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ABSTRACT

Background. Emerging research has identified the endothelin
(ET)-1 pathway as a potential target for novel renoprotective
therapies. We recently showed that selective ET-A receptor an-
tagonism in chronic renovascular disease (RVD) improves
renal function and reduces renal injury. Although ET-A and
-B have opposing roles, in some clinical situations they may
induce similar effects. Thus, we hypothesized that simultan-
eous blockade of the ET-A and -B receptors would protect the
kidney during RVD.
Methods. Unilateral RVD was induced in pigs. After 6 weeks,
single-kidney function was quantified in vivo using multi-de-
tector computer tomography. Pigs were subsequently divided
into untreated (RVD, n = 7) or daily-treated with the dual ET-
A/B receptor antagonist macitentan (RVD +macitentan,
n = 6) for 4 weeks. At 10 weeks, in vivo studies were repeated,
then pigs were euthanized and ex vivo studies performed in
the stenotic kidney to quantify inflammation, fibrosis, micro-
vascular density and remodeling.
Results. Four weeks of macitentan therapy modestly improved
renal blood flow (29%, P = 0.06 versus pre-treatment) and
showed protective effects on the renal parenchyma by attenu-
ating inflammation and glomerulosclerosis, reducing apop-
tosis and tubular casts and improving albuminuria and
cortical microvessel density. No overt adverse effects were
observed.
Conclusion. Possibly by inducing a pro-survival renal micro-
environment, macitentan increased renal microvascular
density, promoted cell survival and decreased injury, which in
turn improved stenotic kidney hemodynamics in our model.

Our results further support the safety of using macitentan in
patients with concomitant chronic renal disease and sup-
ported the feasibility of a new strategy that may preserve the
stenotic kidney in RVD.

Keywords: endothelin, imaging microcirculation, inflamma-
tion, renal hemodynamics, renovascular disease

INTRODUCTION

Chronic renovascular disease (RVD) is a major illness with a
distinctly higher incidence in patients over 65 years old [1–3].
Renal artery stenosis (RAS) is the main cause of RVD. The
role of RAS in RVD, hypertension and renal injury has been
extensively studied following the foundational work per-
formed by Goldblatt et al. [4], placing major efforts on under-
standing the mechanisms of progressive renal injury and
development of treatments to recover the kidney.

Using a large clinically relevant swine model of chronic
RVD that closely mimics the human condition, we showed
that loss of function in the stenotic kidney, disclosed by signifi-
cant reductions in renal blood flow (RBF), glomerular filtra-
tion rate (GFR) and later renal perfusion [5, 6], is progressive
but partly reversible. Such progressive deterioration associates
with a progressive decrease in cortical and medullary micro-
vascular (MV) density and function and significant MV re-
modeling, accompanied by marked inflammation and fibrosis
[7–10]. Ample experimental [11–15] and clinical evidence
[16–18] showed that renal MV damage is a common feature in
renal disease, supporting a role in the progressive nature of
renal damage in RVD. Thus, part of our previous studies has
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focused on determining the feasibility of targeting the renal
microcirculation as a therapeutic attempt to recover renal
function [5, 6, 10].

Endothelin (ET)-1 is a potent vasoconstrictor and mitogen-
ic peptide, which operates via two receptors, ET-A and ET-B,
through a system of autocrine and paracrine signaling cascades
[19, 20]. ET receptors are abundant in the kidney and widely
distributed throughout the vascular, tubular and glomerular
compartments, playing important roles in controlling blood
pressure and renal function. Activation of the ET-A receptor
promotes vasoconstriction and cell proliferation whereas activa-
tion of the ET-B receptor stimulates the generation and release
of nitric oxide (NO), vasodilatation and clearance of circulating
ET-1. Both receptors work in a tight balance and their deregula-
tion may contribute to the development of pathological states.
We have shown that the ET-1/ET-A pathway is up-regulated
and contributes to renal pathophysiology in early atherosclerosis
and chronic RVD [21–24], but such pathological changes in
kidney function and damage can be largely prevented or re-
versed by selective ET-A receptor blockade, with distinct pro-
tective effects on the renal microvasculature [23–25].

While we [21–24] and others [26–28] have demonstrated
the beneficial effects of ET-A blockade, we have also recently
showed that single ET-B receptor antagonism did not confer
renal protection in RVD [23]. This is of clinical interest since
two (bosentan and macitentan) of the three (ambrisentan)
ET receptor antagonists currently approved by the Food and
Drug Administration (FDA) inhibit both ET-A and -B recep-
tors. Macitentan is a novel dual ET-A and -B receptor antag-
onist that was shown to reduce morbidity and mortality in
patients with pulmonary arterial hypertension [29]. Notably,
although ET-A and -B receptors seem to have specific and
likely opposing roles, in some pathological situations they may
put forth similar detrimental effects [30] as some unforeseen
synergistic effects may occur in the kidney by silencing both re-
ceptors at the same time [31]. Whether this is the case during
the progression of RVD has not been investigated. Thus, this
study aims to extend our previous studies [21, 23, 24] to
unravel a potential therapeutic strategy for RVD. We tested the
hypothesis that dual blockade of the ET-A and -B receptors
using macitentan may protect the kidney in chronic RVD.

MATERIALS AND METHODS

The procedures and protocols of this study were approved by
the Institutional Animal Care and Use Committee of the
University of Mississippi Medical Center. Twenty female pre-
juvenile (6 months old) domestic pigs (sus scrofa domestica)
were used in this study. In 13 of them, unilateral RAS was
induced by the implantation of a copper coil inside the main
renal artery. We have shown that this intervention induces a
gradual significant vascular stenosis within 4–6 weeks that
leads to a progressive deterioration of renal function, renal
damage and hypertension [7, 10]. Blood pressure was
continuously measured in free moving animals over the 10
weeks of the study using telemetry (PhysioTel, Data Sciences

International), every 5 min and averaged for each 24-hour
period, as described [7, 10, 32].

Six weeks following the placement of the coil, all pigs were
anesthetized with an intra-muscular injection of telazol (5 mg/
kg) and xylazine (2 mg/kg), intubated and mechanically venti-
lated on room air. A mixture of ketamine (0.2 mg/kg/min)
and xylazine (0.3 /mg/kg/min) was continuously administered
IV to maintain anesthesia. The degree of stenosis was quanti-
fied via renal angiography as previously described [33]. A cath-
eter was then placed in the superior vena cava and in vivo
helical multi-detector computer tomography (MDCT) flow
studies were performed to quantify single-kidney RBF, GFR
and regional perfusion of the stenotic kidney, as previously
described and validated [7, 9, 34].

Following the 6-week MDCT studies, the RVD pigs were
divided into two groups: placebo (RVD, n = 7) and those
treated daily with the specific dual ET-A and ET-B receptor
antagonist macitentan (7.5 mg/day, RVD +macitentan, n = 6)
for 4 weeks. Macitentan has been shown to be effective in a
daily dose range of 1–30 mg [35]. The dose was selected after
completing a pilot study in the swine model that shows renal
effects without decreasing blood pressure, with the ultimate
goal of avoiding confounding effects on renoprotection. The
primary circulating metabolites are the active ACT-132577
and the inactive ACT-373898 [35]. The half-life of the circulat-
ing active ACT-132557 metabolite has been shown to be
between 40 and 66 h following a single dose [36]. Few studies
have examined the pharmacokinetics of macitentan in patients
with renal disease, but Sidharta et al. demonstrated that severe
renal impairment did not significantly affect exposure to circu-
lating macitentan or its active metabolites [35]. Additional
animals were used as normal controls (n = 7).

At 10 weeks, the MDCT in vivo studies were repeated and
compared with the pre-treatment measurements obtained at
6 weeks. Renal vascular resistance was calculated at the 6- and
10-week time-point as previously described [5]. Plasma renin
activity (PRA), serum creatinine (SCr) and plasma ET-1 were
measured via enzyme-linked immunosorbent assay (ELISA,
R&D Systems, Minneapolis, MN) in blood samples collected
from the inferior vena cava and stenotic renal vein at 6 and 10
weeks. Urine samples were also collected during the 6- and
10-week in vivo studies for quantification of albuminuria
using ELISA (Alpha Diagnostic, San Antonio, TX) according
to manufacturer’s instructions.

After completion of in vivo studies, pigs were allowed to
recover for 48–72 h and then euthanized by an intravenous in-
jection of sodium pentobarbital (100 mg/kg). The kidneys
were harvested and immersed in heparinized saline (10 units/
mL). One portion of the harvested kidneys was snap frozen in
liquid nitrogen and stored at −80°C for protein expression and
concentration analysis. One portion was fixed in 10% formalin
for histological analysis of renal morphology and fibrosis using
Masson’s trichrome and hematoxylin and eosin (H&E) stain-
ing protocols. The remaining portion was perfused (Syringe
Infusion Pump 22; Harvard Apparatus, Holliston, MA) with a
contrast agent (Microfil MV122; Flow Tech, Inc., Carver, MA)
for Micro-CT analysis, as described [10].
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CT analysis
In vivo MDCT. Regions of interest (aorta, renal cortex,
medulla and papilla) in the MDCT images were manually
traced and time-density curves were generated. The area under
each curve segment as well as the first moment of the curve
was calculated using curve-fitting parameters. These values
were used to calculate in vivo single-kidney RBF (mL/min),
GFR (mL/min) and renal perfusion (mL/min/cc tissue), as
extensively described and validated [7, 9, 34].

Ex vivo micro-CT. Microfil-perfused lobes of the stenotic
kidney were scanned at 0.3° increments using a micro-CT
scanner and reconstructed with a resolution of 9 µm for analysis
as previously described [10]. Micro-CT images were analyzed
using the Analyze Software (Biomedical Imaging Resource,
Mayo Clinic, Rochester, MN). Briefly, the cortex and medulla of
the images were tomographically divided and the spatial density
and distribution of the microvessels (diameter <200 µm) were
calculated as previously described [8, 10].

Protein expression analysis

Western blot on renal tissue homogenates were performed
following standard procedures, as previously described [33],
using specific polyclonal antibodies against pro-angiogenic vas-
cular endothelial growth factor (VEGF), phosphorylated (p)-Akt
and angiopoietin (Ang)-1; anti-angiogenic endostatin and an-
giostatin; markers of MV permeability and remodeling such as
plasminogen (Plg) and tissue transglutaminase (tTg); pro-in-
flammatory nuclear factor kappa (NFκ)B, tumor necrosis factor
(TNF)-α, monocyte chemoattractant protein 1 (MCP-1) and in-
terleukins 6 (IL-6), 10 (IL-10) and 12 (IL-12); pro-fibrotic trans-
forming growth factor (TGF)-β, its specific mediator smad-4;

matrix metalloproteinase 2 (MMP-2) and its inhibitor, tissue
inhibitor of metalloproteinases 1 (TIMP-1); and cell survival
factors such as proliferating cell nuclear antigen (p-PCNA),
Caspase 3 and Caspase 8. β-actin was used as the loading control
(Sigma, St Louis, MO, 1:500). Protein expression was calculated
using densitometry and the average expression was determined
for each group and expressed as a ratio relative to the renal
expression of β-actin, as previously described [33].

Histological analysis

Mid-hilar, 5 µm kidney cross sections (1 per animal) were
prepared and examined. Renal inflammation was quantified
by counts of F4/80+ cells performed in selected fields following
previously published protocols as a guide [37]. Briefly, 12
fields (6 random fields and 6 fields with at least one positive
cell per slide, one slide per animal) were selected, cells counted
and results were represented as the average count of positive
cells found in all the fields. Masson’s trichrome staining was
quantified using a semi-automatically quantified method in
15–20 fields using a computer-aided image analysis system
(NIS Element 3.0; Nikon Instruments, Melville, NY) and was
reported as a mean percentage of total staining surface area over
all fields per slide. In addition, renal immunoreactivity against
IL-6, IL-10 and IL-12 (Abcam, Cambridge, MA, 1–50 for all)
was also investigated in renal cross sections following standard
procedures for immunohistochemistry. Glomerular scores were
determined as previously described [10, 33] and expressed as
the number of sclerotic glomeruli out of 100 counted glomeruli.

Table 1. Body weight, mean arterial pressure, degree of stenosis, SCr and
basal parameters of single-kidney hemodynamics and function (mean ±
SEM), after 6 weeks of RVD but before treatment with macitentan in
normal, RVD and RVD pigs before macitentan treatment (RVD+
macitentan)

Parameter Normal,
n = 7

RVD, n = 7 RVD before
macitentan, n = 6

Body weight (kg) 53.3 ± 1.7 45.7 ± 1.5* 45 ± 4.2
Mean arterial
pressure (mmHg)

100.8 ± 7.2 151.2 ± 10.7* 147.4 ± 10.9*

Degree of stenosis
(%)

0.00 72.7 ± 6.8 71.2 ± 8.3

SCr (μmol/L) 74.7 ± 4.8 94.1 ± 7.78* 95 ± 8.3*
Albuminuria
(μg/mL)

2.50 ± 1.21 134.68 ± 46.4* 104.81 ± 60.5*

Renal vascular
resistance
(mmHg/mL/min)

0.17 ± 0.02 0.58 ± 0.17* 0.61 ± 0.2*

Renal volume (cc)
Cortex 123.3 ± 7.1 62.6 ± 6.2* 67.4 ± 3.9*
Medulla 35.1 ± 2.5 18.4 ± 2.8* 17.9 ± 2.9*

RBF (mL/min) 589.9 ± 32.5 260.8 ± 59.9* 242.9 ± 41.8*
Perfusion (mL/min/cc)
Cortex 4.5 ± 0.7 3.2 ± 0.6 3.1 ± 0.5
Medulla 2.3 ± 0.4 2.4 ± 0.6 1.7 ± 0.4

GFR (mL/min) 65.9 ± 9.0 34.8 ± 8.1* 42.3 ± 4.4*

*P≤ 0.05 versus normal.

Table 2. Body weight, mean arterial pressure, degree of stenosis, plasmin
rennin activity, circulating endothelin-1, serum creatinine and basal
parameters of single-kidney hemodynamics and functions (mean ± SEM)
after 10 weeks of RVD, for normal, RVD and RVD pigs after 4 weeks of
macitentan treatment (RVD +macitentan)

Parameter Normal,
n = 7

RVD, n = 7 RVD +macitentan,
n = 6

Body weight (kg) 52.6 ± 2.5 54.6 ± 3.5 52.8 ± 3.8
Mean arterial
pressure (mmHg)

101.4 ± 5.5 145.1 ± 10.4 147.2 ± 13.6

Degree of stenosis
(%)

0.00 72.5 ± 8.1 77.9 ± 6.3

PRA (ng/mL/h) 0.19 ± 0.01 0.22 ± 0.04 0.21 ± 0.03
ET-1 (pg/mL) 0.64 ± 0.01 0.83 ± 0.08* 1.1 ± 0.03*,†

SCr (μmol/L) 88.5 ± 14.8 125.2 ± 4.2* 121.0 ± 22.3*
Albuminuria
(μg/mL)

2.98 ± 1.12 130.2 ± 48.6 4.46 ± 4.24†,‡

Renal vascular
resistance
(mmHg/mL/min)

0.19 ± 0.02 0.49 ± 0.1* 0.46 ± 0.2*

Renal volume (cc)
Cortex 110.9 ± 4.78 64.7 ± 9.9* 84.7 ± 4.3*,†

Medulla 33.7 ± 0.8 19.2 ± 4.5* 26.3 ± 3.7*
RBF (mL/min) 530.5 ± 26.6 291.7 ± 74.7* 313.8 ± 36.4*,^

Perfusion (mL/min/cc)
Cortex 4.3 ± 0.3 3.6 ± 0.7 3.3 ± 0.4
Medulla 1.7 ± 0.3 1.8 ± 0.6 1.6 ± 0.2

GFR (mL/min) 73.8 ± 6.4 44.3 ± 6.8* 40.0 ± 6.4*

*P < 0.05 versus normal.
†P < 0.05 versus RVD.
‡P < 0.05 versus 6 weeks.
^P = 0.06 versus 6 weeks.
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Apoptosis scores were quantified as the fraction of apoptotic
cells in 10 randomly selected fields per slide, per animal, as
described [37].

Statistical analysis

Statistical analysis was performed using a paired Student’s
t-test for intragroup comparisons, while one-way ANOVA
with Bonferroni correction for multiple comparisons was em-
ployed for intergroup evaluations. P values ≤0.05 are reported
as significant. Results were displayed as the mean ± SEM.

RESULTS

General characteristics

The body weights were slightly lower in RVD pigs at
6 weeks (Table 1), but similar in all pigs at 10 weeks (Table 2).
The degree of stenosis, hypertension and renal vascular resist-
ance were similar in untreated RVD and RVD +macitentan
groups at both time points (Tables 1 and 2). PRA was similar
among the groups, whereas SCr was similarly elevated in RVD
and RVD +macitentan (Tables 1 and 2). On the other hand,

circulating ET-1 was higher in RVD +macitentan compared
with the rest of the groups (Table 2), suggesting effective ET-B
blockade [38]. Albuminuria was similarly elevated in all RVD
animals at 6 weeks, remained elevated after 10 weeks in un-
treated RVD, but decreased to normal levels after macitentan
(Tables 1 and 2).

Single-kidney hemodynamics and function

Following 6 weeks of RVD, pigs showed a significant reduc-
tion in MDCT-derived stenotic kidney RBF and GFR com-
pared with normal animals (P < 0.05) at 6 and 10 weeks
(Tables 1 and 2). Macitentan treatment showed a trend toward
an increase in RBF compared with 6 weeks pre-treatment
values (29% increase, P = 0.06; Tables 1 and 2), although GFR
remained unchanged (Table 2).

Renal MV density and proliferation

RVD induced a significant decrease in MV density of the
stenotic kidney (microvessels <200 µm in diameter) compared
with normal controls, accompanied by an increased media-to-
lumen ratio (Figure 1). Treatment with macitentan significantly

F IGURE 1 : Representative 3D micro-CT reconstruction (top) and quantification (bottom-left) of the cortical microvascular (MV) density
(<200 µm in diameter), renal MV media-to-lumen ratio (bottom-middle) and renal expression of plasminogen (Plg) and tissue-transglutami-
nase (tTg) by western blot (bottom-right) from stenotic kidneys of normal, RVD and RVD +macitentan-treated animals at 10 weeks. Maciten-
tan improved cortical MV density but not MV media-to-lumen ratio or the renal expression of Plg and tTg, indicating persistence of some MV
damage in the stenotic kidney (*P < 0.05 versus normal, †P < 0.05 versus RVD).
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improved (albeit did not normalize) cortical MV density RVD
(Figure 1), whereas medullary MV density remained attenuated
(P =NS versus RVD, data not shown). However, media-to-
lumen ratio, and renal expression of Plg and tTg remained un-
changed after macitentan therapy, suggesting persistence of
some MV damage in the stenotic kidney (Figure 1).

Angiogenic factors. The stenotic kidney exhibited a de-
creased expression in VEGF and p-Akt, an increased expres-
sion angiostatin compared with normal kidneys (Figure 2).
Four weeks of macitentan significantly improved the expres-
sion of VEGF in the stenotic kidney. However, renal expres-
sion of downstream mediators of VEGF such as p-Akt and
Ang-1, or anti-angiogenic angiostatin and endostatin were not
significantly modified after macitentan therapy (Figure 2).

Renal inflammation
Inflammatory factors. The stenotic kidney exhibited signifi-
cant increases in the expression of TNF-α, and NFκ-β indicat-
ing an augmented inflammatory response (Figure 3A).
However, macitentan reduced renal expression of TNF-α but
not NFκ-β. While a significant increase in the renal expression
(mainly tubular) of IL-6 was observed, IL-10 and -12 were not
elevated in the stenotic kidney (Figure 3A and B). Macitentan
treatment did not decrease IL-6 but reduced the protein ex-
pression of IL-10 and IL-12 compared with RVD, suggesting a
potential reduction in renal inflammatory activity.

Macrophage infiltration. The expression of MCP-1 was
slightly but not significantly elevated only in RVD animals
(P = 0.07 versus normal, Figure 3A), accompanied by inflam-
matory infiltration of macrophages (F4/80+ cells), mainly
evident at the tubule-interstitial compartments (Figure 3B). In
line with the IL-10 and IL-12 expression data, treatment with
macitentan led to a slight (albeit not significant) reduction of
macrophage infiltration.

Renal morphology
Fibrosis and cell survival. The stenotic kidney exhibited a
significant increased renal expression of TGF-β (Figure 4).
Macitentan treatment did not decrease TGF-β but decreased
Smad-4 (Figure 4), accompanied by a greater increase in
MMP-2 in the absence of a decrease in TIMP-1 (similarly in-
creased in RVD and RVD +macitentan, Figure 4). These were
accompanied by a significantly reduced expression of Caspase
3, Caspase 8 and p-PCNA, overall suggesting improved extra-
cellular matrix turnover and attenuated injury in the stenotic
kidney. Accordingly, glomerulosclerosis was attenuated by
macitentan therapy (Figure 5) suggesting protection of the
glomerular structure (Figure 5) that correlates with the reduc-
tion in albuminuria. Macitentan also reduced tubular casts
(Figure 5) and apoptotic activity (Figures 4 and 5), further
supporting the notion of protective effects on the stenotic
renal parenchyma.

F IGURE 2 : Renal protein expression (top, n = 4–5 per group, two representative bands per animal shown) and average quantification per
group (bottom) of VEGF, p-Akt, Ang-1, angiostatin and endostatin in normal, RVD and RVD +macitentan pigs. Macitentan partly improved
the angiogenic cascade in the stenotic kidney after 4 weeks of treatment (*P < 0.05 versus normal, †P < 0.05 versus RVD).
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F IGURE 3 : (A) Renal protein expression (n = 4–5 per group, two representative bands per animal shown) and average quantification per
group (bar graphs) for tumor necrosis factor alpha (TNF-α), nuclear factor kappa (NFκ)-B, monocyte-chemoattractant protein (MCP)-1, inter-
leukin 6 (IL-6), IL-10, and IL-12 in normal, RVD and RVD +macitentan kidneys. (B) (Top) Representative histological slides of stenotic kidneys
of RVD and RVD +macitentan showing positive staining for F4/80+ cells at both ×20 and ×40 magnification (right, top and bottom rows, re-
spectively) and average histological counts (left) of F4/80+ cells. (Bottom) Representative pictures (×20) showing immunoreactivity against IL-6,
IL-10 and IL-12 from stenotic kidneys, untreated and treated with macitentan. Treatment with macitentan for 4 weeks attenuated inflammation
in the stenotic kidney (*P < 0.05 versus normal, †P < 0.05 versus RVD, ^P=0.07 versus normal).
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DISCUSSION

Previous studies have focused on the potential of selective or
dual ET receptor antagonists to improve hypertension and
renal disease [21–24, 39, 40]. Few previous studies involving
antagonism of the ET-A receptor have shown promising
results [23, 24, 40, 41] but, despite some encouraging evidence,
transition to novel renal therapies involving chronic blockade
of the ET receptors has been difficult. However, a few ET re-
ceptor antagonists have been approved for clinical use, specif-
ically for treatment of pulmonary hypertension. Bosentan, a
dual ET receptor antagonist with a ∼20 fold selection prefer-
ence for ET-A, was validated in the BREATHE-1 trial in 2002
[42] and currently licensed for use. Macitentan is another dual
ET-A/B blocker that was recently validated in the SERAPHIN
trial involving 742 patients with pulmonary arterial hyperten-
sion. The trial tested the impact of macitentan on morbidity
and mortality, recording a 45% risk reduction compared with
placebo-treated patients, which helped to receive the approval
by the FDA in 2013 [29].

Our previous research on the renoprotective potential of se-
lective ET receptor antagonists in chronic RVD showed that
chronic ET-A receptor blockade significantly improved RBF,

GFR and redox status in early [24] and established experimen-
tal chronic RVD [23], whereas selective ET-B blockade did not
offer benefits to renal health and function [23]. Since dual ET-
A/B receptor blockers are currently used to treat pulmonary
arterial hypertension, a disease that is frequently associated
with chronic renal disease [43], elucidation of the potential
impact of dual ET-A and -B blockade on renal health is of
clinical relevance. Hence, this study aimed to extend our previ-
ous work by determining the effects of macitentan, a dual ET-
A/B antagonist, on RVD as a model of chronic renal disease.
Treatment with macitentan for 4 weeks resulted in a modest
(albeit not significant) improvement in RBF without major
changes on regional perfusion, hypertension, GFR or SCr
compared with untreated RVD, supporting the safety of this
compound for use in patients with concomitant chronic renal
disease. It is relevant to emphasize that macitentan therapy
did not result in overt adverse, deleterious or collateral effects
in our model. We looked for signs of fluid retention, a major
concern related to ET receptor antagonism [44]. We observed
that macitentan-treated pigs did not show signs suggestive of
edema (e.g. increase in body weight after treatment) compared
with normal or untreated RVD animals, further supporting
the notion that macitentan may be safe for patients with
underlying renal disease.

F IGURE 4 : Representative renal protein expression (top, n = 4–5 per group, two representative bands per animal shown) and average quantifi-
cation per group (bottom) of TGF-β, smad-4, MMP-2, TIMP-1, cleaved Caspase 3 and 8 and phosphorylated proliferating cell nuclear antigen
(p-PCNA) in normal, RVD and RVD +macitentan-treated kidneys at 10 weeks. Treatment with macitentan attenuated fibrotic and apoptotic
activity in the stenotic kidney, indicating a reduction in kidney injury (*P < 0.05 versus normal, ^P = 0.06 versus normal, †P < 0.05 versus RVD).
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Augmented vascularization after dual ET-A/B antagonism
in hind limb ischemia was previously reported [45]. We
showed the ability of ET-A blockade to restore the MV density
of the stenotic kidney in established RVD while single ET-B
blockade did not [23]. We observed that macitentan therapy
improved rarefaction of cortical (but not medullary) microves-
sels <200 µm compared with untreated RVD. Although the
loss of ET-B signaling in the stenotic kidney after macitentan
did not fully inhibit the protective effects of ET-A blockade on
the renal microcirculation [23, 24], it may have partly reduced
the stimulus for MV proliferation since the renal medulla
showed persistence of MV rarefaction. Macitentan increased
the renal expression of VEGF, an effect likely mediated by
ET-A (and not ET-B) receptors [23]. However, the lack of im-
provement in the expression of downstream mediators of
VEGF such as p-Akt or the persistent increased expression of
anti-angiogenic factors such as angiostatin [46, 47] and endo-
statin [48] may explain the somewhat limited effects of maci-
tentan on renal MV proliferation that resulted in a less robust
expansion of the MV architecture [10, 49]. The latter may
suggest that ET-B receptors may contribute to renal angiogen-
esis partly by controlling anti-angiogenic factors. Furthermore,
the expanded renal vasculature after 4 weeks of macitentan
administration may still be immature and hence not fully
functional. Therefore, the possibility of pathological MV

proliferation resulting in leaky (suggested by the increased
renal expression of Plg [50]) or dysfunctional vessels that may
have limited their functional benefits cannot be ruled out. On
the same line, blockade of ET-B signaling may have also exa-
cerbated MV remodeling [23], suggested by the elevated ex-
pression of tTg [51] and increased media-to-lumen ratio.
Thus, the somewhat limited protective effects on the renal
microcirculation may have contributed to reducing the impact
of macitentan treatment on the hemodynamics of the stenotic
kidney.

Our previous studies have also shown that the ET-1/ET-A
pathway plays a role in the progression of renal inflammation
and fibrosis [22–24]. The stenotic kidney shows a pro-inflam-
matory state reflected by a significant increase in the expres-
sion of TNF-α and NFκ-B compared with normal controls.
Macitentan reduced the expression of TNF-α but not NFκ-B
in the stenotic kidney. The mechanisms underlying the
lack of effect on NFκ-B are unclear. Activators of NFκ-B in-
clude chemical, microbial, mechanical and damage-associated
factors [52], thus the persistent increase could be explained by
the chronic nature of RVD and suggest a role of the ET-B
signaling in the process since we demonstrated that the ex-
pression and activity of NFκ-B normalize after specific ET-A
blockade [21, 23]. On the other hand, the improved expression
of IL-10 and IL-12 implies that macitentan may have

F IGURE 5 : Representative pictures (trichrome) of the glomeruli (top) and tubulointerstitium (middle) and average quantification per group of
renal morphometric analysis and apoptosis (bottom) of normal, RVD and RVD +macitentan. Four weeks of macitentan treatment reduced
renal apoptosis and fibrosis in the stenotic kidney. (*P < 0.05 versus normal, †P < 0.05 versus RVD).
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attenuated the inflammatory milieu in the stenotic kidney.
Both IL-10 and IL-12 are involved in macrophage proliferation
and activation, which may have contributed to the slightly
(albeit not significant) reduction in the expression of MCP-1
and the attenuation in renal infiltration of F4/80+ cells. The
macrophage population includes pro-inflammatory and pro-
fibrotic/wound healing phenotypes [53], and it is possible that
macitentan treatment may have suppressed both ‘arms’ of the
macrophage response by reducing both pro-inflammatory IL-12
and pro-fibrotic IL-10 in the stenotic kidney.

Dual ET-A/B blockade may have modulated renal injury by
primarily interfering with fibrosis as described by Boffa et al.
who observed that bosentan, another dual antagonist, attenu-
ated glomerular and vascular injury and improved survival
without inducing significant hemodynamic effects [54]. Maci-
tentan induced positive changes in fibrosis and cell survival
markers compared with untreated animals with RVD. Despite
a similar increase in the renal expression of TGF-β in RVD,
macitentan reduced the downstream TGF-β signal molecule
Smad-4, which may indicate transition to a less pro-fibrotic
milieu. In addition, the improved renal expression of cleaved
(active) MMP-2 compared with untreated RVD suggests that
fibrogenic activity may have been partly counteracted by aug-
mented extracellular matrix turnover in the stenotic kidney.
These were accompanied by improvements in renal expression
of Caspase 3, Caspase 8 and p-PCNA, which may suggest a de-
crease in apoptotic activity and a switch to a pro-survival renal
milieu as TIMP-1 can also inhibit apoptosis and promote cell
survival [55]. Accordingly, glomerulosclerosis and tubular
casts in the stenotic kidney were attenuated, highlighting
tissue-protective effects of macitentan.

Some limitations of our study should be recognized. While
the swine model of RVD has been extensively validated [7, 9,
34], the pigs in this study lack the common human comorbid-
ities of human RVD. Furthermore, the exposure to the disease
and treatment is relatively brief and longer studies are needed.
It is possible that tissue changes induced by macitentan might
develop into a more robust functional effect after longer treat-
ment. Despite these limitations, this study indicates that maci-
tentan does not aggravate renal injury in a model of RVD and
established renal disease and even attenuated fibrotic and in-
flammatory signaling in the stenotic kidney.

In summary, our study unraveled important effects of a
dual ET receptor antagonist on the function and health of the
stenotic kidney in RVD. While our previous research indicates
that many of the benefits are probably due to antagonism of
ET-A signaling, the results of this study should be placed into
perspective since some parameters cannot be fully explained by
ET-A blockade alone and may unravel novel actions of ET-B
blockade or interactions between the two receptors. Blockade of
both receptors have no significant effects on renal hemodynam-
ics but improve other signs of renal disease in this model of
RVD. When the results are examined together with our recent
[23, 25] and previous [24] studies, they suggest that the benefi-
cial effects induced by the ET-A blockade may not be as evident
during macitentan administration due to a concomitant ET-B
receptors antagonism. Thus, the greater beneficial effects of ET-
A blockade could be partly secondary to a greater activity

of ET-B receptors. However, treatment with macitentan for 4
weeks improved cortical MV density, inflammatory response
and glomerulosclerosis of the stenotic kidney, without adverse
events, suggesting protective effects on the stenotic renal paren-
chyma, possibly by inducing a pro-survival renal microenviron-
ment, which may have contributed to the modest improvement
in RBF. We believe our study concurred and also provides
further supportive evidence for the renal safety and efficacy of
this clinically approved ET receptor antagonist for using it in
patients with concomitant chronic renal disease.
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