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ARTICLE INFO ABSTRACT

Keywords: Mitochondria play fundamental role in maintaining cellular metabolic homeostasis, and metabolic disorders
Mitochondria including type 2 diabetes (T2D) have been associated with mitochondrial dysfunction. Pathophysiological me-
Nitrate chanisms are coupled to increased production of reactive oxygen species and oxidative stress, together with
Nitrite

reduced bioactivity/signaling of nitric oxide (NO). Novel strategies restoring these abnormalities may have
therapeutic potential in order to prevent or even treat T2D and associated cardiovascular and renal co-mor-
bidities. A diet rich in green leafy vegetables, which contains high concentrations of inorganic nitrate, has been

Nitric oxide
Oxidative stress

Diabetes
Obesity shown to reduce the risk of T2D. To this regard research has shown that in addition to the classical NO synthase
AMPK (NOS) dependent pathway, nitrate from our diet can work as an alternative precursor for NO and other bioactive

SIRT3 nitrogen oxide species via serial reductions of nitrate (i.e. nitrate-nitrite-NO pathway). This non-conventional

Browning pathway may act as an efficient back-up system during various pathological conditions when the endogenous

Beiging NOS system is compromised (e.g. acidemia, hypoxia, ischemia, aging, oxidative stress). A number of experi-
mental studies have demonstrated protective effects of nitrate supplementation in models of obesity, metabolic
syndrome and T2D. Recently, attention has been directed towards the effects of nitrate/nitrite on mitochondrial
functions including beiging/browning of white adipose tissue, PGC-1a and SIRT3 dependent AMPK activation,
GLUT4 translocation and mitochondrial fusion-dependent improvements in glucose homeostasis, as well as
dampening of NADPH oxidase activity. In this review, we examine recent research related to the effects of
bioactive nitrogen oxide species on mitochondrial function with emphasis on T2D.

1. Introduction Novel nutritional or pharmacological approaches that restore these

abnormalities may have therapeutic potential in prevention or treat-

Metabolic disorders including type 2 diabetes (T2D) are progres-
sively increasing worldwide and have reached epidemic proportions in
many countries. The risk of developing T2D is strongly associated with
overweight and obesity, which are closely coupled to sedentary lifestyle
and unhealthy dietary habits [1]. In 2016, WHO estimated T2D to be
the seventh leading cause of death worldwide. Extensive research ef-
forts have been made to understand the underlying pathophysiological
mechanisms contributing to the initiation of metabolic abnormalities
(including abdominal obesity, insulin resistance, hypertension, and
hyperlipidemia) and the progression to T2D, as well as adverse vascular
complications associated with the disease. Mitochondria play a funda-
mental role in maintaining cellular metabolic homeostasis, and T2D has
been coupled with mitochondrial dysfunction, increased production of
reactive oxygen species and oxidative stress, together with reduced
bioactivity of the gaseous signaling molecule nitric oxide (NO) [2,3].

ment of T2D [4]. In addition to the NO generated from L-arginine by
NO synthase (NOS) activity, an alternative nitrate-nitrite-NO pathway
exists which can be boosted by our everyday diet (Fig. 1). Here we
review the latest research progress of nitrate-nitrite-NO dependent
signaling with regard to mitochondrial function in pathologies asso-
ciated with metabolic disease and specifically focus on T2D.

2. Link between dietary approaches and the nitrate-nitrite-NO
pathway

Considering the important link between changed dietary habits and
development of obesity and T2D, extensive research has been carried
out focusing on what type of diet that should be promoted in addition to
the obvious strategy of lowering total caloric intake [1]. Based on meta-
analysis of prospective cohort studies on T2D, protective effects have
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Fig. 1. Summary of various effects on cardiovascular and metabolic function/signaling of dietary nitrate facilitated by the nitrate-nitrite-NO pathway in vivo, ex vivo
or in vitro. Nitrate reductase containing commensal bacteria in the oral cavity, and potentially also in the gut, reduce nitrate into nitrite which is further reduced to
nitric oxide and other bioactive nitrogen species via several non-enzymatic and enzymatic mechanisms.

been associated with a diet rich in green leafy vegetables [5]. However,
trials with single nutrients such as fibers, vitamins and minerals have
mostly been negative. Green leafy vegetables contain high concentra-
tions of nitrate and after it became apparent that nitrate can be en-
dogenously reduced to bioactive NO in the 1990s [6-8], the interest for
this anion has increased tremendously.

Beneficial effects of dietary nitrate have since then been identified
in several pathological conditions related to blood pressure regulation,
ischemia reperfusion injury and platelet aggregation [9-12]. As re-
cently reviewed [4], accumulating studies during the last decade have
also demonstrated favorable metabolic effects of inorganic nitrate in
different models of T2D, [13-22], which together emphasizes potential
benefits in patients with metabolic syndrome and T2D patients. How-
ever, lack of beneficial effects of dietary nitrate on metabolic disease-
associated alterations has also been demonstrated [23]. Although more
efforts are needed to explain some of the controversies between ex-
perimental studies, it will be even more important to investigate the
potential therapeutic metabolic effects of dietary nitrate in human
trials.

In vivo, nitrate undergoes reduction to nitrite via commensal bac-
teria [24-27] that possess effective nitrate reductase activity, which
mammalian cells are not thought to do [28]. Nitrite can then be further
reduced to NO and other bioactive nitrogen oxides via both non-enzy-
matic mechanisms (e.g. acidic and hypoxic conditions) and by several
different proteins such as hemoglobin, myoglobin, neuroglobin, xan-
thine oxidoreductase and complexes in the mitochondrial respiratory
chain [28,29] (Fig. 1). In addition to classical NO-sGC-cGMP signaling,
effects following stimulation of the nitrate-nitrite-NO pathway have
also been associated with PKA activation [30] and H,0, dependent PKG
oxidation [31].

It is well known that NO synthase (NOS)-derived NO interacts with
mitochondrial function, biogenesis and redox state of the cells [32-34]
(Fig. 2). NO has been implicated in mitochondrial biogenesis (i.e. in-
creased mitochondrial mass/content in the cells) via guanylate cyclase
activation, generation of cyclic GMP and PGC-la activation [35,36]

(Fig. 2). Downregulation of genes related to mitochondrial biogenesis
and oxidative phosphorylation have been observed in T2D [37] (dis-
cussed below in Sections 3.1 and 3.2).

The most well-known effect of NO on mitochondria is its direct
interaction with cytochrome c oxidase to inhibit respiration, a binding
that occurs at nM levels of NO in competition with oxygen [32]. Today
we know that NO and other reactive nitrogen species generated from
the nitrate-nitrite-NO pathway also target mitochondria via other me-
chanisms. Larsen and colleagues demonstrated, for the first time, that
nitrate administration in humans improves mitochondrial efficiency in
skeletal mitochondria [38]. In addition, as mentioned above NO in-
hibits cytochrome c oxidase, the terminal enzyme in the electron
transport system which may have effects on mitochondrial efficiency
[39] (Fig. 2), oxygen homeostasis and ROS production in vivo [40].
Nitrite dependent reversible S-nitrosation of complex-I that dynami-
cally attenuates mitochondrial ROS generation has been shown to
confer protection in ischemia/reperfusion (I/R) injury in several organs
(Fig. 2) [41,42] and offers protection against Parkinson's disease in
experimental animal models [43]. Moreover, nitrite and NO can react
with non-heme iron to form dinitrosyl iron complexes (DNIC) that may
be involved in cytoprotective effects after I/R injury [44]. Furthermore,
DNICs may have implications in the cytotoxic effects observed at high
NO concentrations [44]. In a recent study, it was also demonstrated that
dietary nitrate increased nitrosyl-Hb in blood and tissue and levels of
DNIC in a mouse model of obesity and T2D, which was associated with
reduction of oxidative stress and favorable metabolic effects [45]. Re-
cently, a new hypothesis has been proposed with regard to NO signaling
where instead of freely diffusing NO, mobile/exchangeable NO-ferro-
heme species may activate sGC in a more efficient and coordinated way
[46]. However, caution is needed as increased oxidative stress in
combination with increased NO levels may increase the formation of
peroxynitrite [47], which in vivo has been implicated in the mechan-
isms underlying pathogenesis of conditions such as diabetes, heart
disease, chronic inflammatory diseases, and cancer [48]. In a rando-
mized, double-blinded, crossover study in well-trained male subjects,
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Fig. 2. Effects of Nitrate-nitrite-NO pathway on mitochondria. Nitric oxide is a potent complex IV inhibitor which can affect oxygen homeostasis, ROS production and
mitochondrial efficiency. Reversible nitrite dependent S-nitrosation of complex I contributes to dynamically regulated ROS production, suggested to be protective in
ischemia/reperfusion. Dietary nitrate contributes to browning/beiging of white adipose tissue, which at least in part involves cGMP-dependent activation of AMPK
and upregulation of PGC-1a and UCP1. Moreover, nitrate activates SIRT3 which promotes AMPK activation and S-nitrosation followed by membrane translocation of

GLUT4 and mitochondrial biogenesis via PGC-1a.

Gholami and colleagues reported increased circulatory peroxynitrite
only after administration of high dose of nitrate (24 mmol) in combi-
nation with high intensity exercise [47]. However, since nitrate-nitrite-
NO pathway may attenuate iNOS activity and NADPH oxidase-derived
ROS (discussed below, Sections 4 and 5), the risk of increased perox-
ynitrite formation may be limited. In LPS-activated macrophages, ni-
trite treatment actually reduced peroxynitrite formation [49].

In conclusion, the underlying mechanisms contributing to the sa-
lutary metabolic effects of dietary nitrate supplementation are still not
fully understood but involve interaction with mitochondria and AMPK
signaling as well as modulation of oxidative stress.

3. Mitochondrial targets by the nitrate-nitrite-NO pathway

The sections below focus on metabolic effects of the nitrate-nitrite-
NO pathway and specifically highlight connections to browning, acti-
vation of SIRT3, AMPK and GLUT4, modulation of mitochondrial dy-
namics.

3.1. Induction of browning

Adipocytes are present in three phenotypically different types,
namely white, brown and beige/brite [50]. White adipose tissue (WAT)
stores energy as lipid and contain droplets of triglycerides and few
mitochondria due to the low energy demand [51]. Brown adipose tissue
(BAT) contains lipid droplets that are tightly associated with a dense
mitochondrial network [52,53], capable of burning a large amount of
fatty acids [53]. Apart from brown fat recruitment during prolonged
cold exposure, white adipocytes containing UCP1-expressing mi-
tochondria and multilocular fat droplets appear, a process referred to as
browning of the WAT depots. Brown-like adipocytes in WAT can arise
via trans-differentiation of differentiated white adipocytes or through
the development of distinct subpopulations [54]. Brown-like adipocytes
have been named brite (brown-in-white) or beige adipocytes. It has
been proposed that brite fat cells may originate from de novo differ-
entiation of precursor cells [55,56] or develop through the bi-

directional interconversion between brite and white adipocyte pheno-
types [57-59]. BAT and brite cells share many molecular similarities,
although there is a differential expression of certain genes including
metabolic proteins (e.g., Slc27al), inflammatory proteins (e.g., CD40
and CD137) and transcription factors (Tbx15 and Zicl) [56,60]. BAT
located in the neck of adult humans contains a mixture of brite and
classical brown cells [61,62].

The high levels of uncoupling protein-1 (UCP-1) present in BAT
contribute to proton leak across the inner mitochondrial membrane
thereby generating heat [63]. Although present in small amounts in
adult humans, approximately 50 g of BAT is capable of burning up to
20% of basal caloric requirements [64]. BAT is reduced in obese in-
dividuals [65]. Browning of WAT is demonstrated to have anti-diabetic
effects [66,67]. Basal UCP-1 expression level in brite cells is low, but
they have an intrinsic capacity to substantially increase the expression
of BAT associated genes. Numerous activators have been identified that
can contribute to the browning response such as, cardiac natriuretic
peptides [68], irisin [69], B-aminoisobutyric acid [70] and fibroblast
growth factor 21 [71]. Moreover, NO is involved in the regulation of
mitochondrial biogenesis [35], and hence supplementation with in-
organic nitrate to boost NO production has emerged as a potential
approach to induce browning (Fig. 3). Following 18-days of nitrate
administration via the drinking water in rats, the expression of UCP-1
and PGC-1a were increased in a dose dependent manner with a con-
comitant increase in basal cell respiration [72]. Nitric oxide synthase
(NOS) inhibition with L-NAME did not alter the effect whereas knock
down of xanthine oxidoreductase (XOR) abrogated the effect. Thus,
XOR was required for the induction of BAT-specific proteins [72]. The
effect correlated with increased cGMP levels whereas the effect was
abolished upon guanylate cyclase inhibition with ODQ. In addition,
downstream signaling was investigated via protein kinase G (PKG) in-
hibition by KT5823 which abrogated the nitrate-induced expression of
BAT-specific genes [72]. In accordance with this study, Peleli and col-
leagues demonstrated increased expression of UCP1 in nitrite-treated
primary mouse adipocytes exposed to high palmitate concentrations
[73]. In addition, chronic supplementation with nitrate attenuated
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Fig. 3. Effects of Nitrate-nitrite-NO pathway on fat phenotype in metabolic syndrome. Dietary nitrate has been shown to reverse many features of metabolic
syndrome (e.g. lowering blood pressure, restore glucose/insulin homeostasis and reduce fat accumulation). Recent studies show that nitrate-mediated reduction of
lipid accumulation in models of high-fat diet induced metabolic dysfunction is coupled with anti-inflammatory and antioxidative effects. Moreover, boosting of the
nitrate-nitrite-NO pathway was associated with increased mitochondrial respiration in primary mouse subcutaneous adipocytes and upregulation of thermogenic

genes and creatine cycle genes.

body weight gain, accumulation of fat, reduced fasting glucose and
improved glucose and insulin tolerance in mice chronically fed with
high fat diet. Interestingly, nitrite also increased expression of the so-
dium- and chloride-dependent creatine transporter 1 (Slc6a8) in adi-
pocytes exposed to palmitate [73]. The creatine phosphate cycle has
recently been connected to mitochondrial uncoupling independent
thermogenesis [74] where ablation of Slc6a8 is shown to impair ther-
mogenesis and induces obesity [75].

In conclusion, XOR dependent nitrate-nitrite reduction to NO leads
to a cGMP-dependent induction of BAT-specific genes, possibly con-
tributing to antidiabetic effects (Fig. 3).

3.2. Activation of SIRT3, AMPK and GLUT4

SIRT3 is a mitochondria-localized member of the sirtuin family of
lysine deacetylases [76] known to be involved in suppression of ROS
and stimulation of mitochondrial biogenesis [77,78]. More than 20% of
mitochondrial proteins are regulated by lysine acetylation [79]. SIRT3
deficiency has been linked to the development of metabolic syndrome
[80] and pulmonary arterial hypertension [81]. Moreover, SIRT3 ex-
pression is shown to be markedly decreased in islets from patients with
T2D [82].

AMPK is an attractive target for T2D as its activation improves
glucose homoeostasis and insulin sensitivity. Numerous animal models
demonstrate decreased AMPK activity in muscle [83] also confirmed in
human skeletal muscle [84] and in adipose tissue [85].

GLUT4 is responsible for facilitating glucose transport into the cells
in response to insulin and considered a vital regulator of entire body
glucose homeostasis [86]. Hyperglycemia and oxidative stress can

disturb the homeostatic functioning of endoplasmic reticulum that are
involved in synthesis, folding, packaging and transport of proteins
which results in ER stress [87]. A number of studies failed to detect a
difference in GLUT4 expression in skeletal muscle homogenates with a
mixture of insulin-sensitive slow-twitch fibers (type 1) contraction-
sensitive fast-twitch fibers (type 2) among T2D patients [88-91].
However, when separating type 1 and type 2 muscle fibers, Gaster and
colleagues observed a type 1 muscle fiber specific reduction in GLUT4
expression in T2D patients [92]. In addition, hyperglycemia was in-
versely related to GLUT4 contribution from type 1 fibers and directly
related to GLUT4 contribution from type 2 fibers [92]. Numerous stu-
dies have also reported impaired insulin and contraction dependent
GLUT4 translocation in T2D patients [93-95].

Exercise training and caloric restriction increases SIRT3 expression
whereas high-fat diet is shown to reduce it [96,97]. SIRT3 is activated
by NAD™" and thereby closely connected to cellular energy status [76].
SIRT3 is also connected to mitochondrial dynamics through activation
of optic atrophy 1 (OPA1) proteins [98]. Recently, SIRT3 has also been
shown to activate AMPK [97,99], that is involved in membrane trans-
location of GLUT4 [100] (Fig. 2). Moreover, SIRT3 promotes mi-
tochondrial biogenesis through PGC-la activation, facilitate DNA re-
pair via deacetylation of 8-oxoguanine DNA glycosylase 1 and attenuate
mitochondrial fragmentation (i.e. result of increased fission activity)
via ablation of translocation of DRP1 via deacetylation of Ku70 [101].
In addition, over expression of SIRT3 enhance anti-oxidative capacity
via Nrf-2 activation and deacetylation of SOD2 [101,102]. SIRT3 acti-
vation has also been implicated in the protection against advanced
glycation end products accumulation in nucleus pulposus leading to cell
apoptosis, this via AMPK-PGC-1a signaling [103].
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Knock down of SIRT3 resulted in lowered insulin secretion which
correlated with increased ROS production and IL1f [82]. On the con-
trary, overexpression of SIRT3 improves whole body glucose home-
ostasis in mice [104]. Lai and colleagues demonstrated that nitrate and
nitrite administration counteracted hyperglycemia in obese ZSF1 rats
independent of changes in body weight [15]. The effect was lost in
SIRT3-deficient human skeletal muscle cells and high fat diet fed SIRT3
KO mice. The nitrate/nitrite effect was not dependent on SIRT3 levels
but rather the level of SIRT3 activation recognized by the short 28 kDa
active form of SIRT3. In support, SIRT3 mRNA levels and upstream
PGC-1a levels were unchanged [15]. This was paralleled with a re-
duction in mitochondrial protein acetylation. The effect was a result of
nitrite dependent AMPK activation and GLUT4 membrane translocation
but was insulin and NO-independent. This conclusion is in somewhat
contrast with earlier findings by Bryan and colleagues who demon-
strated that nitrite-mediated translocation of GLUT4, in two different
cell types, was linked to NO-mediated nitrosation [17]. However, the
phosphorylation level of the AMPK upstream LKB1 and CaMKII was
unchanged further supporting SIRT3 dependent AMPK activation. Ni-
trite dependent activation of SIRT3 was proposed to be ROS dependent
as the ROS scavengers peg-SOD and peg-CAT abolished the SIRT3 ac-
tivation. However, the interpretation is complex as antioxidant treat-
ment alone restored the SIRT3 levels upon palmitic acid, glucose, and
insulin treatment, whereas the nitrite-induced SIRT3 activation was
reduced by antioxidant treatment [16,105,106]. Previous studies sug-
gest a nitrite mediated AMPK-activation through attenuation of oxida-
tive stress [16,105]. Cordero-Herrera and colleagues observed a nitrate
dependent prevention of reduced p-AMPK and liver steatosis in mice
fed a high fat diet which was correlated to reduced oxidative stress via
nitrite-dependent inhibition of NADPH-oxidase [45]. The protective
effect of dietary nitrate was absent in germ-free mice demonstrating the
obligatory role of host microbiota in the bioactivation of nitrate
[26,45]. Further studies are clearly required to clarify how nitrite sig-
nals under normoxic conditions, and downstream targets AMPK acti-
vation as well as dampening of oxidative stress.

3.3. Modulation of mitochondrial dynamics

Mitochondrial fission and fusion are ongoing processes reflecting
the highly dynamic properties of mitochondria [107-109]. Increased
fusion activity results in mitochondrial elongation with long fila-
mentous mitochondria whereas increased fission promotes mitochon-
drial fragmentation resulting in short rods and spherical mitochondria
(Fig. 4). A certain defined set of proteins are associated with the reg-
ulation of fission and fusion. Mitofusins, Mfnl and Mfn2 are known to
promote fusion [110] in cooperation with optic atrophy protein 1
(OPA1) [111]. Dynamin-related protein 1 (Drpl) and mitochondrial
fission 1 protein (Fisl) are required for mitochondrial fission [112]
(Fig. 4). Recently, the actin-depolymerizing protein cofilinl has
emerged as a negative regulator of mitochondrial DRP1 activity [113].
Hyperglycemia is shown to promote mitochondrial fission [114,115]
reflected by increased expression of Fisl and Drpl [116]. T2D is related
to a reduced expression of Mfn2, which may be linked to impaired
mitochondrial function in skeletal muscle [117]. Montaigne and col-
leagues observed a T2D related mitochondrial fragmentation in myo-
cardium and a substantial decrease in Mfnl expression [118]. A recent
paper demonstrated a nitrite dependent increase in mitochondrial
length in adipocytes that correlated with a robust increase in Mfnl
expression [30]. Drpl levels were unchanged, however nitrite dose-
dependently increased phosphorylation of Ser656 [30] which inhibits
Drpl activity [119]. Interestingly, this was suggested to be obtained in
an NO-independent manner since cGMP did not increase and the effect
of nitrite was not abolished by pharmacological inhibition of sGC [30].
This study rather emphasized nitrite-induced PKA activity [30] that
predominantly mediates Drpl phosphorylation. The mechanism of ni-
trite mediated induction of PKA activity is still unclear. Importantly,
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nitrite augmented glucose uptake in adipocytes that was dependent on
mitochondrial fusion. Drpl inhibition abolished this effect [30]. The
authors concluded that nitrite simultaneously stimulates Mfn-1 depen-
dent fusion and inhibits Drpl-catalyzed fission in adipocytes (Fig. 4).

In conclusion, further investigation is needed to reveal the me-
chanistic explanation of the nitrite dependent induced PKA activity
leading to augmented mitochondrial fusion.

4. Interaction between mitochondrial and NADPH oxidase-
derived reactive oxygen species

Hyperglycemia-induced ROS generation is considered to contribute
to the development and progression of diabetes and vascular disease
[120]. Both mitochondria [121] and NADPH oxidases (NOXs) [122]
have been recognized as major sources of ROS generation, contributing
to oxidative stress, during conditions of hyperglycemia. In recent years,
a cross-talk between mitochondria and NOXs leading to a feed-forward
regulation has been reported that may contribute to a vicious cycle of
ROS production [123] (Fig. 5).

Mechanistically, mitochondrial ROS (mtROS) facilitate the opening
of the mitochondrial permeability transition pore (mPTP) resulting in
the escape of mtROS to the cytosol, which in turn activates NOX2 and
NOX1 via PKC or tyrosine kinase resulting in a more potent cytosolic
ROS formation [124,125], with subsequent uncoupling of eNOS [125].
Mitochondrial ROS dependent activation of NOX2 is prevented by
mPTP inhibition or mitochondria targeted antioxidants [124-128].

Reverse cross-talk exists mediated by angiotensin II via diacylgly-
cerol formation which activates PKC and subsequently NOX2 or NOX1
[129-134]. The NOX dependent ROS in turn contribute to activation of
redox-sensitive PKCe or MAPK leading to impaired calcium hemostasis,
mitochondrial alkalinization, altered mitochondrial membrane poten-
tial and finally increased mitochondrial superoxide/hydrogen peroxide
formation/release [135-137]. Potential involvement of redox-sensitive
mitochondrial ATP-sensitive potassium channels (mtKarp) has been
reported with subsequent p66°', monoamine oxidase, respiratory
complex activation or impairment of mitochondrial antioxidant defense
leading to induction of mtROS formation [138] (summarized in Fig. 5).

NOX2 is upregulated in heart and kidney in diabetes [139] and
NOX2 inhibition has been reported to be protective in diabetic cardi-
omyopathy [140]. Increased expression of NOX2 has also been coupled
to ultrastructural alterations in the central auditory system in zucker
diabetic fatty rats (ZDF) [141]. NOX2 deficiency preserves islet function
via reductions in ROS and f3 cell apoptosis in streptozotocin-induced
diabetic mice [142]. NOX2 is also activated in the retinal vasculature
[143] together with increased arginase activity in diabetes [144]
leading to reduced bioavailability of nitric oxide eventually causing
diabetic retinopathy. Schuhmacher and colleagues demonstrated an
inverse correlation between loss of endothelial function and NOX ac-
tivity in type 1 diabetes [145].

Evidence of a redox-based NOX4 activation is more limited and has
been thought to be regulated mainly by transcriptional control [146].
However, a recent study suggested that NOX4 activity is negatively
regulated by ATP to work as an energetic sensor [147]. NOX4 has been
suggested to be localized in mitochondria [148,149], and contribute to
significant amounts of ROS in the heart [150], and kidney cortex [148].
In addition to mitochondria, NOX4 is also localized in other subcellular
localizations such as the endoplasmic reticulum, nucleus, and plasma
membrane [148,151-153]. NOX4 is shown to be upregulated in kidney
cortex of diabetic rats [148]. The therapeutic value of modulating
NOX4 activity in diabetes is debated and inhibition of this enzyme has
been associated with both benefits and harm in the renal and cardio-
vascular system [154].

In conclusion, diabetes induced upregulation of NADPH oxidases
and their cross-talk with mitochondria may contribute to a vicious cycle
of ROS production contributing to progression of disease.
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increased mitochondrial ROS production. Mitochondrial ROS facilitate opening of the mitochondrial permeability transition pore resulting in the escape of ROS from
mitochondria to the cytosol, which in turn further activates NOX via PKC or tyrosine kinase leading oxidation of BH, and subsequent eNOS uncoupling (i.e. switch to
superoxide production instead of generating NO). NADPH oxidase-dependent ROS may also activate ATP-sensitive potassium channels resulting in respiratory
complex activation or impaired mitochondrial antioxidant defense leading to induction of mitochondrial ROS formation.

5. Modulation of NADPH oxidase activity by the nitrate-nitrite-NO Sindler et al. demonstrated for the first time that boosting the nitrate-
pathway nitrite-NO pathway dampened NOX expression or activity, reduced
vascular oxidative stress, and attenuated hypertension in experimental

In three independent studies from 2011, Carlstrom, Montenegro and models of cardiovascular and renal disease as well as during aging
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[155-157]. Since then, numerous studies using similar disease condi-
tions have confirmed these favorable effects on oxidative stress fol-
lowing nitrate and nitrite treatment [158]. More recently several stu-
dies have investigated potential modulation of NOX-derived ROS
during metabolic disease including obesity and diabetes. Cordero-Her-
rera and colleagues showed that chronic supplementation with nitrate
attenuated high-fat diet induced liver steatosis via mechanisms that
involve 1) increased formation of NO and other bioactive nitrogen
oxide species, 2) inhibition of NOX activity and activation of AMPK
signaling [45]. Although further studies are warranted, the authors
suggested that NOX inhibition was mainly related to reduction of NOX2
activity rather than NOX4 [45]. Moreover, nitrate treatment improved
insulin responses together with reduced blood pressure in old rats and
attenuated contractility to angiotensin II in resistance vessels [159], an
effect observed also in superoxide dismutase-1 knockout mice [105]. In
addition, acute treatment with nitrate (0.1 mmol/kg, given i.p) im-
proved glucose clearance and preserved HOMA-IR along with reduced
NOX activity in livers of adenosine A,p receptor knockout mice, which
display features of metabolic syndrome [16]. Interestingly, Peleli and
colleagues showed that this dietary dose of nitrate induced similar
therapeutic effects as metformin, administered by the same route and
dose (0.1 mmol/kg) [16]. In agreement, in a model diet-induced car-
diometabolic disease head-to head comparison with metformin showed
that nitrate therapy was equally effective in restoring the metabolic
profile, whereas nitrate was superior regarding reducing the cardio-
vascular risk [160]. In another study from the same group, increased
mitochondrial respiration and expression of mitochondrial complexes
in adipose tissue was associated with reduced NOX-derived superoxide
production in bone-marrow derived macrophages from mice treated
with dietary nitrate [73]. The underlying mechanisms contributing to
dampen NOX activity following nitrate/nitrite are still not fully clear.
At least in activated mouse macrophages, nitrite-mediated inhibition of
NOX activity cannot be explained by S-nitrosation of the NOX enzyme,
but rather changes in NOX2 expression and XOR function may con-
tribute [161].

In conclusion, boosting the nitrate-nitrite-NO pathway contributes
to attenuation of oxidative stress via reduced NOX activity and im-
proved glucose clearance, hence dietary nitrate supplementation may
be a suitable complement to metformin treatment in conditions with
T2D.

6. Summary and future perspectives

Based on accumulating experimental evidence, prevention of T2D
and associated complications by targeting mitochondria and oxidative
stress via nitrate supplementation to boost the nitrate-nitrite-NO
pathway looks promising. The research field is still at an early-stage to
revealing the mechanistic explanations for the various effects of nitrate
and nitrite on mitochondrial function, but has been associated with
AMPK-activation and modulation of oxidative stress. Moreover, the
proposed NO-independent activation of PKA and PKG requires further
investigation, and may involve other bioactive nitrogen oxide species. A
general concern regarding the extrapolation from rodents to humans in
terms of nitrate-induced browning of white adipose tissue is the well
accepted nitrate-induced reduction of oxygen consumption at the whole
body level in humans both during work [162] and at rest [163]. This is
intriguing as browning expects to increase whole body oxygen con-
sumption, especially at rest. Future studies may elucidate the exact
signaling pathways involved in the nitrate and nitrite dependent posi-
tive effects on mitochondrial function and interaction with NOX-de-
rived ROS with respect to T2D.

Based on epidemiological studies, high intake of nitrate-rich vege-
tables has been associated with a reduced risk of metabolic disease.
However, if these favorable effects can be attributed to nitrate is not
clear. In one small trial, using beet root juice (250 ml once daily), ni-
trate supplementation for 2 weeks had no significant effect on glucose
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homeostasis in patients with T2D [164]. We speculate that this lack of
effect could be related to the dose regime or the fact that majority of the
patients were treated with metformin which shares similar mechanisms
of action as nitrate. Indeed, in a recent study in mice we saw in-
dependent antidiabetic effects of metformin and nitrate, but little fur-
ther improvement when the two compounds were combined [160].
Future prospective and placebo-controlled clinical studies are war-
ranted to further investigate the potential favorable metabolic effects of
inorganic nitrate and nitrite supplementation in humans with pre-dia-
betes or T2D. If such effect could be demonstrated, this would open for
new and cost-efficient nutritional and pharmacological approaches to
prevent development and progression of the disease.

Declaration of competing interest

J.0.L and E.W. are co-inventors on patent applications related to the
therapeutic use of inorganic nitrate. The other authors have no conflicts
of interest.

Acknowledgments

This work was supported by grants from the Swedish Research
Council (2016-01381), the Swedish Heart-Lung Foundation (20170124,
20180568), Novo Nordisk (2019#0055026), and by EFSD/Lilly
European Diabetes Research Programme (2018#97012), as well as
Research Funds (2-560/2015 and Gosta Fraenckel Foundation) from
the Karolinska Institutet, Stockholm, Sweden.

References

[1] N.G. Forouhi, A. Misra, V. Mohan, R. Taylor, W. Yancy, Dietary and nutritional
approaches for prevention and management of type 2 diabetes, BMJ 361 (2018)
k2234.

S. Rovira-Llopis, C. Banuls, N. Diaz-Morales, A. Hernandez-Mijares, M. Rocha,

V.M. Victor, Mitochondrial dynamics in type 2 diabetes: pathophysiological im-

plications, Redox Biol. 11 (2017) 637-645.

[3] B.E. Sansbury, B.G. Hill, Regulation of obesity and insulin resistance by nitric
oxide, Free Radic. Biol. Med. 73 (2014) 383-399.

[4] J.O. Lundberg, M. Carlstrom, E. Weitzberg, Metabolic effects of dietary nitrate in
health and disease, Cell Metab. 28 (2018) 9-22.

[5] M. Li, Y. Fan, X. Zhang, W. Hou, Z. Tang, Fruit and vegetable intake and risk of
type 2 diabetes mellitus: meta-analysis of prospective cohort studies, BMJ Open 4
(2014) e005497.

[6] N. Benjamin, F. O'Driscoll, H. Dougall, C. Duncan, L. Smith, M. Golden,

H. McKenzie, Stomach NO synthesis, Nature 368 (1994) 502.

[7] J.O. Lundberg, E. Weitzberg, J.M. Lundberg, K. Alving, Intragastric nitric oxide
production in humans: measurements in expelled air, Gut 35 (1994) 1543-1546.

[8] J.L. Zweier, P. Wang, A. Samouilov, P. Kuppusamy, Enzyme-independent forma-

tion of nitric oxide in biological tissues, Nat. Med. 1 (1995) 804-809.

J.O. Lundberg, M.T. Gladwin, A. Ahluwalia, N. Benjamin, N.S. Bryan, A. Butler,

P. Cabrales, A. Fago, M. Feelisch, P.C. Ford, B.A. Freeman, M. Frenneaux,

J. Friedman, M. Kelm, C.G. Kevil, D.B. Kim-Shapiro, A.V. Kozlov, J.R. Lancaster

Jr., D.J. Lefer, K. McColl, K. McCurry, R.P. Patel, J. Petersson, T. Rassaf,

V.P. Reutov, G.B. Richter-Addo, A. Schechter, S. Shiva, K. Tsuchiya, E.E. van

Faassen, A.J. Webb, B.S. Zuckerbraun, J.L. Zweier, E. Weitzberg, Nitrate and ni-

trite in biology, nutrition and therapeutics, Nat Chem Biol 5 (2009) 865-869.

[10] J.O. Lundberg, M. Carlstrom, F.J. Larsen, E. Weitzberg, Roles of dietary inorganic
nitrate in cardiovascular health and disease, Cardiovasc. Res. 89 (2011) 525-532.

[11] S.A. Omar, A.J. Webb, J.O. Lundberg, E. Weitzberg, Therapeutic effects of in-
organic nitrate and nitrite in cardiovascular and metabolic diseases, J. Intern.
Med. 279 (2016) 315-336.

[12] M. Carlstrom, J.O. Lundberg, E. Weitzberg, Mechanisms underlying blood pressure
reduction by dietary inorganic nitrate, Acta Physiol (Oxf) 224 (2018) e13080.

[13] M. Carlstrom, F.J. Larsen, T. Nystrom, M. Hezel, S. Borniquel, E. Weitzberg,

J.0. Lundberg, Dietary inorganic nitrate reverses features of metabolic syndrome
in endothelial nitric oxide synthase-deficient mice, Proc. Natl. Acad. Sci. U. S. A.
107 (2010) 17716-17720.

[14] K. Ohtake, G. Nakano, N. Ehara, K. Sonoda, J. Ito, H. Uchida, J. Kobayashi, Dietary
nitrite supplementation improves insulin resistance in type 2 diabetic KKA(y)
mice, Nitric Oxide 44 (2015) 31-38.

[15] Y.C. Lai, D.M. Tabima, J.J. Dube, K.S. Hughan, R.R. Vanderpool, D.A. Goncharov,
C.M. St Croix, A. Garcia-Ocana, E.A. Goncharova, S.P. Tofovic, A.L. Mora,

M.T. Gladwin, SIRT3-AMP-activated protein kinase activation by nitrite and
metformin improves hyperglycemia and normalizes pulmonary hypertension as-
sociated with heart failure with preserved ejection fraction, Circulation 133
(2016) 717-731.

[2

[9


http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0005
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0005
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0005
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0010
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0010
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0010
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0015
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0015
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0020
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0020
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0025
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0025
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0025
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0030
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0030
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0035
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0035
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0040
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0040
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0045
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0045
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0045
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0045
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0045
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0045
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0045
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0050
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0050
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0055
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0055
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0055
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0060
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0060
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0065
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0065
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0065
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0065
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0070
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0070
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0070
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0075
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0075
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0075
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0075
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0075
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0075

T.A. Schiffer, et al.

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[331]

[34]

[35]

[36]

371

[38]

[39]

[40]

M. Peleli, M. Hezel, C. Zollbrecht, A.E. Persson, J.O. Lundberg, E. Weitzberg,
B.B. Fredholm, M. Carlstrom, In adenosine A2B knockouts acute treatment with
inorganic nitrate improves glucose disposal, oxidative stress, and AMPK signaling
in the liver, Front. Physiol. 6 (2015) 222.

H. Jiang, A.C. Torregrossa, A. Potts, D. Pierini, M. Aranke, H.K. Garg, N.S. Bryan,
Dietary nitrite improves insulin signaling through GLUT4 translocation, Free
Radic. Biol. Med. 67 (2014) 51-57.

S. Singamsetty, Y. Watanabe, L. Guo, C. Corey, Y. Wang, J. Tejero, B.J. McVerry,
M.T. Gladwin, S. Shiva, C.P. O’Donnell, Inorganic nitrite improves components of
the metabolic syndrome independent of weight change in a murine model of
obesity and insulin resistance, J. Physiol. 593 (2015) 3135-3145.

T. Li, X. Lu, Y. Sun, X. Yang, Effects of spinach nitrate on insulin resistance, en-
dothelial dysfunction markers and inflammation in mice with high-fat and high-
fructose consumption, Food Nutr. Res. 60 (2016) 32010.

S.S. Essawy, K.A. Abdel-Sater, A.A. Elbaz, Comparing the effects of inorganic ni-
trate and allopurinol in renovascular complications of metabolic syndrome in rats:
role of nitric oxide and uric acid, Arch. Med. Sci. 10 (2014) 537-545.

S. Khalifi, A. Rahimipour, S. Jeddi, M. Ghanbari, F. Kazerouni, A. Ghasemi,
Dietary nitrate improves glucose tolerance and lipid profile in an animal model of
hyperglycemia, Nitric Oxide 44 (2015) 24-30.

S. Gheibi, S. Jeddi, M. Carlstrom, H. Gholami, A. Ghasemi, Effects of long-term
nitrate supplementation on carbohydrate metabolism, lipid profiles, oxidative
stress, and inflammation in male obese type 2 diabetic rats, Nitric Oxide 75 (2018)
27-41.

V.B. Matthews, R. Hollingshead, H. Koch, K.D. Croft, N.C. Ward, Long-term dietary
nitrate supplementation does not prevent development of the metabolic syndrome
in mice fed a high-fat diet, Int. J. Endocrinol. 2018 (2018) 7969750.

M. Govoni, E.A. Jansson, E. Weitzberg, J.O. Lundberg, The increase in plasma
nitrite after a dietary nitrate load is markedly attenuated by an antibacterial
mouthwash, Nitric Oxide 19 (2008) 333-337.

J. Petersson, M. Carlstrom, O. Schreiber, M. Phillipson, G. Christoffersson,

A. Jagare, S. Roos, E.A. Jansson, A.E. Persson, J.O. Lundberg, L. Holm,
Gastroprotective and blood pressure lowering effects of dietary nitrate are abol-
ished by an antiseptic mouthwash, Free Radic. Biol. Med. 46 (2009) 1068-1075.
C. Moretti, Z. Zhuge, G. Zhang, S.M. Haworth, L.L. Paulo, D.D. Guimaraes,

J.C. Cruz, M.F. Montenegro, I. Cordero-Herrera, V.A. Braga, E. Weitzberg,

M. Carlstrom, J.O. Lundberg, The obligatory role of host microbiota in bioacti-
vation of dietary nitrate, Free Radic. Biol. Med. 145 (2019) 342-348.

B. Spiegelhalder, G. Eisenbrand, R. Preussmann, Influence of dietary nitrate on
nitrite content of human saliva: possible relevance to in vivo formation of N-ni-
troso compounds, Food Cosmet Toxicol 14 (1976) 545-548.

J.O. Lundberg, E. Weitzberg, M.T. Gladwin, The nitrate-nitrite-nitric oxide
pathway in physiology and therapeutics, Nat. Rev. Drug Discov. 7 (2008)
156-167.

A.V. Kozlov, K. Staniek, H. Nohl, Nitrite reductase activity is a novel function of
mammalian mitochondria, FEBS Lett. 454 (1999) 127-130.

N.K. Khoo, L. Mo, S. Zharikov, C. Kamga-Pride, K. Quesnelle, F. Golin-Bisello, L. Li,
Y. Wang, S. Shiva, Nitrite augments glucose uptake in adipocytes through the
protein kinase A-dependent stimulation of mitochondrial fusion, Free Radic. Biol.
Med. 70 (2014) 45-53.

M. Feelisch, T. Akaike, K. Griffiths, T. Ida, O. Prysyahna, J.J. Goodwin,

N.D. Gollop, B.O. Fernandez, M. Minnion, M.M. Cortese-Krott, A. Borgognone,
R.M. Hayes, P. Eaton, M.P. Frenneaux, M. Madhani, Long-lasting blood pressure
lowering effects of nitrite are NO-independent and mediated by hydrogen per-
oxide, persulfides and oxidation of protein kinase G lalpha redox signaling,
Cardiovasc. Res. 116 (1) (2020) 51-62.

G.C. Brown, C.E. Cooper, Nanomolar concentrations of nitric oxide reversibly
inhibit synaptosomal respiration by competing with oxygen at cytochrome oxi-
dase, FEBS Lett. 356 (1994) 295-298.

M.W. Cleeter, J.M. Cooper, V.M. Darley-Usmar, S. Moncada, A.H. Schapira,
Reversible inhibition of cytochrome c oxidase, the terminal enzyme of the mi-
tochondrial respiratory chain, by nitric oxide. Implications for neurodegenerative
diseases, FEBS Lett 345 (1994) 50-54.

G.J. Carr, S.J. Ferguson, Nitric oxide formed by nitrite reductase of Paracoccus
denitrificans is sufficiently stable to inhibit cytochrome oxidase activity and is
reduced by its reductase under aerobic conditions, Biochim. Biophys. Acta 1017
(1990) 57-62.

E. Nisoli, E. Clementi, C. Paolucci, V. Cozzi, C. Tonello, C. Sciorati, R. Bracale,
A. Valerio, M. Francolini, S. Moncada, M.O. Carruba, Mitochondrial biogenesis in
mammals: the role of endogenous nitric oxide, Science 299 (2003) 896-899.

E. Nisoli, S. Falcone, C. Tonello, V. Cozzi, L. Palomba, M. Fiorani, A. Pisconti,

S. Brunelli, A. Cardile, M. Francolini, O. Cantoni, M.O. Carruba, S. Moncada,

E. Clementi, Mitochondrial biogenesis by NO yields functionally active mi-
tochondria in mammals, Proc. Natl. Acad. Sci. U. S. A. 101 (2004) 16507-16512.
V.K. Mootha, C.M. Lindgren, K.F. Eriksson, A. Subramanian, S. Sihag, J. Lehar,
P. Puigserver, E. Carlsson, M. Ridderstrale, E. Laurila, N. Houstis, M.J. Daly,

N. Patterson, J.P. Mesirov, T.R. Golub, P. Tamayo, B. Spiegelman, E.S. Lander,
J.N. Hirschhorn, D. Altshuler, L.C. Groop, PGC-1alpha-responsive genes involved
in oxidative phosphorylation are coordinately downregulated in human diabetes,
Nat. Genet. 34 (2003) 267-273.

F.J. Larsen, T.A. Schiffer, S. Borniquel, K. Sahlin, B. Ekblom, J.O. Lundberg,

E. Weitzberg, Dietary inorganic nitrate improves mitochondrial efficiency in hu-
mans, Cell Metab. 13 (2011) 149-159.

P. Clerc, M. Rigoulet, X. Leverve, E. Fontaine, Nitric oxide increases oxidative
phosphorylation efficiency, J. Bioenerg. Biomembr. 39 (2007) 158-166.

J. Tejero, S. Shiva, M.T. Gladwin, Sources of vascular nitric oxide and reactive

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]
[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

BBA - Molecular Basis of Disease 1866 (2020) 165811

oxygen species and their regulation, Physiol. Rev. 99 (2019) 311-379.

N.J. Raat, S. Shiva, M.T. Gladwin, Effects of nitrite on modulating ROS generation
following ischemia and reperfusion, Adv. Drug Deliv. Rev. 61 (2009) 339-350.
E.T. Chouchani, V.R. Pell, E. Gaude, D. Aksentijevic, S.Y. Sundier, E.L. Robb,

A. Logan, S.M. Nadtochiy, E.N.J. Ord, A.C. Smith, F. Eyassu, R. Shirley, C.H. Hu,
A.J. Dare, A.M. James, S. Rogatti, R.C. Hartley, S. Eaton, A.S.H. Costa,

P.S. Brookes, S.M. Davidson, M.R. Duchen, K. Saeb-Parsy, M.J. Shattock,

A.J. Robinson, L.M. Work, C. Frezza, T. Krieg, M.P. Murphy, Ischaemic accumu-
lation of succinate controls reperfusion injury through mitochondrial ROS, Nature
515 (2014) 431-435.

C. Milanese, V. Tapias, S. Gabriels, S. Cerri, G. Levandis, F. Blandini, M. Tresini,
S. Shiva, J.T. Greenamyre, M.T. Gladwin, P.G. Mastroberardino, Mitochondrial
complex I reversible S-nitrosation improves bioenergetics and is protective in
Parkinson’s disease, Antioxid. Redox Signal. 28 (2018) 44-61.

D.D. Thomas, C. Corey, J. Hickok, Y. Wang, S. Shiva, Differential mitochondrial
dinitrosyliron complex formation by nitrite and nitric oxide, Redox Biol. 15 (2018)
277-283.

1. Cordero-Herrera, M. Kozyra, Z. Zhuge, S. McCann Haworth, C. Moretti,

M. Peleli, M. Caldeira-Dias, A. Jahandideh, H. Huirong, J.C. Cruz, A.L. Kleschyov,
M.F. Montenegro, M. Ingelman-Sundberg, E. Weitzberg, J.O. Lundberg,

M. Carlstrom, AMP-activated protein kinase activation and NADPH oxidase in-
hibition by inorganic nitrate and nitrite prevent liver steatosis, Proc. Natl. Acad.
Sci. U. S. A. 116 (2019) 217-226.

A.L. Kleschyov, The NO-heme signaling hypothesis, Free Radic. Biol. Med. 112
(2017) 544-552.

F. Gholami, L. Rahmani, F. Amirnezhad, K. Cheraghi, High doses of sodium nitrate
prior to exhaustive exercise increases plasma peroxynitrite levels in well-trained
subjects: randomized, double-blinded, crossover study, Appl Physiol Nutr Metab
44 (2019) 1305-1310.

P. Pacher, J.S. Beckman, L. Liaudet, Nitric oxide and peroxynitrite in health and
disease, Physiol. Rev. 87 (2007) 315-424.

T. Yang, M. Peleli, C. Zollbrecht, A. Giulietti, N. Terrando, J.O. Lundberg,

E. Weitzberg, M. Carlstrom, Inorganic nitrite attenuates NADPH oxidase-derived
superoxide generation in activated macrophages via a nitric oxide-dependent
mechanism, Free Radic. Biol. Med. 83 (2015) 159-166.

S. Srivastava, R.L. Veech, Brown and Brite: the fat soldiers in the anti-obesity fight,
Front. Physiol. 10 (2019) 38.

C.H. Saely, K. Geiger, H. Drexel, Brown versus white adipose tissue: a mini-review,
Gerontology 58 (2012) 15-23.

J.D. Wikstrom, K. Mahdaviani, M. Liesa, S.B. Sereda, Y. Si, G. Las, G. Twig,

N. Petrovic, C. Zingaretti, A. Graham, S. Cinti, B.E. Corkey, B. Cannon,

J. Nedergaard, O.S. Shirihai, Hormone-induced mitochondrial fission is utilized by
brown adipocytes as an amplification pathway for energy expenditure, EMBO J.
33 (2014) 418-436.

A. Smorlesi, A. Frontini, A. Giordano, S. Cinti, The adipose organ: white-brown
adipocyte plasticity and metabolic inflammation, Obes. Rev. 13 (Suppl. 2) (2012)
83-96.

Y. Okamatsu-Ogura, J. Nio-Kobayashi, K. Nagaya, A. Tsubota, K. Kimura, Brown
adipocytes postnatally arise through both differentiation from progenitors and
conversion from white adipocytes in Syrian hamster, J. Appl. Physiol. 124 (2018)
(1985) 99-108.

Q.A. Wang, C. Tao, R.K. Gupta, P.E. Scherer, Tracking adipogenesis during white
adipose tissue development, expansion and regeneration, Nat. Med. 19 (2013)
1338-1344.

J. Wu, P. Bostrom, L.M. Sparks, L. Ye, J.H. Choi, A.H. Giang, M. Khandekar,
K.A. Virtanen, P. Nuutila, G. Schaart, K. Huang, H. Tu, W.D. van Marken
Lichtenbelt, J. Hoeks, S. Enerback, P. Schrauwen, B.M. Spiegelman, Beige adipo-
cytes are a distinct type of thermogenic fat cell in mouse and human, Cell 150
(2012) 366-376.

M. Rosenwald, A. Perdikari, T. Rulicke, C. Wolfrum, Bi-directional interconversion
of brite and white adipocytes, Nat. Cell Biol. 15 (2013) 659-667.

G. Barbatelli, I. Murano, L. Madsen, Q. Hao, M. Jimenez, K. Kristiansen,

J.P. Giacobino, R. De Matteis, S. Cinti, The emergence of cold-induced brown
adipocytes in mouse white fat depots is determined predominantly by white to
brown adipocyte transdifferentiation, Am. J. Physiol. Endocrinol. Metab. 298
(2010) E1244-E1253.

Y.H. Lee, A.P. Petkova, A.A. Konkar, J.G. Granneman, Cellular origins of cold-
induced brown adipocytes in adult mice, FASEB J. 29 (2015) 286-299.

T.B. Walden, L.R. Hansen, J.A. Timmons, B. Cannon, J. Nedergaard, Recruited vs.
nonrecruited molecular signatures of brown, “brite”, and white adipose tissues,
Am J Physiol Endocrinol Metab 302 (2012) E19-31.

N.Z. Jespersen, T.J. Larsen, L. Peijs, S. Daugaard, P. Homoe, A. Loft, J. de Jong,
N. Mathur, B. Cannon, J. Nedergaard, B.K. Pedersen, K. Moller, C. Scheele, A
classical brown adipose tissue mRNA signature partly overlaps with brite in the
supraclavicular region of adult humans, Cell Metab. 17 (2013) 798-805.

M.E. Lidell, M.J. Betz, O. Dahlqvist Leinhard, M. Heglind, L. Elander, M. Slawik,
T. Mussack, D. Nilsson, T. Romu, P. Nuutila, K.A. Virtanen, F. Beuschlein,

A. Persson, M. Borga, S. Enerback, Evidence for two types of brown adipose tissue
in humans, Nat. Med. 19 (2013) 631-634.

A. Fedorenko, P.V. Lishko, Y. Kirichok, Mechanism of fatty-acid-dependent UCP1
uncoupling in brown fat mitochondria, Cell 151 (2012) 400-413.

N.J. Rothwell, M.J. Stock, Luxuskonsumption, diet-induced thermogenesis and
brown fat: the case in favour, Clin Sci (Lond) 64 (1983) 19-23.

A. Valente, A.Z. Jamurtas, Y. Koutedakis, A.D. Flouris, Molecular pathways linking
non-shivering thermogenesis and obesity: focusing on brown adipose tissue de-
velopment, Biol. Rev. Camb. Philos. Soc. 90 (2015) 77-88.


http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0080
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0080
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0080
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0080
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0085
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0085
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0085
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0090
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0090
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0090
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0090
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0095
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0095
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0095
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0100
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0100
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0100
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0105
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0105
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0105
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0110
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0110
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0110
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0110
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0115
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0115
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0115
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0120
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0120
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0120
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0125
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0125
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0125
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0125
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0130
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0130
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0130
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0130
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0135
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0135
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0135
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0140
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0140
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0140
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0145
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0145
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0150
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0150
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0150
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0150
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0155
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0155
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0155
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0155
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0155
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0155
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0160
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0160
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0160
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0165
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0165
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0165
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0165
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0170
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0170
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0170
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0170
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0175
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0175
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0175
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0180
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0180
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0180
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0180
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0185
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0185
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0185
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0185
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0185
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0185
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0190
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0190
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0190
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0195
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0195
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0200
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0200
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0205
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0205
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0210
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0210
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0210
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0210
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0210
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0210
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0210
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0215
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0215
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0215
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0215
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0220
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0220
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0220
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0225
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0225
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0225
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0225
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0225
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0225
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0230
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0230
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0235
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0235
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0235
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0235
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0240
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0240
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0245
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0245
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0245
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0245
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0250
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0250
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0255
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0255
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0260
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0260
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0260
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0260
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0260
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0265
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0265
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0265
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0270
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0270
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0270
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0270
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0275
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0275
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0275
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0280
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0280
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0280
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0280
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0280
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0285
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0285
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0290
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0290
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0290
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0290
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0290
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0295
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0295
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0300
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0300
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0300
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0305
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0305
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0305
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0305
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0310
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0310
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0310
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0310
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0315
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0315
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0320
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0320
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0325
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0325
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0325

T.A. Schiffer, et al.

[66]

[67]

[68]

(691

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

J. Kopecky, G. Clarke, S. Enerback, B. Spiegelman, L.P. Kozak, Expression of the
mitochondrial uncoupling protein gene from the aP2 gene promoter prevents
genetic obesity, J. Clin. Invest. 96 (1995) 2914-2923.

M. Ghorbani, T.H. Claus, J. Himms-Hagen, Hypertrophy of brown adipocytes in
brown and white adipose tissues and reversal of diet-induced obesity in rats
treated with a beta3-adrenoceptor agonist, Biochem. Pharmacol. 54 (1997)
121-131.

M. Bordicchia, D. Liu, E.Z. Amri, G. Ailhaud, P. Dessi-Fulgheri, C. Zhang,

N. Takahashi, R. Sarzani, S. Collins, Cardiac natriuretic peptides act via p38 MAPK
to induce the brown fat thermogenic program in mouse and human adipocytes, J.
Clin. Invest. 122 (2012) 1022-1036.

P. Bostrom, J. Wu, M.P. Jedrychowski, A. Korde, L. Ye, J.C. Lo, K.A. Rasbach,
E.A. Bostrom, J.H. Choi, J.Z. Long, S. Kajimura, M.C. Zingaretti, B.F. Vind, H. Tu,
S. Cinti, K. Hojlund, S.P. Gygi, B.M. Spiegelman, A PGC1-alpha-dependent myo-
kine that drives brown-fat-like development of white fat and thermogenesis,
Nature 481 (2012) 463-468.

L.D. Roberts, P. Bostrom, J.F. O’Sullivan, R.T. Schinzel, G.D. Lewis, A. Dejam,
Y.K. Lee, M.J. Palma, S. Calhoun, A. Georgiadi, M.H. Chen, V.S. Ramachandran,
M.G. Larson, C. Bouchard, T. Rankinen, A.L. Souza, C.B. Clish, T.J. Wang,

J.L. Estall, A.A. Soukas, C.A. Cowan, B.M. Spiegelman, R.E. Gerszten, beta-
Aminoisobutyric acid induces browning of white fat and hepatic beta-oxidation
and is inversely correlated with cardiometabolic risk factors, Cell Metab. 19
(2014) 96-108.

F.M. Fisher, S. Kleiner, N. Douris, E.C. Fox, R.J. Mepani, F. Verdeguer, J. Wu,

A. Kharitonenkov, J.S. Flier, E. Maratos-Flier, B.M. Spiegelman, FGF21 regulates
PGC-1alpha and browning of white adipose tissues in adaptive thermogenesis,
Genes Dev. 26 (2012) 271-281.

L.D. Roberts, T. Ashmore, A.O. Kotwica, S.A. Murfitt, B.O. Fernandez, M. Feelisch,
A.J. Murray, J.L. Griffin, Inorganic nitrate promotes the browning of white adi-
pose tissue through the nitrate-nitrite-nitric oxide pathway, Diabetes 64 (2015)
471-484.

M. Peleli, D.M.S. Ferreira, L. Tarnawski, S. McCann Haworth, L. Xuechen,

Z. Zhuge, P.T. Newton, J. Massart, A.S. Chagin, P.S. Olofsson, J.L. Ruas,

E. Weitzberg, J.O. Lundberg, M. Carlstrom, Dietary nitrate attenuates high-fat
diet-induced obesity via mechanisms involving higher adipocyte respiration and
alterations in inflammatory status, Redox Biol. 28 (2019) 101387.

L. Kazak, E.T. Chouchani, M.P. Jedrychowski, B.K. Erickson, K. Shinoda, P. Cohen,
R. Vetrivelan, G.Z. Lu, D. Laznik-Bogoslavski, S.C. Hasenfuss, S. Kajimura,

S.P. Gygi, B.M. Spiegelman, A creatine-driven substrate cycle enhances energy
expenditure and thermogenesis in beige fat, Cell 163 (2015) 643-655.

L. Kazak, J.F. Rahbani, B. Samborska, G.Z. Lu, M.P. Jedrychowski, M. Lajoie,

S. Zhang, L.C. Ramsay, F.Y. Dou, D. Tenen, E.T. Chouchani, P. Dzeja, I.R. Watson,
L. Tsai, E.D. Rosen, B.M. Spiegelman, Ablation of adipocyte creatine transport
impairs thermogenesis and causes diet-induced obesity, Nat Metab 1 (2019)
360-370.

P. Onyango, 1. Celic, J.M. McCaffery, J.D. Boeke, A.P. Feinberg, SIRT3, a human
SIR2 homologue, is an NAD-dependent deacetylase localized to mitochondria,
Proc. Natl. Acad. Sci. U. S. A. 99 (2002) 13653-13658.

X. Kong, R. Wang, Y. Xue, X. Liu, H. Zhang, Y. Chen, F. Fang, Y. Chang, Sirtuin 3, a
new target of PGC-1alpha, plays an important role in the suppression of ROS and
mitochondrial biogenesis, PLoS One 5 (2010) e11707.

D.B. Lombard, F.W. Alt, H.L. Cheng, J. Bunkenborg, R.S. Streeper,

R. Mostoslavsky, J. Kim, G. Yancopoulos, D. Valenzuela, A. Murphy, Y. Yang,

Y. Chen, M.D. Hirschey, R.T. Bronson, M. Haigis, L.P. Guarente, R.V. Farese Jr.,
S. Weissman, E. Verdin, B. Schwer, Mammalian Sir2 homolog SIRT3 regulates
global mitochondrial lysine acetylation, Mol. Cell. Biol. 27 (2007) 8807-8814.
S.C. Kim, R. Sprung, Y. Chen, Y. Xu, H. Ball, J. Pei, T. Cheng, Y. Kho, H. Xiao,
L. Xiao, N.V. Grishin, M. White, X.J. Yang, Y. Zhao, Substrate and functional di-
versity of lysine acetylation revealed by a proteomics survey, Mol. Cell 23 (2006)
607-618.

M.D. Hirschey, T. Shimazu, E. Jing, C.A. Grueter, A.M. Collins, B. Aouizerat,

A. Stancakova, E. Goetzman, M.M. Lam, B. Schwer, R.D. Stevens,

M.J. Muehlbauer, S. Kakar, N.M. Bass, J. Kuusisto, M. Laakso, F.W. Alt,

C.B. Newgard, R.V. Farese Jr., C.R. Kahn, E. Verdin, SIRT3 deficiency and mi-
tochondrial protein hyperacetylation accelerate the development of the metabolic
syndrome, Mol. Cell 44 (2011) 177-190.

R. Paulin, P. Dromparis, G. Sutendra, V. Gurtu, S. Zervopoulos, L. Bowers,

A. Haromy, L. Webster, S. Provencher, S. Bonnet, E.D. Michelakis, Sirtuin 3 defi-
ciency is associated with inhibited mitochondrial function and pulmonary arterial
hypertension in rodents and humans, Cell Metab. 20 (2014) 827-839.

P.W. Caton, S.J. Richardson, J. Kieswich, M. Bugliani, M.L. Holland, P. Marchetti,
N.G. Morgan, M.M. Yaqoob, M.J. Holness, M.C. Sugden, Sirtuin 3 regulates mouse
pancreatic beta cell function and is suppressed in pancreatic islets isolated from
human type 2 diabetic patients, Diabetologia 56 (2013) 1068-1077.

N. Ruderman, M. Prentki, AMP kinase and malonyl-CoA: targets for therapy of the
metabolic syndrome, Nat. Rev. Drug Discov. 3 (2004) 340-351.

G.K. Bandyopadhyay, J.G. Yu, J. Ofrecio, J.M. Olefsky, Increased malonyl-CoA
levels in muscle from obese and type 2 diabetic subjects lead to decreased fatty
acid oxidation and increased lipogenesis; thiazolidinedione treatment reverses
these defects, Diabetes 55 (2006) 2277-2285.

X.J. Xu, M.S. Gauthier, D.T. Hess, C.M. Apovian, J.M. Cacicedo, N. Gokce, M. Farb,
R.J. Valentine, N.B. Ruderman, Insulin sensitive and resistant obesity in humans:
AMPK activity, oxidative stress, and depot-specific changes in gene expression in
adipose tissue, J. Lipid Res. 53 (2012) 792-801.

S. Huang, M.P. Czech, The GLUT4 glucose transporter, Cell Metab. 5 (2007)
237-252.

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]
[108]
[109]

[110]

[111]
[112]

[113]

BBA - Molecular Basis of Disease 1866 (2020) 165811

G. Banhegyi, P. Baumeister, A. Benedetti, D. Dong, Y. Fu, A.S. Lee, J. Li, C. Mao,
E. Margittai, M. Ni, W. Paschen, S. Piccirella, S. Senesi, R. Sitia, M. Wang, W. Yang,
Endoplasmic reticulum stress, Ann. N. Y. Acad. Sci. 1113 (2007) 58-71.

A. Handberg, A. Vaag, P. Damsbo, H. Beck-Nielsen, J. Vinten, Expression of insulin
regulatable glucose transporters in skeletal muscle from type 2 (non-insulin-de-
pendent) diabetic patients, Diabetologia 33 (1990) 625-627.

0. Pedersen, J.F. Bak, P.H. Andersen, S. Lund, D.E. Moller, J.S. Flier, B.B. Kahn,
Evidence against altered expression of GLUT1 or GLUT4 in skeletal muscle of
patients with obesity or NIDDM, Diabetes 39 (1990) 865-870.

W.T. Garvey, L. Maianu, J.A. Hancock, A.M. Golichowski, A. Baron, Gene ex-
pression of GLUT4 in skeletal muscle from insulin-resistant patients with obesity,
IGT, GDM, and NIDDM, Diabetes 41 (1992) 465-475.

J.E. Friedman, G.L. Dohm, C.W. Elton, A. Rovira, J.J. Chen, N. Leggett-Frazier,
S.M. Atkinson Jr., F.T. Thomas, S.D. Long, J.F. Caro, Muscle insulin resistance in
uremic humans: glucose transport, glucose transporters, and insulin receptors, Am.
J. Phys. 261 (1991) E87-E94.

M. Gaster, P. Staehr, H. Beck-Nielsen, H.D. Schroder, A. Handberg, GLUT4 is re-
duced in slow muscle fibers of type 2 diabetic patients: is insulin resistance in type
2 diabetes a slow, type 1 fiber disease? Diabetes 50 (2001) 1324-1329.

S. Lund, H. Vestergaard, P.H. Andersen, O. Schmitz, L.B. Gotzsche, O. Pedersen,
GLUT-4 content in plasma membrane of muscle from patients with non-insulin-
dependent diabetes mellitus, Am. J. Phys. 265 (1993) E889-E897.

W.T. Garvey, L. Maianu, J.H. Zhu, G. Brechtel-Hook, P. Wallace, A.D. Baron,
Evidence for defects in the trafficking and translocation of GLUT4 glucose trans-
porters in skeletal muscle as a cause of human insulin resistance, J. Clin. Invest.
101 (1998) 2377-2386.

J.R. Zierath, L. He, A. Guma, E. Odegoard Wahlstrom, A. Klip, H. Wallberg-
Henriksson, Insulin action on glucose transport and plasma membrane GLUT4
content in skeletal muscle from patients with NIDDM, Diabetologia 39 (1996)
1180-1189.

Y. Zhu, Y. Yan, D.R. Gius, A. Vassilopoulos, Metabolic regulation of Sirtuins upon
fasting and the implication for cancer, Curr. Opin. Oncol. 25 (2013) 630-636.
O.M. Palacios, J.J. Carmona, S. Michan, K.Y. Chen, Y. Manabe, J.L. Ward 3rd,
L.J. Goodyear, Q. Tong, Diet and exercise signals regulate SIRT3 and activate
AMPK and PGC-1alpha in skeletal muscle, Aging (Albany NY) 1 (2009) 771-783.
S.A. Samant, H.J. Zhang, Z. Hong, V.B. Pillai, N.R. Sundaresan, D. Wolfgeher,
S.L. Archer, D.C. Chan, M.P. Gupta, SIRT3 deacetylates and activates OPA1 to
regulate mitochondrial dynamics during stress, Mol. Cell. Biol. 34 (2014)
807-819.

J. Fu, J. Jin, R.H. Cichewicz, S.A. Hageman, T.K. Ellis, L. Xiang, Q. Peng, M. Jiang,
N. Arbez, K. Hotaling, C.A. Ross, W. Duan, trans-(—)-epsilon-Viniferin increases
mitochondrial sirtuin 3 (SIRT3), activates AMP-activated protein kinase (AMPK),
and protects cells in models of Huntington Disease, J Biol Chem 287 (2012)
24460-24472.

E.J. Kurth-Kraczek, M.F. Hirshman, L.J. Goodyear, W.W. Winder, 5' AMP-acti-
vated protein kinase activation causes GLUT4 translocation in skeletal muscle,
Diabetes 48 (1999) 1667-1671.

J. Liu, D. Li, T. Zhang, Q. Tong, R.D. Ye, L. Lin, SIRT3 protects hepatocytes from
oxidative injury by enhancing ROS scavenging and mitochondrial integrity, Cell
Death Dis. 8 (2017) e3158.

J. He, X. Liu, C. Su, F. Wu, J. Sun, J. Zhang, X. Yang, C. Zhang, Z. Zhou, X. Zhang,
X. Lin, J. Tao, Inhibition of mitochondrial oxidative damage improves re-
endothelialization capacity of endothelial progenitor cells via SIRT3 (Sirtuin 3)-
enhanced SOD2 (superoxide dismutase 2) deacetylation in hypertension,
Arterioscler. Thromb. Vasc. Biol. 39 (2019) 1682-1698.

Y. Song, S. Li, W. Geng, R. Luo, W. Liu, J. Tu, K. Wang, L. Kang, H. Yin, X. Wu,
Y. Gao, Y. Zhang, C. Yang, Sirtuin 3-dependent mitochondrial redox homeostasis
protects against AGEs-induced intervertebral disc degeneration, Redox Biol. 19
(2018) 339-353.

D. Ramachandran, R. Clara, S. Fedele, J. Hu, E. Lackzo, J.Y. Huang, E. Verdin,
W. Langhans, A. Mansouri, Intestinal SIRT3 overexpression in mice improves
whole body glucose homeostasis independent of body weight, Mol Metab 6 (2017)
1264-1273.

X. Gao, T. Yang, M. Liu, M. Peleli, C. Zollbrecht, E. Weitzberg, J.O. Lundberg,
A.E. Persson, M. Carlstrom, NADPH oxidase in the renal microvasculature is a
primary target for blood pressure-lowering effects by inorganic nitrate and nitrite,
Hypertension 65 (2015) 161-170.

Y.C. Lai, M.T. Gladwin, Response by Lai and Gladwin to letter regarding article,
“SIRT3-AMP-activated protein kinase activation by nitrite and metformin im-
proves hyperglycemia and normalizes pulmonary hypertension associated with
heart failure with preserved ejection fraction”, Circulation 134 (2016) e79-e80.
M. Mondrup, N. Anker, Carbonic andydrase isoenzyme B in erythrocytes of sub-
jects with different types of anemia, Clin. Chim. Acta 69 (1976) 463-469.

M. Liesa, M. Palacin, A. Zorzano, Mitochondrial dynamics in mammalian health
and disease, Physiol. Rev. 89 (2009) 799-845.

B. Westermann, Mitochondrial fusion and fission in cell life and death, Nat Rev
Mol Cell Biol 11 (2010) 872-884.

H. Chen, S.A. Detmer, A.J. Ewald, E.E. Griffin, S.E. Fraser, D.C. Chan, Mitofusins
Mfnl and Mfn2 coordinately regulate mitochondrial fusion and are essential for
embryonic development, J. Cell Biol. 160 (2003) 189-200.

D.C. Chan, Mitochondrial fusion and fission in mammals, Annu. Rev. Cell Dev.
Biol. 22 (2006) 79-99.

C. Hu, Y. Huang, L. Li, Drpl-dependent mitochondrial fission plays critical roles in
physiological and pathological progresses in mammals, Int J Mol Sci 18 (2017).
K. Rehklau, L. Hoffmann, C.B. Gurniak, M. Ott, W. Witke, L. Scorrano, C. Culmsee,
M.B. Rust, Cofilinl-dependent actin dynamics control DRP1-mediated


http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0330
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0330
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0330
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0335
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0335
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0335
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0335
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0340
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0340
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0340
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0340
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0345
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0345
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0345
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0345
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0345
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0350
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0350
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0350
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0350
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0350
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0350
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0350
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0355
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0355
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0355
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0355
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0360
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0360
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0360
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0360
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0365
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0365
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0365
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0365
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0365
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0370
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0370
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0370
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0370
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0375
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0375
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0375
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0375
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0375
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0380
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0380
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0380
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0385
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0385
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0385
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0390
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0390
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0390
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0390
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0390
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0395
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0395
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0395
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0395
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0400
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0400
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0400
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0400
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0400
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0400
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0405
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0405
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0405
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0405
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0410
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0410
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0410
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0410
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0415
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0415
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0420
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0420
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0420
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0420
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0425
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0425
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0425
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0425
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0430
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0430
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0435
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0435
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0435
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0440
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0440
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0440
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0445
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0445
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0445
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0450
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0450
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0450
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0455
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0455
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0455
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0455
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0460
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0460
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0460
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0465
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0465
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0465
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0470
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0470
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0470
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0470
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0475
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0475
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0475
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0475
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0480
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0480
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0485
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0485
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0485
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0490
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0490
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0490
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0490
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0495
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0495
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0495
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0495
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0495
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0500
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0500
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0500
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0505
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0505
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0505
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0510
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0510
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0510
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0510
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0510
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0515
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0515
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0515
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0515
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0520
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0520
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0520
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0520
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0525
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0525
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0525
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0525
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0530
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0530
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0530
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0530
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0535
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0535
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0540
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0540
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0545
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0545
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0550
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0550
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0550
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0555
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0555
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0560
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0560
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0565
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0565

T.A. Schiffer, et al.

[114]

[115]

[116]

[117]

[118]

[119]

[120]
[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

mitochondrial fission, Cell Death Dis. 8 (2017) e3063.

S. Kumari, L. Anderson, S. Farmer, S.L. Mehta, P.A. Li, Hyperglycemia alters mi-
tochondrial fission and fusion proteins in mice subjected to cerebral ischemia and
reperfusion, Transl. Stroke Res. 3 (2012) 296-304.

W. Wang, Y. Wang, J. Long, J. Wang, S.B. Haudek, P. Overbeek, B.H. Chang,
P.T. Schumacker, F.R. Danesh, Mitochondrial fission triggered by hyperglycemia is
mediated by ROCK1 activation in podocytes and endothelial cells, Cell Metab. 15
(2012) 186-200.

S.M. Shenouda, M.E. Widlansky, K. Chen, G. Xu, M. Holbrook, C.E. Tabit,

N.M. Hamburg, A.A. Frame, T.L. Caiano, M.A. Kluge, M.A. Duess, A. Levit, B. Kim,
M.L. Hartman, L. Joseph, O.S. Shirihai, J.A. Vita, Altered mitochondrial dynamics
contributes to endothelial dysfunction in diabetes mellitus, Circulation 124 (2011)
444-453.

A. Zorzano, M. Liesa, M. Palacin, Mitochondrial dynamics as a bridge between
mitochondrial dysfunction and insulin resistance, Arch. Physiol. Biochem. 115
(2009) 1-12.

D. Montaigne, X. Marechal, A. Coisne, N. Debry, T. Modine, G. Fayad, C. Potelle,
J.M. El Arid, S. Mouton, Y. Sebti, H. Duez, S. Preau, I. Remy-Jouet, F. Zerimech,
M. Koussa, V. Richard, R. Neviere, J.L. Edme, P. Lefebvre, B. Staels, Myocardial
contractile dysfunction is associated with impaired mitochondrial function and
dynamics in type 2 diabetic but not in obese patients, Circulation 130 (2014)
554-564.

J.T. Cribbs, S. Strack, Reversible phosphorylation of Drp1 by cyclic AMP-depen-
dent protein kinase and calcineurin regulates mitochondrial fission and cell death,
EMBO Rep. 8 (2007) 939-944.

L. Gao, G.E. Mann, Vascular NAD(P)H oxidase activation in diabetes: a double-
edged sword in redox signalling, Cardiovasc. Res. 82 (2009) 9-20.

M. Brownlee, The pathobiology of diabetic complications: a unifying mechanism,
Diabetes 54 (2005) 1615-1625.

V. Thallas-Bonke, S.R. Thorpe, M.T. Coughlan, K. Fukami, F.Y. Yap, K.C. Sourris,
S.A. Penfold, L.A. Bach, M.E. Cooper, J.M. Forbes, Inhibition of NADPH oxidase
prevents advanced glycation end product-mediated damage in diabetic nephro-
pathy through a protein kinase C-alpha-dependent pathway, Diabetes 57 (2008)
460-469.

S. Dikalov, Cross talk between mitochondria and NADPH oxidases, Free Radic.
Biol. Med. 51 (2011) 1289-1301.

S.I. Dikalov, R.R. Nazarewicz, A. Bikineyeva, L. Hilenski, B. Lassegue,

K.K. Griendling, D.G. Harrison, A.E. Dikalova, Nox2-induced production of mi-
tochondrial superoxide in angiotensin II-mediated endothelial oxidative stress and
hypertension, Antioxid. Redox Signal. 20 (2014) 281-294.

S. Kroller-Schon, S. Steven, S. Kossmann, A. Scholz, S. Daub, M. Oelze, N. Xia,
M. Hausding, Y. Mikhed, E. Zinssius, M. Mader, P. Stamm, N. Treiber,

K. Scharffetter-Kochanek, H. Li, E. Schulz, P. Wenzel, T. Munzel, A. Daiber,
Molecular mechanisms of the crosstalk between mitochondria and NADPH oxidase
through reactive oxygen species-studies in white blood cells and in animal models,
Antioxid. Redox Signal. 20 (2014) 247-266.

AK. Doughan, D.G. Harrison, S.I. Dikalov, Molecular mechanisms of angiotensin
II-mediated mitochondrial dysfunction: linking mitochondrial oxidative damage
and vascular endothelial dysfunction, Circ. Res. 102 (2008) 488-496.

P. Wenzel, H. Mollnau, M. Oelze, E. Schulz, J.M. Wickramanayake, J. Muller,

S. Schuhmacher, M. Hortmann, S. Baldus, T. Gori, R.P. Brandes, T. Munzel,

A. Daiber, First evidence for a crosstalk between mitochondrial and NADPH oxi-
dase-derived reactive oxygen species in nitroglycerin-triggered vascular dysfunc-
tion, Antioxid. Redox Signal. 10 (2008) 1435-1447.

A.E. Dikalova, A.T. Bikineyeva, K. Budzyn, R.R. Nazarewicz, L. McCann, W. Lewis,
D.G. Harrison, S.I. Dikalov, Therapeutic targeting of mitochondrial superoxide in
hypertension, Circ. Res. 107 (2010) 106-116.

C. Berry, C.A. Hamilton, M.J. Brosnan, F.G. Magill, G.A. Berg, J.J. McMurray,
AF. Dominiczak, Investigation into the sources of superoxide in human blood
vessels: angiotensin II increases superoxide production in human internal mam-
mary arteries, Circulation 101 (2000) 2206-2212.

K.K. Griendling, C.A. Minieri, J.D. Ollerenshaw, R.W. Alexander, Angiotensin II
stimulates NADH and NADPH oxidase activity in cultured vascular smooth muscle
cells, Circ. Res. 74 (1994) 1141-1148.

H. Mollnau, M. Wendt, K. Szocs, B. Lassegue, E. Schulz, M. Oelze, H. Li,

M. Bodenschatz, M. August, A.L. Kleschyov, N. Tsilimingas, U. Walter,

U. Forstermann, T. Meinertz, K. Griendling, T. Munzel, Effects of angiotensin II
infusion on the expression and function of NAD(P)H oxidase and components of
nitric oxide/cGMP signaling, Circ. Res. 90 (2002) E58-E65.

B. Lassegue, D. Sorescu, K. Szocs, Q. Yin, M. Akers, Y. Zhang, S.L. Grant,

J.D. Lambeth, K.K. Griendling, Novel gp91(phox) homologues in vascular smooth
muscle cells: nox1 mediates angiotensin II-induced superoxide formation and
redox-sensitive signaling pathways, Circ. Res. 88 (2001) 888-894.

G. Wang, J. Anrather, M.J. Glass, M.J. Tarsitano, P. Zhou, K.A. Frys, V.M. Pickel,
C. Iadecola, Nox2, Ca2+, and protein kinase C play a role in angiotensin II-in-
duced free radical production in nucleus tractus solitarius, Hypertension 48 (2006)
482-489.

M.C. Lavigne, H.L. Malech, S.M. Holland, T.L. Leto, Genetic demonstration of
p47phox-dependent superoxide anion production in murine vascular smooth
muscle cells, Circulation 104 (2001) 79-84.

F.R. Heinzel, Y. Luo, X. Li, K. Boengler, A. Buechert, D. Garcia-Dorado, F. Di Lisa,
R. Schulz, G. Heusch, Impairment of diazoxide-induced formation of reactive
oxygen species and loss of cardioprotection in connexin 43 deficient mice, Circ.
Res. 97 (2005) 583-586.

A. Andrukhiv, A.D. Costa, I.C. West, K.D. Garlid, Opening mitoKATP increases
superoxide generation from complex I of the electron transport chain, Am. J.

10

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

BBA - Molecular Basis of Disease 1866 (2020) 165811

Physiol. Heart Circ. Physiol. 291 (2006) H2067-H2074.

F. Di Lisa, M. Canton, R. Menabo, N. Kaludercic, P. Bernardi, Mitochondria and
cardioprotection, Heart Fail. Rev. 12 (2007) 249-260.

A. Daiber, F. Di Lisa, M. Oelze, S. Kroller-Schon, S. Steven, E. Schulz, T. Munzel,
Crosstalk of mitochondria with NADPH oxidase via reactive oxygen and nitrogen
species signalling and its role for vascular function, Br. J. Pharmacol. 174 (2017)
1670-1689.

A. Gajos-Draus, M. Duda, A. Beresewicz, Cardiac and renal upregulation of Nox2
and NF-kappaB and repression of Nox4 and Nrf2 in season- and diabetes-mediated
models of vascular oxidative stress in guinea-pig and rat, Physiol Rep 5 (2017).
S.G. Tang, X.Y. Liu, S.P. Wang, H.H. Wang, A. Jovanovic, W. Tan, Trimetazidine
prevents diabetic cardiomyopathy by inhibiting Nox2/TRPC3-induced oxidative
stress, J. Pharmacol. Sci. 139 (2019) 311-318.

Z.D. Du, W. Wei, S. Yu, Q.L. Song, K. Liu, S.S. Gong, NADPH oxidase 2-mediated
insult in the auditory cortex of Zucker diabetic fatty rats, Neural Plast 2019 (2019)
3591605.

N. Li, B. Li, T. Brun, C. Deffert-Delbouille, Z. Mahiout, Y. Daali, X.J. Ma,

K.H. Krause, P. Maechler, NADPH oxidase NOX2 defines a new antagonistic role
for reactive oxygen species and cAMP/PKA in the regulation of insulin secretion,
Diabetes 61 (2012) 2842-2850.

A. Kowluru, R.A. Kowluru, Phagocyte-like NADPH oxidase [Nox2] in cellular
dysfunction in models of glucolipotoxicity and diabetes, Biochem. Pharmacol. 88
(2014) 275-283.

M. Rojas, T. Lemtalsi, H.A. Toque, Z. Xu, D. Fulton, R.W. Caldwell, R.B. Caldwell,
NOX2-induced activation of arginase and diabetes-induced retinal endothelial cell
senescence, Antioxidants (Basel) 6 (2017).

S. Schuhmacher, M. Oelze, F. Bollmann, H. Kleinert, C. Otto, T. Heeren, S. Steven,
M. Hausding, M. Knorr, A. Pautz, K. Reifenberg, E. Schulz, T. Gori, P. Wenzel,
T. Munzel, A. Daiber, Vascular dysfunction in experimental diabetes is improved
by pentaerithrityl tetranitrate but not isosorbide-5-mononitrate therapy, Diabetes
60 (2011) 2608-2616.

Z.V. Varga, K. Kupai, G. Szucs, R. Gaspar, J. Paloczi, N. Farago, A. Zvara,

L.G. Puskas, Z. Razga, L. Tiszlavicz, P. Bencsik, A. Gorbe, C. Csonka,

P. Ferdinandy, T. Csont, MicroRNA-25-dependent up-regulation of NADPH oxi-
dase 4 (NOX4) mediates hypercholesterolemia-induced oxidative/nitrative stress
and subsequent dysfunction in the heart, J. Mol. Cell. Cardiol. 62 (2013) 111-121.
K. Shanmugasundaram, B.K. Nayak, W.E. Friedrichs, D. Kaushik, R. Rodriguez,
K. Block, NOX4 functions as a mitochondrial energetic sensor coupling cancer
metabolic reprogramming to drug resistance, Nat. Commun. 8 (2017) 997.

K. Block, Y. Gorin, H.E. Abboud, Subcellular localization of Nox4 and regulation in
diabetes, Proc. Natl. Acad. Sci. U. S. A. 106 (2009) 14385-14390.

T. Ago, J. Kuroda, J. Pain, C. Fu, H. Li, J. Sadoshima, Upregulation of Nox4 by
hypertrophic stimuli promotes apoptosis and mitochondrial dysfunction in cardiac
myocytes, Circ. Res. 106 (2010) 1253-1264.

J. Kuroda, T. Ago, S. Matsushima, P. Zhai, M.D. Schneider, J. Sadoshima, NADPH
oxidase 4 (Nox4) is a major source of oxidative stress in the failing heart, Proc.
Natl. Acad. Sci. U. S. A. 107 (2010) 15565-15570.

J. Kuroda, K. Nakagawa, T. Yamasaki, K. Nakamura, R. Takeya, F. Kuribayashi,
S. Imajoh-Ohmi, K. Igarashi, Y. Shibata, K. Sueishi, H. Sumimoto, The superoxide-
producing NAD(P)H oxidase Nox4 in the nucleus of human vascular endothelial
cells, Genes Cells 10 (2005) 1139-1151.

K. Chen, M.T. Kirber, H. Xiao, Y. Yang, J.F. Keaney Jr., Regulation of ROS signal
transduction by NADPH oxidase 4 localization, J. Cell Biol. 181 (2008)
1129-1139.

J.D. Van Buul, M. Fernandez-Borja, E.C. Anthony, P.L. Hordijk, Expression and
localization of NOX2 and NOX4 in primary human endothelial cells, Antioxid.
Redox Signal. 7 (2005) 308-317.

R.D. Rajaram, R. Dissard, V. Jaquet, S. de Seigneux, Potential benefits and harms
of NADPH oxidase type 4 in the kidneys and cardiovascular system, Nephrol. Dial.
Transplant. 34 (2019) 567-576.

M. Carlstrom, A.E. Persson, E. Larsson, M. Hezel, P.G. Scheffer, T. Teerlink,

E. Weitzberg, J.O. Lundberg, Dietary nitrate attenuates oxidative stress, prevents
cardiac and renal injuries, and reduces blood pressure in salt-induced hyperten-
sion, Cardiovasc. Res. 89 (2011) 574-585.

M.F. Montenegro, J.H. Amaral, L.C. Pinheiro, E.K. Sakamoto, G.C. Ferreira,

R.L. Reis, D.M. Marcal, R.P. Pereira, J.E. Tanus-Santos, Sodium nitrite down-
regulates vascular NADPH oxidase and exerts antihypertensive effects in hy-
pertension, Free Radic. Biol. Med. 51 (2011) 144-152.

A.L. Sindler, B.S. Fleenor, J.W. Calvert, K.D. Marshall, M.L. Zigler, D.J. Lefer,
D.R. Seals, Nitrite supplementation reverses vascular endothelial dysfunction and
large elastic artery stiffness with aging, Aging Cell 10 (2011) 429-437.

M. Carlstrom, M.F. Montenegro, Therapeutic value of stimulating the nitrate-ni-
trite-nitric oxide pathway to attenuate oxidative stress and restore nitric oxide
bioavailability in cardiorenal disease, J. Intern. Med. 285 (2019) 2-18.

M. Hezel, M. Peleli, M. Liu, C. Zollbrecht, B.L. Jensen, A. Checa, A. Giulietti,
C.E. Wheelock, J.O. Lundberg, E. Weitzberg, M. Carlstrom, Dietary nitrate im-
proves age-related hypertension and metabolic abnormalities in rats via modula-
tion of angiotensin II receptor signaling and inhibition of superoxide generation,
Free Radic. Biol. Med. 99 (2016) 87-98.

1. Cordero-Herrera, D.D. Guimaraes, C. Moretti, Z. Zhuge, H. Han, S. McCann
Haworth, A.E. Uribe Gonzalez, D.C. Andersson, E. Weitzberg, J.O. Lundberg,

M. Carlstrom, Head-to-head comparison of inorganic nitrate and metformin in a
mouse model of cardiometabolic disease, Nitric Oxide 97 (2020) 48-56.

C. Zollbrecht, A.E. Persson, J.O. Lundberg, E. Weitzberg, M. Carlstrom, Nitrite-
mediated reduction of macrophage NADPH oxidase activity is dependent on
xanthine oxidoreductase-derived nitric oxide but independent of S-nitrosation,


http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0565
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0570
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0570
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0570
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0575
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0575
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0575
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0575
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0580
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0580
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0580
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0580
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0580
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0585
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0585
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0585
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0590
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0590
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0590
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0590
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0590
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0590
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0595
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0595
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0595
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0600
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0600
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0605
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0605
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0610
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0610
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0610
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0610
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0610
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0615
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0615
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0620
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0620
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0620
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0620
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0625
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0625
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0625
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0625
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0625
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0625
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0630
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0630
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0630
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0635
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0635
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0635
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0635
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0635
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0640
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0640
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0640
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0645
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0645
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0645
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0645
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0650
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0650
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0650
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0655
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0655
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0655
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0655
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0655
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0660
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0660
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0660
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0660
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0665
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0665
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0665
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0665
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0670
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0670
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0670
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0675
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0675
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0675
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0675
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0680
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0680
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0680
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0685
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0685
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0690
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0690
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0690
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0690
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0695
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0695
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0695
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0700
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0700
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0700
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0705
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0705
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0705
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0710
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0710
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0710
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0710
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0715
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0715
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0715
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0720
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0720
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0720
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0725
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0725
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0725
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0725
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0725
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0730
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0730
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0730
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0730
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0730
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0735
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0735
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0735
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0740
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0740
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0745
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0745
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0745
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0750
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0750
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0750
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0755
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0755
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0755
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0755
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0760
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0760
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0760
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0765
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0765
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0765
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0770
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0770
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0770
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0775
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0775
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0775
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0775
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0780
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0780
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0780
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0780
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0785
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0785
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0785
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0790
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0790
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0790
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0795
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0795
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0795
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0795
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0795
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0800
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0800
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0800
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0800
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0805
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0805
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0805

T.A. Schiffer, et al. BBA - Molecular Basis of Disease 1866 (2020) 165811

Redox Biol. 10 (2016) 119-127. rate: a randomized, crossover study in humans, Am. J. Clin. Nutr. 99 (2014)
[162] A.M. Jones, Influence of dietary nitrate on the physiological determinants of ex- 843-850.

ercise performance: a critical review, Appl Physiol Nutr Metab 39 (2014) [164] M. Gilchrist, P.G. Winyard, K. Aizawa, C. Anning, A. Shore, N. Benjamin, Effect of

1019-1028. dietary nitrate on blood pressure, endothelial function, and insulin sensitivity in
[163] F.J. Larsen, T.A. Schiffer, B. Ekblom, M.P. Mattsson, A. Checa, C.E. Wheelock, type 2 diabetes, Free Radic. Biol. Med. 60 (2013) 89-97.

T. Nystrom, J.O. Lundberg, E. Weitzberg, Dietary nitrate reduces resting metabolic

11


http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0805
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0810
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0810
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0810
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0815
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0815
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0815
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0815
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0820
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0820
http://refhub.elsevier.com/S0925-4439(20)30156-3/rf0820

	Modulation of mitochondria and NADPH oxidase function by the nitrate-nitrite-NO pathway in metabolic disease with focus on type 2 diabetes
	Introduction
	Link between dietary approaches and the nitrate-nitrite-NO pathway
	Mitochondrial targets by the nitrate-nitrite-NO pathway
	Induction of browning
	Activation of SIRT3, AMPK and GLUT4
	Modulation of mitochondrial dynamics

	Interaction between mitochondrial and NADPH oxidase-derived reactive oxygen species
	Modulation of NADPH oxidase activity by the nitrate-nitrite-NO pathway
	Summary and future perspectives
	Declaration of competing interest
	Acknowledgments
	References




