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Abstract. In idiopathic membranous nephropathy, the comple‑
ment membrane attack complex, more commonly referred to 
as complement 5b‑9 (C5b‑9), induces glomerular epithelial 
cell injury and proteinuria. C5b‑9 can also activate numerous 
mechanisms that restrict or facilitate injury. Recent studies 
suggest that autophagy and the canonical Wnt signaling 
pathway serve an important role in repairing podocyte injury. 
However, the effect of C5b‑9 on these pathways and the rela‑
tionship between them remains unclear. The aim of the present 
study was to show the effect of C5b‑9 on the Wnt/β‑catenin 
signaling pathway and autophagy in podocytes in vitro. Levels 
of relevant indicators were detected by immunofluorescence 
staining and capillary western immunoassay. C5b‑9 serum 
significantly activated the Wnt/β‑catenin signaling pathway 
and promoted autophagy. Treatment with Dickkopf‑related 
protein 1 (DKK1), a Wnt/β‑catenin pathway blocker, protected 
podocytes from injury and significantly inhibited autophagy. 
The results indicated that inhibition of the Wnt/β‑catenin 
pathway physiologically activated autophagy. The results 
indicated that C5b‑9 resulted in a decrease in Akt in podo‑
cytes. However, the podocytes preincubated with DKK1 and 
then attacked by C5b‑9 showed an increase in Akt levels. This 

may explain the observation that blocking the Wnt/β‑catenin 
signaling pathway attenuated C5b‑9 podocyte damage, while 
inhibiting autophagy. The results of the present study also 
suggest that regulation of these two pathways may serve as 
a novel method for the treatment of idiopathic membranous 
nephropathy.

Introduction

Relatively little is known regarding the relationship between 
autophagy and the Wnt/β‑catenin signaling pathway in 
membranous nephropathy, in which both serve an impor‑
tant role in the repair of injured podocytes (1‑3). Idiopathic 
membranous nephropathy is characterized by the diffuse 
deposition of immune complexes under the glomerular base‑
ment membrane of epithelial cells and diffuse thickening of 
the basement membrane, which is a disease mediated by in situ 
immune complexes (4). Phospholipase A2 receptor (PLA2R) 
and thrombospondin type‑1 domain‑containing 7A, expressed 
in podocytes, have been identified as the main pathogenic anti‑
gens in this condition (5), and the source of PLA2R antibodies 
may be circulating neutrophils (6). Podocytes are epithelial 
cells of the glomerular viscera, located outside the glomerular 
basement membrane, and autoantibodies bind to antigens on 
the surface of podocytes, forming an in situ immune complex 
that results in disease (2,5). In situ immune complexes differ 
from circulating immune complexes in that they do not come 
into contact with circulating inflammatory mediators and 
generally do not trigger inflammatory reactions (7). Therefore, 
they are more likely to trigger podocyte lesion formation 
by activating complement, leading to proteinuria and renal 
tissue damage (8). The membrane attack complex, as the final 
product of complement activation, attacks glomerular podo‑
cytes primarily through stimulating membrane phospholipids 
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via phospholipase A2 to generate arachidonic acid and through 
cyclo‑oxygenase to stimulate endoplasmic reticulum stress (9). 
In addition, oxidative stress, cytoskeletal protein migration 
and other factors are involved in the occurrence and develop‑
ment of podocyte injury (8,10).

Autophagy is an important evolutionarily conserved 
mechanism which allows eukaryotic cells to maintain 
homeostasis and recycle intracellular components  (11). 
During autophagy, cells form a double‑layered membrane 
structure in the cytoplasm to form autophagosomes around 
damaged or aging organelles and biomacromolecules, and 
bind with lysosomes to form an autolysosome, in which the 
material is degraded and the contents reused for synthesis 
of cellular components  (11). Mature podocytes, which are 
terminally‑differentiated cells, have a high basal level of 
autophagy (12). The formation of autophagosomes to remove 
excess or damaged proteins and organelles is a vital injury 
response mechanism on which podocytes rely for survival (13). 
When mature podocytes are injured by the membrane attack 
complex complement 5b‑9 (C5b‑9), multiple injury signaling 
pathways are activated in the cells, leading to podocyte lesions, 
and a series of defense mechanisms are activated to limit the 
damage and promote repair. Lv et al successfully established an 
in vitro model of C5b‑9 complex injury in podocytes (14). This 
revealed that C5b‑9 can cause abnormal podocyte morphology 
and autophagy activation (14). Wang et al (15) found that the 
expression of ER stress‑related proteins GRP78 and GRP94 in 
podocytes was abnormally distributed, and the expression of 
autophagy‑related protein LC3 was significantly increased in 
a rat model of passive Heymann nephritis. In these autophagy 
related studies, 3‑methyladenine (3‑MA) is a commonly used 
inhibitor and rapamycin is a commonly used activator (16,17).

The Wnt/β‑catenin signaling pathway serves a crucial role 
in the adhesion, differentiation and survival of podocytes (18). 
Activation of the Wnt/β‑catenin signaling pathway can lead to 
podocyte damage, both in vitro and in vivo (2). For example, 
in diabetic kidney disease, doxorubicin nephropathy and other 
glomerular diseases, which can lead to podocyte injury, the 
expression of Wnt in glomerular epithelial cells is significantly 
increased and the downstream β‑catenin activated, resulting in 
activation of the Wnt/β‑catenin signaling pathway. However, 
specific inhibition of this pathway, such as through the knockout 
of β‑catenin or the use of pathway inhibitors, can alleviate 
podocyte damage, suggesting a critical role for this pathway 
in kidney protection (18‑20). To the best of our knowledge, 
the relationship between autophagy and the Wnt/β‑catenin 
signaling pathway has not been elucidated in the repair of 
podocytes. In our previous study, it was shown that treatment 
with curcumin protected podocyte cells against leptin‑induced 
damage and that its protective effects were mediated by inhi‑
bition of the Wnt/β‑catenin signaling pathway in vitro (21). 
Dickkopf‑related protein 1 (DKK1), a specific inhibitor of 
the Wnt/β‑catenin signaling pathways, decreased LC3II 
significantly (3,22). These results suggest a close relationship 
between the Wnt/β‑catenin signaling pathway and autophagic 
inhibition in podocytes. However, this observation cannot 
fully explain the correlation between the Wnt/β‑catenin signal 
pathway and autophagy. Thus, C5b‑9 was used to further study 
the relationship between the canonical Wnt/β‑catenin signal 
pathway and autophagy.

In the present study, podocytes were incubated with C5b‑9 
serum and treated with DKK1 and changes in autophagy were 
observed. These results may help us to more fully elucidate 
the potential mechanism of the influence of Wnt/β‑catenin 
signaling pathway on the autophagy‑lysosome pathway. The 
results of the present study highlight the potential existence 
of a critical relationship between the canonical Wnt/β‑catenin 
signaling pathway and autophagy.

Materials and methods

Cell culture and treatments. A conditioned immortal mouse 
podocyte cell line was kindly provided by Professor Maria Pia 
Rastaldi (S.C. Hospital of the University of Milan, Milan, Italy). 
Cells were cultured in RPMI‑1640 medium (cat. no. 11875093; 
Gibco; Thermo Fisher Scientific, Inc.) supplemented with 
10% FBS (cat. no. 10100147; Gibco; Thermo Fisher Scientific, 
Inc.), 100  U/ml penicillin‑streptomycin (cat. no.  SV30010; 
Hyclone; Cytiva) and 10 U/ml of mouse recombinant interferon‑γ 
(cat. no. 39127S; Cell Signaling Technology, Inc.) with 5% CO2, 
at 33˚C to induce proliferation. The podocytes were then cultured 
with 5% CO2 at 37˚C without interferon‑γ when they reached 
60‑70% confluence. The cells changed from spindle‑liked to 
star‑liked after 7‑10 days, indicating that they had fully differen‑
tiated, At this point, they were used in subsequent experiments.

The complement membrane attack complex, C5b‑9, was 
established using normal human serum as a complement source 
and treated with zymosan (cat. no. Z4250; Sigma‑Aldrich; 
Merck KGaA) as described by Liu et al  (23). The normal 
human serum used in this study was provided by a 23‑year‑old 
male in November 2018. The serum was provided by healthy 
volunteers that provided written informed consent. The study 
received ethical approval from the Medical Ethics Committee 
of Beijing Hospital of Traditional Chinese Medicine Affiliated 
to Capital Medical University (Beijing, China). To evaluate 
the effect of C5b‑9, mouse podocyte cells  (MPC) were 
treated with different concentrations of zymosan activated 
serum (ZAS) for 1, 2, 4, 8, 12 or 24 h (C5b‑9 group), and heat 
inactivated serum was used as the control (blank group). The 
volume of zymosan required to increase lactate dehydroge‑
nase (LDH) release by <10% was used as a sublethal dose to 
induce podocyte injury. The cells were also pretreated with 
3‑MA (cat. on. 3977; R&D Systems, Inc.) rapamycin (cat. 
no. 1292; R&D Systems, Inc.) or DKK1 (cat. no. 5897‑DK; 
R&D Systems, Inc.) before treatment with ZAS. The group 
preincubated with 3‑MA before using ZAS was called the 
3‑MA group, the group preincubated with rapamycin was 
called the rapamycin group, and the group preincubated with 
DKK1 was called the DKK1 group.

C5b‑9 ELISA. Following the manufacturer's protocol, a C5b‑9 
ELISA kit (cat. no. A020; Quidel Corporation, Inc) was used 
to determine the levels of C5b‑9 in the serum of samples 
incubated with zymosan. The optical density was measured at 
450 nm using a plate reader.

LDH assay. The optimum concentration and incubation 
time for C5b‑9 was determined using an LDH release test, 
which utilized a non‑radioactive cytotoxicity assay (cat. 
no. G1780; Promega Corporation). Mature and differentiated 
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MPCs suspended in RPMI1640 medium supplemented with 
10% inactivated FBS, were plated in 96 well cell plates (7x103 
cells/well). Podocytes were measured following exposure 
to zymosan for different periods of time at 490 nm using 
a plate reader, according to the manufacturer's protocol. 
The formula used to calculate LDH release was: LDH 
release rate (%) = (experimental‑target spontaneous)/(target 
maximum‑target spontaneous)  x100. Experimental group 
refers to the OD value of cell pore after relevant intervention 
stimulation. Target spontaneous group refers to the OD value 
of normal cell pores without intervention or stimulation. Target 
maximum group refers to the OD value of the cell pore after 
adding the lysate provided by the kit.

Immunofluorescence staining of cultured podocytes. The podo‑
cyte samples were fixed with 4% paraformaldehyde for 20 min 
at room temperature, rinsed with PBS (cat. no. KGB5001; 
Nanjing KeyGen Biotech Co., Ltd.) and then permeabilized 
with 0.5% Triton X‑100 (Applygen Technologies, Inc.) in PBS 
for 30 min at room temperature. Non‑specific binding was 
blocked with 5% BSA (cat. no. SW3015; Beijing Solarbio 
Science & Technology Co., Ltd.) for 1 h at room temperature. 
The podocytes were incubated with primary antibodies over‑
night at 4˚C. The following day, the podocytes were washed 
with PBS, labeled with secondary antibodies using 2 drops/ml 
for 30 min at room temperature and incubated with Alexa 
Fluor 488 Phalloidin (cat. no. A12379 Invitrogen; Thermo 
Fisher Scientific, Inc.) for 30 min at room temperature. Finally, 
podocytes were washed with PBS and sealed using antifade 
mounting reagent containing DAPI (cat. no. S2110; Beijing 
Solarbio Science & Technology Co.).

The primary antibodies used were: Anti‑C5b‑9 rabbit 
polyclonal antibody (pAb) (1:1,000; cat. no. ab55811; Abcam), 
anti‑podocin rabbit monoclonal antibody (mAb) (1:500; cat. 
no. ab181143; Abcam), anti‑beclin‑1 rabbit mAb (1:50; cat. 
no. ab217179; Abcam), anti‑LC3A/B rabbit antibody (1:200; 
cat. no. 4108; Cell Signaling Technology, Inc.), anti‑SQSTM1 
mouse mAb (1:100; cat. no. ab109012; Abcam), anti‑β‑catenin 
rabbit mAb (1:100; cat. no. 8480; Cell Signaling Technology, 
Inc.), anti‑GSK‑3β rabbit mAb (1:50; cat. no.  12456; Cell 
Signaling Technology, Inc.) and anti‑Akt rabbit mAb 
(1:400; cat. no. 4691; Cell Signaling Technology, Inc. ). The 
secondary antibodies used were goat anti‑rabbit IgG (H+L) 
Alexa Fluor 594 (cat. no. R37117; Invitrogen; Thermo Fisher 
Scientific, Inc.) and goat anti‑mouse IgG (H+L) Alexa Fluor 594 
(cat. no. R37121; Invitrogen; Thermo Fisher Scientific, Inc.).

Capillary western immunoassay (WES). According to the 
manufacturer's protocols, the 12‑230 kDa separation module 
(ProteinSimple; Bio‑Techne Corporation) and anti‑mouse 
detection module (ProteinSimple; Bio‑Techne Corporation) 
were used for analysis using a WES system (ProteinSimple; 
Bio‑Techne Corporation) as previously described (24). Proteins 
were extracted from cells using RIPA lysate and protease 
inhibitor, The concentration of the extracted protein was 
determined using a BCA kit (cat. no. PC0200, Beijing Solarbio 
Science  &  Technology Co.). Extracted cell proteins were 
diluted with 5x master mix and 0.1x sample buffer provided 
with the kit. Antibody diluent II provided in the kit was then 
used to dilute the primary antibody. Diluted protein, antibody 

diluent II, diluted primary antibody, secondary HRP conju‑
gate, luminol‑conjugate mix and wash buffer were added to 
each row of the plate provided in the kit. Finally, a WES dedi‑
cated instrument (ProteinSimple; Bio‑Techne Corporation) 
and Compass software  4.0.0 (ProteinSimple; Bio‑Techne 
Corporation) was used to process the plate. After 2.5 h, the 
corresponding band of each protein sample was obtained. 
The concentration of the band was analyzed to determine the 
corresponding protein content using Compass software.

Anti‑nephrin rabbit mAb (1:50; cat. no. ab216341; Abcam), 
anti‑podocin rabbit mAb (1:50; cat. no. ab181143; Abcam), 
anti‑podocalyxin‑like 1 mouse antibody (1:10; cat. no. sc‑23903; 
Santa Cruz Biotechnology, Inc.), anti‑podoplanin mouse anti‑
body (1:10; cat. no. sc‑166906; Santa Cruz Biotechnology, Inc.), 
anti‑beclin‑1 rabbit mAb (1:50; cat. no. ab217179; Abcam), 
anti‑LC3A/B rabbit pAb (1:50; cat. no.  ab62721; Abcam), 
anti‑SQSTM1 mouse mAb (1:50; cat. no. ab109012; Abcam), 
anti‑β‑catenin rabbit mAb (1:50; cat. no. 8480; Cell Signaling 
Technology, Inc.), anti‑phosphorylated (p)‑β‑catenin rabbit 
mAb (S675; 1:50; cat. no. 4176; Cell Signaling Technology, Inc.), 
anti‑p‑β‑catenin rabbit mAb (S552; 1:50; cat. no. 5651; Cell 
Signaling Technology, Inc.), anti‑GSK‑3β rabbit mAb (1:50; 
cat. no. 12456; Cell Signaling Technology, Inc.), anti‑p‑GSK‑3β 
rabbit mAb (S9; 1:50; cat. no. 5558; Cell Signaling Technology, 
Inc.), anti‑p‑GSK‑3β rabbit pAb (Y216; 1:50; ab75745; Abcam), 
anti‑Akt rabbit mAb (1:50; cat. no.  4691; Cell Signaling 
Technology, Inc.) and anti‑GAPDH rabbit mAb (1:50; cat. 
no. 5174; Cell Signaling Technology, Inc.) were used as primary 
antibodies to detect the expression of their respective protein 
targets in the different cell groups.

Statistical analysis. SPSS version 20.0 (IBM, Corp.) was 
used for statistical analysis. Data are expressed as the 
mean ± standard deviation, or as counts or percentages as 
relevant. Comparisons between two‑groups were performed 
using an independent‑sample t‑test unless otherwise indicated. 
Comparisons between multiple‑groups were performed using 
an ANOVA followed by a least significant difference or 
Student‑Newman‑Keuls tests for ≤3 groups or Tukey's test for 
>3 groups to verify the data. P<0.05 was considered to indicate 
a statistically significant difference.

Results

C5b‑9 serum‑mediates injury of podocytes. Firstly, to mimic 
the formation of the membrane attack complex in vitro, using 
human blood as the complement source, the content of C5b‑9 
in the extracted serum was measured using ELISA (Fig. 1A). 
Glomerular epithelial cells were incubated with C5b‑9 serum 
for differing periods of time, and their respective LDH release 
rates were calculated (Fig. 1B). A duration of 2 h was used as 
the model of hypo‑lysis.

Immunofluorescence staining was performed on the cyto‑
skeleton of podocytes in each group with using phalloidin, and 
it was demonstrated that the cells in the C5b‑9 group exhibited 
weaker fluorescence intensity and a more disordered cytoskel‑
eton in comparison with the blank group (Fig. 1C).

3‑MA, rapamycin and DKK1 protect against C5b‑9‑mediated 
injury of podocytes. In order to better understand the protective 
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effects of the autophagy and Wnt/β‑catenin pathways on podo‑
cytes, 3‑MA, rapamycin and DKK1 were used to preculture 
podocytes that were subsequently damaged using C5b‑9. Firstly, 
LDH release rates of podocytes incubated with different concen‑
trations of 3‑MA, rapamycin and DKK1 were calculated, and 
then the maximum concentration possible with minimal cell 
damage to cells was selected. As shown in Fig. 2A, the concentra‑
tion of 3‑MA used for subsequent experiments was 10 mmol/l, 
100 nmol/l for rapamycin and 100 ng/ml for DKK1. Subsequently, 
the above concentrations were used to pretreat the podocytes prior 
to C5b‑9 injury, and the LDH release rates were measured. DKK1 
reduced the release rate of LDH in comparison to that with C5b‑9 
alone, whereas 3‑MA and rapamycin did not. This suggested that 
3‑MA and rapamycin pretreatment did not protect podocytes, 
whereas DKK1 pretreatment did (Fig. 2A). Immunofluorescence 
staining of podocin was used to detect changes in the treated cells. 
The results of injury analysis were consistent with LDH release 
rates (Fig. 2B). Finally, WES was used to determine the effects 
of DKK1 on podocin, nephrin, podoplanin and podocalyxin in 
podocytes. The results indicated that DKK1 protected podocytes 
from damage caused by C5b‑9 (Fig. 2C).

Effects of C5b‑9 serum on autophagy. The levels of beclin‑1, 
LC3 and SQSTM1 expression in podocytes of the blank group, 

C5b‑9 group and DKK1 group were detected using immuno‑
fluorescence.

The arrangement of the cytoskeleton in the C5b‑9 group 
was more disordered compared with the blank group, and the 
cytoskeleton of the DKK1 group did not exhibit the disorga‑
nization of the C5b‑9 group. The fluorescence intensity of 
beclin‑1 showed no significant difference among the three 
groups (Fig. 3A), and LC3 in the C5b‑9 group was stronger 
compared with the blank group and DKK1 group (Fig. 3B), 
and the fluorescence intensity of SQSTM1 was stronger 
compared with the blank group, whereas in the DKK1 group, 
the fluorescence intensity was slightly stronger compared with 
the other two groups (Fig. 3C). These results suggested that 
C5b‑9 activated autophagy.

Beclin‑1, p‑beclin‑1 (S15), LC3I/II and SQSTM1 expres‑
sion levels were detected using WES to reflect the changes in 
autophagy in podocytes in each group. Beclin‑1 expression 
slightly increased in the C5b‑9 group compared with the 
blank group, and in the DKK1 group, beclin‑1 expression was 
slightly lower than that of the C5b‑9 group, and similar to that 
of the blank group, though the difference was not statistically 
significant. LC3II and p‑beclin‑1 (S15) levels increased in the 
C5b‑9 group compared with the blank group and were lower in 
the DKK1 group compared with the C5b‑9 group and similar 

Figure 1. Effects of C5b‑9 and different concentrations of Rapamycin, 3‑MA and DKK1 on podocytes. (A) The content of C5b‑9 in human serum after 
incubation with Zymosan was determined by ELISA. (B) LDH release rates at different time points were determined to reflect the cytotoxicity of C5b‑9. 
(C) C5b‑9 damaged podocytes. Immunofluorescence staining of the cytoskeleton (green) and C5b‑9 (red) in glomerular epithelial cells indicated that cell 
size in the C5b‑9 group was smaller than that of the blank group, that fluorescence intensity was weaker and the cytoskeleton was more disordered. Scale 
bar, 10 µm. *P<0.05 (Student's t‑test). C5b‑9, complement 5b‑9; 3‑MA, 3‑methyladenine; DKK1, Dickkopf‑related protein 1; LDH, lactate dehydrogenase; 
F‑actin, filamentous actin, HIS, human inactivated serum; ZAS, zymosan activated serum.
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to that in the blank group. SQSTM1 levels in the C5b‑9 group 
were slightly higher than that in the blank group, while in the 
DKK1 group its expression was significantly higher compared 
with the C5b‑9 group. This suggests that C5b‑9 activates 
autophagy in glomerular epithelial cells and that this can be 
inhibited by DKK1 (Fig. 3D).

Effect of C5b‑9 serum on the Wnt/β‑catenin signaling pathway. 
The levels of β‑catenin, GSK‑3β and Akt in podocytes of blank 
group, C5b‑9 group and DKK1 group were assessed based on 
immunofluorescence staining. The fluorescence intensity of 
β‑catenin in the C5b‑9 group was stronger than that of the 
blank group and DKK1 group (Fig. 4A), and the fluorescence 

Figure 2. C5b‑9 can damage podocytes and DKK1 can repair the damage. (A) In order to select the optimal concentration of DKK1, normal podocytes were 
incubated with different concentrations of Rapamycin, 3‑MA and DKK1 and their LDH release rates calculated. The maximum concentration with the least 
damage was selected. *P<0.05 (Student's t‑test). (B) Immunofluorescence staining for podocin in the blank, C5b‑9, rapamycin, 3‑MA and DKK1 groups. Scale 
bar, 1 µm. (C) WES was used to determine the levels of nephrin, podocin, podocalyxin and podoplanin of glomerular epithelial cells in the blank, C5b‑9 
and DKK1 groups. *P<0.05 vs. blank group; #P<0.05 vs. C5b‑9 group. C5b‑9, complement 5b‑9; 3‑MA, 3‑methyladenine; DKK1, Dickkopf‑related protein 1; 
LDH, lactate dehydrogenase.
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intensity of the GSK‑3β was weaker than that of the blank 
group and DKK1 group (Fig. 4B). This suggests that C5b‑9 
activates the Wnt/β‑catenin signaling pathway.

At the same time, the changes in the levels of canonical Wnt 
pathway members [GSK‑3β, p‑GSK‑3β (S9), β‑catenin and 
p‑β‑catenin (S675, S552)] were detected. GSK‑3β expression 
in the C5b‑9 group was significantly lower compared with the 
blank group, whereas in the DKK1 group, GSK3‑β expression 
was significantly higher than the C5b‑9 group and similar to 
that in the blank group. β‑catenin, p‑β‑catenin (S675) and 
p‑GSK‑3β (S9) levels in the C5b‑9 group were significantly 
higher than those in the blank group. However, the β‑catenin 

levels in the DKK1 group were significantly lower than 
the other two groups. p‑β‑catenin (675) levels were lower 
in the C5b‑9 group and similar to that of the blank group. 
p‑GSK‑3β (S9) levels were significantly higher in the DKK1 
group in comparison with the other two groups. These 
results suggest that the membrane attack complex activates 
the Wnt/β‑catenin pathway in glomerular epithelial cells. 
However, the p‑β‑catenin (S552) level in the C5b‑9 group 
was significantly lower compared with the blank group. In 
addition, p‑β‑catenin levels in the DKK1 group were lower 
than in the blank group, but higher than that in the C5b‑9 
group (Fig. 4D).

Figure 3. DKK1 successfully inhibited autophagy activated by C5b‑9. (A) Immunofluorescence staining for Beclin‑1 in blank, C5b‑9 and DKK1 groups. Scale 
bar, 10 µm. (B) Immunofluorescence staining for LC3 in blank, C5b‑9 and DKK1 groups. Scale bar, 10 µm. (C) Immunofluorescence staining for SQSTM1 in 
blank, C5b‑9 and DKK1 groups. Scale bar, 10 µm. (D) Beclin‑1, phospho‑beclin‑1 (S15), LC3I/II and SQSTM1 proteins were determined by WES in blank, 
C5b‑9 and DKK1 groups. *P<0.05 vs. blank group; #P<0.05 vs. C5b‑9 group. C5b‑9, complement 5b‑9; DKK1, Dickkopf‑related protein 1; LDH, lactate 
dehydrogenase; F‑actin, filamentous actin; .SQSTM1, sequestosome 1; LC3, microtubule‑associated protein light chain 3.
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In order to explain this phenomenon, immunofluorescence 
staining and WES were used to detect Akt levels in each 
group. The results indicated that the fluorescence intensity was 
weaker in the C5b‑9 group, and slightly stronger in the DKK1 
group I comparison with the C5b‑9 group (Fig. 4A‑D). WES 
showed that Akt expression in the C5b‑9 group was signifi‑
cantly lower compared with the blank group, whereas Akt 
levels in the DKK1 group were higher than those in the C5b‑9 
group, but still lower than those in the blank group (Fig. 4D).

Discussion

In the present study, three important observations were made: 
Firstly, the results suggested that C5b‑9 activated autophagy 

and the Wnt/β‑catenin signaling pathway. Secondly, it was 
indicated that DKK1‑mediated inhibition of the Wnt/β‑catenin 
signaling pathway reduced C5b‑9‑induced damage to glomer‑
ular epithelial cells. Thirdly, it appeared that autophagy was 
inhibited and DKK1 protected podocytes.

The purpose of the present study was to observe changes 
to autophagy and the Wnt/ catenin signaling pathway in 
podocytes after C5b‑9 injury. Therefore, podocytes were 
pretreated with 3‑MA, rapamycin and DKK1 before C5b‑9 
treatment, and the condition of podocytes was observed by 
immunofluorescence. The Wnt/β‑catenin signaling pathway 
is associated with autophagy and it has been reported that 
activation of GSK‑3β can inhibit mammalian target of 
rapamycin complex  1  (mTORC1) to activate autophagy 

Figure 4: DKK1 successfully inhibited the Wnt/β‑catenin signal pathway activated by C5b‑9 and simultaneously increased the Akt. (A) Immunofluorescence 
staining for β‑catenin in blank, C5b‑9 and DKK1 groups. Scale bar, 10 µm. (B) Immunofluorescence staining for GSK‑3β in blank, C5b‑9 and DKK1 groups. 
Scale bar, 10 µm. (C) Immunofluorescence staining for Akt in blank, C5b‑9 and DKK1 groups. Scale bar, 10 µm. (D) β‑catenin, phosphorylayed‑β‑catenin 
(S675, S552), GSK‑3β, phosphorylated‑GSK‑3β (S9, Y216) and Akt proteins were determined by WES in blank, C5b‑9 and DKK1 groups. *P<0.05 vs. blank 
group; #P<0.05 vs. C5b‑9 group. C5b‑9, complement 5b‑9; DKK1, Dickkopf‑related protein 1; F‑actin, filamentous actin; GSK3, glycogen synthase kinase 3.



DONG et al:  Wnt/β-catenin SIGNALING IN PODOCYTES8

by promoting the binding of tuberous sclerosis 1/2 (25). It 
has also been reported that β‑catenin enucleation inhibits 
autophagy by inhibiting SQSTM1 transcription (22). Thus, 
inhibition of the Wnt/β‑catenin signaling pathway can activate 
autophagy (26,27). However, the majority of these previous 
studies were carried out in tumor cells. To the best of our 
knowledge, the present study is the first to evaluate the effects 
of C5b‑9 on podocyte Wnt/β‑catenin signaling pathway and 
autophagy, mimicking the process in the human body. The 
aim of the present study was to determine whether damage of 
glomerular epithelial cells could be reduced, and thus high‑
light a potential treatment strategy for idiopathic membranous 
nephropathy.

C5b‑9, via the lectin complement pathway, is the 
primary cause of podocyte injury in idiopathic membranous 
nephropathy (28). Studies on the pathogenesis of idiopathic 
membranous nephropathy have revealed the molecular 
mechanism underlying complement activation  (29). IgG4 
is a major subtype of IgG deposited in the glomeruli of 
idiopathic membranous nephropathy (30,31). IgG4 does not 
activate the classical complement pathway (32). Therefore, 
there may be other complement activation mechanisms. 
Preliminary evidence suggests that specific IgG4 anti‑PLA2R 
antibody activates the alternative complement pathway or the 

mannose‑lectin pathway (33,34). The results of the present 
study are consistent with those commonly seen in patients with 
idiopathic membranous nephropathy, where C4 is deposited 
on the glomeruli in the absence of Complement 1q. Eventually, 
C5b‑9 dissolves the glomerular epithelial cells, leading to 
the formation of proteinuria (10,35). In addition, zymosan, a 
polysaccharide prepared from the cell walls of saccharomyces 
cerevisiae, activates the alternative complement pathway (36). 
Therefore, this complement pathway was stimulated in the 
present study, and incubated in normal serum with zymosan to 
reduce the injury to podocytes as much as possible.

Results of the DKK1 pretreatment of podocytes showed 
that expression of beclin‑1 and LC3II were decreased, whereas 
SQSTM1 expression was significantly increased. DKK1 acti‑
vates GSK‑3β by inhibiting the Wnt/β‑catenin pathway, which 
was hypothesized to indirectly inhibit mTORC1 to activate 
beclin‑1 and thus activate autophagy. However, completely 
opposing results were obtained in the present experiment. 
In addition, when the Wnt/β‑catenin signaling pathway was 
activated by complement, GSK‑3β (S9) phosphorylation levels 
were increased, whereas β‑catenin (S552) phosphorylation 
was significantly reduced, and thus, this phenomenon may 
be explained simply by Akt protein abnormalities (37). As 
Akt phosphorylates both GSK‑3β and β‑catenin, GSK3β is 
inhibited and β‑catenin is activated, thereby activating the 
Wnt/β‑catenin pathway (38). Thus, it was hypothesized that 
this anomaly was related to Akt, and this was demonstrated 
in subsequent experiments. Thus, the canonical Wnt signaling 
pathway and other related signal proteins may have variations 
in the cell line used. However, it is also possible that comple‑
ment attack mediated damage activated or inhibited the targets 
of multiple signaling pathways, thus resulting in the aforemen‑
tioned phenomenon.

The results of the present study indicated that Akt protein 
was damaged by C5b‑9, and that DKK1 inhibited the canonical 
Wnt pathway, which can repair cell damage and restore Akt, 
which in‑turn phosphorylates β‑catenin (S552) and reduces the 
levels of p‑GSK‑3β (S9). Thus, autophagy may be inhibited due 
to the activation of Akt (39). This suggests that C5b‑9, while 
activating the Wnt/β‑catenin signaling pathway, acts directly on 
low density lipoprotein receptor‑related protein 5/6 (LRP5/6), 
which is the target of DKK1 (40), and other proteins together 
to cause damage to Akt. DKK1 inhibits LRP5/6 and restores 
Akt function to some extent, but not completely (Fig. 5). In 
addition, variations in signaling pathways in various cells 
and in complement, which are common pathogenic factors in 
the human body that are not commonly assessed in cellular 
experimental methods, require further study.

In conclusion, inhibition of the Wnt/β‑catenin signaling 
pathway may protect podocytes from damage caused by 
complement within a certain period of time, and one of 
the mechanisms of this is through inhibition of autophagy. 
However, the specific role of signaling proteins, such as 
GSK‑3β and β‑catenin remains unclear and requires further 
study. The results of the present study also suggest that comple‑
ment aggravates the damage to glomerular epithelial cells in 
idiopathic membranous nephropathy through over‑activation 
of the Wnt/β‑catenin signaling pathway, and pathway inhibi‑
tors such as DKK1 may serve as a novel approach to treat this 
disease.

Figure 5: Schematic diagram of the mechanism of the effect of C5b‑9 on 
Wnt/β‑catenin signaling pathway and autophagy in glomerular epithelial 
cells. After the activation of Wnt/β‑catenin signaling pathway by C5b‑9, 
GSK3 was weakened, thus might playing an indirect inhibitory effect 
on autophagy. However, C5b‑9 also damaged Akt while activating the 
Canonical Wnt pathway in glomerular epithelial cells, leading to the activa‑
tion of autophagy ultimately. C5b‑9 group. C5b‑9, complement 5b‑9; GSK3, 
glycogen synthase kinase 3; AKT, protein kinase B; PKA, protein kinase A; 
+P, phosphorylation; β‑cat, β‑catenin.
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