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Abstract
Naringin (NAR), a flavanone glycoside, occurs widely in citrus fruits, vegetables, and alcoholic beverages. Despite evidence 
of the neuroprotective effects of NAR on animal models of ischemic stroke, brain cell-type-specific data about the anti-
oxidant efficacy of NAR and possible protein targets of such beneficial effects are limited. Here, we demonstrate the brain 
cell type-specific prophylactic role of NAR, an FDA-listed food additive, in an in vitro oxygen-glucose deprivation (OGD) 
model of cerebral ischemia using MTT and DCFDA assays. Using Bayes’ theorem-based predictive model, we first ranked 
the top-10 protein targets (ALDH2, ACAT1, CTSB, FASN, LDHA, PTGS1, CTSD, LGALS1, TARDBP, and CDK1) from 
a curated list of 289 NAR-interacting proteins in neurons that might be mediating its antioxidant effect in the OGD model. 
When preincubated with NAR for 2 days, N2a and CTX-TNA2 cells could withstand up to 8 h of OGD without a noticeable 
decrease in cell viability. This cerebroprotective effect is partly mediated by reducing intracellular ROS production in the 
above two brain cell types. The antioxidant effect of NAR was comparable with the equimolar (50 µM) concentration of 
clinically used ROS-scavenger and neuroprotective edaravone. Molecular docking of NAR with the top-10 protein targets 
from Bayes’ analysis showed the lowest binding energy for CDK1 (− 8.8 kcal/M). Molecular dynamics simulation analysis 
showed that NAR acts by inhibiting CDK1 by stably occupying its ATP-binding cavity. Considering diet has been listed as 
a risk factor for stroke, NAR may be explored as a component of functional food for stroke or related neurological disorders.
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MCAO   Middle cerebral artery occlusion
MS  Mass spectrometry
MTT  3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl 

tetrazolium bromide
NAR  Naringin
NGM  Normal growth medium
N2a   Neuro-2a
MD   Molecular dynamics
OGD   Oxygen glucose deprivation
ROS   Reactive oxygen species
RSA   Relative solvent accessibility
SD   Standard deviation

Introduction

Dietary phytoconstituents such as flavonoids have been 
promoted as nutraceuticals for improving the general physi-
ological and cognitive function of the brain to support 
healthy aging [1]. Naringin (NAR), a flavanone glycoside, 
occurs widely in vegetables, alcoholic beverages, and citrus 
fruits [2]. It is enlisted by the Food and Drug Administra-
tion (FDA) as a food additive under the “essential oil and/
or oleoresin (solvent-free)” category and is generally rec-
ognized as safe (GRAS). To promote NAR as a component 
of functional food for stroke, which is the most common 
neurological disorder, preclinical data on the beneficial role 
of NAR in related physiological and pathological contexts 
is needed to plan for randomized clinical trials. Oxidative 
stress due to the generation of reactive oxygen species (ROS) 
and inflammation are common pathological mechanisms of 
aging and stroke [3]. Incorporating brain-healthy food with 
antioxidant and anti-inflammatory properties may help in 
reducing life-long dependence on prophylactic medications 
by favorably modifying common risk factors of stroke such 
as aging, hypertension, or diabetes. Scavenging of ROS has 
also been actively tested as a therapeutic approach during 
acute ischemic stroke with mixed results. Edaravone (EDV), 
the only neuroprotective drug that is approved for treating 
ischemic stroke patients in Japan and for amylotropic lateral 
sclerosis by the FDA, is a free radical scavenger [4, 5].

NAR has shown protective effects in preclinical models of 
global [6], focal cerebral ischemia-reperfusion injury (e.g., 
in vivo middle cerebral artery occlusion (MCAO) model and 
in vitro oxygen-glucose deprivation (OGD) model) [7–9], 
and in an animal model of subarachnoid hemorrhage [10]. 
This protective effect is attributed to the anti-apoptotic, anti-
inflammatory, anti-oxidative, or anti-nitrosative effects of 
NAR. Further, based on pharmacokinetic studies done on 
healthy rodents, NAR is reported to cross the blood-brain 
barrier [7].

Despite the encouraging findings of NAR on preclinical 
models of ischemic stroke, cell type-specific data about the 

cerebroprotective and antioxidant efficacy of NAR on dif-
ferent brain cell types, such as astrocytes, are limited. None 
of the earlier studies promoted NAR as a dietary supplement 
and instead projected it as a potential therapeutic option for 
stroke [7, 9, 11]. Intriguingly, dietary risks feature ahead of 
high fasting plasma glucose and smoking among the 19 risk 
factors that contribute to stroke-related disability-adjusted 
life years in the Global Burden of Disease Study 2019 [12]. 
This highlights the importance of an urgent implementa-
tion of diet-based primary prevention strategies with greater 
consumption of potentially functional foods to reduce the 
socioeconomic burden of stroke [13]. The FDA does not 
list NAR as an antioxidant or dietary supplement. Although 
different chemical databases enlist many interacting pro-
teins of NAR with respect to a multitude of pharmacologi-
cal effects in diverse pathophysiological settings, there is 
no data about direct protein targets of NAR in the context 
of ischemic stroke.

To this end, here we apply a multidisciplinary approach 
where cell-based experiments are interspaced by Bayes’ 
theorem-guided data integration and molecular modeling 
to show the prophylactic potential of NAR on cultured 
astrocytes and neurons in the in vitro OGD model of acute 
cerebral ischemia and possible mechanisms of the cerebro-
protective action.

Materials and Methods

Chemicals and Reagents

All cell culture media, supplements, and Pluronic F-68 
(PF68) were purchased from Himedia (Thane, Maharashtra, 
India) except fetal bovine serum (FBS), which was obtained 
from Gibco (Paisley, Scotland, UK). Details can be found in 
Supplemental Methods.

External Data Sources and Bioinformatics Analysis

The following databases were explored for acquiring targets 
or interacting proteins of NAR: ChEMBL, Drug Gene Inter-
action Database, PubChem, etc. (Supplemental Methods). 
The structures of protein targets for docking were retrieved 
from the Research Collaboratory for Structural Bioinformat-
ics Protein Data Bank (RCSB-PDB) and the AlphaFold Pro-
tein Structure Database. The conserved domain of proteins 
was retrieved from the InterPro database. The annotations 
of functional units in proteins were obtained from the Con-
served Domain Database.

Target search was performed using filters like Target 
Organism—Homo sapiens, Rattus norvegicus, Mus mus-
culus, and Target Type—Single Protein from the listed 
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databases in the external data sources (Supplemental Meth-
ods). The targets were presented as human gene symbols. 
Redundancies were removed from the final dataset.

The N2a RNA-Sequencing (RNA-Seq) dataset was 
obtained from the study by Skariah et al. [14], and the N2a 
proteomics datasets were downloaded from the PRIDE 
database using the keywords “Neuro-2a” and “N2a” [15]. 
The PRIDE projects with “.txt” search files from the Max-
Quant (v2.1.3.0) search were retrieved. Out of these, the 
projects in which the proteomics data for the control N2a 
cell line were available were considered for the final analysis 
[16–20]. The various studies reporting proteomics responses 
of neurons following an OGD experiment were curated from 
our recently published systematic review on OGD-proteom-
ics [21]. Protein targets that are annotated to ROS-related 
molecular function or biological process with direct experi-
mental evidence were curated from the Gene Ontology (GO) 
database.

Bayes’ Theorem for Large‑Scale Data Integration 
and Sensitivity Analysis

Bayes’ theorem is a derivative of Bayesian statistics that 
takes into consideration the available knowledge about the 
parameters of a statistical model and updates it with the 
observed data. It uses the observational data as a likelihood 
function that determines the posterior distribution from the 
background knowledge, which is expressed as a prior dis-
tribution [22].

Bayes’ theorem can be formulated as

where P(A|B) is the probability of A given B (posterior prob-
ability), P(B|A) is the probability of B given A, P(A) is the 
prior probability for A, and P(B) is the sum of probabilities of 
B overall A. From a practical perspective, P(B|A) represents 
new experimental data being integrated at a given step after 
mapping it to probability (likelihood) values (range 0 to 1).

The complement of the minimum Bayes’ factor (cMBF) 
was calculated for an RNA-Seq dataset using the following 
formula.

where Z* is the ratio of each value to the intrinsic noise in 
the measurement [23]. The intrinsic noise was determined 
by thresholding the experimental data obtained in the form 
of FPKM (fragments per kilo base of transcript per mil-
lion) in the RNA-Seq dataset. The likelihood (P(B|A)) was 
assigned from the cMBF values, and the posterior probabil-
ity (P(A|B)) was calculated using formula 1.

(1)P(A|B) = P(B|A)
P(B)

P(A)

(2)cMBF = 1 − exp
[
−
(
Z∗

)2
∕2

]

The objective of this predictive model was to rank the 
NAR protein targets that are likely to be responsible for its 
antioxidant effects in brain cells (e.g., neurons). Known 
protein targets of NAR were compiled from the different 
databases mentioned in the previous section and assigned 
an initial probability of 1/n (n = total number of curated tar-
gets). A series of evidence-based datasets were introduced 
as likelihood function based on the following assumptions: 
the protein target must be (1) transcribed and (2) translated 
in the target brain cell type (i.e., neuron—N2a cells) to play 
a protective role following NAR administration, (3) the neu-
ronal proteins that are perturbed following OGD stress are 
more likely to be involved directly or indirectly with the 
NAR effect, and (4) NAR is widely reported to have anti-
oxidant effects in various diseases and in diverse contexts. 
The ROS-associated proteome is likely to mediate the anti-
oxidant action of NAR in brain cells.

This model will rank these “n” protein targets of NAR in 
a descending order of posterior probability in the cell line 
of interest (i.e., N2a cells). The Bayesian analysis under-
went sensitivity testing using Spearman’s rank correlation 
(ρ), which gives a nonparametric measure of the statisti-
cal dependence between two variables [22] (Supplemental 
Methods).

Cell Culture

The mouse neuroblastoma cell line N2a (CCL-131) and rat 
type-1 astrocyte cell line CTX-TNA2 (CRL-2006) were pur-
chased from the American Type Culture Collection (ATCC, 
VA, USA). Both cells were maintained in high-glucose Dul-
becco’s Modified Eagle Medium (DMEM), supplemented 
with 10% FBS and 1% 100X antibiotic-antimycotic solu-
tion (10,000 U Penicilin, 10 mg Streptomycin, and 25 µg 
Amphotericin B per ml in 0.9% normal saline) at 37 °C 
under humidified air containing 5%  CO2. This medium will 
be referred to as normal growth medium (NGM). All experi-
ments were performed between 4 and 15 passages of the 
cells.

In Vitro OGD

The cells were seeded in 96 well plates in NGM for 24 h 
to achieve 60–70% confluency. After 24 h, the cells were 
subjected to differentiation by serum deprivation for 48 h 
in high-glucose DMEM. The differentiation media was 
replaced with glucose-pyruvate-free DMEM with 1% FBS 
(referred to as OGD media) that was deoxygenated using 
hypoxia gas (95%  N2/5%  CO2). The cells in the OGD media 
were then transferred to a humidified airtight hypoxia cham-
ber (Stemcell Technologies, Vancouver, Canada) that was 
flushed with hypoxia gas, and the flow rate was maintained 
at 20 L/min for 5 min using Single Flow Meter (Stemcell). 
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The hypoxia chamber was incubated at 37 °C for different 
durations (4 – 24 h), while the normal cells in NGM (i.e., 
control) were incubated in the same incubator for identical 
durations [24].

NAR and EDV Treatment

NAR was dissolved in dimethyl sulfoxide (DMSO) for the 
determination of the  IC50 value in cultured neuron cells. For 
efficacy studies, NAR-PF68 micelles were prepared using a 
thin-film hydration method as described earlier [25]. Briefly, 
NAR dissolved in methanol was evaporated using a rotary 
evaporator. The thin-film of NAR-PF68 was hydrated by 
deionized water via continuous stirring. The solution was 
filtered and finally lyophilized. Plain PF68 micelles without 
NAR were prepared using the same procedure and used as 
blank micelles. EDV (Neon Laboratories, Mumbai, India) 
was purchased as an injection solution (1.5 mg/mL) from a 
local pharmacy. It was used with an identical dosing regimen 
and concentration as NAR.

MTT Assay

Metabolic activity was measured using the MTT assay [24]. 
After the treatment and OGD induction, brain cells were 
incubated for 1 h with MTT at a concentration of 0.5 mg/mL 
in DMEM medium at 37 °C. Formazan crystals were solubi-
lized using DMSO. The absorbance was measured at 570 nm 
and reference at 700 nm using a Multiskan SkyHigh Micro-
plate Spectrophotometer (Thermo Scientific, MA, USA).

DCFDA Assay

Intracellular ROS formation was measured by 2’, 7’-dichlo-
rodihydrofluorescein diacetate (DCFDA) assay using 10 µM 
DCFDA with a loading time of 30 min [26]. The fluores-
cence was measured at an excitation and emission wave-
length of 485 and 525 nm using the fluorescence micro-
scope ZOE Fluorescent Cell Imager (Bio-Rad, CA, USA). 
The generation of ROS is proportional to the intensity of 
DCFDA. Hoechst (10 μM) was used to counterstain the 
nuclei. Hydrogen peroxide (200 µM) was used as a posi-
tive control to simulate oxidative stress on the brain cells. 
DCFDA positive cells and corrected total cell fluorescence 
(CTCF) were calculated using Image J software (v1.53u). 
The CTCF was calculated by measuring the area, integrated 
density, and mean grey value per cell considering multi-
ple images of the same treatment group, and the resultant 
fluorescence was normalized by subtracting the background 
fluorescence of the image.

Docking Studies and Analysis

NAR was docked to protein targets using the HADDOCK 
2.4 web server [27]. The detailed docking protocol is pro-
vided in the Supplemental Methods. Subsequent analysis 
of the docked complexes was performed. The functionally 
relevant sites of the protein targets were searched on the 
InterPro web server and labeled on the respective protein 
structures. The functionally relevant sites were retrieved 
based on annotations in the Conserved Domain Database 
and visualized on the docked complex using the UCSF Chi-
mera program (v1.17.3) [28].

Molecular Dynamics (MD) Simulation and Analysis

The dynamics of the NAR-target protein complex were 
determined through a 100 ns MD simulation. The detailed 
methodology of MD simulation is described in Supplemen-
tal Methods. The visualizations of the MD trajectory were 
performed using the VMD program [29]. The frequency of 
hydrogen-bonded contacts was determined from the NAR-
target protein complex trajectory, with each trajectory frame 
corresponding to 20 ps. The hydrogen bond frequency was 
calculated using the MDAnalysis program [30]. The solvent 
accessibility of functionally critical residues of the target 
protein was calculated by measuring the relative solvent 
accessibility (RSA) of the target protein residues involved 
in the formation of the NAR-target protein complex in the 
MD trajectory. RSA was calculated as the ratio of the abso-
lute surface area of the residue in the protein and to the 
absolute accessible surface area of the residue in a GXG 
peptide, as calculated earlier [31]. The average of the abso-
lute accessible-surface area of target protein residues in the 
MD trajectory was calculated using the gmxsasa tool of 
GROMACS (v2020.4). For comparison, the same calcula-
tions were performed for the experimental structure of the 
apo-form of the target protein.

Statistical Analysis

Data were analyzed with GraphPad Prism (GraphPad Soft-
ware, Inc., La Jolla, CA, USA) and IBM SPSS 27.0 Statistics 
software (SPSS Inc., NY, USA). All experiments and data 
analysis were performed at least in triplicate. The n value 
indicates the number of replicate readings, as mentioned in 
the respective figure legends. For fluorescent images, three 
fields were selected randomly for each condition, and the 
cells were counted by an analyst who was blinded to the 
group identity. The quantitative data are represented as the 
mean ± standard deviation (SD). A Shapiro-Wilk test was 
performed to check the normality of the data. One way anal-
ysis of variance (ANOVA) was used to determine statistical 
significance. Tukey’s post hoc test was used for multiple 



Molecular Neurobiology 

comparisons between different groups. Statistical signifi-
cance was accepted at *P < 0.05, **P < 0.01.

Results

Large‑Scale Data Integration by Bayesian Predictive 
Model Shortlists NAR Targets in Neuron

We retrieved the mammalian gene symbols of known protein 
targets of NAR from nine different databases and compiled 
them after removing the duplicates to get a list of 289 protein 
targets, which was used to create a data vector of length 289. 
Of note, this list is bigger than any of the individual nine 
databases, such as ChEMBL, DGIdb, DTC, and TTD. To 
identify the proteins that are most likely to be responsible for 
the antioxidant effect of NAR under an OGD condition, we 
generated a Bayesian predictive model to rank these 289 pro-
teins in descending order of probabilities. Mouse N2a cells 
were selected as an example cell line as it is one of the most 
common neuronal cell lines used for in vitro experiments on 
cerebral ischemia. The initial prior probability vector was 
assigned equal probabilities for all elements (P(A) = 1/289) 
for an unbiased approach. We applied Bayes’ theorem vec-
tor-wise twelve successive times (Fig. 1A, Bayes ian pipel 

ine), each time incorporating likelihood vectors represent-
ing a different omics data set to stratify these 289 protein 
targets (Supplemental Table 1). The first two steps assume 
that to be a target for NAR in the N2a cells, the protein must 
be expressed in the N2a cell line. For the RNA-Seq dataset, 
the bottom 10th percentile of FPKM was considered noise 
for the calculation of cMBF using Eq. (2). A high likelihood 
value (P = 0.95) was assigned for the genes that are detected 
in the RNA-Seq dataset with a cMBF greater than 0.001. 
The genes that were not detected in the RNA-Seq dataset 
were assigned a likelihood value of 0.5 (P = 0.5). Similarly, 
the proteins that were detected by mass spectrometry (MS) 
in large-scale proteomics experiments with at least one or 
more confident and unique peptides were assigned a like-
lihood value of 0.95. The proteins that were not detected 
by MS were not disfavored (P = 0.5), keeping in mind the 
stochastic nature of data-dependent acquisition during MS 
analysis. One RNA-Seq dataset and six large-scale expres-
sion proteomics datasets were selected and individually inte-
grated as the first seven Bayesian operations. The next four 
steps in the Bayesian model account for the proteins that are 
perturbed following OGD stress in different types of cultured 
neuron cells (i.e., HT22, SH-SY5Y, and B104) and for vari-
ous time points. The ratio data (OGD/control) were retrieved 
and filtered using P-values and magnitudes that have been 

Fig. 1  Bayesian predictive model. A Bayes’ rule applied sequentially 
using RNA-Seq and proteomics data from different sources (as indi-
cated), resulting in the identification of the most likely NAR targets. 
The Bayes’ operators are color-coded rational-wise for easy visualiza-
tion. Details of data sources are shown in Supplemental Table  1. B 

Integration of RNA-Seq and diverse proteomics data yields a prior-
itized list of protein targets ranked by Bayes’ probabilities. The dotted 
line marks the threshold for the top 10 protein targets. The x-axis is 
color-matched to the Bayes’ operators. TP, total proteome; MP, mem-
brane proteome

https://yenepoya.res.in/database/LTN_Datta_Lab/Naringin-OGD/Bayes%20theorem.html
https://yenepoya.res.in/database/LTN_Datta_Lab/Naringin-OGD/Bayes%20theorem.html
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decided by the authors in the respective studies to shortlist 
a protein as an OGD-perturbed protein. For the final step of 
the Bayesian analysis, we created a vector of 186 protein 
targets that are annotated to ROS-related molecular func-
tions or biological processes in the GO database with direct 
experimental evidence. Details of the source datasets, the 
rationale for assigning a particular likelihood value to differ-
ent target proteins, and Bayesian calculations are provided in 
Supplemental Spreadsheets A-B. Figure 1B shows the calcu-
lated posterior probabilities for all 289 NAR protein targets. 
Bayesian integration of multiple existing datasets resulted 
in the separation of a relatively small number of probable 
NAR targets from the 289 NAR-interacting proteins. The 
updated Bayesian ranking showed that among the top-10 
NAR protein targets in N2a cells, mitochondrial aldehyde 
dehydrogenase, sterol O-acyltransferase 1, cathepsin B, fatty 
acid synthase, and lactate dehydrogenase A are the highest-
ranked candidates, followed by prostaglandin-endoperoxide 
synthase 1, cathepsin D, galectin 1, TAR DNA binding pro-
tein, and cyclin dependent kinase 1 (CDK1) (Ranke d prote 
in list).

The Bayesian analysis underwent sensitivity tests using 
Spearman’s rank correlation (ρ) coefficient analysis. Twelve 
ρ values were obtained by removing each of the twelve data-
sets individually. These values ranged from 0.928 to 1.000, 
implying that no specific dataset had undue weight in cre-
ating the rankings (Supplemental Spreadsheet C-D). Fur-
thermore, this analysis showed that the likelihood values 
assumed to calculate the posterior probability for a particular 
dataset did not have a critical impact on the overall analysis.

Determination of  IC50 for OGD Model and NAR 
in Cultured Neuron

The above in silico results prompted us to experimentally 
test the effect of NAR on N2a cells in a suitable in vitro 
model of cerebral ischemia. OGD, which is the most com-
mon in vitro model of cerebral ischemia, was chosen [21]. 

To establish the in vitro OGD model, we exposed N2a cells 
in a glucose-pyruvate-deprived low-serum (1% FBS) media 
in a hypoxic environment for different durations spanning 
from 4 to 24 h. The OGD triggered a progressive reduction 
in the metabolic activity at 4, 8, 16, and 24 h compared to 
the N2a cells grown in NGM (Fig. 2A). There was about 
43 ± 4% (P < 0.01) reduction in the metabolic activity after 
8 h of OGD stress in N2a cells, as seen in the MTT assay. 
Based on this, 8 h OGD  (IC50 for OGD stress) was further 
selected to study the efficacy of NAR in N2a cells.

We next tested the safety of NAR in cultured neuron cells 
by treating the differentiated N2a cells with different con-
centrations of NAR (0 – 2000 µM in DMSO) or vehicle 
(DMSO) for 24 h. The cell viability did not show any reduc-
tion up to 1000 μM concentration of NAR, as seen in the 
MTT assay (Supplemental Fig. 1). The  IC50 of NAR was 
1167 µM. Based on this, 0 – 200 µM of NAR was used for 
subsequent efficacy experiments.

NAR Induces Metabolic Recovery and Scavenges 
ROS in Cultured Neuron Following OGD

To test the efficacy of NAR on the OGD model, the N2a 
cells were preincubated for 48 h with different concentra-
tions of polymeric PF68-based micellar NAR (1, 10, 50, 
100, 150, and 200 µM) formulation or blank micelles that 
continued during 8 h of OGD. As shown in Fig. 2B, NAR 
induced a dose-dependent recovery of metabolic activity on 
the OGD-exposed cells at concentrations of 10 µM (71 ± 7%, 
P < 0.05) and 50 µM (95 ± 4%, P < 0.01) when compared 
with blank micelle-treated OGD-exposed cells. The neuro-
protective effect had reached a plateau at higher doses (100 
– 200 µM). Therefore, we decided to test the ROS-scaveng-
ing effect of NAR using a concentration of 50 µM.

ROS is one of the major contributing factors during the 
pathological evolution of ischemic stroke. Since NAR has 
shown ROS scavenging activity in the rodent MCAO model 
[7], we investigated the ROS production and its probable 

Table 1  Most frequent 
hydrogen-bonded contacts 
between NAR and CDK1 
residues observed in the MD 
simulation

Donor Hydrogen Acceptor Frequency

Atom Residue Atom Residue Atom Residue

O7 NAR H18 NAR OD1 Asp86 0.379
O7 NAR H18 NAR OD2 Asp86 0.359
O8 NAR H19 NAR OD2 Asp86 0.343
O8 NAR H19 NAR OD1 Asp86 0.327
N Asp86 HN Asp86 O7 NAR 0.293
NE2 Gln132 HE22 Gln132 O7 NAR 0.086
O9 NAR H20 NAR O Ile10 0.073
OG Ser84 HG1 Ser84 O12 NAR 0.040
O5 NAR H16 NAR OE2 Glu8 0.040
NZ Lys20 HZ1 Lys20 O10 NAR 0.039

https://yenepoya.res.in/database/LTN_Datta_Lab/Naringin-OGD/Bayes.htm
https://yenepoya.res.in/database/LTN_Datta_Lab/Naringin-OGD/Bayes.htm
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reversal by NAR preincubation on the 8 h OGD model. We 
subjected the cells to DCFDA staining after 8 h of OGD 
stress (Fig. 2C). We found a significant increase in the per-
centage of DCFDA-positive cells (Fig. 2D) and fluorescence 
intensity (Fig. 2E) following 8 h OGD compared to the 
control (i.e., NGM, P < 0.01). The OGD-induced oxidative 
injury was comparable to the damage caused by a 30-min 
treatment with 200 µM hydrogen peroxide  (H2O2), which 
was used as a positive control to test the validity of the assay 
protocol. EDV (50 µM), which is in clinical use as a neuro-
protective drug for ischemic stroke in Japan [4], was used 
as a standard ROS-scavenging agent and positive control to 
compare the relative efficacy with an equimolar concentra-
tion (i.e., 50 µM) of NAR. Both EDV and NAR-treated cells 
showed a reduction in the number of DCFDA-positive cells 
(EDV, 95 ± 1%, P < 0.01; NAR, 85 ± 3%, P < 0.01) and in 
the overall fluorescence intensity (EDV, 91 ± 2%, P < 0.01; 
NAR, 72 ± 5%, P < 0.01) compared to the blank micelle-
treated cells after 8 h OGD. Overall, cultured neuron cells, 
when preincubated for 48 h with 50 µM NAR, were able to 
withstand 8 h of OGD without a visible decrease in meta-
bolic activity and a noticeable increase in the generation of 
ROS.

NAR Induces Metabolic Recovery and Scavenges 
ROS in Type‑1 Astrocyte Following OGD

Neurons and glia are present in roughly similar proportions 
in the human brain [32]. Astrocytes are the most abundant 
glial cell type [33]. It is known to support the neurons under 
normal physiological conditions and in pathological condi-
tions such as ischemic stroke [34]. The encouraging results 
in N2a cells prompted us to test the metabolic and antioxi-
dant efficacy of NAR on CTX-TNA2 cells, which are type-1 
astrocyte cells.

We first determined the  IC50 of OGD in CTX-TNA2 
cells by exposing the astrocyte cells to different durations 
of OGD stress spanning from 4 to 24 h. Similar to N2a cells, 
CTX-TNA2 cells showed about a 50% (46 ± 7%, P < 0.01) 
reduction in metabolic activity after 8 h of OGD stress in 
the MTT assay (Fig. 3A). When different concentrations of 
NAR-PF68 (1, 10, 50, 100, 150, and 200 µM) formulation 
were preincubated for 48 h with astrocyte cells, we found a 
recovery of metabolic activity for the OGD-exposed cells at 
the concentrations of 10 µM (72 ± 3%, P < 0.05) and 50 μM 
(86 ± 5%, P < 0.01) when compared to blank micelle-treated 
8 h OGD-exposed cells. The protective effect had reached 
a plateau at higher doses (100 – 200 µM) (Fig. 3B). In the 
DCFDA assay, we found a significant increase in the per-
centage of DCFDA-positive cells and fluorescence intensity 
following 8 h of OGD when compared to NGM (Fig. 3C–E). 
The NAR and EDV-treated cells showed a reduction in 
both the number of DCFDA-positive cells (NAR, 83 ± 5%, 

P < 0.01; EDV, 85 ± 2%, P < 0.01) and overall fluorescence 
intensity (NAR, 78 ± 9%, P < 0.01; EDV, 94 ± 4%, P < 0.01) 
when compared to the blank micelle-treated 8 h OGD-
exposed cells. EDV almost completely alleviated the OGD-
induced generation of ROS in astrocyte cells. Although com-
parable, the ROS-scavenging effect of NAR was weaker in 
magnitude than equimolar concentrations of EDV.

Overall, the results show that the trends obtained from the 
MTT and DCFDA assays are similar for cultured neuron and 
type-1 astrocyte cells, while the magnitude of NAR-induced 
recovery following 8 h of OGD is higher for neurons com-
pared to astrocytes. The preceding results provided experi-
mental evidence about the favorable metabolic and antioxi-
dant effects of NAR in the OGD model, while the Bayesian 
predictive model ranked the most probable protein targets 
of NAR that might be mediating these protective effects.

Molecular Docking on Bayes’‑Shortlist Identifies 
Direct NAR Target

To investigate if NAR produces its cerebroprotective 
effects by directly interacting with any of the top-ranked 
protein targets shortlisted from the Bayesian predictive 
model, virtual docking was performed between the top-
10 protein targets and NAR. All ten targets were found to 
have low theoretical binding energy, ranging between − 7 
and − 9 kcal/M (Supplemental Table 2) (Docke d compl 
exes). This approximately translates to a low inhibition 
constant of up to 5 µM of NAR. Analysis of contacts 
between the NAR and the protein targets showed that the 
interactions are a combination of hydrophobic as well as 
hydrophilic contacts. Interestingly, much of the hydropho-
bic contacts were formed by the aromatic groups of NAR, 
while the hydrophilic contacts, largely involving hydro-
gen bonds, were formed by the saccharide groups (Sup-
plemental Fig. 2). In most of the docked complexes, there 
was no spatial overlap between the NAR-target interface 
and functionally significant sites, such as substrate-bind-
ing/active sites, oligomerization sites, or protein-protein 
interaction interfaces (Supplemental Fig. 3).

Of the top 10 targets, NAR docked to CDK1 with the 
lowest binding energy of − 8.9 kcal/M. This translates 
to an inhibition constant of 330 nM, which is close to 
the drug-like binding affinity. Upon visualization of the 
binding interface, we found that the NAR-CDK1 inter-
face significantly overlaps with the ATP-binding region 
of CDK1, in contrast with the other targets (Supplemental 
Fig. 3, Fig. 4A). A large part of the binding interface 
is formed by residues involved in ATP-binding, includ-
ing the residues Gly11, Glu12, Phe82, Asp86, Lys89, 
Gln132, and Leu135 (Fig. 4B). The stability of the bind-
ing is contributed by the fact that NAR sits in the ATP-
binding cavity [35], which is complementary to its shape. 

https://yenepoya.res.in/database/LTN_Datta_Lab/Naringin-OGD/docking.html
https://yenepoya.res.in/database/LTN_Datta_Lab/Naringin-OGD/docking.html
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From the 2D plot of NAR-CDK1 interactions, it is clear 
that the interface is dominated by hydrophobic contacts 
(Fig. 4C). In addition, the interface is further stabilized by 
a hydrogen bond between the residue Ser84 and the sac-
charide group of NAR. Interestingly, the interface is also 

stabilized by a cation-pi interaction between the terminal 
aromatic group of NAR and the residue Lys9. The overlap 
of NAR binding with the ATP-binding site shows a poten-
tial inhibitory effect of NAR binding on CDK1 activity.
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Molecular Dynamics Simulation Further 
Demonstrated Stable NAR‑CDK1 Interactions

To assess the stability of the NAR-CDK1 complex, a short 
MD simulation was performed on the complex. The 100 ns 
MD simulation showed that NAR remained stably bound 
to the ATP-binding cavity of CDK1 (Fig. 4D, NAR- CDK1 
MD simul ation). However, the conformation of NAR and 
its relative orientation with respect to CDK1 changed dur-
ing the simulation compared to its initial conformation. 
Interestingly, the flavone backbone (C6-C3-C6) remained 
exposed to the solvent in the simulation, contrary to the ini-
tial hypothesis that the hydrophobic character of this moiety 
may result in the group getting buried in the ATP-binding 
cavity (Fig. 4D). This could be due to the potential hydro-
gen bond formation between the water molecules and the 
hydroxyl groups present on the aromatic rings. While the fla-
vone backbone was exposed to the solvent, the carbohydrate 
groups remained firmly bound to the ATP-binding cavity. We 
anticipate that the hydrogen bonds between the saccharide 
groups and polar or charged residues of the ATP-binding 
site may be the basis of the tight binding of NAR to CDK1. 
To test this, we calculated the frequency of hydrogen-bond 
contacts between NAR and protein atoms. Among the top 10 
hydrogen-bonded contacts, three residues had the greatest 
contribution to the hydrogen-bonded interactions between 
NAR and CDK1. These include Asp86, Gln132, and Ser84 
(Table 1). All these residues formed contacts with NAR dur-
ing the docking experiments and formed hydrogen bonds 
with NAR during the simulation. The hydrogen-bonded con-
tacts of particular interest are between the atoms compris-
ing the side-chain carboxyl group of Asp86 and the atoms 
O7 and O8 of NAR. These contacts are the most frequently 
observed in the simulation, and they act as the anchor that 
holds NAR in the ATP-binding cavity (Table 1). To assess 

if NAR binding has any impact on the solvent accessibility 
of ATP-binding residues, the RSA of critical ATP-binding 
residues was calculated. We compared the RSA values of the 
residues mentioned above with the RSA values of the same 
CDK1 residues from the experimental structure of the apo-
form of CDK1 in complex with cyclin (PDB: 4YC6) [36]. 
Out of all the available residues in the ATP-binding cavity, 
we chose Phe82, Leu83, Ser84, and Lys89 as the most criti-
cal ATP-binding residues based on mutagenesis experiments 
evaluating the impact on inhibitor-binding activity [35]. 
Interestingly, we observed a global decline in the RSA of 
all the critical ATP-binding residues in the MD simulation. 
Of note, the RSA of Leu83 was reduced from 17.2 (apo-form 
of CDK1 structure) to 5.9 in our MD simulation (Table 2). 
Since an RSA value of 15 is considered to be the threshold 
below which an accessible residue is considered to be bur-
ied, Leu83 is clearly buried in our simulation. Similarly, 
Ser84 underwent a drastic reduction in RSA in the trajectory 
compared to its accessibility in the apo-form. Though the 
RSA value itself is 18.3, the high standard deviation suggests 
that the residue may be buried in numerous instances in the 
simulation (Table 2).

Discussion

NAR is widely present in citrus fruits, wines, beers, vegeta-
bles, herbs such as rosemary, and plant species such as Flem-
ingia strobilifera that are native to South, East, and South-
east Asia [37]. In the Indian subcontinent and Myanmar, F. 
strobilifera is used in folkloric medicine to treat neurological 
and psychiatric disorders such as epilepsy and hysteria [38]. 
Rasam, a spice-rich and health-promoting food that is widely 
used in the South Indian diet, contains NAR [39]. Hence, a 
sizable population is exposed to NAR directly or indirectly, 
as it is consumed through regular food, as a component of 
functional food for general health benefits, or as traditional 
medicine. It can be hypothesized that the health benefits of 
these foods or plants are at least in part due to the presence 
of NAR. Hence, it is crucial to ascertain the beneficial effect 
of NAR and its possible molecular mechanism on various 
cell types of the brain. This will facilitate the optimal use of 
these food items in their natural form or when processed as 
functional food or nutraceuticals for preventing brain disor-
ders such as ischemic stroke.

Our study, for the first time, demonstrated that NAR pre-
incubation can promote metabolic recovery and scavenge 
ROS in an in vitro model of cerebral ischemia involving 
cultured rat astrocyte cells. The protective cellular effects 
are largely similar among neuron and astrocyte cell types, 
with minor differences in the magnitude of the effects. 
Of note, the favorable metabolic effect in the MTT assay 
showed a concentration-dependent increase only in the low 

Fig. 2  Measurement of metabolic activity and ROS production in dif-
ferentiated N2a cells by MTT and DCFDA assays. A Time-dependent 
(0 – 24 h) percent metabolic activity in N2a cells post OGD by MTT 
assay, n = 3. B Percent metabolic activity in N2a cells after pre- (48 h) 
and co-incubation (8  h) during OGD with different concentrations 
of NAR, n = 3. C Fluorescence microscopic images of differentiated 
N2a cells in the DCFDA assay. The control cells were kept in nor-
mal growth media (NGM) without any treatment. A 30-min treat-
ment with 200 µM  H2O2 was used as a positive control for showing 
the generation of green fluorescence in N2a cells. “No treatment” — 
Cells were exposed to 8 h OGD only. “Blank micelle” — Cells were 
pre- (48  h) and co-incubated (8  h) during OGD with PF68-based 
micellar formulation without NAR. An equimolar (50 µM) concentra-
tion of EDV was used as a positive control for showing the effective 
scavenging of ROS following 8 h OGD. Hoechst (10 µM) was used 
to counterstain the nuclei with blue fluorescence. Scale bar: 25 µm, 
magnification: 200 × . D Quantification of DCFDA positive cells from 
randomly selected fields, n = 3. E Quantification of CTCF, n = 15. 
*P < 0.05, **P < 0.01

◂

https://yenepoya.res.in/database/LTN_Datta_Lab/Naringin-OGD/md-simulation.html
https://yenepoya.res.in/database/LTN_Datta_Lab/Naringin-OGD/md-simulation.html
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concentration range (i.e., 0 – 50 µM, Figs. 2B, 3B). This 
confirms earlier reports that polyphenols such as genistein 
or epigallocatechin 3-gallate act as protective antioxidants 
in dietary physiological doses, whereas at higher concentra-
tions, they may behave as pro-oxidants [40]. Interestingly, 
despite this low concentration, NAR showed a comparable 
yet modest antioxidant effect with equimolar concentrations 

of clinically used neuroprotective EDV, which acts by scav-
enging ROS (Figs. 2C–E, 3C–E).

Earlier studies in animal and cell line models proposed 
NAR as a potential therapeutic agent or drug in the con-
text of ischemic stroke [7, 9, 11]. However, NAR violates 
some of Lipinski’s rule of five (mol weight > 500, hydrogen 
bond > 5, number of oxygen atoms > 10) on drug-likeness 
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that may adversely affect its pharmacokinetics [41]. NAR is 
structurally similar to several known pan-assay interference 
compounds, such as genistein and epigallocatechin gallate 
[42]. Also, the identification of 289 interacting proteins for 
NAR after curating different databases indicates the non-
specific nature of NAR and target-protein interactions. 
These, along with the dismal record of chemically synthe-
sized therapeutic agents in the past during numerous clinical 
trials on stroke, prompted us to consider naturally occurring 
NAR as a dietary supplement rather than a drug-hit condu-
cive to therapeutic development. The GRAS status by the 
FDA for the use of NAR in food and carbonated beverages 
as a flavoring agent and also in the animal feed industry in 
formulations of personal care products and cosmetics further 
justifies detailed exploration of this bioflavonoid as a pos-
sible dietary supplement for stroke.

It is observed that although there are dedicated food data-
bases that have compiled the composition, consumption, 
beneficial effects, and pharmacokinetics of bioactive sub-
stances from food (e.g., e-BASIS [43]) in general or focus on 
flavonoids (e.g., databases from the US Department of Agri-
culture [44]) or polyphenols (e.g., Phenol-Explorer [2]) in 
particular, none of these databases contain structural infor-
mation related to protein-target interaction and molecular 

dynamics of these complexes (Datab ase links). It is known 
that most of the polyphenols or flavonoids are promiscuous 
molecules and interact with many proteins (e.g., 289 tar-
gets for NAR) [45]. Arguably, most of these interactions are 
indirect in nature. To the best of our knowledge, there is no 
easy way to determine the potential direct interactors among 
these targets. This makes any experimental (e.g., NMR or 
X-ray crystallography) or in silico (e.g., docking and MD 
simulation) structural study of all targets experimentally 
impossible or computationally challenging. The presence 
of only one protein complex in PDB for NAR (PDB: 8SFU), 
despite 289 known interacting proteins, is a testimony to 
the above-mentioned research gap [45]. Further, unless a 
proper context is introduced, virtual docking studies can be 
highly non-specific, as any small molecule can be computa-
tionally docked with any protein target [46]. We effectively 
tackled this caveat by applying Bayesian logic to introduce 
a reasonable context to the molecular modeling study. This 
addressed another long-standing research gap in the field of 
genomics and proteomics where, despite the accumulation of 
a large number of standalone big datasets generated by inde-
pendent laboratories from the same preclinical model (e.g., 
in vitro OGD model [21]) or cell line (e.g., N2a) and from 
a comparable experimental setup, there was no easy way 
to retrieve useful information from these accumulated data. 
The Bayesian predictive model offered a rational solution 
by sequentially integrating one N2a RNA-Seq dataset, six 
N2a proteomics datasets, and four OGD-proteomics datasets 
along with ROS-linked proteome to shortlist the most likely 
protein targets of NAR that may be responsible for its anti-
oxidative effect during OGD. Our Bayes’ theorem-guided 
molecular modeling approach on NAR that is interspaced 
with cell-based assays offered a novel way of establishing 
the molecular mechanism of the beneficial effects of vari-
ous naturally occurring bioactives with numerous interact-
ing partners. This may assist in planning future randomized 
clinical trials on NAR as a dietary supplement to define it 
as a functional food.

It was observed that NAR can bind to the top-10 
protein targets with low energies ranging between − 7 
and − 9 kcal/M, with CDK1 being the target with the 
lowest binding energy (Supplemental Table 2). In the 

Fig. 3  Measurement of metabolic activity and ROS production in dif-
ferentiated CTX-TNA2 cells by MTT and DCFDA assays. A Time-
dependent (0 – 24 h) percent metabolic activity in differentiated CTX-
TNA2 cells post OGD by MTT assay, n = 3. B Percent metabolic 
activity in differentiated CTX-TNA2 cells after pre- (48  h) and co-
incubation (8  h) during OGD with different concentration of NAR, 
n = 3. C Fluorescence microscopic images of differentiated CTX-
TNA2 cells in the DCFDA assay. The control cells were kept in nor-
mal growth media (NGM) without any treatment. A 30-min treatment 
with 200  µM  H2O2 was used as a positive control for showing the 
generation of green fluorescence in CTX-TNA2 cells. “No treatment” 
— Cells were exposed to 8  h OGD only. “Blank micelle” — Cells 
were pre- (48  h) and co-incubated (8  h) during OGD with PF68-
based micellar formulation without NAR. An equimolar (50  µM) 
concentration of EDV was used as a positive control for showing the 
effective scavenging of ROS following 8  h OGD. Hoechst (10  µM) 
was used to counterstain the nuclei with blue fluorescence. Scale bar: 
25  µm, magnification: 200 × . D Quantification of DCFDA positive 
cells from randomly selected fields, n = 3. E Quantification of CTCF, 
n = 15. *P < 0.05, **P < 0.01

◂

Table 2  Absolute and relative solvent accessible surface areas of ATP-binding CDK1 residues in the NAR-bound MD trajectory versus in the 
apo-form dimer with cyclin

Residue Absolute solvent-accessible surface area from apo-
form CDK1-cyclin complex(PDB: 4YC6) (Å2)

RSA from experi-
mental structure

Average of absolute solvent-accessi-
ble surface area from MD(Å2)

RSA from MD

Phe82 65.0 29.8 41.5 ± 0.1 19.0
Leu83 31.1 17.2 10.7 ± 0.1 5.9
Ser84 80.0 65.5 22.4 ± 15.1 18.3
Lys89 116.4 55.1 78.8 ± 16.1 37.3

https://yenepoya.res.in/database/LTN_Datta_Lab/Naringin-OGD/links.html
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remaining nine targets, NAR binds to regions other than 
the functionally significant regions, implying that NAR 
may not directly disrupt their functioning. It is possible 
that NAR may regulate them through long-range allosteric 

communications. The other possibility could be that these 
targets are indirect targets of NAR. Notably, many of 
these targets, such as fatty acid synthase, galectin 1, and 
cathepsin D, have a known neuroprotective effect in stroke 
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[47–49] (Supplemental Table 2). However, out of these 
ten docked targets, we are particularly interested in CDK1 
for two reasons: (1) The NAR-CDK1 binding energy was 
translating to nanomolar-level affinity (− 8.9 kcal/M, with 
Ki of 330 nM), (2) CDK1 is the only target where NAR 
is directly bound to a functionally significant region, i.e., 
the ATP-binding site. This led us to hypothesize that NAR 
may directly inhibit CDK1 activity by binding to its ATP-
binding site, which could be the molecular basis of the 
neuroprotective effect elicited upon NAR treatment to the 
cultured N2a cells. This hypothesis is consistent with the 
known CDK inhibitors such as Roscovitine and the semi-
synthetic flavonoid Flavopiridol, which act by competi-
tive inhibition of ATP-binding to CDK [50]. Considering 
the comparable MTT and DCFDA results between N2a 
and CTX-TNA2 cells (Figs. 2, 3) and our in-house prot-
eomics results (data not shown) showing the presence of 
CDK1 protein in CTX-TNA2 cells, we anticipate a similar 
mechanism might apply to astrocytes as well. Of note, the 
astrocyte cell line, CTX-TNA2 could not be incorporated 
into the Bayesian model due to the unavailability of pro-
teomics datasets on this cell line as well as a scarcity of 
OGD-proteomics data on astrocytes in general [21].

Finally, the MD simulation further showed that NAR 
binding to CDK1 is highly stable (Fig. 4D). The stability of 
the binding is largely contributed by the hydrogen-bonded 
interactions between the saccharide moiety of NAR with 
hydrophilic and charged residues of CDK1, such as Asp86, 
Gln132, and Ser84. Such interactions form the anchor that 

fixs NAR to the ATP-binding cavity. As a result, the RSA 
of critical ATP-binding residues, which is a proxy for the 
accessibility of protein residues for various types of interac-
tions, is reduced globally (Table 2). Since the ATP-binding 
residues are inaccessible for interaction with ATP, a lack of 
ATP-binding activity may eliminate the catalytic activity 
of CDK1. This could be the molecular mechanism through 
which NAR confers a cerebroprotective effect by inhibiting 
CDK1 activity.

In support of our hypothesis, experimental studies on 
CDK1 have demonstrated its role in stroke progression. 
In one study, 4 h OGD and 1 h MCAO induced neuronal 
death via activation of CDK1, which was partially reversed 
by genetic and pharmacological inhibition (R-roscovitine) 
of CDK1 [51]. Furthermore, the binding affinity of NAR 
for CDK1 is better compared to a well-characterized CDK 
inhibitor, R-roscovitine [52], and comparable to inhibitors 
such as p21 and hymenialdisine [53, 54]. It is possible that 
NAR may also target other CDK variants that share a high 
degree of structural homology with CDK1, such as CDK4 
(ranked 15 in Bayes’ shortlist) (Ranke d prote in list) and 
CDK5, both of which are proven to play a key role in neu-
ronal death during stroke [55, 56]. Future proof-of-concept 
studies using genetic (e.g., CRISPR-Cas9 of CDK1) or phar-
macological (e.g., CDK inhibition) approaches may provide 
valuable insights into the mechanism of the prophylactic 
effect of NAR in this OGD model.

Conclusions

An interdisciplinary and novel approach was adopted, com-
bining bioinformatics, Bayesian statistics, biochemical, 
and molecular modeling techniques to show the safety and 
prophylactic role of NAR against in vitro OGD. RNA-Seq 
and proteomics data from the N2a cell line, OGD model, 
and ROS-associated proteome were integrated using Bayes’ 
theorem to rank likely protein targets of NAR responsible for 
its ROS-scavenging activity in the OGD model. The in silico 
predictive model was validated by demonstrating NAR’s 
metabolic recovery-promoting and ROS-scavenging activity 
in N2a cells after 8 h of OGD,which was replicated in type-1 
astrocyte CTX-TNA2 cells. These effects are comparable 
to equimolar concentrations of clinically used neuroprotec-
tive, EDV. Molecular modeling analysis showed that through 
its saccharide moiety, NAR forms a stable complex with 
the ATP-binding cavity of CDK1 and inhibits its enzymatic 
activity. Data generated from this study may encourage 
human intervention trials on NAR to validate its beneficial 
role as a prophylactic dietary supplement for stroke, aging, 
or other neurological disorders.

Fig. 4  Molecular docking and MD simulation analysis of NAR and 
CDK1. A A side-view of the NAR-CDK1 complex. Residues forming 
the interface with NAR are represented as sticks. Functionally signifi-
cant residues, including ATP-binding site, peptide-binding site, and 
CDK/Cyclin interface are colored. B Top-view of the NAR-CDK1 
complex zoomed-in to show the NAR-binding cavity. NAR is repre-
sented as sticks, colored according to the type of heteroatom. CDK1 
residues forming contacts with NAR are represented as sticks and 
labeled. Visualization was performed using the UCSF Chimera pro-
gram. C 2D contact map of NAR-CDK1 interactions. Residues form-
ing hydrophobic contacts are represented as green spheres. Hydrogen 
bonds are represented as green colored dashed lines, and cation-pi 
interactions are represented as purple colored dashed lines. 2D con-
tacts were plotted using the Discovery Studio Visualizer program 
(v21.1.0.20298). D Snapshots of the NAR-CDK1 complex at the 
beginning of MD simulation (left; time-point: 0  ns) and at the end 
of MD simulation (right; time-point: 90  ns). CDK1 is represented 
as blue cartoon, and the residues forming the ATP-binding site are 
represented as orange cartoon. NAR and residues forming frequent 
hydrogen-bonded interactions are represented as sticks. Atoms are 
colored based on the type (Hydrogen: white, Carbon: gray, Oxygen: 
red, Nitrogen: blue). The most frequent hydrogen-bonded contacts are 
represented as dashed lines between the hydrogen and the acceptor 
oxygen, along with respective distances (in Å). The atoms forming 
hydrogen bonds are labeled. Visualization was performed using the 
VMD program [29]

◂
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