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Abstract

Sepsis-induced acute kidney injury is associated with inflammatory dysregulations
within the kidney. This study aimed to explore the renal protective effect of hispidulin
on suppressing the apoptosis rate, and inhibiting reactive oxygen species production
and inflammatory response after cecal puncture (CLP) operation. In order to gain a
deeper understanding of the relationship between sepsis and acute kidney injury, the
CLP induced kidney injury animal model was established. The automated biochemical
analyzer was used to measure the kidney function related biomarkers including serum
cystatin C (ScysC), blood urea nitrogen (BUN), and serum creatinine (Scr). The
pathological changes of damaged kidney tissues were detected by hematoxylin and
eosin (H&E) staining. The expression of inflammatory cytokines including tumor
necrosis factor o (TNF-q), interleukin 15 (IL-12), and interleukin 6 (IL-6) were detected
by their corresponding test kits and Real-Time Quantitative Reverse Transcription
PCR (qRT-PCR). The level of reactive oxygen species production-related protein
including myeloperoxidase (MPO), glutathione (GSH), superoxide dismutase (SOD),
and malondialdehyde (MDA) in kidney tissue from each group were quantized using
Enzyme-linked immunosorbent assay (ELISA). The protein expression was measured
using western blot and the apoptotic rate of kidney tissue was measured by terminal
deoxynucleotidyl transferase Deoxyuridine Triphosphate (dUTP) nick end labeling
(TUNEL) assay. Our results revealed that hispidulin has the protective ability in sepsis-
induced acute kidney injury. The potential mechanism of hispidulin on sepsis-induced
cell apoptosis, oxidative stress and inflammatory response was also investigated. Finally,
our results highlighted that hispidulin exerted a protective effects on CLP-induced acute
kidney injury by suppressing the protein kinase B (AKT) and Nuclear factor kappa B
(NF-xB) signaling pathways. In summary, the current study provided a piece of novel
evidence, that hispidulin can be explored as a potential drug in CLP-induced acute
kidney injury by examining its effects on suppressed the oxidative stress, inflammatory
responses, and apoptosis in kidney tissue.
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1. Introduction

Sepsis is the main reason of acute kidney injury initiated via
the dysregulated host response to infection. It is prevalent
in ~50% of acute kidney injury incidents in intensive care
units (ICUs) [1]. Sepsis linked acute kidney injury predicts
a 6- to 8-fold enhanced death probability in sepsis patients.
Moreover, there is an enhanced occurrence in progression
of chronic kidney disease found in the prognosis of sepsis
[2]. Multiple complex mechanisms have role in development
and progression of acute kidney injury due to sepsis, but
the physiological mechanisms of acute kidney injury are not
yet fully elucidated. Therefore, effective therapies cannot be

identified. To improve the prognosis of patients with acute
kidney injury caused by sepsis, it is imperative to explore new
approaches and their potential mechanisms [3].

The downstream glycogen synthase kinase-33 can
phosphorylate by the activation of Phosphoinositide 3-
kinases (PI3K)/Akt and has role in modulating inflammatory
responses or cellular oxidative stress in a variety of diseases
[4-6]. Several studies have reported that the inflammation
progression is regulated via NF-xB signaling pathway by
modulating expression of pro-survival and pro-inflammatory
genes for controlling the cell survival and immune response
[7]. Hispidulin, a flavonoid found in many Chinese herbal
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medicines, has multiple properties including anti-oxidant,
anti-fungal, anti-tumor, anti-osteoporotic, anti-inflammatory
and anti-mutagenic [8]. In an animal model of cerebral
ischemia-reperfusion, pretreatment with hispidulin improves
brain function and reduces infarct size and cerebral edema [9].
In a high-glucose-induced podocyte injury model, apoptosis
progression inhibition and autophagy activation through
hispidulin treatment could protect the damaging of cells
induced by high-glucose. Nevertheless, protective impact of
hispidulin on acute kidney injury induced by sepsis is not
reported in mice.

In this work, the roles of hispidulin are demonstrated in
acute kidney injury induced via CLP by examining whether
kidney cell apoptosis, inflammatory response impairment and
oxidative stress induced by CLP surgery are linked with AKT
and NF-xB pathway activation.

2. Methods

2.1 Animal model

Twelve hours each of light and dark cycle was maintained at
constant temperature to keep 50 adult BALB/c mice weighing
3040 g of 6-8 weeks age. The operation of cecal liga-
tion and puncture (CLP) used in this study was executed to
activate kidney injury induced by sepsis as reported earlier
[10]. All animals were distributed randomly into 5 groups
named as Sham operated; CLP operated; CLP + hispidulin (20
mg/kg); CLP + hispidulin (40 mg/kg); and CLP + hispidulin
(60 mg/kg). Hispidulin treatment was performed one hour
after CLP surgery, with intraperitoneal injections of different
concentrations of Hispidulin once a day for 3 days. Sigma-
Aldrich provided the Hispidulin.

2.2 Staining by hematoxylin and eosin (H&E)

The H&E stained section was used to determine the pathology
diagnosis of kidney dysfunction after CLP surgery. The kidney
tissue was obtained after sacrificing the mice and fixed with
10% paraformaldehyde after experiments. Then, the mice’s
kidney tissue was sliced to five pm-thickness after embedding
in paraffin. Hematoxylin and ecosin (H&E) were employed
to stain the sections. The kidney histological alters were
observed with light microscope (Eclipse TE2000-U, Nikon,
Tokyo, Japan), and imaged by the camera attached to micro-
scope.

2.3 Kidney function determination

The collection of blood samples was made from each group,
and the automated biochemical analyzer (AU 5400, Olympus,
Tokyo, Japan) was employed to measure the expression levels
of blood urea nitrogen (BUN), serum creatinine (Scr), levels
were measured by commercial ELISA kits (DKM100, R&D
System, US) in accordance with respective manufacturer’s
protocols.

2.4 Western blot

The kidney tissues from each group were -collected,
homogenized with Radioimmunoprecipitation Assay (RIPA)
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buffer, and centrifuged at 15,000 g for 10 min at 4 °C.
25 pg protein from each sample were separated on 8%
Sodium dodecyl-sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) gel, moved to nitrocellulose membranes, and
incubated overnight at 4 °C with primary antibodies against
glyceraldehyde-3-phosphate ~ dehydrogenase ~ (GAPDH)
(1:10,000, sc-47724, Santa Cruz Biotechnology), P65 (1:3000,
sc-109, Santa Cruz Biotechnology), p-P65 (1:2000, ab86299,
Abcam), IkBa (1:5000, 9242, Cell Signaling Technology),
p-1ckBa (1:2000, 2859, Cell Signaling Technology), AKT
(1:8000, ab8805, Abcam), p-AKT (1:3000, ab38449, Abcam),
PI3K (1:8000, ab191606, Abcam), p-PI3K (1:2000, ab86714,
Abcam), Poly (ADP-ribose) polymerases (PARP) (1:5000,
9542, Cell Signaling Technology), cleaved-PARP (1:2000,
5625, Cell Signaling Technology), Bax (1:8000, MA5-14003,
Invitrogen), and B-cell lymphoma 2 (Bcl-2) (1:5000, MAS-
11757, Invitrogen). The membrane was incubated for 1 hour
at 37 °C with secondary antibody labelled with horseradish
peroxidase. Enhanced chemiluminescence was utilized to
visualize the proteins on membrane. GAPDH was taken as an
internal control.

2.5 TUNEL assay

Mice kidney tissue from all groups was cut into 3 pm slices.
Staining was made with TUNEL (terminal deoxynucleotidyl
transferase-mediated dUTP Nick End-Labeling) kit (ab66110,
Abcam, Cambridge, UK) as per manufacturer’s guidelines.
Tissue sections were stained by TUNEL mixture at 37 °C for 1
hour and put for 30 min in converter-peroxidase. Images were
taken after drying for calculating the apoptosis-positive cells.

2.6 ELISA

The level of reactive oxygen species production-related pro-
tein including myeloperoxidase (MPO), glutathione (GSH),
superoxide dismutase (SOD), and malondialdehyde (MDA) in
kidney tissue of every group were quantized at room temper-
ature utilizing commercial ELISA kit as per manufacturer’s
procedure (Abcam). The inflammatory cytokines expression
levels including interleukin 6 (IL-6), interleukin 15 (IL-10),
and tumor necrosis factor o (TNF-«) in kidney tissue of every
group were quantified at room temperature utilizing ELISA as
per manufacturer’s procedure (R&D Systems).

2.7 qRT-PCR

Kidney tissue of every group was collected and treated for
homogenization. Trizol (Invitrogen) digestion as per manu-
facturer’s protocol was employed to isolate total RNA. The
extracted RNA was measured for its concentration and purity
through Nanodrop2000 (Thermo Fisher Scientific, Pennsyl-
vania, USA). The cDNA was attained by reversing RNA via
SuperScript ITI Reverse Transcriptase and SYBR Green Master
Mix kits (4309155, Thermo Fisher Scientific, Pennsylvania,
USA). GAPDH acted as the internal control. Comparative
2-AACt method was used to calculate the RNA expression
data. Primers of current work had the sequence as under (Table

1):
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TABLE 1. Primers sequence.

Primer name

TNF-«

Sequence

Forward (5'-3"): GGGAGTAGACAAGGTACAAC

Reverse (5'-3"): TCTCATCAGTTCTATGGCCC

IL-183

IL-6

Forward (5'-3"): ATGGCAACTGTCCCTGAACT
Reverse (5'-3"): GTCGTTGCTTGTCTCTCCTT
Forward (5'-3"): TGCTGGTGACAACCACGGC

Reverse (5'-3'): GTACTCCAGAAGACCAGAGG

GAPDH

Forward (5'-3"): AACCCATCACCATCTTCCAGGAGC

Reverse (5'-3"): ATGGACTGTGGTCATGAGCCCTTC
TNF: tumor necrosis factor, IL: interleukin; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.

2.8 Statistics

Every experiment was performed in triplicate. GraphPad
Prism Software 7 (La Jolla, CA, USA) was utilized to examine
the data. Quantitative data were reported as mean + standard
error of mean (SEM). The #-tests and one-way Analysis of
variance (ANOVA) were employed for the comparisons. p <
0.05 was considered as the statistically significant difference.

3. Results

3.1 Hispidulin attenuates acute kidney
injury induced by CLP

The animal model of acute kidney injury induced by sepsis
was developed by widely used CLP-operated mice to evaluate
hispidulin impact. Automated biochemical analyzer was used
to measure acute kidney injury biomarkers Scr and BUN. The
Scr and BUN expressions were obviously increased after CLP
operation, compared to sham group. In contrast, a dose-
dependent decline in Scr and BUN expressions was noted
after the treatment by hispidulin (Fig. 1 A,B). The influence of
different dosages of hispidulin (20, 40 and 60 mg/kg) treatment
on the recovery of kidney function following CLP operation
was further investigated. Staining by H&E revealed that af-
ter CLP operation, renal tissue was remarkably edematous,
with number of inflammatory cells infiltration in tissue, vague
structure of glomerular, and narrowed renal cystic lumen.
Furthermore, the renal tubules were deformed, and its brush
border disappeared and the tubule epithelial cells shed. How-
ever, these histological changes were obviously attenuated in
dose-dependent way after three consecutive days of hispidulin
treatment (Fig. 1 C). Taken together, the findings demonstrated
that hispidulin mitigated acute kidney injury induced by CLP
in dose-dependent manner.

3.2 Hispidulin reduced cellular apoptosis in
CLP induced acute kidney injury

To explore protective effect of hispidulin on cellular apoptosis
induced by CLP, mice underwent hispidulin treatment with dif-
ferent concentrations and then western blot and TUNEL assay
were performed in kidney tissue from those mice. The results
in Fig. 2A showed that CLP operation remarkably increased
the apoptosis-linked Cleaved-PARP and protein Bax expres-
sion levels, while suppressing the level of Bcl-2 and PARP. As
expected, hispidulin ameliorated the CLP operation induced

apoptosis in dose-dependent way. Similar result was also
found in the TUNEL assay. The quantity of apoptosis positive
cells in CLP group was markedly enhanced compared to sham
group. Cotreatment with hispidulin obviously minimized the
quantity of apoptosis-positive cells in dose-dependent way
contrary to CLP group (Fig. 2B). The outcomes proposed
that hispidulin could obviously suppress cell apoptosis of the
kidney during CLP-induced sepsis.

3.3 Hispidulin reduces CLP induced
oxidative stress

To evaluate conservatory impact of hispidulin on oxidative
stress induced by CLP in kidney tissue, levels of reactive
oxygen species produced from kidney tissue was detected.
The indirect markers expressions of oxidative stress including
MDA and MPO in mice operated by CLP were substantially
greater compared to those in sham group (Fig. 3). Conversely,
anti-oxidant biomarkers including SOD and GSH in mice
operated by CLP were considerably decreased. Consecutive
treatment of hispidulin reduced MDA and MPO expressions,
and increased the anti-oxidant biomarkers expression levels
compared to CLP group (Fig. 3). The findings illuminate
that hispidulin may have role in the regulation activities of
oxidative stress induced by CLP.

3.4 Hispidulin suppresses CLP induced
kidney inflammation

To further explore how hispidulin regulates kidney inflamma-
tory response induced by CLP, change in the proinflammatory
cytokines was evaluated through ELISA and real-time PCR.
The findings in Fig. 4A showed that interleukin-6 (IL-6),
interleukin-13 (IL-153), and tumor necrosis factor-ac (TNF-
«) expressions in mice operated by CLP were substantially
increased in CLP group. This stimulatory effect of CLP
surgery was completely attenuated in dose-dependent way by
hispidulin (Fig. 4). Consistent with outcomes from real-time
PCR, the result of ELISA showed that hispidulin treatment
minimized proinflammatory cytokines levels including IL-6,
IL-18 and TNF-q, induced by CLP operation (Fig. 4). These
results demonstrated that hispidulin may be able to alleviate
the injury related to sepsis-induced kidney inflammation.
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FIGURE 1. Hispidulin impacts on acute kidney injury induced by CLP in mice. (A,B) Automatic biochemical analyzer
measured the expression levels of Scr and BUN. (C) Histopathological changes measured after CLP operation and hispidulin
treatment by staining with H&E. ###p < 0.005 vs. CLP. ***p < 0.005 vs. sham. Data were presented as mean += SEM. CLP:
cecal ligation and puncture; Scr: serum creatinine; BUN: blood urea nitrogen.
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FIGURE 2. Impact of hispidulin on cellular apoptosis induced by CLP in kidney tissue. (A) Western blot analysis examined
the protein expression of Bax, Bcl-2, PARP and Cleaved-PARP. (B) TUNEL assay evaluated apoptosis cell rate of kidney tissue.
###p < 0.005 vs. CLP. ***p < 0.005 vs. sham. Data were presented as mean += SEM. CLP: cecal ligation and puncture; Bcl:
B-cell lymphoma; PARP: Poly (ADP-ribose) polymerases; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.
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FIGURE 3. Impact of hispidulin on oxidative stress induced by CLP. Quantitative result of the expression level of protein
related to reactive oxygen species. ***p < 0.005 vs. sham. #p < 0.05 vs. CLP. ##p < 0.001 vs. CLP. ##p < 0.005 vs. CLP.
Data presented as mean £ SEM. CLP: cecal ligation and puncture; SOD: superoxide dismutase; MDA: malondialdehyde; GSH:
glutathione; MPO: myeloperoxidase.
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FIGURE 4. Impact of hispidulin on pro-inflammatory cytokines production induced by CLP in kidney tissue. (A) The
mRNA expression levels of TNF-q, IL-6 and IL-17 induced by CLP were detected by RT-qPCR in kidney tissue. (B) The protein
expression of IL-6, IL-15 and TNF-a was examined through ELISA. ###p < 0.005 vs. CLP. ¥***p < 0.005 vs. sham. Data were
presented as mean £ SEM. CLP: cecal ligation and puncture; TNF: tumor necrosis factor; IL: interleukin.
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3.5 Hispidulin attenuates AKT and NF-<B
signaling pathways activation stimulated by
CLP operation

We next explored whether hispidulin protective impacts were
rescued by AKT and NF-xB signaling pathways inhibition
through CLP operation and hispidulin treatment. The protein
level of phosphorylation of PI3K, AKT, IxkBa and P65 were
remarkably increased in CLP than in sham group, which re-
versed in dose-dependent way by hispidulin treatment (Fig. 5).
The findings reflected that hispidulin against acute kidney
injury induced by CLP through modulated AKT and NF-xB
pathways.

4. Discussion

Acute kidney injury induced by sepsis is associated with
inflammatory dysregulation within the kidney which is
induced by multiple risk factors such as bacterial infection
[11]. In the kidney, unrestricted activation of inflammatory
response could exacerbate the infection and lead to multiple
organ failure and organ fibrosis [12]. The pathophysiology
of sepsis-related acute kidney injury involves multiple
factors, including the abnormal production of ROS (reactive
oxygen species), overexpression of inflammatory cytokine
release, intrarenal hemodynamic changes, and endothelial
dysfunction. Previous study has shown that in septic patients,
the pro-inflammatory cytokines including IL-6, TNF-« and
IL-15 promote progression of kidney dysfunction; conversely,
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suppressing pro-inflammatory cytokines release contributes
to ameliorating survival outcomes [13]. Hispidulin shows
remarkable anti-inflammatory, anti-osteoporotic activities,
analgesic, anti-oxidative and antipyretic effects [9]. In
addition, hispidulin also exerts anti-proliferative effects in
solid tumors like pancreatic cancer, renal cell carcinoma and
ovarian cancer [14].

In this study, BALB/c mice were treated with hispidulin
after CLP operation induced acute kidney injury to assess
protective impacts of this compound in this particular disease.
Hispidulin treatment showed effective protection against CLP-
induced acute kidney injury. When CLP surgery mice was
exposed to hispidulin, significant attenuation of the histologi-
cal changes was observed in the kidney tissue, indicating that
exposure to hispidulin could reduce the CLP induced acute kid-
ney injury in dose-dependent way. Elevated reactive oxygen
species caused more extensive and irreversible cell damage
through pro-inflammatory cytokine release, DNA damage,
and cellular necrosis or apoptosis [15]. Pro-inflammatory
molecules produced by reactive oxygen species under stressful
conditions cause an inflammatory response. Acute kidney
injury is induced by an exaggerated expression level of inflam-
matory factors like IL-6 and TNF-q, including tissue damage
or aggravated apoptosis [ 1 6]. Sepsis induces apoptosis through
reactive oxygen species release, and reduce anti-inflammatory
cytokine levels in kidney tissue [17]. During sepsis, inflam-
mation is a necessary step against the pathogen, and immune
cell overactivation is avoided through this sternly controlled
immune response.
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FIGURE 5. Impact of hispidulin on NF-xB and AKT signaling pathways activation induced by CLP. Protein expressions
of p-P65, P65, p-1kBa, IkBa, p-AKT, AKT, p-PI3K and PI3K were evaluated by Western blot analysis. ***p < 0.005 vs. sham.
#p < 0.05 vs. CLP. ###p < 0.005 vs. CLP. Data were presented as mean + SEM. PI3K: Phosphoinositide 3-kinases; AKT: protein
kinase B; CLP: cecal ligation and puncture; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.
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The results from this study were in line with these ob-
servations. CLP operation led to elevated pro-inflammatory
cytokines expression levels compared with those of the sham
groups. Contrarily, hispidulin treatment significantly reduced
the oxidative stress, apoptosis ratio and inflammatory fac-
tors expression in mice induced by the CLP surgery. Based
on these findings, hispidulin may suppress apoptosis by in-
hibiting reactive oxygen species production and inflammatory
response. The NF-xB pathway is particularly controversial
because it contradicts the well-known inflammatory function.
NF-£B regulated inflammatory cytokines production, and ex-
tensive NF-xB inhibition may delay tissue repair and prolong
the inflammatory response [18]. Previous studies indicated
that the extracellular signal-regulated kinase mitogen activated
PI3K/Akt pathways play an essential role in cisplatin-induced
kidney injury [19]. The PI3K/Akt is crucial proliferation sig-
naling which coordinates numerous cellular functions, such as
transcriptional regulation and cell survival [20]. These effects
prompted us to investigate whether hispidulin attenuates renal
system damage caused by CLP surgery via the modulation
of NF-kB and AKT pathway. The results first showed that
protein levels of phosphorylation of P65, IxBa,, AKT and PI3K
were remarkably increased in CLP group, which got reversed
by treating with hispidulin in dose-dependent manner. This
finding suggested hispidulin repressed the inflammatory medi-
ators expression, oxidative stress and CLP-induced apoptosis
by suppressing NF-xB and AKT signaling activation.

There are still some limitations in this study, such as lacking
define the extent of AKI, which may affect the outcome.
Additionally, we have not conducted an extensive exploration
of the association between inflammatory factors and the AKT
signaling pathway. Future clinical studies are essential for
fully validation of findings in the animal model of this work.

5. Conclusions

In summary, current research supplied new evidence for
hispidulin serving as a potential drug in acute kidney injury
induced by CLP through exploring its effects on suppressed
oxidative stress, inflammatory responses, and apoptosis in
kidney tissue.
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