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Abstract. Prostaglandin E2 has exhibited pleiotropic effects 
in the regulation of glomerulosclerosis progression through 
its four receptors. The current study aimed to evaluate the 
effect of prostaglandin receptor EP4 on mesangial cell 
proliferation. In vivo, 5/6 nephrectomy was introduced into 
EP4+/‑ and wild‑type (WT) mice. Clinical parameters were 
monitored post‑surgery. At 8 weeks post‑surgery, glomerular 
fibrosis‑associated indicators were measured by immuno-
histochemical staining and trichrome staining. In  vitro, 
mesangial cells in different groups (transfected with green 
fluorescent protein, AD‑EF4 or AD‑CRE) were exposed 
to transforming growth factor (TGF)‑β1 for 24 h to detect 
the level of downstream signaling. Corresponding signaling 
inhibitors were also used to validate the signaling effects. 
Following surgery, EP4+/‑ mice presented a higher survival 
rate and normal urine volume compared with the WT group, 
and serum creatinine level and 24 h urine protein were lower 
in the EP4+/‑ mice. Furthermore, associated profibrotic 
indicators were identified to have decreased at 8  weeks 
post‑surgery along with less tubule‑interstitial fibrosis. 
In  vivo, the inhibition of extracellular signal‑regulated 
kinase and P38 phosphorylation alleviated the accumulation 
of mesangial matrix, and these signals were enhanced when 
EP4 was overexpressed. EP4 enhancement aggravated imbal-
anced mesangial cell proliferation stimulated by TGF‑β1 and 
GS of mice treated with 5/6 nephrectomy through the Smad 
and mitogen‑activated protein kinase pathways.

Introduction

Proliferation of mesangial cells (MCs) and accumulation of 
extracellular matrix (ECM) are critical to glomerulosclerosis 
(GS), which serves as an end‑stage event in chronic renal 
failure  (1‑3). Sclerotic glomeruli are characterized by loss 
of functional cells and the overexpression of non‑functional 
matrix, commonly composed of type I collagen (COL‑1) and 
fibronectin (FN)  (4‑6). These factors initially form in the 
mesangium, and the response may be enhanced by intraglomer-
ular hypertension (7‑9) or certain chemical cytokines (10‑13). 
Intraglomerular hypertension, which is attributed to ampli-
fied cyclic stretch, causes mechanical damage to MCs (7‑9). 
Certain chemical cytokines, including transforming growth 
factor (TGF)‑β1, cause MCs to undergo a phenotype transfor-
mation to resemble fibroblasts, accompanied by the infiltration 
of inflammatory cells, causing glomerular scarring. This type 
of scarring eventually results in glomerular sclerosis (14). In 
patients with glomerulotubular imbalance, when glomerular 
filtration rate (GFR) declines to 10% of normal values, renal 
replacement therapy is required, as currently there is no 
specific treatment to reverse the progression.

Prostaglandin E2 (PGE2) has multiple biological effects 
in organ fibrosis. In the kidney, through its four receptors 
(EP1, EP2, EP3 and EP4), there is also a dual regulatory 
role of PGE2  (15‑19). The present study focused on EP4, 
the role of which still remains controversial, particularly in 
the regulation of renal diseases, depending on the cell type 
and context. Our previous study identified that EP4 plays a 
maladaptive role in MC injury associated with chronic kidney 
disease (20‑22). Consistent with these findings, inflammation 
and albuminuria was minimized through cyclooxygenase‑2 
(COX‑2)/EP4 suppression in streptozotocin‑induced diabetic 
mice  (23,24). In addition, diabetes‑induced COL‑1 and 
connective tissue growth factor (CTGF) expression was mark-
edly increased in EP4 agonist‑treated mice (24,25). However, 
Vukicevic et al (25), argued that both EP2 and EP4 receptor 
agonists prevent the progression of chronic renal failure in 
unilateral ureteral obstruction models. EP2 and EP4, which 
both bind to G stimulatory (Gs) protein to increase cyclic 
adenosine 5'‑monophosphate (cAMP) levels, are present in the 
medulla and glomerulus, respectively (26,27). It is reported 
that EP2 primarily increases the level of cAMP and delivers a 
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protective effect in the regulation of tissue fibrosis, but EP4 is 
not thought to have the same effect (28‑30). Therefore, it was 
hypothesized that EP4 may be involved in a different signaling 
pathway.

TGF‑β1, a fibrotic stimulus, is able to activate Smad proteins 
(Smad2 or Smad3) directly to cause renal fibrosis  (31‑34). 
Mitogen‑activated protein kinase (MAPK) pathways, which 
comprise extracellular signal‑regulated kinase (ERK), c‑JUN 
N‑terminal kinase (JNK) and p38 signaling, have been 
reported to play a role in inflammatory regulation (35,36), and 
also contribute to the amplification of transmitted signals to 
promote cellular processes, including proliferation and differ-
entiation, either in the cytoplasm or nucleus (37,38). Thus, the 
current study aimed to investigate two areas: Firstly, whether 
there is a cross‑talk effect between Smad3 and MAPKs in 
glomerulosclerosis; and secondly, whether the phosphoryla-
tion of MAPKs may be mediated by EP4 receptors.

In the present study, 5/6 nephrectomy was performed to 
examine the effect of EP4 on glomerulosclerosis. Primary MCs 
of different genotypes were also cultured to detect possible 
signaling pathways. Briefly, the aim of the current study was 
to investigate whether EP4 is required for mesangium fibrosis.

Materials and methods

Experimental animals. The experimental animals were 
provided by the Animal Experimentation Committee of 
Beijing University Health Science Center (Beijing, China). The 
mice were C57/BL6 type and bred in a specific‑pathogen‑free 
environment. The animal protocol in this study was approved 
by the Beijing University Animal Care and Use Committee. 
Wild‑type (WT), EP4 heterozygotes (EP4+/−) and EP4flox/flox 

(with a conditional knock‑out EP4 gene sequence between 
LoxP sites flanking exon 2 of the EP4 gene) male mice aged 
8‑12 weeks were used for experiments. EP4flox/flox mice were 
transfected with Cre adenovirus to knock out EP4 recep-
tors (23). All mice were kept in an air‑conditioned environment 
(20˚C, 50% humidity) with a 12‑h light/dark cycle and had 
free access to food and water prior to and following surgery. 
The mice were euthanized with 150 mg/kg pentobarbital by 
intraperitoneal injection.

5/6 nephrectomy. A total of 40 C57/BL6 mice weighing 25‑35 g 
were included in the experiment, and were not limited in eating 
and drinking the night prior to surgery. The 5/6 nephrectomy 
was performed according to our previous study (39). The mice 
were divided into four groups (n=10 per group): 1, WT Control 
(CON) group; 2, WT 5/6 Nephrectomy (Nx) group; 3, EP4+/‑ 

CON group; 4, EP4+/‑ 5/6 Nx group.

Sample collection. Prior to sacrifice, WT CON, WT 5/6 Nx, 
EP4+/‑ CON and EP4+/‑ 5/6 Nx mice (n=10 in each group) were 
placed individually in metabolic cages for 24‑h urine collec-
tion. Urine samples were centrifuged at 10,000 x g for 10 min 
at room temperature and the supernatants were stored at ‑20˚C 
until analysis. Prior to sacrifice, the mice were anaesthetized 
with 1% pentobarbital (40 mg/kg) via intraperitoneal injection 
for serum and kidney collection. Blood samples (~0.8 ml) 
were collected from the postcava in heparinized tubes and 
centrifuged at 5,000 x g for 15 min to obtain serum for the 

measurement of serum creatinine, urea nitrogen and urine 
protein. The kidneys were quickly removed and either frozen 
immediately in liquid nitrogen or fixed with 4% buffered 
formalin. Residual tissues and serum were preserved at ‑80˚C.
Finally, animals were sacrificed as aforementioned.

Albumin and creatinine concentrations were determined 
using Exocell assays, according to the manufacturer's instruc-
tions (Exocell, Inc., Philadelphia, PA, USA).

Histology and immunohistochemistry. Kidneys were fixed 
with 10% neutral buffered formalin and processed for histology 
or immunostaining using standard techniques. Histological 
sections (5‑µm thick) were prepared and stained with anti‑FN 
(Abcam, Cambridge, MA, USA), anti‑COI‑I, anti‑COX‑2, 
anti‑EP4, anti‑CTGF (Bio‑Rad Laboratories, Inc., Hercules, 
CA, USA), anti‑phosphorylated (p)‑Smad3, anti‑p‑p38 and 
anti‑ERK (Cayman Chemical Company, Ann Arbor, MI, USA) 
overnight at 4˚C, and incubated at 37˚C for 1 h. Then Secondary 
antibodies were added. For staining quantification (FN, COI‑I, 
COX‑2, and CTGF), Six golmeruli per mouse from each group 
and 3 mice per group were randomly and blindly selected and 
analyzed. The percentage of the positively stained area was 
measured by using ImageJ sofware. The degree of fibrosis was 
quantified in trichrome sections by assessing the surface area 
of the cortical area (avoiding great vessels and glomeruli) as a 
ratio of total surface area at x400 magnification. All measure-
ments and quantification were performed in a random blinded 
manner using an Olympus BX50 microscope (Olympus 
Corporation, Tokyo, Japan), a Micropublisher 3.3 RTV camera 
(Q‑Imaging, Surrey, BC, Canada), and NIS Elements Imaging 
software (Nikon Instruments, Inc., Melville, NY, USA).

Culture of primary MCs. MC culture was performed according 
to the protocol in our previous study (21). The primary mice 
MCs at passages 8 to 10 were used, and were cultured at 37˚C 
in a humidified incubator containing 5% CO2, with the addition 
of 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA). Then, WT cells were divided into 
the following groups: 1, WT + AD‑GFP group; 2) WT + 
AD‑GFP+ TGF‑β1 group; 3, WT + AD‑EP4 group; 4, WT + 
AD‑EP4 + TGF‑β1 group. EP4flox/flox cells were also divided 
into four groups: 1, EP4flox/flox + AD‑GFP group; 2) EP4flox/flox + 
AD‑GFP + TGF‑β1 group; 3, EP4flox/flox + AD‑CRE group; 4, 
EP4flox/flox + AD‑CRE + TGF‑β1 group. Prior to the experiments, 
the cells were incubated in serum‑free medium for 24 h. The 
optimum dose and reaction time of TGF‑β1 (10 ng/ml, 24 h) 
was based on a previous study (14). Each individual assay was 
repeated at least three times with different cell preparations.

Adenoviral constructs and infection of cultured mouse MCs. 
AD‑CRE and AD‑EP4 were generated by the Shanghai 
GenePharma Co., Ltd., (Shanghai, China). Linearized recom-
binant adenoviral plasmid was transfected into AD‑293 cells 
to obtain a primary viral stock, which was amplified and puri-
fied. For optimization of infection conditions, differentiated 
mouse MCs were infected with AD‑CRE at a multiplicity of 
infection (MOI) of 5 or AD‑EP4 at an MOI of 10 for 72 h.

Western blot analysis. Cell lysis buffer was added to the 
wells and the plate was placed on ice for 30 min. Then, cells 
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treated as described above were scraped, and cell lysate was 
removed to 1.5 ml EP tubes and centrifuged for 15 min (4˚C, 
12,000 rpm). Protein concentration in the supernatant was 
determined by BCA assay (Pierce; Thermo Fisher Scientific, 
Inc.). Samples were diluted in the loading buffer and boiled 
for 5 min. Then, 130 mg of each sample was separated by 
10% sodium dodecyl sulfate‑polyacrylamide gel electropho-
resis (SDS‑PAGE) and transferred to a PVDF membrane for 
2 h. The membrane was blocked at room temperature for 1 h 
in 5% (w/v) non‑fat dry milk. The PVDF membrane was then 
incubated with primary antibodies (rabbit anti‑p‑Smad3, 
rabbit anti‑Smad3, rabbit anti‑p‑p38, rabbit anti‑p38, rabbit 
anti‑p‑ERK, rabbit anti‑ERK, mouse anti‑p‑JNK and 
mouse anti‑JNK; 1:1,000; Cayman Chemical Company) at 
4˚C overnight.

Subsequent to stimulation by TGF‑β1 (10  ng/ml) for 
24 h, the medium of some dishes was removed and 1 mM 
PD98059, 10 mM P38ML3404 or 2 mM SP600125 was added 
for 30 min to block ERK, P38 or JNK signaling, respectively. 
The control cells were treated with vehicle (DMSO), then the 
PVDF membrane was incubated with primary antibodies 
(mouse anti‑FN, mouse anti‑COI‑I, rabbit anti‑COX2, 

mouse anti‑CTGF 1:1,000; Rockland Immunochemicals, 
Inc., Pottstown, PA, USA) at 4˚C overnight. The membrane 
was washed with Tris‑buffered saline with Tween, incubated 
with DyLight 800‑labeled antibody to mouse IgG (1:5,000) 
or rabbit IgG for 2 h, and the membrane was scanned using 
the Bio‑Rad Imaging System (Bio‑Rad Laboratories, Inc.) for 
semi‑quantitative analysis. EIF5 was used as a loading control.

Statistical analysis. All data are expressed as the 
mean ± standard error of the mean. Data were analyzed by 
Student's t‑test (paired groups) or one‑way analysis of vari-
ance, followed by Bonferroni's post‑hoc test for multiple 
comparisons. Statistics were performed using GraphPad Pro 
(GraphPad, San Diego, CA, USA) P<0.05 was considered to 
indicate a statistically significant difference.

Results

EP4 knockout confers protection in response to 5/6 
nephrectomy. To assess the protective effect of EP4 knockout 
in response to 5/6 nephrectomy, the survival rate of EP4+/‑ and 
WT mice was compared (Fig. 1). There was a significant 

Figure 1. Evaluation of renal indexes in 5/6 Nx mice. (A) At 8 weeks post‑surgery, EP4+/‑ mouse survival rate was significantly higher compared with WT mice. 
(B) Urine volume of the WT‑Nx group decreased significantly compared with the WT‑Sham group, but it was increased in EP4+/‑‑NX mice, compared with 
the EP4+/‑‑Sham group. (C) Serum creatinine of EP4+/‑ mice over the time course post‑surgery was significantly decreased compared with WT mice. (D) 24‑h 
urine protein of 5/6 Nx mice increased compared with the Sham group, but the increase was more notable in WT mice compared with EP4+/‑ mice. *P<0.05, 
**P<0.01. Nx, nephrectomy; WT, wild‑type.
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difference in the survival rate between EP4+/‑ and WT mice 
(Fig. 1A). The WT group was severely polyuric, excreting 
almost three‑fold the volume excreted by the litter‑matched 
EP4+/‑ mice at 8 weeks post‑surgery (Fig. 1B). Serum creati-
nine levels were lower in EP4+/‑ mice compared with WT mice 
at 8 weeks post‑surgery (Fig. 1C). Furthermore, mice in both 
groups exhibited massive proteinuria at 8 weeks post‑surgery. 
Compared with EP4+/‑ mice, WT mice presented two‑fold 
proteinuria (Fig. 1D).

EP4 knockout reduces GS following 5/6 nephrectomy. To 
determine whether EP4 knockout reduces GS induced by 5/6 
nephrectomy, Masson trichrome staining was used to detect 
the level of GS. GS following nephrectomy was obviously 
evident in the WT group at 8 weeks post‑surgery, compared 

with a less obvious change in the EP4+/‑ group (Fig. 2A). The 
expression of p‑Smad3, p‑ERK and p‑p38 was markedly 
increased in the 5/6 nephrectomy group compared with the 
EP4+/‑ group (Fig. 2B and C). A decrease in COX‑2, FN, COI‑I 
and CTGF was detected in EP4+/‑ mice compared with WT 
mice. These indicators were markedly increased at 8 weeks 
subsequent to 5/6 nephrectomy, particularly in the WT group 
(Fig. 3A and B).

Expression of EP4 protein infected with AD‑EP4 in WT 
mouse MCs and with AD‑CRE in EP4Flox/Flox mouse MCs. To 
confirm that AD‑EP4 had been successfully transfected in WT 
mouse MCs, and AD‑CRE had been successfully transfected 
in EP4Flox/Flox mouse MCs (LoxP sequences were introduced at 
both ends of the EP4 gene, allowing CRE recombinant enzyme 

Figure 2. Renal fibrosis in mice following 5/6 nephrectomy. (A) Masson staining was used to visualize collagen deposition. Original magnification, x200. 
Immunohistochemistry was used to visualize the expression of cytokines in the signaling pathways at 8 weeks post‑surgery. (B and C) The expression of 
p‑Smad3, p‑ERK and p‑p38 was increased in 5/6 nephrectomy mice. Original magnification, x400. *P<0.05, **P<0.01.
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to remove the EP4 gene), western blotting was performed to 
evaluate EP4 protein expression. Expression of EP4 protein 
is increased following infection with AD‑EP4 in WT mouse 
MCs, compared with the AD‑GFP group. It is opposite 
following infection with AD‑CRE in EP4Flox/Flox mouse 
MCs (Fig. 4A and B).

Expression of EP4 protein is increased following infec‑
tion with AD‑EP4 in WT mouse MCs induced by TGF‑β1. 
Following infection with AD‑EP4 (MOI=10) in WT mice 
MCs treated with 10 ng/ml TGF‑β1 for 12 h, the expression of 
EP4 protein markedly increased compared with the AD‑GFP 
group (control group, gene recombinant adenovirus with green 
fluorescent protein; Fig. 5A and B).

Expression of EP4 protein is decreased following infection 
with AD‑CRE in EP4Flox/Flox mouse MCs induced by TGF‑β1. 
AD‑CRE had been transfected in EP4Flox/Flox mouse MCs 
treated with 10 ng/ml TGF‑β1 for 12 h western blotting was 
performed to evaluate EP4 protein expression. Following 
infection with AD‑CRE (MOI=10), the expression of EP4 
protein decreased markedly compared with the AD‑GFP 
groups (control group, gene recombinant adenovirus with 
green fluorescent protein; Fig. 5C and D).

EP4 knockout reduces Smad3, ERK and P38 phosphoryla‑
tion in MCs induced by TGF‑β1. Smad signaling is generally 

Figure 4. Following infection with AD‑EP4 and AD‑CRE, western blot-
ting was used to evaluate the of EP4 protein. (A) There was almost no EP4 
expression in MCs infected with AD‑CRE at an MOI of 5 for 72 h. Lane 1 
is AD‑GFP group, lane 2 is AD‑CRE group. (B) The expression of EP4 in 
MCs infected with AD‑EP4 at an MOI of 10 for 72 h increased markedly. 
Lane 1 is AD‑GFP groups, lane 2 is AD‑EP4 groups. EIF5 was used as a 
loading control.

Figure 3. Expression of fibrogenic cytokines in mice following 5/6 nephrectomy. (A) Immunohistochemistry was used to visualize the expression of fibrogenic 
cytokines at 8 weeks post‑surgery. (B) The expression of FN, COI‑I, COX‑2 and CTGF was increased in 5/6 nephrectomy mice. Original magnification, x400. 
*P<0.05, **P<0.01.
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considered to be the classical mechanism for fibrosis in physi-
ological change induced by TGF‑β1  (32). To confirm the 
fibrosis effect in MCs induced by TGF‑β1, the level of Smad3 
was detected and it was identified that TGF‑β1 effectively 
enhanced the phosphorylation level of Smad3 in both MC 
genotypes. Compared with GFP‑treated WT cells, AD‑EF4 
transfection increased the level of phosphorylation, while 
AD‑CRE administered in EP4flox/flox MCs downregulated the 
level of p‑Smad3 (Fig. 6A and B).

Furthermore, previous research has indicated that there 
is cross‑talk between Smad and MAPK signaling (32). In 
addition, although both EP2 and EP4 couple with Gs protein 
to upregulate the level of cAMP, it is EP2 that primarily 
increases cAMP level  (25). Therefore, the current study 
aimed to reveal the possible mechanism of the maladaptive 
role of EP4 in MC injury. It was identified that there was a 
marked increase in phosphorylation of ERK and P38 when 
MCs were stimulated by TGF‑β1, while JNK signaling did 
not exhibit phosphorylation. The phosphorylation of ERK 
and P38 was markedly enhanced with the introduction of 
AD‑EP4, and markedly reduced with the introduction of 
AD‑CRE, compared with the respective GFP‑treated cells. 
However, there was no significant change in the level of 
p‑JNK (Fig. 6C and D).

To confirm the critical role of MAPK signaling in the regu-
lation of MC injury, three corresponding signaling inhibitors 
against ERK (PD98059), P38 (ML3404) and JNK (SP600125) 
were used to block their effects. The expression of COI‑I and 
COX‑2 was inhibited ~2‑fold by PD98059 in comparison with 
the control group. The level of CTGF was primarily reduced 
by ML3404. FN expression was reduced upon administra-
tion of PD98059 and ML3404.SP600125 did not exhibit any 
effects (Fig. 7).

Discussion

PGE2 is widely secreted and plays a significant role in patholog-
ical processes. Our previous research indicated that conditional 
deletion of EP4 from MCs conferred partial protection from 
glomerular damage, and such protection against mesangial 
ECM accumulation primarily involves the COX2‑PGE2‑EP4 
system (22). However, these findings contrast with those of 
Vukicevic et al (25). The current findings strongly indicate 
that EP4 plays a role in the injury of MCs and development 
of glomerular sclerosis. Therefore, the EP4 receptor may exert 
pleiotropic effects on kidney injury, depending on the specific 
tissue or cell type. In the present study, subtotal‑nephrectomy 
(5/6) was also performed to further confirm the effect of EP4.
This model showed that mesangial cell hyperplasia appeared 
from the second week, and this becomed more serious after 
8 week. We analyzed the potential signaling pathway of such 
damage.

As EP4‑/‑ mice inevitably suffer from neonatal patent ductus 
arteriosus (19), heterozygotic mice were used to establish the 
model in the current study. Partial EP4 silencing was efficient 
in the current research, as the level of cAMP decreased signifi-
cantly compared with WT mice (27). The knockdown of EP4 
resulted in higher survival rate and suitable regulation of urine 
osmotic pressure, suggesting the receptor's possible maladap-
tive effect in the balance between glomerular infiltration and 
tubular re‑absorption. This imbalance also led to secondary 
hypertension, as indicated by renal artery stenosis (RAS), and 
it interacted with mesangium expansion in the progression of 
glomerular sclerosis. It has been reported that the stimula-
tion of EP4 receptors could exacerbate glomeruli sclerosis 
associated with enhanced glomerular capillary pressure (40). 
Hartono demonstrated that db/db mice with RAS develop 

Figure 5. Following treatment with 10 ng/ml TGF‑β1 for 12 h, western blotting was used to evaluate the expression of EP4 protein. (A) The expression of EP4 
in MCs infected with AD‑EP4 at an MOI of 10 for 72 h increased markedly. Lane 1 and 2 are AD‑GFP groups, lane 3 and 4 are AD‑EP4 groups. (B) There 
was almost no EP4 expression in MCs infected with AD‑CRE at an MOI of 5 for 72 h. Lane 1 and 2 are AD‑GFP groups, lane 3 and 4 are AD‑CRE groups. 

*P<0.05, **P<0.01. EIF5 was used as a loading control. MCs, mesangial cells.
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Figure 6. Following treatment with 10 ng/ml TGF‑β1 for 5 min, western blotting was used to evaluate the expression of p‑Smad3 protein. (A and B) The expres-
sion of p‑Smad3 in the AD‑EP4 group increased markedly, and it was decreased in the AD‑CRE group. (C) Following treatment with 10 ng/ml TGF‑β1 for 
5 min, western blotting was used to evaluate the expression of p‑ERK, p‑P38 and JNK protein in MCs infected with AD‑EP4 and AD‑GFP. The expression of 
p‑ERK and p‑P38 increased compared with the control group. This trend was more evident in the AD‑EP4 group. There was no obvious change in the expres-
sion of JNK. (D) Following treatment with 10 ng/ml TGF‑β1 for 5 min, western blotting was used to evaluate the expression of p‑ERK, p‑P38 and JNK protein 
in MCs infected with AD‑GFP and AD‑CRE. The expression of p‑ERK and p‑P38 decreased, compared with the control group. This trend was more evident 
in the AD‑CRE group. There was no obvious change in the expression of JNK.*P<0.05, **P<0.01. EIF5 was used as a loading control. MCs, mesangial cells.
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diffuse mesangial sclerosis (41). These reports are consistent 
with the current findings.

Recent studies have reported that Gq‑dependent signaling 
induces COX‑2 expression in podocytes, and its upregulation 
is associated with PGE2 synthesis (42). Our previous study 
confirmed the synergistic effect of COX‑2 in MCs injury 
induced by TGF‑β1 (20).

In the present study, the level of COX‑2 in intravital 
glomeruli was measured, and pathological changes were 
evaluated to indicate the maladaptive role of COX‑2 in 5/6 
nephrectomy. The results indicated that glomerular COX‑2 
induction coupled with enhanced PGE2 synthesis required 
the activation of EP4. Although it has been indicated that 
the administration of EP4 agonist intravenously may assist 
in preserving renal blood f low  (18), to the best of our 
knowledge, the expression of EP4 in resident glomeruli has 
not been studied in detail previously. In the current study, 
EP4 level was highest in WT 5/6 nephrectomy mice, which 
indicated a specific role of EP4 in PGE2/COX‑2‑associated 
injury.

Smads mediate the signal transduction from TGF‑β1. 
Smad3 is well known as a key regulator of fibrosis in many 
organ systems, and this is supported by the findings that 
mice lacking Smad3 are protected against fibrosis in multiple 
disease models (32‑34). MAPK signaling is able to regulate 
fibrosis either independently or through cross‑talk with Smad 
pathways (36‑38). It has been reported that both TGF‑β1/Smad 
and ERK/MAPK signaling act as pro‑fibrotic pathways accel-
erated by blood glucose fluctuation (43‑45). In the present 
study, the regulatory effect of MAPKs in MC injury induced 
by TGF‑β1 was evaluated. The effect was also validated via 
the introduction of MAPK pathway inhibitors. The results 
indicated that ECM accumulation was primarily mediated 
by Smad3, ERK/MAPK and P38 signaling. Subsequently, 

to confirm the role of EP4 in MC damage, AD‑CRE and 
AD‑EP4 were introduced. These two compounds have been 
well documented in our previous research (20‑22). The level 
of phosphorylated Smad3, ERK and P38, but not JNK, were 
obviously enhanced and reduced in MCs transfected with 
AD‑EP4 and AD‑CRE, respectively.

In conclusion, EP4 enhancement could accelerate MC 
damage induced by TGF‑β1 with increasing ECM protein 
synthesis. ERK, P38 and TGF‑β1/Smad3 signaling appear 
to play a key role in the injury. If the two pathways interact 
with each other, it is our next work.The maladaptive effect 
of EP4 is also manifested in vivo, with glomerulo‑tubular 
imbalance, higher reno‑hypertension and glomerular scle-
rosis. The current findings on EP4 identify a novel potential 
target for treatment in order to delay the progression of 
glomerulopathy.
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following treatment with ML3404. However, no obvious differences were observed following treatment with SP600125. *P<0.05, **P<0.01. MCs, mesangial 
cells; WT, wild type.
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