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The potential health benefits of phytochemicals in preventing and treating diseases have gained increas-
ing attention. Here, we proved that the methylated isoflavone prunetin possesses a reno-therapeutic
effect against renal ischemia/reperfusion (I/R) insult by activating G protein-coupled receptor 30
(GPR30). After choosing the therapeutic dose of prunetin against renal I/R injury in the pilot study, male
Sprague Dawley rats were allocated into 5 groups; viz., sham-operated (SO), SO injected with 1 mg/kg
prunetin intraperitoneally for three successive days, untreated I/R, I/R treated with prunetin, and I/R trea-
ted with G-15, the selective GPR30 blocker, followed by prunetin. Treatment with prunetin reversed the I/
R renal injury effect and majorly restored normal renal function and architecture. Mechanistically, pru-
netin restored the I/R-induced depletion of renal GPR30, an impact that was canceled by the pre-
administration of G-15. Additionally, post-administration of prunetin normalized the boosted inflamma-
tory markers indoxyl sulfate, TLR4, and TRIF and abrogated renal cell demise by suppressing necroptotic
signaling, verified by the inactivation of p-RIPK1, p-RIPK3, and p-MLKL while normalizing the inhibited
caspase-8. Besides, prunetin reversed the I/R-mediated mitochondrial fission by inhibiting the protein
expression of PGMA5 and p-DRP-1. All these favorable impacts of prunetin were nullified by G-15. To
sum up, prunetin exhibited a significant reno-therapeutic effect evidenced by the enhancement of renal
morphology and function, the suppression of the inflammatory cascade indoxyl sulfate/TLR4/TRIF, which
turns off the activated/phosphorylated necroptotic trajectory RIPK1/RIPK3/MLKL, while enhancing
caspase-8. Additionally, prunetin opposed the mitochondrial fission pathway RIPK3/PGMA5/DRP-1,
effects that are mediated via the activation of GPR30.
� 2023 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

Renal ischemia/reperfusion (I/R) injury stands as a prominent
causative factor for acute kidney injury (AKI), a severe clinical con-
dition marked by a sudden deterioration in renal function
(Lattanzio and Kopyt, 2009). Apart from being one of the conse-
quences of cardiac surgeries, I/R is observed in various clinical
cases, such as sepsis, and renal transplantation (Bonventre and
Weinberg, 2003). Experimentally, renal I/R is a well-established
model that resembles the human pathophysiological situation
and allows for examining the beneficial roles of various drugs on
renal functions (Shiva et al., 2020).

Although activating the nuclear estrogen receptors showed pos-
itive impacts on alleviating the renal I/R ailment (Satake et al.,
2008; Ren et al., 2022), an earlier study stated that mitigation of
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this insult could be independent of these receptors (Hutchens
et al., 2010). This urged researchers to scrutinize the possible role
of the membrane-bound G protein-coupled estrogen receptor 30
(GPR30), detected in 1997 (Carmeci et al., 1997), in improving
renal I/R. (Chang et al., 2019) reported that activating this receptor
may enhance renal vascular function by increasing nitric oxide
content to protect against renal I/R insult. Apart from its presence
in renal blood vessels, this receptor is also highly expressed in the
pelvis and tubular epithelial cells (Zimmerman et al., 2016). Con-
trariwise to the classic nuclear estrogen receptors, stimulation of
GPR30 induces rapid cellular signaling events, such as kinase acti-
vation and calcium mobilization, and it appears to regulate rapid
transcriptional activation of specific genes (Prossnitz and
Maggiolini, 2009). Besides, in a cerebral ischemia model, activated
GPR30 possessed an anti-inflammatory effect via diminishing toll-
like receptor 4 (TLR4) expression (Zhang et al., 2018).

Renal tubular epithelial cells and mesangial cells are known to
express TLR4, and their expression is highly increased during renal
I/R injury (Habib, 2021). Activation of TLR4 is implicated in multi-
ple signaling pathways, including the induction of necroptosis
(Grootjans et al., 2017). Necroptosis is a recently identified form
of regulated cell death that induces innate immune responses by
rupturing the damaged cells and releasing the intracellular compo-
nents (Linkermann and Green, 2014). This type of cell demise is
characterized by combining the features of necrosis and apoptosis
(Dhuriya and Sharma, 2018). While necroptosis mimics the unre-
stricted morphological characteristics of necrosis (Belizario et al.,
2015), it shares with apoptosis the controlled manner of cell death
that is directed by the state of caspase-8 (Park et al., 2021). If
caspase-8 is activated, it directs cell termination towards the
extrinsic type of apoptosis; however, when the function of
caspase-8 is hampered, TLR4 recruits/activates toll/interleukin-1
receptor-domain-containing adaptor inducing interferon-beta
(TRIF), which triggers necroptosis and commences a cascade of
events leading to necrosome formation (Holler et al., 2000; Liu
et al., 2022).

The primary components of the activated classical necrosome
are phosphorylated/ stimulated receptor-interacting protein
kinase 1 (p-RIPK1) and p-RIPK3, which heterodimerize to facilitate
the activation of the necroptosis executor mixed lineage kinase
domain-like (MLKL) by RIPK3 to form the active/phosphorylated
RIPK1/RIPK3/MLKL necrosome complex (Wang et al., 2014).
Besides resulting in cell swelling and death, this complex can trig-
ger mitochondrial fission by activating phosphoglycerate mutase 5
(PGAM5), which consequently activates dynamin-related protein 1
(DRP-1), resulting in mitochondrial fragmentation (Sang et al.,
2023) to boost the necroptosis cue in a vicious cycle again (Wang
et al., 2012). Moreover, a non-classical necrosome can result from
the interaction between TRIF and RIPK3, which recruits and phos-
phorylates its downstream substrate/necroptosis executioner,
MLKL (Dhuriya and Sharma, 2018). Indeed, the connivance of
necroptotic machinery in the occurrence of renal I/R insult has
been documented previously (Linkermann et al., 2012; Jun et al.,
2020), indicating that necroptosis could be a probable therapeutic
goal in limiting renal I/R insult.

Naturally occurring flavonoids have been reported for their
therapeutic roles against various diseases through their pleiotro-
pic mechanisms (Mutha et al., 2021). Prunetin is a 7-o-
methylated isoflavone that showed the aptitude to promote bone
regeneration via the activation of GPR30 (Khan et al., 2015).
Besides, this isoflavone proved its anti-inflammatory potential
by inhibiting TLR4 in the human nasal epithelium (Hu and Li,
2018) and showed several beneficial roles against tissue injury
in various experimental models, mainly through its potent
antioxidant and anti-inflammatory activities (Li et al., 2022a;
Yang et al., 2013).
2

As reviewed, the possible therapeutic mechanism(s) of activat-
ing GPR30 in the renal I/R model still need to be fully divulged.
Moreover, neither the impact of prunetin on kidney injury nor its
role in activating renal GPR30 was studied before. To fill this
knowledge gap, our goal and hypothesis in this study are to reveal
the reno-therapeutic potential of prunetin against I/R-induced AKI
in rats and whether its anti-necroptotic/anti-inflammatory activi-
ties are mediated through the activation of GPR30 using the corre-
sponding blocker.
2. Material and methods

2.1. Drugs and chemicals

Prunetin, ketamine, and xylazine were purchased from Sigma-
Aldrich (M.O., U.S.A.), whereas G-15 was obtained from Tocris Bio-
science (Abingdon, U.K.). Before administration, each of prunetin
and G-15 was dissolved in a 3 % dimethyl sulfoxide (DMSO)
solution.
2.2. Animals

Adult male Sprague Dawley rats (200–250 g) were procured
from El-Nile Co. (Cairo, Egypt). Before experimentation, rats were
maintained under controlled conditions (humidity level of 65 ± 5,
12/12 h dark/light cycle, room temperature of 23 ± 2 �C) in the ani-
mal house of the Faculty of Pharmacy, Future University in Egypt
(Cairo, Egypt) for one week. All animals had free access to water
and a standard diet, and all procedures and manipulations of these
animals complied with the guidelines established by the Guide for
the Care and Use of Laboratory Animals (Nih and Oer, 2011). The
Research Ethics Committee at the Faculty of Pharmacy, Cairo
University, Cairo, Egypt, approved the study protocol (Permit Num-
ber: PT 2792).
2.3. Induction of renal I/R

The overnight fasting animals were anaesthetized by ketamine/
xylazine (75/8 mg/kg; i.p.; (Nuransoy et al., 2015)) and were then
placed in a supine position on a 37 �C heated pad to maintain body
temperature during the operation. After a midline abdominal inci-
sion, the renal pedicles were clamped bilaterally to induce renal
ischemia, as indicated by the immediate discoloration of the kid-
neys. After 45 min, the pedicles were declamped to permit reper-
fusion for 24 h. Finally, the abdominal incision was sutured, and
the animals were observed during their recovery from anesthesia
(Ragab et al., 2014).
2.4. Experimental design

Since no fixed dose for prunetin was available for the kidney I/R
model, a pilot study was conducted to determine the effective
dose. For this preliminary study, animals (n = 20) were divided into
five groups, with four animals assigned to each group. Sham-
operated rats (SO; group 1) were administered the vehicle (3 %
DMSO) after being subjected to all processes of the I/R operation
except for the occlusion of the renal pedicles. The animals of the
other four groups underwent the complete steps of I/R surgery;
in group 2, animals were injected only with DMSO, while those
in groups 3–5 received different doses of prunetin (Khan et al.,
2015), whereas in group 3, rats were injected with 0.25 mg/kg,
while groups four and five received 0.5 mg/kg and 1 mg/kg, respec-
tively. All treatments were injected intraperitoneally daily (once/-
day) for a continuous duration of three days.
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Since the highest dose (1 mg/kg) showed the best effect, it was
chosen in the second part of the study to assess the reno-
therapeutic mechanism(s) of prunetin against I/R-induced AKI. In
this part, forty rats were randomized into five groups (n = 8 each);
animals in the first group served as the SO control group and
received the vehicle, whereas those in the second group mimicked
the SO group but were injected with prunetin (1 mg/kg, i.p.). Rats
in the 3 remaining groups underwent renal I/R; those in groups 3
and 4 were injected with the vehicle to be designated as the I/R
model or treated with 1 mg/kg prunetin (i.p.) to serve as the trea-
ted group, respectively. Finally, animals in the 5th group received
the GPR30 blocker, G-15 (50 lg/day, s.c.; (Lu et al., 2013)),
25 min before each prunetin injection. All treatments were injected
once daily for three consecutive days.

2.5. Sample preparation

For the first part of the study, all animals were weighed and
then blood was withdrawn from the tail vein 24 h after the last
dose of prunetin. Blood was used to separate serum for the evalu-
ation of renal function biomarkers. The cervical dislocation was
then used for the euthanasia of the anesthetized rats, and their kid-
neys were harvested, washed, and weighed to determine the renal
index.

In the core study, blood samples were collected to determine
the serum level of the uremic toxin indoxyl sulfate, and the assem-
bled kidneys were used to examine the histopathological alter-
ations, where the right kidneys of 3 animals/group were kept in
10 % formal saline. For Western blot analysis, the right kidneys of
another three rats were suspended in RIPA buffer/complete pro-
tease inhibitor to quantify total protein. The left kidneys of 4 ani-
mals were retained in ribonucleic acid (RNA) later solution
(Thermo Fisher Scientific, M.A., U.S.A.) to analyze GPR30 using
the quantitative real-time polymerase chain reaction (qRT-PCR)
technique. Finally, for enzyme-linked immunosorbent assay
(ELISA) assessment, the remaining kidneys (2 right and 4 left) were
placed in phosphate-buffered saline to be homogenized.

2.6. Assessment of kidney index

The weight of the kidney relative to the body weight was esti-
mated using the following equation:

ðKidney weight=body weightÞx100
Table 1
Sequences of primers and accession numbers.

Target
Gene

Sequences Accession
number

GPR30 Forward: 50-TCTACCTAGGTCCCGTGTGG-30

Reverse: 50-AGGCAGGAGAGGAAGAGAGC-30
NM_133573

b-Actin Forward: 50-CCCATCTATGAGGGTTACGC-30

Reverse: 50-TTTAATGTCACGCACGATTTC-30
NM_031144.3
2.7. Assessment of renal function biomarkers

Serum levels of the standard kidney function parameters, viz.,
blood urea nitrogen (BUN; Stanbio, TX, U.S.A.; CAT # 2020–430)
and creatinine (Randox, Crumlin, U.K.; CAT # CR510), were assayed
calorimetrically according to the manufacturer protocol.

2.8. qRT-PCR assay

To assess the gene expression of renal GPR30, the GeneJET RNA
Purification Kit obtained from Thermo Fisher Scientific (# K0731)
was utilized to extract total RNA from kidney tissues. The purity
of the RNA was determined spectrophotometrically by measuring
the A260/A280 ratio. Following, the reverse transcription of RNA
into complementary deoxyribonucleic acid (cDNA) was performed
using the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific; # K1622). For qRT-PCR analysis, the Qiagen rotor gene
Q6 Plex RT-PCR system (Qiagen, Germany) was employed, accord-
ing to the previously described method (Abulfadl et al., 2018). A
25 ll reaction mixture containing Maxima SYBR Green/ROX qPCR
Master Mixes (# K0221; Thermo Fisher Scientific) was used with
3

triplicate analyses for robustness. Primer sequences and accession
numbers are duly documented in Table 1. Efficiency evaluation
employed the DCt method, and data was analyzed using Rotorgene
Q software with the automatic Ct setting to determine baseline and
threshold values. The relative expression level of each gene after
normalization to b-actin was calculated using the 2-DDCt formula.
2.9. ELISA assay

The serum level of indoxyl sulfate was estimated using the cor-
responding kit procured from MyBioSource (C.A., U.S.A.; #
MBS3809027). The ELISA kits used for the assessment of renal con-
tents of GPR30 (# MBS1600698), TLR4 (# CSB-E15822r), and TRIF
(# ABIN6265566) were purchased from MyBioSource, CUSABIO
(T.X., U.S.A.), and Antibodies-online Inc. (P.A., U.S.A.), respectively.
All procedures followed the protocols provided by the
manufacturers.
2.10. Western blotting

The assessment of the target proteins in the nucleus, mitochon-
dria, or cytosol was performed using the Abcam (C.B., U.K.) frac-
tionation kit (# ab109719), whereas the BCA assay kit (Bio-Rad,
C.A., U.S.A.) was used to estimate the extracted fractions’ protein
contents. SDS-PAGE (10 % gel) was used to separate equal aliquots
of protein (20 lg/lane) from each sample to be later transferred
into polyvinylidene fluoride (PVDF) membranes (Thermo Fisher
Scientific). The latter were treated with bovine serum albumin
(5 %) in Tris-buffered saline/ 0.1 % Tween-20 (TBST) at room tem-
perature (25 �C) for 40 min, followed by probing the blocked mem-
brane with the corresponding primary antibodies at 4 �C overnight.
The primary antibodies against the cytosolic parameters were
cleaved caspase-8 (# ab25901; Abcam), p(ser166)-RIPK1 (#
53286; Cell Signaling Technology, MA, USA), total RIPK1 (# 3493;
Cell Signaling Technology), p(ser232)-RIPK3 (# MBS9429436;
MyBioSource), total RIPK3 (# 15828; Cell Signaling Technology),
p(ser345)-MLKL (# MBS9431094; MyBioSource), and total MLKL
(# ab243142; Abcam). In addition, other antibodies were used to
assess the mitochondrial content of PGAM5 (# MBS9612114;
MyBioSource), p(ser616)-DRP-1 (# 3455; Cell Signaling Technol-
ogy), and total DRP-1 (# 8570; Cell Signaling Technology). The
membranes were then incubated for 2 h at room temperature with
HRP-labeled secondary antibody (# ab97057; Abcam) after rinsing
with TBST 5 times. The ECL detection kit (# ab65623; Abcam) was
used to visualize the expressed proteins of interest, and the inten-
sity of the bands was assessed after being normalized to b-actin.
2.11. Histopathological assessment of AKI

Following formalin decantation, kidney tissues were processed
by the paraffin embedding technique. The paraffin blocks were sec-
tioned transversely (5 lm), and the sections were placed on glass
slides, deparaffinized, stained with Hematoxylin and Eosin (H&E),
and examined under a light microscope (BX43, Olympus, Tokyo,
Japan) blindly by a pathologist. The examined sections were pho-
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tographed using the CellSens dimension software (Olympus) con-
nected to the Olympus DP27 camera.

The scoring system from 0 to 5 adopted from a previous study
(Mansour et al., 2022) was used to assess renal histopathological
injury in six distinct microscopic fields per animal (n = 3/group).
The scoring was based on the percentage of renal damage
observed: 0 represented normal condition, 1 indicated mild dam-
age (<10 %), 2 denoted moderate damage (10–25 %), 3 represented
severe damage (>25–50 %), 4 indicated very severe damage (>50–
75 %), and 5 represented extensive damage (>75 %).

2.12. Statistical analysis

For data analysis, parametric results were analyzed using one-
way analysis of variance (ANOVA) followed by Tukey’s post-hoc
test, and the results were presented as mean ± standard deviation
(S.D.). Non-parametric data were analyzed using the Kruskal-
Wallis test followed by Dunn’s post-hoc test, and the results were
presented as medians (minimum–maximum). A significance level
of 0.05 was used as the threshold for determining statistical signif-
icance. GraphPad Prism version 8.0 (GraphPad Software, CA, U.S.A.)
was employed for all statistical analyses.
3. Results

3.1. The impact of different doses of prunetin on renal function
biomarkers and kidney index in rats with I/R

As compared to the SO group, Fig. 1 revealed that the I/R insult
provoked kidney injury manifested by boosted serum levels of (A)
BUN and (B) creatinine. On the other hand, treatment with prune-
tin 1 mg/kg significantly improved kidney function compared to
the I/R group and returned the heightened BUN and creatinine
serum levels to their normal levels. The effect of the high dose
was significant on the lower doses, viz., 0.25 mg/kg and 0.5 mg/
kg, which failed to alter the I/R effect. In the same pattern, the
(C) kidney index was markedly elevated in the I/R group relative
to the SO group, but post-administration of prunetin 1 mg/kg
prominently normalized it. This effect significantly overrode that
of prunetin 0.25 mg/kg and 0.5 mg/kg, which did not affect this
index relative to the I/R group.

Since the core study recorded no significant difference between
the SO and the SO treated with prunetin in all the assessed param-
eters, the comparison was related to the untreated SO group.

3.2. Prunetin increased the renal expression and content of GPR30 in
rats with I/R

The I/R insult has a sharply downregulated effect on the renal
mRNA expression of GPR30, as depicted in Fig. 2 (A) relative to
the SO group. However, this effect was markedly reversed after
the post-injection of prunetin (1 mg/kg) to reach its normal level,
an effect that was completely canceled when prunetin was pre-
ceded by the GPR30 blocker G-15. Similarly, the I/R insult (B) aba-
ted the GPR30 protein content, but treatment with prunetin
returned it to a non-significant level from the control. Neverthe-
less, this beneficial effect was nullified by G-15 pre-injection.

3.3. Prunetin lessened indoxyl sulfate in the serum besides the renal
contents of TLR4 and TRIF in a GPR30-dependent manner in rats
exposed to I/R

Relative to the SO group, the I/R insult signified its inflamma-
tory effect (Fig. 3), evidenced by the upsurge of the uremic toxin
(A) indoxyl sulfate in serum besides the renal contents of (B)
4

TLR4 and (C) TRIF. Meanwhile, treatment with prunetin signifi-
cantly decreased the elevated markers with no significant differ-
ence from the SO group. To confirm that the effect of prunetin is
GPR30-dependent, the presence of the blocker opposed the benefi-
cial anti-inflammatory capacity of prunetin and returned the
parameters to their I/R level.

3.4. Prunetin turned off the activated necroptosis signaling in rats with
I/R

The I/R injury caused cellular death by necroptosis (Fig. 4),
where the expressions of the necroptotic proteins (A) p-RIPK1,
(B) p-RIPK3, and (C) p-MLKL were markedly bolstered, whereas
the renal expression of (D) cleaved caspase-8 was almost depleted
in comparison with the SO group. Conversely, prunetin proved its
anti-necroptotic aptitude by markedly diminishing the expression
of the necroptotic proteins and normalizing that of caspase-8.
These effects are induced by the activation of GPR30 since animals
receiving prunetin preceded by G-15 showed no significant differ-
ence in the necroptotic markers relative to the I/R group.

3.5. Prunetin amended mitochondrial fission by downregulating
PGAM5/DRP-1 nexus in rats with I/R

Fig. 5 illustrates the markedly amplified protein expression of
the mitochondrial fission/necroptotic markers (A) PGAM5 and (B)
p-DRP-1 in the I/R insulted rats relative to the SO group. Inversely,
treatment with prunetin leveled off the protein expression of the
two biomarkers, exhibiting no significant distinctions from the
SO group. This effect depends on the activation of the
membrane-bound estrogen receptor as proven by the nullified
action of prunetin when preceded by the G-15 blocker. The latter
effect brought these biomarkers to the I/R level.

3.6. Prunetin restored the altered histological structure of the kidney

The photomicrographs of the treated and untreated groups are
presented in Fig. 6. As compared to the normal structure of (A) SO
and (B) prunetin-treated SO groups, the (C) insulted rats show
remarkable histopathological damage. The damage prominently
affects the epithelial lining of renal tubules, as evidenced by the
marked vacuolar degeneration and coagulative necrosis, as well
as the presence of eosinophilic material and tubular casts within
the lumens of the renal tubules, in addition to the infiltration of
inflammatory cells, primarily neutrophils and macrophages. Sec-
tion of (D) prunetin-treated I/R rats depicts mild congested renal
blood vessels and slight vacuolar degeneration of the epithelial lin-
ing of some renal tubules. This improvement was canceled by the
pre-administration of the blocker, where panel (E) reveals damage
similar to that induced by I/R insult besides the congestion in renal
blood vessels, major vacuolar degeneration, and coagulative necro-
sis of the epithelial lining of the renal tubules. All these effects are
summarized in panel (F), which represents the corresponding
alterations in the scores of total histopathological lesions.
4. Discussion

Our study provided novel evidence of the therapeutic efficacy of
prunetin, a naturally occurring methylated isoflavone, in mitigat-
ing I/R-induced AKI in rats for the first time. Here, we proved that
prunetin acts by activating the membrane-bound estrogen recep-
tor GPR30, where it upregulated its gene expression and content.
Moreover, prunetin suppresses the inflammatory cascade of
indoxyl sulfate/TLR4/TRIF. The prunetin-induced inhibition of the
latter axis and the activation/normalization of caspase-8 were



Fig. 1. The impact of different doses of prunetin on renal function biomarkers (A) BUN and (B) Creatinine, as well as (C) kidney index in rats with I/R. Rats underwent
renal I/R and then received different doses of prunetin (0.25, 0.5, and 1 mg/kg, i.p.) once daily for three successive days. Data are displayed as mean ± SD (n = 4) and were
statistically analyzed by one-way ANOVA followed by Tukey’s post-hoc test (P < 0.05). *, #, &, or % denote comparisons to SO, I/R, Pru 0.25 mg/kg, or Pru 0.5 mg/kg-treated
groups, respectively. BUN: Blood urea nitrogen; I/R: Ischemia/reperfusion; Pru: Prunetin; SO: Sham-operated.

Fig. 2. Prunetin increased the (A) mRNA expression and (B) content of renal GPR30 in rats with I/R. Rats underwent renal I/R and then received a daily intraperitoneal
injection of 1 mg/kg prunetin for three successive days alone or preceded by the GPR30 blocker, G-15. Data are displayed as mean ± SD (n = 4/6) and were statistically
analyzed using one-way ANOVA followed by Tukey’s post-hoc test (P < 0.05). *, #, or @ denote comparisons to SO, I/R, or I/R + Pru-treated groups, respectively. GPR30: G
protein-coupled receptor 30; I/R: Ischemia/reperfusion; Pru: Prunetin; SO: Sham-operated.
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responsible for the turned-off necroptotic trajectory evinced by the
inhibited RIPK1/RIPK3/MLKL pathway. Additionally, prunetin ham-
pered mitochondrial fission by decreasing the active RIPK3/
PGMA5/DRP-1 cue (Fig. 7). Interrupting the crosstalk between
5

these pathways improved the microscopic kidney structure and
can be the reason why prunetin leveled off the elevated kidney
function biomarkers. To prove our notion that activation of
GPR30 is one of the prunetin reno-therapeutic mechanisms, our



Fig. 3. Prunetin reduced serum level of (A) indoxyl sulfate and renal contents of (B) TLR4 and (C) TRIF in a GPR30-dependent manner in rats with I/R. Rats underwent
renal I/R and then received a daily intraperitoneal injection of 1 mg/kg prunetin for three successive days alone or preceded by the GPR30 blocker, G-15. Data are displayed as
mean ± SD (n = 6) and were statistically analyzed using one-way ANOVA followed by Tukey’s post-hoc test (P < 0.05). *, #, or @ denote comparisons to SO, I/R, or I/R + Pru-
treated groups, respectively. I/R: Ischemia/reperfusion; Pru: Prunetin; SO: Sham-operated; TLR4: Toll-like receptor 4; TRIF: toll/interleukin-1 receptor-domain-containing
adaptor inducing interferon-beta.
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results showed that all these improvements were canceled when
the selective GPR30 blocker was administered before the injection
of prunetin.

Here, we showed that prunetin alleviated the I/R-mediated
enhancement of kidney function biomarkers. Although this dietary
phytochemical was not tested before in AKI, biochanin A, another
methylated isoflavone, improved these functional biomarkers in a
cisplatin-induced kidney injury model (Suliman et al., 2018) to
support our findings. Besides, the post-administration of prunetin
has corrected the elevated renal index. This marker indicates I/R-
induced renal hypertrophy that has a major role in models of kid-
ney I/R injury (Chu et al., 2022) and renal I/R-induced brain injury
(Azarkish et al., 2021).

This study also documented that the prunetin reno-therapeutic
effect was mediated by activating the membrane-bound estrogen
receptor GPR30, where it upregulated the mRNA expression of this
receptor as well as its protein content. Previously, prunetin in an
in-vitro study has improved bone regeneration by activating this
receptor (Khan et al., 2015), a fact that braces prunetin as an acti-
vator of this receptor. By the same token, the isoflavone daidzein
improved cerebellar development through the activation of
GPR30 (Ariyani et al., 2019). These findings were further confirmed
by the abolishment of the prunetin therapeutic effect when pre-
6

ceded by G-15 (GPR30 blocker) to concur with a former study in
which the anti-inflammatory role of the biochanin A isoflavone
was annulled by G-15 in the antigen-induced arthritis model
(Felix et al., 2021). Indeed, the activation of GPR30 played a protec-
tive role in neuropathological disorders (Ariyani et al., 2019; Wu
et al., 2018) and different kidney injury models other than I/R
(Lindsey et al., 2011; Maric-Bilkan and Flynn, 2012). Here, we
showed that the induction of the renal I/R model has markedly
repressed both the mRNA expression and content of GPR30, an
effect that mimics the findings of former studies in which various
renal injury models have blunted the expression of this receptor
(Buléon et al., 2020; Wang et al., 2020).

The I/R injurious ramification was verified by the doubled level
of the uremic toxin indoxyl sulfate to harmonize with a former
study (Wu et al., 2013). This toxin accumulates in the bloodstream
due to a reduced glomerular filtration rate (Burek et al., 2020), as
evidenced here by the serum elevation of BUN and creatinine.
The increment of this uremic toxin acts as a conditional danger
signal-associated molecular pattern that activates toll-like recep-
tors, mainly TLR4 to consequently recruit/activate its intracellular
adaptor protein, TRIF (Sun et al., 2018), verities that tone with
our work, where both TLR4 and its adaptor were boosted here
and hitherto (Kohansal et al., 2019; Paulus et al., 2014; Zhao



Fig. 4. Prunetin downregulated the protein expression of (A) p-RIPK1, (B) p-RIPK3, and (C) p-MLKL but upregulated that of (D) cleaved caspase-8 in rats with I/R. Rats
underwent renal I/R and then received a daily intraperitoneal injection of 1 mg/kg prunetin for three successive days alone or preceded by the GPR30 blocker, G-15. Data are
displayed as mean ± SD (n = 6) and were statistically analyzed using one-way ANOVA followed by Tukey’s post-hoc test (P < 0.05). *, #, or @ denote comparisons to SO, I/R, or
I/R + Pru-treated groups, respectively. I/R: Ischemia/reperfusion; MLKL: Mixed lineage kinase domain-like; p: Phosphorylated; Pru: Prunetin; RIPK1/3: Receptor-interacting
protein kinase 1/3; SO: Sham-operated; T: total.
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et al., 2014). Nevertheless, post-administration of prunetin has
abated these elevations to highlight its anti-inflammatory effect,
again, through the activation of GPR30, evidenced by the abolition
of these favorable effects in the presence of G-15 to highlight the
crosstalk between indoxyl sulfate/TLR4/TRIF and GPR30. Indeed,
similar verdicts were presented by Zhang et al. (2018) who under-
lined the relation between TLR4 and GPR30 in the cerebral ische-
mia model and reported the downregulation of TLR4 expression
in response to GPR30 activation.

Besides the inflammatory role, the indoxyl sulfate/TLR4/TRIF
axis can initiate necroptosis by eliciting a cascade of events
(Linkermann and Green, 2014). The current treatment with prune-
tin attested its survival anti-necroptotic activity, for the first time,
by restoring caspase-8 and turning off the necroptotic signal
through leveling off the protein expression of its chief regulatory
proteins, p-RIPK1, p-RIPK3, and p-MLKL, thereby, contesting the I/
R-induced necroptotic cue. Notably, GPR30 had again demon-
7

strated its critical effect in explaining the anti-necroptotic role of
prunetin, where the presence of G-15 before prunetin re-
enhanced the protein expression of the active/phosphorylated
necroptotic signaling pathway RIPK1/RIPK3/MLKL while mitigating
that of caspase-8. A recent study using the hepatic I/R model braces
this notion where activation of GPR30 inhibited the I/R-induced
necroptosis to be cancelled by the pre-administration of G-15 (Li
et al., 2022b).

The activation of the necrosome molecules during I/R injury
expands their detrimental role, leading to mitochondrial dys-
function through the activation of PGAM5 to trigger the recruit-
ment and activation of the mitochondrial fission factor DRP-1,
ultimately promoting fragmentation of mitochondria. In this con-
text, the necroptotic complex was formerly reported to stimulate
PGAM5, resulting in the activation of DRP-1 with the subsequent
impairment of mitochondria (Cheng et al., 2021). Furthermore, a
recent study proved the significant reduction of the active



Fig. 5. Prunetin amended mitochondrial fission by downregulating the protein expression of (A) PGAM5 and (B) p-DRP-1 in rats with I/R. Rats underwent renal I/R and
then received a daily intraperitoneal injection of 1 mg/kg prunetin for three successive days alone or preceded with the GPR30 blocker, G-15. Data are displayed as mean ± SD
(n = 6) and were statistically analyzed using one-way ANOVA followed by Tukey’s post-hoc test (P < 0.05). *, #, or @ denote comparisons to SO, I/R, or I/R + Pru-treated groups,
respectively. DRP-1: Dynamin-related protein 1; I/R: Ischemia/reperfusion; p: Phosphorylated; PGAM5: Phosphoglycerate mutase 5; Pru: Prunetin; SO: Sham-operated; T:
total.

Fig. 6. Prunetin restored the altered histological structure of the kidney. Photomicrographs representing H&E-stained renal tissue sections of rats (scale bar 50 lm).
Sections of the (A) SO and the (B) SO + Pru reveal the regular histological structure of renal parenchyma (normal glomeruli [GL] and renal tubules [RT]). Section of the (C) I/R
group depicts marked changes in renal tubules manifested by epithelial lining vacuolar degeneration [VD], eosinophilic renal cast [RC] in the lumen, and inflammatory cell
infiltration [IF]. Section of the (D) Pru-treated group reveals slight VD of some renal tubules, whereas the section of the (E) G-15 blocker group + Pru shows congestion of renal
blood vessels [CO], marked VD, coagulative necrosis of renal tubular epithelium [NC], RC in the lumen of renal tubules, and IF. These data are recapitulated in panel (F), which
illustrates the total renal damage score in the different groups. The median (min–max) of 6 non-overlapping microscopic fields per animal (n = 3/group) was used to represent
the non-parametric data, which were analyzed by the Kruskal-Wallis test followed by Dunn’s post-hoc test (P < 0.05). *, #, or @ denote comparisons to SO, I/R, or I/R + Pru
groups, respectively. I/R: Ischemia/reperfusion; Pru: Prunetin; SO: Sham-operated.
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Fig. 7. Schematic presentation depicting molecular cascades involved in the reno-therapeutic effect of prunetin against I/R injury. Prunetin by activating GPR30
inhibits (1) the indoxyl sulfate/TLR4/TRIF inflammatory hub, (2) RIPK1/RIPK3/MLKL necroptotic trajectory, and (3) RIPK3/PGAM5/DRP-1 cue responsible for mitochondrial
fission in the I/R kidney. DRP-1: Dynamin-related protein 1; GPR30: G protein-coupled receptor 30; I/R: Ischemia/Reperfusion; MLKL: Mixed lineage kinase domain-like; p:
Phosphorylated; PGAM5: Phosphoglycerate mutase 5; RIPK1/3: Receptor-interacting protein kinase 1/3; TLR4: Toll-like receptor 4; TRIF: toll/interleukin-1 receptor-domain-
containing adaptor inducing interferon-beta. This Fig. is created with BioRender.com.
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p(ser616)-DRP-1 due to PGAM5 knockdown (Sang et al., 2023). Of
note, activated RIPK3 can also directly activate/phosphorylate
the mitochondrial fission executor, DRP-1 at the serine 616 site
(Al-Lamki et al., 2016). The harmful effect of the currently acti-
vated RIPK3/PGAM5/DRP-1 cascade was also reported to mediate
plasma membrane rupture and provoke solid organ injury (Wang
et al., 2012; Zhao et al., 2015). In a vicious cycle, the PGAM5/DRP-
1 axis can again initiate necroptosis to maintain the harmful
cycle (Wang et al., 2012). Similarly, a study held in 2019 docu-
mented that inhibited PGAM5/DRP-1 cue abolished necroptosis
in the cardiac I/R injury model (She et al., 2019). Recently, it
was proven that the PGAM5-mediated pathway is a critical deter-
minant of kidney injury and that targeting this axis may be useful
for treating AKI (Li et al., 2022c). These verities reinforce the
reno-therapeutic mechanism of prunetin, which, besides sup-
pressing necroptosis, decreases the mitochondrial fission path-
way. Furthermore, blockage of GPR30 by G-15 reversed the
reduced PGAM5 and p-DRP-1 protein expressions mediated by
prunetin administration, confirming that it maintained renal
mitochondrial integrity and prevented renal deterioration
through the activation of GPR30.

The crosstalk between the above-examined pathways explains
the improved renal morphology achieved by treatment with pru-
netin, which majorly restored the normal architecture of the renal
tissues and improved the I/R-induced major renal histopathologi-
cal damage. These outcomes align with a recently conducted study
9

revealing the ability of prunetin to protect hepatic tissues against
diethylnitrosamine-induced hepatocellular cancer (Li et al.,
2022a). In this context, GPR30 activation by prunetin is one possi-
ble mechanism of histological improvement, as approved herein,
since pre-administration of G-15 markedly worsened this
enhancement.

Study Limitations: The current study highlighted the role of G-
15 in blocking the effect of GPR30 activation; however, its sole
effect on kidney function and the assessed parameters was not
evaluated in a separate group, which imposes a limitation on our
study since the blocker could have off-target effects.
5. Conclusion

In the current work, we highlighted the therapeutic effect of
prunetin against I/R-induced AKI in rats for the first time. This ben-
eficial impact was in part mediated through the activation of
GPR30 to suppress inflammation, necroptosis, and mitochondrial
fission. These effects were confirmed by the abrogation of the
inflammatory axis indoxyl sulfate/TLR4/TRIF, the repression of
the activated/phosphorylated necroptotic cascade RIPK1/RIPK3/
MLKL, and the inhibition of the activated mitochondrial fission
cue RIPK3/PGMA5/DRP-1. However, these beneficial effects were
nullified by the pre-administration of the GPR30 blocker G-15,
which further highlights the role of GPR30 in the prunetin thera-
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peutic effect. These results, thus, nominate prunetin as a promising
nutraceutical against AKI. However, additional in-vivo and in-vitro
studies await to elucidate further possible therapeutic mechanism
(s) of prunetin in this model.
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