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Abstract
Objective  Diabetic nephropathy (DN) is an important complication in diabetic patients that severely impacts their quality 
of life and life expectancy. Although metabolic and inflammatory responses induced by hyperglycemia are considered the 
primary pathogenic factors of DN, the specific molecular mechanisms involved remain unclear. Here, we investigated the 
role of insulin-like growth factor-binding protein 5 (IGFBP5) in DN using in vitro cell experiments and mouse models.
Methods  We assessed the effects of high-glucose conditions on IGFBP5 expression in glomerular endothelial cells and evalu-
ated its regulatory effects on glycolysis, NLRP3 inflammasome activation, endothelial‒mesenchymal transition (EndoMT), 
and histone lactylation via the suppression of IGFBP5. Furthermore, we evaluated the effects of IGFBP5 on renal fibrosis 
and confirmed its regulatory mechanisms in DN model mice.
Results  Knockdown of IGFBP5 inhibited high glucose-induced EndoMT in glomerular endothelial cells, which could also 
be suppressed by the NLRP3 inflammasome inhibitor MCC950. In addition, silencing of IGFBP5 decreased glycolytic 
activity and histone lactylation, thereby inhibiting the activation of the NLRP3 inflammasome and EndoMT. Furthermore, 
in mouse models of DN, IGFBP5 knockdown alleviated renal fibrosis and reduced glycolysis, histone lactylation, NLRP3 
inflammasome activation and EndoMT.
Conclusions  IGFBP5 promotes NLRP3 inflammasome-induced EndoMT and renal fibrosis by regulating glycolysis-mediated 
histone lactylation, accelerating the progression of DN. These findings provide a new potential therapeutic target for DN.
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IL-1β	� Interleukin-1β
LDH	� Lactate dehydrogenase

Highlights
• IGFBP5 upregulation under high glucose conditions promotes 

glycolysis and lactate production, leading to increased histone 
lactylation (H3K18 la) in glomerular endothelial cells.

• Silencing of IGFBP5 strongly diminishes endothelial–
mesenchymal transition (EndoMT) and NLRP3 inflammasome 
activation triggered by high glucose in both cultured cells and 
mouse models.

• IGFBP5 knockdown in diabetic nephropathy (DN) mice 
decreases urinary protein levels, alleviates glomerular damage, 
and reduces renal fibrosis.
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Introduction

Diabetes mellitus, a globally prevalent chronic metabolic dis-
ease, substantially impacts the quality of life and life expec-
tancy of millions of people [1]. In addition to the direct health 
issues caused by diabetes, its complications, particularly 
diabetic nephropathy (DN), exacerbate the complexity and 
severity of the disease. DN is the most common renal com-
plication in diabetic patients and a major cause of end-stage 
renal disease [2, 3]. Substantial advancements have been made 
in deciphering the pathogenesis of DN over the last several 
decades. Numerous studies have indicated that chronic hyper-
glycemia-induced metabolic and inflammatory responses are 
major contributors to fibrosis in DN [4, 5]. However, the spe-
cific molecular mechanisms remain largely unclear.

The insulin-like growth factor (IGF)-binding protein 
(IGFBP) family, which consists of seven members, plays 
crucial roles in kidney diseases, particularly DN [6]. Among 
these genes, IGFBP1, IGFBP3, IGFBP4, and IGFBP5 are 
closely associated with diabetes and DN [6]. IGFBP1, 
IGFBP3, and IGFBP4 contribute to kidney fibrosis and glo-
merular dysfunction through the modulation of IGF signal-
ing [7, 8]. However, IGFBP5 has attracted increased atten-
tion because of its overexpression in fibrotic tissues and its 
involvement in dysregulated glycolysis in DN [9].

IGFBP5, unlike other members of the IGFBP family, has 
garnered increasing attention due to its involvement in the 
fibrotic tissues and the dysregulation of glycolysis in DN. This 
highlights its unique role in the disease, extending beyond the 
modulation of IGF signaling. Recently, increasing attention has 
been given to the role of IGFBP5 in diabetes and its complica-
tions, including DN [9–11]. IGFBP5 is a multifunctional protein 
that regulates the function of IGF by binding to it [12]. IGFBP5 
is overexpressed in fibrotic tissues and contributes to the pro-
gression of fibrosis [13, 14]. In the context of DN, IGFBP5 
has been implicated in the dysregulation of glycolysis, where 
hyperglycemia alters this central metabolic pathway, leading to 
increased lactate production [9]. Elevated lactate levels contrib-
ute to histone lactylation, particularly histone H3 lysine 18 lac-
tylation (H3K18la), which is a key modification involved in the 
regulation of gene expression [15, 16]. This histone modification 

has been linked to the activation of the NLRP3 inflammasome, 
a critical mediator of inflammation [17, 18]. The activation of 
NLRP3 can drive the fibrotic response and renal histopathologi-
cal lesions in DN [19]. The inhibition of NLRP3 inflammasome 
activation can ameliorate renal inflammation and fibrosis [20].

Dysfunction of glomerular endothelial cells (GEnCs) 
plays a critical role in the development of DN [21]. In recent 
years, endothelial–mesenchymal transition (EndoMT), 
defined as a decrease in the endothelial phenotype and 
an increase in the mesenchymal phenotype, has contrib-
uted to the pathogenesis of fibrosis. A hyperglycemic state 
induces EndoMT in GEnCs and exacerbates renal fibrosis 
in DN [22]. Additionally, inflammatory signaling factors 
can induce or promote EndoMT, and blocking inflamma-
tory signals may be a more effective strategy for inhibiting 
EndoMT and related diseases [23]. Lv et al. reported that 
activation of the NLRP3 inflammasome is associated with 
EndoMT-mediated pulmonary fibrosis [24]. Inhibiting the 
NLRP3 inflammasome may reduce lung inflammation and 
fibrosis by regulating EndoMT [25].

In summary, in DN, IGFBP5 promotes EndoMT and renal 
fibrosis by regulating glycolysis-mediated histone lactylation 
(H3K18la), thereby activating the NLRP3 inflammasome. 
Our findings reveal the mechanisms of IGFBP5 in kidney 
pathology and highlight potential therapeutic opportunities 
for targeting IGFBP5 in the context of DN.

Materials and methods

Cell culture and treatment

Mouse GEnCs from Procell (CP-M063, Wuhan, China) were 
cultured in DMEM supplemented with 10% FBS (Gibco) 
and 1% streptomycin-penicillin. Afterward, the cells were 
treated with 5 mM glucose (control group), 20 mM mannitol, 
5 mM glucose (mannitol group), or 25 mM glucose (high-
glucose group) for 72 hours [26]. For additional treatments, 
cells in the high-glucose group were treated with MCC950 
(NLRP3 inflammasome inhibitor, 10 μM; Sigma‒Aldrich, 
USA) to assess the effect of NLRP3 inhibition [27]. The 
cells in the high-glucose group were treated with 2-deoxy-
D-glucose (2-DG, a glycolysis inhibitor; 2 mM, Sigma‒
Aldrich) to examine the impact of glycolysis inhibition [28].

Cell transfection

Short hairpin RNA (shRNA) against IGFBP5 (sh-IGFBP5) 
and negative control (sh-NC) plasmids were designed (GeneP-
harma, Shanghai, China) to specifically knock down IGFBP5 
expression in GEnCs. For transfection, GEnCs were plated in 
6-well plates (2 × 105 cells/well) and incubated overnight until 
they reached approximately 70–80% confluence. The following 
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day, transfection was carried out by using Lipofectamine™ 
3000 (Thermo Fisher Scientific) according to the manufactur-
er's instructions. The cells were incubated for 4–6 h, after which 
the transfection medium was replaced with fresh medium. 
Transfection efficacy was evaluated 24–48 h later using quan-
titative real-time PCR (qPCR) and Western blot analysis.

qPCR

Total RNA was isolated with TRIzol reagent (15596026, 
Thermo Fisher Scientific), and cDNA was synthesized with 
a cDNA synthesis kit (04897030001, Roche). qPCR was 
conducted with LightCycler 480 SYBR Green I Master Mix 
(04887352001, Roche). Each reaction utilized 2 µL of diluted 
cDNA in 10 µL of SYBR Green Master Mix. The expression of 
genes was determined using the 2−ΔΔCt method. GAPDH served 
as the internal control. The primers used are listed in Table 1.

Western blot

GEnCs and kidney tissues were homogenized in RIPA lysis 
buffer (Beyotime, Shanghai, China), and the lysates were cen-
trifuged at 12,000 × g for 15 min at 4 °C. A BCA protein assay 
kit (Beyotime) was subsequently used to determine protein 
concentrations. Approximately 30 μg of lysate was separated 
via SDS‒PAGE and subsequently transferred to PVDF mem-
branes. The membranes were incubated with 5% nonfat dry 
milk in TBST to block nonspecific binding. Subsequently, 

the membranes were incubated with primary antibodies: 
lactate dehydrogenase A (LDHA; 19987–1-AP, 1:5000, Pro-
teintech, Wuhan, China), pan histone lysine lactylation (Pan-
Kla; PTM-1401RM; 1:1000, PTM BIO, Hangzhou, China), 
H3K18 la (PTM-1406RM, 1:1000, PTM BIO), histone H3 
(PTM-6613, 1:2000, PTM BIO), pyruvate kinase M2 (PKM2; 
15822–1-AP, 1:5000, Proteintech), CD31 (ab281583, 1:1000, 
Abcam, USA), VE-cadherin (ab33168, 1:1000, Abcam), 
α-SMA (ab124964, 1:10,000, Abcam), FSP-1 (ab197896, 
1:1000, Abcam), NLRP3 (68102–1-Ig, 1:5000, Proteintech), 
cleaved caspase 1 (ARG57293, 1:1000, Arigo Biolaborato-
ries, Shanghai, China), IL-1β (26048–1-AP, 1:2000, Protein-
tech), IGFBP5 (55205–1-AP, 1:500, Proteintech), and β-actin 
(20536–1-AP, 1:5000, Proteintech) overnight at 4 °C. The 
membranes were subsequently incubated with secondary anti-
bodies for 60 min. Finally, the target proteins were detected 
via an enhanced chemiluminescence (ECL) kit (Beyotime) 
and quantified by ImageJ software.

Lactate production assay

A Lactate Assay Kit (E-BC-K044-S, Elabscience) was used 
to determine the amount of lactate. Briefly, 20 µL of the 
supernatant was mixed with 1 mL of Enzyme Working Solu-
tion, Chromogenic Agent, or Stop Solution (provided in the 
kit). The absorbance was measured at 530 nm to calculate 
the amount of lactate.

LDH activity assay

An LDH Assay Kit (E-BC-K046-M, Elabscience) was used 
to determine LDH activity. Briefly, the cells were homog-
enized in physiological saline and centrifuged at 10,000 × g 
for 10 min at 4 °C. The supernatant was collected for further 
analysis. LDH activity was then calculated at 450 nm.

Chromatin immunoprecipitation (ChIP)‑qPCR

H3K18 la levels in the promoter regions of the NLRP3 
and IL-1β genes were analyzed using a ChIP-qPCR assay. 
Briefly, GEnCs were crosslinked with 1% formaldehyde for 
10 min at room temperature, quenched with 125 mM gly-
cine for 5 min, and lysed in lysis buffer containing protease 
inhibitors. Chromatin was sheared into 200–500 bp frag-
ments using sonication. After dilution, the chromatin was 
incubated overnight at 4 °C with either normal IgG (negative 
control) or H3K18 la (PTM-1427RM, PTM BIO) antibod-
ies. The immune complexes were captured via protein A/G 
agarose beads and eluted with a specific buffer. Crosslink-
ing was reversed by heating, and the DNA was purified. 
qPCR was performed to assess the enrichment of NLRP3 
and IL-1β DNA using the following primers: NLRP3 (for-
ward: 5'-GGA AGA TGT TGA GGA GGA GG-3'; reverse: 

Table 1   Sequences of primers for qPCR analysis

α-SMA: α-smooth muscle actin; IL-1β: interleukin-1β; NLRP3: 
nucleotide-binding oligomerization domain (NOD), leucine-rich 
repeat (LRR), and pyrin domain-containing protein 3; VE-cadherin: 
vascular endothelial-cadherin; FSP-1: fibroblast-specific protein 1; 
GAPDH: glyceraldehyde-3-phosphate dehydrogenase

Gene Primer sequence

CD31 Forward: 5’-CCA​AAG​CCA​GTA​GCA​TCA​TGGTC-3’
Reverse: 5’-GGA​TGG​TGA​AGT​TGG​CTA​CAGG-3’

IL-1β Forward: 5’-TGG​ACC​TTC​CAG​GAT​GAG​GACA-3’
Reverse: 5’-GTT​CAT​CTC​GGA​GCC​TGT​AGTG-3’

NLRP3 Forward: 5’-TCA​CAA​CTC​GCC​CAA​GGA​GGAA-3’
Reverse: 5’-AAG​AGA​CCA​CGG​CAG​AAG​CTAG-3’

VE-cadherin Forward: 5’-GAA​CGA​GGA​CAG​CAA​CTT​CACC-3’
Reverse: 5’-GTT​AGC​GTG​CTG​GTT​CCA​GTCA-3’

α-SMA Forward: 5’-TGC​TGA​CAG​AGG​CAC​CAC​TGAA-3’
Reverse: 5’-CAG​TTG​TAC​GTC​CAG​AGG​CATAG-3’

FSP-1 Forward: 5’-AGC​TCA​AGG​AGC​TAC​TGA​CCAG-3’
Reverse: 5’-GCT​GTC​CAA​GTT​GCT​CAT​CACC-3’

IGFBP5 Forward: 5’-AAG​AGC​TAC​GGC​GAG​CAA​ACCA-3’
Reverse: 5’-GCT​CGG​AAA​TGC​GAG​TGT​GCTT-3’

GAPDH Forward: 5’-CAT​CAC​TGC​CAC​CCA​GAA​GACTG-3’
Reverse: 5’-ATG​CCA​GTG​AGC​TTC​CCG​TTCAG-3’
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5'-GCG GAA GAT GAA GAA AGG AAG-3') and IL-1β 
(forward: 5'-GGA TGA GGA CCC AAA GGA GA-3'; 
reverse: 5'-CCT GGG GTC CAC ACG AC-3'). Enrichment 
was calculated by comparing the DNA levels of target genes 
to those of the normal IgG control, reflecting histone modifi-
cation (H3K18 la) and gene regulation in the context of DN.

Animal models and treatment

Six-week-old male C57BL/6 J mice from Vital River (Bei-
jing, China) were divided into four groups (n = 6 per group): 
control, streptozotocin (STZ), STZ + adeno-associated virus 
(AAV)-sh-NC, and STZ + AAV-sh-IGFBP5. Diabetes was 
induced in the STZ groups through five consecutive days of 
intraperitoneal injections of 50 mg/kg STZ. Diabetes was 
confirmed after the injections by measuring fasting blood 
glucose levels, with levels exceeding 16.7 mmol/L classified 
as diabetic. For knockdown of IGFBP5 in the mouse kid-
ney, AAV2/2 carrying sh-IGFBP5 was injected into the tail 
vein of the mice at a dose of 1 × 1012 viral genome particles 
2 weeks after the first STZ injection. After 12 weeks, 24-h 
urine samples were collected from all the mice to measure 
urinary protein. The mice were then sacrificed, and kidney 
tissues were harvested for histological analysis, including 
hematoxylin and eosin (HE)/Masson staining and immu-
nohistochemistry, to assess glomerular injury. All animal 
experimental procedures were approved by the Institutional 
Ethics Committee.

HE and Masson staining

Kidney samples were fixed in 4% paraformaldehyde for 24 
h and then dehydrated and embedded in paraffin. With a 
rotary microtome, continuous sections of 4 μm thickness 
were sliced and mounted on slides for further analysis. The 
paraffin sections were deparaffinized in xylene, rehydrated 
through a graded alcohol series, and rinsed with water. HE 
staining was performed to assess glomerular injury, whereas 
Masson staining was used to evaluate collagen deposition 
and interstitial lesions.

Immunohistochemistry (IHC)

After the sections were deparaffinized, rehydrated, and sub-
jected to antigen retrieval, endogenous peroxidase activity 
was blocked using hydrogen peroxide (3%, 10 min). Next, 
the tissue sections were incubated with a 5% BSA block-
ing solution for 1 h to prevent nonspecific binding. Primary 
antibodies (CD31: ab281583, 1:4000; α-SMA: ab124964, 
1:1000; Abcam; IGFBP5: 55205–1-AP, 1:200; Proteintech) 
were applied and incubated overnight at 4 °C. The follow-
ing day, after washing, the sections were incubated with 
biotinylated secondary antibodies and a streptavidin-HRP 

conjugate. The DAB substrate was used for visualization, 
producing a brown signal indicating positive staining. The 
sections were then counterstained with hematoxylin, dehy-
drated, cleared, and mounted for microscopic analysis.

Immunofluorescence staining

Renal tissue sections were obtained and fixed in 4% para-
formaldehyde, followed by paraffin embedding and 
5 µm sectioning. Immunofluorescence staining was per-
formed using primary antibodies against CD31 (Arigo, 
ARG52748  or ARG56119, 1:50), IGFBP5 (Proteintech, 
55205–1-AP, 1:50), and α-SMA (Abcam, ab124964, 1:250; 
or ab240654, 1:50). After incubation with secondary antibod-
ies conjugated to Alexa Fluor 488 (Thermo Fisher Scientific, 
A-11034/A-11029) or Alexa Fluor 594 (Thermo Fisher Sci-
entific, A-11037/A-11032), the nuclei were stained with DAPI 
(Sigma‒Aldrich, D9542). Fluorescence images were captured 
using a confocal microscope (Olympus, FV3000), and colo-
calization analysis was conducted using ImageJ software.

Statistical analysis

The data are presented as the means ± standard deviations 
(SDs). Statistical analyses were conducted using GraphPad 
Prism 9.0 software (GraphPad Software, Inc.). Comparisons 
were made using one-way ANOVA followed by Tukey's post 
hoc test (multiple groups) or two-tailed Student's t test (two 
groups). A p value of less than 0.05 was considered statisti-
cally significant.

Results

DN progression is accompanied by EndoMT 
and the upregulation of IGFBP5

To investigate the association between EndoMT and the 
progression of DN, we established DN mouse models. As 
shown in Fig. 1A, the STZ-induced mice presented a sig-
nificant increase in 24-h urinary protein levels. The results 
of the quantitative HE staining revealed that the glomerular 
and mesangial areas in the STZ group were significantly 
increased compared to the control group (Fig. 1B). The 
quantitative result of Masson staining further revealed sub-
stantial collagen deposition and interstitial fibrosis in the 
kidney tissues of the DN models, in contrast to the minimal 
fibrosis observed in the control group (Fig. 1C). IHC analy-
sis was used to quantify the expression of specific markers 
associated with EndoMT. The results revealed significant 
downregulation of the endothelial marker CD31 and upreg-
ulation of the mesenchymal marker α-SMA, along with 
increased expression of IGFBP5 in the kidney tissues of the 
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DN models, confirming the occurrence of EndoMT during 
the progression of DN (Fig. 1D). These findings indicate that 
EndoMT occurs during DN progression, along with elevated 
IGFBP5 expression in DN.

High glucose induces EndoMT in GEnCs 
by upregulating IGFBP5

We subsequently developed an in vitro cell evaluation model 
and found that high glucose conditions downregulated 
CD31 and VE-cadherin but upregulated α-SMA, FSP-1, 
and IGFBP5 (Fig. 2A, B). To further explore the role of 
IGFBP5 in EndoMT, we knocked down IGFBP5 in GEnCs 
subjected to high-glucose conditions. The knockdown of 
IGFBP5 notably elevated the mRNA and protein expression 
of CD31 and VE-cadherin while simultaneously reducing 
the mRNA and protein levels of α-SMA and FSP-1 (Fig. 2C, 
D). These findings suggest that silencing IGFBP5 effectively 
inhibits high glucose-induced EndoMT in GEnCs.

IGFBP5 mediates EndoMT in GEnCs by activating 
the NLRP3 inflammasome

The activation of the NLRP3 inflammasome can induce 
EndoMT [24], and we investigated the mechanism by 
which IGFBP5 mediates EndoMT in GEnCs via the NLRP3 
inflammasome. The results revealed that high-glucose con-
ditions led to significant increases in the protein levels of 
NLRP3, cleaved caspase-1, and IL-1β, suggesting increased 
activation of the NLRP3 inflammasome (Fig. 3A). This 
upregulation was substantially reduced after knockdown 
of IGFBP5, which indicates that IGFBP5 plays a critical 
role in facilitating NLRP3 inflammasome activation under 
high-glucose conditions (Fig. 3A). Furthermore, the inhibi-
tion of NLRP3 inflammasome activation led to increased 
levels of CD31 and VE-cadherin, both at the mRNA and 
protein levels, coupled with a decrease in the levels of the 
mesenchymal markers α-SMA and FSP-1 (Fig. 3B, C). 
This shift in marker expression indicates suppression of the 
EndoMT process. Collectively, these findings suggest that 

Fig. 1   DN progression is 
accompanied by EndoMT and 
the upregulation of IGFBP5. 
(A) Kit assay for 24-h urinary 
protein. (B) Representative 
images of HE staining and 
quantitative analysis (glo-
merular and mesangial surface 
areas). (C) Representative 
images of Masson's staining and 
quantitative assessment of fibro-
sis. (D) IHC for CD31, α-SMA, 
and IGFBP5 expression. n = 6. 
*p < 0.05, **p < 0.01, ***p < 
0.001
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IGFBP5 contributes to the induction of EndoMT in GEnCs, 
primarily through the activation of the NLRP3 inflamma-
some. IGFBP5 knockdown disrupts the pathway leading to 
NLRP3 inflammasome activation, which in turn prevents 
the transition of endothelial cells into a mesenchymal phe-
notype, thereby inhibiting EndoMT.

IGFBP5 regulates the activation of the NLRP3 
inflammasome via glycolysis

To elucidate the mechanism by which IGFBP5 influences 
NLRP3 inflammasome activation through glycolysis, we 
conducted a series of experiments to characterize the meta-
bolic and inflammatory responses to high glucose. Our study 
also revealed that exposure to high glucose led to a signifi-
cant increase in lactate levels and LDH activity, which are 
markers of increased glycolytic flux. Notably, these effects 
were substantially suppressed when IGFBP5 was knocked 
down, indicating that IGFBP5 plays a critical role in driv-
ing glycolysis under hyperglycemic conditions (Fig. 4A, 
B). Consistent with these findings, we observed that high 
glucose significantly upregulated the expression of key gly-
colytic enzymes, LDHA and PKM2, both of which were 
effectively downregulated following IGFBP5 knockdown 
(Fig. 4C). These findings suggest that IGFBP5 is a key reg-
ulator of glycolytic enzyme expression and that its knock-
down disrupts the glycolytic pathway, leading to reduced 
lactate production. Further investigation revealed that the 
suppression of glycolysis by treatment with the glycolysis 
inhibitor 2-DG led to decreased levels of NLRP3, cleaved 
caspase-1, and IL-1β, highlighting the connection between 
glycolytic activity and inflammasome activation (Fig. 4D). 
Moreover, inhibiting glycolysis led to the restoration of 
CD31 and VE-cadherin, along with a decrease in α-SMA 
and FSP-1, further demonstrating the inhibitory effect on 
the EndoMT process (Fig. 4E, F). These results indicate that 
IGFBP5 knockdown inhibits NLRP3 inflammasome acti-
vation through the glycolytic pathway, thereby suppressing 
EndoMT in GEnCs.

IGFBP5 regulates histone lactylation‑mediated 
NLRP3 inflammasome activation

To explore how IGFBP5 regulates NLRP3 inflammasome 
activation further, we found that, compared with the con-
trol group, the high glucose group presented significant 
increases in lactylation and H3K18 la levels. Treatment 

with 2-DG or IGFBP5 knockdown reduced high glucose-
induced lactylation and H3K18 la levels (Fig. 5A, B). 
Furthermore, the knockdown of IGFBP5 significantly 
reduced the gene expression levels of NLRP3 and IL-1β 
in GEnCs exposed to high glucose (Fig. 5C). In these 
high glucose-induced GEnCs, H3K18 la was found to 
bind to NLRP3 and IL-1β, and the knockdown of IGFBP5 
notably diminished this binding (Fig. 5D). These results 
revealed that IGFBP5 functions in regulating histone lac-
tylation and the interaction of H3K18 la with NLRP3 and 
IL-1β, thereby influencing the activation of the NLRP3 
inflammasome and the inflammatory response.

IGFBP5 knockdown inhibits EndoMT‑induced renal 
fibrosis in DN model mice

We further investigated whether the knockdown of 
IGFBP5 inhibits renal fibrosis and EndoMT in DN 
model mice. Our findings indicate that IGFBP5 knock-
down significantly reduced urinary protein levels 
(Fig. 6A) in the mice with DN and alleviated glomer-
ular damage as well as interstitial fibrosis, as shown 
by the quantitative results of HE staining (Fig. 6B, C). 
At the molecular level, IGFBP5 knockdown led to the 
upregulation of the endothelial markers CD31 and VE-
cadherin, which are typically downregulated during 
the EndoMT process. Concurrently, there was a sharp 
decrease in the levels of the mesenchymal markers 
α-SMA and FSP-1, along with a decrease in IGFBP5 in 
the mice with DN (Fig. 6D, E). These molecular changes 
highlight the inhibitory effect of IGFBP5 knockdown on 
the EndoMT process. The dual fluorescence results of 
CD31/IGFBP5 and CD31/α-SMA also revealed that both 
IGFBP5 and α-SMA were highly expressed in GEnCs 
(Fig. 6F, G). Overall, these results indicate that IGFBP5 
knockdown mitigates EndoMT and renal fibrosis in the 
mice with DN.

IGFBP5 knockdown inhibits glycolysis‑mediated 
histone lactylation and NLRP3 inflammasome 
activation in DN

Similarly, at the animal level, we observed that NLRP3 
and IL-1β were upregulated in the kidney tissues of the 
mice with DN. The knockdown of IGFBP5 significantly 
downregulated the expression of NLRP3 and IL-1β 
(Fig. 7A). We also observed that histone lactylation, as 
indicated by elevated Pan-Kla and H3K18 la expres-
sion, was increased in the kidneys of the mice with DN. 
Notably, the knockdown of IGFBP5 significantly reduced 
these histone lactylation levels (Fig. 7B). Additionally, 
the expression levels of LDHA and PKM2 were elevated 
in the kidney tissues of the mice with DN, and IGFBP5 

Fig. 2   High glucose induces EndoMT in GEnCs by upregulating 
IGFBP5. (A-B) qPCR and Western blot analysis of the expression 
levels of CD31, VE-cadherin, α-SMA, FSP-1, and IGFBP5 in mouse 
GEnCs. (C-D) qPCR and Western blot analysis of the effects of 
IGFBP5 on CD31, VE-cadherin, α-SMA, and FSP-1 expression. n = 
3. *p < 0.05, **p < 0.01, ***p < 0.001. HG, high glucose

◂
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knockdown markedly decreased LDHA and PKM2 levels 
(Fig. 7C). These results suggest that IGFBP5 knockdown 
inhibits glycolysis-mediated histone lactylation and acti-
vates the NLRP3 inflammasome.

Discussion

DN is a prevalent complication among diabetic patients, 
substantially decreasing their quality of life and life expec-
tancy. In this study, we discovered that high-glucose 

Fig. 3   IGFBP5 mediates EndoMT in GEnCs by activating the 
NLRP3 inflammasome. (A) Western blot analysis of the levels of 
NLRP3, cleaved caspase-1, and IL-1β. (B) qPCR analysis of CD31, 

VE-cadherin, α-SMA, and FSP-1 mRNA levels. (D) Western blot 
analysis of CD31, VE-cadherin, α-SMA, and FSP-1 protein levels. 
n = 3. *p < 0.05, **p < 0.01, ***p < 0.001. HG, high glucose
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conditions lead to substantial upregulation of IGFBP5, 
which, in turn, promotes glycolytic activity and increases 
lactate production, thereby promoting EndoMT through 
activation of the NLRP3 inflammasome. By knocking 
down IGFBP5, we significantly inhibited high glucose-
induced glycolysis, NLRP3 inflammasome activation, and 
EndoMT in GEnCs. Furthermore, in a DN mouse model, 
IGFBP5 knockdown resulted in lower urinary protein lev-
els, lessened glomerular damage, and a marked reduction 

in interstitial fibrosis, highlighting the therapeutic poten-
tial of targeting IGFBP5 in DN.

IGFBP5, a conserved member of the IGFBP family, 
is critically involved in the regulation of various fibrosis-
related diseases. IGFBP5 is recognized as a regulator of the 
fibroblast‒myofibroblast transition and plays an important 
role in cardiac fibrosis [14]. Upregulation of IGFBP5 pro-
motes the transformation of endothelial cells into a fibrous 
phenotype, resulting in myocardial fibrosis and hypertrophy 

Fig. 4   IGFBP5 regulates the activation of the NLRP3 inflammasome 
via glycolysis. (A-B) Kit assays for lactate production and LDH activ-
ity. (C) Western blot analysis of LDHA and PKM2 expression. (D) 
Western blot analysis of the levels of NLRP3, cleaved caspase-1, and 

IL-1β. (E–F) qPCR and Western blot analyses of the CD31, VE-cad-
herin, α-SMA, and FSP-1 mRNA and protein levels. n = 3. *p < 0.05, 
**p < 0.01, ***p < 0.001. HG, high glucose
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[29]. Consistently, we found that IGFBP5 was increased in 
high glucose-induced GEnCs and DN model mice. Silencing 
of IGFBP5 reduced EndoMT and renal fibrosis. In addition, 
a study reported that the upregulation of IGFBP5 promoted 
the inflammatory responses of GEnCs by enhancing gly-
colysis [9]. Lactate is a product of glycolysis that is gen-
erated from pyruvate by LDH and plays a crucial role in 
both physiological and pathological processes. A reduction 
in lactate produced through glycolysis leads to decreased 
levels of histone lactylation. Conversely, an increase in aero-
bic glycolysis can increase lactate production and promote 
histone lactylation of downstream genes, thereby facilitating 
the inflammatory responses and contributing to renal fibrosis 
[30]. In a hyperglycemic state, increased glucose levels lead 
to the formation of nonenzymatic glycation products, such 
as advanced glycation end products (AGEs). For example, 
AGEs promote the inflammatory responses by activating 
the NF-κB pathway, which in turn affects the expression 
of cytokines and growth factors, potentially leading to the 

upregulation of IGFBP5 [9]. Oxidative stress induced by 
hyperglycemia is also a key factor in regulating IGFBP5 
expression. Hyperglycemia increases the production of reac-
tive oxygen species (ROS), which activate the MAPK and 
PI3K/Akt signaling pathways, potentially modulating the 
gene expression of IGFBP5. Studies suggest that oxidative 
stress can directly or indirectly promote IGFBP5 transcrip-
tion by affecting transcription factors such as AP-1 and 
NF-κB [31]. In this study, IGFBP5 was found to increase 

Fig. 5   IGFBP5 regulates histone lactylation-mediated NLRP3 inflam-
masome activation. (A) Western blot analysis of total Pan-Kla (the 
leftmost blots are markers) and H3K18 la levels. (B) qPCR analysis 

of NLRP3 and IL-1β expression. (C) ChIP‒qPCR analysis of H3K18 
la modifications on NLRP3 and IL-1β. n = 3. *p < 0.05, **p < 0.01, 
***p < 0.001. HG, high glucose

Fig. 6   IGFBP5 knockdown inhibits EndoMT-induced renal fibrosis in 
DN model mice. (A) Kit assay for 24-h urinary protein. (B) Repre-
sentative images of HE staining and quantitative analysis (glomerular 
and mesangial surface areas). (C) Representative images of Masson's 
staining and quantitative assessment of fibrosis. (D) qPCR for CD31, 
VE-cadherin, α-SMA, FSP-1, and IGFBP5 expression. (E) Western 
blot analysis of CD31, VE-cadherin, α-SMA, FSP-1, and IGFBP5 
protein levels. (F, G) Dual fluorescence results for CD31/IGFBP5 and 
CD31/α-SMA. n = 6. *p < 0.05, **p < 0.01, ***p < 0.001

◂
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lactate levels, and the accumulation of lactate increased 
histone H3K18 lactylation levels. This histone lactylation 
can regulate a series of genes associated with inflammation, 
including NLRP3 and IL-1β.

The role of the NLRP3 inflammasome in DN has been 
well documented, with its activation closely linked to renal 
fibrosis and inflammatory responses [20]. Under high-
glucose conditions, endothelial cells lose their specific 
phenotype and transform into cells with mesenchymal 

characteristics, a process known as EndoMT. This transfor-
mation is considered a crucial mechanism for renal fibrosis 
in DN [32]. Our results showed that IGFBP5 knockdown 
significantly inhibited EndoMT and reduced NLRP3 inflam-
masome activation both in vitro and in vivo. The role of the 
NLRP3 inflammasome in DN has been extensively studied. 
For example, NLRP3 inflammasome activation is closely 
associated with renal fibrosis and inflammatory responses 
in DN [33]. The NLRP3 inflammasome, a multiprotein 

Fig. 6   (continued)
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complex, responds to intracellular danger signals (such as 
metabolic disturbances and pathogen infections)[34], trig-
gering inflammatory responses [25]. Interestingly, while pre-
vious studies have highlighted the importance of NLRP3 
in DN [35], our research suggests that IGFBP5 may exert 
its effects on EndoMT largely through the NLRP3 inflam-
masome pathway, providing new insight into the role of 
IGFBP5 in DN.

IGFBP2 and IGFBP4 are both upregulated in DN, where 
they promote inflammation and podocyte apoptosis through 
mechanisms such as complement activation and oxidative 
stress [36, 37]. Elevated levels of these proteins exacerbate 
renal injury and glomerular hypertrophy, making them 

potential targets for therapeutic intervention in DN. In con-
trast, IGFBP6, which is reduced in atherosclerotic condi-
tions, acts protectively by attenuating endothelial inflamma-
tion and atherosclerosis through the MVP-c-Jun N-terminal 
kinase/NF-κB pathway [38].

In clinical research on DN, urinary protein levels serve as 
crucial indicators for evaluating renal function impairment 
[24]. This study revealed a significant reduction in urinary 
protein levels following the knockdown of IGFBP5, further 
supporting its potential role in protecting renal function. 
Additionally, glomerular damage and interstitial fibrosis 
are the primary pathological features associated with the 
progression of DN [39]. These injuries not only compromise 

Fig. 7   IGFBP5 knockdown 
inhibits glycolysis-mediated 
histone lactylation and NLRP3 
inflammasome activation in DN. 
(A) Western blot analysis of the 
NLRP3 and IL-1β levels. (B) 
Western blot analysis of Pan-
Kla and H3K18 la levels. (C) 
Western blot analysis of LDHA 
and PKM2 levels. n = 6. *p < 
0.05, **p < 0.01, ***p < 0.001
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the structure and function of the glomerulus but also may 
trigger local inflammation and fibrotic responses, thereby 
accelerating the deterioration of renal function [40].

Despite highlighting the important role of IGFBP5 in DN 
and its potential mechanisms, this study has several limi-
tations. This study relies primarily on in vitro and mouse 
models and lacks clinical validation with human samples. 
Additionally, it focuses mainly on glycolysis and histone lac-
tylation, without exploring other potential regulatory path-
ways or interactions involving IGFBP5. Further research is 
necessary to confirm these findings in humans and to explore 
additional mechanisms that may contribute to the progres-
sion of DN. Some studies have also indicated that andro-
gens may influence DN progression by modulating immune 
responses, inflammation, and lipid metabolism [41]. There-
fore, the exclusive use of male mice in this study may not 
adequately represent the effects of gender differences on the 
progression of DN, which requires further investigation in 
future research.

Conclusions

This study elucidated the mechanism by which IGFBP5 pro-
moted EndoMT and renal fibrosis by activating the NLRP3 
inflammasome through glycolysis-mediated histone lacty-
lation (Fig. 8). The knockdown of IGFBP5 inhibited gly-
colysis, histone lactylation, and the binding of H3K18la 
to NLRP3 and IL-1β, thereby affecting the activation of 

the NLRP3 inflammasome. Furthermore, the deletion 
of IGFBP5 suppressed EndoMT by attenuating NLRP3 
inflammasome activation, thereby mitigating the pathologi-
cal progression of DN. These findings offer new potential 
therapeutic targets and strategies for the treatment of DN. 
However, further research is necessary to validate these find-
ings and explore additional mechanisms by which IGFBP5 
may influence DN.
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