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Abstract
Purpose of Review Here, we review the known relations between hypertension and obesity to inflammation and postulate the
endogenous protective effect of melatonin and its potential as a therapeutic agent. We will describe the multiple effects of
melatonin on blood pressure, adiposity, body weight, and focus on mitochondrial-related anti-inflammatory and antioxidant
protective effects.
Recent Findings Hypertension and obesity are usually associated with systemic and tissular inflammation. The progressive
affection of target-organs involves multiple mediators of inflammation, most of them redundant, which make anti-
inflammatory strategies ineffective. Melatonin reduces blood pressure, body weight, and inflammation. The mechanisms of
action of this ancient molecule of protection involve multiple levels of action, from subcellular to intercellular. Mitochondria is a
key inflammatory element in vascular and adipose tissue and a potential pharmacological target. Melatonin protects against
mitochondrial dysfunction.
Summary Melatonin reduces blood pressure and adipose tissue dysfunction by multiple anti-inflammatory/antioxidant actions
and provides potent protection against mitochondria-mediated injury in hypertension and obesity. This inexpensive and multi-
target molecule has great therapeutic potential against both epidemic diseases.

Keywords Melatonin . Hypertension . Obesity . Inflammation . Oxidative stress . Mitochondria

Introduction

Bringing Hypertension, Obesity, Inflammation,
and Melatonin Altogether

The new definition of hypertension as a sustained systolic
blood pressure higher than 130 mmHg or diastolic over
80 mmHg makes hypertensive half of the adult population

[1••]. This preventive redefinition intends to protect vascula-
ture, kidneys, heart, and brain of patients from progressive
epidemic damage. The etiology of hypertension is not identi-
fiable in 90% of cases and thus classified as “essential.”
Essential hypertension often coexists with obesity, aging,
and metabolic disorders [2]. Worldwide, body mass index
over 25 kg/m2 corresponds to 38.0 and 36.9% of the female
and male population, respectively [3]. Overweight redefini-
tion for Asian population as body mass index > 23 kg/m2

raises the proportion the patients affected [4]. In the last time,
inflammation took a key role in the pathophysiology of both
hypertension and obesity [5, 6••]. There are controversies
about whether inflammation is the primary cause or final con-
sequence [7]. However, all agree that modulating the inflam-
matory condition is positive for the patients. Obesity and hy-
pertension have systemic inflammatory components [8, 9,
10••]. In vascular and adipose tissues, local inflammation is also
pathogenic [8, 9, 10••]. Vascular structures are more than blood
conduits. From endothelium to adventitia, the endocrine, para-
crine, and immune functions are extensively characterized
[10••]. As well, adipose tissue is more than an energetic and a
lipid reservoir. It has endocrine and immune properties [13••,
14, 15]. Mitochondria, our main energetic organelle, is

This article is part of the Topical Collection onHypertension and Obesity

* Emiliano Raúl Diez
diez.emiliano@fcm.uncu.edu.ar

1 Instituto de Medicina y Biología Experimental de Cuyo (IMBECU),
Consejo Nacional de Investigaciones Científicas y Técnicas
(CONICET), Mendoza, Argentina

2 Pediatric Department Nephrology Division, Miller School of
Medicine, University of Miami, Florida, USA

3 Área de Farmacología, Facultad de Ciencias Médicas, Universidad
Nacional de Cuyo, Mendoza, Argentina

4 Instituto de Fisiología, Facultad de Ciencias Médicas, Universidad
Nacional de Cuyo, Centro Universitario, CP
5500 Mendoza, Argentina

Current Hypertension Reports (2018) 20: 45
https://doi.org/10.1007/s11906-018-0842-6

HYPERTENSION AND OBESITY (E REISIN, SECTION EDITOR)

http://crossmark.crossref.org/dialog/?doi=10.1007/s11906-018-0842-6&domain=pdf
mailto:diez.emiliano@fcm.uncu.edu.ar


involved in oxidative stress and the inflammatory process
in both tissues [13••]. Like a Trojan horse inside the cells,
mitochondrial dysfunction inflames and kills [15–17].
Vascular and metabolic circadian responses led to postu-
late melatonin as a physiological regulator with pharma-
cological potential [18, 19]. Due to melatonin lipophilic
properties, its protective action easily reaches all subcel-
lular structures. Therefore, many protective effects of mel-
atonin occur at the mitochondrial level [20•, 21, 22•].
Indeed, melatonin reduces mitochondria-triggered oxida-
tive stress and inflammation [20•, 23].

The Intricate Essential Hypertension

It is well known that essential hypertension implicates alter-
ations of the vasculature, heart, nervous system, and kidneys
and usually coexist with obesity and metabolic syndrome [1••,
8, 24••, 25, 26]. However, the precise interactions between
these systems remain under continued investigation, making
essential a proper adjective to describe hypertension [2,
27–29].

Chronic hypertension usually increases either cardiac out-
put or systemic vascular resistance. Cardiac output and fluid
retention usually rise early in hypertension, and vascular ad-
aptations occur later in the disease [8, 30]. Hypertension
readapts adrenergic, and renin-angiotensin-aldosterone sys-
tems (RAAS) and progressively increases systemic vascular
resistance [8, 31]. In addition, increased local production of
potent mediators such as endothelin-1, angiotensin II, prosta-
glandin H2, and reactive oxygen species (ROS) enhance va-
soconstriction [8, 9, 12]. Oxidative stress blunts endothelial
nitric oxide availability, reducing endothelium-dependent va-
sodilatation in isolated vascular preparations and flow-
mediated vasodilatation in humans [12]. With time, hyperten-
sion led to structural remodeling of vessels [8, 9, 12, 32].
Vascular lumen narrows and the media thickens. In this pro-
gressive process, inflammation takes part at many levels [6••,
9, 32].

What Is Inflamed During Hypertension?

During hypertension, we could have inflammation almost ev-
erywhere [6••, 34]. Inflammation in the kidney, arteries, brain,
heart, adipose tissue, gut, and liver contribute to hypertension
[34]. With more than the 50 years together, the relation of
inflammation and hypertension deserves a golden gift. The
first torch was carried by lymphocytes. In 1967, Okuda and
Grollman demonstrated that lymphocytes from rats with uni-
lateral renal infarction caused hypertension when transferred
in recipient rats [33]. Subsequently, most of the innate and
adaptive immunity has shown pathogenic involvement in hy-
pertension [6••, 34]. For an extensive description of each actor
roles in hypertension, we suggest the reviews of Caillon and

Schiffrin, and the one of Norlander et al. [6••, 34].
Interestingly, once an organ becomes inflamed, the immune
response could grow within and make it more dysfunctional,
raising the blood pressure. Recently, it has been proposed that
oxidative stress may contribute to inflammatory mechanisms
of hypertension development [8, 35]. We will highlight those
elements relative to melatonin effects, in particular at mito-
chondria level.

Fat and Furious

Obesity and hypertension frequently coexist [25, 36–42].
Classic studies showed that excess body weight accounts
for more than a half of the risk of hypertension [43].
Overweight and obese patients present a higher prevalence
of hypertension [44–46]. However, obesity-associated hyper-
tension could be overestimated due to white coat hyperten-
sion [47]. Thus, not all obese patients have sustained high
blood pressure [47, 48]. One explanation is that fat’s inflam-
mation increases the vasoconstrictive responses [49].
However, both diseases have many causes. Therefore, the
understanding of the several mechanisms that underlie this
association remains incomplete [25, 47, 50–52]. Visceral fat
relates more to hypertension than subcutaneous fat [42, 49,
53, 54]. Fat impairs pressure natriuresis by physical compres-
sion and contributes to higher RAAS and sympathetic activ-
ity in both animals and patients [50, 54]. Fat narrows and
weakens the upper airways, increasing adrenergic responses
due to obstructive sleep apnea episodes [55–57]. Beyond dis-
tributive or mechanical considerations, inflamed adipose tis-
sue raises blood pressure. Adipose tissue dysfunction contrib-
utes systemically to hypertension by adiponectin deficiency
and elevated leptin, resistin, free fatty acids, tumor necrosis
factor-α (TNF-α), and interleukin-6 [54]. Lipids also contrib-
ute to macrophage infiltration [7]. Adipocytes secrete two
aldosterone-releasing factors, the complement-C1q tumor ne-
crosis factor-related protein 1 and the 12,13-epoxy-9-keto-10
(trans)-octadecenoic acid, a type of oxidized fatty acid [58,
59]. Adipokines also sensitizes adrenocortical cells to angio-
tensin II [60]. Local inflammatory-induced dysfunction of
perivascular adipose tissue exerts vasoconstriction mediated
by angiotensin peptides, reactive oxygen species,
chemokines, and cytokines [38, 61]. This relationship is ex-
tensively covered in a dedicated issue of the British Journal of
Pharmacology (vol 140:20; 2017). Remarkably, inflamma-
tion enhances mitochondrial ROS production from
perivascular adipose tissue and makes vascular response dys-
functional [62]. Increased adipose production of TNF-α pro-
motes mitochondrial oxidative stress and increases
phenylephrine-induced vasoconstriction mediated by in-
creased activity of the RhoA/Rho kinase pathway in vascular
smooth muscle in obese mice [62]. Fat inflammation makes
arteries more reactive (furious).
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Antihypertensives: Uneasy Fatness

Antihypertensive treatment in obese patients is uneasy. Obese
patients required more antihypertensive medications, and
blood pressure remained elevated in approximately in one-
third of the patients, despite treatment intensification [63].
However, in most of the patients with high body mass index,
antihypertensive medications effectiveness persist reducing
blood pressure and cardiovascular diseases [64]. In the
megatrial ALLHAT—Antihypertensive and Lipid-Lowering
Treatment to Prevent Heart Attack Trial—obese patients re-
quired more antihypertensive medications [65]. On the other
hand, weight loss reduces blood pressure and the number of
antihypertensive drugs to achieve blood pressure control
[66–68]. The reduction in blood pressure by lifestyle interven-
tions is greater for uncontrolled hypertensive patients [69, 70].
Unfortunately, weight loss programs are difficult to maintain,
and high failure rates occur during the initial years of most
programs [67, 68, 71, 72]. More sustained weigh reductions
are achieved with pharmacological obesity treatments and
with bariatric surgery [72–74]. In the GATEWAY trail, bariat-
ric surgery reduces weight and blood pressure leading to an-
tihypertensive medication reduction and even discontinuation
in half of the patients [75]. These effects could be related to the
significant improvements in fasting plasma glucose, HbA1c,
LDL cholesterol, triglycerides, and high-sensitivity C-reactive
protein in the bariatric group. However, since surgical inter-
ventions are not an option to millions of obese and hyperten-
sive patients, the promising results look like a small gate and a
long way. Despite being inefficient, we remark the effective-
ness of this multitarget intervention that includes inflamma-
tion reduction.

In the Darkest Hour, an Ancient Protector Rises Hope

Themelatonin is a ubiquitous molecule and widely distributed
in nature, with functional activity occurring in unicellular or-
ganisms, plants, fungi, and animals [20••]. A primary biolog-
ical function of melatonin in primitive unicellular organisms is
in the antioxidant defense to protect against toxic free radical
damage [20••]. During evolution, melatonin has been adopted
by multicellular organisms to perform many other biological
functions. These functions likely include the chemical expres-
sion of darkness in the vertebrates, environmental tolerance in
fungi and plants, sexual signaling in birds and fish, seasonal
reproductive regulation in photoperiodic mammals, and
immunomodulation and anti-inflammatory activity in all ver-
tebrates tested [76]. In most vertebrates, including humans,
melatonin follows circadian rhythms. The natural regulator
is the light during the day and the darkness of the night. The
eyes detect the light and through a sympathetic pathway to the
pineal gland inhibits melatonin secretion. The maximal mela-
tonin plasma concentration usually occurs 3–5 h after

darkness onset. René Descartes in the Renaissance period de-
scribed the pineal gland as the “third eye.” Melatonin’s pro-
tective actions in many organs contribute to the so-called
healing power of sleep. This mythical product of the “third
eye” actively protects the cardiovascular system [77••].

Melatonin exerts physiological actions through receptor-
dependent and receptor-independent effects [78]. Melatonin
has membrane, cytoplasmic, and nuclear receptors. The
MT1 and MT2 receptors are G-protein-coupled membrane
receptors present in the cell membrane as dimers and hetero-
dimers and act through many signal transduction mechanisms
[79]. Numerous human cells express melatonin receptors, in-
cluding cells in the nervous, cardiovascular, gastrointestinal,
genitourinary, immune systems, and adipocytes [80].
Melatonin also displays an affinity for the cytoplasmic recep-
tor calledMT3 that is an enzyme quinone reductase 2 [78, 81].
Quinone reductases are antioxidants enzymes that prevent
electron transfer reactions of quinones. Several mammalian
tissues express the MT3 receptor [81]. The nuclear hormone
receptor of melatonin belongs to the retinoid-related orphan
receptor family (RZR/ROR), ubiquitously expressed in mam-
malian tissues [82]. Besides the action through receptors, mel-
atonin easily crosses the cell membrane and interacts directly
with other intracellular proteins, including calmodulin,
calreticulin, and tubulin [83, 84••]. Additionally, melatonin
is one of the most versatile free radical scavenging agents
[20•]. As a direct scavenger, melatonin neutralizes different
free radicals, including singlet oxygen, superoxide anion rad-
ical, hydroxyl radical, hydroperoxide, lipid peroxide radical,
and peroxynitrite [85–87]. Melatonin reduces oxidative stress
due to mitochondrial function improvement [20•], and stimu-
lation of expressions and activation antioxidant enzymes, such
as catalase, superoxide dismutase (SOD), and glutathione per-
oxidase [88••, 91]. Furthermore, melatonin potentiates other
antioxidants, like glutathione, vitamin E, and vitamin C. All
these actions contribute to better vascular functions and blood
pressure regulation [84••, 88••].

Recent experiments in animals showed that melatonin pre-
vents deaths caused by myocardial infarction and arrhythmias
[89, 90]. The acute cardioprotection persists in hypertensive
and dysmetabolic rat hearts [90]. Most scientists attribute its
protection to its potent antioxidant effect. In addition, melato-
nin reduces inflammation and improves mitochondrial func-
tion [84••, 89, 91–94]. From a preventive point of view, mel-
atonin’s pleiotropic mechanisms of protection could effective-
ly limit the progression of both epidemics, obesity and
hypertension.

Following the Inflammatory and Diffractive Path
of Light

The light activates the retina and modulates the master circa-
dian pacemaker of the organism, the suprachiasmatic nucleus
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[84••, 95, 96]. This hypothalamic structure subordinate most
of other peripheral cellular clocks [84••, 95, 96]. One subor-
dinate is the pineal gland, where the biological effect of light
reduces melatonin secretion. During the daily light period,
melatonin circulating levels are low or even undetectable
[97].Melatonin, as part of the light/dark cycles responses, also
impact in the immune system [96]. The precise interactions
are under intense research in a field called chrono-immunolo-
gy. Melatonin inhibits the expression of cyclooxygenase syn-
thase and reduces the excessive production of prostanoids,
and leukotrienes [84••]. Melatonin also reduces pro-
inflammatory cytokines, adipokines, chemokines, and adhe-
sion molecules [84••]. Some of these actions respond to tran-
scription factors modulation, such as nuclear factor kappa B
(NF-κB), nuclear factor erythroid 2-related factor 2, hypoxia-
inducible factor, heat shock proteins, and others [19, 98, 99].
Recently, melatonin included the regulatory effects over
inflammasomes to its protective actions [94, 100]. Therefore,
it is clear that this circadian hormone prevents inflammatory
conditions.

Today, the environmental timers go beyond the photoperi-
od and include food, activities, and temperature among others
[19, 84••, 96]. Concurrently, inflammation was recently
redefined as a physiological homeostatic response to harmful
stimuli such as pathogens, injury, and metabolic stress [94,
101]. Well-defined metabolic stressor like salt, sugar, and fat
could be extended to include chronodisruption among them
[84••, 96, 102]. The loss of circadian oscillation of melatonin
reduces its antioxidant and anti-inflammatory effects [84••].
Chronodisruption was epidemiologically associated with
higher incidence of cardiovascular diseases, obesity, diabetes,
cognitive impairments, depression, aging, and cancer
[103–105]. However, we suggest cautious interpretation be-
cause causal contributions will be hard to prove for these
multifactorial diseases.

Our caution alert could be supported by at least two bio-
logical facts. First, other organs such as gastrointestinal tract,
skin, salivary glands, platelets, and lymphocytes produce mel-
atonin without a circadian pattern or contribution to circulat-
ing levels [76, 84••]. However, in the absence of suprachias-
matic signals, peripheral clock temporarily sustained rhyth-
micity but amplitude decrease and loss synchrony with other
tissues [96, 99, 106]. Other elements respond to light in a
clock-independent manner besides the conventional master
circadian pacemaker [84••, 96]. Interpretation of this second
fact is less clear.

Anti-Inflammatory Effect of Melatonin in Obesity

Obesity contributes as a risk factor for the development and
maintenance of cardiovascular diseases [15, 47, 50, 107].
Complications are consistent with the development of hyper-
tension, insulin resistance, metabolic syndrome, chronic

kidney disease, and type 2 diabetes [15, 47, 50, 107–110].
Metabolic-triggered inflammatory process underlies obesity
damages [5, 7, 102]. Melatonin levels correlate inversely with
obesity [84••, 111, 112]. In humans, the reduction in melato-
nin levels is associated with insulin resistance and metabolic
syndrome, due to the mitochondrial protection and metabolic
regulation [20•, 84••, 111, 112]. Several mechanisms of the
physiological and pharmacological beneficial actions of mel-
atonin in obesity have been proposed, including antioxidant
and anti-inflammatory [84••, 111, 112]. As a chronobiological
agent, melatonin regulates the metabolic rate and the energy
balance in the organism, partly by brown adipose tissue acti-
vation [77••, 113, 114]. In this section, we describe melatonin
effects on adiposity, bodyweight, oxidative stress, and inflam-
mation linked to mitochondrial function and dynamics in
obesity.

Melatonin directly activates receptors in adipocytes [84••,
106]. Animals and humans express membrane receptor in
white and brown adipose tissue. The cytoplasmic and nuclear
actions of melatonin were proven in animals [80, 106].
Melatonin sensitizes adipocytes to insulin and leptin by a
shared signaling pathway, specifically the phosphoinositide
3-kinase and the signal transducer and activator of transcrip-
tion 3 [20•, 84, 115, 116]. Studies in pinealectomized animals
demonstrated that circadian melatonin regulates internal bio-
logical clocks and energy metabolism, specifically in adipose
tissue [84••, 106]. The lack of melatonin abolishes the daily
pattern of the expression of clock genes (Clock, Cry1, and
Per2) and PPARγ, leading to a decrease in leptin levels.
Melatonin deficiency reduces the circadian expression of the
lipogenic enzymes (ATP-citrate lyase, malic enzyme, fatty
acid synthase, and glucose-6-phosphate dehydrogenase).
However, some metabolic adipocyte functions, such as its
ability to synthesize triacylglycerols from glucose along 24 h,
are not compromised by pinealectomy [106]. Interestingly, a
high-fat obesogenic diet causes chronodisruption of clock
gene expression in the anterior pituitary of rats and decreases
nocturnal melatonin levels [112]. Melatonin also exerts its
effects on adipose tissue through sympathetic-induced lipoly-
sis and modulates seasonal adiposity, at least in experimental
animals [117]. High doses of melatonin supplementation in-
duced the conversion of white to brown fat, by increasing
thermogenic proteins in both Zucker diabetic fatty rats and
lean controls [113].

Sleep deprivation contributes to the pathogenesis of obesity
[84••, 114]. Epidemiologic studies related chronic sleep dep-
rivation and long-term weight gain [84••, 118–120].
Experimental evidence showed circadian regulation of metab-
olism and energy balance [19, 102, 106]. Melatonin sensitizes
hypothalamic leptin and insulin receptors and passes on infor-
mation to correct energy balance in the organism [19, 84••].
Therefore, body weight is maintained by adjustments to the
environmental inputs [19]. This adjustment could be reset to
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higher body weight or altered by chronodisruption [19].
Additionally, chronodisruption occurs through shift work,
high-fat foods, and altered eating patterns. Some evidence
suggests that obesity prevention and treatment should incorpo-
rate chrononutrition, a form of timing meals and macronutrient
consumption, and sleep duration and quality improvement. [19]

The following paragraphs put the focus on molecular
mechanisms of melatonin that reduces oxidation and inflam-
mation, mainly in the mitochondria [20•, 22•, 94, 121].
Melatonin preserves complex I and III activity, inhibits mito-
chondrial permeability transition pore opening, and cyto-
chrome c release [20•, 22•, 121]. To highlight, it has recently
been confirmed that obesity and malnutrition grade also mod-
ulate mitochondrial dynamics in humans [15, 122]. In parallel
were shownmitochondrial changes in a micemodel of obesity
(ob/ob), and melatonin treatment produced beneficial effects
on mitochondrial morphology and dynamics by mitofusin-2
(Mtf2) and the intrinsic apoptotic cascade modulation [123].
The Mtf2 protein is involved in mitochondrial reduction after
a high-fat diet; nonetheless, infliximab (a tumor necrosis fac-
tor TNF-alpha inhibitor) normalizes the Mtf2 levels. With
these findings, Carraro et al. propose that inflammation is
the critical mechanism activated after a high-fat diet and
may play an essential role in the progress of mitochondrial
abnormalities during obesity [124]. In close connection, mito-
chondrial dynamics modulated bymitofusins (Mtf1 andMtf2)
modulate the orexigenic agouti-related protein (Agrp) neuro-
nal activity and diet-induced obesity [125]. Diminished Mfn2
expression in skeletal muscle has been observed in obese and
type 2 diabetes individuals, which increase after weight loss.
TheMfn2 expression is directly proportional to insulin sensitivity
and is inversely proportional to the body mass index [122].

On the other hand, mitochondrial function is also a crucial
point of interaction for circadian alterations in cardiovascular
disease associated with renin-angiotensin-aldosterone system
upregulation [18, 88•]. RAAS shows a tonic modulation of
melatonin synthesis by inducing the tryptophan hydroxylase
activity via angiotensin II type 1 receptors (AT1) [126].
Accordingly, a relationship between angiotensin II and mela-
tonin has been suggested in the modulation of circadian
rhythms; and since melatonin can improve metabolic abnor-
malities in diabetes mellitus and insulin resistance, the bene-
ficial effects of RAAS blockade could be enhanced through
combined melatonin therapy [127]. These studies are consis-
tent and strengthen our unpublished finding in kidney from
chronic kidney disease model about AT1 downregulation
linked to the melatonin-cytoprotective effect. Specifically,
melatonin restored vitamin D receptors/heat shock protein
70 (VDR/Hsp70) and decreased AT1 expressions, oxidative
stress, fibrosis, and apoptosis, as well as conserved mitochon-
drial ultrastructure by prevented mitochondrial edema with
dilated cristae and high NADPH oxidase activity. We postu-
late possible feedback (or reciprocal regulation) between AT1

and melatonin. The mitochondrial dysfunction by an over-
activation of the RAAS linked to the NADPH oxidase activity
is a consequence shared by obesity, diabetes, metabolic syn-
drome, impaired glucose tolerance, and dyslipidemias. In obe-
sity patients, it has been described that lower vitamin D levels
are linked to higher RAAS activity [128]. VDR activators
antagonize RAAS effects, as well as modulate anti-
inflammatory and antifibrotic actions [129, 130]. The high
AT1 expression and NADPH activity were reverted in mito-
chondrial fractions [131]. Obesity is linked to inflammation
with a substantial energetic cost. Recent reports suggest that
vitamin D can act as a therapeutic agent for inflammation of
chronic disease by cellular bioenergetics modulation [132].

Obesity induces the inflammasome response [11, 133]. The
nucleotide-binding oligomerization domain-like receptor con-
taining pyrin domain 3 (NLRP3) is a critical component of the
inflammasome [54, 134, 135]. Particularly, pyroptosis (a pro-
inflammatory programmed cell death) is mediated byNLRP3-
dependent caspase-1 activation, and subsequent pro-
inflammatory response in hypertrophic adipocytes [100, 136,
137]. Despite inflammasomes are cytoplasmic elements, acti-
vation is triggered by mitochondrial oxidative stress [93, 134,
138]. Exogenous melatonin ameliorates inflammation of adi-
pose tissue by inhibiting the expression of inflammasome
genes including NLRP3, an apoptotic-associated speck-like
protein that contains a caspase recruitment domain, and there-
by caspase-1 and IL-1β [100]. Furthermore, melatonin in the
adipose tissue reduces the phosphorylation of NF-κB and in-
hibits the NLRP3 pathway [93, 138]. Melatonin also reverse
systemic inflammation in obesity by other signals mediated by
NF-κB [92, 94, 100].

There is a clear correlation between the global growth of
kidney disease with diabetes, and recently also with obesity.
Despite the fact that cardiovascular events increase in obese
patients with chronic kidney disease, there is a lack of specific
treatments for these related diseases. Nevertheless, there are
promising experiments suggesting that the modulation of in-
flammation and oxidative stress could mitigate the progres-
sion of kidney disease in obesity and diabetes [139]. In this
regard, endogenous melatonin secretion is impaired during
chronic kidney disease [140]. Moreover, the impairment
worsens with the degree and progression of kidney disease
[91]. Therefore, melatonin supplementation in kidney disease
and obesity could be of interest.

Several decades ago, it was proposed that melatonin acts as
an antioxidant and anti-inflammatory molecule into of the
central nervous system and suprarenal glands. However, spe-
cific action on renal tissue is quite recent. Conveniently, this
was demonstrated in an animal model with obesity [141]. In
the same way, melatonin exerts an antioxidant effect in kid-
neys of Zucker diabetic fatty rat, a model of diabetes type 2.
The mechanism suggested includes the decrease of NADPH
oxidase and glutathione peroxidase activities [142].
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Uncoupling of ROS generation and the release from mito-
chondria to cytosol leads to inflammation, cell death, tissue
damage, and disease progression. An adequate mitochondrial
function maintains the structural and functional integrity of
every tissue. Also, nitric oxide is associated with inflammato-
ry pathologies when both impaired release and reduced bio-
availability leading to inflammation. Moreover, a reduced ni-
tric oxide release induces Hsp70 with effects against oxidative
stress, inflammation, and apoptosis during insulin resistance
[143]. Melatonin improves of insulin signal transduction by
amplified insulin-induced Akt phosphorylation and nitric ox-
ide levels in high-fat-diet-fed mice [144].

Melatonin effectiveness as an antioxidant factor includes
the heat shock protein responses [98]. Particularly, melatonin
decreases streptozotocin-induced diabetic renal injury by
modulation of nitric oxide, oxidative markers, and Hsp70 ex-
pression [145]. Thus, clarifying the signaling pathways and
the roles of Hsp70 is relevant to the application of new treat-
ments. Fujimoto et al. reported that cytokine levels were not
affected by Hsp70 in obese mice [146]. This finding could be
somewhat controversial. However, we reviewed opposing ac-
tions of extracellular versus intracellular Hsp70 on NF-κB
pathway activation [147].

The Hsp70 induction by melatonin also supports an addi-
tional mechanism linked to Tom70, translocase of the outer
mitochondrial membrane. Hsp70 interaction with Tom70 is
essential for the initiation of the mitochondrial import process
[148], and required for the recognition, unfolding, and trans-
location of amino acids into the mitochondria. The Tom70
protein is a crucial member of the mitochondrial outer and
inner membrane transport systems. In diabetes, Tom70 and
inner mitochondrial membrane 44 (Timm44) were significant-
ly decreased, and the binding of nuclear-encoded mitochon-
drial transcription factor A (TFAM) with Tom70, Timm44,
and mitochondrial DNAwas impaired. Hence, hyperglycemia
affects the ability of TFAM to access into the mitochondria
[149]. Similarly, Wang et al. demonstrated that Timm44 alters
the mitochondrial fusion and fission dynamics and protects
from type 2 diabetes [150]. Recently, melatonin protection
on the mitochondrial function was associated with suppress-
ing TNF-α expression, which is responsible for dynamin-
related protein 1-mediated mitochondrial fission [151].

Anti-Inflammatory Effect of Melatonin
in Hypertension

Melatonin regulates several parameters of the cardiovascular
system, including blood pressure, and is a promising antihy-
pertensive agent [77••, 80, 152, 153]. The mechanisms and
pathways involved in its antihypertensive action are complex
and some of them unclear. Melatonin receptor-dependent and
receptor-independent actions involve autonomic, vascular, an-
ti-inflammatory, and antioxidant effects. Not only melatonin,

but its metabolites have antioxidant effects [85]. In this sec-
tion, we will analyze the multiple antihypertensive actions of
melatonin with the focus on mitochondrial effects.

The role of physiological melatonin level in blood pressure
regulation comes from experimental and some clinical studies.
Pinealectomy in rats causes a gradual and sustained rise in
blood pressure [154]. When melatonin is administered chron-
ically to pinealectomized rodents, there is no increase in blood
pressure [155]. The loss of nocturnal blood pressure reduction
was related to insufficient melatonin levels [156–158]. Light
pollution may be one of the chornodisruptive factors that re-
duce melatonin level; metabolic and sleep changes the others
[19, 99, 159]. Vascular effects of melatonin are not straight-
forward. Melatonin receptor actions depend on the cell type,
and vascular territory and receptors activation induce vaso-
constriction in some vasculatures and vasodilation in others.
Activation of MT1 induces vasoconstriction and activation of
MT2 produce vasodilation, but these responses change re-
garding circadian time, melatonin source, concentration, du-
ration, and functional receptor sensitivity (homo and hetero-
dimers) [160–164]. Melatonin has others, not less complex,
receptor-independent effects that regulate the vascular tone.
Melatonin decreases [Ca2+] in smooth muscle cells by inter-
action with Ca2+-calmodulin complex leading to relaxation,
but in endothelial cells, the same reduction inhibits endothelial
nitric oxide synthase, triggering vasoconstriction [165].
Melatonin increase antioxidant defenses like catalase and su-
peroxide dismutase, leading to the reduction of oxidative
blood pressure in patients [166, 167]. The mechanism of ac-
tions involves antioxidant enzyme expression by nuclear re-
ceptor and NF-κB [168]. In spontaneously hypertensive rats,
melatonin decreases the NF-κB expression [169]. Melatonin
action on the NF-κB pathway connects redox and inflamma-
tory, both relevant in hypertension pathophysiology.

Besides its actions in the vasculature, melatonin regulates
structures in the nervous system involved in vascular tone.
Inflammation in the brainstem may contribute to hypertension
[170]. Inflammatory molecules overexpressed in the endothe-
lium of the surrounding solitary tract, the principal structure
controlling arterial blood pressure (BP), increase cytokine re-
lease to the brainstem of hypertensive patients [171].
Mitochondria contribute to the oxidative stress-related neural
mechanism of hypertension. Compromised mitochondrial
b iogenesis and bioenerget ics in some forebra in
circumventricular organs and the nucleus of the solitary tract
contribute to neurogenic hypertension due to mitochondrial
ROS accumulation under the conditions of systemic inflam-
mation, angiotensin II stimulation, and metabolic syndrome.
From the mechanistic point of view, the alterations in both
neural mitochondrial dynamics and ROS production are asso-
ciated hypertension development; in this sense, melatonin also
acts as an antioxidant and as a regulator of mitochondrial
bioenergetics function [172, 173].
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Kidney oxidative stress and inflammation contribute to hy-
pertension. Several studies have demonstrated that treatment
with antioxidants improves the hypertensive conditions. In
this sense, Nava et al. showed that melatonin improves hyper-
tension in spontaneously hypertensive rats (SHR) with a de-
crease in renal inflammation, specifically to a decreased acti-
vation of NF-kB [174]. Following studies showed that mela-
tonin reduces oxidative stress, renal inflammation, protein-
uria, and progression of renal damage in rats with renal mass
reduction [175]. Melatonin exerts a renoprotective and anti-
hypertensive effect through nitric oxide bioavailability im-
provement [176]. Qiao et al. demonstrated that melatonin de-
creases blood pressure and reduces infiltration of inflammato-
ry cells of renal tubules. Also, melatonin attenuates urine pro-
tein excretion, serum creatinine, and reduces the oxidative
stress in renal tissues [177]. The kidney improvements were
correlated with the increases of iNOS and ICAM-1 expres-
sions. Accordingly, the association of melatonin and
exendin-4 was more efficient for reducing the deterioration
of renal function in cardiorenal syndrome than each agent
alone [178]. Particularly, the combined treatment pro-
duced—at renal level—a reduction of protein expressions of
inflammation (TNF-α/NF-κB/MMP-9/iNOS/RANTES), oxi-
dative stress (NOX-1/NOX-2/NOX-4/oxidized protein), apo-
ptosis (cleaved caspase-3/cleaved PARP/Bax), DNA-
damaged marker (γ-H2AX), and fibrosis (p-mad3/TFG-β).
Moreover, melatonin regulates renal transcriptome and pre-
vents prenatal L-NAME-induced fetal programming of hyper-
tension. Interestingly, genes belonging to the RAAS and the
arachidonic acid metabolism pathways were involved in hy-
pertension induced by maternal nitric oxide depletion.
However, maternal melatonin reprogrammed the RAAS and
the arachidonic acid pathway via redox balance restoration in
pregnancy and reducing the future burden of hypertension
[179]. The preventive action on the kidney injury was con-
firmed in a high-salt diet-induced hypertension model. The
positive effect was not mediated by blood pressure but by a
direct antioxidative effect.

Kidney diseases are chronodisruptors. Chronic kidney dis-
eases impair nighttime melatonin secretion Melatonin levels
correlate negatively with intrarenal RAAS activity. Ishigaki
et al. showed that melatonin ameliorates intrarenal RAAS in
a 5/6 nephrectomy rat model and reduces blood pressure, ox-
idative stress, and interstitial fibrosis in the remnant kidneys
[140]. In connection, AT1 receptor blockers have shown aus-
picious “preventive” intracellular anti-inflammatory/antioxi-
dant activity in addition to their original pharmacological ac-
tions. Disruption of the AT1 promotes inflammation, cell
growth, and proliferation [180]. Kidney protection was asso-
ciated with an increased number of mitochondria and upreg-
ulation of the prosurvival genes such as nicotinamide
phosphoribosyl transferase and sirtuin 3 (Sirt3) [181]. Sirt3
is a member of the family that is localized mostly to the

mitochondria and protects against inflammation and oxidative
stress-related diseases, including hypertension. Melatonin el-
evates Sirt3, stimulates superoxide dismutase activity, and
suppresses mitochondrial oxidative stress through 5′ AMP-
activated protein kinases [34]. Melatonin multiple actions as
an anti-inflammatory/antioxidant provide potent protection
against mitochondria-mediated injury [152].

Conclusions

Melatonin is a skilled rider to dressage the Trojan horses (dys-
functional mitochondria) that cause inflammation in obesity
and hypertension. Melatonin reduces blood pressure and adi-
pose dysfunction through its antioxidant and anti-
inflammatory effects. The compelling evidence of its several
protective actions and the apparent lack of adverse effects
should promote the translational pathway as therapeutic op-
tions for millions of obese and hypertensive patients.
Pharmacokinetics, safety, and efficacy studies oriented to
these specific populations should be a reasonable next step.
We hope that past evidence and future findings will stimulate
large clinical trial to determine the efficacy of melatonin treat-
ment for both epidemic diseases.
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