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Abstract 

Background  The aim of this study was to explore the mechanism of complement C3a mediating podocyte injury 
during ischemia–reperfusion acute kidney injury (IR-AKI) and post-injury fibrosis.

Methods  Renal artery clamping was used to establish IR-AKI and post-injury fibrosis model. HE and Masson stain-
ing were performed to observe renal fibrosis. The protein abundance levels were measured along with inflammatory 
markers, renal complement C3. Podocytes were treated with C3a with or without Toll-like receptor 4(TLR4) inhibitor. 
The effects of TLR4 up-regulation by TLR4 plasmids were examined.

Results  C3−/− resulted in amelioration of renal dysfunction by reducing podocyte damage and renal fibrosis. 
Immunoblot with renal tissue homogenates from IR-AKI mice revealed that C3−/− decreased TLR4/Nuclear Factor-κB 
(NFκB)-P65.

Conclusion  Our results indicate that modulating C3/TLR4/NFκB-P65 signaling pathway is a novel therapeutic target 
for the IR-AKI and post-injury fibrosis.
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Graphical Abstract

Introduction
Chronic kidney disease (CKD) has increased significantly; 
there were over 697 million patients worldwide in 2019 
[1]. The prevalence rate of CKD in Chinese adults is up to 
10.8% [2]. The incidence rate of acute kidney injury (AKI) 
inpatients in Chinese general hospitals is 5–7%; approxi-
mately 50% of surviving patients suffer from permanent 
renal dysfunction, poor prognosis, and heavy medi-
cal burden [3–5]. As far back as 2009, the international 
nephrology community has clearly indicated that AKI 
is the direct cause of CKD [6]; however, for many years, 
the treatment  of AKI has been symptomatic only, pre-
venting AKI from progressing to CKD has become the 
focal point of the international nephrology community.

The clear pathophysiological mechanisms related 
to chronicity after AKI are microvascular endothelial 
cell  damage, inflammation, and abnormal renal tubu-
lar epithelial cells activation. However, there have been 
few studies on podocytes. Perspicacious studies found 
that patients with AKI often display persistent proteinu-
ria and albuminuria after AKI, which is closely related 
to subsequent CKD [7]. Podocyte damage leads to pro-
teinuria, which is an indicator of most glomerular dis-
eases and is related to the progression of kidney disease. 
Research by Hu et al. suggested that podocytes involve in 
the occurrence and progression of AKI [8].

The role of complement in IRI has received increas-
ing attention. However, the mechanism is not clear. 

Complement deficiency can inhibit elevated TLR4 [9]. 
Inhibition of TLR4 attenuated Heme-induced comple-
ment deposit on endothelial cells. A central role of P-sel 
is to tag endothelium as a target for complement activa-
tion in  vivo and provide the missing link between TLR4 
and complement activation [10]. Recent research found 
that less secretion of C3 appears to inhibit the activation 
of the High-Mobility Group Box  1 (HMGB1)-TLR4-p65 
pathway signal pathway and the production of transform-
ing  growth  factor-β (TGF-β1), thereby alleviating renal 
fibrosis in unilateral ureteral obstruction (UUO) mice [11]. 
However, whether C3 and TLR4 interact in CKD after AKI 
is still unclear.

In previous research, we established unilateral renal 
ischemia IR-AKI model under different ischemia times 
and found that the mice in the 20 min ischemia group were 
mainly characterized by mild AKI lesions, without chronic 
renal manifestation after AKI. Mice in 40  min ischemia 
group showed severe renal tubule and renal interstitial 
damage, which was irreversible. However, ischemia 30 min 
and contralateral kidney excision after 8 days could estab-
lish a post-AKI fibrosis kidney model. Electron microscopy 
was confirmed in mouse podocytes during AKI injury, 
proteinuria, and subsequent chronic kidney fibrosis, thus 
confirming that podocyte injury is an important cause of 
AKI and post-AKI renal fibrosis [12]. Our research found 
that complement C3 exacerbates renal interstitial fibrosis 
by facilitating the M1 macrophage polarization in a mouse 
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model of unilateral ureteral obstruction [13]. Comple-
ment C3 activation also generates the anaphylatoxins C3a, 
which have potent proinflammatory effects. Therefore, 
we hypothesize that complement C3-mediated podocyte 
injury is involved in the post-injury fibrosis of the kid-
ney after AKI. This study used wild-type C57BL/6 mice 
and C3 knockout mice to establish an IR-AKI and post-
injury fibrosis model. Additionally, by in  vitro treatment 
of mouse podocytes cultured under ischemic and hypoxic 
conditions, the mechanism of complement C3 promoting 
IR-AKI and post-injury fibrosis was investigated through 
examination of the TLR4/NFκB-P65 signaling pathway. 
Our findings aim to provide new outlooks on the preven-
tion and treatment of post-AKI kidney fibrosis.

Materials and methods
Animals care
All mice were raised in specific pathogen-free (SPF) barrier 
facility at The Laboratory Animal Center of Fujian Medical 
University. All procedures were approved by The Animal 
Welfare and Ethics Committee of Fujian Medical Univer-
sity (Approval  Number:  2017-062): Ninety 16-week-old 
C57BL/6 mice (weight: 25–28 g, Shanghai SLAC Labora-
tory Animal Co., Ltd (production license number: SCXK 
(Shanghai) 2012-0002)) and twenty C3−/− mice (C3-defi-
cient mice (strain B6.129S4-C3tm1Crr) of C57BL/6 
genetic background from Jackson Laboratory (Bar Har-
bor, ME), 5 mice per cage (365 mm × 207 mm × 140 mm; 
model GK, Suzhou Feng’s Laboratory Animal Equipment 
Co. Ltd, China) with bedding material (cellulose pellet) 
housed at a room temperature of 22 ± 2 ℃, the humid-
ity of 55 ± 5%, and 12-h light/dark cycle. Mice had unre-
stricted get food and water.

Establishment of mouse ischemia–reperfusion acute 
kidney injury and post‑injury fibrosis model.
Establishment of mouse IR-AKI and post-injury fibro-
sis  model was according to Yi Chen method [12]. Fifty 
C57BL/6 mice were intraperitoneally anesthetized with 
3% pentobarbital sodium (1.0–1.5 mL/kg). The left renal 
artery was clamped with a micro-arterial clip for 30 min 
to restore blood flow. Sham group mice underwent the 
same surgical procedure without clamping the left renal 
artery. One week after surgery, the right kidney was 
excised. Afterward, the mice (n = 10) were euthanized at 
28 days, blood and kidney tissues were also obtained for 
subsequent analyses. Euthanasia is performed as follows: 
pentobarbital sodium (60 mg/kg) is injected intraperito-
neally and the animal is executed by cervical dislocation 
after 10  min. C3−/− (C57BL/6 background) mice AKI 
model were received the same method.

Determination of urine protein and renal function
Urinary protein, serum creatinine (Scr), and urea nitro-
gen (BUN) were examined with biochemical analyzer.

Hematoxylin–Eosin (HE) and Masson’s staining
The left kidney was excised, 10% formalin fixed, paraf-
fin embedded, and 3 μm serial sectioned. Subsequently, 
sections were dewaxed, hydrated, hematoxylin–eosin 
(HE) stained, and Masson stained.

Renal tissue pathological damage score:
Mouse kidney tissue specimens were stained by HE 
staining and Masson’s staining, and renal pathol-
ogy scores were  evaluated  with light microscope as 
described previously [12]. For each animal, 10 ran-
domly selected nonoverlapping interstitial fields and 
glomerulus were analyzed, and their average was used 
as data from one animal sample. And the average value 
was taken for statistical analysis. An independent 
pathologist was responsible for pathological scoring 
according to the following criteria:

a.	 Glomerular mesangial hyperplasia: no, mild, moder-
ate, and severe mesangial hyperplasia were scoring as 
0, 1, 2, and 3 points, respectively.

b.	 Degree of  glomerulosclerosis:  glomerulosclero-
sis rate ≤ 0%, < 25%, 25% − 50%, and > 50%, were scor-
ing as 0, 1, 2, and 3 points, respectively.

c.	 Renal  tubular interstitial  score (RTIS), namely, (1) 
renal tubular degeneration and necrosis, (2) renal 
tubular atrophy, (3) interstitial inflammatory cell 
infiltration, and (4) interstitial fibrosis. According 
to the extent and severity of the  lesions, 0, 1, 2, and 
3 were scored as none, < 25%, 25−50%, and > 50%, 
respectively.

Evaluation of the glomerular and podocyte morphological 
changes by transmission electron microscopy (TEM)
Kidney cortex tissue was obtained, cut out into a 1 mm3 
tissue block, and placed in an electron microscope fixa-
tive solution. The tissue was then alcohol-acetone dehy-
drated, embedded, and sliced sections were observed 
for podocyte ultrastructure and glomerulosclerosis by 
electron microscope.

Immunohistochemistry
Paraffin sections were sliced and baked, dewaxed and 
hydrated, and incubated in 3% (hydrogen peroxide 
solution) H2O2 for 10  min. Sections were incubated 
in primary antibody (50 μL/piece). Primary antibod-
ies concentrations were Nephrin (Cat.ab2163, Abcam, 
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1:200), CD2AP (Cat.5478, CST, 1:100), Synaptopodin 
(Cat.ab22449, Abcam, 1:200), transient receptor poten-
tial channel 6 (TRPC6) (Cat.ab233413, Abcam, 1:100), 
C3 (Cat.ab200999, Abcam, 1:200), TLR4 (Cat.ab13867, 
Abcam, 1:200), and NFκB-P65 (Cat.3033, CST, 1:200), 
at 37℃ for 1  h, and rinse with phosphate-buffered 
saline (PBS). Then they were incubated in secondary 
antibody (China Zhongshan Golden Bridge) at 37 ℃ for 
30 min, followed by rinse with PBS for 10 min × 3. Then 
after 1–2-min DAB incubation and sections were sub-
sequently hematoxylin counterstained, dehydrated, and 
sealed. PBS replaced the primary antibody in all nega-
tive controls. Sections were evaluated under the micro-
scope at a field of view of 200 times magnification. Five 
fields were randomly selected from each slice and opti-
cal density (IOD) value analysis was performed with the 
image analysis system, Motic Images Advanced. The 
protein expression level was represented by IOD value.

Western blot analysis
Kidney  cortex tissues were lysate with RIPA lysate. 
1 × sodium dodecyl sulfate (SDS) lysis buffer was used to 
extract total proteins of glomerular podocytes. The pro-
tein content was determined according to the instruc-
tions of a  Braford  protein  quantification  kit. Protein 
extract was separated with 10% SDS-PAGE, transferred 
to  polyvinylidene fluoride (PVDF) membrane,  and 
incubated in 5% free-fat milk at room temperature for 
30  min. The concentrations of antibodies were Nephrin 
(Cat.ab2163, Abcam, 1:400), CD2AP (Cat.5478, CST, 
1:1000), Synaptopodin (Cat.ab22449, Abcam, 1:2000), 
TRPC6 (Cat.ab233413, Abcam, 1:1000), TLR4  (Cat.
ab13867, Abcam, 1:1000), NFκB-P65 (Cat.3033, CST, 
1:1000), and incubation at 37℃ for 1.5 h. The membrane 
was rinsed with PBS for 10 min × 3, incubated in second-
ary antibody (1: 2000) at 37 ℃ for 1 h, rinsed with PBS 
for 10  min × 3, exposed,  developed,  and analyzed with 
White/Ultraviolet Transilluminator system software. 
The target protein/β-actin (optical density, OD) ratio was 
used as the indicator of the target protein level.

Podocyte culture
HSMPs (heat-sensitive mouse podocytes) were donated 
by Professor Ding Guohua of the School of Medicine of 
Wuhan University. HSMPs culture protocol has been pre-
viously published [14]. In vitro HSMPs were propagated 
under undifferentiated conditions (33 ℃, 5% CO2, 1640 
medium containing 100 U/mL interferon (IFN-γ Sigma, 
USA) and 10% Fetal Bovine Serum, FBS) for 3–4  days. 
HSMPs were transferred to differentiation conditions 
(37 ℃, 5% CO2, 1640 culture medium without interferon, 
and 10% FBS). HSMPs morphology was observed under a 
microscope after 14 days. Differentiated podocytes were 

used experiment. For interruption of the TLR4, podo-
cytes were treated with TAK242 (5  μM), a small-mole-
cule-specific inhibitor of TLR4 signaling for 12 h.

Podocyte culture ischemia and hypoxia conditioning
Differentiated podocytes were seeded on a 24-well 
culture plate. When the cells grew to 70–80% conflu-
ence, they were replaced in serum-free 1640 medium 
(1  mL/well) and incubated for 24  h [15]. Buffer liq-
uid in ischemia and hypoxia groups were replaced 
with NaHCO3 4.5  mM, Na2HPO4 0.8  mM, NaH2PO4 
0.2  mM, NaCl 106  mM, KCl 5.4  mM, CaCl2 1.2  mM, 
MgCl2 0.8  mM,  MES  20  Mm,  sugar free,  and PH 6.6 
and placed  in a three-gas incubator (0.5% O2 + 5% 
CO2 + 94.5% N2, 37 ℃) for 24 h.

Podocyte nuclear protein extraction
Podocytes were harvested with trypsin-Ethylenediami-
netetraacetic acid (EDTA) and centrifuged at 500 × g 
for 5  min. Nuclear and cytoplasmic extracts were per-
formed according to the NE-PER Nuclear and Cytoplas-
mic Extraction Reagents (Thermo Corporation) protocol. 
Extracts were stored at − 80℃ until use.

F‑actin staining of phalloidin podocyte cytoskeleton:
Cells were mounted on a slide, rinsed 3 times with PBS, 
and fixed with 4% paraformaldehyde for 15 min, followed 
by rinse with PBS for 3 min × 3. Phalloidin staining solu-
tion was incubated at 37 ℃ for 1 h and rinsed with PBS 
for 3 min × 3. DAPI was incubated for 15 min. The speci-
mens were stained and washed with PBS for 5  min × 4. 
The cytoskeletal characteristics of podocytes were 
observed under a Confocal Laser Scanning Microscope 
and images were collected.

Transfection of podocytes with the TLR4 plasmid vector
The transfection of TLR4 plasmid was executed accord-
ing to the instructions of the liposome transfection kit 
(Liposome transfection kit X-treme GENE Transfection 
Solution (Invitrogen)). Upon completion, a new serum-
free medium was replaced for the intervention test 24 h 
later.

Statistical processing
All data are shown as mean ± Standard Deviation (SD) 
( x± S). One-way ANOVA was  performed  for compari-
son between multiple groups, and LSD test for pairwise 
comparison between multiple groups; P < 0.05 indicated 
statistical significance.
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Results
Changes in C3 and renal function during AKI
To study the role of the C3 in the development of renal in 
AKI, we detected the level of C3, urinary protein excre-
tion (UPE), BUN, and Scr in ischemia–reperfusion injury 
(IRI) mice. Compared with Day 0, the expression of C3 
increased at the early stage of renal injury. On Day 2, the 
level of C3 increased (P < 0.01), peaking on Day 14 and 
then slowly declined (P < 0.01) (Fig. 1).

Compared with the sham group, serum Scr and BUN 
levels in the AKI-CKD group on Day 1 were higher 
(P < 0.01). Compared with Day 1, the Scr and BUN lev-
els of Day 2 were decreased (P < 0.01). Scr and BUN 
increased consistently through the period between 

Day 3 and Day 28 (P < 0.01). Compared with the sham 
group, the urine protein level in the AKI-CKD group was 
increased consistently through the period between Day 3 
(P < 0.01) and Day 28 (P < 0.01) (Table 1).

The effect of C3 on renal function and renal pathology 
during post‑injury fibrosis
To determine whether C3 mediates renal fibrosis after 
IRI, we assessed renal pathology in C3−/− mice com-
pared with age-matched wild-type (WT) mice. Com-
pared with the  WT-sham  group, the  UPE,  BUN, 
and Scr levels  of  the WT-  AKI-CKD group  and the 
C3−/−-AKI-CKD group were higher (P < 0.01). Com-
pared with the  WT  -AKI-  CKD  group, the UPE, BUN, 

Fig. 1  Changes in C3 during post-injury fibrosis. a Western blot gel electrophoresis film exposure image and quantitative analysis of the result, 
expressed as the ratio of target protein/β-actin (OD). b The levels of complement C3 in renal tissue were measured by ELISA method, n = 10. ** 
P < 0.01vs 0d; ##P < 0.01 vs 7d

Table 1  Changes in urinary protein, BUN, and Scr in each group ( x±s, n = 10)

UPE urinary protein excretion, BUN serum urea nitrogen, Scr serum creatinine
* P < 0.05 vs Sham, **P < 0.01 vs Sham, #P < 0.05 vs D0, ##P < 0.01vs D0

Group D0 D1 D2 D3 D7 D14 D28

UPE (mg/d) Sham 1.39 ± 0.19 1.43 ± 0.17 1.45 ± 0.18 1.44 ± 0.19 1.432 ± 0.16 1.41 ± 0.17 1.52 ± 0.27

AKI-CKD 1.41 ± 0.15 1.91 ± 0.33 1.96 ± 0.27 2.22 ± 0.35**## 3.81 ± 1.23**## 12.05 ± 2.38**## 17.79 ± 2.86**##

BUN(mmol/L) Sham 11.21 ± 1.25 11.01 ± 1.03 11.88 ± 0.69 11.92 ± 1.27 12.51 ± 1.42 12.15 ± 1.41 11.97 ± 1.55

AKI-CKD 11.34 ± 1.37 29.97 ± 2.12**## 16.53 ± 1.24**## 22.79 ± 313**## 25.45 ± 2.99**## 29.68 ± 1.45**## 48.06 ± 6.72**##

Scr(umol/L) Sham 7.08 ± 0.82 7.15 ± 0.72 7.19 ± 0.91 7.07 ± 0.81 7.12 ± 0.83 6.98 ± 0.69 7.25 ± 0.94

AKI-CKD 7.43 ± 0.73 18.11 ± 1.68**## 11.75 ± 1.27**## 13.97 ± 1.79**## 15.68 ± 1.35**## 24.01 ± 1.29**## 35.61 ± 3.08**##
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and Scr levels of the C3−/−-AKI-CKD group were statis-
tically lower (P < 0.01) (Table 2). HE staining showed that 
the glomerular and renal tubular structures were intact 
and clear in the WT-sham group and C3−/−-sham group. 
In the  WT-AKI-CKD  group, mesangial cells hyperpla-
sia and interstitial inflammatory cells were observed. 
Renal tubules were atrophy and interstitial structures 
were blurred. Meanwhile, in the C3−/−-AKI-CKD group, 
only a small amount of mesangial cells hyperplasia and 
fewer interstitial inflammatory cells were seen. Tubular 
and interstitial structures were relatively intact (Fig. 2a). 
Compared with the Sham group, the AKI-CKD group 
renal tissue pathological damage grade and score were 
raised (P < 0.01). And compared with the WT-AKI-CKD 
group, the C3−/−-AKI-CKD group had a lower grade and 
score of renal histopathological damage. However, there 
was no statistical difference between the WT-sham group 
and the C3−/−-sham group (P > 0.05) (Table 2). 

Masson’s staining showed no blue stained tissues in the 
WT-sham group or the C3−/−-sham group. There were 
lots of blue staining in the WT-AKI-CKD group, whereas 
only a small amount of blue staining was observed in the 
C3−/−-AKI-CKD group (Fig.  2a). Compared with the 
WT-sham group, glomerular, renal tubular collagen vol-
ume fractions in the WT-AKI-CKD group were signifi-
cantly increased (P < 0.01). There were substantial decline 
in the C3−/−-AKI-CKD group than in the WT-AKI-CKD 
group (P < 0.01) (Table 2).

Synaptopodin, Nephrin, and CD2AP immunohisto-
chemical results showed a large number of brown-yel-
low granules in the glomeruli of the WT-sham group 
and C3−/−-sham group, while less in the WT-AKI-CKD 
group, and a moderate amount in the C3−/−-AKI-CKD 
group. The results of TRPC6 immunohistochemis-
try showed that only a small amount of brown-yellow 

granules was present in the glomeruli of the WT-sham 
group and the C3−/−-sham group, on the other hand, a 
large amount in the WT-AKI-CKD group and a moder-
ate amount in the C3−/−-AKI-CKD group (Fig. 2b). Com-
pared with the WT -AKI- CKD group, the IOD values of 
Synaptopodin, Nephrin, and CD2AP in the C3−/−-AKI- 
CKD group all increased significantly (P < 0. 01), while 
the TRPC6 IOD value decreased considerably (P < 0.01) 
(Fig. 2c).

Immunohistochemistry and Western blot analy-
sis showed that, compared with  the WT-sham  group, 
the levels of Synaptopodin, Nephrin, and CD2AP in WT-
AKI-CKD and C3−/−-AKI-CKD groups were obviously 
decreased (P < 0.01), while TRPC6 increased  consider-
ably  (P < 0.01). Compared with WT  -AKI-  CKD  group, 
the  levels  of Synaptopodin, Nephrin, and CD2AP 
were significantly  increased  (P < 0.01) and the 
level of TRPC6 protein considerably decreased in 
the C3−/−-AKI- CKD group (P < 0.01) (Fig. 2d, e).

TEM showed that a complete and clear podocyte 
structure with no foot process fusion was observed in 
the WT-sham and the C3−/−-sham group. There was 
extensive podocyte fusion, and podocyte segment dis-
section was observed in the WT-AKI-CKD group, 
whereas only a small amount of podocyte fusion was 
detected, and no podocyte segment dissection was seen 
in C3−/−-AKI-CKD group (Fig. 2f ).

C3 deficiency inhibited TLR4/NFκB‑P65 signaling pathway 
activation post‑IRI.
To verify the C3 promoting inflammation and therapeu-
tic efficacy through the TLR4/NFκB-P65 pathway in vivo, 
we carried out quantitative and positional measure-
ments. Immunohistochemistry and Western blot analysis 

Table 2  Comparison of renal pathological changes and renal function damage of mice in each group ( x ± SD, n = 10)

UPE urinary protein excretion, BUN serum urea nitrogen, Scr serum creatinine
** P < 0.01vs WT-sham or C3−/− sham, #P < 0.05vs WT-AKI-CKD, ##P < 0.01vs WT-AKI-CKD

WT C3−/−

Sham AKI-CKD Sham AKI-CKD

Mesangial hyperplasia score 0 ± 0 1.83 ± 0.45** 0 ± 0 1.15 ± 0.25**#

Glomerulosclerosis score 0.11 ± 0.28 1.36 ± 0.33** 0 ± 0 0.76 ± 0.08**#

Tubular interstitial score 0.33 ± 0.05 6.55 ± 0.81** 0 ± 0 3.12 ± 0.46**#

Glomerular collagen volume fraction (%) 0 ± 0 1.83 ± 0.45** 0 ± 0 1.15 ± 0.25**#

Renal tubular collagen volume fraction (%) 0 ± 0 0.138 ± 0.021** 0 ± 0 0.016 ± 0.002**#

BUN(mmol/L) 11.55 ± 1.17 30.20 ± 1.63** 10.77 ± 1.19 19.36 ± 1.98**##

Scr(umol/L) 7.12 ± 1.02 21.58 ± 2.29** 6.94 ± 0.82 15.78 ± 0.96**##

UPE (mg/d) 1.48 ± 0.12 10.73 ± 1.08** 1.52 ± 0.09 5.80 ± 1.04**##
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showed that, compared with the  WT-sham  group, the 
levels of C3, TLR4, NFκB-P65 in the WT-AKI-CKD 
group were significantly increased (P < 0.01). Compared 
with the  WT  -AKI-  CKD  group, C3, TLR4, NFκB-P65 
in the C3−/−-AKI-CKD group considerably decreased 
(P < 0.01) (Fig. 3a–d).

The effect of C3a on podocyte cytoskeleton and signaling 
pathways under hypoxic‑ischemic conditions
To discern whether C3a promoted podocyte phenotypic 
alteration in hypoxic-ischemic, we exposed podocytes 
to C3a. Phalloidin staining showed that in the control 
group, cells were elongated or star shaped, had a small 

Fig. 2  The effect of complement C3 on renal pathology during post-injury fibrosis. a Hematoxylin and eosin (HE) stain and Masson’s trichrome 
of kidney tissue. Scale bar of glomerular = 25 μm; Scale bar of renal tubular = 50 μm. b Immunohistochemical detection of the expression of 
Synaptopodin, Nephrin, CD2AP, TRPC6 (Scale bar = 25 μm) in mice of each group. c Compare the levels of podocyte functional protein (IOD) of 
kidney tissues in each group, n = 10. d Western blot gel electrophoresis film exposure image e Quantitative analysis of the result, expressed as the 
ratio of target protein/β-actin (OD), n = 10. f Morphological changes of glomerular podocytes in each group of mice (TEM, × 3500): kidney cortical 
tissue was cut to 1mm3 tissue for electron microscopy, n = 10. ** P < 0.01vs WT-sham or C3−/−-sham, ## P < 0.01vs WT-AKI-CKD
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number of protrusions, and displayed regularly arranged 
cytoplasmic muscle filaments. Cell in the hypoxic-
ischemic group demonstrated an irregularly shaped cell 
body, rounded cells, and disordered cytoplasmic muscle 
filament arrangement. In the hypoxic-ischemia + C3a 
group (C3a Merck Millipore, USA), the cell body was also 
irregularly shaped in a rounded manner and the arrange-
ment of cytoplasmic muscle filaments was either disor-
dered or unclear (Fig. 4a).

C3a promoted TLR4 expression and NFκB-P65 nuclear 
translocation in glomerular podocytes in a time-depend-
ent manner under hypoxic-ischemia conditions. The level 
of TLR4 was significantly increased after 60 min with C3a 
(0.1  μM) under hypoxic-ischemia conditions (P < 0.01), 
and reaching its peak after 2  h. Meanwhile, cytoplas-
mic NFκB-P65 was significantly decreased (P < 0.01) and 
nucleus NFκB-P65 was markedly increased (Fig. 4b, c).

Inhibition of TLR4 on C3a‑induced podocyte damage 
and function under hypoxic‑ischemic conditions
To determine whether TLR4-mediated C3a activa-
tion specifically contributed to exacerbated podocytes 
in hypoxic-ischemic, we used TAK242 to inhibit TLR4 
expression. Compared with the Control group, the levels 

of  TLR4  and  nuclear NFκB-P65  in the  C3a  group were 
significantly increased (P < 0.01) and the TLR4 recep-
tor inhibitor TAK242 (5 μM) inhibited TLR4 expression 
and NFκB-P65 nuclear translocation, and compared with 
the C3a group, TLR4 expression and nuclear NFκB-P65 
levels of the C3a + TAK242 group were significantly 
decreased (P < 0.01) (Fig. 5a, b).

Compared with the control group, the levels of Syn-
aptopodin, Nephrin, and CD2AP in the C3a group were 
markedly reduced (P < 0.01), but TLR4 and TRPC6 sub-
stantially increased (P < 0.01). Compared with the con-
trol group, the levels of TLR4, Synaptopodin, Nephrin, 
CD2AP, and TRPC6 in the TAK242 group were no sta-
tistical difference (P > 0.05). Compared with the C3a 
group, TLR4 and TRPC6 in the C3 + TAK242 group 
showed significantly reduced (P < 0.01), while Synapto-
podin, Nephrin, and CD2AP were significantly elevated 
(P < 0.01) (Fig. 5c, d).

Phalloidin staining showed that in the control group, 
cells were elongated or star shaped with a few protru-
sions, and the cytoplasmic myofilaments were regularly 
arranged. In the C3a group, the cell body was irregular, 
with a rounded shape and disordered arrangement of 
cytoplasmic myofilament. In the TAK242 group, cells 

Fig. 3  C3 deficiency inhibited TLR4 / NFκB-P65 signaling pathway activation during post-injury fibrosis. a Immunohistochemical 
detection of glomerular complement C3, TLR4, and NFκB-P65 protein expression (Scale bar = 25 μm) in each group of mice. b Renal tissue 
immunohistochemical staining optical density analysis, n = 10. c Western blot gel electrophoresis film exposure map, d Western blot gel 
electrophoresis exposure film grayscale analysis, with the target protein/β-actin (OD) ratio to express the target protein expression level, n = 10. 
**P < 0.01vs WT-sham or C3−/−-sham, ## P < 0.01vs WT-AKI -CKD
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were elongated or star shaped, with a small number of 
protrusions and regularly arranged cytoplasmic mus-
cle filaments. The cells were round or star shaped in the 
C3a+TAK242 group, with a regularly engineered cyto-
plasmic muscle filament (Fig. 5e).

Effect of TLR4 up‑regulation on C3a‑induced podocyte 
function and hypoxic‑ischemic damage.
To further confirm the effect of TLR4 in hypoxic-
ischemic, we overexpress the TLR4 in the podocyte. 
The TLR4 protein expression level was significantly 
increased in podocytes with TLR4 plasmid transfec-
tion (P < 0.01), and there was no statistically significant 
difference (P > 0.05) between empty plasmid group and 
liposome group and control group (Fig. 6a, b).

Compared with the vehicle group, the level of Cyto-
NFκB-P65 protein in the C3a + TLR4 plasmid group 
(C3a 0.1 μM treatment) was significantly declined, the 
level of Nucleus-NFκB-P65 protein was considerably 
increased (P < 0.01) (Fig.  6c, d). The level of TRPC6 
protein in the C3a+TLR4 plasmid group significantly 
decreased. On the other hand, Synaptopodin, Nephrin, 
and CD2AP protein expression levels were  substan-
tially increased (P < 0.01) (Fig. 6e, f ).

Finally, phalloidin staining showed that in the Con-
trol group, cells were elongated or star shaped and 
had a small number of protrusions with regularly 
arranged cytoplasmic myofilaments. In the C3a group 
or C3a+Vehicle group, the cell body was irregularly 
shaped, with rounded cells and disordered or unclear 
cytoplasmic myofilaments. In the C3a+TLR4 plasmid 
group, the cell nucleus was markedly smaller, with both 
the membrane protrusion and the cytoplasmic myofila-
ment disappearing (Fig. 6g).

Discussion
At present, in the world, CKD’s social and economic bur-
den ranks among the top diseases [16, 17]. The preva-
lence of CKD in China has been increasing over the 
years [4, 17]. In recent years, epidemiological and exper-
imental  studies have shown that  AKI  is closely related 
to CKD, being one of the important factors  attributed 
to  the increased incidence of CKD [18–20]. This study 
found that complement C3 and the inflammation regula-
tory protein TLR4/NFκB-P65 all increased considerably 
after renal ischemia–reperfusion AKI and post-injury 
fibrosis. Complement C3 gene knockdown can mitigate 
the changes above. In vitro experiments showed that the 

Fig. 4  The effect of C3a on podocyte cytoskeleton and signaling pathways under hypoxic-ischemic conditions. a Podocyte cytoskeleton stained 
with phalloidin, objective lens (40 ×). b Immunoblotting film exposure map, c Immunoblotting exposure film optical density analysis, n = 5. 
*P < 0.05vs Control (C3a: 0 h) group. ** P < 0.01 vs Control (C3a: 0 h) group
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inhibition of TLR4 can reduce C3a-induced podocyte 
NFκB-P65 levels under hypoxic-ischemic conditions, sta-
bilizing the podocyte cytoskeleton. Moreover, up-regu-
lating TLR4 levels have the opposite effect. We pointed 
out that complement C3a can mediate podocyte injury 
through TLR4/NFκB-P65 signaling pathway, participat-
ing in post-AKI fibrosis.

Recent study found that podocytes through the 
Wnt/β-Catenin pathway involve in AKI [8]. Our previ-
ous studies have found that podocyte damage may be 
the main cause of CKD after AKI [12]. Complement 
activation is involved in the pathogenesis of ischemia 
reperfusion injury (IRI), which is an inevitable process 
during  AKI [21]. In investigating the causes of podo-
cyte damage, we noticed that complement C3 is an 

important factor of damage. The Malmö Diet and Can-
cer cohort study found that in the general population, 
complement C3 was related to the incidence of first 
hospitalization of CKD [22]. The complement system 
activated, forming a membrane attack complex (MAC), 
resulting in podocyte apoptosis and damage, cytoskel-
etal changes, abnormal pore membrane protein, filtra-
tion barrier damage, and proteinuria [23, 24]. Recent 
studies have demonstrated that the pathogenic activa-
tion of complement by the glomerular subepithelial 
immune complex is a critical step for proteinuria. And 
the activation of complement is a key trigger for podo-
cyte loss and activation of the mesangial epithelial cells 
of the glomeruli, which then lead to glomerulosclerosis 
[25, 26].

Fig. 5  Inhibition of TLR4 on C3a-induced podocyte damage and function under hypoxic-ischemic conditions. a Immunoblotting film exposure 
map, b Immunoblotting exposure film optical density analysis, n = 3. c Immunoblotting film exposure map, d Immunoblotting exposure film 
optical density analysis. e Inhibition of the effect of TLR4 on the C3a-induced podocyte cytoskeleton under hypoxic-ischemic conditions: stained 
with phalloidin, objective lens (40 ×). ** P < 0.01 vs Control, ## P < 0.01 vs C3a (0.1 μM)
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Infiltration of inflammatory cells and activation of 
inflammatory factors in kidney tissue after IRI have been 
shown to accelerate the progression of CKD. Studies 
by Chao Hu et al. [21] showed that complement activa-
tion induces renal IRI, and the complement inhibitor 

complement receptor of the  immunoglobulin superfam-
ily (CRIg) /FH can improve renal IRI by activating PI3K/
AKT signaling. Targeting of a human complement inhibi-
tor, CR1, provided effective protection against cardiac IRI 
[27]. Complements C3a and C5a could lead to endothelial 

Fig. 6  Effect of up-regulating TLR4 on C3a-induced podocyte damage and function under hypoxic-ischemic conditions. a Immunoblotting film 
exposure map; b Immunoblotting exposure film optical density analysis, n = 3. c Immunoblotting film exposure map; d Immunoblotting film 
optical density analysis, n = 3. e Immunoblotting film exposure image. f Immunoblotting exposure film optical density analysis, n = 4. g Podocyte 
cytoskeleton stained with phalloidin, objective lens (40 ×). ** P < 0.01 vs Control group; ## P < 0.01 vs C3a + Vehicle group
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cell transdifferentiation after IRI, and inhibition of com-
plements C3a and C5a can significantly reduce renal 
fibrosis [28, 29]. C3a induces mitochondrial dysfunction 
in podocytes, and inhibition of C3aR significantly limited 
podocyte loss and enhanced podocyte density [30]. These 
data, together with the evidence that injury to podocytes 
is a major cause of glomerulosclerosis, support our spec-
ulation that there is a detrimental link between comple-
ment C3 and podocyte injury in the post-injury fibrosis 
of the kidney after AKI. Our study found that podocyte 
injury and extensive foot process fusion occurred in the 
WT-AKI-CKD group, with a decrease in the expression 
of the podocyte functional proteins and an increase in 
the expression of TRPC6, progressively increasing pro-
teinuria and eventually chronic renal fibrosis and renal 
dysfunction. Compared with the WT-AKI-CKD group, 
in the C3−/−-AKI-CKD group, TEM shows improved 
podocyte fusion, with significantly increased the level of 
podocyte functional protein and decreased the level of 
TRPC6, consequently improving proteinuria and renal 
function. Pathology evaluation further indicated that 
mesangial hyperplasia, glomerular sclerosis, and renal 
tubule interstitial fibrosis declined, demonstrating signifi-
cant improvement in kidney chronic fibrosis.

Primary cultured human podocytes and condition-
ally immortalized mouse podocytes can synthesize and 
secrete complements C1q, C1r, C2, C3, C7, complement 
factor H (CFH), CD59, C4bp, CD46, Protein S, comple-
ment receptor 2 (CR2), C1qR, C3aR, C5aR, and Crry 
under physiological conditions. The synthesis increases 
under the stimulation of inflammatory factor interferon 
γ, which is affected by various cytokines such as angio-
tensin II (Ang II), IL6, and TGF-β [31]. In this research, 
we found that complement C3 was activated during post-
AKI renal fibrosis of mice as complement C3 knockout 
mice can improve renal tissue inflammation and podo-
cyte damage during AKI, reducing post-AKI renal fibro-
sis. We speculate that the activation of complement C3 is 
thereby closely related to podocyte injury and post-AKI 
renal fibrosis.

TLR4 is an immunoinflammatory grade trigger protein 
involved in the signal transduction of the ganglion reac-
tion [32, 33], and widely expressed on the surface of vari-
ous immune  cells, as well as in glomerular podocytes, 
mesangial cells, and renal tubular epithelial cells [34, 35]. 
TLR4 and the complement system are widely involved in 
the occurrence and progression of various diseases, such 
as renal  IRI, AKI  and diabetic nephropathy [36–38], 
which can activate the transcription and expression of 
NFκB-mediated complement factor, thereby initiating the 
inflammatory cascade [39, 40]. In vitro experiments, we 
have observed that under hypoxic-ischemic conditions 

the differentiation of glomerular podocytes can be 
induced. Complement C3a promotes TGF-β1 synthe-
sis and the  TLR4/ NFκB-P65  protein expression in glo-
merular podocytes. We also observed that C3a promotes 
TLR4 expression and NFκB-P65 nuclear translocation 
in glomerular podocytes under hypoxic-ischemic condi-
tions. Up-regulating the level of TLR4 can increase the 
levels of NFκB-P65 in C3a-induced podocyte nucleus 
under hypoxic-ischemic conditions, inducing the synthe-
sis of the glomerular podocyte transdifferentiation pro-
teins Synaptopodin, Nephrin, and CD2AP and reducing 
the expression of TRPC6, resulting in obvious damage to 
the podocyte cytoskeleton. TLR4 inhibitors can inhibit 
NFKB-P65 nuclear translocation, reducing the protein 
expression level of Synaptopodin, Nephrin, and CD2AP, 
inducing TRPC6 protein synthesis, and stabilizing the 
podocyte cytoskeleton. Since podocytes express both the 
C3a receptor and TLR4, we speculate that complement 
C3a may activate the TLR4 protein of glomerular podo-
cytes through the TLR4/NFκB-P65 signaling pathway, 
inducing NFκB-P65 nuclear translocation, participating 
in the inflammation and transdifferentiation of glomeru-
lar podocytes and resulting in the progression of  post-
AKI renal fibrosis.

Conclusion
In  summary, complement  C3-mediated inflammatory 
response-induced glomerular podocyte injury is closely 
related to the post-injury fibrosis after renal ischemia–
reperfusion AKI. These effects may be achieved by regu-
lating podocyte TLR4/NFκB-P65 signaling pathway.
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