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Abstract
Background: The prostaglandin E2 (PGE2) and its receptor
subtypes 2 and 4 (EP2 and EP4) in mesangial cells (MCs)
proliferation and glomerulosclerosis hasn’t been elaborated
in detailed.

Methods: We cultured EP2-/-, EP4flox/flox, and WT mice
mesangial cells to detect the relevant indicators and
downstream signalling [1]. Additionally, 5/6 nephrectomy
were introduced to confirm the invitro outcomes.

Results: We found that the expression of fibronectin (FN),
COX-2 and the phosphorylation level of Smad3 in group
EP2-/- obviously increased, with the falling of cyclic
adenosine monophosphate (cAMP) level and no protein
kinase (PKA) activity [2]. While the relevant genes
decreased in EP4 knock out (EP4flox/flox + AD-CRE) group,
which represent no significant change in the level of cAMP,
although with high level of PKA activity and extracellular
signal transduction kinase (ERK) phosphorylation. In vivo
study, 24 hour proteinuria, serum creatinine and urea
nitrogen in EP4+/- group obviously declined, and the degree
of glomerular sclerosis and the density of FN and COX-2 in
glomerulus reduced significantly. EP2-/- show a totally
opposite event to EP4+/- [3].

Conclusion: EP2 receptor mainly depends on cAMP/PKA to
inhibit effect of PGE2 induced by TGF-β1/Smad3 pathway
and further alleviate the damage of MCs [4]. While EP4 may
coordinate the effect of MCs injury through ERK
phosphorylation. Our finding suggests the pleiotropic
functions of PGE2, and thus explores a potential therapy on
the level of gene mediation [5].

Keywords: Renal fibrosis; Prostaglandin; E2 receptor
subtypes 2 and 4; Gene knockout; Mouse mesangial cells;
Extracellular signal-regulated kinase (ERK); 5/6 nephrectomy

Introduction
Renal fibrosis, the main cause to CKD (chronic kidney disease),

play a pivotal role in the progression of ERSD (end renal stage
disease). The introduction of cytokines, such as TGF-β1,
promotes PGE2 secretion as well as the occurrence of tissue
fibrosis [6,7]. Cyclooxygenase 2 (COX-2) derived PGE2 can act on
[8] EP1, EP2, EP3 and EP4, four functional receptors of PGE2, all
of which are G protein coupled septic-transmembrane ones [9],
to mediate the pathophysiologic procedures. EP2 and EP4 can
connect with stimulation G (Gs) protein to increase the level of
cAMP in different degrees. While EP4 can also couple with
inhibitory G (Gi) protein to activate MAPKs [10]. According to
the location research, EP4 is positioned in both glomerulus and
peritubular capillary. Although the quantities of EP2 in
glomerulus are relatively small, it was reported that after mice
were subjected to subtotal nephrectomy, the manifestation of
EP2 receptor obviously increased [11]. All the previous studies
indicate that the two receptors play a vital role in renal disease.

In our research, we took mesangial cells as the target to
determine the role of EP2 and EP4 receptor in glomerulus
damage, as extracellular matrix (ECM) initially forms in
mesangium and ECM associated indicators abundantly
expressed [12]. Through intervening the PGE2 pathway, we
might detect a novel potential treatment to glomerular sclerosis
enhanced by MCs proliferation to reverse the CKD progression.

Results

Endogenous PGE2 secretion stimulated by TGF-β1
With the presence of 10 ng/ml TGF-β1 on MCs for 5 min and

12 h respectively, secretion of PGE2 could facilitate, and the
change in latter time point was of statistical significance (p<0.05)
(Figure 1) .
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Figure 1: PGE2 secretion. After 10 ng/ml TGF-β1 was exerted
on WT MCs for 5 min or 12 h, the ability of PGE2 secretion
was detected by the ELISA assay; (*P,0.05, **P,0.01 vs. Control
group, the means and error bars are the result of biological
replicates).

The knockout of EP2 and EP4 receptors
We established related gene knockout mice, and examined

the receptors’ expression with 10 ng/ml TGF-β1 for 24 h, the
expression of protein and mRNA of the two receptors increased
mildly (p<0.05). While in knock out groups, no matter with the
stimulation by TGF-β1, there is no evidence to show the
expression of the protein, as well as the mRNA (Figure 2).

Figure 2: Receptors knockout. After 10 ng/ml TGF-β1 was
exerted on WT MCs or EP4flox/flox mice MCs infected with
AD-GFP for 24 h, the expression of protein and mRNA for EP2
and EP4 increased dramatically. While in EP2 knockout MCs
and EP4Flox/Flox mice MCs in.

The expression of related fibrosis indicators
After the stimulation of 10 ng/ml TGF-β1 in WT MCs for 24 h,

mRNA and protein level of FN and COX-2 increased obviously
(p<0.05), and EP2 receptor knocking out enhanced the
expression of the related mRNA and protein (p<0.05) (Figures
4A, 4B and 4C). The transfection of AD-CRE to EP4flox/flox MCs
weaken the mRNA and protein level of both genes, compared
with EP4flox/flox + AD-GFP group (p<0.05, p<0.01) (Figures 4D,
4E and 4F).

The phophrylation of Smad3 and ERK
Each group were stimulated by TGF-β1 with 10 ng/ml for 5

min to strengthen the average level of the phosphorylation of
the signaling (p<0.05), however, the difference between the
group EP4flox/flox + AD-GFP and the group EP4flox/flox + AD-
GFP +TGF-β1 appeared with no statistically significance on the
expression of both genes. Compared with WT + TGF-β1, the
amount of the protein of P-Smad3 and P-ERK increased about 2
times in EP2-/- + TGF-β1 MCs (p<0.05) (Figures 5A, 5B and 5C).
Adversely, the EP4 knock out were involved in the inhibition of
the phosphorylation of Smad3 and ERK (p<0.05) (Figures 5D, 5E
and 5F).

The proliferation of mesangial cells
The proliferation of mesagial cells was detected by MTT assay

and measured with OD values (Figure 3).

Figure 3: Cell proliferation. After 10 ng/ml TGF-β1 was
exerted on different MCs (WT and EP2-/-, EP4 flox/flox
transfected with AD-GFP and EP4 flox/flox transfected with
AD-CRE) for 24 h, cell proliferation was detected by the MTT.

Figure 4: Different regulation of EP2 and EP4. A. The WT and
EP2-/- mice MCs were stimulated by 10 ng/ml TGF-β1 for 24
h. B. The expressions of FN and COX-2 protein were assessed
by Western Blot.
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Figure 5: The expression of phosphorylation Smad3 and ERK.
A, B: 10 ng/ml TGF-β1 stimulated WT and EP2-/- MCs for 5
min ,the level of P-Smad3 and P-ERK protein was detected by
western blot assay. C, D: EP4flox/flox mice MCs infected with
AD-Cre or AD-GFP.

The camp level
After 10 ng/ml TGF-β1 was used for stimulating WT MCs for 0,

1, 5, 15, 30 and 60 min respectively, the variation of cAMP level
was measured by the ELISA assay. Compared to the control
group, with the appearence of TGF-β1 for 15 min, the value of
cAMP in WT MCs reached the peak (p<0.01) (Figure 6A).
Subsequently, we carried the expriement on the different groups
for 15 min. The EP2 receptor has the priority in regulation of the
level of cAMP, compared with the WT group (p<0.05). The AD-
CRE added to the EP4flox/flox MCs changed the level of cAMP
with no statistically significance (P>0.05) (Figures 6B & 6C). To
futher confirm the essencial role of the EP2 receptor for cAMP
level, 1mm EP2 antagonist (SC-19220) was added in EP4flox/flox
+ AD-CRE group to completely exclude the influence of EP2, and
the cAMP synthesis capability in this group reduced
obviously(p<0.05) (Figure 6D).

Figure 6: cAMP secretion. cAMP generation condition is
detected by the ELISA assay. A: 10 ng/ml TGF-β1 is used to
stimulate WT MCs for 0, 1, 5, 15, 30 and 60 min; B: TGF-β1
simulates WT and EP2-/- MCs respectively for 15 min, to
observe the level of cAMP.

PKA activity detection
The activity of PKA in EP2-/- MCs was detected by Peptag

nonradioactive kit indicated that no matter being stimulated by
10 ng/ml TGF-β1(stimulation time: 15 min), there is no activity,
compared to the high level of that in WT group (Figure 7A). The
(Figure 7B) told us that the deficiency of the EP4 inhibited the
activity of PKA, but the addition of the 10 ng/ml TGF-β1
recreated the activity, compared to the EP4flox/flox +AD-GFP
group with continuously PKA activity.

The inhibition effects of H89
1 mM H89 was introduced for pre-treating WT MCs for 15 min

to block the PKA activity, followed by the addition of 10 mM EP2
agonist (butaprost) or 0.1 mM EP4 agonist (PGE1-OH) for 30 min
respectively. While the DMSO was given to the control group.
Then the serum-free culture medium was changed, 10 ng/ml
TGF-β1 appeared to treat each dish of MCs for 24 h. In our
findings, with TGF-β1, the protein expression of FN and COX-2
improved obviously compared with the control group (p<0.05).
Secondly, although there was reduction of the two genes at the
presence of butaprost (p<0.05), the addition of H89 reverse the
protein level (p<0.05) (Figures 8A and 8B). Moving to the graph
below, we can see that PGEI to active the EP4 enhanced the
expression of FN and COX-2 protein, the introduction of H89
made no significant change yet (p>0.05) (Figures 8C and 8D).
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Figure 7: The PKA activity detection. A: 10 ng/ml TGF-β1 were
used for treating WT, EP2-/- and EP4+/- MCs respectively for
15 min, the relative PKA activity is detected; B: TGF-β1
stimulated EP4flox/flox + GFP-AD and EP4flox/flox + CRE-AD
MCs for 15 min.

Figure 8: The influence of PKA inhibitors H89 on MCs
multiplication and fibrillation. A, B: PKA inhibitor H89 can be
used for pretreating WT MCs for 15 min, and the EP2 agonist
(butaprost) stimulates MCs for 30 min, and then the protein
expression of FN.

The inhibition effects of PD98059
The effect of EP4 on ERK signaling was detected with the 1

mM PD98059 (ERK inhibitor) pre-treating WT MCs for 15 min,
followed by the addition of 10 mM EP2 agonist (butaprost) or
0.1 mM EP4 agonist (PGE1-OH) for 30 min respectively.
Subsequently, 10 ng/ml TGF-β1 was introduced (Figures 9A and
9B). The results indicates that after TGF-β1 was exerted on the
above groups for 24 h, compared with the control group, the
expression of FN and COX-2 reduced obviously after butaprost
activates EP2 receptor (p<0.05). However, PD98059 did not work
in this group (p<0.05) (Figures 9C and 9D). On the contrary,
PD98059 can block that kind of increasing by PGEI in EP4
(p<0.05).

Figure 9: PD98059 blocks ERK signaling on regulating
multiplication and fibrillation of MCs. A,B: ERK inhibitor
PD98059 pretreated WT MCs for 15 min, EP2 agonist
(butaprost) stimulates MCs for 30 min. Later, TGF-β1
stimulates the above groups for 24 h to obse.

The quantitation of 24 h urine protein, serum
creatinine and urea nitrogen

Each group of mice were executed after subtotal nephrectomy
for 8 weeks. We examined the 24 h urine protein quantitation,
serum urea nitrogen (BUN) and serum creatinine (CR) in vivo
study. Once being subjected to the subtotal nephrectomy for 8
weeks, the 24 h urine protein, BUN and CR increased obviously
(p<0.05) compared with pre-operation or sham operation mice.
Compared with WT NX group, EP2-/- NX mice 24 h urine protein,
BUN and CR saw a dramatic rise. (p<0.05) (Figures 10A, 10B, and
11). On the contrary, the EP4 knock out caused a reduction of
the three related indexes (p<0.05) (Figures 10C, 10D, and 11).

Figure 10: Serum urea nitrogen and creatinine detection.
After the model was established for 8 weeks, WT, EP2KO and
EP4KO serum urea nitrogen and creatinine were detected.
(CON means sham-operated group, and NX represents
operation group).
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Figure 11: 24 h urine protein quantitation. After model is
established for 8 weeks, WT, EP2KO, and EP4KO 24 h urine
protein quantitation were detected (1 and 2 stripe figures
indicate the variation values of mice before the operation.

Pathological variation after 5/6 nephrectomy

Table 1: The primer sequences are in PCR products were
validated by electrophoresis on 2% agarose gel.

Primers For Real-Time PCR Analysis

Gene Name Chain Sequence(5’-3’) Product (bp)

GADPH

 

FP AGAAGGCTGGGGCTCAT
T TG 238

RP AGGGGCCATCCACAGTC
T TC  

FN

 

FP AATGGAAAAGGGGAATG
G AC 244

 RP CTCGGTTGTCCTTCTTG
CT C  

COX-2

 

FP CAAAGCAGCTGCAAATA
C CA 220

RP GGCCAAATGTGTCTTCC
A GT  

Figure 12: PAS staining. Milder renal pathology is observed in
5/6 Nx mice. Kidneys are removed and disease pathology is
visualized by periodic acid-Schiff staining of paraffin-
embedded sections at 8 weeks after 5/6 Nx. Magnification,
400.

Figure 13: Immunohistochemistry. Glomerular FN
immunostaining were markedly lower in WT 5/6 Nx than in
the EP2KO 5/6 Nx groups and the number of glomerular cells
positively immunostaining for the FN were also increased in
EP2KO 5/6 Nx and WT 5/6 Nx mouse co.

The mice subjected to subtotal nephorectomy showed greater
pathological changes than those in the sham operation.
Compared to WT group, the mice in EP2KO group after
operation for 8 weeks suffered from heavier adhesion between
Bowman’s capsule and gromerular, and a diffusive proliferation
of glomerular mesangial cells and mesangial matrix among
capillary loops. While the mesangial proliferation was not
obvious in EP4KO group (Figure 12). Immunohistochemistry was
used to observe the density of FN deposited in gromerulus in
each group, the mice suffered from operation presented higher
levels of FN deposition than those in non-operation group
(P<0.01). Compared with WT group, FN density in EP2KO group
increased less than 5 folds (P<0.05). (Figures 13 and 14), (Table
1). The Masson staining showed that there was less collagen
deposition (blue area) around the renal glomerulus in the EP4+/-
groups, while the area of fibrosis in EP2-/- 5/6 Nx group
increased dramatically, both compared to WT group (Figure 15).
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Figure 14: Immunohistochemistry. Glomerular FN
immunostaining were markedly lower in EP4KO 5/6 Nx than
in the WT 5/6 Nx groups and the number of glomerular cells
positively immunostaining for the FN were relatively
increased in EP4KO 5/6 Nx and WT 5/6 Nx mo.

Figure: 15 Masson staining. Kidneys are removed and
pathology is visualized by Masson staining of paraffin-
embedded sections at 8 weeks after operation. The area of
fibrosis in the EP4KO 5/6 Nx groups was significantly
decreased, while that of EP2KO group inc.

Methods and Materials

Experiment animals
WT (wild-type), EP2 homozygotes(EP2-/-), EP4 heterozygotes

(EP4+/−) and EP4flox/flox (with a conditional knock-out EP4
gene sequence between LoxP sites as the sites flanking exon 2 of
the EP4 gene) male mice aged 8-12 weeks were selected in the
experiment. The latter was subject to transfection with CRE
adenovirus to knock out EP4 receptors [13]. The mice were
euthanized with an overdose of diethyl ether.

Adenoviral constructs and infection of cultured mice
mesangial cells

The AD-Cre was generated by the Shanghai GenePharma Co.
Ltd. Linearized recombinant adenoviral plasmid was transfected
into AD-293 cells to obtain a primary viral stock, which was
amplified and purified. For optimization of infection conditions,
differentiated mouse MCs were infected with AD-Cre at a 10
multiplicity of infection (MOI) for 72 h. Expression of EP4 in
infected WT MCs was examined by Western blot.

Culuture of primary mesangial cells (MCs)
The specific method of MCs culture was according to the

protocol of our previous experiment [14].

ELISA asssy
The supernatant of the samples in each groups were

collected, in which The quantity of cAMP was detected using an
Alpha screen cAMP Assay Kit (Perkin Elmer, Massachusetts,
USA).Similarly the PGE2 level were also measured with an Alpha
screen PGE2 Assay Kit, while the test just happened in WT cells,
and such cells stimulated by TGF-β1 for 5 min or 12 h. Both
these tests were according to the manufacturer’s instructions,
and read by an EnVision Multilabel Plate Reader.

PepTag nonradioactive PKA activity detection
PepTag non-radioactive protein kinase kit is used for detecting

intracellular PKA activity in different groups.

5/6 nephrectomy
40 mice weight of 25-35 g, with the background of c57bl/6 are

adopted in the experiment, are limited in eating and drinking
before the night of surgery. The 5/6 nephorectomy were held
according to our previous study, and some details and process
were recorded the relevant protocol [15]. Groups of the
experiment are divided into WT CON group, WT NX group;
EP2-/- (EP2KO) CON group , EP2-/- (EP2KO) NX group; EP4+/-
(EP4KO) CON group, EP4+/- (EP4KO) NX group. The mice were
executed with overdose of diethyl ether after 8 weeks, the
serum and residual kidney is collected for the measurement of
serum creatinine, urea nitrogen and urine protein. Meanwhile,
pathological examination is conducted, and left tissues and
serum are reserved at -80.

Renal histological assay
The specific method was according to the protocol of our

previous experiment [16].

Immunohistochemistry
The expression of fibronectin (FN) was detected using

immunohistochemical staining methods. Polyclonal rabbit
antibodies against FN was used (Cayman, USA).
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Statistical analysis
All values are expressed as mean ± SEM. Data were analyzed

by Student t test (paired groups) or 2-way ANOVA, followed by
Bonferroni’s post-test correction (multi group comparisons).
P<0.05 was considered statistically significant.

Discussion
Many researches testify that PGE2 has important effects on

regulation of renal diseases, while the specific role on mesangial
cells and glomerular damage hasn’t been clearly discussed
[15,16]. PGE2 show the pleiotropic nature through activating
four subtypes [17]. In present study, we cultured EP2-/-
mesangial cells, as EP4-/- mice always suffer patent ductus
arteriosus postnatally, special EP4 knockout ones were
established, which has been used in our previuos studies [14], to
explore the role of the two receptors in mesangial cells injury by
TGF-β1. Our results suggested that EP4 knock out might show
synergetic injury effect different from the protective role of EP2
in mesangial cells damage.

PGE2 working on the receptors coupled Gs protein always
activates adenylate activating enzyme (AC), followed by the
increase of cAMP levels and activation of PKA [18]. Studies have
found that, in pulmonary artery smooth muscle cells, bradykinin
can promote the formation of cAMP, and this function is
associated with EP2 and EP4 receptor activation [19]. Therefore,
cAMP/PKA may perform as a linkage between the proliferation
of MCs and the two receptors. Our further experiments
demonstrated that EP2 knockout obviously promote the
formation of cAMP/PKA in mesangial cells, which alleviates its
proliferation induced by TGF-β1. A study reported that, although
there is an almost equal amount of EP4 and EP2 in the same
type of cells, the activation of EP4 receptor had a limited
contribution to the expression of cAMP [20], consistent with our
current results. EP4 may regulate the accumulation of
extracellular matrix on mesangium through other pathways.

Extracellular signal regulated kinase (ERK) carries the
information from the surface to the nucleus, and is able to be
activiated by different stimuli [21]. In addition, it can have a
crosstalk with smads pathway in renal fibrosis: phosphorylation
of Smad1, Smad2 and Smad3 by Ras-activated ERK1/2 in the
linker region leads to the inhibition of their nuclear translocation
[22]. Besides, Studies have found that EP4, coupling with
inhibitory G (Gi) protein, phosphorylated ERK signaling and
regulated gene transduction [23]. Quan He et al found that
inhibition of PGE2 production reduces hypertrophy after
myocardial infarction in mice and PGE2 through its EP4 receptor
causes hypertrophy of neonatal ventricular myocytes via ERK1/2
phosphorylation [24]. All these reports combine with our
results; prove that the phosphorylation of ERK may be involved
in the co-injury effects of PGE2/EP4 in mesangium related
glomerulosclerosis induced by TGF-β1.

We also introduced butaprost (EP2 agonist) and PGE1-OH
(EP4 agonist) respectively to comfirm our findings. Both two
compounds has been used in many previous researches to
testify their efficiency [25]. In present studies, EP2 agonist
successfully down-regulates the expression of FN and COX-2,

while EP4 agonist up-regulate them. The former effect was
affected by H89, a specific PKA inhibitor, which can enhance
angiotensin II-induced superoxide generation, and further up-
regulate mRNA levels of intercellular adhesion molecule-1 and
plasminogen activator inhibitor-1 in mesangial cells to promote
the cells injury [26]. PD98059 (ERK inhibitor) block EP4
effectively [27]. We believe that TGF-β1 activates EP4 receptor
to induce ERK phosphorylation and thereby increase mesangial
cells proliferation.

Although EP2 and EP4 receptor inhibit progression of fibrosis
cooperatively or independently in the liver, lungs and other
tissues [28]. Nevertheless, many current studies show the role of
EP4 receptor is still controversial [29,30]. In our in vivo studies,
we built three genotypes of mice (WT, EP2-/-, EP4+/-) to
underwent subtotal nephrectomy respectively. EP4 comfirmed
its maladaptive role. In podocytes, the mice with specific over
expression of EP4 receptor accepted the subtotal
nephrectomize. After 2 weeks, the amount of the survival
decreased a lot along with the high level of serum creatinine and
urinary protein [31]. Therefore, the role of EP4 in kidney would
depend on the species of cells and tissues, and partly are
determined by the location of the receptors, also is associated
with the current stages of disease development [32,33].

Briefly, EP2 receptor stimulates cAMP/PKA pathway, and
inhibits proliferation of mesangial cells triggered by TGF-β1/
Smad3 and synthesis of extracellular matrix and COX-2 [34].
However, the activation of EP4 enhances the phosphorylation of
downstream ERK signaling, thus the damage of mesangial cells
induced by the TGF-β1/Smad3 can be amplified. We understand
that pathological change of whole kidney will better reveal the
significance of the two receptors. But in present study, we
mainly focused on gromerular injury, and our results should be
sufficient to draw a conclusion that EP2 and EP4 actually show
different effect on the proliferation of mesangial cells and
glomerular damage. To sum up, as the deficient of effective
therapy to reverse the progression of CKD, the intervention on
the gene level may be a novel treatment.
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