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ARTICLE INFO ABSTRACT

System hypertension is a major risk factor for cardiac hypertrophy and heart failure. Our recent findings reveal
that the ablation or inhibition of C-X-C chemokine receptor (CXCR) 2 blocks this process in mice; however, it is
not clear whether the pharmacological inhibition of CXCR2 attenuates hypertension and subsequent cardiac
remodeling in spontaneously hypertensive rats (SHRs). In the present study, we showed that chemokines (CXCL1
and CXCL2) and CXCR2 were significantly upregulated in SHR hearts compared with Wistar-Kyoto rat (WKY)
hearts. Moreover, the administration of CXCR2-specific inhibitor N-(2-hydroxy-4-nitrophenyl)-N’-(2-bromo-
phenyl)-urea (SB225002) in SHRs (at 2 months of age) for an additional 4 months significantly suppressed the
elevation of blood pressure, cardiac myocyte hypertrophy, fibrosis, inflammation, and superoxide production
and improved heart dysfunction in SHRs compared with vehicle-treated SHRs. SB225002 treatment also reduced
established hypertension, cardiac remodeling and contractile dysfunction. Moreover, CXCR2-mediated increases
in the recruitment of Mac-2-positive macrophages, proinflammatory cytokines, vascular permeability and ROS
production in SHR hearts were markedly attenuated by SB225002. Accordingly, the inhibition of CXCR2 by
SB225002 deactivates multiple signaling pathways (AKT/mTOR, ERK1/2, STAT3, calcineurin A, TGF-f/Smad2/
3, NF-kB-p65, and NOX). Our results provide new evidence that the chronic blocking of CXCR2 activation at-
tenuates progression of cardiac hypertrophic remodeling and dysfunction in SHRs. These findings may be of
value in understanding the benefits of CXCR2 inhibition for hypertensive cardiac hypertrophy and provide
further support for the clinical application of CXCR2 inhibitors for the prevention and treatment of heart failure.
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1. Introduction

Hypertension is a major cause of both cardiac hypertrophy and
heart failure (HF), which are associated with increased interstitial fi-
brosis, myocyte death, and cardiac contractile dysfunction.
Accordingly, many antihypertensive drugs, including angiotensin II
receptor inhibitors (ARBs), angiotensin II-converting enzyme inhibitors
(ACEIs), and f3-adrenaline receptor blockers have the ability to delay or
reduce the development of cardiac hypertrophy [1]. The pathogenesis
of cardiac remodeling can be influenced by multiple factors. Among
these factors, inflammatory response and oxidative stress play critical
roles in this process [2,3]. Hypertensive stimuli, such as Ang II or high
salt, can induce inflammatory cell infiltration and cytokine production,
such as tumor necrosis factor (TNF)-a, interleukin (IL)-1, and IL-6-
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related cytokines, which alter a variety of cellular signaling pathways,
including serine/threonine kinase B (AKT)/mammalian target of rapa-
mycin (mTOR), extracellular regulated protein kinases (ERK)1/2, signal
transducers and activators of transcription (STAT)3, calcineurin (CaN)
A, and transforming growth factor-p (TGF-B)/mothers against dec-
apentaplegic homolog (Smad)2/3, thereby contributing to progressive
cardiac remodeling and dysfunction [4-7].

Chemokines represent a large family of chemotactic proteins than
control the recruitment of immune cells into injured tissues. In humans,
chemokines are classified into four subfamilies, CXC, CC, XC, and CX3C
based on the arrangement of cysteine residues at the N terminus [8]. In
general, CC-chemokines are potent chemoattractants for monocytes,
whereas CXC-chemokines are chemoattractants of neutrophils or lym-
phocytes [8]. Several studies have suggested that CXCL1 and its
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receptor C-X-C chemokine receptor (CXCR)2 have important roles in
the pathogenesis of cardiovascular diseases, such as atherosclerosis,
myocarditis, and ischemia/reperfusion injury [9-12]. We have recently
demonstrated that CXCL1 or CXCR2 levels are elevated in Angiotensin
(Ang) II-infused mice and patients with HF. The ablation or inhibition
of CXCR2 attenuates monocyte recruitment, hypertension, and cardiac
remodeling in mice [13,14]. However, whether the pharmacological
inhibition of CXCR2 can effectively prevent or cure hypertension and
cardiac remodeling remains to be validated in other animal models.

In this study, we explored the effects of the CXCR2 inhibitor
SB225002 on macrophage recruitment and cardiac remodeling in a
well-established model of hypertension and left ventricular (LV) hy-
pertrophy in spontaneously hypertensive rats (SHRs). Our results
showed, for the first time, that the expression levels of CXCL1 and
CXCR2 are significantly higher in heart tissues of SHRs than in
Wistar—Kyoto rat (WKY) controls. The administration of SB225002 to
SHRs markedly prevented and reversed blood pressure elevation, car-
diac remodeling, and dysfunction. These effects were associated with
the inhibition of macrophage infiltration and multiple signaling path-
ways. Therefore, these results may be of value in understanding the
benefits of CXCR2 inhibition for hypertensive cardiac hypertrophy and
provide further support for the clinical applications of CXCR2 inhibitors
for the prevention and treatment of HF.

2. Materials and methods
2.1. Animals and treatment

SHRs and aged-matched WKYs at 2months of age (weight,
240-280 g) were obtained from Vital River Co., Ltd. (Beijing, China).
Rats were kept in a conditioned room at 24 °C-25 °C under a 12-h light/
dark cycle. Rat were given free access to standard rat chow and tap
water ad libitum. For 6-month experiments, both WKYs and SHRs at
2 months of age were first evaluated by echocardiography (baseline),
and then randomly divided into 4 groups, WKYs + vehicle,
SHRs + vehicle, WKYs + SB225002 and SHRs + SB225002 (n = 8 per
group). A selective CXCR2 inhibitor SB225002 (Selleck, Houston, TX,
USA) or vehicle was administered intraperitoneally (1 mgkg ™' day ')
at 2 months of age and continued for an additional 4 months. At end of
6 months, echocardiography was then performed and results were
shown in Table S4. All animals were then sacrificed for histological
examinations. For 11-month experiments, which tested the effect of
CXCR2 inhibition on established cardiac remodeling, both WKYs and
SHRs at 6 months of age were first evaluated by echocardiography
(baseline), and then randomly divided into 4 groups, WKYs + vehicle,
SHRs + vehicle, WKYs + SB225002 and SHRs + SB225002 (n = 8 per
group). SB225002 or vehicle was administered intraperitoneally
(1 mgkg 'day ') at 6 months of age and continued for additional
5 months. At end of 11 months, echocardiography was then performed
and results were shown in Table S5. All animals were then sacrificed for
histological examinations. All animal experimental protocols con-
formed to the US National Institutes of Health Guide for the Care and
Use of Laboratory Animals and were approved by the review board of
the Animal Care and Use Committee of Dalian Medical University
(AEE1-2016-045).

2.2. Blood pressure measurement

The blood pressure of peripheral arteries in rats was detected at
2 months and every week at the tail arteries by the noninvasive tail-cuff
system (BP-2010A; Softron, Tokyo, Japan) using a preheated 37 °C plate
to dilate the tail artery, as described previously [14,15].

2.3. Echocardiographic assessment

Cardiac structure and function were evaluated by transthoracic

BBA - Molecular Basis of Disease 1865 (2019) 165551

echocardiography using a Vevo 2100 High-Resolution Imaging System
(Visual Sonics Inc., Toronto, Canada) by an experienced technician who
was blinded to the animal groups, as previous reported [13,16]. Rats
were weighed and anesthetized with 1.5% isoflurane. M-mode cardiac
images of the left ventricle from the short-axis view were used to
analyze chamber size, ventricular wall thickness, left ventricular pos-
terior wall end-diastolic and end-systolic thicknesses (LVPW;d and
LVPW;s), interventricular septal end-diastolic (IVS;d), heart rate (HR),
ejection fraction (EF), and fractional shortening (FS) [13,16]. Pulse-
wave Doppler images of mitral inflow from the apical 4-chamber view
was used to detect the transmitral E/A ratio, an index of LV diastolic
parameters [17].

2.4. Histological analyses

Rats hearts in each group were excised, and the heart weight (HW)
to the body weight (BW) ratios were obtained. Left ventricles from each
group were fixed in 10% formalin and embedded in liquid paraffin.
Other myocardial tissue samples were fixed in paraformaldehyde, em-
bedded in paraffin, and cut (5um), as described previously [13]. The
sections were stained with hematoxylin and eosin, Masson's trichrome,
and Rhodamine-labeled Wheat Germ Agglutinin (Vector Laboratories,
Burlingame, CA, USA). Immunohistochemical staining was performed
on the sections with alpha-Smooth Muscle Actin (a-SMA, Abcam,
Cambridge, MA, USA) and Mac-2-antibodies (Santa Cruz, Dallas, Texas,
USA). Immunofluorescence staining was performed on the sections with
CXCR2 (Abcam, Cambridge, MA, USA), CD68 (Abcam, Cambridge, MA,
USA), CD31(Santa Cruz, Dallas, Texas, USA), ZO-1 (Thermo, Carlsbad,
CA, USA) and DAPI (Thermo, Carlsbad, CA, USA). Additionally, frozen
sections of hearts (5pum thick) were stained with dihydroethidine
(Sigma-Aldrich, St. Louis., MO, USA) for 30 min at 37 °C [18]. The areas
of cardiac myocyte surface, fibrosis, and a-SMA™, CXCR2*, and Mac-
2% cells and ZO-1-postive areas were analyzed using a fluorescence
microscope (Nikon, Tokyo, Japan) and Image J, as described previously
[13].

2.5. Quantitative real-time PCR analysis

Total tissue RNA was purified from hearts using TRIzol (Invitrogen,
Carlsbad, CA, USA), and cDNA was synthesized using the GoScript TM
reverse transcription system (Promega, Southampton, UK).
Quantitative real-time PCR (qPCR) was performed using SYBR Green
Master Mix (Takara, Kusatsu, Japan) on the Applied Biosystems 7500
Fast System (ABI, Carlsbad, CA, USA) as described previously [13,19].
GAPDH was used as an internal control. The primers were obtained
from Sangon Biotech (Shanghai, China). Relative mRNA levels were
calculated using the 224" method as described previously [13,19]. The
primer sequences are shown in Supplemental Table 1.

2.6. Immunoblotting analysis

Total protein was extracted from heart tissues using lysis buffer
containing protease/phosphatase inhibitors (Thermo Fisher Scientific,
Carlsbad, CA, USA). Protein concentrations were then assessed using
the Abbkine Protein Quantification Kit (Thermo Fisher Scientific,
Carlsbad, CA, USA). Equal amounts of proteins (40-50 ug) were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred onto a polyvinylidene fluoride (PVDF)
membrane (Millipore, Billerica, MA, USA). Immunoblotting analysis
was performed as described previously [13,20]. All protein levels were
normalized to GAPDH. Images were captured and quantified by
FluorChem M (ProteinSimple, San Jose, CA, USA). The primary anti-
bodies were as follows: CXCR2 (ab14935), nicotinamide adenine di-
nucleotide phosphate oxidase (NOX)1 (ab131088), NOX2 (ab129068),
NOX4 (ab133303), and a-SMA (ab7817) from Abcam; Phospho-nuclear
factor kappa-B (NF-xB)-p65 (3033S), NF-kB-p65 (4764S), Phospho-AKT
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Fig. 1. Upregulation of CXCL1 and CXCR2 expression in the heart of SHRs. (a) qPCR analysis of CXCL1 and CXCL2 mRNA level in the hearts of Wistar-Kyoto (WKY)
rats and spontaneously hypertensive rats (SHRs) at 2 months of age (n = 6). (b) Immunoblotting analysis of CXCR2 protein level in the hearts of WKYs and SHRs (top)
and quantification of protein bands (bottom, n = 6). (c) gPCR analysis of CXCL1 and CXCL2 mRNA level in the hearts of Wistar-Kyoto (WKY) rats and spontaneously
hypertensive rats (SHRs) at 6 months of age (n = 6). (d) Immunoblotting analysis of CXCR2 protein level in the hearts of WKYs and SHRs at 6 months of age (top) and
quantification of protein bands (bottom, n = 6). Data are presented as means *+ SEM, and n represents number of animals, *P < 0.05 versus WKY; P > 0.05

versus SHR.

(9271S), AKT (9272S), Phospho-STAT3 (9131S), STAT3 (8768S),
Phospho-ERK1/2 (43708S), ERK1/2 (4695S), Pan-calcineurin A (2614S),
TGF-B1 (3711S), Phospho-Smad2/3 (8828S), Smad2/3 (8685S), and
GAPDH (21188S) from Cell Signaling Technology (Danvers, MA, USA).
Z0-1 (61-7300) was from Thermo Fisher Scientific (Carlsbad, CA,
USA).

2.7. Statistical analysis

Statistical calculations were performed using SPSS version 11.0. All
data are presented as means = SEM unless otherwise indicated in the
figure legends. Sample sizes and experimental repeats are shown in
figures and figure legends or in the Materials and methods section
above. When data satisfied the assumptions of normality and equal
variances, the student t-test was used to determine the significant dif-
ference between two groups. ANOVA was used for comparison between
more than two groups. Differences in means were considered statisti-
cally significant at P < 0.05.

3. Results
3.1. CXCL1 and CXCR2 expression is increased in the heart of SHRs

We evaluated CXCL1 and CXCR2 expression levels in the hearts of
SHRs by qPCR and immunoblotting at different time points (1, 2, and
6 months of age). Blood pressure increased as time progressed (up to
6 months) (Fig. 1a). Consistent with our previous results using Ang II-

infused mice [13], the mRNA expression levels of CXCL1 and CXCL2 as
well as the protein levels of CXCR2 were significantly higher in SHR
hearts in the WKY hearts at 2 and 6 months (Fig. 1a-d). To determine
whether blood pressure or the activation of angiotensin type 1 receptor
(AT1R) increased CXCR2 expression and macrophage accumulation in
the hearts, SHRs were treated with the AT1R antagonist candesartan for
6 months. We found that the blood pressure elevation, Mac-2* mac-
rophage counts, and mRNA levels of IL-1f, IL-6, and TNF-a in SHR
hearts were significantly higher than those in WKY controls, but these
increases were markedly reduced by candesartan (Supplemental
Fig. 1a-d). Moreover, the protein levels of CXCR2 were also reduced in
candesartan-treated SHR hearts (Supplemental Fig. 1e). However, the
treatment of SHRs with the CXCR2 inhibitor SB225002 did not affect
the AT1R protein level in the hearts (Supplemental Fig. 1f), suggesting
that CXCR2 is a downstream mediator of AT1R. These results indicate
that CXCR2-mediated macrophage infiltration is dependent on blood
pressure in SHRs.

3.2. Administration of CXCR2 inhibitor attenuates hypertension and
cardiac dysfunction in SHRs

Previous results have indicated that SHRs have a mild blood pres-
sure at 2 months of age and display a compensatory increase in con-
centric left ventricular hypertrophy [21]. To determine the effect of
CXCR2 inhibition in hypertensive hearts, we first examined the pa-
thological changes in SHRs at different time points (1, 2, and 6 months).
We detected a blood pressure elevation and increased infiltration of
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Fig. 2. Administration of CXCR2 inhibitor SB225002 improves hypertension and cardiac dysfunction in SHRs. (a) WKY rats and SHRs at age of 2 months were
injected intraperitoneally with CXCR2 inhibitor SB225002 (1 mg/kg/day) or vehicle (DMSO) for additional 4 months. (b) Systolic blood pressure (SBP) was measured
every month by tail-cuff method (n = 8). (c) M-mode echocardiography of left ventricular chamber (left), and measurement of ejection fraction (EF) and fractional
shortening (FS) (right, n = 8). (d) Pulse-wave Doppler images of mitral inflow from the apical 4-chamber(left), and measurement of E/A ratio (right, n = 8). (e)
Measurement of end-systolic and end-diastolic left ventricular anterior wall (LVAW), left ventricular posterior wall (LVPW) and end-diastolic interventricular septum

+

(IVS) (n = 8). Data are presented as means
SHR.

Mac-2* macrophages in the hearts of SHRs at 2 months of age, but we
did not detect significant cardiac dysfunction and pathological changes,
such as cardiac myocyte hypertrophy and fibrosis in SHR hearts com-
pared with WKYs (Fig. 2, Supplementary Fig. 2a—e and Supplementary
Table 3). However, SHRs showed significant hypertension, compensa-
tory cardiac hyperfunction, hypertrophy, fibrosis, and inflammation at
6 months of age (Figs. 2, 3 and 5). Therefore, we administered the
CXCR2 inhibitor SB225002 to SHRs and WKY rats at 2 months of age
and continued treatment for an additional 4 months. Consistent with
our previous findings using from Ang I or DOCA-salt-treated mice [14],
SB225002-treated SHRs showed a significant reduction of blood pres-
sure and improved cardiac systolic and diastolic function, reflected by a
decreased ejection fraction (EF) and fractional shortening (FS) and in-
creased transmitral E/A ratio compared with those of vehicle-treated
SHRs (Fig. 2a—d, Supplementary Tables 2 and 4). Furthermore, di-
mensions of the end-systolic and end-diastolic left ventricular anterior
wall (LVAW), left ventricular posterior wall (LVPW), and inter-
ventricular septum (IVS) in SHRs from the SB225002-treated group
were also lower than those of the vehicle-treated group (Fig. 2e and
Supplementary Table 4). These results suggest that SB225002 treatment

SEM, and n represents number of animals, *P < 0.05 versus WKY; #p < 0.05 versus SH; ™P > 0.05 versus WKY or

is able to attenuate hypertension and myocardial function in SHRs.

3.3. CXCR2 inhibition blunts hypertrophy and fibrosis

Since cardiac hypertrophy develops spontaneously in SHRs arising
from increased pressure overload induced by hypertension, we tested
whether a CXCR2 inhibitor attenuates cardiac hypertrophy and fibrosis.
After 4 months of SB225002 treatment, the increase in heart size and
weight indicated by heart weight (HW)/body weight (BW) or tibial
length (TL) ratio and myocyte hypertrophy in SHRs were significantly
inhibited by SB225002 (Fig. 3a—c). Moreover, severe perivascular and
interstitial fibrosis as well as a-SMA-positive myofibroblasts in SHR
hearts were substantially suppressed by SB225002 (Fig. 3d-e). The
mRNA expression levels of hypertrophic markers (ANF and BNP) and
collagen I/III were also reduced by SB225002 in SHRs (Fig. 3f-g).
SB225002 had no impact on WKY rats (Fig. 3a—g). There were no sig-
nificant differences in myocardial hypertrophy and fibrosis in WKY rats
between inhibitor- and vehicle-treated groups (Fig. 3c-g).



Y.-L. Zhang, et al.

BBA - Molecular Basis of Disease 1865 (2019) 165551

O

a WKYs (2 months) SHRs (2 months) . ==
_ - 59 —* #, 50, MESB22%0
4 months Vehicle SB225002 Vehicle SB225002 S NS €0l — ™
D4 N £401 e
e { s £301 g
( =2 /204
= E
=1 = 101
T T
mm 0 0
WKYs SHRs WKYs SHRs
C WKYs (2 months) SHRs (2 months) —JVehicle
4 months  Vehicle SB225002 Vehicle SB225002 ¢ ~ 80007 mm SB225002
¥ i
> S= 60007
c L@
= 35
N 8 @ 40001 NS
Y’ o= Ns
< € c
g S5 2000-
= o
50pm 50um 50um R 0-
S L. — — WKYs SHRs
d WKYs (2 months)
4 months Vehicle SB225002 [1Vehicle
70 7 g CATE AL\ Il SB225002
2.0 Interstitial 31 Perivascular
3 * *
> 1 i
T 15 2
SN o
o
e o 1.0
‘U‘?{,/' / | § lﬁ\ 11 nNs
(3P AL i
WKYs SHRs ~ WKYs SHRs
e WKYs (2 months) SHRs (2 months) PR 1 Vehicle
4 months Vehicle SB225002 Vehicle SB225002 S | 5523‘5002
et B4 3t
.g)" S i """.J ‘\\ ""-.. oy .'\. 4 'l G a 3
£ : Y / G . . . A 4 1 ¢ 1 e g
© ¥ AN ) \ Vs L » =
W |zt g 2 PR 4 B 2
< , 4 s B Vb3 e, 8 NS
= . o by sl L i M
ol ) : ! & g)’ o S é
e} e 1’ gspat N NEEST v ‘ » : 3
. g BN o0 L Aom 20T WKkYs  SHRs
f @ 8- [JWKYs+Vehicle g @ G- 4 [CIWKYs+Vehicle
© x # B \WKYs+SB225002 T S BlWKYs+SB225002
P —r Bl SHRs+Vehicle [0 Il SHRs+Vehicle
= 61 - 7
< A SHRs+SB225002 < 41 A SHRs+SB225002
g
% 4 x # €
o) o
> =
52 &
& o- :

ANF

Collagen |

Collagen Il

Fig. 3. Inhibition of CXCR2 alleviates cardiac hypertrophy and fibrosis in SHRs. (a) Representative images of heart size. Scale bar: 5mm. (b) The ratios of heart
weight to body weight (HW/BW) and heart weight to tibia length (HW/TL) in each group (right, n = 8). (c) TRITC-labeled WGA staining of heart sections (left), and
quantification of cross-sectional area of myocytes (200 cells counted per heart, right, n = 8). (d) Masson's trichrome staining of heart sections (left), and quanti-
fication of myocardial interstitial and perivascular collagen deposition (right, n = 6). (¢) Immunohistochemical staining of cardiac myofibroblasts with anti-a-SMA
antibody (left), and quantification of a-SMA-positive cells (right, n = 6). Scale bar: 50 um. (f) gPCR analysis of the mRNA levels of ANF and BNP in the heart (n = 6).
(g) qPCR analysis of the mRNA levels of collagen I and collagen III in the heart (n = 6). Data are presented as means = SEM, and n represents number of animals,
**P < 0.05 versus WKY; P < 0.05 versus SH; ™P > 0.05 versus WKY or SHR.

3.4. Inhibition of CXCR2 inhibits the progression of established cardiac
contractile dysfunction, hypertrophy, and fibrosis

To further test whether the inhibition of CXCR2 can attenuate

already existing cardiac remodeling, SHRs at the age of 6 months,
which had significantly cardiac hypertrophy and fibrosis (Fig. 3), were
randomly divided into two groups: one group received SB225002
(1 mg/kg/day) for an additional 5 months and another group received
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Fig. 4. Chronic inhibition of CXCR2 reverses pre-established cardiac dysfunction, hypertrophy and fibrosis. (a) WKYs and SHRs at age of 6 months were administered
with SB225002 (1 mg-kg’1 day’l) or vehicle control for additional 5 months. The following experiments were performed the end of 11 months of age. (b) Systolic
blood pressure was measured every month by tail-cuff method (n = 8). (c) Representative M-mode echocardiography of left ventricular chamber (left), and as-
sessment of left ventricular EF and FS (right, n = 8). (d) Pulse-wave Doppler images of mitral inflow from the apical 4-chamber(left), and measurement of E/A ratio
(right, n = 8). (e) Representative gross images of whole hearts (left). Scale bar: 5 mm. The ratios of heart weight to body weight (HW/BW) and heart weight tibial
length (HW/TL) (right, n = 8). (f) Representative images of TRITC-labeled wheat germ agglutinin (WGA) staining to detect cardiac hypertrophy (left). Quantification
of the relative myocyte cross-sectional area (n = 6, 200 cells counted per heart; right). (g) gPCR analyses of ANF and BNP mRNA levels (n = 6). (h) Masson's
trichrome staining of heart tissues (left), and quantification of myocardial interstitial and perivascular fibrotic area (right, n = 6). Scale bar: 50 um. (i) qPCR analysis
of collagen I and collagen III gene expression levels (n = 6). Data are presented as means = SEM, and n represents number of animals, *P < 0.05 versus WKY;
#P < 0.05 versus SH; ™P > 0.05 versus WKY or SHR.
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Fig. 7. Administration of SB225002 blunts activation of multiple signaling pathways. (a) Representative immunoblots of p-AKT, AKT, p-mTOR, mTOR, p-ERK, ERK,
p-STAT3, STAT3 and calcineurin A (CaNA) in heart tissues from each group (left). Quantification of the relative protein levels by densitometry (right, n = 6). (b)
Representative immunoblots of TGF-$1, p-Smad2/3, Smad2/3 and a-SMA (left), and quantification of the relative protein level by densitometry (right, n = 6). (c)
Representative immunoblotting analyses of p-P65 and P65 (left), and quantification of the relative protein levels by densitometry (right, n = 6). (d) Representative
immunoblots of NOX1, NOX2 and NOX4 (left) and quantification of the relative protein levels by densitometry (right, n = 6). Data are presented as means + SEM,
and n represents number of animals, *P < 0.05 versus WKY; #p < 0.05 versus SH; ™P > 0.05 versus WKY or SHR.

vehicle only (Fig. 4a). We found that the elevation in blood pressure
decreased progressively in SB225002-treated SHRs compared with the
vehicle controls (Fig. 4b and Supplementary Table 2). Moreover, the
treatment of SHRs with SB225002 significantly reversed cardiac sys-
tolic and diastolic dysfunction (decreased EF, FS, and E/A ratio), car-
diac hypertrophy (increase of heart size, HW/BW, and HW/TL ratios),
cross-sectional area of myocytes, mRNA expression of ANF, BNP, and
collagen (I/11I) and myocardial fibrosis compared with those in vehicle-
treated SHRs within 5 months of treatment (Fig. 4c—i and Supplemen-
tary Table 5). There were no significant differences in these parameters
in WKY rats between inhibitor- and vehicle-treated groups (Fig. 4b—i
and Supplementary Table 5). These results indicate that the blockade of

CXCR2 ameliorates established hypertension, cardiac remodeling and
dysfunction.

3.5. Blockage of CXCR2 attenuates myocardial CXCR2" cell infiltration,
inflammatory responses and oxidative stress

To determine whether CXCR2 inhibition the affects inflammatory
response and oxidative stress, we examined the infiltration of CXCR2*
proinflammatory cells in the heart. Consistent with the results obtained
for CXCR2™/~ or inhibitor-treated mice [13], the administration of
SB225002 to SHRs significantly attenuated the number of
CD68*CXCR2* macrophages in the hearts compared with vehicle-
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Fig. 8. SB225002 treatment reverses the activation of multiple signaling pathways in SHRs. (a) WKYs and SHRs at age of 6 months were administered with SB225002
(1 mg/kg/day) or vehicle control for additional 5 months. Representative immunoblots of p-AKT, AKT, p-mTOR, mTOR, p-ERK, ERK, p-STAT3, STAT3 and calci-
neurin A (CaNA) in heart tissues from each group (left). Quantification of the relative protein levels by densitometry (right, n = 6). (b) Representative immunoblots
of TGF-B1, p-Smad2/3, Smad2/3 and a-SMA (left), and quantification of the relative protein levels (right, n = 6). (c) Representative immunoblots of p-P65 and P65
(left), and quantification of the relative protein levels (right, n = 6). (d) Representative immunoblots of NOX1, NOX2 and NOX4 (left), and quantification of the
relative protein levels (right, n = 6). Data are presented as means + SEM, and n represents number of animals, *P < 0.05 versus WKY; P < 0.05 versus SH;

"Sp > 0.05 versus WKY or SHR.

treated controls (Fig. 5a). Myocardial recruitment of pro-inflammatory
cells, including Mac-2* macrophages, and the expression of IL-1f, IL-6,
TNF-a and monocyte chemoattractant protein-1(MCP-1) compared
with were markedly lower for SHRs treated with SB225002 than with
vehicle (Fig. 5b, d). Increased vascular permeability leads to macro-
phage infiltration in the heart [22]. We tested the effect of SB225002 on
zona occludens-1 (ZO-1) expression, an endothelial tight junction pro-
tein required for vascular permeability [23]. Immunostaining showed
that ZO-1 fluorescence intensity in the heart vessels was significantly
decreased in vehicle-treated SHRs, and this effect was reversed in
SB225002-treated mice (Supplemental Fig. 3a). Immunoblotting con-
firmed that the reduction of ZO-1 protein levels in vehicle-treated SHRs
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was also attenuated in SB225002-treated mice (Supplemental Fig. 3b),
suggesting that SB225002 treatment also improves vascular perme-
ability in SHR hearts. In addition, the level of myocardial superoxide
production, as indicated by DHE staining, was lower in SB225002-
treated SHRs than in vehicle-treated controls (Fig. 5¢).

We next evaluated whether CXCR2 inhibition attenuates pre-
established inflammation and oxidative stress. The increased accumu-
lation of CD68*CXCR2™ cells, Mac-2-positive macrophages, and su-
peroxide production were markedly reversed in SB225002-treated
SHRs compared with vehicle-treated SHRs (Fig. 6a—d). Taken together,
these results demonstrate that blocking CXCR2 can prevent and reverse
CXCR2-mediated inflammation and oxidative stress.
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3.6. Administration of SB225002 blunts activation of multiple signaling
pathways

To elucidate the molecular mechanism by which CXCR2 inhibition
improves cardiac remodeling and dysfunction, we examined multiple
signaling pathways with known roles in cardiac remodeling, in-
flammation, and oxidative stress [13]. Treatment of SHRs with
SB225002 significantly reduced the protein levels of hypertrophic sig-
naling molecules (p-AKT, p-mTOR, p-ERK1/2, p-STAT3, and calci-
neurin A), fibrotic signaling molecules (TGF-f3 and p-Smad2/3), a key
regulator of cytokine expression (NF-kB-p-p65), and nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase isoforms (NOX1,
NOX2, and NOX4) in hearts compared with the vehicle treatment
(Fig. 7a—d). Similarly, the activation of these signaling pathways was
reversed by SB225002 treatment in SHRs (Fig. 8a—d). Together, these
results indicate that CXCR2 inhibition attenuates hypertensive cardiac
remodeling-related signaling pathways.

3.7. Discussion and conclusions

We provide novel evidence demonstrating that the inhibition of
CXCR2 attenuates progression of cardiac hypertrophic remodeling
cardiac remodeling and dysfunction in SHRs. These results verify our
previous findings from CXCR2 knockout mice and wild-type mice
treated with the CXCR2 specific inhibitor SB265610 [13]. The present
data confirm that blocking CXCR2 reduces the myocardial recruitment
of monocytes/macrophages and the production of proinflammatory
cytokines and ROS, which suppresses the activation of multiple sig-
naling pathways, leading to the inhibition of cardiac remodeling and
dysfunction. These findings are summarized in Fig. 9. Overall, these
data provide new insights into the potential clinical application of
CXCR2 inhibitors for the treatment of hypertensive heart diseases.

The recruitment of monocytes/macrophages is a key event in the
development of different immune diseases [24,25]. Various adhesion
molecules and chemokines are involved in the mobilization and re-
cruitment of proinflammatory cells [26]. CXCR2, the chemokine
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receptor for CXCL1, CXCL2, CXCL3, CXCL5, CXCL7, and CXCL8 in mice,
is critically involved in this process and the regulation of immune-
mediated inflammatory diseases in different models [27-30]. In-
creasing evidence suggests that CXCR2 and its ligands are responsible
for recruiting monocytes/macrophages and neutrophils into injured
tissues; they have also been implicated in various cardiovascular dis-
eases, including myocardial infarction, atherosclerosis, and acute aortic
dissection [9,12,31]. CXCR2 is important in inflammatory responses
and oxidative stress, by stimulating a variety of cell signaling pathways,
including NF-kB, AKT/mTOR, ERK1/2, STAT3, calcineurin A, and TGF-
B/Smad2/3, leading to cardiac remodeling and dysfunction. The ge-
netic ablation of CXCR2 significantly blocks the recruitment of mono-
cytes/macrophages into vascular and heart tissues and improves these
effects in Ang II-induced mouse models [13,14]. Consistent with these
findings, the present study further confirmed that the chronic inhibition
of CXCR2 activity by SB225002 had similar effects in SHRs (Figs. 2-8).
Thus, selectively interfering with CXCR2 represents a novel therapeutic
approach to prevent and treat hypertension and cardiac remodeling.
Several CXCR2-specific inhibitors such as reparixin (also known as
Repertaxin), CX797, and SB265610, have attracted increased attention
owing to their anticancer, anti-inflammatory, and antioxidative ac-
tivity. Accumulating data suggest that CXCR2 inhibitors exert beneficial
effects by different mechanisms. Reparixin protects against ischemia-
reperfusion lung injury via the reduction of intracellular free calcium
and reactive oxygen species [32]. CX797 inhibits IL-8-mediated cell
migration, cyclic adenosine monophosphate (cAMP) signaling and re-
ceptor degradation by the upregulation of f-arrestin-2 recruitment
[33]. SB265610, an allosteric inverse agonist blocks CXCR2 activation
by interfering with G protein coupling [34]. Indeed, these inhibitors
have been examined in various animal disease models and play pro-
tective roles in autoimmune diseases, ischemia-reperfusion injury,
diabetes, lung injury, and vascular injury [30,31,35-37]. Our recent
results also demonstrate that the administration of CXCR2 inhibitor
SB265610 markedly reduces Ang II-induced hypertension and vascular
dysfunction, and suppresses Ang II-induced cardiac inflammation and
remodeling in mice through blood-dependent and independent



Y.-L. Zhang, et al.

manners [13,14]. Consistent with these observations [14], SB225002
treatment attenuated hypertension development and prevented cardiac
inflammation and remodeling accompanied by the inhibition of NF-kB,
AKT, ERK1/2, calcineurin and TGF-B/Smad2/3 signaling pathways in
SHRs (Figs. 7-8). Although no CXCR2 inhibitors are clinically ap-
proved, a pilot study further demonstrates that the administration of
reparixin significantly reduces the number of neutrophil granulocytes
in the blood in patients undergoing on-pump coronary artery bypass
grafting (CABG) and appears to be feasible and safe [35]. Thus, our
results for SHRs suggest the potential clinical use of CXCR2 inhibitors
for the treatment of hypertension and cardiac remodeling.

In conclusion, our observations demonstrate for the first time that
the chronic blockage of CXCR2 with SB225002 significantly attenuates
and reverses monocyte infiltration into injured hearts, resulting in
marked reductions of proinflammatory cytokines and oxidative stress
and an improvement in cardiac remodeling in SHRs, supporting their
use as a chronic therapy. Moreover, our data demonstrate the central
role of CXCR2 in mediating monocyte recruitment and their sequelae
during hypertension in SHRs. Thus, our findings have clinical im-
plications given the high prevalence of hypertension and HF and should
facilitate future studies of the effects of CXCR2 inhibition on hy-
pertensive heart disease in humans.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbadis.2019.165551.
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