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KEYWORDS Abstract

Acute kidney injury; The anesthetic sevoflurane (SEV) has been shown to protect against organ’s injury during sep-
nuclear factor sis. The present study intended to uncover the protective effects of SEV on sepsis-induced
kappa-B; acute kidney injury (SI-AKI) and its possible mechanism. Human renal tubular epithelial cell
sepsis; HK-2 was treated with 10 pg/mL lipopolysaccharide (LPS) to construct SI-AKI cell model. LPS-
sevoflurane; induced HK-2 cells were pretreated with SEV in the absence or presence of EX527, an inhibitor
Sirtuin 1 of Sirtuin 1 (SIRT1), after which were the detection of cell viability, lactate dehydrogenase

(LDH) release, apoptosis, inflammation, and oxidative stress. Our results demonstrated that
LPS caused decreased cell viability, increased LDH release, improved cell apoptosis along with
decreased expression of Bcl2 and enhanced expressions of Bax, cleaved PARP and cleaved
caspase, enhanced production, and protein expressions of TNF-a, IL-6, and IL-1B, increased
generation of reactive oxygen species (ROS) and malondialdehyde (MDA), but contributed to
declined activity of superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px). LPS
inhibited SIRT1 and IkBa expressions but up-regulated p-NF-kB p65 and acetyl-p53 expressions
as well. However, SEV pretreatment abolished all above-mentioned effects of LPS on HK-2
cells, while EX527 significantly reversed the effects of SEV. In conclusion, SEV effectively pro-
tected HK-2 cells against LPS-induced apoptosis, inflammation, and oxidative stress, and these
effects may depend on the increase of SIRT1 expression, thereby inactivating NF-«kB signaling.
© 2022 Codon Publications. Published by Codon Publications.

Introduction high morbidity and mortality." Acute kidney injury (AKI)

is now considered as a systemic disease, which is charac-
Sepsis-induced acute kidney injury (SI-AKI), a common terized by rapid decline in renal function as well as high
complication in critically ill patients, is associated with morbidity and mortality.? Owing to the lack of effective
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and reliable therapeutic interventions to prolong survival,
relieve injury, or improve recovery, AKI remains a major
medical problem.? Although acute renal tubular necrosis,
oxidative stress, inflammation, and apoptosis are related to
AKI, the molecular mechanism is still poorly understood.*
Understanding the underlying mechanisms of AKI is of great
clinical importance.

Sevoflurane (SEV) is a volatile anesthetic that is widely
applied for the induction and maintenance of general
anesthesia. In addition to its anesthetic properties, SEV
has been reported to inhibit inflammation and apopto-
sis during sepsis to protect against organ’s injury includ-
ing brain,>¢ lung,” heart,® and liver® For example, SEV
was found to exert brain-protective effects on sepsis via
regulating apoptosis-related signaling pathway in a rat
model with sepsis.> SEV showed a cytoprotective effect in
human umbilical vein endothelial cells with LPS stimulation
through decreasing cell death and reducing the releases of
the inflammatory mediators TNF-a and IL-6."° Comparing
the effects of SEV and propofol on AKI in children with
living donor liver transplantation, it was found that SEV
has a link to the modest decrease in AKI incidence when
compared with propofol," suggesting the potential value of
SEV in relieving AKI. However, the effects of SEV on SI-AKI
remain elusive.

Sirtuin 1 (SIRT1), a nuclear protein and a key member
of the class Il histone deacetylase (HDAC) family and the
function of SIRT1 depends on nicotinamide-adenine dinu-
cleotide (NAD). Due to the important role of NAD + in
energy metabolism and aging, SIRT1 has been shown to
play an important role in many biological processes, includ-
ing glucose and lipid metabolism, autophagy, inflamma-
tion, oxidative stress, apoptosis, and other processes.”?" |t
has been implicated to attenuate sepsis-associated organ
injury including SI-AKL'®'7 SIRT1 is widely expressed in var-
ious tissues, while SIRT1 mainly exists in mesangial cells
and epithelial cells of renal tubules in the kidney.”® In vitro
experiments show that SIRT1 can be used in the protec-
tion of kidney injury induced by oxidant, cisplatin, and
ischemia-reperfusion through antioxidant stress, mitochon-
drial regeneration, and inhibition of apoptosis.’”?' Notably,
recent studies have reported that SEV exerted its effect
through increasing SIRT1 expression.®?2 SEV exhibited ther-
apeutic potential for the treatment of septic encephalop-
athy and related cognitive malfunction via up-regulating
SIRT1 in a sepsis model.® The SEV-mediated protective
effects on myocardial ischemia-reperfusion injury were
also associated with SIRT1 expression.? In this study, we
intended to clarify the protective effects of SEV on SI-AKI
in vitro using LPS-induced HK-2 cell model, and to uncover
whether SIRT1 played a key role in this effect.

Materials and Methods

Cell culture and treatment

Chinese Academy of Science Cell Bank (Shanghai, China)
provided the human renal tubular epithelial cell line HK-2

which was cultured in Keratinocyte Serum Free Medium
(K-SFM; Invitrogen, 17005-042) supplemented with 10% FBS

and Gentamicin/Amphotericin Solution 500x (Gibco). The
cells were maintained in an incubator at 37°C with 5% CO,.
For the establishment of SI-AKI cell model, HK-2 cells were
stimulated with 10 pg/mL LPS (Sigma) for 24 h.2®* For SEV
treatment, cells were pre-treated with 2.4% SEV (Sigma) for
1 h.” To inhibit SIRT1, LPS plus SEV-treated HK-2 cell line
was co-treated with 10 pM EX527 (MedChem Express), an
inhibitor of SIRT1, for 24 h.?

Cell viability measurement

Cell viability was determined by a cell counting kit-8 (CCK-
8) assay (Beyotime). Briefly, the HK-2 cells (3x10°/well)
were inoculated into a 96-well plate. After the cells were
cultured for 24 h in a normal medium, the medium was
replaced with a new medium according to different group
intervention conditions. After being cultured for another
24 h, the cells in each well were exposed to 10 pL of CCK-8
solution at 37°C in the dark for 2 h. The absorbance value
of each well at 450 nm wavelength was measured using a
microplate reader (Thermo Scientific Multiskan™ FC).

Lactate dehydrogenase (LDH) release detection

The relative level of LDH release was determined by an LDH
assay kit (#ab65393; Abcam). Briefly, the HK-2 cell line was
seeded into 96-well plates (4x10* cells/well) and then cul-
tured in a complete medium with or without LPS, SEV, and
EX527. After 24 h of incubation, the cell culture medium
supernatants were collected by centrifuging the culture
medium at 600g for 10min. After transferring the superna-
tants into another 96-well plate, each well was added with
100pL LDH reaction mix and incubated at room tempera-
ture for 0.5 h. The optical density at 490 nm was determined
using a microplate reader (Thermo Scientific Multiskan™ FC).

TUNEL staining

Cell apoptosis was evaluated by a TUNEL Assay Kit
(Beyotime, China) according to manufacturer’s protocol. In
brief, after being cultured in different mediums for 24h,
the HK-2 cell line was fixed with 1% paraformaldehyde,
followed by the incubation with DNA labeling solution at
37°C for 1 h. After the addition of PI/RNase A solution for
0.5 h, TUNEL-positive (green) cells were captured using
a fluorescent microscope (Zeiss L LSM800) (magnification
x200). Apoptotic cells (%) = the number of apoptotic cells/
the number of total cells. The quantification of apoptotic
cells was determined by Image J 1.51 software (National
Institutes of Health) in five fields.

Western blotting assay

Total proteins from HK-2 cells were extracted on ice using
a RIPA lysis buffer (Transgene, China) and then quantified
by a BCA kit (Transgene). Equal amount of proteins (30 pg)
were subjected to 10-12% SDS-PAGE for separation and then
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transferred onto PVDF membranes (Millipore, USA). After
being incubated with 5% non-fat milk for 1.5 h and probed
with primary antibodies overnight at 4°C, membranes were
probed with a goat anti-rabbit IgG secondary antibody
(#ab6721, 1:10000, Abcam). The densities of bands were
detected with ECL assay (Thermo Fisher) and analyzed with
Image J software. The rabbit primary antibodies (all from
Abcam) included Bcl-2 (#ab32124, 1:1000), Bax (#ab32503,
1:5000), cleaved PARP (#ab32064, 1:5000), cleaved
caspase 3 (#ab32042, 1:500), TNF-a (#ab183218, 1:1000),
IL-6 (#ab233706, 1:1000), IL-18 (#ab254360, 1:1000), SIRT1
(#ab189494, 1:1000), IkBa (#ab32518, 1:5000), phos-
phorylated (p)-NF-kB p65 (#ab76302, 1:1000), NF-kB p65
(#ab32536, 1:5000), acetyl-p53 (#ab75754, 1:5000), p53
(#ab32389, 1:10000), and GAPDH (#ab9485, 1:10000).

ELISA

The secretion of inflammatory cytokines including TNF-a,
IL-6, and IL-1B was measured in a cell supernatant using
respective ELISA kits against TNF-a (#ab181421, Abcam),
IL-6 (#ab178013, Abcam), and IL-18 (#ab100562, Abcam)
strictly in accordance with manufacturer’s instructions.

Reactive oxygen species (ROS) production

The production of ROS was observed using a diacetate
2',7"-dichlorofluorescein diacetate (DCFDA) Cellular ROS Kit
(ab113851, Abcam) at 37°C in the dark, strictly in accor-
dance with manufacturer’s guide. Briefly, HK-2 cells were
seeded into 96-well plates (4x10* cells/well) and cultured
in normal medium overnight for adherence. After expo-
sure to different drugs, cells were stained with DCFDA
for 45 min, and then the ROS level (DCF fluorescent) was
detected by fluorescence microscope (Zeiss L LSM800,
Germany) (magnification x200) with excitation/emission at
485 nm/535 nm.

Detection of malondialdehyde (MDA), superoxide
dismutase (SOD), and glutathione peroxidase
(GSH-Px)

The concentration of MDA and activity of SOD and GSH-Px
in HK-2 cells were tested using a Lipid Peroxidation (MDA)
Assay Kit (Abcam, ab118970), SOD Assay Kit (Abcam,
ab65354), and GSH-Px Assay Kit (Abcam, ab102530), respec-
tively, according to manufacturer’s protocol.

Statistical analysis

All data were analyzed using SPSS 19.0 (IBM Corp.) and
GraphPad Prism 8.0 (GraphPad Software, Inc.). All data
were detected by Shapiro-Wilk (S-W) to evaluate whether
they fit the normal distribution. If the data conformed
to the normal distribution, comparisons among different
groups were calculated using one-way ANOVA followed by
Tukey’s post-hoc test. If the data did not conform to the

normal distribution, the non-parametric test statistical
analysis method was adopted. P < 0.05 was thought to indi-
cate significance.

Results

SEV protects HK-2 cells against LPS-induced
cytotoxicity and apoptosis, whereas SIRT1
inhibition blocks this effect

To investigate the effect of SEV on HK-2 cells, the viability
of HK-2 cells was detected by CCK-8 assay and the result
indicated that SEV did not affect HK-2 cells (Figure S1). To
investigate the effect of SEV on LPS-induced HK-2 injury,
HK-2 cells that were stimulated with LPS were pre-treated
with SEV or not. To uncover whether SEV exerted its
effects on LPS-induced HK-2 injury through up-regulating
SIRT1 expression, an inhibitor of SIRT1, EX527 was utilized
to challenge HK-2 cells that were exposed to SEV + LPS.
First of all, cell viability and cytotoxicity were measured
by CCK-8 and LDH release assays. As shown in Figure 1(A),
LPS treatment considerably reduced cell viability (56.9%)
of control HK-2 cells. However, SEV pre-treatment mark-
edly increased the cell viability (87.4%) of LPS-treated HK-2
cells. Moreover, compared with SEV + LPS, the additional
presence of EX527 decreased HK-2 cells viability (66.0%).
Figure 1(B) revealed that LPS caused a sharp increase in
LDH release in HK-2 cells, suggesting the strong cytotox-
icity caused by LPS. On the contrary, SEV inhibited LDH
release of LPS-induced HK-2 cells, which was reversed
by EX527 co-treatment. These data showed that the cell
viability impairment and cytotoxicity caused by LPS were

-
o

(A)

c
-
£3
SIRT1 @S " . 3210 iiiig
g ; AAA
52905 -
cwoH @ - - 5P
Q.
0.0
> 2> 2 2
&8 ¥ 8 S & & &
S N & x xV
) xfo (&) N\ é
i S S
) x
¥ A
& o
(B) &
150 ~ 600
_ 2 .
t g AAA
2 100 e S 400
z sa 3
s rx s o
2 50 @ 200
3
° 3
0 0
&@\ F £ & S £ &£ &£
CJO 4)( éx 00 4)( 4)(
¥ 3 A
& 0
5%
< ¢
Figure 1 SEV prevents LPS-induced cytotoxicity in HK-2 cells

through activating SIRT1 expression. (A) CCK-8 assay was used
to detect the cell viability of HK-2 cells in different groups.
(B) LDH release kit was used to detect LDH release, data
were shown as % of control group. N=3. ***P<0.001 vs. control;
##P<0.001 vs. LPS; 4#4P<0.01 and ##4P<0.001 vs. SEV+LPS.
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Figure 2 SEV inhibits LPS-induced apoptosis in HK-2 cells through activating SIRT1 expression. (A) TUNEL staining was utilized
to measure HK-2 cell apoptosis. (B) The protein expressions of Bcl2, Bax, cleaved PARP, and cleaved caspase 3 were measured by
western blot. N=3. ***P<0.001 vs. control; ##P<0.001 vs. LPS; 2#224P<0.001 vs. SEV+LPS.

relieved by SEV and this may depend on up-regulating
SIRT1 expression.

Next, cell apoptosis was evaluated. Figure 2(A) illus-
trated the TUNEL staining of HK-2 cells in different groups.
It can be observed that LPS resulted in a remarkable
increase in TUNEL-positive cells (green), suggesting the
occurrence of apoptosis induced by LPS. However, apop-
tosis was significantly reduced in cells pretreated with SEV
compared with LPS-induced HK-2 cells, while cells treated
with EX527 + SEV + LPS exhibited increased apoptosis in
comparison with that in SEV + LPS group. Similar results
were demonstrated in Figure 2(B), LPS caused a decrease
in Bcl2 expression, but increases in Bax, cleaved PARP,
and cleaved caspase 3 expressions, indicating the induc-
tion of HK-2 apoptosis upon LPS stimulation. Nevertheless,
the presence of SEV significantly recovered the expressions
of these proteins altered by LPS, and EX527 co-treatment
reversed the effects of SEV on LPS-induced HK-2 cells.
The above results indicated that SEV could inhibit LPS-
stimulated apoptosis of HK-2 cells and regulate apopto-
sis-related genes.

SEV protects HK-2 cells against LPS-induced
inflammation and oxidative stress, whereas SIRT1
inhibition blocks this effect

Subsequently, the changes in inflammation and oxida-
tive stress were assessed. ELISA results from Figure 3(A)
revealed that LPS stimulation remarkably enhanced the
release of pro-inflammatory factors including TNF-a, IL-6,
and IL-18, but SEV pre-treatment significantly inhibited
this effect. Meanwhile, EX527 co-treatment reversed the
inhibitory effects of SEV on the production of pro-inflam-
matory cytokines induced by LPS in HK-2 cells. The same
results were shown in Figure 3(B), which revealed that SEV
down-regulated the protein expressions of TNF-qa, IL-6, and
IL-18 in LPS-treated HK-2 cells, whereas EX527 blocked this
effect. LPS also led to a marked enhancement in cellu-
lar ROS, MDA levels, and SOD activity, but a reduction in
GSH-Px activity (Figure 3C-D). However, SEV pre-treatment
reduced ROS, MDA levels, and SOD activity and enhanced
GSH-Px activity compared with that in cells with LPS treat-
ment. EX527 co-treatment further reversed the effects of
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Figure 3 SEV suppresses LPS-induced inflammation and oxidative stress in HK-2 cells through activating SIRT1 expression.
(A) ELISA was employed to determine the production of TNF-q, IL-6, and IL-18. (B) The protein expressions of TNF-a, IL-6, and
IL-18 were measured by western blot. (C) ROS production was observed via DCFDA Cellular ROS Kit. (D) The levels of MDA, SOD,
and GSH-Px were determined by corresponding kits. N=3. ***P<0.001 vs. control; ##P<0.001 vs. LPS; ##P<0.01 and ###P<0.001 vs.

SEV+LPS.

SEV. The above data illustrated that SEV could inhibit LPS-
caused inflammation and oxidative stress in HK-2 cells.

SEV inhibits the activation of NF-kB signaling
induced by LPS in HK-2 cells via up-regulating
SIRT1 expression

Finally, the expressions of SIRT1 and NF-kB signaling were
detected. As shown in Figure 4, the expressions of SIRT1
and IkBa in HK-2 cells were down-regulated, while the con-
tents of p-p65 and acetyl-p53 were up-regulated by LPS,
indicating the activation of NF-kB signaling. In addition, the
presence of SEV reversed the above phenomenon caused
by LPS. Meanwhile, the suppressive effects of SEV on
NF-kB signaling activation and the up-regulation of SIRT1

expression caused by SEV in LPS-treated HK-2 cells were
also abolished by EX527.

Discussion

Sevoflurane is a well-known anesthetic inhalation gas and is
extensively applied in general surgery. The increasing num-
ber of studies have indicated that SEV treatment protected
organs such as the brain,>¢ lung,” heart,® and liver’ from
sepsis-induced injury. In this study, we demonstrated that
SEV pretreatment exerted significantly protective effects on
HK-2 cells against LPS-induced inflammation, apoptosis, and
oxidative stress along with activation of the NF-kB pathway.

LPS is a major component of the outer membrane of
Gram-negative bacteria, the infection of which is one of
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Figure 4 SEV suppresses LPS-induced NF-kB activation in HK-2 cells through activating SIRT1 expression. The protein expressions
of SIRT1, IkBa, p-NF-kB p65/ NF-kB p65, and acetyl-p53/p53 in HK-2 cells in different groups were measured by western blot. N=3.
***P<0.001 vs. control; ##P<0.001 vs. LPS; ##P<0.01 and ##~P<0.001 vs. SEV+LPS.

the dominant causes of sepsis.?® The human renal tubular
epithelial cells were the predominant cells affected by
LPS-caused kidney injury. Therefore, LPS-induced HK-2 was
chosen as the SI-AKI cell model. Following previous studies,
we found that LPS remarkably caused acute inflammation,
increased apoptosis, and oxidative stress in HK-2 cells.?”?
Tubular cell inflammation, apoptosis, and oxidative stress
have been considered the major histopathological changes
of SI-AKI. These results indicated the successful establish-
ment of the SI-AKI cell model.

Our results showed that LPS-caused cell viability dam-
age and LDH release were significantly reversed by SEV,
suggesting the beneficial role of SEV in protecting HK-2
cells from LPS-induced cytotoxicity. Further experiments
demonstrated that SEV suppressed LPS-induced apoptosis
and inflammation in HK-2 cells. The inhibitory effects of
SEV on apoptosis and inflammation have been reported in
both in vivo and in vitro experiments.* For example, SEV
was found to reduce neutrophil apoptosis.’' In a vulnera-
ble arterial plaque animal model, SEV promoted plaque
stabilization and suppressed plaque disruption by enhanc-
ing collagen deposition and inhibiting inflammation.3? SEV
also caused decreased levels of ROS and MDA, as well as
increased activities of SOD and GSH-Px, in LPS-treated HK-2
cells. The intracellular antioxidant enzymes such as SOD
and GSH-Px are responsible for eliminating the over-pro-
duction of ROS and lipid peroxidation end product MDA. It is
known that during AKI, superoxide production is increased
and antioxidant enzyme activity is inhibited.?” Our results
for the first time implicated the inhibitory effects of SEV
on apoptosis, inflammation, and oxidative stress in SI-AKI.

The NF-kB signaling has been largely reported to play a
key role in the pathogenesis of organ injury induced by sep-
sis.3334 Inhibition of the NF-kB pathway has been confirmed
to be associated with anti-inflammatory activity, thus alle-
viating SI-AKI.3 Our results showed that SEV up-regulated
IkBa expression and down-regulated the expressions of
p-p65 and acetyl-p53 in LPS-induced HK-2 cells, indicating

that SEV could inhibit NF-kB pathway activation caused
by LPS.

Moreover, LPS-induced down-regulation of SIRT1 and
up-regulation of acetyl-p53 were also reversed by SEV.
Sirtuins are histone deacetylases, and play a significant role
in inflammation, energy metabolism, oxidative stress, and
cancer.?% SIRT1 could deacetylate p53, and it was found
that the deacetylation of p53 caused by SIRT1 could pro-
tect cells from p53-dependent apoptosis or senescence.®
SIRT1 is involved in the process of acute kidney injury, and
it can inhibit the apoptosis of renal tubular epithelial cells
induced by hypoxia and reoxygenation, TGF-81 and high
glucose, as well as resist renal tissue fibrosis.?** Studies
have shown that SIRT1 also has an anti-inflammatory func-
tion, which has been proven in vascular tissue inflamma-
tion, airway inflammation, and spinal cord inflammation.*
From this, SIRT1 can regulate inflammation, oxidative
stress, and apoptosis of renal tubular epithelial cells.

A previous study demonstrated that SEV up-regulated
SIRT1 expression in a sepsis model.® Therefore, we specu-
lated that SEV may exert its protective effects against LPS-
induced HK-2 injury by increasing SIRT1 expression, thereby
inhibiting NF-kB activation and promoting p53 deacetyl-
ation. To validate this hypothesis, an inhibitor of SIRT1,
EX527 was employed to challenge LPS and SEV-treated HK-2
cells. Scientists from Elixir Pharmaceuticals first discovered
indol EX527, the first selective SIRT1 inhibitor, in 2005.#
The molecular structure of EX527 has a carboxyamide part,
which is similar to the acyl part of nicotinamide. Blocking
the formation of 2-O-acetyl-ADP ribose and SIRT1 complex is
the mechanism of EX527 inhibiting SIRT1.#* Consistent with
the above speculation, the presence of EX527 significantly
blunted all effects of SEV on HK-2 cells, indicating the indis-
pensable role of SIRT1 expression in the actions of SEV.

This study presented that SEV could regulate the SIRT1
expression. Previous studies indicated that the apoptosis
and inflammatory response of renal tubular epithelial cells
was enhanced by suppressing the SIRT1 expression and
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activating the NF-kB signaling pathway*¢ and sepsis-induced
inflammation and apoptosis could be alleviated by inhib-
iting the NF-kB pathway via targeting SIRT1.# Therefore,
we speculated that SEV suppressed the apoptosis of LPS-
induced HK-2 cells by promoting the SIRT1 expression and
inactivating the NF-kB signaling pathway.

Conclusions

Taken together, the present study revealed that SEV could
alleviate sepsis-induced kidney injury in vitro via inhibiting
renal tubular epithelial cells apoptosis, inflammation, and oxi-
dative stress. Furthermore, mitigative effects of SEV on SI-AKI
were mainly through up-regulating SIRT1 expression to sup-
press NF-kB pathway activation. SEV might be a potential clin-
ical therapeutic choice for SI-AKI. However, the present study
just demonstrates the protective role of SEV in the damage of
kidney cells and the present findings can’t translate into a clin-
ical situation. Further animal experiments and clinical trials
need to be conducted to verify the effects of SEV. The poten-
tial negative effects of SEV on kidney function should also be
explored. In addition, the mechanism by which SEV promotes
SIRT1 expression will be explored in our future study.

Data availability

The data included in this study can be available from the
corresponding author upon reasonable request.
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Figure S1 SEV has no side effect on the biological behavior
of HK-2 cells. The viability of HK-2 cells treated by SEV was
detected by CCK-8 assay. N=3.



