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Abstract

Introduction. During sepsis, the kidney is one of the most vulnerable organs. Sepsis-associated acute kidney injury
(S-AKI) is hallmarked by renal inflammation, apoptosis, and oxidative injury. Ginsenoside Rgl (Rgl) is a natural prod-
uct that possesses abundant pharmacological actions and protects against many sepsis-related diseases. Nevertheless,
its role and related mechanism in S-AKI remain to be determined.

Materials and methods. S-AKI was induced using lipopolysaccharide (LPS, 10 mg/kg) via a single intraperitoneal
injection. Rgl (200 mg/kg) was intraperitoneally administered for 3 consecutive days before LPS treatment. For his-
topathological examination, murine kidney tissues were stained with hematoxylin and eosin. Tubular injury score was
calculated to evaluate kidney injury. Serum creatinine and BUN levels were measured for assessing renal dysfunction.
The levels and activities of oxidative stress markers (MDA, 4-HNE, PC, GSH, SOD, and CAT) in renal tissue were
measured by corresponding kits. Renal cell apoptosis was detected by TUNEL staining. The protein levels of apop-
tosis-related markers (Bcl-2, Bax, and Cleaved caspase-3), proinflammatory factors, SIRT1, IxBa, p-NF-kB p65, and
NF-xB p65 in kidneys were determined using western blotting. Immunofluorescence staining was employed to assess
p-NF-kB p65 expression in renal tissues.

Results. LPS-induced injury of kidneys and renal dysfunction in mice were ameliorated by Rgl. Rgl also impeded
LPS-evoked renal cell apoptosis in kidneys. Moreover, Rg1 attenuated LPS-triggered inflammation and oxidative stress
in kidneys by inhibiting proinflammatory cytokine release, enhancing antioxidant levels and activities, and reducing
lipid peroxidation. However, all these protective effects of Rgl in LPS-induced AKI mice were reversed by EX527, an
inhibitor of sirtuin 1 (SIRT1). Mechanistically, Rg1 upregulated SIRT1 protein expression, increased SIRT1 activity,
and inactivated NF-xB signaling in the kidney of LPS-induced AKI mice, which was also reversed by EX527.
Conclusions. Rgl ameliorates LPS-induced kidney injury and suppresses renal inflammation, apoptosis, and oxida-
tive stress in mice via regulating the SIRT1/NF-«xB signaling. (Folia Histochemica et Cytobiologica 2024, Vol. 62,
No. 1, 13-24)
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Introduction accounting for about 50% of AKI cases in intensive

care units [1]. Sepsis-associated AKI (S-AKI) is arenal
Sepsis refers to a life-threatening inflammatory disor-  disease with extremely high mortality, characterized
der caused by abnormal response to bacterial infection by serious kidney disfunction and renal cell death [2].
and is the main cause of acute kidney injury (AKI), The pathophysiology of S-AKI is complex, which
has yet not been elucidated completely [3]. Although
efforts have been made to investigate new therapeutic
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underlying pathogenic mechanisms and search for
novel therapeutic approaches to improve the clinical
outcomes of patients with S-AKI.

Kidney inflammation and oxidative stress are key
contributing factors in S-AKI [5]. Lipopolysacchari-
de (LPS), an endotoxin, is an important component
of Gram-negative bacteria and is widely utilized to
establish S-AKI models [6]. Under LPS stimulation,
the ROS release is excessive and antioxidative enzy-
me system is disrupted in the kidney, which leads to
aggravation of renal oxidative stress [7]. Moreover,
proinflammatory cytokine production is increased
after LPS challenge in the kidney, thereby inducing
inflammatory response [8]. The oxidative injury and
inflammation under LPS stimulation also contribute
to mitochondrial dysfunction and renal cell apoptosis,
ultimately facilitating S-AKI pathogenesis [7, 9]. The-
refore, finding preventive measures that can control
renal oxidative stress and inflammation may be an
available strategy for S-AKI treatment.

Ginsenoside Rgl (Rgl) is one of the active com-
pounds extracted from the root of Panax ginseng and
it possesses multiple pharmacological properties, such
as immunoregulatory, anti-inflammatory, antioxidant
and anti-apoptotic as well as neuroprotective and car-
dioprotective activities [10]. Numerous studies have
illuminated the beneficial role of Rgl in sepsis and
sepsis-related disorders. For example, in the mouse
model of polymicrobial sepsis, Rgl enhances innate
immunity and restrains inflammation and apoptosis
of lymphocytes to improve survival of mice [11]. Rgl
protects against sepsis-associated encephalopathy by
increasing antioxidant enzyme activities, reducing pro-
inflammatory cytokine release, and inhibiting neuronal
apoptosis [12]. Rgl attenuates cardiomyocyte injury
and improves cardiac function in mice with septic
myocardial dysfunction through its anti-apoptotic and
anti-inflammatory properties [13]. Notably, accumula-
ting reports have disclosed that Rg1 attenuates podocy-
te injury induced by angiotensin II [ 14], experimental
glomerular nephritis [15], and glomerular fibrosis [16].
However, the nephroprotective role of Rgl in S-AKI
has yet not been reported.

Silent information regulator Sirtuin 1 (SIRT1) is
a NAD"-dependent histone deacetylase that participa-
tes in the regulation of many physiological and patho-
physiological processes including oxidant stress and
inflammation [17]. Accumulating evidence has proven
that the upregulation of SIRT1 acts protective against
S-AKI [18, 19]. Moreover, SIRT1 is closely related
to the inactivation of NF-kB inflammatory pathway
[20]. Activated NF-kB boosts excessive release of
proinflammatory factors in many inflammation and
sepsis models [21]. Previously, Lu et al.[22] noted
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that quercetin nanoparticles mitigate renal dysfunction,
renal inflammation, and apoptosis in LPS-induced
S-AKI experimental models by regulating SIRT1/
/NF-kB signaling. Wang et al. [23] reported that Rgl
prevents lung injury induced by sepsis by relieving
pulmonary inflammation and endoplasmic reticulum
stress through the regulation of SIRT1. However,
whether Rgl can regulate SIRT1/NF-«B signaling
pathways in S-AKI remains unclear.

In our current investigation, we focused on the
biological function and the mechanism of Rgl action
in LPS-induced S-AKI mice. We hypothesized that
Rgl attenuates LPS-triggered kidney injury through
its anti-inflammatory, anti-apoptotic and antioxidant
efficacies by regulating SIRT1/NF-kB signaling
pathways. This report may lay a theoretical basis for
S-AKI treatment.

Materials and methods

Animals and grouping. Forty healthy C57BL/6 mice (male,
8-10 weeks of age; 25-27 g; Japan SLC, Hamamatsu, Japan)
were housed at 25 + 2°C with 50-65% humidity under a cycle
of 12-h light/12-h dark. All mice had free access to food and
water. Experimental protocols were granted approval from the
Ethics Committee of the Graduate School of Medicine at Wuhan
Hospital of Traditional Chinese Medicine. AKI was induced
using LPS (a dose of 10 mg/kg, dissolved in 0.9% NaCl) via
a single intraperitoneal injection (i.p.) as described by Nadeem
et al. [24]. All mice were assigned into four groups (n= 10 per
group) and received treatment as follows: 1. Control group:
mice were treated with the vehicle (1 mL 0.9% NaCl, i.p.).
2. LPS group: mice received a single dose of LPS (10 mg/kg,
i.p.). 3. LPS + Rgl group: mice received Rgl (200 mg/kg/d,
dissolved in 0.9% NaCl, i.p.) for 3 consecutive days prior to LPS
treatment. 4. LPS + ISO +EX527: mice received Rgl (200 mg/
/kg/d, dissolved in 0.9% NaCl, i.p. for 3 consecutive days prior
to LPS injection) and EX527, a SIRT1 inhibitor (10 mg/kg/d,
dissolved in 0.9% NaCl, i.p. 30 min prior to Rg1 injection) and
then received LPS (10 mg/kg, i.p.). The doses of Rg1 and EX527
used in this study were based on the previous studies [25, 26].
Twenty-four hours after LPS treatment, mice were anesthetized
for blood sample collection from the ophthalmic artery. All
mice were sacrificed via CO, inhalation followed by cervical
dislocation. Both kidneys were collected. Serum samples were
kept frozen at —80°C until analyzed. The kidneys were divided
into four parts. A quarter of the kidneys were preserved in 10%
phosphate-buffered formalin for histological examination.
A quarter of the kidneys were used for apoptosis evaluation and
immunofluorescence staining. A quarter of the kidneys were
used for measurement of the content of inflammatory cytokines
and oxidative stress-related markers. A quarter of the kidneys
were used for western blotting analysis.
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Hematoxylin and eosin (HE) staining. After the mice were

sacrificed, the renal tissues of different groups were resected
and fixed in 4% paraformaldehyde. The fixed tissues were em-
bedded in paraffin, and sectioned (4 um thick) for dewaxing and
dehydration. Tissue sections were then stained with hematoxy-
lin and eosin following standard procedures, dehydrated with
ethanol, cleared with xylene and mounted in neutral balsam.
The histomorphological changes of the samples was observed
employing a light microscope (BX53, Olympus, Tokyo, Japan).
As published earlier [27], the kidney injury score was quantified
based on the examination results of HE staining. The kidney
injury, including tubular enlargement, tubular necrosis, erosion
of brush border, cast formation, and vacuolar deterioration, was
evaluated by a trained histopathologist blinded to the treatment
groups on a scale of 0-5 where 0, 1, 2, 3, 4, and 5 specify 0%,
1-10%, 11-25%, 26-50%, 51-75%, and 76—100% renal injury,
respectively.
Western blotting. A quarter of the kidneys were lysed by RIPA
buffer (Thermo Fisher Scientific, Waltham, MA, USA), and
the protein concentrations were tested by BCA kit (Beyotime,
Shanghai, China). Proteins were isolated by 10% SDS-PAGE
and transferred onto PVDF membranes (Millipore, Billerica,
MA, USA), which were then blockaded by 5% skim milk. After
that, membranes were incubated with primary antibodies at 4°C
overnight. Then, membranes were rinsed with TBST and incu-
bated with the secondary antibody (1 : 2000, ab6789, Abcam,
Cambridge, MA, USA) for 2 h. The membranes were visualized
by ECL luminescent liquid (Advansta, Menlo Park, CA, USA).
The relative density of protein bands was analyzed by ImageJ
(v1.8.0; National Institutes of Health). The primary antibodies
used are as follow: SIRT1 [1:1000, #2493, Cell Signaling Tech-
nology (CST), USA], phospho-p38 MAPK (1:1000, #4511,
CST), JNK (1:1000, #9252, CST), phospho- Bcl-2 (1:1000,
#15071, CST), Bax (1:1000, #14796, CST), Cleaved caspase-3
(1:1000,#9661, CST), IxkBa (1:1000, #4812, CST), NF-kB p65
(1:1000, #8242, CST), NF-xB phospho-p65 (1 : 1000, #3033,
CST), GAPDH (1:1000, #5174, CST), IL-6 (1: 1000, #12912,
CST), IL-1B (1:1000, #12703, CST), TNF-a (1: 1000, #11948,
CST). GAPDH served as loading control.

Enzyme-linked immune-sorbent assay (ELISA). Kidney
tissues were homogenized in 0.3 g/mL (wet mass) precooled
0.9% NaCl by a high-speed homogenizer (Heidolph, DIAX
900, Heidolph Instruments, Kelheim, Germany) five times for
10 sec at 10,000 x g. Following homogenization, the homoge-
nates were subjected to centrifugation at 12,000 x g for 10 min
at 4°C. The concentrations of IL-1B, IL-6, and TNF-a in the
supernatant were estimated by utilizing corresponding ELISA
kits (EK-Bioscience, Guangzhou, China) in accordance with
suppliers’ suggestions.

Measurement of serum indices of renal function. The blo-
od samples were subjected to centrifugation at 2,800 x g for
15 min at 4°C to obtain the serum. Based on the manufacturer’s
instruction, the serum levels of blood urea nitrogen (BUN) and
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creatinine were assessed via corresponding commercial kits
(Saipei Biotechology Co., Ltd, Wuhan, China).

Detection of lipid peroxidative and antioxidant markers.
Kidney tissues were homogenized in 0.3 g/mL (wet mass w/v)
precooled 0.9% NaCl by a high-speed homogenizer (Heidolph,
DIAX 900, Heidolph Instruments) five times for 10 sec at
10,000 x g. Following homogenization, the homogenates were
subjected to centrifugation at 12000 x g for 10 min at 4°C. The
supernatant was obtained to measure the activities of superoxide
dismutase 1 (SOD-1) and catalase (CAT), and the contents of
reduced glutathione (GSH) in accordance with instruction of the
kits’ manufacturer’s (Jiancheng Bioengineering Institute, Nan-
jing, Jiangsu, China). To assess lipid peroxidation, the contents
of protein carbonyl groups (PC), 4-hydroxynonenal (4-HNE),
and malondialdehyde (MDA) in the supernatant were estimated
by specific kits (Bio-diagnostic Co., Giza, Egypt) according
to the suppliers’ instructions. MDA and PC are expressed as
nanomoles per gram tissue. 4-HNE is expressed as microgram
per milliliter. GSH is expressed as microgram per gram tissue.
SOD and CAT are expressed as micromoles/min/mg (U/mg).

SIRT1 deacetylase activity. The SIRT1 Activity Assay Kit
(Fluorometric; ab156065, Abcam) was used to detect SIRT1
activity in the kidney homogenates by measuring the absorbance
at 460 nm on a microplate reader (2030 ARVO; PerkinElmer
LifeSciences, Boston, MA, USA) according to the manufactu-
rer’s instructions.

TdT-mediated dUTP nick end labeling (TUNEL) staining.
To detect apoptosis in renal tissue sections, a TUNEL kit (Roche
Applied Science, Penzberg, Germany) was used in accordance
with the supplier’s instruction. Briefly, the paraffin-embedded
kidney tissue sections were dewaxed, washed with xylene, rehy-
drated, and washed with phosphate-buffered saline (PBS) three
times. Then, the sections were treated with cell permeability
solution for 8 min and 500 4L TUNEL reaction mixture (50 uL
TdT and 450 uL fluorescein-labeled dUTP) for 1 h at 37°C in
the darkness. Next, the sections were counterstained with 10 ug/
/mL of DAPI for 5 min at room temperature and mounted with
a mixture of glycerol and PBS (2:1) under glass coverslip. Fi-
nally, five high-power microscope fields were randomly selected
from each glass slide to count the number of TUNEL-positive
cells under an inverted fluorescence microscope (CKX53;
Olympus, Tokyo, Japan). The percentage of TUNEL-positive
cells was represented as the apoptosis index [28].

Immunofluorescence staining. The paraffin-embedded renal
sections were preprocessed with 10% donkey serum and 0.3%
triton X-100. Then sections were incubated at 4°C overnight
with primary antibodies against NF-kB phospho-p65 (1 : 100,
Abcam). After washing with TBS 3x 10 min, the sections were
incubated with appropriate secondary antibodies for 3 h at room
temperature. Subsequently, the sections were washed with TBS
and stained with Glycerol Mounting Medium (Abcam) that
contained DAPI and DABCO. The fluorescence microscope
(CKX53; Olympus) was utilized for capturing the images. The
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number of NF-kB phospho-p65-positive cells per tissue section
was counted by ImagelJ software [29].

Statistical analysis. SPSS 18.0 software (SPSS Inc., Chicago,
IL, USA) was used for the statistical analyses. Experimental data
obtained from at least triplicate trails was displayed as the mean
+ standard error of the mean (SEM). Differences between groups
were tested using independent sample #-test and multigroup
comparisons were achieved via one-way analysis of variance,
followed by Tukey’s post hoc test. P-value less than 0.05 was
set as the threshold for statistical significance.

Results

Rgl attenuates LPS-induced renal injury of mice
by upregulating SIRT1
To confirm the renal protection afforded by Rgl in
LPS-induced AKI mouse model, HE staining of kid-
ney specimen of indicated groups was conducted. The
results of histopathological examination demonstrated
that the control rats displayed normal renal structure.
Characteristic pathological changes in renal tissues
were observed after LPS treatment, manifested as
tubular dilation, tubular vacuolization, inflammatory
cell infiltration, and severe glomerular wrinkling
(Fig. 1A). Conversely, all these renal lesions induced
by LPS were attenuated by Rgl treatment (Fig. 1A).
Subsequently, we probed into whether SIRT1
is involved in Rgl-mediated renal protection in
LPS-induced AKI mouse model. Thirty minutes before
Rgl injection, mice received EX527, a SIRT1 inhi-
bitor. As a result, the renal lesions were aggravated
in the LPS + Rgl + EX527 group compared to the
LPS++ Rgl group (Fig. 1A), suggesting that blocka-
de of SIRT1 offsets protective effect of Rgl against
LPS-elicited renal injury. Additionally, the tubular
injury score in the LPS group was significantly higher
than that in the Control group, while this increase
was antagonized by Rgl (Fig. 1B). The LPS + Rgl+
+ EX527 group exhibited higher tubular injury score
than the LPS + + Rgl group (Fig. 1B). Additionally,
parameters related to renal function were also evalu-
ated. As shown in Fig. 1C, D, Rgl notably suppressed
LPS-induced increase in serum creatinine and BUN,
whereas EX527 reversed this protective effect. Thus,
declined renal function induced by LPS was allevia-
ted by Rgl but this effect was reversed by EX527
pre-treatment. Overall, Ginsenoside Rgl mitigates
LPS-induced renal injury and renal dysfunction, which
is reversed by SIRT1 inhibition.

Rg1 inhibits LPS-triggered renal oxidative stress
by upregulating SIRT1

To verify the antioxidative action of Rg1 in LPS-induced
AKI murine model, the contents of molecules related
©Polish Society for Histochemistry and Cytochemistry
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to lipid peroxidation (MDA, 4-HNE, and PC), the
contents of GSH, and the activities of SOD and CAT
in the studied groups were assessed by specific kits. As
illustrated in Fig. 2A—C, increased levels of 4-HNE,
MDA, and PC in renal tissues were observed after
LPS treatment, when compared to the Control group.
On the contrary, the promotive impact of LPS on
these lipid peroxidative parameters was inhibited by
Rgl1, which then was reversed by EX527 (Fig. 2A—C).
Consistently, LPS contributed to reduced contents of
GSH and decreased activities of SOD and CAT in
murine kidneys. Conversely, Rgl partially offset these
changes. Moreover, the impact of Rgl on the above-
-mentioned antioxidants in murine kidneys following
LPS treatment was abrogated by EX527 (Fig. 2D, E).
Collectively, Rgl prevents renal lipid peroxidation and
oxidative stress induced by LPS, which were offset by
inhibiting SIRT1 with EX527.

Ginsenoside Rgl suppresses LPS-induced cell
apoptosis in renal tissues by upregulating SIRT1
In this part of the study, we verified the protection
afforded by Rg1 against apoptotic process in LPS-in-
duced AKI in vivo. TUNEL assays confirmed that the
apoptosis of renal cells was increased in mouse kidney
after LPS administration (Fig. 3A, B). However, Rgl
impeded cell apoptosis in LPS-treated renal tissues
(Fig. 3A, B). In comparison with the LPS+Rg1 group,
cell apoptosis in the kidney of LPS + Rgl + EX527
mice was aggravated (Fig. 3A, B). As Fig. 3C, D sho-
wed, reduced anti-apoptotic Bcl-2 protein expression,
and elevated protein levels of pro-apoptotic Bax and
Cleaved caspase-3 in the kidney were induced by
LPS, and Rg1 reversed these changes. On the contra-
ry, EX527 treatment abrogated the effects of Rgl on
the protein levels of these apoptosis-related markers
(Fig. 3C, D). To sum up, Rgl impedes LPS-induced
apoptosis in renal tissues, which was counteracted by
inhibiting SIRT1 with EX527.

Ginsenoside Rgl suppresses LPS-induced renal
inflammation by upregulating SIRT1

Compared to the Control group, the concentrations of
IL-1B, TNF-a, and IL-6 in the kidney homogenates
were increased in LPS-induced mice, which was rever-
sed by Rgl; however, this effect of Rgl was inhibited
by EX527 (Fig. 4A, C). Consistently, Rg1 suppressed
LPS-mediated increase in the protein levels of IL-1J3,
TNF-0, and IL-6 in the kidney as measured by we-
stern blotting (Fig. 4D). Furthermore, administration
of EX527 reversed this protective effect of Rgl in
LPS-treated mice (Fig. 4D). To sum up, Rgl protects
murine kidneys against LPS-evoked inflammation,

www.journals.viamedica.pl/folia_histochemica_cytobiologica



Ginsenoside Rgl protects kidney injury by LPS via SIRT1 17

A Control LPS LPS+Rg1 LPS+Rg1+EX527

B
= e
- L = * &
§ o § 60 xs g 40 wxn
* % — *k
& 3 2 E 30+
3, £ 404 z
E 2 — ™ o 20—
3 5 20-] B
2 1 2 2 104
2 2 &
0— é o 0
S £ D A d & A S P &
« 2 & & o & & RS -
A roxq' {/j- CP(\ Y q)x g{—- (}? QG«’ ,f(j-
Q7 WX \,Q W LY Q'}
& g &
o & &
N N N

Figure 1. Ginsenoside Rg1 attenuates LPS-induced renal injury by upregulating SIRT1. A. HE staining for observing renal histological
changes in the Control, LPS, LPS+Rgl, and LPS + Rgl + EX527 mice groups. Scale bar = 100 um. B. Tubular injury score in the
Control, LPS, LPS + Rgl, and LPS + Rgl + EX527 mice groups was determined as described in Methods. C, D. Serum creatinine
and BUN levels were measured in the studied mice groups as described in Methods. **P < 0.01, ***P < 0.001.
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Figure 2. Rgl inhibits LPS-triggered renal oxidative stress by upregulating SIRT1. Measurement of (A) malondialdehyde (MDA),
(B) 4-hydroxynonenal (4-HNE), (C) protein carbonyl groups (PC), and (D) GSH contents, (E) sodium dismutase (SOD) activities,
and (F) catalase (CAT) activities in the kidneys of the Control, LPS, LPS + Rgl, and LPS + Rgl + EX527 mice groups were deter-
mined as described in Methods. *P < 0.05, **P < 0.01, ***P < 0.001.

©Polish Society for Histochemistry and Cytochemistry

Folia Histochem Cytobiol. 2024 www.journals.viamedica.pl/folia_histochemica_cytobiologica
DOI: 10.5603/thc.97140 - -

ISSN 0239-8508, e-ISSN 1897-5631



18 Yadan Hu et al.

A Control LPS

LPS+Rg1

LPS+Rg1+EX527

TUNEL

B
B0 =- *kdk == Control === |P5+Rgl
- = Bol2 - -— - == LIPS === [PS+RgI+EX527
=+ o* % &
. S — Rk KRk
2 40 a £ 5 NEE Aok k
3 Bax - - - 2 o
z 0 4= T ks ok
=y Cleaved =4
o 20- L —
E caspase-3 — E 3= L.
P Lo e
D GAPDH e S S =3 .
- A
& P & & =1
& 8 9 SR ST ) g
&g ol & & @ ©
2 ~ & 9 + o
\gfb :‘;’g- o ® dﬁb
N &
[
&
c}lZp

Figure 3. Rgl suppresses LPS-induced cell apoptosis in renal tissues by upregulating SIRT1. A, B. TUNEL assay for evaluat-
ing cell apoptosis in the kidneys of the Control, LPS, LPS + Rgl, and LPS + Rgl + EX527 mice groups. Scale bar = 100 um.
C, D. Western blotting was used to assess apoptosis-related marker protein levels in the kidneys of the studied mice groups.

*P<0.05, **P <0.01, ¥***P < 0.001.

which was counteracted by the pre-treatment of mice
with EX527, a SIRT1 inhibitor.

Ginsenoside Rgl regulates SIRTI/NF-kB
signaling in LPS-induced S-AKI mice

By the use of western blot technique we showed that
LPS decreased SIRT1 protein level in the murine
kidney and that Rg1 suppressed this effect. However,
EX527 pretreatment abolished the protective effect
of Rgl in the kidney of LPS-induced mice (Fig. 5A).
Rgl also restored LPS-mediated reduction in the acti-
vity of SIRT1 in the kidney. However, this effect was
inhibited by EX527 (Fig. 5B). Additionally, the IkBa
protein expression was decreased and the p-NF-kB
p65/NF-kB p65 ratio in the kidney was increased after
LPS administration. On the contrary, Rg1 upregulated
IxBa protein expression and downregulated phospho-
rylated NF-«xB p65 protein expression in the kidney of
LPS-treated mice. Compared to the LPS + Rg1 group,
the LPS + Rgl + EX527 group exhibited reduced IxkBa
protein expression and elevated phosphorylated NF-xB
p65 protein expression (Fig. 5C, D). Moreover, we
found that the fluorescence intensity of p-NF-kB p65
was enhanced after LPS treatment in the kidney, while
this effect was reversed by Rgl (Fig. SE). The inhibi-
tory impact on the fluorescence intensity of p-NF-xB
©Polish Society for Histochemistry and Cytochemistry
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p65 exerted by Rgl was mitigated by EX527 in the
kidney of LPS-treated mice (Fig. 5E). Therefore, Rgl
represses LPS-induced activation of NF-kB signaling
in LPS-induced AKI mouse model, which was anta-
gonized by inhibiting SIRT1 with EX527.

Discussion

Half of AKI cases in critically ill patients are attributed
to sepsis, and S-AKI is related to unacceptable mor-
tality in hospitalization [3]. Emerging reports have
validated the efficacy of Chinese medicine herbs in
S-AKI, such as honokiol [31], resveratrol [32], and
shionone [33]. Rgl is the main active component
of Panax ginseng and has many pharmacological
properties [34]. In recent years, the protection affor-
ded by Rgl has been confirmed in sepsis [35] and
sepsis-related diseases, including septic acute lung
injury [36], septic cardiac dysfunction [37], and septic
encephalopathy [38]. Additionally, several studies
have demonstrated the beneficial role of Rgl in many
types of experimental models of renal disorders, such
as obstructive nephropathy [39] and unilateral ureteral
obstruction [40]. Notably, Rgl has been reported to
attenuate chronic renal injury induced by low-dose
LPS in mice by reducing ROS generation and renal
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Figure 4. Rgl suppresses LPS-induced renal inflammation by upregulating SIRT1. A—C. ELISA was used to assess proinflamma-
tory cytokines’ (IL-6, IL-1P, and TNF-a) concentrations in the kidneys in the Control, LPS, LPS + Rgl, and LPS + Rgl + EX527
groups. D. Western blots demonstrate proinflammatory cytokine protein levels in the kidneys of the studied mice groups. *P < 0.05,

**p < 0.01, ***P <0.001.

fibrosis [41]. Our findings demonstrated that Rg1 exer-
ted anti-inflammatory, anti-apoptotic, and antioxidant
effects to ameliorate LPS-induced acute kidney injury
by affecting the SIRT1/NF-«B signaling.
Lipopolysaccharide has been extensively utilized to
establish the animal models of AKI, which is similar
with pathological characteristics to S-AKI in human
[42]. In this study, the in vivo model of S-AKI was
established through the intraperitoneal injection of
LPS into mice. Through histological examinations,
characteristic morphological features of renal inju-
ry, including inflammatory cell accumulation, renal
tubular epithelial cell necrosis, glomerular structure
damage, and glomerular degeneration in renal cortex,
were induced by LPS. However, these renal lesions
were ameliorated by Rgl. Serum BUN and creatinine
are key indexes that can reflect renal dysfunction [43].
Here, the levels of serum BUN and creatinine were
increased after LPS injection, which were restored
by Rgl treatment, suggesting that Rg1 improves renal
function. Therefore, Rgl exerts nephroprotective ef-
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fects against S-AKI by ameliorating renal dysfunction
and histopathological changes. Likewise, the allevia-
tive effects of Rgl on renal pathological injury and
kidney dysfunction have also been validated in a rat
model of unilateral ureteral obstruction [44], further
confirming the nephroprotective role of Rgl.
Oxidative stress, chronic inflammation, and renal
cell apoptosis are important pathogenic factors in the
pathophysiology of S-AKI [45-49]. After LPS admi-
nistration, endogenous antioxidant system is disrupted
and ROS are excessively generated, contributing to the
pathogenesis of S-AKI [50]. Studies have validated
the anti-inflammatory and antioxidative effects of Rgl
in aldosterone-induced renal injury [51] and diabetic
nephropathy [52]. In this report, LPS administration
reduced the contents of GSH, the activities of SOD and
CAT, and increased the contents of lipid peroxidation
markers (MDA, 4-HNE and PC) in murine kidneys.
However, Rgl administration reversed these changes
induced by LPS. This result suggested the antioxi-
dant effects of Rgl against LPS-induced AKI. LPS
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challenge also induced the release of proinflamma-
tory cytokines which were found to aggravate renal
inflammation in S-AKI [53, 54]. In the current study,
LPS administration increased IL-6, IL-1, and TNF-a
©Polish Society for Histochemistry and Cytochemistry
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levels in kidney homogenates, while this event was
neutralized by Rgl. Thus, the protection afforded by
Rgl in S-AKImay be achieved also by its anti-inflam-
matory effects. Interestingly, it has been demonstrated
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that Rgl also attenuates inflammation in a model of
septic acute lung injury [36] and cadmium-induced
neurotoxicity [55].

Increased renal apoptosis is a hallmark of S-AKI
[56-58]. Previously, Rgl was found to exert anti-apop-
totic effects in kidney ischemia/reperfusion [59], septic
acute lung injury [60], and chronic cyclosporin A-in-
duced nephropathy [61]. In our study, LPS triggered
renal cell apoptosis in mice, which was demonstrated
by increased number of TUNEL-positive cells, eleva-
ted levels of Bax and Cleaved caspase-3, and reduced
levels of Bcl-2 in the kidney after LPS treatment. Ho-
wever, these changes were reversed by Rgl. Overall,
we showed that Rgl protects against LPS-induced
S-AKI through its antioxidative, anti-inflammatory,
and anti-apoptotic properties.

SIRT1 plays an important role in the regulation of
inflammatory and oxidative injury by reducing the pro-
duction of proinflammatory cytokines and improving
antioxidant defenses [62, 63]. Emerging evidence has
demonstrated that SIRT1 upregulation inhibits S-AKI
progression [64—66]. Previously, Wang et al. [23]
showed that Rg1 alleviates sepsis-induced pulmonary
damage by repressing inflammatory response and en-
doplasmic reticulum stress in LPS-challenged human
pulmonary epithelial cells and cecal ligation and punc-
ture-induced sepsis mouse model via the regulation of
SIRT1. Here, Rgl reversed LPS-induced reduction
in SIRT1 expression and activity in murine kidneys.
Moreover, to validate the protective role of SIRT1 in
the LPS-induced S-AKI, EX527, a SIRT1 inhibitor,
was used as the pre-treatment to Rgl administration.
In a result, EX527 reversed the protective effects of
Rgl on renal pathological changes, proinflammatory
cytokine release, antioxidants’ levels and activities,
lipid peroxidative parameters, and renal cell apoptosis
in LPS-induced S-AKI mice, confirming the protec-
tive effects of SIRT1 against S-AKI. Thus, Rgl may
exert its beneficial effects in LPS-induced S-AKI by
activating SIRT1.

NF-«B signaling has been involved in the induction
of inflammatory responses in various pathological
disorders [67]. Once NF-kB pathway is activated, the
degradation of IxkBa and the phosphorylation of p65
and IxkBa occur, leading to synthesis and an accumu-
lation of proinflammatory cytokines [68]. A recent
study reports that Rgl ameliorates inflammation in
ulcerative colitis in mice via the inhibition of NF-
-kB signaling [69]. Evidence has demonstrated the
regulatory role of Rgl in the modulation of NF-xB
signaling in palmitic acid-induced steatosis in HepG2
cells [70]. SIRT1 negatively regulates NF-kB pathway
to inhibit inflammation, which has been confirmed
in LPS-induced mouse peritoneal macrophages and
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mouse sepsis models [71, 72]. In this study, decreased
IxBa and increased phosphorylated p65 levels in renal
tissues were observed after LPS administration, all
these changes induced by LPS were reversed by Rgl
suggesting that Rg1 represses LPS-induced activation
of the NF-«B signaling. Moreover, EX527 treatment
counteracted the effects of Rgl on NF-«kB signaling.
These results indicated that Rgl may exert its inflam-
matory effects by inhibiting SIRT1-mediated NF-xB
signaling in S-AKI mice.

To conclude, our study provided the first evidence
about the beneficial role of Rgl in the murine model
of LPS-induced S-AKI. In detail, Rgl ameliorates
kidney injury and reduces renal cell apoptosis, oxida-
tive injury, and inflammation in S-AKI mice by regu-
lating the SIRT1/NF-kB signaling. Thus, Rgl might
be an available and effective therapeutic agent in the
treatment of S-AKI in humans. However, the side or
adverse effects of Rgl administration to patients still
need further exploration. Additionally, the molecules
or other signaling pathways associated with the Rg1’s
effects in S-AKI deserve further investigation.
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