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Abstract
Endoplasmic reticulum (ER) dysfunction plays a prominent role in the pathophysiology of diabetic nephropathy (DN). This 
study aimed to investigate the novel role of Naringenin (a flavanone mainly found in citrus fruits) in modulating ER stress 
in hyperglycemic NRK 52E cells and STZ/nicotinamide induced diabetes in Wistar rats. The results demonstrated that Nar-
ingenin supplementation downregulated the expression of ER stress marker proteins, including p-PERK, p-eIF2α, XBP1s, 
ATF4 and CHOP during hyperglycemic renal toxicity in vitro and in vivo. Naringenin abrogated hyperglycemia-induced 
ultrastructural changes in ER, evidencing its anti-ER stress effects. Interestingly, treatment of Naringenin prevented nuclear 
translocation of ATF4 and CHOP in hyperglycemic renal cells and diabetic kidneys. Naringenin prevented apoptosis in 
hyperglycemic renal cells and diabetic kidney tissues by downregulating expression of apoptotic marker proteins. Further, 
photomicrographs of TEM confirmed anti-apoptotic potential of Naringenin as it prevented membrane blebbing and forma-
tion of apoptotic bodies in hyperglycemic renal cells. Naringenin improved glucose tolerance, restored serum insulin level 
and reduced serum glucose level in diabetic rats evidencing its anti-hyperglycemic effects. Histopathological examination 
of kidney tissues also confirmed prevention of damage after 28 days of Naringenin treatment in diabetic rats. Additionally, 
Naringenin diminished oxidative stress and improved antioxidant defense response during hyperglycemic renal toxicity. Taken 
together, our study revealed a novel role of Naringenin in ameliorating ER stress during hyperglycemic renal toxicity along 
with prevention of apoptosis, cellular and tissue damage. The findings suggest that prevention of ER stress can be exploited 
as a novel approach for the management of hyperglycemic nephrotoxicity.
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BiP	� Binding immunoglobulin Protein
TM	� Tunicamycin
ROS	� Reactive Oxygen Species
ELISA	� Enzyme-Linked Immunosorbent Assay
GSH	� Reduced glutathione
SOD	� Superoxide Dismutase
TUDCA	� Tauroursodeoxycholic Acid
TEM	� Transmission Electron Microscopy

Introduction

Diabetic nephropathy (DN) is one of the severe outcomes of 
diabetes and is commonly associated with mortality in dia-
betic patients worldwide (Sulaiman 2019). However, molec-
ular mechanisms underlying the pathogenesis of the disease 
are poorly explored. Several factors like oxidative stress, 
inflammation, mitochondrial dysregulation along with endo-
plasmic reticulum (ER) stress are reported to be involved in 
the pathophysiology of DN (Gurley et al. 2018; Mathur et al. 
2018; Saxena et al. 2019; Mo et al. 2019). Redox homeosta-
sis in the ER is crucial for the maturation and proper folding 
of proteins. Hyperglycemia induces overproduction of free 
radicals which disrupt the redox environment culminating in 
oxidative misfolding of proteins and their subsequent accu-
mulation in the ER lumen. ER being metabolically active, 
plays a major role in the homeostasis of proteins, including 
translation, maturation, folding, secretion and degradation 
of secretory and membrane proteins (Acosta-Alvear et al. 
2018). Several pathophysiological conditions, including 
hyperglycemia owing to the abnormal accumulation of 
unfolded or improperly folded proteins in ER, result in the 
induction of the unfolded protein response (UPR) pathways 
(Pandey et al. 2019; Almanza et al. 2019). Various reports 
suggest that aberrant activation of UPR sensors exacerbates 
diabetic complications (Ju et al. 2019).

UPR pathway is a self-protective mechanism that 
enhances the protein folding capacity and removes defec-
tive proteins. However, if the stress is prolonged, apoptotic 
signaling is induced, which proves fatal for the cells (Ghem-
rawi et al. 2018). UPR comprises of three trans-membrane 
sensors namely inositol requiring enzyme 1 (IRE1α), pro-
tein kinase RNA-like ER kinase (PERK) and activating 
transcription factor 6 (ATF6). These UPR sensors remain 
inactive due to blocking of their luminal domains by ER-
resident chaperone i.e. Binding immunoglobulin Protein 
(BiP) under normal conditions (Van et al., 2019). However, 
upon accumulation of misfolded proteins, BiP gets disso-
ciated from luminal domains of UPR sensors to assist in 
the proper folding of misfolded proteins (Pobre et al. 2019). 
During cellular stresses, ATF6 gets cleaved by site 1 and 
site 2 specific proteases in the Golgi body and acts as a tran-
scription factor to combat ER stress (Liu and Green 2019). 

Active IRE1α splices the mRNA of X-Box Binding Pro-
tein 1 (XBP1) to its active state, i.e. XBP1s which regulates 
the synthesis of protein folding enzymes and chaperones 
(Tsuchiya et al. 2018). Activated PERK phosphorylates 
eukaryotic translation initiation factors 2α (eIF2α) at Ser51 
residue and inhibits global protein synthesis to maintain ER 
proteostasis (Rozpedek et al. 2016). However, a subset of 
mRNAs is preferentially translated namely activating tran-
scription factor 4 (ATF4) and CCAAT/enhancer-binding 
protein (C/EBP) homologous protein (CHOP) which inhibit 
Bcl2 (B-cell lymphoma 2) and activate cell death pathways 
(Ghemrawi et al. 2018). Hyperglycemia-induced ER stress 
mediated apoptosis of kidney cells leads to impaired renal 
functions, which further aggravate DN (Liu et al. 2008). In 
the last few years, many studies have reported the key role 
of ER stress and associated molecular mechanisms involved 
in hyperglycemic renal toxicity. However, proper manage-
ment of the disease is still lacking due to poorly explored 
mechanisms and lack of effective treatments compelling for 
further investigations to understand the disease pathology. 
Activation of the PERK-eIF2α pathway is reported to be the 
major contributor to the pathogenesis of DN (Ju et al. 2019). 
Exploration of ER stress inhibition is a promising approach 
in the management of diabetic renal toxicity (Sun et al. 2016; 
Mo et al. 2019).

Naringenin, a flavanone is mainly found in citrus fruits 
such as grapefruits and oranges (Zobeiri et al. 2018). Narin-
genin is reported to show a wide array of biological effects 
such as anti-hyperglycemic, antioxidant and anti-inflamma-
tory activities (Kapoor and Kakkar 2014). Earlier reports 
have shown the protective effects of Naringenin in various 
diseases, including diabetic hepatopathy, cardiovascular 
disease and renal dysfunction (Kapoor and Kakkar 2014; 
Tang et al. 2017). However, it is still not reported whether 
Naringenin has protective effects against ER stress dur-
ing hyperglycemic renal toxicity. In the present study, we 
demonstrate for the first time that Naringenin has protective 
effects against hyperglycemia-induced ER stress in vitro and 
in vivo.

Materials and methods

Reagents and antibodies

Antibodies including β-Actin (sc-47778), PERK (sc-23073), 
eIF2α (sc-11386), Caspase-3 (sc-7148), Bax (sc-493), Bcl2 
(sc-492), Protein A/G PLUS Sepharose beads (sc-2003) 
and anti-rabbit FITC (sc-2012) were obtained from Santa 
Cruz Biotechnology (Santa Cruz, CA, USA). p-PERK 
(3179), p-eIF2α (3597), ATF4 (11815), CHOP (2895) and 
HRP tagged anti-mouse antibodies (7076S) were procured 
from Cell Signalling Technology (CST, Danvers, MA, 
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USA). Anti-XBP-1 antibody (ab198999), Alexa Flour 488 
tagged secondary antibody (ab150077) and Hoechst 33,258 
(ab228550) were purchased from Abcam, (Cambridge MA, 
USA). Cyanine3 (Cy3) conjugated secondary antibody was 
procured from Thermo Fisher Scientific (Carlsbad, CA, 
USA). Naringenin (N5893), Streptozotocin (S0130), Nico-
tinamide (N3376), Glucose (G8270), Tunicamycin (T7765), 
HRP tagged anti-rabbit (A0545) secondary antibody was 
purchased from Sigma-Aldrich (St. Louis, MO, USA). All 
the other chemicals and reagents used in the experiments 
were procured from Sigma-Aldrich (St. Louis, MO, USA)  
with high purity and analytical grade.

Cell culture and treatment schedule

Rat renal proximal tubular epithelial cell line (NRK 52E) 
was procured from American type culture collection (ATCC; 
Manassas, VA, USA). The cells were cultured in Dulbecco's 
Modified Eagle's Medium (DMEM-low glucose, Cat. No. 
D5523, Sigma-Aldrich St. Louis MO, USA) supplemented 
with 3.7 g/lit sodium bicarbonate, 10% heat-inactivated 
fetal bovine serum, 1% v/v antibiotic–antimycotic solution 
(Gibco Life Technologies, Grand Island, NY, USA) at 37 °C 
in a humidified incubator (Thermo Fisher Scientific, Model-
Heracell vios160i) containing 5% atmospheric CO2 and 95% 
air. Hyperglycemia was induced in NRK 52E cells by sup-
plementing additional 25 mM glucose (Final concentration 
30 mM) while Mannitol (30 mM) was used as an osmotic 
control for 48 h (Mathur et al. 2018). Tunicamycin (TM) was 
employed to induce ER stress in renal cells and it served as 
a positive control. Tunicamycin was dissolved in DMSO to 
prepare a stock solution of 0.5 mg/mL which was further 
diluted in culture medium. Tunicamycin was added to the 
growth medium of the cells to achieve the final concentra-
tion of 2 µg/mL of culture medium for 24 h (Mo et al. 2019). 
Naringenin powder was dissolved in DMSO to form 0.5 M 
stock solution which was further diluted in culture medium 
to the appropriate concentrations for in vitro experiments. 
The final concentration of DMSO was less than 0.1% in the 
working solution of Naringenin.

Tetrazolium dye reduction assay

The viability of NRK 52E cells was examined by tetrazolium 
dye MTT [3-(4, 5-dimethythiazol-2yl)-2, 5-diphenyltetra-
zolium bromide] reduction assay (Mosmann 1983). Briefly, 
100 μl of cell suspension (1 × 104 cells/well) was added to 
a 96 well plate and allowed to grow. After 24 h, cells were 
co-treated with high glucose (30 mM) and different concen-
trations of Naringenin (10, 15, 25 and 50 µM) for 48 h. After 
the indicated time, 0.5 mg/mL MTT solution was added 
per well and incubated in a CO2 incubator at 37 °C for an 
additional 4 h. Thereafter, media was discarded and 100µL 

DMSO was added to each well and incubated at room tem-
perature for 30 min to dissolve formazan crystals produced 
by mitochondrial dehydrogenases in metabolically active 
cells. Absorbance was measured at 570 nm by microplate 
spectrophotometer (Varioskan Flash, Thermo Fisher Scien-
tific, Waltham, MA, USA). Cell viability was calculated by 
considering control cells as 100% viable.

Alamar blue reduction assay

Alamar blue is a cell-permeant dye that indicates cell viabil-
ity by using their reducing potential. Briefly, cells (1X104/
well) were seeded in a black 96 well plate and allowed to 
adhere for 24 h. Cells were co-treated with high glucose 
(30 mM) and different doses of Naringenin (10, 15, 25 and 
50 µM) for 48 h. After the indicated time, Alamar blue rea-
gent (10 µl/well) was added and incubated for 3 h in a CO2 
incubator. Fluorescence was read at Ex/Em wavelengths 
of 530/590 nm in a microplate reader (Varioskan Flash, 
Thermo Fisher Scientific, Waltham, MA, USA). Results are 
expressed as percentage cell viability compared to untreated 
cells (Larson et al. 1997).

Propidium iodide uptake assay

Propidium iodide (PI) is a cell-permeant fluoroprobe that 
is widely used to assess apoptotic cell death. Cells under-
going apoptosis lose their membrane integrity in which PI 
gets internalized easily and binds with DNA which gives 
red fluorescence. Briefly, 1X104 cells/well were seeded in a 
black 96 well plate and allowed to attach on the bottom fol-
lowed by co-treatment with high glucose and various doses 
of Naringenin for 48 h. After the indicated time, PI (1 mg/
mL) was added and incubated for 30 min in a CO2 incubator. 
Fluorescence was read at Ex/Em of 535/610 nm on a micro-
plate reader (Varioskan Flash, Thermo Fischer Scientific, 
Waltham, MA, USA).

Hoechst staining

Hoechst staining was performed to examine the nuclear 
condensation, DNA fragmentation and karyopyknosis in 
control and treated cells. In brief, cells were seeded at a 
density of 1.0 × 105 on glass coverslips into a 6 well plate 
and allowed to adhere for 24 h. Thereafter, cells were co-
treated with high glucose and various doses of Naringenin 
(10, 15, 25 and 50 µM) for 48 h. After the indicated time 
of incubation, cells were washed thrice with PBS and fixed 
with 4% paraformaldehyde for 15 min and again washed 
with 1X PBS. After that Hoechst 33258 (10 µg/mL) was 
added for 5 min and washed thrice with PBS and mounted 
in glycerol. Images were visualized under high resolution 



274	 M. F. Khan et al.

1 3

fluorescence microscope (Nikon, Eclipse 80i, Tokyo, Japan) 
at 20X magnification.

Estimation of reactive oxygen species (ROS) 
generation

Intracellular ROS production was measured as per the proto-
col published earlier (Shukla et al. 2014) using cell-permeant 
ROS-sensitive fluorescence molecule 2', 7'- dichlorodihy-
dro-fluoredcein diacetate (DCFH-DA; Sigma-Aldrich, St. 
Louis, MO, USA). Briefly, NRK 52E cells (1.0 × 104 cells/
well) were seeded in a black 96-well plate and allowed to 
adhere for 24h. After that,  cells were treated with high glu-
cose (30 mM; 48 h) and high glucose + Naringenin (25 μM; 
48 h). After 24 h, tunicamycin (TM, 2 μg/mL; 24 h) was 
added and incubated for an additional 24 h. After comple-
tion of indicated time (48 h), 10 μM DCFH-DA (10 μl/well) 
was added and incubated for 30 min in a CO2 incubator. 
Fluorescence intensity was measured at Ex/Em wavelength 
of 485/535 nm by using a fluorescence microplate reader 
(Varioskan Flash, Thermo Fisher Scientific, Waltham, MA, 
USA).

Detection of superoxide generation

The level of superoxide radicals was monitored according 
to the protocol established in the laboratory (Mathur et al. 
2018) using superoxide specific fluorescence indicator dihy-
droethidium (DHE; Sigma-Aldrich St. Louis MO, USA). 
DHE gets oxidized to ethidium which intercalates with DNA 
and gives bright red fluorescence. Briefly, (1 × 104 cells/
well) were seeded in a black 96 well plate and allowed to 
adhere followed by the treatment. After 48 h, DHE (5 µg/
mL) was added and incubated at 37 °C for 30 min in a CO2 
incubator. Fluorescence intensities of dihydroethidium (Ex/
Em-370/420 nm) and ethidium (Ex/Em-535/610 nm) were 
measured in a fluorescence microplate reader (Varioskan 
Flash, Thermo Fisher Scientific, Waltham, MA, USA). Index 
of superoxide generation was calculated by taking the ratio 
of ethidium/dihydroethidium.

Assessment of mitochondrial membrane potential

Change in the potential of mitochondrial membranes was 
examined according to the method of Cossarizza et  al. 
(Cossarizza et al. 1993) and earlier published by our lab 
(Shukla et  al., 2016) using lipophilic fluoroprobe JC1 
(Sigma Aldrich, St. Louis MO, USA). In healthy mitochon-
dria, JC1 forms its aggregates (J-aggregates) which emit red 
fluorescence while in depolarized or unhealthy mitochondria 
JC1 remains in monomeric form and gives green fluores-
cence. Briefly, 1.0 × 104 cells/well were seeded in a black 96 
well plate and incubated for 24 h. After an indicated time, 

JC1 dye (5 µM) was added to each well and incubated for 
30 min at 37 °C in a CO2  incubator. Fluorescence was read 
at wavelengths of Ex/Em 535/590 nm (J-aggregates) and 
Ex/Em 485/535 nm (JC1 monomers). The ratio of red/green 
fluorescence intensity was used to calculate the change in 
mitochondrial membrane potential.

Immunofluorescence staining

Cellular expression of XBP1s and ATF4 and nuclear colo-
calization of ATF4 and CHOP proteins were determined 
through immunocytochemistry. In brief, NRK 52E cells 
(1.0 × 105) were grown on glass coverslips in a 6 well plate. 
After 48 h of treatment, washing of the cells was done thrice 
with ice-cold 1XPBS, (pH-7.4) followed by fixation with 4% 
paraformaldehyde (PFA) for 15 min. After fixation, cells 
were permeabilized with 0.025% Triton X-100 (in 1XPBS) 
for 10 min followed by blocking of non-cellular proteins 
with blocking buffer [1% bovine serum albumin (BSA) in 
0.1% PBST] for 30 min. Cells were then incubated over-
night at 4 °C with primary antibody (1:100, in blocking 
buffer) followed by 2 h incubation with respective second-
ary antibody (1:200). After washing with 1X PBS, cells were 
counterstained with Hoechst 33,258 (1 µg/mL) for 1 min to 
stain nuclei of the cells. Images were visualized under a high 
resolution fluorescence microscope (Nikon, Eclipse 80i, 
Tokyo, Japan) and a confocal microscope (Zeiss, LSM880, 
Germany).

Protein extraction and immunoblotting

Immunoblotting was performed according to the standard 
procedure. After an indicated time of treatment, cells were 
washed with 1XPBS (pH 7.4) and suspended in NP-40 lysis 
buffer (50 mM HEPES, pH 7.4, 1 mM DTT and 1% NP40) 
with freshly added protease and phosphatase inhibitor cock-
tail and kept on ice for 30 min. Cells were scraped, collected, 
sonicated for 30 s and centrifuged at 16,000 × g for 15 min 
at 4 °C. The supernatant was collected and marked as total 
protein lysate. Protein concentration was estimated by bicin-
choninic acid assay (Smith et al. 1985). 6X Laemmli buffer 
[0.375 M Tris (pH 6.8), 12% SDS, 60% glycerol, 0.6 M DTT 
and 0.06% bromophenol blue] was added to cell lysates to 
make it 1X, and boiled at 95 °C for 10 min. An equal amount 
of protein (30-60 μg) was loaded in each well and proteins 
were resolved on 10% SDS-PAGE. Gel was run nearly for 
4 h at 60 V and proteins were electrophoretically transferred 
to PVDF membranes (Hydrophobic Immobilon-P, Millipore, 
MA, USA) for 3 h at 150 V on a semi-dry transfer unit (TE 
77, PWR, GE Healthcare Biosciences, UK). The membrane 
was blocked overnight with 1% (w/v) non-fat dry milk pow-
der in 1X TBST [Tris- buffered saline having 0.1% Tween 
20 (pH-7.6)] at 4 °C. After blocking, the membrane was 



275Naringenin alleviates hyperglycemia‑induced renal toxicity by regulating activating…

1 3

washed thrice with 1X TBST using a rocker and incubated 
overnight with primary antibodies (1:1000 in 1X TBST) 
against target proteins at 4 °C followed by corresponding 
HRP conjugated secondary antibody (1:2000 in 1X TBST) 
for 2 h. After washing with 1X TBST, blots were developed 
by using an immobilon western chemiluminescent horse-
radish peroxidase substrate detection kit (Millipore, MA, 
USA, Cat. No.WBKLS0500) on Amersham Imager Ai600 
(GE Healthcare Ltd. UK). Densitometry of all western blot 
images was performed by ImageJ 1.44p software (National 
Institute of Health, Bethesda, MD, USA).

Transmission electron microscopy

To investigate any ultrastructural changes in the ER, renal 
tubular cells (NRK 52E) were examined by transmission 
electron microscopy (TEM). Briefly, control and treated 
cells were washed with 0.1 M sodium cacodylate buffer fol-
lowed by fixing in a mixture of 2% paraformaldehyde and 
2.5% glutaraldehyde at 4 °C for 2 h. After fixation, washing 
of cells was done by 0.1 M sodium cacodylate buffer and 
then post-fixation was carried out by adding 1% osmium 
tetraoxide solution for 3 h. Thenafter, cells were pelleted 
down followed by dehydration with increasing concentra-
tions of acetone (15, 30, 60, 90 and 100%) and twice with 
propylene oxide for 10 min. After dehydration, cells were 
embedded in dodecenyl succinic anhydride (DDSA) and 
Araldite medium and kept at 65 °C for 48 h to make the 
blocks (Shukla et al. 2014). Sections of 60–80 nm thick-
ness were then cut using an ultramicrotome (Leica EM UC7, 
Vienna, Austria) followed by mounting them on copper 
grids. Finaly, dual staining was done with uranyl acetate and 
lead citrate. Photomicrographs were captured by a transmis-
sion electron microscope (TEM; TECNAI G2 spirit, FEI, 
Netherland).

In vivo studies

In vivo studies were performed to confirm in vitro findings. 
Animals were subjected to various treatments as given below 
for 28 days.

Animals

Healthy male Wistar rats (6–7 weeks old, 230 ± 10 g) were 
obtained from the IITR animal house facility and placed in 
experimental rooms at the temperature of 25 ± 2 °C with 
40–70% humidity and alternate light/dark cycle of 12 h. Ani-
mals were fed a standard pellet diet (Altromin International, 
Germany) and water ad libitum. Before conducting animal 
experiments, all the protocols were approved by the (IAEC), 
Institutional Animal Ethics Committee with the approval 
number IITR/IAEC/08/2018. The entire animal study 

was conducted according to the internationally approved 
guidelines.

Induction of diabetes and treatment

Non-insulin-dependent diabetes mellitus (NIDDM) was 
induced by the method of Masiello et al. (Masiello et al. 
1998). The advantage of using streptozotocin/nicotinamide 
model of diabetes is the protective effects of nicotinamide in 
reducing pancreatic beta cells loss so that insulin synthesis 
and secretion are not inhibited completely which mimics the 
pathophysiology of type 2 diabetes. This model has been 
used in several studies to understand the molecular mecha-
nisms of diabetes-associated complications and to assess 
the anti-diabetic effects of naturally occurring or insulin-
mimetic compounds.

Rats were acclimatized for one week. The body weight 
and blood glucose level of the rats were measured and all 
rats were found normoglycemic as they had fasting blood 
glucose levels within the range of 80–120 mg/dL. Rats were 
randomly divided into five groups. For induction of diabetes, 
rats were given a single intraperitoneal dose of streptozo-
tocin (STZ; 60 mg/kg bwt) freshly prepared in cold 0.1 M 
sodium citrate buffer (pH 4.5). 15 min before STZ injection, 
rats were injected with 120 mg/kg bwt dose of nicotinamide 
to reduce the cytotoxic effects caused by STZ (Kapoor et al. 
2009). After 72 h of STZ injection, blood glucose was meas-
ured and rats having blood glucose more than 250 mg/dL 
were included in the study and served as the diabetic model. 
Treatment given to rats of different groups was as follows:

Group I Control rats received normal saline.
Group II Diabetic rats injected with STZ/Nicotinamide 

to induce stable hyperglycemia.
Group III Diabetic rats received Naringenin (25 mg/kg 

bwt) oral gavage.
Group IV Diabetic rats received Naringenin (50 mg/kg 

bwt) oral gavage.
Group V Diabetic rats received Naringenin (100 mg/kg 

bwt) oral gavage.
The dose of Naringenin was prepared in an aqueous solu-

tion of 0.5% sodium carboxymethylcellulose and given once 
per day by oral gavage. Daily dosing of rats was started after 
3 days of STZ injection and completed after 4 weeks. The 
dose of Naringenin was adjusted according to the changes 
in the body weight of the animals.

Oral glucose tolerance test (OGTT)

OGTT was performed to assess the glucose clearance rate in 
rats according to the standard protocol described by Ghezzi 
et al. (Ghezzi et al. 2012). Briefly, rats were fasted for 6 h 
and blood glucose levels were measured. All rats were given 
glucose solution of (2 g/kg bwt) orally and blood glucose 
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levels were measured at the time intervals of 0, 30, 60, 90 
and 120 min by taking blood samples from the tail vein 
using a portable glucometer (Accusure, Tai Doc Technol-
ogy, Taiwan).

Biochemical analysis of serum

At the completion of four weeks of the experiment, rats were 
euthanized according to standard procedure. Blood samples 
were collected from the heart through cardiac puncture and 
serum was separated for biochemical studies. Quantitative 
determination of biochemical parameters including serum 
urea, serum albumin, serum total proteins and serum glu-
cose was performed by an automated biochemical analyzer 
(Beckman Coulter-AU480, CA, USA).

Insulin ELISA assay

The level of insulin was measured in the serum samples of 
rats using insulin ELISA assay kit (Cat. No. PG6642R, Pure-
gene, Genetix Biotech Asia Pvt. Ltd) as per the manufac-
turer's protocol. The absorbance was read at 450 nm on Vari-
oskan Flash microplate reader (Thermo Fisher Scientific, 
Waltham, MA, USA). Serum protein levels were estimated 
by bicinchoninic acid (BCA) assay. Insulin concentration in 
the serum was calculated using to the standard reference val-
ues provided with the kit. Results are expressed as insulin 
levels of ng/mL blood.

Histopathological examination of rat kidney

Rats were sacrificed and the kidneys were collected immedi-
ately thereafter. Each kidney was dissected and fixed in 10% 
neutral buffered formalin (10% NBF). Formalin-fixed kidney 
tissues were embedded in paraffin and cut into 5 μm thick 
sections using a microtome (Leica RM, 2155, Germany) fol-
lowed by hematoxylin and eosin (H&E) staining to examine 
the histopathological changes in the kidneys. Images were 
captured under high resolution microscope (Olympus BX53, 
Tokyo, Japan) at 40X magnification.

Co‑immunoprecipitation

Interaction of ATF4 and CHOP protein was assessed through 
co-immunoprecipitation according to the method of Cot-
trell et al. (Cottrell et al., 2006). In brief, nearly 500 µg of 
nuclear protein sample, freshly isolated from kidney tissues 
was incubated overnight with anti-ATF4 primary antibody 
at 4 °C using a tube rotator. After incubation, 20 µl of Pro-
tein A/G PLUS sepharose beads were added followed by 
overnight incubation at 4 °C on a tube rotator. Thereafter, 
washing of the beads was done three times with lysis buffer 
(NP-40) followed by boiling of the samples in 1X Laemmli 

buffer. The samples were then run on 10% SDS-PAGE and 
their immunoblot analysis was performed according to 
standard protocol.

Statistical analysis

Data analysis was performed by using Microsoft Excel 2013 
and GraphPad prism software, version 5.01. Results are 
demonstrated as ± SD/SE. Statistical comparison between 
different groups was calculated by ANNOVA (one-way anal-
ysis of variance). The calculated p-values found to be ˂0.05 
between the groups were considered statistically significant.

Details of other methods used in the study are given in 
the supplementary document.

Results

Naringenin prevents cytotoxic effects of high 
glucose in NRK 52E cells

It has been well established in our lab that high glucose 
treatment decreases cell viability where 30 mM glucose 
exposure for 48 h was employed as a standard concentra-
tion to induce hyperglycemia in vitro (Mathur et al. 2018). 
The effect of glucose on the viability of NRK 52E cells was 
examined by treating them to different concentrations of 
glucose ranging from 5 to 200 mM for 48 h (Supl. Fig. 1a) 
Results confirmed that glucose treatment reduced the viabil-
ity of renal cells in a concentration-dependent manner. At 
30 mM glucose concentration, cell viability was significantly 
reduced to 73.05% (p˂0.05) when compared to control as 
assessed through MTT assay (Supl. Fig. 1a). Therefore, 
30 mM glucose was used to induce in vitro hyperglycemic 
model and selected for further experiments. Earlier stud-
ies from our lab demonstrated that Naringenin abrogated 
oxidative stress and mitochondria-mediated apoptosis by 
modulating AIF/Endo-G pathway in high glucose cultured 
primary rat hepatocytes (Kapoor et al. 2013). Therefore, to 
examine the protective effects of Naringenin on rat renal 
proximal tubular epithelial cells, we first determined the 
cytotoxic effects exerted by Naringenin itself by evaluating 
cell viability of NRK 52E. Hence, cells were exposed to 
the various concentrations of Naringenin (5–1000 µM) for 
24, 48 and 72 h to perform MTT assay. Results indicate no 
significant cell death caused by Naringenin upto 50 µM con-
centration at 24, 48 and 72 h of exposure (Supl. Fig. 1b-d). 
However, beyond 50 µM dose, a significant increase in 
renal cell death was observed (Supl. Fig. 1b-d). Further-
more, to find out the effective concentration of Naringenin, 
we selected non-cytotoxic doses of Naringenin (10, 15, 25 
and 50 µM) based on MTT reduction assay results. NRK 
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52E cells were co-treated with high glucose (30 mM) and 
various doses of Naringenin (10, 15, 25 and 50 µM) for 48 h. 
Results indicate that 25 µM dose of Naringenin prevented 
cell death as the viability of NRK 52E cells was increased up 
to 93.76% (p < 0.001) compared to only hyperglycemic renal 

cells (Fig. 1A). Alamar blue reduction assay was performed 
to confirm the protective effects of Naringenin and results 
showed that 25 µM concentration significantly prevented cell 
death as the cell viability was significantly increased up to 
95.55% (p < 0.001) compared to hyperglycemic renal cells 

Fig. 1   Naringenin prevented hyperglycemia induced cytotoxicity in 
NRK 52E cells. To select the effective concentration of Naringenin, 
A tetrazolium dye (MTT) reduction assay and B Alamar blue reduc-
tion assays were performed. NRK 52E cells were co-treated with 
high glucose (30  mM) and several doses of Naringenin (10, 15, 25 
and 50  μM) for 48  h. Bar graphs represent the % viability of NRK 
52E cells upon co-treatment of Naringenin at the indicated time. C 
Cell death was evaluated spectrofluorimetrically using propidium 

iodide (PI) fluorescent indicator. Bar graph denotes the relative flu-
orescence intensity of PI upon co-treatment of Naringenin in hyper-
glycemic renal cells at the indicated time. D Fluorescent micrographs 
of Hoechst 33258 (10  μg/mL) stained NRK 52E cells visualized at 
20X magnification with scale bar 50  μm. Data are represented as 
mean ± SE. * p < 0.05, *** p < 0.001 indicates significant differences 
from the control group. # p < 0.05 ## p < 0.01 ### p < 0.001 indicates 
significant difference from HG group
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(Fig. 1B). The results of MTT and Alamar blue reduction 
assays were further confirmed through propidium iodide 
(PI) uptake assay, which is an indicator of apoptotic cell 
death. High glucose treated renal cells displayed a significant 
increase (1.59 fold, p < 0.05) in PI fluorescence intensity 
compared to untreated cells (Fig. 1C). Conversely, Narin-
genin treatment at the doses of 25 and 50 µM significantly 
reduced PI uptake (0.66 fold and 0.76 fold; p < 0.05) com-
pared to high glucose exposed NRK 52E cells respectively 
(Fig. 1C). Furthermore, Hoechst 33,258 staining affirmed 
the occurrence of apoptotic cell death in hyperglycemic 
renal cells as evident by nuclear condensation, fragmen-
tation and pyknotic nuclei compared to control (Fig. 1D). 
Naringenin (25 and 50 µM) treatment prevented DNA dam-
age and nuclear condensation in high glucose treated renal 
cells indicating the protective effects of Naringenin during 
hyperglycemia induced cytotoxicity (Fig. 1D). On the basis 
of MTT, Alamar blue, PI uptake and Hoechst 33,258 stain-
ing results, 25 µM concentration of Naringenin was found 
most effective than other doses (10, 15 and 50 µM) therefore, 
25 µM dose of Naringenin was selected for further in vitro 
experiments.

Naringenin diminishes oxidative stress 
and enhances anti‑oxidant capacity 
in hyperglycemic renal cells

Oxidative stress is a key player in promoting oxidoreductive 
imbalance in various subcellular compartments, including 
ER. In the diabetic milieu, enhanced reactive oxygen species 
(ROS) generation interferes with the protein folding capacity 
of ER thereby promoting the accumulation of misfolded pro-
teins in ER and cause ER stress (Pandey et al. 2019). Over-
production of ROS has also been linked with activation of 
ER stress signaling pathway during hyperglycemic nephro-
toxicity (Burgos et al., 2019). Therefore, we examined the 
impact of hyperglycemia on ROS generation and antioxi-
dant defense systems. Further, we checked the ameliorative 
effects of Naringenin in regulating oxidoreductive imbal-
ance during hyperglycemic nephrotoxicity. Results affirmed 
that high glucose (30 mM) treated NRK 52E cells demon-
strated a noticeable change in intracellular ROS generation 
as DCF fluorescence intensity was significantly enhanced 
(1.90 fold, p < 0.01) compared to control (Fig. 2A). Over-
production of intracellular ROS was markedly reduced by 
Naringenin treatment as indicated by reduced DCF fluores-
cence (0.63 fold, p < 0.05) compared to hyperglycemic renal 
cells (Fig. 2A). In the presence of tunicamycin (an ER stress 
inducer), renal cells displayed a significant increase in DCF 
fluorescence intensity (2.11 fold, p < 0.01) compared to con-
trol, implicating the compromised oxidoreductive balance 
under ER stress conditions (Fig. 2A). Further, the effect of 
Naringenin on superoxide radical generation was examined 

with DHE dye. A significant increase in the levels of super-
oxide radicals was evident in the ratio of ethidium/dihydro-
ethidium which was significantly increased in high glucose 
(1.83 fold, p < 0.01) and tunicamycin (2.26 fold, p < 0.05) 
treated renal cells compared to control (Fig. 2B).

Naringenin treatment reduced the generation of superox-
ide radicals in hyperglycemic NRK 52E cells as indicated 
by the reduced ratio of ethidium/dihydroethidium (0.57 fold, 
p < 0.01) evidencing its anti-oxidant capacity (Fig. 2B).

Maintaining the membrane potential is crucial for healthy 
mitochondria whereas stressed or damaged mitochondria 
exhibit altered membrane potential. The capacity of Nar-
ingenin to rescue the mitochondrial membranes from depo-
larization during hyperglycemic renal toxicity was tested. 
High glucose treatment in NRK 52E cells altered the mem-
brane potential of mitochondria as evident by the reduced 
red/green fluorescence ratio (0.43 fold, p < 0.01) compared 
to control indicating towards mitochondrial depolarization 
(Fig. 2C). Naringenin treatment not only suppressed the 
intracellular ROS production and superoxide generation but 
also prevented depolarization of mitochondrial membrane 
as evident by an increased ratio of red/green fluorescence 
of JC1 (2.06 fold, p < 0.05) under hyperglycemic conditions 
(Fig. 2C). Treatment of tunicamycin (2 µg/mL; 24 h) showed 
reduced JC1 fluorescence (0.32 fold, p < 0.01) compared to 
control, indicating depolarization and compromised mito-
chondrial function under ER stress conditions. Further, to 
examine the anti-oxidant potential of Naringenin, reduced 
glutathione (GSH) levels as well as antioxidant enzymes 
such as superoxide dismutase (SOD) and catalase were esti-
mated in control and treated NRK 52E cells. Results dem-
onstrate that treatment of high glucose depleted GSH levels 
(0.53 fold, p < 0.05) compared to control cells, indicating 
compromised anti-oxidant levels during hyperglycemic renal 
toxicity (Fig. 2D). Naringenin, on the other hand, guarded 
renal cells by averting GSH depletion (1.86 fold, p < 0.05) 
hence maintaining the anti-oxidant pool (Fig. 2D). The level 
of GSH was also checked in presence of ER stress inducer, 
i.e. tunicamycin. Interestingly, cellular GSH content was 
significantly depleted (0.58 fold, p < 0.05) in tunicamy-
cin treated renal cells compared to control, indicating the 
inadequacy of reducing equivalents under ER stress condi-
tions (Fig. 2D). Hyperglycemia diminished the activities of 
antioxidant enzymes, SOD (0.37 fold, p < 0.01) and cata-
lase (0.36 fold, p < 0.001) compared to control indicating 
the compromised anti-oxidant defense systems (Fig. 2E-F). 
However, Naringenin treated hyperglycemic renal cells 
showed enhanced activities of SOD (2.62 fold, p < 0.01) and 
catalase (1.729 fold, p < 0.001) showed the anti-oxidative 
capacity of Naringenin (Fig. 2E-F). Further, the anti-oxidant 
enzyme activity of SOD and catalase was monitored in pres-
ence of tunicamycin. Data demonstrate a significant deple-
tion in the enzymatic activities of SOD (0.34 fold, p < 0.01) 
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and catalase (0.37 fold, p < 0.001) compared to control 
affirming the declined antioxidant enzyme activities under 
ER stress (Fig. 2E-F). Oxidative damage has been impli-
cated strongly in the promotion and pathogenesis of diabetic 
kidney disease. So far, the results indicate that Naringenin 
diminished oxidative stress and improved antioxidant lev-
els in high glucose treated NRK 52E cells. To confirm our 
in vitro results, the anti-oxidant potential of Naringenin was 
validated in the renal tissues of STZ/Nicotinamide induced 
experimental diabetic rats. Data demonstrate increased 
ROS generation and compromised anti-oxidant defense 
response as evident through enhanced lipid peroxidation, 
significant depletion in GSH content and reduced enzymatic 
activities of SOD and catalase confirming the compromised 
anti-oxidant response during hyperglycemic nephrotoxic-
ity. (Supl.Fig. 2a-d). On the contrary, Naringenin treatment 

proficiently attenuated lipid peroxidation, prevented the loss 
of GSH content and improved enzymatic activities of SOD 
and catalase in diabetic kidneys suggesting its anti-oxidant 
capacity (Supl. Fig. 2a-d). Altogether, results suggest that 
oxidative insult impaired anti-oxidant machinery during 
hyperglycemic renal toxicity in vitro and in vivo. However, 
Naringenin treatment showed protective effects by abolish-
ing oxidative stress and enrichment of anti-oxidant status 
supporting its renoprotective potency under hyperglycemic 
conditions.

Naringenin abrogates hyperglycemia‑induced ER 
stress in vitro and in vivo

ER stress has been reported as a cardinal player in the patho-
physiology of DN (Ju et al. 2019). Prolonged exposure to 

Fig. 2   Naringenin curbed hyperglycemia-induced oxidative insult 
in renal cells. A NRK 52E cells were co-treated with high glucose 
(30 mM) and Naringenin (25 µM) for 48 h. Tunicamycin (TM; 2 µg/
mL) was used to assess ER stress-induced oxidative stress in renal 
cells. Total ROS generation was assessed by adding 10 μM DCFH-
DA for 30 min and fluorescence was read at Ex/Em of 485/535 nm. 
The bar graph represents the mean DCF fluorescence intensity 
expressed in arbitrary units. B Superoxide levels were measured by 
DHE (5 µg/mL; 30 min) in NRK 52E cells. The level of superoxide 
generation was calculated by taking the ratio of ethidium/dihydroeth-
idium. The bar graph represents the fluorescence ratio of ethidium/
dihydroethidium. C Mitochondrial membrane potential was meas-

ured through JC-1 fluoroprobe. The bar graph depicts the ratio of red/
green fluorescence intensities. D GSH levels were measured in con-
trol and treated NRK 52E cells. Dot-plotted graph showing µmol of 
GSH /mg protein expressed in fold change of control. E Enzymatic 
activity of SOD was measured in control and treated renal cells. Dot 
plot graph represents the changes in SOD activity expressed in unit 
SOD activity/min/mg protein. F Dot-plotted graph depicts the cata-
lase activity is presented as µmol H2O2  consumed/min/mg protein. 
Data are presented as the mean ± SE. * p < 0.05, ** p < 0.01, *** 
p < 0.001 vs control and # p < 0.05, ## p < 0.01, ### p < 0.001 vs HG 
group
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ER stress inducers such as tunicamycin stimulates cellular 
damage in renal cells (Mo et al. 2019). To assess the role of 
Naringenin in regulating hyperglycemia-induced ER stress, 
we measured the levels of putative ER stress markers includ-
ing p-PERK, p-eIF2α, XBP-1 s, ATF4 and CHOP at pro-
tein levels. It was observed that high glucose stress in renal 
cells elevated the phosphorylation of PERK (a major UPR 
sensor protein), as the expression ratio of p-PERK/PERK 
was increased significantly (1.65 fold, p < 0.001) compared 
to control indicating the activation of ER stress response 
during hyperglycemic renal toxicity (Fig. 3A). Activation 
of PERK signaling axis induces the phosphorylation of its 

downstream signaling molecule, i.e. eIF2α to reduce the 
protein load in stressed ER. Immunoblot analysis shows 
increased phosphorylation of eIF2α as the ratio of p-eIF2α/
eIF2α was significantly increased (1.54 fold, p < 0.01) in 
high glucose exposed NRK 52E cells compared to control 
(Fig. 3B). Further, treatment of tunicamycin significantly 
increased the ratio of p-PERK/PERK (2.18 fold, p < 0.001) 
and p-eIF2α/eIF2α (1.49 fold, p < 0.01) compared to control 
indicating the activation of ER stress response in NRK 52E 
cells (Fig. 3A-B). Importantly, co-treatment of high glu-
cose and Naringenin prevented phosphorylation of PERK 
and eIF2α as indicated by the reduced ratio of p-PERK/

Fig. 3   Naringenin suppressed hyperglycemia-induced ER stress 
in vitro. A NRK 52E cells were co-treated with high glucose and Nar-
ingenin for 48 h. NRK 52E cells were treated with Tunicamycin (TM) 
at the final concentration of 2  µg/mL for 24  h. Total protein lysate 
was subjected to SDS-PAGE and protein samples were immunob-
lotted with PERK and p-PERK antibodies. The bar graph shows the 
densitometric ratio of p-PERK/PERK expressed in the fold change 
of control. B Immunoblots of eIF2α and p-eIF2α C Immunoblot of 
XBP1s detected in total protein lysates of control and treated NRK 
52E cells. The bar graph shows the densitometric ratio p-eIF2α/eIF2α 
and XBP1s respectively. D Fluorescent micrographs showing the cel-
lular expression of XBP1s protein. Cells were visualized under fluo-

rescence microscope at 10X magnification with scale bar 50  µm. E 
The bar graph depicts the mean fluorescence intensity expressed in 
fold change of control. F Immunocytochemical staining of ATF4 
where Hoechst was used for nuclear stain in blue colour (magnifica-
tion 20X, scale bar 50 µm) in renal cells. G Bar graph showing the 
changes in the level of ATF4 protein. H Immunoblots of ATF4 and 
CHOP were detected in NRK 52E cell lysates. The bar graph shows 
the densitometry of their respective bands. Band intensities of each 
blot were normalized to β-actin. Data are presented as the mean ± SD/
SE. * p < 0.05 ** p < 0.01, *** p < 0.001 vs control and # p < 0.05, ## 
p < 0.01, ### p < 0.001 vs HG
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PERK (0.69 fold, p < 0.001) and p-eIF2α/eIF2α (0.66, fold, 
p < 0.01) compared to hyperglycemic renal cells endorsing 
the ER stress inhibition capacity of Naringenin (Fig. 3A-
B). Further, the protein level of spliced XBP-1was checked 
because it is an indicator of ER stress activation. Western 
blot analysis of XBP-1 s revealed a significant increase (1.7 
fold, p < 0.001) after 48 h of high glucose treatment com-
pared to untreated cells (Fig. 3C). Upon Naringenin treat-
ment a significant reduction (0. 82 fold, p < 0.05) in the level 
of XBP-1 s protein was observed in hyperglycemic renal 
cells (Fig. 3C) indicating ER stress inhibitory potential of 
Naringenin. After 24 h exposure of tunicamycin, renal cells 
showed a substantial increase (1.67 fold, p < 0,001) in the 
expression of XBP-1 s protein compared to control suggest-
ing ER stress activation in renal cells (Fig. 3D-E). Further, 
XBP-1 s protein expression was confirmed through immu-
nocytochemical studies. A significant increase (1.8 fold, 
p < 0.001) was observed in high glucose treated NRK 52E 
cells (Fig. 3D-E). On the other hand, Naringenin downregu-
lated XBP-1 s protein expression as indicated by reduced 
fluorescence (0.50 fold, p < 0.001) compared to hypergly-
cemic NRK 52E cells (Fig. 3D-E) asserting that Naringenin 
possesses ER stress inhibitory capacity. The deactivation of 
eIF2α, a key player of the translational machinery, activates 
its downstream signaling molecules, including ATF4 and 
CHOP when the stress is prolonged. Upregulation of ATF4 
and CHOP (proteotoxic apoptotic marker proteins) ensures 
the activation of cell death signals (Ju et al. 2019). NRK 
52E cells, exposed to hyperglycemic environment, demon-
strated a significant increase in the levels of ATF4 (1.85 fold, 
p < 0.001) and CHOP (1.41 fold, p < 0.05) proteins as com-
pared to untreated cells (Fig. 4A). Tunicamycin treated renal 
cells showed significant upregulation of ATF4 (1.82 fold, 
p < 0.001) and CHOP (1.47fold, p < 0.01) proteins compared 
to control (Fig. 4A). Interestingly, treatment of Naringenin in 
hyperglycemic NRK 52E cells downregulated the expression 
of ATF4 (0.77 fold, p < 0.01) and CHOP (0.49 fold, p < 0.01) 
proteins compared to hyperglycemic renal cells showing its 
anti-ER stress effects (Fig. 3F-H).

To confirm these in vitro results, the expression level of 
molecular markers of ER stress, including p-PERK, p-eIF2α, 
ATF4 and CHOP proteins was measured in the kidney tis-
sues of STZ/nicotinamide treated diabetic rats through west-
ern blot analysis. Data showed enhanced phosphorylation 
of PERK and eIF2α as the ratio of p-PERK/PERK (1.54 
fold, p < 0.001) and p-eIF2α/eIF2α (1.49 fold, p < 0.001) 
were significantly increased in the diabetic kidney tissues 
as compared to control suggesting the activation of ER 
stress during DN (Fig. 4A-B). Conversely, supplementation 
of Naringenin in diabetic rats prevented the activation of 
the PERK-eIF2α pathway indicating its ER stress attenuat-
ing potential during diabetic renal toxicity (Fig. 4A-B). To 
further assess the ER stress-induced proteotoxic cell death, 

the expression of ATF4 and CHOP proteins was measured 
in the kidney tissues of control and treated rats. Western blot 
analysis demonstrates a significant increase in the expres-
sion of ATF4 (2.43 fold, p < 0.001) and CHOP (1.77 fold, 
p < 0.001) proteins in diabetic kidney tissues compared to 
control (Fig. 4C-D) indicating ER stress-induced apop-
totic cell death. Interestingly Naringenin supplementation 
(50 mg/kg bwt) for 28 days in diabetic rats significantly 
downregulated the level of ATF4 (0.69 fold, p < 0.001) and 
CHOP (0.79 fold, p < 0.01) protein compared to diabetic rats 
indicating the protective capacity of Naringenin against ER 
stress during diabetic renal toxicity (Fig. 4C-D).

Naringenin prevents nuclear translocation of ATF4 
and CHOP during hyperglycemic nephrotoxicity

Activation of proteotoxic apoptotic marker proteins, includ-
ing ATF4 and CHOP plays an important role in the patho-
physiology of many diseases, including diabetes (Oyadomari 
and Mori 2004). It is reported that ATF4 and CHOP proteins 
translocate to the nucleus and induce apoptosis under ER 
stress conditions (Gotoh et al. 2002). Nuclear colocaliza-
tion of ATF4 and CHOP proteins was examined through 
immunocytochemistry. Fluorescent micrographs observed 
under a confocal microscope indicate the nuclear colocali-
zation of ATF4 and CHOP proteins in high glucose, and 
tunicamycin treated NRK 52E cells compared to control 
(Fig. 5A). Interestingly, Naringenin treatment prevented the 
nuclear colocalization of ATF4 and CHOP in hyperglyce-
mic renal cells indicating the critical role of Naringenin in 
ameliorating ER stress during hyperglycemic nephrotoxicity 
(Fig. 5A). Further, the level of ATF4 and CHOP proteins 
was measured in nuclear and cytosolic sub-cellular fractions 
of kidney tissue lysates. Immunoblot analysis revealed a sig-
nificant increase in the level of ATF4 (1.88 fold, p < 0.001) 
and CHOP (2.05 fold, p < 0.001) proteins in the nuclear 
fraction of diabetic kidneys compared to control implicat-
ing the critical role of ER stress in the progression of DN 
(Fig. 5B). Conversely, supplementation of Naringenin pre-
vented nuclear translocation of ATF4 and CHOP proteins 
under diabetic conditions suggesting its ER stress inhibitory 
effects during hyperglycemic nephrotoxicity (Fig. 5B). To 
further confirm the protein–protein interaction of ATF4 and 
CHOP in the nuclear compartment, co-immunoprecipitation 
was performed. Data suggest that under diabetic conditions, 
the interaction of ATF4 and CHOP protein was significantly 
increased (2.27 fold, p < 0.001) in the nuclear fraction of 
diabetic kidney tissue lysate compared to control (Fig. 5D). 
However, this interaction was significantly lowered in Nar-
ingenin (50 and 100 mg/kg bwt) treated diabetic rats affirm-
ing its regulatory role on the ATF4-CHOP pathway during 
hyperglycemic renal toxicity (Fig. 5D). Hence, it can be 
conceived that Naringenin exerts its protective effects by 
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Fig. 4   Naringenin inhibits ER stress in the kidney tissues of STZ/
nicotinamide induced diabetic Wistar rats. Diabetic rats were sup-
plemented with Naringenin for 4 weeks. The expression of ER stress 
marker proteins was examined in the kidney tissues of control and 
treated rats through western blotting. Western blots of A PERK and 
p-PERK B eIF2α and p-eIF2α were detected in total protein lysates. 

Bar graphs show the densitometric ratio of p-PERK/PERK and 
p-eIF2α/eIF2α respectively. C Immunoblots of ATF4 and D CHOP 
were detected in kidney tissue lysates. The bar graph shows the den-
sitometric analysis expressed as fold change of control. β-actin served 
as a loading control. Data are presented as mean ± SE. *** p < 0.001 
vs control and # p < 0.05, ## p < 0.01, ### p < 0.001 vs diabetic rats
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regulating ATF4-CHOP expression during hyperglycemic 
nephrotoxicity.

The results so far revealed the protective capacity of 
Naringenin as it enhanced cell viability, reduced oxida-
tive stress, enhanced anti-oxidant defense and prevented 
ER stress during hyperglycemic renal toxicity. To further 
confirm the ER stress inhibitory role of Naringenin, ultra-
structural change in the morphology of ER was observed 
through transmission electron microscopy. Photomicro-
graphs revealed the visible ultrafine changes in the mor-
phology of ER as evident by the disintegration of the ER 
membrane, dilatation of ER sacs and the loss of native 
structure of ER in hyperglycemic renal cells (Fig.  6). 

However, in control cells, no such ultrastructural changes 
were observed in the morphology of ER. Tunicamycin 
was used as a positive control that induces ER stress by 
blocking the N-linked glycosylation of proteins during 
post-translational modifications. NRK 52E cells displayed 
noticeable ultrafine changes in ER morphology as indi-
cated by enlargement of ER after 24 h treatment of tuni-
camycin demonstrating the ER stress conditions (Fig. 6). 
Naringenin treatment attenuated ER damage by preventing 
the ultrastructural changes in ER of hyperglycemic renal 
cells endorsing the protective effects of Naringenin during 
hyperglycemic nephrotoxicity.

Fig.5   Naringenin prevents nuclear translocation of ATF4 and CHOP 
during hyperglycemic nephrotoxicity. A Dual immunocytochemical 
study was performed on control and treated NRK 52E cells to assess 
the nuclear colocalization of ATF4 and CHOP proteins. ATF4 and 
CHOP proteins were labeled with Alexa fluor 488 (green) and Cy3 
(red) respectively. DAPI (blue) was used to stain the nuclei of the 
cells. Fluorescent micrographs were captured in a confocal micro-
scope at 40X magnification with scale bar 50 µm. Red arrows indi-
cate the colocalization of ATF4 and CHOP proteins. B Immunoblots 

of ATF4 and CHOP measured in nuclear fraction and C cytosolic 
fraction of kidney tissues lysates. Bar graph shows the densitomet-
ric analysis expressed as fold change of control. Histone served as 
an endogenous control for nuclear proteins while β-actin was used as 
an endogenous control for cytosolic proteins. D Western blot of the 
co-immunoprecipitated nuclear fraction of kidney tissue samples. 
The bar graph shows the ATF4-CHOP conjugates expressed in fold 
change of control. Data are presented as mean ± SE. * p < 0.05, *** 
p < 0.001 vs control and # p < 0.05, ### p < 0.001 vs diabetes
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Inhibition of ER stress averts metabolic aberrations 
and renal injuries in experimental diabetic rats

Hyperglycemia and hyperinsulinemia are the classical fea-
tures of type 2 diabetes. Defective insulin signaling often 
leads to insulin resistance and dysregulation of glyce-
mic control in insulin-sensitive tissues including kidneys 
(Schrauben et al. 2019). Therefore, to confirm hyperinsu-
linemic condition, insulin levels were measured in serum 

samples of control, and STZ/nicotinamide treated diabetic 
rats through ELISA assay. Data suggests that insulin levels 
were significantly elevated (1.44 fold, p < 0.01) in serum 
samples of experimental diabetic rats compared to control 
indicating the establishment of type 2 diabetes (Fig. 7A). 
However, supplementation of Naringenin significantly 
restored insulin level in diabetic rats demonstrating the 
insulin stabilizing potential of Naringenin. Further, the level 
of glucose in serum samples was measured to confirm the 

Fig. 6   Naringenin prevented 
ultrastructural changes in ER 
during hyperglycemic renal 
toxicity. Photomicrographs 
revealing the ultrafine changes 
in the morphology of ER in 
renal cells as visualized through 
TEM at original magnifications 
of 6500X, scale bar; 2 µm, 
dimensions: 3622 × 2664 pixels 
and 30000X, scale bar; 0.5 µm, 
dimensions: 3622 × 2664 pixels. 
Black arrows indicate the 
normal ER, Red arrows indicate 
the damaged or deformed ER 
structure in high glucose and 
tunicamycin treated renal cells. 
Yellow arrows indicate nearly 
normal ER upon Naringenin 
treatment in hyperglycemic 
renal cells
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stable hyperglycemic conditions. STZ/nicotinamide induced 
diabetic rats showed upsurged glucose levels (504 mg/dL) in 
their serum samples confirming the establishment of hyper-
glycemia. Diabetic rats treated with Naringenin (50 mg/
kg bwt) reduced the serum glucose levels upto (291 mg/
dL), affirming the anti-hyperglycemic property of Narin-
genin (Fig. 7B). The lower dose of Naringenin (25 mg/kg 
bwt), failed to decrease the serum glucose levels in diabetic 
rats (Fig. 7B). To further confirm the anti-hyperglycemic 
potential of Naringenin, an oral glucose tolerance test was 
performed. Diabetic rats showed poor glycemic control as 
the blood glucose levels were constantly higher throughout 

120 min, indicating impairment of insulin sensitization 
signals (Fig. 7C). Naringenin supplementation efficiently 
cleared the circulating blood glucose after 120 min com-
pared to experimental diabetic rats confirming the anti-
hyperglycemic potency of Naringenin (Fig.  7C). STZ/
nicotinamide treatment causes stable hyperglycemia which 
further leads to impaired renal function. Further, Diabetic 
rats demonstrated a significant increase in serum urea levels 
(1.49 fold, p < 0.05) compared to control while Naringenin 
treatment (50 mg/kg bwt) reduced the level of urea (0.68 
fold, p < 0.05) compared to diabetic rats (Fig. 7D). Serum 
albumin and serum total protein levels were also found 

Fig. 7   Naringenin attenuated hyperglycemia-induced metabolic per-
turbation and kidney damage in diabetic rats. A To confirm the estab-
lishment of type2 diabetic model, insulin levels were measured in rat 
serum. Bar graph represents the levels of serum insulin expressed in 
ng/mL of blood. B The bar graph shows the levels of glucose in rat 
serum after 4  weeks of diabetes induction and Naringenin supple-
mentation. C Oral glucose tolerance test (OGTT) was conducted on 
control and treated animals. The bar graph represents the blood glu-
cose levels at various time intervals. D Serum urea levels (mg/dL). 
E Serum albumin and serum total proteins (mg/dL). F The bar graph 

shows kidney weight/body weight ratio expressed in fold change of 
control. G Histopathological lesions in the kidneys of control and 
treated rats were observed through H&E staining (magnification: 
renal tubules; 40X with scale bar 100  µm and glomeruli; 40X with 
scale bar 100  µm). Black arrows indicate the increased bowman's 
space and shrinkage of glomeruli red arrows indicate the tubular 
degeneration and loss of brush border cells. Data are presented as 
mean ± SE. * p < 0.05, ** p < 0.01, *** p < 0.001 vs control and # 
p < 0.05, ## p < 0.01 vs diabetic rats
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to decline in diabetic rats compared to control implicat-
ing hyperglycemia-induced renal dysfunction (Fig. 7E). A 
significant increase in the kidney weight/body weight ratio 
(1.5 fold, p < 0.05) was observed in diabetic rats implicat-
ing hyperglycemia-induced kidney hypertrophy (Fig. 7F). 
Notably, diabetic rats treated with Naringenin attenuated 
abnormal change in kidney weight/body weight ratio advo-
cating its reno-protective effects during diabetic renal toxic-
ity (Fig. 7F).

Chronic hyperglycemia has been shown to cause struc-
tural changes in the kidneys during diabetes. Histopatho-
logical examination of kidneys showed noticeable changes 
in kidney architecture. H&E stained kidney sections dem-
onstrated severe pathological changes in STZ/nicotinamide 
treated diabetic kidneys such as shrinkage of glomeruli, 
increased Bowman's capsular space, degeneration of tubu-
lar cells with severely engorged interstitial blood vessels and 
loss of brush border cells compared to control, confirming 
the occurrence of diabetic renal injuries. Interestingly, rats 
treated with Naringenin (50 and 100 mg/kg bwt) for 4 weeks 
prevented the shrinkage of glomeruli, tubular dilatation, loss 
of brush border cells and tubular degeneration compared to 
diabetic rats evidencing its renoprotective effects in experi-
mental diabetic kidneys of STZ/nicotinamide induced dia-
betic rats (Fig. 7G). However, 25 mg/kg bwt dose of Nar-
ingenin could not avert the histopathological changes in 
diabetic kidneys. Therefore, the data suggest that 50 and 
100 mg/kg bwt dose of Naringenin worked better than the 
low dose, i.e. 25 mg/kg bwt in abrogating renal injuries dur-
ing hyperglycemic nephrotoxicity.

Naringenin prevents hyperglycemia‑induced 
apoptosis in vitro and in vivo

In this study so far, it was observed that hyperglycemia 
upregulated ER stress marker proteins in NRK 52E cells 
and STZ/nicotinamide induced diabetic kidney tissues, 
which were attenuated by Naringenin. Persistent activation 
of CHOP has been earlier reported by our group to induce 
apoptotic signaling cascade via inhibition of Bcl2 during 
diabetes (Pandey et al. 2019). Therefore, to confirm this, we 
measured the protein levels of anti-apoptotic marker Bcl2 
and proapoptotic markers, including Bax and cleaved cas-
pase 3. Further, immunoblotting studies revealed a signifi-
cant increase in Bax/Bcl2 ratio (2.88 fold, p < 0.001) after 
24 h of tunicamycin treatment in NRK 52E cells compared 
to untreated cells confirming ER stress-induced proteotoxic 
apoptotic death (Fig. 8A). Interestingly, in hyperglycemic 
renal cells, Bax/Bcl2 ratio was significantly upregulated 
(3.96 fold, p < 0.001) compared to control endorsing the 
activation of apoptotic signals during hyperglycemic renal 
toxicity. Conversely, Naringenin treatment prevented cell 
death as the Bax/Bcl2 ratio was significantly reduced (2.02 

fold, p < 0.001) compared to hyperglycemic renal cells 
(Fig. 8A). Cleavage of caspase 3 is a critical event in apop-
tosis. Hence, we examined the level of cleaved caspase 3 in 
tunicamycin and high glucose exposed renal cells. Western 
blot analysis revealed a significant increase in cleaved cas-
pase 3 levels in tunicamycin (1.73 fold, p < 0.001) and high 
glucose (1.47 fold, p < 0.001) treated renal cells compared to 
control (Fig. 8B). Naringenin prevented cell death by arrest-
ing caspase 3 activation in hyperglycemic NRK 52E cells 
indicating its anti-apoptotic potential during hyperglycemic 
renal toxicity. To further confirm the anti-apoptotic effects 
of Naringenin, we assessed the ultrastructural changes in the 
cellular morphology of NRK 52E cells through TEM. Pho-
tomicrographs of tunicamycin treated renal cells revealed 
the ultrafine changes, including loss of cell architecture, 
damage and blebbing of the cell membrane and formation 
of apoptotic bodies indicating ER stress-induced apoptotic 
cell death (Fig. 8C). Similar changes were observed in high 
glucose treated renal cells indicating the loss of tubular cells 
through apoptotic death under hyperglycemic environment. 
Interestingly, co-treatment of Naringenin in hyperglyce-
mic renal cells for 48 h prevented the loss of renal cells by 
inhibiting apoptotic cell death confirming its anti-apoptotic 
properties (Fig. 8C). Furthermore, activation of apoptosis 
was confirmed in kidney tissue lysates of STZ/nicotinamide 
treated diabetic rats. The ratio of Bax/Bcl2 and cleaved cas-
pase 3 protein levels were measured through western blot-
ting. Data revealed a significant upregulation in the Bax/
Bcl2 ratio (2.68 fold, p < 0.001) and cleaved caspase 3 (2.33 
fold, p < 0.001) indicating the activation of the apoptotic cas-
cade in diabetic kidney tissues (Fig. 8D). Naringenin treat-
ment maintained the ratio of pro-and anti-apoptotic proteins 
as evident by reduced Bax/Bcl2 ratio and concomitant block-
ing of the cleavage and activation of caspase 3 affirming its 
reno-protective capacity during hyperglycemic renal toxicity.

Discussion

Diabetic nephropathy is one of the major pathological out-
comes of chronic kidney disease leading to end-stage kid-
ney failure globally. The molecular mechanisms underlying 
the physiopathology of the disease are highly complex and 
still being explored. However, many studies have demon-
strated that oxidative stress (Mathur et al. 2018) and ER 
stress (Mo et al. 2019) may be the major pathogenic mecha-
nisms contributing to the pathogenis of DN. Interestingly, 
ER stress inhibition has been shown to give promising 
results to manage diabetic nephropathy (Cao et al. 2016). 
Preventive management of diabetic complications through 
different flavonoids, including Naringenin, is well known. 
Though, the unique mechanism, i.e. ER stress signaling and 
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its amelioration by Naringenin during diabetic renal toxicity 
is not been reported till the date.

In the present study, we have demonstrated the novel role 
of Naringenin in attenuating ER stress-induced renal cell 
death in hyperglycemic NRK 52E cells, and streptozotocin/
nicotinamide induced diabetic Wistar rats. Previous  reports 
from our lab as well as others have shown that Naringenin 
plays an important role in modulating apoptotic death in 
different cell types such as primary rat hepatocytes (Kapoor 
et al. 2013) and myocardial (H9c2) cells (Tang et al. 2017). 
However, its role in regulating hyperglycemia-induced ER 
stress in the renal system is not documented so far. In an 

earlier study, Naringenin was found to be non-cytotoxic up 
to the concentration of 100 µM in pancreatic β-cells (MIN6 
cells). Although, at 200 µM dose, Naringenin exerted its 
cytotoxic effects and decreased the viability of MIN6 cells 
up to 65% after 24 h of treatment (Rajappa et al. 2019). 
There are no studies, demonstrating the cytotoxic effects of 
Naringenin on NRK 52E cells. Therefore, we examined the 
toxicity pattern of Naringenin on NRK 52E cells to select a 
non-cytotoxic and effective dose for in vitro experiments. In 
our study, it was observed that Naringenin was non-cytotoxic 
to NRK 52E cells up to the highest concentration, i.e. 50 µM. 
However, beyond this dose, Naringenin caused significant 

Fig. 8   Naringenin inhibited hyperglycemia-induced apoptotic death 
in  vitro and in  vivo. Renal cells were co-treated with high glucose 
and Naringenin for 48 h. Tunicamycin (2 µg/mL; 24 h) was used to 
induce ER stress in NRK 52E cells A Changes in Bax and Bcl2 pro-
tein levels were detected in cells/tissue lysates through western blot 
analysis. The bar graph shows the densitometric ratio of Bax and 
Bcl2 protein levels expressed in fold change of control. B Immu-
noblot of cleaved caspase 3 detected in NRK 52E cells. Bar graph 
indicates the cleaved caspase-3 protein expression in fold change of 
control. C Photomicrographs visualized under TEM with original 

magnification 6500X; scale bar 2 µm, dimensions: 3622 × 2664 pixels 
and 15000X; scale bar   1  µm, dimensions: 3622 × 2664 pixels. Red 
arrows indicate the formation of apoptotic bodies in high glucose and 
tunicamycin treated cells. D Immunoblots of Bax, Bcl2 and cleaved 
caspase 3 were examined in kidney tissue lysates. The bar graph rep-
resents the densitometry of the Bax/Bcl2 ratio and cleaved caspase 3 
proteins expressed in fold change of control. β-actin served as a load-
ing control. Data are presented as mean ± SD. *** p < 0.001 vs con-
trol and # p < 0.05, ### p < 0.001 vs HG/diabetes
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cell death as evident by reduced viability of NRK 5E cells 
after 24, 48 and 72 h of treatment (Supl.Fig. 1b-d). Narin-
genin is reported to protect hypoxia/reoxygenation induced 
apoptosis in cardiomyocytes (H9c2 cells) at 80 and 160 µM 
concentrations (Tang et al. 2017) and streptozotocin induced 
cytotoxicity in pancreatic beta cells (MIN6 cells) at 100 µM 
dose (Rajappa et al. 2019). Results of co-treatment in this 
study showed that Naringenin (25 and 50 µM) prevented 
cell death in high glucose treated NRK 52E cells as evident 
through MTT, Alamar blue, propidium iodide uptake and 
Hoechst 33,258 staining (Fig. 1A-D) respectively. Therefore, 
we selected 25 µM dose of Naringenin to examine its anti-
ER stress and anti-oxidant potential during hyperglycemic 
renal toxicity.

Rising evidence suggests that prolonged hyperglycemic 
environment causes overproduction of ROS, which leads to 
oxidation of cellular macromolecules such as proteins owing 
to ER dysfunction and compromised anti-oxidant defense 
system (Pandey et al. 2019). The present study shows that 
Naringenin abrogates ROS generation in high glucose 
treated NRK 52E cells and streptozotocin/nicotinamide 
induced diabetic kidney tissues asserting its anti-oxidative 
capacity (Fig. 2A-B, Supl. Fig. 2a). Although, mitochondria 
are the major source of ROS generation, but other than mito-
chondria, ER is also involved in oxidative stress-mediated 
hyperglycemic renal toxicity. In this study, we found that 
treatment of tunicamycin, an ER stress inducer, significantly 
increased the ROS generation leading towards oxidative 
misfolding of polypeptides in ER, which further hampers 
proteo-homeostasis in ER (Fig.  2A-B). Excessive ROS 
generation during hyperglycemic stress can damage mito-
chondrial membrane lipids and reduces membrane potential, 
resulting in the initiation of the apoptotic cascade. Our data 
demonstrated that Naringenin prevented the loss of mito-
chondrial membrane potential in high glucose treated NRK 
52E cells confirming its renoprotective potential (Fig. 2C). 
Overproduction of ROS has been linked with the declined 
anti-oxidant defense system in the pathogenesis of hypergly-
cemic renal toxicity (Chen et al., 2018). In our study, Narin-
genin treatment improved the anti-oxidant defense systems 
in hyperglycemic NRK 52E cells (Fig. 2D-F) and kidney 
tissues of STZ/nicotinamide treated experimental diabetic 
rats (Supl.Fig. 2b-d) evidencing the anti-oxidant potential 
of Naringenin.

Several studies have been reported so far, which dem-
onstrate the involvement of ER stress in the progression 
and pathogenesis of diabetic kidney disease. Disruption 
in oxido-reductive balance has been found as a prevalent 
cause of ER dysfunction. Many chemical inhibitors of ER 
stress, including tauroursodeoxycholic acid (TUDCA), are 
reported to prevent renal tubular injuries through abrogating 
ER stress in the kidney tissues of db/db mice (Zhang et al. 
2016). Phytochemicals are known to cause fewer adverse 

effects and have emerged as an alternative strategy to man-
age diabetic kidney disease. Naringenin is reported to attenu-
ate ER stress-induced apoptosis in cardiomyocytes (H9c2 
cells) during hypoxia/reoxygenation (Tang et al. 2017). Acti-
vation of PERK/eIF2α signaling pathway is shown to be a 
major contributor to the pathogenesis of several diseases, 
including in hyperglycemia-induced disorders (Pandey et al. 
2019). Several pathological conditions like hyperglycemia 
cause aberrant activation of PERK pathway, which plays 
a cardinal role in the progression and pathophysiology of 
hyperglycemic nephrotoxicity (Tian et al. 2018). In this 
study increased, phosphorylation of PERK was observed, 
which was prevented by Naringenin treatment in vitro and 
in vivo indicating its ER stress regulatory effects (Fig. 3A, 
4A). PERK-mediated phosphorylation of eIF2α (an indica-
tor of ER stress) inhibits the assembly of 80S ribosome and 
consequently, protein synthesis to reduce the protein load 
in already saturated ER (Rozpedek et al. 2016; Pandey et al. 
2019). Our results show that Naringenin treatment prevents 
the phosphorylation of eIF2α in hyperglycemic NRK 52E 
cells, and in the kidney tissues of STZ/nicotinamide treated 
diabetic Wistar rats (Figs. 3B, 4B). Tunicamycin was used 
to induce ER stress in NRK 52E cells, which served as a 
positive control of ER stress. Treatment of tunicamycin 
increased the levels of p-PERK and p-eIF2α indicating the 
activation of ER stress in renal tubular cells (Fig. 3A-B). 
Under ER stress, IRE1α gets phosphorylated, thereby acti-
vating its ribonuclease activity and initiates the splicing 
of mRNA encoding XBP1s protein. Immunoblotting and 
immunocytochemical studies showed that treatment of Nar-
ingenin suppressed the protein levels of XBP1s in hypergly-
cemic NRK 52E cells (Fig. 3C-E). Prolonged or severe ER 
stress often leads to the activation of proteotoxic apoptosis 
through multiple pathways. Phosphorylation of eIF2α not 
only constrains the protein synthesis but also induces the 
expression of specific transcription factors, including ATF4 
and CHOP. Generally, ATF4 regulates a wide array of genes, 
which play an important role in protein homeostasis and 
adaptation to cellular stress. However, under long-term ER 
stress conditions, ATF4 may also induce the activation of 
amino acid response elements (AARE) owing to the activa-
tion and expression of CHOP. Increased expression of ATF4 
and CHOP is an important sign of chronic ER stress, which 
plays a pivotal role in inducing ER stress-mediated apoptotic 
cell death.

In this study, we found that high glucose treated NRK 52E 
cells, and STZ/nicotinamide induced experimental DN rats 
had a significant increment in the expression level of proteo-
toxic apoptotic marker proteins, including ATF4 and CHOP 
proteins (Fig. 3F-H and 4C-D). An important finding was 
that Naringenin downregulated the expression ATF4 and 
CHOP in hyperglycemic NRK 52E cells, and in the kidney 
tissues of STZ/nicotinamide induced experimental diabetic 
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rats (Fig. 3F-H and 4C-D). Furthermore, it has been shown 
that overexpression of CHOP accelerates apoptosis while 
CHOP deficient mice were protected from ER stress-induced 
apoptotic death under diabetic conditions (Oyadomari et al. 
2002). Under ER stress conditions, ATF4 and CHOP trans-
locate to the nuclear compartment and form a transcriptional 
complex with a 9 base pair sequence that regulates ER stress-
related genes (Oyadomari and Mori 2004). In our study, we 
found that nuclear colocalization of ATF4 and CHOP was 
increased in high glucose, and tunicamycin treated NRK 52E 
cells (Fig. 5A). Further, ATF4 and CHOP were found to be 
increased in the nuclear fractions of diabetic kidney tissues 
confirming their nuclear translocation under diabetic condi-
tions (Fig. 5B). Additionally, the interaction of ATF4 and 
CHOP was also increased in the nuclear compartment of dia-
betic kidney tissues as examined through co-immunoprecip-
itation studies (Fig. 5D). However, treatment of Naringenin 
prevented nuclear translocation of ATF4 and CHOP in vitro 
and in vivo (Fig. 5A-D). Hence, it can be conceived that the 
protective effects of Naringenin are associated with the inhibi-
tion of ER stress. Upregulation of CHOP is known to down-
regulate Bcl2 expression resulting into increased ratio of Bax/
Bcl2 proteins culminating in programmed cell death (Li et al. 
2015). Further, the effect of Naringenin on the expression of 
anti-apoptotic and apoptotic marker proteins was investigated. 
It was observed that Naringenin treatment prevented apop-
tosis by downregulation of Bax/Bcl2 ratio and cleavage and 
activation of caspase 3 in hyperglycemic NRK 52E cells and 
in the kidneys of experimental diabetic Wistar rats (Fig. 8A, 
8B, 8D). Additionally, hyperglycemic renal cells displayed 
ultrastructural changes in ER such as the disintegration of 
the ER membrane and dilatation of ER sacs as observed in 
TEM micrographs (Fig. 6). Naringenin treatment not only 
reduced ER stress but also prevented the ultrafine changes 
in the morphology of ER in hyperglycemic renal cells advo-
cating its anti-ER stress activity (Fig. 6). Furthermore, TEM 
micrographs showed membrane blebbing and formation of 
apoptotic bodies in presence of high glucose and tunicamycin 
confirming ER stress-induced apoptotic cell death (Fig. 8C). 
Naringenin not only reduced apoptotic marker proteins but 
also prevented the formation of apoptotic bodies proving its 
anti-apoptotic potential (Fig. 8C). Overall, the findings of the 
study suggest that the protective mechanism of Naringenin is 
associated with the suppression of ER stress.

Conclusions

In conclusion, the current study demonstrates ER stress 
inhibitory capacity of Naringenin in hyperglycemic renal 
cells and STZ/nicotinamide induced diabetic rats. Narin-
genin treatment downregulated the expression of ER stress 
marker proteins, including p-PERK, p-eIF2α, XBP1s, ATF4 

and CHOP in vitro and in vivo. Supplementation of Narin-
genin reduced the nuclear translocation of proteotoxic apop-
totic marker proteins, including ATF4 and CHOP in hyper-
glycemic NRK 52E cells and kidney tissues of experimental 
diabetic rats. Naringenin also averted ultrastructural changes 
in ER, prevented tubular cell apoptosis and kidney injuries 
during hyperglycemic nephrotoxicity affirming its protec-
tive capacity. Thus, the findings suggest that Naringenin can 
be exploited as a bioactive flavonoid in the management of 
hyperglycemic renal toxicity.
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