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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-1β 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-1β 
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-1β 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-1β 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-1β 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 
(HUVEC) 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: CCA​GGG​AGT​CTT​TCT​
GTC​TCC​ACT​, R1: CTC​GGG​GTG​ATT​CAT​ATC​CAGC; 
3′arm F2: AGA​AAA​TCA​AGC​TGT​GGG​AGG​ATG​, R2: 
CAC​TGG​CCT​TTT​AGT​GTA​AGA​ACG​C. 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 + 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-lv) and negative 
controls (NC-lv) 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-lv (2 × 109 IU/kid-
ney) dilution with 100 μl sterile 0.9% sodium chloride 

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 μm 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 mm3 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% CO2 atmosphere until 
used for further experiments.

Next, the GECs were pretreated with ELA peptide 
(1 μmol/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 μmol/l, Abcam), 
and AICAR (100 μmol/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 (GCT​GAT​ATC​TTC​ATT​
GCT​AGC) or scrambled shRNA sequence (TTC​TCC​
GAA​CGT​GTC​ACG​T) 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: UUC​UCC​GAA​CGU​GUC​ACG​ 
UTT; siAMPK sense: GUG​GCA​GUU​AAG​AUC​UUA​ 
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 β-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 β-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 
GECs 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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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 In 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, ELA+/− 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 Overexpression 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, serum 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 

Table 1   Primers Used in This Work

Sequences (5′ to 3′)

Sense Anti-sense

Rat-ELA GCG​ATG​AGT​CTC​CTT​TTT​ATC​ACG​ TGG​GAA​GGG​CAC​TCG​AGA​AT
Rat-IL-1β TCG​GCC​AAG​ACA​GGT​CGC​TCA​ TGG​TTG​CCC​ATC​AGA​GGC​AAGG​
Rat-IL-18 GGA​CTG​GCT​GTG​ACC​CTA​TC TGT​GTC​CTG​GCA​CAC​GTT​TT
Rat-GAPDH GTC​TTC​ACT​ACC​ATG​GAG​AAGG​ TCA​TGG​ATG​ACC​TTG​GCC​AG
Mouse-ELA CAG​AAA​CCA​GTT​AAC​TTT​CCC​AGG​ TGG​GAA​GGG​CAC​TCG​AGA​AT
Mouse-GAPDH CTC​CCA​CTC​TTC​CAC​CTT​CG CCA​CCA​CCC​TGT​TGC​TGT​AG
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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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Fig. 2   ELA overexpression improves diabetic glomerular injury in vivo. A The mRNA expression of ELA in the cortex of db/db mice and db/m 
mice with or without ELA overexpression (N = 5). B–D Serum creatinine, serum BUN, and 24-h urinary albumin in different groups (N = 5). E, F 
Representative photomicrograph showing glomerular structures (PAS staining) and the summarized glomerular damage index in different groups 
(N = 5). G Immunofluorescence staining of VWF and CD31 in glomeruli and the summarized immunofluorescence intensity (N = 4). H Representa-
tive immunohistochemical staining of ICAM-1 and VCAM-1 in glomeruli and the summarized blot intensities (N = 4). Scale bar, 50 μm. *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 HK2 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-1β 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 
production of ICAM-1 and VCAM-1, as well as the 
expression of NLRP3 and cleaved Caspase-1. How-
ever, pretreatment with Compound C partially reversed 
the anti-inflammatory effects of ELA (Fig.  5B–C). 

Consistently, ELA treatment significantly prevented 
HG-induced IL-18 and IL-1β mRNA expression, while 
Compound C pretreatment diminished the effects of ELA 
in GECs (Fig. 5D–E). In addition, genetic inhibition of 
AMPK via AMPK siRNA was also performed in GECs 

Fig. 3   ELA overexpression inhibits NLRP3 inflammasome formation in GECs in vivo. A Representative confocal fluorescent images of colocaliza-
tion (yellow) between NLRP3 (green) and Caspase-1 (red) and the summarized colocalization coefficient in glomeruli (N = 4). B Representative 
confocal fluorescent images of colocalization (yellow) between NLRP3 (green) and CD31 (red) in the glomeruli and the summarized colocalization 
coefficient in glomeruli (N = 4). Scale bar, 50 μm. *P < 0.05, **P < 0.01.
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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. 5F–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 + A769662 group on the expression 
of NLRP3 and cleaved Caspase-1 (Fig. S4C). Taken 

Fig. 4   ELA pretreatment attenuates HG-induced inflammatory injury in vitro. A, B Production of secreted ICAM-1 and VCAM-1 (N = 5). C Rep-
resentative immunoblots of ICAM-1 and VCAM-1 and the summarized intensities of blots (N = 4). D NLRP3 (green)/Caspase-1 (red) was identified 
by confocal microscopy to determine the formation of inflammasomes (N = 4). E Representative Western blot and the summarized data showing the 
expression of NLRP3 (N = 6) and cle-Caspase 1 (N = 6). F–G mRNA levels of IL-1β and IL-18 (N = 5). *P < 0.05, **P < 0.01, ***P < 0.001.
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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.

Fig. 5   ELA alleviates GECs injury through the AMPK/NLRP3 pathway in vitro. A Representative Western blot and summarized data showing 
the expression of p-AMPK in HG-treated GECs with or without ELA pretreatment (N = 4). B, C Representative Western blot and summarized data 
showing the expression of ICAM-1, VCAM-1, NLRP3, and cle-Caspase 1 in HG-treated GECs with or without ELA or Compound C pretreatment 
(N = 4). D, E mRNA levels of IL-18 and IL-1β in HG-treated GECs in different groups (N = 5). F, G Representative Western blot and summarized 
data showing the expression of ICAM-1, VCAM-1, NLRP3, and cle-Caspase 1 in HG-treated GECs with or without ELA or AICAR pretreatment 
(N = 4). *P < 0.05, **P < 0.01, ***P < 0.001.
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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 

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-1β 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.

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.

◂
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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 AMPKα, 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/APJ 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.
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