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Abstract

Renovascular hypertension is one of the most relevant causes of secondary hypertension, mostly caused by atherosclerotic
renovascular stenosis or fibromuscular dysplasia. The increase in angiotensin II production, oxidative stress, and formation
of peroxynitrite promotes the decrease in nitric oxide (NO) availability and the development of hypertension, renal and
endothelial dysfunction, and cardiac and vascular remodeling. The NO produced by nitric oxide synthases (NOS) acts as
a vasodilator; however, endothelial NOS uncoupling (eNOS) also contributes to NO reduced availability in renovascular
hypertension. NO donors and NO-derived metabolites have been investigated in experimental renovascular hypertension
and have shown promissory effects in attenuating blood pressure and organ damage in this condition. Therefore, understand-
ing the role of decreased NO in the pathophysiology of renovascular hypertension promotes the study and development of
NO donors and molecules that can be converted into NO (such as nitrate and nitrite), contributing for the treatment of this

condition in the future.
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Introduction

Hypertension is a chronic condition that damage target
organs such as heart, kidneys, vessels, and central nervous
system. Primary hypertension is when the cause of high
blood pressure is unknown, and when it is possible to deter-
mine the etiology, the condition is named secondary hyper-
tension (Charles et al. 2017). Renovascular hypertension
is a common cause of secondary hypertension, developed
through the reduction of blood flow perfusion to the kidney
by renal artery occlusion or stenosis (Herrmann and Textor
2019). This response results in activating the renin—angio-
tensin—aldosterone-system, with consequently oxidative
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stress, vascular dysfunction, and thereby increasing blood
pressure (Campos et al. 2011; Rossi et al. 2020).

Nitric oxide (NO) is a molecule with important actions on
the kidneys, such as natriuresis and diuresis, and a deficiency
on its synthesis is related to the development of hyperten-
sion (Mount and Power 2006). The activation of the renin-
angiotensin system (RAS), which causes the reduction of
NO production, leads to an increase in blood pressure (Pat-
zak and Persson 2007). Therefore, understanding the role of
decreased NO in the pathophysiology of renovascular hyper-
tension contributes to the development and study of NO
donors as possible treatments for renovascular hypertension.

In this review, we discuss the physiopathology of reno-
vascular hypertension and the role of NO in the development
and treatment of this dysfunction. A MEDLINE-based search
was performed using the following keywords: “hypertension,”
“renovascular hypertension,” “kidney,” “nitric oxide,” and
“two-kidney, one-clip.” The list of articles was subsequently
chosen by those containing abstracts and published in English
language. Information analysis started with the title, followed
by the abstract and then the complete report.
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The role of the kidney in blood pressure
control

The role of the kidney in blood pressure control initiated
with Richard Bright in the nineteenth century, which sug-
gested that high blood pressure and increased cardiac mass
were associated with alterations in the blood and urine
caused by the kidney (Bright 1836). Later in the beginning
of the twentieth century, Harry Goldblatt was able to induce
hypertension in dogs by the stenosis of one of the renal arter-
ies (Goldblatt et al. 1934). Posteriorly, Arthur Guyton sug-
gested that the kidney regulated the blood pressure through
a balance of sodium intake and its urinary excretion (Guyton
et al. 1972). Nowadays, the concept that the kidneys have
the capacity to control the circulation volume through the
regulation of sodium and water balance promoting extracel-
lular volume homeostasis is widely accepted (Van Beusecum
and Inscho 2015). When there is an increase in sodium and
water amounts, the extracellular volume increases, promot-
ing an increase in the cardiac output and blood pressure
(Wadei and Textor 2012; Van Beusecum and Inscho 2015).
To control these alterations, the nephron increases sodium
and water excretion to decrease the extracellular volume and
the blood pressure, a process known as pressure natriuresis
(Van Beusecum and Inscho 2015). However, a reduction
in blood pressure promotes an intense water and sodium
absorption by the nephron, increasing the extracellular vol-
ume and blood pressure (Coffman 2014; Van Beusecum and
Inscho 2015).

Likewise, RAS is another important regulator of sodium
balance, body fluid volume, and blood pressure. RAS activa-
tion started with increased renin release, which is produced
and stored in juxtaglomerular cells and is responsible to con-
vert angiotensinogen to angiotensin I. Thereafter, angioten-
sin-converting enzyme converts angiotensin I in angioten-
sin II, which activates angiotensin II type 1 (AT1) receptor
causing vasoconstriction, aldosterone synthesis and release,
water and sodium retention, pro-inflammatory effects, and
tissue growth and remodeling (Danser et al. 1994; Herrmann
and Textor 2019). Sodium retention occurs by increasing the
expression of the epithelial sodium channel (ENaC) (Mira-
bito Colafella et al. 2019).

Renovascular hypertension

Epidemiology and causes

Renovascular hypertension is one of the main causes of
secondary hypertension, accounting for 1 to 5% of all

the cases for hypertension, and being more prevalent in
adults over 65 years old (Herrmann and Textor 2019).
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The major cause of renovascular hypertension is steno-
sis of the renal artery by atherosclerosis, corresponding
to 90% of the cases, followed by fibromuscular dysplasia
(9% of the cases) and other diseases, such as renal artery
aneurysm and unilateral renal artery disease (1% of the
cases) (Samadian et al. 2017; Herrmann and Textor 2019).
The individuals who present renovascular hypertension
are frequently resistant to medicine treatment, which can
contribute to develop other complications, such as left
ventricle hypertrophy and reduction in glomerular filtra-
tion rate (Textor 2014).

The atherosclerotic renovascular stenosis is a disease
with a death rate of 16% per year and mainly developed
in men above 50 years old that present previous systemic
atherosclerosis and coronary or peripheral vascular altera-
tions (Investigators et al. 2009; Samadian et al. 2017). In
this condition, there is a formation of atheroma plaques
that can obstruct partially or entirely the origin of the renal
artery, as well as the renal vases (Herrmann and Textor
2019). In addition, the condition is characterized by pro-
gressive worsening of the stenosis, which may lead to
the development of ischemic nephropathy (Bavishi et al.
2016). In general terms, the stenosis of the renal artery
caused by atherosclerosis leads to a decrease in the renal
perfusion, activating the renin-angiotensin aldosterone
system (RAAS), which in turn activates the sympathetic
nervous system; increases the production of prostaglan-
dins, nitric oxide, and aldosterone; and decreases the
excretion of sodium and water, promoting vasoconstric-
tion (Boutari et al. 2019). The maintained restriction of
renal perfusion results in disturbances of the microvascu-
lar functionalities and interstitial fibrosis, besides contrib-
uting to elevate the blood pressure (Boutari et al. 2019).
Symptomatic patients mainly present a progressive decline
of the renal function as well as recurrent flash pulmonary
edema (Herrmann and Textor 2019).

Fibromuscular dysplasia occurs mainly in children and
women between 30 and 50 years old (Samadian et al. 2017,
Rossi et al. 2020). This condition is idiopathic and com-
promises the proximal, medium, or distal segments of the
kidney arteries (Samadian et al. 2017). Most times the lesion
is limited to two-thirds of the renal artery, being multifo-
cal with the appearance of “string-of-beads,” or focal, with
the characteristic of tubular stenosis (Samadian et al. 2017;
Herrmann and Textor 2019). The disease is characterized
by a non-atherosclerotic and non-inflammatory angiopathy,
affecting mainly the arteries in the kidneys (Ralapanawa
et al. 2016). The reduction of the arterial renal perfusion due
to the unifocally or multifocally stenosed arteries activates
the RAAS, promoting volume increase and hypertension
(Gottsiter and Lindblad 2014).
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Renovascular hypertension pathophysiology

The main cause of renovascular hypertension is the decrease
in blood flow perfusion to the kidneys, in which the hemo-
dynamic effects are only detected when the occlusion of the
vascular lumen is between 75 and 85% (Herrmann and Tex-
tor 2019). Studies show that partial or total vascular occlu-
sion in the kidneys leads to a raise in the systemic blood
pressure, mainly through the activation of RAS (Textor
2009; Tafur-Soto and White 2015).

The decrease in kidney perfusion increases renin release
by the juxtaglomerular cells, converting its substrate angio-
tensinogen to angiotensin I, which is converted to angioten-
sin II by the angiotensin converting enzyme. Angiotensin II
promotes vasoconstriction and leads to the release of adre-
nal cortex aldosterone and retention of water and sodium,
increasing the cardiac output and blood pressure (Herrmann
and Textor 2019).

The animal two-kidney one clip (2K1C) was the first cre-
ated with the strategy of decreasing renal perfusion through
a clip in one of the renal arteries, while the other kidney
remains intact (Goldblatt et al. 1934). This clamping leads
to the activation of the RAS and the development of reno-
vascular hypertension (Goldblatt et al. 1934). The clip in
one of the renal arteries increases plasma renin activity in
the perfusion pressure of the other kidney, which promotes
sodium excretion to decrease the blood pressure (Garovic
and Textor 2005). Hence, blood pressure drops, reducing
the pressure in the perfusion of the kidney with stenosis
and further increasing renin release, angiotensin II levels,
aldosterone secretion, and distal sodium reabsorption, lead-
ing to renal vasoconstriction and increased sodium reab-
sorption in proximal and distal tubules (Garovic and Textor
2005). The increased levels of angiotensin II also contribute
to increase the synthesis of collagen type I and III in fibro-
blasts, promoting the thickening of the vascular walls, the
myocardium, and contributing to develop fibrosis (Nair and
Vagqgar 2021).

Moreover, angiotensin II increases the sympathetic nerv-
ous system activity (increases peripheral resistance and car-
diac output), activates inflammatory and fibrotic pathways
and oxidative stress, and reduces glomerular filtration rate,
compromising the renal function (Investigators et al. 2009).

The NAD(P)H oxidase is an enzymatic complex formed
by catalytic and regulators subunits which works in the reac-
tive oxygen species (ROS) generation, being activated by
angiotensin II. This group of enzymes is named as “Nox
family” and each one is characterized by its respectively
catalytic and regulators subunits. There are seven members
of this family: Nox1, Nox2 (gp91phox), Nox3, Nox4, Nox5,
and Duox1 and Duox2 (Rodino-Janeiro et al. 2013). These
enzymes use NADPH or NADH as electron donor to pro-
mote the O, production based on the following reaction:

20,+NADPH —20,*~ + NADP" +H™" (Konior et al.
2014). The catalytic subunits are activated by different reg-
ulators mechanisms which involves the calcium action or
cytosolic proteins as p47°"°* and NOXO-1 (Rodino-Janeiro
et al. 2013). These enzymes are expressed in different tissues
and develop a variety of biological functions. In the kidneys,
Nox4 is the most important NAD(P)H oxidase expressed
and is originally named as renox (renal oxidase) (Holterman
et al. 2015). Besides Nox4, the kidney also expresses Nox1
and Nox2, which regulate physiological actions and play an
important role in the renal dysfunction development (Munoz
et al. 2020).

The 2K1C Goldblatt model of renovascular hypertension
results in an Ang II-induced hypertension with increased
oxidative stress by NAD(P)H oxidase activation. Chronic
administration of superoxide dismutase mimetic tempol
decreases ROS and blood pressure in renovascular hyper-
tension and increases the renal function in 2K1C hyperten-
sion more effectively than the AT1 antagonist (Campos et al.
2011). These results suggest that oxidative stress has a role
in the development of renal dysfunction in renovascular
hypertension. In a rat model of renal unilateral arterial steno-
sis, there was a progressive increase in ROS production and
in the blood pressure, even when the angiotensin II levels
decreased, suggesting a systemic action from the oxidative
stress in maintaining renovascular hypertension and renal
damage caused by hypertension (Lerman et al. 2001).

Besides that, the increase in the oxidative stress is also
related to the development of inflammation, which in turn
contributes to endothelial dysfunction and hypertension
(Dinh et al. 2014). The increased levels of ROS can promote
inflammatory processes through activation of transcription
factors such as NF-kB (Dinh et al. 2014). In addition, experi-
ments using the model of 2K1C hypertension demonstrated
that the angiotensin activation and the decrease in NO pro-
duction could lead to an increased production of TNF-a and
IL-6, promoting tubular degeneration and interstitial mono-
nuclear cell infiltrations (Kalaivani et al. 2013).

Nitric oxide (NO)

NO is a gaseous molecule that is found free in low quanti-
ties in the atmosphere, and since it contains an unpaired
electron, it tends to be very reactive (Ahmad et al. 2018).
NO is synthetized from the amino acid L-arginine, which
is produced in low quantities, and is neo-synthesized from
citrulline in the renal proximal tubules (Ahmad et al. 2018).
In the presence of NAD(P)H and calcium, L-arginine is con-
verted to N-hydroxy-L-arginine, which is transformed into
NO and L-citrulline in the presence of oxygen and NAD(P)
H (Ahmad et al. 2018). NO synthesis occurs by the enzyme
nitric oxide synthase (NOS), which has three isoforms:
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endothelial (eNOS), neuronal (nNOS) and inducible (iNOS)
(Ahmad et al. 2018).

The nNOS is more expressed in the macula densa, but is
also located in specialized neurons, as the non-adrenergic,
non-cholinergic nerves; within the renal arteries of the hilus,
arcuate and interlobular arteries; occasionally in the pre-
glomerular afferent arterioles; and also in the outer medul-
lary collecting duct, the cortical collecting duct and the inner
medullary thin limb (Mount and Power 2006). The iNOS is
induced by renal damage, as during renovascular hyperten-
sion or ischemia—reperfusion (Mount and Power 2006). The
eNOS is more expressed in renal vascular endothelium of
arteries and arterioles, glomerular capillaries, and medullary
descending vasa recta. In contrast, eNOS expression is not
seen in cortical capillaries or venous endothelium (Bach-
mann and Mundel 1994). Tubular expression of eNOS has
been detected in the inner medullary collecting duct, the
thick ascending limb of the loop of Henle, and the proximal
convoluted tubule (Mount and Power 2006). RAS activation
promotes an equivalent expression of eNOS in cortex and
medulla (Higashi et al. 2002).

NO functions in the kidneys

NO has several functions throughout the human body and is
known as “endothelial-derived relaxing factor” by the fact
that it induces the relaxation of the smooth muscle (Bauer
and Sotnikova 2010). In the kidneys, NO controls natriuresis
and diuresis, regulates renal hemodynamics, maintains med-
ullar perfusion, controls tubuloglomerular feedback, inhibits
sodium reabsorption by renal tubules, and increases sodium
excretion and urinary flow, which demonstrates its crucial
renal hemodynamic role and action in the sympathetic neural
activity present in this organ (Bachmann and Mundel 1994;
Mount and Power 2006). Thereby, NO contributes to the
maintenance of a low vascular resistance and being respon-
sible for about one third of the renal blood flow (Majid and
Navar 2001) (Fig. 1).

NO activates the soluble guanylyl cyclase (sGC), which
converts guanosine triphosphate into cyclic guanosine
monophosphate (cGMP), leading to vasodilation (Ahmad
et al. 2018). Moreover, cGMP may activate protein kinase
G (PKG), which phosphorylates different proteins involved
in vasodilation, neutrophils activation, modulation of
smooth muscle cells tone, and matrix expansion (Ahmad
et al. 2018). In the kidneys, eNOS is the main NO producer,
which through NO/sGC/cGMP pathway produces vasodila-
tion (Mount and Power 2006).

Renal autoregulation is the kidneys’ capacity to maintain
constant blood pressure and the glomerular filtration even
with alterations in the systemic blood pressure (Just 1997).
The tubuloglomerular feedback is an essential process in this
autoregulation, because the increase in glomerular filtration
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Fig. 1 Schematic representation of physiological effects of NO on the
renal tissue. NO is responsible to maintain low vascular resistance
and higher medullar perfusion, inhibit sodium reabsorption, increase
sodium excretion, elevate urinary flow, and decrease sympathetic
nerve activity. NO, nitric oxide

generates an increase in sodium in the loop of Henle detected
by the macula densa, which promotes signaling for the vaso-
constriction of the afferent arteriole, decreasing the glo-
merular filtration (Mount and Power 2006). Furthermore,
NO derived from nNOS participates in tubuloglomerular
feedback regulation through sGC stimuli, producing cGMP
and activating the kinase cGMP-dependent protein within
the cells of macula densa (Majid and Navar 2001).

The renal medullary flow is related to blood pressure
regulation and sodium balance, and NO directly acts in both
processes (Cowley et al. 2003; Mount and Power 2006). A
decrease in NO production or its inhibition is associated
with development of hypertension, since there is a sig-
nificant decrease on its effects over the renal sodium, fluid
excretion, and renal vascular resistance (Martinez et al.
2002). In the renal tubules, NO has the capacity to inhibit
sodium reabsorption, which contributes to its natriuretic
and diuretic effects (Mount and Power 2006). The use of
L-arginine analogue L-NAME decreased 40% renal medul-
lary flow, indicating that NO directly influences the renal
vases in the renal medulla (Cowley et al. 2003). Besides, NO
in the renal medulla opposes the noradrenaline, vasopressin,
and angiotensin II vasoconstriction effects, maintaining the
medullary flow normal and preventing the development of
hypertension (Mount and Power 2006).

NO role in renovascular hypertension

Alterations in NO bioavailability are observed in renovas-
cular hypertension. Figure 2 shows a schematic representa-
tion of physiopathology of renovascular hypertension, with
RAS activation, renal inflammation, oxidative stress, and
reduction of glomerular filtration rate. All of them promote
a decrease of NO and an increase of ONOO™ bioavailabil-
ity, and endothelium dysfunction. Endothelial disfunction
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Fig.2 Schematic representation of physiopathology of renovascular
hypertension. Renal stenosis is commonly caused by the presence
of renovascular atheroma plaque or fibromuscular dysplasia. Both
are able to activate renin angiotensin system which increases angio-
tensin II-induced activation of AT, receptor. This response plays an
important role on increase of renal inflammation and oxidative stress

leads to a decrease in NO production in 2K1C hyperten-
sive rats, avoiding NO vasodilatory protective action on
exaggerated angiotensin II production and increasing even
more the blood pressure (Sanchez-Mendoza et al. 1998).
Moreover, the NOS inhibitor N omega-nitro-L-arginine
increased vasoconstriction and blood pressure in 2K1C
model (Nakamoto et al. 1995). Furthermore, genetic therapy
with a recombinant adenovirus expressing eNOS prevented

and also reduction of glomerular filtration rate. All of them pro-
mote decrease of NO and increase of ONOO™ bioavailability, and
also endothelium dysfunction, leading to renovascular hypertension.
AT, Angiotensin II type 1 receptor; NO, nitric oxide; peroxynitrite,
ONOO™

the development of hypertension in the animals due to NO
vasodilation that compensated angiotensin II vasoconstrictor
effects in 2K1C hypertension (Gava et al. 2008).

Besides hypertension development, NO metabolites pre-
sent at the renal tissue and eNOS expression were consider-
ably reduced in the clamped kidney of 2K1C hypertension,
and when the clip was removed, the blood pressure returned
to normal as well as NO metabolites and eNOS expression
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(Park et al. 2000). The nonclipped kidney did not have NO
metabolites or eNOS expression alterations, both during the
use of the clip in the lateral kidney and after the clip removal
(Park et al. 2000). Chronic inhibition of iNOS present in the
macula densa increased blood pressure and renal vascular
resistance, besides promoting a sensitization in the juxtaglo-
merular feedback (Ollerstam et al. 1997). Oxidative stress
and AT receptor activation are stimulus for an increase in
nNOS expression in the macula densa, even though nNOS
presents reduced enzymatic activity in 2K1C rats (Pereira
et al. 2009).

Renovascular hypertension leads to NAD(P)H oxidase
activation in the entire renal tissue and microvasculature,
producing ROS, especially superoxide anions (Higashi et al.
2002; Touyz 2004). There is an imbalance between NO pro-
duction, which is reduced, and ROS (mainly superoxide),
which is increased, leading to the development of endothe-
lial dysfunction in renovascular hypertension (Higashi
et al. 2002). NO production is reduced in the presence of
increased oxidative stress, which decreases endothelium
vasodilation once the balance between the normal levels
of superoxide and NO are essential to maintain a normal
endothelial function (Higashi et al. 2002).

Renal ischemia and reperfusion (I/R) may cause acute
renal failure, which can be caused by renal artery stenosis
(Guven et al. 2008). The development of this condition is
associated to NO production by iNOS, which is induced in
the kidneys through cytokines, lipopolysaccharides, and dur-
ing the I/R development, leading to renal damage (Chatterjee
et al. 2002; Aktan 2004). The produced NO by the iNOS
interacts with superoxide radicals producing peroxynitrite,
which is a toxic molecule capable of nitrating tyrosine resi-
dues from proteins and enzymes, promoting damage such
as induction of apoptosis, lipidic peroxidation, necrosis, and
DNA damage (Guven et al. 2008). Ischemic kidneys present
increased nitrotyrosine levels, and the reduction of its levels
improves the renal function (Goligorsky et al. 2002). Moreo-
ver, the peroxynitrite scavenger ebselen improved renal dis-
function of ischemic kidneys, suggesting that peroxynitrite
is one of the main responsible compounds to cause damage
in the I/R development (Noiri et al. 2001). Treatment with
iNOS inhibitor decreased renal dysfunction and renal tissue
damage caused by I/R through reduction of peroxynitrite
generation in rats (Chatterjee et al. 2002).

Moreover, excessive superoxide anion production through
angiotensin II increase is not counterbalanced by the anti-
oxidant endogenous system, contributing to maintain a high
blood pressure in renovascular hypertension (Oliveira-Sales
et al. 2008). The antioxidant system is composed mainly
by three enzymes: superoxide dismutase, glutathione per-
oxidase, and catalase, in which the first two enzymes are
more responsible for removing ROS (Guven et al. 2008).
When an episode of oxidative stress occurs, the excessive
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production of ROS surpasses the antioxidant system, as it
happens during the development of I/R. In this context, in
a study using a NOS inhibitor (L-Nil) or a permeable-cell
superoxide dismutase in rats with a clamped renal artery
and renal ischemia, there was an improvement in the renal
function through inhibition of iNOS, with inhibition of per-
oxynitrite production, therefore inhibiting oxidative stress
(Noiri et al. 2001).

Another mechanism that may be present in the worsening
of renovascular hypertension is the eNOS uncoupling, which
may induce the oxidative stress and endothelial dysfunc-
tion through superoxide anion production (Cai and Harrison
2000). This enzyme depends on tetrahydrobiopterin (BH,),
which must be connected near its heme group to transfer
electrons to L-arginine and produce NO and citrulline (Cai
and Harrison 2000). As a result, in the absence of BH, or
L-arginine due to a possible previous oxidation, the elec-
trons are not properly transported and molecular oxygen
is reduced to superoxide anion instead of NO, aggravating
the damage (Wassmann et al., 2004). Moreover, a possible
explanation to cause BH, oxidation and eNOS uncoupling
would be the uncontrolled production of peroxynitrite,
which is mainly produced by iNOS activation, though in
the eNOS partial uncoupling this enzyme may produce NO
and superoxide simultaneously (Cai and Harrison 2000).

Furthermore, humans with renovascular hypertension
submitted to angioplasty presented an improvement in
vasodilation endothelium-dependent through a decrease in
angiotensin II production, decreasing oxidative stress, and
an increase in NO production, improving endothelial dys-
function (Higashi et al. 2002). In addition, a decrease in
endothelial dysfunction and morphologic alterations and
an increased in the glomerular filtration rate and restored
the enzymatic activities of the renal antioxidant system in
renal I/R in rats by three different compounds (Origanum
majorana (OM) methanolic extract, carvacrol, and vitamin
E) in the treatment of all the compounds promoted (Gheitasi
et al. 2020).

Causes and effects of low renal NO

The NO production can influence many physiologic pro-
cesses, interacting with the control of short- and long-term
renal functions (Lee 2008). In this context, the decrease of
NO production or bioactivity in the kidneys may promote
the development of several complications, such as acute and
chronic kidney injury (Lee 2008).

In the kidneys, NO deficiency may occur through four
circumstances: L-arginine deficiency, NOS abundance and
activity decrease, increased oxidative stress that inactivates
NOS, and increased ADMA (asymmetric dimethylarginine),
which is a NOS inhibitor (Hsu and Tain 2019). In humans,
L-arginine deficiency is related to the development of kidney
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disease and hypertension, while a decrease in activity and
abundance of nNOS in chronic kidney disease animal mod-
els can contribute to decrease NO production and promote
hypertension (Hsu and Tain 2019). In addition, a decrease in
NO production by eNOS is related to exacerbate the damag-
ing effects of diabetic nephropathy, which is a chronic kid-
ney disease initiated as an excessive increase in glomerular
filtration followed by a decline in general renal function, cul-
minating in kidney failure (Hsu and Tain 2019; Hammoud
et al. 2021). Considering oxidative stress, it can promote a
reduction in NO bioavailability by three mechanisms: caus-
ing NOS uncoupling by oxidizing BH,, increasing ADMA,
and forming peroxynitrite by the combination of NO and
superoxide anion (Hsu and Tain 2019). These reactive spe-
cies when in elevated levels can decrease NO bioavailabil-
ity and increase IL-1 in the circulation, promoting vascular
smooth muscle cells to become dysfunctional and migrate
towards the region intima of the vases, causing hyperplasia
and deposition of excessive extracellular matrix and hya-
line material, stiffening of arteries by calcification, and high
pulse pressure (Ravarotto et al. 2018).

Due to these facts, several functions in the kidneys are
impaired when in deficiency of NO. Decreasing its produc-
tion promotes a deregulation of the glomerular filtration,
unbalances the pressure-natriuresis, changes medullary
perfusion, decreases tubuloglomerular feedback, promotes
tubular sodium reabsorption, and decreases the modulation
of the sympathetic nerve activity (Lee 2008). These kidney
disturbances may result in serious consequences, such as
glomerulosclerosis, interstitial fibrosis, microvascular dam-
age, and proteinuria, which are present in end-stage renal
disease and can culminate in kidney failure (Girardi et al.
2011; Baylis 2008).

Treatment of renovascular hypertension

Renovascular hypertension is the most common type of sec-
ondary hypertension and has become a challenge in therapy
due to its treatment resistance (Textor 2020). The advance
in technology and medical treatment through the years has
improved the management of this condition, contributing to
optimize the drug treatment (Textor 2020). Before starting
the medical therapy, it is important to evaluate the severity
of the disease, which can be diagnosed by three groups of
tests: functional and physiologic tests (evaluation of the ste-
nosis considering the renin-angiotensin system); radiological
diagnostic tests (evaluation of the stenosis severity and the
blood supply); and diagnostic tests that evaluate the possible
interventions of angiography (Samadian et al. 2017).

After testing and diagnosing, the management of renovas-
cular hypertension depends on controlling the blood pres-
sure and promoting renal revascularization to preserve all
kidneys functions (Textor 2020). Within this context, the

first therapeutic option available to treat this condition is the
medical therapy, in which smoking cessation, administration
of statins, control of patients’ glycaemia, and anti-hyper-
tensive treatment are the procedures adopted initially, espe-
cially in cases of atherosclerotic renovascular stenosis (Bou-
tari et al. 2019). The anti-hypertensive treatment includes
ACE inhibitors and angiotensin receptor blockers (ARBs),
which can be combined with diuretics and calcium chan-
nel blockers to promote an improvement in blood pressure
levels (Textor 2020). Nevertheless, it is important to notice
that this drug treatment is contraindicated for patients with
a single functioning kidney or bilateral injury since these
drugs may cause afferent arteriolar vasodilation, interfering
in autoregulation and decreasing glomerular filtration, which
could compromise the renal function (Nair and Vaqar 2021).

In cases where patients are young and present fibromus-
cular dysplasia, several clinicians are in favor of endovascu-
lar or surgical revascularization to treat this condition (Tex-
tor 2020). Besides that, revascularization is indicated for
patients with atherosclerotic renal stenosis that are resistant
to the medical treatment as well as fibromuscular dysplasia
patients (Nair and Vaqar 2021). The interventional treatment
for renal revascularization includes a conventional percuta-
neous transluminal renal angioplasty (with or without stent-
ing) that is preferred to a surgical renal vascularization once
the surgeries have been related to high rates of morbidity
and mortality (Samadian et al. 2017; Boutari et al. 2019).
Therefore, it is important to search for the best treatment for
renovascular hypertension according to each patient, tak-
ing into consideration achieving satisfactory blood pressure
levels and preserving/improving the renal functions.

NO donors in renovascular hypertension

As NO availability is impaired in renovascular hypertension,
drugs that increase NO as NO donors have been investigated
to find alternatives to the treatment of this condition. NO
donors are molecules that can develop NO-related activity
when used in biological pathways, acting as a substitute for a
NO deficiency or with the capacity to mimic an endogenous
NO response (Lunardi et al. 2009). Sodium nitroprusside
(SNP) is a compound that can act as a NO donor or can
decrease superoxide anion release, promoting effects in the
arteries and veins (Buzinari et al. 2017). SNP is a vasodila-
tor that acts rapidly and is used clinically in hypertensive
emergencies, being used during surgery due to its controlled
hypotensive effect (Araujo et al. 2019). The incubation of
the aorta from 2K1C rats with SNP at low doses decreased
superoxide anion concentration and peroxynitrite forma-
tion and increased NO availability in this model of renovas-
cular hypertension (Buzinari et al. 2017). However, SNP

@ Springer



128

Naunyn-Schmiedeberg's Archives of Pharmacology (2022) 395:121-131

presented some undesired effects in vivo, such as reflex
tachycardia and toxicity (Araujo et al. 2019).

Another NO donor used in the clinic is nitroglycerin,
which is a molecule that can be used in the treatment of
many cardiovascular diseases, such as hypertension and
angina pectoris (Paulo et al. 2013). This molecule is a
potent venodilator, which can be used in three different
forms: sublingual, topical, or IV infusion (Prasanna et al.
2018). In a study with 37 patients with a hypertension
emergency and evidence of end organ dysfunction, a sub-
lingual nitroglycerin spray was administered once to the
patients, and after around 10 min, the patients presented
a significant reduction in blood pressure (Prasanna et al.
2018).

Therefore, several other compounds have been devel-
oped to increase NO concentration. The compound called
cis-[Ru(bpy)2(py)(NO2)](PF6) (RuBPY) is a non-classic
NO donor that releases NO in a controlled manner, induc-
ing a hypotensive effect and promoting vasodilation in sev-
eral blood vessels. A comparison between SNP and RuBPY
using mesenteric resistance arteries from 2K1C protocol
showed that both compounds can induce vascular relaxation
in hypertension (Araujo et al. 2019). In another study using
2K1C and normotensive rats treated with RuBPY or SNP,
RuBPY was shown to be more advantageous, because it does
not induce a hypotensive effect in normotensive rats, while
hypotensive effect in hypertensive rats was more long last-
ing, without causing reflex tachycardia (Pereira et al. 2017).

In addition, a ruthenium complex called trans-[RuCI([15]
aneN4)NO]** promoted a reduction in the mean arterial
pressure in moderate hypertensive 2K1C rats, when the
dose was 10 mmol/L/Kg, and in the severe hypertensive
animals when the dose was 0.1 mmol/L/kg (de Gaitani
et al. 2009). A second ruthenium complex called cis-[Ru(H-
dcbpy-)2(CH(NO)] (DCBPY) inactivated superoxide anions
and improved endothelial function in the aorta of 2K1C
rats (Oishi et al. 2015). A third ruthenium complex called
[Ru(terpy)(bdq)NO +]3 + (Terpy) was compared with SNP
in 2K1C rats. The results demonstrated that the hypotensive
effect obtained from Terpy was longer than the obtained
from SNP, even though SNP was more potent in inducing
the decrease in the arterial pressure than Terpy (Rodrigues
et al. 2012).

Furthermore, the incubation of the aorta from 2K1C rats
with 100 pmol/L of NCX2121, a vasodilator compound
that presents NO in its structure, led to a direct vasodila-
tation associated to NO release inside the smooth muscle
and sGC activation (de Paula et al. 2017). However, NCX
2121-induced relaxation was associated with eNOS activa-
tion and inhibition of prostanoids production in aortas pre-
senting endothelium (de Paula et al. 2017).

Considering all these possibilities, these known com-
pounds by the literature and new molecules being created to
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donate NO can become important interventions in the treat-
ment of many cardiovascular diseases, such as hypertension.

NO-derived metabolites in renovascular
hypertension

Nitrite is a molecule known as a biochemical marker for NO
production in general since it is mainly produced through
NO oxidative breakdown (Ling et al. 2020). However, it has
been proven that nitrite under pathological conditions can
be recycled back to NO, which can promote a hypotensive
effect and prevent endothelial dysfunction (Ling et al. 2020).
In this context, under conditions where there is a physio-
logical hypoxia, the inorganic anions nitrite and nitrate are
reduced to form NO in tissues and blood, while NO produc-
tion by NOS is decreased due to a fall in oxygen levels (the
L-arginine-NOS pathway is oxygen dependent) (Lundberg
et al. 2008). By the parallel of L-arginine-NOS and nitrite-
nitrate pathways, the generation of NO is ensured in both
physiological and pathological conditions, contributing to
maintain NO functions (Lundberg et al. 2008).

Considering renovascular hypertension and kidney dam-
age, there are many studies in the literature with the usage
of nitrite to increase NO availability. 2K1C hypertensive
rats treated orally with sodium nitrite presented a decrease
in blood pressure attributed to the formation of gastric
S-nitrosothiols, which are dependent on gastric pH (Pinheiro
et al. 2015). When 2K1C rats were orally treated with both
nitrite and nitrate while using an antiseptic mouthwash, even
though the antiseptic mouthwash caused the disruption of
the enterosalivary circulation of nitrate, oral nitrite promoted
hypotensive effects (Pinheiro et al. 2016).

Moreover, in 2K1C rats treated with oral sodium nitrite
as a therapy for both hypertensive and non-hypertensive
groups, the vascular remodeling caused by hypertension was
reverted by the use of nitrite, which can be related to the
decrease of NADPH oxidase activity and formation of NO
from nitrite through xanthine oxidase mediation (Rizzi et al.
2019). In an experiment with angiotensin II infused mouse
model of hypertension, chronic administration of sodium
nitrite for 2 weeks promoted a decrease in the systolic blood
pressure as well as an improvement in the endothelial dys-
function presented by the resistance vessels due to restor-
ing NO bioavailability, which also demonstrates that the
increase in NO levels promotes relevant changes regarding
blood pressure and endothelial injuries (Ling et al. 2018).
In another study, 2K1C rats were treated with atorvastatin,
sildenafil, or both drugs for 8§ weeks. Atorvastatin but not
sildenafil treatment increased the bioavailability of NO, even
though both promoted an improvement in endothelial func-
tion and in antioxidant effects as well as a decrease in blood
pressure (Guimaraes et al. 2013).
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Moreover, the NO donor cyclohexane nitrate (HEX)
promoted vasodilatation via NO/cGMP/PKG pathway and
activation of the ATP-sensitive K* channels in 2K1C rats
treated orally (10 mg/Kg/day) for 7 days. As a consequence,
the present NO donor induced a reduction of blood pres-
sure and heart rate, leading to an antihypertensive effect in
renovascular hypertensive rats (Mendes-Junior et al. 2015).
Moreover, 2K 1C rats treated orally with nitrite (15 mg/kg)
presented a reduction in blood pressure and reduction of
vascular dysfunction. These responses occurred in parallel
to reduced concentration of ROS and increased expression
of antioxidant enzymes in arterial mesenteric bed via the
activation of nuclear factor erythroid-2 transcription factor
(Amaral et al. 2019).

Conclusions

Renovascular hypertension is characterized by RAS acti-
vation, promoting vasoconstriction, oxidative stress, and
increasing the blood pressure. NO is a vasodilator, but its
bioavailability is reduced in injured kidney in this type of
hypertension. Increased oxidative stress in renovascular
hypertension directly contributes to endothelial damage
and kidney dysfunction. The produced NO combines with
superoxide anion, producing peroxynitrite that is very reac-
tive, and promotes nitrotyrosine formation. The reduction
of NO bioavailability and peroxynitrite formation have a
fundamental role in renovascular hypertension physiopathol-
ogy, which may result in renal failure. Recent experimental
studies investigating the use NO donors and NO-derived
metabolites have shown promissory effects in attenuating
blood pressure and organ damage in this condition. These
observations suggest that the development of NO donors for
clinical use may be an interesting alternative for the treat-
ment of renovascular hypertension.
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