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Background: Diabetic kidney disease (DKD) remains a leading cause of end-stage renal disease globally, with podocyte injury
recognized as a central contributor to proteinuria and disease progression. Caveolin-1 (Cav-1) has been implicated in the reg-
ulation of podocyte function, yet its precise role in DKD-related endocytosis and stress responses remains unclear. This study
aimed to investigate the role of Cav-1 in podocyte injury, elucidate its molecular mechanisms in regulating endocytosis and stress
signaling, and assess the potential contribution of Dynamin-2 in this process.

Methods: Cav-1 knockout mouse models and high-glucose-treated human podocytes (HPCs) were established. Western blot-
ting, terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining, albumin endocytosis assays, and anal-
yses of protein expression were performed to evaluate the effects of Cav-1 and Dynamin-2 on podocyte endocytic capacity and
apoptosis. Expression of endocytosis-related molecules (clathrin heavy chain (CHC), Ras-related protein Rab 5 (Rab5), Rab7,
EH-domain containing protein 2 (EHD2), Caveolae-associated protein 1 (CAVIN1)) and signaling pathway proteins (Src family
kinases (SFKs), Ras homolog family member A (RhoA)) was also examined.

Results: Under high-glucose conditions, Cav-1 and endocytosis-related proteins (Dynamin-2, CHC, Rab5, Rab7) were signifi-
cantly upregulated (p < 0.05), accompanied by enhanced podocyte endocytic activity (p < 0.05) and increased apoptosis (p <
0.05). Cav-1 deletion attenuated proteinuria and glomerular pathology in mice (p < 0.05), reduced the proportion of TUNEL-
positive cells (p < 0.05), and suppressed the SFKs-RhoA signaling pathway as well as EHD2/CAVIN1 expression (p < 0.05).
Conclusion: Cav-1 serves as a central regulator of DKD-associated podocyte injury, promoting high-glucose-induced damage
through cooperative interaction with Dynamin-2. Targeting Cav-1 and Dynamin-2 may provide a novel therapeutic approach to
mitigate DKD progression and provide a theoretical basis for translating mechanistic insights into clinical applications.
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Introduction hibitors, mineralocorticoid receptor antagonists (MRAs),
sodium-glucose co-transporter 2 (SGLT2) inhibitors, and
glucagon-like peptide-1 (GLP-1) receptor agonists, have
shown partial efficacy in slowing DKD progression, they
remain insufficient to prevent most patients from eventu-

ally developing ESRD [5-7].

In DKD pathogenesis, podocyte injury is recognized
as a central event leading to proteinuria and disease pro-
gression [8]. Under hyperglycemic conditions, podocytes

Diabetic kidney disease (DKD) is a microvascu-
lar complication of the kidney caused by chronic hyper-
glycemia [1]. Approximately 30%—40% of individuals with
diabetes develop DKD, and about one-third of these cases
progress to end-stage renal disease (ESRD), making DKD
the leading cause of ESRD worldwide. This condition
poses a major threat to human health and imposes a signifi-

cant socioeconomic burden [2]. Clinically, DKD is char-
acterized by persistent proteinuria and a progressive de-
cline in glomerular filtration rate (GFR). Among these, el-
evated urinary protein is not only a hallmark of the disease
but also a key risk factor contributing to disease progres-
sion and increased mortality [3,4]. Therefore, reducing pro-
teinuria remains a central goal in delaying the progression
of DKD. Although current therapeutic interventions, in-
cluding renin-angiotensin-aldosterone system (RAAS) in-

are exposed to multiple pathogenic stimuli, including ox-
idative stress, metabolic dysregulation, and inflammatory
activation, which lead to structural and functional abnor-
malities such as foot process effacement, cytoskeletal dis-
organization, and enhanced apoptosis [9,10].

Endocytosis is essential for maintaining cellular
homeostasis, and in podocytes, this process is vital for the
development and maintenance of the glomerular filtration
barrier. Dysregulation of podocyte endocytic pathways has
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been associated with structural damage and dysfunction of
the glomerular filtration barrier [11]. Therefore, elucidat-
ing the molecular mechanisms underlying podocyte injury
and identifying novel therapeutic targets are crucial for op-
timizing DKD management.

Caveolin-1 (Cav-1) is a member of the structural pro-
tein family predominantly localized in caveolae, special-
ized plasma membrane invaginations present in various cell
types [12]. Asakey structural component of caveolae, Cav-
1 not only provides mechanical stability but also regulates
cholesterol metabolism, cell signaling, and endocytic pro-
cesses [13—15]. In the kidney, Cav-1 is expressed in both
podocytes and renal tubular epithelial cells, and its expres-
sion is regulated by high glucose, inflammatory mediators,
and oxidative stress [16,17]. Previous studies have indi-
cated that Cav-1 plays a critical role in glomerular diseases
by regulating apoptosis, autophagy, and barrier integrity
[18,19].

Recent research has also highlighted the critical role of
Dynamin-2 (DNM2) in podocyte endocytosis. Dynamin-
2 is a Guanosine Triphosphatase (GTPase) involved in
receptor-mediated endocytosis and vesicle scission, and it
interacts with the actin cytoskeleton to maintain the ar-
chitecture of the podocyte foot processes [11]. A study
has shown that inactivation of DNM1/DNM?2 in podocytes
leads to impaired endocytic activity, retention of endocytic
pits, and abnormal deposition of actin/Actin-Related Pro-
tein 2 (Arp2)/3 complexes, leading to foot process injury
and filtration barrier dysfunction [20]. Conversely, phar-
macological or molecular enhancement of Dynamin activ-
ity promotes actin polymerization and alleviates podocyte
injury and proteinuria phenotypes in mouse models of
chronic kidney disease [21]. Additionally, mutations that
affect Dynamin-2 membrane association or oligomerization
have been shown to alter its regulation of stress fiber forma-
tion, thereby compromising podocyte stability at the cellu-
lar level [22].

Collectively, Cav-1 and Dynamin-2 play pivotal roles
in linking endocytic mechanisms with cytoskeletal orga-
nization, thereby maintaining the structural and functional
integrity of the glomerular filtration barrier. However,
their interaction in regulating podocyte endocytosis and the
modulation of this pathway under high-glucose conditions,
which contribute to DKD progression, remains largely un-
clear. Therefore, the present study focused on the func-
tional interplay between Cav-1 and Dynamin-2, aiming to
elucidate their potential synergistic or antagonistic mecha-
nisms in DKD. Understanding these interactions may pro-
vide valuable mechanistic insights into disease pathogene-
sis and identify novel therapeutic targets.
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Materials and Methods

Animals

Cav-1 heterozygous (Cav-11/~)mice ona C57BL/6N
background were generated by SAIYE Biotechnology Co.,
Ltd. (Guangzhou, China) using CRISPR/Cas9 gene-editing
technology (Gene ID: 12389). Male Cav-1 knockout ho-
mozygotes (Cav-1—/") were obtained by mating male and
female Cav-17/~ mice. Age-matched male wild-type
C57BL/6N mice (8—10 weeks old, 22-24 g) served as the
control group. Mice were maintained in a controlled envi-
ronment at 22-26 °C with 40%—70% relative humidity and
a 12-hour light/dark cycle in a quiet, noise-free facility. All
housing equipment, feed, and bedding were routinely ster-
ilized. The housing environment and materials complied
with the standards of specific pathogen-free (SPF) animal
facilities.

Grouping and Model Establishment

Male Cav-1 knockout (Cav-1~/") mice aged 6 weeks
and weighing between 22 and 24 g were used in this study.
Age-matched male C57BL/6N wild-type mice raised under
identical environmental conditions served as controls. All
animals were randomly assigned into four groups (n = 5
per group): Wild-type control (WT), Cav-1 global knock-
out (KO), wild-type diabetic kidney disease model (WT +
Streptozotocin (STZ)), and Cav-1 knockout diabetic kidney
disease model (KO + STZ).

Diabetes was induced in the experimental groups by
intraperitoneal injection of streptozotocin (STZ; S0130,
Sigma-Aldrich, MI, USA) at 50 mg/kg for five consecu-
tive days following overnight fasting. STZ was freshly dis-
solved in 0.1 mol/L citrate buffer (pH 4.5) immediately be-
fore injection. Control mice received intraperitoneal injec-
tions of an equivalent volume of citrate buffer using the
same schedule.

Body weight and blood glucose levels were monitored
weekly. One week after STZ administration, blood glucose
levels were measured using a portable glucometer (Accu-
Chek Performa, Roche Diagnostics, Mannheim, Germany).
Measurements were taken in the ad libitum-fed state, con-
sistent with standard practice for validation of STZ-induced
diabetes in mice. Mice with blood glucose levels exceed-
ing 16.7 mmol/L were considered diabetic and included in
further experiments, while those below this threshold were
excluded. After 12 weeks of standard diet feeding, the ex-
periment was concluded.

Twenty-four-hour urine samples were collected using
metabolic cages, and urinary albumin-to-creatinine ratio
(UACR) and total protein concentrations were determined
using a Roche biochemical analyzer. Mice were anes-
thetized with isoflurane (51101, Sigma-Aldrich, MI, USA,
induction at 3—4%, maintenance at 1-2% in oxygen) before
tissue collection. Fresh renal tissues were excised, snap-
frozen in liquid nitrogen for protein extraction, or fixed in
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paraformaldehyde for histological analysis. At the end of
the experiment, all animals were humanely euthanized by
cervical dislocation under deep anesthesia induced by in-
traperitoneal injection of pentobarbital sodium (50 mg/kg),
following the international guidelines for the care and use
of laboratory animals.

Histological Staining Analysis

Kidney tissues were fixed in 4% paraformaldehyde
(158127, Sigma-Aldrich, MI, USA) for 24 h, dehydrated
through graded ethanol, cleared in xylene, and embedded
in paraffin. Paraffin blocks were sectioned at 4 um thick-
ness, deparaffinized, and rehydrated through a descending
alcohol series. For hematoxylin and eosin (H&E) stain-
ing (C0105S, Beyotime, China), sections were stained with
hematoxylin for 5 min, rinsed in tap water, differenti-
ated in 1% acid alcohol, blued in 0.2% ammonia water,
and counterstained with eosin for 1-2 min. For Masson’s
trichrome staining (HT15, Sigma-Aldrich, MI, USA), sec-
tions were mordanted in Bouin’s solution at 56 °C for 1 h,
followed by sequential staining with Weigert’s iron hema-
toxylin (10 min), Biebrich scarlet-acid fuchsin (10 min),
phosphomolybdic—phosphotungstic acid (10 min), and ani-
line blue (5 min).

For periodic acid-Schiff (PAS) staining (395B, Sigma-
Aldrich, MI, USA), sections were oxidized in 1% periodic
acid solution for 10 min, stained with Schiff reagent for
15 min, and counterstained with hematoxylin for 2 min.
All sections were then dehydrated, cleared, and mounted
with neutral balsam. Histopathological changes, including
glomerular morphology, inflammation, fibrosis, and glyco-
gen deposition, were examined under a light microscope
(Leica, Germany).

Cell Culture and Stimulation

Human podocytes (HPCs) were obtained from Acce-
Gen (ABC-H0004Y, NJ, USA). Cell identity was authenti-
cated by short tandem repeat (STR) profiling, as provided
by the supplier, confirming human origin and the absence of
cross-contamination. Mycoplasma contamination was rou-
tinely tested using polymerase chain reaction (PCR)-based
assays, and all results were negative.

Cells were cultured in low-glucose Dulbecco’s modi-
fied Eagle medium (DMEM; 5.5 mmol/L glucose, Gibco,
USA) supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin—streptomycin at 37 °C in a humidified in-
cubator with 5% CO:. The normal-glucose (NG) condition
was defined as a glucose level of 5.5 mmol/L. The high-
glucose (HG) condition was established by supplementing
D-glucose to a final concentration of 20 mmol/L. An os-
motic control (OC) medium was prepared by adding man-
nitol to the NG medium to match the osmolarity of the HG
medium.

Cav-1 Knockdown Experiment

Cav-1 expression was silenced using short hair-
pin RNA (shRNA) lentiviral vectors (GeneChem,
Shanghai, China). Cells were divided into three
groups: non-transfected control (NC), negative con-
trol shRNA (sh-NC), and Cav-1 knockdown (sh-
Cav-1). The specific shRNA target sequence for
Cav-1  was 5-GACGTGGTCAAGATTGACTTT-3'
[23]. The negative control shRNA sequence (5'-
TTCTCCGAACGTGTCACGT-3") was provided by
GeneChem (Shanghai, China).

Transfections were performed using Lipofectamine™
2000 reagent (11668019, Thermo Fisher Scientific, MA,
USA) following the manufacturer’s instructions. Cells were
harvested 48 h post-transfection. The knockdown effi-
ciency was confirmed at both mRNA and protein levels us-
ing quantitative real-time PCR (qQRT-PCR) and Western blot
analysis.

Dynamin-2 Overexpression Experiment

The full-length cDNA of mouse
Dynamin-2 (NM_010065) was cloned into the
pLenti6.3 MCS IRES2-EGFP lentiviral vector con-

taining an N-terminal FLAG tag. Cells were assigned
to three groups: non-transfected control (NC), empty
vector-transfected control (overexpression control, OE-
NC), and Dynamin-2 overexpression (OE-Dynamin-2).
The construct was sequence-verified before transfection.
Transfections were performed using Lipofectamine™ 2000
reagent under identical conditions, and cells were collected
48 h post-transfection. Overexpression efficiency was
confirmed by qRT-PCR and Western blot analyses.

Endocytic Capacity Assay

Albumin uptake was used to evaluate receptor-
mediated endocytosis in podocytes. Cells were incubated in
serum-free medium (21041025, Thermo Fisher Scientific,
MA, USA) containing fatty acid-free bovine serum albu-
min at a final concentration of 5 mg/mL. Cells were serum-
starved for 30—-60 min at 37 °C and subsequently stimulated
with albumin for 2 h under starvation conditions. After in-
cubation, cells were washed three times with PBS to remove
residual medium. Cytoplasmic proteins were extracted us-
ing a cytoplasmic protein extraction kit (P0033, Beyotime,
Shanghai, China), and intracellular albumin levels were de-
termined by Western blot analysis.

Apoptosis Assay

Cell apoptosis was evaluated using the terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining kit (11684795910, Roche Diagnostics,
IN, USA) following the manufacturer’s instructions, and
fluorescent signals were visualized under a fluorescence
microscope.
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Fig. 1. Effects of Cav-1 knockout on renal function in diabetic kidney disease model mice. (A) Verification of Cav-1 expression
by qRT-PCR, showing a significant reduction but not complete loss of Cav-1 expression in Cav-1-deficient mice. (B,C) Western blot
analysis confirming markedly decreased Cav-1 protein levels, indicating successful partial knockout. (D) Changes in body weight of
mice. Statistical significance represents comparisons among groups at the 12th week. (E) Alterations in blood glucose levels of mice
(measured in the ad libitum feeding conditions). Statistical significance represents comparisons among groups at the 12th week. (F)
Urinary albumin-to-creatinine ratio (UACR). (G) Twenty-four-hour urinary protein excretion. Statistical significance for body weight
(D) and blood glucose (E) was determined by comparing the results with those of the WT group. n=35; ***p < 0.001, "p > 0.05. Cav-1,
Caveolin-1; gqRT-PCR, quantitative real-time PCR.

RNA Extraction and gRT-PCR USA) and treated with DNase I (11284932001, Sigma-

Aldrich, MI, USA) to eliminate genomic DNA contamina-

Total RNA was extracted from kidney tissues using  tion. One microgram of total RNA was reverse-transcribed
TRIzol reagent (15596018, Thermo Fisher Scientific, MA,
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Fig. 2. Effects of Cav-1 knockout on renal tissue injury and podocyte alterations in mice. (A) Representative histopathological
changes in mouse kidney tissues. Scale bar: 100 um. Black arrows indicate inflammatory cell infiltration, and red arrows indicate
glomerular hypertrophy and sclerosis. (B—E) Western blot analysis of Nephrin, Podocin, and Synaptopodin protein expression levels.
(F-K) Western blot analysis of Dynamin-2, EHD2, CAVINI, SFKs, and RhoA protein expression. n = 5; ***p < 0.001, **p < 0.01, *p
< 0.05, ™p > 0.05. EHD2, EH-domain containing protein 2; SFKs, Src family kinases; RhoA, Ras homolog family member A.
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Table 1. Primer sequences used for qRT-PCR.

Gene Forward Sequence (5'-3") Reverse Sequence (5'-3%) Species

Cav-1 CAGGACGAGGAGGAGATGGA GGTGACTTCTGCTGGAAGGT Mus musculus
Dynamin-2 AAGGAGGAGATGCCAGAGGA CTTGGTGGTGATGGTGGTGA Mus musculus
B-actin AGAGGGAAATCGTGCGTGAC CAATAGTGATGACCTGGCCGT Mus musculus
Cav-1 CCAAGGAGATCGACCTGGTCAA GCCGTCAAAACTGTGTGTCCCT Homo sapiens
Dynamin-2  AAAAGCAGCCCTGTGAGGCATG GTGATCTCCAGGCTGATGAGCT Homo sapiens
B-actin CACCATTGGCAATGAGCGGTTC  AGGTCTTTGCGGATGTCCACGT Homo sapiens

Cav-1, Caveolin-1; qRT-PCR, quantitative real-time PCR.

Table 2. Primary antibodies used for Western blot analysis.

Antibody Supplier Catalog number  Dilution ratio
Albumin Abcam, Cambridge, UK ab207327 1:2000
Cav-1 Cell Signaling Technology (CST), MA, USA 3267 1:1000
Nephrin Abcam, Cambridge, UK ab58968 1:1000
Podocin Abcam, Cambridge, UK ab181143 1:1000
Synaptopodin Abcam, Cambridge, UK ab224491 1:1000
EHD2 Abcam, Cambridge, UK ab154784 1:1000
CAVIN1 Proteintech, IL, USA 11411-2-AP 1:1000
SFKs CST, MA, USA 9320 1:1000
RhoA Abcam, Cambridge, UK ab187027 1:1000
CHC Abcam, Cambridge, UK ab21679 1:2000
Dynamin-2 Abcam, Cambridge, UK ab3457 1:1000
Rab5 CST, MA, USA 3547 1:1000
Rab7 CST, MA, USA 9367 1:1000
B-actin Abcam, Cambridge, UK ab8226 1:1000

EHD2, EH-domain containing protein 2; SFKs, Src family kinases; CHC, clathrin heavy chain;
Rab5, Ras-related protein Rab 5; CAVIN1, Caveolae-associated protein 1; RhoA, Ras homolog

family member A.

into cDNA using the High-Capacity cDNA Reverse Tran-
scription Kit (4368814, Thermo Fisher Scientific, Waltham,
MA, USA). Quantitative real-time PCR was performed us-
ing a qRT-PCR kit (11732088, Thermo Fisher Scientific,
Waltham, MA, USA). Relative mRNA expression levels of
target genes were normalized to (-actin using the 2~ 24C
method. Primer sequences are provided in Table 1.

Western Blot Analysis

Total protein was extracted from mouse kidney tis-
sue samples and HPC cells were lysed in Radioimmuno-
precipitation Assay (RIPA) buffer. Protein concentrations
were determined using a Bicinchoninic Acid (BCA) pro-
tein assay kit (P0012, Beyotime, Shanghai, China). Equal
amounts of protein (20 pg) were separated by polyacry-
lamide gel electrophoresis (PAGE) and transferred onto
Polyvinylidene Fluoride (PVDF) membranes. The mem-
branes were blocked with 5% non-fat milk for 1 h at room
temperature, followed by overnight incubation at 4 °C with
primary antibodies (Table 2). After incubation with pri-
mary antibodies, membranes were washed three times with
Tris-Buffered Saline with Tween 20 (TBST) and subse-
quently incubated with appropriate Horseradish Peroxidase
(HRP)-conjugated secondary antibodies for 1 h at room

temperature. The secondary antibodies used included goat
anti-rabbit Immunoglobulin G (IgG)-HRP (ab6721, Ab-
cam, Cambridge, UK, 1:2000) and goat anti-mouse 1gG-
HRP (ab205719, Abcam, Cambridge, UK, 1:2000). Pro-
tein bands were visualized using the Bio-Rad ChemiDoc
XRS+ system (Bio-Rad, Hercules, CA, USA), and relative
protein expression levels were quantified using ImagelJ Pro-
Plus 6.0 software (Tanon, Shanghai, China).

Statistical Analysis

Data are expressed as mean + Standard Error of
the Mean (SEM). Statistical analyses were performed us-
ing GraphPad Prism version 7.0 (GraphPad Software, San
Diego, CA, USA). Differences between the control and ex-
perimental groups were evaluated using a two-way Anal-
ysis of Variance (ANOVA) followed by Tukey’s post hoc
test. Statistical significance was denoted as follows: “p >
0.05, *p < 0.05, **p < 0.01, ***p < 0.001.
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Results

Construction of Cav-1 Knockout Model and
Preliminary Phenotypic Verification

The successful knockout of Cav-1 in mouse kidney
tissues was confirmed by gqRT-PCR and Western blot anal-
yses, which revealed a significant reduction in Cav-1 ex-
pression (p < 0.05, Fig. 1A—C), verifying the effective es-
tablishment of the model. Both the WT + STZ and KO +
STZ groups exhibited decreased body weight and sustained
hyperglycemia throughout the 12-week modeling period,
confirming the successful induction of diabetes (p < 0.05,
Fig. 1D,E). In terms of renal functional parameters, the KO
+ STZ group showed significantly lower urinary albumin-
creatinine ratio (UACR) levels compared with the WT +
STZ group, and 24-h urinary protein excretion was also
markedly reduced (p < 0.05, Fig. 1F,G). These findings in-
dicate that Cav-1 deficiency partially ameliorates protein-
uria induced by hyperglycemia and confers protective ef-
fects on renal function.

Effect of Cav-1 Deficiency on Renal Tissue Injury
and Podocyte Alterations in Diabetic Kidney Disease

Histological analysis using H&E, PAS, and Masson’s
trichrome staining revealed significant pathological alter-
ations in the WT + STZ group, including thickening of
the glomerular basement membrane, interstitial fibrosis,
and glycogen deposition, hallmark features of DKD. These
pathological lesions were markedly attenuated in the KO +
STZ group (Fig. 2A).

At the protein level, major podocyte structural mark-
ers, including Nephrin, Podocin, and Synaptopodin, were
significantly downregulated in the WT + STZ group,
whereas their expression levels were partially restored in
the KO + STZ group (Fig. 2B-E; p < 0.05). These find-
ings indicate that Cav-1 deficiency effectively mitigates
podocyte structural injury.

Furthermore, the expression of endocytosis-related
proteins regulated by Cav-1, including Dynamin-2, EH-
domain containing protein 2 (EHD2), and Caveolae-
associated protein 1 (CAVINI), as well as signaling
molecules Src family kinases (SFKs) and Ras homolog
family member A (RhoA), exhibited recovery trends in the
KO + STZ group compared with the WT + STZ group
(Fig. 2F-K; p < 0.05). These findings suggest that Cav-
1 may modulate podocyte injury by regulating endocytic
processes and cytoskeletal signaling pathways.

Establishment of Podocyte Injury Model and
Preliminary Exploration of Cav-1 Regulatory
Mechanism

In HPCs, Cav-1 knockdown and Dynamin-2 overex-
pression cell models were established by lentiviral trans-
duction. qRT-PCR and Western blot analyses confirmed
that Cav-1 mRNA and protein levels were markedly re-

duced in the sh-Cav-1 group relative to the NC group (p <
0.05), whereas Dynamin-2 expression was significantly el-
evated in the OE-Dynamin-2 group (p < 0.05), confirming
successful construction of the respective knockdown and
overexpression models (Fig. 3A—F).

Upon exposure to high-glucose conditions for 48 h,
both Cav-1 and Dynamin-2 protein levels were significantly
upregulated (Fig. 3G-I; p < 0.05), suggesting that hyper-
glycemia induces their expression. Subsequent inhibitor
interventions revealed that Cav-1 and Dynamin-2 protein
expression decreased markedly under both NG and HG
groups, while Dynamin-2 overexpression partially restored
protein expression (Fig. 3J-L; p < 0.05). Collectively,
these findings confirm the successful establishment of Cav-
1 knockdown and Dynamin-2 overexpression models and
indicate that both proteins play critical regulatory roles in
high-glucose-induced podocyte injury.

Regulatory Role of Cav-1 in Podocyte Apoptosis and
Endocytic Function

TUNEL staining revealed that podocyte apoptosis
was significantly elevated under high-glucose conditions,
whereas suppression of Cav-1 expression markedly reduced
the proportion of apoptotic cells (Fig. 4A,B; p < 0.05).
These findings suggest that Cav-1 promotes podocyte apop-
tosis during DKD progression and that Cav-1 deficiency
confers a protective, anti-apoptotic effect. Overexpression
of Dynamin-2 partially reversed the anti-apoptotic effect of
Cav-1 knockdown, as indicated by a moderate increase in
apoptotic cells compared with the Cav-1 knockdown group
alone (Fig. 4A,B; p < 0.05), although apoptosis levels re-
mained significantly lower than those in the HG + NC
group.

Podocyte endocytic activity was assessed by albumin
uptake assays. Endocytosis was significantly enhanced in
the HG + NC group, whereas Cav-1 suppression markedly
reduced intracellular albumin accumulation (Fig. 4C,D; p
< 0.05), indicating that Cav-1 enhances receptor-mediated
endocytosis in podocytes. Following Dynamin-2 overex-
pression in Cav-1-knockdown cells, endocytic activity sig-
nificantly increased compared with the Cav-1 knockdown
group (p < 0.05) and approached levels observed in the
HG + NC group. These findings suggest that Dynamin-2
overexpression can restore endocytic capacity suppressed
by Cav-1 deficiency.

Regulation of Podocyte Endocytosis-Related Protein
Expression by Cav-1

Further analysis revealed that expression of classical
endocytic pathway proteins, including clathrin heavy chain
(CHC), Ras-related protein Rab 5 (Rab5), and Rab7, was
markedly reduced in the HG + KO group (Fig. 5A-D; p
< 0.05), indicating that Cav-1 regulates endocytic function
through multiple key molecular components. Dynamin-
2 overexpression significantly restored CHC, Rab5, and
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Fig. 3. Validation of Cav-1 knockdown and Dynamin-2 overexpression efficiency and their roles in high glucose-treated podocytes.

(A—F) qRT-PCR and Western blot analyses confirming Cav-1 knockdown and Dynamin-2 overexpression. (G-I) Western blot analysis of
Cav-1 and Dynamin-2 protein levels following high-glucose treatment. (J-L) Western blot analysis of Cav-1 and Dynamin-2 expression
after inhibitor treatment and combined HG + KO + OE intervention. n = 3; ***p < 0.001, **p < 0.01, "p > 0.05. HG, high-glucose;
NG, normal-glucose; KO, knockout; OE, overexpression.
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Fig. 4. Effects of Cav-1 inhibition on podocyte apoptosis and endocytic activity. (A,B) TUNEL staining showing apoptosis levels in
podocytes. Scale bar: 50 um. (C,D) Quantification of albumin endocytosis in podocytes. n = 3; ***p < 0.001, *p < 0.05, "p > 0.05.
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Fig. 5. Effects of Cav-1 inhibition on the expression of endocytosis-related proteins in HPC cells. (A-D) Western blot analysis of
CHC, Rab5, and Rab7 protein expression levels. (E-I) Western blot analysis of EHD2, CAVIN1, SFKs, and RhoA protein expression
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Rab7 expression compared with the HG + KO group (p <
0.05), reaching levels comparable with those of the HG +
NC group. These findings suggest partial rescue of classi-
cal endocytic pathway suppression induced by Cav-1 defi-
ciency.

Additionally, the expression levels of EHD2,
CAVINI, SFKs, and RhoA were concomitantly down-
regulated in the HG + KO group (Fig. 5SE-I; p < 0.05),
suggesting that Cav-1 may modulate endocytic processes
via the SFKs-RhoA signaling axis, thereby influencing
podocyte function and DKD progression.  Following
Dynamin-2 overexpression, the expression of these
molecules was significantly increased compared with
the HG + KO group (p < 0.05), further supporting the
hypothesis that Dynamin-2 exerts a compensatory effect
in maintaining Cav-1-dependent endocytic signaling
pathways.

Discussion

DKD is among the most common and debilitating
chronic complications of diabetes and remains the leading
cause of ESRD worldwide [24]. The principal pathologi-
cal features of DKD include persistent proteinuria, a pro-
gressive decline in glomerular filtration rate, thickening of
the glomerular basement membrane, and expansion of the
mesangial matrix [25]. In recent years, increasing research
attention has been directed toward glomerular podocytes,
essential components of the filtration barrier, whose dys-
function is recognized as a direct driver of proteinuria and
decline in renal function [8,26]. Under high-glucose condi-
tions, podocytes are subjected to sustained oxidative stress,
inflammatory stimulation, and metabolic toxicity, which
readily lead to foot process effacement, cytoskeletal dis-
organization, mitochondrial injury, and apoptosis. These
pathological alterations compromise the integrity of the
glomerular filtration barrier and accelerate DKD progres-
sion [27]. Therefore, elucidating the molecular mecha-
nisms underlying podocyte injury, especially those involv-
ing membrane structure, energy metabolism, and endocytic
trafficking pathways, is of significant scientific value for
understanding the fundamental pathogenesis of DKD.

Cav-1 is a principal structural protein of caveolae and
a core component of membrane microdomains [28]. Cav-
1 is widely expressed in epithelial cells, vascular endothe-
lial cells, and renal podocytes, where it plays a key role in
cholesterol homeostasis, lipid transport, endocytosis, and
the spatial regulation of intracellular signaling molecules
[14]. Previous studies have shown that Cav-1 expression
is upregulated in various pathological conditions, including
hyperglycemia, hyperlipidemia, and renal interstitial fibro-
sis, and is closely associated with tissue fibrogenesis and in-
flammatory responses [29,30]. However, the precise func-
tional role of Cav-1 in podocytes during diabetic conditions
remains inadequately characterized, particularly regarding

its potential role in regulating podocyte endocytosis and
cellular stress responses. In this study, we employed both
Cav-1 knockout mouse models and high-glucose-induced
HPC cell models to observe that Cav-1 expression was sig-
nificantly upregulated under DKD conditions. Cav-1 de-
ficiency markedly alleviated proteinuria, improved renal
histopathological changes, and suppressed podocyte oxida-
tive stress and apoptosis, indicating that Cav-1 may con-
tribute to podocyte injury through stress-responsive signal-
ing mechanisms.

Further investigation revealed that Cav-1 plays a cen-
tral regulatory role in receptor-mediated endocytosis. Un-
der high-glucose conditions, HPC cells exhibited enhanced
endocytic activity, characterized by increased albumin up-
take and elevated expression of key endocytosis-related
proteins, including CHC, Dynamin-2, Rab5, and Rab?7.
However, inhibition of Cav-1 expression significantly re-
duced both the expression of these proteins and the over-
all endocytic capacity. Our findings also demonstrated that
Dynamin-2 overexpression partially restored endocytic ca-
pacity and the expression of related proteins, indicating that
Dynamin-2 serves a critical compensatory role in Cav-1-
mediated podocyte endocytosis. This observation is con-
sistent with recent studies reporting that Cav-1 scaffolds re-
cruit Dynamin-2 to caveolae, thereby regulating membrane
fission through its GTPase activity [31,32]. Disruption
of endocytic function may impair the ability of podocytes
to process extracellular nutrients and signaling molecules,
consequently affecting membrane protein turnover and
compromising cellular homeostasis [33]. Moreover, Cav-
1 deficiency significantly suppressed the expression of Src
family kinases (SFKs) and RhoA, consistent with previ-
ous findings that Cav-1 regulates podocyte cytoskeletal dy-
namics and apoptosis via the SFKs-RhoA signaling axis
[18]. Collectively, these findings suggest that Cav-1 may
act as an amplifier in high-glucose-induced podocyte injury
by coordinately regulating the “endocytosis-cytoskeleton-
apoptosis” pathway.

In addition, emerging evidence indicates that Cav-1
may also participate in the regulation of autophagy and
mitochondrial function. For instance, Cav-1 deficiency
can promote activation of the AMP-activated protein ki-
nase (AMPK) signaling pathway, leading to the inhibition
of mechanistic target of rapamycin (mTOR) activity and
thereby enhancing autophagy, which alleviates cellular in-
jury [18,34]. In this study, Cav-1 deficiency not only im-
proved endocytic function but also significantly reduced the
proportion of TUNEL-positive cells. These effects may
be associated with enhanced autophagic flux or improved
mitochondrial homeostasis, suggesting that future research
should focus on the integrative regulatory role of Cav-1 at
the convergence of multiple signaling pathways. Notably,
membrane-associated proteins such as EHD2 and CAVINI,
which are functionally coupled with Cav-1, were also syn-
chronously regulated in this study, further supporting the
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central role of Cav-1 in modulating podocyte membrane
structure and endocytic activity.

From a clinical translational perspective, Cav-1, as
a dual-function protein involved in both structural orga-
nization and signal transduction, may serve as a potential
therapeutic target for DKD. Previous studies have demon-
strated that pharmacological inhibition of Cav-1 expres-
sion or its phosphorylation can effectively mitigate pro-
teinuria and glomerular injury in animal models [18,35].
The present study further elucidates the Cav-1-mediated
endocytosis-signaling regulatory mechanism and highlights
the essential role of Dynamin-2, providing mechanistic ev-
idence that supports the development of Cav-1-targeted
therapeutic strategies. Moreover, recent findings sug-
gest that SGLT2 inhibitors exert renoprotective effects,
partly by modulating Cav-1 expression and associated sig-
naling pathways. For example, empagliflozin was re-
ported to protect glomerular endothelial cell architecture via
the Vascular Endothelial Growth Factor (VEGF)-A/Cav-
1/Plasmalemma Vesicle-Associated Protein-1 (PV-1) path-
way, accompanied by a reduction in Cav-1 expression [36],
while dapagliflozin preserves podocyte structure and func-
tion through SGLT2 inhibition in diabetic models [37].
These findings suggest the possibility that combining Cav-
1-targeted inhibitors with existing clinical agents, or specif-
ically modulating the Cav-1-Dynamin-2 axis, may repre-
sent a novel approach to delay DKD progression.

Despite the comprehensive mechanistic insights pro-
vided by this study, several limitations should be acknowl-
edged. First, although both Cav-1 knockout mice and high-
glucose-treated human podocytes were utilized, the in vivo
findings were derived from global knockout models rather
than podocyte-specific Cav-1 deletion, which may intro-
duce confounding effects from other renal cell types. Sec-
ond, while this work focused on Dynamin-2 as a principal
mediator of Cav-1-regulated endocytosis, additional inter-
acting proteins or signaling pathways may also contribute to
podocyte injury in DKD. Third, the translational relevance
of these findings warrants further validation using patient-
derived samples and additional preclinical models. Future
research should address these limitations to better elucidate
the complex regulatory networks underlying podocyte in-
jury and the progression of diabetic kidney disease.

Conclusion

In summary, this study systematically elucidates the
pathogenic role of Cav-1 in podocyte injury during diabetic
kidney disease from multiple perspectives, including alter-
ations in the expression of structural protein, regulation of
signaling pathways, and changes in cellular function. As
a key effector of Cav-1-mediated endocytosis, Dynamin-
2 can partially compensate for the endocytic impairments
resulting from Cav-1 deficiency, suggesting a functional
interdependence between these two proteins in vesicular
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trafficking. Targeting Cav-1 and its associated SFKs-
RhoA signaling axis, along with Dynamin-2-mediated en-
docytic and autophagic pathways, may offer novel ther-
apeutic strategies and precise intervention approaches for
DKD. Future investigations should further elucidate the
molecular interactions among Cav-1, Dynamin-2, and other
podocyte regulatory pathways, such as autophagy, ferrop-
tosis, and mitochondrial dynamics, and validate their thera-
peutic potential using cell-type-specific animal models and
clinical specimens to facilitate the translation of mechanis-
tic insights into clinical applications.
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