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Abstract— ELABELA (ELA), a recently discovered peptide, is highly expressed in adult kidneys
and the endothelium system. It has been identified as a novel endogenous ligand for the apelin
receptor (APJ). This study aims to investigate the role of ELA in diabetic glomerular endothelial
pyroptosis and its underlying mechanism. Initially, a significant decrease in ELA mRNA levels
was observed in the renal cortex of db/db mice and high glucose—treated glomerular endothelial
cells (GECs). It was also found that ELA deficiency in ELA*'~ mice significantly acceler-
ated diabetic glomerular injury, as shown by exacerbated glomerular morphological damage,
increased serum creatine and blood urea nitrogen, and elevated 24-h urinary albumin excretion.
In addition, in vivo overexpression of ELA prevented diabetic glomerular injury, reduced von
Willebrand factor expression, restored endothelial marker CD31 expression, and attenuated the
production of adhesive molecules such as intercellular adhesion molecule-1 and vascular cell
adhesion molecule-1. Furthermore, in vitro studies confirmed that treatment with ELA inhibited
GEC injury by regulating the NOD-like receptor protein 3 (NLRP3) inflammasome, as indicated
by blocking NLRP3 inflammasome formation, decreasing cleaved Caspase-1 production, and
inhibiting interleukin-1p and interleukin-18 production. Moreover, in vitro experiments dem-
onstrated that the protective effects of ELA in GECs during hyperglycemia were diminished
by inhibiting adenosine monophosphate—activated protein kinase (AMPK) using Compound C
or by APJ deficiency. Taken together, this study provides the first evidence that ELA treatment
could prevent diabetic glomerular endothelial injury, which is partly mediated by the regulation
of the AMPK/NLRP3 signaling pathway. Therefore, pharmacologically targeting ELA may
serve as a novel therapeutic strategy for diabetic kidney disease.
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INTRODUCTION

Diabetic kidney disease (DKD) represents one of
the most common microvascular complications of both
type 1 and type 2 diabetes mellitus, which is the lead-
ing cause of end-stage renal disease (ESRD) in China.
Despite efforts to control serum glucose levels, manage
lipid levels, inhibit the renin-angiotensin system (RAS),
and utilize sodium-glucose co-transporter 2 inhibitors
(SGLT2is) and mineralocorticoid receptor antagonist
(MRA), the progression of DKD cannot be entirely
halted, leading many patients to eventually develop ESRD
[1-5]. Thus, there is an urgent need to explore the under-
lying mechanisms and discover novel approaches to cure

Recent evidence strongly indicates that glomerular
endothelial cell (GEC) injury plays a significant role in the
pathological development of microalbuminuria and glo-
merular sclerosis [6]. As the first layer of the glomerular
filtration barrier, endothelial cells are highly responsive
to changes in serum glucose levels. Hyperglycemia not
only increases the permeability of glomerular endothe-
lial cells and induces endothelial cell apoptosis, but also
exacerbates the excretion of cytokines and inflammatory
molecules [7].

Although there are various molecular mechanisms
underlying hyperglycemia-induced GEC dysfunction,
inflammasome activation plays a crucial role in the early
stages of DKD and contributes to progressive renal func-
tion damage [8]. Among the inflammasomes, the NOD-
like receptor protein 3 (NLRP3) inflammasome is the
most well-demonstrated. Upon hyperglycemic stimu-
lation, NLRP3 recruits and assembles with apoptosis-
associated speck-like protein containing a CARD (ASC)
and Caspase-1, resulting in the formation of the NLRP3
inflammasome complex. Subsequently, NLRP3 cleaves
pro-Caspase-1 into its active form, known as cleaved
Caspase-1, which is essential for the maturation of IL-1f
and IL-18, which then promotes immune cell recruitment
[9]. Additionally, adhesive molecules such as intercel-
lular adhesion molecule-1 (ICAM-1) and vascular cell
adhesion molecule-1 (VCAM-1) can be upregulated in
response to IL-1p and IL-18, which facilitate the trans-
migration of lymphocytes and contribute to renal inflam-
matory damage [10]. Based on these findings, targeting
the inflammatory process in GECs may represent a viable
strategy for the treatment of DKD.

Intriguingly, there has been growing interest in
identifying potential regulators that can mediate both
metabolic processes and inflammatory pathways. Previous

studies have highlighted adenosine monophosphate—activated
protein kinase (AMPK) as a crucial cellular energy sensor,
with its activity showing an inverse relationship with
increased inflammatory markers in obese individuals
[11]. For instance, the AMPK activator AICAR has been
shown to alleviate NLRP3 inflammasome activation and
subsequent production of IL-1f induced by palmitic acid
[12]. Moreover, metformin, a widely used medication for
type 2 diabetes, has been found to protect against myocardial
ischemia—reperfusion injury by regulating the AMPK/
NLRP3 inflammasome pathway [13]. Furthermore, the
dipeptidyl peptidase-4 (DPP-4) inhibitor omarigliptin has
been shown to diminish NLRP3 inflammasome formation
and excessive production of IL-18 and IL-1f through AMPK
activation in glucose-stressed GECs [14]. Thus, AMPK
represents a promising candidate for co-regulating metabolic
disease and inflammasome activation, making it a potential
therapeutic target for inflammatory processes [15].

The apelin system is an endogenous physiological
regulator in various diseases and consists of the apelin
receptor (APJ) and its two endogenous ligands, apelin
and ELABELA (ELA). ELA, the second ligand of APJ,
is predominantly found in adult kidneys and the endothe-
lium system [16]. Recent studies have revealed that ELA
enhances cardiac contractility, promotes vasodilation,
regulates fluid balance, and possesses anti-atherosclerotic
and anti-oxidative properties through its interaction with
the apelin receptor [17, 18]. Moreover, ELA gene therapy
was reported to preserve glomerular architecture, attenu-
ate renal fibrosis, and suppress the expression of fibrotic
molecules in the kidneys of hypertensive rodent mod-
els [19, 20]. Additionally, gene therapy involving ELA
was reported to improve endothelial cell function via the
ELA-APJ axis in human umbilical vein endothelial cell
(HUVEQC) lines [21].

Despite these revelations, it remains unclear
whether ELA has beneficial effects on diabetic models,
and the underlying mechanisms require further investi-
gation. Previous studies in our laboratory have shown
that ELA exhibits anti-inflammatory and anti-fibrotic
effects in DOCA/salt-induced hypertensive nephropathy
by inhibiting the formation and activation of the NLRP3
inflammasome [20]. Based on these findings, we believe
it is of great interest to investigate whether ELA could
also exert beneficial effects on DKD, particularly by tar-
geting the inflammatory processes occurring in GECs.
Therefore, the present study was designed to investigate
the role of ELA in diabetic glomerular endothelial cells
and the potential molecular mechanism involved.
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METHODS

Animals and Experiment Protocol

All the experiments were approved by the Animal
Care Committee of Zhejiang Chinese Medical University.
Heterozygous ELA knockout C57BL/6 (ELA™™) mice,
wild-type C57BL/6 mice, db/db mice on the C57BL/KsJ
background, and db/m littermates were used in this study.
The ELA heterozygous and wild-type C57BL/6 mice
were provided by GemPharmatech (Nanjing, China). The
genotyping figure of heterozygous ELA knockout mice
is shown in Supplementary Fig. 1. The primer informa-
tion was listed below. 5'arm F1: CCAGGGAGTCTTTCT
GTCTCCACT, R1: CTCGGGGTGATTCATATCCAGC;
3'arm F2: AGAAAATCAAGCTGTGGGAGGATG, R2:
CACTGGCCTTTTAGTGTAAGAACGC. The db/db
mice and db/m mice were purchased from the Animal
Model Research Center of Nanjing University. All the
mice were granted free access to water and received nor-
mal-chow diet, under standard laboratory conditions with
controlled temperature (22-25 °C), humidity (60%), and
12-h light/dark cycle conditions.

The 6-8-week ELA™~ heterozygous and wild-
type C57BL/6 mice were divided into three groups:
control 4+ wild-type group, STZ + wild-type group, and
STZ +ELA™~ group. After 1 week of adaptive feeding,
uninephrectomy was performed to accelerate the develop-
ment of DKD, as previously described [22]. Then, after
a 1-week recovery period, diabetes was induced in mice
by intraperitoneal injection of streptozotocin (STZ) at a
dose of 50 mg/kg for three consecutive days. In contrast,
mice in the control group received an equivalent volume
of citrate buffer. On day 7, mice with fasting blood glu-
cose > 12 mmol/L were considered diabetic and included
in the study for further analysis [22, 23].

Next, 6-8-week db/db mice were randomly divided
into control mice and ELA-overexpression mice (n=>5/
group). Similarly, the db/m mice were also randomly
divided into control mice and ELA-overexpression mice
groups (n=>5/group). Then, intrarenal transfection was
performed as previously described [24, 25]. Briefly, the
lentivirus expressing elabela (his-ELA-Iv) and negative
controls (NC-1v) were produced by Gene Pharma (Shang-
hai, China). After a week of adaptation, both db/m and
db/db mice were anesthetized with inhaled isoflurane.
Once fully anesthetized, a median ventral incision was
made to expose the kidneys and was exposed and injected
in three sites with his-ELA-lv or NC-1v (2 x 10° TU/kid-
ney) dilution with 100 pl sterile 0.9% sodium chloride
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solution. Studies had shown that lentiviral-mediated
protein expression in kidney parenchyma is significantly
upregulated within 2 days and maintained for more than
2 months [24].

During the experiments, the blood glucose levels
and body weight of the mice were measured weekly. For
sample collection, the mice were anesthetized with 2%
isoflurane, and blood samples were collected from the
heart to measure various parameters, including serum
glucose, serum creatinine, serum blood urea nitrogen
(BUN), urine glucose, and 24-h urinary albumin, using
a fully automatic biochemical analyzer (Hitachi, Japan).

Morphological and Immunohistochemical Analysis

Tissue sections were subjected to periodic acid-
Schiff (PAS) staining for morphological analysis. The
glomerular damage index (GDI) was evaluated by two
independent examiners blinded to the animal groups. GDI
scoring was based on the extent of glomerular damage,
as previously described [26]. The severity of lesions was
graded on a scale of 0 to 4, depending on the percentage
of glomerular involvement. The scoring criteria were as
follows: 0=no damage,1 =mild damage (less than 25%
of the glomerular area affected); 2 =moderate damage
(25-50% of the glomerular area affected); 3 =intermedi-
ate damage (50-75% of the glomerular area affected);
and 4 = severe damage (more than 75% of the glomerular
area affected). The average scores from multiple counted
glomeruli were used to calculate the glomerular damage
index for each animal. Immunohistochemical analysis
was conducted as previously described [20]. The primary
antibodies were ICAM-1 (1:200, Abcam) and VCAM-1
(1:200, Abways).

Immunofluorescence

Frozen kidney tissue sections with a thickness of
7 pm were fixed using acetone and permeabilized with
0.1% Triton X-100. Subsequently, the tissue sections were
incubated overnight at 4 °C with the following primary
antibodies: NLRP3 (1:200, Abcam), Caspase-1 (1:200,
Santa Cruz), CD31 (1:100, Abcam), von Willebrand fac-
tor (VWF) (1:100, Abcam). After incubation, the tissue
sections were washed and labeled with corresponding
secondary antibodies conjugated to Alexa Fluor-488
(1:500, Invitrogen) and Alexa Fluor-555 (1:500, CST)
for 1 h at room temperature. After further washing, the
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tissue sections were observed using a confocal laser scan-
ning microscope (Fluoview FV1000, Olympus, Japan).
Image Pro Plus software (version 6.0; Media Cybernetics,
Bethesda, MD) was used to analyze colocalization and
quantified as the Pearson correlation coefficient.

Cell Culture

The rat GECs used in this study were obtained from
Procell Life Science & Technology Company, Wuhan,
China (CP-R063). The GECs were isolated and cloned,
as previously reported [27]. Briefly, the renal cortex was
cut into 1 to 2 mm? thick fragments and filtered through
150- and 200-mesh steel sieves. Glomeruli collected in
the 200-mesh steel sieve were further processed. After
washing with serum-free DMEM, the glomeruli were
seeded in a culture flask pre-coated with 10 mg/ml col-
lagen I and a prepared endothelial cell medium. The
GECs were grown into a confluent monolayer during
the second week and were frozen for later use at passage
3 or 4. The characteristics of the GECs were kept such as
positive staining with CD31 [27]. The identification of
rat GECs is shown in Supplementary Fig. 1B. The GECs
were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM, Gibco) supplemented with 10% fetal bovine
serum (Gibco) and 1% antibiotics (100 IU/ml penicil-
lin—streptomycin) at 37 °C in a 5% CO, atmosphere until
used for further experiments.

Next, the GECs were pretreated with ELA peptide
(1 pmol/l, Phoenix Pharmaceuticals) for 1 h, as previ-
ously described [28, 29], followed by treatment with
high glucose (HG, 30 mmol/l, Sigma). In the mechani-
cal studies, the cells were pretreated with Compound
C (20 mmol/l, MCE), A-769662 (125 pmol/l, Abcam),
and AICAR (100 pmol/l, MCE) for 1 h, then stimulated
with high glucose for 24 h.

The shRNA Interference Technology and Small
Interfering RNA (siRNA) Transfection

The shRNA interference technology was used
to inhibit APJ expression in GECs. The GECs were
infected with lentivirus containing specific shRNA
against APJ (target sequence (GCTGATATCTTCATT
GCTAGC) or scrambled shRNA sequence (TTCTCC
GAACGTGTCACGT) as negative control (GeneP-
harma, Shanghai, China) for 12 h prior to treatment
with HG for additional 24 h.

AMPK siRNA and control siRNA were purchased
from GenePharma. The glomerular endothelial cells
were transfected with control siRNA or AMPK siRNA
duplex using Lipofectamine 2000 (Invitrogen). Cells
were harvested after 48 h transfection for further experi-
ments. Control sense: UUCUCCGAACGUGUCACG
UTT; siAMPK sense: GUGGCAGUUAAGAUCUUA
ATT (Table 1).

RNA Extraction and Quantitative Real-Time PCR

Quantitative real-time PCR was performed as
previously described [30]. The primers were designed
and synthesized by Tsingke Biotech Com (Shanghai,
China). The primer sets used in this study are shown in
Supplementary Table 1.

Western Blot Analysis

Western blot was performed as described previously
[20]. Briefly, the samples were incubated with primary
antibodies, including ICAM-1 (1:1000, Abways), VCAM-1
(1:1000, Abways), cleaved Caspase-1 (1:1000, Santa Cruz),
NLRP3 (1:1000, Abways), p-AMPK (1:1000, CST), AMPK
(1:1000, Affinity), APJ (1:1000, Proteintech) and p-actin
(1:2000, Abcam) at 4 °C overnight. After washing with
Tris-buffered saline, the membranes were incubated with
horseradish peroxidase—conjugated secondary antibody
(1:5000, Yeasen) at 37 °C for 1 h and visualized using the
Amersham Image Quant 800 imaging system (GE Health-
care). The ratios for the examined proteins were normalized
to B-actin and are expressed as the means + standard errors
of the mean (SEM).

ELISA Assay

The ICAM-1 and VCAM-1 levels in the supernatant of
GEC:s were assessed by enzyme-linked immunosorbent assay
(MLBio, China) following the manufacturer’s instructions.

Statistical Analysis

The data obtained are presented as means + SEM
(standard error of the mean). Statistical significance
was determined using either a two-tailed Student’s
t-test or ANOVA (analysis of variance) followed by a
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Table 1 Primers Used in This Work

Sequences (5’ to 3')

Sense Anti-sense
Rat-ELA GCGATGAGTCTCCTTTTTATCACG TGGGAAGGGCACTCGAGAAT
Rat-IL-1p TCGGCCAAGACAGGTCGCTCA TGGTTGCCCATCAGAGGCAAGG
Rat-IL-18 GGACTGGCTGTGACCCTATC TGTGTCCTGGCACACGTTTT
Rat-GAPDH GTCTTCACTACCATGGAGAAGG TCATGGATGACCTTGGCCAG
Mouse-ELA CAGAAACCAGTTAACTTTCCCAGG TGGGAAGGGCACTCGAGAAT
Mouse-GAPDH CTCCCACTCTTCCACCTTCG CCACCACCCTGTTGCTGTAG

Student—-Newman—Keuls post hoc test for multiple com-
parisons. Differences were considered significant for p
values <0.05.

RESULTS

ELA Deficiency Exacerbated Diabetic
Glomerular Injury Ir Vivo

As shown in Fig. 1A, the mRNA level of ELA was
approximately 50% lower in the cortex of mice with
STZ-induced diabetes. Next, the mRNA expression
of ELA was assessed in glucose-stressed GECs. After
HG stimulation, ELA mRNA expression was signifi-
cantly reduced at all time points examined (12-36 h),
with the lowest expression observed at 24 h. Nota-
bly, treatment with a high concentration of mannitol
(27.5 mM mannitol + 5.5 mM glucose) did not affect
the mRNA levels of ELA, suggesting that the effect
of HG on ELA expression was not solely due to high
osmotic pressure (Fig. 1B). To investigate the role of
ELA in the progression of DKD, ELA™~ mice were
used to observe renal injury in the STZ-induced model.
As shown in Fig. 1C, a successful knockdown of ELA
mRNA expression (approximately 65% decrease) was
observed. Serum glucose and urinary glucose levels
were comparable between STZ-injected ELA*~ mice
and wild-type mice, and both groups exhibited similar
degrees of weight loss (Fig. S2). However, ELAY~ dia-
betic mice displayed significantly elevated levels of
serum creatinine, serum BUN and 24-h urinary albu-
min compared to wild-type diabetic mice (Fig. 1D-F).
Furthermore, ELA knockdown exacerbated abnormal
glomerular damage, characterized by severe capillary
collapse, increased mesangial cell expansion, enhanced

extracellular matrix accumulation, and collagen deposi-
tion (Fig. 1G). The glomerular damage index (GDI) was
higher in ELA knockdown diabetic mice compared to
wild-type diabetic mice (Fig. 1H).

ELA Opverexpression Decreased Serum
Creatinine, Serum BUN, 24-h Urinary Albumin,
and Glomerular Endothelial Injury in db/db Mice

To further investigate the beneficial role of ELA
in vivo, we performed intrarenal transfection of ELA
lentivirus or NC lentivirus in the renal cortex of dif-
ferent groups. After a 12-week normal diet, the mRNA
expression of ELA was assessed in the renal cortex.
As depicted in Fig. 2A, the mRNA level of ELA was
approximately 80% lower in the cortex of db/db mice
compared to db/m mice. However, after intrarenal trans-
fection of ELA lentivirus, the mRNA expression of
ELA was significantly increased in both the db/m +NC
group and the db/db + NC group. Figure S3A-C show
that blood glucose levels, urinary glucose levels, and
body weight were significantly elevated in db/db mice
compared to control mice. However, no significant dif-
ference was observed in db/db mice with or without
ELA lentivirus transfection, indicating that ELA did
not affect these parameters in the diabetic mice. Fur-
thermore, serum creatinine, sesrum BUN, and 24-h total
urinary albumin levels were significantly increased in
untreated db/db mice compared to control mice. How-
ever, when ELA lentivirus was transfected into db/db
mice, these increases in serum creatinine, serum BUN,
and urinary albumin were alleviated (Fig. 2B-D).
Furthermore, the db/db mice exhibited abnormal glo-
merular morphology, characterized by capillary col-
lapse, mesangial cell expansion, extracellular matrix
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Fig. 1 ELA deficiency exacerbates diabetic glomerular injury in vivo. A ELA mRNA expression in the cortex of STZ-induced mice (N=5). B ELA
mRNA expression on HG or MA treatment in GECs (N=6). C The mRNA level of ELA in the kidney of heterozygous ELA knockdown C57BL/6
mice (ELA*") compared to WT ones (N=>5). *P<0.05 versus wild-type group. D-F Serum creatine, serum BUN, and 24-h urinary albumin in
wild-type mice and ELA KD mice (N=5). G Representative photomicrograph showing glomerular structures (PAS staining) and the summarized
glomerular damage index (GDI) in different groups (N=5). *P <0.05, **P <0.01, ***P <0.001.
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accumulation, and collagen deposition. The GDI was
approximately twice as high in db/db mice compared
to db/m mice. In contrast, the deterioration of glomeru-
lar morphology was significantly diminished in db/db
mice after treatment with ELA (Fig. 2E-F). Moreover,
the expression of CD31, a classic endothelial marker,
was significantly decreased in db/db mice, indicating
the loss of glomerular capillaries. Additionally, hyper-
glycemic stress contributed to endothelial injury, as
evidenced by a marked increase in the expression of
vWF. However, treatment with ELA significantly pre-
served CD31 expression and alleviated vWF expres-
sion in db/db mice. Quantification of fluorescence
intensity from CD31 and vWF staining is summarized
in Fig. 2G. Moreover, the expression of ICAM-1 and
VCAM-1 was markedly increased in the glomeruli of
db/db mice compared to control mice, suggesting an
enhanced adhesive function in the glomeruli of db/
db mice. However, ELA overexpression alleviated the
expression of ICAM-1 and VCAM-1 in the glomeruli
of diabetic mice (Fig. 2H).

ELA Overexpression Prevented NLRP3
Inflammasome Activation in GECs of db/db Mice

Previous studies conducted in our laboratory
demonstrated that ELA treatment suppressed NLRP3
inflammasome formation and improved inflammatory
responses in aldosterone-induced HK?2 cells [20]. To
investigate the potential anti-inflammatory role of ELA
in GECs, we first examined whether NLRP3 inflamma-
some formation and activation were involved in diabe-
tes-induced GECs in vivo. As shown in Fig. 3A, hyper-
glycemia significantly increased the colocalization of
NLRP3 with Caspase-1 in the glomeruli of db/db mice
compared to control mice, indicating the formation of
NLRP3 inflammasomes in diabetic mice. However, the
administration of ELA substantially blocked NLRP3
inflammasome formation in the glomeruli. The quan-
tification of NLRP3 colocalization was determined
using Pearson’s correlation coefficient. Furthermore,
while the expression of the endothelial marker CD31
was relatively reduced in the glomeruli of db/db mice
compared to control mice, the colocalization of NLRP3
with CD31 was significantly increased, indicating
increased glomerular endothelial NLRP3 expression.
Interestingly, overexpression of ELA attenuated glo-
merular endothelial NLRP3 expression (Fig. 3B).

Exogenous ELA Treatment Alleviated
Glucose-Stressed Inflammatory Actions
by Blocking NLRP3 Inflammasome
Activation in vitro

To further investigate the role of ELA in HG-treated
GECs, a series of tests were performed with or without
ELA peptide pretreatment. We first determined the effects
of ELA on adhesive molecules ICAM-1 and VCAM-1
excretion using a commercial kit. The results showed that
ELA pretreatment significantly attenuated the elevated
excretion of ICAM-1 and VCAM-1 in HG-treated GECs
(Fig. 4A-B). Similarly, the protein expression of ICAM-1
and VCAM-1 in GECs, induced by HG stimulation, was
significantly reduced by ELA pretreatment (Fig. 4C). Next,
the formation and activation of the NLRP3 inflammasome
were assessed in HG-treated GECs with or without ELA
pretreatment. As shown in Fig. 4D, HG treatment enhanced
the colocalization (yellow spots) of NLRP3 (green spots)
and Caspase-1 (red spots) compared to the control group,
indicating NLRP3 inflammasome formation in GECs.
However, this strengthened colocalization could be blocked
by ELA treatment. Consistently, ELA pretreatment alle-
viated the increased production of NLRP3 and cleaved
Caspase-1 induced by HG stimulation in GECs (Fig. 4E).
Additionally, ELA pretreatment attenuated the increased
mRNA production of IL-1f and IL-18 in HG-treated GECs
(Fig. 4F-G). These findings suggest that exogenous ELA
pretreatment improved HG-induced inflammatory pro-
cesses by blocking NLRP3 inflammasome activation in
cultured GECs.

ELA Inhibited NLRP3 Inflammasome
Activation in an AMPK-Dependent
Manner in Glucose-Stressed GECs

Previous studies have shown that AMPK activation
can alleviate NLRP3 activation in individuals with diabe-
tes [31, 32]. To further explore whether AMPK phospho-
rylation is involved in the anti-inflammatory effects of
ELA, we assessed AMPK activity in HG-treated GECs
with or without ELA pretreatment. It was observed that
HG stimulation led to a decrease in the p-AMPK/AMPK
ratio, which was ameliorated by exogenous ELA pre-
treatment in vitro (Fig. 5A). To investigate whether the
anti-inflammatory effects of ELA are mediated through
AMPK, we used the AMPK inhibitor Compound C or
AMPK siRNA to verify the underlying mechanism. In
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HG-treated GECs, ELA significantly attenuated the Consistently, ELA treatment significantly prevented
production of ICAM-1 and VCAM-1, as well as the HG-induced IL-18 and IL-1p mRNA expression, while
expression of NLRP3 and cleaved Caspase-1. How- Compound C pretreatment diminished the effects of ELA
ever, pretreatment with Compound C partially reversed in GECs (Fig. 5SD-E). In addition, genetic inhibition of
the anti-inflammatory effects of ELA (Fig. 5B-C). AMPK via AMPK siRNA was also performed in GECs
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(Fig. S4A). As shown in Fig. S4B, the expression of
NLRP3 and cleaved Caspase-1 in the ELA +siAMPK
group was increased compared with the ELA + siNC
group. Moreover, we examined the production of ICAM-
1, VCAM-1, NLRP3, and cleaved Caspase-1 in GECs
with or without the AMPK activator AICAR treat-
ment. The results showed that HG-induced elevation
of ICAM-1, VCAM-1, NLRP3, and cleaved Caspase-1

expression was attenuated in both the HG +ELA group
and the HG + ELA + AICAR group. However, there
were no significant differences between these two
groups (Fig. 5SF-G). We also performed another selec-
tive AMPK activator A769662. Similarly, there were
no significant differences between the HG + ELA group
and the HG+ELA 4+ A769662 group on the expression
of NLRP3 and cleaved Caspase-1 (Fig. S4C). Taken
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together, these results demonstrate that ELA exerts its
beneficial effects on HG-induced GEC injury by regulat-
ing the AMPK/NLRP3 pathway.

ELA-Exerted Effects on the Regulation
of AMPK/NLRP3 Pathway Are
Dependent on APJ

ELA was reported to be the second endogenous
ligand for the apelin receptor. Thus, we explored
whether ELA depended on its receptor APJ to regulate
the AMPK/NLRP3 pathway in glucose-stressed GECs.
To explore this, we performed APJ knockdown (KD)
experiments in GECs and confirmed the efficiency of

APJ knockdown through real-time PCR and immunob-
lotting (Fig. 6A-B). Interestingly, in the APJ KD cells,
the HG-induced elevation of ICAM-1 and VCAM-1
expression could not be suppressed by ELA (Fig. 6C).
Furthermore, ELA had no significant effects on NLRP3
and cleaved Caspase-1 expression in APJ KD cells
(Fig. 6D). In addition, ELA exerted no effects on the
p-AMPK/AMPK ratio in APJ KD cells (Fig. S5). These
results confirm that the anti-inflammatory effects of
ELA in GECs may rely on the presence of its receptor
APJ, suggesting the involvement of the ELA/APJ axis
in the regulation of the AMPK/NLRP3 pathway. The
potential molecular mechanisms of ELA are summa-
rized in Fig. 6E.
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«Fig. 6 The ELA/APJ axis regulates the AMPK/NLRP3 pathway in
glucose-stressed GECs in vitro. A, B APJ knockdown was conducted
by the transfection of lentivirus in GECs and confirmed by RT-PCR
and Western blot. C, D Representative Western blot and summarized
data showing the expression of ICAM-1, VCAM-1, NLRP3, and cle-
Caspase 1 in APJKD cells (N=4). E Potential mechanism of ELA on
diabetic glomerular endothelial injury. In DKD or HG-treated GECs,
ELA/APJ axis improves AMPK activity, blocks NLRP3 inflamma-
some activation, and attenuates inflammatory cytokines and adhesive
molecules. *P <0.05, **P<0.01, ***P<0.001.

DISCUSSION

This present study explored the potential beneficial
effects of ELA on GECs under hyperglycemic conditions
and the underlying mechanisms. By investigating the
triggering mechanisms of glomerular endothelial injury
caused by elevated glucose levels, we aimed to enhance
our understanding of DKD and provide valuable insights
for the development of new therapeutic strategies.

Previous studies have indicated that serum ELA
levels are lower in diabetic patients compared to healthy
individuals, and decreased ELA levels are associated
with advanced albuminuria and kidney damage in
diabetic patients with microalbuminuria [33]. In this
present study, we observed significantly decreased ELA
mRNA levels in the cortex of STZ-induced diabetic mice
and glucose-stressed glomerular endothelial cells. To
further investigate the role of ELA in DKD, we utilized
heterozygous ELA knockout mice, which is considered a
useful model. However, it was reported that loss of the
elabela gene in mice may cause low penetrance embryonic
lethality and defects [34]. Thus, we used heterozygous
ELA knockout (ELA*~) mice in this work. Compared
with wild-type diabetic mice, ELA*~ diabetic mice
exhibited elevated serum creatinine and BUN, as well
as increased 24-h total urinary albumin. Furthermore,
ELA deficiency exacerbated diabetes-induced glomerular
morphological damage, thus demonstrating that ELA may
exert an important role in DKD. To further confirm this,
ELA overexpression lentivirus was transfected into the
renal cortex of db/db mice. The ELA gene therapy not
only alleviated glomerular morphological changes but
also restored endothelial marker CD 31 in db/db mice.
Furthermore, ELA administration attenuated adhesive
molecules ICAM-1 and VCAM-1 expression under
hyperglycemia. Intriguingly, Xu et al. [17] found that
exogenous ELA-32 administration significantly attenuated
ICAM-1 and VCAM-1 mRNA expression in high-salt-
loaded Dahl salt-sensitive (SS) rats. Collectively, these
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findings suggest that ELA may play an anti-inflammatory
role in diabetic glomerular endothelial injury.

Given that the expression and synthesis of ICAM-1
and VCAM-1 can be upregulated in response to the pro-
inflammatory cytokines IL-1f and IL-18 secreted from
inflammasomes in various types of renal resident cells
[10], we further investigated the upstream signaling
pathway through which ELA exerts its effects on the
inflammatory process in diabetic glomerular endothe-
lial cells. The NLRP3 inflammasome has been reported
to play a crucial role in initiating inflammatory actions
and the production of pro-inflammatory cytokines in
DKD [35]. Therefore, we first examined the activation
of the glomerular endothelial NLRP3 inflammasome in
db/db mice with or without ELA administration. Herein,
ELA administration alleviated the colocalization of
NLRP3 with Caspase-1 and the expression of glomeru-
lar endothelial NLRP3 protein in db/db mice, indicating
the blockade of glomerular endothelial NLRP3 inflam-
masome formation and activation. Similarly, previous
studies have demonstrated that apelin, the first ligand
of APJ, attenuates NLRP3 inflammasome activation in
rodent models of acute lung injury, cardiomyopathy,
and subarachnoid hemorrhage [36-38]. Taken together,
ELA may inhibit diabetic glomerular endothelial NLRP3
inflammasome activation.

We further investigated the mechanisms via which
ELA regulates the NLRP3 inflammasome in diabetic
glomerular endothelial cells (GECs). Previous stud-
ies have reported that the apelin/APJ axis can activate
AMPK pathways through engagement with heterotrim-
eric G proteins (Gq), promoting glucose utilization and
glucose homeostasis [39]. Additionally, the apelin/APJ
axis has been shown to inhibit inflammasome formation
by activating AMPK in various experimental conditions,
including subarachnoid hemorrhage and respiratory dis-
ease [38, 40]. Therefore, we investigated the effects of
ELA on AMPK activity regulation, particularly in the
context of DKD. Our results demonstrated that ELA
treatment restored AMPK phosphorylation levels in
GECs during hyperglycemia. Furthermore, the AMPK
inhibitor, Compound C, reversed the beneficial effects
of ELA and upregulated the expression of NLRP3 and
inflammatory cytokines. Consistently, we found no sig-
nificant difference in the cellular inflammatory response
between the HG + ELA group with or without AMPK
activator treatment. These findings suggest that ELA
may reduce NLRP3 inflammasome activation in an
AMPK-dependent manner.
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Although accumulating evidence elucidated that
AMPK phosphorylation acted as the key factor in the
negative regulation of diabetes-induced inflammatory
response. However, the precise mechanisms of AMPK
phosphorylation on negative regulation of NLRP3
inflammasome activation still remain elusive. It has been
reported that AMPKa, an upstream kinase of phosphoryl-
ated Akt and eNOS, negatively regulates the generation
of reactive oxygen species (ROS) induced by free fatty
acids in mitochondria [41]. Previous studies suggested
that ROS may trigger NLRP3 formation and activation
[42]. Furthermore, AMPK activation leads to phospho-
rylation and degradation of TXNIP, which further sup-
presses NLRP3 inflammasome activation [43]. Thus,
AMPK activation may suppress NLRP3 inflammasome
activation via multiple signaling pathways, such as block-
ade of ROS generation in mitochondria and phosphoryla-
tion and degradation of TXNIP.

Furthermore, we investigated whether ELA
exerted beneficial effects through its receptor APJ,
which is widely expressed in various tissues, includ-
ing the kidneys, in rodents and humans [44]. Within
the kidney, APJ is localized in the renal cortex and vas-
culature [45]. Previous studies have demonstrated that
ELA exerts beneficial roles in hypertension, heart fail-
ure, and cardiac damage by binding to its receptor APJ
[28, 46, 47]. However, it is still unclear whether ELA
exerts its effects on kidney resident cells through APJ.
Chen et al. [48] found that higher concentrations of ELA
peptides (0.3 and 3 mM) could induce APJ endocytosis
in cultured renal tubular cells, whereas lower concen-
trations of ELA peptides did not exert such an effect.
Our results showed that HG-induced elevation of adhe-
sive molecules and inflammatory cytokines could not
be suppressed by ELA pretreatment in the APJ knock-
down cells, indicating that ELA’s protective effects and
regulation of the AMPK/NLRP3 pathway in glomerular
endothelial cells may depend on its receptor APJ. The
diverse phenomena observed may be due to different
kidney resident cells and different dosages of ELA,
which require further exploration and investigation.

Although our present work verified the value
of ELA in a novel mechanism mediated via the sup-
pression of the AMPK/NLRP3 pathway, there were
limitations that should be clarified. First, we could
not directly detect ELA protein expression due to the
lack of commercial and specific antibodies for ELA.
Second, although ELA is primarily expressed in the
endothelium system, ELA may exert its protective

effects on different resident cells in DKD through cell-
to-cell crosstalk. However, our study focused only on
the beneficial effects of ELA in glomerular endothe-
lial cells. Therefore, future studies should investigate
the roles of ELA in other cell types relevant to DKD
to provide a more comprehensive understanding of its
mechanisms of action.

CONCLUSIONS

In conclusion, our study provides clear evidence
that the ELA/API axis exerts beneficial effects on diabetic
glomerular endothelial injury by regulating the AMPK/
NLRP3 signaling pathway, highlighting the potential
therapeutic implications of modulating this signaling
pathway for the treatment of DKD.

SUPPLEMENTARY INFORMATION

The online version contains supplementary material available at
https://doi.org/10.1007/s10753-023-01882-7.

AUTHOR CONTRIBUTION

Conceptualization: Z. D. C. and C. Z. Acquisition, analysis, or
interpretation of data: Z. D.C.,Z. W., Y.P.H, H.B.L,L. Y., J. K,
YKZ,BBH, TKL,XNZ,QYY,SY,S YW, and
Q. Z. Drafting the work: Z. D. C. and Z. W. Supervised the entire
project: C. Z. Final approval of the manuscript: all authors reviewed
and approved the final manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation of China (82070833, 82100748, 82000767), the Natu-
ral Science Foundation of Zhejiang Province (LQ22H050005,
LQ23H070003), and the Zhejiang Provincial Key Research &
Development Program (2021C03070).

AVAILABILITY OF DATA AND MATERIALS

The dataset supporting the conclusions of this article is included
within the article.

DECLARATIONS

Conflict of Interest The authors declare no conflict of
interests.


https://doi.org/10.1007/s10753-023-01882-7

ELABELA/APJ Axis Prevents Diabetic Glomerular...

Open Access This article is licensed under a Creative
Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and repro-
duction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third
party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in
a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.

REFERENCES

1. Bakris, G.L., R. Agarwal, S.D. Anker, B. Pitt, L.M. Ruilope, P.
Rossing, et al. 2020. Effect of finerenone on chronic kidney disease
outcomes in type 2 diabetes. New England Journal of Medicine
383(23): 2219-2229. https://doi.org/10.1056/NEJM0a2025845.

2. Barrera-Chimal, J., S. Girerd, and F. Jaisser. 2019. Mineralocor-
ticoid receptor antagonists and kidney diseases: Pathophysiologi-
cal basis. Kidney International 96(2): 302-319. https://doi.org/10.
1016/j.kint.2019.02.030.

3. DeFronzo, R.A., W.B. Reeves, and A.S. Awad. 2021. Pathophysi-
ology of diabetic kidney disease: Impact of SGLT?2 inhibitors.
Nature Reviews. Nephrology 17(5): 319-334. https://doi.org/10.
1038/s41581-021-00393-8.

4. Gregg, E'W.,, Y. Li, J. Wang, N.R. Burrows, M.K. Ali, D. Rolka,
et al. 2014. Changes in diabetes-related complications in the
United States, 1990-2010. New England Journal of Medicine
370(16): 1514-1523. https://doi.org/10.1056/NEJMoal310799.

5. Zoungas, S., H. Arima, H.C. Gerstein, R.R. Holman, M. Woodward,
P. Reaven, et al. 2017. Effects of intensive glucose control on micro-
vascular outcomes in patients with type 2 diabetes: A meta-analysis
of individual participant data from randomised controlled trials. The
Lancet Diabetes and Endocrinology 5(6): 431-437. https://doi.org/
10.1016/S2213-8587(17)30104-3.

6. Dei Cas, A., and L. Gnudi. 2012. VEGF and angiopoietins in dia-
betic glomerulopathy: How far for a new treatment? Metabolism
61(12): 1666-1673. https://doi.org/10.1016/j.metabol.2012.04.004.

7. Dou, L., and N. Jourde-Chiche. 2019. Endothelial toxicity of high
glucose and its by-products in diabetic kidney disease. Toxins
(Basel) 11(10). https://doi.org/10.3390/toxins11100578.

8. Lin, J., A. Cheng, K. Cheng, Q. Deng, S. Zhang, Z. Lan, et al.
2020. New insights into the mechanisms of pyroptosis and impli-
cations for diabetic kidney disease. International Journal of
Molecular Sciences 21(19). https://doi.org/10.3390/ijms21197057.

9. Tschopp, J., and K. Schroder. 2010. NLRP3 inflammasome acti-
vation: The convergence of multiple signalling pathways on ROS
production? Nature Reviews Immunology 10(3): 210-215. https://
doi.org/10.1038/nri2725.

10. Coimbra, T.M., U. Janssen, H.J. Grone, T. Ostendorf, U. Kunter, H.
Schmidt, et al. 2000. Early events leading to renal injury in obese
Zucker (fatty) rats with type II diabetes. Kidney International

12.

14.

15.

16.

17.

18.

20.

21.

22.

2357

57(1): 167-182. https://doi.org/10.1046/j.1523-1755.2000.
00836.x.

Gauthier, M.S., E.L. O’Brien, S. Bigornia, M. Mott, J.M. Cacicedo,
X.J. Xu, et al. 2011. Decreased AMP-activated protein kinase activ-
ity is associated with increased inflammation in visceral adipose
tissue and with whole-body insulin resistance in morbidly obese
humans. Biochemical and Biophysical Research Communications
404(1): 382-387. https://doi.org/10.1016/j.bbrc.2010.11.127.
Wen, H., D. Gris, Y. Lei, S. Jha, L. Zhang, M.T. Huang, et al.
2011. Fatty acid-induced NLRP3-ASC inflammasome activa-
tion interferes with insulin signaling. Nature Immunology 12(5):
408-415. https://doi.org/10.1038/ni.2022.

Zhang, J., L. Huang, X. Shi, L. Yang, F. Hua, J. Ma, et al. 2020.
Metformin protects against myocardial ischemia-reperfusion
injury and cell pyroptosis via AMPK/NLRP3 inflammasome
pathway. Aging (Albany NY) 12(23): 24270-24287. https://doi.
org/10.18632/aging.202143.

Li, L., K. Qian, Y. Sun, Y. Zhao, Y. Zhou, Y. Xue, et al. 2021.
Omarigliptin ameliorated high glucose-induced nucleotide oligomeri-
zation domain-like receptor protein 3 (NLRP3) inflammasome activa-
tion through activating adenosine monophosphate-activated protein
kinase alpha (AMPKalpha) in renal glomerular endothelial cells.
Bioengineered 12(1): 4805-4815. https://doi.org/10.1080/21655979.
2021.1957748.

Lyons, C.L., and H.M. Roche. 2018. Nutritional modulation
of AMPK-impact upon metabolic-inflammation. International
Journal of Molecular Sciences 19(10). https://doi.org/10.3390/
ijms19103092.

Wang, Z., D. Yu, M. Wang, Q. Wang, J. Kouznetsova, R. Yang,
et al. 2015. Elabela-apelin receptor signaling pathway is functional
in mammalian systems. Science and Reports 5: 8170. https://doi.
org/10.1038/srep08170.

Xu, C., F. Wang, Y. Chen, S. Xie, D. Sng, B. Reversade, et al.
2020. ELABELA antagonizes intrarenal renin-angiotensin system
to lower blood pressure and protects against renal injury. Ameri-
can Journal of Physiology. Renal Physiology 318(5): F1122—
F1135. https://doi.org/10.1152/ajprenal.00606.2019.

Xu, J., L. Chen, Z. Jiang, and L. Li. 2018. Biological functions of
Elabela, a novel endogenous ligand of APJ receptor. Journal of
Cellular Physiology 233(9): 6472—6482. https://doi.org/10.1002/
jcp.26492.

Schreiber, C.A., S.J. Holditch, A. Generous, and Y. Ikeda. 2017.
Sustained ELABELA gene therapy in high-salt diet-induced
hypertensive rats. Current Gene Therapy 16(5): 349-360. https://
doi.org/10.2174/1566523217666161121111906.

Chen, Z., C. Wu, Y. Liu, H. Li, Y. Zhu, C. Huang, et al. 2020.
ELABELA attenuates deoxycorticosterone acetate/salt-induced
hypertension and renal injury by inhibition of NADPH oxidase/
ROS/NLRP3 inflammasome pathway. Cell Death & Disease
11(8): 698. https://doi.org/10.1038/s41419-020-02912-0.

Wang, X., G. Liang, Q. Guo, W. Cai, X. Zhang, J. Ni, et al. 2020.
ELABELA improves endothelial cell function via the ELA-APJ
axis by activating the PI3K/Akt signalling pathway in HUVECs
and EA.hy926 cells. Clinical and Experimental Pharmacology
and Physiology 47(12): 1953-1964. https://doi.org/10.1111/1440-
1681.13382.

Wang, Z., Z. Chen, X. Wang, Y. Hu, J. Kong, J. Lai, et al. 2022b.
Sappanone a prevents diabetic kidney disease by inhibiting kidney
inflammation and fibrosis via the NF-kappaB signaling pathway.
Frontiers in Pharmacology 13: 953004. https://doi.org/10.3389/
fphar.2022.953004.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1056/NEJMoa2025845
https://doi.org/10.1016/j.kint.2019.02.030
https://doi.org/10.1016/j.kint.2019.02.030
https://doi.org/10.1038/s41581-021-00393-8
https://doi.org/10.1038/s41581-021-00393-8
https://doi.org/10.1056/NEJMoa1310799
https://doi.org/10.1016/S2213-8587(17)30104-3
https://doi.org/10.1016/S2213-8587(17)30104-3
https://doi.org/10.1016/j.metabol.2012.04.004
https://doi.org/10.3390/toxins11100578
https://doi.org/10.3390/ijms21197057
https://doi.org/10.1038/nri2725
https://doi.org/10.1038/nri2725
https://doi.org/10.1046/j.1523-1755.2000.00836.x
https://doi.org/10.1046/j.1523-1755.2000.00836.x
https://doi.org/10.1016/j.bbrc.2010.11.127
https://doi.org/10.1038/ni.2022
https://doi.org/10.18632/aging.202143
https://doi.org/10.18632/aging.202143
https://doi.org/10.1080/21655979.2021.1957748
https://doi.org/10.1080/21655979.2021.1957748
https://doi.org/10.3390/ijms19103092
https://doi.org/10.3390/ijms19103092
https://doi.org/10.1038/srep08170
https://doi.org/10.1038/srep08170
https://doi.org/10.1152/ajprenal.00606.2019
https://doi.org/10.1002/jcp.26492
https://doi.org/10.1002/jcp.26492
https://doi.org/10.2174/1566523217666161121111906
https://doi.org/10.2174/1566523217666161121111906
https://doi.org/10.1038/s41419-020-02912-0
https://doi.org/10.1111/1440-1681.13382
https://doi.org/10.1111/1440-1681.13382
https://doi.org/10.3389/fphar.2022.953004
https://doi.org/10.3389/fphar.2022.953004

2358

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Zheng, C., L. Huang, W. Luo, W. Yu, X. Hu, X. Guan, et al.
2019. Inhibition of STAT3 in tubular epithelial cells prevents
kidney fibrosis and nephropathy in STZ-induced diabetic mice.
Cell Death & Disease 10(11): 848. https://doi.org/10.1038/
$41419-019-2085-0.

Liu, M., K. Liang, J. Zhen, M. Zhou, X. Wang, Z. Wang, et al.
2017. Sirt6 deficiency exacerbates podocyte injury and proteinuria
through targeting Notch signaling. Nature Communications 8(1):
413. https://doi.org/10.1038/s41467-017-00498-4.

Yang, H., T. Xie, D. Li, X. Du, T. Wang, C. Li, et al. 2019. Tim-3
aggravates podocyte injury in diabetic nephropathy by promoting
macrophage activation via the NF-kappaB/TNF-alpha pathway.
Molecular Metabolism 23: 24-36. https://doi.org/10.1016/j.mol-
met.2019.02.007.

Wu, C., Z. Chen, L. Zhang, Y. Zhu, M. Deng, C. Huang, et al.
2021. Sodium butyrate ameliorates deoxycorticosterone acetate/
salt-induced hypertension and renal damage by inhibiting the MR/
SGKI1 pathway. Hypertension Research 44(2): 168-178. https://
doi.org/10.1038/s41440-020-00548-3.

Zhang, Y., K.L. Ma, Y.X. Gong, G.H. Wang, Z.B. Hu, L. Liu,
et al. 2018. Platelet microparticles mediate glomerular endothe-
lial injury in early diabetic nephropathy. Journal of the American
Society of Nephrology 29(11): 2671-2695. https://doi.org/10.1681/
ASN.2018040368.

Zhang, Z.,J. Tang, J. Song, M. Xie, Y. Liu, Z. Dong, et al. 2022.
Elabela alleviates ferroptosis, myocardial remodeling, fibrosis and
heart dysfunction in hypertensive mice by modulating the IL-6/
STAT3/GPX4 signaling. Free Radical Biology & Medicine 181:
130-142. https://doi.org/10.1016/j.freeradbiomed.2022.01.020.
Chen, D., W. Yu, C. Zhong, Q. Hong, G. Huang, D. Que, et al. 2022.
Elabela ameliorates doxorubicin-induced cardiotoxicity by pro-
moting autophagic flux through TFEB pathway. Pharmacological
Research 178: 106186. https://doi.org/10.1016/j.phrs.2022.106186.
Zhang, L., M. Deng, A. Lu, Y. Chen, Y. Chen, C. Wu, et al. 2019.
Sodium butyrate attenuates angiotensin II-induced cardiac hyper-
trophy by inhibiting COX2/PGE2 pathway via a HDAC5/HDAC6-
dependent mechanism. Journal of Cellular and Molecular Medi-
cine 23(12): 8139-8150. https://doi.org/10.1111/jcmm.14684.
Chen, J., Y. Yang, Z. Lv, A. Shu, Q. Du, W. Wang, et al. 2020a. Study
on the inhibitive effect of Catalpol on diabetic nephropathy. Life Sci-
ence 257: 118120. https://doi.org/10.1016/j.1f5.2020.118120.

Yang, F., Y. Qin, Y. Wang, S. Meng, H. Xian, H. Che, et al. 2019.
Metformin inhibits the NLRP3 inflammasome via AMPK/mTOR-
dependent effects in diabetic cardiomyopathy. International Jour-
nal of Biological Sciences 15(5): 1010-1019. https://doi.org/10.
7150/ijbs.29680

Onalan, E., Y. Dogan, E. Onalan, N. Gozel, 1. Buran, and E.
Donder. 2020. Elabela levels in patients with type 2 diabetes: Can
it be a marker for diabetic nephropathy? African Health Sciences
20(2): 833-840. https://doi.org/10.4314/ahs.v20i2.37.

Freyer, L., C.W. Hsu, S. Nowotschin, A. Pauli, J. Ishida, K. Kuba, et al.
2017. Loss of apela peptide in mice causes low penetrance embryonic
lethality and defects in early mesodermal derivatives. Cell Reports
20(9): 2116-2130. https://doi.org/10.1016/j.celrep.2017.08.014.
Tang, S.C.W., and W.H. Yiu. 2020. Innate immunity in dia-
betic kidney disease. Nature Reviews. Nephrology 16(4): 206—
222. https://doi.org/10.1038/s41581-019-0234-4.

Luo, Q., G. Liu, G. Chen, D. Guo, L. Xu, M. Hang, et al. 2018.
Apelin protects against sepsisinduced cardiomyopathy by inhibit-
ing the TLR4 and NLRP3 signaling pathways. International Jour-
nal of Molecular Medicine 42(2): 1161-1167. https://doi.org/10.
3892/ijmm.2018.3665.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Chen, Wang, Hu, Lin, Yin, Kong, Zhang, Hu, Li, Zheng, Yang, Ye, Wang, Zhou and Zheng

Zhang, H., S. Chen, M. Zeng, D. Lin, Y. Wang, X. Wen, et al.
2018. Apelin-13 administration protects against LPS-induced
acute lung injury by inhibiting NF-kappaB pathway and NLRP3
inflammasome activation. Cellular Physiology and Biochemistry
49(5): 1918-1932. https://doi.org/10.1159/000493653.

Xu, W., T. Li, L. Gao, J. Zheng, J. Yan, J. Zhang, et al. 2019.
Apelin-13/APJ system attenuates early brain injury via suppres-
sion of endoplasmic reticulum stress-associated TXNIP/NLRP3
inflammasome activation and oxidative stress in a AMPK-
dependent manner after subarachnoid hemorrhage in rats. Jour-
nal of Neuroinflammation 16(1): 247. https://doi.org/10.1186/
$12974-019-1620-3.

Dray, C., C. Knauf, D. Daviaud, A. Waget, J. Boucher, M.
Buleon, et al. 2008. Apelin stimulates glucose utilization in
normal and obese insulin-resistant mice. Cell Metabolism 8(5):
437-445. https://doi.org/10.1016/j.cmet.2008.10.003.

Yan, J., A. Wang, J. Cao, and L. Chen. 2020. Apelin/APJ system:
An emerging therapeutic target for respiratory diseases. Cellular
and Molecular Life Sciences 77(15): 2919-2930. https://doi.org/
10.1007/s00018-020-03461-7.

Xing, J.LH., R. Li, Y.Q Gao, M.Y. Wang, Y.Z. Liu, J. Hong, et al.
2019. NLRP3 inflammasome mediate palmitate-induced endothe-
lial dysfunction. Life Science 239: 116882. https://doi.org/10.
1016/.1fs.2019.116882.

Zhou, R., A.S. Yazdi, P. Menu, and J. Tschopp. 2011. A role
for mitochondria in NLRP3 inflammasome activation. Nature
469(7329): 221-225. https://doi.org/10.1038/nature09663.

Li, Y., J. Li, S. Li, Y. Li, X. Wang, B. Liu, et al. 2015. Curcumin
attenuates glutamate neurotoxicity in the hippocampus by suppres-
sion of ER stress-associated TXNIP/NLRP3 inflammasome acti-
vation in a manner dependent on AMPK. Toxicology and Applied
Pharmacology 286(1): 53-63. https://doi.org/10.1016/j.taap.2015.
03.010.

Chapman, F.A., D. Nyimanu, J.J. Maguire, A.P. Davenport, D.E.
Newby, and N. Dhaun. 2021. The therapeutic potential of apelin
in kidney disease. Nature Reviews. Nephrology 17 (12): 840—
853. https://doi.org/10.1038/s41581-021-00461-z.
Katugampola, S.D., J.J. Maguire, S.R. Matthewson, and A.P.
Davenport. 2001. [(125)I]-(Pyr(1))Apelin-13 is a novel radio-
ligand for localizing the APJ orphan receptor in human and rat
tissues with evidence for a vasoconstrictor role in man. British
Journal of Pharmacology 132(6): 1255-1260. https://doi.org/
10.1038/sj.bjp.0703939.

Sato, T., C. Sato, A. Kadowaki, H. Watanabe, L. Ho, J. Ishida, et al.
2017. ELABELA-AP]J axis protects from pressure overload heart
failure and angiotensin II-induced cardiac damage. Cardiovascular
Research 113(7): 760-769. https://doi.org/10.1093/cvr/cvx061.
Wang, X., L. Zhang, M. Feng, Z. Xu, Z. Cheng, and L. Qian.
2022a. ELA-11 protects the heart against oxidative stress injury
induced apoptosis through ERK/MAPK and PI3K/AKT signaling
pathways. Frontiers in Pharmacology 13: 873614. https://doi.org/
10.3389/fphar.2022.873614.

Chen, H., L. Wang, W. Wang, C. Cheng, Y. Zhang, Y. Zhou, et al.
2017. ELABELA and an ELABELA fragment protect against
AKI. Journal of the American Society of Nephrology 28 (9):
2694-2707. https://doi.org/10.1681/ASN.2016111210.

Publisher’s Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1038/s41419-019-2085-0
https://doi.org/10.1038/s41419-019-2085-0
https://doi.org/10.1038/s41467-017-00498-4
https://doi.org/10.1016/j.molmet.2019.02.007
https://doi.org/10.1016/j.molmet.2019.02.007
https://doi.org/10.1038/s41440-020-00548-3
https://doi.org/10.1038/s41440-020-00548-3
https://doi.org/10.1681/ASN.2018040368
https://doi.org/10.1681/ASN.2018040368
https://doi.org/10.1016/j.freeradbiomed.2022.01.020
https://doi.org/10.1016/j.phrs.2022.106186
https://doi.org/10.1111/jcmm.14684
https://doi.org/10.1016/j.lfs.2020.118120
https://doi.org/10.7150/ijbs.29680
https://doi.org/10.7150/ijbs.29680
https://doi.org/10.4314/ahs.v20i2.37
https://doi.org/10.1016/j.celrep.2017.08.014
https://doi.org/10.1038/s41581-019-0234-4
https://doi.org/10.3892/ijmm.2018.3665
https://doi.org/10.3892/ijmm.2018.3665
https://doi.org/10.1159/000493653
https://doi.org/10.1186/s12974-019-1620-3
https://doi.org/10.1186/s12974-019-1620-3
https://doi.org/10.1016/j.cmet.2008.10.003
https://doi.org/10.1007/s00018-020-03461-7
https://doi.org/10.1007/s00018-020-03461-7
https://doi.org/10.1016/j.lfs.2019.116882
https://doi.org/10.1016/j.lfs.2019.116882
https://doi.org/10.1038/nature09663
https://doi.org/10.1016/j.taap.2015.03.010
https://doi.org/10.1016/j.taap.2015.03.010
https://doi.org/10.1038/s41581-021-00461-z
https://doi.org/10.1038/sj.bjp.0703939
https://doi.org/10.1038/sj.bjp.0703939
https://doi.org/10.1093/cvr/cvx061
https://doi.org/10.3389/fphar.2022.873614
https://doi.org/10.3389/fphar.2022.873614
https://doi.org/10.1681/ASN.2016111210

	ELABELAAPJ Axis Prevents Diabetic Glomerular Endothelial Injury by Regulating AMPKNLRP3 Pathway
	Abstract— 
	INTRODUCTION
	METHODS
	Animals and Experiment Protocol
	Morphological and Immunohistochemical Analysis
	Immunofluorescence
	Cell Culture
	The shRNA Interference Technology and Small Interfering RNA (siRNA) Transfection
	RNA Extraction and Quantitative Real-Time PCR
	Western Blot Analysis
	ELISA Assay
	Statistical Analysis

	RESULTS
	ELA Deficiency Exacerbated Diabetic Glomerular Injury In Vivo
	ELA Overexpression Decreased Serum Creatinine, Serum BUN, 24-h Urinary Albumin, and Glomerular Endothelial Injury in dbdb Mice
	ELA Overexpression Prevented NLRP3 Inflammasome Activation in GECs of dbdb Mice
	Exogenous ELA Treatment Alleviated Glucose-Stressed Inflammatory Actions by Blocking NLRP3 Inflammasome Activation in vitro
	ELA Inhibited NLRP3 Inflammasome Activation in an AMPK-Dependent Manner in Glucose-Stressed GECs
	ELA-Exerted Effects on the Regulation of AMPKNLRP3 Pathway Are Dependent on APJ

	DISCUSSION
	CONCLUSIONS
	Anchor 23
	References


