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ARTICLE INFO ABSTRACT

Keywords: Aims: The mechanisms underlying cardiorenal syndromes are complex and not fully understood; Fibrosis seems
Spironolactone to be a primary driver of the diseases' pathophysiology. Spironolactone can reduce cardiac or renal fibrosis by
Endothelial-mesenchymal transition inhibiting endothelial-mesenchymal transition (EndMT). Spironolactone protection may rely on activation of
Fibrosis

adenosine receptors, but the role of the adenosine A2A receptor (A2AR) is unclear. We hypothesize that spir-
onolactone may modulate A2AR to suppress EndMT and reduce cardiorenal remodeling.

Main methods: A model of renal injury followed by heart failure was established by subcutaneous administration
of isoprenaline (Iso) to rats. Assessment of cardiac and renal function, fibrosis, EndMT markers, adenosine and
A2AR expression was performed. TGF-3 was used to induce EndMT in primary human umbilical vein endothelial
cells (HUVECs). Rats or cells were divided into four groups: those that treated with spironolactone alone or in
combination with A2AR antagonist ZM241385 or neither, and compared to normal controls.

Key findings: Isoprenaline-treated rats exhibited cardiac and renal fibrosis, impaired cardiac and renal function,
enhanced EndMT, and lower A2AR expression. Spironolactone significantly up-regulated A2AR expression and
inhibited EndMT in vivo and in vitro. Moreover, spironolactone improved cardiorenal remodeling and reduced
dysfunction. These changes were exacerbated by administration of ZM241385. Together, these findings show
that spironolactone up-regulated A2AR to reduce EndMT and ameliorate cardiorenal fibrosis.

Significance: The anti-fibrotic effects of spironolactone may partly depend on the up-regulation of A2AR, and
that A2AR might be a potential therapeutic target for the treatment of cardiorenal syndrome.

Adenosine A2A receptor
Cardiorenal syndrome

1. Introduction filtration rate in response to serelaxin [5].

Despite decades of clinical research and innovations in the treat-

Cardiorenal syndromes (CRS) are widely defined as conditions in
which acute or chronic dysfunction of either the heart or kidney may
induce acute or chronic failure of the other [1]. The coexistence of
kidney and heart failure carries an extremely bad prognosis. The se-
verity of renal dysfunction is independently associated with worse
outcomes in patients with chronic heart failure during their mid-term
follow-up [2]. In a RELAX-AHF trial, administration of serelaxin (re-
combinant human relaxin-2, a potent renal vasodilator [3]), lowered
all-cause mortality in patients of decompensated heart failure after
180 days [4]. Moreover, this improvement in overall clinical outcome
was most likely because of the highly significant increase in glomerular
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ment of cardiorenal syndrome, it remains a leading global health pro-
blem because of unclear pathogenesis. Fibrosis is thought to be a critical
participant in the pathophysiology of increased CRS risk [6]. In a 5/6
nephrectomy of rats following myocardial infarction (a typical CRS
model), investigators found increased interstitial cardiac fibrosis and
collagen type I expression in the non-infarct myocardium and increased
renal tubulointerstitial fibrosis [7]. The renin-angiotensin-aldosterone
system (RAAS) is a pivotal cardiorenal connector, because it satisfies
the prerequisite of a bidirectional response and can be initiated by both
heart failure and renal failure. Activation of the RAAS will culminate in
tissue remodeling and fibrosis [8].
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Accumulating evidence shows that spironolactone, a miner-
alocorticoid receptor (MR) antagonist, plays a protective role in cardiac
and renal diseases, but its role in cardiorenal syndrome remains ob-
scure. Spironolactone improves heart failure by reducing cardiac fi-
brosis [9] and also decreases collagen deposition and exhibits direct
renoprotective effects in diabetic rats [10]. Recently, Calvier et al.
found aldosterone-induced cardiac and renal fibrosis and dysfunction as
well as renal epithelial-mesenchymal transition (EMT) in rats were re-
versed by spironolactone [11]. Our previous study demonstrated that
spironolactone alleviated cardiac fibrosis via inhibition of endothelial-
mesenchymal transition (EndMT, a process similar to EMT) [12], which
has been accepted as a novel mechanism for organ fibrosis and is widely
researched [13-16]. The aforementioned studies indicate that spir-
onolactone may attenuate CRS via EndMT modulation.

Animal studies showed that the cardioprotective effect of the MR
antagonist, canrenoate, was abrogated in adenosine receptor knock-out
mice [17], indicating that the protection of MR antagonists may rely on
activation of adenosine signaling.

Adenosine is an endogenous regulator of inflammation and tissue
repair. The effects of extracellular adenosine are mediated by four G-
protein coupled adenosine receptors (A1R, A2AR, A2BR, and A3R)
[18]. Adenosine and A2AR are related to the progression of fibrosis in
various organs, including cardiac and renal fibrosis [19-21]. In ob-
structive nephropathy, A2AR activation alleviated deposition of col-
lagen types I and III by suppressing epithelial-mesenchymal transition
[22].

However, it is unknown whether A2AR is associated with EndMT in
CRS. The aim of the current study was to investigate whether spir-
onolactone influences A2AR expression, thereby modulating EndMT
and cardiorenal fibrosis.

2. Materials and methods
2.1. Animals and treatments

All experiments and procedures were approved by the Institutional
Research Ethics Committee of Wenzhou Medical University and were in
accordance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals. Male Sprague-Dawley rats (approxi-
mately 6-week-old) were purchased from the Wenzhou Medical
University Laboratory Animal Center. Rats were randomly assigned to
four treatment groups (n = 10 per group): (1) control; (2) Iso (iso-
prenaline 5mg/kg/day for 7 days, single injection); (3) Iso (5 mg/kg/
day) for 7 days + spironolactone (60 mg/kg/day) for 21 days, and (4)
Iso (5mg/kg/day) for 7 days + spironolactone (60mg/kg/day) for
21 days + ZM241385 (3 mg/kg/day) for 21 days. Rats were sub-
cutaneously injected with Iso (Sigma, St. Louis, MO, USA) to induce
heart failure. Control rats were administered saline in the same way.
Beginning on day 1, rats in the medication groups were gavaged daily
with spironolactone (H33020070, Minsheng Pharma, Hangzhou,
China) for 21 consecutive days, and the non-drug groups were gavaged
with the same volume of saline. A selective A2AR antagonist, ZM
241385 (intraperitoneal administration, 1h prior to spironolactone),
was purchased from Tocris Cookson (Ballwin, MO, USA). At day 22, rats
were randomly chosen for echocardiography and hemodynamic testing.
All animals were then euthanized and the heart and kidney tissues were
harvested.

2.2. Echocardiographic study

Rats were anaesthetized with sodium pentobarbital (40 mg/kg, in-
traperitoneal) and placed on a heating pad. Cardiac function was de-
tected using a Sonos 5500 ultrasound machine (Phillips, USA). The
transducer covered with ultrasound transmission gel was used at a
depth setting of 2cm for optimum resolution. Two-dimensional, M-
mode images were captured in parasternal long-axis view to measure
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left ventricular end-diastolic diameter (LVEDD). Ejection fraction (EF)
and fractional shortening (FS) were then calculated.

2.3. Hemodynamic testing

Rats were weighed and anaesthetized via an intraperitoneal injec-
tion of 1% sodium pentobarbital (40 mg/kg). The left ventricle (LV) was
catheterized to monitor changes in left ventricle end diastolic pressure
(LVEDP), LV mean systolic pressure (LVSP), and maximum rate of
change in LV pressure (+dp/dtmax, —dp/dtmax) via the right common
carotid artery.

2.4. Organ weight index and serum creatinine measurement

Rats were humanely euthanized, then precooled saline (4 °C) was
infused into the left ventricle until the heart and kidney became pale.
The left and right ventricles were separated and weighed. Left ventricle
weight indices (LVWI) were calculated as free wall mass (mg) of left
ventricles/body mass (g). Kidney mass index (KWI) was computed as
the average of the two kidneys (mg)/body mass (g). Serum creatinine
(SCr) was measured using a 7180 automatic biochemical analyzer
(Hitachi High-Technologies Corp., Japan).

2.5. Hematoxylin and eosin staining

Ventricle and kidney samples were embedded in paraffin and sec-
tioned. Paraffin sections (4 um thick) were stained with hematoxylin
and eosin. Sections were examined by light microscopy and photo-
graphed at x 200 magnification.

2.6. Masson trichrome staining

Paraffin sections were stained with Masson trichrome (G1340,
Solarbio Life Sciences Beijing, China), then examined by light micro-
scopy and photographed at x 200 magnification. Fibrous tissue stained
blue, cytoplasm red, and cell nuclei black.

2.7. Quantification of adenosine levels by UPLC-MS/MS analysis

The levels of adenosine in heart and kidney were quantified using
an ultra-performance liquid chromatography-mass spectrometry system
(ACQUITY UPLC system; Waters) and a tandem mass spectrometry
system (AB SCIEX Triple Quad™ 5500 System) (UPLC-MS/MS) as pre-
viously described [23]. In brief, 3 ul of sample was injected and sepa-
rated by a BEH UPLC C18 column (100 mm * 2.1 mm, 1.7 pum). The
mobile phase composition was: (A) pure water + 0.1% formic acid (v/
v), (B) pure acetonitrile; flow rate was 0.4 ml/min; column temperature
was 40 °C; gradient separation conditions were as follows: 0-0.5 min,
1% B; 1.0min, 15% B; 2.5min, 30% B; 2.5-4.0min, 100% B;
4.0-5.5min, 1% B. Electrospray ionization (ESI) was used in positive
mode for detection of the eluents. MS conditions were as follows:
Source temperature: 600 °C, curtain gas (CUR): 25 psi, ion source gas 1
(GAS 1): 50 psi, ion source gas 2 (GAS2): 50 psi, collision gas (CAD):
8 psi, ion spray voltage (IS): 5500V, entrance potential (EP): 10V,
collision cell exit potential (CXP1): 14 V. The qualitative and quanti-
tative detection of metabolites were performed by multiple-reaction
monitoring (MRM). Then we used the software Analyst® (version 1.5.2,
AB Sciex) for data collection and analysis.

2.8. Engyme-linked immunosorbent assay

A piece of kidney (100 mg) was cut into pieces and added to 1 ml
phosphate-buffered saline (PBS, pH 7.4) on ice and then homogenized.
The homogenate was centrifuged at 3000 rpm for 20 min, the super-
natant recovered, and the amount of collagen types I and III determined
using an enzyme-linked immunosorbent assay (ELISA) kit (Shanghai
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Fig. 1. Echocardiographic assessment
of cardiac function, n=4. (A)
Representative echocardiographic
photos from M-mode. (B) Analysis of
cardiac dimension (LVEDd, left ven-

EF%

A

Boyun Biotech, China) according to the manufacturer's instructions.

2.9. Cell culture

Primary human umbilical vein endothelial cells (HUVECs) were
purchased from the cell bank of the Chinese Academy of Science
(Shanghai, China). Cells were cultured in DMEM (Lonza, USA) with
10% fetal bovine serum (FBS, Gibco, USA), 100 U/ml penicillin (Gibco),
and 100 mg/ml streptomycin (Gibco). All cells were maintained at
37 °Cin a 5% CO, incubator. Cells were randomly grouped according to
different treatments: (1) control; (2) TGF-; (3) TGF-
B + spironolactone; (4) TGF-B + spironolactone + ZM241385. Cells
were pre-treated with spironolactone (1 uM) for 2 h before incubation
with TGF-B (10 ng/ml) for another 24 h. ZM241385 (50 nM) was ad-
ministrated 1 h before spironolactone treatment.

2.10. Immunofluorescence assay

Sections of LV myocardium and kidney tissues were treated with 3%
methanol-H,0, to block endogenous peroxidase activity, and non-
specific sites were blocked with 10% fetal bovine serum. Sections were
incubated with primary antibodies (anti-CD31, ab28364; anti-VE-cad-
herin, ab33168; anti-a-SMA, ab5694; anti-vimentin, ab92547, all from
Abcam, Cambridge, 1:1000) at 4 °C overnight. After washing with PBS
(8 washes, 5min per wash), sections were incubated with secondary
antibodies for 1 h, then incubated with DAPI staining solution for 5 min
to stain nuclei. Photographs were taken at X200 magnification.
Negative control sections were incubated with PBS only and showed no
positive staining. Sections incubated with suitable isotype control pri-
mary antibodies, and fluorescent-labeled secondary antibodies were
also used as negative controls.

tricular end-diastolic internal dia-
meters) and cardiac pump function (EF
%, ejection fraction; FS%, fractional
shortening). Data are mean =
standard deviation. **P < 0.01 vs.
Control; P < 0.05 vs. Iso; P < 0.05,
“P < 0.01 vs. Iso + SP. Iso, isoprena-
line; SP, spironolactone; ZM,
ZM241385.

LVEDD

2.11. Western blot analysis

Left ventricular myocardium and kidney tissues were lysed in RIPA
buffer and then centrifuged at 12,000rpm for 10min at 4°C.
Supernatant was collected, and protein concentrations were determined
using a bicinchoninic acid (BCA) protein assay (PC0020, Solarbio Life
Sciences Beijing, China). Equal amounts of each sample (80 ug) were
separated by SDS-PAGE and transferred onto polyvinylidene fluoride
membranes. Membranes were blocked with 5% skimmed milk and in-
cubated with primary antibodies (anti-adenosine receptor A2a, ab3461;
anti-CD31, ab28364; anti-VE-cadherin, ab33168; anti-a-SMA, ab5694;
anti-vimentin, ab92547, all from Abcam, Cambridge, 1:1000) overnight
at 4 °C. Membranes were washed three times with PBST, followed by
incubation with a horseradish peroxidase-conjugated secondary anti-
body. Scans were obtained using a Bio-Rad gel image analysis system
(BioRad, Hercules, CA, USA) and analyzed using the ImageJ processing
program.

2.12. Quantitative Real-Time PCR

Total RNA was extracted from LV myocardium and kidney samples
using Trizol reagent (139505, Life Technologies, UK) then reverse
transcribed to cDNA using a RevertAid First Strand cDNA Synthesis Kit
(K1622, Thermo Scientific, Germany), according to the manufacturer's
instructions. qPCR was performed to quantify the expression level of
A2AR and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) using
SYBR GreenER™ qPCR SuperMix Universal (1608533, Life
Technologies, UK). PCR conditions consisted of an initial step at 95 °C
(5 min), followed by 40 cycles of denaturation at 95°C (15s) and an-
nealing at 60 °C (1 min). All samples were amplified in duplicate, and
each experiment was repeated independently three times. The PCR
primers for rat were as follows: A2AR: F-5"-TCGTGGAGTTCCCGTCTT
TCT-3’ and R-5-GCCTCTTCTTCGCCTGTTTTG-3’; GAPDH: F-5-TCTCT
GCTCCTCCCTGTTC-3" and R-5-ACACCGACCTTCACCATCT-3'".
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Table 1

Hemodynamic testing of cardiac functional index.
Group No LVSP/mm Hg LVEDP/mm Hg +dP/dt/mm Hg/s —dP/dt/mm Hg/s
Control 8 135.7 = 23.4 —-4.9 * 0.2 9065.8 + 581.8 —7959.3 + 655.7
Iso 8 101.4 = 13.2 18.9 = 0.9 3384.2 = 161.2 —3109.3 *+ 565.4
Iso + SP 8 131.4 = 4677 -1.1 + 0.277 6309.8 + 839.6"" —5559.2 + 1102.5""
Iso + SP + ZM 8 121.0 + 3.1% 9.5 + 0.5%¢ 5034.2 + 982.7% —4407.8 * 519.2%

Data are shown as mean * standard deviation. Iso, isoprenaline; SP, spironolactone; ZM, ZM241385.
* P < 0.01 vs. Control.
## p < 0.01 vs. Iso.
& p < 0.05 vs. Iso + SP.
& p < 0.01 vs. Iso + SP.

Table 2

Organ weight index and renal function.
Group Body weight (g) LVWI (mg/g) KWI (mg/g) SCr (umol/L)
Control 2669 + 16.4 2.39 + 0.22 3.71 + 0.54 26.83 + 5.17
Iso 212.4 + 18.6 3.19 = 0.22 4.71 = 0.45 34.58 + 5.70
Iso + SP 254.1 * 8.0"" 2.54 + 0.28" 3.94 = 0.54 27.85 + 3.817
Iso + SP + ZM 234.5 + 15.12% 3.08 * 0.32%¢ 4.67 + 0.58% 34.33 + 4.00“

Data are shown as mean * standard deviation. N = 8 per group. LVWI: left ventricle weight indices; KWI: kidney mass index; SCr: serum creatinine.

* P < 0.05 vs. Control.
* P < 0.01 vs. Control.
# P < 0.05 vs. Iso.

## P < 0.01 vs. Iso.

& P < 0.05 vs. Iso + SP.
& p < 0.01 vs. Iso + SP.

2.13. Statistical analysis

+

Data are represented as the mean + SD and were analyzed using
SPSS 19.0 software. One-way analysis of variance (ANOVA) was used to
compare more than two groups. P < 0.05 was considered statistically
significant.

3. Results
3.1. Spironolactone treatment improves cardiac pump function

Changes in cardiac function were assessed using echocardiography
and hemodynamic testing. Representative M-mode echocardiograms
are shown in Fig. 1A. As shown in Fig. 1B, EF and FS were lower, but
LVEDD was significantly higher in Iso-treated rats compared with
controls. Treatment with spironolactone increased EF and FS and de-
creased LVEDD compared with Iso treatment alone. However,
ZM241385 lowered EF and FS and increased LVEDD. Consistently,
hemodynamic results also showed a deterioration in cardiac function in
fibrotic rats compared with controls. Spironolactone attenuated these
Iso-induced changes in ventricular function, as evidenced by higher
LVSP, +dp/dtmax and —dp/dtmax, and lower LVEDP. These changes
were significantly reversed after administration of ZM241385 (Table 1).
The data demonstrated that cardiac dysfunction in Iso-treated rats was
improved after co-treatment with spironolactone, but that these cardi-
oprotective effects were reversed by ZM241385.

3.2. Spironolactone decreased LVWI and KWI and inhibited renal injury

Compared with controls, Iso treatment significantly increased LVWI,
KWI, and SCr, and reduced body weight. Spironolactone treatment re-
sulted in lower LVWI, KWI, and SCr and higher body weight, while co-
treatment with ZM241385 significantly increased LVWI, KWI, SCr and
decreased body weight (Table 2).
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3.3. Spironolactone mitigates cardiorenal fibrosis and collagen deposition

Hematoxylin and eosin and Masson trichrome staining showed that
heart and kidney tissues from Iso-treated rats exhibited collagen fiber
hyperplasia, irregular morphology, and leukocyte infiltration compared
with the controls (Fig. 2A, B). ELISA results also showed higher levels of
collagen type I and III in Iso-treated heart and kidney (Fig. 2C). Spir-
onolactone administration reduced the degree of fibrous hyperplasia
and the deposition of collagen I/IIl. The ratio of collagen I/III was in-
creased in the Iso group and decreased in the spironolactone group.
Compared with the spironolactone group, these changes were reversed
by co-administration of ZM241385 (Fig. 2).

3.4. Spironolactone reduces EndMT in vivo and in vitro

Immunofluorescence staining and western blot analysis were used
to detect the expression of EndMT markers, including cluster of dif-
ferentiation-31 (CD31), vascular endothelial-cadherin (VE-cadherin),
a-smooth muscle actin (a-SMA) and vimentin. Compared with the
control group, levels of a-SMA and vimentin were higher, but the ex-
pression of CD31 and VE-cadherin was lower in the Iso group, in-
dicating the occurrence of EndMT. Spironolactone treatment sig-
nificantly inhibited EndMT by increasing CD31 and VE-cadherin
expression, and by decreasing a-SMA and vimentin levels. Importantly,
co-treatment with ZM241385 promoted EndMT compared with the
spironolactone group (Figs. 3, 4).

Similarly, in HUVECs, TGF-B induced EndMT as evidenced by in-
creased levels of a-SMA and decreased levels of CD31. Spironolactone
significantly reduced EndMT by increasing CD31 and decreasing a-SMA
levels. Co-treatment with ZM241385 reversed EndMT (Fig. 5).

3.5. Spironolactone up-regulated adenosine A2AR to suppress EndMT

To investigate the role of A2AR during EndMT, we examined mRNA
and protein levels of A2AR in cardiac and renal tissues. We found that
A2AR expression was reduced in the Iso group compared with controls.
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Fig. 2. Spironolactone reduces cardiac and renal fibrosis. (A) Hematoxylin and eosin staining & Masson staining of the heart and kidney tissues of rats,
Magnification x 20, n = 5. (B) Analysis of collagen area according to Masson staining. (C) ELISA analysis of collagen types I and III, n = 4-6. Data are shown as

+

mean
collagen type IIIL.

However, no significant difference was found in cardiac and renal
adenosine levels (Fig. 6C, Table 3). Spironolactone resulted in higher
expression of A2AR compared with the Iso group. A2AR mRNA and
protein levels were lower in the ZM241385 treatment group compared
with the spironolactone group (Fig. 6A, B).

4. Discussion

In the present study, Iso-treated rats exhibited cardiac and renal
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standard deviation. *P < 0.05, **P < 0.01 vs. Control; *P < 0.05, **P < 0.01 vs. Iso; P < 0.05, P < 0.01 vs. Iso + SP. Col I: collagen type I; Col III:

fibrosis, enhanced EndMT, and lower A2AR expression. Spironolactone
increased A2AR expression, inhibited EndMT, improved cardiorenal
remodeling and reduced cardiac dysfunction. These changes were re-
versed by administration of the A2A antagonist, ZM241385. These data
support our hypothesis that spironolactone stimulates A2AR to inhibit
EndMT in the process of cardiorenal fibrosis.

Cardiorenal syndromes form a complex disease with multifactorial
pathophysiology, such as over-activation of the renin-angiotensin-al-
dosterone system (RAAS), inflammation and oxidative stress [24].
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Fig. 3. Spironolactone inhibits EndMT in heart. (A) Immunofluorescence staining of EndMT markers. CD31, VE-cadherin protein (endothelial marker) are stained in
green. a-SMA, Vimentin protein (myofibroblastic marker) are stained in red. Nuclei are stained with DAPI (blue). Magnification x 20, n = 6. (B-C) Protein ex-
pression of CD31, VE-cadherin, a-SMA, and vimentin by western blotting, n = 6. **P < 0.01 vs. Control; ##p < 0.01 vs. Iso; P < 0.05 vs. Iso + SP. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

RAAS activation by renal hypoperfusion stimulates the sympathetic
nervous system and triggers a cascade of mechanisms that result in fi-
brosis in the heart, kidneys and vessels, and may reciprocally evolve
into a cardiorenal syndrome. Whether in the heart or in the kidney,
fibrosis is the common consequence of inflammation- and oxidative
stress-linked endothelial dysfunction that leads to heart failure and
chronic kidney disease [25]. Some researchers suggest that cardiac and
renal fibrosis may act as a primary driver in the pathogenesis and
progression of cardiorenal syndromes [6].

Fibroblasts, the most important effector cells in fibrosis, produce
collagen proteins to form the extracellular matrix [13]. In addition to
the resident fibroblast, activated fibroblasts or myofibroblasts can also
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be derived from the transdifferentiation of endothelial cells, a process
named EndMT, which features the loss of endothelial cell markers, such
as CD31 and VE-cadherin, and acquisition of mesenchymal markers,
like a-SMA and vimentin [15].

In our model, subcutaneous injection of Iso induced cardiac and
renal injury as evidenced by increased serum creatinine, damaged
cardiac function and diffuse collagen deposition. We observed EndMT
in cardiac and renal tissues of Iso-treated rats, as indicated by elevated
expression of CD31 and VE-cadherin and reduced expression of a-SMA
and vimentin. Interestingly, these aforementioned changes were abol-
ished by spironolactone treatment. In other words, spironolactone in-
hibits the Iso-induced EndMT process and attenuates cardiorenal
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Fig. 4. Spironolactone inhibits EndMT in kidney. (A) Immunofluorescence staining of EndMT markers. CD31, VE-cadherin protein (endothelial marker) are stained in
green. a-SMA, Vimentin protein (myofibroblastic marker) are stained in red. Nuclei are stained with DAPI (blue). Magnification X 20, n = 6. (B-C) Protein ex-

pression of CD31, VE-cadherin, a-SMA, and vimentin by western blotting, n = 6. **

P < 0.01 vs. Control; *#P < 0.01 vs. Iso; P < 0.05, P < 0.01 vs. Iso + SP.

(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

fibrosis and dysfunction.

Spironolactone, a high-affinity but nonspecific mineralocorticoid
receptor antagonist that has structural similarity to progesterone, is
commonly used clinically as a diuretic to relieve edema [26]. Clinical
trials have reported a survival benefit of mineralocorticoid receptor
antagonist treatment in patients with heart failure [27]. Schmidt and
his colleagues demonstrated that adenosine receptor stimulation ap-
peared to be critical for mineralocorticoid receptor antagonist-induced
cardio-protection [17]. The nonspecific adenosine receptor antagonist,
8-p-sulphophenyltheophylline, completely abolished the protective

183

effect of eplerenone, a steroidal anti-mineralocorticoid of the
spironolactone group, in isolated perfused rat hearts [17], indicating
that the underlying mechanism of mineralocorticoid receptor antago-
nist benefits may depend on adenosine receptor activation.

It has been previously reported that adenosine, acting through
A2AR, inhibits tissue fibrosis. For instance, the A2AR agonist CGS21680
effectively arrested lung inflammation to inhibit pulmonary fibrosis
[28]. These studies support the anti-fibrotic action of A2AR activation.
The A2AR-mediated increases in collagen synthesis are mainly achieved
by activation of the cAMP-PKA or cAMP-Epac signaling pathway
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Fig. 5. Spironolactone reduces EndMT in HUVECs. (A) Immunofluorescence staining of EndMT markers. Magnification x 20. Red, a-SMA; green, CD31; nucleus,
blue. (B-C) Protein expression of CD31, VE-cadherin, a-SMA, and vimentin by western blotting, n = 4-6. **P < 0.01 vs. Control; “*P < 0.01 vs.Iso; P < 0.01 vs.
Iso + SP. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

[29,30]. Furthermore, in renal tubular epithelial cells, A2AR stimula-
tion with CGS21680 reduced TGFP1l-induced EMT, while the A2AR
selective antagonist, ZM241385, reversed the agonist-mediated effects,
both of which are enacted through the cAMP-PKA or cAMP-MAPK/ERK
axis [31].

In accordance with previous studies, our study also found that A2AR
expression, not adenosine, was obviously decreased in the Iso treatment
group compared with controls, while spironolactone treatment resulted
in elevated A2AR expression accompanied by reduced EndMT.
Spironolactone also significantly alleviated cardiorenal collagen de-
position, and improved cardiac output and renal function. A2AR
modulates the balance of collagen I: collagen III, so that the collagen I/
III ratio decreases as A2AR activation increases [32]. Hence, the decline
of the collagen I/III ratio in the spironolactone group also indirectly
reflects A2AR activation. These changes were then reversed in the
ZM241385 treatment group. The structural damage and decreased
organ function induced by Iso was rescued by spironolactone treatment,
but was abrogated by pharmacological inactivation of A2AR. The re-
sults indicate that A2AR, but not adenosine, is involved in the process of
EndMT-driven cardiorenal fibrosis. We propose that these beneficial
effects of spironolactone are, at least in part, because of A2AR activa-
tion-mediated EndMT inhibition. Our present study does not, however,
explain the signaling pathway involved in the A2AR modulation of
EndMT.

Studies have demonstrated that adenosine levels increase [33], but
A2AR levels decrease [34,35] in the failing heart and kidney. We found
similar results in the Iso-treated rats. However, adenosine expression
was not significantly changed after spironolactone treatment. A human
double-blinded randomized controlled study reported that eplerenone
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does not affect adenosine formation, and that increased levels of ex-
tracellular adenosine are unlikely to contribute to the cardioprotective
effect of mineralocorticoid receptor antagonists [36].

However, activation of A2AR also produces pro-fibrotic effects.
A2AR occupancy stimulated collagen production by hepatic stellate
cells, while A2AR-deficient mice or wild-type mice treated with
ZM241385 were protected from hepatic fibrosis [37]. Pharmacological
blockade of A2AR diminished dermal fibrosis [21]. This phenomenon
demonstrates that A2AR plays a different role in cell- and tissue-specific
manners [18]. More studies are needed to further explore the molecular
mechanism, such as the signaling pathways involved in the A2AR
regulation of EndMT.

5. Conclusion

Our study demonstrates that A2AR inhibits EndMT to improve
cardiorenal fibrosis after spironolactone treatment of cardiac and renal
injury caused by Iso. A2AR may provide a novel therapeutic target for
cardiorenal syndrome.
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Fig. 6. Expression of A2AR and adenosine levels in cardiac and renal tissues. (A) Western blotting analysis of A2AR, n = 4-6. (B) RT-PCR analysis of A2AR, n = 5-8.
(C) UPLC-MS/MS analysis of adenosine level, n = 4. *P < 0.05, **P < 0.01 vs. Control; ¥P < 0.05, **P < 0.01 vs. Iso; P < 0.05, P < 0.01 vs. Iso + SP.

Table 3
UPLC-MS/MS analysis of adenosine level in heart and kidney.

Group No Heart adenosine (ug/g) kidney adenosine (ug/g)
Control 4 0.73 £ 0.23 1.79 + 0.66
Iso 4 1.25 = 0.44 2.66 = 0.45
Iso + SP 4 1.08 + 0.33 2.10 * 0.35
Iso + SP + ZM 4 0.88 * 0.16 2.43 * 0.56

Data shown as mean * standard deviation.
* P < 0.05 vs. Control.
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