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Objectives: This study aimed to evaluate if the protective effect of Isoliquiritigenin (ISL) against
doxorubicin-induced nephropathy in rats entails activation of Nrf2 signaling.
Methods: Adult male Wistart rats were treated as control, ISL, DOX, DOX, and ISL + DOX + ISL + Nrf2 inhi-
bitor (brusatol) (n = 8/group). Treatments with ISL (25 mg//kg, oral) were carried out 10 days before and
10 days after the single dose of DOX (15 mg/kg, i.p).
Results: Treatment with ISL attenuated the glomerular and tubular damage and reduced interstitial fibro-
sis and collagen accumulation in the kidneys of DOX-intoxicated animals. It also increased urinary flow
and volume, stimulated urinary creatinine excretion, and decreased albumin excretion. These effects
were associated with high transcription of Bcl2, suppression of ROS, MDA, and inflammatory cytokines
production (i.e., TNF-a, IL-6, and IL-1b), downregulation of apoptotic markers (Bax and caspase-3/9),
TGF-b1, Collagen I/III. Besides, ISL stimulated renal expression, translation, and nuclear localization of
Nrf2, as well as levels of GSH and SOD, independent of keap-1. All these effects afforded by ISL were
reversed by suppressing Nrf2 with brusatol.
Conclusion: Pre-treatment with ISL is an effective strategy to alleviate DOX-induced nephropathy in rats
by stimulating the Nrf2/antioxidant axis, which encourages further pre-clinical studies.
� 2022 The Authors. 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/).
1. Introduction

Anticancer therapy has revealed Doxorubicin (DOX) as one of
the active anticancer drugs that can treat solid and hematological
cancers (Thorn et al., 2011). However, DOX therapy is associated
with several adverse impacts on our health, including nephrotoxi-
city (Thorn et al., 2011). In this view, clinical and experimental
studies have depicted early renal damage after a single and repet-
itive administration of dose DOX, an effect that involves over-
generation of reactive oxygen species (ROS) and inflammatory
mediators, as well as scavenging the cell antioxidants (Soltani
Hekmat et al.,2021; Savani et al., 2021). Despite this, literature still
needs to determine the major oxidant molecular mechanisms
underlying the nephrotoxic potential of this drug.

The redox-sensitive factor, the nuclear factor erythroid 2 related
factor-2 (Nrf2), is the major cellular molecule that resists oxidative
stress-mediated cell death (Hennig et al.,2018). Kepa-1 is a natural
cytoplasmic inhibitory protein for Nrf2, which can sense ROS and
electrophiles (Hennig et al.,2018). During non-stressful conditions,
the transcriptional activity of Nrf2, which is constitutively synthe-
sized, is limited as the newly synthesized Nrf2 molecules are cap-
tured by Keap-1 and are degraded through the ubiquitin–
proteasome pathway (Hennig et al.,2018). However, ROS and elec-
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trophiles can phosphorylate specific cysteine residues on keap-1,
thus facilitating the nuclear jumping of Nrf2 and binding to the
antioxidant response element (ARE) to start the transcription pro-
cess (Hennig et al.,2018; Serafini et al., 2020). In this regard, Nrf2
stimulates cell antioxidant defense systems by promoting the syn-
thesis of glutathione (GSH) and phase II antioxidant enzymes such
as NAD(P)H: quinone oxidoreductase 1 (NQO1), catalase, superox-
ide dismutase, and heme oxygenase-1 (HO-1) (Ganesh et al., 2013).
Besides, Nrf2 inhibits cell inflammation and suppresses intrinsic
(mitochondria-mediate) cell apoptosis by inhibiting NRLP3 inflam-
masome and NF-jB, as well as upregulating Bcl2 anti-apoptotic
protein (Wardyn et al., 2015; Hennig et al.,2018). Interestingly,
the expression and the transcriptional activities of Nrf2 are
depleted in the majority of nephrotic disorders and are common
upstream pathways underlying the associated oxidative/inflam-
matory damage (Guerrero-Hue et al., 2020). Likewise, DOX-
induced renal, hepatic, and cardiac damage is committed by sup-
pressing Nrf2 (Guo et al., 2018; Lin et al., 2018). However, these
adverse effects of DOX prevented pharmacological activation of
Nrf2 (Lin et al., 2018). Hence, searching for therapeutics from nat-
ural resources which can activate Nrf2 will provide novel pharma-
ceutical drugs that may reduce the burden of DOX use and open a
new hope for continuing treatment with DOX.

The examination of the potential of the plant-derived flavonoids
in the treatment of kidney disorders and alleviating DOX-induced
toxicities have been under focus during the last years. The flavo-
noid, Isoliquiritigenin (ISL), obtained from the Licorice plant, is
well-known for its pharmacological activities (Peng et al., 2015).
Research, cross-sectional, and clinical studies have confirmed that
treatment with ISL could alleviate cardiac, pulmonary, renal, and
hepatic damage in various animal models by suppressing oxidative
stress and inflammation (Peng et al., 2015). Indeed, ISL protected
against triptolide, lipopolysaccharides (LPS), carbon tetrachloride
(CCL4), tert-butyl hydroperoxide, and cadmium chloride (CdCl2)-
induced liver damage in rodents by activating Nrf and parallel sup-
pression of NF-jB (Zhao et al., 2015; Park et al., 2016; Cao et al.,
2016; Chen et al., 2018). It also prevented experimentally induced
Hepatic sinusoidal obstruction syndrome (HSOS) by activating
Nrf2 signaling (Huang et al., 2018). With respect the kidneys, ISL
also inhibited cisplatin, diabetic, and unilateral ureteral obstruc-
tion (UUO) as well as carrageenan-induced pleurisy by suppressing
the generation of ROS, upregulation of antioxidants, suppressing
NF-jB, and activating Nrf2 (Lee et al., 2008; Zhao et al., 2012;
Liao et al., 2020; Gao et al., 2020; Alzahrani et al., 2021). ISL also
attenuated angiotensin II (ANG II)-mediated hypertensive renal
damage by activating Nrf2 (Xiong et al., 2018). In the samemanner,
ISL also alleviated hyperglycemia-induced renal damage in culture
by upregulating and activating SIRT1 and Nrf2 (Huang et al., 2020).

Until now, the nephroprotective effect of ISL against DOX-
induced renal damage, as well as the mechanisms of protection,
was never shown before. Therefore, in this investigation, we have
tested if pre-administration of ISL could prevent nephropathy in
rats exposed to DOX and if this protection is triggered by activa-
tion/upregulation of Nrf2.
2. Materials and methods

2.1. Animals

Adult Wistar rats (14 weeks; 270 ± 15 g) were obtained from
and kept in the Experimental Animal Care Center at King Saud
University in Riyadh, KSA. The animals were always housed under
ambient conditions of 21 ± 1℃, the humidity of 61 %, and the 12 h
dark-light cycle. Through all weeks of the study, they also had free
access to their diet and drinking water. The ethical approval was
2

obtained from the institution’s ethical committee before running
the experiments (IRB No. KSU-SE-21–17).

2.2. Drugs

ISL (# HY-N0102) was purchased from Med Chem Express LLC
(NJ, USA). Brusatol, a selective Nrf2 inhibitor (# SML1868), car-
boxymethylcellulose (CMC) (# C5013), and DOX hydrochloride
solution (# D1515) were supplied by Sigma Aldrich (MO, USA).
0.5 % of CMC was used as a drug carrier (vehicle) for ISL and
brusatol.

2.3. Experimental design

Animals were randomly classifed ito 5 groups (n = 8/group) as
1) control-group: orally administered 0.5 % CMC for 20 days and
daily; 2) ISL-treated-rats: daily administered ISL dissolved in
0.5 % CMC at a final concentration of 25 mg/kg mg/kg for 20 days;
(3) DOX-model group: injected (i.p.) with a single dose of DOX
(15 mg/kg in normal saline) on day 10 and were orally and daily
administered 0.5 % CMC,10 days before and after, treatment with
DOX; 4) ILS + DOX-treated group: injected (i.p.) with a single dose
of DOX (15 mg/kg in normal saline) on day 10 and were orally and
daily administered ISL (25 mg/kg),10 days before and after, treat-
ment with DOX; and 5) ISL + DOX + brusatol: treated exactly as
in the previous group but a concomitant i.p. injection of brusatol,
dissolved in 0.5 % CMC (2 mg/kg), every 2 days for the 20 days of
the study. Final body weights were measured by the end of the
study whereas food intake was measured weekly.

2.4. Dose selection

A single dose of DOX at a dose of 15 mg/kg induced renal dam-
age and nephropathy in rats 10 days post-treatment (Song
et al.,2019). ISL at concertation of 25 mg/kg attenuated UUO-
induced nephropathy in rats (Liao et al., 2020). Brusatol, at this
tested concentration, was used in vivo by multiple authors to sup-
press Nrf2 in various organs of rats, including the kidneys (Shatoor
et al., 2022).

2.5. The 24 h urine collection

On day 21, all rodents were housed in metabolic cages, and
their urine was collected over 24 h. Urine volume was measured
and preserved at �20℃ until use.

2.6. Blood and kidneys collection and processing

After urine collection, anesthesia was introduced to every rat by
ketamine/Xylazine hydrochloride (80:10 mg/kg, i.p). Blood was
collected by cardiac puncture and used to isolate the serum
(1300 � g/10 min). Blood samples were preserved at �20℃ until
analysis. Then each animal was authenticated, and its kidneys
were isolated and cut into smaller sections of 4–5 mm. These sec-
tions were preserved at �80℃ or sent to the pathology lab for
evaluation.

2.7. Assessment of kidney function

Assay kits were used to measure the concentration of the urea
in the frozen serum (# DIUR-100 BioAssay Systems, CA, USA, and
# EIABUN, ThermoFisher Scientific, Germany). An assay kit was
used for the measurement of the creatinine (Cr) and albumin in
the urine and blood (# MBS841754, MyBioSorces, CA, USA). Cr exe-
cration (per 24 h) and Cr clearance (CrCl) were determined using
the equation described by Bazzano et al. (2015) using these formu-
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las [(CrE (mg) = urinary Cr (mg/dl) � urine volume in 24 h) and
(CrCl (ml/min) = urine creatinine (mg/dl) � urine flow (ml/min)/
serum creatinine (mg/dl)]. The urine flow (ml/min) was deter-
mined by dividing urine volume over 1440. All protocols were con-
ducted per each kit’s instructions, and the absorbance was read
using a microplate reader (Model VERSAmax, Molecular Devices,
USA).

2.8. Biochemical analysis in the kidneys

Frozen kidney tissue (70 mg) were homogenized in 0.5 ml ice-
cold PBS (pH = 7.4) and supernatants were collected
(12000 � g/4℃/20 min). All supernatants were frozen at �80℃
and used later to measure levels of some oxidative stress and
inflammation-related markers. At the same time, the nuclear
extracts were prepared from other kidney samples using a special
kit (# Ab113474, Abcam, Cambridge, USA). A Cayman assay kit (#
10009055, USA) was used to assess the levels of malondialdehyde
(MDA). ELISA was used to determine the renal levels of total glu-
tathione (GSH) (# orb782371, Biorbit, MO, USA), superoxide dis-
mutase (SOD) (# MBS036924,); tumor necrosis factor-alpha
(TNF-a) (# BMS622, ThermoFisher), interleukine-6 (IL-6) (#
R6000B, R&D System, MN, USA), and IL-1b (Ab100768, Abcam,
Cambridge, USA). ELISA kits purchased from MyBioSource, CA,
USA, were used to assess the nuclear and total homogenate levels
of NF-jB p65 and Nrf2 (# MBS2505513 and # MBS752046). All
protocols followed the suppliers’ instructions using the VERSAmax
microplate reader, Molecular Devices, USA).

2.9. Real-time PCR (qPCR)

All primers used for this part we purchased from ThermoFisher
Scientific (Table 1). The Trizol (TRI) reagent (# T9424, Sigma
Aldrich, MO, USA) was used to extract the RNA from each renal
sample. iScript preparation kit (# 1708891, Bio-Rad, USA) was used
to build the first-strand cDNA. Amplification was conducted in CFX
Table 1
Primers characteristics of the real-time PCR.

Gene Primers (50?30) GenBank
accession #

Product
length

Nrf2 F: -
AAAATCATTAACCTCCCTGTTGAT
R: R: 0-
CGGCGACTTTATTCTTACCTCTC

NM_031789 118

Keap-1 50-TATGAGCCAGAGCGGGACGA-
30

50-TCATCCGCCACTCATTCCTCT-
30

AF304364.1 172

Bcl2 F: TGGGATGCCTTTGTGGAACT
R:
TCTTCAGAGACTGCCAGGAGAAA

U34964.1 73

Bax F: ATGGAGCTGCAGAGGATGATT
R: TGAAGTTGCCATCAGCAAACA

NM_017059 97

Caspase-3 F: AATTCAAGGGACGGGTCATG
R: R-GCTTGTGCGCGTACAGTTTC

U49930 67

Caspase-8 F: TGGTATATCCAGTCACTTTG
R:
CTCACATCATAGTTCACGCCAGTC

AF279308.1 95

Caspapse-
9

F: AGCCAGATGCTGTCCCATAC
R: CAGGAGACAAAACCTGGGAA

NM031632 55

Col 1A1 F: ACAGTCGATTCACCTACAGC
R: TGTCCAAGGGAGCCACATCG

NM_053304 132

Col 3A1 F: CACTTACACAGTTCTAGAGG
R: ATGTCATAGGGTGCGATATC

NM_032085

Tgfb1 F: CCATGCCAACTTCTGTCTGGG
R: GGCACGCAGCACGGTGATG

NM_021578.2 123

Β-actin F: ATC TGG CAC CAC ACC TTC
R: AGC CAG GTC CAG ACG CA

NM_031144 291
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348 qPCR machine (BioRad, USA) (20 ll/well) using Evergreen
Supermix (# 172–5200, BioRad, USA). With the following ingredi-
ents: master mix reagent (10 ll), forward primer (0.2 ll/500 nM),
reverse primer (0.2 ll/500 nM); template cDNA (2 ll/50 ng),
nuclease-free water (7.2 ll). qPCR steps were heating (1
cycle/98℃/30 sec), denaturation (40 cycles/98℃/5 sec), annealing
(40 cycles/60℃/5 sec), and melting (1 cycles/95℃/5 sec/step). Nor-
malization was performed against b-actin and the DDCT method.

2.10. Histopathological and electron microscope study

For the histology, kidney sections were first fixed in 10 buffered
formalin for 16 h and then rehydrated in decreasing concentrations
of alcohol, embedded in wax, cut (3–5 l, and then routinely
stained Harris hematoxylin (H) and Eosin (E). For the electron
microscopy examination, kidney parts (0.05 mm3) were kept in
3 % glutaraldehyde buffer (pH 7.4) for 6 h in a fridge, re-fixed using
1 % osmium tetroxide phosphate buffer (1 h). and dehydrated in
ethanol. These samples were then embedded in Araldite risen,
cut (1 lm), and stained with uranyl acetate and lead citrate. Histo-
logical sections were examined under the light microscopy,
whereas those of the ultrastructures were examined using the
transmission electron microscope (JEM-1011, JEOL Co., Tokyo,
Japan).

2.11. Statistical analysis

All data were analyzed, and graphs were generated using the
GraphPad Prism statistical software (Version 8, USA). Analysis
was conducted using one-way ANOVA. The post hoc test was
Tukey’s test. Prior analysis normality of the data was confirmed
using the Kolmogorov-Smirnov test. Data were considered statisti-
cally varied at P < 0.05 and were presented in the tables as
means ± standard deviation (SD).
3. Results

3.1. ISL increases final body weights without changing food intake in
DOX-treated rats

ISL-treated rats showed no significant variations in their final
body weights, food intake, or any of the measured kidney markers
as compared to control rats (Table 2). DOX-administered rats
showed a significant reduction in body weights and food intake
versus the control rats (Table 2). Also, food intake was not statisti-
cally changed when DOX, DOX + ISL, and DOX + ISL-brusatol-trea
ted rats were compared with each other, indicating no significant
effect of ISL or brusatol on body weights (Table 2). On the opposite,
there was a significant increment in ISL + DOX-treated rats’ body
weights compared to DOX-treated rats (Table 2). This was signifi-
cantly reversed in DOX + ISL + brusatol-treated rats (Table 2). No
significant variation in food intake was observed between DOX +
ISL + brusatol as compared to DOXmodel rats (Table 2). These data
indicated the ISL-induced weight gain is an Nrf2-dependent
mechanism.

3.2. ISL improves kidney function tests in DOX-treated rats

All measured markers of the kidney function were not statisti-
cally varied between the ISL-treated rats and control rats (Table 2).
Compared to control, there are higher levels of serum urea and Cr
and increased urinary albumin levels with a significant reduction
in the urine volume, urine flow, urinary Cr, and CrCl in the DOX-
intoxicated animals (Table 2). These animals also showed a high
urinary albumin/Cr ratio (Table 2). An opposite biochemical picture



Table 2
Final body weights, food intake, and markers of kidney function in all groups of rats.

Parameter Control ISL DOX ISL + DOX ISL + DOX + brusatol

Final body weights (g) 352.7 ± 17.5 349.7 ± 16.8 278.4 ± 13.4ab 331.5 ± 12.1c 328.7 ± 15.7abcd

Weekly food intake (g/group) 1435.4 ± 118.1 1501.3 ± 130.3 878.5 ± 110.1ab 938 ± 91.1ab 891 ± 84.3ab

Serum
Albumin (g/dl) 6.81 ± 0.93 6.62 ± 0.89 3.14 ± 0.76ab 5.23 ± 1.1bc 3.04 ± 0.81abd

Urea (mg/dl) 4.56 ± 0.87 5.1 ± 0.91 56.1 ± 5.8ab 14.5 ± 2.6abc 61.4 ± 7.1abd

Creatinine (mg/dl) 0.65 ± 0.15 0.66 ± 0.12 3.41 ± 0.86ab 0.91 ± 0.24abc 3.67 ± 0.72abd

Urine
Volume (ml/24 h) 15.1 ± 1.46 14.8 ± 1.65 9.3 ± 1.5ab 13.7 ± 1.7c 9.1 ± 1.1abd

Urine flow (ll/min) 10.5 ± 0.76 10.3 ± 1.14 6.5 ± 1.05ab 9.6 ± 0.99c 6.3 ± 0.83abd

Albumin (Alb) (lg/dl) 16.5 ± 3.4 17.8 ± 2.7 71.5 ± 7.9ab 26.8 ± 3.8abc 70.4 ± 11.4abd

Creatinine (mg/dl) 73.4 ± 6.2 70.4 ± 12.4 19.8 ± 4.4ab 61.8 ± 5.7abc 21 ± 6.3abd

Urinary Alb/Cr ratio (lg/mg) 0.23 ± 0.061 0.25 ± 0.053 3.6 ± 1.02ab 0.43 ± 0.13abc 3.3 ±.09abd

CrCl (ml/min) 0.86 ± 0.21 0.81 ± 0.16 0.036 ± 0.013ab 0.46 ± 0.06abc 0.034 ± 0.015abd

Data are given as mean ± SD (n = 6 animals/group). a: vs control rats; b: vs ISL-treated rats; c: vs DOX-treated rats, and d: vs ISL + DOX-treated rats.
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of all these markers was observed in ISL + DOX-treated rats versus
DOX-treated rats. All these effects were reversed by Nrf2 inhibition
(DOX + ISL + brusatol) as compared to ISL + DOX-treated rats
(Table 2). Interestingly, similar non-significant levels of urine vol-
ume, urine flow, serum urea, and Cr, urinary albumin and Cr, and
CrCl were seen when DOX-model rats were compared with
DOX + ISL + brusatol-treated rats (Table 2). These data indicated
that ISL’s improvement in kidney function in DOX-treated rats is
an Nrf2-dependent process.
3.3. ISL attenuates renal oxidative stress and inflammation in DOX-
treated rats

A significant increase in the levels of GSH and SOD with a con-
comitant reduction in the levels of ROS and MDA, as well as mRNA,
cytoplasmic, and nuclear levels of NF-jB were seen in the kidneys
of ISL-treated rats as compared to control rats (Fig. 1A-D and Fig. 2-
A-F). Levels of GSH and SOD were significantly decreased, but
levels of ROS, MDA, IL-6, TNF-a, and IL-1b, as well as mRNA, cyto-
plasmic, and nuclear levels of NF-jB, were significantly increased
in the kidneys of DOX-treated rats as compared to control rats
(Fig. 1A-D and Fig. 2A-F). The levels of all these markers were sig-
nificantly reversed in the kidneys of ISL + DOX-treated rats as com-
pared to DOX-treated rats (Fig. 1A-D and Fig. 2A-F). No significant
differences in the levels of all these markers were seen between
DOX and DOX + ISL + brusatol. These data indicate that ISL atten-
uates renal oxidative stress and inflammation by scavenging ROS,
inhibiting lipid peroxidation, upregulating antioxidants, and sup-
pressing NF-jB and the generation of inflammatory cytokines
through activating Nrf2.
3.4. ISL suppresses intrinsic cell apoptosis in the kidneys of DOX-
treated rats

No significant alteration in the mRNA levels of Bax, Bcl2,
caspase-3, and caspase-9 were seen between the control and ISL-
treated rats (Fig. 3A-D). mRNA levels of Bax, caspase-3, and
caspase-9 were significantly upregulated. However, mRNA levels
of Bcl2 were significantly depleted in the kidneys of DOX-treated
rats as compared to control rats. However, they have then reversed
in the kidneys of ISL + DOX-treated rats as compared to DOX-
treated rats (Fig. 3A-D). Administration of brusatol to ISL + DOX-
treated rats significantly increased mRNA levels of Bax, caspase-
3, and caspase-9. It lowered Bcl2 as compared to ISL + DOX-
treated rats (Fig. 3A-D). These data suggest that the inhibitory
effect of ISL on DOX-induced mitochondria-mediated (intrinsic)
cell death requires activation of Nrf2 signaling.
4

3.5. ISL stimulates renal Nrf2 activation in DOX-treated rats

A significant increment in the total levels of Keap-1 with a sig-
nificant reduction in the mRNA, cytoplasm, and nuclear levels of
Nrf2 were observed in the renal tissues obtained from DOX-
treated rats as compared to control rats (Fig. 4A-D). Levels of Keap1
were not significant, but mRNA, cytoplasm, and nuclear levels of
Nrf2 were significantly higher in kidneys of ISL and ISL + DOX as
compared to vehicle-treated control or DOX-model rats, respec-
tively (Fig. 4A-D). However, ISL + DOX + brusatol-treated rats
showed a significant reduction in the cytoplasmic and nuclear
levels of Nrf2 as compared to ISL + DOX –treated rats (Fig. 4A-D).
Interestingly, mRNA levels of Keap-1 and Nrf2 were not statisti-
cally varied in this group of rats as compared to ISL + DOX-
treated animals (Fig. 4A-D). In addition, the reduction in the cyto-
plasmic and nuclear levels of Nrf2 in ISL + DOX + brusatol-treated
rats were the maximum among all groups (Fig. 4A-D). These data
suggest that ISL triggers the renal activation of Nrf2 activation by
stimulating its transcription, translation, and nuclear translocation
without modulating the expression of Keap-1 nor the degradation
of Nrf2.
3.6. ISL improves the morphology of the kidneys in DOX-treated rats

Normal histological features, including normal glomeruli, Bow-
man’s capsules, and renal and distal proximal convoluted tubules
(DCT and PCT, respectively) were depicted in the control and ISL-
treated rats (Fig. 5A&B). Sever tubular damage in the RCT and
DCT with increased vacuolization and pyknotic nuclei, as well as
moderate glomerular damage was seen in the kidneys of DOX-
treated rats (Fig. 5C). On the contrary, almost normal glomerular
and tubular features with few damaged tubules were seen in
DOX + ISL-treated rats (Fig. 5D). Similar pathological changes like
those seen in DOX-model rats were also observed in DOX + ISL +
brusatol-treated rats (Fig. 5E).
3.7. ISL inhibits the transcription of TGF-b 1 and collagen transcription
and deposition in the kidneys in DOX-treated rats

Very few collagen fibers were detected in the kidneys of both
the control and ISL-treated animals (Fig. 6IA&B and Fig. 6IIA). Also,
non-statistically varied but similar mRNA levels of TGF-b1,
COL1A1, and COL3A1 were depicted in the control versus ISL-
treated rats (Fig. 6IIb&C). On the opposite, increased collagen
deposition with high mRNA levels of all above-mentioned genes
was observed in the kidneys of DOX-treated rats, which were all
significantly reduced again in the kidneys of ISL + DOX-treated rats



Fig. 1. The effect of DOX and ISL on the renal markers of oxidative stress of all experimental groups. Data are given as mean ± SD (n = 6 animals/group). a: vs control rats; b: vs
ISL-treated rats; c: vs DOX-treated rats, and d: vs ISL + DOX-treated rats.
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as compared to control rats (Fig. 6IC&D, Fig. 6IIA-C). On the other
hand, the mRNA levels of TGF-b1, COL1A1, and COL3A1, as well as
the amount of deposited were significantly increased in ISL + DO
X + brusatol-treated rats as compared to ISL + DOX-treated rats
but were not significantly varied as compared to DOX model rats
(Fig. 6IF, Fig. 6IIA-C). These data indicate that ISL attenuated renal
fibrosis and the TGFb1 pathway by improving Nrf2 levels.
3.8. ISL improves the ultrastructural features in DOX-treated rats

Ultrastructural images obtained from the proximal renal
tubules of the control rats that received the vehicle or ISL showed
normal epithelial cells lying on an intact basement membrane with
normal mitochondria, nuclei, and folding membranes, as well as
long microvilli (brush borders) (Fig. 7A&B). On the other hand,
an increased number of necrotic epithelial cells with an increased
number of swollen and damaged mitochondria and folding
embraces and pyknotic nuclei were depicted in renal tissues of
DOX-treated rats. The images obtained from this group of rats also
showed increased collagen fibers in the interstitial area between
epithelial cells (Fig. 7C&D). Almost normal epithelial cells contain-
ing normal mitochondria and intact nuclei, as well as long brush
borders, were seen in the renal sample obtained from ISL + DOX-
treated rats (Fig. 7E). F: Similar ultrastructural changes like those
in DOX-treated rats were also seen in ISL + DOX + brusatol-treated
rats (Fig. 7F). Scale bars, 2 lm.
5

4. Discussion

ISL is a common flavonoid that is widely used as a therapeutic
agent against cancer, as well as cardiac, pulmonary, renal, and pul-
monary disorders (Peng et al.,2015). The protective potential of ISL
against renal damage is documented in several animal models and
was explained by its ability to suppress oxidative stress and
inflammation (Xiong et al., 2018; Liao et al., 2020). No previous
studies have examined the potential nephroprotective effect of
ISL in DOX-treated animals or humans. In accordance, this study
revealed that early and daily administration of a previously
reported therapeutic dose of ISL (25 mg/kg) could alleviate DOX-
induced renal damage by inhibiting renal oxidative stress, inflam-
mation, fibrosis, and apoptosis. In addition, activation of Nrf2 by
ISL underlie is its main protective mechanism which seems inde-
pendent of Keap-1 expression.

Adriamycin (DOX) is the most common animal model to induce
chronic kidney disease (CKD) in rodents that represent similar fea-
tures seen in humans with CKDs, including focal segmental
glomerulosclerosis, podocyte injury, tubular damage and atrophy,
inflammation, interstitial fibrosis (Soltani Hekmat et al.,2021;
Montoya et al., 2013). Clinical laboratory findings were seen in
DOX-treated animals or cancer patients, including albuminuria,
reduced GFR, and reduced Cr clearance (Montoya et al., 2013).
Besides, intoxication with DOX is associated with a reduction in
body weight which was attributed to inhibition of appetite



Fig. 2. The effect of ISL and DOX on renal levels of the inflammation-related markers of all experimental groups. Data are given as mean ± SD (n = 6 animals/group). a: vs
control rats; b: vs ISL-treated rats; c: vs DOX-treated rats, and d: vs ISL + DOX-treated rats. MDA: malondialdehyde; SOD: superoxide dismutase; GSH: total glutathione; and
ROS: reactive oxygen species.
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(anorexia), suppression of adipose tissue lipogenesis and increased
lipolysis, loss of skeletal muscle mass, and promotion of multi-
organ organ damage (Canepari et al., 1994; Biondo et al., 2016).
In rats, a single high dose of DOX or accumulative equivalent dose
is sufficient to induce renal damage and nephropathy and results in
all the above-mentioned pathogenesis. This has also been observed
6

in DOX-treated rats of this current investigation, which validates
this model and made suitable for studying the therapeutic poten-
tial of ISL. Accordingly, our data also report a potent nephroprotec-
tive effect of ISL against DOX-induced renal injury and dysfunction.
This supports our initial hypothesis, which was based on previous
studies which have also shown the ability of ISL to improve kidney



Fig. 3. The effect of ISL and DOX on renal mRNA levels of apoptotic/antiapoptotic markers of all experimental groups mRNA of some apoptotic and anti-apoptotic markers in
the kidneys of all groups of rats. Data are given as mean ± SD (n = 6 animals/group). a: vs control rats; b: vs ISL-treated rats; c: vs DOX-treated rats, and d: vs ISL + DOX-treated
rats.
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tubular and glomerular structures, as well as markers of renal
function and injury in other animal models, including those
induced by hyperglycemia, diabetes, unilateral ureteral obstruc-
tion (UUO), ischemia, hypertension, and cisplatin (Xiong
et al.,2018; Liao et al., 2020; Sun et al.,2021).

However, although administration of ISL didn’t significantly
improve food intake in the vehicle-treated or DOX-treated animals,
the apparent increase in the bodyweight of in DOX-treated rats
after administration of ISL could be explained by its ability to inhi-
bit adipose tissue lipolysis and possibly through activating Nrf2.
This can be confirmed as the administration of brusatol signifi-
cantly prevented the improving effect of ISL on DOX-treated rat
weights. Indeed, some studies have demonstrated the ability of
Nrf2 to suppress lipolysis and stimulate adipogenesis in the adi-
pose tissue (Sun et al., 2021).

The major triggers and hallmarks of the renal damage induced
by DOX are oxidative stress and inflammation (Asaad et al.,
2021). During DOX-intoxication, higher levels of ROS are generated
in the kidneys and other tissue due to the upregulation of numer-
ous ROS-generating enzymes [i.e. nitric oxide synthase (NOS),
NADPH reductase, and Quinone dehydrogenase 1 (NQO1)], induc-
tion of Fe + 2-DOX adducts, and mitochondria damage, diminishing
intracellular glutathione (GSH), and downregulation of enzymatic
7

antioxidants (i.e. SOD, HO-1, and catalase) (Zhang et al., 2019;
Asaad et al., 2021). Besides, DOX-induced nephrotoxicity is the
activation of the inflammatory transcription factor NF-jB which
promotes inflammation and oxidative stress by stimulating the
synthesis/release of several adhesive molecules and inflammatory
cytokines (Asaad et al., 2021). The activation of NF-kB and subse-
quent inflammation and oxidative stress responses are involved
in a variety of renal disorders (Sanz et al., 2010). Of note, ROS
and NF-jB can positively affect each other in a vicious positive
feedback cycle (Wu et al., 2014).

The data from this study also support previous findings and
suggest that DOX-mediated renal injury is caused by oxidative
stress and inflammation. However, treatment with ISL significantly
reduced ROS and MDA generation, attenuated the reduction in GSH
SOD levels, and reduced the production of TNF-a and IL-6, as well
as the nuclear activation of NF-jB p65 in the renal tissues of DOX
model rats. In addition, ISL also improved levels of GSH and SOD
and reduced the activation of NF-jB p65 in the renal tissues
obtained from the control rats, thus confirming its potent antioxi-
dant and anti-inflammatory properties under basal conditions.
However, although not defiantly clear yet, it seems that the inhibi-
tory effect of ISL on NF-jB in the kidneys of the rats of this inves-
tigation is secondary to its antioxidant effect. Indeed, the use of



Fig. 4. The effect of DOX and ISL on renal Nrf2/keap1 pathway of all experimental groups. Data are given as mean ± SD (n = 6 animals/group). a: vs control rats; b: vs ISL-
treated rats; c: vs DOX-treated rats, and d: vs ISL + DOX-treated rats.
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antioxidants therapy (i.e., flavonoids and others) to treat DOX-
induced renal and cardiac damage has shown that ROS act
upstream and are major triggers for DOX-induced activation of
NF-jB (Wu et al., 2014). Besides, ISL repressed the macrophage
NF-jB p65 after exposure to LPS by direct upregulation of some
antioxidant enzymes and independent of modulating Nrf2 (Wang
et al., 2015).

Our findings support the study of sun et al. (Sun et al.,2021),
who have previously demonstrated the ability of ISL to reduce
ROS and stimulate GSH, SOD, and glutathione peroxidase-1
(GPX1) in the renal tissues of both the control and diabetic rats.
The protective effect of ISL against cisplatin-mediated renal and
hepatic damage was attributed mainly to its ability to upregulate
GSH (Lee et al., 2008). Also, ISL reduced glutamate and 6-
hydroxydopamine-mediated neural damage by suppressing ROS
generation and upregulation of antioxidants (HWANG and CHUN,
2012). Furthermore, ISL prevented diabetic retinopathy and
carrageenan-induced pleurisy in rats by upregulating GSH, SOD,
and CAT, and repressing NF-jB (Gao et al., 2020; Alzahrani et al.,
2021). In the same manner, ISL prevented UOO-induced renal dam-
age by suppressing NF-jB and downregulating IL-1b, IL-6, and
TNF-a (Liao et al., 2020).

On the other hand, renal fibrosis and apoptosis are key events
mediating end-stage renal failure (ESRF) in various CKDs, including
8

those induced by DOX (Ren et al., 2016). In general, renal fibrosis is
induced by the over-activation of fibroblast due to a death signal
and results in increased synthesis and deposition of extracellular
matrix (ECM) protein such as collagen (Ren et al., 2016). TGF-b1
is the key player in this process, which can also promote the infil-
tration of inflammatory cells to initiate inflammation (Ren et al.,
2016). High levels of TGF-b are linked to glomerulosclerosis, tubu-
lointerstitial fibrosis, and epithelial-mesenchymal transition in
various renal disorders and were also observed in the renal tissues
of animals after exposure to DOX (Ren et al., 2016; Savani et al.,
2021). Nevertheless, intrinsic (mitochondria-mediated) cell apop-
tosis is the major cell death modality observed in the renal cell
after exposure to toxic doses of DOX (Lahoti et al., 2012). During
intrinsic cell death, the imbalance in the expression of the apop-
totic proteins (i.e., bax) versus the anti-apoptotic proteins (i.e.,
Bcl2) stimulates the translocation of the upregulated Bax to the
mitochondria (Biondo et al., 2016). This leads to the damage to
the mitochondria membrane, which results in releasing of the
cytochrome-c and subsequent activation of a bunch of caspases
(i.e., caspases-9/3).

The findings of this study also demonstrate a potent ability of
ISL to suppress renal fibrosis and apoptosis in the renal tissues of
DOX rats by attenuating mRNA levels of TGF-b, COL1A1, and
COL3A1, caspase-3, and caspase-9. In addition, the anti-fibrotic



Fig. 5. Haematoxylin and eosin (H&E) sections obtained for the renal tissues of all groups. A and B: were taken from control and ISL-treated rats and showed normal
glomerulus mass (curved arrow) and glomerular membrane (arrowhead). In addition, both the proximal and distal tubules convoluted tubules (PCT & DCT) appeared normal
and intact (short and long arrow, respectively). C: represents a DOX model rat and showed damaged glomerular membranes (arrowhead), loss of Bowman’s capsule space
(curved arrow), and increased degeneration in both the PCT and DCT (short and long arrow, respectively). Note that increased number of tubular nuclei (curved arrow). D and
E: represents ISL + DOX-treated rats and depict an obvious improvement in the structure of the glomerulus (arrowhead) and tubules (short and long arrow, respectively).
However, degeneration in some PCT and DCT were also still seen (short and long curved arrows. F: represents an ISL + DOX + brusatol-treated animal and showed similar
pathological changes like those observed in group C. 200x.
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potential of ISL was also observed at the histological levels by the
obvious attenuation of collagen deposition and tubular degenera-
tion in the kidneys of DOX-treated animals. Since ISL does not
affect the expression of all these genes in the kidneys of control
rats, such fibrotic and anti-apoptotic potentials of ISL could be
explained to be secondary to the reduction in ROS TNF-a produc-
tion. Indeed, it has been demonstrated that ROS and inflammatory
9

cytokines induced by DOX are the main triggers that activate renal
fibrosis and apoptotic in the kidneys of rodents after exposure to
DOX (Lahoti et al., 2012; Owumi et al.,2021). In this regard, several
studies have shown that ROS can directly induce renal fibrosis by
upregulating TGF-b1 (Montorfano et al.,2014; Ren et al., 2016).
Likewise, TNF-a, and through the AP-1 pathway, can directly
upregulate TGF-b1 (Sullivan et al., 2009). Also, ROS mediates



Fig. 6. Panel I: Masson Trichrome staining section for collage deposition (blue color) in the renal tissue of all groups of animals. Panel II: the number of collagen fibers
deposited in the renal tissues as analyzed from panel A, as well as mRNA levels of TGF-b1, collagen 1A1 (COL1A1), and collagen 3A1 in the renal tissues of all groups of rats.
Data are given as mean ± SD (n = 8 animals/group). a: vs control rats; b: vs ISL-treated rats; c: vs DOX-treated rats, and d: vs ISL + DOX-treated rats. 200X.
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DOX-induced renal cell apoptosis by activating p53-dependent and
independent apoptosis and by direct upregulation of apoptosis
protein Bax and downregulating the anti-apoptotic protein, Bcl2
(Lahoti et al., 2012). Furthermore, TNF-a may directly induce
intrinsic cell apoptotic by activating the caspase-8/Bid pathway
(Zhao et al., 2003). Supporting our data, ISL attenuated renal fibro-
sis and apoptosis in diabetic and UUO-induced rats by suppressing
ROS and inflammatory cytokines production (Sun et al., 2020).

On the other hand, the exact molecular mechanism behind the
antioxidant and anti-inflammatory effect of ISL remained a chal-
lenging question for us. Hence, we have focused on the effect of
ISL on Nrf2 given the importance of this pathway as an antioxidant
and anti-inflammatory pathway (Ganesh et al., 2013; Wardyn
et al., 2015). In addition, accumulating lines of evidence have con-
firmed that renal damage, fibrosis, and apoptosis induced by DOX
are characterized by reduced activation of Nrf2, which can be pre-
vented by Nrf2 activators (Lin et al., 2018; Elsherbiny and El-
Sherbiny, 2014). Furthermore, ISL attenuated renal, cardiac, and
hepatic injuries by activating Nrf2-mediating upregulation of
antioxidants and repression of NF-jB p65 (Liu et al., 2017; Xiong
et al., 2018; Zhang et al., 2018).

Supporting our evidence, an increment in the levels of Keap-1
with a parallel reduction in the transcription, translation, and
nuclear localization of Nrf2 were observed in the renal samples
obtained from DOX-treated animals. Similar to these data, the inhi-
bitory effect of DOX on Nrf2 in the kidneys and other tissues acti-
10
vation was mediated by reducing the transcription and decreasing
the degradation by upregulating Keap-1 (Lin et al., 2018; Nordgren
and Wallace,2020). Opposing this, treatment with ISL stimulated
the transaction of Nrf2 and enhanced its cytoplasmic and nuclear
levels not only in the renal samples of DOX-intoxicated animals
but also in the kidneys of the control rats, too. Interestingly, these
events occurred with no significant alteration in the expression of
Keap-1 in the renal samples obtained from both treated groups,
thus dissipating the role of keap1 expression from the stimulatory
effect of ISL on Nrf2. Such an increase in the activation of Nrf2 in
the renal tissues of control and DOX-treated rats explains why they
showed low levels of ROS, reduced activation of NF-jB, fewer
levels of inflammatory cytokines, and higher levels of GSH, SOD,
and CAT. To confirm it, we inhibited Nf2, in vivo, with a pre-
determined dose of brusatol. Brusatol can suppress Nrf2 nuclear
translocation without altering the expression or levels of Keap-1
(Olayanju et al., 2015). Indeed, treatment with brusatol signifi-
cantly depleted total and nuclear levels of Nrf2 without affecting
mRNA levels of Nrf2 or Keap-1 in the renal samples of
DOX + ISL-treated rats. In addition, treatment with brusatol abol-
ished all the observed neuroprotection afforded by ISL and its pre-
viously discussed effect on ROS, antioxidants, NF-jB, and fibrotic
and apoptotic markers. Based on this, ISL protection was based
on activating Nrf2.

However, further mechanisms by which ISL could stimulate
Nrf2 were not tested in this study which is considered one limita-



Fig. 7. Transmission electron micrographs (TEM) of the renal tubules obtained from all experimental groups A&B: Control and control + ISL-treated rats, respectively, and
showed normal epithelial cells (Ep), round nucleus (N), mitochondria (m), basement membrane (Bm), infolding membranes (arrow), and brush border (Bb). C: A DOX-treated
rat and demonstrated necrotic epithelial cell (Ep), which showed pleomorphic swollen and damaged mitochondria (m) and irregular-shaped pyknotic nucleus (N). Damaged
infolding membranes (arrow) and brush border (Bb), as well as basement membrane (Bm), were also seen. D: a DOX-treated rat showed increased collagen fibers (F) in the
interstitial area between epithelial cells. Apoptotic epithelial cell (Ep) shows damaged mitochondria (m) and irregular-shaped pyknotic nucleus (N). Pleomorphic damaged
infolding membranes (arrow) and brush border (Bb), as well as basement membrane (Bm), were also seen. E: a DOX + ISL-treated rat showed improvement in the structure of
the majority of the organelles forming the renal tubular cells F: a DOX + ISL + brusatol rat showing similar ultrastructural changes seen in the renal in C. Scale bar = 2 lm.
10000X.
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tion in this study. However, previous studies have shown that ISL
could stimulate Nrf2 in the hepatic tissue of control and tert-
butyl hydroperoxide and cadmium chloride-treated rats by acti-
vating ERK1/2 signaling, which causes direct phosphorylation of
Nrf2 at its serine 40 residues to stimulate its dissociation from
keap1 (Park et al.,2016). On the other hand, another investigation
has shown that ISL might stimulate the dissociation and nuclear
translocation of Nrf2 by inducing an alkylation of Keap-1 at cys-
teine 151 rather than affecting Keap-1 expression (Luo et al.,
2007). Therefore, further studies such as examining the inhibition
of the Nrf2-keap1 interaction by the fluorescence polarization
assay and molecular docking are highly encouraged. Unfortunately,
these techniques are not yet established in our laboratory or insti-
11
tution and may be considered in future studies. In addition, these
findings are still observational and need further support. Impor-
tantly, it could be better to repeat these experiments in animals
or mesangial cells deficient in Nrf2 to confirm our data which
should be considered in future studies.

In conclusion, our findings are novel to show a potent protective
effect of ISL against DOX-mediated nephropathy in rats and indi-
cate the role of the Nrf2/antioxidant axis in this protection. Given
the high safety of ISL, these data might encourage to go further
for more pre-clinical and clinical studies in cancer patients and
investigate this protective effect. If proven to be effective, then
ISL may provide a novel therapy that re-widen the clinical applica-
tion of DOX in those patients.
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