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Epac activation ameliorates tubulointerstitial inflammation in
diabetic nephropathy
Wen-xia Yang1, Yu Liu1, Shu-min Zhang1, Hua-fen Wang1, Yi-fei Liu1, Jia-lu Liu1, Xiao-hui Li1, Meng-ru Zeng1, Yu-zhang Han1,
Fu-you Liu1, Lin Sun1 and Li Xiao1

Tubulointerstitial inflammation plays an important role in the progression of diabetic nephropathy (DN), and tubular epithelial cells
(TECs) are crucial promoters of the inflammatory cascade. Exchange protein activated by cAMP (Epac) has been shown to suppress
the angiotensin II (Ang-II)-induced release of inflammatory cytokines in tubular cells. However, the role of Epac in TEC-mediated
tubulointerstitial inflammation in DN remains unknown. We found that administering the Epac agonist 8-pCPT-2′-O-Me-cAMP (8-O-
cAMP) to db/dbmice inhibited tubulointerstitial inflammation characterized by macrophage infiltration and increased inflammatory
cytokine release and consequently alleviated tubulointerstitial fibrosis in the kidney. Furthermore, 8-O-cAMP administration
restored CCAAT/enhancer binding protein β (C/EBP-β) expression and further upregulated the expression of Suppressor of cytokine
signaling 3 (SOCS3), while inhibiting p-STAT3, MCP-1, IL-6, and TNF-α expression in the kidney cortex in db/db mice. And in vitro
study showed that macrophage migration and MCP-1 expression induced by high glucose (HG, 30 mM) were notably reduced by 8-
O-cAMP in human renal proximal tubule epithelial (HK-2) cells. In addition, 8-O-cAMP treatment restored C/EBP-β expression in HK-
2 cells and promoted C/EBP-β translocation to the nucleus, where it transcriptionally upregulated SOCS3 expression, subsequently
inhibiting STAT3 phosphorylation. Under HG conditions, siRNA-mediated knockdown of C/EBP-β or SOCS3 in HK-2 cells partially
blocked the inhibitory effect of Epac activation on the release of MCP-1. In contrast, SOCS3 overexpression inhibited HG-induced
activation of STAT3 and MCP-1 expression in HK-2 cells. These findings indicate that Epac activation via 8-O-cAMP ameliorates
tubulointerstitial inflammation in DN through the C/EBP-β/SOCS3/STAT3 pathway.
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INTRODUCTION
Diabetic nephropathy (DN) is one of the most serious micro-
vascular complications of diabetes and is a major cause of end-
stage renal disease (ESRD) [1]. Despite currently available therapies
for blood pressure, glycemic control, and hyperlipidemia, a large
portion of DN patients still progress to ESRD. Thus, it is important
to elucidate the pathogenesis of DN and identify appropriate
strategies to protect patients with DN from progressive kidney
disease.
Although DN is not traditionally considered to be an inflammatory

disorder, this view has changed after studies of human biopsies and
animal models revealed the presence of macrophages in diabetic
kidneys, even in the early stage of the disease [2]. The degree of
tubulointerstitial macrophage infiltration is closely associated with renal
functional decline and interstitial fibrosis [3, 4]. Notably, emerging data
have shown that tubular epithelial cells (TECs) play a determining role
in mediating macrophage recruitment and the subsequent inflamma-
tory cascade in the kidneys in DN [5–7], as TECs secrete numerous
inflammatory cytokines, including MCP-1, IL-6, and TNF-α [8–10].
Therefore, therapeutic strategies targeting TEC-mediated inflammation
may represent a novel approach to alleviate macrophage infiltration
and activation and kidney inflammation in DN.

Exchange protein activated by cAMP (Epac) is a cAMP-regulated
guanine nucleotide exchange factor (GEF) that activates the small
GTPase Rap [11, 12] and plays a crucial role in influencing gene
expression and downregulating cytokine-mediated vascular
inflammation [13]. Although Epac is particularly enriched in the
kidney, especially in the renal tubular epithelium [14, 15], its role in
tubular injury and the progression of DN is poorly understood. The
Epac agonist 8-pCPT-2′-O-Me-cAMP (8-O-cAMP) has been shown
to activate Epac without influencing the PKA pathway [16],
providing a novel approach for the pharmaceutical manipulation
of Epac signaling. The results of recent studies have shown that
Epac activation via 8-O-cAMP exerts a protective effect in an
experimental model of kidney diseases. Geurt et al. observed that
8-O-cAMP can preserve tubular epithelial cell adhesion, reduce
antioxidant signaling and ultimately prevent renal failure in a
mouse model of ischemia-reperfusion injury [17, 18]. Ding et al.
demonstrated that the pharmacological activation of Epac using
8-O-cAMP decreased the expression of fibronectin in TGF-β1-
induced tubular epithelial cell damage and alleviated renal
interstitial fibrosis in a UUO model [19]. With respect to the effect
of Epac activation on inflammation, 8-O-cAMP treatment has been
reported to decrease angiotensin II (AngII)-induced ROS
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generation and inflammatory cytokine (IL-1β, IL-6, IL-8, and TNF-α)
production in human renal proximal tubule epithelial (HK-2) cells
[20]. In addition, the results of a subsequent study further
demonstrated that the Ang II-induced expression of inflammatory
cytokines was regulated by the Epac1-Rap1a-NHE3 pathway in
proximal tubular cells from pig kidneys [21], indicating that Epac
activation may play an inhibitory role in response to renal
inflammation. However, there has been a lack of research on the
pharmacological activation of Epac by 8-O-cAMP in the context of
renal inflammation in DN.
Suppressor of cytokine signaling 3 (SOCS3) is an important

negative regulator of the Janus kinase / signal transducers and
activators of transcription (JAK/STAT3) pathway [22] in cells and
has been reported to be involved in inhibiting monocyte
chemoattractant protein-1 (MCP-1) upregulation and macrophage
infiltration in DN [8], suggesting a renoprotective role of SOCS3.
Moreover, Epac has been reported to induce SOCS3 gene
expression in various types of cells, including cardiocytes [23],
vascular endothelial cells [24], and retinal ganglion cells [25].
However, the correlation between Epac activation and SOCS3 in
the context of proximal tubular cell inflammation in DN remains
unclear.
In the present study, we assessed the effect of Epac activation

by 8-O-cAMP on tubular inflammation and injury using both
in vitro and in vivo models of DN. We showed that 8-O-cAMP-
mediated Epac activation decreased macrophage infiltration and
subsequent inflammatory cytokine production in the kidneys of
db/db mice and significantly ameliorated renal tubulointerstitial
fibrosis. Furthermore, the selective activation of Epac reduced high
glucose (HG)-induced STAT3 activation and MCP-1 expression by
increasing SOCS3 gene expression in proximal tubular cells
in vitro. These results revealed the beneficial effect of Epac
activation on tubular-induced inflammation in DN.

MATERIALS AND METHODS
Reagents
Primary antibodies against STAT3 and phosphorylated STAT3
(Tyr705) were purchased from Cell Signaling Technology, Inc.
(Danvers, MA, USA), while those against MCP-1, TNF-α, C/EBPβ,
fibronectin, collagen I, iNOS, and F4/80 were purchased from
Abcam (Cambridge, MA, UK). In addition, primary antibodies
against SOCS3, IL-6, and β-actin were purchased from Proteintech
(Wuhan, China). Secondary antibodies conjugated to horseradish
peroxidase, Alexa Fluor 488, or Alexa Fluor 594 were obtained
from Abcam. siRNAs against C/EBPβ and SOCS3 were synthesized
by RiboBio, Inc. (Guangzhou, China). The SOCS3 overexpression
plasmid was obtained from Sino Biological, Inc. (Peking, China).
Lipofectamine 3000 was purchased from Invitrogen (Carlsbad,
CA, USA).

Animal experimental design
The Animal Care and Use Committee of Second Xiangya Hospital
of Central South University approved all animal procedures
performed in the present study. C57BLKS db/db and C57BLKS
db/m mice used for the animal experiments were purchased from
Aier Matt Experimental Animal Company (Suzhou, China) and
were housed in the Second Xiangya Hospital Animal Center,
Central South University. All mice were provided access to
standard chow and filtered tap water ad libitum. At 4 weeks of
age, the mice were divided into the following three groups for the
animal experiments: the db/m group (control, n= 5), the db/db
vehicle treatment group (n= 5), and the db/db plus 8-O-cAMP
treatment group. At week 8, db/db mice received an intraper-
itoneal injection (i.p.) of vehicle or 8-O-cAMP (1.47 mg/kg BW;
Sigma) once every other day for 8 weeks. 8-O-cAMP was dissolved
in phosphate-buffered saline (PBS) and administered intraperito-
neally to db/db mice. Untreated db/db and db/m mice received

identical intraperitoneal injections of PBS. The body weights and
fasting blood glucose levels of mice were monitored every
2 weeks throughout the study, and at 16 weeks of age, all mice
were euthanized under anesthesia induced by an i.p. injection of
pentobarbital sodium (50mg/kg BW).

Assessment of physiological features and renal function
The body weights and blood glucose levels of mice were
measured every 2 weeks. Blood glucose levels in tail vein blood
samples were measured using a blood glucose monitor (Boehrin-
ger Mannheim, Mannheim, Germany). Urine albumin concentra-
tions were measured using a mouse urine albumin ELISA kit
(Bethyl Laboratories, USA), and serum creatinine levels were
measured using a QuantiChrom Creatinine Assay Kit (BioAssay
Systems, USA) according to the manufacturer’s protocol.

Morphological analysis of kidneys
Kidney tissues were obtained from mice in the different groups,
fixed in 4% paraformaldehyde (Servicebio, Wuhan, China), sliced
into four-micron-thick paraffin-embedded sections and then
stained with periodic acid-Schiff (PAS) and Masson’s trichrome.
Glomerular or tubular damage was scored as previously described
[26]: (0) no glomerular/tubular damage; (1) 25% of the glomerular/
tubular area was affected; (2) 25%–50% of the glomerular/tubular
area was affected; and (3) 50% of the glomerular/tubular area was
affected.

Immunohistochemistry
Four-micron-thick paraffin-embedded kidney sections were used
for immunohistochemistry (IHC) as previously described [27]. In
brief, the sections were dewaxed, rehydrated, incubated with
primary antibodies overnight at 4 °C and later incubated with
horseradish peroxidase-conjugated secondary antibodies and
diaminobenzidine (DAB) substrate (Servicebio, Wuhan, China).
After being counterstained with hematoxylin and dehydration, the
sections were mounted and analyzed with a Leica microscope.
Five low-power (400×) images per kidney were quantified using
Fiji ImageJ software, and a detailed, step-by-step procedure for
conducting semiquantitative analysis of IHC images can be found
in the reference [28].

Renal reactive oxygen species measurement and
immunofluorescence analysis
Dihydroethidium (1 μM, DHE, Sigma-Aldrich) was used to assess
intracellular reactive oxygen species (ROS) levels in 4-mm-thick
kidney cryostat sections as previously described [29]. The mean
fluorescence intensity (MFI) of DHE was calculated using ImageJ.
For the immunofluorescence (IF) assay, the cells or frozen sections
were fixed with 4% paraformaldehyde for 10 min at room
temperature. Then, the sections were blocked with a mixture of
0.1% Triton X-100 and 5% BSA for 60 min at room temperature
before being incubated with a primary antibody overnight at 4 °C.
Subsequently, the cells were incubated with secondary antibodies
conjugated with Alexa Fluor 488 (green) or 594 (red) for 1 h. Then,
the cells or slides were counterstained with 4′,6-diamidino-2
phenylindole (DAPI), and fluorescence was visualized using an
LSM 780 META laser scanning microscope (Zeiss, Thornwood, NY).
The MFI values of p-STAT3 and CCAAT/enhancer binding protein β
(C/EBP-β) were calculated using ImageJ. To quantify F4/80- and
iNOS-positive cells, we counted the F4/80- or iNOS-positive cells in
each tubulointerstitial compartment per mm2 to represent the
degree of macrophage infiltration [30].

Cell culture
The human proximal tubular HK-2 cell line (ATCC) was used for
in vitro studies. Time-course experiments were performed using
30 mM D-glucose (Sigma) for 0–48 h. HK-2 cells were pretreated
with 8-O-cAMP (50 μM) for 5 h before exposure to high glucose
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(30 mM D-glucose). C/EBP-β or SOCS3 siRNA was transfected
into HK-2 cells using Lipofectamine 3000 reagent for in vitro
studies.

Real time PCR analysis
Total RNA was extracted from renal sections and HK-2 cells using
TRIzol reagent (Takara). First-strand cDNA was prepared by two-
step RT-qPCR (Takara). Relative gene expression was determined
via SYBR Green quantitative real-time PCR assays on a Light Cycler
96 System (Roche). Primers for mouse or human SOCS3 and MCP-
1 were synthesized by Sangon, Inc. (Shanghai, China). The cycling
conditions used were as follows: denaturation at 50 °C for 2 min
and 95 °C for 10min and preincubation at 95 °C for 30 s, followed
by 40 cycles of 95 °C for 5 s, 60 °C for 30 s and 97 °C for 1 s. All
reactions were performed in triplicate with a control, and gene
expression was calculated using the 2−ΔΔCt method and normal-
ized to ACTB. The primer sequences of each gene are shown in
Table 1.

Western blot analysis
Total proteins from db/db mouse cortex samples, HK-2 cells and
controls were obtained by using radioimmunoprecipitation assay
(RIPA) buffer (CoWin Biosciences, China) containing protease
inhibitors and phosphatase inhibitors (CoWin Biosciences, China).
A BCA protein assay kit (CoWin Biosciences, China) was used to
determine the protein concentration. Proteins were separated
using 8% and 12% SDS-PAGE gels and transferred to PVDF
membranes, which were then probed with primary antibodies
against C/EBP-β, MCP-1, TNF-α, p-STAT3, STAT3, and SOCS3. β-
Actin was used as a loading control. After incubation with an
appropriate secondary antibody, protein expression was mea-
sured using ImageJ, as previously described [27].

Macrophage migration assay
HK-2 cells were pretreated with or without 8-O-cAMP and
incubated under high glucose (30 mM D-glucose) conditions,
while HK-2 cells under basal conditions served as controls. The cell
supernatants were collected after HG treatment for 24 h. THP-1
cells were cultured in the upper chambers of Transwell plates in
the presence pf 100 ng/mL PMA for 48 h and then cultured in
fresh complete medium in the absence of PMA for 24 h. Then, the
cell supernatants derived from high glucose-induced HK-2 cells
with or without 8-O-cAMP treatment were added to the lower
chambers. After being cocultured for 24 h, a cotton swab was used
to remove the cells on the upper surface of the membrane. Cells
that migrated to the bottom surface of the membrane were fixed
and stained with DAPI and then observed under a Nikon
microscope.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 7.0
(GraphPad, San Diego, CA, USA). Statistical differences between
two groups were assessed by unpaired t tests. One-way analysis of
variance (ANOVA) was used for multiple independent sample
analyses. Comparisons between groups were performed with
Tukey’s post hoc tests. The values are presented as the mean ± SD,
and P < 0.05 was considered to indicate a significant difference.

RESULTS
Effect of the Epac agonist 8-O-cAMP on renal function and
pathological changes in the kidneys of db/db mice
To examine the role of Epac activation in tubular damage in DN,
we treated db/db mice with 8-O-cAMP by intraperitoneal injection
for 8 weeks. Western blot assay and immunofluorescence staining
showed that the expression of EPAC was significantly decreased in
db/db mice but was restored by 8-O-cAMP treatment (Fig. 1a, b).
Db/db mice exhibited higher body weights and increased blood
glucose, serum creatinine, and urine albumin levels compared to
those of db/m mice (Fig. 1c–f). Slight but nonsignificant increases
in body weights were observed in db/db mice treated with 8-O-
cAMP compared to those treated with vehicle (Fig. 1c). In contrast,
blood glucose (Fig. 1d), serum creatinine (Fig. 1e) and urine
albumin levels (Fig. 1f) were lower in db/db mice treated with 8-O-
cAMP than in those treated with vehicle. Basement membrane
thickening, tubular atrophy, mesangial matrix proliferation, and
interstitial fibrosis were observed in the kidneys of db/db mice
compared to db/m mice by PAS and Masson’s trichrome staining
(Fig. 1g). However, 8-O-cAMP treatment ameliorated these
abnormal changes (Fig. 1g). Quantitative analysis of tubular and
glomerular damage scores further confirmed this trend (Fig. 1h, i).
Taken together, these data indicate that the Epac activator 8-O-
cAMP may have a therapeutic effect against diabetic kidney injury.

8-O-cAMP alleviates diabetes-induced renal interstitial fibrosis by
reducing the intrarenal inflammatory response and oxidative
stress in db/db mice
Inflammation and oxidative stress are important contributors to
the initiation and development of DN. We subsequently evaluated
renal inflammatory cytokine levels and ROS production in the
kidneys of db/db mice treated with 8-O-cAMP. The IHC results
showed notably increased TNF-α and IL-6 expression that was
primarily confined to the tubular compartment of the renal cortex
[Fig. 2a (v, vi vs i, ii)]. Fibronectin and Collagen I levels were also
assessed. Compared to that of db/m mice, a notable increase in
fibronectin and collagen I expression was observed in the
tubulointerstitium of db/db mice [Fig. 2a (vii, viii vs iii, iv)]. Notably,

Table 1. Primer sequences used for qRT-PCR.

Gene Species Direction Primer sequence (5′-3′) Amplicon Size (bp)

CCL2 Mouse Forward CCACTCACCTGCTGCTACTCATTC 354

Reverse GTTCACTGTCACACTGGTCACTCC

SOCS3 Mouse Forward CGCCCCCAGAATAGATGTAGTA 248

Reverse GACCAAGAACCTACGCATCCA

ACTB Mouse Forward GGCCCAGAGCAAGAGAGGTA 270

Reverse CGACCAGAGGCATACAGGGA

CCL2 Human Forward CCTTCTGTGCCTGCTGCTCATAG 262

Reverse TTGCTTGTCCAGGTGGTCCATG

SOCS3 Human Forward GACTGCGTGCTCAAGCTGGTG 232

Reverse TCCGACAGAGATGCTGAAGAGTGG

ACTB Human Forward GTTGCTATCCAGGCTGTGCTATCC 284

Reverse GCCATCTCTTGCTCGAAGTCCAG
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Fig. 1 Effect of the Epac-selective analog 8-pCPT-2′-O-Me-AMP on renal functional and morphological characteristics in db/db mice.
a Epac expression was measured by Western blot assays. b Immunofluorescence staining of Epac in kidney tissues. c Body weight changes in
db/m, db/db and db/dbmice that received 8-pCPT-2′-O-Me-cAMP (8-O-cAMP) treatment. d Blood glucose concentrations in each group. e, f The
levels of serum creatinine and urine albumin. g Renal morphological analysis was assessed by PAS (i–vi) and Masson’s trichrome staining
(vii–xii). h, i Quantitative analysis of tubular and glomerular damage scores in each group (n= 5); the values are the mean ± SD;
*P < 0.05 vs db/m, #P < 0.05 vs db/db mice.
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Fig. 2 Effect of 8-O-cAMP on the renal inflammatory response, tubulointerstitial fibrosis, and oxidative stress in db/db mice. a Kidney
sections from db/m, db/db and db/db mice treated with 8-O-cAMP were stained with TNF-α, IL-6, fibronectin (FN) and collagen 1 (Col-l)
antibodies for IHC analysis (400×). b–e Quantification of the immunostaining intensities of TNF-α, IL-6, FN, and Col-l (n= 5). f Oxidative stress
in kidney tissues was assessed by DHE staining. g Quantification of the mean fluorescence intensity (MFI) of DHE in tubules (n= 5). h Western
blot results showing the changes in TNF-α, IL-6, and FN expression in kidney tissues. i Quantification of Western blot band intensity (n= 3).
The values are the mean ± SD; *P < 0.05 vs db/m, #P < 0.05 vs db/db mice.
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these abnormal changes in db/db mice were partially or
completely reversed by treatment with 8-O-cAMP [Fig. 2a (ix, x,
xi, xii)]. The generation of tubular ROS was assessed by measuring
the intensity of DHE fluorescence in the tubules of the cryostat
tissue sections. Quantitative analysis of DHE staining showed that
ROS production was increased in the tubular cells of kidneys from
db/db mice compared with those from db/m mice (Fig. 2f, g).
Consistent with the IHC findings, similar results regarding TNF-α,
IL-6, and FN expression in the kidneys were determined by
Western blot assay (Fig. 2h, i). These results provided compelling
evidence supporting a renoprotective role of Epac activation
induced by 8-O-cAMP in DN.

8-O-cAMP attenuates intrarenal macrophage infiltration in db/db
mice
Previous studies have shown that the inflammatory response that
precedes and promotes renal damage associated with diabetes
largely depends on the accumulation of macrophages in renal
tissues [31–33]. Furthermore, an influx of macrophages in the
kidney occurs in response to the upregulation of monocyte
chemotactic protein-1 (MCP-1) [5]. Therefore, we further explored
the contribution of 8-O-cAMP to the anti-inflammatory response
in the kidneys of db/db mice by determining its effect on MCP-1
expression and intrarenal macrophage accumulation. The IHC
assay results showed that MCP-1 expression was significantly
increased in the tubules of db/db mice compared to db/m

mice but was inhibited by 8-O-cAMP administration (Fig. 3a, b).
Moreover, the F4/80 immunofluorescence results showed that
macrophage infiltration in the tubulointerstitium of db/db mice
was significantly abrogated by 8-O-cAMP treatment (Fig. 3a, c). M1
macrophages are thought to play a role in worsening inflamma-
tion in DN. Interestingly, we observed an increase in the number
of iNOS (a marker of M1 macrophages)-positive cells in the
tubulointerstitium of db/db mice, and 8-O-cAMP treatment
protected against increased numbers of M1 macrophages under
diabetic conditions (Fig. 3a, d). Consistent with the IHC findings,
similar results regarding MCP-1 expression were determined by
Western blotting (Fig. 3e, f) and qPCR (Fig. 3g). Taken together,
these results indicated that activation of Epac via 8-O-cAMP may
exert anti‐inflammatory effects by reducing macrophage accumu-
lation and activation in the diabetic kidney.

8-O-cAMP increases C/EBP-β and SOCS3 expression while
inhibiting STAT3 phosphorylation
The transcription factor C/EBP-β has been reported to bind
directly to the SOCS3 promoter region and initiate SOCS3
transcription [34]. We first showed that 8-O-cAMP treatment
rescued the decreased expression of C/EBP-β in db/db mice
compared to db/db mice (Fig. 4a, b). Considering that MCP-1 is a
classical STAT3-responsive inflammatory gene and SOCS3 is a
negative regulator of the STAT3 signaling pathway, we subse-
quently examined the effect of 8-O-cAMP treatment on the
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Fig. 3 Effect of the Epac agonist on MCP-1 expression and macrophage accumulation in kidney tissues. a IHC assay assessing MCP-1
expression in the kidneys of db/m, db/db, and db/db mice treated with 8-O-cAMP (i–iii), and macrophage infiltration was visualized by F4/80 (iv–vi)
and iNOS (vii–ix) immunofluorescence staining (400×). b Quantification of MCP-1 expression (n= 5). c, d Quantification of F4/80- and iNOS-positive
cells per mm2 in kidney tissues (n= 5). e MCP-1 expression was evaluated by Western blotting. f Quantification of Western blot band intensities.
g Relative MCP-1 mRNA expression in kidney tissues (n= 3). The values are the mean ± SD; *P < 0.05 vs db/m, #P < 0.05 vs db/db mice.
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SOCS3/STAT3 axis in the kidneys of db/db mice. The IHC assay
results revealed low levels of SOCS3 and phosphorylated STAT3
(Tyr705) in db/m mice, whereas these proteins were broadly
distributed in db/db mice (Fig. 4a, c, d). Interestingly, 8-O-cAMP
treatment further upregulated SOCS3 levels (Fig. 4a, c) but
inhibited p-STAT3 levels in db/db mice (Fig. 4a, d). Similar results
of SOCS3 and p-STAT3 levels were observed by Western blotting
(Fig. 4e–h). Consistent with these findings, SOCS3 gene expression
in db/db mice was further augmented by 8-O-cAMP treatment
(Fig. 4i). These data suggest that 8-O-cAMP may increase SOCS3
expression at both the gene and protein levels by restoring C/EBP-
β expression, subsequently inhibiting STAT3 phosphorylation.

Sequential changes in SOCS3, phosphorylated STAT3, and MCP-1
levels in HK-2 cells exposed to high glucose
Western blot and qPCR results demonstrated that the HG (30mM,
D-glucose)-induced increase in SOCS3 mRNA and protein

expression in HK-2 cells peaked at 8 h and then gradually
decreased, although these levels remained significantly higher
than those observed in the NG group of HK-2 cells (Fig. 5a–c).
Unlike SOCS3, phosphorylated Tyr705 STAT3 levels increased in a
time-dependent manner, peaking at 48 h following HG treatment
(Fig. 5a, b). Furthermore, we assessed the expression of an
established target gene of phosphorylated Tyr705 STAT3 (MCP-1)
and observed that the target protein and mRNA levels were
induced in a similar manner as those of phosphorylated Tyr705

STAT3 in HK-2 cells (Fig. 5a, d). Therefore, 24 h of HG treatment
was used in the following experiments.

8-O-cAMP inhibits the phosphorylated Tyr705 STAT3/MCP-1 axis
and decreases macrophage migration by increasing SOCS3
expression
To assess the effect of 8-O-cAMP on phosphorylated Tyr705 STAT3
levels in tubular cells exposed to HG, HK-2 cells were pretreated
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Fig. 4 Effect of the Epac agonist on renal C/EBP-β, SOCS3 and p-STAT3 expression. a The location and expression of C/EBP-β (i–iii), SOCS3
(iv–vi) and p-STAT (vii–ix) were assessed by IHC in each group (400×). b–d Quantification of C/EBP-β, SOCS3, and p-STAT expression in kidney
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db/db mice.
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with 8-O-cAMP (100 μM) for 5 h before HG stimulation. The
immunofluorescence assay results revealed that phosphorylated
Tyr705 STAT3 expression was quite low in HK-2 cells under basal
conditions (5.6 mM, D-glucose), while HG treatment resulted in the
upregulation and nuclear translocation of phosphorylated Tyr705

STAT3, and this effect was largely abrogated by treatment with 8-
O-cAMP (Fig. 6a, b). Moreover, 8-O-cAMP treatment did not alter
total STAT3 levels in HK-2 cells. In addition, STAT3 activation
increases phosphorylated STAT3 levels (p-STAT3), the activity of
which is regulated by endogenous inhibitors, namely, SOCS3 [35].
To verify whether the inhibitory effect of 8-O-cAMP on p-STAT3/
MCP-1 axis activation relies on SOCS3 upregulation, we trans-
fected HK-2 cells with SOCS3 siRNA concomitant with 8-O-cAMP
treatment. RNA was extracted, and lysates were collected for
Western blot analysis to confirm the efficiency of the intervention.
Interestingly, 8-O-cAMP treatment further increased the protein
(Fig. 6c, d) and mRNA (Fig. 6e) levels of SOCS3 to ~2-fold that
observed in the HG group. Moreover, the inhibitory effect of 8-O-
cAMP on p-STAT3 and MCP-1 levels was abolished in HK-2 cells
transfected with SOCS3 siRNA under the same experimental
conditions. Furthermore, we also observed that HG-induced
activation of the p-STAT3/MCP-1 axis was inhibited in HK-2 cells
transfected with the SOCS3 overexpression plasmid. Taken
together, these data suggest that the modulation of SOCS3
expression is sufficient to mimic Epac activation. In addition, the
qPCR results demonstrated that the mRNA expression of MCP-1
was in consistent with the observed protein expression (Fig. 6f).
These cell culture results indicate that 8-O-cAMP persistently
induces SOCS3 expression under HG conditions, inhibiting the
p-STAT3/MCP-1 axis in HK-2 cells.
Furthermore,macrophage migration assay was performed to

determine whether pretreatment of HK-2 cells with 8-O-cAMP
could effectively decrease the recruitment of macrophages
(Fig. 6g), as detailed in “Methods”. Using this coculture system, a
notably increased number of THP-1 cells migrated from the upper
to the bottom side of the membrane when THP-1 cells were
exposed to hyperglycemia-stimulated HK-2 cell supernatant
(Fig. 6h). In contrast, when THP-1 cells were exposed to
supernatant from HK-2 cells treated with 8-O-cAMP under HG
conditions, the number of migrated macrophages was signifi-
cantly decreased (Fig. 6h).

8-O-cAMP increases SOCS3 expression via C/EBP-β
Subsequently, we examined the upstream regulator of SOCS3 to
elucidate the molecular mechanisms by which 8-O-cAMP exerts its
anti-inflammatory effects under HG conditions. The transcription
factor C/EBP-β has been reported to bind directly to the SOCS3
promoter region [34]. Through IF staining, we observed that C/
EBP-β was highly expressed in the nuclei of HK-2 cells under basal
conditions (Fig. 7a). Moreover, HG exposure reduced the nuclear
fluorescence intensity of C/EBP-β (Fig. 7a, b), which was restored
by 8-O-cAMP treatment. In addition, the Western blot results
substantiated these findings (Fig. 7c, d). Then, a loss-of function
assay for C/EBP-β was performed via siRNA transfection to assess
the direct role of C/EBP-β in the modulation of SOCS3 expression
in HK-2 cells. The Western blot results showed that 8-O-cAMP
treatment did not increase the protein (Fig. 7c, e) or gene (Fig. 7f)
expression of SOCS3 in HK-2 cells transfected with C/EBP-β siRNA
under HG conditions, suggesting that 8-O-cAMP increases SOCS3
expression at the transcriptional level, at least by restoring C/EBP-
β expression.

DISCUSSION
In the present study, the renoprotective effect of 8-O-cAMP
against tubulointerstitial injury and the underlying mechanism
were assessed. We showed that 8-O-cAMP, a specific agonist of
Epac, could inhibit the progression of DN by reducing oxidative
stress, MCP-1 expression and macrophage infiltration, as well as by
decreasing cytokine release, suggesting that 8-O-cAMP exerts
multiple renoprotective effects by ameliorating renal oxidative
stress, intrarenal inflammation, and fibrosis in diabetic kidneys.
Mechanistically, SOCS3 was shown to promote the anti-
inflammatory response via inhibition of p-STAT3/MCP-1 axis
activation under HG conditions. Furthermore, 8-O-cAMP promoted
SOCS3 gene transcription at least in part by restoring C/EBP-β
nuclear expression in renal tubular cells. These results indicate that
Epac activation by 8-O-cAMP may be a promising therapeutic
strategy for the treatment of DN.
Emerging evidence has shown that inflammation character-

ized by macrophage infiltration plays a crucial role in the
pathogenesis and progression of DN [36, 37]. The depletion of
macrophages by silencing macrophage scavenger receptor-A
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Fig. 5 Effect of high glucose on SOCS3/STAT3/MCP-1 expression in HK-2 cells. a Western bloting results showing the changes in SOCS3,
p-STAT3, and MCP-1 protein expression in HK-2 cells treated with 30 mM D-glucose at the indicated time points. b Quantification of
the Western blot results (n= 3). c, d Gene expression of SOCS3 and MCP-1 was analyzed by real-time PCR (n= 3). The values are the mean ±
SD. *P < 0.05 vs LG.
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expression was shown to alleviate STZ-induced diabetic renal
damage [38]. Notably, accumulating evidence suggests that
renal tubular epithelial cells act as not only the target but also
the mediator of macrophage-mediated tubulointerstitial inflam-
mation [5–7]. MCP-1, a member of the CC chemokine family that
acts through its receptor CCR2 [39], is a critical factor in
recruiting monocytes/macrophages into inflammatory sites [40].
Recently, Kuehn and colleagues showed that the integrity of
tubular cell cilia modulates macrophage recruitment in an MCP-
1-dependent manner [41]. Furthermore, the inhibition of MCP-1

expression in HK-2 cells was shown to decrease macrophage
migration under HG conditions [42]. In vivo, MCP-1 deficiency
has been demonstrated to alleviate STZ-induced diabetic renal
damage and macrophage infiltration [36, 43]. Therefore, TEC-
derived MCP‐1 plays a key role in the crosstalk between injured
TECs and infiltrating macrophages under DN conditions. In this
context, we observed that upregulated renal MCP-1 expression
was accompanied by increased intrarenal macrophage infiltra-
tion and tubulointerstitial fibrosis in db/db mice. However,
administration of the Epac agonist 8-O-cAMP dramatically
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Fig. 6 SOCS3 inhibits MCP-1 expression by suppressing STAT3 activation in HK-2 cells under HG conditions. a Immunofluorescence
staining of phosphorylated STAT3 in HK-2 cells incubated with HG (30mM D-glucose) for 24 h and treated with or without 8-O-cAMP.
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stimulated HK-2 cells and analyzed by fluorescence microscopy after DAPI staining. Scare bar= 40 μm. The values are the mean ± SD. *P < 0.05
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reversed these abnormal alterations induced by diabetes
(Figs. 1–3). Furthermore, when cultured with supernatants from
HK-2 cells pretreated with 8-O-cAMP under HG conditions, a
significant decrease in macrophage migration was observed,
suggesting that 8-O-cAMP treatment reduces the release of
inflammatory cytokines from TECs (i.e., MCP-1) and abolishes the
crosstalk between injured TECs and infiltrating macrophages in
tubulointerstitial inflammation (Fig. 6). However, the specific
mechanism by which 8-O-cAMP reduces MCP-1 expression in
tubular cells remains unknown.
Under pathological conditions, STAT3 is phosphorylated by

JAK at Tyr705 and then translocates to the nucleus, where it
initiates the transcription of inflammation-related genes, such as
CCL2 (the gene encoding MCP-1) [16]. Previous studies have
suggested that IL-6 and its receptor might be potential
mediators of STAT3 activation in diabetes [44, 45]. In the
present study, we observed a significant increase in IL-6
expression in the kidneys of db/db mice (Fig. 2). Consistent
with this finding, Lu et al. observed that STAT3 knockdown
dramatically reduced the expression of inflammatory markers,
such as IL-6 and MCP-1 [46]. Moreover, the STAT3 inhibitor
nifuroxazide was shown to notably decrease intrarenal macro-
phage infiltration and attenuate renal inflammation and fibrosis
in diabetic rats [47]. These findings suggest the therapeutic

potential of JAK/STAT blockade in DN [8, 48, 49]. However,
studies on the relationship between STAT3 and DN have
primarily focused on mesangial cells [49], and the role of STAT3
in proximal tubular cells exposed to HG conditions has not yet
been elucidated. In the present study, we observed that the
levels of p-STAT3 and MCP-1 were increased in the tubules of
db/db mice (Fig. 4) and in HK-2 cells in a time-dependent
manner after HG stimulation (Fig. 5). Moreover, 8-O-cAMP
administration significantly inhibited HG-induced STAT3 phos-
phorylation at Tyr705 and its nuclear translocation in HK-2 cells,
which consequently inhibited the transcription of CCL-2 (Fig. 6).
These results suggest that 8-O-cAMP transcriptionally inhibits
MCP-1 expression at least in part by preventing STAT3
phosphorylation at Tyr705.
We also investigated the molecular mechanisms by which 8-O-

cAMP regulates STAT3 inactivation under hyperglycemic condi-
tions. Epac activation has been reported to induce SOCS gene
expression in various types of cells, such as cardiocytes [23],
vascular endothelial cells [24] and retinal ganglion cells [25].
Consistent with these studies, we observed that Epac activation
via 8-O-cAMP significantly upregulated SOCS3 gene and protein
expression in db/db mice (Fig. 4) and HK-2 cells (Fig. 6). More
importantly, SOCS proteins are natural inhibitors of the JAK/STAT
signaling pathway and have been demonstrated to participate in
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the regulation of inflammatory signaling, including in the kidney
[8, 22, 50, 51]. Ortiz-Muñoz et al. found JAK/STAT activation and
increased SOCS3 expression in the kidneys of diabetic animal
models and patients. In addition, HG activated JAK/STAT/SOCS
expression. However, overexpression of SOCS reversed the HG-
induced activation of JAK/STAT in tubular cells, suggesting that
SOCS was an important negative regulator of JAK/STAT activation
in diabetic nephropathy [8]. Consistently, we observed that the
protein and mRNA expression of SOCS3 was upregulated in the
kidneys of db/db mice and HG-cultured tubular cells. In addition,
8-O-cAMP increased the level of SOCS3 expression and inhibited
the expression of p-STAT and inflammatory cytokines compared
with those in the db/db group (Fig. 4). SOCS3 overexpression
effectively prevented HG-induced STAT3 activation at Tyr705 and
limited subsequent MCP-1 production in HK-2 cells. However, the
inhibitory effect of 8-O-cAMP on the p-STAT3/MCP-1 axis was
abolished in HK-2 cells that were transfected with SOCS3 siRNA
(Fig. 6). Based on our observations and those of previous studies, a
compensatory increase in SOCS3 expression exerts a negative
effect on the JAK/STAT pathway and might contribute to EPAC
mediated protection in tubular cells in the context of diabetes.
However, we cannot exclude other mediators of Epac that target
the STAT3 pathway. For example, in our present study, we also
found that Epac activation ameliorated renal tubular oxidative
stress in db/db mice (Fig. 2). Previous studies have demonstrated
that the hyperglycemia-induced production of ROS could also
activate the JAK/STAT pathway [52]. Therefore, the suppression of
JAK/STAT activation by Epac may occur by inhibiting ROS
production in DN, but this hypothesis requires further
investigation.

Next, we assessed the role of the transcription factor C/EBP-β in
Epac-induced SOCS3 expression in HK-2 cells. Our previous study
showed that Rap1b, a downstream molecule of Epac, could
modulate C/EBP-β transcriptional activity in DN, and studies of
other cell types also showed that the activation of Epac via 8-O-
cAMP regulated SOCS3 gene expression [16, 34]. Consistent with
these previous studies, we first demonstrated that 8-O-cAMP
treatment could restore C/EBP-β expression and promote C/EBP-β
translocation to the nucleus in HK-2 cells, which increased SOCS3
expression in a C/EBP-β-dependent manner (Fig. 7). Taken
together, these data suggest that C/EBP-β is an Epac-activated
transcription factor that mediates the induction of the SOCS-3
gene in tubular cells. However, additional studies, such as
luciferase reporter assays, should be performed to verify whether
Epac activation in tubular cells leads to enhanced binding of
C/EBP-β to the SOCS-3 promoter.
Although our data support an important renoprotective role of

8-O-cAMP in the progression of DN, there are several potential
limitations to our study. First, Epac2a-KO mice are prone to obesity
[53], and Epac activation can contribute to insulin release and
glucose control in pancreatic β cells [54, 55]. In this study, it was
found that the body weight only slightly increased in db/db mice
treated with 8-O-cAMP, but there was no significant difference
compared to that of the db/db mice group. However, the body
weights of db/db mice treated with 8-O-cAMP decreased at week
16 compared to those at week 14. Second, we observed a
connection between 8-O-cAMP treatment and decreased blood
glucose levels in diabetic mice. One interpretation of this
observation is that pancreatic β cells, where Epac is highly
expressed, promote insulin secretion in response to the systematic
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administration of 8-O-cAMP [56]. Therefore, we cannot exclude
the possibility that the beneficial effects of 8-O-cAMP on the
progression of DN could be partially dependent on its glucose-
lowering properties. Thus, future studies using a more appropriate
mouse model are warranted to assess the renoprotective effect of
8-O-cAMP on DN. Furthermore, one cautionary note for future
investigators of 8-O-cAMP is that under long-term treatment
conditions, Epac exhibits a wide tissue distribution and distin-
guishable functions with respect to different isoforms [16]. For
example, earlier published reports have hinted at the induction of
cardiac arrhythmia, fibrosis, and hypertrophy in response to
cardiac Epac activation [57]. Thus, localized Epac activation is
expected to bypass the side effects associated with systematic
Epac activation. Third, several off-target effects limit the specificity
of 8-O-cAMP, such as its off-target activation of the P2Y12
receptors present in platelets [58]. With these points in mind,
further research evaluating the activity of 8-O-cAMP is warranted
because we anticipate that the dose, treatment period, adminis-
tration route, and bioavailability could influence the therapeutic
versus toxic effects.
In summary, in the present study, we used in vivo and in vitro

diabetes models to assess the beneficial effects of Epac activation on
macrophage-mediated inflammatory injury and the mechanisms
underlying these effects. Epac activation via 8-O-cAMP regulates C/
EBP-β-mediated SOCS3 transcription and inhibits the p-STAT3/MCP-
1 axis, improving renal macrophage infiltration and the inflamma-
tory response, which ultimately alleviates interstitial fibrosis (Fig. 8).
This finding suggests that potential applications of Epac activators
(such as 8-O-cAMP) may provide a new therapeutic strategy for
preventing renal inflammation injury in DN.
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