1 h at room temperature. Before 

counterstaining with a second primary antibody, the cells were again subjected to a blocking 

buffer for additional 30 min at room temperature and was followed by staining with the 

primary antibody. The cells were mounted using Vectashield HardSet antifade mounting 

medium with DAPI (Vector Laboratories, Burlingame, CA), and the images were captured 

under BZ-X800 Keyence microscope (Keyence, Osaka, Japan) [20] [25].

2.5 Viability assay

For viability assay, NRVCs were seeded in white opaque, flat bottom, transparent white 96 

well plate (Thermo Fisher Scientific) at a density of 20,000 cells per well. Cellular viability 

was detected using the CellTiter-Glo (Promega, Madison, WI) viability assay kit according 

to manufacturing instructions. In brief, the cells were treated with eugenol (10 μM), C646 

(1um), eugenol+C646 (1um) and were kept under ischemic condition (1% O2 and 5% CO2) 

for 24 hours at 37° C [27]. The CellTiter-Glo reagent was added into the cell plates after 

24 hours of incubation in the presence of anti-oxidant drugs under ischemic conditions, and 

thereafter luminescence was acquired using a microplate reader (Tecan, Switzerland) [27].

2.6 Determination of cellular reactive oxygen species

Cellular ROS level was detected by staining the cells with dihydroethidium (Thermo Fisher 

Scientific). For ROS detection, NRVCs were plated in a 35 mm culture disk at a density of 

2.5×105 cells per well and were allowed to adhere to the plate for at least 24 hours. The 

cells were treated with antioxidant compounds as well as histone acetyltransferase (HAT) 

inhibitor for 24 hours and were thereafter subjected to ischemic condition (1% O2 and 5% 

CO2) for 24 hours at 37° C. After 24 hours period, the media was aspirated, and the cells 

were incubated with 5 μM dihydroethidium for 5 minutes. Then, the dihydroethidium media 

was aspirated and fresh media was added, and the cells were observed under a Keyence 

BZ-X800 fluorescence microscope (Keyence, Osaka, Japan) [28].
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2.7 Determination of Mitochondrial Reactive Oxygen Species

Cellular total mitochondrial ROS was detected by staining with MitoSOX red (Thermo 

Fisher Scientific). NRVCs were plated in 35 mm plates at a density of 2.5×105 cells and 

were allowed to adhere to the plate for at least 24 h. The cells were treated with antioxidant 

compounds and were kept under ischemic condition (1% O2 and 5% CO2) for 24 h at 37° 

C. After 24 h period, the media was aspirated, and the cells were incubated with 1 μM 

MitoSOX (Thermo Fisher) dye for 30 min in the culture media. The MitoSOX media was 

aspirated and fresh media was added, and the cells were observed under the fluorescence 

microscope (Keyence, Osaka, Japan) [29].

2.8 RNA sequence analysis

RNA was isolated from the cardiomyocytes which were subjected to normoxia, eugenol 

in the presence of normoxia, ischemia and eugenol in the presence of ischemia using the 

RNeasy Mini kit (Qiagen, Germatown, MD). The quantification of RNA was carried out 

using Nanodrop 8000 (Thermo Fisher Scientific, Waltham, MA). Also, the quality and 

integrity of RNA was assessed with Agilent Bioanalyzer (Agilent), and RNA samples with 

integrity ˃7 were sent for RNA sequencing (Novogene, Sacramento, CA). RANseq data were 

submitted to Gene Ontology database (accession # GSE203313).

2.9 Functional analysis of differentially expressed genes

GO and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment 

analysis was structured by clusterProfiler R package. The differentially expressed genes 

after being subjected to ischemic condition and eugenol in the presence of ischemic 

condition were structured using clusterProfiler R package. GO terms with padj < 0.05 

were considered statistically significant. Functional annotation and enrichment analysis, 

including the functioning of biological processes and their correlation with the development 

of cardiotoxicity were carried out using Ingenuity pathway analysis (Qiagen).

2.10 Statistical analysis

All the experiments were repeated more than three times to get the statistical significance. 

Statistical analysis was performed using statistical analysis software GraphPad 9.0. Results 

were presented as a mean ± standard deviation. For statistical significance analysis between 

the groups, unpaired student t-test or one-way ANOVA was performed (*p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001).

3. Results

3.1 Reduction in histone acetylation level in the cardiomyocytes during ischemia

To investigate the role of epigenetic modifications of histone proteins during ischemia, 

we subjected the rat primary cardiomyocytes to the normoxic condition (control) and to 

the ischemic condition for 24 h. Total protein was extracted from the cells, and the level 

of cellular acetylation was detected by western blotting. Our western blot data show that 

ischemic cells have significantly reduced total acetylation (Fig 1A, B). Additionally, we 

found that the level of active histone marks H3K27ac and H3K9ac decreased significantly 
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after exposure to the ischemic condition for 24 h (Fig 1A, C, D). Interestingly, we found that 

the level of suppressive histone mark H3K9me3 and H3K27me3 was significantly increased 

in the ischemic cells compared to the normoxic cells (Fig 1A, E, F). Furthermore, we 

found that cellular viability (Fig 1G) was decreased during ischemia, and ROS level was 

significantly upregulated in the cells (Supplementary Fig 1 A-B).

3.2 High-throughput drug screening of antioxidant compounds exposed to ischemia

Many antioxidant compounds are known to protect the heart during ischemia-induced 

cardiac injury [30]. However, the epigenetic regulation during ischemia and the role of 

antioxidant compounds in modulating the epigenetics to produce cardioprotection through 

regulation of histone acetylation remains understudied. In this study, we screened an 

antioxidant compound library against changes in the cellular level of histone acetylation 

during ischemia (Fig 2). Our drug screening data analysis revealed that most of the phenolic 

compounds displayed a significant improvement in the H3K27 acetylation intensity (Fig 

3). Out of the positive regulator compounds eugenol, apigenin, resveratrol, bis-demethoxy 

curcumin, D-gamma-tocopherol, ambroxol belong to the phenolic compounds, and L-

Ergothioneine, ciclopirox ethanolamine, tanshinone IIA belong to non-phenolic compounds. 

Also, our cell viability data analysis showed that most of the phenolic compounds and some 

non-phenolic compounds improved the cellular viability compared to control cells treated 

with only DMSO (Supplementary Fig 2).

3.3 Eugenol positively regulates the histone 3 acetylation during the ischemic condition

In this study, we found that sustained ischemia for 24 h significantly reduced the total 

acetylation in NRVCs compared to the cells exposed to normal oxygen condition (Fig 

1A, B). Further, we found that during ischemia, both active and repressive markers of 

gene transcription at H3K27 significantly changed with the overall repression of gene 

transcription. In order to validate our screening data, we determined the role of eugenol in 

the regulation of post-translation modification of histone 3 using western blots. NRVCs were 

treated with eugenol (10 μm) and subjected to ischemic conditions for 24 h. Our western 

blot analysis showed that eugenol can significantly improve the total cellular acetylation and 

acetylation of histone 3 at K27, and K9 position (Fig 4A, B). Conversely, we found that the 

repressive marker of gene transcription H3K27me3 and H3K9me3 level was significantly 

reduced in the eugenol-treated cells (Fig 4A, B). Overall, our western blot data indicate 

that eugenol treatment during ischemic stress promotes level of active histone marks in the 

cardiomyocytes.

To further investigate the role of eugenol in the regulation of cellular acetylation, we 

exposed the cardiomyocytes in ischemic condition and performed immunocytochemistry 

with acetylated antibodies. Images were captured using a fluorescence microscope. 

Interestingly, in concordance with the western blot data, we found that there was lesser 

H3K27ac staining in the NRVCs exposed to ischemic conditions in comparison to the 

normoxia (Fig 4C, D). Intriguingly, eugenol administration under ischemic conditions 

significantly increased H3K27ac in the NRVCs, along with total acetylation (Fig 4C, D).
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3.4 Eugenol improves the cellular viability through reduction of ROS generation

In this study, we also found that prolonged ischemia for 24 hours significantly decreased 

the cellular viability (Fig 1G) and increased free radical generation in the NRVCs compared 

to the cells exposed to normoxia. Further, we tested the role of eugenol on cellular ROS 

production during ischemia. Interestingly, we found that eugenol treatment significantly 

reduced free radical generation and improved cellular viability under ischemic conditions 

(Fig 5A, B, E). Moreover, we found that sustained ischemia for 24 hours significantly 

augmented mitochondrial ROS production in NRVCs compared to the cells exposed to 

normoxia (Fig 5C, D). However, eugenol administration significantly improved the cellular 

viability and reduced mitochondrial ROS production in the ischemic cells (Fig 5C, D, E).

3.5 Eugenol regulates cellular acetylation through modulation of HAT activity

Since, our study suggests that eugenol can preserve histone acetylation, we wanted 

to explore the effect of eugenol in modulating the function of the cellular histone 

acetyltransferase (HAT) enzymes. For this, the cells were treated with eugenol alone or 

with a HAT inhibitor C646 (1μm) and incubated under ischemic conditions for 24 h. The 

level of histone acetylation was detected by western blot. The western blot data revealed 

that a eugenol-dependent increase in H3K27ac was abolished in the presence of C646. Our 

data suggest that eugenol-dependent cytoprotective effects are produced via the activation of 

HAT enzyme and subsequent increase in H3K27ac (Fig 6A, B). Further, we tested the effect 

of eugenol on cellular ROS production during ischemia in the presence of HAT inhibitor 

C646. Interestingly, we found that eugenol-dependent decrease in free radical production 

was abolished in the presence of HAT inhibitors viz. C646 (1um) (Fig 6C, D). This indicated 

that eugenol counteracts the deleterious effects of ROS during ischemia by activating the 

HAT enzyme.

3.6 Eugenol treatment regulates cellular antioxidant capacity through modulating the 
expression of antioxidant transcription factors

The RNA sequencing and gene expression profiling data revealed that the ischemic 

condition differentially regulated 7,694 genes in the NRVCs compared to the normoxic 

condition. To be precise, 3,774 genes were up-regulated, and 3,920 genes were down-

regulated (Fig 7A). Also, the administration of eugenol in the presence of the ischemic 

condition up-regulated 159 genes and down-regulated 111 genes (Fig 7B). The hierarchical 

clustering heat map indicated the differential expression of genes in the replicate samples 

subjected to normoxic, eugenol in normoxic condition, ischemic, eugenol in the presence 

of ischemic condition (Fig 7C). Pearson correlation analysis among the samples shows a 

distinct cluster of normoxia, eugenol in the presence of normoxia, ischemia, eugenol in the 

presence of ischemia (Fig 7D). Also, the principal component analysis 3D plot shows the 

similarity between the samples subjected to different conditions (Fig 7E). To identify the 

biological processes modulated during ischemic condition, the differentially regulated genes 

were analyzed using clusterProfiler v.2.3 [31] [32]. Biological processes with -log 10 (padj) 

˃1.2 were considered to have statistical significance in the various treatment groups.

Our analysis revealed that during ischemic condition, both the upregulated and down-

regulated genes controlled post-translational modification of histone proteins. Also, the 
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upregulated genes monitored cell death and survival, cellular assembly and organization, 

cellular function and maintenance, cell cycle, protein synthesis, transport, etc. The down-

regulated genes controlled cell signaling, cell-to-cell signaling and interaction, small 

molecule biochemistry, etc (Fig 8A). Apparently, it was found that the administration 

of eugenol under ischemic condition up-regulated intracellular transduction signaling and 

down-regulated negative regulation of metabolic processes, negative regulation of nucleic 

acid templated transcription, negative regulation of biosynthetic processes etc. To explore 

the association of differentially expressed genes with biological function, disease, and 

cardiotoxicity; the differentially expressed genes were evaluated using Ingenuity pathway 

analysis (IPA). Intriguingly, IPA analysis of differentially expressed genes unveiled that 

during ischemic condition various biological processes including cell death and survival, 

post-translational modification, cellular assembly and organization, cellular movement, 

cellular functioning and maintenance were considerably modulated (Fig 8A). Also, it 

was associated with cardiovascular disorder among the top listed disease and bio-function 

(Fig 8B) and the cardiotoxic effects exhibited included cardiac necrosis (Fig 8C). Our 

analysis also shows that cardiac cell death, cardiac dysfunction, cardiac infarction etc 

were the most significantly enriched cardiotoxicities associated with differentially expressed 

genes. However, in the presence of eugenol the cellular functions that were most affected 

included cellular movement, cellular development, cellular assembly and organization, 

post-translation modification etc (Fig 8D). Disease and biofunction analysis revealed that 

the differentially expressed genes were associated with cardiovascular disease as the most 

common disorders (Fig 8E) and there was modulation in the cardiotoxicity (Fig 8F). Further 

our IPA analysis also revealed that eugenol treatment restores the expression of several 

gene expressions associated with cellular viability (Supplementary Fig 3 A). To validate 

the transcriptional regulators, we performed a western blot to assay the expression of 

HMGN1 in ischemic cells. Interestingly we found that the expression of HMGN1 level 

was significantly reduced in ischemic cells, and eugenol treatment restored the expression of 

HMGN1 (Supplementary Fig 3 B-C).

4. Discussion:

Earlier studies suggest an inextricably interlinked connection between the change in oxygen 

concentration and induction of epigenetic alterations in the cardiomyocytes [14, 33]. 

Epigenetic alterations, especially acetylation, and methylation of histone proteins, play 

a pivotal role in modulating cell homeostasis during ischemic conditions [14, 33, 34]. 

Our study found that the ischemic condition significantly reduces the total acetylation in 

the NRVCs compared to normoxic conditions. Also, we found that ischemia remarkably 

decreases H3K27ac and H3K9ac in the NRVCs compared to the normoxic group. 

Additionally, we found that oxygen deprivation considerably increases H3K27me3 and 

H3K9me3 in the NRVCs exposed to ischemic conditions compared to the normoxic group. 

Previous studies have also indicated that ischemic conditions significantly modulate histone 

acetylation and methylation [14, 33, 34], which can be a potential contributor to mediating 

ischemic injury [33, 35]

A plethora of studies have indicated that an imbalance between oxidants and antioxidants 

elevates the cells’ oxidative stress level, which tends to be a potential contributor in 
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the pathogenesis of myocardial infarction [2, 36, 37]. However, it is manifested that 

the magnitude of the imbalance between oxidants and antioxidants can be counteracted 

via exogenous administration of antioxidants [36–38]. Very recently, a study indicated 

that the administration of antioxidant compounds in patients suffering from myocardial 

infarction may protect against the precipitation of myocardial infarction [39]. Based on 

the previous studies, we hypothesized that certain antioxidant compounds may possess 

the ability to restore the reduced acetylation during the ischemic condition. Using the 

H3K27ac staining, we screened a 84 polyphenolic and non-polyphenolic antioxidant 

compounds library. Amazingly, we found that among the 84 antioxidant compounds, most 

of the phenolic compounds like eugenol, apigenin, resveratrol, bis-demethoxy curcumin, 

D-gamma-tocopherol, ambroxol, and non-phenolic compounds L-Ergothioneine, ciclopirox 

ethanolamine, Tanshinone IIA facilitated the maintenance of the cellular H3K27 histone 

marks during the ischemic condition and improved the cellular viability. Earlier study shows 

that eugenol have protective role during cellular stress. However, epigenetic mechansiam 

of eugenol mediated cellular protection is not clear yet. Using the western blot, we further 

tested the role of eugenol in the post-translational modification of histone, and we found that 

it significantly improves H3K27ac in the NRVCs exposed to the ischemic conditions. Also, 

we found that eugenol administration under ischemic conditions led to the development 

of intense immunofluorescence stains in the NRVCs in comparison to the ischemic 

group. Apart from improving acetylation, we found that eugenol administration remarkably 

enhanced the cell viability under ischemic conditions. This is further corroborated by 

previous studies which indicated that eugenol administration improved cell viability [21] 

and reduced ischemia-reperfusion injury in the intestine and brain [21, 40].

Further, we found that the ischemic condition remarkably increases the level of ROS and 

mitochondrial ROS in the NRVCs. However, eugenol administration significantly reduces 

the generation of total ROS and mitochondrial ROS in the NRVCs under the ischemic 

condition. This is substantiated by previous studies indicating that eugenol administration 

significantly reduces oxidative stress-induced damage and improves the antioxidant defense 

response in the cells [41] [40] [42]. In corroboration with our study, Kumar et al reported 

that eugenol acts as a protective antioxidant agent during cadmium-induced oxidative 

stress in rat liver tissues through positive regulation of cellular antioxidant enzymes, 

including superoxide dismutase (SOD), catalase (CAT), glutathione-S-transferase (GSH)

[43]. Additionally, the authors showed that eugenol protects the cells from cadmium induced 

cellular stress through reduction of inflammatory cytokines i. e. TNF-α, IL-6. Similarly, 

another study by Bai and co-workers have reported that eugenol treatment (1.5%) enhanced 

CAT activity and facilitated the decomposition of H2O2 to limit H2O2-induced oxidative 

damage in fresh‐cut yam subjected to four-day storage. Further this study found that eugenol 

can reduce the oxidative stress in the cell through inhibition of lipid membrane peroxidation. 

Interestingly, the authors found that eugenol administration potentiated the scavenging 

capacity of DPPH (1,1-diphenyl-2-picrylhydrazyl (DPPH)-2,2-diphenyl-1picrylhydrazyl), 

ABTS (2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid), and FRAP (iron-reducing 

antioxidant capacity). Altogether, the study indicated that eugenol enhances antioxidant 

capacity of the cells via abrogating ROS-induced membrane lipid metabolism [44].
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Intriguingly, in our study we found that eugenol-dependent increase in H3K27ac was 

abolished in the presence of HAT blocker C646. This possibly indicated that eugenol-

dependent protective effects against prolonged ischemia were mediated via HAT-dependent 

increase in H3K27ac. Apart from this, we found that eugenol-dependent decline in ROS 

production was considerably abolished in the presence of C646. This indicates that eugenol 

exhibits protective effect against sustained ischemic injury via limiting the production of 

ROS.

Our RNA sequencing data revealed that ischemic condition significantly down-regulated 

3920 genes and up-regulated 3774 genes in comparison to normoxia. However, 

the administration of eugenol under ischemic conditions upregulated 159 genes and 

downregulated 111 genes in comparison to ischemia. Using the IPA software, we found 

that various biological processes involved in biosynthesis and metabolism were down-

regulated during ischemia. Among all the processes, cell death and survival pathways were 

considerably altered. Interestingly, we found that administration of eugenol under ischemic 

conditions remarkably upregulated the expression of certain down-regulated genes under 

ischemic conditions. Based on IPA data analysis, we found that the high mobility group 

nucleosome binding domain (HMGN1) is down-regulated during the ischemic condition 

compared to the normoxic condition. However, eugenol administration under ischemic 

conditions restored the expression of HMGN1. HMGN1 is a protein-coding gene which 

upon binding to the nucleosomal DNA facilitates the formation of transcriptionally active 

chromatin [45, 46].

Intriguingly, we found that during ischemic condition, acetylation is significantly reduced 

and eugenol administration under ischemic condition restores the decline in acetylation 

possibly by increasing HMGN1 gene expression. Thus, our RNA-seq data suggest that 

eugenol administration under ischemic condition replenishes HMGN1 gene expression 

which aids in the maintenance of open chromatin structure and facilitates transcriptional 

changes via increasing H3K27ac and H3K9ac to elicit cardioprotective effects. Similar 

to our study, another study shows that eugenol protects HEK‐293 and NIH‐3T3 cells 

from oxidative stress through regulating the expression of nuclear transcription factor 

erythroid 2 p45‐related factor 2 (Nrf2) protein. Further through gain in and knockdown 

approach the authors showed that Nrf2 protects the cells through diminishing the cellular 

ROS level [47]. Mechanistically, it was found that eugenol administration considerably 

increased the transcriptional activity of Nrf2 (nuclear transcription factor erythroid 2 p45‐
related factor 2) as well the concentration of Nrf2 protein in HEK‐293 and NIH‐3T3 

cells [47]. Further, it was demonstrated that Nrf2 modulates the antioxidant capacity of 

cells through the regulation of histone acetylation and modulation of antioxidant gene 

expression [48]. Additonally, our study shows that eugenol modulates the expression of 

Serine/threonine-protein phosphatase 2A catalytic submint alpha (PPP2Ca) gene, which 

encodes the catalytic subunit of Serine/threonine-protein phosphatase 2A (PP2A). Previous 

study shows that PP2A regulates the cellular epigenetic modification through the modulation 

of chromatin remodeling enzymes [49]. Apparently, a study has revealed that the expression 

of and activity of PP2Ais signfificantly reduced during hypoxic condition [50]. However, 

overexpression of PP2A induced protective effect during ischemia [51]. In our study, we 
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unfolded the fact that the found that expression of PPP2Ca decreased during ischemia and 

eugenol restored the expression of PP2Ca.

Apart from this, we also found that the expression of LOC100911730 (CD151) gene 

was also reduced during ischemia compared to normoxia. Apparently, the gene CD151 

encodes a protein which is a member of transmembrane 4 superfamily and mediates 

signal transduction for cellular growth and development [52–54]. In fact, the delivery of 

CD151 gene in in-vivo models of ischemia-reperfusion injury promoted neovascularization 

(angiogenesis and arteriogenesis), mitigated myocardial dysfunction via enhancing blood 

flow [55, 56], and augmented the expression of vascular endothelial growth factor (VEGF) 

[57] to improve the left ventricular function. Based on these studies, we have postulated that 

the expression of CD151 gene plays a robust role in regulating cell adhesion as well as cell 

survival during stressful conditions, including ischemia. Furthermore, in concordance with 

above-mentioned studies, our study found that the administration of eugenol under ischemic 

conditions possibly increases the expression of CD151 gene to induce cytoprotective effects. 

Owing to the crucial role of CD151, PPP2Ca and HMGN1 gene expression in modulating 

ischemia these can be exploited as a novel therapeutic target for the treatment of ischemic or 

other vascular disorders.

Conclusion:

Our study revealed that during stressful conditions, including ischemia there is a significant 

reduction in the acetylation of histone proteins, especially at H3K27ac and H3K9ac 

positions. These changes at the transcriptional level modulate the oxidative stress and 

viability in the cells to a large extent. However, eugenol administration under ischemic 

conditions significantly restored the decline in the acetylation of histone proteins at the 

H3K27ac and H3K9ac positions. This was accompanied with improved cellular viability 

and reduced oxidative stress. Also, the RNA-sequence analysis unveiled that there is 

modulation in the expression of three genes viz. HMGN1, PPP2Ca, and CD151 under 

ischemic conditions. But, eugenol administration under ischemic conditions replenished the 

decline in the expression of the HMGN1, PPP2Ca and CD151 genes. It is manifested that 

restoring HMGN1 and PPP2Ca gene expression may assist in maintaining open chromatin 

structure and facilitate transcriptional change via acetylation of histone 3.
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Highlights

• Ischemic condition considerably reduced active histone mark H3K27ac 

and significantly up-regulated repressive histone mark H3K27me3 in the 

cardiomyocytes.

• Eugenol administration under ischemic condition induced transcriptional 

changes and replenished active histone mark H3K27ac but reduced repressive 

histone mark H3K27me3 in the cardiomyocytes.

• Eugenol administration under ischemic condition reduces oxidative stress and 

improves cell viability through regulation of histone acetyltransferase activity.

• Eugenol possibly protects the cells from ischemia through modulation of 

HMGN1 and CD151 gene expression

Randhawa et al. Page 16

Free Radic Biol Med. Author manuscript; available in PMC 2024 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1: 
Histone acetylation significantly reduced during ischemia. (A-F) Western blots show the 

cellular acetylation and methylation during normoxia and ischemic condition. NRVCs were 

incubated in normoxia and ischemic condition for 24 h and western blots were performed 

using total protein lysate and blots were probed with H3K27ac, H3K9ac, total acetylation, 

H3K27me3 H3K9me3, GAPDH and histone antibodies. Graphs show the quantification 

data of the western blot (**, p value<0.05; ***, p value<0.05; ****, p value<0.0001). 

(G) The graph shows viability of NRVCs after exposing them to normoxic and ischemic 
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conditions (****, p value<0.0001). (H) Representative images show acetylation of NRVCs 

exposed to normoxia and ischemic condition for 24 h. Cells were fixed with 4% PFA 

and immunocytochemistry were performed with total acetylation (green) and actinin (red) 

antibodies and nucleus were stained with DAPI (blue). Images of fixed cells were captured 

by Keyence microscope and analyzed by BZ-X800 analyzer (n=50 cells in each condition).
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Figure 2: 
Schematic workflow of antioxidant compound library screening using a 96 well plate during 

ischemia. Cells were isolated from 1–2 days old neonatal rat heart and seeded onto 96 

well plates. Cells were incubated with antioxidant compound library and then incubated in 

hypoxia incubator for 24 hours. Cells were fixed and immunocytochemistry were performed 

with H3K27ac and actinin antibodies. Images were captured under fluorescence microscope.
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Figure 3: Graph shows quantification of histone acetylation after antioxidant compound library 
screening using NRVCs during ischemia.
Images of stained cells were analyzed by BZ-X800 analyzer fluorescence intensity were 

represented by G value.
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Figure 4: Effect of eugenol in cellular acetylation during ischemia
(A-B) The western blot shows the changes in cellular acetylation (total acetylation, 

H3K27ac and H3K9ac) and methylation (H3K27me3, H3K9me3) after subjecting the 

NRVCs to normoxia, ischemia and eugenol during ischemic conditions for a period of 24 

hours. The western blot was carried out using total protein lysate and the graph displays 

the quantification data of the western blot (**, p value<0.05; ***, p value<0.05; ****, p 

value<0.0001). (C-D) Representative microscopic images show cellular acetylation during 

ischemia. Cells were incubated with the ischemic condition for 24 hours and fixed with 4% 

PFA. Immunofluorescence staining of fixed NRVCs were performed with H3K27ac (green) 

and actinin antibody (red). Also, the nucleus was stained with DAPI (blue). The images were 

observed and analyzed using the fluorescent microscope. The graph shows the quantification 

data of the stained NRVCs under normoxic, ischemic conditions and in the presence of 

eugenol under ischemic conditions (***, p value<0.05; ****, p value<0.0001).
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Figure 5: Eugenol treatment reduces the free radical generation in cardiomyocytes during 
ischemia.
NRVCs were exposed to normoxia and ischemic condition for 24 h and then stained with the 

DHE stain and MitoSox stain and live cell imaging was done with the Keyence florescence 

microscope. (A-B) Representative microscopic images show NRVCs stained with DHE and 

the graph shows quantification of DHE staining. (C-D) Representative microscopic images 

show NRVC stained with MitoSox and the graph shows quantification of MitoSox staining. 

Quantification was done by ImageJ software. (*, p value<0.05; ****, p value<0.0001). (E) 

The graph displays the effect of normoxia, ischemia and eugenol in the presence of ischemia 
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on cell viability (***, p value<0.05; ****, p value<0.0001). Cellular viability of NRVCs 

were determined in presence of eugenol using CellTiter-glow reagent.
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Figure 6: (A-B) HAT blocker inhibits the eugenol mediated acetylation of histone during 
ischemia.
(A-B) The western blot shows the changes in H3K27ac during normoxia, ischemia, in the 

presence of eugenol under ischemic conditions, C646 (1μm) (HAT blocker), Eugenol+C646 

(1μm) under ischemic conditions. The graph shows the quantification data (*, p value<0.05; 

**, p value<0.05; ****, p value<0.0001). (C-D) Representative microscopic images show 

cardiomyocytes stained with DHE. NRVCs were subjected to normoxia, ischemia, eugenol, 

C646 (1μm) under ischemic conditions, Eugenol+C646 (1μm) under ischemic conditions 

and thereafter stained with DHE. The graph displays the quantification data of free radical 

generation during normoxia, ischemia, eugenol in the presence of ischemia, C646 (1μm), 

Eugenol+C646 (1μm) under ischemic conditions, (*, p value<0.05; ****, p value<0.0001)
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Figure 7: 
Differential expression analysis of RNA -seq data from NRVCs treated with eugenol and 

exposed to ischemic condition. (A) Volcano plot shows the differentially expressed genes 

in the NRVCs exposed to ischemic condition. (B) Volcano plot shows the differentially 

expressed genes in the eugenol treated NRVCs during ischemic condition. (C) A heat 

map shows comparison of differentially expressed genes in between NRVCs exposed to 

normoxia, normoxia with eugenol, ischemia, and ischemia with eugenol condition for 24 

hours. (D) The figure indicates the Pearson correlation between the samples. (E) The figure 

shows principal component analysis (PCA) of RNA-seq data.
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Figure 8: IPA analysis shows major pathways regulated during ischemia and effect of eugenol.
(A-C) Figures show that regulation of cellular pathways during ischemia. (D-F) Figures 

indicate effect of eugenol treatment in cellular function during ischemia. RNA-seq data were 

analyzed by IPA software.
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