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Association of C5a/C5aR pathway to activate ERK1/2 and 
p38 MAPK in acute kidney injury – a mouse model
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Abstract
Acute inflammation is accompanied by complement system activation and inflammatory cell accumulation. Acute 
kidney injury (AKI) is one of the common clinical symptoms, it is not clear whether complement system-mediated 
signaling pathway is involved. This study demonstrated that the expressions of complement C5a and C5a receptor 
(C5aR) protein in a mouse model with glycerol induced AKI were significantly increased, and the expression of 
inflammatory cytokines, such as IL-1β, IL-6 and TNF-α, were significantly higher than those in the blank control 
group. While C5aR antagonist (C5aRa) was added, western analyses for C5a and C5aR were reduced, meanwhile, 
qPCR and ELISA data showed that inflammatory cytokines also decreased significantly. In addition, preliminarily 
explored, the Mitogen-activated protein kinases (MAPKs) can be activated by the C5a/C5aR pathway in an AKI 
mouse model which showed that the C5a/C5aR pathway in a mouse model group activated ERK1/2 and p38, and 
the protein expression decreased when C5aRa was added. In conclusion, these results indicate that the C5a/C5aR 
pathway promotes renal pathogenesis by activating ERK1/2 and p38 expression and then affects the disease pro-
cess, which has certain guiding significance for the subsequent clinical trial.
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Introduction

AKI is a clinical syndrome caused by rapid de-
cline of renal function in a short time brought 
along by various causes (1, 2). It is manifested 
as decreased glomerular filtration rate, accom-
panied by retention of nitrogen products such as 
creatinine and urea nitrogen, and disturbance of 
water, electrolyte and acid-base balance, so as 
to cause a series of pathophysiological changes 
(3). With the outbreak of severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2), 
a plethora of evidence have demonstrated that 

AKI is very common among patients with 
COVID-19 (coronavirus disease 2019), occur-
ring in approximately more than 50% of ICU 
(intensive care unit) patients (4-8). The extreme-
ly high rates of mortality could be the develop-
ment of distant organ injury (9). It should not be 
considered as a single disease (10), when AKI 
appears, the primary task is to determine the eti-
ology as soon as possible. 
The complement system can be activated in re-
sponse to infection and tissue damage (11). Ac-
tivating the complement components in plasma 
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and body fluids are involved in the regulation of 
virtually all phases of an acute inflammatory re-
action, such as the C5a, which plays a pro-inflam-
matory role by interacting with the C5aR (12). 
Recently, a growing number of findings suggest-
ed that C5a modulate inflammation might cause 
with  chemotaxis, then produce great number of 
radical oxygen species (ROS), and it will further 
increase vascular permeability (13). Apart from 
the inflammation response, C5a has been also 
reported to modulate a tumor growth and metas-
tasis (14, 15), which can increase the activation 
of extracellular signal-regulated kinase, such as 
p38 and Akt, promoting the formation of tumor 
(16-18). Thus, abnormal expression of C5a may 
indicate an increased risk of disease in patients. 
Consequently, it is a priority to clarify the mech-
anism of C5a/C5aR system in AKI associated 
signaling pathway.
MAPK has served as significant link for trans-
mitting signals to the nucleus from the cell sur-
face, meanwhile, various extracellular influenc-
es, such as stress or adhesion, neurotransmitters, 
cytokines, hormones, might activate this process 
(19, 20). Moreover, MAPKs consist of c-Jun, 
N-terminal kinase (JNK), extracellular signal 
regulated kinase (ERK), and p38, which also 
play an important role in the regulation of some 
related inflammatory factors (21). Previous stud-
ies have demonstrated that there are several im-
portant signaling pathways which are involved 
in AKI-related cell death, such as MAPK-ERK 
pathway (22). In the present study, we have 
successfully established the AKI model in the 
mouse and utilized multiple techniques to clarify 
the regulation mechanism with the AKI.

Materials and Methods

In order to study the relation of C5a/C5aR path-
way and ERK1/2 and p38MAPK in acute kidney 
injury, a prospective cohort study was conducted 
in an animal model. All animals were fed freely, 

raised in a sterile environment and the study was 
approved by the Ethics committee of the Hubei 
Center for Disease Control and Prevention. The 
animal model of AKI and the treatment were car-
ried out on a blank control group, a model group, 
a C5aRa+ model group, and a C5aRa group. The 
antibodies used in western blot analysis were 
C5a (Santa Cruz, Sc-398247), C5aR (Santa 
Cruz, Sc-53788), ERK1/2 (Abcam, ab54230), 
p-ERK1/2 (Abcam, ab201015), p38 (CST, 9212) 
and p-p38 (CST, 9211). The protein concertation 
was measured with the BCA Protein Assay Kit 
(Beyotime, P0012S), immunofluorescent assay 
(IFA) was further studied with Cy3 or FITC-con-
jugated secondary antibodies. Histopathology 
examination for kidney injury and renal function 
were assessed by hematoxylin and eosin (H&E) 
staining, electron microscopy, then an automat-
ic biochemistry analyzer was used to detect the 
contents of blood urea nitrogen (BUN, Changc-
hun Huili Biotech, C083) and serum creatinine 
(Changchun Huili Biotech, C074). Moreover, 
ELISA assay of cytokines IL-1β, TNFα, IL-6, 
and IL-10 production were studied according 
to the manufacturer’s instructions (Elabscience 
Biotechnology, E-EL-M0037c, E-EL-M0049c, 
E-EL-M0044c, E-EL-M0046c).
Kidney tissues were obtained from treated mice, 
then the tissues were studied to detect total RNA 
and cDNA with quantitative real-time poly-
merase chain reaction (PCR).

Animal model of glycerol induced AKI
Male BALB/c mice around 6 weeks old with 
specific pathogen-free, weighing 18-22g, were 
obtained from the Hubei Center for Disease 
Control and Prevention. 
All mice were randomly assigned to different 
groups: blank control, a model, a C5aRa+ mod-
el, and a C5aRa group. Each group comprised 
six mice. After 16 h ~ 24 h of water prohibition, 
the model group was injected with 50% glycer-
ol in both hind limbs respectively, and the mice 
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were then allowed to eat and drink freely, then 
sacrificed 3 days later. The C5aRa+ model group 
received intraperitoneal injection of C5aRa 2h 
before AKI modeling, and then the mice were 
free to eat and drink. In the C5aRa group, saline 
was injected two hours after C5aRa injection. 
Materials were harvested 3 days after injection. 
After the orbital blood was collected, the serum 
was obtained by centrifugation, and then the 
mice were sacrificed. The left kidney was tak-
en for fixation and the right kidney was frozen 
for further experiments.

Western blot analysis for C5a, C5aR, ERK1/2, 
p-ERK1/2, p38 and p-p38 
The whole protein of kidney tissues and cells 
were extracted by the commercial protein ex-
traction kit with the corresponding process, and 
the contents of protein were measured by BCA 
assay kit. Then, a total of 20-50 µg protein was 
separated by treating with electrophoresis on 
SDS - PAGE gels. After that, the above proteins 
were transferred to the membranes containing 
polyvinylidene difluoride. Subsequently, the 
membranes were sealed up 5% nonfat dry milk, 
and then the primary antibody (at 1:500-1:1,000 
dilution) was further added into buffers for incu-
bation overnight at 4℃. After 12 h, the second-
ary antibody (1:1,000 dilution) was treated for 
2h. Western blot assay of proteins were detected 
by the ECL kit. The protein signals were quan-
tified by scanning densitometry using a Fluor 
Chem Q System (Alpha Intech, CA, USA).
Immunofluorescent assay (IFA). 
Before carrying out the immunofluorescent as-
say, samples were prepared by the following 
operation. First, tissue sections in paraffin were 
deparaffinized with Histo-Clear, then hydrated 
with an ethanol gradient, and were boiled for an-
tigen retrieval. Next, the sections were incubated 
with the primary antibodies overnight at 4 °C 
after fixing with 5% IgG - free BSA (Sigma-Al-

drich, A7030) for 1 h at room temperature. Then, 
sections were washed with tris-buffered saline 
(TBS) and Tween 20 (TBST) several times. Fi-
nally, the tissues were stained with the secondary 
antibodies that conjugated Cy3 or FITC, kept at 
room temperature for 1 h. Of note, the tissues 
were incubated with 1:1,000 DAPI in TBST for 
5 min to colocalize cellular nuclei. 

Histopathology examination of the kidney 
Fresh kidneys were retrieved from mice and fast 
fixed in 10% formaldehyde. After 48h, these kid-
ney tissues were placed into paraffin blocks, then 
sectioned at 5 μm. In order to observe the dam-
age to the kidney, the tissue sections were stained 
with hematoxylin and eosin, then assessed under 
electron microscopy.

Assessment of renal function
In order to assess the renal function, blood was 
collected from the ocular venous plexus before 
the animals were euthanized. Then, blood was 
centrifuged at 3000 rpm under 4°C for 15min. 
The contents of BUN and serum creatinine 
(CREA) were measured by an automatic bio-
chemistry analyzer (Rayto, Chemray420).

ELISA assay of cytokines IL-1β, TNFα, IL-6 
and IL-10 production
The contents of TNF-α, IL-1β, IL-6, and IL-10 
in mice serum were tested by ELISA with stan-
dard process. 

Quantitative polymerase chain reaction 
(QPCR)
Kidney tissues were retrieved from mice at the 
indicated time points, and the total RNA was ob-
tained by a common Trizol, then it reverses tran-
scribed into cDNA. Next, the obtained cDNA 
was treated with amplification by PCR. mRNA 
levels were then normalized by the housekeep-
ing gene GAPDH. 
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Statistical analysis
All statistical analyses were performed in Graph-
Pad Prism version 6, as defined in the text and 
figure legends.

Results

Excessive activation of C5a and C5aR in the 
kidney with glycerol induced AKI   
In order to explore the C5a/C5aR pathway ac-
tivated in a glycerol induced AKI mouse mod-
el, we established AKI model successfully in 
the mice. We set up four groups, such as blank 
control group, a model group, a C5aRa+ model 
group, and a C5aRa group to detect the expres-
sion of C5a and C5aR. Compared to the blank 
control, expressions of C5a and C5aR protein 
were significantly elevated in the kidney tissue 
of the AKI mice model (Figure 1A and B), while 
after treating with C5aRa, C5a, and C5aR, pro-

tein levels were suppressed (Figure 1A and B ). 
In addition, these results were further confirmed 
by immunofluorescence microscopy (Figure 
1C).

Blockade of the C5a/C5aR pathway attenuates 
kidney injury of mice with glycerol induced 
AKI
Based on the above results, hematoxylin and 
eosin (HE) staining was performed to conduct 
pathological examination. It showed significant 
histopathological changes and cellular infiltra-
tion in the glycerol induced AKI mouse model 
compared to the blank control group, while add-
ing C5aRa reduces the functional damage (Fig-
ure 2A). MPO assay was performed and demon-
strated that in the model group MPO activity 
was higher than in the blank control group, after 
C5aR antagonist was added to the model group, 
MPO activity was decreased significantly as 

Fig. 1. Western blot (WB) and immunofuorescence of C5a and C5aR in each group of kidney tissue of 
mice with AKI, a, b, c and d represent blank (control) group, model group, C5aR+model group and 

C5aRa group. (A) WB of C5a and C5aR in a-d groups. (B) The ratio of C5a and C5aR to GAPDH. Values 
are expressed as the mean ±SD. Asterisks denote significant differences by Student t-test analysis (* for 

P<0.05). (C) Immunofluorescence of C5a and C5aR in a-d groups.
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expected (Figure 2B). Subsequently, the levels 
of serum CREA and BUN were measured, and 
comparison was made between the four groups 
(Figure 2C). The results showed significant dif-
ference between the model group and the blank 
group, after adding C5aR antagonist, the content 
of CREA and BUN reduced obviously as demon-
strated in Figure 2C. All the results showed that 
C5aR antagonist added can contribute to reduce 
the damage with AKI.

The variation of pro-inflammatory cytokines 
(IL-1β, IL-6, and TNF-α) in the kidney with 
glycerol induced AKI
In a glycerol induced AKI mouse model, tissue 
damage is severe. As such, inflammatory factors 
were measured, as demonstrated by a significant 
increase of pro-inflammatory cytokines in the 
serum (Figure 3A and B), such as IL-1β, TNF-α, 
IL-6, and IL-10 were decreased. While treatment 
with C5aRa, all the mentioned pro-inflammatory 
cytokines were decreased, and anti-inflammato-
ry cytokines IL-10 returned to normal level.

C5a/C5aR pathway activated p38-MAPK 
and ERK1/2 during glycerol induced AKI
Previous studies have showed that C5a/C5aR 
activates multiple signaling proteins, including 
ERK and P13K (20). To explore whether the el-
evated expression of C5a/C5aR can activate the 
MAPKs in glycerol induced AKI mouse model, 
we examined the effect of MAPK signaling path-
way by using western blotting. Of note, p-p38 
and p-ERK1/2 were detected in kidney tissue, 
which was significantly increased in the mouse 
model group, while decreased significantly after 
the addition of C5aR antagonist (Figure 4A and 
B). This suggests that C5a/C5aR pathway acti-
vates the MAPKs during glycerol induced AKI.
Furthermore, we conducted tests at the cellular 
level. We set up five groups: blank group, model 
group, C5aRa + model group, ERK inhibitor + 
model group, and p38 inhibitor + model group. 
Among them, the contents of p-ERK1/2 and 
p-p38 in the five groups were all detected. As 
shown in the Figure 4C and D, there were sig-
nificantly increased protein levels of p-ERK1/2 
and p-p38 in the model group when compared 

Fig. 2. H&E staining and MPO activity assay for the kidney sections, a, b, c, d represent blank control 
group, model group, C5aRa+model group and C5aRa group. (A) H&E staining, black arrows show 

infiltrations of neutrophil (200×). (B) MPO activity assay for the kidney section. Data is from the mean 
of three biological replicates ±SD, p<0.05. (C) Quanlification of serum CREA and BUN. Data is from the 

mean of three biological replicates ±SD, p<0.05.
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Fig. 3. QPCR and elisa data showed the expression of IL-1β, IL-6 and TNF-α and IL-10 in the kidney with 
AKL, a, b, c, d represent blank control group, model group, C5aR+model group and C5aRa group. (A) 
Expression of IL-1β, IL-6 and TNF-α and IL-10 mRNA in kidney tissue of four groups. Data is from the 

mean of three biological replicates ±SD, p<0.05. (B) Serum levels of IL-1β, IL-6 and TNF-α and IL-10 at 12 
h. Data is from the mean of three biological replicates±SD, p<0.05.
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to the blank control, which is consistent with 
the results showed in the kidney tissues of AKI 
mouse model (Figure 4A and B). When C5aR 
antagonist was added, p-ERK1/2 and p-P38 re-
turned to their normal level (Figure 4C and D). 
After ERK inhibitor or p38 inhibitor was added 
independently, the protein level returned to the 
normal level (Figure 4C and D). In conclusion, 
in the glycerol induced AKI mouse model, the 
C5a/C5aR pathway is involved in the regulation 
of kidney injury by activating the downstream 
MAPK signaling pathway ERK1/2 and p38.

Discussion

Acute kidney injury is a complex critical disease 
accompanied by decrease in renal  function and 
glomerular filtration rate that leads to the accu-
mulation of creatinine, urea nitrogen, and oth-
er unmeasurable metabolic wastes in the body, 
causing a series of pathophysiological changes 
(21). In this study, in order to explore the patho-
genesis of glycerol induced AKI, a glycerol in-
duced AKI mouse model was successfully estab-
lished. The WB results of kidney tissue showed 
that the protein level of C5a/C5aR in the mouse 

Fig. 4. ERK1/2, p-ERK1/2, p38 and p-p38 protein expressions in each group, a, b, c, d, e, f represent blank 
control group, model group, C5aR+model group, C5aRa group, ERK inhibitor group and p38 inhibitor 
group. (A) ERK1/2, p-ERK1/2, p38 and p-p38 protein expressions in the kidney tissues were detected by 
WB. (B) Results are expressed as the ratio of ERK1/2, p-ERK1/2, p38 and p-p38 with GAPDH, p<0.05. 

(C) ERK1/2, p-ERK1/2, p38 and p-p38 protein expressions in HK-2 cells detected by WB. (D) Results are 
expressed as the ratio of ERK1/2, p-ERK1/2, p38 and p-p38 with GAPDH, p<0.05.
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model was significantly increased, and returned 
to the normal level after the addition of C5aR an-
tagonist (Figure 1A and B). Thus, we first proved 
that in the course of glycerol induced AKI, the 
C5a/C5aR pathway is highly activated and in-
volved in the regulation of AKI. A large number 
of references has reported that the activation of 
complement system induces a large number of 
inflammatory cytokines (25-27), which cause an 
inflammatory cytokine storm that plays a prima-
ry role in AKI (28, 29). As such, we measured 
the expression level of relevant cytokines. QPCR 
and ELISA data showed that TNF-α, IL-6, and 
IL-1β accumulated, another anti-inflammato-
ry cytokine, IL-10 decreased in the glycerol 
induced AKI mouse model (Figure 3A and B). 
The inflammatory cytokine storm was effective-
ly alleviated when C5aRa was added (Figure 3A 
and B). Therefore, based on the above results, 
our research demonstrated that C5a/C5aR acti-
vation induced overproduction of inflammato-
ry cytokines with the glycerol induced AKI. In 
addition, the previous studies have showed that 
there exist several critical signaling pathways in-
volved in AKI-related cell death, such as PI3K-
Akt pathway, MAPK-ERK/JNK/p53 pathways, 
and AMPK-CREB pathway (19, 20). Thus, we 
want to explore the C5a/C5aR pathway activa-
tion with glycerol induced AKI whether activated 
the MAPKs or not, WB was performed to detect 
the phosphorylation level of ERK1/2 and p38, 
which showed that in the mouse model group the 
expression of p-ERK1/2 and p-p38 protein sig-
nificantly increased, while after adding C5aRa, 
protein expression of p-ERK1/2 and p-p38 re-
turned to normal level (Figure 4A and B). Nev-
ertheless, we did not perform further research to 
identify a marker gene which can predict glycerol 
induced AKI. Additionally, we do not have clini-
cal patient samples for further research. In order 
to provide certain guiding significance for the 
subsequent clinical treatment of glycerol induced 
AKI, these problems need to be further explored. 

Conclusions

In clonclusion, we first demonstrated that the 
C5a/C5aR pathway increased kidney injury 
during glycerol induced AKI by activating ERK 
and p38 molecules in the MAPK signaling path-
way, while treatment with C5aRa, the pathologi-
cal symptoms of glycerol induced AKI can be al-
leviated. We conclude that C5a/C5aR signaling 
pathway plays a pivotal role in glycerol induced 
AKI, interfering this pathway will become a 
promising therapeutic strategy in patients in the 
future.
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