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The prevalence of cardiovascular disorders, including 
hypertension, and metabolic disorders such as type 2 
diabetes mellitus (T2DM), is increasing worldwide. 
These disorders are closely coupled with the develop­
ment and progression of kidney disease, which signifi­
cantly increases patient morbidity and mortality1,2. The 
resulting societal economic burden is immense and fur­
ther understanding of the underlying pathophysiological 
mechanisms is urgently needed to enable the develop­
ment of novel preventive and therapeutic nutritional and 
pharmacological strategies2. The kidney, cardiovascular 
and metabolic phenotypes (that is, kidney disease, cardio­
vascular disease and T2DM) are interrelated, suggesting 
that this triad of disorders share common underlying 
pathological mechanisms. The exact causes of these dis­
orders, the interactions between organ systems and the 
complex pathophysiological mechanism(s) that underlie 
the initiation, maintenance and progression of disease are 
complex and not fully understood.

Potential mechanisms that might contribute to the 
development of kidney disease, cardiovascular dis­
ease and T2DM include hyperglycaemia, altered lipid 
metabolism, low-grade inflammation, overactivity of 
the renin–angiotensin–aldosterone system (RAAS), 
increased sympathetic nerve activity and altered micro­
biota3–6. In addition, several studies have suggested 

a substantial contribution of increased generation of 
NADPH oxidase-derived and mitochondria-derived 
reactive oxygen species (ROS) and oxidative stress cou­
pled with reduced nitric oxide (NO) bioactivity and 
endothelial dysfunction7–10. NO is a short-lived diatomic 
signalling molecule that exerts multiple effects on kidney, 
cardiovascular and metabolic functions, including mod­
ulation of renal autoregulation, tubular fluid and electro­
lyte transport, vascular tone, blood pressure, platelet 
aggregation, immune cell activation, insulin-glucose 
homeostasis and mitochondrial function. The classical 
view is that nitric oxide synthase (NOS) systems are the 
main source of endogenous NO formation. However, an 
alternative pathway exists whereby the supposedly inert 
oxidation products of NO, that is, inorganic nitrate and 
nitrite, undergo serial reductions to form NO and other 
closely related bioactive nitrogen oxide species11–13.

The important role of NO in the regulation of kid­
ney, cardiovascular and metabolic functions in health 
and disease has led to substantial interest in the iden­
tification of methods to therapeutically modulate NO 
bioactivity. In this Review, I discuss the physiological 
roles of NO, the direct and indirect effects by which this 
molecule influences kidney function and its association 
with cardiometabolic complications. I also highlight 
novel approaches to restoring NO homeostasis during 
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Abstract | The prevalence of cardiovascular and metabolic disease coupled with kidney 
dysfunction is increasing worldwide. This triad of disorders is associated with considerable 
morbidity and mortality as well as a substantial economic burden. Further understanding of  
the underlying pathophysiological mechanisms is important to develop novel preventive or 
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pathway, enables endogenous or dietary-derived inorganic nitrate and nitrite to be recycled  
via serial reduction to form bioactive nitrogen species, including NO, independent of the NOS 
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NOS deficiency with a focus on the alternative nitrate–
nitrite–NO pathway, which can be boosted via dietary 
intake, particularly by eating green leafy vegetables.

The classical NO synthase systems
NO is endogenously generated by numerous cells 
throughout the body via three different NOS systems 
(Fig. 1)14–16. Neuronal NOS (nNOS; also known as NOS1) 
and endothelial NOS (eNOS; also known as NOS3) 
are constitutively expressed, whereas inducible NOS 
(iNOS; also known as NOS2) is mainly associated with 
inflammatory conditions16,17. l-Arginine, molecular 
oxygen, NADPH and tetrahydrobiopterin (BH4) are 
equally important substrates or co-factors that lead 
to equimolar generation of NO and l-citrulline18,19. 
In the endothelium, eNOS-derived NO has a central 
role in the regulation of blood flow and maintenance 
of endothelial integrity. The activity of eNOS and 
nNOS is regulated by intracellular calcium, which 
activates calmodulin. In turn, calmodulin binds and 
increases NOS enzyme activity. This process results in 
NO-mediated activation of soluble guanylate cyclase 
(sGC) and increased formation of cyclic GMP (cGMP), 
which activates cGMP-dependent protein kinases. 
This NO–sGC–cGMP signalling pathway mediates 
many of the effects of NO bioactivity on cardiovascu­
lar, kidney and metabolic functions20. However, other 
bioactive nitrogen oxide species formed by reactions of 
NO can induce other important physiological signal­
ling pathways, including post-translational modifica­
tions of proteins, independent of cGMP signalling21–23 
(Fig. 1). These bioactive nitrogen oxide species include 
mobile nitrosyl−heme (heme-NO)24, dinitrosyl–iron 
complexes25, S-nitrosothiols26, nitrogen dioxide (NO2)27, 
dinitrogen trioxide27, nitrosopersulfides28, nitroxyl29 and 
peroxynitrite30. Oxidation of NO to form the more stable 
anions nitrite and nitrate also provides more distant 
NO-like bioactivity.

NOS are also modulated via complex post- 
translational modifications, including acylation, 
nitrosylation, phosphorylation, acetylation, glycosyl­
ation and glutathionylation at various sites, as well as 

via protein–protein interactions and regulation of sub­
cellular localization, which can increase or decrease 
their enzymatic activity31–33. Acute changes in nNOS 
and eNOS activity in the vasculature and the kidney 
are mainly modulated via post-translational mecha­
nisms, whereas chronic changes in NO synthesis are 
regulated by altered eNOS or nNOS transcription and 
translation18,34,35. Activation of iNOS is associated with 
inflammatory processes and leads to significantly higher 
levels of NO than those that are produced by constitutive 
activation of other NOS isoforms. The resulting acute 
increases in NO have beneficial antimicrobial effects 
against bacteria, viruses and fungi. However, induc­
tion of iNOS is also associated with chronic low-grade 
inflammation in cardiovascular, metabolic and kidney 
disorders36.

The constitutive NOS systems are generally thought 
to be the main source of endogenous NO production 
and signalling under normal, healthy conditions, but are 
often dysfunctional in pathological conditions includ­
ing cardiovascular disorders9 and chronic kidney disease 
(CKD)37,38. This dysfunction is associated with reduced 
NO bioactivity. The mechanisms that contribute to 
reduced NO formation and compromised signalling are 
multifactorial and include reduced NOS expression, lim­
ited substrate availability, uncoupling of NOS, elevated 
levels of endogenous NOS inhibitors such as asymmetric 
dimethylarginine and compromised signalling in states 
of oxidative stress due to direct scavenging by ROS or 
oxidation of the heme group in sGC (Fe2+ to Fe3+), which 
renders it insensitive to activation by NO9,39.

Kidney expression of NOS isoforms
Expression of all three NOS isoforms and sGC has been 
reported in the kidney, although some discrepancies 
exist regarding the expression levels along the nephron 
when comparing data from human and animal studies. 
Moreover, splice variants of nNOS and iNOS40,41 can 
influence their activity and function. In the macula 
densa, splice variants (α, β and γ isoforms) have been 
reported to have a substantial impact on the func­
tion of nNOS42, thus modulating renin secretion and 
autoregulatory mechanisms.

Expression of nNOS in the macula densa and eNOS 
in the kidney vasculature has been consistently doc­
umented; some but not all studies have also reported 
eNOS expression in tubular epithelial cells. In normal, 
healthy human kidney tissue samples, nNOS protein 
and mRNA expression was detected in most segments 
of the nephron, including the macula densa, proxi­
mal tubule, thick ascending limb (TAL) of the loop of 
Henle, distal tubule and collecting duct43. eNOS was 
only expressed in the endothelium and iNOS was not 
detected in any of the tested segments. The expression 
of NOS, which was confirmed using enzyme activity 
studies, was generally found to be higher in the cortex 
than in the medulla. Data from the Human Protein 
Atlas support these findings, indicating that nNOS is 
expressed in cortical tubules but not in glomeruli and 
that eNOS is expressed in glomeruli but not in tubules. 
Moreover, iNOS is expressed at low levels in tubules but  
not in glomeruli. Whether or not constitutive iNOS 

Key points

•	Nitric oxide and other bioactive nitrogen species have pivotal roles in multiple 
physiological functions, including modulation of the kidney, cardiovascular and 
metabolic systems; in the kidney, nitric oxide has a crucial role in autoregulation  
and modulation of tubular transport.

•	Nitric oxide is classically derived from l-arginine-dependent nitric oxide synthases, 
but can also be formed via serial reduction of inorganic nitrate and nitrite, that is,  
the nitrate–nitrite–nitric oxide pathway.

•	The nitrate–nitrite–nitric oxide pathway can be boosted via the diet and is of 
particular importance in conditions where the activity of the nitric oxide synthase 
system is reduced, such as hypoxia, ischaemia or low pH.

•	Signalling via bioactive nitrogen species is linked with both cGMP-dependent and 
independent mechanisms.

•	Reduced nitric oxide bioactivity has been associated with ageing and kidney, 
cardiovascular and metabolic disorders, which are often coupled with oxidative stress.

•	Novel pharmacological and nutritional strategies that increase nitric oxide bioactivity 
and reduce oxidative stress could be potential therapies for preventing and treating 
kidney disease and associated cardiometabolic complications.

Nitrosylation
The formation of a nitrosyl 
species (X-NO, where X 
represents a metal centre  
or radical species) via a direct 
reaction with NO.
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expression has a functional role in the healthy kidney is 
controversial, but a substantial body of evidence demon­
strates increased iNOS expression and activity during 
pathological conditions associated with inflammation, 
such as ischaemia–reperfusion injury (IRI)44, ureteral 
obstruction45, lipopolysaccharide-induced endotoxemia 
or sepsis46 and CKD47,48.

The nitrate–nitrite–NO pathway
Redox reactions with other radicals and transition metals, 
such as those in heme proteins, rapidly metabolize NO 
(t1/2 ~ 0.05–1 s)49 to form other more stable nitrogen 
oxide species, including nitrite and nitrate50,51. As these 
anions are mainly excreted by the kidneys, the sum of 
their total urinary excretion (termed NOx) during a 24-h 
period has often been used to estimate whole-body NOS 
activity. However, circulating nitrate and nitrite can also 
be converted back to bioactive NO species via endo­
genous serial reduction, that is, the nitrate–nitrite–NO 
pathway11–13 (Fig. 2).

Moreover, dietary intake contributes substantially to 
the body pool of nitrate and nitrite52,53. Ingested nitrate 
that enters the circulation is actively taken up by the 

salivary glands and then concentrated and excreted in 
the saliva (this process is known as enterosalivary cir­
culation of nitrate)54,55. Accumulating evidence shows 
that commensal bacteria in the oral cavity have a cru­
cial role in the first step of the reduction of nitrate to 
nitrite56. In the acidic gastric milieu, swallowed nitrite 
is rapidly protonated and non-enzymatically forms 
NO and other nitrogen species with nitrosating and 
nitrating properties57. However, most of the swallowed 
nitrate/nitrite is rapidly and efficiently reabsorbed in the 
gastrointestinal system and enters the circulation53 where 
several non-enzymatic (deoxyhaemoglobin, deoxymyo­
globin) and enzymatic systems (xanthine oxidoreductase 
(XOR), mitochondrial complexes and liver cytochromes) 
further reduce nitrite to NO58,59. Nitrate and nitrite can 
signal not only via the classical NO–sGC–cGMP path­
way but also via nitration and nitros(yl)ation mecha­
nisms that are mediated via other bioactive nitrogen 
species independently of sGC-cGMP signalling (Fig. 3). 
These bioactive nitrogen species can influence various 
cellular functions via modification of proteins, lipids, 
nucleosides, metals and transnitrosation/transnitrosylation.

In contrast to NOS-dependent NO generation, the 
nitrate–nitrite–NO pathway is oxygen independent and 
potentiates during conditions of low oxygen tension 
(that is, hypoxia and ischaemia) and low pH60–62. This 
effect can be explained by more efficient non-enzymatic 
reduction of nitrite by protonation under more acidic 
conditions63. During hypoxic conditions, enhanced 
activity of enzymes such as XOR and the formation of 
deoxyhaemoglobin also contribute to increased bio­
activity of NO by facilitating the reduction of nitrite, and 
potentially also nitrate, to NO63,64. However, signalling by 
nitrate- and nitrite-derived bioactive species also occurs 
during normoxia in humans, as evidenced by blood 
pressure reduction and vasodilatation following treat­
ment with nitrate and nitrite, respectively (discussed 
further below).

Role of NO in renal autoregulation
Renal autoregulatory mechanisms operate together to 
maintain relatively constant blood flow and glomerular 
filtration rate (GFR) despite variations in renal perfu­
sion pressure over a wide range (80–180 mmHg). These 
mechanisms are crucial to prevent barotrauma65.

Myogenic response and tubuloglomerular feedback
Autoregulation is largely mediated by the myogenic  
response, macula densa-derived tubuloglomerular feedback 
(TGF) and their interactions65. Both mechanisms regu­
late pre-glomerular tone primarily via changes in the 
afferent arteriolar diameter, which is the effector site. 
Moreover, the tone and contractility of the afferent arte­
rioles are modulated by the concentration and inter­
action of several endogenous vasoactive substances, 
including NO, angiotensin II (Ang II) and adenosine, 
within the juxtaglomerular apparatus, as well as by the 
activity of the sympathetic nervous system65–67.

The mechanisms that contribute to myogenic and 
TGF responses and their complex interactions in health, 
hypertension, kidney disease and diabetes, involve 
changes in NO and ROS signalling65. The myogenic 
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cyclase (sGC), which activates this enzyme, leading to the formation of the second 
messenger cyclic GMP (cGMP) from GTP. NO is a short-lived molecule that is oxidized 
in blood and tissues to form nitrite (NO3

−), nitrate (NO2
−) and other bioactive nitrogen 

species. NO bioactivity has been associated with numerous favourable effects in 
cardiovascular, renal and metabolic systems, mainly via cGMP-dependent mechanisms, 
although cGMP-independent mechanisms have also been reported. These 
mechanisms are multifactorial and involve modulation of protein function and immune 
cells, reductions in angiotensin II (Ang II) signalling, oxidative stress and sympathetic 
nerve activity and modulation of mitochondrial function. GFR, glomerular filtration rate.

Nitration
The addition of a nitronium ion 
(NO2

+) to a nucleophilic group, 
leading to the generation of an 
X-NO2 species (formation of a 
nitro group).

Transnitrosation
The transfer of NO+ from one 
nucleophilic centre to another.

Transnitrosylation
The transfer of NO from  
one molecule to another.

Myogenic response
The intrinsic capacity of  
small resistance arteries and 
arterioles to react (contract or 
dilate) in response to variations 
in blood pressure to keep the 
blood flow constant.
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response and TGF as well as their interaction are mod­
ulated by NOS-derived NO. The effects of non-selective 
and selective NOS inhibitors on renal autoregulation, 
mediated by the myogenic and TGF responses, have 
been assessed in various experimental models. In rat 
kidneys in vivo, the initial increase in renal vascular 
resistance during the first 5 s after an increase in per­
fusion pressure, which corresponds to the myogenic 
response, was greatly exaggerated in the setting of 
non-selective NOS inhibition68. However, no major 
effect of NOS inhibition was observed in the later 
phase (5–25 s) after an increase in perfusion pressure, 
corresponding to the TGF response. Another study in 
rats in vivo demonstrated that NOS inhibition reduced 
vascular conductance and augmented the myogenic 
response, as evidenced by a more abrupt reduction in 
vascular admittance gain (in the region corresponding 
to the myogenic response) and a steeper regression of 
admittance on frequency69. Moreover, selective inhi­
bition of nNOS in the macula densa did not induce 
substantial vasoconstriction but did potentiate the myo­
genic response, suggesting interaction between the 
two autoregulatory responses. In rat hydronephrotic 
kidney preparations, which lack functional TGF, NOS 
inhibition had no effect on pressure-induced changes 
in afferent arteriole diameter (that is, the myogenic 
response)69. Ex vivo experiments using isolated and 
perfused single arterioles, showed no differences in arte­
riolar responses following increased perfusion pressure 

(that is, myogenic response) between vessels from eNOS 
knockout mice and wild-type controls70. Another study 
using in vitro blood-perfused juxtamedullary nephron 
preparations showed that inhibition of nNOS increased 
the arteriolar autoregulatory response to increased 
perfusion pressure71.

These findings clearly indicate an important role 
of NOS-derived NO in renal autoregulation. The con­
tribution of eNOS versus nNOS in modulating myo­
genic responses is debated owing to differing findings 
depending on the experimental setting. However, the 
available data support a predominant role of macula 
densa nNOS-derived NO in dampening the speed and 
the strength of the myogenic response65. The exact cel­
lular events by which NO attenuates afferent arteriolar 
vascular smooth muscle cell contraction during myo­
genic responses are incompletely understood65. NO, 
cGMP or its target protein kinase G (PKG; also known 
as PRKG1) and cyclic adenosine monophosphate or pro­
tein kinase A could dampen Ca2+ signalling or sensitiv­
ity, and thereby moderate arteriolar tone65,72, via multiple 
mechanisms, for example, by inhibiting voltage-operated 
calcium channels or transient receptor potential 
cation channels, by activating large-conductance 
calcium-activated potassium channels, by suppressing 
ADP-ribosyl cyclase activity and thus leading to reduced 
ryanodine receptor-mediated Ca2+ mobilization or by 
NO-mediated interaction and/or scavenging of ROS.

TGF mechanisms are largely activated by increased 
tubular sodium-chloride load at the macula densa, 
which increases the activity of the apical Na+-K+-2Cl− 
cotransporter (NKCC2; also known as SLC12A1) and 
in turn other tubular transporters, leading to ATP 
generation and/or metabolism and the formation 
of adenosine. The resulting activation of adenosine 
A1 (refs73,74) and/or purinergic P2 (ref.75) receptors 
on adjacent vascular smooth muscle cells stimulates 
calcium-dependent signalling and contraction of the 
afferent arteriole76 (Fig. 4). The available evidence sug­
gests that nNOS is largely expressed in macula densa 
cells and has a functional role in the regulation of TGF 
and in at least the short-term regulation of volume 
homeostasis77. Early in vivo micropuncture studies in 
rats showed that local pharmacological inhibition of 
NOS in the macula densa was associated with decreased 
glomerular capillary pressure, indicating a sensitized 
and exaggerated TGF response78. This reduction in 
glomerular capillary pressure following NOS inhibition 
was abolished by simultaneous tubular administration 
of the NKCC2 blocker furosemide. Subsequent studies 
using different approaches (for example, ex vivo dou­
ble microperfused JGA preparations79 and transgenic 
nNOS knockout mice80) provided further evidence 
that nNOS dampens TGF responses. Compromised 
nNOS function in the macula densa has been impli­
cated in hypertension, kidney disease and diabetes81. 
Early experimental studies showed that spontaneously 
hypertensive rats and the Milan hypertensive strain of 
rats have abnormal nNOS function82,83 and that chronic 
inhibition of nNOS increased TGF sensitivity, reduced 
GFR and salt and water excretion and subsequently 
led to hypertension84. Although nNOS is expressed in 
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During conditions of normal oxygen tension and pH, NO and other bioactive nitrogen 
species are oxidized to form inorganic nitrite and nitrate in the blood and tissues. 
Circulating NO3

− and NO2
− can be reduced back to NO and other bioactive nitrogen 

species via non-enzymatic and enzymatic systems. This alternative pathway of NO 
generation is of particular importance during low oxygen tension (that is, ischaemia  
and hypoxia) and acidic conditions. In addition to NOS-derived NO3

−, which is formed 
following oxidation of NO, dietary inorganic nitrate is a major contributor to the pool  
of this anion in the body. In particular, green leafy vegetables and beetroot contain  
high levels of inorganic nitrate. Commensal oral bacteria are crucial for the reduction  
of NO3

− to NO2
−, whereas conversion of NO2

− to NO occurs in the acidic milieu of the 
stomach and in the circulation as a result of non-enzymatic and enzymatic systems  
(for example, deoxyhaemoglobin (deoxy-Hb), deoxymyoglobin (deoxy-Mb), xanthine 
oxidoreductase (XOR) and mitochondrial complexes). eNOS, epithelial NOS; 
iNOS, inducible NOD; nNOS, neuronal NOS.

Tubuloglomerular feedback
(TGF). A unique feedback 
system in which macula  
densa cells sense tubular  
NaCl load and communicate 
via purinergic signalling with 
the afferent arteriole, which 
adjusts its tone to regulate  
the glomerular filtration rate.

Vascular conductance
The ease with which blood 
flows through a circulation  
(or vascular bed) at a given 
pressure difference (the 
reciprocal of resistance).

Vascular admittance
A relative autoregulatory index 
that is similar to steady-state 
conductance (the reciprocal of 
resistance).
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the human kidney43, its functional role during renal 
autoregulation in health and disease is still a largely 
unexplored field.

Overall, the physiological significance of interac­
tions between the vascular and tubular mechanisms 
that mediate autoregulation in the kidney remains elu­
sive. These interactions are influenced by the balance of 
positive and negative modulators of vasomotor tone 
of afferent arterioles, which can be generated by macula 
densa and tubular cells. NO influences renal myogenic 
response and TGF as well as their interactions, but the 
primary source of NO generation is still debated.

Medullary blood flow and pressure natriuresis
The kidney medulla is perfused from cortical arteri­
oles and the vasa recta capillary system of juxtamed­
ullary nephrons. Measurement of medullary blood 
flow is considerably more complex than measurement 
of cortical blood flow, which might partly explain the 
variable results regarding the efficiency of medullary 
autoregulation in different studies and species. The 
descending vasa recta are surrounded by contractile 
pericytes that can generate a myogenic response85. 
Different autoregulatory responses have been described 
in human outer medullary descending vasa recta of dif­
ferent diameters. In large diameter segments, contrac­
tions were observed in response to increased luminal 
pressure, whereas no significant change was observed in 
those with a small diameter86. The same study showed 
concentration-dependent constriction of descending 
vasa recta in response to Ang II. NOS inhibition has 
also been shown to induce constriction of isolated rat 
descending vasa recta; this vasoconstriction could be 
reversed by an NO donor or by pharmacological inhi­
bition of oxidative stress using a NOX inhibitor or a 
superoxide dismutase mimetic87.

Paracrine agents including NO, prostaglandins 
and ATP have been proposed to modulate medullary 
autoregulatory and pressure natriuretic responses. 
In rat juxtamedullary nephron preparations, inhibition 
of macula densa nNOS led to significant increases in 
afferent arteriolar myogenic contraction in response to 
increased perfusion pressure71,88,89. By contrast, stim­
ulation of NO production in these nephron prepa­
rations dampened pressure-induced contraction of 
cortical radial artery and afferent arterioles by reducing 
autoregulatory responses.

Two main hypotheses exist regarding the interac­
tions between renal autoregulation and pressure natri­
uresis in response to increased renal perfusion pressure 
with excellent autoregulation of cortical blood flow in 
the presence or absence of efficient autoregulation of 
medullary blood flow. The major difference between 
these hypotheses concerns the mediating factor(s) and 
the relative importance of a primary change in renal cor­
tical NO generation versus a primary change in medul­
lary blood flow65. In general, the slope of the natriuretic 
response to increased renal perfusion pressure is atten­
uated by inhibition of NOS. Moreover, increased RAAS 
activity, sympathetic nerve activity and excessive for­
mation of ROS, especially in the kidney medulla, may 
inhibit pressure natriuresis.

Abnormal NO homeostasis coupled with increases 
in Ang II and ROS and anomalous renal autoregula­
tion (either increased activity contributing to hyper­
tension or decreased activity in the chronic state) have 
been demonstrated in experimental models of hyper­
tension (for example, spontaneously hypertensive  
rat, Milan hypertensive strain of rat, Dahl salt-sensitive rat,  
Goldblatt renovascular hypertension, Ang II-induced 
hypertension, DOCA-salt hypertension, brown Norway 
rat), CKD (for example, reduced renal mass models) 
and T2DM (for example, obese Zucker diabetic rat and 
chronic high fat diet)65. Together, these studies suggest 
that augmented renal autoregulation (in particular 
TGF) may contribute to the development of hyperten­
sion, whereas decreased renal autoregulation can lead 
to both hypertension-induced and diabetes-induced 
nephropathies.

Modulation of sodium transport by NO
Sodium and water homeostasis is mainly regulated via 
the actions of hormones (that is, aldosterone and vaso­
pressin) in the kidney as well as Ang II and endothelin 
signalling. However, other endogenous compounds that 
do not circulate at high levels, such as NO, contribute 
substantially to the renal handling of sodium and water 
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lead to the formation of nitric oxide (NO•) and other 
bioactive nitrogen species. These species can undergo 
nitration or nitrosation/nitrosylation reactions independent 
of cyclic GMP (cGMP) signalling and modify proteins, lipids, 
nucleosides and metals as well as induce transnitration, 
which can alter gene expression, receptor signalling, 
enzyme activity and mitochondrial function and elicit 
antioxidant, anti-inflammatory, antifibrotic and inotropic 
effects. DNIC, dinitrosyl−iron complexe; eNOS, epithelial 
NOS; heme-NO, nitrosyl-heme; iNOS, inducible NOS; N2O3, 
dinitrogen trioxide; nNOS, neuronal NOS; NO2

•, nitrogen 
dioxide; ONOO−, peroxynitrite; SNO, S-nitrosothiols.

Nitrosation
The addition of a nitrosonium 
ion (NO+) to a nucleophilic 
centre (e.g. a thiol or amine) 
either directly or by transfer 
from an NO+ donor (e.g. N2O3 
or FeIINO+).
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via different mechanisms. In general, NO inhibits tubu­
lar sodium reabsorption along the nephron90,91; however, 
the acute and chronic actions of NO in specific tubu­
lar segments during health and disease warrant further 
investigation. In particular, the effects of NO on sodium 
and fluid reabsorption in proximal tubules are debated 
as interactions with Ang II and biphasic effects have 
been reported. These differing effects may be explained 
by different experimental settings, models and species 
differences92.

Given the short half-life of NO in vivo, its actions are 
mainly thought to be mediated via autocrine or paracrine 
signalling. However, NO might also act as an endocrine 
hormone93, potentially via heme-NO signalling24. As dis­
cussed above, NO in the kidney originates not only from 
eNOS in the vasculature but also from tubular epithelial 
nNOS and potentially iNOS during pathological condi­
tions associated with inflammation. Early studies that 
used pharmacological approaches to investigate the spe­
cific role of NOS-derived NO on tubular function were 

sometimes difficult to interpret because non-selective 
inhibition of systemic NO generation increased blood 
pressure, reduced renal perfusion and impacted on 
renal autoregulatory mechanisms. However, subsequent 
studies using more selective pharmacological inhibitors 
or genetic knockout approaches demonstrated that 
NOS inhibition can reduce sodium and fluid excretion 
without inducing substantial haemodynamic changes65.

Along the nephron, approximately 67% of the fil­
tered sodium load is reabsorbed in the proximal con­
voluted tubules; 25% in the TAL of the loop of Henle; 
5% in the distal convoluted tubule, connecting tubule 
and initial collecting tubule; and 3% in the inner med­
ullary collecting duct94. nNOS and/or eNOS-derived 
NO have been reported to inhibit the basolateral 
sodium-potassium-pump (Na+/K+-ATPase) in the 
proximal tubule, apical sodium/hydrogen exchanger 3 
(NHE3; also known as SLC9A3) in the proximal tubule 
and TAL of the loop of Henle, apical NKCC2 in the 
TAL of the loop of Henle and apical epithelial sodium 
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Fig. 4 | Effects of NO on sodium transporters in the nephron. Nitric oxide 
(NO) is generally considered to inhibit tubular sodium reabsorption along 
the nephron. However, differing results have been obtained in acute and 
chronic conditions, in different experimental settings (in vivo versus ex vivo 
or in vitro) and in different species. Moreover, the effects of NO on tubular 
sodium (Na+) handling seem to be dependent on hormonal activity, 
particularly via interaction with the renin–angiotensin–aldosterone system. 
In the proximal tubule, neuronal NO synthase (nNOS) and endothelial NOS 
(eNOS)-derived NO has been reported to inhibit the basolateral sodium–
potassium pump (Na+/K+-ATPase) and the apical sodium/hydrogen 
exchanger 3 (NHE3), as well as to modulate the activity of the basolateral 
Na+/HCO3

− cotransporter. In the thick ascending limb (TAL) of the loop of 

Henle, eNOS-derived NO inhibits NHE3 and may also inhibit the apical 
Na+-K+-2Cl− cotransporter (NKCC2). eNOS-derived NO also inhibits NKCC2 
in macula densa cells. Activation of nNOS in the macula densa can inhibit 
paracrine signalling mediated via adenosine triphosphate (ATP) and 
adenosine (ADO), which forms part of the tubuloglomerular feedback 
mechanism following activation of purinergic P2 and/or adenosine A1 
receptors located on vascular smooth muscle cells in the afferent arteriole. 
nNOS expression has been demonstrated in the distal tubule but 
the potential effects of NO on specific transporters in this segment of the 
nephron (for example, the Na+/Cl− cotransporter) are currently not clear. 
Finally, in collecting duct cells, nNOS-derived NO can inhibit the epithelial 
sodium channel (ENaC).
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channel (ENaC) in the cortical collecting duct91,95 (Fig. 4). 
Although nNOS is expressed in the distal tubule, its 
potential role in modulating transporters in this part 
of the nephron (for example, the Na+/Cl− cotransporter 
(NCC; also known as SLC12A3)) is not clear.

Early studies that used systemic administration of 
NOS inhibitors support an inhibitory effect of NO on 
proximal tubular sodium reabsorption96,97. However, 
a 2014 study using isolated human proximal tubules 
demonstrated that Ang II dose-dependently stimulated 
proximal tubular sodium transport (as demonstrated 
by increased activity of NHE3 and the basolateral 
Na+–HCO3

− cotransporter) via NO-CGMP-mediated 
phosphorylation of ERK98. This study also showed 
that treatment with the NO donor sodium nitroprus­
side reduced sodium transporter activity in mouse 
and rat proximal tubules, but had the opposite effect 
in human proximal tubules. Further investigation is 
needed to understand the reason for this discrepancy 
and to clarify if similar phenomena exist for other trans­
porters and in other segments of the nephron. The effect 
of NO on tubular reabsorption could potentially be con­
centration dependent and involve interaction with reg­
ulatory hormonal systems such as the RAAS. Although 
the effects of NO on proximal tubular reabsorption is 
debated, NO clearly has an important role in kidney 
physiology and compromised NO bioactivity is associ­
ated with kidney disease and associated cardiovascular 
and metabolic disorders7,38,39.

Tubular handling of NO metabolites
As mentioned above, NO is rapidly metabolized to 
form nitrite and nitrate, which are mainly excreted 
by the kidneys. Although urinary excretion of NOx is 
often reported, this measurement mainly reflects nitrate, 
which is found in plasma at almost 1,000-fold higher 
concentrations and has a substantially longer half-life 
than nitrite (t1/2 ~6 h versus t1/2 ~30 min); thus, it is much 
more stable in urine. As diet is a major contributor to 
the pool of circulating nitrate and nitrite in the body, 
accumulated excretion of NOx can only be used to esti­
mate NOS function during strict dietary restrictions. 
Moreover, kidney NOS activity might substantially influ­
ence the total excretion of NOx, at least during high salt 
intake. Among mice fed a high salt diet, those with dele­
tion of nNOS in the collecting duct had approximately 
50% lower NOx excretion than controls and developed 
hypertension99.

Early studies in young, healthy volunteers showed 
that only 60% of orally administered 15N-nitrate was 
excreted in the urine as nitrate within 48 h, with mini­
mal amounts (0.1%) excreted in the faeces100,101. A small 
amount of 15N labelled nitrate was also excreted as 
ammonia or urea in the urine (2–4%) and faeces (0.2%), 
but the handling and/or removal of the remaining dose 
(36–38%) is still not clear. Some nitrate is likely distrib­
uted to the muscle pool and elimination from the body 
via exhalation of nitrogen gas is also possible.

A small clinical study showed that healthy volunteers 
with normal kidney function (eGFR >60 ml/min/1.73 m2) 
had significantly higher fractional excretion of nitrate 
(median 16.3%; 95% CI 8.7–22.8) than patients with 

CKD and eGFR ≤30 ml/min/1.73 m2 (median 10.3%, 
95% CI 96.9–4.4)102. In patients with CKD, renal nitrate 
clearance correlated positively with kidney function. 
Reduced fractional excretion of nitrate in patients with 
reduced eGFR was associated with increased plasma 
nitrate levels. These findings might be explained by 
altered glomerular filtration and tubular handling of 
nitrate during kidney disease, but could also be related to 
reduced NOS-derived bioactivity in patients with CKD, 
leading to reduced production of oxidized NO meta­
bolites in the circulation to which the kidneys might 
adapt by reabsorbing more or secreting less nitrate.

A randomized controlled trial that investigated sex 
differences in renal nitrate handling in adults (n = 231) 
with elevated blood pressure reported that during die­
tary nitrate restriction, urinary nitrate concentration, 
amount of nitrate excreted, renal nitrate clearance and 
fractional excretion of nitrate were significantly lower 
in women than in men103. However, no association 
was observed between plasma nitrate concentration 
or fractional excretion of nitrate and GFR in either 
sex. Following high dietary nitrate intake for 5 weeks, 
fractional excretion of nitrate markedly increased and 
no sex differences in renal handling of nitrate were 
observed. This study suggests that tubular nitrate reab­
sorption might be higher in women than in men, but the 
underlying mechanisms warrant further investigation.

In the absence of intrarenal generation, the fractional 
excretion of nitrate correlates linearly with plasma lev­
els and has been calculated to be approximately 3−10% 
in anesthetized dogs and rats, with major reabsorption 
taking place in the proximal tubules104,105. In healthy 
volunteers, inhibition of carbonic anhydrase using 
acetazolamide lowered proximal tubular reabsorption 
of nitrite and nitrate and increased their content in the 
urine, suggesting a role of carbonic anhydrase-dependent 
mechanisms in this reabsorption106. Evidence suggests 
that nitrate reabsorption also takes place in later seg­
ments of the nephron; clearance and stop-flow studies in 
dogs showed that inhibition of NKCC2 with furosemide 
reduced the tubular reabsorption of nitrate from 97% to 
87% during inhibition of intrarenal NOS and from 90% 
to 84% without NOS inhibition107.

Another possible candidate for nitrate reabsorption 
is the chloride–bicarbonate exchanger pendrin (also 
known as SLC26A4), which is expressed in intercalated 
cells in the distal convoluted tubule, the connecting 
tubule and the cortical collecting duct108. In vitro studies 
have shown that pendrin expression is reduced in mouse 
cortical collecting ducts and connecting tubules in the 
presence of NO donors, and upregulated during inhibi­
tion of NOS109. Sialin (also known as SLC17A5) trans­
ports nitrate from the plasma into the salivary glands54. 
High apical expression of sialin has been reported in dis­
tal tubule cells110, suggesting that this transporter might 
also contribute to renal reabsorption of nitrate.

Most of the current knowledge regarding the tubular 
handling of nitrate and nitrite is based on the excretion 
of nitrate. Both of these anions are freely filtered in the 
glomeruli but whether similar tubular transport mecha­
nisms exist for nitrate and nitrite along the nephron is 
unknown. Further studies are needed to identify nitrate 
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and nitrite transporters in the human kidney. Such 
studies would not only advance understanding of the 
nitrate–nitrite–NO pathway in health and disease, but 
could potentially lead to novel therapeutic strategies.

Approaches to restoring NO bioactivity
Despite several decades of research focused on under­
standing NO biology and developing novel tools to 
increase the bioactivity of this signalling molecule in 
various disorders, particularly in the cardiovascular 
system9,39, the number of approved clinical applications 
is limited. Four main approaches could potentially 
increase NO bioactivity (Fig. 5). First, increasing or 
restoring endogenous NOS activity, for example, by 
supplementation with l-arginine, l-citrulline or BH4; 
inhibiting arginase activity; lowering endogenous lev­
els of NOS inhibitors; stimulating hydrogen sulfide 
(H2S) formation; or using drugs such as statins, ACE2 
activators, type-2 angiotensin II receptor (AT2) ago­
nists and Mas receptor agonists111 that might dampen 
oxidative stress and facilitate eNOS activation. Second, 
giving substances that directly increase NO generation 
independently of the NOS system, for example, inhaled 

NO gas or inorganic nitrite, hybrid drugs that attach 
a NO-releasing moiety to an existing pharmacolog­
ical agent, increasing H2S signalling, treatment with 
organic nitrates or supplementation with inorganic 
nitrate or nitrite. Third, limiting NO metabolism, for 
example, by dampening oxidative stress and thereby 
preventing scavenging of NO, and fourth, facilitating 
downstream signalling pathways, for example, using 
phosphodiesterase inhibitors, sGC stimulators or sGC 
activators9,39. Some of the existing and promising future 
approaches to increasing NO generation and signalling 
are discussed below.

Inhaled NO gas
Since the FDA approval of inhaled NO for the treatment 
of persistent pulmonary hypertension in neonates in 
1999, this approach has been used off-label in various 
clinical settings112. Concerns exist regarding chronic use 
of inhaled NO, especially in patients with multiple-organ 
failure, owing to the risks of methaemoglobin forma­
tion (due to binding of NO to haemoglobin, which 
reduces its oxygen-carrying capacity) and develop­
ment of kidney dysfunction. A systematic review and 
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Fig. 5 | Strategies to restore NO bioactivity. Endogenous nitric oxide (NO) 
bioactivity originates from the classical NO synthase (NOS) pathway and the 
alternative nitrate (NO3

−)–nitrite (NO2
−)–NO pathway. Signalling via NO and 

other bioactive nitrogen species involves soluble guanylate cyclase 
(sGC)-dependent formation of cyclic GMP (cGMP) as well as cGMP- 
independent effects. Kidney, cardiovascular and metabolic disorders are 
associated with reduced NO production and/or signalling, which might 
result from increased production of reactive oxygen species (ROS) from 
NADPH oxidase (NOX), mitochondria or uncoupled eNOS owing to substrate 
or co-factor deficiency. Several approaches might increase NO bioactivity. 
First, increasing or restoring endogenous NOS activity by supplementing 
with l-arginine, l-citrulline or tetrahydrobiopterin (BH4), inhibiting arginase 
or blocking the endogenous NOS inhibitor asymmetric dimethylarginine 
(ADMA). Statins, novel modulators of the renin–angiotensin–aldosterone 
system (RAAS) and compounds that increase hydrogen sulfide (H2S) 
formation or signalling might also restore NOS activity. Second, inhalation 
of NO or inorganic NO2

−, treatment with organic nitrates that directly or 
indirectly increase NO generation independent of the NOS system or dietary 

supplementation with inorganic nitrate. Compared with inhalation of NO 
and organic nitrates, the dietary approach, using inorganic nitrate, has a 
more favourable pharmacokinetic and pharmacodynamic profile and is 
associated with lower risk of tolerance and adverse effects. Third, limiting 
NO metabolism, for example, by reducing the generation of ROS and 
thereby preventing scavenging of NO, for example, using novel antioxidants 
and NOX inhibitors. In addition, angiotensin-converting enzyme (ACE) 
inhibitors and angiotensin II type 1 receptor (AT1) antagonists, which block 
angiotensin II (Ang II) formation and signalling, respectively, might reduce 
mitochondrial and NOX-derived ROS generation. Another novel approach 
is to oppose classical Ang II signalling by targeting the ACE2−neutral 
endopeptidase (NEP)−Ang(1−7)−AT2−Mas receptor pathway using an ACE2 
stimulator, AT2 receptor agonist or Mas receptor agonist. Activation of this 
pathway has been associated with increased eNOS function. Finally, NO 
signalling can be facilitated by modulating downstream signalling pathways 
using phosphodiesterase 5 (PDE5) inhibitors, which inhibit the breakdown of 
cGMP, sGC modulators (both stimulators and activators) or compounds that 
increase H2S signalling. R-ONO2, nitrate ester.
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meta-analysis of randomized trials showed that NO 
inhalation therapy increased the risk of acute kidney 
injury (AKI) in patients with acute respiratory distress 
syndrome (ARDS) but not in non-ARDS populations113. 
The underlying mechanisms likely involve modulation 
of pre- and post-glomerular arteriolar resistance and 
altered tubular handling of salt and water, which is sup­
ported by previous animal and human studies113. Kidney 
function and markers of AKI should therefore be closely 
monitored in patients who require inhaled NO therapy.

Organic nitrates
Nitroglycerin (also known as glyceryl trinitrate) dilates 
venous capacitance vessels, aorta, medium-to-large 
coronary arteries and collaterals. This organic nitrate 
and structurally similar compounds were used to treat 
angina, acute myocardial infarction and severe hyper­
tension even before the discovery of the role of NO in 
physiology114. Chronic use of organic nitrates has been 
associated with tolerance and risk of adverse effects, 
including hypotension and endothelial dysfunction114, 
which limit their therapeutic applications.

Arginase inhibition
The NOS isoforms compete for L‑arginine with two 
other enzymes, arginase and arginine methyltransferase, 
which convert L‑arginine into urea and L‑ornithine or 
asymmetric dimethylarginine (ADMA), respectively. 
ADMA in turn inhibits NOS activity by directly compet­
ing with L‑arginine for binding to NOS, leading to NOS 
uncoupling115. Two isozymes of arginase exist; arginase 1  
is primarily located in the cytoplasm of hepatocytes 
and red blood cells116, whereas arginase 2 is located in 
the mitochondria of several tissues in the body, with 
high abundance in the kidney (Human Protein Atlas). 
Increased arginase activity and elevated ADMA levels, 
together with reduced NO synthesis, have been associ­
ated with endothelial dysfunction and increased cardio­
vascular risk in patients with CKD38,117,118. Moreover, 
arginase inhibition has been shown to improve micro­
vascular endothelial function in patients with coronary 
artery disease and T2DM119,120.

Experimental studies have shown that dietary inor­
ganic nitrate can decrease arginase expression and activ­
ity, which may contribute to the salutary effects of nitrate 
in cardiovascular and metabolic disease121,122. Increased 
arginase 2 expression and activity have been associated 
with kidney failure, diabetic kidney disease (DKD) 
and hypertensive nephropathy, and favourable effects 
of arginase inhibition have been demonstrated in kid­
ney disease models38,118. Further studies are required to 
investigate the potential clinical benefits of attenuating 
arginase function in patients with kidney disease.

H2S formation and signalling
The signalling molecule H2S has many similarities with 
NO and affects a wide range of physiological functions, 
including modulation of cardiovascular, renal and meta­
bolic systems123–125. H2S is formed endogenously in  
most organs, including the kidney, via enzymatic and 
non-enzymatic reactions124. Stimulation of H2S produc­
tion might enhance the NO–sGC–cGMP–PKG pathway 

by increasing NO production and its downstream sig­
nalling. H2S can also increase eNOS activation via 
mechanisms that involve mobilization of intracellular 
Ca2+ and promotion of phosphorylation126,127. In addi­
tion, H2S might increase NO production independent 
of NOS via stimulation of XOR-dependent reduction of 
nitrite to NO128. H2S has also been shown to activate sGC 
and/or directly increase cGMP levels via inhibition of 
phosphodiesterase129. The interactions and crosstalk that 
occur between the NO and H2S signalling systems are 
complex and involve formation of S/N-hybrid species130. 
Treatment with slow-releasing H2S donors is associated 
with protective effects in animal models of cardiovascu­
lar, kidney and metabolic diseases123–125, but these results 
await further clinical translation.

Phosphodiesterase inhibition
cGMP is hydrolysed to guanosine monophosphate 
(GMP) by phosphodiesterase. To date, phosphodi­
esterase 5 (PDE5), which is expressed in various tissues 
including the cardiovascular and renal systems, has 
been the main focus of research, but other phosphodi­
esterase isozymes have also been suggested to modu­
late NO-mediated cGMP-dependent and independent 
signalling.

PDE5 inhibitors block cGMP breakdown and thereby 
lead to increased or prolonged NO signalling. These 
compounds have been proven to lower blood pressure 
in preclinical and clinical studies and to exert kidney 
and cardiovascular protective effects in various experi­
mental models of IRI, heart failure131, CKD and DKD132. 
PDE5 is highly expressed in the kidney (in the glomer­
uli, mesangial cells, cortical tubules and inner medul­
lary collecting duct) and the kidney-protective effects of 
PDE5 inhibitors are thought to extend far beyond their 
antihypertensive effect132. In 5/6 nephrectomized rats, 
8 weeks of treatment with a PDE5 inhibitor initiated 
immediately after nephrectomy prevented the develop­
ment of hypertension and ameliorated kidney injury and 
proteinuria133. However, this profound kidney protection 
was lost if PDE5 inhibition was initiated at a later stage 
(that is, 4 weeks after nephrectomy) when proteinuria 
was already evident.

PDE5 inhibitors are currently clinically approved for 
the treatment of pulmonary hypertension, erectile dys­
function and lower urinary tract symptoms134. However, 
promising preclinical and early clinical findings suggest 
that additional therapeutic indications could be possible 
in the future. For example, a phase II trial demonstrated 
that once daily treatment with a long-acting PDE5 inhib­
itor for 12 weeks decreased albuminuria in 256 patients 
with T2DM and overt nephropathy135. Importantly, this 
kidney-protective effect was observed despite simulta­
neous treatment with RAAS blockers and independent 
of any changes in blood pressure or GFR.

Modulation of sGC
Small compounds that target sGC are currently used to 
treat patients with pulmonary hypertension, but novel 
sGC stimulators and activators might have therapeutic 
value in other cardiovascular and kidney disorders136,137. 
For example, clinical trials have demonstrated favourable 

Nature ReviewS | NEPhrOlOGy

R e v i e w s

	  volume 17 | September 2021 | 583



0123456789();: 

effects of these agents in patients with heart failure 
with preserved ejection fraction138 or heart failure with 
reduced ejection fraction139. In various preclinical mod­
els of kidney disease, including hypertensive and dia­
betic nephropathy, unilateral ureteral obstruction and 
acute glomerular nephritis, treatment with sGC stim­
ulators and activators has consistently been associated 
with kidney-protective effects, as evidenced by improved 
creatinine clearance, reduced proteinuria and albuminu­
ria, attenuated glomerulosclerosis and tubulointerstitial 
fibrosis, reduced infiltration of macrophages and pres­
ervation of podocyte health140. These favourable effects 
seem to be largely independent of any blood pressure 
reduction and hence may be of therapeutic value in 
patients with CKD who are treated with RAAS blockers. 
In vitro mechanistic studies have indicated that many of 
the antifibrotic effects of sGC stimulators and activators 
are coupled with cGMP-mediated suppression of trans­
forming growth factor-β (TGFβ)–phospho-SMAD3 
signalling141. Clinical trials are needed to extend these 
exciting preclinical findings to patients.

A randomized, double-blind, placebo-controlled, 
phase II study (NCT03217591) evaluated the safety and 
efficacy of the sGC stimulator praliciguat (IW-1973) in 
140 patients with T2DM and albuminuria treated with 
RAAS inhibitors142. Treatment with praliciguat was not 
significantly associated with a reduction in albuminu­
ria from baseline to week 8 and week 12 (the primary 
efficacy outcome) compared with placebo (P = 0.17). 
However, differences in some of the exploratory end 
points, including reduction in blood pressure and meta­
bolic variables, such as haemoglobin A1c and choles­
terol, favoured praliciguat treatment and support further 
investigation of this agent in DKD.

ACE2 activators, AT2 agonists and Mas receptor 
agonists
The identification and characterization of new compo­
nents and pathways has led to extensive revision of the 
classical view of the RAAS during the past 15 years143,144. 
In addition to inhibiting angiotensin-converting enzyme 
(ACE), Ang II type 1 receptor (AT1) or the mineralo­
corticoid receptor, potential therapeutic approaches 
include stimulating ACE2 or activating AT2 or the Mas 
receptor. In contrast to ACE, which converts Ang I to 
Ang II, ACE2 convert Ang I and Ang II to Ang(1–7), 
which activates the Mas receptor. Ang II-mediated sig­
nalling via AT1 is associated with vasoconstriction and 
elevation of blood pressure, whereas activation of AT2 
is associated with vasodilation and reduction of blood 
pressure. Accumulating evidence suggests that ACE2 
activators, AT2 agonists and Mas receptor agonists have 
protective effects in models of cardiovascular, kidney 
and metabolic diseases via mechanisms that involve 
lowering oxidative stress, dampening inflammation  
and increasing NO bioactivity143,144. These preclinical 
findings suggest novel therapeutic strategies (Fig. 5).

Notably, cardiovascular145, kidney146 and metabolic147 
diseases have been associated with increased risk of 
severe COVID-19 and adverse outcomes following 
infection with SARS-CoV-2. The virus uses ACE2 to 
enter host cells, which negatively impacts ACE2 function 

and might increase oxidative stress, reduce NO forma­
tion and signalling, alter immune cell function, impair 
endothelial function and induce coagulopathy148,149. 
Therapeutic strategies that restore ACE2−Ang(1–7)–
Mas receptor signalling pathways and inhalation of NO 
have therefore been suggested as potential treatments for 
COVID-19 (refs148,150).

Inorganic nitrate and nitrite supplementation
Stimulation of the nitrate–nitrite-NO pathway via sup­
plementation with inorganic nitrate or nitrite, either via 
the diet or in pill form, might enhance NO bioavaila­
bility. This approach has potential therapeutic applica­
tions in cardiovascular, metabolic and kidney disorders. 
Moreover, inhaled inorganic nitrite therapy has been 
shown to be safe and potentially efficacious in adult 
patients with pulmonary hypertension, heart failure with 
preserved ejection fraction151.

Cardiovascular effects. Considerable research efforts 
have focused on the cardiovascular effects of inorganic 
nitrate supplementation, including the effects on blood 
pressure, endothelial function and arterial stiffness. In 
2006, the first study to report a blood pressure-lowering 
effect of nitrate supplementation in healthy adults 
showed that 0.1 mmol/kg per day of sodium nitrate 
reduced diastolic blood pressure by a mean of almost 
4 mmHg (ref.152). A subsequent study that used an 
approximately threefold higher dose of dietary nitrate, 
in the form of beetroot juice, demonstrated a more 
pronounced blood pressure-lowering effect (i.e. mean 
reductions in systolic blood pressure of 10.4 mmHg 
and diastolic blood pressure of 8 mmHg), together with 
vasoprotective and antiplatelet properties of nitrate153. 
Several research groups have since confirmed the blood 
pressure-lowering effect of nitrate in healthy individ­
uals. In two meta-analyses of these studies, systolic 
blood pressure was reduced by means of 4.1–4.8 mmHg 
and diastolic blood pressure was reduced by means of 
1.7–2.0 mmHg (refs154,155). One of these meta-analyses 
also analysed the effect of nitrate intake on other cardio­
vascular risk factors and reported improved endothelial 
function, reduced arterial stiffness and reduced platelet 
aggregation with this intervention155.

Numerous experimental studies using various cardio­
vascular disease models, which are often associated with 
kidney and metabolic dysfunction, have also demon­
strated favourable cardiovascular effects following 
treatment with inorganic nitrate, including antihyper­
tensive effects and improved endothelial function8,156,157. 
The underlying mechanisms that contribute to such 
effects involve various organ systems and modulation 
of the RAAS, inhibition of arginase, restoration of eNOS 
function, dampening of sympathetic hyperactivity and 
anti-inflammatory and anti-oxidative effects156.

A study in 15 patients with hypertension demon­
strated that acute dietary nitrate intake improved 
endothelial function and significantly lowered systolic 
and diastolic blood pressure158. The maximum blood 
pressure-lowering effect was observed approximately 
3−4 h after nitrate ingestion, when plasma nitrite levels 
peaked, and the effect lasted for as long as 24 h. The first 
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two studies investigating the cardiovascular effects of 
chronic nitrate supplementation in patients with hyper­
tension were conducted independently of each other in 
2015 and generated conflicting results159,160. One study 
showed no significant reduction in blood pressure 
following 1 week of nitrate supplementation, whereas 
the other showed a sustained blood pressure reduction 
following daily dietary intake of nitrate compared with 
placebo during a 4-week period, without any signs of 
tachyphylaxis160. A 2020 study showed that daily intake 
of nitrate for 5 weeks, in the form of either leafy green 
vegetables or a nitrate pill, did not significantly lower 
blood pressure in adults with pre-hypertension or stage 1 
hypertension compared with intake of a low-nitrate con­
trol diet161. These differing findings are unlikely to be due 
to differences in the daily dose of nitrate, which was sim­
ilar in all three studies (approximately 0.1 mmol/kg/day), 
and cannot be explained by patient age, body mass index 
or gender. However, differences in the number of simul­
taneous antihypertensive drugs, patient demographics, 
nitrate intake in the placebo group and blood pressure 
at the time of initiation of nitrate supplementation might 
be contributing factors. Another clinical trial showed 
that once-daily nitrate supplementation (approximately 
0.1 mmol/kg/day) for 6 weeks improved vascular func­
tion in patients with hypercholesterolaemia, which was 
associated with a mild reduction in blood pressure162. 
Potential effects of nitrate supplementation on meta­
bolic and/or kidney functions were not reported in these 
clinical studies.

Arterial stiffness is associated with aging and is 
a major risk factor for cardiovascular events such as 
myocardial infarction and stroke. A systematic review 
and meta-analysis of randomized controlled trials was 
conducted to estimate the effects of repeated nitrate 
administration (at least 3 days) on peripheral and central 
blood pressure and arterial stiffness in healthy individ­
uals and in patients at increased risk of cardiovascular 
disease owing to obesity, hypertension, peripheral artery 
disease, hypercholesterolaemia and/or heart failure163. 
Pooled data from 45 studies using approximately 
500 mg nitrate per day showed significant reductions in 
systolic (mean −2.91 mmHg) and diastolic blood pres­
sure (mean −1.45 mmHg). Analysis of data from three 
trials that measured central (aortic) blood pressure 
also showed significant reductions with nitrate supple­
mentation (mean systolic −1.6 mmHg, mean diastolic 
−2.0 mmHg). However, the meta-analysis found no 
significant differences in the effects of nitrate supple­
mentation on blood pressure between subgroups of 
patients with differing health status. Notably, the reduc­
tions in blood pressure with nitrate supplementation in 
this meta-analysis, and in meta-analyses of data from 
healthy individuals154,155, are comparable with those 
observed in trials of reduced sodium intake and of a 
Dietary Approaches to Stop Hypertension (DASH) diet164,165. 
Analysis of data from seven trials that measured aug­
mentation index and pulse wave velocity showed no 
significant effects of nitrate administration on arte­
rial stiffness163. However, the researchers note that the 
number of available trials in individuals with additional 
cardiovascular disease risk factors (i.e. hypertension, 

diabetes or hyperlipidaemia) was relatively small and 
their analysis was likely underpowered to detect sig­
nificant differences. More studies are required to draw 
reliable conclusions in these patient groups.

Overall, the current evidence for a long-term favour­
able cardiovascular effect of nitrate supplementation in 
patients with cardiovascular disease, including hyper­
tension, is inconclusive. Hence, additional large clinical 
trials with different doses of nitrate would be desirable.

Metabolic effects. Impaired metabolic control with obesity 
and hyperglycaemia is closely coupled with increased risk 
of DKD, which involves complex glomerular and tubu­
lar mechanisms166,167. In addition to the well-documented 
therapeutic benefits of ACE inhibitors and Ang II recep­
tor blockers in patients with kidney disease168,169, large 
clinical trials have shown that treatment with sodium/
glucose co-transporter-2 (SGLT2) inhibitors can reduce 
albuminuria, risk of CKD progression and cardiovascu­
lar events in patients with T2DM and kidney disease170. 
The favourable effects of SGLT2 inhibition are unlikely 
to be solely mediated by improved glycaemic control. 
Experimental evidence suggests that they are likely the 
result of various glomerulotubular mechanisms167,171 
such as modulation of the myogenic response and TGF 
as well as tubular reabsorption and potential modulation 
of renal sympathetic nerve activity172. These mechanisms 
could potentially also indirectly affect NO bioactivity.

Mice that lack eNOS develop hypertension173 and 
features that resemble metabolic syndrome (i.e. hyper­
tension, dyslipidaemia, insulin resistance and obesity)174. 
In addition, eNOS deficiency in rodents is associated 
with kidney injury175–177 and accelerated progression of 
CKD178,179. Almost a decade ago, supplementation with 
dietary doses of nitrate was demonstrated to reverse 
features of metabolic syndrome in mice that lacked 
eNOS180. Numerous experimental studies have since 
confirmed that nitrate supplementation has favourable 
metabolic effects, which involve modulation of mito­
chondrial function and oxidative stress, activation of 
AMP-activated protein kinase (AMPK) signalling and 
modulation of downstream targets including sterol reg­
ulatory element-binding protein 1, acetyl-CoA carboxy­
lase, medium-chain specific acyl-CoA dehydrogenase, 
mitochondrial and peroxisome proliferator-activated 
receptor-γ coactivator 1α7,181–184. A link between nitrate 
and/or nitrite supplementation and AMPK activation 
has also been demonstrated in experimental models 
of heart failure with preserved ejection fraction182 and 
IRI of the heart185 as well as in studies of the potential 
beneficial effects of this supplementation on longevity186. 
Knowledge of the specific mechanism(s) of AMPK acti­
vation in different cell types (for example, hepatocytes, 
adipocytes, skeletal muscle cells and cardiomyocytes) 
is limited, but studies have suggested involvement of 
nitrate and/or nitrite-mediated modulation of energy 
sensing pathways, including inhibition of target of 
rapamycin186, activation of sirtuin 3 (ref.182) and PKA, 
and modulation of mitochondria-derived ROS7,185.

Experimental evidence suggests that supplementation 
with nitrate might be a novel, safe and inexpensive thera­
peutic approach for patients with T2DM at an increased 

Dietary Approaches to Stop 
Hypertension (DASH) diet
A diet rich in fruits, vegetables 
and low-fat dairy products, that 
was developed by the nutrition 
committee of the American 
Heart Association and has 
been shown to reduce blood 
pressure.
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risk of developing DKD8,181,187. To date, few clinical trials 
have tested the potential beneficial effects of nitrate in 
patients with T2DM. A small trial in 27 patients with 
T2DM showed no significant effect of 2 weeks of nitrate 
supplementation (250 ml beetroot juice daily) on cardio­
metabolic functions (that is, blood pressure, endothelial 
function and insulin sensitivity)188. Another study that 
investigated the long-term metabolic effects of low-dose 
nitrate supplementation (250 mg per day for 24 weeks) 
in patients with T2DM found no significant difference in 
glycaemic control between the nitrate (n = 35) and pla­
cebo groups (n = 29)189. The reason for this lack of effect 
in these two studies, which contrasts with substantial 
experimental evidence, might be the fact that almost all 
the participants were receiving metformin treatment, 
which is known to activate AMPK190. In a mouse model 
of cardiometabolic disease, no additional beneficial 
effects on cardiovascular and metabolic parameters 
were observed when dietary nitrate supplementation 
was given in combination with metformin191, suggest­
ing similar mechanisms of action. A phase II study that 
investigated the cardiometabolic effects of nitrite therapy 
(40 mg, three times daily) for 12 weeks in adults with 
stage 1–2 hypertension, metabolic syndrome and nor­
mal kidney function who were not receiving any med­
ications that affect glucose metabolism showed that 
nitrite gradually lowered blood pressure during the first 
8 weeks of treatment (by approximately −10 mmHg), but 
blood pressure levels started to return to baseline after 
10–12 weeks192. Hyperinsulinaemic–euglycaemic clamp 
studies suggested that nitrite supplementation resulted 
in a trend towards decreased endogenous glucose pro­
duction and improved insulin sensitivity. Strikingly, 
a significant improvement in carotid intima media 
thickness and brachial artery endothelial function was 
observed after 12 weeks of nitrite therapy.

Kidney effects. Patients with CKD and those with kid­
ney failure have compromised NOS function, reduced 
NO bioactivity38,193 and increased cardiovascular mor­
bidity and mortality. Moreover, a positive association 
between renal nitrate clearance and kidney function has 
been observed in patients with CKD102. Studies in adult 
and paediatric patients with kidney failure have shown 
that peritoneal dialysis and haemodialysis sessions 
are associated with disturbed NO homeostasis, meas­
ured as a reduction in the circulating levels of nitrate, 
nitrite and cGMP (a marker of NO signalling)194–197. 
Clinical studies are needed to investigate the therapeu­
tic value of restoring NO homeostasis, using nitrate 
and/or nitrite supplementation, in these vulnerable 
high-risk patients.

In numerous experimental studies, chronic treat­
ment with inorganic nitrate and nitrite has been asso­
ciated with therapeutic effects such as attenuation of 
kidney injury and preservation of kidney blood flow 
and GFR in models of kidney disease with or with­
out coexistent hypertension and metabolic disease8,181, 
including models with chronic pharmacological inhibi­
tion of NOS177, unilateral nephrectomy combined with 
a high-salt diet198, two-kidney one clip, deoxycorticos­
terone acetate salt, Ang II infusion199,200, ageing201 and 

kidney IRI202,203. Based on these studies, several mecha­
nisms have been proposed to contribute to the favoura­
ble effects of nitrate and nitrite supplementation. These 
include dampening of oxidative stress via a reduction in 
NADPH oxidase activity, increased antioxidant capac­
ity of superoxide dismutase, increased NO bioactivity, a 
reduction in Ang II sensitivity and type I angiotensin II 
receptor expression in the renovascular system, dampen­
ing of renal sympathetic nerve activity and modulation 
of immune cell phenotypes and mitochondrial function8.

In healthy adults, acute intravenous infusion of 
nitrite dose-dependently (0.58–5.21 μmol/kg/h) reduced 
blood pressure compared with placebo, but had no 
significant effect on GFR measured using 51Cr-EDTA 
clearance204,205. This blood pressure response was aug­
mented in hypertensive compared with normotensive 
individuals (mean decreases in systolic blood pressure 
of 17 mmHg vs 10 mmHg). The researchers showed 
that the reduction in blood pressure was associated 
with a decrease in urinary levels of ENaCγ and aqua­
porin 2, but the effects of nitrite infusion on fractional 
sodium excretion were inconsistent (that is, unchanged, 
decreased or increased)204–206. In healthy individuals, 
the nitrite-mediated effects were not associated with 
changes in plasma or urine cGMP levels and were not 
significantly affected by simultaneous inhibition of XOR, 
ACE or carbonic anhydrase206. Moreover, dietary nitrate 
supplementation (approximately 0.1 mmol/kg/day) for  
1 week did not significantly change eGFR (measured 
using creatinine clearance) compared with placebo in 
healthy young men207.

A systematic review and meta-analysis that investi­
gated various modifiable lifestyle factors showed that 
higher vegetable intake significantly reduced the risk 
of CKD208. To what extent this effect might be linked 
to increased intake of nitrate is unknown. To date, no 
placebo-controlled clinical trial has investigated the 
effects of chronic nitrate supplementation in patients 
with kidney disease. However, a crossover study in 
patients with CKD (stages 2–4) due to hypertensive or 
diabetic nephropathies showed a significant reduction 
of blood pressure and renal resistive index 4 h after a 
single dose of nitrate (300 mg)209. Moreover, a prospec­
tive study with a follow-up period of almost 6 years 
concluded that a habitually high intake of nitrate and/or 
nitrite from dietary sources was independently associ­
ated with a significantly reduced risk of hypertension 
and CKD210.

Taken together, clinical studies have demonstrated 
that nitrate supplementation is associated with the 
lowering of blood pressure, which seems to be more 
pronounced in patients with hypertension. In healthy 
individuals this effect is not associated with significant 
changes in kidney function, whereas favourable effects 
on renal haemodynamics were observed in patients with 
CKD. Future longer-term, placebo-controlled, rand­
omized trials are needed to determine if supplementa­
tion with inorganic nitrate and/or nitrite to restore NO 
bioactivity could be a beneficial additive treatment to 
slow the progression of kidney disease and associated 
cardiovascular and metabolic disorders. Such effects 
have consistently been reported in experimental studies.
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Conclusions and future perspectives
Several decades have passed since the discovery of NO 
as the elusive endothelium-derived relaxing factor, but 
some controversies still exist regarding its formation and 
the true identity of the signalling molecule, as well as its 
downstream signalling and effector sites in health and 
disease. NO and other bioactive nitrogen oxide species 
have pivotal roles in multiple physiological functions, 
including modulation of the kidney, cardiovascular 
and metabolic systems. NO is classically derived from 
l-arginine-dependent NOS isoforms, but can also be 
formed endogenously via serial reduction steps of inor­
ganic nitrate and nitrite. This nitrate–nitrite–NO path­
way, which can be boosted via the diet, is of particular 
importance in conditions where the activity of the NOS 
system is reduced or non-functional (that is, hypoxia, 
ischaemia and low pH). Downstream signalling and 
functional effects are linked with both cGMP-dependent 
and -independent mechanisms. Reduced NO bioactiv­
ity due to compromised NO generation or increased 
metabolism has been associated with aging and kidney, 

cardiovascular and metabolic disorders, which are often 
coupled with increased generation of ROS leading to 
oxidative stress. In the kidney, NO is crucially involved 
in autoregulation and modulation of tubular trans­
port, which may be of importance in the development 
and progression of hypertension, CKD, ischaemia–
reperfusion injury and DKD. Although several exper­
imental studies have demonstrated favourable effects of 
nitrate and nitrite supplementation on kidney disease 
and associated complications, these results await further 
clinical translation. Existing and future novel strategies 
that increase NO bioactivity and reduce oxidative stress, 
via both pharmacological and nutritional approaches, 
may have therapeutic potential to prevent and treat 
kidney disease and associated cardiometabolic compli­
cations. One of the challenges with such novel drug can­
didates is to optimize their spatial and temporal delivery 
to achieve the desired effects without any unwanted 
disturbances in normal physiological redox signalling.
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