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Abstract

Purpose Cisplatin has been widely accepted as an effective chemotherapy drug with various side effects, including nephro-
toxicity. The mechanisms of cisplatin-induced acute kidney injury (AKI) are complex, and there are limited renoprotective
approaches. Leonurine is the main active compound of a Chinese herb and has recently been reported to have a protective
effect on the kidneys. This study aimed to verify the renoprotective effect of leonurine in attenuating cisplatin-induced AKI
and explore the potential associated mechanisms.

Methods C57BL/6 mice were divided into four groups (Sham, Cisplatin, Leonurine, and Cisplatin + Leonurine). Mice in the
leonurine-treated groups were pretreated with a daily intraperitoneal injection of 25 mg/kg leonurine. AKI was induced by
injecting cisplatin once intraperitoneally at 20 mg/kg body weight. Mice were killed on day 5. Kidney injury was assessed
using a serum biochemical and histological assay. Apoptosis was evaluated using a terminal deoxyribonucleotide transferase-
mediated dUTP nick-end labeling (TUNEL) staining assay and Western blot. Antioxidant enzymes were detected using
commercial kits. The improvement in inflammasome activation, mitochondrial dysfunction, and endoplasmic reticulum
stress (ERS) were assessed by polymerase chain reaction (PCR) and Western blot, respectively.

Results Leonurine treatment improved kidney function by preventing renal tubular injury and apoptosis. Expression of
nucleotide-binding leucine-rich repeat and pyrin domain containing protein 3 (NLRP3) inflammasome components and
inflammatory cytokines, mitochondrial dysfunction, and ERS were all alleviated by leonurine.

Conclusion The results indicate that leonurine plays a protective role in cisplatin-induced AKI and may represent an effec-
tive multi-targeted intervention strategy.
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Introduction with a high cure rate in specific cancers [2], its use is fre-

quently limited by various significant side effects, includ-

Cisplatin is an inorganic chemotherapy drug that has been
widely used for the treatment of several types of malignant
tumors [1]. As a standard component of treatment regimens
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ing neurotoxicity, ototoxicity, and nephrotoxicity. One of
the most common presentations of nephrotoxicity is acute
kidney injury (AKI), which was first reported in 1971 [3]
with a 20-30% incident rate in patients undergoing cispl-
atin treatment [4, 5]. Several mechanisms are known to be
involved, including mitochondrial dysfunction, inflamma-
tion, and endoplasmic reticulum stress (ERS) [6]. Although
numerous approaches have been reported to provide reno-
protection, its clinical use remains limited.

Growing evidence has demonstrated that mitochondrial
dysfunction plays an important role in renal tubular injury. The
overproduction of reactive oxygen species (ROS) and impaired
mitochondrial redox balance induced by the accumulation of
cisplatin in proximal tubular cells have been shown to damage
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mitochondrial deoxyribonucleic acid (mtDNA) [7]. In addi-
tion, cisplatin has been shown to interact with transcription
factors that regulate mitochondrial biogenesis [8]. The expres-
sion of endogenous antioxidant enzymes (e.g., superoxide
dismutase [SOD] and glutathione [GSH]) are simultaneously
suppressed [9].

The NLRP3 inflammasome is a multi-protein complex that
can be activated by a wide variety of stimuli, including ROS.
The trigger of inflammatory cascades involving pro-inflamma-
tory cytokines promotes programmed cell death and pyropto-
sis [10]. Our previous studies have demonstrated that NLRP3
up-regulation leads to aldosterone and angiotensin II-induced
renal tubular cell apoptosis [11, 12]. It is believed that the
NLRP3 inflammasome has also recently been involved in cis-
platin nephrotoxicity, which requires further research [13—16].

The endoplasmic reticulum is an intracellular organelle
associated with protein synthesis, folding, and degradation.
Pathophysiological conditions can disrupt the normal protein
folding processes, and subsequent ERS and activation of the
unfolded protein response (UPR) are trigged by the accumu-
lation of these misfolded proteins [17]. Although the mecha-
nism of cisplatin-induced ERS is currently unknown, possible
hypotheses include oxidative stress or the covalent binding
of cisplatin to key microsomal proteins [18], leading to the
activation of procaspase 12 and ERS markers, such as glucose
regulatory protein 78 (GRP78/BiP) and C/EBP homologous
protein (CHOP) [19, 20].

Herba Leonuri, a traditional Chinese herb, has been well
accepted as a treatment for vaginal bleeding and metrorrha-
gia. Over the past several decades, leonurine, the main active
compound of Herba Leonuri, has been verified to exhibit pro-
tective cardiovascular effects through various anti-apoptotic
and anti-inflammatory mechanisms [21]. It has also recently
been reported that leonurine can ameliorate podocyte injury,
lipopolysaccharide (LPS)-induced AKI, and kidney fibrosis
via suppressing ROS, which suggests a potential renoprotec-
tive effect [22-24]. In a model of gouty arthritis, leonurine
was found to prevent NLRP3 inflammasome activation and
decrease both interleukin-1p (IL-1f) and tumor necrosis fac-
tor a (TNF-a) production [25]. However, it remains unclear
whether leonurine protects the kidneys from cisplatin-induced
nephrotoxicity.

Thus, the aim of the present study was to verify the reno-
protective effect of leonurine in attenuating cisplatin-induced
AKI. Furthermore, the potential mechanisms were explored to
provide novel insight into therapeutic strategies.
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Materials and methods
Reagents and antibodies

Leonurine was purchased from Herbpurify (Chengdu,
China). Primary antibodies against CHOP (2895),
GRP78/BiP (3177), glucose regulatory protein 94
(GRPY4, 20292), B cell lymphoma 2 (Bcl-2, 3498), and
Bcl-2-associated X (Bax, 2772) were purchased from
Cell Signaling Technology (Beverly, MA, USA). Anti-
bodies against mitochondrial transcription factor A
(TFAM, ab131607), peroxisome proliferator-activated
receptor-gamma coactivator-la (PGC-1a, ab54481), p62
(ab56416), autophagy-related gene 7 (ATG7, ab133528),
dynamin-related protein 1 (Drpl, ab184247) and mitofusin
2 (Mfn2, ab124773) were obtained from Abcam (Cam-
bridge, MA, USA). Anti-caspase-1 (56036) was purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Antibodies against apoptosis-associated speck-like pro-
tein containing a CARD (ASC, AG-25B-0006-C100) and
NLRP3 (AG-20B-0014-C100) were obtained from adipo-
Gen (San Diego, CA, USA). Goat polyclonal IL-1p (AF-
401-NA) antibodies were purchased from R&D Systems
(Minneapolis, MN, USA). Monoclonal rat anti-interleu-
kin-18 (IL-18, D046-3) antibodies were purchased from
Medical&Biological Laboratories (Minato-ku, Tokyo,
Japan). All horseradish peroxidase (HRP) conjugated-sec-
ondary antibodies for immunoblot analyses were obtained
from Jackson ImmunoResearch (West Grove, PA, USA).

Animals

All animal experiments complied with the ARRIVE guide-
lines and were carried out in accordance with the National
Institutes of Health guide for the care and use of labora-
tory animals (NIH Publications No. 8023, revised 1978).
Eight-week-old male C57BL/6 mice were purchased from
Shanghai SLAC Laboratory Animals (Shanghai, China)
and housed in a stable environment with a regulated 12-h
light—dark cycle, controlled temperature, and free access
to food and water. All animals were randomly divided into
four groups (Sham, Cis, Leo, and Cis + Leo) of six mice
each. Kidney injury was induced in the Cis and Cis + Leo
groups by injecting cisplatin once intraperitoneally at a
dose of 20 mg/kg body weight, whereas the other groups
(Sham and Leo groups) received saline. Leonurine was
dissolved in a physiological saline solution. Mice in the
Leo and Cis + Leo groups were pretreated with leonurine
for 2 days before cisplatin injection and then another 5
days with an intraperitoneal injection dose of 25 mg/kg
per day. Mice were killed on day 5 and blood samples were
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collected. The harvested kidneys were embedded in paraf-
fin after fixing in 4% paraformaldehyde and the remaining
samples were stored at — 80 °C for further analyses.

Serum biochemical measurements

Serum creatinine (Scr) and blood urea nitrogen (BUN) were
measured at the clinical laboratory at the Shanghai Ninth
People’s Hospital using standard laboratory methods.

Histological assay

Kidney tissues were sectioned into 3 pm slices and stained
with hematoxylin and eosin (HE). Tubular injury was
scored in accordance with the following semi-quantitative
grades: normal (score =0), below 25% (score=1), 25-49%
(score =2), 50-74% (score =3), and >75% (score =4) of the
damaged areas [15].

Western blot

Kidney tissues were collected and lysed in radio immuno-
precipitation assay (RIPA) lysis buffer (Beyotime, China)
according to the manufacturer’s protocol. Protein samples
were loaded and separated by 10-12% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to polyvinylidene fluoride (PVDF) mem-
branes. The membranes were incubated with primary anti-
bodies (NLRP3 and IL-18 1 pg/ml, IL-1p 0.25 pg/ml, cas-
pase-1 1:200, TFAM 1:2000, ATG7 1:10,000, others were
all 1:1000) overnight at 4 °C after blocking in 5% nonfat
milk for 2 h. The membranes were subsequently incubated
with secondary antibodies for 1 h at room temperature. The
immunoreactive band intensity was visualized by enhanced
chemiluminescence (Amersham, Little Chalfont, UK)
and densitometric analyses were quantified using Image J
software.

Quantitative real-time PCR

The total ribonucleic acid (RNA) was isolated and reverse-
transcribed according to the instructions of the PrimeScript
RT reagent kit (Takara, Japan). Real-time PCR was per-
formed using an ABI Prism 7500 Sequence Detection Sys-
tem (Foster City, CA, USA). The relative expression was
normalized to the expression of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) or 18S. The following primer
sequences were used: interleukin-6 (IL-6), forward 5-TAG
TCCTTCCTACCCCAATTTCC-3', reverse 3'-TTGGTC
CTTAGCCACTCCTTC-5"; TNF-a, forward 5-CCCTCA
CACTCAGATCATCTTCT-3', reverse 3'-GCTACGACG
TGGGCTACAG-5'; monocyte chemoattractant protein 1
(MCP-1), forward 5'-CACTCACCTGCTGCTACTCA-3’,

reverse 3'-GCTTGGTGACAAAAACTACAGC-5"; mtDNA,
forward 5'-TTTTATCTGCATCTGAGTTTAATCCTGT-3',
reverse 3'-CCACTTCATCTTACCATTTATTATCGC-5";
NAHD dehydrogenase subunit 1 (ND-1), forward 5'-ATC
CTCCCAGGATTTGGAAT-3', reverse 3'-ACCGGTAGG
AATTGCGATAA-5'; adenosine triphosphate (ATP), for-
ward 5'-TCCATCAAAAACATCCAGAAAA-3’, reverse
3'-GAGGAGTGAATAGCACCACAAA-5'; GAPDH, for-
ward 5'-AGGTCGGTGTGAACGGATTTG-3', reverse
3" " TGTAGACCATGTAGTTGAGGTCA-5'; 18S, forward
5" TTCGGAACTGAGGCCATGATT-3’, reverse 3'-TTT
CGCTCTGGTCCGTCTTG-5".

TUNEL assay

Apoptosis in the renal tissue was detected using a TUNEL
assay (Roche, Netley, NJ, USA) according to the manufac-
turer’s protocol. Briefly, after the tissues were incubated
with the TUNEL reaction mixture in the dark for 60 min,
10 fields were randomly selected for each slide and the
TUNEL-positive cells were counted.

SOD, glutathione peroxidase (GSH-Px) and catalase
(CAT) activity measurement

The SOD, GSH-Px and CAT activity in renal tissue was
measured by commercial kits and micro-plate reader accord-
ing to the manufacturer’s protocol (Jiancheng Bioengineer-
ing Institute, Nanjing, China).

Statistical analysis

All data were presented as the mean + standard error of the
mean (SEM). Statistical analysis was performed using a Stu-
dent’s t test or one-way analysis of variance (ANOVA). A
threshold p value < 0.05 was considered to be statistically
significant.

Results

Leonurine ameliorates cisplatin-induced kidney
injury

AKI was induced by a cisplatin injection, which was
characterized by a significant increase in Scr and BUN as
shown in Fig. 1A, B. Compared with the cisplatin group,
treatment with leonurine successfully decreased the level
of Scr and BUN. To estimate the renoprotective effect of
leonurine, renal tissues were stained with HE to evalu-
ate the level of histopathology (Fig. 1C). The loss of a
brush border, cast formation, lumen dilation of the renal
tubules, and degeneration of tubular epithelial cells in the
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Fig. 1 Leonurine ameliorates A
cisplatin-induced kidney injury.
A Blood urea nitrogen levels.

B Serum creatinine levels. C
Representative histological pho-
tomicrographs of HE-stained
kidney sections (x400). D
Tubular injury scores. Data are
represented as the mean + SEM
(n=6). *p <0.05 versus sham
group; #p <0.05 versus cisplatin 0
group. Cis cisplatin group, Leo

leonurine group
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cisplatin-treated group were substantially ameliorated by
leonurine in accordance with the decrease in tubular injury
score (Fig. 1C, D).

Leonurine decreases cisplatin-induced renal
apoptosis

We examined the effect of leonurine on the degree of renal
apoptosis induced by cisplatin in vivo using a TUNEL stain-
ing assay. Significant apoptosis was observed in the cispl-
atin-treated kidney tissue and was markedly attenuated in
the leonurine group (Fig. 2A, B). These results were also
verified by Western blot. Cisplatin also increased the level
of Bax expression and reduced Bcl-2 expression. In contrast,
treatment with leonurine prevented cisplatin-mediated Bcl-2
down-regulation, as well as Bax up-regulation, and synchro-
nously increased the Bcl-2/Bax ratio (Fig. 2C, D).

Leonurine suppresses cisplatin-induced oxidative
stress

The oxidative stress induced by cisplatin in kidney tissues
was detected by SOD activity, levels of GSH-Px and CAT.
Cisplatin treatment significantly reduced SOD activity in
renal, accompanied by decreases in levels of GSH-Px and
CAT activity. The inhibitions of enzymatic activities were
all improved by leonurine injection compared with cisplatin
alone (Fig. 3A-C).
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Leonurine inhibited the cisplatin-induced
expression of inflammatory cytokines
and inflammasome components

We also evaluated the level of inflammatory cytokine
expression by real-time PCR. Compared with the control
group, there was a substantial increase in the level of IL-6,
TNF-a, and MCP-1 in the cisplatin group, whereas these
levels were all suppressed by leonurine (Fig. 3D). To inves-
tigate the effect of leonurine on cisplatin-induced AKI, we
analyzed the level of protein expression of various inflam-
masome components by Western blot. As shown in Fig. 4,
activation of the NLRP3 inflammasome increased the level
of pro-caspase-1 cleavage and ASC, leading to the induction
of mature IL-1p and IL-18. Treatment with leonurine signifi-
cantly decreased the level of cisplatin-induced activation of
NLRP3, as well as the expression of ASC, caspase-1, mature
IL-1p, and IL-18.

Leonurine alleviates cisplatin-induced
mitochondrial dysfunction

As shown in Fig. SA-C, Western Blot results showed
that the mitochondrial fission-related protein Drpl and
autophagy-related protein P62 were markedly increased
after cisplatin treatment, expression of Mfn2 and ATG7
were significantly decreased. Simultaneously, the reverse
trends were observed after leonurine treatment. The kidney
tissues of cisplatin-treated mice exhibited down-regulated
expression of PGC-1a and TFAM, proteins critical for the
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maintenance of mtDNA, mitochondrial biogenesis, and ener-
getics (Fig. 5A, D). Moreover, these proteins were accom-
panied by a marked reduction in the level of ATP synthase,
mtDNA, and ND-1 mRNA, which represented the occur-
rence of mitochondrial dysfunction (Fig. SE-G); however,
the decreased levels of protein and mRNA expression were
reversed by leonurine treatment.

Leo CistLeo

Leonurine attenuates cisplatin-induced ERS

To further investigate the protective effect of leonurine,
proteins related to ERS were analyzed by Western blot.
The expression of GRP78/BiP, GRP94, and CHOP were
notably up-regulated following cisplatin treatment. In con-
trast, leonurine alleviated the level of these proteins in the

@ Springer



2280

International Urology and Nephrology (2022) 54:2275-2284

Fig.4 Leonurine inhibits A B
cisplatin-induced expression
of inflammasome components. NLRP3 - .
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Fig.5 Effects of leonurine on cisplatin-induced mitochondrial dys-
function. A Western blot analyses of Drpl, Mfn2, ATG7, P62,
PGC-1a and TFAM expression. B Relative protein expression of
Drpl and Mfn2 normalized to GAPDH. C Relative protein expres-
sion of ATG7 and P62 normalized to GAPDH. D Relative protein

@ Springer

expression of PGC-la and TFAM normalized to GAPDH. E-G
Relative mRNA expression of mtDNA, ND-1 and ATP normalized
to 18S. Data are represented as the mean+SEM (n=3-4). *p <0.05
versus sham group; #p<0.05 versus cisplatin group. Cis cisplatin
group, Leo leonurine group
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Cis + Leo group compared to that of the group that received
cisplatin alone (Fig. 6).

Discussion

Cisplatin-induced AKI is characterized by proximal tubular
injury and vascular injury as the major histopathological
features. The pathophysiological basis of the tissue injury
was studied and different renoprotective interventions have
been developed over past decades [4, 5]. Leonurine is the
main active compound of the Chinese herb, Herba Leonuri,
and has been reported to possess antioxidant properties in
atherosclerosis, LPS-induced AKI, and chronic kidney dis-
ease models [21-24]. The findings of this study further con-
firmed the renal protective effect of leonurine in cisplatin-
related AKI, which was represented as an improvement of
kidney function and prevention of renal tubular injury and
apoptosis, partially through alleviating the expression of
the NLRP3 inflammasome components and inflammatory
cytokines, mitochondrial dysfunction, and ERS.

A
GRP94 | I - - \mom
BiP — 78kD
CHOP | e s | 27kD
GAPDH m 36kD
Sham Cis Leo Cis+Leo
B
2.51 *
e Sham
* = Cis
4 Leo
v CistLeo

7

Relative protein expression

£
7
é
/

GRP9%4 CHOP BiP

Fig.6 Leonurine attenuates cisplatin-induced endoplasmic reticulum
stress. A Western blot analyses of GRP78/BiP, GRP94, and CHOP
expression. B Relative protein expression of GRP78/BiP, GRP9%4,
and CHOP normalized to GAPDH. Data are represented as the
mean+SEM (n=3). *p<0.05 versus sham group; *p <0.05 versus
cisplatin group. Cis cisplatin group, Leo leonurine group

Apoptosis and necrosis can be induced by cisplatin both
in vivo and in vitro [26, 27]. Apoptosis is the further focus
of the mechanistic investigation of cisplatin-induced AKI.
Several complex pathways and molecules have been impli-
cated, including the extrinsic pathway mediated by death
receptors, the intrinsic pathway concentrated on mitochon-
drial dysfunction, and the ERS pathway. In addition, the
Bcl-2 family of proteins is known to play a critical role in
mitochondrial dysfunction. The translocation of Bax to
mitochondria induced by cisplatin results in porous defects
to the outer membrane, the release of apoptogenic factors
(e.g., cytochrome c, apoptosis-inducing factor, endonuclease
G, and others) from the mitochondria [28-32]. A blockade
of Bax via Bcl-2 expression has been shown to attenuate
mitochondrial injury [30, 33]. Both a decrease in the release
of Cytochrome c and apoptosis are mirrored in Bax-deficient
mice and in vitro [31]. p53-dependent and independent acti-
vation of the caspase family emerges during the execution
phase of cisplatin-induced apoptosis [33, 34]. Numerous
pharmacological agents have been shown to diminish apop-
tosis by inhibiting Bax activation [35, 36]. Similarly, the
findings of our study demonstrate the anti-apoptotic effect
of leonurine on cisplatin nephrotoxicity by reducing the ratio
between Bax and Bcl-2, in line with an improvement in kid-
ney function, histopathology, and TUNEL staining.

ROS has been reported to be an important mechanism
contributing to cisplatin-induced nephrotoxicity [37].
Despite reactions with cellular antioxidants [38] and the
formation of ROS via the cytochrome P450 pathway [39],
cisplatin can cause mitochondrial dysfunction and increase
ROS production through damaging the respiratory chain
[40]. The exposure of cultured proximal tubule cells to
cisplatin can specifically inhibit mitochondrial complexes
I to IV of the respiratory chain via decreased intracel-
lular ATP levels [40]. Mitochondrial energetics are also
disrupted, which were represented by the inhibition of
fatty acid oxidation in vitro [41, 42]. It was reported that
both the DNA-binding activity of peroxisome proliferator-
activated receptor o (PPAR-a) and the availability of its
coactivator, PGC-1, were reduced by cisplatin. In addi-
tion to mitochondrial biogenesis, mitochondrial dynam-
ics that presented as the net balance between fission and
fusion were also critical in maintenance of mitochondrial
stability. Brooks et al. have demonstrated mitochondrial
fragmentation in cisplatin-induced nephrotoxicity with
changes of Drpl [43]. Further evidence suggests that the
antioxidant capacity of leonurine is protective against
kidney injury [42]. In 2014, the renal protective effect of
leonurine was first reported in an LPS-induced AKI model
with the recovery of the redox balance [22]. Moreover,
treatment with leonurine significantly reduced the level
of ROS production in unilateral ureteral obstruction mice
and ameliorated adriamycin-induced podocyte injury both

@ Springer



2282

International Urology and Nephrology (2022) 54:2275-2284

in vivo and in vitro [23, 24]. In line with previous reports,
our data showed that leonurine could ameliorate oxida-
tive stress and improve cisplatin-induced mitochondrial
dysfunction by protecting mtDNA and increasing the level
of ND-1 and ATP. Leonurine can also promote the level
of PGC-1a and TFAM expression, proteins critical for
the replication, transcription, and maintenance of mtDNA
[44]. The critical mitochondrial fission protein Drpl was
attenuated while fusion of mitochondria was improved at
the same time.

There has been a growing recognition of the pro-inflam-
matory nature of cisplatin due to the involvement of a large
number of cytokines and chemokines. The NLRP3 inflam-
masome is an important member of the innate immune sys-
tem that is activated by several inducers, including ROS and
mtDNA release [45], and subsequently interacts with the
ASC, resulting in caspase-1 activation and the secretion of
IL-1pB and IL-18. The NLRP3 inflammasome in cisplatin-
induced AKI is associated with numerous concerns [16]. For
instance, Zhang et al. showed that NLRP3/ASC/caspase-1
expression was significantly up-regulated in renal tissues
of the cisplatin-treated mice, which was accompanied by
an increase in the production of IL-1p and IL-18 [46]. In
addition, TNF-a is a typical pro-inflammatory cytokine
believed to be the trigger of the cytokine response, with
increased concentrations at both in the serum and protein
level in cisplatin-induced renal injury [47, 48]. The up-reg-
ulation of other cytokines (e.g., macrophage inflammatory
protein-2, MCP-1, and IL-6) has also been observed in cispl-
atin-induced AKI [48, 49]. Consistent with previous results,
the findings of this study revealed a significant increase in
the expression of NLRP3 inflammasome components and
inflammatory cytokines following cisplatin injection. Nota-
bly, this is the first study to show that leonurine could attenu-
ate kidney injury through the suppression of the NLRP3
inflammasome.

Autophagy is the degradation process of damaged orga-
nelles such as mitochondria. In nephrotoxic models of AKI,
autophagy was activated by cisplatin within hours in differ-
ent renal proximal tubular cells [50, 51]. Contrary to major-
ity of the results, mitophagy-related genes Atg5, Atg7 and
proteins LC3 could also be lower in cisplatin-treated rats
with increased p62 expression in recent study [52]. Despite
the biphasic autophagic response in cisplatin-induced AKI,
inhibition of autophagy all increased apoptosis, suggesting
the protective role of autophagy in cisplatin nephrotoxicity
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[50, 51]. Previous studies have demonstrated the connection
between autophagy and NLRP3 inflammasome. Autophagy
ameliorated inflammatory responses by inhibiting NLRP3
inflammasome activation [53, 54] and cisplatin could acti-
vate NLRP3 inflammasome by inhibiting autophagy in kid-
ney [55]. We also found the inhibition but not activation of
autophagy after cisplatin treatment and the difference might
attribute to different cisplatin dose and time. Similarly,
leonurine treatment promoted autophagy and suppressed
the activation of the NLRP3 inflammasome.

In addition to the extrinsic pathway and mitochondrial
dysfunction, the ERS pathway is also involved in cisplatin-
induced apoptosis. After being activated by various different
stimulators (e.g., metabolic dysfunction and mutant protein
accumulation), ERS can be initiated by the accumulation
of unfolded or misfolded proteins. Protein kinase RNA-like
endoplasmic reticulum kinase (PERK), inositol-requiring
enzyme 1 (IRE1), and activating transcription factor 6
(ATF6) are the three main pathways related to UPR. Chap-
erone GRP78 binds to PERK, ATF6, and IRE1 to maintain
the inactivated status of the UPR, whereas disassociation
occurs upon the accumulation of unfolded or misfolded pro-
teins followed by downstream signaling [56, 57]. In vitro,
the expression of the GRP78/BiP and PERK pathways was
found to be notably up-regulated following cisplatin treat-
ment [58]. Furthermore, the over-expression of ERS can
lead to apoptosis, which manifests as the increased expres-
sion of apoptosis proteins, including CHOP and Caspase
12, in cisplatin-treated LLC-PK1 cells [19]. In agreement
with these findings, GRP78/BiP, GRP94 and CHOP were
all found to be up-regulated in the cisplatin groups, whereas
leonurine alleviated the ERS in the cisplatin-treated mice.

Conclusion

These results indicate that leonurine plays a protective role
in cisplatin-induced AKI and may represent an effective
intervention strategy. The renoprotective effect of leonurine
against apoptosis is likely exerted by alleviating the expres-
sion of the NLRP3 inflammasome components and inflam-
matory cytokines, ameliorating mitochondrial dysfunction,
and suppressing ERS (Fig. 7); however, the potential mecha-
nism and signaling cascade pathway of leonurine remains
incompletely understood and further studies are warranted.
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Conclusion: Leonurine plays a protective role in cisplatin-induced AKI and may represent an
effective multi-targeted intervention strategy.
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