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ABSTRACT

Diabetic nephropathy (DN) is a complication of diabetes that induces the development of end-
stage renal disease (ESRD). The pathogenesis of DN is reported to be closely related to the
activation of the NOD-like receptor 3 (NLRP3) inflalmmasome in renal glomerular endothelial
cells. Omarigliptin is a novel dipeptidyl peptidase-4 (DPP-4) inhibitor developed for the manage-
ment of type Il diabetes, it has been recently reported to possess a significant anti-inflammatory
property. This study aims to explore the potential therapeutic effects of Omarigliptin on DN. We
established an in vitro injury model in human renal glomerular endothelial cells (HrGECs) using
high glucose (HG). The severe cytotoxicity and increased oxidative stress in HrGECs induced by HG
were pronouncedly reversed by the introduction of Omarigliptin. Furthermore, the activated
NLRP3 inflammasome and the excessive production of interleukin 18 (IL-18) and interleukin 1
(IL-1B) in HrGECs induced by incubation with HG were pronouncedly reversed by the introduction
of Omarigliptin, accompanied by the activation of the AMPK/mTOR signaling pathway. After the
co-administration of the adenosine monophosphate-activated protein kinase a (AMPKa) inhibitor,
compound C, the protective effects of Omarigliptin against HG-induced NLRP3 inflammasome
activation and production of pro-inflammatory factors were dramatically abolished. Taken
together, our data revealed that Omarigliptin ameliorated HG-induced inflammation in renal
glomerular endothelial cells through suppressing NLRP3 inflammasome activation mediated by
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Introduction

Diabetes mellitus (DM) has become a global health
problem. According to reports, by 2019, the num-
ber of DM patients was 463 million, and it is
expected to reach 578 million by 2030 [1].
Previous studies show that about 30-40% of
patients with DM get diabetic nephropathy (DN)
[2]. DN is a common and severe complication of
diabetes with mild upregulation of microalbumi-
nuria reported to be the main characteristic, in its
early stages, gradually developing to the produc-
tion of mass albuminuria and impaired renal func-
tion [3]. As a consequence, end-stage renal disease
(ESRD) develops [4]. In the past decades, DN has
become the main inducer of renal failure and an
increase in DN epidemicity has been reported [5].
DN is now the world’s second most common

cause of ESRD. Therefore, it is critical to investi-
gate the pathogenesis of DN and explore its poten-
tial therapeutic methods. The glomerular filtration
barrier plays an important role in controlling the
release of urine proteins and is composed of
endothelial cells, basal membrane, and podocytes,
which allow the filtration of small molecules and
limits the passing of proteins [6]. Renal glomerular
endothelial cells are a group of specific capillary
endothelial cells that are involved in the synthesis
and repairment of basal membrane components
and regulate the glomerular coagulation, immune
response, and inflammatory processes. In recent
years, it has been widely reported that glomerular
endothelial cell dysfunction caused by inflamma-
tory factors is related to the pathogenesis of DN.
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Sabena M. Conley reported that in the progression
of DN, the pathological progression of glomerular
sclerosis could be facilitated by severe inflamma-
tion, which eventually contributes to the develop-
ment of ESRD. The NLRP3 inflammasome,
a multimeric protein complex, holds a pivotal
role in the inflammatory responses mediated by
the innate immune. When activated, NLRP3
inflammasome is responsible for the production
of IL-1pB and IL-18 by cleaving prointerleukin-1f
(pro-IL-1p) and prointerleukin-18 (pro-IL-18),
which directly promote the inflammatory cascade
reaction [7]. Recently, studies have shown that
NLRP3 inflammasome also plays an important
part in the development of DM and diabetes com-
plications including DN [8,9]. Furthermore, glo-
merular inflammation and damages to renal
glomerular endothelial cells can be induced by
NLRP3 inflammasome activation to trigger the
glomerular injury and ESRD. NLRP3 inflamma-
some not only functions on immune cells but
also on the renal glomerular endothelial cells and
podocytes. It is reported that the infiltration of
monocytes and CD8" T cells can be induced by
the transplanted glomerular inflammation and the
high level of secreted inflammatory factors, such as
IL-1p, and IL-18, will be induced by the activation
of monocytes, which contributes to the renal glo-
merular endothelial injury by cytotoxicity and the
local activation of the coagulation cascade. AMPK/
mTOR signaling is reported to be an important
pathway that negatively regulates the activation of
NLRP3 inflammasome [10]. Therefore, targeting
NLRP3 inflammasome might be a promising
approach for the treatment of DN.

Dipeptidyl peptidase-4 (DPP-4) is identified as
a complex enzyme, expressed in a wide range of
cell types, including endothelial, epithelial cells,
and activated lymphocytes [11]. DPP-4 possesses
various biological functions by regulating its abun-
dant substrates, including glucagon-like peptide-1
(GLP-1). A class of DPP-4 inhibitors has been
licensed for the management of diabetes mellitus
by blocking DPP4 mediated cleavage of the incre-
tin hormone, GLP-1, and GIP, prolonging its insu-
linotropic activity [12]. Omarigliptin is an
effective, highly selective, and reversible inhibitor
of DPP-4 developed by Merck to treat type II
diabetes [13]. With the advantages of a longer

in vivo half-life, Omarigliptin is widely reported
to exert promising hypoglycemic properties.
Recently, significant anti-inflammatory effects
have been observed during the treatment of type
IT diabetes patients using Omarigliptin. However,
whether Omarigliptin exerts protective benefits in
a complication of diabetes such as DN is still
unknown. In this study, we aim to examine the
potential effects of Omarigliptin against high glu-
cose (HG) brought injury on human renal glomer-
ular endothelial cells (HrGECs) and further
investigate the possible therapy for the treatment
of DN in the clinic.

Materials and methods
Cell culture and treatment

HrGECs were obtained from ScienCell Research
(ScienCell, California, USA) and cultured in the
endothelial cell medium (ECM) (ScienCell,
California, USA) supplemented with 5% FBS at
37X and 5% CO,. Cells with passages three to
five were used in this study. For the inducement
of inflammatory injury on HrGECs, cells were
treated with 25 mM high glucose (HG) [14]. To
examine the cytotoxicity of Omarigliptin in
HrGECs, cells were stimulated with 0, 1, 2, 10,
20, 100, and 200 uM Omarigliptin for 24 hours.

Cell counting kit-8 (CCK-8) assay

Cell viability of treated HrGECs was determined
with a CCK-8 assay. To determine the cell viabi-
lity, HrGECs were mixed with 10 uL CCK-8 solu-
tion and incubated at 37°C for 2 hours, followed
by measuring the absorbance at 450 nm using
a microplate reader (J&H technology Co., Ltd,
Jiangsu, China) [15].

Mito SOX Red staining

The mitochondrial level of reactive oxygen species
(ROS) was measured using the Mito SOX Red
staining assay. Briefly, HrGECs were cultured
using the endothelial culture medium (ECM) con-
taining 5 pM MitoSox Red and incubated for
10 minutes at 37°C. After washing, the images of



HrGECs were taken using the fluorescence micro-
scope (Leica, Weztlar, Germany).

Lactate dehydrogenase (LDH) release

The cytotoxicity of treated HrGECs was measured
with the LDH release assay. After necessary treat-
ment, cell cultural supernatant was collected and
cells were incubated with 1% Triton X-100 for
45 minutes to release total LDH. The reaction
was initiated by adding a reaction buffer. After
incubating in the dark for 30 minutes, the absor-
bance at 490 nm was detected using the microplate
reader (J&H technology Co., Ltd, Jiangsu, China).
The ratio of LDH in the cell cultural supernatant
to total LDH was calculated to index the percen-
tage of LDH release.

Real-time PCR

Following extracting the total RNAs from the
treated HrGECs wusing the trizol reagents
(Invitrogen, California, USA), quantification on
RNAs was conducted using the NanodropTM
2000 ¢ UV-Vis Spectrophotometer (Thermo,

Massachusetts, USA). Then, the Taq PCR
Master Mix Kit (QIAGEN, North Rhine-
Westphalia, Germany) was applied for the

reverse transcription from RNA to c¢cDNA, fol-
lowed by conducting the RT-PCR with the SYBR
Master Mix kit (Bio-Rad, California, USA) in the
Bio-Rad CFX96-new system (Bio-Rad, California,
USA). Lastly, the 27**“" method was used for the
determination of the relative gene expression
level of target genes following normalization
using the expression of GAPDH. The following
primers were used in this study:

NLRP3(Forward)5
"-GGACTGAAGCACCTGTTGTGCA -3,

(Reverse)5'-
TCCTGAGTCTCCCAAGGCATTC -3

GAPDH(Forward)5’-

AGCCTCAAGATCATCAGCAA -3/,

(Reverse)5'- GTCATGAGTCCTTCCACGAT
-3

NOX-2(Forward)5"-
CCTTTTACCTATGTGCCGGAC -3/,

(Reverse)5 ;-
CATGTGATGTGTAGAGTCTTGCT -37;
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mTOR(Forward)5 -
TCCAGGGCTTCTTCCGTT -3/,

(Reverse)5'- GGGCTGTCGTGGTAGACTTAG
_3 ';

ASC(Forward)5’-
CTACCTGGAGACCTACGGCG -3/,

(Reverse)5'- TTTCCGGTAGAGCAGCTTTGT
-3,

Western blot

After isolating the total proteins from the treated
HrGECs, a bicinchoninic acid (BCA) protein assay
kit (Merck, New Jersey, USA) was utilized to
determine the concentration of proteins and
about 40 pg proteins were loaded, followed by
being separated with the 12% SDS-PAGE. Then,
the proteins in the SDS-PAGE were transferred to
the PVDF membrane (Merck, New Jersey, USA)
and the membrane was subsequently incubated
with 5% BSA for 2 hours, followed by being incu-
bated with the primary antibody against NADPH
oxidase-2 (NOX-2) (1:1200, Zymed, California,
USA), NLRP3 (1:1500, Zymed, California, USA),
apoptosis-associated speck-like protein containing
a CARD (ASC) (1:800, Zymed, California, USA),
p-AMPKa (1:500, Zymed, California, USA),
AMPKa (1:1600, Zymed, California, USA),
mTOR (1:1500, Zymed, California, USA), and (-
actin (1:8000, Zymed, California, USA) overnight.
The membrane was exposed to enhanced chemi-
luminescence  (ECL)  solution  (Invitrogen,
California, USA) after 1.5 hours of incubation in
secondary antibody solution (1:2000, Zymed,
California, USA) and the relative expression level
of target proteins was confirmed by visualization
with Image J software [16].

Enzyme-linked immunosorbent assay (ELISA)
assay

ELISA assay was used for the determination of the
production of interleukin-18 (IL-18) and interleu-
kin-1p (IL-1B) in treated HrGECs. Briefly, after
centrifugation, the supernatant was collected and
transferred into a 96-well plate, followed by incu-
bation in 1% BSA for the removal of nonspecific
binding proteins. Then, the primary antibody of
IL-18 or IL-1P was added, followed by 3 washes
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and incubation with the streptavidin-HRP conju-
gated secondary antibody for half an hour. After
adding the TMB solution for 20 minutes, the reac-
tion was terminated using the stop buffer. Lastly,
the fluorescence microscope (Leica, Weztlar,
Germany) was utilized to measure the absorbance
at 450 nm.

Statistical analysis

Data are expressed as mean + standard deviation
(S.D.) and analyzed using the GraphPad Prism 8.0
software. All data were tested for normal distribu-
tion using the Shapiro-Wilk test. Data with normal
distributions were compared using a two-way ana-
lysis of variance (ANOVA) followed by Tukey’s
post-hoc test. Nonparametric data were analyzed
with the Kruskal-Wallis H test. P < 0.05 was
regarded as a statistically significant difference.

Results

In this study, we proposed Omarigliptin as
a promising therapy for DN and explored the
underlying mechanism. Using a HG-challenged
HrGECs model, we report that Omarigliptin
reduced the expression of IL-1p and IL-18 by
inhibiting the NLRP3 inflammasome.
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Cytotoxicity of omarigliptin in HrGECs

To explore the optimized concentration of
Omarigliptin in HrGECs, cells were stimulated
with 0, 1, 2, 10, 20, 100, and 200 pM
Omarigliptin for 24 hours. As shown in
Figure 1b, compared to the control, no significant
difference was found as the dosage of Omarigliptin
increased from 1 to 20 uM. Nevertheless, cell via-
bility significantly declined when the concentra-
tion of Omarigliptin reached 100, and 200 pM.
Hence, 10 pM, and 20 uM Omarigliptin were
used to explore its pharmacological function in
HrGECs.

Omarigliptin ameliorated high glucose-induced
cytotoxicity in HrGECs

Cells were challenged with HG and 10, and 20 uM
Omarigliptin for 24 hours. The morphology of
HrGECs is shown in Figure 2a. Compared to the
control, cell viability (Figure 2b) was decreased by
incubation with HG but was significantly pro-
moted by the introduction of Omarigliptin. In
addition, compared to the control, LDH release
(Figure 2c) was elevated from 5.6% to 25.7% in
the HG group but greatly suppressed to 17.2% and
12.8% by treatment with 10, and 20 pM
Omarigliptin, respectively. These data indicate

10 20 100 200 (uM)

Figure 1. Cytotoxicity of Omarigliptin in human renal glomerular endothelial cells (HrGECs). (a). Molecular structure of Omarigliptin;
(b). HrGECs were stimulated with 0, 1, 2, 10, 20, 100, and 200 uM Omarigliptin for 24 hours. Cell viability was assessed (¥, **, P < 0.05,

0.01 vs. vehicle).
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Figure 2. Omarigliptin ameliorated high glucose (HG)-induced cytotoxicity in HrGECs. Cells were challenged with HG and 10, and
20 pM Omarigliptin for 24 hours. (a). Morphology of HrGECs; (b). Cell viability; (c). LDH release (**, ***, P < 0.01, 0.005 vs. vehicle; #,

##, ###, P < 0.05, 0.01, 0.005 vs. HG).

that Omarigliptin exerted promising protective
effects on HG-induced cytotoxicity in HrGECs.

Omarigliptin mitigated high glucose-induced
mitochondrial oxidative stress in HrGECs

To investigate the effects of Omarigliptin on oxidative
stress in high glucose-treated HrGECs, the gene and
protein expression levels of NOX-2 were evaluated.
As shown in Figure 3a-B, compared to the control,
NOX-2 was significantly upregulated by incubation
with HG but significantly downregulated by 10, and
20 uM Omarigliptin. In addition, the elevated mito-
chondrial ROS production in HG-stimulated

HrGECs was dramatically decreased by treatment
with Omarigliptin. These data indicate that mito-
chondrial oxidative stress in HG-stimulated HrGECs
was pronouncedly alleviated by Omarigliptin.

Omarigliptin alleviated HG-induced NLRP3
inflammasome activation

Furthermore, we investigated the activity of the
NLRP3 inflammasome. As shown in Figure 4,
compared to the control, the expression levels of
NLRP3 and ASC were dramatically upregulated by
treatment with HG, which was pronouncedly
inhibited by 10, and 20 pM Omarigliptin. These
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Figure 3. Omarigliptin mitigated high glucose (HG)-induced NOX-2 expression and mitochondrial ROS production in HrGECs. (a).
NOX-2 mRNA; (b). NOX-2 protein; (c). mitochondrial ROS production (**, ***, P < 0.01, 0.005 vs. vehicle; #, ##, ###, P < 0.05, 0.01,
0.005 vs. HG).
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Figure 4. Omarigliptin alleviated high glucose-induced NLRP3
inflammasome activation. (a). NLRP3 and ASC mRNA; (b). NLRP3
and ASC protein (***, P < 0.005 vs. vehicle; ##, ###, P < 0.01,
0.005 vs. HG).

data indicate that the activated NLRP3 inflamma-
some in HrGECs induced by HG was pronounc-
edly ameliorated by Omarigliptin.

Excessive activation of NLRP3 inflammasome
results in the production of IL-18 and IL-1P.
Subsequently, the production of these two inflam-
matory factors was detected. As illustrated in
Figure 5a, the concentration of IL-18 was signifi-
cantly increased from 67.5 pg/mL to 188.7 pg/mL
by stimulation with HG but greatly suppressed to
137.8 pg/mL and 102.9 pg/mL by treatment with
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Figure 5. Omarigliptin inhibited high glucose-induced expres-
sions of IL-18 and IL-1p. (a). Secretion of IL-18; (b). Secretion of
IL-1B; (c). Protein levels of IL-18 and IL-1B as measured by
western blot (***, P < 0.005 vs. vehicle; ##, ###, P < 0.01,
0.005 vs. HG).

10, and 20 uM Omarigliptin, respectively. In addi-
tion, the secretions of IL-1p in the control, HG, 10,
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Figure 6. Omarigliptin restored high glucose-induced impair-
ment of the AMPK/mTOR signaling pathway. Cells were chal-
lenged with high glucose (HG) and 20 pM Omarigliptin for
2 hours. The expression of p-AMPKa, AMPKa, and mTOR was
measured (***, P < 0.005 vs. vehicle; ##, P < 0.01 vs. HG).

and 20 pM Omarigliptin groups were 92.5, 297.1,
216.5, and 173.6 pg/mL, respectively. These data
reveal that the activated NLRP3 inflammasome in
HrGECs induced by HG was significantly miti-
gated by Omarigliptin (Figure 5b). Consistently,
the inhibitory effects of Omarigliptin in the pro-
tein expression of IL-18 and IL-1B against HG
were confirmed by western blot analysis
(Figure 5c).

The protective effects of Omarigliptin against
high glucose-induced NLRP3 inflammasome
activation were mediated by AMPK

To explore the potential underlying mechanism,
the activity of the AMPK/mTOR signaling path-
way in HrGECs was further evaluated. As shown
in Figure 6, compared to the control, the expres-
sion level of p-AMPKa was significantly declined
and the expression level of mTOR was greatly
elevated by stimulation with HG, but dramatically
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ek

mTOR NLRP3

(b)

Enone

BEHG

BHG+20 yM Omarigliptin

BHG+20 yM Omarigliptin+tcompound C

PrEs

protein (pg/mL)

IL-18

IL-1B

Figure 7. The protective effects of Omarigliptin against high
glucose-induced NLRP3 inflammasome activation are mediated
by AMPK. Cells were challenged with high glucose (HG) and
20 pM Omarigliptin or the AMPK inhibitor compound C for
24 hours. (a). The expression of mTOR and NLRP3; (b).
Secretions of IL-18 and IL-1B as measured with ELISA (***,
P < 0.005 vs. vehicle; ###, P < 0.005 vs. HG; $$, P < 0.01 vs.
HG+ Omarigliptin).

reversed by treatment with 20 pM Omarigliptin,
indicating that the AMPK/mTOR signaling path-
way in HG-treated HrGECs was dramatically
restored by Omarigliptin.

We further confirmed the involvement of
AMPK/mTOR pathway in the protective effects
of Omarigliptin by introducing an inhibitor of
AMPKa, compound C. Cells were stimulated
with HG, 20 uM Omarigliptin, and compound
C. As shown in Figure 7a, the elevated expression
levels of mTOR and NLRP3 in the HG group were
obviously  inhibited by  treatment  with
Omarigliptin and dramatically reversed by the co-



incubation of compound C. In addition, the secre-
tion of IL-18 (Figure 7b) in HG-challenged
HrGECs was decreased from 193.5 pg/mL to
112.9 pg/mL by the introduction of Omarigliptin
but greatly promoted to 178.6 pg/mL by the co-
administration of compound C. The concentration
of IL-1p in the control, HG, Omarigliptin, and
Omarigliptin + compound C groups were 103.7,
322.8, 168.6, and 281.3 pg/mL, respectively. These
data reveal that the protective effects of
Omarigliptin ~ against  high  glucose-induced
NLRP3 inflammasome activation were mediated
by the activation of the AMPK signaling pathway.

Discussion

High glucose-induced HrGECs insults are an early
event of DN. Amelioration of these damages has
become a promising strategy for the treatment of
DN. In this study, we demonstrated the beneficial
effects of Omarigliptin against high glucose-
induced inflammatory insults by suppressing the
activation of the NLRP3 inflammasome.

Under the condition of diabetes, increased glu-
cose load is observed in the kidney, accompanied
by the excessive release of ROS, activated polyol
pathway, and upregulated injury mediators [17].
The excessive accumulation of ROS can activate
a series of signal molecules that cause kidney
injury [18]. During the progression of diabetes,
pathological changes in the kidney, such as glo-
merular hypertrophy, increased extracellular
matrix synthesis, glomerular fibrosis, destruction
of the tubular basement membrane, and interstitial
infiltration mediated tubular interstitial fibrosis,
are gradually observed eventually contributing to
the development of DN [19,20]. In the present
study, HG was used to establish an in vitro damage
model in renal glomerular endothelial cells and
was verified by the declined cell viability and acti-
vated oxidative stress. After treatment with
Omarigliptin, the decreased cell viability and oxi-
dative stress in HG-treated HrGECs were remark-
ably alleviated, suggesting a potential beneficial
effect of Omarigliptin against hyperglycemia-
induced damage on endothelial cells. The produc-
tion of pro-inflammatory factors, IL-1p and IL-18,
is reported to be upregulated after the activation of
the NLRP3 inflammasome, and they are the two
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critical pro-inflammatory factors that impact the
adaptive immunity, regulate the inflammatory
reaction, and enhance the expression of VCAM-1
and E-cadherin [21]. The permeability of endothe-
lial cells can be enlarged by the stimulation of IL-
1B, which further changes the hemodynamics of
the glomerulus, impacts the synthesis of prosta-
glandin, induces the proliferation of fibroblasts,
and facilitates the generation of TGF-p [22]. The
secretions of TNF-a, IL-6, and VCAM-1 by mono-
cytes and macrophages can be triggered by IL-18
further inducing tubulointerstitial fibrosis, redu-
cing the glomerular filtration rate, and eventually
contributing to the development of kidney failure
[23]. In this study, the activation of NLRP3
inflammasome and increased production of IL-1f
and IL-18 were observed in HG-treated HrGECs
but were dramatically reversed by treatment with
Omarigliptin, indicating that the protective effect
of Omarigliptin might be closely related to the
inhibition of NLRP3 inflammasome.

As a serine/threonine protein kinase, AMPK
mainly functions as the ‘energetic regulator’ in
eucaryotic organisms [24]. The synthesis of ATP
is blocked and the metabolic pathway of ATP is
triggered by the activation of AMPK, which main-
tains the cellular energetic balance [25]. It is
reported that the intracellular energetic signals
can be accumulated to mTOR by AMPK. When
the production of ATP declines, the activity of
mTOR is suppressed by the activated AMPK to
enhance the progression of autophagy [26].
Recently, it has been reported that the AMPK/
mTOR signaling pathway is closely involved in
regulating the activation of NLRP3 inflammasome
[10]. In the present study, we found that the
AMPK/mTOR signaling pathway was significantly
activated by Omarigliptin. After the co-
administration of the AMPK inhibitor, the protec-
tive effects of Omarigliptin against high glucose-
induced NLRP3 inflammasome activation and
excessively released inflammatory factors were
dramatically abolished, indicating that
Omarigliptin might protect the HG-induced injury
on renal glomerular endothelial cells by activating
the AMPK/mTOR pathway. In our future work,
the participation of the AMPK/mTOR pathway
will be further confirmed by knocking down the
expression of AMPK in HrGECs. The therapeutic
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effects of Omarigliptin on DN will be further ver-
ified by administering the DN animal model with
an appropriate dosage of Omarigliptin.

Choosing a single type of cell model (HrGECs),
using only two doses of Omarigliptin (10 and
20 uM), and selecting the 24 hours are the limita-
tions of this study. DN is a long-term, chronic, and
multifactorial disease. The pathological mechanism
of which is complex. Several regulators have been
involved in the initiation and progression of DN. In
addition to high glucose, free fatty acids (FFAs)
levels are reported to be increased in the blood of
humans with T2D and mediate inflammatory cas-
cades transduction through activating the NF-
kB-dependent signaling pathway. Importantly,
FFAs are implicated as putative triggers of the
NLRP3 inflammasome [27]. Interestingly, another
study reported that insulin serves as a negative reg-
ulator of NLRP3 inflammasome activation by pre-
venting the assembly of the ASC [28]. However, the
precise molecular mechanisms regulating NLRP3
inflammasome are not completely understood and
are intensively debated. Therefore, conducting
in vivo studies with more doses of Omarigliptin
and longer duration to make a more comprehensive
interpretation about the clinical success of this drug,
determining the function of the glomerular filtration
barrier, and evaluating the clinical follow-up study
results together will provide more reliable results.

Conclusion

Our data, taken together, reveals that Omarigliptin
ameliorated HG-induced inflammation in renal
glomerular endothelial cells through suppressing
NLRP3 inflammasome activation mediated by the
AMPKa/mTOR signaling pathway.
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