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ABSTRACT

The pathogenesis of diabetic nephropathy (DN) involves cellular activation of oxidative stress and inflam-
mation. Eriodictyol is a citrus-derived flavonoid with multiple pharmacological and protective effects in
various conditions. The protective role of Eriodictyol against diabetes and diabetic nephropathy is less
investigated. The current research aimed to explore the role of eriodictyol in protecting against DN
prompted by streptozotocin in male rats and investigate some possible mechanisms of action.
Diabetes was brought about in rats by an i.p injection of a lone dose (65 mg/kg). Five groups of rats were
included (n = 8 each) as control (non-diabetic), eriodictyol (20 mg/kg, orally), STZ-diabetic,
STZ + eriodictyol (20 mg/kg, orally), and STZ + eriodictyol (20 mg/kg, orally) + ML385 (30 pg/kg, i.p.).
Kidney histology and the levels of some markers of kidney function, renal oxidative stress, and renal
inflammation were analyzed in all groups of rats. Treatment with eriodictyol prevented the damage in
the renal glomeruli and tubules and reduced renal immune cell infiltration in STZ-treated animals. It also
spiked urinary creatinine excretion and reduced urine volume and urinary levels of albumin, monocyte
chemoattractant protein 1 (MCP-1), urinary kidney injury molecule-1 (KIM-1), and nephrin in these dia-
betic rats. In addition, eriodictyol stimulated the nuclear protein accumulation of Nrf2 and boosted the
expression of superoxide dismutase (SOD), glutathione (GSH), heme oxygenase-1 (HO-1), and catalase
(CAT) in the diabetic rat kidneys. In concomitance, it reduced the nuclear levels of NF-kB and levels of
interleukine-6 (IL-6), malondialdehyde (MDA), and tumor necrosis factor-o. (TNF-at) and attenuated the
reduction in renal ATP levels and the increase in the mitochondria transition pore opening (mtTPT).
However, the administration of eriodictyol did not affect rats’ body weights and fasting glucose and insu-
lin levels but significantly reduced serum levels of cholesterol, triglycerides, LDL-c, and oxidized LDL-c
(0ox-LDL-c). In conclusion, eriodictyol prevents STZ-induced nephropathy by a hypolipidemic effect and
concomitant antioxidant and anti-inflammatory effects mediated by activating Nrf2/NF-kB/antioxidant
axis.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Type 1 diabetes (T1DM) is a metabolic disorder that affects car-
bohydrate and lipid metabolism and is induced by the immune
system-mediated damage to B-cells in the pancreas (Giwa et al.,
2020). During the progression of T1DM, there is a sustained state
of hyperglycemia, hyperlipidemia, and inflammation, which all
together induce multi-organ damage and microvascular and
microvascular complications (Giwa et al., 2020). End-stage renal
disease (ESRD) is primarily brought on by diabetic nephropathy
(DN), which is the foremost and most frequent consequence of
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type 1 diabetes (T1DM) (Zoja et al., 2020). Major clinical findings in
patients with DN include progressive glomerular hyperfiltration
and hypertrophy, mesangial cell expansion, a drop in the glomeru-
lar filtration rate (GFR), tubular damage, interstitial fibrosis, and
albuminuria (Zoja et al., 2020).

Hyperglycemia-mediated profuse production of reactive oxy-
gen species (ROS), leading to consequent oxidative stress, is the
driving force underlying the multi-organ and renal damage in
patients with TIDM (Rico-Fontalvo et al., 2022). The adverse
effects of ROS not only promote DNA and membrane damage but
induce hyperlipidemia and cellular inflammation, necrosis, and
apoptosis (Tuttle et al., 2022). In this regard, it has been demon-
strated that hyperglycemia induces massive amounts of ROS in
the majority of tissues by activating several mechanisms. These
mechanisms include impairing mitochondrial oxidative phospho-
rylation, increasing the generation of advanced glycation products
(AGEs), and stimulating diverse ROS-generating pathways like
polyol, hexose monophosphate, and protein kinase C (PKC) path-
ways (Jha et al., 2016; Tuttle and Alicic, 2021). However, attenuat-
ing oxidative stress with natural antioxidants alleviated the
majority of diabetic complications and mitigated damage to renal
glomeruli and tubules and all other renal dysfunctions in experi-
mental animals of TIDM (Tavafi, 2013; Bolignano et al., 2017;
Mahmoodnia et al., 2017; Al-Waili et al., 2017; Kandhare et al.,
2017).

In addition, hyperglycemia-induced DN and multi-organ dam-
age are associated with the attenuation of the cellular antioxidant
mechanisms and the scavenging of antioxidants in the cells, both
enzymatically and non-enzymatically. Indeed, accumulating lines
of evidence have shown that DN is caused by an imbalance in
ROS generation versus scavenging antioxidants in cells (Miranda-
Diaz et al., 2016; Kandhare et al., 2017; Shukla et al., 2018;
Hernandez et al., 2022). In addition, DN is characterized by altered
antioxidant signaling pathways. In the kidneys, as well as in the
majority of other systemic cells, the nuclear factor erythroid-
derived 2-like 2 (NRF2) is the main antioxidant transcription factor
that fights oxidative stress by promoting the glutathione (GSH)
expression and certain types of antioxidant enzymes, including
glutathione peroxidase (GPX), superoxide dismutase (SOD), heme
oxygenase-1 (HO-1), and catalase (CAT) (Baird and Yamamoto,
2020). Under the basal condition, Nrf2 activity is controlled by
binding to the Kelch-like ECH-associated protein 1 (Keap-1), which
is a natural inhibitor that sequesters and promotes the ubiquitina-
tion and cytoplasmic degradation of Nrf2 (Ulasov et al., 2022). Yet,
in response to oxidative stress, Nrf2 is released from keap-1 and
translocates to the nucleus to initiate the antioxidant transcription
process (Ulasov et al., 2022). However, Nrf2/antioxidant signaling
is unexpectedly impaired in diabetic rats’ kidneys after chronic
exposure to hyperglycemia (Chen et al, 2019; Mohan et al,,
2020; Li et al,, 2021; Xing et al., 2021). In addition, the deletion
of Nrf2 intensified oxidative and inflammatory damage and
increased the degree of cell apoptosis, fibrosis, and albuminuria
in the kidneys of streptozotocin-enhanced T1DM rats (Jiang et al.,
2010; Zheng et al., 2011). In contrast, independent of modulating
blood glucose levels, the activation of Nrf2 alone attenuated the
histological alteration and function impairments in the kidneys
and slowed down the advancement of the DN in diabetic animals
by muzzling inflammation, oxidative stress, and hyperlipidemia
(Sun et al, 2017; Dong et al., 2017; Chen et al., 2019; Li et al,,
2021; Xing et al., 2021). Therefore, searching for drugs that can
induce Nrf2 activation seems to be an ideal drug to alleviate or
suppress the progression of DN.

Currently, no definite therapy to treat DN exists, even with con-
trolling hyperglycemia. The treatment with angiotensin II receptor
blocker (e.g., valsartan), an angiotensin receptor-neprilysin inhibi-
tor (LCZ696), and statins showed very effective protection in dia-
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betic animal models by attenuating the renal oxidative stress,
inflammation, and apoptosis (Mohany et al., 2020; Mohany et al.,
2022a; Huang et al. 2023). Recently, much attention has been
given to the role of plants’ flavonoids in treating chronic kidney
dysfunctions and DN due to their antioxidant potential (Hu et al.,
2021; Lin et al., 2022). Further, several plant flavonoids alleviated
DN by activating the Nrf2/antioxidant axis and suppressing the
NF-xB signaling pathway (Chen et al., 2019; Ding et al., 2020).
Examples include berberine, ursolic acid, naringenin, apigenin,
genistein, rutin, proanthocyanin, betulinic acid, and statins
(Mohany et al., 2022b).

Eriodictyol is the major flavanone isolated from citrus fruits
(Buranasudja et al., 2022). Eriodictyol has been found to have sev-
eral pharmacological activities, including hypoglycemic, hypolipi-
demic, antioxidant, and anti-inflammatory protective impacts of
eriodictyol have been reported in the animals’ brains, livers, lungs,
kidneys, and hearts (Deng et al., 2020; Islam, 2020). However, the
protective influence of eriodictyol against diabetic health problems
was less investigated and few studies exist. In this regard, the
hypoglycemic impact of eriodictyol was probably due to its capa-
bility to spur peripheral insulin sensitivity and glucose uptake
(Kwon and Choi, 2019). In addition, eriodictyol also prevented
early retinal damage in STZ-treated rats via an antioxidant poten-
tial (Bucolo et al., 2012). Nonetheless, the capability of eriodictyol
to prompt Nrf2 signaling was explored in multiple animal studies,
and the major mechanism underlying its protective potential was
shown (Johnson et al., 2009; Jing et al., 2013; Li et al., 2016; Lv
et al,, 2019; Li et al., 2022).

Despite the information above, the protective effect of eriodic-
tyol against DN has never tested before. Interestingly, in a single
in vitro study, eriodictyol inhibited HG-induced glomerular mesan-
gial cell death and fibrosis by reducing ROS, attenuating oxidative
stress, and blocking the production of inflammatory cytokines (Bai
et al., 2019). Accordingly, this research was conducted to explore
whether eriodictyol can also attenuate renal function and structure
impairment in STZ diabetic rats. We also investigated the precise
mechanism of action by focusing on its hypoglycemic impact as
well as its potential to activate the Nrf2 antioxidant axis.

2. Materials and methods
2.1. Animals

Forty adult male Wistar rats, ages 10 weeks and weighing 180-
200 g, were employed to conduct the animal experiment. All ani-
mals were provided by the Experimental Animal Care Center at
King Saud University, Riyadh, Saudi Arabia, and were kept there
throughout. The trial rats were placed in a spate room with auto-
matic controls for the room’s temperature, humidity, and day/light
cycle of 22 +1 °C, 55-60%, and 12 h/12 h, respectively. All protocols
regarding animal treatment, surgery, and blood/tissue collections
were authorized by the official review board at Princess Nourah
University, Riyadh, KSA (IRB Number 20-0096), which conformed
to the standards specified by the US National Institutes of Health.

2.2. Establishment of the diabetic animal model

To induce an insulin deficiency in rats, we followed the proto-
cols of others using a single dose of STZ. Accordingly, STZ powder
(Cat. No. S0130) from Sigma Aldrich, St Louis, MO, USA, was
obtained and freshly dissolved in a slightly acidic Na-citrate buffer
solution (pH = 5.5). Rats were injected with a single intraperitoneal
dose of STZ-solution at a final concentration of 65 mg/kg. In addi-
tion, rats were given a 0.5% glucose solution to inhibit death from
acute hypoglycemia. Three days following the STZ injection, fasting
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blood glucose (FBG) levels were measured using a glucometer. Rats
who had FBG levels of>300 mg/kg were considered diabetic and
were selected for further animal trials.

2.3. Experimental design

Eriodictyol (Cat. 94258) from Sigma Aldrich, USA) was obtained
and dissolved in 0.5% carboxymethyl cellulose. Non-diabetic and
STZ-diabetic rats were selected and divided randomly into five
groups (8 rats each). These groups were: (1) the control non-
diabetic group: rats were only administered 0.5% carboxymethyl
cellulose to serve as a vehicle; (2) the eriodictyol-treated non-
diabetic group: non-diabetic control rats were treated with eriod-
ictyol at a final dose (20 mg/kg). (3) STZ-diabetic group: rats with
DM were administered carboxymethyl cellulose only; (4) STZ + e
riodictyol-treated group: diabetic rats that were treated with erio-
dictyol (20 mg/kg); (5) STZ + eriodictyol + ML385-treated group:
rats with DM were treated intraperitoneally with ML385 (30 ug/
kg), a selective Nrf2 inhibitor, 1 h before the administration of eri-
odictyol (20 mg/kg). All treatments were given daily for a total per-
iod of 12 weeks.

The eriodictyol or the vehicle was administered to rats orally by
gavage. Eriodictyol dosage was determined by reference to prior
research that demonstrated Nrf2 activation offered protection
against cisplatin-induced nephropathy (Li et al., 2016). ML385 at
the selected dose was also used to suppress Nrf2 in vivo in rats
Deng et al. (2020). It was also validated to inhibit renal activation
of Nrf2 in these rats in our preliminary studies.

2.4. Urine sampling and biochemical analysis

Urine sampling was performed for 24 h on the final day of the
experiment after all rats were segregated into metabolic cages (1
rat/cage). After centrifuging the collected urine at 1200 xg for
10 min, the supernatants were separated and kept at 20 °C pending
analysis. At this time, urinary albumin levels were measured by a
rat-specific ELISA kit (cat 108789, Abcam, Cambridge, UK). Crea-
tinine (Cr) levels in the urine samples were quantified using a rat’s
specific enzymatic kit (cat 80340, Chrystal Chem, IL, USA). Mono-
cyte chemoattractant protein 1 (MCP-1), urinary kidney injury
molecule-1 (KIM-1), and nephrin levels in the were measured
(cat ELR-MCP1, RayBiotech, IL, USA, cat 80684, Crystal; Chem
USA, and cat CSB-E13957r, CUSABIO, TX, USA).

2.5. Collection of serum and biochemical analysis

All rats underwent anaesthesia using a ketamine/xylazine mix-
ture (80/10 V//kg) after being fasted for 12 h. All rats had their
hearts punctured, and blood was collected into plain or EDTA-
collection tubes. The collected blood samples were centrifugated
(1200 x g; 10 min) to separate serum and plasma. Serum samples
were kept at — 80 °C and used later for various biochemical mea-
surements. Fasting plasma glucose amounts were measured using
an assay kit (cat 81693, Chrystal Chem, IL, USA). Fasting plasma
insulin levels were measured using an ELISA kit (cat P01323, Ray-
Biotech, GA, USA). The same set of kits (cat. 80340, Chrystal Chem,
IL, USA, and cat 108789, Abcam, Cambridge, UK) that were used to
assess the concentration of Cr and albumin in the urine were also
used to measure their levels in the serum. Using a colorimetric kit
(Cat. DIUR-100, Bioassay Systems), the levels of serum urea were
determined. The following assay kits were used to measure the
serum levels of total cholesterol (CHOL) and total triglycerides
(TGs), low-density lipoprotein-cholesterol (LDL-c), and high-
density lipoprotein-cholesterol (HDL-c), in that order: Cat.
10009582 (Cayman Chemicals, CA, USA), cat. ECCH-100 (BioAssay
Systems, CA), cat. 79960 (Crystal Chemicals, TX, USA), and Cat.
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79970 (Crystal Chemicals, TX, USA, respectively). All urinary kits
used were rat’s specific, and all measurements were performed
for all experimental groups (8 rats/group).

2.6. Tissue collection and preparation

After blood collection, the rats were ethically killed by cervical
dislocation. After opening their abdomens, the kidneys were taken
out, placed on ice, and weighed. The kidneys were divided into
smaller segments, swiftly frozen in liquid nitrogen, and kept
at —80 °C for further processing. Some freshly-collected kidney
sections were placed in 10% buffered formalin, transferred to the
pathology laboratory at the College of Science at King Saud Univer-
sity, and processed according to standard histology procedures.
Later, the nuclear and cytoplasmic fractions of the kidneys were
obtained using the cytoplasmic/nuclear extraction kit (Cat. No.
4110147; Bio-Rad, CA, USA). The RNA extraction kit (Cat. #
74004; Qiagen, Germany) was also used to obtain total RNA from
the frozen livers.

2.7. Preparation of tissue homogenates

Tissue homogenates for the biochemical analysis were prepared
by homogenization of 50 mg of the frozen kidney tissue of each
sample in 10 volumes in ice-cold phosphate buffer (pH = 7.4) using
a sonicator. The homogenates were centrifuged (12,000 x g;
15 min; 4 °C) and the supernatants were transferred to new tubes
and stored at —80 °C until use.

2.8. Biochemical analysis of inflammatory and antioxidant markers in
the renal homogenates

Expression levels of tumor necrosis factor-alpha (TNF-o) and
interleukine-6 (IL-6) in kidney homogenate were quantified using
ELISA kits (cat RTFIO1177 and cat RTEB1811, Assay Genie, London,
UK). Malondialdehyde (MDA) (lipid peroxides), as well as the levels
of total superoxide dismutase (SOD), total glutathione (GSH), glu-
tathione peroxidase (GPx), catalase (CAT), and heme-oxygenase-1
(HO-1) levels in renal homogenate, were assessed by ELISA Kkits
(Cat # MBS268427, MyBioSource, CA, USA, cat RTFI00215, Assay
Genie, London, UK, RTEB0206, Assay Genie, London, UK and cat
RTEB1811, Assay Genie, London, UK, Cat, MBS726781, MyBio-
Source, CA, USA, and cat Ab279414, Abcam, Cambridge, UK). The
levels of the Nrf2 and NF-xB in the nuclear and cytoplasmic frac-
tions were quantified using ELISA kits (cat MBS752046 and cat
MBS453975, MyBiosources, CA, USA). The cytoplasmic Keap-1
amounts were measured using an ELISA kit (cat MBS7218529,
MyBiosources, CA, USA). All kits were rat-specific, and measure-
ments were performed for all experimental groups (8 rats/group).

2.9. Biochemical measurements of apoptotic markers

The levels of the anti-apoptotic protein and Bcl2 were deter-
mined in the frozen homogenates by ELISA (Cat. MBS2881713,
MyBiosources, CA, USA). Total levels of the apoptotic markers,
cytochrome-c, Bax, and caspase-3 in renal homogenates were also
measured by ELISA (Cat. MBS9304546, Cat. MBS93566,7 and Cat.
MBS018987 MyBiosources, CA, USA, respectively). All kits were
rat-specific, and analyses were performed in duplicate for n = 8
rats/group.

2.10. Assay of the intracellular ATP levels and mtPTP
ATP levels were measured in all samples using a colorimetric kit

(Cat KA0806, Abnova, TX, USA). The opening of the mitochondrial
permeability transition pore potential (mtPTP) was assessed using
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the method described in the literature (Kavazis, 2009; Eid, 2021).
The basic concept behind this approach is the finding that mito-
chondrial mTPT, which high Ca2+ causes, is prompted by oxidative
stress. In brief, mitochondria from all frozen kidney tissues were
separated using a mitochondria isolation kit (ab110168, Abcam,
London, UK). The detached mitochondria were added to a special
respiratory medium made up of 71 mM sucrose, 215 mM mannitol,
5 mM succinate, and 3 mM HEPES, which was then activated with
75 UM tert-butyl hydroperoxide and 400 ptM CaCl, solutions. The
decrease in absorbance due to mitochondria swelling was mea-
sured over 15 min at 540 nm. The maximum reduction in absor-
bance (Vmax) and the time to reach V., were calculated as a
function of mtPTP and increased mitochondria swelling, damage,
and permeability.

2.11. Real-time polymerase chain reaction (q-PCR)

The primer pair sequences used for the q-PCR reaction are dis-
played in Table 1. Total RNA was extracted using a commercial kit
(Cat 74004; Qiagen, Germany). The first-strand cDNA was created
using a commercial cDNA synthesis kit (Cat K1621, The Thromo-
Fisher kit). The amplification procedure was carried out in a
CFX96 PCR machine using the Ssofast Evergreen Supermix kit as
instructed by the manufacturer (Cat 172-5200, BioRad, USA). The
amplification reactions were set as follows: (1) heating (1
cycle/98 °C/30 s), (2) denaturation (40 cycles/98 °C/5 s), (3) anneal-
ing (40 cycles/60 °C/5 s), and (4) melting (1 cycle/95 °C/5 s/step).
After normalization with the reference gene (B-actin) using the
2AACT approach, the relative mRNA expression of each target gene
was shown.

2.12. Western blotting

Frozen kidneys were homogenized in radioimmunoassay (RIPA)
buffer (Cat 89901, ThermoFisher, USA). The Pierce™ BCA Protein
Assay Kit (Cat. 23225, ThermoFisher, USA) was used to assess the
total protein concentrations in samples. SDS-PAGE was used to
separate equal quantities of each sample after proteins were
diluted in the loading buffer. The proteins were then transferred
to nitrocellulose membranes, blocked with 5% skimmed milk,
and incubated with primary antibodies against Nrtf2 (Cat.
365949, 61 kDa, 1:1000, Santa Cruz Biotechnology, USA), cleaved
caspase-3 (Cat. 9661, 19 kDa, 1:1000, Cell signaling Technology,
USA), Keap-1 (Cat. 365626, 1:1000, Santa Cruz Biotechnology,
USA, and B-actin (Cat. 3700, 45 kD, 1:1000). The membranes were
then treated with the corresponding secondary antibodies and
incubated with West pico PLUS chemiluminescence substrate
(Cat # 34580, ThermoFisher, USA) for 5 min. The C-Di Git blot scan-
ner was used to scan and examine the generated bands. The TBST
buffer was used to wash three times every ten min in between
each stage. All antibodies, as well as the skimmed milk, were
diluted in the TBST buffer. Incubations with the primary or sec-

Table 1
Primers are used in the q-PCR reaction.
Gene Primers (5'—3') Accession # BP
Keap1 F: CTTCGGGGAGGA GGAGTTCT NM_057152.2 132
R: CGTTCAGATCATCGCGGCTG
Nrf2 F: -AAAATCATTAACCTCCCTGTTGAT NM_031789 118
R: CGGCGACTTTATTCTTACCTCTC
NF-kB F: GTGCAGAAAGAAGACATTGAGGTG XM_342346.4 176
R: AGGCTAGGGTCAGCGTATGG
B-actin F: GACCTCTATGCCAACACAGT NM_031144 154
R: CACCAATCCACACAGAGTAC
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ondary antibodies were performed at room temperature for 2 h
and with continuous shaking. All target proteins were normalized
against B-actin.

2.13. Histopathological assessment

For 24 h, kidney sections were preserved in 10% buffered forma-
lin. After being rehydrated in ethanol at progressively higher con-
centrations, tissues were cleaned with xylene. Following paraffin
wax coating, the tissues were cut into 5 pLm sections using a micro-
tome. The tissue-sliced sections were stained with hematoxylin
and eosin (HE) for the morphological tests. A light microscope
with 200x magnification was used to take morphological images.

2.14. Statistical analysis

A one-way ANOVA was used to analyze all the data using
GraphPad Prism software. Utilizing the Kolmogorov-Smirnov test,
normality was evaluated. Tukey’s test was used as a post hoc anal-
ysis to compare the various groups. At p < 0.05, data were deemed
to be statistically different.

3. Results

3.1. Eriodictyol activates Nrf2 in the kidneys of STZ-Diabetic Rats,
independent of modulating Nrf2 and Keap-1 expression

We found no significant difference in expression levels of the
kidney’s mRNA or total cytoplasmic Nrf2 in any tested rat group
(p > 0.05) (Fig. 1). In addition, total cytoplasmic protein levels of
Nrf2 and Keap-1 were not significantly different in the kidneys of
any of the studied experimental groups (p > 0.05) (Fig. 1). On the
other hand, the total nuclear Nrf2 expression levels, which were
measured by ELISA or western blotting, were significantly lower
in the kidneys of the STZ-treated group than in the control group
(p < 0.001) (Fig. 1). The kidneys of eriodictyol- and STZ + eriodic
tyol-treated rats revealed a rise in the nuclear expression levels
of Nrf2 compared to the control or STZ-model rat groups. We did
not notice significant variations in the levels of nuclear protein
Nrf2 in the STZ-diabetic group compared with the STZ + eriodic
tyol + ML385-treated group (p > 0.05) (Fig. 1).

3.2. Eriodictyol has an Nrf2-Dependent hypolipidemic effect but lacks
any hypoglycemic properties in STZ-Diabetic rats

Fasting plasma glucose and insulin quantities increased signifi-
cantly in STZ-treated rats, while the final body weight was signif-
icantly decreased compared to control non-diabetic rats
(p <0.0001) (Table 2). As can be seen in Table 2, STZ, STZ + eriodic-
tyol, and STZ + eriodictyol + ML385 rat groups had insignificantly
varied records of final body weights, fasting plasma glucose, or
insulin levels (p > 0.05). On the other hand, in comparison to the
control, STZ-treated rats had fasting TGs, CHOL, FFAs, LDL-c, and
oXx-LDL-c levels significantly higher in STZ-treated rats, in contrast
to significantly lower levels in eriodictyol-treated rats (p < 0.01)
(Table 2). Furthermore, compared to the STZ model group, the
amounts of these biochemical markers were significantly lower
in STZ + eriodictyol-treated rats (p < 0.001) (Table 2). When com-
pared to control rats, the levels of these biomarkers were all signif-
icantly higher in the STZ + eriodictyol + ML385-treated rats
(p < 0.05), but they were statistically indifferent when compared
with STZ-treated rats (p > 0.05) (Table 2).
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Fig. 1. Cytoplasmic levels of Nrf2 and keap-1 (A, B), the cytoplasmic ratio of keep-1/Nrf2 (C), nuclear levels of Nrf2 (D), and mRNA levels of Nrf2 (E) and keap-1 (F) in the
kidneys of all groups of rats. Data are presented as means + SD for n = 8 rats/group. Significance difference was considered if p < 0.05. (a): significantly differed with the control
non-diabetic group; (b): significantly differed with the Eriodictyol-treated group; (c): significantly differed with STZ-treated diabetic rats; (d): significantly differed with

STZ + Eriodictyol-treated group. ML385: a selective Nrf2 inhibitor.

Table 2

Final body weights, fasting plasma glucose, insulin, and serum lipid profile in all groups of rats.

Control Eriodictyol STZ STZ + Eriodictyol STZ + Eriodictyol + ML385
Final body weight 4223 +33.7 4215 +31.2 319.1 +25.4 3224 +249 % 321£292%
Plasma Glucose (mg/dL) 1123 £+ 8.6 108.6 + 9.4 320.1 £22.7 % 306 + 33.1 ¢ 311.8+254
Insulin (ng/mL) 3.9 £0.52 41+0.64 1.7 £017 1.92 + 0.14 ¢ 1.6 + 0.22 M
Serum TGs (mg/dL) 845+74 69.5+592 1922 +16.7 101 + 9.5 ¢ 203 +19.4 2>
CHOL (mg/dL) 77.5 + 6.5 55.5+ 6.6 154.4 + 12.3 88.5 + 8.4 ¥ 163.3 + 14.3 2>
LDL-c (mg/dL) 33.5+49 225+41°2 84.5+ 6.9 46.4 + 4.3 ¢ 89.3 + 8.6 2
FFAs (umol/mg) 2845 +22.5 2663 £21.4° 565.4 + 47.6 *° 538 + 55.6 *° 565.3 + 61.4 34
0Ox-LDL-c (ng/mL) 224+28 154+162 785+ 6.3 34.3 + 3.2 3¢ 84.3 + 7.5 b

Data are presented as means * SD for n = 8 rats/group. Significance difference was considered if p < 0.05. (a): significantly differed with the control non-diabetic group; (b):
significantly differed with the Eriodictyol-treated group; (c): significantly differed with STZ-treated diabetic rats; (d): significantly differed with STZ + Eriodictyol-treated

group. ML385: a selective Nrf2 inhibitor.

3.3. Eriodictyol improves STZ-Diabetic rat kidney function by
activating Nrf2

Compared to control rats, STZ-treated rats had significantly
higher serum Cr and urinary albumin quantities, whereas serum
albumin and urinary Cr amounts were significantly lower
(p < 0.001) (Table 3). In addition, urine volume, as well as urinary
levels of KIM-1, MCP-1, and nephrin were significantly higher in

rats treated with STZ if compared to untreated rats (p < 0.01). None
of these biochemical parameters were found to be significantly dif-
ferent when the control rats and the rats treated with eriodictyol
were compared (p > 0.05) (Table 3). Moreover, serum Cr levels,
urine volume, and levels of albumin, KIM-1, MCP-1, and nephrin
in urine were significantly reduced, and serum albumin amounts
were significantly increased in rats treated with STZ + eriodictyol
in comparison with rats treated with STZ alone (p < 0.01) (Table 3).
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Table 3
Markers of kidney function in all groups of rats.
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Control Eriodictyol STZ STZ + Eriodictyol STZ + Eriodictyol + ML385

Serum Urea (mg/dL) 5.2+ 057 5.8 +0.72 33.5+4.1% 6.3 + 0.74¢ 30.2 + 3.6 2P

Creatinine (mg/dL) 0.63 % 0.05 0.61 £ 0.04 1.8 £0.0.23 * 0.71 £ 0.12€ 2.9 +0.41 2
Urine Volume (ml) 114 +24 109 + 1.7 175421 % 10.4 +2.9° 18.5 + 2.4 3bd

Albumin (pg/dL) 225+1.7 254 +38 62.3+5.7% 31.3 3.5 68.4 + 6.3 2>

Creatinine (ug/dL) 65.7 £ 5.6 62.3 +6.3 228+19°%® 51.3 + 3.9 3¢ 25.1 + 2.4 3

MCP-1 (pg/mL) 178.3 +12.8 165.3 £ 15.7 4382375 235.1 £19.2 3¢ 458.1 + 432 2%

KIM-1 (ng/mL) 1.56 + 0.2 1.68 £ 0.2 4.65+0.5 21404 430+ 0.6

Nephrine (ng/mL) 523+ 04 488 £0.6 143+£1.8%® 6.7 £ 0.8 3¢ 153+ 1.8 "

Data are presented as means * SD for n = 8 rats/group. Significance difference was considered if p < 0.05. (a): significantly differed with the control non-diabetic group; (b):
significantly differed with the Eriodictyol-treated group; (c): significantly differed with STZ-treated diabetic rats; (d): significantly differed with STZ + Eriodictyol-treated

group. ML385: a selective Nrf2 inhibitor.

The opposite was true when comparing these biomarkers in rats
treated with STZ + eriodictyol + ML385 versus those treated with
STZ + eriodictyol. Compared to STZ model rats, STZ + eriodictyol +
ML-385 treated group revealed no significant changes in the urine
volume, as well as these biomarker quantities in serum and urine
(p > 0.05) (Table 3).

3.4. Eriodictyol renal antioxidant potential in STZ-Diabetic kidneys via
activating Nrf2

In comparison to control rats, STZ-diabetic rats exerted signifi-
cantly higher levels of MDA in kidney tissues and significantly
lower levels of SOD, GSH, CAT, GPx, and HO-1 in blood serum
(p < 0.0001) (Fig. 2). The control + eriodictyol- and STZ + eriodic
tyol-treated rats had significantly lower renal MDA levels as well
as significantly elevated levels of GSH, SOD, CAT, GPx, and HO-1
when compared to the control or STZ-treated rats (p < 0.0001)
(Fig. 2). The MDA amounts in the rat group treated with STZ + erio
dictyol + ML385 were significantly elevated, while the levels of the
aforementioned antioxidants were significantly diminished when
compared to STZ-prompted diabetic rats (p < 0.01). The levels of
all these biochemical endpoints did not vary significantly between
the STZ-treated rats and STZ + eriodictyol + ML385-treated rats
(p > 0.05) (Fig. 2).

3.5. Eriodictyol suppresses renal inflammation in STZ-Diabetic kidneys
by activating Nrf2

As compared to control rats, the rat kidneys treated with STZ
had significantly higher levels of NF-kB in the cytoplasm and
nucleus and total levels of IL-6 and TNF-a (p < 0.001) (Fig. 3). All
these inflammatory markers did not vary significantly between
the control and the eriodictyol-treated rats or between the STZ
and STZ + eriodictyol + ML385-treated rats (p > 0.05) (Fig. 3). In
comparison to the STZ-diabetic rats or the STZ + eriodictyol + M
L385-treated rats, the STZ + eriodictyol-treated rats had signifi-
cantly lower levels of NF-kB in the cytoplasm and nucleus and total
levels of TNF-a and IL-6 (p < 0.001) (Fig. 3).

3.6. Eriodictyol inhibits renal inflammation in STZ-Diabetic kidneys by
activating Nrf2

No significant changes in the total renal levels of caspase-3,
Bcl2, and Bax, as well as in the levels of cytoplasmic cytochrome-
c were seen between the control rats and those control which were
treated with eriodictyol (p > 0.05) (Fig. 4). The Bcl2 expression
levels decreased significantly, but the total levels of cytoplasmic
cytochrome-c, Bax, and caspase-3 increased significantly in the
STZ-treated rat kidneys compared to the control rats (p<0.001).
The levels of all of these biomarkers were reversed in the rat kid-
neys treated with STZ + eriodictyol when compared to STZ-

diabetic rats (Fig. 4). As compared to STZ-model rats, the rats trea-
ted with STZ + eriodictyol + ML385 showed no significant changes
in the expression levels of cytoplasmic cytochrome-c, caspase-3,
Bcl2, and Bax (p > 0.05) (Fig. 4).

3.7. Eriodictyol improves kidney mitochondria function in STZ-
Diabetic rats activating Nrf2

There were no significant differences in the ATP amount or the
decline in absorbance (Viax), which is an indicator of mTPT open-
ing, between the control rats and the rats treated with eriodictyol
(p > 0.05) (Table 4). A significant drop in the levels of ATP paralleled
with a significant rise in the reduction in absorbance (Vmax), was
seen in the mitochondria of STZ-treated rats (p < 0.0001) (Table 4).
The levels of all of these biochemical indicators were reversed in
the rats treated with STZ + eriodictyol when compared with those
in STZ-diabetic rats (p < 0.001) (Table 4). However, the ATP
amounts dropped significantly, while Vmax values rose signifi-
cantly in the rat mitochondria after STZ + eriodictyol + ML350
treatment compared to STZ + eriodictyol treatment (p < 0.05).
There were no significant alterations in the ATP levels and Vmax
values between the STZ and STZ + eriodictyol + M1385-treated rats
(p > 0.05) (Table 4).

3.8. Eriodictyol improves kidney architecture in STZ-Diabetic rats
activating Nrf2

The control and eriodictyol-treated rat kidneys were character-
ized by normal histological appearances like proximal convoluted
tubules (PCTs), distal convoluted tubules, normal glomeruli,
glomerular membrane, and glomerular capillaries (Fig. 5A, B). Kid-
neys from STZ-treated rats revealed reduced glomerular mass, ele-
vated infiltration of immune cells, and damaged glomerular
membrane, PCTs, and DCTs (Fig. 5C, D). The STZ + eriodictyol-trea
ted animal kidneys demonstrated substantial structural recovery
in the majority of PCTs and DCTs, with no signs of immune infiltra-
tion and normal glomerular membrane and mass (Fig. 5E). The kid-
ney sections obtained from STZ + eriodictyol + ML385-treated rats
exhibited similar pathological alterations to those found in STZ-
diabetic kidneys (Fig. 5F).

4. Discussion

In this study, we provide the first in vivo evidence in the liter-
ature confirming the preventive impact of eriodictyol against DN
in rats. Herein, the findings of this study, which used the STZ dia-
betic rat model, demonstrate that selective activation of Nrf2 is a
crucial mechanism behind the anti-inflammatory, antioxidant,
and anti-apoptotic renoprotection of eriodictyol. In addition, this
effect was independent of modeling glucose or insulin levels but
associated with the Nrf2-mediated anti-hyperlipidemia effect. Fur-
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Fig. 2. Total levels of malondialdehyde (MDA) (A), superoxide dismutase (SOD) (B), total glutathione (GSH) (C), catalase (CAT) (D), and heme-oxygenase-1 (HO-1) (E) in the
kidneys of all groups of rats. Data are presented as means * SD for n = 8 rats/group. Significance difference was considered if p < 0.05. (a): significantly differed with the control
non-diabetic group; (b): significantly differed with the Eriodictyol-treated group; (c): significantly differed with STZ-treated diabetic rats; (d): significantly differed with

STZ + Eriodictyol-treated group. ML385: a selective Nrf2 inhibitor.

thermore, the study’s remaining results also imply that eriodic-
tyol’s capability to change how keap-1 and Nrf2 interact may be
the cause of this Nrf2 activation in the kidneys.

The benefit of STZ usage to induce insulin deficiency has been
confirmed in numerous studies to produce similar clinical symp-
toms to those seen in autoimmune T1DM in rats and diabetic
patients (Graham et al., 2011; Damasceno et al., 2014). The
chemotherapeutic drug STZ, a glucosamine-nitrosourea substance
produced by Streptomyces achromogenes, is commonly used to
treat pancreatic p-cell carcinoma (Damasceno et al., 2014). STZ is
extremely harmful to the pancreatic B cells owing to its preferen-
tial entry and accretion through the GLUT2 receptors (Dufrane
et al., 2006; Lenzen, 2008). The pancreatic toxicity of STZ depends
on the treatment dose, where higher doses (>55 mg/kg) act by DNA
alkylating, whereas the lower doses induce cell inflammation and
oxidative stress (Paik et al., 1980; Graham et al, 2011;
Damasceno et al., 2014). Under both conditions, STZ leads to sus-
tained hyperglycemia, which promotes renal hemodynamic, func-
tional, and structural abnormalities, including reduced GFR,
microalbuminuria, low Cr excretion, tubular and glomerular

degeneration, and interstitial fibrosis (Graham et al.,, 2011). High
amounts of glycated hemoglobin (HbAlc) and the existence of
microalbuminuria and low Cr excretion are valid diagnostic for
evaluating kidney function in DN (Little et al., 2013; Selby and
Taal et al., 2020). A spike in HbA1c of just 1% raises the possibility
of developing diabetic microvascular problems by 40%, whereas
HbA1c levels above 7% positively correlate with DN and microalbu-
minuria in people with diabetic kidney disease (Khan et al., 2020).
Even though no definite treatment is still available to treat DN,
controlling blood glucose levels prevents the development of
microalbuminuria and renal injury and delays the progression to
ESRD (Sampanis, 2008).

The significantly higher amounts of glucose, insulin, and HbA1C,
as well as the decreased Cr clearance, the higher urinary excretion
of albumin, and the pathological evidence of the damage to the
renal glomerular and tubular cells in STZ-treated rats, validated
our animal model and supported all the aforementioned studies.
On the other hand, the reversal of all these effects without signifi-
cant decline in fasting glucose, insulin, or HbAlc quantities in
STZ + eriodictyol-treated rats suggests that the nephroprotective
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Fig. 3. Cytoplasmic and nuclear levels of NF-kB (A, B), as well as total levels of tumor necrosis factor-alpha (TNF-a) (C) and interleukine-6 (IL-6) (D) in the kidneys of all
groups of rats. Data are presented as means + SD for n = 8 rats/group. Significance difference was considered if p < 0.05. (a): significantly differed with the control non-diabetic
group; (b): significantly differed with the Eriodictyol-treated group; (c): significantly differed with STZ-treated diabetic rats; (d): significantly differed with STZ + Eriodictyol-

treated group. ML385: a selective Nrf2 inhibitor.

effect of this drug did not depend on modulating peripheral or hep-
atic glucose homeostasis or the production and excretion of insulin
from the pancreas. Therefore, it seems reasonable that the effect of
eriodictyol is through its effect on the kidneys themselves. Few
studies have been conducted to examine the hypoglycemic effect.
An in vivo study conducted by Zhang et al. (2012) has discovered
that eriodictyol increases muscular and adipose tissue glucose
uptake and, therefore, can increase peripheral insulin sensitivity
(Zhang et al., 2012). Similar results were also confirmed in vivo
in HFD-fed rats (Kwon and Choi, 2019). These findings contradict
our results, and this discrepancy with our data could be explained
by the differences between the animal models used to stimulate
T1DM and T2DM (i.e., STZ vs. HFD).

On the other hand, our data show that eriodictyol has potent
anti-inflammatory, antioxidant, and anti-apoptotic impacts on
the kidneys of STZ-treated rats, which underlie its nephroprotec-
tive effect. During the last decades, several experimental, clinical,
and observational studies have shown the important role of oxida-
tive stress, inflammation, or apoptosis in mediating DN by acting

collaboratively to induce an endless activation loop (Jing et al.,
2013). Interestingly, a consensus is showing that hyperglycemia-
derived ROS are the major indispensable upstream regulator that
induces DN by promoting the activation of diverse inflammatory,
fibrotic, hypertrophic, and apoptotic pathways (Kashihara et al.,
2010; Jha et al., 2016). In DM, hyperglycemia generates massive
amounts of ROS from different resources, including glucose-
autoxidation, induction of advanced-glycation products (AGEs),
impairing oxidative phosphorylation and mitochondria function,
activating of NADPH oxidase, and overwhelming the enzymatic
and non-enzymatic cellular antioxidants (Ali et al., 2018; Wei
and Szeto, 2019; Matoba et al., 2020; Sugahara et al., 2021; Hung
et al., 2021). The damaging effects of ROS on the kidneys are
well-reported in several reports.

Within this view, ROS damages the renal cells by promoting
oxidative DNA, protein, and lipid peroxidation (Mahmoodnia
et al., 2017). Furthermore, ROS can cause mitochondria-mediated
cell death and enhance the release of cytochrome-c from the mito-
chondria by activating the p53/Bax pathways and downregulating
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Fig. 4. Total levels of Bcl2 (A), Bax (B), caspase-3 (C), and cytoplasmic levels of cytochrome-c (D) in the kidneys of all groups of rats. Data are presented as means + SD forn=8
rats/group. Significance difference was considered if p < 0.05. (a): significantly differed with the control non-diabetic group; (b): significantly differed with the Eriodictyol-
treated group; (c): significantly differed with STZ-treated diabetic rats; (d): significantly differed with STZ + Eriodictyol-treated group. ML385: a selective Nrf2 inhibitor.

Table 4

Levels of ATP and mitochondria permeability transition pore potential (mtPTP) opening in the isolated mitochondria.

Control Eriodictyol STZ STZ + Eriodictyol STZ + Eriodictyol + ML385
ATP levels (nmol/mg) 33.6+3.1 31.7+24 146 +12 % 29.5 + 3.6 152 + 1.8 3
mtTPTopening 0.45 + 0.05 0.51 + 0.04° 092 +0.12° 0.53 + 0.05¢ 0.84 + 0.07 ¢

Vimax (AABS/min)

Data are presented as means * SD for n = 8 rats/group. Significance difference was considered if p < 0.05. (a): significantly differed with the control non-diabetic group; (b):
significantly differed with the Eriodictyol-treated group; (c): significantly differed with STZ-treated diabetic rats; (d): significantly differed with STZ + Eriodictyol-treated

group. ML385: a selective Nrf2 inhibitor.

the level of Bcl2 expression (Mahmoodnia et al., 2017; Ali et al.,
2018). Also, ROS-induce renal inflammation and increases the syn-
thesis of diverse inflammatory adhesive molecules, cytokines, and
chemokines via direct activation of inflammasome-3 and NF-«xB
(Matoba et al., 2019). As a discontinuous loop, NF-kB, IL-6, and
TNF-a further exaggerate the generation of ROS, leading to a sus-
tained state of oxidative stress, inflammation, and apoptosis
(Pichler et al., 2017; Alicic et al., 2018).

In this research, the kidneys of STZ-diabetic rats showed greater
amounts of IL-6 and TNF-a, as well as higher nuclear generation of
NF-xB in the kidneys. They also had reduced ATP levels and
increased mTPT opening, which indicates mitochondria damage
and dysfunction. Also, STZ-diabetic rat’s urine samples demon-
strated higher levels of MDA biochemical indicators of lipid perox-
idation. These findings agree with those of earlier research on
diabetic individuals and animals (Goodarzi et al.,, 2010; Khaki
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Fig. 5. Histology evaluation of all kidney sections obtained from all groups of rats as stained by hematoxylin and eosin (H&E) staining. (A, B): were taken from control rat and
eriodictyol-treated rats, respectively, and showed normal Bowman'’s capsule containing intact glomeruli and glomerular membrane (yellow arrow), as well as intact distal
convoluted tubules (DCTs) (Long black arrow) and proximal convoluted tubules (PCTs) (short black arrow). (C, D): were taken from STZ-diabetic rats and showed apparent
damage and shrinkage in the glomerulus capillaries (red arrow) and damaged glomerular membrane (red arrow). Most PCTs and DCTs were damaged (short and black arrows,
respectively), associated with increased inflammatory cell infiltration (white arrow). (E): was taken from STZ + eriodictyol-treated kidney and showed almost normal features
in most fields, including intact glomeruli, glomerular membranes, PCTs, and DCTs. However, some DTCs and PCTs showed some damage but less than seen in the STZ group
(long and short black arrows). (F): was taken from STZ + eriodictyol + ML385-treated kidney and showed similar pathological changes to those seen in group C (STZ-diabetic

group).

et al.,, 2014; Mestry et al., 2017; Sanchez et al., 2018; Matoba et al.,
2020; Vodosek Hojs et al., 2020; Shawki et al., 2021). In addition,
the kidneys of STZ-rats had significantly lower amounts of GSH,
CAT, GPx, SOD, and HO-1, which indicate an overall consumption
of antioxidants due to the overproduction of ROS, conforming to

10

the results of previous studies (Khaki et al., 2014; Gomathi et al.,
2014; Chtourou et al., 2022). Furthermore, the mRNA levels of
caspase-3 and Bax, as well as the cytoplasmic levels of
cytochrome-c and protein expression of cleaved caspase-3
increased significantly, whereas the mRNA levels of Bcl2 reduced
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significantly in the diabetic rat kidneys. Together, these findings
support the involvement of oxidative stress, inflammation, and
apoptosis in the pathogenesis of DN. Similar to these results, higher
levels of AGEs were reported in diabetic kidneys and associated
with increased ROS generation through bindings to their receptors
(Hung et al., 2021). Furthermore, we have confirmed the contribu-
tion of oxidative stress and inflammation to DN by measuring
other significant markers, including MCP1 nephrin, and KIM-1,
which were also increased in the STZ-prompted diabetic rats’
urine. Indeed, MCP-1 is a major inflammatory chemokine predictor
of DN and is largely correlated with oxidative stress, inflammation,
glomerular damage, tubular hypertrophy, necrosis, and apoptosis
(Scurt et al., 2022). The increase in urinary levels of MCP-1 has
been reported during the early stage of DN and is largely correlated
with the higher expression of nephrin and KIM-1, two precise
biomarkers for glomerular damage (Sampanis, 2008; Pichler
et al., 2017; Siddiqui et al., 2020; Tuttle and Alicic 2021).
Eriodictyol administration significantly reduced the advance-
ment of all the changes that happened in the kidneys of diabetic
animals, demonstrating the substance’s potent antioxidative and
anti-inflammatory properties. Eriodictyol had no influence on the
amounts of any of these indicators in the control rats’ kidneys,
but it considerably reduced the MDA levels and raised the levels
of CAT, HO-1, GSH, SOD, and GPx, indicating its crucial role in
upregulating the antioxidants in the renal cells. Therefore, these
findings confirm the inhibitory action of eriodictyol on markers
of inflammation and apoptosis, which is secondary to its antioxi-
dant capability. Besides these findings, the data of this examination
depicted novel, interesting evidence suggesting that Nrf2 activa-
tion in kidneys is a potential mechanism of action for the anti-
inflammatory, antioxidant, and anti-apoptotic influences of eriod-
ictyol. Indeed, treatment with eriodictyol significantly boosted
the Nrf2 nuclear activation in the kidneys of the control rat group
and diabetic rat group, which is consistent with the higher levels of
all the above-mentioned antioxidant markers. However, ML385's
suppression of Nrf2 eliminated all of eriodictyol’s advantageous
antioxidant, anti-inflammatory, and anti-apoptotic activities. Nrf2
is the most-known transcription factor that encourages the forma-
tion of SOD, CAT, HO-1, and GSH in the majority of mammalian
cells (Baird and Yamamoto, 2020). In addition, Nrf2 inhibits the
NF-kB activation by blocking the formation of ROS and augmenting
the phosphorylation-mediated degeneration of IxBo, which nor-
mally stimulates the nuclear translocation and activation of NF-
KB (Thimmulappa et al., 2006; Wardyn et al., 2015). Furthermore,
Nrf2 is the prominent key factor in maintaining mitochondria
structure, function, and homeostasis function and effectively
increases ATP levels and counteracts the production of ROS by
upregulating the uncoupling protein 3 (UCP3), improving FA oxida-
tion, promoting mitophagy, stimulating PGC-1o-mediated mito-
chondria biosynthesis (Dinkova-Kostova and Abramov, 2015).
Supporting our data, the anti-inflammatory and antioxidant
protective impacts of eriodictyol were reported in several studies
of other animal models and were linked to the activation of the
Nrf2 pathway. Indeed, eriodictyol inhibited the NF-xB activation
and inflammatory damage caused by IL-1B in chondrocytes by
stimulating the Nrf2/HO-1 pathway (Wang et al., 2018). This evi-
dence also confirmed that the inhibitory impact of eriodictyol on
NF-kB may be related to its stimulation of Nrf2. Similarly, it pre-
vented LPS-induced lung damage and inflammatory cytokine
expression in the macrophages by stimulating Nrf2 (Zhu et al,,
2015). In addition, eriodictyol alleviated spinal cord injury in rats
by Nrf2-dependent stimulation of GSH, SOD, and CAT and sup-
pressing NF-kB (Mao et al., 2020). In the same line, eriodictyol pre-
vented cisplatin-mediated nephropathy by activating the
pathways of Nrf2/NF-kB and Nrf2/antioxidant (Li et al., 2016). Also,
eriodictyol prevented apoptosis caused by ROS in cultured cardiac
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and endothelial cells by activating the Nrf2 nuclear translocation
and boosting its antioxidant transcriptional process (Lee et al.,
2015; Li et al., 2016). Moreover, eriodictytol protected against cere-
bral ischemic injury and B-amyloid-induced oxidative apoptosis in
cultured neurons and alleviated H,0,-induced oxidative damage in
prostate cells. It also protects against oxidative damage to retinal
cells (neuron-like PC12 cells) by activating the Nrf2/ARE/antioxi-
dant signaling pathway (Jing et al., 2013; Lou et al., 2012; Jing
et al., 2015). In the same line, eriodictyol prevented high glucose-
mediated retinal ganglion cell (RGCs) damage by promoting the
Nrf2/antioxidant axis and diminishing NF-kB (Lv et al., 2019). Also,
eriodictyol inhibited the rise of mucin in the airway epithelial cells,
the proliferation and metastasis of glioma cells, and the colitis
caused by trinitrobenzene sulfonic acid (TNBS) in mice by inhibit-
ing NF-xB signaling (Li et al., 2021; Hu et al,, 2021; Yun et al,,
2021). Further, research demonstrates that the therapeutic poten-
tial of eriodictyol is mainly due to the activation of Nrf2 (Deng
et al., 2020).

Hyperlipidemia is another independent factor mediating DN
(Schelling, 2022). Higher amounts of TGs, CHOL, LDL, and ox-
LDL-c have been found in the serum of diabetic patients and
rodents, which together coordinately promoted DN (Chen and
Tseng, 2013; Kawanami et al., 2016; Hirano et al., 2022). Hyperc-
holesterolemia exaggerates albuminuria in diabetic rats
(Utsunomiya et al., 1995). On the contrary, lipid-lowering drugs
improved glomerulosclerosis restored normal kidney function,
and prevented microalbumin urea in diabetic patients and in
Zucker rats, which are the best-known model of DM complicated
with hyperlipidemia (Kasiske et al., 1988; Chen et al., 2005). Many
mechanisms have been put forward to explain the crucial contri-
bution of hyperlipidemia to renal damage (Hirano et al., 2022).
On the other side, high TGs and LDL-c initiate renal inflammation
and oxidative stress by activating the TG-rich lipoprotein receptors
(TGRLs) (Grone et al., 1990; Wheeler et al., 1991; Kramer et al.,
1993; Quaschning et al., 1997; Hirano et al., 2022). These TGRLs
are normally and highly expressed on the podocytes and can stim-
ulate the formation of TNF-o, TGF-B1, and IL-6, thereby spiking
ROS formation (Hirano et al., 2022). In addition, ox-LDL-c can stim-
ulate the extracellular matrix protein expressions and MCP-1 for-
mation in the mesangial cells, which in turn enhances
macrophage infiltration and subsequently inflammation
(Kamanna et al., 1996; Li and Mehta 2000). This could be the rea-
son why the urine samples of the diabetic rats showed higher MCP-
1 levels. Furthermore, diabetic kidneys of STZ-treated animals
express high levels of Toll-like receptor (TLR) 4 and sterol regula-
tory element binding protein (SREBP)-1, which trigger NF-kB acti-
vation and the fatty acid synthesis genes’ expression, respectively
(Brown and Goldstein, 1997; Ishigaki et al., 2007; Mitrofanova
et al,, 2021). It’s interesting to note that in SREBP-1-deficient mice,
the advancement of DN is prevented (Ishigaki et al., 2007). A high-
fat diet-fed TLR4-deficient mouse model has also been shown to
mitigate the development of DN (Brown and Goldstein, 1997;
Kuwabara et al.,, 2012). Also, the increased glycation of accumu-
lated LDL-c in the kidneys was shown to be another mechanism
for inducing renal damage, inflammation, and oxidative stress
(Hirano et al., 2022).

Our findings also illustrate that the nephroprotective impact of
eriodictyol involves a potent hypolipidemic effect. Within this con-
text, eriodictyol treatment not only improved CHOL, TGs, FFAs,
LDL-c, and ox-LDL-c quantities in the sera of STZ-prompted dia-
betic rats but also the sera of control rats too, suggesting an inter-
esting hypolipidemic effect. Similar to our data, previous evidence
has also shown that eriodictyol reduced the amounts of serum
CHOL, free fatty acids, and TGs, and attenuated liver steatosis
and lipid accumulation in rats fed a high-fat diet via decreasing
the intestinal absorption of fat, suppressing de novo lipogenesis
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through downregulating SREBP1 and downstream lipogenic genes,
and activating fatty acid oxidation by stimulating PPARa (Kwon
and Choi, 2019). However, we have further extended these data
and confirmed that these effects are mainly regulated by activating
the Nrf2 signaling pathways. Herein, treatment with ML385 com-
pletely abolished the hypolipidemic effect of eriodictyol and signif-
icantly increased CHOL, TGs, FFAs, LDL-c, and ox-LDL-c levels in the
serum. Therefore, we could postulate that eriodictyol attenuates
the impairment in circulatory lipids by activating Nrf2. Indeed, in
addition, to stimulating antioxidant expression, Nrf2 can suppress
hepatic CHOL and TGs by downregulating SREBP1, fatty acid syn-
thase (FAS), and diacylglycerol acyltransferase-1 (Huang et al.,
2010; Thornalley and Rabbani, 2012; da Silva Reis et al., 2016).

However, one major limitation in this study remains is that we
still lack the precise mechanism by which eriodictyol stimulates
Nrf2. According to the available literature, the activation of Nrf2
occurs via several mechanisms, including increasing Nrf2 release
by modifying Keap-1 cysteine thiol residues, inducing oxidative
stress, downregulation of Keap-1 expression, stimulating Nrf2
expression, inhibiting Nrf2 proteasome degradation, and reducing
Nrf2 nuclear export (Wu et al., 2020). In our study, since eriodic-
tyol showed no effect on the mRNA Nrf2 levels and the mRNA
and protein expression levels of keap-1, these data suggest that eri-
odictyol may act by preventing keap-1 and Nrf2 from interacting. It
could be possible that eriodictyol increased the transcriptional
activity of Nrf2 by reducing its proteasome degradation and/or
its nuclear export in the cytoplasm. However, the precise mecha-
nism behind this can’t be depicted based on these data and may
require further examination.

In conclusion, the data of this study provide the first evidence
for the protective effect of eriodictyol against TIDM-induced DN
in rats. It also supports that this protection is mediated by antiox-
idant and anti-inflammatory effects, mainly due to the activation
of Nrf2. This represents a window for future research at the pre-
clinical and clinical levels.
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