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Abstract

The uncontrolled production of the reactive oxygen species (ROS) generates oxidative stress and the development of
chronic diseases, such as hypertension. Antioxidant enzymes can reduce the cellular level of ROS. Nuclear erythroid
factor 2 (Nrf-2) favors the expression and activity of antioxidant enzymes. In hypertensive rats, Nrf-2 expresssion
appears to be reduced in blood vessels and, consequently, it favors the oxidative stress and vascular dysfunction.
Apocynin (APO) has been considered a new antioxidant drug. APO reduces blood pressure, decreases ROS
production, and improves endothelial function in spontaneously hypertensive rats (SHR). We hypothesized that the
role of Nrf-2 in vascular reactivity is altered in SHR and APO-treatment prevents this alteration. To test this
hypothesis, we evaluated aorta reactivity to phenylephrine (PE) and acetylcholine (ACh), in the absence and presence
of Brusatol, Nrf-2 inhibitor. We used aortas from normotensive Wistar rats and SHR, untreated or treated with APO.
Brusatol increased the reactivity of the aortas from SHR to PE, but did not change the reactivity of Wistar rat aortas.
In APO-treated SHR aortas, the effect of Brusatol was not observed. The vasodilator responses to ACh were not
modified by Brusatol in aortas from normotensive or hypertensive rats, untreated or treated with APO. These results
suggest that Nrf-2 is activated in the contractile response to PE. In SHR aortas, exacerbated generation of ROS
induces the activation of Nrf-2. This suggestion is reinforced by the lack of Brusatol effect in APO-treated SHR
aortas. As APO is an antioxidant drug, the reduction of ROS in vascular cells would not lead to Nrf-2 activation.
Keywords: Hypertension; SHR; Aorta; Oxidative stress; Nrf-2.

Resumo

A producdo ndo controlada de espécies reativas de oxigénio (ERO) induz ao estresse oxidativo e ao desenvolvimento
de doencas cronicas como a hipertensdo. Enzimas antioxidantes podem reduzir o nivel celular de ROS. O fator
eritroide nuclear 2 (Nrf-2) favorece a expressdo e atividade de enzimas antioxidantes. Em ratos hipertensos, a
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expressao de Nrf-2 parece estar reduzida nos vasos sanguineos e, consequentemente, favorece o estresse oxidativo e a
disfuncéo vascular. A apocinina (APO) tem sido considerada uma nova droga antioxidante. APO reduz a presséo
arterial, diminui a producéo de ROS e melhora a funcdo endotelial em ratos espontaneamente hipertensos (SHR). Nés
hipotetizamos que o papel do Nrf-2 na reatividade vascular ¢ alterado no tratamento com SHR e APO previne essa
alteracdo. Para testar essa hipétese, avaliamos a reatividade da aorta a fenilefrina (PE) e acetilcolina (ACh), na
auséncia e na presenca de Brusatol, inibidor de Nrf-2. Foram utilizadas aortas de ratos Wistar e SHR normotensos,
ndo tratados ou tratados com APO. Brusatol aumentou a reatividade das aortas de SHR para PE, mas ndo alterou a
reatividade das aortas de ratos Wistar. Em aortas SHR tratadas com APO, o efeito de Brusatol ndo foi observado. As
respostas vasodilatadoras a ACh ndo foram modificadas pelo Brusatol em aortas de ratos normotensos ou hipertensos,
ndo tratados ou tratados com APO. Esses resultados sugerem que o Nrf-2 ¢é ativado na resposta contratil a PE. Em
aortas SHR, a geracdo exacerbada de ROS induz a ativacdo de Nrf-2. Essa sugestdo € reforgada pela falta de efeito do
Brusatol em aortas SHR tratadas com APO. Como a APO é um farmaco antioxidante, a reducéo de ROS nas células
vasculares ndo levaria a ativagdo do Nrf-2.

Palavras-chave: Hipertensdo; SHR; Aorta; Estresse oxidativo; Nrf-2.

Resumen

La produccion descontrolada de especies reactivas de oxigeno (ERO) induce estrés oxidativo y el desarrollo de
enfermedades cronicas como la hipertension. Las enzimas antioxidantes pueden reducir el nivel celular de ROS. El
factor 2 eritroide nuclear (Nrf-2) favorece la expresion y actividad de enzimas antioxidantes. En ratas hipertensas, la
expresion de Nrf-2 parece estar reducida en los vasos sanguineos y, en consecuencia, favorece el estrés oxidativo y la
disfuncién vascular. La apocinina (APO) se ha considerado un nuevo farmaco antioxidante. APO reduce la presion
arterial, disminuye la produccién de ROS y mejora la funcion endotelial en ratas espontdneamente hipertensas (SHR).
Presumimos que el papel de Nrf-2 en la reactividad vascular se altera en el tratamiento de SHR y APO previene esta
alteracion. Para probar esta hipdtesis, evaluamos la reactividad de la aorta a la fenilefrina (PE) y la acetilcolina (ACh),
en ausencia y presencia de Brusatol, inhibidor de Nrf-2. Se utilizaron aortas de ratas normotensas Wistar y SHR, no
tratadas o tratadas con APO. Brusatol aumento la reactividad aértica de SHR a PE, pero no cambié la reactividad
adrtica de las ratas Wistar. En aortas SHR tratadas con APO, no se observo el efecto de Brusatol. Brusatol no
modifico las respuestas vasodilatadoras a la ACh en aortas de ratas normotensas o hipertensas, no tratadas o tratadas
con APO. Estos resultados sugieren que Nrf-2 se activa en la respuesta contractil a PE. En aortas SHR, la generacion
exacerbada de ROS induce la activacion de Nrf-2. Esta sugerencia se ve reforzada por la falta de efecto de Brusatol en
aortas SHR tratadas con APO. Como APO es un farmaco antioxidante, la reduccion de ROS en las células vasculares
no conduciria a la activacion de Nrf-2.

Palabras clave: Hipertension; SHR; Aorta; Estrés oxidativo; Nrf-2.

1. Introduction

Cardiovascular diseases are the leading cause of death, hospitalizations and outpatient care on a global scale.
According to 2017 data, carried out by Datasus, the occurrence of deaths in Brazil reached a percentage of 27.3% for
cardiovascular diseases, and hypertension was associated with 45% of the cardiac deaths: coronary artery disease and heart
failure (Barroso et al., 2021). Hypertension is a generally asymptomatic condition, and it usually evolves structural and
functional changes in target organs, such as the heart, vessels, brain and kidneys. This alteration contributes to the high impact
in morbidity and mortality and hospital and socioeconomic costs. The prevalence of arterial hypertension has increased in
underdeveloped and developing countries, which can be explained, in part, by the regional heterogeneity of risk factors such as
high sodium and low potassium consumption, obesity, alcohol consumption and sedentary lifestyle. In contrast to the
increasing prevalence, prevention, control and treatment of hypertension are less than expected (Mills et al., 2020). In recent
decades, with the spread of the use of antihypertensive drugs, the global mean arterial pressure has remained constant or has
been reduced in a negligible way. Because of this, there is a global need for investments in more effective antihypertensive
therapies to reduce morbidity and mortality of the population (Barroso et al., 2021; Mills et al., 2020).

To analyze the mechanism of arterial hypertension it is necessary to understand the pathophysiology of this chronic
disease. Hypertension is highly related to oxidative stress, which is defined as the imbalance between reactive oxygen species
(ROS) production and antioxidant defenses (Betteridge, 2000; Montezano et al., 2015). ROS are constantly generated from

cellular metabolism and when produced in a controlled manner, they act physiologically in the body, regulating different
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cellular processes. However, the excessive generation of ROS results in oxidative stress that causes cell damage and
contributes to the development of chronic diseases such as high blood pressure (Ma, 2013; Mclintyre, Bohr & Dominiczak,
1999). Oxidative stress favors the translocation and transcription of nuclear erythroid factor 2 (Nrf-2) to the nucleus. Nrf-2
plays an important role in the cellular redox system, as it is expressed in different tissues and regulates the expression of genes
that encode antioxidant enzymes, such as glutathione peroxidase (GPx), superoxide dismutase (SOD), catalase (CAT) and
heme-oxygenase 1 (HO-1), by linking to the antioxidant response elements in the promoter segments of the corresponding
genes (Pecorelli et al., 2013). Nrf-2 serum level is reduced in spontaneously hypertensive rats (SHR) and contributes to low
antioxidant capacity, thus intensifying oxidative stress and vascular dysfunction (Erejuwa et al., 2012). Activation of Nrf-2 in
SHR was effective in increasing endothelium-dependent vasodilation, reversing the redox imbalance (Lopes et al., 2015) and
reducing oxidative stress, in addition to attenuating the progression of hypertension (Javkhedkar; Banday, 2015).

APO has shown a promising application in reducing arterial hypertension in hypertensive animals (Virdis et al.,
2016). APO is constituent of extracts from the root of the Picrorhiza kurroa plant, and it has been widely used in experimental
studies as an antioxidant drug. One of its functions includes inhibiting the generation of ROS, contributing to the reduction of
oxidative stress and vascular damage (Rosa et al., 2016). Our group reported chronic treatment with APO (30 mg/kg, po)
increased the hypotensive effect of acetylcholine and its vasodilator responses in SHR. Moreover, APO treatment increased the
bioavailability of nitric oxide (NO) and reduced ROS and oxidative stress in treated SHR, preventing the endothelial
dysfunction in SHR blood vessels (Perassa et al., 2016). Besides that, APO treatment was effective in reducing the expression
of NOX2 and p47phox and the activity of NAD(P)H oxidase enzymes in SHR blood vessels (Graton et al., 2019).

Taken together, these data led us to raise the hypothesis that the role of Nrf-2 in the vascular reactivity is altered in
SHR blood vessel and APO treatment would be able prevent this alteration. To better understand the role of Nrf-2 in vascular
reactivity, we analyzed the effect of Brusatol, used as Nrf-2 inhibitor, which promotes rapid and transient depletion of the Nrf-

2 protein (Olayanju et al., 2015).

2. Methodology

The experiments were performed following the standardized methodology published in previous studies (Perassa et
al., 2016; Graton et al., 2019).

2.1 Animals

The experimental protocols were previously approved by the Local Ethics Committee (CEUA 0855-2017) of the Séo
Paulo State University “Julio Mesquita Filho”, following the regulations of the current legislation n°® 8112/2008, of the
National Council for the Control of Animal Experiments (CONCEA). Mating was performed between male and female SHR
with systolic blood pressure (SBP) greater than or equal to 150 mmHg. SBP was verified by tail plethysmography using a
plethysmograph for measurements in rats (PowerLab, ADInstruments, Australia). The male SHR offspring (50g, 4-week-old)
were used in the experiments. Wistar rats, in the same age, were used as normotensive controls. The animals were kept under
temperature-controlled conditions (22-24°C) with a light/dark cycle (12h/12h), received standard commercial rodent chow and

water ad libitum.

2.2 Drugs and treatment
For this experimental design Apocynin (APO, SIGMA) diluted in drinking water was used to treat the animals.
Brusatol (Nrf-2 inhibitor, SIGMA), Acetylcholine (ACh, vasodilator, SIGMA) and Phenylephrine (PE, vasoconstrictor,
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SIGMA) were used in the vascular reactivity experiments. Animals were carefully grouped according to previously established
protocols. Thus, four groups were obtained: Control Wistar rats (n = 9), Treated Wistar rats (n = 6), SHR (n = 11) and Treated
SHR (n = 9). Treated groups received APO (30 mg/kg, po) diluted in drinking water and untreated groups drank water without
addition of APO for 6 weeks, starting from the fourth week of life. The body weight from animals was checked twice a week
to adjust the established dose per kilogram. The dose of APO used to treat the animals was determined based on previous
studies that observed the hypotensive effect of APO without toxicity (Baumer et al., 2007; Hayashi et al., 2005; Oelze et al.,
2011; Pechanova et al., 2009; Perassa et al., 2016; Graton et al., 2019). After 6 weeks of treatment, SBP was measured by

plethysmography and then animals were sacrificed with an overdose of anesthetic.

2.3 Vascular reactivity

The thoracic aorta of each animal was dissected, extracted, cleaned, and sectioned into rings of 2 mm in a Petri dish
containing Krebs-Henseleit solution (composition in mmol/L: NaCl 130.0; KCI 4.7; KH2PO4 1.2; MgSQO4 1.2; NaHCO; 14.9;
CsH1206 5.5; CaCl, 1 .6) pH 7.4, 4°C. A myograph was used in the vascular reactivity experiments (DMT, ADInstruments,
Australia). The aortic rings were positioned between two stainless steel hooks, connected to an isometric force transducer, and
maintained in Krebs -Henseleit solution, 37 °C, pH 7.4 with gaseous supply of 95% 02 and 5% CO2 for a period of
stabilization (30 min) at a basal tension of 30 mN. After 30 min, the rings were stimulated with potassium chloride solution
120 mmol/L to test functional integrity of vascular cells. Rings with contractile responses > 10 mN to KCl were used in the
experiments. After the contractile response plateau has been observed, the preparations were washed with a solution of Krebs-
Henseleit until to reach basal tension. Endothelial cells integrity was assessed by the relaxation responses induced by ACh (1
umol/L) after PE (100 nmol/L) response. For Wistar rats, intact aortic rings with functional endothelium showed ACh
relaxation response > 90% and for SHR, aortic rings showed endothelium dysfunction and relaxation responses to ACh < 70%.
Aortic rings without ACh responses were not used in these experiments. Concentration-effect curves for PE (0.1 nmol/L — 0.1

mmol/L) were evaluated in aortic rings in the absence and presence of Brusatol (0,1 umol/L) a specific inhibitor for Nrf-2.

2.4 Statistical analysis

Data were presented as mean = SEM and “n” is the number of animals or aortic rings used in the experiments. All
results were compared between groups using Student's t test or analysis of variance (One-away ANOVA) with Tukey's post-
test. The statistical program GraphPad Prism 7.0 (GraphPad Software Corporation, La Jolla, USA) was used to make the
graphs and to analyze the results and compare the results between the groups. Differences were considered significant when p
< 0.05.

3. Results and Discussion

3.1 Evaluation of the effect Brusatol on the reactivity of aortas from Wistar and SHR rats to PE.

Initially, to assess the role of Nrf-2 in the vascular reactivity to PE, we compared the PE concentration-effect curves
obtained in the absence and in the presence of Brusatol, an inhibitor of Nrf-2, in intact aortas from Wistar rats (Figure 1A) or
SHR (Figure 2A). We found that in the presence of Brusatol (0,1 umol/L), there was a tendency towards the greater reactivity
to PE, but not significant (Figure 1A). However, in SHR aortas (Figure 2A), we observed that Emax of the concentration-effect
curves to PE were increased in the presence of Brusatol, demonstrating that Brusatol significantly increased the reactivity of
aortas from SHR. These results show that aortas from hypertensive rats are more sensitive to the effect of Brusatol than aortas
from normotensive rats and suggest the relevant role of Nrf-2 in the vascular contraction stimulated by PE in SHR aortas.
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Figure 1: Phenylephrine (PE) concentration-responses curves in aortic rings of untreated Wistars rats (WC, n=5) and Wistars
rats treated with APO (WT, n=6), in the absence and presence of Brusatol (+B). The points represent the mean + SEM of the
results obtained. The results were compared between the curves and the differences were not significant.
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Figure 2: Phenylephrine (PE) concentration-responses curves in aortic rings of untreated SHR (SHR C, n=7) and in aortic ring
of APO-treated SHR (SHR T, n=4) in the absence and presence of Brusatol (+B). The points represent the mean + SEM of the
results obtained. The results were compared between the curves, *p<0.05
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Previously results from our group demonstrated that Brusatol (0.1 pmol/L) was able to increase the reactivity to PE in
intact aortic rings of female Wistar rats, however this effect of Brusatol was not observed in endothelium-denuded aortas from
female Wistar rats (Zanardo, 2020). The lack of Brusatol effect in endothelium denuded aortic rings suggest that Nrf-2 is
involved in the modulating effect of endothelium on vasoconstriction induced by PE. The vasoconstrictor responses to PE are
modulated by endothelium-derived NO in aortic rings. As demonstrated in some of our studies, endothelium removal or pre-
incubation with L-NAME, an inhibitor of NOS, increased PE responses in blood vessels of normotensive or hypertensive rats
(Zancheta et al., 2015; Perassa et al., 2016; Graton et al., 2019).

In the presence of Brusatol, a greatest amount of ROS was measured in HUVEC (human umbilical vascular
endothelial cells) (Zanardo, 2020) than in the absence of this inhibitor. Moreover, the basal amount of ROS is increased in
SHR endothelial cells than in Wistar rat endothelial cells (Perassa et al., 2016). Considering that Brusatol is increasing ROS in
endothelial cells, a highest amount of O, would be expected in endothelial cells of SHR in the presence of Brusatol. The
highest amount of O, would reduce NO bioavailability and its anti-contractile effect. These results suggest that Brusatol is
increasing ROS in aortas of hypertensive rats and consequently, Brusatol could reduce NO bioavailability and the modulating
effect of the endothelium on the vasoconstrictor responses stimulated by the a1-adrenergic agonist.

To test this hypothesis, we evaluated the effect of Brusatol on aortas from rats treated with APO. Endothelial cells of
aortas isolated from APO-treated SHR showed a significative increase in NO and a decreased in ROS when compared to the
cells from SHR not treated with APO (Perassa et al., 2016). Moreover, APO reduced the lucigenin chemiluminescence,
indicating that APO treatment reduces NOX activity in aortas of hypertensive rats (Graton et al., 2019). We observed that
Brusatol did not change the PE reactivity in the aortas from APO-treated Wistar rats (Figure 1B). Likewise, Brusatol did not
alter PE reactivity in APO-treated SHR aortas (Figure 2B). Although the curves were slightly shifted to the right in the
presence of Brusatol, the difference in the pD2 values between the curves were not statistically significant in APO-treated SHR
aortas.

Together, our results demonstrated that Brusatol significantly increases the reactivity of aortas from untreated SHR
(Figure 2A) to PE, but its effect is not observed in APO-treated SHR aortas (Figure 2B). These results suggest that Nrf2
participates in the vascular response to PE in blood vessels of hypertensive rats. Probably Nrf-2 is involved in the modulating
effect of the endothelium on PE reactivity, which depends on NO bioavailability.

3.2 Evaluation of the effect of Brusatol on the reactivity of aortas from Wistar and SHR rats to ACh

We also evaluated the effect of Brusatol on the reactivity of aortas to Acetylcholine (ACh). ACh promotes relaxation
of the aortas. This effect is dependent on nitric oxide (NO), the relaxing factor derived from endothelium and synthesized by
endothelial nitric oxide synthase (eNOS). We evaluated whether the relaxation pattern of aortic rings to ACh is altered by
Brusatol. For this, the aortic rings were pre-contracted with PE, and relaxation was obtained from the addition of increasing
and cumulative concentrations of ACh. ACh concentration-responses curves were compared between groups (Figure 3 and 4).

We observed that Brusatol did not alter the reactivity to ACh in aortas from untreated (Figure 3A) or APO-treated
(Figure 3B) Wistar rats to ACh, suggesting the vasodilator response of ACh in aortas from normotensive rats does not depend
on Nrf-2.
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Figure 3: Concentration-effect curves for ACh in aortic rings from untreated (C, n=5) and APO-treated (T, n=5) Wistar rats, in

the absence and presence of Brusatol (+ B). The points represent the mean + SEM of the results obtained.
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To verify the effect of Brusatol in relaxation induced by ACh in SHR aortic rings, we also evaluated the
concentration-effect curves to ACh in absence or presence of Brusatol (Figure 4). ACh vasodilator responses are impaired in
aortas from SHR. This functional alteration is a consequence of the endothelial dysfunction associated with hypertension.
Endothelial dysfunction is characterized by lower eNOS activity and lower amounts of NO in endothelial cells. The increase in
NOX activity and the highest amount of ROS in endothelial cells has also been associated with endothelial dysfunction in
SHR.

APO treatment improves endotelial function in SHR blood vessels. Mesenteric arteries and aorta from APO-treated
SHR showed increased sensitivity to ACh (Selemidis et al., 2008). Higher NO amount, lower NOX2 and p47phox expression,
and reduced NOX activity were also observed in blood vessels of APO-treated SHR When compared to untreated SHR
(Perassa et al., 2016, Graton et al., 2019).

Brusatol did not alter the impaired reactivity of aortas from untreated SHR to ACh (Figure 4A) and did not change the
reactivity of aortas from APO-treated SHR to ACh (Figure 4B).
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Figure 4: Concentration-effect curves for ACh in untreated (A, n=4) and APO-treated (B, n=3) SHR aortic rings in the
absence and presence of Brusatol (+ B). The points represent the mean + SEM of the results obtained. The results were

compared between the curves.
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4. Conclusion

The results presented in this study showed Brusatol, an inhibitor of Nrf-2, increased the reactivity aortas to PE, but
not to ACh. These results suggest that Nrf-2 is activated and participates in the contractile response to PE.

The effect of Brusatol is significantly increased in aortas from hypertensive rats than in aortas from normotensive rats.
In aortas from hypertensive rats, increased generation of ROS induces the activation of Nrf-2, a transcription factor for an
antioxidant response element. This suggestion is reinforced by the lack of effect of Brusatol in APO-treated SHR aortas. As
APO is an antioxidant drug, it would reduce ROS in vascular cells and would not lead to Nrf-2 activation. Based on these
findings, in the next steps of this study we will evaluate the effect of Brusatol and Apocynin on the expression of Nrf2
signaling pathway proteins in SHR aortas. Altogether, our data are promising and open possibilities for interpreting the effects

of APO and Brusatol in hypertensive individuals.
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