
HYPERTENSION AND OBESITY (E REISIN, SECTION EDITOR)

Role of Mitochondrial Dysfunction in Hypertension and Obesity

Vicente Lahera1 & Natalia de las Heras1 & Antonio López-Farré2 & Walter Manucha3,4 &

León Ferder5

Published online: 23 February 2017
# Springer Science+Business Media New York 2017

Abstract Mitochondria are essential for the maintenance of
normal physiological function of tissue cells. Mitochondria
are subject to dynamic processes in order to establish a control
system related to survival or cell death and adaptation to
changes in the metabol ic environment of cel ls .
Mitochondrial dynamics includes fusion and fission process-
es, biogenesis, and mitophagy. Modifications of mitochondri-
al dynamics in organs involved in energy metabolism such as
the pancreas, liver, skeletal muscle, and white adipose tissue
could be of relevance for the development of insulin resis-
tance, obesity, and type 2 diabetes. Mitochondrial dynamics
and the factors involved in its regulation are also critical for
neuronal development, survival, and function. Modifications
in mitochondrial dynamics in either agouti-related peptide
(AgRP) or pro-opiomelanocortin (POMC), circuits which reg-
ulates feeding behavior, are related to changes of food intake,
energy balance, and obesity development. Activation of the

sympathetic nervous system has been considered as a crucial
point in the pathogenesis of hypertension among obese indi-
viduals and it also plays a key role in cardiac remodeling.
Hypertension-related cardiac hypertrophy is associated with
changes in metabolic substrate utilization, dysfunction of the
electron transport chain, and ATP synthesis. Alterations in
both mitochondrial dynamics and ROS production have been
associated with endothelial dysfunction, development of hy-
pertension, and cardiac hypertrophy. Finally, it might be pos-
tulated that alterations of mitochondrial dynamics in white
adipose tissue could contribute to the development and main-
tenance of hypertension in obesity situations through leptin
overproduction. Leptin, together with insulin, will induce ac-
tivation of sympathetic nervous system with consequences at
renal, vascular, and cardiac levels, driving to sodium retention,
hypertension, and left ventricular hypertrophy. Moreover,
both leptin and insulin will induce mitochondrial alterations
into arcuate nucleus leading to signals driving to increased
food intake and reduced energy expenditure. This, in turn
would perpetuate white adipose tissue excess and its well-
known metabolic and cardiovascular consequences.

Keywords Mitochondrial dynamics . Mitochondrial
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Mitochondrion: Physiological
and Pathophysiological Actions

Mitochondria are the cytoplasmic organelles founded in al-
most all human and animals cells except mature erythrocytes.
Mitochondria are highly dynamic comprising at least six com-
partments: the outer membrane, inner boundary membrane of
significantly larger surface area, intermembrane space, cristal
membranes, intracristal space, and protein-rich matrix. They
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contain their own small mitochondrial DNA (mtDNA) and
some RNA components, but the vast majority of the mito-
chondrial proteins are encoded by nuclear DNA, synthesized
in the cytosol and then imported into the mitochondria post-
transcriptionally [1, 2]. The mitochondrion plays a central role
in cellular metabolism including pyruvate decarboxylation,
tricarboxylic acid cycle, decarboxylation of fatty acids, or β-
oxidation and degradation of branched amino acids.
Furthermore, mitochondria contribute to calcium handling,
regulation of programmed cell death, generation and control
of reactive oxygen species (ROS), and biosynthetic processes
taking place in the cytosol by providing intermediates like
urea cycle, fatty acids, and heme synthesis [2, 3].

The principal role of mitochondria is to synthesize more
than 95% of adenosine triphosphate (ATP) for cellular utiliza-
tion. Production of ATP requires two major steps, oxidation of
highly reducing metabolites and coenzymes such as nicotin-
amide adenine dinucleotide (NADH) and flavin adenine dinu-
cleotide (FADH2) and phosphorylation of adenosine diphos-
phate to generate ATP to support various cellular functions
(OXPHOS, oxidative phosphorylation) [4]. The mitochondrial
respiratory system consists of four enzymatic multiheteromeric
complexes (I–IV) embedded in the inner membrane of mito-
chondria and two individual mobile molecules, coenzyme Q
(CoQ) and cytochrome c, along which the electrons liberated
by the oxidation of NADH and FADH2 are passed and ulti-
mately transferred to molecular oxygen. This respiratory pro-
cess creates the electrochemical gradient of protons and mem-
brane potential about 180 mV across the inner membrane that
has the potential to do work. In this process, participates the
complex V (ATP synthase) to phosphorylate matrix ADP by
inorganic phosphate and to generate ATP [4, 5].

On the other hand, in the inner mitochondrial membrane,
there are also mitochondrial uncoupling proteins (UCPs),
which belong to the superfamily of mitochondrial transport
proteins. There are five UCPs (named UCP1 to UCP5) found
in mammals and they have similarities in their structures, but
different tissue distributions. These proteins have the ability to
dissipate the proton gradient generated by the respiratory
chain, uncoupling the substrate oxidation from the production
of ATP and generating heat instead of energy. Furthermore,
UCPs accelerate mitochondrial respiration and consequently
reduce the production of ROS being, therefore, an additional
element of defense against oxidative stress [6].

Mitochondrial Dynamics, Processes, and Factors
Involved

Mitochondria are subject to dynamic processes in order to
establish a control system related to survival or cell death
and adaptation to changes in the metabolic environment of
cells. Mitochondrial dynamics includes several processes: (a)

The fusion or union of two mitochondria in a single; (b) the
fission or division of a mitochondria into smaller ones; (c) the
biogenesis required for cell growth and adaptation to in-
creased oxidative stress and nutritional deprivation, and (d)
mitophagy, a specialized form of autophagy that is intended
to degrade the mitochondria and is closely related to the pro-
cess of cell apoptosis.

The fusion and fission processes, termed mitochondrial
remodeling, control mitochondrial morphology and result in
more efficient organelles [7•]. Mitochondrial fusion is an evo-
lutionarily conserved process in mammals mediated by three
large GTPases of the dynamin superfamily. Mitofusin 1
(MFN1) and MFN2 are integral outer membrane proteins that
mediate outer membrane fusion, and optic atrophy-1 (OPA1)
has multiple isoforms associated with the inner membrane and
mediates inner membrane fusion [8]. Genetic deletion of the
fusion genes results in severe fragmentation of the mitochon-
drial network and abolished content exchange between mito-
chondria [9••]. The functions of OPA1 are controlled by alter-
native splicing and proteolysis of different isoforms, long and
short isoforms (L-OPA1 and S-OPA1), and up to five isoforms
of OPA1 have been described in mammals, varying among
tissues, species, and reports. OPA1 can be cleaved by two
distinct metalloproteases, Yme1L (ATP-dependent protease)
and OMA1 (membrane potential-dependent protease), and the
presence of both long and sort forms correlates with fusion-
competent mitochondria [10, 11•]. Mitochondrial fission is
also critical for cellular physiology and is mediated by
dynamin-related protein 1 (DRP1), a large cytosolic GTPase
that is recruited by receptor proteins (Fis1, Mff, MiD49, and
MiD50) on the outer membrane, where it produces constric-
tion required for mitochondrial fission and therefore control
mitochondrial morphology. One of the best-known regulatory
mechanisms for mitochondrial fission involves phosphoryla-
tion of DRP1, activating or inhibiting DRP1, depending on
the site involved. Other processes as acetylation and S-
nitrosylation are related with DRP1 regulation. Otherwise,
fission process has been implicated in others functions, in-
cluding the facilitation of mitochondrial transport, mitophagy,
and apoptosis [12•, 13]. Mitochondria go through continuous
cycles of selective fusion and fission, referred to as the “mito-
chondrial life cycle,” to maintain the quality of its function.
Deregulation of fusion/fission events appears to be involved in
several diseases.

Mitochondrial biogenesis is critical for the normal function
of cells and two closely processes are related: proliferation,
consisting in increasing the number of mitochondria per cell,
and differentiation, whereby the organelle acquires suitable
specific structural and functional characteristics for the devel-
opment of specific functions of different cells in the organism.
Mitochondrial biogenesis is not only produced in association
with cell division but also it can be produced in response to an
oxidative stimulus, to an increase in the energy requirements
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of the cells, to exercise training, to electrical stimulation, to
hormones, during development, in certain mitochondrial dis-
eases, etc. It is well known that mitochondria are produced
and eventually after normal functioning they are degraded.
Thus, the actual level of mitochondria in cells is dependent
both on the synthesis and the degradation. Mitochondrial syn-
thesis is stimulated by the PGC-1α–NRF1–TFAM pathway.
Peroxisome proliferator-activated receptor-γ coactivator 1α
(PGC-1α) is the major stimulator of mitochondrial biogenesis.
PGC-1α expression is very high in tissues with highly devel-
oped mitochondrial systems and its expression is very impor-
tant in physiological situations characterized by an increase in
demand for energy as ATP or heat. PGC-1α modulates the
expression of some proteins implicated in mitochondrial bio-
genesis through its interaction with transcription factors in-
volved as nuclear respiratory factor 1 (NRF1). NRF1 stimu-
lates the expression of mitochondrial transcription factor A
(TFAM) which is a final effector activating the duplication
of mitochondrial DNA molecules [14•].

Mitochondrial mass in a cell is regulated by a balance be-
tween biogenesis and degradation. When mitochondria are
defective, aged, or there is an excess of them, they are re-
moved through autophagy, a process termed mitophagy, a
critical process for maintaining proper cellular functions.
Mitophagy involves the encapsulation of mitochondria in
autophagosome which fuse with lysosomes in order to de-
grade the mitochondria [7•]. The mechanisms associated
mitophagy-dependent cellular stress, including the availability
of nutrients, metabolic state of the cell, and the redox state.
The mitophagy is mediated either by the PINK1-PARKIN
signaling pathway or the mitophagic receptors NIX and
BNIP3 and their accompanying modulators [14•, 15].
PINK1 is a serine/threonine kinase mitocondrial imported
and degraded by the rhomboid protease PARL in the organelle
in normal conditions. Changes in mitochondrial membrane
potential (depolarization) and other stress situations result in
accumulation of PINK1 on the outer membrane, and PINK1
phosphorylates numerous proteins as PARKIN, an E3 ubiqui-
tin ligase. Activated PARKIN results in activation of the
ubiquitin-proteasome system that allows degradation of a
number of membrane proteins external (MFN 1 and 2), thus
enhancing mitochondrial fragmentation. This enables
mitophagy and prevents re-fusion between healthy and dam-
aged mitochondria. BNIP3 is a protein that interacts with Bcl-
2, and NIX (BH3-only Bcl-2 family protein) are proteins of
mitochondrial outer membrane necessary for autophagy,
which have proved their importance for mitochondrial elimi-
nation during cell maturation erythroid cells. NIX has a do-
main of interaction with LC3, which allows engulfment of
labeled mitochondria in autophagosomes. These recognized
modes of capture by the autophagy machinery operate at dif-
ferent efficiencies, from partial to complete elimination of
mitochondria [14•, 15].

Taking together, mitochondria are essential for the mainte-
nance of normal physiological function of tissue cells and
mitochondrial dynamics is a highly regulated process that
controls mitochondrial density in the cells and may be
changed depending on the physiological cell state. However,
mutations in mtDNA or nuclear mitochondrial genes, bioen-
ergetics defects, changes in dynamics of the mitochondria
such fusion or fission, changes in size and morphology, alter-
ations in trafficking or transport, and altered movement of
mitochondria can lead to mitochondrial dysfunction.

Crosstalk Between Energy Metabolism
and Mitochondrial Dynamics in Obesity

Mitochondrial dynamic is affected bymetabolic needs, chang-
es, and alterations, and thus [16], both fusion and fission ma-
chineries adapt in response to metabolic signals. Metabolic
status can affect the number, form, and function of mitochon-
dria, which consequently influences the organ function.
Conversely, organ metabolism is affected by changes in mito-
chondrial dynamics. Mitochondrial fusion is associated with
increased ATP production, while inhibition of this process is
associated with impaired OXPHOS and ROS production
[17•]. The balance between fission and fusion is regulated
by changes in nutrient availability and metabolic demands,
causing mitochondria adaptation to changing conditions.
Nutrient depletion activates mitochondrial fusion which pro-
tects against autophagy and cell death and appears to depends
on SPFH family scaffold protein stomatin-like protein 2
(SLP2) [18]. Nutrient depletion also blunts fission, which me-
diated PKA-mediated phosphorylation of DRP1 [19•]. In turn,
excess of glucose causes mitochondrial fragmentation and in-
creased ROS production which depends of DRP1 [19•].
Mitochondrial 8 and reduction in fusion have been observed
in overweight rodents fed a high-fat diet. In these animals,
high-fat diet causes mitochondria fragmentation and reduction
in MFN2 expression in hypothalamic neurons [20••]. Obesity
and nutrient status also modulate mitochondrial dynamics in
humans [19•, 21••]. Diminished MFN2 expression in skeletal
muscle has been observed in obese and type 2 diabetes indi-
viduals, which increases after weight loss. It appears that
MFN2 expression in skeletal muscle is directly proportional
to insulin sensitivity and is inversely proportional to the body
mass index [21••].

Mitochondrial Dynamics in Organs Involved
in Energy Metabolism

There are numerous evidences showing modifications of mi-
tochondrial dynamics in organs involved in energy metabo-
lism. In fact changes in the pancreas, liver, skeletal muscle,
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and white adipose tissue mitochondrial dynamics could be of
relevance for the development of insulin resistance, obesity,
and type 2 diabetes. In this sense, we have previously
established a mitochondrial pathophysiological role linked to
insulin resistance, where higher levels of ROS are detrimental
to cells, having the potential to trigger both mitochondrial-
mediated cell death and the degradation of the mitochondrial
DNA [22••].

Pancreas alterations and insulin secretion play a crucial role
in the development of insulin resistance and diabetes.
Furthermore, alterations of mitochondrial dynamics seem to
participate in altered insulin production and secretion by pan-
creatic beta cells [23]. In fact, ablation of OPA1 causes mito-
chondrial fragmentation and death of pancreatic beta cells.
This is associated with reduced insulin secretion and impaired
systemic glucose homeostasis [24]. OPA1 is required for an
adequate function of the respiratory chain in beta cells. Thus,
defects in glucose-stimulated mitochondrial ATP production
in pancreatic beta cells deficient in OPA1 may result from
OXPHOS alterations, which could be responsible for the men-
tioned effects on insulin secretion.

The liver also plays an important role in glucose homeosta-
sis and development of metabolic alterations. Furthermore, mi-
tochondrial function participate in insulin signaling and conse-
quently in systemic glucose homeostasis. In fact, deletion of
Mfn2 in the liver of mice is associated with decreased mito-
chondrial fusion and increased mitochondrial fission [25].
These alterations of mitochondrial remodeling result in in-
creased hepatic glucose production and impairment of insulin
signaling and occur in the absence of body weight modifica-
tions [25]. In these mice with impaired fusion, reduction of
ROS availability enhanced insulin sensitivity and suppressed
endoplasmic reticulum stress [21••]. Thus, it appears that the
hepatic and insulin sensitivity changes could be a consequence
of reduced mitochondrial fusion and increased fission in the
liver and even from MFN2 effects on the contact and interac-
tions between mitochondria and the endoplasmic reticulum
[26••]. Interrelationships between mitochondria and the endo-
plasmic reticulum have been also demonstrated in mice with
Drp1 deletion in the liver [27]. These animals present reduced
mitochondrial fission and enhancement of fusion, as well as
disruption of the spatial relation between mitochondria and
endoplasmic reticulum [21••]. Drp1-deleted mice in the liver
are protected from diet-induced obesity, lacking of increased
adiposity accumulation, most probably due to increased body
energy expenditure [19•]. These proposed changes in hepatic
mitochondrial dynamics could be of physiological relevance in
the development of obesity and suggest that changes and/or
manipulation of both fission/fusion equilibrium in the liver
could affect insulin signaling and sensitivity [28].

Skeletal muscle is a key organ for glucose homeostasis and
plays a significant role in the development and maintenance of
systemic insulin sensitivity. Alterations in several signaling

metabolic pathways have been observed in models with dele-
tion or overexpression of factors involved in mitochondrial
dynamics in skeletal muscle. In fact, aberrant mitochondrial
fission plays a pivotal role in the pathogenesis of insulin re-
sistance in the skeletal muscle. In isolated myocytes from
skeletal muscle deletion of Mfn2 causes mitochondrial frag-
mentation impairing the glucose/insulin signaling [29]. In
mice lacking Mfn2 in skeletal muscle, systemic glucose ho-
meostasis, body weight, and adiposity have been shown to be
impaired when the animals are submitted to a high-fat diet. In
a similar way toMfn2 ablation consequences for skeletal mus-
cle, Drp1 overexpression also alters mitochondrial dynamics
and impairs skeletal muscle glucose metabolism [30]. It has to
be mentioned that in most of these situations, metabolic ab-
normalities occur in the absence of altered mitochondrial bio-
energetics and contractile oxidative functions.

Obesity and insulin resistance produces numerous alter-
ations in the white adipose tissue (WAT) of both humans
and rodents, and there are evidences showing that alterations
in mitochondrial dynamics are related with these alterations
[19•, 20••]. In a recent study in overweight rats on a high-fat
diet, we observed reduced WAT protein expression of main
factors involved in mitochondrial biogenesis SIRT1, AMPK,
PGC1α, and the transcription factor NRF1. This reduced bio-
genesis was accompanied by alterations of the fusion/fission
processes as shown by diminished expression of OMA1 and
Yme1L1 and an increased expression of OPA1 and DRP1.
Collectively, these results suggest that high-fat-induced over-
weight in rats is accompanied by reduced mitochondrial bio-
genesis and fusion processes together with increased fission.
These overweight rats in a high-fat diet presented insulin re-
sistance and enhanced WAT expression of TNF alpha, sug-
gesting a possible association of alterations in mitochondrial
dynamics with metabolic alterations in WAT (see Fig. 1).

Relevance of Mitochondrial Dynamics for Brain
Control of Energy Intake and Expenditure

Mitochondrial dynamics and the factors involved in its regu-
lation are critical for neuronal development, survival, and
function [31]. It has been demonstrated that neurons are very
sensitive to alterations of mitochondrial morphology, func-
tion, and availability. In fact, experimental models and clinical
observations in patients have shown that defects and muta-
tions in factors such as Mfn2, Drp1, Opa1, and others are
accompanied by neurological disorders affecting a variety of
functions related with intake regulation energy balance and
expenditure and whole-organism metabolism [20••, 26••,
32••]. Experiments in mice demonstrated that manipulation
of neurons from hypothalamic arcuate nucleus (ARC) that
regulates feeding behavior was accompanied by evident
changes in mitochondrial shape and number [33•].
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Neurons from either agouti-related peptide (AgRP) or pro-
opiomelanocortin (POMC) circuits positively and negatively
regulates feeding behavior, respectively [33•]. AgRP neurons
produce neuropeptides that increase appetite, while decreasing
both energy expenditure and metabolism. It appears that
changes in mitochondrial fission leading to reduction of
AgRP neurons can produce feeding diminution, while stimu-
lation of mitochondrial fusion in these neurons results in in-
creases of food intake [33•]. In mice, high-fat diet increases
the activity of AgRP neurons leading to increased food intake
and imbalance of systemic energy metabolism. It appears that
high-fat diet feeding induces mitochondrial fission in AgRP
neurons [20••]. Furthermore, this also suggests that reduced
mitochondrial fusion in these neurons contributes to the neural
regulation of whole-body energy metabolism and feeding be-
havior. In addition, deletion ofMfn2 in these neurons was able
to prevent the observed adverse behavioral and metabolic ef-
fects. This was associated with insulin sensitivity amelioration
and normalization of circulating glucose levels, fat mass re-
duction, and overweight reversion [32••].

Conversely, stimulation of POMC neurons, which is ac-
companied by reduction of appetite, food intake, and body
weight, is suppressed by a high-fat diet [33•]. However, it is
important to note that stimulation of POMC neurons in
insulin- and leptin-resistant states is associated with increased
food intake and weight gain. Contrary to the effects in AgRP
neurons, deletion of Mfn2 in POMC neurons causes overeat-
ing, reduced energy expenditure, generalized metabolic dys-
regulation, and severe obesity [2, 33•]. This appears to suggest
that preserved mitochondrial fusion in POMC neurons could
prevent increase food intake, positive energy balance, and
obesity. However, it has to be noted that deletion of Mfn1 in

POMC neurons was not able to disrupt body energy homeo-
stasis, which argues against the notion that dysfunctional mi-
tochondrial fusion could be a feasible cause of the mentioned
energy metabolism alterations.

Mitochondrial Dynamics and Hypertension

Activation of the sympathetic nervous system has been con-
sidered as crucial point in the pathogenesis of hypertension
among obese individuals also playing a key role in cardiac
remodeling associated with hypertension [34]. In this regard,
norepinephrine triggers cardiomyocyte hypertrophy through
the activation of specific signaling pathways, including the
Ca2+-activated protein phosphatase calcineurin [35].
Cardiomyocyte hypertrophy related to hypertension further
modifies the phenotype and functionality of cardiomyocytes
also promoted changes on their energetic metabolism. In this
regard, it is important to remind that heart function is very
dependent of mitochondrial activity. Indeed, cardiomyocytes
are cells containing high mitochondria density probably be-
cause they need large and constant supply of ATP to maintain
both their repetitive contraction and functionality of several
ions transporters. On this point, hypertension-related cardiac
hypertrophy has been associated with changes in metabolic
substrate utilization, dysfunction of the electron transport
chain and ATP synthesis [36]. In this line of evidence, our
research group reported, using a proteomic approach, that in
hypertrophic left ventricles of spontaneous hypertensive rats,
proteins involved in mitochondrial oxidative phosphorylation
were overexpressed whereas the α-subunit of the mitochon-
drial precursor of ATP synthase was down-expressed [37•].
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Fig. 1 Quantitative analyses of protein levels bywestern blot for a sirtuin
1 (SIRT1), b peroxisome proliferator-activated receptor γ coactivator 1α
(PGC1α), c nuclear respiratory factor type 1 (NRF1), dATP-independent
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These findings may be in accordance with the reduced ATP
levels reported in the hypertrophied hearts [38], further sug-
gesting changes on the mitochondrial energetic metabolism in
the hypertrophic ventricle.

Due to the richness mitochondrial content of cardiac cells, it
is not difficult to think about the importance of the mitochon-
drial dynamics regulation on their functionality. In this regard,
alterations in both mitochondrial fusion and fission processes
have been associated with several pathological heart conditions.
As example, increased mitochondrial fission was reported in
models of ischemia–reperfusion and pharmacological inhibition
of the mitochondrial fission protein DRP1 reduced the infarct
size [39]. Studies using phenylephrine to induce hypertrophy
demonstrated a decrease in messenger RNA (mRNA) levels
of the mitochondrial fusion protein MFN2 [40]. Moreover,
mRNA levels of the fusion proteins MFN 1 and MFN2, and
OPA1 were decreased in the heart of hypertensive rats, suggest-
ing that during hypertension, there is a shift towards increased
mitochondrial fragmentation. In this regard, it was published
that treatment of cultured neonatal rat cardiomyocytes with nor-
epinephrine promotes mitochondrial fission that was associated
with a decrease in mitochondrial mean volume and increase in
the relative number of mitochondria per cell. It was attributed to
an increased cytoplasmic Ca2+mediated by norepinephrine that
activating calcineurin promotes migration of the fission protein
DRP1 to mitochondria [41••].

Recruitment of cytosolic DRP1 to the mitochondria during
fission is a regulated process involving post-translational mod-
ification of DRP1. Phosphorylation by cyclic-AMP-dependent
protein kinase A at Ser637 in the GTPase effector domain of
DRP1 decreases its GTPase activity reducing mitochondria fis-
sion [42]. Incubation of cardiomyocytes with norepinephrine for
48 h decreasedDRP1 phosphorylation at Ser637 supporting that
norephinephrine-induced mitochondrial fission in
cardiomyocytes.

To understand the functional repercussion of these find-
ings, we should look for in the knowledge about the relation-
ship between mitochondrial fission and cardiomyocyte func-
tionality. In this regard, it was reported that transgenic mice
withmutated DRP1 developed interstitial fibrosis and the con-
tractile function was significantly decreased [43]. A mutation
in the mitochondrial fission gene DRP1 leads to cardiomyop-
athy suggesting that DRP1-mediated processes are essential
for the maintenance of normal cardiac function. Taken togeth-
er, and as speculation, these findings may even suggest that
norepinephrine try to favor mitochondrial fission as compen-
satory mechanisms to maintain heart contractility under hy-
pertensive conditions and secondly may occurs the thickening
of the ventricular wall. Accordingly, it was postulated that
reduction in DRP1-mediated mitochondrial fission could pre-
vent detrimental changes in development of cardiac patholo-
gies but the experimental observations also insinuated that a
complete loss of DRP1 function could be detrimental [43].

Another important contribution of norephinephrine-induced
mitochondrial fission may be the relative to the linkening be-
tween mitochondrial fission and both ROS production and cel-
lular apoptosis. In this regard, it is well established that cyto-
chrome c is released through Bax-lined pores at sites of DRP1-
mediated mitochondrial fission, which causes cellular apopto-
sis. Interestingly, in hypertension-related left ventricle hypertro-
phy both ROS production and cellular myocardial apoptosis
were widely postulated as mechanisms involved in the genesis
and progression of the disease [44•, 45]. Furthermore, as
abovementioned, hypertension-induced mitochondrial alter-
ations was also accompanied by changes in energetic mito-
chondrial metabolism, including decreased respiration and
ATP production. In this regard, it has been suggested that while
fusion promotes respiratory efficiency, mitochondria fission
was associated with reduced oxidative metabolism [46]. We
recently reported the involvement of heat shock protein 70
(Hsp70) and Wilms’ tumor 1 transcription factor (WT-1) in
mitochondrial energy metabolism in the kidney and
nephrogenesis induction, which could be crucial for the devel-
opment and maintenance of hypertension [47]. Furthermore,
these factors would favor cell survival by WT-1 stabilizing
Bcl-2 and would limit the potential for release of cytochrome
c from mitochondria [48]. Mitophagy is considered a mecha-
nism to preserve mitochondria quality. In hypertensive hearts,
mitophagy is enhanced in obesity and renovascular hyperten-
sion. However, other works have suggested that impaired
mitophagy contribute to the pathogenesis of vascular diseases
including hypertensive heart diseases. Angiotensin II, the main
renin-angiotensin system (RAS) effector, plays a crucial role in
the development and maintenance of hypertension and stimu-
lates ROS production [22••]. In this regard, it has been shown
that valsartan (an angiotensin II receptor blocker) diminished
myocardial autophagy and mitophagy, further supporting the
role of angiotensin II in changes of mitochondrial dynamics
associated with hypertension [49].

Genetic of Mitochondria Biogenesis in Hypertension

An important genetic basis has been postulated associated
with mitochondrial biogenesis associated with hypertension
[50•]. In this regard, in the FraminghamHeart Study, complex
IV-encoded gene polymorphisms have been correlated with
blood pressure. In Korean population, age-dependent poly-
morphisms in the mitochondria-shaping gene, OPA1, corre-
lates with blood pressure and hypertension [51]. Furthermore,
mitochondrial dysfunction caused by mitochondrial tRNAlle
4263A>Gmutation is involved in essential hypertension [52].
Moreover, Gly482Ser polymorphisms in PGC-1α are associ-
ated with blood pressure and hypertension among Austrian
men and white subjects [53]. In addition, maternal heritability
of higher blood pressure may implicate the mitochondrial
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genome [54]. Moreover, polymorphisms in the Opa1 and
Mfn2 genes associated with hypertension were also reported.

Endothelial Dysfunction and Mitochondria
Dynamics

It is well established that the existence of endothelial dysfunc-
tion refers to impairment of endothelium-dependent vasodila-
tation in the vasculature of essential hypertensive patients
compared to normotensive control.

Different to myocardial cells, energy requirements in the
endothelium are relatively low and glycolysis is the major
source of ATP production. However, it is recognized that en-
dothelial mitochondria play a prominent role in signaling cel-
lular responses through the production of ROS. For example,
excess substrate stimulates mitochondrial ROS production to
signal a change in endothelial phenotype.

In the endothelium, PGC-1α is activated during energetic
demand state increasing the endothelial capacity to produce
ATP. However, in the endothelium PGC-1α might play other
roles. In this regard, PGC-1α also regulates expression of
vascular endothelial growth factor-1 (VEGF-1) and stimulates
angiogenesis. Moreover, endothelial-specific overexpression
of PGC-1α protects against angiotensin II-induced hyperten-
sion. In addition, PGC-1α-induced mitochondrial biogenesis
may be a mechanism to protect the endothelial cell against
oxidative stress by supplying undamaged mitochondria and
then producing less ROS.

In summary, many questions remain unanswered about the
relationship between mitochondria biogenesis and hyperten-
sion. In this regard, most of the studies associating endothelial
dysfunction with mitochondria biogenesis as a cause to devel-
op hypertension were mainly focused on mechanisms related
to the production of ROS by mitochondria. Other questions
related to the involvement of alterations of mitochondrial dy-
namics in mechanisms associated with endothelial dysfunc-
tion, including changes in the production of nitric oxide, re-
main to be established.

Probably in the natural history of hypertension, ultrastruc-
tural and dynamics mitochondrial damage changes occurs
first, before hemodynamic clinical manifestations appear.

Conclusion and Perspectives

After reviewing the previous paragraphs, a question arises:
Could alterations of mitochondrial dynamics in white adipose
tissue lead to the development and maintenance of hyperten-
sion in obesity situations?

It is well known that in overweight and obesity, leptin is
overproduced by WAT, being this situation associated with
both insulin and leptin resistance in several tissues including
the brain. Leptin overproduction by white adipose tissue is
associated with alterations of mitochondrial dynamics in the
tissue itself [55]. The opposite seems to be also true; leptin can
induce mitochondrial dysfunction in several cell types [56,
57]. Thus, it could be hypothesized that mitochondrial

0

Mitochondrial dysfunction

WAT

Ins

Ins

Ins

Ins

Ins

Leptin

Leptin
Leptin

Leptin

Leptin

Hypothalamus

Arcuate nucleus

SNS

Cardiac

Hypertrophy
Hypertension

Renal Sodium

Retention

Appetite

POMC

AgRP

Obesity &

Insulin Res

+

_

+

Fig. 2 Alterations of
mitochondrial dynamics in white
adipose tissue could lead to the
development and maintenance of
hypertension, cardiac
hypertrophy, sodium retention,
and obesity. AgRP agouti-related
peptide, Ins insulin, POMC pro-
opiomelanocortin, SNS
sympathetic nervous system,
WATwhite adipose tissue

Curr Hypertens Rep (2017) 19: 11 Page 7 of 9 11



dysfunction of WAT could be a feasible cause of leptin over-
production. Leptin, together with insulin, will induce activa-
tion of sympathetic nervous system with consequences at re-
nal, vascular, and cardiac levels, driving to sodium retention,
hypertension, and left ventricular hypertrophy. On the other
hand, both leptin and insulin will induce mitochondrial alter-
ations into arcuate nucleus leading to signals driving to in-
creased food intake and reduced energy expenditure. This, in
turn, would perpetuate WAT excess and its well-known meta-
bolic and cardiovascular consequences (see Fig. 2).
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