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ABSTRACT

Hypertension and Diabetes mellitus are
the two main causes of chronic kidney
disease that culminate in the final stage
of kidney disease. Since these two risk
factors are common and can overlap,
new approaches to prevent or treat them
are needed. Macitentan (MAC) is a new
non-selective antagonist of the endothe-
lin-1 (ET-1) receptor. This study aimed
to evaluate the effect of chronic block-
ade of ET-1 receptor with MAC on the
alteration of renal function observed in
hypertensive and hyperglycemic animals.
Genetically hypertensive rats were divid-
ed into control hypertensive (HT-CTL)
group, hypertensive and hyperglycemic
(HT+DIAB) group, and hypertensive and
hyperglycemic group that received 25
mg/kg macitentan (HT-DIAB+MAC25)
via gavage for 60 days. Kidney function
and parameters associated with oxida-
tive and nitrosative stress were evaluated.
Immunohistochemistry  for neutrophil
gelatinase-associated lipocalin (NGAL),
ET-1, and catalase in the renal cortex was
performed. The HT+DIAB group showed
a decrease in kidney function and an in-
crease in NGAL expression in the renal
cortex, as well as an increase in oxidative
stress. MAC treatment was associated
with attenuated ET-1 and NGAL produc-
tion and increases in antioxidant defense
(catalase expression) and nitric oxide pro-
duction. In addition, MAC prevented an
increase in oxidant injury (as measured by
urinary hydroperoxide and lipid peroxi-
dation), thus improving renal function.
Our results suggest that the antioxidant
effect of the ET-1 receptor antagonist
MAC is involved in the improvement of
kidney function observed in hypertensive
and hyperglycemic rats.

Keywords: Rats; Renal Insufficiency,
Chronic; Endothelin-1; Antioxidants.

Resumo

Hipertensdo e Diabetes Mellitus figuram
como as duas principais causas de doenca
renal cronica que culmina em doenga renal
terminal. Uma vez que os dois fatores de
risco s3o comuns e podem se sobrepor, no-
vas abordagens preventivas e terapéuticas
se fazem necessarias. O macitentan (MAC)
¢ um novo antagonista nao-seletivo dos re-
ceptores da endotelina-1 (ET-1). O presente
estudo teve como objetivo avaliar os efeitos
do bloqueio cronico dos receptores da ET-1
com MAC sobre a alteracio da funcio re-
nal em animais hipertensos e hiperglicémi-
cos. Ratos geneticamente hipertensos foram
divididos em grupos com animais hiperten-
sos de controle (HT-CTL), hipertensos e
hiperglicémicos (HT+DIAB) e hipertensos e
hiperglicémicos tratados com 25 mg/kg de
macitentan (HT-DIAB+MAC2S) via gava-
gem por 60 dias. Foram avaliados fungdo
renal e parametros associados ao estresse
oxidativo e nitrosativo. Exames de imunois-
toquimica foram realizados para lipocalina
associada a gelatinase neutrofilica (NGAL),
ET-1 e catalase no cértex renal. O grupo
HT+DIAB exibiu diminui¢io da fun¢io re-
nal e aumento na expressio de NGAL no
cortex renal, bem como estresse oxidativo
aumentado. O tratamento com MAC foi as-
sociado a atenuagdo da produgdo de ET-1 e
NGAL e maior ativacio das defesas antio-
xidantes (expressdo de catalase) e elevagdo
da produgio de 6xido nitrico. Além disso, o
MAC evitou exacerbacio da lesio oxidan-
te (medida por hidroper6xidos urindrios e
peroxidacdo lipidica), melhorando assim
a funcdo renal. Nossos resultados sugerem
que o efeito antioxidante do antagonista
dos receptores da ET-1 MAC esteja imbri-
cado no aprimoramento da funcio renal
observada em ratos hipertensos e hipergli-
cémicos.

Palavras-chave: Ratos; Insuficiéncia Renal
Cronica; Endotelina-1; Antioxidantes.
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INTRODUCTION

Diabetes mellitus (DM) and hypertension are the
main causes of chronic kidney disease (CKD) and its
progression to end-stage renal disease'. The inciden-
ce of CKD increases with age in both developed and
developing countries*®. Therefore, new strategies to
prevent the development of CKD are necessary.

One common model of type 2 DM is the induc-
tion in rats through with a single injection of low-do-
se streptozotocin®. Spontaneously hypertensive rats
(SHR) are an animal model frequently used to stu-
dy essential (or primary) genetic hypertension®. The
induction of diabetes in the SHR model® accelerates
the development of diabetic nephropathy and chronic
kidney disease (CKD).

Diabetic nephropathy (DN) is a strong risk fac-
tor for vascular disease, common among patients
with type 2 DM, and characterized by podocyte in-
jury, proteinuria, glomerular fibrosis, and a decrea-
se in glomerular filtration’. Features of DN include
hyperglycemia, inflammation, reactive oxygen species
(ROS) production, and endothelin-1 (ET-1) and re-
nin-angiotensin system (RAS) activation®.

Untreated, diabetic nephropathy is the leading
cause of end-stage chronic kidney disease’. CKD is
characterized by an increase in kidney injury markers
(urine albumin > 30 mg/24 h or albumin/creatinine
ratio higher than 30 mg/g), tubular damage and im-
paired ionic excretion, abnormal histologic findings
on kidney biopsy specimens, and decrease in the glo-
merular filtration rate (< 60 mL/min/1.73 m?), among
other findings!®.

ROS are involved in the pathophysiology of CKD,
and NADPH oxidases are the main sources of ROS in
many tissues!!13,

ET-1 modulates renal blood flow by regulating the
vascular tone'*. It is produced by endothelial cells, but
under pathophysiological conditions, it can be produ-
ced by podocytes, and mesangial and parietal epithe-
lial cells®. ET-1 exerts its function in target cells via
two receptors, ETA and ETBY.

ETA receptor activation mediates vasoconstric-
tion, vascular cell proliferation, and proteinuria®.
Differently, ETB receptor activation releases vasodila-
ting substances such as nitric oxide and prostacyclin,
leading to vasodilation first and then vasoconstriction,
stimulates sodium reabsorption in collecting ducts, and
development of proteinuria'’. Circulating ET-1 levels
are increased in hypertensive patients'®,
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ET-1 and the RAS interact in renal tissues.
Angiotensin II increases ET-1 production and upre-
gulates ETA receptor expression in the kidney!?.
Together, both peptides can produce pre- and post-
-glomerular vasoconstriction, mesangial cell contrac-
tion, glomerular filtration rate decrease, extracellular
matrix production and increase in tubular sodium
reabsorption?!. It is reasonable to propose that ET-
1 receptor blockade may be beneficial in diabetic
nephropathy.

Indeed, clinical trials to study the effect of the
ET-1 antagonist atrasentan in DN are documented?2.
Currently, however, the principal therapeutic use of
ET-1 receptor antagonists is in the treatment of idio-
pathic pulmonary fibrosis and pulmonary arterial
hypertension??*. For the first time, the present study
evaluates the effect of macitentan, a new non-selective
ET-1 receptor antagonist used in the treatment of pul-
monary hypertension, on the progression of kidney
injury observed in hypertensive and hyperglycemic
rats.

MEeTHODS
ANIIVIAL TREATMENT

The experimental protocol was approved by the
Ethics Committee (CEP 798483) of the Universidade
Federal de Sio Paulo (UNIFESP) and was performed
in accordance with the Brazilian guidelines for scien-
tific animal care and use?**. Animals were obtained
from the Centro de Desenvolvimento de Modelos
Experimentais para Medicina e Biologia (CEDEME)
of UNIFESP.

Thirty genetically hypertensive (SHR) male rats,
aged 6 weeks and weighing 170-200 g, were main-
tained in metabolic cages. The cages were kept in a
temperature (21 = 2°C) and humidity-controlled (60
+ 10%) room with a 12-h dark/light (artificial lights, 7
a.m.-7 p.m.) cycle and hourly air exhaust (15 min/h).

After an adaptation period of two weeks, the ani-
mals were divided into three groups, and during the
60-day study, all animals were fed standard rat chow
ad libitum with free access to water.

Ten genetically hypertensive (HT) rats that were
maintained in the control (CTL) situation received
one intravenous injection of distilled water (vehicle
only) and the group was named HT-CTL.

Twenty rats received one intravenous injection of
60 mg/kg streptozotocin (Sigma-Aldrich, Saint Louis,
USA) in citrate buffer 0.1 M, pH 4.4), and only rats



with blood glucose higher than 400 mg/dL were se-
lected. Half of these were maintained in the HT and
hyperglycemic (DIAB) group, and the group was na-
med HT-DIAB. The remaining 10 rats were treated
with daily macitentan (MAC) with 25 mg/kg admi-
nistration by gavage for 60 days and the group was
named HT-DIAB+MAC25.

At 0 (basal), 30, and 60 days after the beginning
of experimental protocols, all animals were weighed,
blood samples were collected from the lateral tail
vein, and rats were maintained in metabolic cages for
24 h for urine collection, and the urine volume was
quantified. The animals were euthanized 60 days af-
ter the beginning of the experimental protocol with a
toxic ip dose of ketamine (90 mg/kg)/xylazine (10 mg/
kg), (Agribands de Brasil Ltda, SP, Brazil). The right
and left kidneys were then removed for immunohisto-
chemical analysis. Biochemical parameters were mea-
sured in plasma and urine samples.

MEASUREMENT OF BODY WEIGHT

The rats were weighed monthly using a 2610 scale
(Labortex, SP, BRAZIL) and the result was reported
in grams.

IMIEASUREMENT OF SYSTOLIC BLOOD PRESSURE (MAP)

Systolic blood pressure was indirectly measured by
tail plethysmography. Rats were placed in a warm
chamber for 10 min, and the cuff and wrist recei-
ver were attached to the tail. Blood pressure was
recorded using an electric sphygmomanometer cou-
pled to a 2-channel Gould model 2200 S polygraph
(Record 2200S, Gould Inc., Cleveland, Ohio, USA).
Measurements were taken at 0, 24, and 48 h, and the
results are reported as means =+ SD.

BIOCHEMICAL ANALYSIS

The levels of plasma creatinine and plasma urea were
assayed spectrophotometrically according to standard
procedures, using commercially available diagnostic
kits (Labtest Diagnostic, Brazil). Creatinine was de-
termined by a colorimetric method based on the Jaffé
reaction?’. Urea was determined using a colorimetric
assay based on urease activity?®. Plasma glucose con-
centration was determined using tail blood samples
(Accuchek, Boehringer Mannheim, Indianapolis,
Ind., USA). Levels of creatinine, urea, and glucose are
reported in mg/dL.
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Urine sodium concentrations were determined
with a Micronal B462 flame photometer (Micronal,
Sao Paulo, Brazil). Sodium excretion is reported as
percentage of mEq/24 h. Urinary protein was quanti-
fied using a colorimetric method based on pyrogallol
red-molybdate?”. The results are reported as mg pro-
tein/24 h urine.

OXIDATIVE STRESS STUDIES

To assess lipid peroxidation, levels of the peroxida-
tion product malondialdehyde were determined by
measuring thiobarbituric acid-reactive substances
(TBARS)*. For the quantification, 0.4 mL of the uri-
ne sample diluted with 0.6 mL water was added to a
reaction mixture consisting of 1.0 mL 17.5% trichlo-
roacetic acid (TCA) and 1.0 mL 0.6% thiobarbituric
acid to form a red compound. This mixture was hea-
ted in a water bath at 95°C for 20 min; the solution
was then removed from the water bath and cooled on
ice, followed by the addition of 1.0 mL 70% TCA.
The solution was homogenized and incubated for 20
min followed by spectrophotometric measurement at
534 nm (A = 1.56x10° M/cm). The data are reported
as nM/mg urinary creatinine.

Urinary peroxides were determined by the fer-
rous oxidation of xylenol orange version 2 (FOX-2)
method®'. Ferrous iron is oxidized to ferric iron by
peroxides contained in the samples. Xylenol orange
reagent shows high selectivity for the Fe3* ion, pro-
ducing a purplish-blue complex whose absorbance
can be measured at 560 nm (A = 4.3x10* M/cm). The
following reagent was prepared: 90 mL methanol; 10
mL double distilled water; 100 pM xylenol orange;
4 mM butylated hydroxytoluene (BHT); 25 mM sul-
furic acid and 250 pM ferrous ammonium sulfate.
The urine sample (100 pL) was mixed with 900 pL of
FOX-2 reagent, vortexed and incubated for 30 minu-
tes at room temperature. Solutions were then centri-
fuged at 15,000 g for 10 min at 4°C for the removal
of protein residues. The absorbance at 560 nm was
read against a blank. The data are reported as nmol/g
urinary creatinine.

NITRIC OXIDE DETERMINATION

Nitric oxide (NO) was determined by the Griess me-
thod*. A mixture of 1% sulfanilamide (in 5% H,PO,)
and 0.1% naphthylethylenediamine solution (Sigma-
Aldrich, Saint Louis, USA) was added to the urine
samples, and the absorbance at 546 nm was measured
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using a GENESYS 2 spectrophotometer (Spectronic
Instruments, Rochester, USA). Nitrite, one of the
stable metabolites of NO, was then estimated from
a standard curve constructed using NaNO,. The as-
sessment of the urine creatinine was performed and
used to normalize the NO concentrations. The data
are reported as nM/mg urinary creatinine.

IMMUNOHISTOCHEMISTRY

Kidneys were dissected along the non-hilar axis
and fixed in 10% phosphate-buffered formalin
(Erviegas, Brazil). Kidney sections were fixed with
4% buffered paraformaldehyde, embedded in para-
ffin (Erviegas, Brazil) and 4-pm thick sections were
prepared. Kidney sections were deparaffinized and
rehydrated. Endogenous peroxidase activity was
blocked with 5% H,O, in absolute methanol for 10
min at room temperature. To expose the antigens,
kidney sections were boiled in a target retrieval solu-
tion [1 mmol/L tris(hydroxymethyl)aminomethane
(Tris), pH 9.0, with 0.5 mM ethylene glycol tetraa-
cetic acid (EGTA)] for 10 min. Nonspecific binding
was prevented by incubating the sections in phos-
phate buffered saline (PBS) containing 1% bovine
serum albumin (BSA), 0.05% saponin, and 0.2%
gelatin. Sections were then incubated overnight at
4°C with primary antibodies against ET-1 (1:200,
rabbit anti-rat; ABCAM, MA, USA), neutrophil
gelatinase-associated lipocalin (NGAL) (1:200, rab-
bit anti-rat; ABCAM, MA, USA) or catalase (1:200,
rabbit anti-rat; ABCAM, MA, USA), for 18 hours
at 4°C. Sections were washed and incubated with
appropriate streptavidin- peroxidase-conjugated se-
condary antibodies (Dako, Glostrup, Denmark) for
1 h at room temperature. The sites of antibody-anti-
gen reactions were visualized by staining with 0.5%
3,3’-diaminobenzidine tetrachloride (Dako). Digital
photomicrographs were taken through a Leica DM
1000 upright microscope connected to a works-
tation computer through the Leica DFC 310 FX,
LAS 3.8 Microscope Camera (Leica, Switzerland).
Ten photomicrographs along the renal cortex were
taken, the light brown staining was quantified (LAS
software, version 3.8) and averaged for each rat. The
data are reported as percentage of stained area.

WESTERN BLOTTING

The protein concentration was verified by the method
of Lowry®. Cells and kidney tissues were lysed with
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a 200-pL RIPA lysis buffer per plate (100 mm?). The
lysates were centrifuged at 12,000 g for 5 min at 4°C,
and the supernatants were stored at —-80°C. Proteins
(30 pg) were separated by 10% polyacrylamide gel
electrophoresis and transferred to polyvinylidene flu-
oride (PVDF) membranes using a Mini Trans-Blot
Electrophoretic Transfer Cell (BioRad, CA, USA).
Nonspecific binding sites were blocked with 5% al-
bumin (v/v) in TBS buffer. The immunoblots were
incubated overnight at 4°C with renin (1:500, Santa
Cruz, TX, USA), angiotensin I (1:500, Santa Cruz,
TX, USA), angiotensin II (1:500, Santa Cruz, TX,
USA), or GAPDH (1:500, Abcam, MA, USA) primary
antibodies. After washing three times with TBS-T, the
membranes were incubated for 1 h at 4°C in HRP-
conjugated secondary antibodies (1:100,000; Santa
Cruz TX, USA). Immunoreactive protein bands were
visualized using Pierce ECL Plus Chemiluminescent
substrate (Thermo Fisher, USA). Images were obtained
and analyzed with an Alliance 7 Chemiluminescence
documentation system (UVITEC, Cambridge, UK).
The immunoblot band intensities were quantified
using Image ] software and reported as the renin/
GAPDH, Angiotensin I/GAPDH, and Angiotensin II/
GAPDH ratio.

STATISTICAL ANALYSIS

Results are reported as a means = SE. Data were
analyzed by two-way analysis of variance (ANOVA)
followed by the Tukey’s post-hoc test, and p < 0.05
was considered statistically significant.

REesuLTs

Table 1 shows the mean body weight (g) of the
groups during the experiment. The mean weight of
the HT-DIAB and HT-DIAB+MAC25 groups was
significantly lower than that of the CTL group after
30 days of study.

There was no difference in the MAP in HT-DIAB
and HT-DIAB+MAC25 groups when compared to
the HT-CTL group within their respective experimen-
tal period. There was an increase in blood glucose in
all experimental groups at 30 and 60 days when com-
pared to their respective HT-CTL group.

All experimental groups exhibited an increase in
urine production at 30 and 60 days when compared
to their respective HT-CTL group.

The HT-DIAB group showed a significant increase
in plasma creatinine and urea when compared to the
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TasBLE 1 PHYSIOLOGICAL PARAMETERS OF GENETICALLY HYPERTENSIVE (SHR) ANIMALS IN THE CONTROL GROUP (HT-CTL),
HYPERTENSIVE AND HYPERGLYCEMIC ANIMALS (HT-DIAB), HYPERTENSIVE AND HYPERGLYCEMIC ANIMALS TREATED
WITH MACITENTAN (HT-DIAB+MAC25) For BASAL, 30 AND 60 DAYS

Weight (g) HT-CTL HT-DIAB HT-DIAB + MAC 25mg
BASAL 174,00 + 10,19 16738 + 10,76 189,17 + 13,38

30 DAYS 279,00 + 18,46 184,75 + 12,75 * 182,83 + 1774 *
60 DAYS 318,71 + 19,49 191,25 + 21,33 ** 172,50 + 19,42 **
MAP (mmHg) HT-CTL HT-DIAB HT-DIAB+MAC 25 mg
BASAL 173,00 + 5,67 178,00 + 5,14 176,83 + 4,28

30 DAYS 178,86 + 4,61 187,88 + 705 191,00 + 730

60 DAYS 181,43 £ 2,76 190,50 + 6,70 195,17 + 5,33
Plama Glucose (mg/dl) HT-CTL HT-DIAB HT-DIAB + MAC 25 mg
BASAL 100,29 + 8,29 100,29 + 8,29 89,00 + 0,82

30 DAYS 94,43 + 2,17 418,50 + 73,66 * 524,83 + 721 *

60 DAYS 12771 = 14,11 541,38 + 18,67 ** 516,33 = 30,79 **
Urine Volume (ml) HT-CTL HT-DIAB HT-DIAB + MAC 25 mg
BASAL 11,11 £1,41 9,12 £ 0,84 12,83 £ 0,91

30 DAYS 13,05 = 1,67 76,83 + 8,98 * 78,33 £ 703 *

60 DAYS 13,91 = 1,69 85,00 + 5,80 ** 78,33 £ 9,80 **
Plasma Creatinine (mg/dl) HT-CTL HT-DIAB HT-DIAB + MAC
BASAL 0,69 + 0,07 0,61 £ 0,04 0,63 + 0,05

30 DAYS 0,70 £ 0,06 0,85 + 0,09 0,69 +0,05¥

60 DAYS 0,65 + 0,03 0,98 + 0,09 ** 0,72 +0,01 ¥
Plasma Urea (mg/dl) HT-CTL HT-DIAB HT-DIAB+MAC 25 mg
BASAL 26,59 + 2,57 26,43 + 3,22 23,00 + 1,08

30 DAYS 38,86 + 784 6784 + 11,12 * 55,75 £ 9,41 ¥

60 DAYS 36,53 + 6,09 72,73 £ 11,04 ** 4725 + 5,65
Urine Sodium (mEg/24h) HT-CTL HT-DIAB HT-DIAB+MAC 25 mg
BASAL 10,61 + 3,05 8,38 +2,35 14,11 + 1,81

30 DAYS 12,97 + 2,68 55,24 + 3,28 * 56,46 + 5,34 *

60 DAYS 10,61 + 1,27 72,33 £ 14,10 ** 44,42 + 6,39 **
Urine Protein (mg/24h) HT-CTL HT-DIAB HT-DIAB+MAC 25 mg
BASAL 8,79 + 2,20 6,29 + 1,21 10,04 + 1,12

30 DAYS 12,85 + 1,28 36,71 £ 4,89 * 29,81 £ 4,00 *

60 DAYS 10,97 + 2,17 30,02 + 3,58 ** 21,40 £ 4,79 ** ¥

Data are reported as means + SE. The significance level for a null hypothesis was set at 5% (p < 0.05). (*) compared to the HT-CTL 30 days
group; (¥) compared to the HT-DIAB 30 days group, (**) compared to the HT-CTL 60 days group, and (¥¥) compared to the HT-DIAB 60 days group

(ANOVA followed by the Tukey’s post-hoc test). N = 10 per group.

HT-CTL group at 60 days. Notably, plasma creatinine
and urea in the rats of the HT-DIAB+MAC25 group
at 30 and 60 days were not statistically different when
compared to their respective HT-CTL group.

The renal tubular function was evaluated by me-
ans of sodium excretion. In all experimental groups,
we observed an increase in sodium excretion at 30 and
60 days when compared to their respective HT-CTL

group. No statistical difference in sodium excretion
was found between the diabetic rats treated or not
with macitentan.

We observed a significant increase in urinary protein
excretion in the HT-DIAB group in comparison to the
HT-CTL group in all experimental periods. In the HT-
DIAB+MAC2S5 group, we also observed an increase in
protein excretion at 30 and 60 days when compared to
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their respective HT-CTL group. Nevertheless, diabetic
rats treated with macitentan exhibited significantly de-
creased urinary protein excretion when compared to
the HT-DIAB group at 60 days, suggesting improved
renal barrier function.

Immunostaining for ET-1 and NGAL at 60 days
is shown in Figure 1. We observed an increase in the
labeling of ET-1 and NGAL in the HT-DIAB group
compared to the HT-CTL group, and a decrease
when comparing the HT-DIAB+MAC25 group with
the HT-DIAB group. MAC attenuated the increase in
ET-1 and NGAL (a renal injury marker), corrobora-
ting the hypothesis of a beneficial effect on the kidney.

Figure 1 demonstrates the immunostaining for
catalase at 60 days. We observed that the HT-DIAB
group did not stimulate the expression of this an-
tioxidant enzyme. However, the HT-DIAB+MAC25
group exhibited increase of catalase compared to the
HT-CTL and HT-DIAB groups, suggesting an antio-
xidant potential for macitentan.

Figure 2 analyzes the RAS through protein expres-
sion and their respective graphical quantifications.
In the HT-DIAB group, there was an increase in the

production of angiotensin II. The HT-DIAB+MAC25
group, which had decreased ET-1 production, de-
monstrated an increase in the expression of the renin
as well as angiotensin II.

Figure 3 A shows the urinary levels of lipid pe-
roxidation (TBARS). There was an increase in lipid
peroxidation in the HT-DIAB group at 30 days when
compared to their HT-CTL group. Conversely, in the
HT-DIAB+MACQC2S5 group, lipid peroxidation was not
statistically different when compared to the HT-CTL
group in all experimental periods.

Urinary hydroperoxides (Figure 3B) evaluated by
FOX-2 increased in the HT-DIAB group at 30 and 60
days, but in the HT-DIAB+MAC25 group, an increa-
se was seen only at 30 days. Additionally, at 60 days,
the HT-DIAB+MAC235 group had similar lower levels
when compared to the control rats. This result suggests,
again, a potential antioxidant effect of macitentan.

Figure 3C analyzes urinary NO levels. Although
there is a trend indicative of an increase, urinary NO
levels in the HT-DIAB group were not statistically
different when compared to those in the HT-CTL
group at 30 and 60 days. However, the group treated

Figure 1. Light microscopy of immunostained kidney sections A, Neutrophil gelatinase-associated lipocalin (NGAL 200x), endothelin-1 (ET-1,
200x), and catalase (200x) in genetically hypertensive rats in the control group (HT-CTL), hypertensive and hyperglycemic animals (HT-DIAB),
hypertensive and hyperglycemic animals treated with macitentan (HT-DIAB+MAC25) for 60 days (final day of the experiment). B, Quantitative
analyses of kidney sections stained for NGAL, ET-1, and catalase. Data are reported as %. The significance level for a null hypothesis was set at
5%. **p < 0.05 compared to the HT-CTL 60 days group and ¥ p < 0.05 compared to the HT-DIAB 60 days group (ANOVA followed by the Tukey's

post-hoc test). N= 10 per group.
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Figure 2. Renin, angiotensin | (ANG 1), and angiotensin Il (ANG Il) analysis. A, Western blot image of kidney cortex of genetically hypertensive rats
(SHR) in the control group (HT-CTL), hypertensive and hyperglycemic animals (HT-DIAB), and hypertensive and hyperglycemic animals treated with
macitentan (HT-DIAB+MAC25) for 60 days (final day of the experiment). B,C, and D, Quantitative analyses of immunoblot images were obtained
by ImageJ software. Data are reported as means + SE. The significance level for a null hypothesis was set at 5%. ** p < 0.05compared to the
HT-CTL 60 days group and ¥ p < 0.05 compared to the HT-DIAB 60 days group (ANOVA followed by the Tukey's post-hoc test). N = 10 per group.
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Figure 3. Analysis of the formation of reactive oxygen species and reactive nitrogen species. A, Quantitative analyses of thiobarbituric reactive
substances (TBARS). B, Urinary hydrogen peroxide was measured by a modified ferrous ion oxidation xylenol orange version-2 (FOX-2). C, Nitric
oxide (NO) in genetically hypertensive rats in the control group (HT-CTL), hypertensive and hyperglycemic animals (HT-DIAB), and hypertensive
animals treated with Macitentan (HT-DIAB+MAC25) for basal, 30, and 60 days. Data are reported as means = SE. The significance level for a
null hypothesis was set at 5%. *p < 0.05 compared to the HT-CTL 30 days group; ¥P<0.05 compared to the HT-DIAB 30 days group, **p < 0.05
compared to the HT-CTL 60 days group, and ¥ p < 0.05 compared to the HT-DIAB 60 days group (ANOVA followed by the Tukey's post-hoc test).
N = 10 per group.
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with macitentan showed a significant increase in uri-
nary NO concentration when compared to the HT-
CTL group at 30 and 60 days. Since the renal injury
determined by NGAL (Figure 1) decreased with the
treatment of macitentan 25 mg/kg, the NO produced
by the kidney may contribute to the amelioration of
renal failure.

Discussion

Our experimental model utilized spontaneously
hypertensive rats with concomitant hyperglycemia
induced by streptozotocin. This model was chosen
because the coexistence of DM and systemic arterial
hypertension (SAH) increases the risk of developing
chronic renal failure. This experimental model has
characteristics very similar to diabetic renal injury
found in humans.

We observed signs of diabetes including elevated
glycemia, polyuria (due to hyperglycemic osmotic
diuresis), and decreased body weight. In association
with increased systolic blood pressure, these para-
meters lead to progressive loss of renal function. We
identified proteinuria, increased sodium excretion,
and increased creatinine and urea in hypertensive and
hyperglycemic rats.

NGAL is a reliable diagnostic and prognostic bio-
marker for acute kidney injury (AKI) as its levels rise 2
h after the kidney injury. Moreover, studies have shown
that NGAL levels in AKI and stable CKD groups are
higher than those of control groups**%, corroborating
our results, since there was an increase in NGAL in the
hypertensive and hyperglycemic rats at 60 days.

Recent studies have demonstrated the role of ET-1
in the initial phase of DN. Specifically, the expression of
ET-1 receptors can be stimulated by hyperglycemia®’.
The kidney is an essential site of its production; ET-
1 causes increased renal vascular resistance, reduced
renal blood flow and glomerular filtration rate, and
inhibition of salt and water reabsorption?’.

At the same time, the RAS is also actively involved
in the genesis and progression of DN, and there is
already evidence of an interaction between ET-1 and
other vasoactive substances, such as angiotensin II3,

Our results show that the kidneys of hypertensive
and hyperglycemic rats exhibited stimulation of an-
giotensin II as well as ET-1, confirming the participa-
tion of these mediators of inflammation and endothe-
lial dysfunction, respectively.
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Oxidative and nitrosative stress play an important
role in diabetes progression®’*°. The hypertensive and
hyperglycemic rats in our study showed an increase in
the renal lipid peroxidation, urinary peroxides, and
NO levels.

Since ET-1 plays an important role in the progres-
sion of diabetes, this study aimed to test a possible
contribution of the effect of macitentan, which is a
non-selective antagonist of ETA and ETB receptors
and has received approval from the U.S. Food and
Drug Administration (FDA) in 2014. However, other
ET-1 selective antagonists have been used in the pre-
vention of diabetic nephropathy, including use in cli-
nical trials??. The macitentan was studied in hyper-
glycemia-induced kidney injury in mouse models of
type 2 diabetes*, but inasmuch hypertension and dia-
betes are major risk factors for chronic kidney disea-
se, our study evaluated the effect of ET-1 antagonist
on renal function of rats simultaneously hypertensive
and diabetic.

The dose of macitentan used in this study is con-
sistent with that found in other studies*+*. Initially,
we observed that hypertensive and hyperglycemic
rats treated with 25 mg/kg of the antagonist exhibited
neither a significant increase in the plasma concen-
tration of creatinine and urea, nor an increase in the
excretion of proteins. These results, together with the
decrease in the expression of NGAL, suggest impro-
vement in renal function.

ET-1 promotes natriuresis by acting on the collec-
ting duct cells via ETB receptors®. However, we did
not observe a significant decrease in sodium excretion
in hypertensive and hyperglycemic rats treated with
the antagonist macitentan. One hypothesis concerns
the approximate 50-fold selectivity of macitentan for
ETA receptors®, which would cause the effects of ET-1
mediated by the ETB receptor, such as natriuresis, to be
at least partially preserved.

To confirm the effect of macitentan on the kidney,
we analyzed the labeling for ET-1 and confirmed that
there was a decrease in labeling in the renal tissue of
hypertensive and hyperglycemic rats treated with ma-
citentan. This result demonstrated that ET-1 receptor
blockade decrease the production of this vasocons-
triction agent.

Since ET-1 reduces the rate of glomerular filtra-
tion by promoting contraction of the afferent and
efferent arterioles, ET-1 blockade may explain in part
the improvement in renal function. However, in our



experimental conditions, we observed that ET-1 re-
ceptor blockade increased the production of angio-
tensin II in renal tissue, which could counteract ET-1
receptor blockade by acting at its AT1 receptor, pro-
moting arteriolar vasoconstriction.

Another hypothesis is that NO may act as a func-
tional antagonist of angiotensin II, inhibiting vaso-
constriction in glomerular arterioles**. The use of
macitentan in hypertensive and hyperglycemic rats
further increased urinary excretion of NO (165%).
This increase in NO production may explain, at least
in part, the improvement in kidney function indicated
by the improvement in renal blood flow via the va-
sodilator effect of NO. It has already been shown in
rabbit kidney that ET-1 stimulates the production of
NO through the activation of ETB receptors*. Since
macitentan is more selective for the ETA receptor, this
increase in urinary output and excretion may be due
to the action of the ETB receptor*?*,

Interestingly, the use of macitentan stimulated the
expression of catalase, an important antioxidant en-
zyme. The increase in lipid peroxidation and urinary
hydrogen peroxides was prevented by MAC treat-
ment, suggesting that hydrogen peroxide was degra-
ded by the catalase enzyme into water and oxygen®’.

CONCLUSION

We report that macitentan (25 mg/kg) inhibited the
progression of renal injury induced by hyperglycemia
and hypertension in rats, possibly by potentiating the
antioxidant defense and preventing the increase of
oxidative stress. A limitation of our work is the lack
of nore specific markers of kidney function, but the
markers used in the present study are those currently
used in clinical practice. In conclusion, blocking the
ET-1 receptor with macitentan may be an alternative
in the prevention of DN in hyperglycemic and hyper-
tensive rats. Intervention with macitentan should be
confirmed in human clinical trials.

ACKNOWLEDGMENTS

This work was supported by grants from Conselho
Nacional de Desenvolvimento Cientifico Tecnoldgico
(CNPq), Financiadora de Estudos e Projetos (FINEP),
Fundacio Oswaldo Ramos (FOR), Fundacio de
Amparo a Pesquisa do Estado de Sio Paulo (FAPESP
2013/0945-5) and Coordenacdo de Aperfeicoamento
de Pessoal de Nivel Superior (CAPES).

Antioxidant effect of endothelin-1 against kidney chronic injury

AUTHORS’ CONTRIBUTION

AC, EAP, AA conducted the experiments; AC and
FTB designed the experimental protocol. AC, MBC,
and FTB wrote the manuscript; NS critically evalua-
ted the results and revised the manuscript. All authors
read and approved the final manuscript.

CONFLICT OF INTEREST

We have no direct or indirect commercial financial
incentive associated with publishing this article.
Additionally, the authors have no conflicts of interest,
and the source of extra-institutional funding is indica-
ted in the manuscript.

REFERENCES

1. Atkins RC. The epidemiology of chronic kidney disease. Kidney
Int. 2005 Apr;67(Suppl 94):514-S18. DOI: 10.1111/.1523-
1755.2005.09403.x

2. Jha V, Garcia-Garcia G, Iseki K, Li Z, Naicker S, Plattner B, et
al. Chronic kidney disease: global dimension and perspectives.
Lancet. 2013 Jul;382(9888):260-272. DOI: 10.1016/S0140-
6736(13)60687-X

3. Hernandez GT, Nasri H. World Kidney Day 2014: increasing
awareness of chronic kidney disease and aging. ] Renal Inj Prev.
2014;3(1):3-4. DOI: 10.12861/jrip.2014.02

4.Deeds MC, Anderson JM, Armstrong AS, Gastineau DA,
Hiddinga HJ, Jahangir A, et al. Single dose streptozotocin-
induced diabetes: considerations for study design in islet
transplantation models. Lab Anim. 2011 Jul;45(3):131-40.
DOI: 10.1258/1a.2010.010090

5.O0kamoto K, Aoki K. Development of a strain of
spontaneously hypertensive rats. Japanese Circulation Journal.
1963;27(3):282-293. DOI: 10.1253/j¢j.27.282

6. Cooper ME, Allen TJ], Macmillan P, Bach L, Jerums G, Doyle
AE. Genetic hypertension accelerates nephropathy in the
streptozotocin diabetic rat. Am | Hypertens. 1988 Jan;1(1):5-10.

7. Barton M, d’Uscio LV, Shaw S, Meyer P, Moreau P, Luscher TF.

ETA receptor blockade prevents increased tissue endothelin-1,
vascular hypertrophy, and endothelial dysfunction in salt-
sensitive hypertension. Hypertension. 1998 Jan;31:499-504.
DOI: 10.1161/01.HYP.31.1.499
.Bourque SL, Davidge ST, Adams MA. The interaction
between endothelin-1 and nitric oxide in the vasculature: new
perspectives. Am ] Physiol-Regul Integr Comp Physiol. 2011
Jun;300(6):R1288-R1295. DOI: 10.1152/ajpregu.00397.2010
9.Kos 1, Prkacin 1. Diabetic nephropathy as a cause of chronic
kidney disease. Acta Med Croatica. 2014 Dec;68(4-5):375-
381.

10. CKD Work Group. Kidney Disease: Improving Global
Outcomes (KDIGO). KDIGO 2012 Clinical Practice Guideline
for the Evaluation and Management of Chronic Kidney Disease.
Kidney Int (Suppl). 2013 Jan;3:1-150.

11. Forte M, Nocella C, De Falco E, Palmerio S, Schirone L, Valenti
V, et al. The Pathophysiological Role of NOX2 in Hypertension
and Organ Damage. High Blood Press Cardiovasc Prev. 2016
Dec;23(4):355-364. DOI: 10.1007/s40292-016-0175-y

12. Garrido AB, Griendling KK. NADPH oxidases and angiotensin
I receptor signaling. Mol Cell Endocrinol. 2009 Apr
29;302(2):148-158. DOI: 10.1016/j.mce.2008.11.003

13.Konior A, Schramm A, Czesnikiewicz-Guzik M, Guzik TJ.
NADPH Oxidases in Vascular Pathology. Antioxid Redox Signal.
2014 May 19;20(17):2794-2814. DOI: 10.1089/ars.2013.5607

(o)

Braz. ]. Nephrol. (]J. Bras. Nefrol.) 2019;41(4):451-461

459



460

Antioxidant effect of endothelin-1 against kidney chronic injury

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Boesen EI. Endothelin ETB receptor heterodimerization:
beyond the ETA receptor. Kidney Int. 2008 Sep 2;74(6):693-
694. DOI: 10.1038/ki.2008.324

Schneider MP, Boesen EI, Pollock DM. Contrasting actions of
endothelin ETA and ETB receptors in cardiovascular disease.
Annu Rev Pharmacol Toxicol. 2007 Feb 10;47:731-759. DOLI:
10.1146/annurev.pharmtox.47.120505.105134

Davenport AP, Hyndman KA, Dhaun N, Southan C, Kohan
DE, Pollock JS, et al. Endothelin. Pharmacol Rev. 2016
Apr;68(2):357-418. DOI: 10.1124/pr.115.011833

Ruggenenti P, Porrini EL, Gaspari F, Motterlini N, Cannata
A, Carrara F, et al. Glomerular hyperfiltration and renal
disease progression in type 2 diabetes. Diabetes Care. 2012
Oct;35(10):2061-2068. DOL: 10.2337/dc11-2189

Kohan DE, Barton M. Endothelin and endothelin antagonists
in chronic kidney disease. Kidney Int. 2014 Nov;86(5):896-
904. DOI: 10.1038/ki.2014.143

Barton M, Shaw S, d’Uscio LV, Moreau P, Luscher TF.
Angiotensin II increases vascular and renal endothelin-1 and
functional endothelin converting enzyme activity in vivo: role
of ETA receptors for endothelin regulation. Biochem Biophys
Res Commun. 1997 Sep 29;238(3):861-865. DOI: 10.1006/
bbrc.1997.7394

Lin YJ, Kwok CF, Juan CC, Hsu YP, Shih KC, Chen CC, et al.
Angiotensin II enhances endothelin-1-induced vasoconstriction
through upregulating endothelin type A receptor. Biochem
Biophys Res Commun. 2014 Aug 22;451(2):263-269. DOLI:
10.1016/).bbrc.2014.07.119

Rossi GP, Ganzaroli C, Cesari M, Maresca A, Plebani M,
Nussdorfer GG, et al. Endothelin receptor blockade lowers
plasma aldosterone levels via different mechanisms in primary
aldosteronism and  high-to-normal renin hypertension.
Cardiovasc Res. 2003 Jan;57(1):277-283. DOIL: 10.1016/
S0008-6363(02)00658-2

Andress DL, Coll B, Pritchett Y, Brennan J, Molitch M, Kohan
DE. Clinical efficacy of the selective endothelin A receptor
antagonist, atrasentan, in patients with diabetes and chronic
kidney disease (CKD). Life Sci. 2012 Oct;91(13-14):739-742.
DOI: 10.1016/).1s.2012.01.011

Pulido T, Adzerikho I, Channick RN, Delcroix M, Galie N,
Ghofrani HA, et al. Macitentan and morbidity and mortality
in pulmonary arterial hypertension. N Engl ] Med. 2013 Aug
29;369:809-818. DOI: 10.1056/NEJMoa1213917

Rubin LJ, Badesch DB, Barst RJ, Galie N, Black CM, Keogh
A, et al. Bosentan therapy for pulmonary arterial hypertension.
N Engl ] Med. 2002 Mar 21;346:896-903. DOI: 10.1056/
NEJMoa012212

Ministério da Ciéncia, Tecnologia e Inovacio (BR). Conselho
Nacional de Controle de Experimentagio Animal (CONCEA).
Diretriz brasileira para o cuidado e a utilizagao de animais para fins
cientificos e didaticos — DBCA [Internet]. Brasilia (DF): MCTIC;
2013 [access in 2017 mar 5]. Available from: http://pages.cnpem.
br/ceua/wp-content/uploads/sites/56/2015/06/DBCA.pdf
Ministério da Ciéncia, Tecnologia e Inovacio (BR). Conselho
Nacional de Controle de Experimentagio Animal (CONCEA).
Resolugdo normativa n. 30 de 2 de fevereiro de 2016. Diretriz
Brasileira para o Cuidado e a Utilizacdo de Animais em Atividades
de Ensino ou de Pesquisa Cientifica — DBCA. Didrio oficial da
Unido [Internet], Brasilia (DF), 03 fev 2016: Secdo 1: 3; [access
in 2017 mar 5]. Available from: https://ww2.icb.usp.br/icb/wp-
content/uploads/bioterio_etica/RESOLUCAO_NOR _30.pdf
Taussky HH. A microcolorimetric determination of
creatine in urine by the Jaffe reaction. J Biol Chem. 1954
Jun;208(2):853-61.

Bergmeyer HU. Methods of enzymatic analysis. Florida
Publishers. 1985;9:435-449.

Braz. J. Nephrol. (]. Bras. Nefrol.) 2019;41(4):451-461

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Orsonneau JL, Douet P, Massoubre C, Lustenberger P,
Bernard S. An improved pyrogallol red-molybdate method
for determining total urinary protein. Clin Chem. 1989
Nov;35(11):2233-6.

Beuge JA, Aust S. The thiobarbituric acid assay. Method
Enzym. 1978 Jan;52:306-307.

Wolff SP. Ferrous ion oxidation in presence of ferric ion
indicator xylenol orange for mensurament of hydroperoxides.
Methods Enzymol. 1994;233:182-189. DOI: 10.1016/S0076-
6879(94)33021-2

Tsikas D. Methods of quantitative analysis of the nitric
oxide metabolites nitrite and nitrate in human biological
fluids. Free Radic Res. 2005;39(8):797-815. DOI:
10.1080/10715760500053651

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein
measurement with the Folin phenol reagents. ] Biol Chem.
1951 Nov;193(1):265-75.

Avci Cicek E, Rota S, Dursun B, Kavalci E. Evaluation
of serum NGAL and hepcidin levels in chronic kidney
disease  patients. Ren Fail. 2016;38(1):35-39. DOI:
10.3109/0886022X.2015.1107823

Bolignano D, Lacquaniti A, Coppolino G, Donato V, Campo
S, Fazio MR, et al. Neutrophil gelatinase-associated lipocalin
(NGAL) and progression of chronic kidney disease. Clin ] Am
Soc Nephrol. 2009 Feb;4(2):337-44.

Ozkan S, Durukan P, Kavalci C, Duman A, Sayhan MB, Salt O,
et al. Importance of neutrophil gelatinase-associated lipocalin
in differential diagnosis of acute and chronic renal failure. Iran
Red Crescent Med J. 2014 Aug;16(8):¢14133. DOIL: 10.5812/
ircmj.14133

Zanatta CM, Canani LH, Silveiro SP, Burttet L, Nabinger G,
Gross JL. Endothelin system function in diabetic nephropathy.
Arq Bras Endocrinol Metab. 2008 Jun;52(4):581-588. DOL:
10.1590/50004-27302008000400003

Ito H, Hirata Y, Adachi S, Tanaka M, Tsujino M, Koike A,
et al. Endothelin-1 is an autocrine/paracrine factor in the
mechanism of angiotensin II-induced hypertrophy in cultured
rat cardiomyocytes. J clin invest. 1993 Jul 1;92(1):398-403.
DOI: 10.1172/JCI116579

Asmat U, Abad K, Ismail K. Diabetes mellitus and oxidative
stress-A concise review. Saudi Pharm J. 2015 Mar 21;24(5):547-
553. DOI: 10.1016/j.jsps.2015.03.013

Chan GC, Tang SC. Diabetic nephropathy: landmark clinical
trials and tribulations. Nephrol Dial Transplant. 2016
Mar;31(3):359-368. DOL: 10.1093/ndt/gfu411

Sen S, Chen S, Feng B, Iglarz M, Chakrabarti S. Renal,
retinal and cardiac changes in type 2 diabetes are attenuated
by macitentan, a dual endothelin receptor antagonist.
Life Sci. 2012 Oct;91(13-14):658-668. DOIL: 10.1016/j.
1£s.2012.03.032

Iglarz M, Binkert C, Morrison K, Fischli W, Gatfield ]J,
Treiber A, et al. Pharmacology of macitentan, an orally active
tissue-targeting dual endothelin receptor antagonist. Journal
of Pharmacology and Experimental Therapeutics. 2008
Dec;327(3):736-745. DOI: 10.1124/jpet.108.142976

Bugaj V, Mironova E, Kohan DE, Stockand JD. Collecting
duct-specific endothelin B receptor knockout increases ENaC
activity. Am J Physiol Cell Physiol. 2012 Jan 1;302(1):188-194.
DOI: 10.1152/ajpcell.00301.2011

Rabelink TJ, Bakris GL. The rennin-angiotensin system
in diabetic nephropathy: the endothelial connection.
Miner  Electrolyte =~ Metab.1998;24:381-388. DOI:
10.1159/000057399

Salgado PPCA, Santos Junior ACS, Oliveira MM, Penido MG,
Santana NF, Silva ACS. Fisiopatologia da nefropatia diabética.
Revista Med Minas Gerais. 2004;14(3):180-5.



46.D'Orléans-Juste P, Claing A, Télémaque S, Maurice MC,
Yano M, Gratton JP. Block of endothelin-1-induced release
of thromboxane A2 from the guinea pig lung and nitric oxide
from the rabbit kidney by a selective ETB receptor antagonist,
BQ-788. Br J Pharmacol. 1994 Dec;113(4):1257-62. DOL:
10.1111/.1476-5381.1994.tb17133 .x/full

Antioxidant effect of endothelin-1 against kidney chronic injury

47.Chen H, Li X, Epstein PN. MnSOD and Catalase Transgenes
Demonstrate That Protection of Islets From Oxidative
Stress Does Not Alter Cytokine Toxicity. Diabetes. 2005
May;54(5):1437-1446.

Braz. . Nephrol. (]. Bras. Nefrol.) 2019;41(4):451-461

461



