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Nutraceuticals exert a series of health benefits, including protection against cardiovascular diseases. In 
this study, naringin, naringenin, and quercetin were tested for their safety and efficacy in ameliorating 
angiotensin (Ang) II-induced cardiac hypertrophy through carbonic anhydrase II (CA-II) inhibition. 
In silico molecular docking and MD simulations exhibited that naringin strongly binds CA-II with a 
docking score of -9.55 kcal/mol and hydrogen bonding energy of -6.07 kcal/mol. Naringin formed 
stable hydrogen bond interactions with Asn62, Trp5, and N-acetyl His4 via catalytic water molecule, 
and a continuous interaction via major water bridge with N-acetyl His4, His4, and Trp5. Moreover, 
naringin effectively inhibited CA-II activity with an IC50 value of 82.99 ± 4.92 nM, followed by naringenin 
and quercetin. Of note, all the tested nutraceuticals were found to be safe as evident from the cell 
viability assays. Further, naringin effectively attenuated cardiac hypertrophy, as indicated by the 
reductions in the Ang II-induced increases in cell surface area of H9c2 cardio myoblasts (165.6 ± 1.26% 
Ang II vs. 109.8 ± 1.88% Ang II + naringin), followed by naringenin and quercetin. Furthermore, naringin 
significantly inhibited CA-II activity (191.77 ± 7.69% Ang II vs. 120.16 ± 5.52% Ang II + naringin) and 
suppressed Ang II-induced CA-II and Na+/H+ exchanger 1 (NHE1) protein expression. Besides, naringin 
suppressed Ang II-induced CA-II, NHE1, Na+/Ca2+ exchanger 1 (NCX1), and angiotensin-converting 
enzyme (ACE1) mRNA expression. Collectively, naringin when compared to naringenin and quercetin 
effectively attenuated Ang II-induced cardio myoblast hypertrophy, CA-II activity, CA-II, and NHE1 
expression. The naringin-mediated attenuation of cardiac hypertrophy might be through the inhibition 
of CA-II enzyme activity, and the suppression of NHE1, and NCX1.
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Cardiovascular diseases account for the increased morbidity and mortality in India and worldwide. Globally, the 
three biggest causes of increased mortality are myocardial infarction, stroke, and heart failure1. Hypertension-
induced cardiac hypertrophy is one of the main risk factors for heart failure. Hypertension is caused by many 
factors, including increases in angiotensin (Ang) II levels, acid-base imbalance, sodium and calcium levels, and 
hyperactivity of membrane transporters, including NHE1, NCX1, and Sodium/Bicarbonate co-transporter 
(NBC). CA-II plays a significant role in cardiopulmonary diseases by regulating NHE1. CA-II influences 
NHE1 transport efficiency, with direct interaction at the C-terminal region, and regulates the NHE1 activity 
via phosphorylation2. It has been shown that the induced expression of NHE1 augments cardiac hypertrophy 
and myocardial pathology3. Notably, CA-II provides substrates for the membrane transporters such as NHE1, 
NBC, and Anion Exchanger-3 (AE3)4. NHE1, involved in the uptake of intracellular Na+, causes an overload of 
Ca2 + ions and involved in the uptake of intracellular Na+, causes an overload of Ca2 + ions and, thus, myocardial 
injury. Together, the elevated cardiac NHE1 and increased CA-II activity result in heart failure2–5. However, NHE1 
inhibition is also a sensible strategy to attenuate cardiac remodelling. However, a clinical trial reported a higher 
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incidence of mortality and cerebrovascular side effects with direct NHE1 inhibition6. Moreover, CA-II is a key 
enzyme that regulates NHE1 activity and provides the substrate for a transporter. Of note is that the inhibition of 
CA-II activity might indirectly suppress NHE1 activity and contribute to the reduced risk of heart diseases. The 
CA-II inhibition decreases inflammation and cardiac hypertrophy4. However, considering the adverse effects 
of the existing CA-II inhibitory drugs7,8. It is imperative to develop effective and safer nutraceutical-based 
treatment strategies for cardiovascular diseases. Multiple studies have shown that nutraceuticals, including 
quercetin, naringenin, and its glycoside component naringin, offer substantial protective effects against various 
cardiovascular diseases, including myocardial ischemia and cardiac hypertrophy9,10. Martinez et al. reported 
that nutraceuticals such as quercetin, naringenin and genistein showed direct cardiovascular actions. Testai et al. 
(2013) demonstrated that naringenin provides direct cardioprotective effects against damage caused by severe 
ischemia/reperfusion in Langendorff-perfused rat hearts11. Hence, in this study, we aim to test the nutraceuticals 
naringin, naringenin, and quercetin for their safety and efficacy as CA-II inhibitors, followed by evaluating their 
efficiency in attenuating angiotensin II-induced cardio myoblast hypertrophy using H9c2 cells.

Results
Molecular Docking
Naringin, naringenin, and quercetin exhibited similar interactions with CA-II compared to acetazolamide, a 
standard CA-II inhibitor. Among the docked nutraceuticals, naringin exhibited the highest docking score of 
-9.55 kcal/mol with a greater hydrogen bonding energy of -6.07 kcal/mol (Table 1). Besides, naringin binds well 
with NHE1, while naringenin and quercetin bind loosely to CA-II. These data suggest that naringin strongly 
interacts with the CA-II and NHE1 compared to naringenin and quercetin. However, in case of NHE1, naringin 
binds comparatively more efficiently with a docking score of -7.93 kcal/mol (Table 1). Of note, naringin exhibited 
a similar extent of binding as compared to acetazolamide (Table 1). Further, MM/GBSA was performed for all 
the docked complexes to validate the molecular docking findings.

MM/GBSA
The MMGBSA data of ΔG (binding energy), ΔG(Coulomb), ΔG (Covalent energy), ΔG(H−bond), ΔG(Lipo), and ΔG(vdW) are given 
in Table 1. Naringin showed an acceptable Gtotal and hydrogen bond score. However, the total ΔG (total binding energy) 
was found to be superior (-29.83 kcal/mol) against CA-II among the tested nutraceuticals (Table 1). Naringenin 
and quercetin showed the least binding with CA-II. It is worth noting that similar observations were reflected in 
the case of NHE1 with less efficiency, as represented in Table 1. The more coulombic forces and Van der Waals 
forces are observed to be governed by naringin during interaction with CA-II. However, in case of NHE1, Van 
der Waals forces contributed more to binding with naringin. Hence, CA-II complexed with naringin, naringenin, 
quercetin, and acetazolamide were analysed to understand the naringin-CA-II complex stability and interaction 
strength by molecular dynamics.

*Standard CA-II inhibitor drug.

Molecular dynamics simulations
RMSD is one of the fundamental factors which is used to estimate protein stability compared to the initial 
structure. RMSF analysis was performed to evaluate the average fluctuations of residues during the simulation. 
In this study, naringin formed stable interactions with CA-II throughout 200 ns, and protein RMSD and ligand 
RMSD fluctuated within the limit ranging from 1-2.2Å. In the first phase of the interaction, protein RMSD 
was found to be stable throughout 200 ns, and ligand RMSD fluctuated from 10 ns to 130 ns (Fig. 1a). Herein, 
the seventh oxygen atom of naringin showed bonding with Asn62 and Asn61 of CA-II (Fig. 1b and e). Based 
on these observations, it is confirmed that the naringin and CA-II form stable complex throughout molecular 
dynamic simulations. The two-dimensional pictorial representation exhibits hydrogen bonds between naringin 
and amino acid residues Asn62, Trp5, and N-acetyl His4 (ACE3) of CA-II via a catalytic water molecule (Fig. 1b 
and d). The L-RMSF plot of naringin with CA-II shows that oxygen atoms 7, 9, and 14 form active interactions 
with strengths of 32%, 59%, and 30%, respectively (Fig. 1b and c) and with Glu69 with bond strength of 31%. 
Naringin forms a major water bridge with His4, Trp5, and Asn62, which is a continuous interaction (Fig. 1e), 

Protein Ligands
Molecular docking (kcal/
mol) MMGBSA ΔG (Bind) (kcal/mol)

Docking Score XP HBond Total Coulomb Hbond Lipo Packing vdW

Carbonic anhydrase II (PDB: 1A42)

Naringin -9.55 -6.07 -29.83 -40.98 -4.25 -8.31 -0.51 -25.61

Naringenin -6.08 -1.81 9.29 -29.11 -1.52 -4.57 -3.17 -30.21

Quercetin -5.98 -1.73 11.68 -8.66 -1.36 -10.09 -2.52 -31.20

*Acetazolamide -2.18 -0.54 -11.65 -18.71 -1.53 -4.23 -1.35 -26.68

NHE1 (PDB:7DSX)

Naringin -7.93 -2.75 -25.89 -16.52 -2.76 -16.49 -2.43 -40.95

Quercetin -6.77 -1.79 -25.39 -9.99 -2.19 -12.43 -3.17 -26.12

Naringenin -6.07 -1.00 -28.11 -15.06 -1.68 -12.16 -2.71 -19.67

*Acetazolamide -2.20 -1.00 -15.83 -17.47 -2.24 -3.08 -1.98 -26.07

Table 1.  Molecular Docking and molecular mechanics data of Naringin, naringenin, Quercetin and 
Acetazolamide.
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and the number of contact points is represented in color-coded form (Fig. 1e). Naringin forms hydrogen bonds 
with Asn67 and Glu69. Hence, the catalytical water molecules play a vital role in holding naringin in the putative 
binding site of CA-II.

Naringenin also formed stable interactions and hydrogen bonds with Asn62, Trp5, and ACE3 of CA-II via 
a catalytic water molecule (Figure S1a and S1b). The L-RMSF plot of naringenin with CA-II showed that the 
oxygen atoms 1, 2, 3, and 5 form active interactions with strengths of 42%, 33%, 32%, and 42%, respectively 
(Figure S1c). Of note, naringenin formed a major hydrophobic interaction with Tyr7 and Ala65 and hydrogen 
bonding with Asn62, His64, and Glu92, which is a continuous interaction (Figure S1d), and the contact points 
are represented in color-coded form (Figure S1e). The RMSD of quercetin and CA-II exhibited a stable complex 
(Figure S2a), having hydrogen bonds with ACE3 and Gln36 (Figure S2b). The L-RMSF plot of quercetin with 
CA-II showed that oxygen atoms 4 and 6 form active interactions with strengths of 33% and 36%, respectively 
(Figure S2c). Quercetin formed hydrophobic interactions with Tyr7 and Ala65, hydrogen bond, and water bridge 
with ACE3 and Gln92, which is a continuous interaction (Figure S2d), and the contact points are represented in 
color-coded form (Figure S2e).

Notably, RMSD of acetazolamide and CA-II remained stable with a strong interaction between the nitrogen 
of acetazolamide and zinc atom of CA-II active site and hydrogen bonding with Asn62, Tyr7, and Thr200 via 
catalytic water (Figure S3a and S3b). L-RMSF plot of acetazolamide with CA-II showed that oxygen atoms 3, 4, 
and 6 form active interactions with strengths of 83%, 94%, and 63%, respectively (Figure S3c). Acetazolamide 
formed hydrophobic interactions with Tyr7, His94, Val143, and Trp209, hydrogen bond and water bridge with 
Thr199 and Thr200, which is a continuous interaction (Figure S3d), and the contact points are represented in 
color-coded form (Figure S3e).

Collectively, in silico data demonstrated a strong binding affinity between naringin and CA-II with multiple 
interactions, including hydrogen bonding, ionic bonding, hydrophobic interactions, and water bridges. 
Moreover, the binding orientation of naringin was similar to that of acetazolamide, suggesting the potential of 
naringin as an effective CA-II inhibitor.

Carbonic anhydrase-II inhibitory activity
A series of concentration-dependent inhibition assays were performed to determine the effective enzyme 
inhibitory concentrations of individual molecules. Of the tested molecules, naringin and acetazolamide 
significantly inhibited CA-II enzyme activity at nanomolar concentrations while naringenin and quercetin 

Fig. 1.  Molecular dynamics simulations of naringin with CA-II. (a) RMSD of naringin and CA-II complex, 
giving insight into its structural conformation throughout the simulation, showing fluctuation within the 
acceptable limit. (b) 2D geometrical interactive plot showing interactions of amino acids with naringin. (c) 
L-RMSF depicting the interaction of naringin atoms (given in percentage) with CA-II throughout the MDSs. 
(d) Summary of the interactions of CA-II-naringin complex in a normalized stacked bar chart. (e) The contact 
strengths between the putative binding site amino acids of CA-II with naringin throughout the MDS’s up to 
200ns.

 

Scientific Reports |        (2025) 15:11789 3| https://doi.org/10.1038/s41598-025-95537-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


exhibited enzyme inhibitory activity at micromolar concentrations (Figure S4). Importantly, the concentrations 
of the tested molecules ranged from 1 nM to 1 mM, and henceforth, to ensure precise and accurate inhibitions, 
the varied concentrations of individual were considered. Among the tested nutraceuticals, naringin efficiently 
inhibited CA-II activity with an IC50 value of 82.99 ± 4.92 nM (Fig. 2a). The inhibitory efficiency of naringin is 
comparable, yet higher than acetazolamide, a standard CA-II inhibitor (IC50 value 26.23 ± 0.376 nM; Fig. 2b), 
followed by naringenin and quercetin (IC50 values of 68.95 ± 0.56 µM and 70.44 ± 2.50 µM respectively) (Fig. 2c 
and d). Further, these nutraceuticals were tested for their toxicity and effects on Ang II-induced cell hypertrophy.

Cell viability
Cell viability analysis of naringin, naringenin, and quercetin did not show cytotoxicity in H9c2 cells (Fig. 3a-
c), which is similar to that of acetazolamide and losartan (Figure S5a-b). The cells treated with angiotensin II 
alone (Figure S5c) showed 87% viability at its concentration of 200nM. Of note, naringin, naringenin, quercetin 
(80µM), acetazolamide, and losartan (60µM) were found to be protective, and thus, these doses were considered 
for the evaluation; thus, these doses were considered to evaluate hypertrophy parameters.

Cardio myoblast hypertrophy
Naringin, naringenin, quercetin, and standard drugs were tested for their efficacy in attenuating Ang II-induced 
cardio myoblast hypertrophy. Of note, Ang II-induced cell hypertrophy, as indicated by the increased cell surface 
area (165.6 ± 1.26% vs. 100% control). Besides, naringin effectively attenuated Ang II-induced hypertrophy 
(109.8 ± 1.88% vs. 165.6 ± 1.26%), followed by naringenin (115.15 ± 1.46%), which is similar to that of losartan 
(106.87 ± 1.69%). However, acetazolamide and quercetin exhibited moderate effects on Ang II-induced cell 
hypertrophy (126.36 ± 1.8% and 132.37 ± 2.53% respectively) when compared to naringin and naringenin 
(Fig. 4).

Fig. 2.  Concentration-dependent inhibition of CA-II by nutraceuticals (a) naringin, (b) acetazolamide, (c) 
naringenin and (d) quercetin. The decreased concentration of P-nitrophenol in the test reaction compared 
to control and enzyme activity reaction was expressed as percentage of CA-II inhibition. Data represents 
mean ± SEM (n = 3).
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Carbonic anhydrase-II activity
The effect of nutraceuticals on CA-II activity in Ang II-induced cardiac hypertrophy were analysed. Ang II-
induced cell hypertrophy, as indicated by the increased CA-II activity (191.77 ± 7.69% vs. 100% control). Besides, 
naringin effectively attenuated Ang II-induced hypertrophy (120.16 ± 5.52% vs. 191.77 ± 7.69%), followed by 
naringenin (115.15 ± 1.46%), which is similar to that of losartan (106.87 ± 1.69%), which is almost similar to that 
of standard CA-II inhibitor acetazolamide (114.79 ± 2.51%) and antihypertensive drug losartan (111.23 ± 4.18%) 
followed by naringenin and quercetin exhibited moderate inhibitory activity of CA-II (133.63 ± 11.8% and 
133.64 ± 8.03% respectively) when compared to controls. Naringin, acetazolamide and losartan significantly 
reduced Ang II-induced CA-II activity compared to other tested molecules (Fig. 5).

Immunoblotting
The expression levels of CA-II and NHE1 and the effect of nutraceuticals on CA-II and NHE1 levels were analysed 
using immunoblot technique. Ang II-induced group showed the increased expression levels of CA-II and NHE1 
proteins when compared to control. Of note, naringin, naringenin and losartan significantly suppressed Ang II-
induced CA-II expression compared to acetazolamide and quercetin (Fig. 6). Besides all the tested compounds 
profoundly suppressed Ang II-induced NHE1 protein expression (Fig. 6). However, naringin and naringenin 
significantly supressed CA-II and NHE1 expression, similar to that of antihypertensive drug losartan, followed 
by acetazolamide and quercetin.

Gene expression
Ang II significantly enhanced the mRNA levels of CA-II, NHE1, NCX1, and ACE1 in H9c2 cells compared to 
controls. Of note, all the tested nutraceuticals significantly attenuated Ang II-induced mRNA levels. However, 
naringin seems more effective in suppressing Ang II-induced gene expression than naringenin and quercetin. 

Fig. 4.  Attenuation of Ang II-induced cell hypertrophy by nutraceuticals, as measured by the surface area of 
H9c2 cells. Cell surface area represented as mean value ± SEM (n = 3) (# vs. control group; * vs. Ang II group; * 
P, 0.05, ## and **P, 0.01, ### and ***P, 0.001).

 

Fig. 3.  Dose-dependent cytotoxicity of nutraceuticals (a) naringin, (b) naringenin, and (c) quercetin on H9c2 
cells, as determined by MTT assay. Data represents mean ± SEM (n = 3) (*p < 0.05, **p < 0.01 ***p < 0.001).
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Besides, the effect of naringin on Ang II-induced gene expression was similar to that of losartan and acetazolamide 
(Fig. 7). comparison attenuated Ang II-induced cardio myoblast hypertrophy, CA-II activity mRNA, and protein 
expression levels of CA-II and NHE1 compared with naringenin and quercetin.

Discussion
Despite available treatment for cardiac hypertrophy and heart failure, many patients still experience disease 
progression, highlighting the need for additional measures12. Importantly, nutraceuticals and dietary as well 
as lifestyle measures are advised due to their safety, affordability, and potential as preventive medicine13. So 
far, various nutraceuticals have been reported to alleviate oxidative and endoplasmic reticulum stress, support 
nitric oxide and hydrogen sulphide bioactivity, prevent cardiomyocyte pH reduction, and positively regulate 
cardioprotective hormones14. Moreover, nutraceuticals offer a promising approach into managing cardiac 
hypertrophy by targeting various pathways involved in inflammation, oxidative stress, and metabolic regulation13.

Of note, the flavonoids have shown potential in attenuating cardiac hypertrophy and are known for anti-
inflammatory and antioxidant activities15. Importantly, the flavonoids could protect endothelial function, which 
is vital for maintaining cardiovascular health16. They prevent the oxidation of low-density lipoprotein and 
offer vasodilatory effects, helping to reduce the workload on the heart17. Quercetin has been shown to possess 
cardioprotective effects, including ACE inhibition, antioxidant, and anti-inflammatory properties18. Quercitrin 
could reduce the creation of ROS and promote the regeneration of endogenous antioxidant defences, which 
have been linked to the suppression of oxidative stress19. The ability of quercetin to inhibit the renin-angiotensin 
system (RAS) is crucial in the regulation of blood pressure and fluid balance since the overactivation of RAS 
leads to cardiac hypertrophy18.

Fig. 5.  Inhibition of Ang II-induced CA-II activity by nutraceuticals in H9c2 cells (# vs. control group; * vs. 
Ang II group; *P, 0.05, ## and **P, 0.01, ### and ***P, 0.001). Data represents mean ± SEM (n = 3).
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Naringin and naringenin are also flavonoids with proven efficiency in cardioprotection. Notably, naringenin 
attenuates cardiac hypertrophy induced by various factors20,21,. For instance, naringenin can reduce oxidative 
stress and inhibit the AMPK/NOX2/MAPK signalling pathway, which is involved in of developing cardiac 
hypertrophy20. Additionally, naringenin has been shown to inhibit the PI3K/Akt, ERK, and JNK signalling 
pathways, further contributing to its cardioprotective effects20. Similarly, naringin exhibits cardioprotective 
properties and has been shown to control the serum levels of creatinine, blood urea nitrogen, and other markers 
of cardiac health. Also, naringin can ameliorate cardiac toxicity and hypertrophy, displaying its importance as a 
preventive medicine for cardiovascular diseases22.

The literature reveals that the NHE1, NCX1, and CA-II play interconnected roles in maintaining cardiac 
function, and their dysregulation might contribute to an imbalance in cardiac function, including hypertrophy23–25. 
CA-II activates the NHE1 efflux through the interaction with the C-terminal of NHE1 and donates H+ ion as 
a substrate for NHE126,27. NHE1 activity affects intracellular pH, which in turn influences NCX1 function23. 
The changes in intracellular pH can modulate NCX1 activity, affecting Ca2+ homeostasis28,29. Thus, the intricate 
relationship between NHE1, NCX1, and CA-II might impact cardiac contractility, arrhythmogenesis, and overall 
cellular homeostasis.

In this study, quercetin, naringenin, and naringin showed a higher affinity towards CA-II. MD simulation 
results suggested the similarity between naringin and acetazolamide in their binding pattern, binding regions, 
and bonding interactions. The MM/GBSA score is important in validating in silico molecular docking data, and 
the bioactivity data set is typically linked with MM/GBSA scores13. Of note, Gscore was calculated to validate 
molecular docking results and predict the protein-ligand complex’s behavior. Naringin showed a sufficient Gscore 
and hydrogen bond score and higher binding energy than other compounds. Naringenin and quercetin showed 
the least binding with CA-II. It is worth noting that similar observations were reflected in the case of NHE1 with 
less efficiency, as represented.

MDSs were employed to study the molecular dynamics of a docked complex of ligands against the targeted 
macromolecule. The molecular docking analyses revealed that the naringin formed stable interactions with 
CA-II via four ionic bonds, nine hydrogen bonds, and six hydrophobic interactions. In contrast, acetazolamide 
formed four ionic bonds, four hydrogen bonds, and four hydrophobic interactions. Moreover, the binding 
mode of naringin was similar to that of acetazolamide. On the other hand, naringenin and quercetin formed 
four and seven hydrogen bonds respectively, with CA-II, and did not form ionic bonds. However, naringenin 
and quercetin had three and two hydrophobic interactions with CA-II, respectively. Importantly, naringin 
and acetazolamide were similar in making ionic and hydrogen bonding and showed similar binding modes. 

Fig. 6.  Effect of nutraceuticals on CA-II and NHE1 protein expression in H9c2 cells. The β-actin served as 
internal control. Data represents mean ± SEM (n = 3) (# vs. control group; * vs. Ang II group; * P, 0.05, ## and **P, 
0.01, ### and ***P, 0.001). (Original blots/gels are presented in Supplementary Figure S6-S8)
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Overall, the in-silico data confirmed a strong binding affinity of naringin for CA-II and the similarity in binding 
orientations of naringin and acetazolamide with CA-II.

In this study, we tested naringin, naringenin, quercetin along with acetazolamide for their CA-II inhibitory 
efficacy in vitro and demonstrated their efficacy in attenuating cardiac hypertrophy in comparison with losartan 
in H9c2 cells. Acetazolamide, a standard CA-II inhibitor is widely used as diuretic drug in humans30,31 and 
losartan, an angiotensin II receptor blocker exert antihypertensive effects through distinct mechanisms32. The 
antihypertensive mechanism of acetazolamide involves the reduction of sodium bicarbonate reabsorption in the 
kidney33. This leads to loss of bicarbonate in the urine, pulling water along with it, reducing plasma volume and 
extracellular fluid volume, thus lowering blood pressure33,34. On the other hand, losartan exerts antihypertensive 
effect by blocking angiotensin II binding to the AT1 receptor, thus suppressing angiotensin II-mediated effects 
including vasoconstriction, systemic vascular resistance and aldosterone secretion. Together, losartan reduces 
hypertension by decreasing sodium and water retention, blood volume and preload32. Remarkably, naringin 
exhibited higher inhibitory potential with an IC50 value at a nanomolar concentration, comparable with the 
standard CA-II inhibitor acetazolamide. In contrast, quercetin and naringenin were effective at micromolar 
concentrations. Of note, previously, the studies have also reported similar CA-II inhibitory effects of naringin 
and quercetin35,36.

Previously, naringin exhibited the cardioprotective effects against anoxia/reoxygenation injury at a 
concentration of 40 µg/mL (equivalent to 68.90 µM) in H9c2 cells37, while 80 µM of naringenin protected against 
hypoxia/reoxygenation injury in cardiomyocytes38. In another study, 30 µM and 100 µM quercetin demonstrated 
cardioprotection against oxidative stress-induced cell death, with no cardiotoxic effects observed even at 
higher concentrations39. Considering the safety, efficacy, and preliminary standardization, the nutraceutical 
concentrations of 80 µM were tested in H9c2 cells. Importantly, 80 µM naringin, naringenin, and quercetin did 
not display toxicity against H9c2 cells, which is also evident from other studies37,38,40. Further, Ang II-induced 

Fig. 7.  Effect of nutraceuticals on (a) CA-II, (b) NHE1, (c) NCX1, and (d) ACE1 gene expression in H9c2 
cells. The β-actin served as internal control. Data represents mean ± SEM (n = 3). Data represents mean ± SEM 
(n = 3) (# vs. control group; * vs. Ang II group; * P, 0.05, ## and **P, 0.01, ### and ***P, 0.001).
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hypertrophy model using H9c2 cardio myoblasts41 was considered for testing the effects of these nutraceuticals 
and standard drugs. Notably, naringin attenuated Ang II-induced cell hypertrophy, and the effect was similar 
to that of losartan, while superior to acetazolamide, naringenin, and quercetin. Moreover, the drug treatment 
alone did not show increases in cell hypertrophy or cell death, suggesting the safety and efficacy of naringin in 
the attenuation of cardiac hypertrophy.

It has been shown that the pro-hypertrophic agonist Ang II acts on G-protein-coupled receptors42, which in 
turn activates protein kinase C and indirectly stimulates NHE1 via mitogen-activated protein kinase43. Besides, 
the catalytic activity of CA-II generates and provides H+ ions to NHE1, thus stimulating the efflux action of 
NHE1. Of note, NHE1 activation eventually led to the rise in cytosolic Na+ ions44, which compromises or 
reverses the ability of Na+ / Ca2+ exchanger1 (NCX1). Physiologically, NCX1 is involved in the efflux of Ca2+ 
ions, driven by the transmembrane Na+ ion gradient. However, the dysregulated NCX1 increases intracellular 
Ca2+ levels and activates calcineurin, eventually contributing to the development of cardiac hypertrophy and 
heart failure (Fig. 8)45–47.

To decipher the mode of action of nutraceuticals, the cell lysates were evaluated for both the protein and 
mRNA expression levels of CA-II and their counterparts. Importantly, the cell lysates of Ang II-induced 
hypertrophic cells exhibited significant increases in CA-II enzyme activity. However, Ang II-induced increases 
in CA-II enzyme activity were effectively inhibited by naringin. Likewise, naringenin and quercetin moderately 
inhibited CA-II enzyme activity. Of note, the observed enzyme inhibitory efficiency of naringin was similar 
to acetazolamide and losartan. It is critical to understand that the CA-II regulates NHE1 and NCX1, thus 
contributing to cardiac hypertrophy2. Hence, the Ang II-induced expression levels of CA-II and NHE1 proteins 
and the effect of nutraceuticals on Ang II-induced CA-II and NHE1 protein levels were analysed. Importantly, 
Ang II increased CA-II and NHE1 protein levels, while naringin and losartan significantly suppressed Ang II-
induced CA-II protein expression. On the other hand, naringenin efficiently suppressed Ang II-induced NHE1 
protein expression, followed by naringin, losartan, quercetin, and acetazolamide.

Lastly, the mRNA expression analyses were undertaken to comprehend the nutraceutical-mediated molecular 
mechanisms. It is known that CA-II, NHE1, and NCX1 interplay, as well as ACE1 expression, play a key role in 

Fig. 8.  Schema showing possible mechanisms of actions of naringin on CA-II-mediated signal transduction 
pathways involved in the development of Ang II-induced cardiac hypertrophy, via negative regulation of CA-II, 
NHE1, NCX1 and ACE1.
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cardiac hypertrophy48. Principally, CA-II, NHE1, NCX1, and ACE1 mRNA levels were significantly amplified in 
Ang II-infused hypertrophic cells. Though, all the tested nutraceuticals attenuated Ang II-induced mRNA levels, 
naringin alone was found to be effective and similar to that of losartan and acetazolamide. Collectively, naringin 
might have inhibited CA-II enzyme activity either through direct interaction with CA-II protein or regulation of 
mRNA and protein expression levels of CA-II. Furthermore, naringin-mediated regulation of CA-II expression 
and enzyme activity along with the suppression of NHE1, NCX1, and ACE1 might have collectively contributed 
to the attenuation of Ang II-induced cardiac hypertrophy (Fig. 8).

Conclusions
Naringin, naringenin, and quercetin were found to be safe and effective at 80 µM concentrations in ameliorating 
Ang II-induced cardio myoblast hypertrophy. Of note, nutraceutical-mediated attenuation of cardio myoblast 
hypertrophy corresponds to the inhibition of CA-II enzyme activity and suppression of CA-II and NHE1 
expression. Perhaps, nutraceutical-mediated effects might be through the suppression of CA-II-mediated 
signal transduction pathways involved in the development of Ang II-induced cardiac hypertrophy, via negative 
regulation of CA-II, NHE1, NCX1 and ACE1.

Materials and methods
Materials
Carbonic anhydrase II (Cat# C2522-5MG), Quercetin (Cat# 1592409), naringin (Cat# N1376-25G), naringenin 
(Cat# N5893-5G), acetazolamide (Cat# A6011-10G), losartan (Cat# SML3269-10MG), angiotensin II (Cat# 
A9525), 4-nitrophenyl acetate (Cat. No: N8130-5G), and crystal violet (Cat# 61135) were obtained from Sigma 
(St. Louis, MO, USA). Nitrocellulose membrane (Cat# 1620115) and ECL substrate (Cat. No: 1705060) were 
obtained from BioRad Laboratories (USA). MTT assay kit (Cat# CCK003-1000 LOT# 0000578578) was from 
HiMedia Laboratories Pvt Ltd (Bengaluru, India), DMEM medium (Cat# 12100046), FBS (Cat# A3160801), 
penicillin, and streptomycin (Cat# 10378016) from Gibco (Grand Island, NY, USA). Internal control β-actin 
(Cat#4967, LOT #ZC385732), Primary antibodies for CA-II (Cat# MA5-49145 LOT#ZA4177591) and Nhe-1 
(Cat# PA5-116471, LOT #ZA4173385B), secondary antibodies, goat anti-mouse IgG2b (Cat# A-21242, LOT 
#2465093), and goat anti-rabbit IgG (Cat# 32460 LOT #YK383320), and BCA assay kit (Cat#23235) were from 
Thermo Fisher Scientific (Waltham, MA, USA). Prime Script RT Reagent (Cat# RR037A LOT#AN51001N) and 
TB Green® Premix Ex Taq II (Tli RNaseHPlus) (Cat# RR820A LOT #AN41007N) obtained from TaKaRa (Shiga, 
Japan). All primers were from Integrated DNA Technologies (Singapore).

Molecular Docking
The in-silico docking methods were performed as described previously by Jiang et al.49. CA-II (PDB ID: 1A42)50 
and NHE1 (PDB ID: 7DSX)51 Were retrieved from the Protein Data Bank (PDB). Each protein was constructed 
using automated default parameters, ensuring accurate bond configurations and charge assignments. The protein 
preparation involved the retention of catalytic water molecules and the application of an OPLS3 force field 
for the minimization52. A root-mean-square deviation (RMSD) of 0.30Å was set for heavy atom convergence 
before docking in Maestro’s Prime module, and a receptor grid of 30Å was generated. Structures of naringin, 
naringenin, quercetin and acetazolamide were imported from the PubChem database. Energy minimization 
was performed with OPLS3 for each ligand, followed by extra-precision docking to evaluate docking scores53.

MM/GBSA calculation
Molecular mechanics with generalized Born and surface area solvation (MM/GBSA) is a widely used technique 
to estimate the free energy associated with binding small ligands to biological macromolecules. It lies between 
rigorous alchemical perturbation approaches and empirical scoring functions regarding accuracy and 
computational complexity. MM/GBSA was employed to predict binding free energies (ΔGbind) of quercetin, 
naringin, naringenin, and acetazolamide to CA-II and NHE154. The docked complex structures were visualized 
using the pose viewer, and the results were analyzed using the Prime MM/GBSA module in Maestro, force field 
OPLS3 and VSGB 2.0 solvation model was used in Maestro to predict ΔGbind55The binding free energy was 
calculated using the minimized energies of the receptor, ligand, and receptor-ligand complex, using the equation 
below to calculate ΔGbind.

∆G (bind) = Ecomplex (minimized) − − [Eligand (minimized) + Rreceptor (minimized)]

Molecular dynamic simulations (MDSs)
The MDSs were performed on a 64-bit Ubuntu 20.04 system using the Maëstro software. The docking scores 
for CA-II with ligands, validated through MM/GBSA, were utilized in the MDSs. The protein-ligand complex 
was solubilized using the TIP3P water model by employing the system-builder option within an orthorhombic 
periodic boundary box. To achieve charge neutrality, Hg²⁺ ions (2.403 mM), Cl⁻ ions (52.875 mM), and Na⁺ 
ions (50.472 mM) were added. The default relaxation method from the Desmond program was applied for 
MDSs, maintaining several atoms, pressure, and temperature under NPT ensemble conditions at 310 K and 
1 atmosphere. The analysis focused on root mean square deviation (RMSD), root mean square fluctuation 
(RMSF), and total energy of the complexes, utilizing event analysis and simulation-interaction diagrams over a 
simulation period of 200 nanoseconds56,57.

CA-II inhibitory assay
P-nitrophenyl acetate, a synthetic substrate, is hydrolyzed by CA-II to create p-nitrophenol, which exhibits an 
absorption peak at 405 nm. The generation of p-nitrophenol enables colourimetric detection of the product 
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and subsequent estimation of CA-II activity57. In summary, a 96-well plate was filled with triplicate solutions 
of 1.26 U/180 µl of CA-II in the presence or absence of inhibitors and 3 mM of p-nitrophenol acetate. The 
reaction buffer contained 50 mM TrisSO4, pH 7.6, and a final volume of 180 µl. The changes in the absorbance 
at 405 nm following a 30-minute incubation period at 25 °C were detected and recorded using a MultiskanTM 
FC Microplate photometer. The maximal activity obtained without an inhibitor was considered 100% activity 
and used to define the % inhibition. IC50 values were computed from a graph of per cent inhibition vs. inhibitor 
concentration using GraphPad Prism 8.0 software.

Cell culture
H9c2 embryonic rat heart-derived cells were obtained from NCCS, Pune. The cells cultured in DMEM medium 
were enriched with 10% FBS, 3.7 g/L NaHCO₃, and antibiotics (streptomycin at 100 µg/ml, penicillin at 100 U/
ml). Cells were maintained in a humidified incubator with an atmosphere of 95% oxygen and 5% carbon dioxide. 
For various assays, the cells were seeded at different densities: 0.5 × 104 cells per well in 96-well plates for cell 
viability tests, 3 × 104 cells in 24-well plates for crystal violet staining and surface measurement, and 1 × 106 cells 
in 6-well plates for extracting proteins and mRNA.

Cell viability assay
The MTT assay was performed to analyze the effects of the test compounds. For this, a density of 0.5 × 104 
cells per well was seeded in 96-well plates, allowing the culture plate to get 70–85% confluence. Once cells are 
confluent, they were exposed to different concentrations of quercetin, naringenin, and naringin and standard 
CA-II inhibitor acetazolamide, antihypertensive drug losartan (20, 40, 60, 80, and 100µM), and Ang II at (50, 
100,150, 200, and 250 nM). Acetazolamide and nutraceuticals were dissolved in a final DMSO concentration 
of less than 0·1% (v/v). Control cells received the same dosage of DMSO as a vehicle. The control and treated 
cells were incubated for 48 h. Then, MTT solution (1 mg/mL) was added to each well at a volume of 70 µL and 
incubated for 3 to 4 h. Afterwards, the media was discarded, and 200 µL of DMSO and ethanol (50:50) was 
added to each well to dissolve the formazan crystals. The plates were then gently shaken at room temperature for 
5 to 10 min and the absorbance was measured at 570 nm by a multimode plate reader ((Multiskan Sky, Thermo 
Fisher Scientific). The percentage of cell viability was calculated as the relative absorbance of the treated cells vs. 
untreated control cells58.

Cell surface area measurement
Crystal violet staining of H9c2 cardio myoblasts was employed as previously reported, with slight modifications41. 
Briefly, treated cardiomyoblasts were rinsed 2–3 times with PBS, incubated with 3% crystal violet dissolved in 
methanol for 1 h at room temperature, and washed the wells with PBS until the stain was removed. Then, the 
cardiomyoblasts were observed under a light microscope. The cross-sectional area of at least 100 representative 
cells from each experimental group was quantified using microscopic images captured from randomly selected 
fields. The measurements were performed using ImageJ software.

Protein extraction
Cells were seeded into a 10 cm dish at a density of 2.5 × 105. Dishes were grouped into 12 groups: control, Ang 
II (200nM) alone; nutraceutical (quercetin, naringenin, and naringin; 80 µM) alone; nutraceutical with Ang II, 
acetazolamide (60 µM) alone, acetazolamide with Ang II, losartan (60 µM) alone, and losartan with Ang II. The 
cells were then harvested in cell lysis buffer [4% sodium dodecyl sulfate in 50 mM triethylammonium bicarbonate, 
with 1 mM sodium orthovanadate, 2.5 mM sodium pyrophosphatase, and 1 mM beta-glycerophosphate] after 
48 h and cells were lysed by sonication on ice with discontinuous disruption at 30% amplification. The cells were 
centrifuged at 12,000 g for 30 min at 4ºC, supernatants were transferred to sterile tubes and stored at -20 ºC for 
further experiments59.

Protein expression studies
Protein concentration was estimated using a BCA protein estimation kit. The protein (20 µg) samples were loaded 
onto SDS- PAGE (NHE1- 10% gel and CA II 12% gel, respectively) for the western blot analyses. The proteins 
were blotted using a nitrocellulose membrane and blocked with 5% BSA in 1X PBST. Next, the nitrocellulose 
membrane was independently incubated with primary antibodies (NHE1 and CA II − 1:500 dilutions) at 4 ºC 
temperature overnight and then with respective HRP-conjugated secondary antibodies (1:3000 dilution) for 
90 min at room temperature. The protein bands were observed using ECL substrate (Bio-Rad), and densitometry 
analyses were performed using ImageJ software59. The β-actin was used as a reference control.

Gene expression studies
Cells were seeded into a 10 cm dish at a density of 2.5 × 105. Dishes were grouped into 12 groups: control, Ang 
II (200nM) alone; nutraceutical (quercetin, naringenin, and naringin; 80 µM) alone; nutraceutical with Ang 
II, acetazolamide (60µM) alone, acetazolamide with Ang II, losartan (60 µM) alone, and losartan with Ang 
II. Total RNA was extracted from cell lysates using Tri-reagent and then reverse-transcribed into cDNA using 
Prime Script RT Reagent (TaKaRa) cDNA synthesis kit for CA-II, NHE1, NCX1, and ACE1 (Table 2). Reverse 
transcription PCR (RT-PCR) was performed using TB Green® Premix Ex Taq II (Tli RNaseHPlus) SYBR Green 
PCR Master Mix. The β-actin serves as the reference control60.

Statistical analysis
All data were expressed as mean ± standard error (n = 3). Statistical analyses were conducted using GraphPad 
Prism 8.0 software. One-way analysis of variance (ANOVA) was used to evaluate significant difference among 

Scientific Reports |        (2025) 15:11789 11| https://doi.org/10.1038/s41598-025-95537-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


multiple groups followed by Dunnett’s test61–63. A value of p < 0.05 was considered statistically significant. 
*p < 0.05; **p < 0.01; ***p < 0.001.

Data availability
The data could be obtained upon request to the corresponding author.
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