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Abstract. The C3a/C3aR axis has been confirmed to be asso‑
ciated with the pathogenesis of diabetic nephropathy (DN) and 
mitochondrial dysfunction; however, the exact mechanisms 
underlying its role in diabetic podocytopathy remain unclear. 
The present study investigated the involvement of C3a/C3aR 
signaling in regulating mitophagy during the progression of 
DN. Diabetic db/db mice exhibited elevated renal C3 and 
C3aR levels, concurrent with podocyte injury, proteinuria and 
glomerular damage. Administration of the C3aR antagonist 
(C3aRA) SB290157 attenuated podocyte loss, reduced albu‑
minuria and mitigated glomerular pathology. Ultrastructural 
and functional analyses revealed that C3aRA restored 
mitochondrial integrity in podocytes, resolving diabetes‑asso‑
ciated fragmentation and bioenergetic deficits. In vitro, high 
glucose‑exposed human podocytes displayed suppressed 
mitophagy and mitochondrial dysfunction, which were exac‑
erbated by exogenous C3a. Conversely, C3aRA treatment 
enhanced mitophagy and preserved mitochondrial membrane 
potential, while small interfering RNA‑mediated C3aR or 
PINK1 knockdown abolished these protective effects. Notably, 
C3aRA activated the PI3K/AKT/FoxO1 pathway, driving both 
mitochondrial biogenesis and mitophagy. Disruption of this 
axis via FoxO1 inhibition reversed the therapeutic benefits of 
C3aRA, confirming its mechanistic centrality. In conclusion, 
the C3a/C3aR/PI3K/AKT/FoxO1 axis represents a previously 

unrecognized molecular bridge between complement activa‑
tion and mitophagy failure in DN. Pharmacological disruption 
of this pathway could preserve podocyte homeostasis, offering 
a precision strategy against diabetic kidney injury.

Introduction

Diabetic nephropathy (DN), one of the most devastating 
microvascular complications of diabetes mellitus, manifests 
initially as microalbuminuria and progressively evolves into 
end‑stage renal disease through characteristic glomerulopathic 
changes (1). This trajectory underscores the critical need to 
elucidate its molecular pathogenesis and develop targeted 
interventions for early renal preservation. Previous evidence 
implicates glomerular podocytes as primary targets in diabetic 
renal injury, where their structural and functional integrity 
governs glomerular filtration barrier competence (2). Notably, 
the high mitochondrial density in these specialized epithelial 
cells, which rely predominantly on oxidative phosphorylation 
for energy homeostasis, renders them particularly vulnerable 
to metabolic disturbances. Consequently, podocyte mitochon‑
drial dysfunction is increasingly recognized as a pivotal driver 
of DN progression, involving disrupted energy metabolism, 
exacerbated oxidative stress, and impaired organelle quality 
control mechanisms (3).

Emerging evidence indicates that complement system 
activation, particularly through the C3a/C3aR axis, is involved 
in progressive DN (4,5). Substantial studies demonstrate that 
C3aR blockade reduces podocyte mitochondrial dysfunc‑
tion and oxidative stress while alleviating renal damage in 
DN rodent models (6‑8). Mitophagy, a selective autophagic 
process essential for cellular homeostasis, eliminates damaged 
mitochondria via lysosomal degradation (9). In early diabetes, 
renal cells exhibit enhanced clearance of glucose‑damaged 
mitochondria. However, disease progression coincides with 
increased mitochondrial fission, heightened oxidative stress 
and defective mitophagy. This failure to eliminate compro‑
mised mitochondria permits damaging factor release (reactive 
oxygen species), thus driving DN advancement (10). In both 
high‑glucose environments and DN models, a decrease in 
the expression of key proteins involved in mitophagy, such as 
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PINK1, parkin and microtubule‑associated protein 1A/1B‑light 
chain 3B (LC3B), has been observed in podocytes. Conversely, 
the expression of P62, an indicator of impaired autophagy, 
significantly increases (11‑13). These findings suggest that 
dysfunction in podocyte mitophagy may play a crucial role in 
the pathogenesis of DN.

Despite evidence linking C3a/C3aR to DN, the mechanisms 
underlying its role in podocyte mitophagy remain unclear. 
While our prior clinical and animal data demonstrated local 
complement C3 activation and reduced mitophagy in DN, 
the direct regulatory involvement of C3a/C3aR in mitophagy 
downregulation remains undefined. The current study aimed 
to evaluate C3a/C3aR effects on glomerular podocytes 
utilizing both human podocyte cultures and db/db murine 
models. Markedly increased renal C3 and C3aR expression 
was observed in diabetic mice and high glucose (HG)‑exposed 
podocytes. Importantly, a novel regulatory role for C3a/C3aR 
was identify in maintaining podocyte mitochondrial homeo‑
stasis through PI3K/AKT/FoxO1 signaling‑mediated 
mitochondrial biogenesis and mitophagy. These findings 
suggest that targeting C3aR to preserve mitochondrial function 
and cellular bioenergetics upstream of cellular damage 
represents a promising therapeutic strategy for DN.

Materials and methods

Gene expression prof iling data and preprocessing. 
Transcriptomic profiles of human kidney podocytes were 
retrieved from the Gene Expression Omnibus (acces‑
sion no. GSE47183), comprising 122 samples across eight 
pathological categories, including DN (n=14), focal segmental 
glomerulosclerosis (FSGS, n=23), FSGS with minimal 
change disease (MCD, n=6), membranous glomerulonephritis 
(n=21), MCD (n=15), rapidly progressive glomerulonephritis 
(RPGN, n=23), thin membrane disease (TMD, n=3), and 
tumor nephrectomy controls (n=17) (14,15), The dataset was 
normalized using Robust Multichip Average standardization 
with the affy package (v1.78.0; Bioconductor Release 3.18, 
https://bioconductor.org). After normalization, the platform 
file was used to map each probe to Entrenz Gene ID. If a probe 
maps to multiple genes or does not map to any genes, the 
expression value of the probe is deleted. If multiple probes map 
to the same gene, the average value of these probes is taken 
as the expression value of the gene. The normalized data was 
visualized using pheatmap (Bioconductor pheatmap package).

Animals and reagents. Male C57BLKS/JGpt wild‑type 
(wt/wt, 8‑week‑old, 20‑25 g, n=10) and db/db mice (8‑week‑old, 
45‑55 g, n=20) were procured from GemPharmatech Co., Ltd. 
All procedures were conducted in accordance with the NIH 
Guide for the Care and Use of Laboratory Animals (16) and 
approved by the Institutional Animal Care and Use Committee 
of Fujian Medical University (approval no.  IACUC FJMU 
2023‑Y‑1033; Fuzhou, China). Animals were maintained 
under standardized conditions (12/12‑h light/dark cycle, 
22±2˚C, 60% humidity) with ad libitum access to food and 
water. Following a 7‑day acclimatization period, wt/wt mice 
served as non‑diabetic controls (NC, n=6). Diabetic db/db 
mice were randomly allocated into two experimental groups 
(n=6/group): i) A C3aR antagonist (C3aRA)‑treated group, 

which received intraperitoneal injections of SB290157 
(10 mg/kg; cat. no. HY‑101502A/CS‑6852; MedChemExpress) 
every 48 h (17); and ii) a vehicle group, which received equiva‑
lent volumes of 5% DMSO in sterile saline. SB290157 was 
freshly reconstituted in vehicle solution (5% DMSO in 0.9% 
NaCl) under aseptic conditions. All solutions were filtered 
through 0.22‑µm membranes prior to administration. After 
8 weeks of intervention, 24‑h urine was collected from all mice 
using a metabolic cage (Fig. S1). Euthanasia was performed 
by intraperitoneal injection of 2% sodium pentobarbital at a 
dose of 100 mg/kg. Next, bilateral kidneys were excised, the 
renal capsule was removed, and the kidneys were sectioned by 
sagittal. Kidney tissue was either fixed with 4% paraformalde‑
hyde at 4˚C for 24 h or rapidly frozen in liquid nitrogen.

Measurement of serum creatinine, urinary albumin/creati‑
nine ratio (UACR), 24‑h urinary total protein (UTP) and 
cell‑culture medium C3a level. Metabolic cages were used to 
collect 24h urine samples. The contents of serum creatinine, 
24‑h UTP and UACR were measured using an automatic 
biochemical analyzer (Beckman Coulter, Inc.). Cell‑culture 
medium C3a levels were measured by using ELISA kits 
(Human Complement C3a; cat.  no.  USEA387Hu; Wuhan 
Cloud‑Clone Corp.), according to the manufacturer's protocol.

Histological analysis. Kidney sections were deparaffinized 
and rehydrated and were then stained with hematoxylin and 
eosin (H&E), and Periodic Acid‑Schiff (PAS).

Cell culture. An immortalized human podocyte cell line was 
donated by Professor Moin A. Saleem (Bristol University, UK) 
and was retained and donated by the Nephrology Laboratory 
of Wuhan University. Cells were cultured in low‑glucose 
Roswell Park Memorial Institute (RPMI)‑1640 medium 
(Gibco; Thermo Fisher Scientific, Inc.) with 10% fetal bovine 
serum (FBS; Gibco; Thermo Fisher Scientific, Inc.). The 
human immortalized podocytes used in the present study were 
of passages 16‑23. The podocytes were propagated at 33˚C and 
treated with interferon [insulin‑Transferrin‑Selenium (ITS)‑G; 
10 U/ml; Invitrogen; Thermo Fisher Scientific, Inc.]. Next, 
cells were differentiated without ITS‑G at 37˚C for 7 days. For 
further evaluation, the podocytes were stimulated with HG 
(30 mM glucose) and mannitol (24.5 mM mannitol + 5.5 mM 
glucose) containing 1% FBS with or without incubation with 
C3a or C3aRA (SB290157) for 24 h.

Application of small interfering RNA (siRNA). A duplex 
siRNA was designed to target human C3aR (NCBI: NM 
004054.4;  https://www.ncbi.nlm.nih.gov/nuccore/?term=​
NM+004054.4). The target sequence is GCU​UCA​AAC​
AAC​CUC​UAA​U (1746‑1764 bp) and the siRNA nucleotide 
sequences for C3aR were r(GCC​UCA​AAC​AAC​CUC​UAA​U) 
dTdT (Sense) and r(AUU​AGA​GGU​UGU​UUG​AGG​C) dGdG 
(Antisense). A duplex siRNA was designed to target human 
PINK1 (NCBI: NM 032409.3; https://www.ncbi.nlm.nih.
gov/nuccore/?term=NM+032409.3). The target sequence is 
GCTGGAGGAGTATCTGATA (1,449‑1,467  bp) and the 
siRNA nucleotide sequences for PINK1 were r(GCU​GGA​
GGA​GUA​UCU​GAU​A) dTdT (Sense) and r(UAU​CAG​AUA​
CUC​CUC​CAG​C) dGdG (Antisense). Meanwhile, Negative 
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control (NC) siRNA with no homology to mammalian genomes 
served as negative control, which nucleotide sequences were r 
(UUC​UCC​GAA​CGU​GUC​ACG​U) dTdT (Sense) and r (ACG​
UGA​CAC​GUU​CGG​AGA​A) dTdT (Antisense). All siRNAs 
were synthesized by Shanghai Hanheng Biotechnology Co., 
Ltd. For transfection, cells were seeded at 60% confluency in 
antibiotic‑free medium and transfected with 50 nM siRNA 
using RNAFit™ Transfection Reagent (cat. no. HB‑RF‑1000; 
Shanghai Hanheng Biotechnology Co., Ltd.). Cells were 
harvested 48 h post‑transfection for downstream analysis, with 
protein expression verification performed by western blotting 
(Fig. S2).

TdT‑mediated dUTP nick‑end labeling (TUNEL) assay. 
Paraffin‑embedded kidney sections and cell slides were 
processed with a TUNEL assay kit (Dalian Meilun Biology 
Technology Co., Ltd.) to detect apoptosis. Paraffin‑embedded 
renal sections were deparaffinized using xylene and rehydrated 
with ethanol. Cells were fixed with 4% paraformaldehyde 
at 37˚C for 10 min. The deparaffinized sections and fixed 
cell slides were incubated first with 20 µg/ml DNase‑free 
proteinase K for 30 min at room temperature and then with 
TdT reaction mix for 60 min at 37˚C in the dark. Next, nuclei 
were counterstained with DAPI (0.001 mg/ml). Images were 
acquired with a fluorescence microscope. The apoptotic cells 
were identified and quantified by counting the number of posi‑
tive cells in three fields per group.

Immunohistochemistry. Xylene and ethanol were used to 
deparaffinize and dehydrate renal sections, respectively, and 
citrate buffer was used for antigen retrieval. The sections 
were incubated with antibodies against C3 (1:5,000; Santa 
Cruz Biotechnology, Inc.), C3aR (1:5,000; Santa Cruz 
Biotechnology, Inc.), Mnf2 (1:1,000; Proteintech Group, 
Inc.) or PINK1 (1:1,000; Proteintech Group, Inc.) at room 
temperature for 1 h. Next, the sections were stained with 
an enhanced polymer detection system (Beijing Zhongshan 
Jinqiao Biotechnology Co., Ltd.) according to the 
manufacturer's instructions. Diaminobenzidine was used as 
an HRP‑specific substrate.

Immunofluorescence. Renal tissue sections and cell slides 
were washed with PBS, permeabilized with PBS containing 
0.3% Triton X‑100 and blocked with 5% BSA (Gibco; Thermo 
Fisher Scientific, Inc.) at 37˚C for 30 min. Next, samples were 
incubated with a primary antibody overnight at 4˚C. The 
following antibodies were employed: Mouse anti‑TOMM20 
(1:100; cat. no. 11802‑1‑AP; Proteintech Group, Inc.), rabbit 
anti‑synaptopodin (1:200; cat.  no.  ab224491; Abcam) and 
guinea pig anti‑nephrin (1:200; cat.  no.  GP‑N2; ProGen). 
After PBS washing, sections were incubated for 1 h at room 
temperature with goat anti‑guinea pig, goat anti‑mouse, 
or goat anti‑rabbit secondary antibodies conjugated with 
Alexa Fluor™ 488 or 594, followed by treatment with DAPI 
(0.001 mg/ml) for 10 min at room temperature. Quantification 
of the TOMM20/nephrin toward staining was performed in 
10‑15 glomeruli per section using ImageJ 1.40g (National 
Institutes of Health), and data were expressed as a percentage 
of the TOMM20/nephrin co‑staining area (yellow) on the total 
glomerular TOMM20 area (red). Samples were examined 

under a confocal inverted laser microscope (LSM 510 Meta; 
Carl Zeiss AG).

Preparation of C3a solution. Human complement C3a 
(cat.  no.  204881; 50  µg; Merck KGaA) was diluted to a 
concentration of 5‑10 M using sterile PBS at a pH of 7.2. The 
resulting solution was aliquoted into 50 µl portions and stored 
at ‑80˚C. This solution was utilized for extrinsic interventions 
on podocytes at different time points and concentrations.

Cytoskeleton visualization. Cells were fixed with 4% para‑
formaldehyde at 37˚C for 15 min, permeabilized with PBS 
containing 0.3% Triton X‑100, blocked with 5% BSA for 
30 min and stained with 500 nM Alexa Fluor™ 488 phal‑
loidin (Invitrogen; Thermo Fisher Scientific, Inc.) for 30 min 
and DAPI (0.001 mg/ml) for 15 min. The cytoskeleton was 
visualized in the composite image of the F‑actin (phalloidin, 
green). The average intensity of F‑actin was measured using 
ImageJ 1.40g software.

Double labeling GFP/LC3B‑DsRed/Mito adenovirus 
mitophagy assay. A mixture of 20  µl DsRed‑Mito (red) 
adenovirus stock solution (1x1010 PFU/ml) + 20 µl GFP‑LC3B 
(green) adenovirus stock solution (1x1010 PFU/ml) + 160 µl 
RPMI‑1640 medium was prepared to make a final volume 
of 200 µl adenovirus mix (1x109 PFU/ml). Podocytes were 
washed with PBS three times for 3 min each, and 250 µl 
RPMI‑1640 medium was added to each well. Next, 15 µl of the 
adenovirus mix (optimal MOI=100, Fig. S3) was added to each 
well, and after 4 h of infection, an additional 250 µl RPMI‑1640 
medium was added. Next, the virus‑containing medium was 
aspirated, and complete medium was added for 12‑h incuba‑
tion. Subsequently, cells were fixed, their nuclei were stained, 
and images were captured. By utilizing the dual fluorescence 
adenovirus system (GFP/LC3B‑DsRed/Mito), the dynamic 
process of mitophagy could be precisely tracked in real‑time 
tracked. Quantification of GFP‑LC3B (green)‑associated 
Mito‑DsRed (red) staining was performed using ImageJ 1.40g 
software. Analysis included determining the total number 
of LC3‑positive points and the percentage of Mito‑LC3B 
overlap among LC3‑positive points. Each experiment involved 
analyzing at least ≥5 cells.

Western blotting. Proteins were extracted from kidney tissues 
and podocytes using RIPA lysis buffer (cat.  no.  P0013B; 
Beyotime Institute of Biotechnology) containing a protease 
inhibitor cocktail (cat.  no.  P1005; Beyotime Institute 
of Biotechnology) and a phosphatase inhibitor cocktail 
(cat. no. P1082; Beyotime Institute of Biotechnology). Tissue 
homogenates were centrifuged at 12,000 x g for 15 min at 4˚C, 
the protein concentrations of supernatants were determined 
by using a BCA protein assay kit (cat. no. P0009; Beyotime 
Institute of Biotechnology) and stored at ‑80˚C. Equal 
amounts of proteins (40 µg) were loaded per lane on a 10% 
SDS‑PAGE gel and transferred to polyvinylidene difluoride 
(PVDF) membranes (MilliporeSigma), which were blocked 
with 5% non‑fat milk for 2 h at room temperature. Next, the 
membranes were incubated with primary antibody against 
βactin (1:2,000; cat. no. A1978; MilliporeSigma), C3 (1:500; 
cat.  no.  sc‑28294; Santa Cruz Biotechnology, Inc.), C3aR 
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(1:500; cat. no. sc‑53738; Santa Cruz Biotechnology, Inc.), 
parkin (1:1,000; cat.  no.  14060‑1‑AP; Proteintech Group, 
Inc.), PINK1 (1:500; cat. no. 23274‑1‑AP; Proteintech Group, 
Inc.), TOMM20 (1:500; cat.  no.  11802‑1‑AP; Proteintech 
Group, Inc.), LC3B (1:1,000; cat.  no.  ab192890; Abcam), 
ZO1 (1:1,000; cat.  no.  ab96587; Abcam), synaptopodin 
(1:1,000; cat.  no.  ab224491; Abcam), podocin (1:1,000; 
cat. no. ab50339; Abcam), PI3K [p85α (54 + 85 kDa); 1:1,000; 
cat. no. MA5‑14942; Invitrogen; Thermo Fisher Scientific, 
Inc.), phosphorylated (p)‑AKT (1:1,000; cat. no. MA5‑14952; 
Invitrogen; Thermo Fisher Scientific, Inc.) and FoxO1 (1:1,000; 
cat. no. MA5‑17151; Invitrogen; Thermo Fisher Scientific, Inc.) 
at 4˚C overnight. Blots were incubated with Goat anti‑Rabbit 
IgG (H+L) HRP conjugate (cat. no. ab6721; Abcam) or Goat 
anti‑mouse IgG (H+L) HRP conjugate (cat.  no.  ab6789; 
Abcam) at 1:10,000 dilution in 5% non‑fat milk/TBST for 1 h 
at 25˚C. Images were analyzed in ImageJ (v1.54f; National 
Institutes of Health) using the Gel Analyzer tool. Rolling ball 
radius (50 pixels) was applied for background subtraction.

Transmission electron microscopy (TEM). Mouse kidneys 
were fixed in 2.5% glutaraldehyde and 0.05 M sodium phos‑
phate buffer (Ph 7.2) overnight at 4˚C. Samples were embedded 
in epoxy resin after being washed with 0.1 M cacodylate buffer 
and saline, followed by a gradual series of ethanol dehydration. 
Sections (60‑90 nm thickness) were then incubated on copper 
grids, contrasted with aqueous uranyl acetate and lead citrate, 
and analyzed. Images were recorded with a TEM (H7500; 
Hitachi, Ltd.).

Statistical analysis. All data are expressed as the mean ± 
standard error of the mean. Comparisons between two groups 
were performed using a paired Student's ttest. For multiple 
groups, the data were analyzed by one‑ or twoway ANOVA, 
followed by Bonferroni post hoc tests, where appropriate. 
P<0.05 was considered to indicate a statistically significant 

difference. All statistical analyses were performed using 
GraphPad Prism 8.3.0 software (GraphPad; Dotmatics).

Results

Expression of C3 and C3aR in different kidney‑related 
diseases. The results of the present study were analyzed by 
comparing the expression levels of the same gene in different 
kidney‑related diseases. As shown in Fig. 1, the expression 
levels of C3 and C3aR were relatively high in RPGN and DN, 
compared with the other kidney‑related diseases, indicating 
that the activation of complement C3 may be closely related to 
the occurrence and development of DN.

Inhibiting C3aR shows promise in ameliorating renal damage 
in DN mice. Further validation was conducted in vivo in a 
DN model (db/db mice). Although serum C3a levels showed 
no significant difference (Fig.  S4), renal C3 and C3aR 
protein expression was significantly increased in DN mice 
versus non‑diabetic controls (Fig. 2A). Glomerular‑localized 
C3/C3aR proteins levels (Fig. 2B) were substantially reduced 
following SB290157 treatment. Histological analysis revealed 
that db/db mice exhibited glomerular hypertrophy, mesangial 
hyperplasia, increased cellularity and matrix expansion (H&E 
and PAS staining; Fig. 2C). C3aRA intervention attenuated 
mesangial matrix deposition without exacerbating cellular 
proliferation. Biochemical assessments demonstrated signifi‑
cantly elevated UACR, 24 h‑UTP, blood glucose levels, total 
cholesterol, or triglyceride levels and kidney/body weight ratios 
(Table SI) in db/db mice versus controls, despite non‑signifi‑
cant differences in serum creatinine. Electron microscopy 
confirmed diffuse podocyte foot process effacement with 
increased renal apoptosis. C3aRA treatment significantly 
reduced body weight (Fig. S5), UACR and 24 h‑UTP, restored 
organized foot process architecture, and diminished apoptosis 
(Fig.  2D‑F). Collectively, these data indicated that C3aR 

Figure 1. Heatmap of the C3 and C3aR transcriptome data in different kidney‑related diseases. A set of kidney disease‑related transcriptome data was collected 
from the Gene Expression Omnibus database using Affymetrix microarray sequencing technology. This dataset (GSE47183) contained 122 human renal 
podocyte samples (including 14 samples of diabetic nephropathy, 23 samples of focal and segmental glomerulosclerosis, 6 samples of focal and segmental 
glomerulosclerosis and MCD, 21 samples of membranous glomerulonephritis, 15 samples of MCD, 23 samples of rapidly progressive glomerulonephritis, 
3 samples of thin membrane disease and 17 samples of tumor nephrectomy). Red indicates high expression, while blue indicates low expression. MCD, minimal 
change disease.
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Figure 2. Expression of complement C3, C3aR and renal injury in each mouse group. (A) Protein levels of C3 and C3aR in kidney tissues (n=6). Corresponding 
histograms of the representative protein bands are shown on the bottom panel. (B) Immunohistochemical detection of the deposition and expression of comple‑
ment C3 and C3aR in kidney tissue specimens of each mouse group. Microscopic images are shown at x100 and x400 magnification. (C) Hematoxylin and 
eosin, and Periodic Acid‑Schiff staining of kidney tissues in each group of mice. Microscopic images are shown at x100 magnification. (D) Levels of blood 
creatinine, 24 h‑urinary total protein and urine albumin/creatinine ratio in each group of mice (n=6). (E) Transmission electron microscopy observation of the 
ultrastructure of glomerular podocytes. Scale bar, 2.0 µm. (F) TdT‑mediated dUTP nick‑end labeling assay detection of apoptotic cells in mouse kidney tissues 
for each group. Immunofluorescence images are shown, and statistical analysis of the percentage of apoptotic cells for each group is shown on the right side of 
the representative image (n=6). Scale bar, 20 µm. db/db mice were used to establish a diabetic nephropathy model. SB290157 is a C3aR antagonist. Data are 
expressed as the mean ± SEM and analyzed by two‑way ANOVA with Bonferroni correction. *P<0.05, **P<0.01 and ***P<0.001. C3aRA, C3aR antagonist; ns, 
no statistically significant difference.
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antagonism ameliorates proteinuria and histopathological 
damage in experimental DN.

C3aR inhibition ameliorates podocyte dysfunction and 
mitochondrial injury in diabetic mice. Accumulating evidence 
has identified podocyte injury as a critical pathogenic mecha‑
nism in DN progression (11,18). Immunofluorescence analysis 
demonstrated significantly diminished fluorescence intensity 
and disrupted cytoskeletal architecture in db/db podocytes. 
C3aRA intervention upregulated synaptopodin and nephrin 
expression in DN models (Fig. 3A). Protein quantification 
revealed marked downregulation of the glomerular filtration 
barrier components ZO‑1 and podocin in db/db renal tissues 
versus controls, and these effects were reversed by C3aR 
blockade (Fig. 3B).

The mitochondrial integrity regulators Mfn2 (fusion 
protein) and TOMM20 (a translocase of the outer mitochon‑
drial membrane) exhibited significantly reduced glomerular 
deposition in db/db mice (Fig. 3C and D). Ultrastructural 
analysis confirmed mitochondrial swelling, matrix disorgani‑
zation and cristae fragmentation (Fig. 3E). C3aRA treatment 
normalized Mfn2 and TOMM20 expression (Fig. 3C and D) 
and restored mitochondrial morphology (Fig. 3E), indicating 
significant attenuation of podocyte mitochondrial damage.

Comparative analysis of mitophagy and signaling pathway 
alterations in DN. Western blot analysis of renal tissue 
homogenates revealed significantly reduced expression of the 
mitophagy markers LC3B‑II/LC3B‑I, PINK1 and parkin in DN 
model mice versus controls (Fig. 4B). Immunohistochemistry 
demonstrated diminished PINK1 deposition in both glomer‑
ular and tubular compartments of db/db mice, with pronounced 
reduction in glomeruli (Fig.  4A). Notably, intraperitoneal 
administration of SB290157 partially reversed these altera‑
tions, significantly elevating LC3B‑II/LC3B‑I, PINK1 and 
parkin protein levels (Fig. 4B) while enhancing glomerular 
PINK1 deposition (Fig. 4A). These findings indicated that 
C3aRA mitigates impaired autophagic flux and enhances 
PINK1‑mediated mitophagy in diabetic kidneys.

It was observed in previous experiments by the authors 
that p‑AKT was activated in renal tissues of db/db mice, while 
t‑AKT expression levels remained stable (Fig. S6A). Further 
immunoblotting demonstrated PI3K/AKT pathway activa‑
tion in diabetic renal tissue, characterized by increased PI3K 
expression and p‑AKT, concomitant with FoxO1 suppres‑
sion (Fig.  4C). C3aR antagonism significantly attenuated 
PI3K/p‑AKT upregulation while restoring FoxO1 expression 
(Fig. 4C), indicating that modulation of this signaling axis 
contributes to the therapeutic effect.

HG and C3a induce podocyte injury and suppress mitophagy 
in vitro. The C3/C3aR axis is implicated in impaired podocyte 
mitophagy in DN. To investigate this mechanistically, hyper‑
glycemic injury was modeled in vitro by using conditionally 
immortalized podocytes. Podocytes were cultured for 24 h 
under normal glucose (NG, 5.5 mM glucose), HG (30 mM 
glucose) or mannitol high osmotic control (MG, 24.5 mM 
mannitol + 5.5 mM glucose) conditions. HG‑exposed podo‑
cytes exhibited F‑actin disassembly with reduced fluorescence 
intensity versus NG/MG controls (Fig.  5A), which was 

accompanied by significant downregulation of synaptopodin 
and podocin (Fig. 5B). C3aR expression significantly increased 
under HG conditions (Fig. 5D). ELISA revealed time‑dependent 
C3a accumulation in supernatants, with HG cultures showing 
accelerated generation (≤96 h) despite comparable cellular 
C3 expression across groups (Fig. 5C). Mitophagy markers 
(LC3B‑II/LC3B‑I, PINK1 and parkin) were significantly 
suppressed in HG‑treated podocytes (Fig. 5E), confirming 
complement axis activation and mitophagy impairment.

Complementing these findings, direct C3a exposure 
(10‑7  M) induced dose‑ and time‑dependent cytoskeletal 
disorganization, which was most pronounced at 24 h (Fig. 5G). 
Concomitant reductions in PINK1 and parkin expression 
demonstrated C3a's causal role in mitophagy suppression 
(Fig. 5F), establishing its direct contribution to podocyte injury.

C3aR knockdown ameliorates HG‑induced podocyte injury 
and mitophagy suppression. To mechanistically validate the 
involvement of the C3a/C3aR axis in podocyte injury and 
mitophagy impairment under hyperglycemic conditions, 
siRNA‑mediated C3aR downregulation was employed in 
cultured podocytes. Comparative analysis revealed that 
both HG‑exposed and HG + NC siRNA groups exhibited 
fragmented F‑actin microfilaments with cytoskeletal 
disorganization, elevated apoptotic indices, mitochondrial 
swelling with cristae fragmentation, and minimal autol‑
ysosome formation, which collectively indicate profound 
mitochondrial damage and suppressed autophagic f lux 
(Fig.  6A‑C). By contrast, C3aR‑knockdown podocytes 
under HG conditions demonstrated restored F‑actin 
bundling with increased filament density, reduced apoptosis, 
preserved mitochondrial ultrastructure (characterized by 
mild swelling and intact cristae), decreased proportions 
of damaged mitochondria and a significant increase in 
autophagosome‑engulfed mitochondria.

For dynamic quantification of mitophagic flux, adenoviral 
transduction of GFP‑LC3B/DsRed‑Mito reporters revealed 
significantly fewer mitochondrial LC3+ puncta in the HG 
and HG + NC siRNA groups versus normoglycemic controls 
(P<0.01), indicative of impaired mitophagosome biogen‑
esis. This deficit was reversed by C3aR knockdown, which 
increased mitochondrial LC3+ puncta by 2.1‑fold (Fig. 6D). 
Immunoblot analysis further confirmed that C3aR silencing 
significantly upregulated the LC3B‑II/LC3B‑I ratio (1.8‑fold, 
P<0.001), as well as PINK1 (1.5‑fold, P<0.01), and parkin 
(1.7‑fold, P<0.001) expression levels in HG‑treated podocytes 
(Fig. 6E), establishing that C3aR blockade restores mitophagic 
activity in DN.

C3a/C3aR axis suppresses mitophagy via PI3K/AKT/FoxO1 
signaling in hyperglycemia‑induced podocyte injury. To 
delineate the role of C3a/C3aR in diabetic podocyte dysfunc‑
tion, PINK1 knockdown was combined with C3aRA. 
HG‑exposed podocytes exhibited cytoskeletal disorganization 
and elevated apoptosis, and these phenotypes partially amelio‑
rated by C3aRA. Crucially, PINK1‑silenced podocytes (HG + 
C3aRA + PINK1 siRNA) displayed exacerbated F‑actin frag‑
mentation with reduced fluorescence intensity and increased 
apoptosis compared with HG + C3aRA and HG + C3aRA + NC 
siRNA controls (Fig. 7A). Immunoblot analysis confirmed that 



INTERNATIONAL JOURNAL OF MOlecular medicine  56:  223,  2025 7

PINK1 knockdown significantly reduced mitophagy markers 
(PINK1, parkin and LC3B‑II/LC3B‑I ratio) and diminished 
the levels of key podocyte integrity proteins (ZO‑1, synap‑
topodin and podocin) and of the mitochondrial translocase 
TOMM20 (P<0.05). Importantly, PINK1 silencing attenu‑
ated C3aRA‑mediated protection against HG‑induced injury, 

indicating that C3a/C3aR induces podocyte damage through 
PINK1‑mediated mitophagy impairment (Fig. 7B). Following 
pretreatment of podocytes with HG and HG + C3a, activation 
of p‑AKT was observed (Fig. S6B). Mechanistically, C3a stim‑
ulation significantly enhanced PI3K/AKT phosphorylation 
while suppressing FoxO1 expression versus normoglycemic 

Figure 3. Function of glomerular podocytes and mitochondrial damage in each group of mice. (A) Immunofluorescence images of the podocyte‑specific 
functional proteins synaptopodin and nephrin in each group of mice. Scale bar, 20 µm. (B) Protein levels of ZO‑1 and podocin in the kidney tissues (n=6). 
Corresponding histograms are shown on the bottom panel of representative protein bands. (C) Immunohistochemical analysis of the mitochondrial fusion 
protein Mnf2. Scale bar, 50 µm. (D) Representative images and quantification of double immunofluorescence staining for TOMM20 (red) and nephrin (green) 
in the glomerulus of mice. The yellow areas indicate TOMM20 and nephrin colocalization in podocytes (n=6). Scale bar, 20 µm. (E) Electron microscopy 
image of mitochondrial morphology in podocytes. Scale bar, 2.0 µm and 500 nm. Data are expressed as the mean ± SEM and analyzed by two‑way ANOVA 
with Bonferroni correction. *P<0.05, **P<0.01 and ***P<0.001. C3aRA, C3aR antagonist.

https://www.spandidos-publications.com/10.3892/ijmm.2025.5664
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controls (Fig. 7C). Both HG exposure and C3aR knockdown 
similarly activated PI3K/AKT signaling and reduced FoxO1, 
while C3aR inhibition reversed these effects (Fig.  7D), 
consistent with the aforementioned in vivo data. Under HG 
conditions with C3a overexpression, treatment with LY294002 
(a PI3K inhibitor; cat.  no.  HY‑10108; MedChemExpress), 
which was dissolved in DMSO and applied to podocytes at a 
final concentration of 20 µM for 24 h prior to protein extrac‑
tion, reduced PI3K/AKT phosphorylation, restored FoxO1 
expression and increased the number of mitochondrial LC3+ 
puncta (by 2.3‑fold, P<0.001) with elevated mitophagic flux 
(Fig. 7E and F). C3a induced FoxO1 nuclear export through 
enhanced phosphorylation, a process that was significantly 
attenuated by LY294002 (Fig. 7G). These results indicated that 
C3a/C3aR mediates hyperglycemia‑induced podocytopathy 
by suppressing mitophagy through PI3K/AKT‑dependent 
inhibition of FoxO1‑PINK1 signaling.

Discussion

Increasing evidence suggests that the complement system and 
its downstream components contribute to the development 
of DN (19). The kidneys, in a diabetic state, are continuously 
exposed to metabolic and hemodynamic stress, leading to 
cellular damage and activation of innate immune responses, 
including the complement system (20), with complement C3 
serving as the central hub in the complement cascade (21). 
Previous studies have indicated that patients and animals 
with DN exhibit renal glomerular C3 deposition (4,22). In the 
present study, a markedly higher expression of C3 and C3aR 
was observed in podocytes of patients with DN compared 
with those of patients with other kidney‑related diseases. 
This suggests that complement system activation, particularly 
the C3a/C3aR axis, is closely associated with HG‑induced 
kidney damage and proteinuria. Based on clinical problems, 

Figure 4. Expression levels of mitophagy and related pathway proteins in mouse renal tissues. (A) Immunohistochemical analysis of the mitophagy‑specific 
protein PINK1. Magnification, x100. (B) Protein levels of LC3B Ι/ΙΙ, parkin and PINK1 in kidney tissues (n=6). Corresponding histograms are shown on the 
right panel of representative protein bands. (C) Protein levels of PI3K [PI3‑kinase p85α (54 + 85 kDa)], phosphorylated‑AKT and FoxO1 in kidney tissues 
(n=6). Corresponding histograms are shown on the right panel of representative protein bands. *P<0.05, **P<0.01 and ***P<0.001. p‑, phosphorylated.
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Figure 5. Effects of HG and C3a on podocyte damage and mitophagy. Normal glucose refers to 5.5 mM glucose, while the mannitol high osmotic control 
group was subjected to 24.5 mM mannitol +  5.5 mM glucose, and HG represents the intervention group (30 mM glucose). (A) Representative images (left) 
and quantification (right) of podocyte cytoskeleton, with F‑actin (green) stained using phalloidin (n=6). Scale bar, 20 µm. (B) Protein levels of synaptopodin 
and podocin in podocytes (n=6). Corresponding histograms are shown on the bottom panel of representative protein bands. (C) ELISA detection of C3a levels 
in podocytes at different time points (n=6). (D) Protein levels of C3 and C3aR in podocytes (n=6). Corresponding histograms are shown on the right panel 
of representative protein bands. (E) Protein levels of LC3B I/II, parkin and PINK1 in podocytes (n=8). Corresponding histograms are shown on the bottom 
panel of representative protein bands. (F) Protein levels of parkin and PINK1 in podocytes (n=5). Corresponding histograms are shown on the right panel of 
representative protein bands. (G) Representative images and quantification (bottom) of podocyte cytoskeleton induced by different times and concentrations 
of C3a (10‑7 M for 12, 24 and 48 h; or 10‑8, 10‑7 and 10‑6 M for 24 h) (n=6). Scale bar, 20 µm. *P<0.05, **P<0.01 and ***P<0.001. ns, no statistically significant 
difference; HG, high glucose.

https://www.spandidos-publications.com/10.3892/ijmm.2025.5664
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Figure 6. Inhibition of C3aR improves HG‑induced podocyte and mitochondrial autophagic damage. (A) Changes in cell cytoskeleton after blocking C3aR 
in a HG environment. Scale bar, 20 µm. (B) Immunofluorescence images of podocytes in each group using a TdT‑mediated dUTP nick‑end labeling assay. 
Scale bar, 50 µm. The lower panel presents the statistical analysis of apoptosis ratios in podocytes for each group (n=6). (C) Transmission electron microscopy 
examination of mitochondrial morphology. Scale bar, 2.0 µm and 500 nm. The statistical charts on the right side of the electron microscopy images represent 
the percentages of damaged mitochondria and mitochondria enveloped by autophagosomes (n=5). (D) Transfection of immortalized human podocytes with 
adenovirus GFP‑LC3B (green) and DsRed‑Mito (red). Scale bar, 20 µm. The statistical charts on the right side represent the number of GFP‑LC3B‑positive 
puncta per cell and the proportion of LC3B spots on mitochondria (Mito) to total LC3B. Quantification of GFP‑LC3B (green)‑associated Mito‑DsRed (red) 
staining intensity normalized by GFP‑LC3B area (n=5). (E) Protein levels of LC3B I/II, parkin and PINK1 in podocytes (n=6). Corresponding histograms are 
shown on the right panel of representative protein bands. *P<0.05, **P<0.01 and ***P<0.001. ns, no statistically significant difference; HG, high glucose; NG, 
normal glucose; siRNA, small interfering RNA; NC, negative control.
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Figure 7. C3a downregulates mitophagy levels through the PI3K/AKT/FoxO1 signaling pathway in a HG environment, leading to podocyte damage. 
(A) Immunofluorescence images of F‑actin‑stained podocyte cytoskeleton. Scale bar, 20 µm. Flow cytometric analysis of podocyte apoptosis under different 
intervention conditions using annexin V‑FITC PI. (B) Expression of podocyte functional and mitophagy‑related proteins after PINK1 inhibition (n=5). 
Corresponding histograms are shown on the right panel of representative protein bands. (C) Expression of downstream signaling molecules after direct 
stimulation of podocytes by C3a (n=6). (D) Expression of downstream signaling molecules after inhibiting C3aR in a HG environment (n=5). Corresponding 
histograms are shown on the bottom panel of the representative protein bands. (E) Confocal microscopy images capturing fluorescence of immortal‑
ized human podocytes transfected with adenovirus GFP‑LC3B (green) and Mito‑DsRed (red). Scale bar, 20 µm. The right panel represents the statistical 
analysis of the number of GFP‑LC3B‑positive spots per cell and the proportion of LC3B spots on mitochondria (Mito) to total LC3B. Quantification of 
GFP‑LC3B‑associated Mito‑DsRed staining intensity normalized by GFP‑LC3B area (n=5). (F) Effects of PI3K inhibition on downstream pathway proteins 
and mitophagy proteins under HG conditions with C3a overexpression (n=5). Corresponding histograms are shown on the bottom panel of representative 
protein bands. (G) Immunofluorescence micrographs demonstrating the nuclear/cytoplasmic distribution of FoxO1 in podocytes, with dual‑color staining of 
phosphoryalted‑FoxO1 (red) and FoxO1 (green). Scale bar, 20 µm. *P<0.05, **P<0.01 and ***P<0.001. ns, no statistically significant difference; HG, high‑glucose.
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db/db mice were employed to simulate the process of renal 
damage in clinical DN, which is a spontaneous diabetic mouse 
model with leptin receptor gene deficiency. Compared with 
the STZ‑induced type 2 diabetes mouse model, db/db mice 
showed obesity and more obvious renal damage. In addition, 
the occurrence of diabetes in db/db mice is more similar to 
that in clinical patients with type 2 diabetes because there is 
no artificial interference (23,24).

In the current study, db/db mice exhibited C3 deposition 
and elevated C3aR levels, accompanied with podocyte loss, 
increased levels of proteinuria and renal tissue damage. 
Podocyte apoptosis can result in podocyte loss and damage, 
exacerbating the severity of proteinuria in patients with 
DN (25,26). Previous literature has reported that the C3a/C3aR 
axis in podocytes can initiate autocrine IL‑1β/IL‑1R1 signaling, 
downregulating nephrin expression and leading to rearrange‑
ment of the actin cytoskeleton (27). Similarly, in the present 
study, blocking C3aR increased the expression of the podocyte 
functional proteins nephrin and synaptopodin in DN mice 
glomeruli, and improved podocyte cytoskeleton alignmen 
in HG. This suggests the involvement of the C3a/C3aR axis 
in podocyte damage in DN, which is primarily manifested 
in cytoskeleton disruption and downregulation of nephrin 
expression, with C3aRAs potentially contributing to the 
maintenance of podocyte homeostasis.

Podocytes exhibit high dynamism, thus necessitating 
substantial energy to maintain the normal organization of 
the cytoskeleton and podocyte foot process remodeling (28). 
Impaired mitophagy is considered a hallmark of human DN 
and rodent models of DN (29). Currently, the PINK1/parkin 
pathway is considered one of the most crucial mediators in 

the process of mitophagy (30). The present study confirmed 
a decrease in PINK1/parkin‑mediated mitophagy levels 
in the db/db mice and in podocytes under HG conditions 
in vitro. Similarly, reduced PINK1/parkin mitophagy has been 
reported in HK‑2 cells under HG conditions, STZ‑induced 
DN models (12,31), proximal tubular cells (32), glomerular 
mesangial cells  (33), podocytes, and db/db mouse models 
of DN (34), aligning with the current findings. By contrast, 
certain previous studies have reported abnormal activation 
of PINK1/parkin‑mediated mitophagy in db/db mice (35,36). 
The db/db mice model effectively recapitulates early‑stage DN 
manifestations, including characteristic glomerular pathology, 
podocyte injury and the albuminuric phase, but fails to 
develop progressive renal fibrosis or end‑stage renal disease 
(ESRD) features typically observed in advanced human 
DN, primarily due to its constrained 24‑week observation 
window, species‑specific attenuation of fibrotic pathways, and 
absence of sustained glomerulosclerosis that would culminate 
in functional renal failure, thereby limiting its translational 
relevance for late‑stage DN therapeutic interventions requiring 
fibrosis or ESRD endpoints. The db/db mice model remains 
the gold standard for initiating events in DN but neces‑
sitates complementary approaches for disease culmination 
studies. In subsequent studies, therapeutic strategies targeting 
fibrosis/ESRD reversal must be validated using complemen‑
tary models (for example, uninephrectomized db/db mice or 
DBA/2J‑STZ mice). These seemingly disparate results may be 
attributed to different stages of DN. In the early stages of DN, 
the number of damaged mitochondria increases, and compen‑
satory mitophagy is enhanced to eliminate these mitochondria. 
As DN progresses to a certain stage, compensatory mitophagy 

Figure 8. Role and mechanism of C3a/C3aR in a DN model. In a high‑glucose environment, the complement component C3 is activated. The C3a/C3aR 
axis modulates the PI3K‑AKT signaling pathway, resulting in an enhanced phosphorylation level of FoxO1, leading to the loss of its transcriptional activity. 
Consequently, there is inhibition of PINK1/parkin‑mediated mitophagy, contributing to podocyte injury and DN progression. DN, diabetic nephropathy; 
C3aRA, C3aR antagonist.
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becomes insufficient to clear an adequate number of damaged 
mitochondria, resulting in a decompensated state and a 
decrease in mitophagy levels (37). Since there were no genetic 
background differences in the animals used in these studies, 
further research is needed to explain these conflicting results 
observed in the activation pattern of PINK1/parkin‑mediated 
mitophagy.

Numerous previous studies, including one conducted by 
our group, have reported the key role of C3a/C3aR in accel‑
erating apoptosis. CRP interacts with the C3a/C3aR axis to 
promote the process of DN through podocyte autophagy (38), 
and the treatment of DN mice with a C3aRA enhanced 
podocyte density and preserved their phenotype, limiting 
proteinuria and glomerular injury (8). Overall, this suggests 
that the C3a/C3aR axis plays an important role in diabetic 
podocyte injury, which may involve podocyte autophagy. 
The current study also found that C3aR blockade protected 
podocytes and mitochondria from damage in DN, as evidence 
by the corresponding changes in mitophagy levels during the 
process. The majority of previous studies have shown signifi‑
cant changes in the expression of mitophagy‑related genes in 
the entire lysates of kidney tissues or cells, with little local‑
ization within mitochondria. Although the C3a/C3aR axis 
has been demonstrated to affect mitochondrial biogenesis, 
including impairing PPARα/CPT‑1α‑mediated renal tubular 
mitochondrial fatty acid oxidation (39), there is currently no 
relevant research on the involvement of the C3a/C3aR axis in 
podocyte mitophagy. In the present study, Mito‑LC3B adeno‑
virus was utilized for exogenous transfection of immortalized 
human podocytes, and the co‑localization assessment of mito‑
chondria and lysosomes helped further elucidate the role of 
PINK1/parkin‑mediated mitophagy in C3a‑induced podocyte 
damage under HG conditions. The results revealed a signifi‑
cant decrease in mitophagy flux in podocytes cultured in a HG 
environment compared with the NG control group. Inhibition 
of C3aR improved the reduced mitophagy induced by HG, 
confirming that the C3a/C3aR axis downregulates mitophagy 
levels in podocytes, participating in the process of podocyte 
damage. While initially characterized as a C3aR antagonist, 
subsequent studies have demonstrated that SB290157 inhibits 
C5aR1 (Ki≈1  µM) at higher concentrations, and C5aR1 
similarly mediates inflammation and podocyte injury in DN. 
Moreover, SB290157 exhibits concentration‑dependent (>µM) 
activation of PAR1 and PAR2, both expressed in renal cells. 
To mitigate these potential off‑target effects, our experi‑
mental design rigorously maintained concentrations ≤0.5 µM. 
Furthermore, complementary C3aR siRNA experiments in 
cellular models confirmed that the pharmacological profile of 
SB290157 persisted under these constrained conditions.

The present study delineates a novel mechanistic link 
between the C3a/C3aR axis and podocyte mitophagy dysregu‑
lation in DN, centrally orchestrated by the PI3K/AKT/FoxO1 
signaling pathway. Numerous previous studies have reported 
the activation of the PI3K/AKT pathway in DN animal 
models (40‑43), and that inhibiting the PI3K/AKT pathway 
could enhance podocyte autophagy levels and reduce protein‑
uria  (44,45). In the present study, increased expression of 
PI3K/AKT signaling molecules was observed in the renal 
tissues of db/db mice and in podocytes cultured in a HG 
environment in vitro. Blocking C3aR expression inhibited 

the PI3K/AKT signaling pathway. Inhibition of PI3K/AKT 
signaling prevents phosphorylation of FoxO1, enabling its 
nuclear translocation, thereby regulating gene expression 
associated with cell death, proliferation, differentiation, 
cellular metabolism, and oxidative stress (46,47). Previous 
studies have established that PI3K/AKT signaling exacerbates 
insulin resistance in diabetes by inhibiting FOXO‑driven 
metabolic adaptations (48,49). FoxO1 overexpression prevents 
podocyte damage and improves the progression of DN (50). 
The current study uncovers that C3a, a complement effector, 
acts as an upstream trigger of PI3K/AKT in podocytes. In 
diabetic environments, C3aR binding activates PI3K/AKT, 
which subsequently phosphorylates and inactivates FoxO1. 
This redirects FoxO1 from the nucleus to the cytoplasm, 
repressing the transcription of mitophagy genes (such as 
PINK1 and parkin). The current findings support the obser‑
vations that C3aR blockade restores mitochondrial integrity, 
mechanistically linking complement to FoxO1‑driven redox 
and metabolic homeostasis. However, in the present study, 
only PI3K inhibitors were used, and the expression changes 
of the downstream signal molecules AKT and FoxO1 were 
indirectly detected. Their direct role and existence in the 
nucleus or cytoplasm are not yet clear; thus, further studies are 
required in the future.

Additionally, a limitation of the present study is that the 
exclusive focus on complement C3 and C3aR, lacking the 
assessment of complement fragment C3a levels. Although a 
significant increase in C3a under HG conditions was detected 
in vitro in cultured podocytes, no noticeable differences in 
circulating C3a expression were observed in the mouse experi‑
ments. Considering the possibility of localized activation of 
complement C3a in the kidney, future studies should construct 
models to measure C3a levels in urine or locally collected 
blood from the kidneys.

In summary (Fig.  8), the present study demonstrated 
for the first time that the C3a/C3aR axis regulates the 
PI3K/AKT/FoxO1 signaling pathway, and then leads to diabetic 
renal injury by inhibiting podocyte mitophagy, suggesting that 
blocking C3aR may be an innovative therapeutic strategy for 
treating patients with DN.
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