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The role of ROS/RNS signaling in cardiovascular functions and diseases is increasingly 
emerging in the last decades. The involvement of ROS/RNS in the control of a large 
number of cardiovascular functions like the regulation of the vascular tone, the 
control of blood pressure or myocyte excitation-contraction coupling and force 
development has been broadly investigated and in part clarified. On the other 
hand, many efforts have been focused in clarifying the redox mechanisms involved 
in cardiovascular diseases like ischemia/reperfusion injury, diabetes-associated 
cardiovascular dysfunctions, atherosclerosis or hypertension, just to mention 
the major ones. However, in most cases the two levels of investigation remain 
separate and not interlaced, failing in the attempt to provide a unified vision of the 
pathophysiologic mechanisms of cardiovascular diseases. 
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The major aim of the Research Topic has been to collect original papers and review 
articles dealing with the issue from basic to translation research point of views. 
The topic includes contributions that highlight different interesting aspects of 
cardiovascular biology with an integrated approach useful for the development of 
new ideas and advancements in the field of redox signaling in the control of normal 
cardiovascular functions and their disruption in diseases.
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Editorial on the Research Topic

Redox and Nitrosative Signaling in Cardiovascular System: From Physiological Response to

Disease

Reactive oxygen species (ROS) are highly reactive substances generated by the chemical utilization
of oxygen inside the cells. High levels of ROS induce macromolecule damage leading to a variety
of diseases, but controlled ROS generation play a role in redox-sensitive gene expression and cell
signaling regulating physiological processes including cardiovascular functions.

The main scope of the present special issue was to reach a broad audience of scientists
working in the field of cardiovascular redox biomedicine. We encouraged the submission of
papers approaching the topic from different points of view and at different levels, from basic to
translational research. Indeed, a collection of scientific reports and review articles with different
approaches contributed to the special issue highlighting interesting aspects of redox biology in
several cardiovascular fields. In addition, the research topic includes an intriguing hypothesis article
by Davies reporting that adaptation of the cardiovascular system to exercise training is one of
the most significant examples of adaptive homeostasis: defined as “The transient expansion or
contraction of the homeostatic range in response to exposure to sub-toxic, non-damaging, signaling
molecules or events, or the removal or cessation of such molecules or events.” Endurance training
involves the generation of low levels of free radicals and hydrogen peroxide which do not cause
damage, but rather activate signal transduction pathways, such as Nrf2 and NFκB, to induce
mitochondrial biogenesis—the foundation of increased exercise endurance. As with other examples
of adaptive homeostasis, the effects are transient, lasting only as long as the training is maintained.
Unfortunately, the ability to adapt to exercise training declines with age, perhaps as a result of
impaired Nrf2 and NFκB signaling, as does adaptive homeostasis capacity in general.

Several original articles and reviews included in the special issue emphasize the role of
mitochondria in cardiac activity both in physiologic and pathological conditions. The mini-review
by Pagliaro et al. deals with the role of mitochondria in ischemic and pharmacological cardiac
postconditioning. The main interesting aspect of this work is the deepening of the signaling
pathways converging on mitochondria able to preserve many of the mitochondrial functions
after ischemia/reperfusion. In particular, the role of mitochondrial components like connexin 43,
mitochondrial KATP channels and mitochondrial permeability transition pore in cardioprotective
effects of postconditioning are widely highlighted. Another review article by Penna et al. examines
the role of chaperones in the heart and the redox aspects that can influence cardiac chaperone
function, especially within mitochondria. Chaperones are stress proteins involved in the adaptive
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response to stress conditions and in this review are discussed
the redox-dependent regulation of chaperones underlying the
cardiac ischemia/reperfusion injury as well as cardioprotection.

The original article by Boengler et al. point outs that
depending on their amounts, reactive oxygen species (ROS)
may either be detrimental [in myocardial ischemia/reperfusion
(IR) injury] or protective (ischemic preconditioning, IPC).
Here, the authors addressed the role of the ROS-producing
enzyme p66shc in IR and IPC. Following IR (not IPC), p66shc
translocated into cardiac subsarcolemmal mitochondria and
this was associated with increased ROS formation. However,
p66shc-deficient hearts showed similar infarct sizes after IR
and effective cardioprotection by IPC suggesting that p66shc-
derived ROS do not contribute to IR injury per se and are
not involved in the cardioprotection by IPC. Schiattarella
et al. showed that animals with mitochondrial A-kinase anchor
protein (AKAP1) knockdown or knockout are more sensitive
to TAC, an experimental model to induce pressure overload,
heart hypertrophy, cardiomyocyte apoptosis and heart failure.
Indeed, animals Akap 1−/− showed increased levels of ROS,
apoptotic markers such as short caspase-3, and TUNEL
positive cells in cardiac tissues. In particular, authors discussed
that aforementioned TAC-effects may be correlated with the
AKT/NO signaling, given that TAC-induced AKT signaling
activation is blunted in animals knock-out for AKAP1.

Several contributions point out the mechanisms of drugs that
affect cardiovascular system targeting redox signaling pathways.
The review by Varricchi et al. deals with cardiovascular toxicity
(CTX) by chemotherapeutic agents which can alter redox
homeostasis by increasing the production of ROS and reactive
nitrogen species (RNS). The article reports that mitochondria are
central targets for chemotherapeutic-induced CTX. The authors
underline that, though, the last decade has witnessed intense
research related to the molecular and biochemical mechanisms
of CTX of antineoplastic drugs, experimental and clinical studies
are urgently needed to balance safety and efficacy of novel cancer
therapies. In this line, the paper by Riccio et al. demonstrates
that the Na+ current inhibitor, ranolazine, is able to attenuate
heart dysfunction induced by trastuzumab in animal and cellular
models. The authors suggest that the cardioprotective role of
ranolazine might be due to the blunting of ROS production
induced by trastuzumab, as demonstrated in vitro. About drugs
with cardioprotective effects, the work by Vieceli Dalla Sega et al.
demonstrates that ticagrelor is able to lower circulating epidermal
growth factor (EGF) which, in turn, leads to a better generation
of NO in the vascular endothelium. The authors suggest that the
capacity of ticagrelor in stabilizing platelets is also responsible
for the lower release of EGF by platelets through a mechanism
mediated by P2Y12. Taken together, data here presented
indicate that–in addition to previously identified mechanisms
like augmented adenosine bioavailability-the improvement of
ticagrelor of endothelial function may depend on its greater
efficacy in decreasing platelet reactivity. Interestingly, Russo et al.
report a cardioprotective role for healthy platelets mediated by
sphingosine-1-phosphate-dependent pathways, in the context of
myocardial I/R. This cardioprotective effect is lost by platelets
derived from poorly controlled diabetic patients and seems

inversely correlated with the redox status and the reactivity of
platelets. Antiplatelet agents might exploit the cardioprotective
potentialities of platelets. Varga et al. in their original article
suggest a role for NADPH oxidase (NOX) in ROS production
during heart failure. They report that NOX4 undergoes extensive
alternative splicing in human hearts, which gives rise to
the expression of different enzyme isoforms. In particular,
the full-length NOX4 is significantly upregulated in ischemic
cardiomyopathy. These results may revive the development of
NOX inhibitors based on the significant novel knowledge on the
modulation of NOX activity, which may facilitate the targeting
of NOXs in various diseases including myocardial infarction.
Interestingly, Nydegger et al. in their elegant research work
have shown that in the hypoxia-mediated model of pulmonary
hypertension, modulation of the NO-cGMP pathway by sildenafil
contrasts pulmonary vascular and right ventricle remodeling
by an action that does not only encompass the canonical
vasomodulatory effect but involves the modulation of several
biochemical pathways. The potential role of phosphodiesterase-5
for long-term treatment, and perhaps prevention, of pulmonary
hypertension is suggested and it is surely worthy of further
investigation. The interesting original article by Rocca et al.
demonstrates the cardioprotective role of the G protein-coupled
estrogen receptor (GPER) expressed in the cardiovascular
system, and of its selective ligand G1 through Notch signaling
pathways in female hearts. The main finding of the study is
the role of GPER in mediating the preconditioning mechanisms
in normotensive and hypertensive conditions that protect the
myocardium from I/R injury. G1-induced protection open new
perspectives in the treatment of the myocardial ischemic injury.
In their original article, Andreadou et al. show that empagliflozin
(EMPA), a drug approved for type 2 diabetes management,
reduces infarct size after I/R in mice and increase cell survival
and ATP levels in rat embryonic-heart-derived cardiomyoblasts
(H9C2) and endothelial cells (ECs). The protective effects of
EMPA in mice are dependent on STAT3 activation and seem
associated with reduced levels of malondialdehyde, myocardial
iNOS, and interleukin-6 expression.

Recently, a great effort has been made to clarify the role of
natural substances and/or antioxidants taken with diet or as
food suppliers, in the prevention or treatment of cardiovascular
diseases. On this topic, Sorriento et al. focus on antioxidants
and in particular on vitamin D as anti-hypertensive agents.
Arterial hypertension seems to depend on an imbalance between
the production of ROS/RNS and the antioxidant defense
mechanisms. The association between vitamin D deficiency
and hypertension is strongly supported by literature suggesting
that the supplementation of vitamin D could really become a
therapeutic strategy for hypertension if an accurate selection of
patients will be made. The authors propose that PTH levels,
that regulate and are regulated by vitamin D, could be an
important discriminating parameter in the selection of patients
that could be sensitive to vitamin D supplementation. Thus,
according to authors, vitamin D represents an antioxidant
that is worthwhile to further investigate. Another compound
that deserves to be studied is the melatonin. In their review
article, Jiki et al. critically discuss the cardiovascular benefits
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of dietary melatonin. The authors report and discuss the
papers on the effects of melatonin in different conditions,
including hypertension and I/R injury. The issue at moment
is: how can we increase the level of melatonin in human
blood? Preclinical studies suggest that melatonin, given at
dietary levels, confers cardioprotection. Circulating melatonin
levels may have antioxidant capacity. However, there are many
contradictory observations, still requiring responses. The original
paper by Mastantuono et al. describes the effects of another
natural antioxidant, the anthocyanin cyanidin. Studying rat pial
microvascular changes due to cerebral blood flow reduction
and recovery, the authors describe the protective mechanisms
of this compound. Based on the results, they conclude that
cyanidin protects cerebral microvasculature against vascular
insult. Protection is elicited by recruiting the NO generation
and a reducing ROS generation, thus preserving vascular
permeability and vasodilation. Many pathological conditions,
including hyperglycemia, may alter endothelial function through
ROS/RNS overproduction. The paper by Querio et al. shows the
antioxidant properties of chamazulene, a bioactive compound
present in chamomile essential oil, in bovine aortic endothelial
cells exposed to high glucose, and hydrogen peroxide-mediated
oxidative stress. Their data suggest a possible use of this
compound as a protective agent against endothelial injury.

The connection between cardiovascular system dysfunction
and neurodegeneration is highlighted by Venturelli et al. that
emphasize the importance of changes in NO bioavailability,
cortical, extra-cranial, and peripheral blood flow in patients with
Alzheimer’s Disease (AD). The authors believe that these are
phenomena primarily associated with AD and are not simply
correlated with aging. Indeed, a relationship between AD and
vascular impairment till to the more advanced phases of AD
is described. Therefore, the link between cardiovascular and
the central nervous system degenerative processes may be the
depletion of endogenous NO. Since current AD treatments
targeting Aß show very limited efficacy, potential new therapeutic
approaches aimed to ameliorate the circulatory impairment and
the depletion of NO bioavailability might be of pivotal interest for
AD, and may reduce the high costs of patients’ care. The study
by Firinu et al. expands this concept by showing a significant
decrease in endothelial function in another pathologic condition,
namely the hereditary angioedema (HAE). In these patients,
during the symptom-free period, a strong correlation between
flow-mediated dilatation and asymmetric dimethylarginine, a
strong inhibition of NO synthesis, was observed. This is in line
with the described association of HAE and early atherosclerosis.

The topic includes also other two articles that deal with
central nervous system diseases, emphasizing the cardiovascular
aspects and the link with oxidative stress. In their mini-review,
Paternò and Chillon discuss the similarity between two diseases

of the CNS, ischemic stroke, and multiple sclerosis focusing

especially on the astrocyte and neuroinflammation hallmarks
shared by the two pathologies. Interestingly, the mini-review

also highlight the astrocyte and neuroinflammation-targeted-
strategies for the treatment of stroke and multiple sclerosis.

The paper by Messina et al. suggests the need to broaden

horizons and the study target on Autism spectrum disorders
(ASD), including oxidative stress, neurotransmitters evaluation,
and sympathetic activity measurements also related to cardiac
functions. Sleep problems in ASD are a prominent feature,
considering the role of orexins (A and B) in wake-sleep circadian
rhythm, it is possible to speculate that ASD subjects may present
a dysregulation in orexinergic neurotransmission. In this context
may be explained the cerebral metabolism increasing and the
autonomic hyperfunctioning in ASD sustained by high Orexin
A levels.

Finally, in the special issue are included two reviews that may
open new perspectives. In their interesting review article, Deidda
et al. report several studies adopting ametabolomic approach that
eventually could be helpful in elucidating mechanisms involved
in redox and nitrosative reactions in relation to cardiovascular
disease. These pieces of informationmay be of significant interest
for both translational values and for improving an update of the
protocols on metabolomics methods in cardiovascular diseases.
By referring to teleost fish as paradigms of hypoxia- and anoxia-
tolerance, Gattuso et al. illustrate cardiac strategies that, by
involving nitric oxide and its metabolites, play a critical role in
the adaptive responses to O2 limitation. Authors emphasize the
power of the teleost heart as a bioassay to decipher the intricate
molecular networks that crucially balance tissue O2 supply and
demand. Information in this direction may be of significance also
in a translational perspective for human cardioprotection and
perhaps in hypoxia-mediated pulmonary hypertension.

The above-referenced articles are a clear demonstration that
the research topic reached the aim of presenting the point of view
of many scientists working in the field of redox biomedicine. The
papers approached the topic from different points of view and
at different levels, from basic to translational research. We hope
these articles can contribute to the development of new ideas and
advancements in the field of redox and nitrosative signaling in the
control of normal cardiovascular functions and their disruption
in diseases.
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Adaptive Homeostasis has been defined as, “The transient expansion or contraction of

the homeostatic range in response to exposure to sub-toxic, non-damaging, signaling

molecules or events, or the removal or cessation of such molecules or events.” (Davies,

2016). I propose that one of the most significant examples of adaptive homeostasis

may be the adaptation of the cardiovascular system to exercise training. In particular,

endurance type training involves the generation of increased levels of free radicals such as

ubisemiquinone, superoxide, nitric oxide, and other (non-radical) reactive oxygen species

such as hydrogen peroxide (H2O2), in a repetitive manner, typically several times per

week. As long as the training intensity and duration are sub-maximal and not exhaustive

these reactive species do not cause damage, but rather activate signal transduction

pathways to induce mitochondrial biogenesis—the foundation of increased exercise

endurance. Particularly important are the NFκB and Nrf2 signal transduction pathways

which respond to reactive oxygen and nitrogen species generated during exercise. As

with other examples of adaptive homeostasis the effects are transient, lasting only as

long as the training is maintained. Unfortunately, the ability to adapt to exercise training

declines with age, perhaps as a result of impaired Nrf2 and NFκB signaling, as does

adaptive homeostasis capacity in general. Since this is an Hypothesis/Theory Paper and

not a review, I have not tried to provide a comprehensive discussion of all the literature

relating to exercise adaptation and the cardiovascular system. Rather, I have attempted

to develop the Hypothesis or Theory that adaptive homeostasis is the foundation for

adaptation of the cardiovascular system to exercise training, largely based on work from

my own laboratory, that of close collaborators, and that of key contributors over a period

of almost 40 years.

Keywords: adaptive homeostasis, exercise, cardiovascular system, redox regulation, signal transduction, Nrf2,

mitochondria, free radicals

INTRODUCTION

Adaptive Homeostasis has been defined as, “The transient expansion or contraction of the
homeostatic range in response to exposure to sub-toxic, non-damaging, signaling molecules
or events, or the removal or cessation of such molecules or events.” (Davies, 2016). Adaptive
Homeostasis applies to the expansion or contraction of the homeostatic range, for any
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given physiological parameter, including heart rate, blood
pressure, cardiac stroke volume or output, respiratory rate and
volume, etc. Although Adaptive Homeostasis pertains to any
signaling event that can regulatemultiple physiological functions,
such as heat, cold, osmotic stress, acid/base changes, nutrients,
etc. the concept was actually first described (Davies, 2016) and
subsequently further developed (Davies et al., 2017; Lomeli et al.,
2017; Pomatto and Davies, 2017; Pomatto et al., 2017a,b,c, 2018a;
2018b; Walker et al., 2018; Zhou et al., 2018) as a function
of oxidation/reduction (“Redox”) signaling. Furthermore, the
“seeds” for the whole concept of adaptive homeostasis originate
with studies of cardiovascular adaptation to exercise (e.g., Davies
et al., 1981, 1982a,b,c, 1984). Thus, Adaptive Homeostasis would
appear to be an especially good fit for this Special Research Topic
on “Redox and Nitrosative Signaling in Cardiovascular System:
from Physiological Response to Disease.”

Recently, we published more generalized treatises on the
contribution of diminished adaptive homeostasis to multiple
age-related diseases, including cardiovascular disorders (Davies
et al., 2017; Lomeli et al., 2017; Pomatto and Davies, 2017), but
here I will attempt to target the cardiovascular system, and its
responses to exercise training, specifically. Please note that this
is an Hypothesis/Theory Paper and not a review. Therefore, I
have not tried to provide a comprehensive discussion of all the
literature relating to exercise adaptation and the cardiovascular
system, and I apologize to all those whose important work has
been omitted. Rather, I have attempted to develop the Hypothesis
or Theory, largely based on work from my laboratory and that of
close collaborators over a period of almost 40 years, that adaptive
homeostasis is the basis for adaptation of the cardiovascular
system to exercise training.

DIFFERENTIATING ENDURANCE AND

SPRINT TRAINING ADAPTATIONS

One of the first studied cardiovascular signaling responses is the
exercise training effect. Exercise training also represents one of
the most widely experienced cardiovascular adaptations affecting
humans. In early studies, Holloszy et al. (Holloszy, 1967, 2008;

Abbreviations: Nrf2, nuclear factor erythroid-derived 2-related factor 2; NFκB,

nuclear factor kappa-light-chain-enhancer of activated B cells; VO2max, maximum

amount of oxygen that an individual can utilize during intense, or maximal

exercise; Hb, hemoglobin; O•−

2 , superoxide anion radical; H2O2, hydrogen

peroxide; NO•, nitric oxide radical; H2O2, hydrogen peroxide; EDL, extensor

digitorum longus muscle; RCAN1-4, regulator of calcineurin protein 1-4; HSP70,

heat shock protein 70; OGG1, DNA damage repair enzyme 8-oxoguanine-

DNA glycosylase; MnSOD, manganese superoxide dismutase (mitochondrial);

GSH, reduced glutathione; GSSG, oxidized glutathione; TFAM, mitochondrial

transcription factor A; PGC-1α, peroxisome proliferator-activated receptor-

gamma coactivator 1-alpha PGC-1α; NRF-1, nuclear respiratory factor 1; NRF-

2, nuclear respiratory factor 2; P38MAPK, mitogen-activated protein kinase A;

AMPK, AMP-activated protein kinase; SIRT1, Sirtuin1; Keap1, Kelch-like ECH-

associated protein 1; Cul3, Cullin3; Akt, the RAC-alpha serine/threonine-protein

kinase encoded by the AKT gene (also known as protein kinase B, or PKB);

PKC γ, protein kinase C gamma; EPRE or ARE, electrophile response element or

antioxidant response element; NFE2L1 or Nrf1, Nuclear factor erythroid-derived

2-related factor 1 (sometimes written as Nrf1, but which has an official symbol of

NFE2L1); Bach1, transcription regulator protein Bach1; cMyc, Myelocytomatosis

oncogene cellular homolog; MPP+, 1-methyl-4-phenylpyridine.

Terjung et al., 1973) had demonstrated significant cardiovascular
and skeletal muscle adaptations to endurance exercise training.
In a series of studies in the late 1970’s and early 1980’s we
set about trying to differentiate the very different adaptive
responses to physical exercise training of an endurance type,
vs. sprint or strength training (Davies et al., 1981, 1982b). We
also sought to determine the mechanism(s) underlying exercise
training adaptations although, at that time, little was known
about biological signal transduction pathways. We used young
male Sprague-Dawley laboratory rats to study adaptation to
endurance training [10 weeks of daily treadmill running, for 5
days per week at a speed of 26.8 m/min (1.0 mph), and a slope
of 8.5◦ (15% grade)]. Initially the rats ran for only 20min but
this was gradually increased each day such that, by week 5 (and
for the next 5 weeks) the rats each ran for 120min per day.
This training protocol caused only a small (14%) increase in
VO2max (maximum amount of oxygen that an animal can utilize
during intense, or maximal exercise) but increased endurance
capacity (run time to exhaustion in a treadmill run at a constant,
sub-VO2max work load) four-fold and greatly increased (actually
doubled) the mitochondrial content of skeletal muscles (Davies
et al., 1981).

Unlike the program of endurance training described above,
a regimen of sprint training (lasting 4 weeks) did not result
in any significant increases in muscle mitochondrial oxidase
capacity, or in total muscle mitochondrial mass, and only
increased VO2max by a modest 15% (Davies et al., 1982b).
The sprint training program did, however, increase the capacity
for high intensity workload, also called VO2max work load
(maximal treadmill speed at 15% grade) by 25%. The protocol
used for sprint training, over a 4 week period, involved
starting each session with a 2-min “warm-up” at a treadmill
speed of 26.8 m/min, and then gradually increasing treadmill
speed during the third minute to 97m/min. The rats were
then required to complete two 1-min periods of sprinting
at 97 m/min each day (with a 10 s rest in between). To
ensure that they were acclimatized to running on the treadmill
(but not actually trained) control rats ran for 5min at 26.8
m/min, twice per week. Despite the increases in VO2max work
load resulting from sprint training, there was no increase
in endurance capacity and (as already noted above) muscle
mitochondrial oxidase capacity and muscle mitochondrial mass
also did not change. These results were taken as evidence
that muscle mitochondrial total mass and oxidase capacity
are closely coupled with exercise endurance capacity, but that
VO2max must be determined by other factors (Davies et al.,
1982b).

In fact, the above studies (Davies et al., 1981, 1982b) also
suggested that VO2max might be largely determined by the
oxygen carrying capacity of blood and not a function limited by
mitochondrial respiration. To further test these relationships, we
next used three experimental interventions with the same strain
of laboratory rats described above: (1) Dietary Iron deficiency
and dietary repletion (Davies et al., 1982a; Maguire et al., 1982),
(2) Dietary iron deficiency and blood transfusion (Davies et al.,
1984), and (3) Dietary Vitamin E (α tocopherol) deficiency
(Quintanilha and Davies, 1982; Quintanilha et al., 1982).
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The effects of dietary iron deficiency and dietary iron repletion
on exercise performance were investigated in young male
Sprague-Dawley rats (Davies et al., 1982a; Maguire et al., 1982).
Iron deficiency was established in young, male rats by feeding
them a low-iron diet with only 2mg iron/kg, whereas the diet
fed to control animals contained 50mg iron/kg. After 42 days,
rats fed the low-iron diet had blood hemoglobin (Hb) levels of
only 3.6 ± 0.5 g/dl, whereas the control rats exhibited blood Hb
of 13.7 ± 0.6 g/dl. In the iron-deficient animals, we observed
60–85% lower muscle mitochondrial oxidative capacities in
comparison with controls; presumably this resulted from 30%
lower mitochondrial content of muscles and significantly lower
mitochondrial enzyme specific activities. In the iron-deficient
rats, both VO2 max and VO2 max work load were 50%
lower than seen in control animals, and exercise endurance
capacity was 90% lower. To reverse deficiency, the low-iron
rats were next switched to the control (iron-sufficient) diet and
we carefully mapped out the time course of iron repletion and
the recovery of muscle mitochondrial and exercise parameters.
Blood Hb was markedly in only 3 days and was accompanied
by significant improvements in both VO2max and VO2max work
load. Importantly, however, neither mitochondrial bioenergetic
functions, nor the mitochondrial content of muscle, nor muscle
mitochondrial oxidative capacity, exhibited significant increases
before day 5 of iron repletion, and exercise endurance capacity
also did not increase before day 5. From these studies of
iron-deficiency and repletion we were persuaded that muscle
mitochondrial oxidase capacity probably does not normally
impose a limit on VO2max or VO2max work load. Similarly, we
concluded that the oxidative capacity of muscle (i.e., functional
mitochondria) probably does limit exercise endurance capacity.
Parallel studies, on the same animals, revealed that the iron
deficiency protocol severely depleted mitochondrial iron sulfur
proteins and cytochromes, which then caused severe limitations
of up to 70–80% in the electron transport capacity, and ATP
production, of mitochondria (Davies et al., 1982a; Maguire et al.,
1982).

Although the above studies of iron deficiency and repletion
provided temporal evidence for a dissociation between muscle
mitochondrial oxidative capacity and VO2max/VO2max workload
and, conversely, provided temporal evidence for a strong
association betweenmuscle mitochondrial oxidative capacity and
endurance capacity and between the oxygen carrying capacity of
blood and VO2max workload, no causal relationships could be
concluded. To attempt to delineate cause and effect we utilized
dietary iron deficiency and blood transfusions using young male
weanling Sprague-Dawley rats (Davies et al., 1984). Using the
same iron-deficient and control diets described above, we found
that only 21 days of dietary iron deficiency caused significant
anemia (Hb, 3.9 vs. 14.2 g/dl in controls) and major loss of
function of muscle mitochondria, such that skeletal muscle
mitochondrial total oxidative capacity was as much as 90% lower
than see in control rats. VO2max apparently declined by 50% as
a result of iron deficiency and the maximal endurance capacity
(time to exhaustion in a separate treadmill run at a constant, sub-
VO2max work load) of iron-deficient rats was only 10% of that
seen in control animals. We next took the iron deficient rats and

artificially increased their blood Hb by transfusion with packed
erythrocytes. Conversely, we decreased the Hb levels of control
rats by withdrawing blood and transfusing them with plasma.
These procedures enabled us to match the Hb of both iron-
deficient and control rats at a common value of approximately
9.5 g/dl. Raising the Hb of iron-deficient animals immediately
corrected their exercise VO2max such that it was only 15% below
control values but, importantly, we observed no improvement
whatsoever in exercise endurance capacity. These interventional
experiments yielded a direct demonstration that VO2max and
endurance capacity depend on rather different physiological
functions. Based on these results, it was posited that oxygen
delivery to tissues is a major determinant of VO2max but, in
contrast, muscle mitochondrial capacity is a major determinant
of exercise endurance capacity (Davies et al., 1984). It should
also be mentioned, however, that what determines VO2max is
still the subject of some debate, with some investigators favoring
a “cardiocentric” viewpoint whereas others consider skeletal
muscles as the limiting factor.

There are also some neural reflexes that regulate the
cardiovascular apparatus. One of these is the so called muscle
metaboreflex, which adjusts the cardiovascular response on
the basis of the metabolic conditions of working muscles.
It has been speculated that in some cardiovascular diseases,
and in the sedentary state, detraining affects this reflex by
increasing matabolite accumulation and decreasing muscle
oxidative capacity. For instance, this is the so called “muscle
hypothesis” of heart failure. The interaction of intrinsic muscle
factors and neural signaling may, thus, represent a potential link
between fatigue, cardiovascular disregulation, and the effect of
training in these pathologies.

Taken together, the above studies of endurance training; sprint
training; iron deficiency, dietary repletion, and blood transfusion;
and vitamin E deficiency all point to the conclusion that the
mitochondrial content of muscle and, of course, mitochondrial
competence have a major role in determining exercise endurance
capacity. Furthermore, increased mitochondrial biogenesis
during endurance exercise training would seem to be a key factor
in exercise adaptive homeostasis.

UBISEMIQUINONE, SUPEROXIDE, AND

HYDROGEN PEROXIDE IN EXERCISE

Our exercise studies also demonstrated, for the first time,
unequivocally that free radical generation in skeletal muscles
and liver increases during exercise, and is especially evident
during exhaustive exercise (Davies and Hochstein, 1982; Davies
et al., 1982c). Previous work by Tappel et al. (Dillard et al.,
1978) had suggested that exercise caused increased free radical
generation that could be measured as expired pentane but
this indirect methodology was criticized as being subject to
large errors due to variable pentane production by gut flora
and fauna, and various other investigators produced equivocal
results with other measures of lipid peroxidation. Our work used
the direct approach of actually measuring free radical signals
by electron spin resonance spectroscopy, and demonstrated
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increased concentrations of mitochondrial ubisemiquinone
radicals in both muscle and liver, following exercise (Davies et al.,
1982c). We were actually able to identify two discrete “pools”
of semi-stabilized ubisemiquinone with stability constants high
enough to support the physiological significance of Peter
Mitchell’s “Q Cycle Hypothesis” (Davies and Hochstein, 1982).
Of greater importance for the current discussion, however, is the
observation that reduction of molecular oxygen to the superoxide
anion radical (O•−

2 ) by ubisemiquinone is a major source of
intracellular O•−

2 generation, and much if not most of the O•−

2 so
generated rapidly dismutates to form hydrogen peroxide (H2O2)
(Cadenas and Davies, 2000).

Following heavy exercise, we found increases of 100–200%
in observable concentrations of free radicals in rat muscles and
liver (Davies et al., 1982c). The free radical signals we could
observe and measure via electron spin resonance spectroscopy
were largely attributable to mitochondrial ubisemiquinone
radicals (Davies and Hochstein, 1982). Exhaustive exercise
(but not exercise at a training level) caused significant
damage, including lipid peroxidation, diminished sarcoplasmic
reticulum and endoplasmic reticulum integrity, and diminished
respiratory control of mitochondria. In a parallel study, we
found that Vitamin E deficiency, which sensitizes animals to
increased free radical oxidative damage, caused a similar damage
profile (inmembranes, sarcoplasmic/endoplasmic reticulum, and
mitochondria) even without making the animals exercise (Davies
et al., 1982c; Quintanilha and Davies, 1982; Quintanilha et al.,
1982). Our earlier studies indicated that endurance capacity
in exercise is principally governed by the functional muscle
mitochondrial mass (Davies et al., 1981, 1982a,b, 1984), andwhen
we exercise tested the vitamin E deficient animals (with their
impaired muscle mitochondria), we found that their endurance
was indeed 40% lower than that of controls (Davies et al.,
1982c). These findings further strengthened our interpretation
that exercise training of a serious but sub-maximal nature slightly
increases free radical (ubisemiquinone and O•−

2 ) and H2O2

generation, and that this is an important component of exercise
adaptation. In contrast, maximal exercise to exhaustion increases
free radical and H2O2 generation to dangerously high levels that
can cause significant cellular damage.

Interestingly, our studies showed that the generation of
O•−

2 by purified mitochondria studied in vitro, increased as a
function of temperature (Salo et al., 1991). When we exposed
mitochondria to temperatures seen in exercising human beings
(Brooks et al., 1971a,b) we found that temperature-induced
partial uncoupling of oxygen consumption and ATP production
accounted for the increased O•−

2 generation (Salo et al., 1991).
Thus, it is possible that temperature-induced fluctuations in
the fidelity with which ubisemiquinone, and other electron
carriers, such as complexes I and III, can direct electrons along
the mitochondrial respiratory chain, resulting in a “leakage” of
electrons directly to oxygen, may account for both significant
O•−

2 generation in exercise and a limit to exercise capacity.
Of course, today everyone recognizes both O•−

2 and H2O2

as major intracellular signaling molecules. In 1983, however,
when we first demonstrated ubisemiquinone radicals in exercise,
such relationships were not understood. Despite this lack

of mechanistic understanding, we wrote, “It is tempting to
propose that exercise induced free radicals . . . . . . . . . . may be the
initiating stimulus to mitochondrial biogenesis.” (Davies et al.,
1982c). Viewed with the hindsight of current knowledge, the
results suggest that increased concentrations of ubisemiquinone
radicals, and the O•−

2 and H2O2 generated by interaction of
ubisemiquinone (and/or complexes I and III) with molecular
oxygen may provide a stimulus to the adaptive homeostasis,
including the mitochondrial biogenesis, which results from
endurance training.

EXERCISE-INDUCED GENERATION OF

REACTIVE OXYGEN/NITROGEN SPECIES

BY XANTHINE OXIDASE AND BY

NEUTROPHILS AND OTHER PHAGOCYTIC

CELLS

Since our original publications, several groups have verified
increased generation of free radicals, and other reactive
oxygen/nitrogen species in exercise (e.g., see Packer et al.,
2008; Sachdev and Davies, 2008). In addition to the O•−

2 and
H2O2 generated by ubisemiquinone, as described above, other
investigators have also described additional mitochondrial and
extra-mitochondrial sources of reactive oxygen/nitrogen species
in exercise (reviewed in Sachdev and Davies, 2008).

Xanthine oxidase is one such source of exercise-induced O•−

2
and H2O2 generation, as described by Viña et al. (Heunks
et al., 1999; Viña et al., 2000). These investigators noted that
xanthine dehydrogenase could be converted to xanthine oxidase
during intensive exercise, perhaps due to transient hypoxia.
The xanthine oxidase so produced may then generate O•−

2 and
H2O2 rather than the NADH generated by its parent xanthine
dehydrogenase. Importantly, the xanthine oxidase inhibitor
allopurinol blocked much of the oxidation seen in tissues from
intensively exercised animals.

McArdle et al. (1999) proposed that that exhaustive, eccentric,
or prolonged exercise may increase generation of reactive
oxygen/nitrogen species as a result of neutrophils, as well as
other phagocytic type cells, overwhelming antioxidant defenses
as part of an intensified immune response to cellular injury. For
example, McArdle et al. (1999) reported increased concentrations
of oxidized glutathione in extensor digitorum longus (EDL)
muscles 3 days after an extensive program of injury-inducing
contractions, although no significant glutathione oxidation
was actually evident a few hours following exercise. Other
investigators have also reported neutrophil/phagocyte activation
and reactive oxygen/nitrogen species generation with very long
duration, extreme intensity, or exhaustive exercise (Singh et al.,
1994; Wareski et al., 2000; Quindry et al., 2003; Morozov et al.,
2006).

Part of the problem with whole animal (or human) studies
of reactive oxygen/nitrogen species, especially in exercise,
is the sheer difficulty of making accurate measurements of
species that are, by their very nature, short lived in biological
systems. After reviewing the literature on generation of such
species by mitochondrial ubisemiquinone (and/or mitochondrial
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complexes I and III), xanthine oxidase, neutrophils and other
phagocytes, and various ill-defined sources, I think there are
some valuable conclusions we may draw. First, it seems clear that
there can be multiple sources of O•−

2 , H2O2, and other reactive
oxygen/nitrogen species in exercise. Second, there is clearly
a major difference between endurance exercise and sprint or
strength training. Third, both the intensity and the duration of an
exercise session affect the generation of reactive oxygen/nitrogen
species. Fourth, generation of reactive oxygen/nitrogen species
at low levels during non-exhaustive exercise (e.g., daily training
sessions) appears to be involved in mitochondrial biogenesis
whereas very high levels of reactive oxygen/nitrogen species
generation during exhaustive exercise appear to contribute to
tissue injury.

SHOCK AND STRESS PROTEINS IN

EXERCISE ADAPTATION

Very heavy or exhaustive exercise induces heat-shock (in humans
involving muscle temperatures that can reach 45◦C, and human
core body temperatures as high as 44◦C), oxidative stress (as
evidenced by increased levels of O•−

2 and H2O2), and tissue
damage, whereas daily exercise training at much lower intensity
and duration promotes mitochondrial biogenesis (100–200%
increases muscle mitochondrial mass). Following such intense
and exhaustive exercise in rats, the levels of more than 15
heat shock or oxidative stress proteins, including HSP70, were
elevated in skeletal muscle, heart, and liver tissues (Salo et al.,
1991). Different patterns of protein transcriptional responses
(incorporation of [3H]leucine into newly-synthesized proteins)
were observed in soleus, plantaris, and EDL muscles, probably
reflecting differential involvement in the exercise session and/or
differential responses to heat shock and oxidative stress. Heart,
liver, and skeletal muscles also exhibited diverse patterns of
responses to heat shock in vitro, nevertheless increased levels of
some five proteins, in particular HSP70 and an unidentified 106
kDa protein, were common findings.

Focusing more on HSP70, we found that mRNA levels (as
measured by Northern blot with a [32P]-labeled HSP70 cDNA
probe), were significantly elevated in both skeletal muscle and
cardiacmuscle following exercise, and following either both heat-
shock or oxidative stress of ex vivo tissues exposed to oxidative
stress or heat-shock in vitro (Salo et al., 1991). In exhaustive
exercise studies the levels of HSP70 mRNA in skeletal muscles
crested some 30–60min after the end of the exercise session, and
gradually decreased thereafter such that control levels were re-
established in another 5 h. HSP70 transcription and translation
may thus be seen as an appropriate physiological response
to both the elevated temperatures and increased oxidation
typical of heavy exercise. Extreme hyperthermia in very heavy
and exhaustive exercise might actually be the proximal source
for increased oxidation, because we also discovered, in this
same study, a temperature-dependent uncoupling of muscle
mitochondria (studied in vitro), with concomitant increases in
O•−

2 production: the higher the temperature applied, the more
O•−

2 generation was increased (Salo et al., 1991). Both HSP70

and HSP90 play major roles in the transport of nuclear encoded
polypeptides into mitochondria, since the bulk of essential
mitochondrial proteins are actually encoded in the cell nucleus
and transcribed on cytoplasmic ribosomes. Thus, HSP70 and
HSP90may be vital links in themolecularmechanism of exercise-
induced mitochondrial biogenesis (Salo et al., 1991). As noted
above, however, there are major differences between a program
of daily exercise endurance training at sub-maximal intensity and
duration, and a single bout of maximal and exhaustive exercise.
Thus, although it is much easier to measure the greatly increased
production/generation of heat-shock or oxidative-stress proteins
and free radicals or related oxidants following intense exercise to
exhaustion, I propose that the much smaller elevations in these
same species that occur in sub-maximal exercise, as a person
trains to increase endurance, are important factors in signaling
for mitochondrial biogenesis.

Importantly, rats that have actually completed a successful
endurance exercise training program no longer exhibit increases
in any shock or stress proteins (including no change in HSP70) at
exercise levels or durations that produce significant shock/stress
protein expression in untrained rats (Salo et al., 1991). This result
can now be seen as an early demonstration of a key aspect of
adaptive homeostasis: that the normal physiological range can
be temporarily expanded in response to signaling molecules or
events, but will return to its basal range if signaling is stopped for
a sufficient period. In this case, exercise training is the “event”
which (mediated by signaling molecules such as of O•−

2 and
H2O2) temporarily expands the physiological range for exercise
tolerance such that (after weeks of training) the daily exercise
workout level is no longer a stress; of course, as predicted by
the adaptive homeostasis theory (Davies, 2016), this will only be
true for as long as exercise training is kept up, so that a return to
sedentary lifestyle will cause the expanded physiological range to
gradually contract back to pre-training dimensions.

Working with close collaborators at the University of
Rennes in France, we have described how exhaustive exercise
increases transcription/translation of the calcineurin inhibitor
RCAN1–4 (Regulator of Calcineurin 1–4) in rat skeletal
muscles (Emrani et al., 2015). We had previously shown that
RCAN1-4 (originally called Adapt78, DSCR1, or calcipressin)
is part of a repertoire of immediate oxidative stress proteins
that actually helps to improve adaptation to oxidants by
inhibiting calcineurin, which dephosphorylates and inactivates
many other proteins required for adaptation (Crawford et al.,
1997; Ermak et al., 2002; Harris et al., 2005; Davies et al.,
2007).

The levels of RCAN1-4 were elevated in both EDL
and gastrocnemius muscles of rats, but not in their soleus
muscles, following exercise to exhaustion (Emrani et al., 2015).
Importantly, as something of an internal control, calcineurin
enzymatic activity declined in EDL and gastrocnemius as levels
of its inhibitor RCAN1 rose, but was unchanged in soleus
muscles where RCAN1 also did not increase. Unexpectedly,
the expression of calcineurin protein actually decreased in
EDL, gastrocnemius, and soleus for (thus far) unexplained
reasons. Another indicator of oxidative stress, protein
oxidation, was also elevated in EDL and gastrocnemius
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muscles, but not in soleus muscles. It was concluded that
oxidative “signals” generated during exercise, doubtless
reactive oxygen/nitrogen species, increased the expression
of RCAN1-4 protein in EDL and gastrocnemius muscles.
We, therefore, proposed that up-regulation of RCAN1-4
transcription/translation and thus, induction of the signal
transduction pathways that it regulates, is a significant element
involved in physiological adaptative homeostasis stimulated
by reactive oxygen/nitrogen species generated during exercise
(Emrani et al., 2015).

Exercise also modifies the level/activity of the of
mitochondrial outer-membrane-associated DNA damage
repair enzyme 8-oxoguanine DNA glycosylase (OGG1) in
skeletal muscle (Radak et al., 2009). Following 8 weeks of a
swimming endurance training program, mitochondrial levels
of carbonylated proteins were decreased (compared with
control animals) and nuclear OGG1 activity was increased.
These effects were reversed during de-training. Interestingly,
OGG1 levels in muscle were increased following exercise
endurance training, and this increase was reversed to control
levels by de-training. It seems possible that endurance training
may actually increase the transport of OGG1 across the
mitochondrial membranes and into the matrix, thus potentially
increasing the capacity for OGG1-mediated repair of oxidized
DNA. In contrast, the decline in muscle OGG1 levels seen
with physical inactivity could actually diminish the effective
transport of OGG1 into mitochondria and decrease DNA
repair (Radak et al., 2009). Finally, the mitochondrial Lon
protease which protects the mitochondrial matrix against
accumulation of oxidatively damaged proteins by selectively
degrading them (Bota and Davies, 2002; Bota et al., 2002;
Pomatto et al., 2016) is significantly induced by exercise (Koltai
et al., 2012).

SIGNAL TRANSDUCTION PATHWAYS

REGULATING CARDIOVASCULAR

ADAPTATIVE HOMEOSTASIS IN EXERCISE

From the work of many laboratories it has become abundantly
clear that many forms of transient adaptation are mediated
by discrete signal transduction pathways. Thus, for example,
the shock, stress, or adaptive proteins discussed in the section
above do not just increase (or decrease) expression on their
own. Instead, dedicated signal transduction pathways exist
within all cells to initiate, regulate, and terminate adaptive gene
expression responses. Such adaptive homeostasis related signal
transduction pathways involve sensor proteins in the cytoplasm
which undergo a series of complex protein–protein interactions,
transport proteins for nuclear translocation, and binding to
specific regulator regions of target proteins to initiate increased
transcription. Similarly, inhibitory sensor proteins can regulate
the systematic down-regulation of gene expression once the
need for an adaptive response has passed. Several such signal
transduction pathways that operate during exercise adaptation
are discussed in the sub-sections below.

The NFκB Signal Transduction Pathway in

Exercise Adaptation
The nuclear factor kappa-light-chain-enhancer of activated B
cells, or NFκB, signal transduction pathway contributes to
adaptation and protection from oxidative stress. Under non-
stressful conditions, the NFκB transcription factor resides in the
cytosol, where it is bound to its specific inhibitor protein, IκB
(Baeuerle and Baltimore, 1988a). Following exposure to H2O2

(or some other reactive oxygen species), NFκB is translocated
to the cell nucleus, where it can bind to the upstream promoter
regions of multiple target genes through its DNA binding
subunits, p50 and p65. Binding of p50 and p65 to target gene
promoters then elicits transcriptional activation of those target
genes (Baeuerle and Baltimore, 1988b; Meyer et al., 1994).
The gene encoding the mitochondrial (manganese containing)
form of superoxide dismutase, or Mn-SOD, contains one such
upstream promoter region, and its expression is upregulated by
NFκB. Binding of NFκB to the Mn-SOD gene promoter region
was originally reported by Wan et al. (1994), but the finding by
Hollander et al. that an exhaustive exercise session significantly
increased expression of Mn-SOD did not come for several years
(Hollander et al., 2001). These results, subsequently confirmed
by Ji et al. (2004), provided an example that exercise can
induce adaptation and increased protection through superoxide
dismutase.

Gomez-Cabrera et al. (2005) examined the effect of xanthine
oxidase, via the inhibitory activity of allopurinol on NFκB
activation in rats, following intensive exercise to exhaustion.
The investigators found that that if, the rats received a dose of
allopurionol prior to exercise, they exhibited far less oxidation
of glutathione (GSH oxidized to GSSG) than did rats that
were exercised with no allopurionol pre-treatment. The results
were interpreted to mean that normally during intense exercise
to exhaustion glutathione is oxidized by H2O2 generated by
xanthine oxidase but that this can be prevented by inhibiting
xanthine oxidase with allopurinol. Importantly, the allopurionol-
treated rats also exhibited significantly less adaptation through
the NFκB pathway. For example, the activity of Mn-SOD, among
that of other inducible enzymes, increased significantly in the
control animals after exhaustive exercise but was induced to
a far lesser extent in rats that had received the allopurinol
pre-treatment. These results provided additional evidence that
NFκB plays a significant role in adaptation to oxidative stress
via triggering by H2O2. Indeed, it has been found that NFκB
can remain bound to target genes for many hours, or even
for days, after exercise (Hollander et al., 2001) presumably
causing continued elevated transcription of multiple adaptive
enzymes (Gomez-Cabrera et al., 2005), thereby and playing a
very important role in adapting to exercise-induced oxidative
damage. Because of these observations, Gomez-Cabrera et al.
(2005) also suggested that if reactive oxygen species play such
major roles in initiating adaptive responses (for example via
NFκB) then the practice of supplementing the diets of athletes
with antioxidants should probably be reconsidered, or even
discarded.
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Mitochondrial Biogenesis Signal

Transduction Pathways—Mitochondrial

Transcription Factor a (TFAM) and

Peroxisome Proliferator-Activated

Receptor-Gamma Coactivator 1-Alpha

(PGC-1α)—In Exercise Adaptation
Mitochondrial transcription factor A (TFAM) peroxisome
proliferator-activated receptor-gamma coactivator 1-alpha
(PGC-1α) are major regulators of the mitochondrial genome
(Gleyzer et al., 2005; Kaasik, 2009). In contrast nuclear
respiratory factors1 and 2 (abbreviated NRF-1 and NRF-2
respectively), can control expression of many nuclear genes
that actually encode mitochondrial proteins. TFAM, NRF-1,
and NRF-2 are, in turn, controlled by peroxisome proliferator-
activated receptor-gamma coactivator 1-alpha (PGC-1α)
(Olesen et al., 2010). PGC-1α induces mitochondrial biogenesis,
following activation (phosphorylation) by the mitogen-activated
protein kinase (p38 MAPK) or AMP-activated protein kinase
(AMPK) (Holloszy, 2008; Viña et al., 2009; Olsen, 2010).
Additionally it has been shown that Sirtuin1 (SIRT1), also known
as NAD-dependent deacetylase sirtuin-1, catalyzes PGC-1α
deacetylation, which also activates the coactivator (Wareski et al.,
2000; Nemoto et al., 2005).

Researchers have found that PGC-1α is readily induced by
both acute and regular exercise and plays a significant role in
muscle mitochondrial biogenesis (Terada et al., 2002; Pilegaard
et al., 2003; Ikeda et al., 2006; Hart et al., 2014; Marton et al.,
2015). Inmost of these studies, SIRT1, AMPK, NRF-1, and TFAM
also accompanies (or preceded) mitochondrial biogenesis (Koltai
et al., 2017). Of particular significance is the finding that aging is
associated with a significant decline in mitochondrial biogenesis,
but that exercise training can partially reverse this trend (Koltai
et al., 2012). Importantly, PGC-1α levels decline with age but
are at least partially restored with exercise training (Koltai et al.,
2012). Also at least partially restored to “youthful” levels by
exercise training in this study were SIRT1, AMPK, NRF-1, and
TFAM, as well as actual markers of increased mitochondrial
biogenesis.

The Nuclear Factor Erythroid-Derived

2-Related Factor 2 (Nrf2) Signal

Transduction Pathway in Exercise

Adaptation
The Keap1-Nrf2 signal transduction pathway is vitally important
in regulating cellular and organismal adaptation to reactive
oxygen and nitrogen species. This relationship is a widely
observed biological phenomenon that has been verified (with
Nrf2 orthologs) in numerous eukaryotic systems, including
yeast, various mammalian/human cells, Caenorhabditis elegans
nematode worms, Drosophila melanogaster flies, mice, rats, and
human beings (Pickering et al., 2012; Zhang et al., 2015; Davies
et al., 2017; Pomatto and Davies, 2017; Pomatto et al., 2017c,
2018a,b; Raynes et al., 2017). In mammals, Nrf2 is found in the
cytoplasm where it forms part of a complex with Keap1 and
several other proteins. The Cullin3 (Cul3) component of the

Keap1-Nrf2 complex is actually an E3-ubiquitin ligase enzyme
that rapidly polyubiquitinylates Nrf2 thus causing its degradation
by the 26S proteasome. Since Nrf2 is synthesized at high levels,
this process ensures that cytoplasmic Nrf2 undergoes constant
and rapid turnover.

Upon exposure to oxidants or electrophiles, Nrf2 detaches
from the Keap1 (Kelch-like ECH-associated protein 1
complex, avoids polyubiquitinylation, and instead undergoes
phosphorylation by the serine/threonine kinase Akt (the RAC-
alpha serine/threonine-protein kinase encoded by the AKT gene,
also known as protein kinase B, or PKB) and protein kinase C
gamma (PKC γ). Phosphorylated Nrf2 is then transported into
the cell nucleus where it can bind to the upstream electrophile
response elements or EPRE’s (also called antioxidant response
elements, or ARE’s) of hundreds of target genes involved in
cellular protection and adaptive homeostasis. Binding of Nrf2
to a target gene’s EPRE/ARE causes increased transcription and
translation, and elevated levels of the protective/adaptive protein
encoded by that gene. Activation of the Nrf2 signal transduction
pathway is a key, required, element for many forms of effective
adaptive homeostasis, and inhibiting or blocking activation also
forstalls adaptation. Nuclear factor erythroid-derived 2-related
factor 1 (sometimes written as Nrf1, but which has an official
symbol of NFE2L1) often binds to EPRE/ARE sites where it
only poorly induces transcription and is, thus often seen as an
inhibitor of Nrf2 responses (although NFE2L1 has its own target
genes as well). In addition, both the transcription regulator
protein Bach1 and the oncogene cMyc (Myelocytomatosis
oncogene cellular homolog) appear to act as true physiological
inhibitors of Nrf2 signaling (by different mechanisms) and both
increase with age (Zhang et al., 2015; Zhou et al., 2018); this
finding may go some way to explaining the loss of Nrf2 signaling
responsiveness with aging.

If any tissue might be expected to undergo adaptive
homeostasis in response to exercise training it would be skeletal
muscle, and careful studies indicate that this is actually the case
(Davies et al., 1981, 1982a,b, 1984). A strong link between Nrf2
signaling and mitochondrial biogenesis in exercise was reported
byMerry and Ristow (2016). These authors reported that reactive
oxygen and nitrogen species activate Nrf2 signaling in exercise,
and work through induction of NRF-1 and TFAM to induce
mitochondrial biogenesis and production of antioxidant enzymes
in skeletal muscles. The authors further reported that mice with
impaired Nrf2 signaling were unable to increase mitochondrial
mass, endurance capacity, or whole body energy expenditure to
the same extent as wild-type mice, following a 5 week program
of treadmill endurance training. The duration and intensity of
exercise also clearly affects Nrf2 signaling responses, with longer
and more intense bouts of exercise being more effective (Li et al.,
2015).

Even though the myocardium is constantly at work
throughout life, Muthusamy et al. (2012) found that a session
of acute endurance exercise resulted in Nrf2 signaling, with
resultant enhancement of several antioxidant protective systems
and defense pathways in the heart muscle of wild-type mice.
Importantly, this protective example of adaptive homeostasis
was not seen in Nrf2 double mutant mice. In a study published in
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FIGURE 1 | Adaptive homeostasis in exercise training. Reactive oxygen and nitrogen species such as O•−

2 , H2O2, and NO• activate cytoplasmic signaling proteins

such as Nrf2, NFκB, TFAM, and PGC1α to translocate to the cell nucleus where they bind to upstream promoter regions of hundreds of target genes to initiate

transcription and (ultimately) translation. The protein products of these target genes include mitochondrial proteins encoded in the nucleus, leading to mitochondria

biogenesis, and numerous other adaptive and protective proteins. These changes in gene expression and increased mitochondrial biogenesis (in addition to other

metabolic alterations) lead to increased exercise endurance capacity. The training effect is a transient process of expanding the range of adaptive homeostasis and it

only lasts as long as the training stimulus is maintained. If training is discontinued then detraining results in adaptive homeostasis returning the range of endurance

capacity to pre-training levels.

the same year, Gounder et al. (2012) reported that Nrf2 signaling
is normally impaired in the hearts of aged mice (and humans).
They found that aged mice (>23 months) exhibited multiple
signs of significant cardiac oxidative stress following a single
bout of high-intensity endurance-type exercise, in comparison
with young mice (∼2 months). Furthermore, the aged mice
failed to elicit a significant Nrf2 response to the endurance test.
In a study of human males, Done et al. (2016) found that a single
bout of cycling exercise elicited substantial Nrf2-dependent gene
expression in peripheral blood mononuclear cells collected from
young (23 ± 1 years) men, whereas the Nrf2 responses of aged
(63 ± 1 years) men were significantly blunted. Providing more
hope for the future, however, Gounder et al. (2012) found that a 6
week program of daily exercise training at more moderate levels
was successful in eliciting an Nrf2-dependent adaptive response.
This result raises the hope that older individuals may still be able
to reap the benefits of Nrf2-dependent adaptive homeostasis, as
long as the exercise stimulus is not too intense or exhaustive.

Another tissue/organ that might not have been expected to
exhibit exercise adaptations is the brain. Nevertheless, Tsou
et al. (2015) reported that 4 weeks of treadmill exercise training

effectively diminished several of the negative neuronal effects
of 1-methyl-4-phenylpyridine (MPP+) in a rodent model of
Parkinson disease. The authors implicated Nrf2 signaling in their
positive results, and further found that Nrf2 knock-down, using a
lentivirus-carried shNrf2 delivery system, blocked the protective
effects of exercise training. These results, and those above,
indicate that Nrf2 has a widespread systemic role in exercise
adaptation, including mitochondrial biogenesis. More in-depth
reviews of the role(s) of Nrf2 in exercise adaptive homeostasis
have recently been published (Done and Traustadóttir, 2016;
Madhusudhanan and Rajasekaran, 2016).

CONCLUSIONS

The studies discussed above show that endurance exercise
training involves significant adaptive homeostasis of the
cardiovascular system, including extensive biogenesis of
mitochondria. In fact, muscle mitochondrial oxidative
capacity can now be seen as a major determinant of endurance
exercise capability, and types of training that do not increase
mitochondrial biogenesis (e.g., sprint training) also do not
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increase endurance capacity. Furthermore, impairment of
mitochondrial functionality and capacity (e.g., by iron deficiency
or vitamin E deficiency) imposes major limitations to exercise
endurance capacity (Figure 1).

Adaptive homeostasis during exercise training is mediated
by discrete signal transduction pathways operated by signaling
proteins such as NFκB, TFAM, PGC-1α, Nrf2, and others.
Redox regulation of signal transduction pathways by reactive
oxygen species such as O•−

2 and H2O2, and reactive nitrogen
species such as NO• (the nitric oxide radical), is a key factor in
inducingmitochondrial biogenesis and increased cellular damage
protection. Importantly, effective redox signaling, mitochondrial
biogenesis, and increasing endurance capacity come as a result
of sub-maximal intensity/duration exercise bouts. In other
words, low levels of reactive oxygen/nitrogen species generated
during serious but sub-maximal exercise training sessions are
effective in recruiting signal transduction pathways to induce
mitochondrial biogenesis. In contrast, exercise sessions involving
maximal intensity or maximal endurance (e.g., exercise to
exhaustion) generate much higher levels of reactive oxygen
and nitrogen species that cause cellular damage and actually
diminish effective adaptation. Thus, damage is not a necessary,
or desirable, component of exercise adaptive homeostasis in the
cardiovascular system.

Finally, the ability of the cardiovascular system to adapt to
exercise training diminishes with age. Obviously, many factors
are involved in producing the “aging phenotype,” and there are
clearly many components that contribute to age-related declines,

but one important factor appears to be progressively ineffective
redox signal transduction and mitochondrial biogenesis with
advancing age. In this regard, increasing levels of the Nrf2
inhibitors Bach1 and cMyc, that are observed with advancing
age, may contribute to an age-dependent compromise of exercise
adaptive homeostasis in the cardiovascular system. On a more
positive note, with which to end, Kwak (2013) found that
although aging is typically associated with a gradual decline in
cardiac function, “. . . ..exercise training not only improves cardiac
function but also decreases the risk of heart disease.” Specifically,
Kwak found that chronic exercise training effectively diminished
the age-associated mitochondrial-mediated apoptosis in the
aging heart (reviewed in Kwak, 2013), giving hope that alternative
pathways or mechanisms may exist to mediate the beneficial
effects of exercise in older individuals.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
approved it for publication.

FUNDING

The author was funded by grant # ES003598 from the
National Institute of Environmental Health Sciences of the US
National Institutes of Health, and by grant # AG052374 from
the National Institute on Aging of the US National Institutes of
Health.

REFERENCES

Baeuerle, P. A., and Baltimore, D. (1988a). Activation of DNA-binding activity in

an apparently cytoplasmic precursor of the NF-kappa B transcription factor.

Cell 53, 211–217. doi: 10.1016/0092-8674(88)90382-0

Baeuerle, P. A., and Baltimore, D. (1988b). I kappa B: a specific inhibitor of the

NF-kappa B transcription factor. Science 242, 540–546.

Bota, D. A., van Remmen, H., and Davies, K. J. A. (2002). Modulation of Lon

protease activity and aconitase turnover with aging and oxidative stress. FEBS

Lett. 532, 103–106 doi: 10.1016/S0014-5793(02)03638-4

Bota, D., and Davies, K. J. A. (2002). Lon protease preferentially degrades oxidized

mitochondrial aconitase by an ATP-stimulated mechanism. Nat. Cell Biol. 4,

674–680. doi: 10.1038/ncb836

Brooks, G. A., Hittelman, K. J., Faulkner, J. A., and Beyer, R. E. (1971a).

Temperature, skeletal muscle mitochondrial functions, and oxygen debt. Am.

J. Physiol. 220, 1053–1059.

Brooks, G. A., Hittelman, K. J., Faulkner, J. A., and Beyer, R. E. (1971b). Tissue

temperatures and whole-animal oxygen consumption after exercise. Am. J.

Physiol. 221, 427–431.

Cadenas, E., and Davies, K. J. A. (2000). Mitochondrial free radical

production, oxidative stress, and aging. Free Radic. Biol. Med. 29,

222–2230.

Crawford, D. R., Leahy, K. P., Abramova, N., Lan, L., Wang, Y., and Davies, K.

J. A. (1997). Hamster adapt78, mRNA is a down syndrome critical region

homologue that is inducible by oxidative stress. Arch. Biochem. Biophys. 342,

6–12.

Davies, K. J. A. (2016). Adaptive homeostasis. Mol. Aspects Med. 49, 1–7.

doi: 10.1016/j.mam.2016.04.007

Davies, J. M. S., Cillard, J., Friguet, B., Cadenas, E., Cadet, J., Cayce, R., et al. (2017).

The oxygen paradox, the French Paradox, and age-related diseases.GeroScience

39, 499–550. doi: 10.1007/s11357-017-0002-y

Davies, K. J. A., Donovan, C. M., Refino, C. J., Brooks, G. A., Packer, L., and

Dallman, P. R. (1984). Distinguishing the effects of anemia and muscle iron

deficiency on exercise bioenergetics in the rat. Am. J. Physiol.: Endocrinol.

Metab. 246, E535–E543. doi: 10.1152/ajpendo.1984.246.6.E535

Davies, K. J. A., Ermak, G., Rothermel, B. A., Pritchard, M., Heitman, J.,

Ahnn, J., et al. (2007). Renaming the DSCR1/Adapt78 gene family as

RCAN: regulators of calcineurin. FASEB J. 21, 3023–3028. doi: 10.1096/fj.06-

7246com

Davies, K. J. A., and Hochstein, P. (1982). Ubisemiquinone radicals in liver:

implications for a mitochondrial Q cycle in vivo. Biochem. Biophys. Res.

Commun. 107, 1292-1299.

Davies, K. J. A., Maguire, J. J., Brooks, G. A., Dallman, P. R., and Packer, L. (1982a).

Muscle mitochondrial bioenergetics, oxygen supply, and work capacity during

dietary iron deficiency and repletion. Am. J. Physiol. Endocrinol. Metab. 242,

E418-E427.

Davies, K. J. A., Packer, L., and Brooks, G. A. (1981). Biochemical adaptation of

mitochondria, muscle, and whole animal respiration to endurance training.

Arch. Biochem. Biophys. 209, 539–554.

Davies, K. J. A., Packer, L., and Brooks, G. A. (1982b). Exercise bioenergetics

following sprint training. Arch. Biochem. Biophys. 215, 260-265.

Davies, K. J. A., Quintanilha, A. T., Brooks, G. A., and Packer, L. (1982c).

Free radicals and tissue damage produced by exercise. Biochem. Biophys. Res.

Commun. 107, 1198-1205.

Dillard, C. J., Litov, R. E., Savin, W. M., Dumelin, E. E., and Tappel, A. L. (1978).

Effects of exercise, Vitamin, E., and ozone on pulmonary function and lipid

peroxidation. J. Appl. Physiol. 45, 927–932.

Done, A. J., and Traustadóttir, T. (2016). Nrf2 mediates redox adaptations to

exercise. Redox Biol. 10, 191–199. doi: 10.1016/j.redox.2016.10.003

Done, A. J., Gage, M. J., Nieto, N. C., and Traustadóttir, T. (2016). Exercise-

induced Nrf2 signaling is impaired in aging. Free Radic. Biol.Med. 96, 130–138.

doi: 10.1016/j.freeradbiomed.2016.04

Frontiers in Physiology | www.frontiersin.org May 2018 | Volume 9 | Article 36918

https://doi.org/10.1016/0092-8674(88)90382-0
https://doi.org/10.1016/S0014-5793(02)03638-4
https://doi.org/10.1038/ncb836
https://doi.org/10.1016/j.mam.2016.04.007
https://doi.org/10.1007/s11357-017-0002-y
https://doi.org/10.1152/ajpendo.1984.246.6.E535
https://doi.org/10.1096/fj.06-7246com
https://doi.org/10.1016/j.redox.2016.10.003
https://doi.org/10.1016/j.freeradbiomed.2016.04
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Davies Cardiovascular Adaptive Homeostasis in Exercise

Emrani, B. R., Rébillard, A., Lefeuvre, L., Gratas-Delamarche, A., Ermak, G.,

Davies, K. J. A., et al. (2015). The calcineurin antagonist, RCAN1-4 is induced

by exhaustive exercise in skeletal muscle. Free Radic. Biol. Med. 87, 290–299.

doi: 10.1016/j.freeradbiomed.2015.06.023

Ermak, G., Harris, C., and Davies, K. J. A. (2002). The DSCR1 (Adapt78) Isoform

1 protein, “Calcipressin 1” inhibits calcineurin and protects against acute

calcium-mediated stress damage, including transient oxidative stress. FASEB

J. 16, 814–824. doi: 10.1096/fj.01-0846com

Gleyzer, N., Vercauteren, K., and Scarpulla, R. C. (2005). Control of mitochondrial

transcription specificity factors (TFB1M and TFB2M) by nuclear respiratory

factors (NRF-1 and NRF-2) and PGC-1 family coactivators. Mol. Cell Biol. 25,

1354–1366. doi: 10.1128/MCB.25.4.1354-1366.2005

Gomez-Cabrera, M. C., Borras, C., Pallardo, F. V., Sastre, J., Ji, L. L., and Viña,

J. (2005). Decreasing xanthine oxidase-mediated oxidative stress prevents

useful cellular adaptations to exercise in rats. J. Physiol. 567, 113–120.

doi: 10.1113/jphysiol.2004.080564

Gounder, S., Kannan, S., Devadoss, D., Miller, C. J., Whitehead, K. S., Odelberg,

S. J., et al. (2012). Impaired transcriptional activity of Nrf2 in age-related

myocardial oxidative stress is reversible by moderate exercise training. PLOS

ONE 7:e45697. doi: 10.1371/journal.pone.0045697

Harris, C. D., Ermak, G., and Davies, K. J. A. (2005). Multiple roles of the DSCR1

(Adapt78 or RCAN1) gene and its protein product calcipressin 1 (or RCAN1)

in disease. Cell Mol. Life Sci. 62, 2477–2486. doi: 10.1007/s00018-005-5085-4

Hart, N., Sarga, L., Koch, L. G., Britton, S. L., Ngo, J. K., Davies, K. J. A., et al. (2014).

Resveratrol enhances exercise-induced adaptive responses in rats selectively

bred for low running performance. Dose Response 12, 57–71.

Heunks, L. M., Viña, J., van Herwaarden, C. L., Folgering, H. T., Gimeno, A.,

and Dekhuijzen, P. N. (1999). Xanthine oxidase is involved in exercise-induced

oxidative stress in chronic obstructive pulmonary disease. Am. J. Physiol. 277,

R1697–R1704. doi: 10.1152/ajpregu.1999.277.6.R1697

Hollander, J., Fiebig, R., Gore, M., Ookawara, T., Ohno, H., and Ji, L. L. (2001).

Superoxide dismutase gene expression is activated by a single bout of exercise

in rat skeletal muscle. Pflügers Arch. Eur. J. Physiol. 442, 426–434.

Holloszy, J. O. (1967). Biochemical adaptations in muscle. effects of exercise

on mitochondrial oxygen uptake and respiratory enzyme activity in skeletal

muscle. J. Biol. Chem. 242, 2278–2282.

Holloszy, J. O. (2008). Regulation by exercise of skeletal muscle content of

mitochondria and GLUT4. J. Physiol. Pharmacol. 59(Suppl. 7), 5–18.

Ikeda, S., Kawamoto, H., Kasaoka, K., Hitomi, Y., Kizaki, T., Sankai, Y., et al.

(2006). Muscle type-specific response of PGC-1alpha and oxidative enzymes

during voluntary wheel running in mouse skeletal muscle. Acta Physiol. 188,

217–223. doi: 10.1111/j.1748-1716.2006.01623.x

Ji, L. L., Gomez-Cabrera, M. C., Steinhafel, N., and Viña, J. (2004). Acute exercise

activates nuclear factor (NF)-kappaB signaling pathway in rat skeletal muscle.

FASEB J. 18, 1499–1506. doi: 10.1096/fj.04-1846com

Kaasik, A. (2009). PGC-1α and PGC-1β regulatemitochondrial density in neurons.

J. Biol. Chem. 284, 21379–21385. doi: 10.1074/jbc.M109.018911

Koltai, E., Bori, Z., Chabert, C., Dubouchaud, H., Naito, H., Machida,

S., et al. (2017). SIRT1 may play a crucial role in overload induced

hypertrophy of skeletal muscle: an hypothesis. J. Physiol. 595, 3361–3376.

doi: 10.1113/JP273774

Koltai, E., Hart, N., Bori, Z., Taylor, A. W., Goto, S., Ngo, J. K., et al. (2012).

Age-associated declines inmitochondrial biogenesis and protein quality control

factors are minimized by exercise training. Am. J. Physiol. Regul. Integr. Comp.

Physiol. 303, R127–R134. doi: 10.1152/ajpregu.00337.2011

Kwak, H.-B. (2013). Effects of aging and exercise training on apoptosis in the heart.

J. Exerc. Rehabil. 9, 212–219. doi: 10.12965/jer.130002

Li, T., He, S., Liu, S., Kong, Z., Wang, J., and Zhang, Y. (2015). Effects of different

exercise durations on Keap1-Nrf2-ARE pathway activation in mouse skeletal

muscle. Free Radic. Res. 49, 1269–1274. doi: 10.3109/10715762.2015.1066784

Lomeli, N., Bota, D., and Davies, K. J. A. (2017). The role of diminished stress

resistance, and defective adaptive homeostasis in age related diseases. Clin. Sci.

131, 2573–2599. doi: 10.1042/CS20160982

Madhusudhanan, N., and Rajasekaran, N. S. (2016). Exercise, Nrf2 and antioxidant

signaling in cardiac aging. Front. Physiol. 7:241. doi: 10.3389/fphys.2016.00241

Maguire, J. J., Davies, K. J. A., Dallman, P. R., and Packer, L. (1982). Effects of

dietary iron deficiency on iron-sulfur proteins and bioenergetic functions of

skeletal muscle mitochondria. Biochim. Biophys. Acta 679, 210-220.

Marton, O. L., Koltai, E., Takeda,M., Koch, L. G., Britton, S. L., Davies, K. J. A., et al.

(2015). Mitochondrial biogenesis-associated factors underlie the magnitude of

response to aerobic endurance training in rats. Pflügers Arch. Eur. J. Physiol.

467, 779–788. doi: 10.1007/s00424-014-1554-7

McArdle, A., van der Meulen, J. H., Catapano, M., Symons, M. C., Faulkner, J. A.,

and Jackson, M. J. (1999). Free radical activity following contraction-induced

injury to the extensor digitorum longus muscles of rats. Free Radic. Biol. Med.

26, 1085–1091.

Merry, T. L., and Ristow, M. (2016). Nuclear factor erythroid-derived 2-

like 2 (NFE2L2, Nrf2) mediates exercise-induced mitochondrial biogenesis

and the anti-oxidant response in mice. J. Physiol. 594, 5195–5207.

doi: 10.1113/JP271957

Meyer, M., Pahl, H. L., and Baeuerle, P. A. (1994). Regulation of the transcription

factors NF-kappa B and AP-1 by redox changes. Chem. Biol. Interact. 91,

91–100. doi: 10.1016/0009-2797(94)90029-9

Morozov, V. I., Tsyplenkov, P. V., GoGolberg, N. D., and Kalinski, M. I. (2006). The

effects of high-intensity exercise on skeletal muscle neutrophil myeloperoxidase

in untrained and trained rats. Eur. J. Appl. Physiol. 97, 716–722.

Muthusamy, V. R., Kannan, S., Sadhaasivam, K., Gounder, S. S., Davidson, C. J.,

Boeheme, C., et al. (2012). Acute exercise stress activates Nrf2/ARE signaling

and promotes antioxidant mechanisms in the myocardium. Free Radic. Biol.

Med. 52, 366–376. doi: 10.1016/j.freeradbiomed.2011.10.440

Nemoto, S., Fergusson, M. M., and Finkel, T. (2005). SIRT1 functionally interacts

with the metabolic regulator and transcriptional coactivator PGC-1α. J. Biol.

Chem. 280, 16456–16460. doi: 10.1074/jbc.M501485200

Olesen, J., Kiilerich, K., and Pilegaard, H. (2010). PGC-1α-mediated adaptations in

skeletal muscle. Pflügers Arch. 460, 153–162. doi: 10.1007/s00424-010-0834-0

Packer, L., Cadenas, E., and Davies, K. J. A. (2008). Free radicals

and exercise: an introduction. Free Radic. Biol. Med. 44, 123–125.

doi: 10.1016/j.freeradbiomed.2007.05.031

Pickering, A. M., Linder, R. A., Zhang, H., Forman, H. J., and Davies, K. J. A.

(2012). Nrf2-dependent induction of proteasome and Pa28αβ regulator are

required for adaptation to oxidative stress. J. Biol. Chem. 287, 10021–10031.

doi: 10.1074/jbc.M111.277145

Pilegaard, H., Saltin, B., and Neufer, P.D. (2003). Exercise induces transient

transcriptional activation of the PGC-1α gene in human skeletal muscle. J.

Physiol. 546, 851–858. doi: 10.1113/jphysiol.2002.034850

Pomatto, L. C. D., Cline, M., Woodward, N., Morgan, T., Finch, C. E., Forman,

H. J., et al. (2018b). Nano-particulate exposure impacts proteasome response

in young and middle-aged female mice. Free Radic. Biol. Med. [Epub ahead of

print].

Pomatto, L. C. D., Tower, J., and Davies, K. J. A. (2018a). Sexual dimorphism and

aging differentially regulate adaptive homeostasis in Drosophila melanogaster.

J. Gerontol. Ser. A. 73, 141–149. doi: 10.1093/gerona/glx083

Pomatto, L. C. D., Wong, S., Tower, J., and Davies, K. J. A. (2017a). Sex-specific

differences in adaptation in D. melanogaster wild-type strains. Arch. Biochem.

Biophys. 636, 57–70.

Pomatto, L. C.-D., and Davies, K. J. A. (2017). The decline of adaptive homeostasis

in ageing. J. Physiol. 595, 7275–7309. doi: 10.1113/JP275072

Pomatto, L. C.-D., Davies, K. J. A., and Tower, J. G. (2016). The mitochondrial

Lon protease is required for age-specific and sex-specific adaptation to

oxidative stress. Curr. Biol. Cell Press 27, 1–15. doi: 10.1016/j.cub.2016.

10.044

Pomatto, L. C.-D., Wong, S., Carney, C., Shen, B., Tower, J., and Davies,

K. J. A. (2017b). Age- and sex-specific function of the 20s proteasome

and the Nrf2/CncC signal transduction pathway in oxidative stress

adaptation and resistance in Drosophila melanogaster. Aging 9, 1153–1178.

doi: 10.18632/aging.101218

Pomatto, L. C. D., Wong, S., Tower, J., and Davies, K. J. A. (2017c). Sex-

specific adaptive homeostasis in D. melanogaster depends on increased

proteolysis by the 20S Proteasome: data-in-Brief. Data Brief. 17, 653–661.

doi: 10.1016/j.dib.2018.01.044

Quindry, J. C., Stone, W. L., King, J., and Broeder, C. E. (2003). The effects of acute

exercise on neutrophils and plasma oxidative stress. Med. Sci. Sports Exerc. 35,

1139–1145 doi: 10.1249/01.MSS.0000074568.82597.0B

Quintanilha, A. T., and Davies, K. J. A. (1982). Vitamin E deficiency and

photosensitization of electron transport carriers in microsomes. FEBS Lett. 139,

241-244.

Frontiers in Physiology | www.frontiersin.org May 2018 | Volume 9 | Article 36919

https://doi.org/10.1016/j.freeradbiomed.2015.06.023
https://doi.org/10.1096/fj.01-0846com
https://doi.org/10.1128/MCB.25.4.1354-1366.2005
https://doi.org/10.1113/jphysiol.2004.080564
https://doi.org/10.1371/journal.pone.0045697
https://doi.org/10.1007/s00018-005-5085-4
https://doi.org/10.1152/ajpregu.1999.277.6.R1697
https://doi.org/10.1111/j.1748-1716.2006.01623.x
https://doi.org/10.1096/fj.04-1846com
https://doi.org/10.1074/jbc.M109.018911
https://doi.org/10.1113/JP273774
https://doi.org/10.1152/ajpregu.00337.2011
https://doi.org/10.12965/jer.130002
https://doi.org/10.3109/10715762.2015.1066784
https://doi.org/10.1042/CS20160982
https://doi.org/10.3389/fphys.2016.00241
https://doi.org/10.1007/s00424-014-1554-7
https://doi.org/10.1113/JP271957
https://doi.org/10.1016/0009-2797(94)90029-9
https://doi.org/10.1016/j.freeradbiomed.2011.10.440
https://doi.org/10.1074/jbc.M501485200
https://doi.org/10.1007/s00424-010-0834-0
https://doi.org/10.1016/j.freeradbiomed.2007.05.031
https://doi.org/10.1074/jbc.M111.277145
https://doi.org/10.1113/jphysiol.2002.034850
https://doi.org/10.1093/gerona/glx083
https://doi.org/10.1113/JP275072
https://doi.org/10.1016/j.cub.2016.10.044
https://doi.org/10.18632/aging.101218
https://doi.org/10.1016/j.dib.2018.01.044
https://doi.org/10.1249/01.MSS.0000074568.82597.0B
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Davies Cardiovascular Adaptive Homeostasis in Exercise

Quintanilha, A. T., Packer, L., Davies, J. M. S., Racanelli, T. L., and Davies, K. J.

A. (1982). Membrane effects of vitamin E deficiency: bioenergetic and surface

charge density studies of skeletal muscle and liver mitochondria. Ann. N. Y.

Acad. Sci. 393, 32-47.

Radak, Z., Atalay, M., Jakus, J., Boldogh, I., Davies, K. J. A., and Goto, S.

(2009). Exercise improves import of 8-oxoguanine DNA glycosylase into

the mitochondrial matrix of skeletal muscle and enhances the relative

activity. Free Radic. Biol.Med. 46, 238–243. doi: 10.1016/j.freeradbiomed.2008.

10.022

Raynes, R., Juarez, C., Pomatto, L. C., Sieburth, D., and Davies, K. J. A.

(2017). Aging and SKN-1-dependent loss of 20S proteasome adaptation to

oxidative stress in C. elegans. J. Gerontol. A. Biol. Sci. Med. Sci. 72, 143–151.

doi: 10.1093/gerona/glw093

Sachdev, S., and Davies, K. J. A. (2008). Production, detection, and adaptive

responses to free radicals in exercise. Free Radic. Biol. Med. 44, 215–223.

doi: 10.1016/j.freeradbiomed.2007.07.019

Salo, D. C., Donovan, C. M., and Davies, K. J. A. (1991). HSP70 and other

possible heat shock or oxidative stress proteins are induced in skeletal

muscle, heart, and liver during exercise. Free Radical Biol. Med. 11, 239–246.

doi: 10.1016/0891-5849(91)90119-N

Singh, A., Failla, M. L., and Deuster, P. A. (1994). Exercise-induced changes

in immune function: effects of zinc supplementation. J. Appl. Physiol. 76,

2298–2303. doi: 10.1152/jappl.1994.76.6.2298

Terada, S., Goto, M., Kato, M., Kawanaka, K., Shimokawa, T., and Tabata, I.

(2002). Effects of low-intensity prolonged exercise on PGC-1mRNA expression

in rat epitrochlearis muscle. Biochem. Biophys. Res. Commun. 296, 350–354.

doi: 10.1016/S0006-291X(02)00881-1

Terjung, R. L., Klinkerfuss, G. H., Baldwin, K. M., Winder, W. W.,

and Holloszy, J. O. (1973). Effect of exhausting exercise on rat heart

mitochondria. Am. J. Physiol. 225, 300–305. doi: 10.1152/ajplegacy.1973.225.

2.300

Tsou, Y.-H., Shi, C.-T., Ching, C.-H., Huang, J.-Y., Jen, C.J., Kuo, Y.-M., et al.

(2015). Treadmill exercise activates Nrf2 antioxidant system to protect the

nigrostriatal dopaminergic neurons from MPP+ toxicity. Exp. Neurol. 263,

50–62. doi: 10.1016/j.expneurol.2014.09.021

Viña, J., Gimeno, A., Sastre, J., Desco, C., Aseni, M., Pallardo, F. V., et al. (2000).

Mechanisms of free radical production in exhaustive exercise in humans and

rats; role of xanthine oxidase and protection by allopurinol. IUBMB Life 49,

539–544. doi: 10.1080/15216540050167098

Viña, J., Gomez-Cabrera, M. C., Borras, C., Froio, T., Sanchis-Gomar, F., Martinez-

Bello, V. E., et al. (2009). Mitochondrial biogenesis in exercise and in ageing.

Adv. Drug Deliv. Rev. 61, 1369–1374. doi: 10.1016/j.addr.2009.06.006

Walker, C. L., Pomatto, L. C.-D., Tripathi, D., and Davies, K. J. A. (2018). Redox

regulation of homeostasis and proteostasis in peroxisomes. Physiol. Rev. 98,

89–115. doi: 10.1152/physrev.00033.2016

Wan, X. S., Devalaraja, M. N., and St Clair, D. K. (1994). Molecular structure and

organization of the human manganese superoxide dismutase gene. DNA Cell

Biol. 13, 1127–1136. doi: 10.1089/dna.1994.13.1127

Wareski, P., Vaarmann, A., Choubey, V., Safiulina, D., Liiv, J., Kuum,

M., et al. (2000). Effect of exhaustive exercise on human neutrophils

in athletes. Luminescence 15, 15–20. doi: 10.1002/(SICI)1522-7243(200001/

02)15:1<15::AID-BIO570>3.0.CO;2-O

Zhang, H., Davies, K. J. A., and Forman, H. J. (2015). Oxidative stress

response and Nrf2 signaling in aging. Free Radic. Biol. Med. 88, 314–336.

doi: 10.1016/j.freeradbiomed.2015.05.036

Zhou, L., Zhang, H., Davies, K. J. A., and Forman, H. J. (2018).

Aging-related decline in the induction of Nrf2-regulated antioxidant

genes in human bronchial epithelial cells. Redox Biol. 14, 35–40.

doi: 10.1016/j.redox.2017.08.014

Conflict of Interest Statement: The author declares that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Davies. This is an open-access article distributed under the terms

of the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) and the

copyright owner are credited and that the original publication in this journal is cited,

in accordance with accepted academic practice. No use, distribution or reproduction

is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org May 2018 | Volume 9 | Article 36920

https://doi.org/10.1016/j.freeradbiomed.2008.10.022
https://doi.org/10.1093/gerona/glw093
https://doi.org/10.1016/j.freeradbiomed.2007.07.019
https://doi.org/10.1016/0891-5849(91)90119-N
https://doi.org/10.1152/jappl.1994.76.6.2298
https://doi.org/10.1016/S0006-291X(02)00881-1
https://doi.org/10.1152/ajplegacy.1973.225.2.300
https://doi.org/10.1016/j.expneurol.2014.09.021
https://doi.org/10.1080/15216540050167098
https://doi.org/10.1016/j.addr.2009.06.006
https://doi.org/10.1152/physrev.00033.2016
https://doi.org/10.1089/dna.1994.13.1127
https://doi.org/10.1002/(SICI)1522-7243(200001/02)15:1<15::AID-BIO570>3.0.CO;2-O
https://doi.org/10.1016/j.freeradbiomed.2015.05.036
https://doi.org/10.1016/j.redox.2017.08.014
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


MINI REVIEW
published: 26 March 2018

doi: 10.3389/fphys.2018.00287

Frontiers in Physiology | www.frontiersin.org March 2018 | Volume 9 | Article 287

Edited by:

Mariarosaria Santillo,

University of Naples Federico II, Italy

Reviewed by:

Giulio Agnetti,

Johns Hopkins University,

United States

Kerstin Boengler,

Justus Liebig Universität Gießen,

Germany

*Correspondence:

Pasquale Pagliaro

pasquale.pagliaro@unito.it

Claudia Penna

claudia.penna@unito.it

Specialty section:

This article was submitted to

Oxidant Physiology,

a section of the journal

Frontiers in Physiology

Received: 24 January 2018

Accepted: 12 March 2018

Published: 26 March 2018

Citation:

Pagliaro P, Femminò S, Popara J and

Penna C (2018) Mitochondria in

Cardiac Postconditioning.

Front. Physiol. 9:287.

doi: 10.3389/fphys.2018.00287

Mitochondria in Cardiac
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Department of Clinical and Biological Sciences, University of Turin, Turin, Italy

Mitochondria play a pivotal role in cardioprotection. Here we report some fundamental

studies which considered the role of mitochondrial components (connexin 43,

mitochondrial KATP channels and mitochondrial permeability transition pore) in

postconditioning cardioprotection. We briefly discuss the role of mitochondria, reactive

oxygen species and gaseous molecules in postconditioning. Also the effects of

anesthetics—used as cardioprotective substances—is briefly considered in the context

of postconditioning. The role of mitochondrial postconditioning signaling in determining

the limitation of cell death is underpinned. Issues in clinical translation are briefly

considered. The aim of the present mini-review is to discuss in a historical perspective

the role of main mitochondria mechanisms in cardiac postconditioning.

Keywords: cardioprotection, ischemia/reperfusion, reactive oxygen species, redox signaling, mitochondria,

connexin 43

INTRODUCTION

Mitochondria are fundamental as sources of energy, but also to sustain life being elements
involved in cell survival and death. Mitochondrial dysfunction is a critical element of many
diseases including ischemia/reperfusion (I/R) and subsequent development of ventricular systolic
dysfunction and possible compensatory heart hypertrophy. This article outlines the role of
mitochondria as targets for reducing I/R damage in myocardial postconditioning.

Cardiac postconditioning has been defined by the seminal work of Vinten-Johansen’s
group as “repetitive ischemia applied during early reperfusion” (Zhao et al., 2003). The
name postconditioning was proposed in comparison with the previously discovered ischemic
preconditioning. It soon became clear that intramyocardial mechanisms are responsible for both
pre and postconditioning cardioprotection and that mitochondria may play a pivotal role (Pagliaro
et al., 2004; Tsang et al., 2004; Hausenloy and Yellon, 2016).

Postconditioning attracted the interest of researchers as it allows an easier approach in humans.
Indeed, it has been tested several times, both with a mechanical (brief ischemia) or pharmacological
approach to target mitochondria in animals and humans. Also, inhibition of mitochondrial
permeability transition to limit the so-called “post-cardiac arrest syndrome,” observed in patients
resuscitated from cardiac arrest, has been tested in a pre-clinical study (Cour et al., 2011). The
results with both approaches are contradictory and have been reviewed elsewhere (Gomez et al.,
2009; Penna et al., 2013a; Dongworth et al., 2014). The main purpose of the present article
is a diachronic approach to studies that considered mitochondria mechanisms involvement in
postconditioning.

MITOCHONDRIA AND HEART POSTCONDITIONING

Searching on Pubmed for “Mitochondria∗[title] and heart and postconditioning” with a publication
date limit from 2003/01/01 to 2017/12/31 we found 82 articles.
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In this series of article, the first report which hypothesized
and confirmed an important role for mitochondria in
postconditioning was the article by Argaud et al. (2005). These
authors confirmed a role for the mitochondrial permeability
transition pore (mPTP) in lethal reperfusion injury and
suggested that this pore is modulated by postconditioning.
The study was conducted in anesthetized open-chest rabbits.
Mitochondria were isolated from the risk area of myocardium,
and calcium-induced mPTP opening was determined using a
potentiometric method. Postconditioning inhibited the opening
of the mPTP and provided a robust anti-ischemic protection.
Later, the same group demonstrated that mitochondrial calcium
decreased in pre-conditioning, but increased significantly either
in postconditioning or after inhibition of mPTP (Argaud et al.,
2008). These data have suggested that Ca2+ retention within
mitochondria may clarify the limitation of reperfusion damage
in postconditioned hearts (but not in preconditioned). The
involvement of mitochondria in postconditioning protection has
been confirmed in several studies, for Reviews see ((Boengler
et al., 2011a, 2013; Di Lisa et al., 2011)).

The mPTP, whose nature is still controversial (Figure 1), plays
a pivotal role in the shift from life to death (Bernardi et al.,
2015; Kwong and Molkentin, 2015). Already in 2006 Ovize’s
group reviewed the evidence for an important role of the mPTP
in postconditioning (Gateau-Roesch et al., 2006). It was soon
evident that mPTP priming occurs during ischemia and early
reperfusion, and that mPTP opens at the time of full reperfusion,
leading to cell death, whereas pre- and postconditioning prevent
the pore formation. Also, modulation of electron transport has
emerged as a mechanism responsible for cardiac mitochondria
protection, which decreases myocardial injury during ischemia
and early reperfusion (Chen et al., 2006). In 2007 Gomez et al.
confirmed that inhibition of mPTP at reperfusion not only
limits infarct size but also improves functional recovery and
mice survival (Gomez et al., 2007). Then, in a dog model of
myocardial I/R,Mykytenko et al. demonstrated that the beneficial
effects of postconditioning and effects on mitochondrial function
persisted 24 h after the ischemic event (Mykytenko et al.,
2008). In particular, postconditioning reduced infarct size and
decreased CK activity after prolonged reperfusion and the
protection was attributable to the opening of mitochondrial
KATP channels (mKATP) and inhibition of mPTP opening.
Nevertheless, mPTP physiology is complex and its transient
opening during preconditioning is protective (Dongworth et al.,
2014; Hausenloy and Yellon, 2016).

It is likely that the signal transducer and activator of
transcription 3 (STAT3) contributes to cardioprotection by
stimulation of respiration and inhibition of mPTP opening
(Boengler et al., 2010; Heusch et al., 2011). We confirmed
the role of STAT3 in ischemic postconditioning but as a
component upstream to mitochondrial ROS (Reactive Oxygen
Species) signaling (Penna et al., 2013b). In cardiac cells, two
main types of mitochondria are present: interfibrillar (IFM)
and subsarcolemmal (SSM) with different biochemical and
morphological properties (e.g., lower oxidation potential and
lower enzyme activities of complex I, succinate dehydrogenase,
in SSM than IFM) (Palmer et al., 1977). In cardiac cells, STAT3

was principally present in the matrix of SSM and IFM. STAT1
was also found in mitochondria under physiological conditions,
but this does not occur for STAT5 (Boengler et al., 2010; Heusch
et al., 2011).

Mitochondrial connexin 43 and postconditioning protection
were studied several times (Penna et al., 2009; He et al., 2010;
Boengler et al., 2011a; Di Lisa et al., 2011). The mitochondrial
location of connexin 43 being central for cardioprotection has
been proposed by Schulz and co-workers (Boengler et al.,
2011a). It is clear that mitochondrial connexin 43 has a
role in postconditioning-induced ROS-signaling, but its precise
function is not clear. Recently, Tu et al. (2017) have described a
role for mitochondrial connexin 43 in hypoxic postconditioning.
However, postconditioning (unlike preconditioning) effectively
reduces infarct size in heterozygous connexin 43-deficient
(Cx43+/−) mice in vivo (Heusch et al., 2006), questioning
the role of connexin 43 in this cardioprotective intervention.
Nevertheless, a difference exists between IFM and SSM in
terms of connexin 43 presence and function. The role of these
subpopulations of mitochondria deserves more studies.

The mitochondrial ATP-sensitive K+ channels (mKATP) have
a putative important role in postconditioning cardioprotection
(Garlid and Halestrap, 2012; Jin et al., 2012). It has also been
suggested that themitochondrial calcium uniporter is involved in
the mechanisms of ischemic postconditioning (Yu et al., 2011).

MITOCHONDRIA AND ROS

Serviddio et al. suggested that mitochondria play a pivotal role
in H2O2 production and redox stress during reperfusion and
are important for the cardioprotective effect of postconditioning
(Serviddio et al., 2005). These authors used isolated perfused rat
hearts in which they compared an early normoxic reperfusion
with a hypoxic reperfusion. They found out that mitochondria
carbonyl proteins are somewhat lower in hypoxic than in the
normoxic group at the end of reperfusion and concluded that
hypoxic reperfusion at its onset limits myocardial injury and
the amount of mitochondrial H2O2 production. Although this
was not a real postconditioning, as defined by Vinten-Johansen’s
group (Zhao et al., 2003), it was the first study to hypothesize
some changes in redox aspects within mitochondria in early
reperfusion after a protective intervention.

We were the first to show that in order to induce
cardioprotection by postconditioning in isolated perfused rat
hearts, a signaling through a mKATP activation and redox-
sensitive mechanism is required (Penna et al., 2006). It is likely
that postconditioning procedures reduce the production of ROS
in early reperfusion, but if ROS are completely removed in the
initial minutes of reperfusion the heart cannot be protected by
the “repetitive ischemia applied during early reperfusion.” Our
observation was confirmed several times by different laboratories.
The same year Bopassa et al. confirmed the involvement of
mPTP and suggested that phosphatidylinositol 3-kinase (PI3K)
regulates mPTP in isolated perfused rat hearts subjected to
a postconditioning protocol (Bopassa et al., 2006). We then
demonstrated that targeting of specific cellular sites such as
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FIGURE 1 | The most accepted model considers ATP synthase subunits as central elements of the mitochondrial permeability transition pore (mPTP). Indeed, the

F1FO ATP synthase has been suggested by Bernardi et al. (2015) to be a pore component for the inner mitochondrial membrane (IMM) forming a unit of the mPTP. It

has been suggested that adenine nucleotide translocase (ANT) and cyclophilin-D (CypD), together with mitochondrial phosphate carrier (PiC) form a complex that acts

as pore regulator. The pro-apoptotic proteins Bax/Bak located in the outer mitochondrial membrane (OMM) favor swelling and subsequently, mitochondria rupture

once the IMM complex opens (Kwong and Molkentin, 2015).

bradykinin B2 receptors and mKATP channels during early
reperfusion elicits postconditioning-like protection through ROS
signaling and ROS compartmentalization (Penna et al., 2007).
Very recently Boengler et al. (2017) have shown that p66shc is
present in both SSM and in IFM. However, it seems that ROS
formation by p66shc is not involved in determining myocardial
injury.

MITOCHONDRIA AND GASEOUS

CARDIOPROTECTIVE SUBSTANCES

Hydrogen sulfide (H2S), carbon monoxide (CO) and Nitric
Oxide (NO) are recognized as three gaseous mediators
for cardioprotection. All these molecules have potential
cardioprotective effects in the heart. In particular, the beneficial
actions were demonstrated against myocardial I/R injury,
including infarction, arrhythmia, hypertrophy, fibrosis, and
heart failure. These protective effects were mediated by complex
pathway and the effects included: anti-oxidative action, anti-
inflammatory responses, reduction of apoptosis, angiogenic
actions, and regulation of ion channel (Mancardi et al., 2009;
Andreadou et al., 2015; Penna et al., 2015). Since these gasses may
be produced within mitochondria and may profoundly affect the
function of these organelles, here we discuss briefly their role in
the context of cardioprotection. The enzymatic production of
NO is mediated by three isoforms of NOS isoforms: neuronal
(nNOS or NOS I), inducible (iNOS or NOS II), and endothelial
(eNOS or NOS III). A specific mitochondrial NOS isoform
has been also proposed. NOS activity is governed by different

factors (co-factors and substrate availability, and endogenous
inhibitors) and the NO can induce post-transcriptional,
post-translational and transcriptional modulations in specific
subcellular compartments. Importantly, during ischemia, when
pH becomes acidic and oxygen-dependent NOS activity may
be impaired, the formation of NO can also derive from the
non-enzymatic reduction of nitrite/nitrate, which can be dietary
and endogenous in origin (Andreadou et al., 2015).

Also, the activation of the NO/cGMP pathway, with
augmentation of cGMP and NO levels, has been observed after
postconditioning maneuvers in different cardiac models. During
postconditioning, the activation of eNOS and Akt pathway
converge on Glycogen Synthase Kinase-3β (GSK-3β) and inhibits
mPTP opening (Correa et al., 2015). Different concentrations
of NO induce different action in the mitochondria. In
particular, high NO concentration open the mPTP with the
formation of peroxynitrite and disulphide bonds formation,
while physiological NO levels favor mPTP closure with post-
translational modification of protein S-nitrosylation (Correa
et al., 2015 and references therein). In early reperfusion, a
temporary interruption of respiration may prevent exaggerated
generation of superoxide anion (O−

2 ) and ONOO− and reduce
the thiol oxidation with permanent inactivation of metabolic
enzymes or inhibition of mPTP opening (Piantadosi, 2012).

Hydrogen sulfide (H2S) is produced by several enzymes,
within and outside mitochondria. It seems that H2S produced
by cystathionine-gamma-lyase (CSE) from L-cysteine can readily
scavenge the ROS and may induced protection with two
mechanisms, one reperfusion injury salvage kinase (RISK)-
dependent and the other RISK-independent. Therefore, H2S as
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NO has important antioxidant properties, but in contrast to
NO, H2S cannot directly form radicals (Mancardi et al., 2009).
An interesting and recent paper by Banu et al. (2016) reports
that both postconditioningmaneuvers and H2S postconditioning
significantly restores the complex I activity to near normal level,
particularly in IFM. The preserved IFM activity was evidenced
by the improvement in electron transport chain enzyme activities
and mitochondrial respiration.

Endogenous carbon monoxide (CO) is synthesized by
hemoxygenases (HO-1 and HO-2) as a consequence of the
catabolism of haem and is an important bioactive molecule. It has
been observed that CO induces the mitochondrial production of
O−

2 , which is transformed by superoxide dismutase to H2O2, and
then a subsequent Akt activation by H2O2 limits apoptosis after
I/R (Kondo-Nakamura et al., 2010). Moreover, the anti-apoptotic
effects of CO are related to the inhibition of mPTP. In isolated
mitochondria, CO inhibited mPTP opening, loss of potential,
cytochrome c release and swelling (Queiroga et al., 2010). Further
details on the role of NO, H2S, and CO in cardioprotection can
be found on Andreadou et al. (2015).

MITOCHONDRIA AND ANESTHETICS

Agents targeting mitochondria with prominent postconditioning
effects are anesthetics. The volatile anesthetic sevoflurane given
for 2min at the beginning of reperfusion-induced myocardial
protection against myocardial I/R injury. This sevoflurane-
postconditioning is mediated, at least in part, by mKATP-
channels (Obal et al., 2005). Almost simultaneously, in a similar
model, Feng et al. have published that another volatile anesthetic,
isoflurane, induces postconditioning preventing the opening of
the mPTP via inhibition of GSK-3β (Feng et al., 2005). It was
also demonstrated, in vivo, that the antiapoptotic protein B
cell lymphoma-2 (Bcl-2) mediates myocardial postconditioning
protection by isoflurane, thus indirectly modulating mPTP
activity (Wang et al., 2006; Pravdic et al., 2010).

Propofol, another anesthetic, also displayed cardioprotective
effect against cardiac I/R injury associated with inhibition of
mPTP opening. Intriguingly, compared to propofol, sevoflurane
induces more beneficial effects on functional recovery and infarct
size (He et al., 2008). Another study suggested that sevoflurane
postconditioning protects isolated rat hearts through the
involvement of the ROS-ERK 1/2-mPTP signaling cascade (Yao
et al., 2010). Moreover, sevoflurane postconditioning protects
infarcted rat hearts against I/R damage by inhibiting mPTP
opening through the involvement of PKB/Akt and ERK1/2 (Yao
et al., 2009). Nevertheless, sevoflurane-induced postconditioning,
as other conditioning protocols, results impaired by the presence
of hyperglycemia. This impairment of protection was reversed
by the mPTP inhibition with cyclosporine A (Huhn et al.,
2008) or by inhibition of excess mitochondrial fission with
dynamin-related protein 1 inhibitor (Yu et al., 2017). Lim et al.
have confirmed that the mPTP plays an essential role in in
the cardioprotection induced by ischemic and pharmacological
preconditioning and by postconditioning (Lim et al., 2007).
Yet, pharmacological postconditioning may be limited by a

“ceiling effect of protection,” but, this ceiling effect may
be reversed by simultaneous inhibition of GSK-3β via the
opening of mKATP channels (Couvreur et al., 2009). GSK-3β
modulates mitochondrial function and Gomez et al.confirmed
that GSK-3β inhibition via its S9-phosphorylation is required for
postconditioning and that this phosphorylation likely works by
inhibiting the opening of the mPTP (Gomez et al., 2008). Indeed,
it has been suggested that the phosphorylation/inactivation of
GSK-3β is involved in the inhibition of mPTP opening via
the interaction with several elements of the mPTP regulatory
complex and subsequent increase in mPTP-ROS threshold
(Tanno et al., 2014). Finally, it is of note that morphine, an
opiate often given to patients who have undergone surgery
and anesthesia, may induce postconditioning via delta-1 opioid
receptors activation and mPTP modulation (Kim et al., 2011).

MITOCHONDRIAL POSTCONDITIONING

SIGNALING AND LIMITATION OF CELL

DEATH

Postconditioning signaling converges on mitochondria, thus
limiting all forms of cell death. We have suggested that
postconditioning or perfusion of the heart with bradykinin
may activate cellular signaling leading to the opening of
mKATP channels, increasing ROS production, inhibiting the
mPTP and inducing cardioprotection (Penna et al., 2006). It
has been suggested that the cooperation between bradykinin
and bradykinin-receptor may favor the assembly of a caveolar
signaling platform (signalosome). The receptors with ligands
migrate to caveolae, where signaling elements are scaffolded into
signalosomes that translocate to mitochondria. The signalosome-
mitochondria interaction then initiates mKATP channels,
increases ROS production, which favors mitochondrial protein
kinase C epsilon activation andmPTP inhibition, thus decreasing
myocardial injury (Quinlan et al., 2008). It has been suggested
that postconditioning similarly to adenosine may induce HSP90-
dependent translocation of PKCε to mitochondria, likely
via mitochondrial import machinery TOM70 (Yang et al.,
2012). These results suggest an important implication of
cytosolic protein translocation within mitochondria in ischemic
postconditioning (Boengler et al., 2011b).

Mitochondria are important players in many types of
apoptotic and necrotic cell death (Murphy and Steenbergen,
2011). We were among the first to demonstrate that
postconditioning increases the levels of anti-apoptotic markers,
including the phospho-GSK-3β and Pim-1 kinases, while
decreasing the pro-apoptotic markers, namely cytochrome
c, thus preserving the mitochondrial morphology (Penna
et al., 2009). Fang et al. confirmed that postconditioning
attenuates cardiomyocyte injury and apoptosis by blocking
mPTP (Fang et al., 2008). Subsequently, Li et al. suggested that
the cardioprotective effect of postconditioning is mediated by
apoptosis repressor with caspase recruitment domain (ARC)
(Li et al., 2009). Dong et al. also showed that postconditioning
may protect cardiomyocytes from apoptosis via an interaction
between PKCε and calcium-sensing receptors to inhibit

Frontiers in Physiology | www.frontiersin.org March 2018 | Volume 9 | Article 28724

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Pagliaro et al. Mitochondria and Postconditioning

endoplasmic and sarcoplasmic reticulum-mitochondria crosstalk
(Dong et al., 2010).

The influence of mitochondrial dynamics in I/R and
cardioprotection, and their potential as targets in treating
cardiovascular disease, are also emerging (Boengler et al.,
2011a; Ong and Hausenloy, 2017). Finally, experimental studies
highlighted the importance of exosomes and vesicles in local
and distant intercellular communication mechanisms after
myocardial infarction. Exosomes and vesicles are potentially
useful as cell-free therapeutic candidates (Lai et al., 2010; Bell
et al., 2012; Chen et al., 2013; Barile et al., 2014; Giricz et al.,
2014; Ibrahim et al., 2014; Yellon and Davidson, 2014; de Couto
et al., 2017; Sluijter et al., 2018). However, caution must be used
and extensive studies are necessary because their mechanisms of
protection are still unknown.

TRANSLATION ISSUES

Pharmacological and mechanical ischemic postconditioning
can be therapeutic options (Pagliaro and Penna, 2015). For
instance, blocking the mPTP could be beneficial, but mPTP
blockers have yielded mostly neutral effects in both myocardial
infarction and heart failure patients. Also, mechanical ischemic
postconditioning yielded contradictory results. In animalmodels,
postconditioning resulted in an increase in myocardial salvage
(about 30 % in rats, 35% in dogs, 50% in pigs, and 65% in
rabbits) (Zhao et al., 2003; Mykytenko et al., 2008; Sun et al.,
2010). However, in humans studies of postconditioning effects
onmarkers of myocardial injury have obtained conflicting results
(Lønborg, 2015; Pagliaro and Penna, 2015). Several authors (Staat
et al., 2005; Thibault et al., 2007; Xue et al., 2010) reported a
decrease in enzyme leakage. Lønborg et al. (2010) using magnetic
resonance imaging found an increase in myocardial salvage ratio.
Yet authors (Sörensson et al., 2010; Freixa et al., 2012; Hahn
et al., 2013) do not observe any effect of postconditioning in
humans withmyocardial infarction. Thus, additional studies with
adequately sized and designed randomized trials are necessary.
Hope comes from a recent trial which reports a significant
increase in myocardial salvage when classical postconditioning
has been combined with remote ischemic conditioning (Eitel
et al., 2015).

CONCLUSIONS

In conclusion, here we have reported several studies which
have shown that different signal transduction pathways are
switched on or switched off both by ischemic postconditioning
and by pharmacological postconditioning. These signaling
pathways converge onmitochondria where different components
are affected preserving many of the mitochondrial functions
after ischemia/reperfusion. Within mitochondria, a central role
is played by connexin 43, mKATP channels and mPTP.
Mitochondrial dynamics are also of fundamental importance
in I/R and cardioprotection (Boengler et al., 2011a; Ong and
Hausenloy, 2017). Many other factors and consequently several
other studies are not considered and we apologize to authors of

those studies. However, the core aim of the present mini-review
was to report the main steps which allow us to understand the
role of these organelles in postconditioning and it may represent
a starting point to deepen the understanding of mitochondria
role in cardioprotection. Future researches and developments
in this field should rely on appropriate animal models (with
comorbidities and co-medication) that can allow identifying
candidates for future clinical trials and, 1 day, discovery the
appropriate strategies to eradicate myocardial infarction and its
sequela.
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Molecular chaperones are stress proteins that allow the correct folding or unfolding as

well as the assembly or disassembly of macromolecular cellular components. Changes

in expression and post-translational modifications of chaperones have been linked to

a number of age- and stress-related diseases including cancer, neurodegeneration,

and cardiovascular diseases. Redox sensible post-translational modifications, such as

S-nitrosylation, glutathionylation and phosphorylation of chaperone proteins have been

reported. Redox-dependent regulation of chaperones is likely to be a phenomenon

involved in metabolic processes and may represent an adaptive response to several

stress conditions, especially within mitochondria, where it impacts cellular bioenergetics.

These post-translational modifications might underlie the mechanisms leading to

cardioprotection by conditioning maneuvers as well as to ischemia/reperfusion injury. In

this review, we discuss this topic and focus on two important aspects of redox-regulated

chaperones, namely redox regulation of mitochondrial chaperone function and cardiac

protection against ischemia/reperfusion injury.

Keywords: cardioprotection, ischemia/reperfusion, heat shock proteins, nitrogen reactive species, reactive

oxygen species, redox signaling, mitochondria

INTRODUCTION

Chaperones are proteins responsible for folding, transport, maturation, assembly, and activation
of many different proteins, impacting on a wide variety of cellular processes. Chaperones act
by binding to protein unfolded domains and, through different mechanisms, promoting protein
re-folding and/or avoiding the formation of toxic misfolded protein aggregates. Moreover,
they promote the degradation of proteins irreversibly misfolded via the ubiquitin-proteasome
pathway or through autophagy. Chaperones play an important role in preserving proteins
that exert their functions through considerable conformation changes, like receptors and signal
transduction mediators. In these cases, protein activation and de-activation imply cyclic structural
reorganization, potentially dangerous for protein stability. Moreover, chaperones play an important
role in the assembly of multiprotein complexes, likely by facilitating the structural changes
caused by the association of the different subunits. Chaperone proteins function in different cell
compartments, including endoplasmic reticulum (ER) and mitochondria. In the ER, a specific set
of chaperones is devoted to assisting the folding of proteins during their maturation, but they
also take part to a quality control machinery, that induces degradation of proteins that fail to
reach their active conformation and in generating signals that increase chaperone transcription
and translation in case of massive protein unfolding (the Unfolded Protein Response; Groenendyk
et al., 2010). In mitochondria maintaining protein folding is particularly challenging due to
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the specific mechanism of protein import, the presence of
reactive oxygen species (ROS) and the need to assemble
proteins synthesized in the cytoplasm and inside the organelle
in large multiprotein complexes. Mitochondria possess specific
chaperones able to face these difficult tasks and to perform a
dedicated quality control (Haynes and Ron, 2010). Furthermore,
chaperones are even secreted by cells and can act in the
extracellular milieu by chaperoning secreted factors or by
signaling through membrane receptors (Eustace and Jay, 2004;
Calderwood et al., 2016).

In summary, chaperone proteins exert a number of essential
functions in eukaryotic cells in physiological situations, although
their action is even more crucial under stress conditions. In
this review, we will focus on the role of chaperone proteins
in the heart. Indeed, cardiomyocyte cytoplasm is crowded with
proteins, mainly forming the specialized contractile apparatus,
that interact the ones with the others building solid complexes,
able to cope with relevant mechanical stress. The proper folding,
assembly and turnover of this multitude of proteins depend on
chaperone protein activity (Christians et al., 2014; Tarone and
Brancaccio, 2014). Protein misfolding can occur due to a number
of means, as genetic mutations, inaccurate post-translational
modifications, excessive mechanical stretch and ROS production.
Notably, the accumulation of misfolded proteins characterizes a
number of cardiac diseases, like hypertrophic cardiomyopathy,
idiopathic dilated cardiomyopathy, myocardial infarction and
genetic cardiomyopathies. Furthermore, the induction of protein
aggregates causes cardiomyopathy in animal models (Bulteau
et al., 2001; Tannous et al., 2008; Tian et al., 2012; Parry
et al., 2015). Accordingly, the forced expression of chaperone
proteins generally protects the heart from many different stress
conditions, including the production of ROS (Tarone and
Brancaccio, 2014).

In this review, we consider the response of chaperones
to ROS production, the redox aspects that can influence
chaperone function within the heart during ischemia/reperfusion
and chaperone importance in protecting the heart from
deleterious consequences. We also focus on chaperone role
within mitochondria, as these organelles are extremely important
in cardiac activity both in physiologic and pathological
conditions.

REACTIVE OXYGEN AND NITROGEN

SPECIES AND REDOX SIGNALING

ROS derive from several enzymatic activities in cardiomyocytes
and other cells of the cardiovascular system (e.g., endothelial and
smooth muscle cells), with mitochondria representing the main
source for their production. Indeed, about 2% of oxygen (O2)
consumed by cardiac mitochondria is transformed to superoxide
anion (O–•

2 ) due to the incomplete reduction of O2. Therefore,
O–•
2 is mainly a byproduct of aerobic respiration. Following

spontaneous dismutation, it is transformed to hydrogen peroxide
(H2O2), which via the Fenton reaction can be converted in the
highly reactive hydroxyl radical (OH•) (Turrens, 2003; Tullio
et al., 2013; Henstridge et al., 2016). H2O2 can be inactivated by

glutathione catalyzed by glutathione peroxidase or catalase (Radi
et al., 1991; Arai et al., 1999).

Reactive nitrogen species (RNS) refer to the reactivemolecules
stemming from nitric oxide (NO•), the signaling gaseous
molecule, which in certain conditions may act as an antioxidant.
It is mainly synthesized from L-arginine by the nitric oxide
synthases, NOS1 (neuronal NOS, nNOS), NOS2 (inducible
NOS, iNOS) and NOS3 (endothelial NOS, eNOS). In the
heart, NOS3 is mainly found in the caveolae of coronary
vascular endothelium, whereas cardiomyocytes constitutively
express NOS1 and NOS3 in different subcellular structures, while
inducible NOS2 expression can be triggered by several stimuli,
including infections, heart failure and ischemia/reperfusion
(Brown and Borutaite, 2007; Tullio et al., 2013; Penna et al.,
2014a). The possibility that mitochondria are important sources
of NO• via a mitochondrial NOS (mitoNOS) variant has been
proposed. However, definitive evidence concerning the existence
of mitoNOS is not yet available (Lacza et al., 2009).

Nitric oxide can be formed also by other enzymatic and
non-enzymatic reactions (Penna et al., 2014a). It can also be
transformed, by a redox reaction, into many reactive molecules
including nitroxyl (HNO), nitrite (NO−

2 ), and peroxynitrite
(ONOO−), each one has different functional effects (Wink et al.,
2003; Brown and Borutaite, 2007; Tocchetti et al., 2011; Tullio
et al., 2013; Penna et al., 2014a).

Under pathophysiological conditions, excessive, unbalanced,
ROS and RNS formation may be deleterious for organelle
and cell activity as they can accumulate and damage proteins,
lipids, and DNA. However, it is now clear that they are also
involved in many important signaling functions. Moreover,
ROS and RNS can interact to shift from a form to another
with more or less reactivity potential. ROS/RNS can induce
discrete, reversible and site-specific modifications in proteins,
controlling a redox signaling in physiological changes in channel
and enzyme function, as well as regulation of transcription.
On the other hand, ROS/RNS can induce alterations, diffuse
and irreversible, defined as redox stress. The latter is involved
in pathophysiological processes together with other pathologic
conditions such as inflammation. Proteins more commonly
targeted by ROS/RNS contain sensible amino acidic side chains,
including cysteine, methionine and histidine, or coordinated
metal centers that regulate their conformation and function
(Giles et al., 2003). For instance, NO• can react with O–•

2 to form
ONOO−, which can impair directly and irreversibly tyrosines in
the proteins, yielding tyrosine nitration, a result that is frequently
deleterious. NO• can react also with ONOO− to form N2O3

which can, in turn, react with the so-called “reactive cysteines”
to yield S-nitrosylation or S-nitrosylated proteins (PSNO), a
result that is frequently beneficial. Indeed, S-nitrosylation sheds
cysteine from further oxidation processes.

Cysteine residues of proteins display chemistry versatility,
thus these residues may achieve multiple oxidation states and,
therefore, are particularly suited to the task of switching from
signaling to stress. Indeed, the reactive cysteines can react
with ROS/RNS to produce a number of species comprising
PSNO. Reactive cysteines can also react with glutathione to
form mixed disulfides, such as S-glutathionylation (see below)
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(Hurd et al., 2005a; Penna et al., 2014a). Intra- and inter-
molecular disulfide bonds (PSSP) can also occur. If ROS are
excessive, protein thiol oxidation can progress to sulfinic acid
(PSO2H) and sulfonic acid (PSO3H), leading to irreversible
protein dysfunction, representing redox stress (Hurd et al.,
2005b).

S-nitrosylation, which is emerging as the paradigm of redox
signaling, is the incorporation of nitric oxide moiety to a sulfur
atom to form the SNO bond in proteins (PSNO). S-nitrosylation
being a signaling modality that acts as a reversible molecular
switch resembles the phosphorylation/dephosphorylation in
kinase signaling (Hess et al., 2005; Penna et al., 2014a).

An interesting process is the formation of a disulfide bond
(PSSP) with a concomitant release of NO-moiety that take place
by nucleophilic attack of proximal protein thiols to the site of
SNO. While S-nitrosylation may occur with different reaction
mechanisms, denitrosylation may be due to S-nitrosoglutathione
reductase and/or the intervention of thioredoxin system (namely
the cytosolic Trx1 and the mitochondrial Trx2). These are
considered the two main enzymatic systems for denitrosylation,
which, actually, may also occur for non-enzymatic processes
(Sengupta et al., 2007; Benhar et al., 2008; Penna et al., 2014a).
For instance, thioredoxins denitrosylate proteins and then
thioredoxin reductase regenerates thioredoxins (Penna et al.,
2014a).

As said, another modification of protein cysteine residues
representing a redox signaling modality is S-glutathionylation,
which refers to a covalent modification of a cysteine residue
by glutathione. S-glutathionylation comprises a mixed disulfide
species (PS-SG). Proteins particularly rich in cysteine are
susceptible to glutathionylation especially in the presence of
alkaline pH, which favors deprotonation of protein thiols and
reaction with glutathione. Of course, S-glutathionylation, like
other signaling processes, is reversible through a process called
deglutathionylation. In this process, the main enzymes involved
are glutaredoxin and thioredoxins. Also, reduction of disulfides
may be responsible for deglutathionylation when the GSH pool
is reduced (Beer et al., 2004).

S-nitrosylation and S-glutathionylation interact: glutathione
reductase removes the NO fraction from proteins through
the transnitrosation of SNO with GSH to form GSNO (S-
nitrosoglutathione), which will, in turn, be converted into GSH
by S-nitrosoglutathione reductase.

The dynamic S-nitrosylation/denitrosylation and
glutathionylation/deglutathionylation reactions are of
pivotal importance in the regulation of the cardiovascular
system. For example, in transgenic models of increased or
decreased activity of S-nitrosoglutathione reductase, the sepsis-
induced myocardial depression is positively influenced by
denitrosylation/deglutathionylation. Therefore, besides guanylyl
cyclase activation and cGMP production, NO• may affect
pathophysiology via S-nitrosylation and S-glutathionylation of
proteins, including chaperones (Figure 1; Sengupta et al., 2007;
Benhar et al., 2009; Anand and Stamler, 2012; Beigi et al., 2012;
Martínez-Ruiz et al., 2013).

As described above and as reported below, cells have
evolved multiple fine-regulated systems to balance their redox

FIGURE 1 | Oxygen and nitrogen reactive species regulate S-nitrosylation and

glutathionylation of proteins, impacting on cardiac pathophysiology.

homeostasis, including detoxifying enzymes and reducing
proteins. The regulation of ROS levels is a critical point in cells.
Indeed, ROS/RNS play important roles in different signaling
pathways (Rhee, 2006; D’Autreaux and Toledano, 2007; Tullio
et al., 2013). However, once ROS exceed the antioxidant capacity
of the cell, it causes oxidative stress. ROS can induce important
alterations in the function and structure of DNA, lipids and in
particular proteins rich in cysteine, methionine, and histidine
(Imlay, 2003). Interestingly, these ROS-sensible amino acidic side
chains are frequently present in chaperone proteins, suggesting
that ROS can regulate chaperone oxidation state and activity
under oxidative stress conditions.

REDOX REGULATION OF CHAPERONE

PROTEINS

Chaperones are highly conserved proteins that may play a huge
protective role during cellular stress and pathologic conditions.
Important redox modifications of chaperone proteins have been
described in oxidative stress conditions.

HSP33 is a well-known redox-activated chaperone protein in
prokaryotes that protects bacteria from oxidative stress damage,
preventing protein unfolding and aggregation (Winter et al.,
2008). In vitro experiments demonstrated that HSP33 is activated
by hydrogen peroxide and heat shock through the formation
of reversible disulfide bonds. A first disulfide bond in the C-
terminal domain of the protein induces the unfolding of its zinc-
binding domain and the linker region between the C-terminal
and the N-terminal substrate-binding domain. The formation
of a second disulfide bond blocks the linker region in the
unfolded conformation, exposing a highly hydrophobic surface.
This favors the interaction between two oxidized HSP33 in a
stable chaperone-active homodimer that binds unfolded proteins
under oxidizing condition (Graumann et al., 2001; Ilbert et al.,
2007).

Frontiers in Physiology | www.frontiersin.org March 2018 | Volume 9 | Article 21631

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Penna et al. Cardiac Chaperones and Redox Balance

Asna1/TRC40 (transmembrane recognition complex 40),
similarly to HSP33, functions as a redox-regulated chaperone
during oxidative stress, in eukaryotes (Voth and Jakob,
2017). In non-stress conditions, Asna1/TRC40 is devoted
to facilitating the post-translational delivery of tail-anchored
proteins to the mammalian endoplasmic reticulum. However,
in oxidative conditions, the formation of a disulfide bond
induces a conformational change in the protein that oligomerizes
and behaves as a molecular chaperone. The possibility that
Asna1/TRC40 protects mammalian tissues from oxidative stress
is still under investigation (Voth and Jakob, 2017). Moreover,
also other proteins as the PLP-dependent aminotransferases
hBCAT or the antioxidant enzymes 2-cys peroxiredoxins are
known to be oxidized under severe oxidative stress condition,
inducing the formation of high molecular weight oligomers
or supra-molecular complexes with chaperone activity (Jang
et al., 2004; El Hindy et al., 2014). In eukaryotes, redox
alterations are described in various chaperone proteins, as
GRP58, GRP78, HSC70, HSP90, HSP70, and HSP60 (Fratelli
et al., 2002; Lind et al., 2002; Scroggins and Neckers, 2007; Wang
et al., 2012). HSP90 is one of the most important molecular
chaperones, involved in different signaling pathways in normal
and pathological conditions. HSP90 activity is determined by its
ability to hydrolyze ATP and is regulated by the binding with
small co-chaperone proteins. Intriguingly, the HSP90 function
is modulated also by various post-translational modifications, as
phosphorylation, acetylation, ubiquitination, S-nitrosylation and
oxidation (Scroggins and Neckers, 2007). In endothelial cells,
NO• binds to the thiol side chain of cysteine-597 in the C-
terminal domain of HSP90, compromising its ATPase activity
and thus inhibiting its chaperone function (Martínez-Ruiz et al.,
2005). In human breast cancer MDA-MB-231 cells, the treatment
with the cytotoxic steroid tubocapsenolide A induces an increase
in oxygen reactive species and a reduction in intracellular
glutathione content. In this condition, ROS determine a thiol
oxidation of HSP90 causing the loss of its chaperone activity
and the consequent proteasomal degradation of its client proteins
(Chen et al., 2008).

TRAP1 (tumor necrosis factor receptor-associated protein
1), the mitochondrial homolog of HSP90, is subjected to
S-nitrosylation in tumor cells lacking S-nitrosoglutathione
reductase (GSNOR). S-nitrosylation at cysteine-501 causes an
accelerated proteasomal degradation of TRAP1, inducing an
increase in levels and activity of succinate dehydrogenase (SDH),
normally inhibited by TRAP1, sensitizing cells to SDH-inhibitors
chemotherapy. Other aspects of TRAP1 function are described
below (see “Chaperones in mitochondria”).

Protein Disulfide-Isomerase (PDI) is another well-known
redox-dependent chaperone in humans, ubiquitously expressed
and mainly localized in the endoplasmic reticulum (Hatahet and
Ruddock, 2009). PDI catalyzes the folding of its substrates under
oxidative conditions. PDI activity is related to its conformation,
which is in turn dependent on the redox state of its active sites.
In particular, the oxidation of its active sites determines the
conversion of PDI from a compact to an open conformation
exposing the substrates-binding surface. PDI binds to unfolded
proteins and, by reducing its own disulfide bonds, induces the

formation of disulfides in the substrate. The reduction of its
active sites determines the return to its compact conformation,
releasing the folded substrate (Wang et al., 2015).

HSP27 is a molecular chaperone active when aggregated
in a high molecular weight complex. In ischemia/reperfusion
(I/R) injury, HSP27 cysteine-141 forms a disulfide with
a low-molecular-weight thiol, such as glutathione (S-
glutathionylation), and this modification induces the
disaggregation of the multimeric complex and the loss of
its chaperone activity (Eaton et al., 2002).

HSP70 and HSP60 are two other chaperones susceptible
to S-glutathionylation under oxidative stress conditions. The
overexpression of HSP70 is protective against oxidative damage
in H9C2 cells exposed to oxidative reagents or hypoxia as well
as in vivo models subjected to ischemic injury (Marber et al.,
1995; Chong et al., 1998; Okubo et al., 2001). It has been
suggested that S-glutathionylation of HSP70 may potentiate its
chaperone activity (Fratelli et al., 2002). A similar regulation
is proposed also for HSP60, a predominantly mitochondrial
chaperone known to be upregulated by the accumulation
of unfolded and oxidized molecules within mitochondria. In
accordance, HSP60 overexpression protects against ischemia-
reperfusion injury (Fratelli et al., 2002; Lind et al., 2002).

CHAPERONES IN THE HEART

The intense, restless contractile and metabolic activities of the
heart require a continuous supply of oxygen and nutrients
and a tight control of synthesis, folding and turnover of
macromolecules, including proteins. In the case of cardiac
overload and in stress conditions, the greater myocardial
energy demand may enhance the leakage of electrons from
mitochondrial complexes I to III andmay induce ROS formation,
which may overcome the anti-oxidant cell capacity, thus
damaging proteins and other target molecules. Indeed, the
accurate regulation of cardiac proteostasis may be impaired by
several stress conditions, including oxidative stress, causing an
accumulation of damaged and misfolded proteins that exceed
the cellular degradation ability. Unfolded proteins can thus
aggregate in toxic oligomers and finally in bigger insoluble
aggregates disrupting cardiomyocyte structure and function
and leading to cardiomyopathy (Willis and Patterson, 2013;
Del Monte and Agnetti, 2014; McLendon and Robbins, 2015).
Nevertheless, oxidative stimuli may also induce the activation
of intracellular signaling pathways to sustain the cardiac activity
and prevent the onset of cardiomyopathy (Tarone and Lembo,
2003; Sorge and Brancaccio, 2016). Of note, proteins involved in
signal transduction are often metastable, changing conformation
during activation/deactivation processes. This feature confers to
these proteins a particular propensity to denaturate in stress
conditions (Conway and Lee, 2015).

The heart is rich in chaperones and co-chaperones and under
stress conditions, it increases chaperone expression and activity
to cope with unfolded protein accumulation and sustain the
activation of protective pathways. Indeed, in the heart small heat
shock proteins and bigger chaperones, as HSP90 and HSP70,
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work in a coordinated fashion to regulate the intracellular
signaling cascade and the folding or degradation of unfolded
proteins (Hartl et al., 2011; Kriegenburg et al., 2012; Tarone and
Brancaccio, 2014).

HSP90 and HSP70 are considered the two most important
molecular chaperones and are both rapidly induced in stressed
hearts. The interaction with co-chaperones, that regulate
the binding to specific targets, allow them to induce the
conformational changes needed to activate/deactivate signaling
molecules and their assembly in pro-survival signalosome
complexes (Kupatt et al., 2004; Tarone and Brancaccio, 2014;
Parry et al., 2015). This chaperone machinery also promotes the
correct folding of specific “clients proteins” (http://www.picard.
ch/downloads/downloads.htm) and controls the degradation
of unfolded proteins and of protein aggregates, through the
proteasome and the autophagosome pathways (Ficker et al., 2003;
McDonough and Patterson, 2003; Carra et al., 2008; Arndt et al.,
2010; Taipale et al., 2010).

Small heat shock proteins are another group of chaperones
characterized by a α-crystallin domain which favors their
oligomerization in supramolecular complexes with chaperone
activity. Recent experimental evidence suggests an important role
for these chaperones in the stressed heart. Indeed, by binding
their client proteins, in some cases in association with HSP90,
they are able to promote protein folding, prevent misfolded
protein aggregation and support signal transduction pathways
(Vos et al., 2011; Bakthisaran et al., 2015; Haslbeck and Vierling,
2015).

For example, αB-crystallin (CryAB or HSPB5) is a small
chaperone fundamental for cytoskeletal proteins folding, in
particular for desmin and titin. Amissense mutation in its coding
gene induces the formation of desmin aggregates and causes a
cardiomyopathy (Vicart et al., 1998).

Other small heat shock proteins, like HSP27, HSP20, HSP22,
andMelusin are induced under stress conditions favoring protein
folding and pro-survival signaling activation (Sui et al., 2009; Fan
and Kranias, 2011; Christians et al., 2012; Sorge and Brancaccio,
2016). The mitochondrial and protective role of these and other
chaperones are described in the following paragraphs.

CHAPERONES IN CARDIAC

MITOCHONDRIA

Mitochondria represent 35–40% of cardiac cell volume.
Therefore the role of chaperones in these organelles is
very important for cardiac function, especially in I/R and
cardioprotection. Mitochondrial chaperones have been
extensively studied in Saccharomyces cerevisiae elucidating
a complex system that can be generalized to all the eukaryotes.
In these organelles, specific chaperones assist proteins in their
import and folding and protect mitochondria from different
stress stimuli, like temperature and excessive ROS (Figure 2).

Mitochondrial HSP70 (mtHSP70), also known as Ssc1, Grp75,
PBP74, mot-2 or mortalin, is considered the most important
mitochondrial chaperone in higher eukaryotes. It is a member
of the HSP70 family characterized by an N-terminal ATPase

domain and a C-terminal peptide-binding domain. mtHSP70 is
translated into the cytoplasm and transported into mitochondria
where it interacts with structural mitochondrial proteins,
metabolic enzymes and proteins involved in cell differentiation
and survival (Wadhwa et al., 1998, 2002, 2003; Schwarzer
et al., 2002). mtHSP70 is essential for pre-protein—precursors
of mature proteins—import from cytosol to the mitochondrial
matrix. Pre-proteins cross the double mitochondrial membrane
in an extended conformation thanks to a positive charged N-
terminal part, favored by the membrane electrochemical gradient
(Schwartz et al., 1999). mtHSP70 forms a complex with its co-
chaperone Mge1, a homolog of the bacterial Grp3 protein, that
induces the release of ADP and Pi augmenting the ATPase
activity of mtHSP70 (Dekker and Pfanner, 1997). Mge1 may
stabilize the interaction of mtHSP70 with the inner membrane
protein Tim44 to create a molecular motor that uses the
energy from the ATP hydrolysis for the full translocation of the
polypeptide chains inside the mitochondria (Figure 2; Wachter
et al., 1994; Schneider et al., 1996).

Another important role of mtHSP70, not related to the
translocase activity, is in protein folding and prevention of
protein aggregation. Indeed mtHSP70 interacts with another
cochaperone, Mdj1, a homolog of the bacterial DnaJ protein, and
they associate with newly imported or neo-synthesized proteins
or with misfolded aggregate proteins to mediate their folding
to the native conformation (Figure 2; Herrmann et al., 1994;
Prip-Buus et al., 1996).

Ecm10 and Ssq1 are two other HSP70 family proteins
contained withinmitochondria. Ecm10 is a very close homolog of
mtHSP70, likely involved in different functions (Baumann et al.,
2000). Ssq1 is a mtHSP70 homolog involved in the maintenance
of the mitochondrial genome and in the assembly of iron/sulfur
(Fe/S) containing complexes (Schilke et al., 1996, 1999). In
particular, Ssq1, regulated by the co-chaperone proteins Mge1
and Jac1, is responsible for the formation of Fe/S clusters and for
their assembly into functional protein complexes (Figure 2; Lutz
et al., 2001; Schmidt et al., 2001).

HSP60 and HSP10, two chaperone proteins translated in the
cytoplasm and then imported into the mitochondrial matrix
play an important function in mitochondrial protein folding.
HSP60 consists of a double ring system each composed of seven
protein subunits (Xu et al., 1997). The co-chaperone HSP10,
a homolog of the bacterial GroES, forms a cap closing the
opening of the inner cavity of the HSP60 double ring, regulating
substrate accessibility and ATPase activity (Martin et al., 1993;
Fenton et al., 1996; David et al., 2013). Pre-folding proteins and
newly imported pre-proteins enter the cavity of the complex and
acquire their native conformation thanks to an ATP-dependent
reaction (Figure 2; Ostermann et al., 1989; Brinker et al., 2001).
Recent studies also indicate that HSP10 can be involved in the
RasGTPase pathway, protecting myocytes from I/R damage, and
that it interacts with caspase 3 andmodulates Bcl-2 family factors,
suggesting a potential anti-apoptotic role in cardiomyocytes
(Shan et al., 2003; Lin et al., 2004).

HSP78 and Prohibitins are other significant chaperones
and proteins involved in the folding process inside the
mitochondria. HSP78, activated by heat stress, and Mcx1,
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FIGURE 2 | The complex interplay of chaperone proteins in regulating the apoptotic process in cardiomyocytes.

members of the HSP100 family mediate protein folding
and degradation of irreversibly damaged proteins (Figure 2).
Prohibitins, induced after heat shock, oxidative and metabolic
stress, act as foldase-unfoldase and control the AAA-proteases
activity in protein degradation. Prohibitin complexes control cell
proliferation, cristae morphogenesis and the functional integrity
of mitochondria (van Dyck et al., 1998; Steglich et al., 1999;
Krzewska et al., 2001; Nijtmans et al., 2002).

As said, mitochondria are themain sources of ROS production
in the cardiomyocytes and consequently the more subjected
to oxidative stress. TRAP1 is induced upon oxidative stress
and characterized by an anti-oxidant and anti-apoptotic activity
(Montesano Gesualdi et al., 2007). TRAP1 is strictly similar
to the cytosolic HSP90, with the same domain organization.
However, it has a different mechanism of folding, due to a
characteristic asymmetric conformation when bound to the
client in its ATP-binding state. The hydrolysis of a first ATP
determines a rearrangement of the chaperone conformation
and the client folding, then a second ATP hydrolysis induces
the release of the client and a switch of TRAP1 conformation
to its ADP-binding state (Lavery et al., 2014). TRAP1 has
an important role in mitochondrial homeostasis, maintaining
organelle integrity and preventing energy depletion under ROS-
induced stress. In particular, TRAP1 inhibits the cytochrome
oxidase (complex IV of the respiratory chain) and the succinate
dehydrogenase (complex II of the respiratory chain and
component of the TCA cycle), favoring themetabolic switch from
oxidative phosphorylation toward aerobic glycolysis, avoiding
ATP depletion and mitophagy under oxidative conditions
(Figure 2; Sciacovelli et al., 2013; Yoshida et al., 2013). TRAP1

has also an anti-apoptotic role as it antagonizes themitochondrial
permeability transition pore (mPTP) opening by inhibiting
the complex II-induced ROS release and the mPTP inducer
Cyclophilin-D (Figure 2; Kang et al., 2007; Guzzo et al., 2014).

New chaperones have been discovered in the last years with
multiple functions, as the small Tims chaperones, involved into
the import and translocation of proteins and metabolites in the
mitochondria, Tid1, a co-chaperone involved in mitochondrial
homeostasis and cell apoptosis, and Hep1 that favors mtHSP70
folding and regulate mitochondrial proteostasis (Petrakis et al.,
2009; Blamowska et al., 2012; Cheng et al., 2016). It is likely that
new mitochondrial chaperones are still to be discovered.

CHAPERONES IN PHYSIOLOGICAL

EXERCISE

It has been demonstrated in animals and humans that
physiological stress induced by exercise modulates the activity
and expression of HSPs in many tissues. Indeed, during
exhaustive or very intense exercise, the temperature of the
muscles can reach 45◦C, which can represent a thermal shock
able to induce HSPs expression. Moreover, other events, such
as oxidative stress (i.e., augmented levels of O•−

2 and H2O2),
muscle damage and inflammatory response, can occur in this
type of exercise and may represent stimuli able to induce
HSP expression. Nevertheless, although the production of ROS
may play an important role in mediating the expression of
chaperones, no definitive evidences for a redox mechanism exist
in the exercise-induced chaperone expression (Dimauro et al.,
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2016; Henstridge et al., 2016). Both acute and chronic exercise
modulates the expression of specific HSPs in different organs in a
sex-dependent and species-specificmanner (Dimauro et al., 2016;
Henstridge et al., 2016). Several scientific studies have described
the probable relationship between induction of different HSPs
and ROS generated after acute exercise in humans. Salo et al.
(1991) reported that in rats, after intense and exhaustive exercise,
the levels of more than 15 HSPs, including HSP70, increase in
heart, liver and skeletal muscle tissues. In addition to HSP70,
also αB-crystallin, HSP27, HSP60 and HSP90 were described
among the chaperones induced by acute exercise in vastus
lateralis muscle and blood cells (Fehrenbach et al., 2000; Khassaf
et al., 2001; Fischer et al., 2006; Petersen et al., 2012). Other
studies have suggested that also various types of chronic exercise
could promote an adaptive homeostatic process that modulates
the expression of different HSPs in humans. Also in this case,
HSP70, αB-crystallin, HSP27, and HSP60 are upregulated and
associated to a redox response. Indeed, it has been reported a
good correlation between oxidative enzymes and HSP expression
in skeletal muscle (Vogt et al., 2001; Morton et al., 2008;
Cumming et al., 2014) and/or blood cells (i.e., leukocytes) (Simar
et al., 2012; Ziemann et al., 2013; Beltran Valls et al., 2014).
During repeated bouts of exercise, in the training period, the
expression of stress-proteins, as the aforementioned HSPs, can
occur together with the expression of antioxidants, leading to a
homeostatic adaptation. This adaptation brings gradually back
the HSP levels. Indeed, after weeks of training the levels of
HSP70 and HSP27 return to pre-exercise levels and animals that
have successfully completed a resistance training program no
longer show increases in HSPs performing the training exercises.
It seems that the acquired pro-reducing conditions of trained
animals prevent HSP induction by ROS (Salo et al., 1991; Beltran
Valls et al., 2014). Obviously, this will only be true as long as
physical exercise is maintained, so that, in case of detraining, it
will bring back the redox status and the new exercise bouts will
be able to re-induce “stress” and the expression of HSPs (Davies,
2016).

Though the precise mechanisms linking redox aspects
and HSP modulation during physiologic exercise is still not
completely understood, a ROS-mediated modulation of HSP
expression may be present during acute exercise and a putative
homeostatic process, underpinning the involvement of several
small HSPs, is described for chronic exercise (Cumming et al.,
2014).

CHAPERONES IN MYOCARDIAL

ISCHEMIA/REPERFUSION INJURY AND

CARDIOPROTECTION

In the heart, the mismatch between oxygen supply and demand
leads to myocardial ischemia, which has deleterious effects,
ranging from contractile impairment to cell death. The damage
due to ischemia may be exacerbated by reperfusion, inducing an
I/R injury.

ROS/RNS formation and impaired antioxidant capacity are
among the proposed mechanisms to explain the myocardial

I/R injury. The unbalanced redox changes lead to the
dysfunction of protective molecules against cellular death,
including deregulation of chaperones and co-chaperones. Indeed,
if chaperones do not work properly, misfolded proteins
cannot be repaired and may form insoluble aggregates.
These aggregates are highly dangerous for the cells and may
participate in the processes leading to cardiomyocyte death and
consequently to cardiovascular diseases, such as arrhythmias,
dilated cardiomyopathy and heart failure (Willis and Patterson,
2010, 2013; Tarone and Brancaccio, 2014, 2015).

Although prolonged episodes of ischemia followed by
reperfusion induce damage, transient episodes (a few minutes or
seconds) of ischemia before or after a prolonged cardiac ischemia
may induce cardioprotection with consequent reduction of
infarct size, myocardial dysfunction, and arrhythmias. These
procedures are referred to as ischemic preconditioning (IP) or
post-conditioning (PostC), respectively (Penna et al., 2014a).
Also, transient episodes of ischemia in a remote organ
before (remote ischemic pre-conditioning), during (remote per-
conditioning) or after (remote post-conditioning) a prolonged
ischemic insult can attenuate myocardial I/R injury (Lau
et al., 2017). Other physiological procedures able to induce
cardioprotection are repeated short-term episodes of exercise
(exercise preconditioning), that can trigger a phenotype similar
to that induced by IP (Yuan et al., 2018). The same protection
could be obtained with pharmacological tools (Penna et al.,
2014a), given before, during or after an ischemic insult,
known as pharmacological conditioning. The cardioprotective
mechanisms of the various conditioning procedures (ischemic,
remote or pharmacological) are strongly associated. They may
induce two windows of cardioprotection: early preconditioning
(first window of protection) and late preconditioning (second
window of protection) (Yuan et al., 2018).

Ischemia/reperfusion as well as cardioprotective maneuvers
may affect transcription factors regulating chaperones, co-
chaperones, and several HSPs. In particular, a number of
experimental studies report that increasing chaperones, and
especially HSPs, may improve the outcome of I/R injury. Indeed,
an important role for HSPs has been described in both the first
and second window of protection (Dangi et al., 2015). Moreover,
several drugs may be potentially cardioprotective because of their
ability to affect the family of heat shock transcription factors
and to promote HSP expression within the heart (Willis and
Patterson, 2010, 2013; Tarone and Brancaccio, 2014).

Among transcription factors regulating chaperones, the
enhancement of heat shock transcription factor 1 (HSF-1), but
not the HSF-2 activity has been described after cardiac I/R in
post-ischemic rat heart (Nishizawa et al., 1996). Subsequently, it
has been observed that HSF-1 induction in I/R is mediated by
ROS and ATP levels (Chang et al., 2001; David et al., 2013). Also,
X-box binding protein 1 (XBP1), a transcription factor involved
in the endoplasmic reticulum chaperone neo-formation regulates
the cellular response to ischemia. Indeed, in hypoxic conditions,
a dominant-negative form of XBP1 determines an increase in
apoptosis in cardiomyocytes (Thuerauf et al., 2006). Moreover,
activating transcription factor 6 (ATF6), a transcription factor
boosting endoplasmic reticulum chaperone synthesis that is
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involved in the unfolded protein response, induces enhanced
expression of GRP78 and GRP94 chaperones in response to
I/R. ATF6 pharmacological blockade impairs heart function and
augments the mortality rate after myocardial ischemia (Delisle
et al., 2004; Toko et al., 2010).

HSP72/HSP70 (also known as inducible HSP70) has been the
focus of many types of research in I/R and cardioprotection
fields. Indeed, it has been reported that HSP70 and small HSPs,
such as HSP27, induce cardioprotection against irreversible
injury associated with I/R (Moghimian et al., 2014). HSP72
seems to increase at 1 week after coronary artery occlusion
(Tanonaka et al., 2003). Its expression in rat hearts, induced after
a single oral dose of geranylgeranyl acetone, an antiulcer agent,
protects against I/R injury (Ooie et al., 2001). The expression
of HSP70, instead, is rapidly induced in the ischemic-reperfused
heart (Nishizawa et al., 1996). Cardioprotective effects of HSP70
have been reported in isolated adult cardiac myocytes and in
transgenic mouse hearts (Knowlton et al., 1991; Heads et al.,
1995; Plumier et al., 1995; Lepore et al., 2001; Okubo et al.,
2001). HSP72/HSP70 participates to cardioprotection induced
by exercise preconditioning, early and late protection, where
HSP70 repairs unfolded proteins or may stabilize the function
of the endoplasmic reticulum (Yuan et al., 2018). Although
several pieces of evidence suggest that brief ischemia triggers the
expression of HSP70 (Polla, 1988; Knowlton et al., 1991; Sun
et al., 1995) and that HSP70 is actively associated withmyocardial
protection (Marber et al., 1995; Plumier et al., 1995; Chiu et al.,
2003; Guisasola et al., 2006), it has been suggested that the
induction of HSP72, as end effectors of protection in ischemic
preconditioning, does not occur in the first, but in the second
window of protection.

The overexpression of HSP70 seems also to augment the NO•

production in response to cytokine stimulation, thus protecting
cultured cells from TNFα injury (Latchman, 2001). HSP70 is also
present in the exosomes, small vesicles released from cells into
the blood. They can transmit signals with activation of protective
pathways in cardiomyocytes via toll-like receptor (TLR) 4. The
cardioprotective mechanism of exosomes seems mediated by
HSP70, which activates a pathway downstream of TLR4, with
action on ERK1/2 and p38MAPK and phosphorylation of HSP27
(Vicencio et al., 2015).

HSP90 is essential for the integrity and correct function
of numerous signaling proteins. The increased expression
of HSP90 has been described in the myocardium after
I/R (Nishizawa et al., 1996). Indeed, during the ischemic
preconditioning, HSP90 is activated by situations of cellular
stress and facilitates the mitochondrial importation of cytosolic
proteins (Jiao et al., 2008). Intriguingly, HSP90 is involved in
the mitochondrial importation of connexin 43, which together
with the adenosine triphosphate-sensitive K+ channels, is
fundamental in cardioprotection from ischemic preconditioning
(Rodriguez-Sinovas et al., 2006; Jiao et al., 2008). Furthermore,
PostC improves the translocation of PKCε to mitochondria
in an HSP90-dependent manner (Zhong et al., 2014). HSP90
is involved in the reduction of apoptosis and cardiomyocyte
necrosis, favoring the induction of Bcl-2 anti-apoptotic
protein and the inhibition of pro-apoptotic Bax in the

mitochondrial fraction (Zhong et al., 2014; Figure 3). Yet,
HSP90 binds NOS3 and stimulates its activity (Latchman,
2001) and its overexpression has been reported to reduce
I/R lesions via the Akt/NOS3 pathway (Kupatt et al.,
2004).

As said above, an HSP90 homolog is the TRAP1/HSP75.
It is targeted to mitochondria where is fundamental for
mitochondrial integrity and protection from cell death caused
by oxidative stress (Montesano Gesualdi et al., 2007). Recent
studies have reported the protective action of TRAP1 against I/R-
induced mitochondria dysfunction and cell injury (Zhang et al.,
2015). In cardiac models both I/R and hypoxia/reoxygenation
protocols induced TRAP1 (Xiang et al., 2010; Kim et al., 2012). Its
overexpression hinders hypoxia-induced mitochondrial injury
and cell death also in isolated rat cardiomyocytes (Williamson
et al., 2008).

Melusin is a chaperone protein selectively expressed in cardiac
and skeletal muscles, able to act as co-chaperone in the HSP90
machinery. Melusin limits cardiomyocyte death and ameliorates
adaptive hypertrophy signaling pathways in response to different
stress conditions, including cardiac I/R (Penna et al., 2014b;
Tarone and Brancaccio, 2015). The overexpression of Melusin
confers resistance to cardiac I/R injury via activation of AKT
and ERK kinases and increasing HSP90 expression (Penna et al.,
2014b).

HSP60 is a chaperone considered as a good marker for
monitoring myocardial damage and heart failure. Intriguingly,
high anti-HSP60 antibody levels correlate with high levels of
brain natriuretic peptide and with left ventricular end-diastolic
dimension, and the HSP60 levels correlate with the extent of
cardiac dysfunction (Novo et al., 2011). It has been reported that
HSP60 increases few weeks after coronary artery occlusion in
rat heart (Tanonaka et al., 2003; Toga et al., 2007; Wang et al.,
2010). Also in human ischemic heart disease, HSP60 doubled its
expression in comparison to control subjects (Knowlton et al.,

FIGURE 3 | Overview of mitochondrial chaperone proteins.
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1998). HSP60 has different localizations: it is present in the
exosomes and in the extra-mitochondrial cytosol of several cells.
In the cardiac tissue, the cytosolic HSP60 forms complexes with
Bax, Bak, and Bcl-XL, but not with Bcl-2. During hypoxia,
HSP60 cellular distribution changes, leaving the cytosol and
translocating to the plasma membrane (Gupta and Knowlton,
2005). In ischemic heart disease, instead, HSP60 translocates
from the cytoplasm to mitochondria (Sidorik et al., 2005).
Increased expression of cardiac HSP60 after 9–12 weeks of
coronary artery ligation in rats has been correlated with NF-κB
activation (Wang et al., 2010). However, it has been proposed
that low doses of lipopolysaccharide could provide a means
of reducing myocardial I/R injury by increasing HSP70 with a
subsequent inhibition of NF-κB (Yao et al., 2011). This apparent
discrepancy on the role of NF-κB may reflect the importance
of a sequential involvement of the different chaperones in
determining the protective effects in the I/R context.

HSP56/FKBP52 is part of the family of FK506-binding
proteins (FKBPs) and behaves as a co-chaperone associated
with HSP90 in steroid receptor complexes (Carroll et al., 2011).
Recently, it has been reported that in mice the overexpression
of HSP56 neither induces myocardial hypertrophy nor protects
the intact heart from I/R-injury (Carroll et al., 2011). Although,
HSP56 has cardiac action, it seems not protective also when
induced by the cardiac-derived peptide cardiotrophin-1, which
has cardioprotective properties (Brar et al., 2001).

Small HSPs involved in the response to I/R include HSP20,
HSP22, HSP27 and αB-crystallin, which are often increased in
response to stress. HSP27 and αB-crystallin increase in response
to stress to protect against insults such as I/R (Efthymiou
et al., 2004; Arrigo et al., 2007). These two proteins are
vital to muscle development and assembly (Brown et al.,
2007). Indeed, HSPB2/HSP27 overexpression limits I/R injury
in adult cardiomyocytes (Vander Heide, 2002). Elevated levels
of HSP27 may also participate to cardioprotection with anti-
apoptotic effects. They preserve the integrity of actin cytoskeleton
and microtubules and protect the endothelium from ischemia
(Mehlen et al., 1996; Latchman, 2001). Indeed, HSP27 behaves
as a downstream effector of p38 MAPK during ischemic or
β-adrenergic preconditioning or oxytocin protective protocols
(Marais et al., 2005; Moghimian et al., 2014).

αB-crystallin has different cellular locations and its
phosphorylation is necessary for its activation and translocation
to mitochondria and microfilaments (Jin et al., 2008).
αB-crystallin seems to bind to the Voltage-Dependent Anion-
selective Channel 1 (VDAC1) during hypoxic/redox stresses in
neonatal mouse cardiomyocytes (Chis et al., 2012) and to both
VDAC1 and ANT during myocardial infarction. αB-crystallin
mitochondrial translocation inhibits cytochrome c release
into the cytosol. αB-crystallin, by binding to different target
molecules, results protective for cardiomyocytes by preserving
sarcomeric elasticity, mitochondrial integrity and redox balance
(Bullard et al., 2004; Maloyan et al., 2005; Rajasekaran et al.,
2007). Indeed, during ischemia, αB-crystallin is phosphorylated
and translocated to the contractile cell apparatus where interacts
with several cytoskeletal proteins, such as desmin and actin, to
maintain protein folding and to prevent aggregation (Bennardini

et al., 1992; Djabali et al., 1997; Golenhofen et al., 1998; Wang
et al., 2002, 2003). After I/R insult, αB-crystallin translocates
to mitochondria (Martindale et al., 2005) where it may exert
cardioprotective effects. Indeed, αB-crystallin KO mice show
decreased contractile recovery with increased necrosis and
apoptosis (Ray et al., 2001; Morrison et al., 2004; Bousette
et al., 2010). Yet, cardioprotective post-conditioning induces a
preservation of αB-crystallin levels in pigs and αB-crystallin-
peptide administration in mice limits infarct area (Cubedo
et al., 2016). Recently, it has been reported that subchronic
nandrolone administration limits cardiac oxidative stress by
inducing the expression of antioxidant proteins, comprising
αB-crystallin, thus contributing to amelioration of post-ischemic
heart performance (Pergolizzi et al., 2017).

HSP20/HSPB6 is a small HSP located in the cytoplasm that
may translocate in part into the nucleus after a heart stress.
Induced expression of HSP20/HSPB6 limits apoptosis and infarct
size and improves cardiac contractility. HSP20 expression in
I/R seems regulated, at least in part, by miR-320 (Ren et al.,
2009). Inhibition of HSP20 phosphorylation may exacerbate
cardiac I/R damage by suppressing autophagy and increasing
other modalities of cell death (Qian et al., 2009; Edwards
et al., 2011; Fan and Kranias, 2011). In ischemic conditions,
HSP20 is associated to the sarcomeric structure in cardiac and
skeletal muscle, as well as in cardiac myoblast cell line, H9C2
(van de Klundert and de Jong, 1999; Verschuure et al., 2002;
Golenhofen et al., 2004). In cardiac cells, isoproterenol treatment
induced a redistribution of HSP20 to the cytoskeleton and co-
localization with actin. HSP20 can be phosphorylated in three
phosphorylation sites: serine 16 by PKA/PKG; serine 59 through
PKC; and serine 157 via insulin stimulation (Fan et al., 2005). Its
phosphorylation at Ser16 may provide cardioprotection against
β-agonist-induced apoptosis (Fan et al., 2004). Moreover, HSP20
may interact with the Bcl-2 family and the proapoptotic protein
Bax. The anti-apoptotic effect of HSP20 is mediated by PKA
pathway, and it prevents the translocation of Bax from the cytosol
to the mitochondria, thus limiting cytochrome c release and
caspase-3 activation (Fan et al., 2005).

HSPB8/HSP22 is another small HSP whose expression is
swiftly induced after ischemia. It is increased also 3-fold in
a pig model 1 h after reperfusion following ischemia (Depre
et al., 2001) and in the hibernating myocardium in humans and
swine (Depre et al., 2004). Indeed HSP22 overexpression limits
apoptosis and infarct size (Depre et al., 2006; Sui et al., 2009).

Also, co-chaperones are important in determining the
response to I/R stress. DnaJ-like pDJA1 increases 4-fold after
reperfusion in a pig model of I/R (Depre et al., 2003). BAG-
1, another co-chaperone, protects against I/R induced apoptosis
(Salo et al., 1991). CHIP, a co-chaperone/ubiquitin ligase
involved in protein quality control, is necessary for optimal
cardioprotection after coronary occlusion in mice. Indeed, CHIP
KO mouse shows a larger infarct size (Zhang et al., 2005).
Ubiquitin (UB) is a small molecular weight protein best known
for its role in the proteasomal degradation of damaged proteins.
Recently, it has been reported that exogenous and prolonged
treatment with UB before I/R protocol, reduces infarct size,
improves heart function and decreases inflammatory response.
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Whether this protection occurs with the intervention of CHIP is
not clear yet (Fehrenbach et al., 2000).

CONCLUSIONS

Protein misfolding and aggregation are emerging as crucial
mechanisms in inducing cardiomyopathy and ischemic damage.
The ability of chaperone proteins to inhibit unfolded protein
aggregation inducing their degradation and to potentiate
beneficial signal transduction pathways in cardiomyocytes
is responsible for chaperone-mediated cardioprotection in
different pathological conditions. ROS/RNS production in
the myocardium causes protein modification and unfolding,
inducing mitochondrial dysfunction and cardiomyocyte loss.
However, the increase in ROS/RNS levels, besides inducing
chaperone expression through the activation of specific
transcription factors, likely modify cardiac chaperones directly

on amino acid residues and/or formation of disulfide bonds,
promoting cell survival and cardiac function. This is a fascinating
possibility that would contribute to explain the mechanism of
conditioning in heart protection and open the way to new
possible therapeutic interventions.
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Whereas high amounts of reactive oxygen species (ROS) contribute to cardiac damage

following ischemia and reperfusion (IR), low amounts function as trigger molecules in the

cardioprotection by ischemic preconditioning (IPC). The mitochondrial translocation and

contribution of the hydrogen peroxide-generating protein p66shc in the cardioprotection

by IPC is unclear yet. In the present study, we investigated themitochondrial translocation

of p66shc, addressed the impact of p66shc on ROS formation after IR, and characterized

the role of p66shc in IR injury per se and in the cardioprotection by IPC. The amount

of p66shc in subsarcolemmal (SSM) and interfibrillar mitochondria (IFM) isolated from

wildtype mouse left ventricles (LV) was determined after 40 min normoxic perfusion and

after 30 min ischemia and 10 min reperfusion without and with IPC. The p66shc content

in SSM (in % of normoxic controls, n = 5) was 174 ± 16% (n = 6, p < 0.05) after IR,

and was reduced to 128 ± 13% after IPC (n = 6, p = ns). In IFM, the amount of p66shc

remained unchanged (IR: 81 ± 7%, n = 6; IPC: 110 ± 5%, n = 6, p = ns). IR induced an

increase in ROS formation in SSM and IFM isolated from mouse wildtype LV, which was

more pronounced in SSM than in IFM (1.18 ± 0.18 vs. 0.81 ± 0.16, n = 6, p < 0.05). In

mitochondria from p66shc-knockout mice (p66shc-KO), the increase in ROS formation

by IR was not different between SSM and IFM (0.90 ± 0.11 vs. 0.73 ± 0.08, n = 6,

p = ns). Infarct size (in % of the left ventricle) was 51.7 ± 2.9% in wildtype and 59.7

± 3.8% in p66shc-KO hearts in vitro and was significantly reduced to 35.8 ± 4.4%

(wildtype) and 34.7 ± 5.6% (p66shc-KO) by IPC, respectively. In vivo, infarct size was

57.8 ± 2.9% following IR (n = 9) and was reduced to 40.3 ± 3.5% by IPC (n = 11, p

< 0.05) in wildtype mice. In p66shc-knockout mice, infarct sizes were similar to those

measured in wildtype animals (IR: 56.2 ± 4.3%, n = 11; IPC: 42.1 ± 3.9%, n = 13,

p < 0.05). Taken together, the mitochondrial translocation of p66shc following IR and
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IPC differs between mitochondrial populations. However, similar infarct sizes after IR and

preserved infarct size reductions by IPC in p66shc-KOmice suggest that p66shc-derived

ROS are not involved in the cardioprotection by IPC nor do they contribute to IR injury

per se.

Keywords: ischemia/reperfusion, ischemic preconditioning, reactive oxygen species, mitochondria, p66shc

INTRODUCTION

An imbalance in the formation and removal of reactive oxygen
species (ROS) leads to oxidative stress, which plays a role in
the development of cardiovascular diseases, such as hypertension
(Chen et al., 2017), hypertrophy (Dai et al., 2011; Sag et al.,
2014), heart failure (Akhmedov A. T. et al., 2015), andmyocardial
injury following ischemia and reperfusion (IR) (Granger and
Kvietys, 2015). During IR, a certain amount of ROS is generated
during ischemia, whereas the majority of ROS is formed at
the onset of reperfusion (Zweier et al., 1987; Bolli et al.,
1989). High amounts of ROS contribute to myocardial injury
and ultimately cell death via detrimental effects on proteins
and lipids and also on the histone-free mitochondrial DNA.
However, ROS do not only participate in myocardial damage,
they also function as trigger molecules in the cardioprotection by
ischemic preconditioning (IPC). Here, a modest ROS formation
is suggested to activate signal transduction cascades which finally
confer protection against the burst of ROS at reperfusion. Indeed,
ROS scavenging during the preconditioning cycles of IR as well
as prior to reperfusion abolish the infarct size reduction by
IPC (Skyschally et al., 2003; Liu et al., 2008). It is generally
accepted that mitochondria represent the predominant source
of ROS. Within mitochondria, ROS are formed by the electron
transport chain (ETC)—especially from ETC complexes I, II and
III (Barja, 1999)—with around 0.2% of the oxygen consumed
by the ETC used for ROS formation (St-Pierre et al., 2002).
In addition to the ETC, mitochondrial ROS are also produced
by monoamino oxidases (MAO), which transfer electrons from
amine compounds to oxygen and thereby generate hydrogen
peroxide.

Another protein contributing to mitochondrial ROS
formation is p66shc, an ubiquitously expressed member of the
spontaneous human combustion (shc) family. Together with
p46shc and p52shc, p66shc represents an isoform encoded by
the human shcA locus. The structure of p66shc includes an
aminoterminal CH2 domain (collagen homology domain),
followed by a phosphotyrosine binding (PTB) domain, another
collagen-homology (CH1) domain, and a carboxyterminal
src-homology (SH2) domain. The PTB domain allows the
interaction with tyrosine-containing peptides, the CH1 domain
of p66shc contains two major tyrosine phosphorylation sites,
whereas the SH2 domain is important for protein-protein
interactions. The important phosphorylation site serine 36 is
located in the CH2 domain of p66shc. Under basal conditions,
the majority of p66shc resides in the cytosol, but translocates into
the mitochondria upon stress signals (Pinton et al., 2007). For
this translocation, the phosphorylation of p66shc at serine 36 by
protein kinase C beta (PKCβ) is important (Pinton et al., 2007).

Within mitochondria, p66shc is present in the intermembrane
space. Here, p66shc oxidizes reduced cytochrome c and thereby
catalyzes the reduction of oxygen to hydrogen peroxide (Giorgio
et al., 2005). Accordingly, p66shc-deficient cells have decreased
levels of ROS (Trinei et al., 2002; Carpi et al., 2009). The
reduced ROS formation in p66shc-deficient mice has been
suggested to prolong the life span of these animals (Migliaccio
et al., 1999), however, when the mice are housed under more
natural conditions this effect is abolished (Giorgio et al., 2012).
p66shc-mediated ROS formation is linked to cardiovascular
pathologies such as hypertrophy (Graiani et al., 2005) and heart
failure (Rota et al., 2006) (for review see Di Lisa et al., 2017).
Also, heart-rupture is reduced in p66shc-deficient mice following
myocardial infarction (Baysa et al., 2015). The measurement
of myocardial damage following IR in wildtype and p66shc-
knockout mice shows conflicting results: whereas in one study
the ablation of p66shc elicits cardiac protection (Carpi et al.,
2009), another study displays larger infarcts in p66shc-deficient
mice following IR (Akhmedov A. et al., 2015). Studies on the role
of p66shc in the cardioprotection by IPC in vivo are still lacking.

In the present study, we investigated the translocation of the
protein into mitochondrial subpopulations after IR and IPC.
Also, the p66shc-mediated ROS formation induced by IR was
studied. In addition, we characterized the impact of p66shc on
the cardioprotection by IPC in mouse hearts in vitro and in vivo.

MATERIALS AND METHODS

Animals
The present study conforms to the Guide for the Care and Use
of Laboratory Animals published by the US National Institutes
of Health (NIH publication No. 85–23, revised 1996) and was
approved by the animal welfare office of the Justus-Liebig-
University Giessen as well as the National Scientific Ethical
Committee on Animal Experimentation, Budapest, Hungary. In
the study, 12–22 weeks old male and female C57Bl6/J mice (25–
30 g, Janvier, Le Genest-Saint-Isles, France) and p66shc knockout
(p66shc-KO) mice were used. Mice were kept in dark/light cycles
of 12 h each and had free access to standard chow and drinking
water.

Ischemia/Reperfusion in Vitro
Mice were anesthetized with 5% isoflurane and killed by
cervical dislocation. Thereafter, hearts were rapidly excised
and the aorta was cannulated for retrograde perfusion with
an Aortic Cannula for mouse hearts (Ø 1mm, Hugo Sachs
Elektronik-Harvard Apparatus, March, Germany) connected to
a Langendorff perfusion system. Hearts were perfused with
37◦C warm modified Krebs Henseleit buffer (containing in mM:
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NaCl 118, KCl 4.7, MgSO4 0.8, KH2PO4 1.2, glucose 5, CaCl2
2.5, NaHCO3 25, pyruvate 1.9, continuously gased with 95%
O2, 5% CO2, pH 7.4) at a constant perfusion pressure of 70
mmHg (transduced by a Replacement Transducer Head for
APT300 Pressure Transducer, Hugo Sachs Elektronik-Harvard
Apparatus). A balloon was inserted into the left ventricle and
was connected to a pressure transducer (Combitrans 1-fach
Set Mod.II University Giessen, B. Braun, Melsungen, Germany)
for assessment of ventricular performance. The balloon was
inflated to yield a left ventricular end-diastolic pressure of
12–14 mmHg, which was kept constant thereafter. Hearts
were paced during measurements at 600 bpm. Left ventricular
developed pressure (LVDP, systolic pressure—diastolic pressure)
was recorded. Perfused hearts were left to stabilize for 5 min.
Ischemia was induced by stopping flow and pacing. The following
protocols were performed:
a) p66shc translocation and ROS formation
Normoxia: 40 min normoxia
IR: 30 min ischemia, 10 min reperfusion
IPC: Three times 3 min ischemia, 5 min reperfusion, followed by
30 min ischemia and 10 min reperfusion
At the end of the protocol, hearts were used to isolate
mitochondria
b) Infarct size determination
IR: 45 min ischemia, 120 min reperfusion
IPC: Three times 3 min ischemia, 5 min reperfusion, followed by
45 min ischemia and 120 min reperfusion
After 120 min of reperfusion, the hearts were removed from
the perfusion apparatus and frozen at −20◦C for 30 min.
Subsequently, hearts were cut in 7–8 slices and incubated in 1.2%
triphenyl-tetrazolium chloride for 20 min at 37◦C. Heart slices
were then fixated in 7% formalin at room temperature overnight.
Digital images were taken from both sides of the heart slices
with a M60 microscope (Leica, Wetzlar, Germany) at 2.5-fold
magnification. Infarct size was determined by planimetrie using
the Leica Application Suite LAS version 4.6 (Leica).

The use of either 30 or 45 min ischemia was due to the
necessity to compare data of p66shc translocation with previous
studies (were 30 min ischemia were analyzed, Yang et al., 2014)
and to induce substantial myocardial infarction in order to
demonstrate effective cardioprotection by IPC (45min ischemia).

Ischemia/Reperfusion in Vivo
Mice were weighed (weight range 22.1 ± 1.0–24.7 ± 1.1
g, p = ns between groups) and anesthetized with sodium
pentobarbital (Euthasol, Produlab Pharma b.v., Raamsdonksveer,
The Netherlands; 90 mg/kg bolus dose followed by 15–20
mg/kg when required during the experiment). The hair in
the neck and chest area was removed by using a depilatory
cream. Maintenance of body core temperature was assisted
using a constant temperature heating pad. The trachea was
intubated with a plastic cannula connected to a rodent ventilator
(Model Minivent 845, Harvard Apparatus, Holliston, MA).
The animals were ventilated with room air, volume and rate
set-ups accorded to the recommendation of the manufacturer
(100–240 µL, 120–150 breath/min according to the weight
of the animal). Surface-lead ECG and body core temperature

were monitored throughout the experiments to ensure the
stability of the preparation (Haemosys data acquisition system,
Experimetria, Budapest, Hungary). The heart rates ranged from
429 ± 17 to 451 ± 20 bpm and were not significantly different
between groups. The chest was opened at the 4th intercostal
space and an 8-0 Prolene suture was placed around the middle
portion of the left anterior descending branch (LAD) of the
left coronary artery. Then the suture was looped and a piece
of PE-10 cannula was placed into the loop. For coronary artery
occlusion and reperfusion, both strands of the suture were
pulled and fixed thereby pressing the plastic cannula onto the
surface of the heart directly above the coronary artery, and then
released. Mice were subjected to 45 min occlusion of the left
coronary artery (test ischemia) and then released to develop acute
myocardial infarction. In IPC groups, mice were subjected to
5 min ischemia/5 min reperfusion in four cycles prior to test
ischemia. To ensure recanalization of the occluded vessel, sodium
heparin was administered i.p. at 100U/kg dose three times during
the surgeries: 45 min before test ischemia; 5 min before the onset
of reperfusion, and at the 115th min of reperfusion.

After 120 min of reperfusion, risk area was re-occluded, and
mice were injected with 0.4 ml of 2% Evans blue dye through
the apex of the left ventricle. Following Evans staining, hearts
were isolated, right ventricle was removed and left ventricles (LV)
were cut into seven transversal slices. Heart slices were washed in
PBS buffer for 1 min to remove excess dye and then incubated in
1% triphenyl-tetrazolium-chloride for 10 min at 37◦C followed
by formalin fixation for 10 min. Digital images were taken from
both surface of heart slices by a Nikon DSLR camera (Nikon
Corporation, Tokyo, Japan). Planimetric evaluation was carried
out to determine infarct size using InfarctSizeTM software version
2.5, (Pharmahungary, Szeged, Hungary).

Isolation of Mitochondria
Subsarcolemmal (SSM) and interfibrillar mitochondria (IFM)
were isolated as previously described (Boengler et al., 2009). All
steps were performed at 4◦C. Hearts were washed in buffer A
(100mM KCl, 50mM 3-[N-Morpholino]-propanesulfonic acid
(MOPS), 5mM MgSO4, 1mM ATP, 1mM EGTA, pH 7.4),
weighed, the tissue was minced in 10 ml/g buffer A with
scissors and was then disrupted with a Potter-Elvejhem tissue
homogenizer. The homogenate was centrifuged for 10 min at
800 g. The resulting supernatant, which contained the SSM, was
centrifuged for 10 min at 8,000 g. The sedimented mitochondria
were washed in buffer A and were resuspended in a small
volume of buffer A. The sediment of the first centrifugation,
which contained the IFM, was resuspended in buffer A (10
ml/g tissue). The protease nagarse was added (Bacterial type
XXIV, Sigma, 8 U/g), incubated at 4◦C for 1 min and the
samples were then disrupted using a Potter-Elvejhem tissue
homogenizer. Subsequently, samples were centrifuged for 10
min at 800 g, and IFM were collected by centrifugation of the
supernatant for 10 min at 8,000 g. The sedimented IFM were
washed by resuspension in buffer A and centrifugation (8,000
g for 10 min), and were finally resuspended in buffer A. These
mitochondrial preparations were used to study ROS formation.
To analyse the amount of p66shc in SSM and IFM by Western
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blot, mitochondria were further purified by layering them on top
of a 30% Percoll solution in isolation buffer (in mM: sucrose 250;
HEPES 10; EGTA 1; pH 7.4) and subsequent ultracentrifugation
at 35,000 g for 30 min at 4◦C. The mitochondrial band was
collected, washed twice in isolation buffer by centrifugation at
8,000 g for 5 min, and the purified mitochondria were stored at
−80◦C.

ROS Formation
ROS formation was measured as described previously (Boengler
et al., 2017). Fifty microgram mitochondria (SSM and IFM)
isolated after normoxia or IR were transferred to incubation
buffer supplemented with 5mM glutamate and 2.5mM
malate, 50 µM Amplex UltraRed (Invitrogen, Eugene, OR),
and 0.1 U/ml horseradish peroxidase. The fluorescence
was measured continuously for 4 min with a Cary Eclipse
spectrophotometer (Agilent Technologies, Santa Clara, CA) at
the excitation/emission wavelengths of 565/581 nm, respectively.
As positive control served control mitochondria supplemented
with 2 µM of the complex I inhibitor rotenone. Background
fluorescence of the buffer without mitochondria was subtracted
and the slope fluorescence in arbitrary units/time (4 min) was
calculated.

Western Blot Analysis
Isolated SSM, IFM, or left ventricular tissue sections were lysed
in 1 × Cell Lysis buffer (25mM Tris, 150mM NaCl, 1mM
EDTA, 1% NP-40, 5% glycerol, pH 7.4) supplemented with 1X
PhosStop and Complete inhibitors (Roche, Basel, Switzerland)
as well as 1 µM neocuproine. Protein concentration was
determined using the Lowry assay. Thirty microgram proteins
were electrophoretically separated on 10% Bis/Tris gels and
proteins were transferred to nitrocellulose membranes. After
blocking, membranes were incubated with rabbit polyclonal
anti-human/rat SHC antibodies (BD Biosciences), rabbit
polyclonal anti-human voltage dependent anion channel
(VDAC, Acris, Rockville MD), or rabbit polyclonal anti-human
manganese superoxide dismutase antibodies (MnSOD, Merck
Millipore, Darmstadt, Germany). After washing and incubation
with the respective secondary antibodies, immunoreactive
signals were detected by chemiluminescence (SuperSignal
West Femto or SuperSignal West Pico Chemiluminescent
Substrate, ThermoFisher) and quantified using Scion Image
software (Frederick, MD). The purity of the mitochondrial
preparations was determined as the absence of immunoreactivity
for Na+/K+-ATPase (sarcolemma), sarcoplasmic/endoplasmic
reticulum calcium ATPase (sarcoplasmic reticulum), histone
deacetylase 2 (nucleus), and glycerinaldehyde-3-phosphate
dehydrogenase (cytosol), data not shown.

Statistics
Data are shown as mean ± SEM and a p < 0.05 is considered
to indicate a significant difference. Data on the mitochondrial
content of p66shc in SSM and IFM (basal, following IR and IPC)
were compared by non-parametric Rank Sum test. Data on ROS
formation, EDP, LVDP, the recovery of LVDP, area at risk in vivo,
as well as on infarct size determination in vitro and in vivo were

analyzed by two-way ANOVA, following Bonferroni corrections.
The program SigmaStat 3.5 (Systat, Software GmbH, Erkrath,
Germany) was used for statistical analysis.

RESULTS

To study the mitochondrial translocation of p66shc, isolated
mouse hearts were perfused under normoxic conditions or
subjected to IR (30 min ischemia, 10 min reperfusion) without
and with IPC. SSM and IFM were isolated and analyzed for their
p66shc content by Western blot (Figure 1). In SSM, IR induced
an increased translocation of p66shc into the mitochondria,
however, following IPC the p66shc content was reduced to that
of normoxic controls. In contrast to SSM, the amount of p66shc
in IFM was not affected by IR or IPC.

To investigate whether or not the mitochondrial amount of
p66shc correlates with the ROS formation following IR, isolated
hearts from wildtype (WT) or p66shc-KO mice underwent
normoxia or IR. Subsequently, SSM and IFM were isolated and
ROS formation was measured as the increase in the Amplex
UltraRed fluorescence (Figure 2). Under normoxic conditions,
ROS formation tended to be higher in SSM compared to IFM
isolated from both WT and p66shc-KO hearts without reaching
statistical significance. Following IR, ROS formation increased in
both SSM and IFM from WT and p66shc-KO hearts, however,
the raise in ROS formation in SSM compared to IFM was more
pronounced in WT than in p66shc-KO mitochondria. When
ROS formation was stimulated by the addition of rotenone,
there were no differences in the slope of the Amplex UltraRed
fluorescence (in arbitrary units/min) between SSM and IFM
isolated from WT (SSM Nx: 1.6 ± 0.2; SSM IR: 1.8 ± 0.2; IFM
Nx: 2.3 ± 0.5; IFM IR: 1.9 ± 0.3, n = 6, p = ns) and p66shc-KO
hearts (SSMNx: 2.16± 0.3; SSM IR: 2.2± 0.2; IFMNx: 1.9± 0.3;
IFM IR: 2.5± 0.3, n= 6, p= ns).

The impact of p66shc on left ventricular function was
determined in isolated WT and p66shc-KO hearts subjected to
IR without or with IPC. Under baseline conditions (i.e., at the
end of the stabilization period), end-diastolic pressure and LVDP
were not different between groups (Table 1). The recovery of the
LVDP at the end of reperfusion was more pronounced in WT
hearts undergoing IPC than in p66shc-KO hearts (Figure 3A,
Table 1). However, the improved functional recovery was not
a consequence of altered infarct size, since IPC induced a
similar infarct size reduction in WT and in p66shc-KO hearts
in vitro (Figure 3B). Myocardial infarction after IR alone was not
different between WT and p66shc-KO hearts.

To study the role of p66shc in the cardioprotection by IPC in
vivo, the LAD branch of the left coronary artery was reversibly
occluded in WT and p66shc-KO mice to induce IR without
and with IPC. The area at risk (in % of the left ventricle) was
not different between groups (WT, IR: 23.2 ± 2.4, n = 9; WT
IPC: 34.5 ± 5.2, n = 11; p66shc-KO IR: 26.9 ± 2.5, n = 11;
p66shc-KO IPC: 27.9 ± 2.7, n = 13, p = ns). Also, there was
no significant difference in infarct size after IR between WT
and p66shc-KO mice (Figure 4). However, with IPC infarct size
was significantly reduced in both WT and p66shc-KO mice
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FIGURE 1 | Mitochondrial p66shc translocation following ischemia/reperfusion or ischemic preconditioning. Western blot analysis was performed for p66shc and the

mitochondrial marker protein MnSOD (manganese superoxide dismutase) on SSM (A) and IFM (B) isolated from wildtype mice undergoing normoxia (Nx),

ischemia/reperfusion (IR) or IR with ischemic preconditioning (IPC). Bar graphs represent the ratios of p66shc over MnSOD in SSM (C) and IFM (D) isolated after Nx,

IR, or IPC.

demonstrating effective cardioprotection not only inWT but also
in p66shc-KO mice in vivo (Figure 4).

DISCUSSION

The present study demonstrates that the translocation of p66shc
after IR or IPC differs between mitochondrial subpopulations.
An increase in the mitochondrial level of p66shc in SSM is
associated with enhanced ROS formation after IR. However,
the altered mitochondrial amounts of p66shc after IR or IPC
had no consequences for infarct development per se or the
cardioprotection, since p66shc knockout hearts showed an
effective infarct size reduction by IPC both in vitro and in vivo.

The presence of p66shc has been described in mitochondria
of several cell types, including mouse embryonic fibroblasts
(Nemoto et al., 2006), human endothelial cells (Paneni et al.,
2015; Spescha et al., 2015; Zhu et al., 2015), and mitochondria
isolated from cardiac tissue (Yang et al., 2014). Cardiomyocytes
contain at least two mitochondrial subpopulations, the SSM and
IFM, which differ in form and function (Palmer et al., 1977, 1986;
Boengler et al., 2009). When analyzing the presence of p66shc in
mitochondria of ventricular origin, only SSM have been studied
so far (Yang et al., 2014). In the present study, we detected p66shc
not only in cardiac SSM but also in IFM. Under basal conditions,

themajority of p66shc resides in the cytosol and a translocation of
the protein into the mitochondrial intermembrane space occurs
under stress conditions, among them IR (Giorgio et al., 2005; Zhu
et al., 2015). A previous study demonstrates that the translocation
of p66shc into SSM is dependent on the duration of IR in guinea
pig hearts (Yang et al., 2014). Here, 30 min of ischemia were
not sufficient to increase the mitochondrial amount of p66shc,
whereas 30 min ischemia and 10 min reperfusion enhanced
the mitochondrial content of the protein. In the present study,
the increased mitochondrial amount of p66shc after 30 min
ischemia and 10 min reperfusion in SSM was confirmed, but
this translocation was specific for SSM since the mitochondrial
amounts of p66shc in IFM was not affected by IR.

The import of p66shc into mitochondria requires the
phosphorylation at serine 36 by protein kinase C beta
(PKCβ), and the subsequent prolyl-isomerization by peptidyl-
prolyl cis-trans isomerase 1 (Pin1) is important. Indeed,
it has already been shown that 30 min IR induces the
activation/phosphorylation of PKCβ and simultaneously that of
p66shc at serine 36, and that the inhibition of PKCβ decreases
p66shc phosphorylation and the mitochondrial translocation
of the protein (Kong et al., 2008; Yang et al., 2014).
However, serine 36 phosphorylation of p66shc may also
require c-Jun terminal kinase activity (Khalid et al., 2016). In
human umbilical vein endothelial cells, hypoxia/reoxygenation
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FIGURE 2 | ROS formation in SSM and IFM isolated from mouse hearts following normoxia or ischemia/reperfusion in vitro. Original traces showing Amplex UltraRed

fluorescence in SSM and IFM isolated after normoxia (Nx) or ischemia/reperfusion (IR) in wildtype (WT, A) or p66shc knockout (p66 KO, B) hearts in vitro. Bar graphs

represent the slope of the Amplex UltraRed fluorescence measured for 4 min in WT (C) and p66 KO (D) mitochondria.

TABLE 1 | Summary of the baseline parameters and hemodynamic data throughout ischaemia-reperfusion protocols in vitro.

Genotype Protocol n-

value

Body

weight (g)

Heart

weight/body

weight (mg/g)

EDP (mm Hg) LVDP (mm Hg)

basal 10 min

reperfusion

End of

reperfusion

basal 10 min

reperfusion

End of

reperfusion

WT IR in vitro 7 28.9 ± 1.2 6.25 ± 0.27 12.8 ± 0.4 51.4 ± 6.1 26.3 ± 4.1 107.0 ± 3.7 59.8 ± 11.9 56.7 ± 2.8

WT IPC in vitro 7 27.7 ± 1.5 6.51 ± 0.24 11.1 ± 0.7 25.7 ± 2.5* 14.2 ± 0.9* 101.8 ± 7.7 67.5 ± 4.2 59.5 ± 6.4

p66 KO IR in vitro 5 25.2 ± 0.5 6.91 ± 0.51 12.0 ± 1.0 62.7 ± 11.3 31.0 ± 4.4 90.6 ± 10.5 32.7 ± 8.3* 36.0 ± 2.7*

p66 KO IPC in vitro 5 26.0 ± 0.9 6.30 ± 0.48 11.6 ± 0.9 33.8 ± 16.0 19.0 ± 7.4 95.4 ± 10.3 31.0 ± 8.1** 38.7 ± 3.5**

Enddiastolic pressure (EDP) and left ventricular developed pressure (LVDP) in wildtype and p66shc knockout (p66 KO) hearts undergoing IR without and with ischemic preconditioning

(IPC). Basal data were collected at the end of the stabilization period. *p < 0.05 vs. I/R WT, **p < 0.05 vs. IPC WT.

is associated with increased phosphorylation and mitochondrial
translocation of p66shc (Zhu et al., 2015). Here, the increased
p66shc phosphorylation is attributed to decreased activity of
phosphatase 2A rather than to increased activity of PKCβ.
The mitochondrial translocation of p66shc after intestinal
IR injury is abrogated following the inhibition of Pin1
leading to improved survival (Feng et al., 2017). Under high
glucose conditions, the phosphorylation and mitochondrial
translocation of p66shc is facilitated by a Sirtuin 1-regulated
lysine acetylation (Kumar et al., 2017). Although we tried to
measure serine 36 phosphorylation of p66shc by Western blot
and immunoprecipitation in the present study, but were unable
to detect specific signals with available antibodies (data not

shown), we cannot correlate p66shc phosphorylation with the
mitochondrial amount of the protein.

The ablation of p66shc is associated with a reduced ROS
formation after IR in the brain (Spescha et al., 2013) as
well as in the heart (Carpi et al., 2009). However, one
study also shows that the deletion of p66shc (via siRNA or
by genetic ablation) has no influence on myocardial ROS
formation following IR (Spescha et al., 2015). In our study,
we found an increase in ROS formation after IR compared
to normoxia in SSM and IFM of wildtype and p66shc-
deficient mice. In wildtype mice, this increase was more
pronounced in SSM than in IFM and therefore correlated
with the mitochondrial translocation of p66shc. However,
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FIGURE 3 | Influence of p66shc on myocardial function, IR injury and cardioprotection in vitro. (A) Left ventricular developed pressure (LVDP) at the end of reperfusion

in % of that at the end of the stabilization period in wildtype (WT) and p66shc knockout (p66 KO) mice undergoing ischemia/reperfusion (IR) or ischemic

preconditioning (IPC). (B) Infarct size (in % of left ventricle) in WT and p66shc-KO mice subjected to IR or IPC.

FIGURE 4 | Influence of p66shc on myocardial IR injury and cardioprotection by ischemic preconditioning in vivo. Infarct size (in % of the area at risk) in WT and

p66shc knockout (p66 KO) mice subjected to ischemia/reperfusion (IR) or ischemic preconditioning (IPC).

in mitochondria isolated from p66shc-deficient mice ROS
formation was not different in SSM and IFM after IR indicating
that p66shc contributes sufficient amounts to the ROS formation
induced by myocardial IR.

Since ROS are known to contribute to either myocardial
damage or protection—depending on their timing and their
amount—p66shc represents an interesting target to be studied
in IR and protection from it. p66shc induces opening of
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the mitochondrial permeability transition pore, which leads to
swelling of the organelle, rupture of the outer mitochondrial
membrane and finally cell death (Giorgio et al., 2005). Therefore,
the deletion of p66shc has been suggested to be protective in IR
injury, and indeed IR in the brain induced by transient middle
cerebral artery occlusion results in reduced stroke size in p66shc-
KO mice or in WT mice after post-ischemic silencing of p66shc
compared to that in control mice (Spescha et al., 2013, 2015).
Also, muscle fiber necrosis is reduced in p66shc-deficient mice
after hindlimb IR (Zaccagnini et al., 2004). In the heart, the data
on the role of p66shc in IR injury are controversial. Whereas, one
study demonstrates the maintenance of cell viability and reduced
oxidative stress in p66shc-deficient hearts following IR in vitro
(Carpi et al., 2009), the measurement of myocardial infarction in
p66shc-deficient mice in vivo shows larger infarct sizes after IR
compared to that in wildtype mice (Akhmedov A. et al., 2015).
However, myocardial infarction is untypically small in this study,
and the increase in myocardial damage is only evident after
short term ischemia (30 min), whereas with the prolongation
of ischemia to 45 or 60 min no differences in infarct sizes
occur between wildtype and p66shc-deficient mice. In the present
study, we determined the infarct sizes of wildtype and p66shc-
deficient mice undergoing IR (with 45 min of ischemia) in vitro
and in vivo andwe observed similarmyocardial infarction in both
genotypes indicating that p66shc—and the p66shc-induced ROS
formation—does not contribute to IR injury per se.

Due to the important role of ROS in IR injury and in
the protection by IPC, p66shc represents a putative target of
such protective intervention. Indeed, in cortical cells chemical
preconditioning induces serine 36 phosphorylation of p66shc,
subsequent mitochondrial translocation of the protein and
finally reduces cell death (Brown et al., 2010). Whereas, this
study suggests a protective role of p66shc in preconditioning,
another study demonstrates that IPC in the liver is protective
against IR injury via a pathway involving the Sirtuin 1-
mediated downregulation of p66shc (Yan et al., 2014). In
the present study, we measured the translocation of p66shc
into mitochondria after perfusion of isolated wildtype hearts
under normoxic control conditions, after IR and as well as
after IPC and found that whereas IR and IPC did not alter
the mitochondrial amount of p66shc in IFM, the IR-induced
increase of p66shc in SSM was abrogated after IPC. Thus, the
inhibition of mitochondrial p66shc import by IPC may reduce
myocardial ROS formation to such amounts which are necessary
for triggering cardioprotection.

In addition, the present study addressed the influence of
p66shc on myocardial function and the infarct size development
following IR without and with IPC in vitro and in vivo.

Whereas the recovery of the LVDP was improved in wildtype
compared to p66shc-deficient mice after IPC, the enhanced
functional recovery was not a consequence of altered myocardial
infarction, since IPC reduced infarct sizes to similar extents in
both genotypes in vitro. Comparable results were obtained in
the in vivo situation where IPC was equally cardioprotective in
wildtype and in p66shc-deficient mice. Therefore, despite the
putative normalization of the IR-induced increase of ROS by IPC
in SSM, p66shc-mediated ROS formation is no prerequisite for
the cardioprotection by IPC. The role of p66shc in IPC in the

heart has previously been investigated in one study only (Carpi
et al., 2009). Here, myocardial damage was assessed as the release
of lactate dehydrogenase (LDH) from isolated hearts in vitro.
Compared to wildtype mice, LDH release was already reduced
in p66shc-deficient mice after IR and was not further affected by
IPC. Therefore, it is difficult to assess whether or not IPC was
capable to additionally decrease LDH release.

Our data demonstrate that in healthy hearts p66shc is
of no importance for myocardial I/R injury and that the
protein is also not involved in the cardioprotection by classical
ischemic preconditioning. However, alterations in p66shc
expression/phosphorylation occur in pathological conditions in
humans, such as in muscular pericytes of diabetic patients
(Vono et al., 2016), in peripheral blood monocytes and renal
tissue biopsies of patients with diabetic nephropathy (Xu
et al., 2016), and also in peripheral blood monocytes of
patients with acute coronary syndrome, but not with stable
coronary artery disease (Franzeck et al., 2012). Since such risk
factors and co-morbidities may abrogate the cardioprotection
by preconditioning (Ferdinandy et al., 2014), it remains to be
elucidated whether p66shc contributes toward cardioprotection
under pathological conditions.

Taken together, our study demonstrates that within cardiac
mitochondria p66shc is present in SSM as well as in IFM. The
IR-induced translocation of p66shc into SSM correlates with the
ROS formation in this mitochondrial subpopulation. However,
ROS generation by p66shc is not important formyocardial injury,
since the ablation of p66shc does not influence infarct size after
IR per se. Whereas, IPC normalizes the IR-induced increase of
p66shc in SSM, this process has no relevance for cardioprotection
since p66shc-deficient mice show effective infarct size reduction
in vitro and in vivo.
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Left ventricular hypertrophy (LVH) is a major contributor to the development of heart
failure (HF). Alterations in cyclic adenosine monophosphate (cAMP)-dependent signaling
pathways participate in cardiomyocyte hypertrophy and mitochondrial dysfunction
occurring in LVH and HF. cAMP signals are received and integrated by a family of
cAMP-dependent protein kinase A (PKA) anchor proteins (AKAPs), tethering PKA to
discrete cellular locations. AKAPs encoded by the Akap1 gene (mitoAKAPs) promote
PKA mitochondrial targeting, regulating mitochondrial structure and function, reactive
oxygen species production, and cell survival. To determine the role of mitoAKAPs in
LVH development, in the present investigation, mice with global genetic deletion of
Akap1 (Akap1−/−), Akap1 heterozygous (Akap1+/−), and their wild-type (wt) littermates
underwent transverse aortic constriction (TAC) or SHAM procedure for 1 week. In wt
mice, pressure overload induced the downregulation of AKAP121, the major cardiac
mitoAKAP. Compared to wt, Akap1−/− mice did not display basal alterations in cardiac
structure or function and cardiomyocyte size or fibrosis. However, loss of Akap1
exacerbated LVH and cardiomyocyte hypertrophy induced by pressure overload and
accelerated the progression toward HF in TAC mice, and these changes were not
observed upon prevention of AKAP121 degradation in seven in absentia homolog 2
(Siah2) knockout mice (Siah2−/−). Loss of Akap1 was also associated to a significant
increase in cardiac apoptosis as well as lack of activation of Akt signaling after pressure
overload. Taken together, these results demonstrate that in vivo genetic deletion of
Akap1 enhances LVH development and accelerates pressure overload-induced cardiac
dysfunction, pointing at Akap1 as a novel repressor of pathological LVH. These results
confirm and extend the important role of mitoAKAPs in cardiac response to stress.

Keywords: heart failure, Akt, cardiac hypertrophy, cardiomyocytes, pressure overload

INTRODUCTION

Pathological left ventricular hypertrophy (LVH) is a hallmark feature of a number cardiovascular
diseases (Hill and Olson, 2008; Schiattarella and Hill, 2015; Schiattarella et al., 2017) and is strongly
associated with increased risk of developing heart failure (HF; Levy et al., 1990). In response to
stress, such as hypertension and pressure overload, several cellular and sub-cellular modifications
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lead to cardiac remodeling (Perrino and Rockman, 2007;
Burchfield et al., 2013). Despite the critical role of LVH in the
development of cardiac dysfunction, the mechanisms underlying
cardiomyocyte hypertrophy in response to pressure overload still
remain not completely understood.

Members of a family of cyclic adenosine monophosphate
(cAMP)-dependent protein kinase A (PKA) anchor proteins
(AKAPs) have been identified as potential regulators of cardiac
responses to pathological stimuli including pressure overload-
induced LVH (Perrino et al., 2010; Diviani et al., 2011; Rababa’h
et al., 2014). By anchoring PKA to membranes and cellular
organelles, AKAPs play a key role in the intracellular propagation
of cAMP/PKA signals (Feliciello et al., 2001; Carlucci et al.,
2008b). Several AKAPs are expressed in cardiomyocytes,
regulating crucial cellular functions (Diviani et al., 2011).
Among these, mAKAP has been shown to regulate hypertrophy
of neonatal cardiomyocytes through mitogen-activated protein
kinases (MAPKs) signaling pathways (Rababa’h et al., 2014).
Moreover, AKAP-Lbc also regulates cardiomyocytes hypertrophy
forming a complex with other protein kinases (Carnegie et al.,
2008).

Mitochondria are the major energy source for contraction
and relaxation in cardiomyocytes. LVH and ultimately HF are
characterized by mitochondrial dysfunction leading to reduced
ATP production and increased generation of mitochondrial
reactive oxygen species (ROS; Torrealba et al., 2017). A sub-
family of AKAPs deriving from the alternative splicing of the
Akap1 gene amplifies signals to mitochondria (mitoAKAPs),
and has been shown to be critical under several pathological
conditions (Carlucci et al., 2008a; Perrino et al., 2010; Scorziello
et al., 2013; Schiattarella et al., 2016). We have previously
demonstrated that the absence of Akap1 exacerbates cardiac
injury following myocardial infarction in mice, promoting
mitochondrial dysfunction, enhancing ROS production and
infarct size, and ultimately reducing survival (Schiattarella
et al., 2016). Using a rat model of LVH, we have shown that
degradation of AKAP121, the most abundant Akap1 product
in muscle cells, occurs early in response to pressure overload,
and is associated with impaired mitochondrial function and
reduced cell survival (Perrino et al., 2010). Degradation of
AKAP121 is mediated, in part, by the E3 ubiquitin ligase
seven in absentia homolog 2 (Siah2; Carlucci et al., 2008a).
Previous studies in our laboratory and others have also shown
that AKAP121 degradation upon ischemia is reduced in Siah2
knockout mice (Siah2−/−; Kim et al., 2011; Schiattarella et al.,
2016), and that Siah2 deletion reduces cardiac susceptibility
to ischemia due to loss of Akap1 (Schiattarella et al., 2016).
Although the potential role of AKAP121 in the hypertrophic
growth of cardiomyocytes has been suggested by in vitro
studies (Abrenica et al., 2009), basal cardiac mass, structure,
and function of Akap1−/− mice were not significantly different
compared to their wt littermates. Thus, whether Akap1 plays
a causal role during the development of LVH in vivo remains
unknown. In the present investigation, we hypothesized that
loss of Akap1 exacerbates cardiac hypertrophy in response
to pressure overload, leading to an accelerated progression
toward HF.

MATERIALS AND METHODS

Experimental Animals
All experiments involving animals in this study were conformed
to the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH
Publication 8th edition, update 2011), and were approved by
the animal welfare regulation of University of Naples Federico
II, Naples, Italy, and by the Ministry of Health, Italy. Akap1
knockout mice (Akap1−/−, C57BL/6 background) and Akap1
heterozygous mice (Akap+/−, C57BL/6 background) were kindly
donated by McKnight G. S. and have been previously described
(Newhall et al., 2006; Schiattarella et al., 2016). Siah2 knockout
mice (Siah2−/−, C57BL/6 background) were kindly donated
by Bowtell D. Wild-type (wt, C57BL/6 background) Akap1+/−

and Akap1−/− mice of either gender (8–9 weeks old) were
included in the study and maintained under identical conditions
of temperature (21 ± 1◦C), humidity (60 ± 5%), and light/dark
cycle, and had free access to normal mouse chow.

Mouse Model of Pressure
Overload-Induced Cardiac Hypertrophy
and Heart Failure
Pressure overload was induced in adult Akap1+/−, Akap1−/−,
and Siah2−/− mice and their wt littermates by transverse aortic
constriction (TAC) as previously described (Esposito et al.,
2011; Angrisano et al., 2014). Briefly, mice were anesthetized
by intraperitoneal injection of 0.1 ml/kg of mixture of 50%
Tiletamine and 50% Zolazepam (Zoletil 100) and Xylazine
5 mg/kg (Sigma-Aldrich) and a surgical suture was passed
across the aortic arch between left common carotid artery and
innominate artery. Another group of animals underwent a left
thoracotomy without aortic constriction (sham). Mice from all
the groups were sacrificed 1 week (1w) after surgery to perform
molecular analyses. Only TAC animals with systolic pressure
gradients >40 mmHg were included in the study.

Transthoracic Echocardiography
Cardiac function was non-invasively monitored by transthoracic
echocardiography using the Vevo 770 high-resolution imaging
system equipped with a 30-MHz RMV-707B scanning head
(Visual-Sonics, Toronto, ON, Canada) 1w after sham or TAC
operation in mice of all genotypes as previously described
(Esposito et al., 2011; Perrino et al., 2013).

Protein Extraction and Immunoblotting
Heart and cellular samples were homogenized in a buffer
containing 150 mmol/L NaCl, 50 mmol/L Tris-HCl (pH
8.5), 2 mmol/L EDTA, 1% v/v NP-40, 0.5% w/v deoxycholate,
10 mmol/L NaF, 10 mM sodium pyrophosphate, 2 mmol/L PMSF,
2 heart leupeptin, 2 heart aprotinin, pH 7.4, using the program
Protein_1 on a GentleMACS tissue Dissociator (Miltenyi Biotec;
Esposito et al., 2015; Cattaneo et al., 2016). Protein concentration
in all lysates was measured by using a dye-binding protein assay
kit (Bio-Rad) and a SmartSpec Plus spectrophotometer (Bio-
Rad) reading at a wavelength of 595 nm. Immunoblotting was
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performed by using commercially available antibodies: anti-Akt
(rabbit polyclonal, Santa Cruz Biotechnology), anti-pAkt (Ser473,
rabbit polyclonal, Cell Signaling), anti-cleaved Caspase-3 (rabbit
polyclonal, Cell Signaling), anti-AKAP121 (Carlucci et al., 2008a;
rabbit polyclonal), anti-caspase-9 (rabbit polyclonal, Santa
Cruz Biotechnology), anti-IDH2 (goat polyclonal, Santa Cruz
Biotechnology), anti-phosphoPKA substrates (rabbit polyclonal,
Cell Signaling), anti-GAPDH (mouse monoclonal, Santa
Cruz Biotechnology), and anti-tubulin (mouse monoclonal,
Sigma-Aldrich). Secondary antibodies were purchased from
Amersham Life Sciences (GE Healthcare). Bands were visualized
by enhanced chemiluminescence (ECL; Amersham Life Sciences)
according to the manufacturer’s instructions, and were quantified
by using densitometry (Chemidoc, Bio-Rad). Each experiment
and densitometric quantification was separately repeated at least
three times.

RNA Isolation and Real-Time PCR
Total RNA was prepared using TRIzol (Invitrogen, Eugene, OR,
United States), according to the manufacturer’s instruction.
Oligo-dT first strand cDNA was synthesized using the
SuperScript VILO cDNA Synthesis Kit (Invitrogen, Life
technologies) according to the manufacturer’s instructions.
mRNA expression was determined in cardiac samples from
different experimental groups by real-time quantitative
PCR (RT-PCR) using a IQ-5 Multicolor Real-Time PCR
Detection System (BIORAD). The primers used were: β-MHC:
forward 5′-GAGACGACTGTGGCCTCC-3′, reverse 5′-GCAT
GATGGCGCCTGTCAG-3′; Collagen IA1: forward 5′-GGAGAC
AGGTCAGACCTGTGTG-3′, reverse 5′-CAGCTGGATAGC
GACATCGGC-3′; Collagen III: forward 5′-ATATCAAACACGC
AAGGC-3′, reverse 5′-GATTAAAGCAAGAGGAACAC-3′;
Fibronectin: forward 5′- ACCGTGTCAGGCTTCCGG-3′,
reverse 5′- ACGGAAGTGGCCGTGCTT-3′; and GAPDH:
forward 5′-TGCAGTGGCAAAGTGGAGATT-3′, reverse 5′-TC
GCTCCTGGAAGATGGTGAT-3′.

Mitochondria Isolation and Evaluation of
Respiratory Parameters
Mitochondria were isolated from cardiac samples and respiration
rate was detected on isolated mitochondria as previously
described (Perrino et al., 2013; Schiattarella et al., 2016). Briefly,
hearts were gently homogenized in a buffer containing 220 mM
mannitol, 70 mM sucrose, 20 mM Tris·HCl, 1 mM EDTA, and
5 mM EGTA (pH 7.4) and then centrifuged at 8,000 g for
10 min at 4◦C. The supernatant was further centrifuged and
the mitochondrial pellet was either use for immunoblot analysis
or to measure mitochondrial respiration (Perrino et al., 2013;
Schiattarella et al., 2016).

Adult Ventricular Murine Myocytes
Isolation
Adult ventricular myocytes were isolated from murine adult
hearts using a modified heart retrograde perfusion-based
method. Briefly, mice were injected with heparin and
anesthetized with an intraperitoneal injection of 0.1 ml/kg

of mixture of 50% Tiletamine and 50% Zolazepam (Zoletil 100)
and Xylazine 5 mg/kg (Sigma-Aldrich). The heart was quickly
excised, and the aorta was cannulated for retrograde perfusion in
a Langendorff apparatus at a constant flow rate of 1.5 ml/min at
37◦C. The heart was perfused for 9–10 min with isolation buffer
[NaCl 120 mM, KCl 4.4 mM, MgCl2 1 M, NaH2PO4 1.2 mM,
NaHCO3 20 mM, glucose 5 mM, 2,3-butanedione monoxime
(BDM) 1.25 mM, and taurine 5 mM, pH 7.4], bubbling the
isolation solution with 95% O2 – 5% CO2, followed by digestion
for 13 min with collagenase II (350 U/ml; Worthington) in
isolation buffer. After digestion, myocytes were suspended in
isolation buffer, filtered with a mesh (100 µm), gently spin
down (300 g for 1 min), and resuspended for stepwise Ca2+

reintroduction from 25 µmol/L to 1.0 mmol/L. Myocytes were
than lyzed in a buffer containing Tris 1 M, 1% v/v Nonidet P-40,
NaCl 5 M, 10% w/v deoxycholate, NaVO3 100 mM, and NaF
100 mM to extract protein as described above.

Histology
Mouse heart specimens were fixed in 4% formaldehyde
and embedded in paraffin. After de-paraffinization and
re-hydratation, 4-µm-thick sections were prepared and mounted
on glass slides. An even number of cardiac cross sections per
group were stained with wheat germ agglutinin (WGA) or
Picosirius red as previously described (Schiattarella et al., 2016).
Briefly, thin cardiac sections were analyzed using Nikon light
microscope and NIS Elements Basic Research software (Nikon).
For assessment of cardiomyocyte cross sectional area, mean area
was evaluated by measuring 400–500 cells per heart (n = 4–5
animals/group). Fibrotic regions (6–8 fields/section, n = 4–5
animals/group) were measured as percent of collagen-stained
area/total myocardial area and averaged using a computer-
assisted image analysis software (Image J software, National
Institutes of Health).

TUNEL Staining
Cardiac DNA nicks were assayed by an in situ Apoptosis
Detection kit or ApopTag Fluorescein Direct in situ Apoptosis
Detection kit (Chemicon) according to manufacturer’s
instructions as previously described (Esposito et al., 2015;
Schiattarella et al., 2016). TUNEL staining was visualized by
specific green fluorescence and nuclei by 4′-6-diamidino-2-
phenylindole (DAPI). TUNEL-positive cardiomyocytes nuclei
identified were normalized by total nuclei stained in the same
sections by DAPI (n = 7–8 animals/group). An even numbers of
slides were analyzed for each group.

Statistical Analysis
All data presented are representative of three or more
independent experiments and are expressed as mean ± SEM.
Comparisons between two groups were performed using the
unpaired Student’s t-test. For experiments including three or
more experimental groups, comparisons were made by one-way
analysis of variance (ANOVA) or 2-way ANOVA, and p values
shown indicate the effect of genotype response. Correction for
multiple comparisons was made using the Student–Newman–
Keuls method. A minimum value of p < 0.05 was considered
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statistically significant. All statistical analyses were conducted
with Prism statistical software.

RESULTS

Akap1 Deletion Enhances Cardiac
Hypertrophy After Transverse Aortic
Constriction in Mice
We have previously demonstrated that myocardial levels of
AKAP121 decrease in a rat model of LVH induced by ascending
aortic banding (Perrino et al., 2010), suggesting a role for
this adaptor protein in the transmission of hypertrophic
signals in the myocardium. However, the effects of Akap1
genetic deletion on cardiac remodeling in response to pressure
overload are currently unknown. Consistent with our previous
results, AKAP121 cardiac levels were significantly decreased
in wt mice subjected to 1w TAC compared to sham-operated
littermates (Figure 1A), and these results were associated with
the impairment of mitochondrial PKA signaling (Supplementary
Figure S1). Importantly, AKAP121 downregulation was also
observed in adult ventricular myocytes isolated from wt TAC
hearts (Supplementary Figure S2), demonstrating that AKAP121
downregulation in LVH occurs in cardiomyocytes. Interestingly,
after TAC, both Akap1+/− and Akap1−/− mice exhibited a
significant further increase in LVW/BW compared to wt TAC
mice (Figure 1B and Table 1), coupled with an increase in
cardiomyocytes cross-sectional area measured by WGA staining
(Figure 1C) and in β-myosin heavy chain (β-MHC) mRNA

abundance (Figure 1D). No differences were found among the
three different genotypes in cardiac interstitial fibrosis, measured
by Picrosirius red staining (Figure 2A), as well as in the mRNA
abundance of the most common fibrotic markers: collagen type
I, type III, and fibronectin (Figures 2B–D). Collectively, these
data suggest that loss of Akap1 exacerbates cardiac hypertrophy
induced by pressure overload without affecting the fibrotic
response.

Genetic Deletion of Akap1 Precipitates
Heart Failure Induced by Pressure
Overload
Chronic pressure overload inevitably leads to impairment
in LV systolic function and ultimately HF (Esposito et al.,
2011; Schiattarella and Hill, 2015). As expected, after 1w
TAC, wt mice exhibited a mild but significant reduction in
% FS compared to sham-operated animals (Figures 3A,B
and Table 1). Reduction in % FS in wt mice was mainly
due to the increase in LV end-systolic diameter (LVESd,
Figure 3C) without significant changes in LV end-diastolic
diameter (LVEDd, Figure 3D). In Akap1+/− and Akap1−/−

mice, TAC operation caused a significant further decrease of
% FS compared to TAC wt mice (Figures 3A,B). Reduction
in % FS observed in Akap1+/− and Akap1−/− after TAC,
resulted by increase in both LVESd and LVEDd (Figures 3C,D).
The differences in LV systolic function between wt and Akap1-
deficient mice after stress suggest that Akap1 plays an important
role in the progression toward HF after chronic pressure
overload.

FIGURE 1 | Akap1 deficiency exacerbates pressure overload-induced cardiac hypertrophy. (A) Representative immunoblot (left) and densitometric analysis (right) of
AKAP121 protein levels in hearts from sham (n = 5) and 1 week transverse aortic constriction (TAC 1w; n = 7) operated wt, Akap1+/−, and Akap1−/− mice. GAPDH
was used as control of loading sample (∗p < 0.05 vs. wt sham). (B) Bar graphs showing cumulative data of left ventricular weight (LVW) to body weight (BW) 1 week
after sham or TAC procedures in wt, Akap1+/−, and Akap1−/− mice (∗p < 0.05 vs. sham; §p < 0.05 vs. wt TAC 1w; n = 7 hearts/group). (C) (Left) Representative
images of wheat germ agglutinin (WGA) staining of cardiac transversal sections from wt, Akap1+/−, and Akap1−/− mice 1 week after sham or TAC procedure. DAPI
was used as nuclei counterstaining. Scale bar: 20 µm. (Right) Bar graphs showing cumulative data of multiple independent experiments analyzing cardiomyocytes
cross-sectional area (∗p < 0.05 vs. sham; §p < 0.05 vs. wt TAC 1w; n = 5 hearts/group). (D) mRNA levels of β-myosin heavy chain (β-MHC) in cardiac samples from
wt, Akap1+/−, and Akap1−/− mice 1 week after sham or TAC procedure (∗p < 0.05 vs. sham; n = 5 hearts/group).
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TABLE 1 | Echocardiographic and morphometric analysis in the different experimental groups of mice.

wt Akap1+/− Akap1−/−

Sham (n = 8) TAC 1w (n = 12) Sham (n = 6) TAC 1w (n = 13) Sham (n = 6) TAC 1w (n = 9)

Morphometry

BW (g) 27.3 ± 1.4 23.0 ± 0.7∗ 23.3 ± 0.8 23.6 ± 0.9 23.4 ± 1.1 23.0 ± 0.5

LVW (mg) 84.9 ± 4.9 100.4 ± 5.9∗ 73.6 ± 3.3 124.0 ± 4.4∗§ 76.9 ± 7.0 99.6 ± 5.3∗#

HW (mg) 112.5 ± 7.0 131.8 ± 7.8 95.8 ± 4.7 154.6 ± 4.7∗§ 105.8 ± 10.2 135.1 ± 7.3∗#

LVW/BW (mg/g) 3.1 ± 0.1 4.2 ± 0.2∗ 3.1 ± 0.1 5.4 ± 0.2∗§ 3.3 ± 0.2 5.7 ± 0.6∗§

HW/BW (mg/g) 4.9 ± 0.1 5.6 ± 0.3∗ 4.1 ± 0.1 6.6 ± 0.2∗ 4.5 ± 0.3 5.9 ± 0.3∗

Echocardiography

LVEDd (mm) 3.0 ± 0.1 3.1 ± 0.1 3.0 ± 0.1 4.0 ± 0.1∗§ 3.2 ± 0.1 3.6 ± 0.1∗§

LVESd (mm) 1.2 ± 0.1 1.6 ± 0.1∗ 1.2 ± 0.1 2.7 ± 0.1∗§ 1.3 ± 0.1 2.4 ± 0.2∗§

IVS,d (mm) 0.7 ± 0.0 1.1 ± 0.0∗ 0.8 ± 0.0 1.0 ± 0.0∗ 0.8 ± 0.0 1.0 ± 0.0∗

PW,d (mm) 0.8 ± 0.0 0.9 ± 0.0∗ 0.8 ± 0.0 1.0 ± 0.0∗ 0.8 ± 0.0 0.9 ± 0.1

FS (%) 60.6 ± 1.8 50.3 ± 2.3∗ 60.0 ± 1.2 32.5 ± 2.8∗§ 58.6 ± 2.3 33.5 ± 3.4∗§

HR (bpm) 573 ± 11 583 ± 17 595 ± 30 584 ± 23 681 ± 19 661 ± 16

BW, body weight; LVW, left ventricle weight; HW, heart weight; LVEDd, left ventricular end-diastolic diameter; LVESd, left ventricular end-systolic diameter; IVS,d
interventricular septum end-diastolic diameter; PW,d posterior wall end-diastolic diameter; FS, fractional shortening; HR, heart rate (∗p < 0.05 vs. correspondent sham;
§p < 0.05 vs. wt TAC 1w; and #p < 0.05 vs. Akap1+/− TAC 1w).

FIGURE 2 | Loss of Akap1 does not affect cardiac fibrosis response after pressure overload. (A) (Left) Representative images of Picrosirius red staining of cardiac
transversal sections from wt, Akap1+/−, and Akap1−/− mice 1 week after sham or TAC procedure. Scale bar: 40 µm. (Right) Bar graphs showing cumulative data
of multiple independent experiments analyzing percentage of fibrosis (∗p < 0.05 vs. sham wt; n = 5 hearts/group). mRNA levels of collagen I (Col1A1, B), collagen III
(Col3; C), and fibronectin (D) in cardiac samples from wt, Akap1+/−, and Akap1−/− mice 1 week after sham or TAC procedure (∗p < 0.05 vs. sham; n = 5
hearts/group).
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FIGURE 3 | Genetic deletion of Akap1 accelerates the progression toward heart failure in TAC mice (A). Representative left ventricular (LV) M-mode
echocardiographic tracings from wt, Akap1+/− and Akap1−/− mice after sham or TAC 1w procedures (n = 7 mice/group). Cumulative data of % fractional
shortening (B), left ventricular end-systolic diameter (LVESd; C) and left ventricular end-diastolic diameter (LVEDd; D) in wt, Akap1+/− and Akap1−/− mice 1 week
after sham or TAC procedure (∗p < 0.05 vs. sham; §p < 0.05 vs. TAC 1w wt; n = 5 hearts/group).

Increased Apoptosis and Blunted Akt
Activation in Akap1−/− Hearts After
Pressure Overload
Reduction in LV systolic function is dependent on loss of
contractile cellular elements, since cardiomyocytes apoptosis
occurs in the context of pressure overload stress. Thus, we next
investigated the presence of apoptosis in wt and Akap1−/− TAC
hearts. Consistently with cardiac functional data presented above,
myocardial levels of cleaved caspase-3, a well-known effector of
apoptosis, increased after 1w of TAC in wt mice (Figure 4A).
Strikingly, in Akap1−/− hearts, we observed a significant further
increase in cleaved caspase-3 myocardial levels compared to
wt animals (Figure 4A). To confirm that increased apoptosis
was present in Akap1−/− hearts, we quantified the number of
TUNEL-positive nuclei in myocardial sections from Akap1−/−

and wt mice. Consistent with previous data, after TAC, the
% number of TUNEL-positive cells was significantly higher in
Akap1−/− hearts compared to wt littermates (Figure 4B). In
order to determine the contribution of mitochondrial-dependent
apoptotic pathways in the absence of Akap1, we evaluated the
levels of the mitochondrial apoptotic protein caspase-9 in cardiac
lysates from wt and Akap1−/− mice. Interestingly, Akap1−/−

hearts exhibited a significant increase in caspase-9 cleavage
compared to wt hearts after both sham and TAC procedure
(Supplementary Figure S3). These data indicate that loss of
Akap1−/− increased the susceptibility to pressure overload-
induced apoptosis, which is, at least in part, dependent by
activation of mitochondrial pro-apoptotic pathways.

Activation of Akt-dependent protective signals is a hallmark
of HF (Chaanine and Hajjar, 2011). Recently, we have shown
that loss of Akap1 in vascular endothelial cells (ECs) blunts
ischemia-induced Akt activation resulting in dysfunctional
behavior of ECs (Schiattarella et al., 2018). Given the fact the
Akap1−/− mice have an accelerated progression toward HF
after pressure overload and that Akap1−/− hearts are more
susceptible to stress-induced apoptosis, we hypothesized that loss
of cardioprotective signals from Akt might play a role in this
context. Activation of Akt (Ser473 phosphorylation) occurred
in wt hearts after TAC (Figure 4C), whereas Akap1−/− hearts
exhibited a blunted activation of Akt in response to pressure
overload (Figure 4C). The absence of Akt activation together
with the enhanced apoptotic rate observed in Akap1−/− hearts
suggests that both mechanisms might act in concert to determine
the impaired cardiac function of Akap1−/− mice after pressure
overload.

Siah2 Deletion Prevents AKAP121
Degradation After Pressure Overload
Others and we have previously demonstrated that the absence
of Siah2 prevents hypoxia-induced AKAP121 degradation
(Schiattarella et al., 2016; Kim et al., 2011). To investigate
whether Siah2 deletion might prevent AKAP121 degradation
in response to pressure overload, Siah2−/− mice underwent
the TAC procedure. One week after surgery, downregulation of
AKAP121 cardiac levels was significantly inhibited in Siah2−/−

mice compared to wt littermates (Figure 5A). Interestingly,
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FIGURE 4 | Increased cardiac apoptosis and lack of Akt activation in Akap1−/− mice after TAC. (A) Representative immunoblot (left) and densitometric analysis
(right) of cleaved caspase-3 protein levels in wt and Akap1−/− hearts 1 week after sham or TAC procedure (∗p < 0.05 vs. sham; §p < 0.05 vs. wt TAC 1w; n = 5
hearts/group). Tubulin was used as control of loading sample. (B) (Left) Representative DAPI and TUNEL staining of cardiac sections from wt, Akap1+/−, and
Akap1−/− mice 1 week after sham or TAC procedure. Positive nuclei appear green. Scale bar: 20 µm. (Right) Bar graphs showing cumulative data of multiple
independent experiments evaluating TUNEL-positive cells (∗p < 0.05 vs. sham; §p < 0.05 vs. wt TAC 1w; n = 5 hearts/group). (C) Representative immunoblot (left)
and densitometric analysis (right) of Akt Ser 473 phosphorylation (pAkt) and Akt in wt and Akap1−/− hearts 1 week after sham or TAC procedure. GAPDH was used
as control of loading sample (∗p < 0.05 vs. sham; §p < 0.05 vs. Akap1−/− TAC 1w; n = 5 hearts/group).

Siah2−/− mice exhibited the same extent of cardiac hypertrophy
estimated by LVW/BW compared to wt controls (Figure 5B),
as well as similar deterioration of cardiac function investigated
by means of FS% (Figure 5C), LVESd (Figure 5D), and LVEDd
(Figure 5E).

DISCUSSION

In the present study, we demonstrate for the first time that
in vivo genetic deletion of Akap1 exacerbates pressure overload-
induced cardiac hypertrophy development and accelerates the
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FIGURE 5 | Siah2 deficiency prevents AKAP121 degradation after TAC. (A) Representative immunoblot (left) and densitometric analysis (right) of AKAP121 protein
levels in wt and Siah2−/− hearts 1 week after sham or TAC procedure. GAPDH was used as control of loading sample (∗p < 0.05 vs. wt sham). (B) Bar graphs
showing cumulative data of LVW/ BW 1 week after sham or TAC procedures in wt and Siah2−/− mice (∗p < 0.05 vs. sham; n = 6 hearts/group). Cumulative data of
% fractional shortening (C), left ventricular end-systolic diameter (LVESd; D), and left ventricular end-diastolic diameter (LVEDd; E) in wt and Siah2−/− mice 1 week
after sham or TAC procedure (∗p < 0.05 vs. sham; n = 6 hearts/group).

progression toward HF after TAC in mice. These abnormalities
in Akap1−/− mice are associated to an increased rate of
cardiac apoptosis and lack of activation of Akt-dependent
cardioprotective signals. These results extend the knowledge
about Akap1 in cardiac biology, and confirm its role as a critical
mediator of pathological LVH.

Cardiac hypertrophy is the first, general response of the
heart to physiological or pathological loads (Chien, 1999; Frey
and Olson, 2003). However, while cardiac adaptations induced
by physiological stimuli such as exercise do not result in HF,
cardiac overload induced by pathological stimuli, such as chronic
hypertension or heart valve disease, eventually leads to cardiac
dysfunction (Berenji et al., 2005; Heineke and Molkentin, 2006;
Perrino et al., 2006). Abnormalities in cAMP/PKA signaling are
a hallmark of pathological LVH and HF (Perrino and Rockman,
2007). AKAPs scaffold proteins compartmentalize PKA activity
into subcellular domains (e.g., mitochondria), thus allowing
a tight-controlled spatial and temporal regulation of cellular
responses (Feliciello et al., 2001; Newhall et al., 2006).

The transmission of cAMP signaling to mitochondria is
reached by a family of mitoAKAPs that have been shown to
play an important role in cardiac response to stress (Perrino
et al., 2010; Diviani et al., 2011). In particular, others and we
have shown that AKAP121 is critical for cardiomyocytes response
to ischemic injury (Kim et al., 2011; Schiattarella et al., 2016).
Genetic deletion of Akap1 results in larger infarct size, worse
LV systolic function, and increased mortality after myocardial
infarction (Schiattarella et al., 2016). Although the absence of
Akap1 was associated to increased mitochondrial dysfunction,

mitophagy, and ROS production, the specific mechanisms by
which loss of Akap1 results in worse post-ischemic cardiac
remodeling remain elusive. More recently, we have shown that
AKAP121 also regulates ECs behavior in response to ischemia
through Akt signaling (Schiattarella et al., 2018). In ECs, lack of
Akap1 affects multiple cellular functions and results in reduced
Akt activation upon angiogenic stimuli or hypoxia (Schiattarella
et al., 2018). In the present investigation, we demonstrated that
in response to pressure overload, deletion of Akap1 results in
exacerbated LVH in the absence of Akt activation, confirming in
a different experimental model of cardiovascular disease that the
presence of AKAP121 is necessary to achieve Akt activation in
response to stress.

A previous study has shown that AKAP121 acts as a repressor
of cardiomyocytes hypertrophy (Abrenica et al., 2009). Silencing
of AKAP121 in vitro resulted in increased cardiomyocytes
cell size in the absence of any pro-hypertrophic stimulus
(Abrenica et al., 2009). Although our data confirm the role of
AKAP121 as a brake of cardiomyocytes growth, others and we
repetitively observed the absence of any basal cardiac alterations
in Akap1−/− mice (Newhall et al., 2006; Schiattarella et al.,
2016, 2018). In-depth characterization of cardiac structure and
function in Akap1−/− mice revealed that absence of Akap1 did
not cause LVH and HF over time. In addition, we have previously
demonstrated that in vivo administration of synthetic peptides
displacing AKAP121 from mitochondria increased cardiac ROS
and apoptotic cell death, but is was not sufficient to induce
cardiac hypertrophy, even if we observed increased nuclear
localization of nuclear factor of activated T-cells (NFAT), the
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main effector of the calcineurin-dependent pro-hypertrophic
signaling pathway (Perrino et al., 2010). However, when subjected
to pressure overload, Akap1-deficient mice develop a more
robust hypertrophic response and an accelerated progression
toward HF, confirming that Akap1 acts as a repressor of
cardiomyocytes hypertrophy. The fact that, only if stressed,
Akap1−/− hearts exhibit pronounced cardiac hypertrophy might
be in contrast with the previous notion that knockdown of
AKAP121 in vitro affects per se cardiomyocyte size. However, this
apparent discrepancy can be explained by the fact that, in vivo,
Rab32, a mitochondria-targeted AKAP-like protein, might exert
compensatory effects in the absence of Akap1 (Alto et al., 2002;
Bui et al., 2010). The pivotal role of AKAP121 in the regulation of
HF development was also confirmed by the evidence that while
Akap1-deficient mice underwent rapid deterioration of cardiac
function in response to pressure overload, and this process was
not observed in Siah2-deficient mice.

The absence of Akap1 has been variously associated with
increased ROS production and mitochondrial dysfunction
in several models of cardio- and cerebrovascular diseases as
well as in cancer (Feliciello et al., 1998; Scorziello et al., 2013;
Schiattarella et al., 2016; Rinaldi et al., 2017). For example,
despite no basal differences were found in mitochondrial
respiration between Akap1−/− and wt hearts, following
myocardial infarction, Akap1−/− mice exhibited increase levels
of cardiac ROS and more prominent alterations in mitochondrial
morphology compared to wt controls (Schiattarella et al., 2016).
After 1w-TAC, no differences were observed between Akap1−/−

and wt mice in cardiac mitochondrial respiratory function
(Supplementary Figure S4). However, we cannot exclude that
alterations in mitochondrial function might occur at a later time
point in Akap1−/− hearts in the context of pressure overload.
These results suggest that mitochondrial morphological and
functional alterations induced by the absence of Akap1 might be
influenced by the nature and/or duration of stress that triggers
cardiac dysfunction.

As mentioned above, the absence of Akap1 leads to lack of
Akt activation in hypertrophic hearts, and we speculate that Akt
could mediate the effects of Akap1 deletion on hypertrophic
growth. Akt is at the crossroad of signaling pathways regulating
cardiac growth and contractile function (Aoyagi and Matsui,
2011; Chaanine and Hajjar, 2011). Being downstream of
insulin/insulin-like growth factor (IGF), Akt activation has been
associated to physiological LVH development (Ellison et al.,
2012). However, Akt phosphorylation has also been found
increased in pathological LVH as an initial response to afterload
stress (Chaanine and Hajjar, 2011). Therefore, Akt activation in
TAC has been recognized as a pro-survival adaptation signal,
required for the activation of protein synthesis in cardiomyocytes
(Matsui et al., 1999; Fujio et al., 2000; Cannavo et al., 2013).
Consistent with this notion, Akap1−/− mice subjected to
TAC exhibited increased cardiac cell death and an accelerated
progression toward HF coupled with lack of Akt activation.
A number of signaling molecules are placed downstream of
Akt. Among these, the mechanistic target of rapamycin (mTOR)
plays a central role in cardiomyocyte hypertrophy (Morales
et al., 2016). Recently, Akap1 has been shown to control mTOR

regulating cancer cells growth (Rinaldi et al., 2017). However,
the mechanisms by which Akap1 influences Akt/mTOR signaling
pathway remain poorly understood. Akt localizes to diverse
sub-cellular compartments, including mitochondria, where it
contributes to phosphorylation of key mitochondrial targets
(Bijur and Jope, 2003; Miyamoto et al., 2008; Lim et al., 2016).
The absence of Akap1 leads to reduction in Akt phosphorylation
in LVH as well as in vascular dysfunction (Schiattarella et al.,
2018), suggesting that mitoAKAPs might also contribute to
Akt subcellular distribution to promote cell survival. Hence,
it is possible to hypothesize that mitoAKAPs might act as a
signaling platform contributing to stabilize Akt mitochondrial
localization to preserve mitochondrial function and promote
survival. Further studies will be necessary to clarify the precise
mechanism(s) by which loss of Akap1 prevents Akt activation
upon different stressors.

CONCLUSION

Our findings support the critical role of mitoAKAPs in cardiac
responses to pressure overload, identifying Akt as potential
mediator of their anti-hypertrophic effects.
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Antineoplastic drugs can be associated with several side effects, including cardiovascular

toxicity (CTX). Biochemical studies have identified multiple mechanisms of CTX.

Chemoterapeutic agents can alter redox homeostasis by increasing the production of

reactive oxygen species (ROS) and reactive nitrogen species RNS. Cellular sources

of ROS/RNS are cardiomyocytes, endothelial cells, stromal and inflammatory cells in

the heart. Mitochondria, peroxisomes and other subcellular components are central

hubs that control redox homeostasis. Mitochondria are central targets for antineoplastic

drug-induced CTX. Understanding the mechanisms of CTX is fundamental for effective

cardioprotection, without compromising the efficacy of anticancer treatments. Type

1 CTX is associated with irreversible cardiac cell injury and is typically caused by

anthracyclines and conventional chemotherapeutic agents. Type 2 CTX, associated

with reversible myocardial dysfunction, is generally caused by biologicals and targeted

drugs. Although oxidative/nitrosative reactions play a central role in CTX caused by

different antineoplastic drugs, additional mechanisms involving directly and indirectly

cardiomyocytes and inflammatory cells play a role in cardiovascular toxicities.

Identification of cardiologic risk factors and an integrated approach using molecular,

imaging, and clinical data may allow the selection of patients at risk of developing

chemotherapy-related CTX. Although the last decade has witnessed intense research

related to the molecular and biochemical mechanisms of CTX of antineoplastic drugs,

experimental and clinical studies are urgently needed to balance safety and efficacy of

novel cancer therapies.

Keywords: chemotherapy, HER-2 inhibitors, oxidative/nitrosative stress, vascular endothelial growth factor,

tyrosine kinase inhibitors
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INTRODUCTION

Antineoplastic treatments have improved overall survival
and progression-free survival in the treatment of an increasing
number of malignancies (Jemal et al., 2011). However, different
antineoplastic drugs can cause a wide spectrum of cardiovascular
(CV) toxicities (CTX), particularly in long-term cancer survivors
(Oeffinger et al., 2006; Tocchetti et al., 2013; Moslehi and
Deininger, 2015; Mercurio et al., 2016; Zamorano et al.,
2016; Armenian et al., 2017). CTX include vasospastic
and thromboembolic ischemia, hypertension, dysrhythmia,
myocarditis and left ventricular (LV) dysfunction, leading to
heart failure (Yeh and Bickford, 2009; Ky et al., 2013; Suter
and Ewer, 2013; Zamorano et al., 2016). Figure 1 schematically
illustrates the wide spectrum of cardiovascular toxicities
associated with different antineoplastic drugs in patients with
cancer. Anthracyclines (ANTs) can cause irreversible type 1
CTX through the production of reactive oxygen species (ROS)
and reactive nitrogen species (RNS) (Ewer and Lenihan, 2008;
Ewer and Ewer, 2010; Scott et al., 2011). Intracellular signaling
inhibitors (e.g., tyrosine kinase inhibitors) block pathways
that are main regulators of myocardial function, especially
under conditions of cardiac stress, such as hypertension or
hypertrophy (Suter and Ewer, 2013). The toxicity induced by
biological drugs (e.g., trastuzumab) is often reversible, and has
been classified as type 2 CTX (Ewer and Lippman, 2005; Ewer
et al., 2005). However, these two forms of CTX may overlap.
For example, trastuzumab, a monoclonal antibody anti-HER-2
(Shinkai et al., 1999), can cause irreversible LV dysfunction in
patients previously treated with ANTs (Timolati et al., 2006;
Suter and Ewer, 2013; Zamorano et al., 2016). More recently,
immune myocarditis has entered as a novel challenge in the
cardio-oncologic arena, due to a growing number of patients
treated with immune checkpoint inhibitors (Swain and Vici) that
unleash immune responses (Johnson et al., 2016; Varricchi et al.,
2017d).

Here, we review the cellular and molecular mechanisms of
CTX of antineoplastic drugs from a redox perspective, since
plenty of evidence supports the importance of redox homeostasis
for the maintainance of cardiovascular health, while anticancer
drugs can disrupt such delicate balance in the myocardium and
in the endothelium (Ferroni et al., 2011; Vincent et al., 2013;
Zamorano et al., 2016).

OXIDATIVE AND NITROSATIVE STRESS IN

CARDIOVASCULAR TOXICITY

ROS is a collective term that includes oxygen radicals, like
superoxide (O−

2
•) and hydroxyl radicals (OH•), and other non-

radicals such as hydrogen peroxide (H2O2), singlet oxygen (
1O2),

etc. (Del Río, 2015). The term RNS includes radicals like nitric
oxide (NO•) and nitric dioxide (NO2

•), as well as non-radicals
such as nitrous acid (HNO2) and dinitrogen tetroxide (N2O4),
among others. Redox stress, resulting from overproduction of
ROS and RNS, may directly or indirectly induce cardiac injury
(Nediani et al., 2011; Willis and Patterson, 2013).

Physiological levels of ROS and RNS are fundamental for
the regulation of many cellular functions (Egea et al., 2017).
For example, H2O2 is an endothelium-derived vasodilator of the
coronary vessels (Saitoh et al., 2007). In pathological conditions
(e.g., cancer growth) there is a deregulation of homeostatic
control of ROS production leading to DNA damage, inhibition
of cellular repair mechanisms and abnormal cell proliferation.
ROS/RNS contribute to dysregulation of gene expression and
genome stability, but also influence epigenetic pathways affecting
the functions/expression of histone andDNAmodifying enzymes
(Mikhed et al., 2015; Niu et al., 2015). Several antineoplastic drugs
induce CTX through an unbalanced generation of ROS/RNS,
leading to the so-called oxidative/nitrosative stress. ROS/RNS
imbalance derives from increased production or inactivation
of endogenous antioxidant enzymes by antineoplastic drugs.
Figure 2 schematically illustrates the transition from the
homeostatic role of ROS/RNS in healthy subjects to the
pathological role in cancer patients and during chemotherapy or
radiotherapy.

The heart is particularly vulnerable to ROS/RNS injury
because antioxidant resources are lower than other tissues (e.g.,
liver) (Minotti et al., 2004, 2010). High levels of ROS/RNS,
by exhausting endogeneous antioxidant defenses, can hamper
cellular signaling pathways in the CV system. Oxidative stress
and low grade inflammation are interdependent processes
implicated in cardiovascular diseases and cancer (Galdiero
et al., 2016; Varricchi et al., 2017a). Tissue resident (e.g.,
macrophages, mast cells) and circulating inflammatory cells
(e.g., neutrophils, monocytes) can also release ROS increasing
oxidative stress (Varricchi et al., 2017a), interestingly ROS can
initiate intracellular signaling increasing proinflammatory gene
expression (Biswas, 2016).

High levels of ROS/RNS induce membrane lipid peroxidation
and membrane damage, DNA damage and trigger death cell and
apoptosis, leading to cardiomyocyte death and replacement by
connective tissue, which results in irreversible cardiac damage (Li
and Singal, 2000; Menna et al., 2008, 2012; Zang et al., 2012; Ky
et al., 2013; Suter and Ewer, 2013; Hahn et al., 2014; Salvatorelli
et al., 2015; Mercurio et al., 2016).

The major intracellular sources of ROS include the
mitochondrial electron transport and the NADPH oxidase
family (NOXs) (Lassègue and Griendling, 2010; Zhang et al.,
2013). Mitochondria are key organelles for the regulation of
redox signaling and redox homeostasis (Egea et al., 2017).
Mitochondria function as a central hub that directly and
indirectly controls redox homeostasis by hosting several redox-
active complexes and enzymes that generate ROS and RNS.
Mitochondria represent ∼=35% of the myocyte volume and
produce ∼=90% of the cellular energy. Therefore, impairment of
mitochondrial function is critical in cardiomyocytes (Pagliaro
et al., 2011; Pagliaro and Penna, 2015; Tocchetti et al., 2015b). At
present, the NOX family is composed of five isoforms (NOX1,
NOX2, NOX3, NOX4, and NOX5). Cardiomyocytes (Varga
et al., 2013) and macrophages (Moon et al., 2016) express
NOX4. Mitochondrial and extramitochondrial NOX4 is a source
of ROS and can be affected by anticancer drugs. Activated
myocardial NOX2 produces O•−

2 , whereas NOX4 generates

Frontiers in Physiology | www.frontiersin.org March 2018 | Volume 9 | Article 16766

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Varricchi et al. Antineoplastic Drug-Induced Cardiotoxicity

FIGURE 1 | Schematic representation of some of the cardiovascular toxicities associated with antineoplastic drugs in patients with cancer. Modified with permission

from Albini et al. (2010).

FIGURE 2 | Schematic representation of the homeostatic role of ROS and their pathologic role in tumor growth and cell death. Low production of ROS and balanced

antioxidant activity play a fundamental role in cellular signaling and repair resulting in controlled growth and survival. Proliferation of tumor cells yields elevated ROS

concentrations enhancing cell survival and proliferation leading to DNA damage and genetic instability causing cell dysfunction. Chemotherapeutic agents and

radiotherapy increase ROS production to toxic concentrations resulting in irreparable damage to the cell, inadequate adaptations and eventually cell death. The heart

is particularly vulnerable to ROS/RNS injury because antioxidant resources are lower than other tissues. Modified with permission from Moloney and Cotter (2017).
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H2O2. Moreover, superoxide dismutases (SODs) convert O•−

2 to
H2O2. In mitochondria, H2O2 may be converted to O2 and H2O
by catalase and by glutathione peroxidase (GPx). In the presence
of iron complexes, these ROS may be converted to the more
toxic OH• within and outside mitochondria (Zhao et al., 2010;
Pagliaro et al., 2011; Penna et al., 2014; Pagliaro and Penna, 2015;
Tocchetti et al., 2015a). Interestingly, mitochondrial ROS are
involved in the modulation of immune cells, including human
neutrophils (Vorobjeva et al., 2017).

Peroxisomes, cytoplasmic organelles specialized for
carrying out oxidative reactions, also play a role in ROS
production/regulation in cardiomyocytes. Several substrates
(i.e., amino acids, uric acid, and fatty acids) are broken down
by oxidative reactions in peroxisomes. Fatty acid metabolism
is very active in cardiomyocytes and peroxisomes are critical
for processing long carbon chain fatty acids. The contribution
of peroxisomes in the mechanism of CTX is largely unknown
(Zanardelli et al., 2014).

Nitric oxide (NO) is a key regulator of cellular functions. It
is a redox species with both oxidant and antioxidant properties
(Takimoto and Kass, 2007; Pagliaro and Penna, 2015; Tocchetti
et al., 2015a) produced produced from the metabolism of the
amino acid, L-arginine by three isoforms of nitric oxide synthase
(NOS): the endothelial (eNOS or NOS3) and neuronal (nNOS
or NOS1) NOSs, constitutively expressed in cardiomyocytes,
and the inducible NOS2 (iNOS), which is induced by pro-
inflammatory mediators or by ischemia (Pagliaro and Penna,
2015; Tocchetti et al., 2015a). NO is also produced by other
reactions termed “non-NOS” processes (Penna et al., 2014;
Pagliaro and Penna, 2015). ROS can react with NO to form
different RNS, thus amplifying the production of oxidant
compounds, and NOS itself may produce ROS (Fogli et al.,
2004; Penna et al., 2014; Pagliaro and Penna, 2015; Tocchetti
et al., 2015b). NO together with RNS has an important role in
mediating proteotoxic stress and modifications of mitochondrial
activities, resulting in cytotoxicity and cell necrosis (Lala and
Chakraborty, 2001). S-nitrosylation (SNO) is the covalent
attachment of a NO moiety to a protein thiol group. SNO is a
redox-dependent modification that exerts an antioxidant effect,
shielding critical cysteine residues from oxidation and affecting
protein functions (Penna et al., 2014; Pagliaro and Penna, 2015).

ANTHRACYCLINES

The production of ROS/RNS is central in the CTX of
several anti-cancer drugs. Some agents alter the activity
of redox enzymes within and outside the mitochondria,
including NOSs, respiratory complexes, the Krebs cycle,
oxidative phosphorylation, and β-oxidation (Tocchetti et al.,
2017). This impairment results in oxidative/nitrosative stress, a
reduction in antioxidant capacity, and induction of cell death
(Fogli et al., 2004; Albini et al., 2010; Mele et al., 2016a,b).

ANTs (doxorubicin, epirubicin and daunorubicin), widely
used as anticancer agents, are recognized as prototype of
type 1 CTX since the 1960s (Tan et al., 1967). ANTs can
induce LV dysfunction, leading to HF in up to 9% of patients

(Cardinale et al., 2015). ANT can cause CTX via a series of
many cellular and molecular mechanisms (Zhang et al., 2012;
Zamorano et al., 2016). Figure 3 schematically illustrates the
complex interplay of the major mechanisms by which ANTs can
induce injury to cardiac cells. The administration of ANTs can
alter redox homeostasis in cardiomyocytes and tissue resident
(e.g., fibroblasts, endothelial cells, mast cells, macrophages) and
circulating inflammatory cells (e.g., neutrophils, eosinophils) in
the heart by producing ROS and RNS (Pagliaro and Penna, 2015;
Ghigo et al., 2016; Tocchetti et al., 2017).

A basic mechanism by which ANTs can cause CTX is the
interaction with topoisomerase 2 (TOP2) A and -B highly
expressed in cardiomyocytes (Lyu et al., 2007). The former is
present in rapidly dividing cells, such as cancer cells, and forms
the ternary TOP2-doxorubicin-DNA complex, inducing cell
apoptosis. TOP2B, highly expressed in human cardiomyocytes,
forms the TOP2B-doxorubicin-DNA complex, which causes
DNA damage leading to cell apoptosis. The tumor suppressor
protein p53, a pivotal enzyme for activating DNA repair proteins,
can cause mitochondrial dysfunction and metabolic failure
(Sawyer, 2013). Themetabolic alterations caused by doxorubicin-
activated p53 damagemitochondria in the cardiomyocytes, result
in enhanced ROS/RNS generation and ultimately cell death.
Collectively, these results indicate that oxidative reactions play
a central role in ANT-induced LV dysfunction. Therefore, drugs
that interfere with molecules involved in heart metabolism
(e.g., p53) may represent a potential approach in limiting LV
dysfunction (Sawyer, 2013; Mercurio et al., 2016).

Besides directly damaging cardiomyocytes, doxorubicin
induces apoptosis of immune (e.g., macrophages) and cancer
cells releasing high mobility group box 1 (HMGB1) which, in
turn, triggers toll-like receptor (TLR)-2 and-4 (Ma et al., 2012;
Yao et al., 2012). TLR-2 and TLR-4 are found in cardiomyocytes
and inflammatory cells and their engagement induces the release
of proinflammatory cytokines (i.e., IL-6, IL-1β, TNF-α). Overall,
these findings emphasize the contribution of TLRs in mediating
ANT-induces inflammation andCTX and envisage the possibility
of targeting this pathway for therapeutic purposes.

A better characterization of the multiple molecular
mechanisms of ANT-related toxicity of blood vessels and
cardiomyocytes appears fundamental to select the best approach
to prevent and treat CTX (Van Cutsem et al., 2002; Scott et al.,
2011; Madonna et al., 2015a,b; Cadeddu et al., 2016).

As mentioned in a previous section, mitochondrial ROS
(mtROS) represent a prominent source (∼=80%) of ROS,
expecially in the heart (Russell and Cotter, 2015). mtROS play a
pivotal role in ANT-induced CTX (Minotti et al., 2004, 2010).
Doxorubicin binds with high affinity to the mitochondrial
phospholipid cardiolipin, inhibits its function, stimulates
ROS/RNS production, inhibits oxidative phosphorylation, and
causes mitochondrial DNA damage (Pereira et al., 2016). ANTs
also cause mitochondrial calcium accumulation, leading to
mitochondrial injury (Pereira, Pereira et al., 2016). ANTs can
also affect cardiac progenitor cells following myocardial injury
(Huang et al., 2010; Oliveira et al., 2013).

The production of ROS is a central event in ANT-induced
CTX. ROS are effectors of membrane lipid peroxidation,
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FIGURE 3 | Schematic representation of the main mechanisms of anthracycline-induced injury to cardiac cells. The classic model of anthracycline (ANT) cardiotoxicity

involves the generation of ROS by the quinone moiety common to all anthracyclines. ROS and RNS hyperproduction results in damage to DNA, protein carbonylation

and lipid peroxidation leading to cellular dysfunction and cardiomyocyte death. ANTs can also bind and block the functions of both topoisomerases 2A (TOP2A) and

2B (TOP2B). Tumor cells express high levels of TOP2A, whereas TOP2B is ubiquitously expressed. Cardiomyocytes express TOP2B, but not TOP2A. ANTs form a

complex with TOP2B inhibiting its enzymatic activity. Without functional TOP2B, DNA breaks accrue, leading to the activation of p53 tumor-suppressor protein,

mitochondrial dysfunction, and the generation of ROS that result in cardiomyocyte death. Another mechanism underlying doxorubicin-dependent oxidative stress is

linked to the ability of the drug to directly interfere with the activity of NADPH oxidase and nitric oxide synthase (NOS). Both NADPH oxidase and NOS can transfer

electron from NADPH to doxorubicin, causing the formation of semiquinone doxorubicin (SQ-DOX). SQ-DOX in turn transfers electron to O2 and generates O−

2 . In the

NOS compartment, O−

2 can react with NO to form peroxynitrite (ONOO−), a powerful oxidant that can generate free radicals. An alternative mechanism by which

ANTs exert their cardiotoxic effects is the inhibition of neuregulin-1 (NRG-1)-HER-2 in cardiomyocytes. Doxorubicin also induces necrosis of immune (i.e.,

macrophages) and cancer cells releasing HMGB1 which activates TLR-2 and TLR-4 in cardiomyocytes and inflammatory cells inducing the release of proinflammatory

cytokines. These primary effects induce a plethora of secondary effects in cardiomyocytes (e.g., DNA damage, lipid peroxidation, mitochondrial dysfunction, etc.,)

which result in cell dysfunction and death. Modified with permission from Tocchetti et al. (2017).

irreversible damage, and myocyte replacement by connective
tissue (Menna et al., 2008, 2012; Zhang et al., 2012; Ky et al., 2013;
Suter and Ewer, 2013; Salvatorelli et al., 2015). ROS generated by
ANTs affect mitochondrial enzymes, NOSs, NAD(P)H oxidases,
and catalase, leading to oxidative stress and cell injury. ANTs
are metabolized to unstable compounds (such as doxorubicin-
semiquinone), which react with O2, producing H2O2 and O•−

2 .
ANTs chelate free intracellular iron, forming iron-

doxorubicin complexes. ANTs also interfere with iron-
transporting and -binding proteins (Gammella et al., 2014; Ghigo
et al., 2016). Ardehali and collaborators found that doxorubicin
impairs a mitochondrial iron exporter with consequent iron
accumulation and subsequent ROS generation (Ichikawa
et al., 2014). Cardiac dysfunction following ANT treatment
is associated with high mitochondrial iron levels compared
with normal hearts (Ichikawa et al., 2014). Collectively, these
findings indicate that oxidative stress and mitochondrial iron
accumulation play a key role in ANT-induced CTX.

ANTs interact with cardiolipin leading to concentration of the
drug in mitochondrial membrane phospholipids (Goormaghtigh
et al., 1990). In mitochondria, the drug exerts adverse effects
(e.g., ROS generation, inhibition of oxidative phosphorylation,
and mitochondrial DNA damage). ROS cause peroxidation
of cardiolipin, which induces the release of mitochondrial
factors, such as cytochrome c, which in turn triggers cardiolipin
peroxidation. This cycle exacerbates ANT-induced injury.
NO inhibits both the peroxidase activity of cytochrome c
and cardiolipin oxidation. NO, which possesses antioxidant
properties, may counteract the toxic effects of ANTs (Vlasova
et al., 2006; Gonzalvez and Gottlieb, 2007; Pointon et al., 2010).

Enzymes located outside the mitochondria also able to
produce ROS. A nonexhaustive list includes NADPH oxidases
(NOXs), xanthine oxidase (XO), and monoamine oxidase.
Xanthine oxidase and NADPH, may be targeted by ANTs.
Doxorubicin deoxyaglycone can be obtained by a reduction
process and accumulates in membranes, altering the function
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of NADH dehydrogenase in mitochondria or the NOXs in
the plasma membrane (Thorn et al., 2011). Among other
mechanisms involved in cardiotoxicity caused by ANTs, recent
studies have highlighted the role of altered myocardial energetics,
expressed by a lower phosphocreatine/adenosine triphosphate
(ATP) ratio, which precedes LV dysfunction (Maslov et al.,
2010). Indeed, ANTs can oxidize sulfhydryl groups of creatine
kinase (CK), reducing its function, thus impairing myocardial
energetics (Maslov et al., 2010), hence causing LV dysfunction.
More studies on such an interesting mechanism could be helpful
in order to identify new protective therapeutic strategies. Indeed,
overexpression of myofibrillar CK in mice with HF induced by
transverse aortic constriction increased heart function (Gupta
et al., 2012) supporting a role for CK in HF prevention
and treatment. Accordingly, the same group demonstrated
that CK overexpression also ameliorated myocardial energetics,
contractile function, and survival in murine anthracyclines
cardiotoxicity (Gupta et al., 2013). These results provide novel
strategies for limitation of anthracycline-related cardiotoxicity.

ANTs are also able to alter cardiac energy metabolism by
lowering the level of 5′ AMP-activated protein kinase (AMPK,
activated in the response to energy stress) and phosphorylation of
anti-acetyl-CoA carboxylase, leading to impairment of fatty acid
oxidation (Tokarska-Schlattner et al., 2005).The mechanisms
underlying inhibition of AMPK need to be fur-ther elucidated
(Mercurio et al., 2016).

Importantly, along with ANTs (Menna et al., 2012; Sawyer,
2013; Sterba et al., 2013; Ghigo et al., 2016), redox abnormalities
are central in the pathophysiology of cardiotoxicity caused
by other anticancer drugs, among which are new biologic
antineoplastic agents, such as intracellular signaling inhibitors,
that are increasingly being used (Tocchetti et al., 2017). Such
agents may cause cardiotoxicity, since they block pathways
important for the modulation of myocardial function, especially
under conditions of cardiac stress, such as hypertension or
hypertrophy (Suter and Ewer, 2013), with mechanisms of action
that often involve redox dysregulation as well.

ANTIMETABOLITES

Fluoropyrimidines [i.e., 5-fluorouracil (5-FU), capecitabine, and
gemcitabine] are used in the treatment of several tumors. 5-
FU administered intravenously has a short half-life, but active
metabolites concentrate in cardiac and cancer cells, resulting in
a prolonged exposure to the drug (Kosmas et al., 2008; Miura
et al., 2010; Lestuzzi et al., 2011). Capecitabine is converted into
its active form preferentially within tumors (Ng et al., 2005;
Aprile et al., 2009; Khan et al., 2014; Petrelli et al., 2016). 5-
FU and its main metabolite can induce CTX after few days
of treatment (Jensen and Sorensen, 2006; Jensen and Sørensen,
2012). The enzyme involved in the conversion of capecitabine
to 5-FU is expressed in both atherosclerotic plaques and cancer
cells, explaining the CTX in patients with coronary artery disease.
The incidence of CTX caused by 5-FU ranges from 0 to 35%, with
a mortality rate between 2 and 13%. Myocardial ischemia is the
strongest risk factors for fluoropyrimidine-induced CTX (Koca

et al., 2011; Polk et al., 2013, 2014). Silent ischemia due to cardiac
stress test has been reported in 6–7% of 5-FU-treated patients
(Lestuzzi et al., 2014). The mechanisms involved in the CTX of
5-FU and its metabolites involve inhibition of NO (Cianci et al.,
2003; Shoemaker et al., 2004), enhanced generation of ROS/RNS
(Lamberti et al., 2014), higher endothelial thrombogenicity
(Kalam and Marwick, 2013) and senescence (Altieri et al., 2017),
and DNA and RNA damage. 5-FU can induce oxidative stress
in cardiomyocytes and endothelial cells. This drug causes eNOS
dysregulation, endothelin 1 upregulation and the activation of
protein kinase C. These effects lead to endothelium-dependent
and -independent vasoconstriction, and eventually to coronary
spasm (Alter et al., 2006; Sorrentino et al., 2012).

HER-2 INHIBITORS

Epidermal growth factor receptor 2 (ErbB2) (also called HER-
2), ErbB1, ErbB3, and ErbB4 are members of the human
epidermal growth factor receptor family. When activated by
their ligands, these transmembrane receptors homodimerize or
heterodimerize and are phosphorylated, initiating several cellular
responses (Force et al., 2007). HER-2, present on human heart
and overexpressed in approximately 30% of breast cancers, can
interact with HER-1 and HER-3, independently from ligand
stimulation, thus triggering signaling pathways that stimulate
tumor growth (Slamon et al., 1987). Trastuzumab, a humanized
mAb that binds the extracellular domain IV of HER-2 (Force
et al., 2007; Suter et al., 2007), can cause type 2 CTX (Ewer
and Lippman, 2005; Ewer et al., 2005) in approximately 30% of
patients when combined with ANTs (Slamon et al., 2001; Suter
et al., 2007; De Keulenaer et al., 2010).

Several oral small molecules inhibiting tyrosine kinase (TK)
associated with HER are clinically used or under development
(De Keulenaer et al., 2010; Ades et al., 2014). Lapatinib and
neratinib are novel HER-2/HER-4 TK inhibitors undergoing
clinical development in HER-2+ breast cancer. Their cardiac
safety data show a favorable profile (Ades et al., 2014). Several
clinical trials have demonstrated that lapatinib is less toxic than
trastuzumab (Ades et al., 2014). Pertuzumab is a humanized
mAb blocking domain II of the extracellular part of HER-2, thus
stopping HER-2/HER-3 homo-heterodimeration. Several clinical
trials have assessed the cardiac toxicity of pertuzumab (Bowles
et al., 2012; Molinaro et al., 2015). Pertuzumab causes a modest
(∼=10%) reduction of LVSD in patients with HER-2+ breast
cancer (Baselga et al., 2012; Gianni et al., 2012; Swain et al., 2013).

Importantly, in breast cancer treatment, the co-
administration of trastuzumab with ANTs enhances the
latter’s toxicity and is now avoided. In fact, anti-HER-2 mAbs
block the protective mechanisms of HER-2, exhacerbating the
oxidative damage caused by doxorubicin (Ewer and Ewer,
2010). Indeed, redox mechanisms have also been advocated
for the neuregulin/ErbB2 pathway. This pathway can modulate
the increase in ROS caused by doxorubicin in animal models
(Timolati et al., 2006), suggesting that cardiotoxicity from ErbB2
blockade can also involve a dysregulation of redox homeostasis
(Gordon et al., 2009; Mercurio et al., 2016).
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In the heart, endothelial cells release neoregulin 1 (NRG-
1), especially the NRG-1β isoform (Lim et al., 2015), which
triggers HER-4/HER-4 homodimerization and HER-4/HER-2
heterodimerization on cardiomyocytes to activate protective
pathways in response to stress (De Keulenaer et al., 2010; Odiete
et al., 2012; Lim et al., 2015; Figure 4). The HER-2 pathway
mediates cell survival and possibly regeneration (D’Uva et al.,
2015) and is stimulated when the heart experiences stress,
including hypertension (de Korte et al., 2007; Ewer and Ewer,
2010) and ANT therapy (Gabrielson et al., 2007). Anti-HER-
2 agents interfere with the NRG-1/HER-4/HER-2 axis and can
cause cardiomyocyte damage. This hypothesis is corroborated
by ErbB2 KO-mice that present with LV dilation and increased
susceptibility to ANT-induced cardiac damage (Crone et al.,
2002; Ozcelik et al., 2002), supporting a fundamental role of
HER-2 in the heart. Conversely, cardiac ErbB2 overexpressed
mice exhibited reduced levels of ROS in mitochondria, with
lower ROS levels and less cell death after treatment of neonatal
cardiomyocytes isolated from ErbB2 (Bosch et al., 2013) hearts
with anthracyclines. This was due to higher levels of glutathione
peroxidase 1 (GPx1) protein and GPx activity, with increased
levels of two known GPx activators, c-Abl and Arg (Belmonte
et al., 2015; Tocchetti et al., 2017).

HER-2 and HER-4 receptor expression and
activation/phosphorylation are lower in failing human
myocardium, a condition characterized by increased oxidative

stress (Rohrbach et al., 1999). Dogs with HF showed increased
phosphorylation of ErbB4 and ErbB2 (Doggen et al., 2009). NRG-
1 expression is enhanced in HF (Rohrbach et al., 1999; Doggen
et al., 2009). Collectively, these results indicate that NRG-1/HER-
4/HER-2 activity is involved in the pathophysiology of HF
(Mercurio et al., 2016). (Mercurio et al., 2016). Importantly,
NRG-1 exerts a lusitropic effect on isolated cardiac muscle
preparations via a NO-dependent mechanism (Lemmens et al.,
2004): this requires a functional NO synthase, with preserved
NO bioavailability, a condition which can be hampered by the
increased oxidative stress in HF (Nediani et al., 2011; Arcaro
et al., 2016).

Based on cardioprotective properties of NRG-1 via HER-
4/HER-2, the neuregulin-HER pathway is currently being
assessed in clinical studies for HF treatment (Galindo et al.,
2014a,b). NRG-1β increases LV function and reduces cardiac
dimensions in experimental failing hearts (Liu et al., 2006; Li
et al., 2011; Galindo et al., 2014a,b; Mercurio et al., 2016).
NRG-1 also inhibits cardiac fibroblasts and prevents fibrosis
(Galindo et al., 2014a,b). NRG-1 administration after myocardial
infarction is able to blunt remodeling of the damaged heart (Liu
et al., 2006; Galindo et al., 2014a,b). Clinical trials have shown
that NRG-1 is well-tolerated and ameliorates heart dimensions
and LVEF up to 3 months after treatment (Gao et al., 2010;
Jabbour et al., 2011). However, NRG-1 may be a growth factor for
cancer cells, and further studies are necessary to assess the safety

FIGURE 4 | Schematic representation of the mechanism of action of trastuzumab and pathogenesis of its cardiotoxicity. Trastuzumab is a mAb that binds the

extracellular domain IV of HER-2. It is used to treat breast cancer patients (∼=30%) in which HER-2 is overexpressed and spontaneously homodimerizes or forms

heterodimers with other HER receptors, especially HER-3. This ligand-independent activation of HER-2 promotes proliferation and survival of tumor cells.

Trastuzumab blocks the interaction HER-2/HER-3 and downstream signaling halting the growth of tumor cells. Moreover, trastuzumab induces the

antibody-dependent immune cell-mediated cytotoxicity of cancer cells (left side). In the heart, neuregulin-1 (NRG-1) triggers HER-4/HER-4 homodimerization and

HER-4/HER-2 heterodimerization on cardiomyocytes to induce protective pathways in response to stress. Blockade of cardiac HER-2 by trastuzumab results in the

disruption of NRG-1-dependent signaling and consequently in alterations of structure and functions that cause cardiomyocyte death (right side).
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and efficacy of NRG-1 in HF (Lim et al., 2015; Mercurio et al.,
2016).

INHIBITORS OF VASCULAR ENDOTHELIAL

GROWTH FACTOR (VEGF) SIGNALING

Vascular endothelial growth factors (VEGF-A, VEGF-B, VEGF-
C, VEGF-D. and PlGF) activate specific tyrosine kinase (TK)
receptors (VEGFR-1, VEGFR-2, and VEGFR-3) on blood
endothelial cells (Loffredo et al., 2016; Staiano et al., 2016) and on
endothelial colony forming cells (Dragoni et al., 2011) and have
a major role in myocardial angiogenesis at rest and in pressure-
overload hearts (Oka et al., 2014). Inhibitors of VEGF signaling
(i.e., mAbs anti-VEGF-A and “specific” TK inhibitors) are used
for the treatment of several malignancies (Hurwitz et al., 2004;
Sandler et al., 2006). VEGFs also regulate several myocardial
functions and the integrity of coronary and systemic blood vessels
(Folkman, 2007; Eschenhagen et al., 2011; Curigliano et al., 2012;
Tocchetti et al., 2013; Marone and Granata, 2014), hence, not
surprisingly, beside fighting cancer proliferation by inhibiting
angiogenesis, VEGF antagonists may produce different forms of
CTX, mainly hypertension, thromboembolism, LV dysfunction,
and HF (Gressett and Shah, 2009; Nazer et al., 2011; Welti et al.,
2013).

Bevacizumab (anti-VEGF mAb), sunitinib and sorafenib
(TK inhibitors: TKIs) are used for the treatment of different
types of cancer (Hurwitz et al., 2004; Sandler et al., 2006).
Bevacizumab can induce hypertension and cardiac dysfunction
in 1–3% patients undergoing chemotherapy (Miller et al.,
2005). Regorafenib is a multi-target TKI that inhibits VEGFR1,
endothelial-specific receptor tyrosine kinase (trk2), PDGFR,
fibroblast growth factor receptor (FGFR), KIT, and RET.
Regorafenib, used in therapeutic protocolos for gastrointestinal
tumors, can induce hypertension (Brinda et al., 2016) and less
frequently cardiac ischemia and myocardial infarction (Bronte
et al., 2015). Treatment with pazopanib and axitinib (inhibitors
of VEGFRs, PDGFRA and B, and KIT) can lead to hypertension
(Motzer et al., 2013). 40% of patients treated with axitinib
can experience hypertension (Hutson et al., 2013). Novel anti-
angiogenic drugs such as cediranib, vatalanib and nintedanib also
exhibit a potential risk of hypertension and HF (Goss et al., 2010;
Van Cutsem et al., 2011; Reck et al., 2014).

Sunitinib and sorafenib are not selective TKIs and inhibit
several kinases other than VEGFR (Cheng and Force, 2010).
Sunitinib inhibits more than 30 TKs, including platelet-derived
growth factor receptor (PDGFR), KIT, and colony-stimulating
factor 1 receptor (CSF1R) (Force et al., 2007; Cheng and Force,
2010; Hasinoff and Patel, 2010). All these kinases are regulators
of CV functions (Lévy, 2006; Anisimov et al., 2009). Up to 28%
of patients can develop cardiac dysfunction from sunitinib (Chu
et al., 2007; Motzer et al., 2007; Khakoo et al., 2008; Telli et al.,
2008). The CTX induced by sunitinib is also due to interference
with ribosomal S6 kinase (Tokarska-Schlattner et al., 2005) that
then triggers apoptosis (Force et al., 2007; Kerkela et al., 2009).
Sunitinib prolongs opening of the mitochondrial permeability
transition pore (mPTP) and mitochondrial swelling in myocytes

from heart subjected to pressure overload (Chu et al., 2007). Also,
treatment of different myocardial preparations with sunitinib
produces a dose-dependent negative inotropic effect, paralleled
by a decline in intracellular Ca2+ and increase of ROS production
(Rainer et al., 2012; Tocchetti et al., 2013). Interestingly, our
preliminary data show that CKmight play a role in the regulation
of sunitinib cardiac effects (Tocchetti et al., 2015b). In addition,
sutinitib can harm pericytes in cardiac vessels (Chintalgattu
et al., 2013). Sorafenib inhibits at least 15 kinases, including the
VEGFR, PDGFR, and KIT (Force et al., 2007; Cheng and Force,
2010; Tocchetti et al., 2013).

In conclusion, cardiac dysfunction can be induced by
many mechanisms in patients treated with mAbs anti-VEGF
and TKIs including alterations of mitochontrial function and
energy production with increase in ROS generation, as well as
induction of arterial hypertension (Mourad and Levy, 2011).
Bevacizumab and sunitinib can cause hypertension because
of functional (inactivation of endothelial NO synthase and
production of vasoconstrictors such as endothelin-1) and
anatomic modifications, bringing to vasoconstriction and to an
increase in peripheral vascular resistance (Ku et al., 1993;Mourad
and Levy, 2011; Nazer et al., 2011; Hahn et al., 2014). Arterial
and venous thrombosis is due to reduction of NO synthesis,
endothelial dysfunction, and plaque instability.

ANTIOXIDANT PROPERTIES OF

CARDIOVASCULAR DRUGS: A USEFUL

TOOL FOR THE PROTECTION FROM

CARDIOTOXICITY OF ANTINEOPLASTIC

DRUGS

It has been suggested that drugs with antioxidant properties can
prevent CTX induced by an increase in ROS (Swain et al., 1997;
Li and Singal, 2000; Spallarossa et al., 2004; Cadeddu et al., 2010;
Lipshultz et al., 2012; Dessí et al., 2013; Broeyer et al., 2014).
Dexrazoxane, an iron-chelating drug, is a cardioprotective agent
approved by the FDA for ANT-induced CTX. It is a pro-drug
that enters the cardiomyocyte, is rapidly metabolized into its
active form, and inhibits the formation of ANT-iron complexes
and the production of ROS (Simunek et al., 2009). Its efficacy in
several types of tumors has been demonstrated in clinical trials
and two pooled analyses (Swain et al., 1997; Seymour et al., 1999;
Swain and Vici, 2004; Lipshultz et al., 2012). Other iron chelators
have not shown any cardioprotective effect suggesting that
dexrazoxane exerts its effects by means of additional protective
mechanisms (Simunek et al., 2009). Dexrazoxane changes the
Top2β configuration preventing its interface with ANTs, thereby
impeding the formation of the Top2-DNA complexes (Lyu et al.,
2007; Lencova-Popelova et al., 2016). Stěrba and coworkers have
shown that the cardioprotective effects of dexrazoxane are due
to its interaction with Top2-β, rather than to its iron chelating
activity (Sterba et al., 2013). Derivatives of dexrazoxane lacking
effects on Top2β were found not to be protective in models
of ANT-induced CTX (Martin et al., 2009; Tocchetti et al.,
2017) suggesting the relevance of Top2β in the cardioprotective
mechanism.

Frontiers in Physiology | www.frontiersin.org March 2018 | Volume 9 | Article 16772

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Varricchi et al. Antineoplastic Drug-Induced Cardiotoxicity

ANTIOXIDANT PROPERTIES OF BETA

BLOCKERS: BEYOND THE

ANTIADRENERGIC EFFECTS

β-blockers are cornerstone treatments for patients with low LVEF
(Ponikowski et al., 2016), and there is evidence to encourage their
use in asymptomatic ANT-related LV dysfunction (Curigliano
et al., 2012; Cadeddu et al., 2016). The rationale for β blocker
utilization in ANT-induced CTX is based on clinical and
experimental results. Alterations of β-adrenergic receptor (β-
AR) signaling are present in LV dysfunction caused by ANTs
and in other types of dilated cardiomyopathies (Fu et al.,
1994). Furthermore, a positive effect of β-AR blockage in
reducing oxidative stress and myocardial calcium overload
(Nakamura et al., 2002; Asanuma et al., 2004) has been
shown in experimental models. New-generation β blockers (i.e.,
carvedilol and nebivolol) have been taken into consideration
for their cardioprotective properties. Carvedilol, a non-selective
β- and α1-AR antagonist with strong antioxidant properties,
was compared to atenolol, a β blocker devoid of antioxidant
properties. Only carvedidol conferred protection from ANT-
induced LV-dysfunction and such effect has been attributed to its
antioxidant properties rather than to the β-AR blocking action
(Matsui et al., 1999). Carvedilol inhibits ANT-induced ROS
release, cardiomyocyte apoptosis (Spallarossa et al., 2004), and
mitochondrial alterations (Santos et al., 2002). In a small clinical
trial evaluating the cardioprotective effect of carvedilol in patients
treated with ANTs a reduced incidence of LV dysfunction was
reported (Kalay et al., 2006). More studies are needed in order to
confirm this cardioprotective effect.

In an experimental model of ANT-induced CTX, nebivolol,
a cardio-selective β blocker with limited vasodilating properties,
improved LV function, while enhancing NO levels and lowering
oxidative stress (de Nigris et al., 2008; Tocchetti et al., 2015a).
In a small clinical trial the prophylactic use of nebivolol in
patients undergoing ANT-based treatments was associated with
lower incidence of LV dilatation and systolic dysfunction in the
nebivolol group compared to the placebo group (Kaya et al.,
2013).

Interestingly, β blockers have been associated with reduced
risk of cardiac dysfunction in patients on trastuzumab, ANTs,
or both (Seicean et al., 2013). More recently, β blockers such as
bisoprolol (Pituskin et al., 2017) and metoprolol have not shown
promising results in the prevention of trastuzumab-induced
LV dysfunction, suggesting that blockade of β1 alone is not
cardioprotective (Gulati et al., 2016). This supports the use of
non-selective β1 and β2 blockers (Sysa-Shah et al., 2016).

THE REDOX ROLE OF

RENIN-ANGIOTENSIN-ALDOSTERONE

SYSTEM ANTAGONISTS

The renin-angiotensin-aldosterone system (RAAS) is a key player
in ANT-induced CTX (Arnolda et al., 1985). Angiotensin-
converting enzyme inhibitors (ACE-Is) and angiotensin II
receptor blockers (ARBs) can reduce the progression of heart

dysfunction and prevent HF in high-risk patients (Ponikowski
et al., 2016). Experimental studies have shown the efficacy of
ACE-Is in fighting ANT-induced CTX (Abd El-Aziz et al.,
2001; Boucek et al., 2003). ACE-Is can confer protection
from ANT-related CTX by reducing ROS damage, intracellular
calcium overload and fibrosis, and by enhancing mitochondrial
respiration and cardiomyocyte metabolism (Abd El-Aziz et al.,
2001; Boucek et al., 2003). Enalapril, captopril, and lisinopril
can improve acute and chronic ANT-induced cardiotoxicity in
experimental models (Abd El-Aziz et al., 2001). In ANTs-treated
patients, enalapril reduced the incidence of LV dysfunction
compared to placebo (Cardinale et al., 2015). Candesartan
modulates experimental cardiotoxicity induced by ANTs (Soga
et al., 2006). Pre- and post-treatment with telmisartan protects
against acute doxorubicin-induced LV dysfunction in rats (Iqbal
et al., 2008). Telmisartan affects the bioavailability of NO
and inhibits the production of interleukin-6 (IL-6) and tumor
necrosis factor-α (TNF-α) (Yamagishi and Takeuchi, 2005).
In a small prospective study, telmisartan blunted subclinical
cardiotoxic effects of epirubicin (EPI) (Cadeddu et al., 2010).
Telmisartan reversed early EPI-induced myocardial dysfunction
and maintained a normal systolic function up to the 18-
month follow-up (Dessí et al., 2011, 2013). Valsartan exerted a
cardioprotective effect in patients treated with ANTs (Nakamae
et al., 2005).

The combination of ACE-Is (enalapril) and β blockers
(carvedidol) seems to be beneficial in treating ANT-induced
CTX (Bosch et al., 2013). Several clinical trials have evaluated
the role of ACE-Is and ARBs as cardiopreventive agents in
patients undergoing chemotherapy (Lim et al., 2015; Molinaro
et al., 2015). A recent meta-analysis showed that the prophylactic
administration of ACE-Is and ARBs in patients treated with
ANTs reduced the risk of developing CTX compared with
placebo (Kalam and Marwick, 2013). Unfortunately, recent
studies have failed to show promising results about prevention of
cardiotoxicity with beta blockers or ACE-Is or ARBs (Boekhout
et al., 2016; Gulati et al., 2016; Pituskin et al., 2017).

Non-dihydropyridine calcium channel blockers are not
indicated in patients with anti-angiogenic drug-induced
hypertension, due to the pharmacokinetic interaction of
sorafenib and sunitinib with CYP3A4 (Maitland et al., 2010;
Cadeddu et al., 2016). Experimental and clinical studies should
evaluate the safety and efficacy of the combination of ACE-Is and
β blockers in preventing sunitinib-induced CTX.

EXPERIMENTAL ANTIOXIDANT DRUGS IN

CARDIOPROTECTION AGAINST

CARDIOTOXIC EFFECTS OF

ANTHRACYCLINES

Several drugs (e.g., ranolazine, statins, and phosphodiesterase-
5 inhibitors) have been assessed in counteracting ANT-induced
CTX. The efficacy of different statins in preventing ANT-
induced CTX is so far unproven, due to controversial data.
Statins (i.e., lovastatin and fluvastatin) were cardioprotective in
cellular studies performed on proliferating H9c2 cell line, but
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not on cardiomyocytes (Riad et al., 2009; Huelsenbeck et al.,
2011). Lovastatin did not modify LV dysfunction induced by
doxorubicin (Henninger et al., 2015). Small clinical studies have
reported protective/marginal effects of statins in patients treated
with ANTs (Seicean et al., 2012; Chotenimitkhun et al., 2015).
Hence, several experimental models of cardiac dysfunction have
suggested a cardioprotective effect with ranolazine (Sabbah et al.,
2002; Rastogi et al., 2008; Coppini et al., 2013, 2017). Ranolazine
can preserve cardiac function in mice treated with ANTs
by reducing oxidative stress (Tocchetti et al., 2014; Cappetta
et al., 2017). Ranolazine can prevent calcium overload and the
occurrence of oxidative damage by suppressing ROS production
(Kohlhaas et al., 2010). Although the INTERACT study indicated
that ranolazine was a promising agent for the prevention of DOX-
induced cardiotoxicity, more studies are needed to confirm such
evidence (Minotti, 2013).

Sildenafil, a phosphodiesterase-5 inhibitor, seems to
protect from ANT-induced cardiac dysfunction by opening
mitochondrial KATP channels, preserving mitochondrial
membrane potential and myofibrillar integrity, and preventing
cardiomyocyte apoptosis (Fisher et al., 2005). Tadalafil blunted
ANT-induced LV dysfunction through NO-mediated rises in
cGMP levels (Koka et al., 2010; Jin et al., 2013).

Hydrogen sulfide (H2S), a redox compound, also attracted
the interest of cardio-oncologists. Cystathionine gamma-lyase, a
key enzyme in the synthesis of H2S, is involved in ANT-induced
CTX in cardiomyocytes and exogenous H2S has been shown
to protect against CTX (Papapetropoulos et al., 2015; Cadeddu
et al., 2016;Mele et al., 2016b). Further experimental research and
randomized trials will be needed to assess the safety and efficacy
of H2S.

Experimental data show that VEGF-B favors coronary
artheriogenesis, physiological cardiac hyperthrophy, and
resistance to ischemia (Bry et al., 2010; Kivelä et al., 2014).
Furthermore, VEGF-B has been proposed as a candidate for the
therapy of dilated cardiomyophaty (Kivelä et al., 2014; Woitek
et al., 2015). There is preliminary evidence that VEGF-B gene
therapy can inhibit doxorubicin-induced CTX (Räsänen et al.,
2016).

BEYOND PHARMACOLOGIC

APPROACHES

Nutritional supplementation and exercise training may also
exert antioxidant properties (Andreadou et al., 2009; Haykowsky
et al., 2009; Scott et al., 2011, 2013; Kirkham and Davis, 2015;
Stefani et al., 2015; Singh et al., 2016). While in experimental
models, dietary supplementation of antioxidants can mitigate LV
dysfunction induced by ANTs (Rephaeli et al., 2007; Andreadou
et al., 2009; Xi et al., 2012), evidence suggesting that antioxidant
supplementation may modulate ANT-induced CTX in cancer
patients is still scant (Fuchs-Tarlovsky, 2013).

Exercise has a positive impact on CV risk factors (e.g.,
hypertension, high cholesterol and lipids, overweight and
diabetes; Kirkham and Davis, 2015) and it has been hypothesized
that aerobic exercise can reduce ROS production and restore

calcium cycling, thus improving myocardial energetics (Scott
et al., 2011). There is some evidence that physical exercise
can be beneficial to cancer patients (Stefani et al., 2015).
Preliminary studies showed a role for aerobic exercise in
combating ANT- (Schermuly et al., 2005) and trastuzumab-
induced CTX (Haykowsky et al., 2009). Further studies will be
necessary to assess the effects of exercise on CTX caused by
anticancer agents (Scott et al., 2013).

REDOX-RELATED BIOMARKERS OF

CARDIOTOXICITY

One of the main obstacles that renders difficult the prevention
of several types of CTX is their complex pathogenesis and
lack of reliable biomarkers. Biomarkers ideally should be simple
to measure, widely available, low-cost, and used in other
pathological conditions. Rather than using single biomarkers, the
complexity of CTX is likely to be captured by the association of
two or more biomarkers or by modern high-throughout “omics”
platform (Chen et al., 2012). At the moment, troponins (Oztop
et al., 2004; Suter and Ewer, 2013; Zamorano et al., 2016), brain
natriuretic peptide (BNP) and its N-terminal fragment (NT-
proBNP), mainly released from cardiomyocytes may be used as
biomarkers of CTX in clinical practice (Cardinale et al., 2015;
Novo et al., 2016b).

In the setting of cardiac toxicity induced by redox alterations
from anticancer drugs, most ROS/RNS are very unstable, with
half-lives of 10−6–10−9s. Also more long-lasting ROS, such
as H2O2, have a half-life of less than a millisecond (Garcia-
Garcia et al., 2012). Hence, it is still difficult to assess ROS/RNS
generation due to limitations that affect their detection.
Therefore, there is a need to identify alternative biomarkers
of oxidative/nitrosative CTX. The metabolomic identification
of acetate and succinate can be used as a redox-biomarker
(Andreadou et al., 2009). Decrease in NAD(P)H:quinone
oxidoreductase 1 activity and increased ROS production by
NAD(P)H oxidases have been proposed as early biomarkers of
LV dysfunction due to ANTs (Novo et al., 2016b). An increase
of IL-6 and its soluble receptor (sIL-6R), has been correlated
with an early alteration in systolic function in patients treated
with EPI (Dessí et al., 2011, 2013). Other potential redox-
related biomarkers are high-sensitivity C-reactive protein (CRP),
heart-type fatty acid-binding protein (H-FABP), and glycogen
phosphorylase BB (GPBB), while some miRNAs that could be
used in the assessment of acute coronary syndromes (Novo et al.,
2016b) may also be helpful in early detection of CTX (Horacek
et al., 2010; Horie et al., 2010; Wang et al., 2013).

CONCLUSIONS AND PERSPECTIVES

Novel anticancer drugs (e.g., targeted therapies and immune
checkpoint inhibitors) have revolutioned the management of a
wide spectrum of malignancies (Johnson et al., 2016; Menzies
et al., 2017; Varricchi et al., 2017b). However, CTX caused
by both conventional and novel antineoplastic drugs remains
a critical issue (Tocchetti et al., 2013; Ghigo et al., 2016).
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Chemotherapeutics such as doxorubicin are the prototype of
drugs causing CTX (Ghigo et al., 2016). Targeted therapies,
initially thought to be safer, can also be responsible of some
degree of CTX. Moreover, there is increasing evidence that
immune checkpoint inhibitors (i.e., mAbs blocking CTLA-4, PD-
1, and PD-L1 on immune cells) can also produce a spectrum
of immune-related adverse events, including CTX (Varricchi
et al., 2017c,d). Importantly, certain drugs used to prevent
cardiovascular complications can even contribute to cancer
induction (De Caterina, 2015). Several strategies have been
proposed to prevent CTX from antineoplastic agents. None of
these is completely safe and satisfactory. This is, at least in part,
due to the complexity of different types of CTX. Moreover, it is
important to note that heart dysfunction can also manifest years
after cancer therapy, making it difficult to evaluate preventive
and treatment strategies. It is important to understand the
biochemical and molecular mechanisms by which anticancer
agents affect cardiomyocytes and immune cells for implementing
optimal drug design.

Although oxidative and nitrosative stress elicited by
chemotherapeutic agents can harm the heart, indiscriminate
elimination of ROS and RNS by antioxidant drugs may not
provide beneficial effect, and may even impair physiological
cellular functions (Aon et al., 2010; Cortassa et al., 2014; Nickel
et al., 2014; Münzel et al., 2015; Arcaro et al., 2016). Indeed,
anti-oxidants have been shown to fight LV remodeling and
ameliorate contractility in many HF experimental models.
Nevertheless, when translated to the clinical arena, these
therapeutic approaches did not lead to much benefit or even

worsened mortality (Kirk and Paolocci, 2014; Arcaro et al.,
2016), when the antioxidant effect was not coupled to other

pharmaceutical and biological properties (Fonarow, 2009).
Importantly, the site of generation of ROS can determine their

biological effects on cardiomyocytes. Hence, more specific,
targeted, and “compartmentalized” antioxidant strategies that
blunt local ROS/RNS production might be more successful than
broad indiscriminate approaches.

In conclusion, although in the last decade research implicating
ROS/RNS in antineoplastic drug-induced CTX has greatly
advanced, experimental studies and clinical trials are needed to
close several gaps in our knowledge of molecular and clinical
aspects of CTX in order to balance safety and efficacy of cancer
therapy.
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The ErbB2 blocker trastuzumab improves survival in oncologic patients, but can cause

cardiotoxicity. The late Na+ current inhibitor ranolazine has been shown to counter

experimental HF, including doxorubicin cardiotoxicity (a condition characterized by

derangements in redox balance), by lowering the levels of reactive oxygen species

(ROS). Since ErbB2 can modulate ROS signaling, we tested whether trastuzumab

cardiotoxicity could be blunted by ranolazine via redox-mediated mechanisms.

Trastuzumab decreased fractional shortening and ejection fraction in mice, but ranolazine

prevented heart dysfunction when co-administered with trastuzumab. Trastuzumab

cardiotoxicity was accompanied by elevations in natriuretic peptides and matrix

metalloproteinase 2 (MMP2) mRNAs, which were not elevated with co-treatment with

ranolazine. Trastuzumab also increased cleavage of caspase-3, indicating activation of

the proapoptotic machinery. Again, ranolazine prevented this activation. Interestingly,

Neonatal Rat Ventricular Myocytes (NRVMs), labeled with MitoTracker Red and treated

with trastuzumab, showed only a small increase in ROS compared to baseline conditions.

We then stressed trastuzumab-treated cells with the beta-agonist isoproterenol to

increase workload, and we observed a significant increase of probe fluorescence,

compared with cells treated with isoproterenol alone, reflecting induction of oxidative

stress. These effects were blunted by ranolazine, supporting a role for INa inhibition in

the regulation of redox balance also in trastuzumab cardiotoxicity.

Keywords: trastuzumab cardiotoxicity, ranolazine, heart function, heart failure, oxidative stress

INTRODUCTION

ErbB2 (also called HER2) is tyrosine kinase receptor, member of the human epidermal growth
factor receptor family, and is overexpressed in 25–30% of breast cancers (Slamon et al., 1987).
Trastuzumab is the prototypical anti-ErbB2 drug, and the first developed and most widely used
biologic anticancer agent. Since its introduction in 1998, trastuzumab has dramatically improved

83

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2018.00038
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2018.00038&domain=pdf&date_stamp=2018-02-06
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:carlogabriele.tocchetti@unina.it
mailto:cladelor@unina.it
mailto:n.maurea@istitutotumori.na.it
https://doi.org/10.3389/fphys.2018.00038
https://www.frontiersin.org/articles/10.3389/fphys.2018.00038/full
http://loop.frontiersin.org/people/501940/overview
http://loop.frontiersin.org/people/507836/overview
http://loop.frontiersin.org/people/31896/overview
http://loop.frontiersin.org/people/11808/overview
http://loop.frontiersin.org/people/62142/overview


Riccio et al. Ranolazine Attenuates Trastuzumab-Induced Heart Dysfunction

the clinical history of breast cancer patients, but unfortunately it
has been shown to cause cardiac dysfunction (Bloom et al., 2016;
Moslehi, 2016; Zamorano et al., 2016; Armenian et al., 2017),
since ErbB2 has been proven to be an important modulator
of myocardial function (Force et al., 2007; Eschenhagen et al.,
2011). Indeed, in the heart, ErbB2 seems to mediate cell
survival and functionality (De Keulenaer et al., 2010; Ky et al.,
2013; Lim et al., 2015), and also cardiac regeneration (D’Uva
et al., 2015), and it seems to be stimulated upon cardiac
adverse hemodynamics or other stress, such as doxorubicin
(De Keulenaer et al., 2010; Tocchetti et al., 2017). It has been
hypothesized that ErbB2 blockers can hamper cardiomyocytes,
especially when exposed to other stressors, such as pressure or
volume overload or anthracyclines, eventually leading to cardiac
dysfunction (de Korte et al., 2007; Gabrielson et al., 2007; Ewer
and Ewer, 2010). Hence, this co-administration is now possibly
avoided in clinics (Slamon et al., 2001; Suter et al., 2007), since
trastuzumab can exacerbate or induce anthracycline toxicity:
once trastuzumab blocks the protective mechanisms of ErbB2,
the oxidative damage from anthracyclines can increase (Ewer and
Ewer, 2010). Importantly, ErbB2 has been shown to modulate
doxorubicin-induced redox damage (Timolati et al., 2006), while
its blockade is able to induce myocytes death through redox-
dependent pathways (Gordon et al., 2009). In addition, ErbB2
overexpressor mice showed upregulation of antioxidant enzymes
and protection from anthracyclines cardiotoxicity (Belmonte
et al., 2015).

The late Na+ current inhibitor ranolazine has emerged as a
potential therapeutic to treat experimental heart failure (Sabbah
et al., 2002; Rastogi et al., 2008), and has also been recently
indicated as a promising cardio-oncological drug (Minotti, 2013).
We and others (Tocchetti et al., 2014; Cappetta et al., 2017) have
demonstrated that ranolazine is also able to blunt experimental
doxorubicin cardiotoxicity. Also, we had previously shown that
trastuzumab can cause experimental heart dysfunction (Riccio
et al., 2009; Fedele et al., 2012). Hence, here we hypothesize that
ranolazine is also able to blunt heart dysfunction induced by
trastuzumab in animal and cellular models.

MATERIALS AND METHODS

Trastuzumab Treatment Protocol in Vivo
C57Bl/6 mice (2–4 months old, Harlan Italy, San Piero al
Natisone, Udine, Italy) were injected with a cumulative dose
of 2 nM trastuzumab (Genentech, South San Francisco, CA,
USA) via seven daily intraperitoneal injections (2.25 mg/kg i.p.,
TRA group), as for our well-established protocol (Fedele et al.,
2012). No mortality was associated with this dosing regimen.
Another group of mice was treated orally with ranolazine
(Ranexa, Menarini, 305 mg/kg/day, doses comparable Reagan-
Shaw et al., 2008 with those used clinically in humans of 750mg
twice daily, below the human maximal dosing of 1 g twice daily)
for 10 days (RAN group; Tocchetti et al., 2014), and another
group, after 3 days of ranolazine, started receiving trastuzumab
concomitantly with ranolazine for 7 days (RAN+TRA group).
Sham animals were used as controls. For ex vivo analyses,
animals were sacrificed by cervical dislocation after anesthesia

with tilotamine (0.09 mg/g), zolazepam (0.09 mg/g), and 0.01%
atropine (0.0 4 ml/g); hearts were then excised and processed for
further studies. Eight to ten animals per group were studied for all
protocols.

Transthoracic Echocardiography
In vivo cardiac function was assessed by transthoracic
echocardiography in sedated 2- to 4-month-old WT C57BL6
mice (Harlan Italy, San Piero al Natisone, UD, Italy) using a
Vevo 2100 high-resolution imaging system (40-MHz transducer,
VisualSonics, Toronto, ON, Canada). Mice were anesthetized
with Tilotamine (0.09mg/g), Zolazepam (0.09mg/g), and
0.01% atropine (0.04 ml/g). Cardiac function was evaluated by
non-invasive echocardiography in basal conditions, after 7 days
of treatment with trastuzumab, or after 3 days of pre-treatment
with ranolazine followed by co-administration of ranolazine and
trastuzumab for 7 days. Studies and analysis were performed
blinded to heart condition. Data are presented as mean ±

standard error of the mean (SEM) unless otherwise noted.
Between-group differences were assessed by Student’s t-test or
one-way analysis if variance (ANOVA) as appropriate. Statistical
significance was defined as P < 0.05.

The animal experiments described herein were carried out in
accordance with the recommendations of Italian regulations for
experimentation on animals. The protocol was approved by the
ethical committee and met the standards required by Directive
2010/63/EU of the European Parliament.

RNA Extraction and Real-Time PCR
Fresh frozen tissue was mechanically homogenized and total
RNA was extracted by using Trizol (Invitrogen, Milan, Italy)
according to the manufacturer’s protocol. Reverse transcription
of total RNA was performed starting from equal amounts of
total RNA/sample (500 ng) using SuperScript R© III Reverse
Transcriptase (Invitrogen, Milan, Italy). RT-PCR was used to
assess the mRNAs of ANP, MMP2, and GAPDH (the latter
as an internal reference), as previously described (Tocchetti
et al., 2014). Experiments were carried out in triplicate for
each data point, and data analysis was performed with Applied

Biosystems’StepOnePlus
TM

Real-Time PCR System.

Western Blotting Analysis of the Apoptotic

Pathway
Murine hearts were processed as previously described (Tocchetti
et al., 2014). Anti-caspase 3, anti-cleaved caspase 3, anti-
GAPDH (Cell Signaling Technology), or anti-Actin antibody
(Sigma), followed by anti-rabbit, HRP-conjugated IgGs from
goat antiserum (Thermo Scientific) were used to detect
proteins involved in the apoptotic pathway. The signal
from secondary antibodies was visualized by enhanced
chemiluminescence detection (ECL western blotting detection
kit, Thermo Scientific). The signal intensity of reactive bands
was quantitatively measured with a phosphorimager (GS-
710, Biorad) or by the open source software ImageJ (NIH,
USA).
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Isolation and Culture of Neonatal Rat

Ventricular Myocytes (NRVMs)
NRVMs were isolated from 1 to 3 days old Wistar rats. Hearts
were excised, fragmented and dissociated at 4◦C overnight
with an enzyme solution containing trypsin (Invitrogen), under
continuous stirring. The day after, fragments were further
dissociated with an enzymatic solution containing Collagenase
type I (Gibco). Cells were purified and resuspended in growth
medium consisting of MEM (Invitrogen) supplemented with
10% fetal bovine serum (Gibco) and antibiotics (100 U/ml
penicillin and 100µg/ml streptomycin).

Cells were pre-plated for 90min in order to separate NRVMs
from fibroblasts. NRVMs were counted and opportunely diluted
with MEM supplemented with 10% FBS, antibiotics, non-
essential amino acids (NEAA) and 0.1mM BrdU, necessary to
inhibit cell proliferation, and the plated onto slides pre-treated
with gelatin 0.1%.

Measurement of Formation of Reactive

Oxygen Species
NRVMs were seeded in 6-well plates at a density of 3 × 105/well
and ranolazine (10µM) and trastuzumab (2µM), alone or in
combination, were added.

After 24 h, cells were incubated for 15min at 37◦C with
10 nM MitoTracker Red CM-H2XRos (MTR, Molecular Probes,
λec = 579 nm, λem = 599 nm) in HBSS. Following the
incubation, cells were washed twice with HBSS and slides were
analyzed using the fluorescence microscope Zeiss Axlovert 100M
and a 63x oil immersion objective.

In the kinetic experiment, NRVMs were treated with
ranolazine (10µM) and trastuzumab (2µM), alone or in
combination. After 24 h, cells were incubated with 10 nM
MitoTracker Red CM-H2XRos as shown before. Three baseline
images were taken at frame rate 1/5min, and then 4µM
Isoproterenol (ISO) was added for 1 h.

Statistical Analyses
For most studies, between-group differences were assessed
by Student’s t-test or one-way ANOVA as appropriate.
Statistical analysis was performed with OriginPro 8 SR0
v8.0724. Differences among the groups in parameters assessed by
reverse transcription–PCR (RT–PCR) or western blotting were
evaluated using the non-parametric Kruskal–Wallis test and
adjusted for multiple comparisons with the Bonferroni method
Statistical analysis were performed with SPSS statistical package
(14.0 version).

Statistical significance was defined as P < 0.05.

RESULTS

Ranolazine Attenuates

Trastuzumab-Induced Heart Dysfunction in

Mice
First, we tested the beneficial role of ranolazine on trastuzumab
induced cardiotoxicity in vivo in a mouse model. To this
aim, groups of 8–10 mice were treated with trastuzumab

and ranolazine as described in the Methods section.
Echocardiography was performed before and after the
treatments.

After 7 days, in trastuzumab-treated mice, fractional
shortening (FS) decreased to 54 ± 3.86%, p < 0.0005 vs. 60.29
± 2.47% (sham), ejection fraction (EF) to 84.33 ±3.08%, p <

0.0005 vs. 91.26 ± 2.03% (sham). However, in mice treated with
ranolazine plus trastuzumab, FS and EF were not significantly
reduced (FS 59.40± 3.13%; EF 89.80± 2.28%; Figure 1).

Ranolazine Prevents Cardiac Fetal Gene

Reprograming and Extracellular Matrix

Remodeling in Trastuzumab Treated Hearts
At the end of the in vivo treatment, mice were euthanized,
and hearts were removed and processed for mRNA expression
analyses and detection of myocardial stress and apoptosis.
All analyses were performed in parallel experiments on sham
animals. In accordance with the alterations of contractile
function, trastuzumab enhanced ANP and MMP2 mRNAs
compared with sham. However, whenmice were pre-treated with
ranolazine, ANP, and MMP2 mRNA levels were lower compared
to TRA (Figure 2).

Ranolazine Reduces Trastuzumab-Induced

Apoptosis
We then investigated the impact of ranolazine on trastuzumab-
induced cell death. Excised murine hearts of treated mice were
handled as described above, then lysed and analyzed by Western
blotting with an anti-Caspase antibody. Trastuzumab activated
apoptosis significantly, as shown by the enhanced cleavage of
caspase-3. Caspase-3 fragmentation did not occur when mice
were co-administered with RAN+TRA (Figure 3).

Ranolazine Limits the Production of

Reactive Oxygen Species Induced by

Trastuzumab in NRVMs
To test whether ranolazine protective effects are achieved by a
reduction of ROS generated upon trastuzumab administration,
ROS formation was monitored in NRVMs. NRVMs labeled
with MitoTracker Red and treated for 24 h with Trastuzumab
showed a modest increase of probe fluorescence, compared with
untreated cells, reflecting induction of oxidative stress, which was
not blunted by ranolazine.

Considering that trastuzumab exerts its cardiotoxic effects
especially in presence of cardiac stressors (de Korte et al., 2007;
De Keulenaer et al., 2010; Ewer and Ewer, 2010; Tocchetti
et al., 2017), and that the beating heart is normally subject
to preload and afterload, we then incubated NRVM with the
beta stimulator isoproterenol (ISO; Tocchetti et al., 2012) to
simulate workload conditions. Interestingly, the concomitant
administration of TRA and ISO produced a significant increase in
ROS compared to ISO alone, and such increase could be blunted
by RAN (Figure 4).
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FIGURE 1 | Ranolazine protects from trastuzumab-related cardiac dysfunction. Ranolazine blunts reductions in fractional shortening (FS) and ejection fraction (EF)

induced by trastuzumab (**p < 0.01 vs TRA; ***p < 0.001 vs TRA).

FIGURE 2 | Effects of ranolazine on cardiac fetal gene reprogramming. ANP, BNP, and MMP2 mRNA expressions induced by trastuzumab were reduced in mice

pretreated with ranolazine (*p < 0.05 vs. TRA; **p < 0.005; ***p < 0.0005).
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FIGURE 3 | Apoptotic pathway analysis in hearts of treated mice. Caspase 3

activation triggered by trastuzumab, was reduced by ranolazine treatment

(*p < 0.05 vs. TRA; **p < 0.005 vs. TRA; ***p < 0.0005 vs. TRA).

FIGURE 4 | Ranolazine (RAN) reduces Reactive Oxygen Species (ROS)

formation induced by Trastuzumab (TRA) and isoproterenol (ISO). Neonatal

Rat Ventricular Myocytes (NRVMs) untreated or treated for 24 h with 2µM

TRA, with 10µM Ran or with 2µM TRA and 10µM Ran, were incubated for

1 h with 4µM Iso. Microscopy analysis of cells labeled with the fluorescent

probe Mitotracker Red CM-H2XRos was performed to detect the degree of

mitochondrial oxidative stress. Data are normalized to the control after 24 h +

1 h of treatment with isoproterenol. n ISO: 24; n TRA+ISO: 22; n RAN+ISO:

19; n RAN+TRA+ISO: 20. *p < 0.05 vs. TRA; **p < 0.01 vs. TRA.

DISCUSSION

The introduction of trastuzumab in therapeutic protocols for
ErbB2+ breast cancer has revolutionized the prognosis of
patients affected by this disease, but unfortunately this therapy

is characterized with a relevant incidence of cardiac dysfunction
and HF, especially when associated with anthracyclines. We
(Tocchetti et al., 2014) and others (Cappetta et al., 2017) have
shown that the late INa inhibitor ranolazine is able to blunt
cardiac dysfunction induced by anthracyclines by decreasing
ROS production. The data presented here suggest that ranolazine
is also able to blunt trastuzumab cardiotoxicity, and this effect
seems to involve a reduction in oxidative stress. Indeed, redox
mechanisms have also been proposed for the neuregulin/ErbB2
pathway. This pathway has been shown to play a role in
modulating the increase in ROS caused by doxorubicin in animal
models (Timolati et al., 2006), suggesting that cardiotoxicity
from ErbB2 blockade can also involve a dysregulation of
redox homeostasis (Mercurio et al., 2016). Importantly, beside
anthracyclines (Menna et al., 2012; Sawyer, 2013; Stěrba et al.,
2013; Ghigo et al., 2016), redox abnormalities are involved in
the pathophysiology of cardiotoxic effects caused by several
antineoplastic drugs (Ferroni et al., 2011), including new biologic
anti-cancer drugs, such as intracellular signaling inhibitors, that
are increasingly used in recent years (Tocchetti et al., 2017).
Such drugs may be cardiotoxic, since they block pathways that
are major modulators of myocardial function, especially under
conditions of cardiac stress, such as hypertension or hypertrophy
(Suter and Ewer, 2013), with mechanisms of action that often
involve redox dysregulation as well.

The importance of ErbB2 in the heart has been particularly
emphasized by seminal studies that demonstrated that ErbB2
cardiac KO mice were affected by dilated cardiomyopathy,
with increased susceptibility to anthracycline-induced damage
to cardiomyocytes (Crone et al., 2002; Ozcelik et al., 2002).
Conversely, cardiac ErbB2 overexpressor mice showed lower
levels of ROS in mitochondria, with reduced ROS levels
and less cell death in neonatal cardiomyocytes isolated from
ErbB2(tg) hearts upon administration of anthracyclines, due
to increased levels of glutathione peroxidase 1 (GPx1) protein
and GPx activity, with enhanced levels of two known GPx
activators, c-Abl, and Arg (Belmonte et al., 2015; Tocchetti et al.,
2017). Furthermore, block of ErbB2 has been correlated with
cardiomyocyte death through reactive oxygen species-dependent
pathways (Gordon et al., 2009).

Along this line, our results in NRVM show that attenuation
of trastuzumab toxicity with ranolazine is indeed obtained
by reducing ROS production, and our in vivo data show
better LV function with ranolazine+trastuzumab compared with
trastuzumab alone. The fact that trastuzumab elicited only a
modest rise in ROS in non-stressed NRVM is compatible with
the cardiotoxic effect of ErbB2 blockers that might be negligible
per se, but exacerbated when administered under conditions of
cardiac stress or in previously diseased hearts (e.g., increased
pressure or volume overload) or in presence of cardiovascular
risk factors (age, obesity, smoking, hypertension, previous
exposure to anthracyclines; Denegri et al., 2016; Tocchetti et al.,
2017).

The inhibition of late INa with ranolazine has been proposed
as a therapeutic strategy in many in vivo and in vitro models
of heart dysfunction (Sabbah et al., 2002; Rastogi et al., 2008;
Coppini et al., 2013, 2017) and in particular, ranolazine has
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been shown to be able to blunt LV dysfunction in experimental
models of doxorubicin cardiotoxcicity by lowering oxidative
stress (Tocchetti et al., 2014; Cappetta et al., 2017). By reducing
elevated [Na+]i levels that, are commonly elevated in conditions
of cardiac dysfunction (Bers, 2001; Pieske and Houser, 2003),
ranolazine could prevent calcium overload and the occurrence
of oxidative damage by reducing ROS production, with an
advantage over ordinary antioxidant treatments that counteract
ROS after their generation (Zeitz et al., 2002; Maack et al., 2006;
Song et al., 2006; Wagner et al., 2006; Erickson et al., 2008;
Kohlhaas et al., 2010; Tocchetti et al., 2014).

In the setting of heart disease, ROS play a role in
pathophysiological remodeling, cellular death, and LV
dysfunction (Sawyer et al., 2002; Giordano, 2005; Takimoto
and Kass, 2007; Nediani et al., 2011). The molecular signaling
pathways that link ROS to LV hypertrophy, remodeling, and
failure include alpha- and beta-adrenergic and angiotensin
II (AT1) receptor stimulation, as well as modifications of a
wide number of proteins that include stress kinases, nuclear
transcription factors, collagen and metalloproteinases, calcium
channels, myofilaments and proteins involved in the excitation–
contraction coupling machinery. A key role is played by a rise in
cytosolic Ca2+ levels that lead to expression changes of several
genes involved in cardiac pathophysiological hypertrophy and
remodeling of the heart (Arcaro et al., 2016) with increases in
interstitial fibrosis and expression of profibrotic genes (Zhao
et al., 2010). Abnormalities of the extracellular matrix and
adverse remodeling are also exacerbated by ROS (Kandasamy
et al., 2010). Importantly, our data show that ranolazine
is able to blunt the effects produced by trastuzumab on
important components of LV remodeling such as myocyte
death and fibrosis, and to reverse the expression changes
of important genes such as NPs and MMPs, eventually
mitigating the occurrence of cardiac dysfunction measured by
echocardiography.

LIMITATIONS OF THE STUDY

In human pathology trastuzumab is administered to cancer
patients, while here we studied experimental trastuzumab
cardiotoxicity in C57BL6 mice without cancer. Of course,

further studies in mice with cancer will have to be performed.
Nevertheless, C57BL6 mice, that are commonly used in models
of experimental heart failure, also have a compromised immune
system that in part may mimic cancer.

CONCLUSIONS

Our data support previous findings on the efficacy of ranolazine
in experimental heart dysfunction (Sabbah et al., 2002; Rastogi
et al., 2008; Coppini et al., 2013, 2017; Tocchetti et al., 2014;
Cappetta et al., 2017). We acknowledge that further experiments
may be necessary to conclude that the mechanism of action
involves the levels of ROS, also considering that ranolazine
has been recently shown to be able to antagonize β-adrenergic
stimulation and decrease myofilaments Ca2+ sensitivity (Flenner
et al., 2016), with little therapeutic efficacy in a HCM murine
model in vivo. Nevertheless, we show that in the cardio-
oncologic setting, beside doxorubicin cardiotoxicity (Tocchetti
et al., 2014; Cappetta et al., 2017), RAN could also be a
promising cardioprotective drug in the setting of trastuzumab
toxicity. More efforts involving both experimental and clinical
studies will be needed in order to establish whether ranolazine
might be introduced clinically in the therapeutic strategies that
aim at addressing cardiotoxicity induced by trastuzumab or
anthracyclines.
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Ticagrelor is one of the most powerful P2Y12 inhibitor. We have recently reported

that, in patients with concomitant Stable Coronary Artery Disease (SCAD) and Chronic

Obstructive Pulmonary Disease (COPD) undergoing percutaneous coronary intervention

(PCI), treatment with ticagrelor, as compared to clopidogrel, is associated with an

improvement of the endothelial function (Clinical Trial NCT02519608). In the present

study, we showed that, in the same population, after 1 month treatment with ticagrelor,

but not with clopidogrel, there is a decrease of the circulating levels of epidermal

growth factor (EGF) and that these changes in circulating levels of EGF correlate

with on-treatment platelet reactivity. Furthermore, in human umbilical vein endothelial

cells (HUVEC) incubated with sera of the patients treated with ticagrelor, but not with

clopidogrel there is an increase of p-eNOS levels. Finally, analyzing the changes in

EGF and p-eNOS levels after treatment, we observed an inverse correlation between

p-eNOS and EGF changes only in the ticagrelor group. Causality between EGF and eNOS

activation was assessed in vitro in HUVEC where we showed that EGF decreases eNOS

activity in a dose dependent manner. Taken together our data indicate that ticagrelor

improves endothelial function by lowering circulating EGF that results in the activation of

eNOS in the vascular endothelium.

Keywords: epidermal growth factor (EGF), eNOS, ticagrelor, endothelial function, stable coronary artery disease

(SCAD), chronic obstructive pulmonary disease (COPD), EGF

INTRODUCTION

Ticagrelor is one of the most powerful P2Y12 inhibitor (Motovska et al., 2018). Unlike other P2Y12

inhibitors, ticagrelor exerts some pleiotropic effects actingmainly on endothelial function in several
settings (Schnorbus et al., 2014; Li et al., 2016; Campo et al., 2017; Kim et al., 2017). In a recent
randomized clinical trial, in patients with concomitant stable coronary artery disease (SCAD) and
chronic obstructive pulmonary disease (COPD) undergoing percutaneous coronary intervention
(PCI), we demonstrated that 1 month treatment with ticagrelor, as compared to clopidogrel,
is associated with an improvement in markers of endothelial function, such as a reduction of
endothelial apoptosis and endothelial nitric oxide (NO) production, a reduction in ROS levels in
PBMC as well as a more effective reduction of platelet reactivity (Campo et al., 2017).
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At the state of the art the reason of the effect of ticagrelor
on endothelial function is not completely characterized. One of
the possible mechanism behind its pleiotropic effects could be
related to the ability of ticagrelor to increase adenosine plasma
concentration by inhibiting the adenosine type-1 equilibrative
nucleoside transporter (ENT1) (Sumaya and Storey, 2017).
Nonetheless, this view has been argued by some studies showing
that ticagrelor is not always able to increase adenosine plasma
concentration (van den Berg et al., 2015). This implies that
increased plasma adenosine, at least in some circumstances, may
not represent the only mechanism by which ticagrelor improves
endothelial function and that other molecular targets may be
involved.

It is well-established that circulating cytokines, such as TNF-
α, cause increased endothelial apoptosis and inhibit eNOS
activity in endothelial cells (Agnoletti et al., 1999; Valgimigli
et al., 2003). Hence, this is a sub-analysis of The comparisoN
between ticAgrelor and clopidogrel effect on endoTHelial platelet
ANd iNflammation parameters in patiEnts with SCAD and
COPD study, aiming to investigate the underlying mechanism
of ticagrelor- mediated improvement of endothelial function,
comparing the effect on cytokines level of 1 month treatment
of ticagrelor vs. clopidogrel, and then assessing p-eNOS levels
in endothelial cells treated with patient’s sera and investigating
possible correlations between cytokines changes and this marker
of endothelial function.

MATERIALS AND METHODS

Study Design/Population/Randomization
and Interventions
This is a sub-study of the clinical trial “The comparisoN
between ticAgrelor and clopidogrel effect on endoTHelial platelet
ANd iNflammation parameters in patiEnts with SCAD and
COPD” undergoing PCI (NATHAN-NEVER). The clinical trial
was registered at www.clinicaltrials.gov with the identifier
NCT02519608. The protocol was approved by “Comitato Etico
Unico della Provincia di Ferrara.” All subjects gave written
informed consent in accordance with the Declaration of Helsinki.
Details of the design of the study and the outcomes of the clinical
trial are reported in Campo et al. (2017). Briefly, population
inclusion criteria were: (1) age >18 years; (2) ability to provide
informed written consent; (3) SCAD diagnosis with coronary
artery angiography (CAA) and PCI; (4) COPD diagnosis
confirmed by spirometry. Main exclusion criteria were: (1)
prior administration of P2Y12 inhibitor (clopidogrel, ticlopidine,
prasugrel, ticagrelor) or of anticoagulant drugs; (2) known
intolerance to clopidogrel or ticagrelor; (3) prior intracranial
hemorrhage; (4) cerebrovascular accident and/or active major
bleeding and/or major surgery within the last 30 days and (5)
other known inflammatory chronic disorders. Randomization
/interventions: 46 patients were enrolled and randomly assigned
to receive, on top of aspirin, clopidogrel, or ticagrelor. To
minimize potential confounding effects, randomization was
stratified according to the presence of diabetes and COPD
severity.

Inflammation Parameters
(Cytokines/Chemokines) Analysis
Sera (n = 20 per group) were kept at −80◦C and thawed
only once before performing the MILLIPLEX MAP Human
Cytokine/Chemokine Panel assay (Merck Millipore, Billerica,
MA), a multiplex immunoassay, which allows the simultaneous
detection and quantification of the following 29 human
cytokines/chemokines: epidermal growth factor (EGF), Eotaxin,
granulocyte colony-stimulating factor (G-CSF), granulocyte
monocyte colony-stimulating factor (GM-CSF), interferon (IFN)
-α2, IFN-γ, interleukin (IL)-10, IL-12(p40), IL-12(p70), IL-
13, IL-15, 1L-17α, IL-1 receptor antagonist (ra), IL-1α, IL-
1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, inducible protein
(IP)-10 (CXCL10), monocyte chemoattractant protein (MCP)-
1, macrophage inflammatory protein (MIP)-1α, MIP-1β, tumor
necrosis factor (TNF) -α, TNF-β, and vascular endothelial
growth factor (VEGF). Samples were processed following the
manufacturer’s instructions and data were analyzed by MAGPIX
instrument provided with the MILLIPLEX-Analyst Software.

Platelet Function Analysis
On-treatment platelet reactivity (PR) was assessed by the
VerifyNowTM system (Accumetrics, San Diego, CA, USA),
using a specific assay to evaluate P2Y12 inhibitors (VerifyNow
P2Y12

TM). The results were expressed as P2Y12 reaction
unit (PRU).

Cell Culture
HUVECs pools, purchased from Life Technologies, were plated
on 1.5% gelatin-coated tissue culture dishes and maintained
in basal medium M200 (Life Technologies, Carlsbad, CA,
USA) containing 2% FBS and growth factors (EGM-2, Life
Technologies, Carlsbad, CA, USA) at 37◦C with 5% CO2.
Cells from passages 2 to 4 were actively proliferating (70–90%
confluent) when samples were harvested and analyzed. EGM-2
contains EGF among other growth factors, in the experiments
where HUVECs were treated with different concentrations of
EGF cells were seeded and grown in EGM-2 without EGF and
different concentrations of recombinant human EGF (rhEGF)
were added 48 h prior to cell lysis.

ELISA
Activation of eNOS in HUVEC was assessed by ELISA (Cell
Signaling Technology, Danvers, USA) with antibody specific for
the phosphorylated form of eNOS (p-eNOS Ser1177) following
manufacturer instructions. Briefly, HUVECs were treated for
48 h with patient’s sera (n = 18 per group) or were grown in
M200 supplemented with EGM2 without EGF. Analysis of eNOS
activation were performed after 48 h incubation with patient’s
sera or different concentrations of rhEGF. Protein concentration
of each lysate was quantified by using Pierce BCA Protein Assay
Kit (Thermo Scientific, Wilmington, USA) and 10 µg of total
protein extract was used for each well. Data were expressed as
p-eNOS levels as absorbance at 488 nm.
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Western Blot
Western blot analysis was carried out to detect expression of
total eNOS and β-actin as previously described (Fortini et al.,
2017). Briefly, cells were lysed in RIPA buffer and protein
concentration of each lysate was quantified by Pierce BCA
Protein Assay Kit (Thermo Scientific, Wilmington, USA). The
same amount of total protein (10 µg) was loaded in each
lane, then proteins were separated on 7% NuPAGE gels (Life
Technologies, Carlsbad, CA. USA). Proteins were transferred
to PVDF membranes and were incubated overnight at 4◦C
with primary antibodies, washed three times in TBS/Tween
0.1%, and then incubated for 1 h at room temperature with
secondary peroxidase-conjugated antibodies. Membranes were
washed three times in TBS/Tween 0.1% and developed using
Western Lightning ECL Pro (PerkinElmer, Waltham, MA).
Images were obtained by exposing membranes to Chemidoc.
Immunoreactive bands were analyzed with ImageLab analysis
software (Bio Rad, Hercules, CA). Mouse antibody against eNOS
was from BD Biosciences (Franklin Lakes, New Jersey, USA),
mouse monoclonal against β-actin and secondary anti-mouse
antibody were from Sigma-Aldrich (St. Louis, MS, USA). β-actin
was used for normalization in the quantitative evaluation of
western blots after verifying that β-actin levels were not affected
by any treatment in comparison to total protein evaluated by
staining with Ponceau (Sigma-Aldrich, Saint Louis, MO).

Statistical Analysis
Normal distribution of the variables was explored with
the Kolmogorov–Smirnov test and with the Shapiro test
(alpha = 0.05). Variables were presented with mean ± standard
deviation or median ± interquartile range. Normally distributed
variables were compared by t-test and one-way ANOVA;
otherwise the Mann-Whitney U and Kruskal-Wallis tests were
used. For comparisons between two groups two-tailed unpaired
Student’s t-tests were used except for the comparisons in the
before and after analysis in which two-tailed paired Student’s t-
tests were used. When more than two groups were compared,
one-way ANOVA with Student-Newman-Keuls method for
multiple comparisons was used. Correlations between EGF
and p-eNOS or, EGF and PR were assessed using Spearman
correlation test (alpha = 0.05). In cells experiments with
exogenous EGF results are expressed as mean ± SD of at least
three independent experiments. Statistical analysis was perfomed
with Graphpad Prism 6.0 (Graphpad Software, La Jolla, CA).

RESULTS

Cytokines/Chemokines
As previously reported, after 1 month treatment of ticagrelor
or clopidogrel, serum levels of inflammation-related
cytokines/chemokines, in patients with concomitant SCAD
and COPD undergoing PCI, did not statistically differ (Campo
et al., 2017). In this study, the effect of each treatment on
cytokine level was further investigated with a before and after
statistical analysis. We found that there is a significant decrease
in the serum levels of EGF in patients treated with ticagrelor,
but not in the clopidogrel group. EGF serum concentration

was log- normally distributed, as tested with the Kolmogorov–
Smirnov test. Accordingly, EGF levels in the different groups
were expressed as log[EGF] (Figures 1A,B) and further analyses
were performed using log-transformed EGF values. Difference
between log[EGF] means before and after treatment with
ticagrelor was 0.21 (p < 0.01; 95% CI difference of means =

0.09–0.33).

Correlation Between EGF Changes and
Platelet Reactivity
As previously reported, ticagrelor is more powerful in inhibiting
PR compared with clopidogrel (Lemesle et al., 2015; Campo et al.,
2017). After 1-month treatment, changes in EGF levels correlated
with on-treatment platelet reactivity (R = 0.355; p = 0.020)
(Figure 2).

Changes in p-eNOS Levels Changes and
Correlation With EGF
In HUVECs treated with patient’s sera we found an increase
of p-eNOS only in those of patients treated with ticagrelor at
1 month compared to the baseline (OD 2.0 at baseline vs. 2.7
after 1 month; p < 0.01). Furthermore, we observed a significant
difference in p-eNOS levels between HUVEC treated with the
sera of the two treatment groups (OD 2.1 vs. 2.7, clopidogrel, and
ticagrelor, respectively; p < 0.01) (Figure 3).

We then analyzed the changes in EGF and p-eNOS levels
after 1 month treatment with the two different antiplatelet
drugs. The efficacy in modulating EGF or p-eNOS of clopidogrel
or ticagrelor was expressed as ratio of EGF or p-eNOS
levels after 1 month over the respective EGF or p-eNOS at
baseline. Fold-times changes of EGF (EGF1month/EGFbaseline)
and of p-eNOS (p-eNOS1month/p-eNOSbaseline) are shown in
Figures 4A,B. Ticagrelor was shown to be more powerful in
decreasing EGF compared to clopidogrel (p = 0.042) and also
more efficient in increasing p-eNOS (p = 0.020). In addition,
correlation analyses between changes in EGF and in p-eNOS
levels (Figures 5A,B) showed a correlation between EGF and
p-eNOS ratio in the ticagrelor (R=−0.571; p= 0.002) but not in
the clopidogrel group (R= 0.100; p= 0.714).

Effect of Exogenous EGF on eNOS in
HUVECs
To assess a possible causal relationship between EGF levels
and eNOS activation we treated HUVEC with different
concentrations of EGF and we evaluated p-eNOS levels. We
found that p-eNOS levels quantified by ELISA were decreased
by EGF in a dose-dependent manner (Figure 6A). In addition,
we analyzed by western blotting the total eNOS content in
HUVEC treated with different concentration of EGF and we
found that also total eNOS protein was diminished by EGF in
a dose-dependent manner (Figure 6B).

DISCUSSION

In this study we report that, in patients with SCAD and COPD
undergoing PCI, 1 month treatment with ticagrelor, but not with
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FIGURE 1 | (A) EGF levels in the serum of patients at baseline and after 1 month of treatment. Black circle: patient randomized to clopidogrel. White square: patient

randomized to ticagrelor. **P < 0.01; (B) EGF levels of patients representation before and after treatments. Orange circle: patient randomized to clopidogrel. Blue

squares: patient randomized to ticagrelor. **P < 0.01.

FIGURE 2 | Correlation between on-treatment platelet reactivity at 1 month

and EGF changes. On treatment platelet reactivity was measured by

VerifyNow after and expressed as P2Y12 reaction unit (PRU). EGF changes

were expressed as ratio between serum EGF concentration at 1 month over

serum EGF concentration at baseline. Correlation was assessed by Spearman

correlation test: R = 0.350; p = 0.020.

clopidogrel, results in a decrease of serum EGF concentration
(Figures 1A,B). EGF can be secreted in the blood stream by
different cellular sources such as submandibular gland (Tsutsumi

et al., 1986), kidney (Staruschenko et al., 2013), and platelets
(Ben-Ezra et al., 1990; Feng et al., 2012). However, the individual
contribution of the different sources of circulating EGF as well
as how the EGF levels are physiologically determined are not
known.

EGF is a small protein constituted by 53 amino acids
and three intramolecular disulfide bridges, and it is the
founding member of the EGF-family of proteins. EGF acts by
specifically binding to epidermal growth factor receptor (EGFR)
on the cell membrane (Carpenter and Cohen, 1990). EGFR
is a transmembrane receptor that controls signal transduction
pathways that ultimately lead to survival, differentiation, and/or
cell proliferation (Zeng and Harris, 2014). Activation of EGFR
is known to be involved in many pathological processes such
as endothelial dysfunction (Mehta et al., 2008), hypertension
(Zhou et al., 2009), restenosis (Chan et al., 2003; Shafi et al.,
2009), atherogenesis (Dreux et al., 2006), and cardiac remodeling
(Iwamoto et al., 2003). More recently, it has been also shown that
EGFR inhibition in T cells reduces atherosclerosis development
(Zeboudj et al., 2018). The precise contribution of specific EGFR
ligands is still poorly understood in the cardiovascular context
but different lines of evidence have revealed that EGF can
negatively affect endothelial function (Belmadani et al., 2008;
Kassan et al., 2015), vascular tone regulation (Lundstam et al.,
2007; Sumaya and Storey, 2017) and that it provokes proliferation
of vascular smooth muscle cells (Berk et al., 1985).

We found a correlation, even if not particularly strong
(R = 0.350), between changes in serum EGF concentrations and
on-treatment platelet reactivity after pharmacological treatment
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(Figure 2). Certainly, other factors could be involved in the
level of PR and this will be the object of our future studies.
EGF is present in platelets α-granules from where it can be

FIGURE 3 | p-eNOS in HUVEC treated with patient’s sera at baseline and after

1 month of treatment. Black circle: patient randomized to clopidogrel. p-eNOS

levels are expressed as OD at 450 nm. White square: patient randomized to

ticagrelor. **P < 0.01; ***P < 0.001.

secreted in the blood stream following degranulation (Lev-
Ran et al., 1990; Blair and Flaumenhaft, 2009; Bertrand-
Duchesne et al., 2010; Durante et al., 2013). Notably, it is
known that inhibiting P2Y12 receptors not only blocks platelet
aggregation but also reduces release of mediators from α-
granules (Zhao et al., 2001; Storey et al., 2002). In this study,
we did not investigate the mechanism by which EGF is
decreased by ticagrelor, but based on the current knowledge,
it appears likely that the observed decrease in the serum
EGF could be due to a decrease in the EGF released by
platelets.

Moreover, we showed that in HUVEC treated with sera

of patients of the ticagrelor group at 1 month there is a
higher activation of eNOS, in comparison to clopidogrel at the

same time point (Figure 3). Interestingly, we found a negative

correlation between changes in levels of circulating EGF and
in eNOS activation in the ticagrelor arm (Figure 5B), but not

in the clopidogrel group (Figure 5A). Taken together our data

suggest that EGF interferes with eNOS activation. The role of
EGF in decreasing eNOS activity has already been reported in

animal models: in diabetic mice EGFR activation, resulting in

eNOS activity impairment, is implicated in mesenteric resistance
artery (MRA) dysfunction (Belmadani et al., 2008); in the same

model, endogenous EGF decreased p-eNOS levels (Kassan et al.,
2015). Here we showed in vitro that EGF is able to decrease
both eNOS phosphorylation (Figure 6A) and total eNOS protein
(Figures 6B,C) in a dose-dependent manner in HUVECs. Taken
together our data indicate that ticagrelor is able to reduce
circulating EGF levels and that, in turn, lower serum EGF
positively affects the endothelial function by facilitating eNOS
activity.

FIGURE 4 | (A) Changes in EGF levels in the serum of patients (on the y-axis is shown the ratio between EGF levels after 1 month of treatment and at baseline). Black

circle: patient randomized to clopidogrel. White square: patient randomized to ticagrelor. *P < 0.05. (B) Changes in p-eNOS levels in HUVEC treated with patient’s

sera (on the y-axis is shown the ratio between p-eNOS levels in HUVEC treated with patient’s sera after 1 month of treatment and at baseline). Black circle: patient

randomized to clopidogrel. White square: patient randomized to ticagrelor. *P < 0.05.
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FIGURE 5 | Correlation between changes in levels of circulating EGF (ratio between EGF levels after 1 month of treatment and at baseline) and of p-eNOS in serum

treated HUVEC (ratio between p-eNOS levels in HUVEC treated with patient’s sera after 1 month of treatment and at baseline) in patients treated with clopidogrel

(A) or with ticagrelor (B). Correlation was assessed by Spearman correlation test. Clopidogrel: R = 0.100; p = 0.714. Ticagrelor: R = −0.571; p = 0.002.

FIGURE 6 | Effect of exogenous EGF in HUVEC. (A) HUVECs were treated for 48 h with different concentrations of EGF ant then were lysed. Proteins were quantified

by BCA assay and 10 µg of protein were used for each well in the ELISA. p-eNOS levels were expressed as absorbance (OD) at 450 nm. Results are expressed as

mean ± SD of three independent experiments. ***P < 0.001 (comparison between control and treatment). (B) HUVECs were treated for 48 h with EGF. Lysates were

electrophoresed and immunoblotted with total eNOS antibody, β-actin antibody was used to ensure equal loading. Images are representative of one of three

independent experiments. (C) Densitometric analysis of western blot. *P < 0.05 (comparison between control and treatments).
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In conclusion, we showed that the positive effect of ticagrelor
on endothelial function is, at least in part, mediated by its
capacity to lower EGF that in turn results in a better eNOS
activation. Our data suggest that lower platelet reactivity could
result in lower EGF release by platelets through a P2Y12-mediated
mechanism. This would imply that ticagrelor improvement
of endothelial function is not only due to mechanisms
linked to increased adenosine availability but could also be
directly connected to its higher efficacy in diminishing platelet
reactivity.
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Platelets affect myocardial damage from ischemia/reperfusion. Redox-dependent
sphingosine-1-phosphate production and release are altered in diabetic platelets.
Sphingosine-1-phosphate is a double-edged sword for ischemia/reperfusion injury.
Therefore, we aimed to verify whether: (1) human healthy- or diabetic-platelets are
cardioprotective, (2) sphingosine-1-phosphate receptors and downstream kinases
play a role in platelet-induced cardioprotection, and (3) a correlation between
platelet redox status and myocardial ischemia/reperfusion injury exists. Isolated rat
hearts were subjected to 30-min ischemia and 1-h reperfusion. Infarct size was
studied in hearts pretreated with healthy- or diabetic-platelets. Healthy-platelets were
co-infused with sphingosine-1-phosphate receptor blocker, ERK-1/2 inhibitor, PI3K
antagonist or PKC inhibitor to ascertain the cardioprotective mechanisms. In platelets
we assessed (i) aggregation response to ADP, collagen, and arachidonic-acid, (ii)
cyclooxygenase-1 levels, and (iii) AKT and ERK-phosphorylation. Platelet sphingosine-
1-phosphate production and platelet levels of reactive oxygen species (ROS) were
quantified and correlated to infarct size. Infarct size was reduced by about 22% in
healthy-platelets pretreated hearts only. This cardioprotective effect was abrogated
by either sphingosine-1-phosphate receptors or ERK/PI3K/PKC pathway blockade.
Cyclooxygenase-1 levels and aggregation indices were higher in diabetic-platelets
than healthy-platelets. Diabetic-platelets released less sphingosine-1-phosphate than
healthy-platelets when mechanical or chemically stimulated in vitro. Yet, ROS levels
were higher in diabetic-platelets and correlated with infarct size. Cardioprotective effects
of healthy-platelet depend on the platelet’s capacity to activate cardiac sphingosine-1-
phosphate receptors and ERK/PI3K/PKC pathways. However, diabetic-platelets release
less S1P and lose cardioprotective effects. Platelet ROS levels correlate with infarct
size. Whether these redox alterations are responsible for sphingosine-1-phosphate
dysfunction in diabetic-platelets remains to be ascertained.

Keywords: cardioprotection, infarct size, ischemia/reperfusion, platelets, sphingosine-1-phosphate, type 2
diabetes mellitus
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INTRODUCTION

The role played by platelets in determining cardiac
ischemia/reperfusion (I/R) injury is not clear. Studies,
conducted in the nineties, suggested that healthy platelets
have cardioprotective properties. Indeed, healthy rat platelets
resulted protective against myocardial injury induced by I/R in
isolated rat hearts and by hypoxia/reoxygenation in cultured
adult rat cardiomyocytes (Yang et al., 1993, 1994, 1998, 1999;
Yang and Mehta, 1994; Mehta et al., 1999). Subsequently, in a
2002 study, Mirabet et al. (2002) infused pig platelets – collected
before or after coronary occlusion – into Langendorff rat hearts,
which were subsequently submitted to I/R. Only the pig platelets
collected after reperfusion enhanced I/R injury in rat hearts.
The authors concluded that the deleterious effect of platelets on
reperfused myocardium depends on their activation status.

Recent studies by Cohen and Downey group have shown
that P2Y12 receptor antagonists (e.g., Cangrelor, Ticagrelor)
targeting platelets may exert a cardioprotective effect. Since
the cardioprotective mechanism seems not attributable to
inhibition of platelet aggregation (Yang et al., 2013a,b; Cohen
and Downey, 2014, 2015), the authors suggest that patients
treated with these antagonists are benefiting from protective
“conditioning pathways” triggered by factors released by platelets.
Indeed, these conditioning pathways are very similar to those
activated by brief periods of intermittent non-lethal ischemia,
before or after a prolonged ischemia, that are the well-
known phenomena of pre- and post-conditioning (Cohen
and Downey, 2015; Pagliaro and Penna, 2015; Penna et al.,
2015). These conditioning phenomena induce the activation
of protective pathways and a consequent reduction of I/R
injury.

Many endogenous molecules could induce conditioning
cardioprotection, eliciting specific pathways (Cohen and
Downey, 2015; Pagliaro and Penna, 2015; Penna et al., 2015).
Platelets are known to release a plethora of molecules, which
mediate platelet effects in a variety of conditions, including
cardioprotection against I/R injury (Yang et al., 1993; Penna
et al., 2005, 2015). A platelet-derived cardioprotective molecule
is Sphingosine 1-phosphate (S1P), a bioactive lipid mediator
abundantly carried and stored by platelets, whose production
and release seem redox-dependent and related to thromboxane
formation, but mechanisms are poorly understood (Yatomi et al.,
1995; Tani et al., 2005; Ulrych et al., 2011; Ono et al., 2013; Russo
et al., 2017).

S1P exerts its function through five specific cell surface
receptors (S1PRs) on target organs (Tani et al., 2005; Vito
et al., 2016) and is a double-edged sword: S1P is a potent
proinflammatory and mediator of allergic diseases (Maceyka
and Spiegel, 2014; Kulinski et al., 2016; Vito et al., 2016), but
it is also a potent protectant against I/R injury (Vessey et al.,
2009). The S1P cardioprotection seems mediated by interaction
with types 1–3 S1PRs, with subsequent activation of the so-
called RISK/SAFE pathways (Vessey et al., 2009; Cohen et al.,
2016). However, S1PR1 does not appear cardioprotective in vivo,
whereas a combination of S1PR2 and S1PR3 activation mediates
cardioprotection (Means et al., 2007). Nevertheless, these studies

revealed that S1P is an important mediator of cardioprotection
and could induce either pre- or post-conditioning.

Several pathological conditions, including type 2 diabetes
mellitus (T2DM), reduce the efficacy of ischemic conditioning
strategies (Ferdinandy et al., 2014). However, unlike
cardioprotection induced by ischemic conditioning, P2Y12
antagonist-induced conditioning can result in significant
attenuation of I/R injury also in diabetic animals (Bell et al.,
2015). These last results open an interesting scenario on the
role of platelets in cardioprotection. Therefore, in-depth studies
on platelet characteristics and their role in cardioprotection are
necessary.

Of note, the S1P dynamic is profoundly altered in diabetic
conditions (Fox et al., 2011) and diabetes is indicated as
a “pro-thrombotic state” in which, among other alterations,
oxidative stress and platelet hyperactivity play crucial roles in
the cardiovascular complications (Jung et al., 2015). Therefore,
one can wonder: are diabetic platelets cardioprotective and can
reduce I/R damage? Although it is well known that diabetic
platelets display a certain degree of activation (Watala et al.,
2005; Jung et al., 2015), to the best of our knowledge, no studies
ascertained whether the platelet-dependent cardioprotective
properties are altered in the platelets of T2DM subjects.

Therefore, after a thorough study of platelet characteristics
derived from healthy and T2DM subjects, we aimed to verify
whether:

(1) Human healthy and diabetic platelets are cardioprotective in
an isolated rat heart model;

(2) S1P and RISK-pathways play a role in platelet-induced
cardioprotection;

(3) a correlation between platelet redox status (an index of
platelet dysfunction) and myocardial I/R injury exists.

To these aims, blood samples were collected from voluntary
healthy subjects and from T2DM patients. Platelet samples
were analyzed for aggregatory aspects, ROS production and S1P
release in vitro or were used to be infused in isolated hearts before
being subjected to I/R protocols either in the absence or in the
presence of S1P receptor blocker and RISK-pathway antagonists.

MATERIALS AND METHODS

Subjects and Platelet Preparation
The study was performed on platelets obtained from 35 healthy
volunteers and 16 type 2 diabetes mellitus (T2DM) patients.
Healthy subjects were not on any antiplatelet therapy nor
did they have any history of cardiovascular disease, metabolic
syndrome or diabetes. Patients affected by T2DM were recruited
among those attending the Metabolic Disease and Diabetes
Unit of the San Luigi Gonzaga Hospital in Orbassano (Turin);
six of them were at first diagnosis, the others were poorly
controlled with glycated hemoglobin A1c (HbA1c) > 7.5%
even though on antidiabetic drugs. All subjects were without
previous cardiovascular events and antiplatelet drugs in the
previous 2 weeks. The totality of subjects gave informed consent
before the investigation and the Ethics Committee of San Luigi
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Hospital approved the study, in accordance with the Declaration
of Helsinki. The present study is a “case-control study” that
raises potential issues of bias due to patient- and voluntary-
donor selection. However, data collection was performed by
blinded operators on the origin of platelets. Therefore, there is
no subjectivity implied in the assessment or bias under these
conditions.

Blood samples were collected from the antecubital vein and
laboratory measurements were performed after a 12-h overnight
fast. Biochemical parameters, including assessment of fasting
glucose, total cholesterol, triglycerides, low-density lipoprotein
(LDL) cholesterol, high-density lipoprotein (HDL) cholesterol
and HbA1c as well as platelet number were measured using
routine laboratory methods, performed by the central laboratory
of our Hospital.

For studies concerning platelet function, a venous blood
sample was withdrawn without stasis after an overnight fast,
and anticoagulated with 3.8% sodium citrate, pH 7.4 (vol/vol:
1/9) for aggregation studies in platelet-rich plasma or with a
citrate-dextrose solution (ACD; v/v, 1/6) for experiments on
washed platelets. Platelet-rich plasma was obtained by using
Platelet Function Centrifuge (BioData Corporation, Horsham,
PA, United States) designed to provide a rapid separation
of platelet-rich plasma by a centrifugation for 30 s and of
platelet-poor plasma by a further centrifugation for 120 s.
To prepare washed platelets, ACD-anticoagulated platelet-rich
plasma, obtained by centrifugation at 100 × g for 20 min,
underwent further centrifugation at 2000 × g for 10 min and
pellet was washed two times at 37◦C in HEPES-Na buffer
(in mmol/L) (10 HEPES Na, 140 NaCl, 2.1 MgSO4, 10 D-
glucose, pH 7.4).

Platelet Aggregation Studies
Platelet aggregation studies were carried out in both platelet-rich
plasma and whole blood. Aggregation tests in platelet-rich plasma
followed light-scattering changes as described by Born (1962)
using an eight-channel aggregation system (Platelet Aggregation
Profiler, Model PAP-8, BioData Corporation) and were induced
by ADP (10 µmol/L), arachidonic acid (AA, 1 mmol/L), and
collagen (4 mg/L). Each aggregation test was recorded for 5 min
and reported as percent of maximal aggregation.

For platelet aggregation in whole blood by impedance method,
citrated blood samples were diluted 1:1 with physiologic saline
and the tests were performed in a Chrono-Log Whole Blood
Aggregometer, Model 500 at a constant stirring of 1000 rpm.
Aggregation was induced with ADP (20 µmol/L), collagen
(4 mg/L) or AA (1 mmol/L) and was recorded for 8 min.
The maximum increase in resistance, expressed in ohms, was
calculated.

Reactive Oxygen Species (ROS) Assay
Intracellular ROS were evaluated in washed platelets by using
the sensitive fluorescent indicator DCF-DA oxidized by H2O2 to
the highly fluorescent DCF (Eruslanov and Kusmartsev, 2010).
Washed platelets (6 × 107 ml−1) were exposed to 10 µmol/L
cell permeant reagent DCF-DA and DCF fluorescence was
measured at basal and after stimulation with AA (100 µmol/L)

added just before measuring fluorescence. To examine specific
signaling in basal ROS generation, platelets were preincubated for
20 min with the NADPH-oxidase inhibitors APO (10 µmol/L)
or DPI (10 µmol/L), or the cyclooxygenase-1 (COX-1) inhibitor
indomethacin (INDO, 100 µmol/l) (Gerrits et al., 2010; Barale
et al., 2017).

Fluorescence was measured over a 60-min period at 1-min
intervals using a plate fluorometer (GloMax-Multi Detection
System, Promega Corporation, Madison, WI, United States)
fitted with 490 nm excitation and 520 nm emission filters.
Fluorescence per minute was calculated for each sample.

Platelet S1P Assay
Washed platelets (500 µl for each sample containing 150 × 106

platelets) were used to measure S1P release both in the absence
(resting platelets) and in the presence of a stir bar put into the
cuvette (stirring platelets) (Lee et al., 2016). For samples subjected
to stirring, the stir bar inside the sample is spun, thus stirring
the washed platelets to a 1200 rpm speed at 37◦C. An eight-
channel optical aggregometer was used (Platelet Aggregation
Profiler, Model PAP-8, BioData Corporation) at this end. After
8-min incubation with or without collagen (4 mg/l), all samples
were submitted to repeated freeze-thaw cycles to let out the
inside components, centrifuged at 3000 rpm for 20 min and
supernatants were collected for S1P measurement.

S1P levels were determined by using an Enzyme-Linked
Immuno-adsorbent Assay according to manufacturer
instructions (Bioassay Technology Laboratory, Shanghai,
China). Standard curve range was 5–1500 ng/l, the sensitivity of
the kit was 2.34 ng/l, and intra- and inter-assay CV were <8%
and <10%, respectively.

Western Blot Analysis in Platelets
To assess the activation state of platelets, we detected the
phosphorylation/activation of phosphatidylinositol-3-kinases
(PI3K) and extracellular signal-regulated kinases (ERK) in
response to platelet agonists: washed platelets were stimulated
by collagen (4 mg/L) or AA (100 µmol/L) for 8 min and the
amounts of AKT, and pAKT, and ERK-2, pERK-1/2 were
evaluated, respectively.

Cyclooxygenase-1 expression was also determined. Washed
platelets samples were centrifuged and pellets solubilized in
Laemmli buffer and processed as previously described (Russo
et al., 2007). Membranes were incubated with rabbit anti-AKT,
mouse anti-ERK-2 (Cell Signaling, Danvers, MA, United States),
rabbit anti-phospho-Akt-Ser-473, mouse anti-phospho-ERK-
1/2-Tyr-204, or mouse anti-COX-1 (Santa Cruz Biotechnology).
As secondary antibodies, we used goat anti-mouse (Jackson
Immuno Research Lab., West Grove, PA, United States) or goat
anti-rabbit (Cell Signaling) antibodies conjugated to horseradish
peroxidase. Blots were scanned and densitometrically analyzed
by the image analyzer 1D Image Analysis software (Kodak,
Rochester, NY, United States).

Animals
Male Wistar rats (n = 75; 4–5-month-old, body weight 400–
450 g, Harlan Laboratories Udine, Italy) were used for the ex vivo
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experiments as specified below. Animals were housed under
controlled conditions with free access to standard rat diet and
tap water. Rats received humane care in compliance with the
European Directive 2010/63/EU on the protection of animals
used for scientific purposes. The animal protocols followed in
this study were approved by the local “Animal Use and Care
Committee.” In this study, six hearts were discarded due to the
very low left ventricular developed pressure or other technical
issues after connection to the perfusion line.

Isolated Heart Preparations
Rats were anesthetized, heparinized (800 U/100 g b.w., i.m.),
and hearts were rapidly excised, placed in an ice-cold buffer
solution, and weighed. Isolated hearts were attached to the
perfusion apparatus and retrogradely perfused with oxygenated
Krebs–Henseleit buffer solution (KHS) containing (in mM): 127
NaCl, 5.1 KCl, 17.7 NaHCO3, 1.26 MgCl4, 1.5 CaCl2, 11 D-
glucose (pH 7.4; 37◦C; 95% O2/5% CO2). Hearts were kept in
a temperature-controlled chamber (37◦C), electrically paced at
280 b.p.m. The hearts were perfused in constant-flow mode
and to assess the preparation conditions, coronary perfusion
pressure and left ventricular pressure were monitored during all
experiments (Penna et al., 2005, 2012).

Experimental Groups
To verify the cardioprotective properties of washed PLTs
derived from healthy subjects (healthy-PLTs) or diabetic patients
(diabetic-PLTs), hearts were assigned to one of the experimental
groups described below on the basis of availability of the
platelet donor. In all groups, the hearts were subject to 30 min
stabilization, and 30 min of normothermic global ischemia
followed by 60 min reperfusion (I/R). Protocols are as follow
(Figure 1):

FIGURE 1 | Timeline of experimental protocols. Protocols of ischemia (black
boxes) and reperfusion (white boxes) in isolated rat hearts. After stabilization
(white boxes), Krebs-Henselite solution (KHS) was infused via a collateral line
alone or with addition of washed PLTs and/or inhibitors (gray boxes). Washed
platelets (PLTs) were given for 10 min before ischemia and inhibitors were
given 5 min before PLTs and were stopped at the end of the 10 min of infusion
of PLTs (total time infusion for inhibitors was 15 min). For further explanations,
see the text.

(1) In the I/R group (n = 7), after stabilization, only the I/R
protocol was performed (Bell et al., 2011);

(2) In the healthy-PLT group (n = 8) healthy subject washed
platelets diluted in KHS (healthy-PLTs, 3 × 107 ml−1) were
infused to the heart, via a collateral line, for 10 min at a flow
rate of 12 ml/h; then hearts were subjected to I/R protocol;

(3) In the diabetic-PLT group (n = 8) diabetic patient washed
platelets diluted in KHS (diabetic-PLTs, 3 × 107 ml−1) were
infused to the heart, via a collateral line, for 10 min at a flow
rate of 12 ml/h; then hearts were subjected to I/R protocol.

For groups 2 and 3, each rat heart was treated with the platelets
from a single donor and the platelet concentration and time
of infusion were similar to those used by Yang et al. (1993).
This relatively low concentration of platelets reduces the risk of
capillary plugging and loss of myocardial function.

Since only healthy-PLTs affected significantly infarct size (see
section “Results”), the following healthy-PLT+inhibitors groups
were studied. In these groups, hearts were subjected to infusion
of inhibitor alone for 5 min, then a co-infusion with healthy-PLT,
for 10 min as in group 2, was performed, and, finally, the hearts
underwent I/R protocol. Therefore, inhibitors were infused for a
total of 15 min:

(4) In the healthy-PLT+VPC group (n = 5), to ascertain
the involvement of S1P receptors in healthy-PLT-induced
cardioprotective mechanisms, we used the S1P receptor
blocker VPC23019 (1 × 10−6 M) as S1P1/3 receptor
antagonist (Davis et al., 2005; Vessey et al., 2009);

(5) In the healthy-PLT+U0126 group (n = 5), to ascertain the
involvement of myocardial ERK1/2, we used the ERK1/2
antagonist, U0126 (60× 10−6 M) (Mochizuki et al., 2013);

(6) In the healthy-PLT+LY group (n = 5), to ascertain the
involvement of myocardial PI3K/AKT, we used the PI3K
antagonist, LY294002 (5× 10−5 M) (Penna et al., 2005);

(7) in the healthy-PLT+CHE group (n = 5), to ascertain
the involvement of myocardial PKC, we used the PKC
antagonist, Chelerythrine (1× 10−6 M) (Penna et al., 2017);

Inhibitors were also tested alone at the same concentrations
and for the same periods:

(8) In the VPC23019 group (n = 5): hearts were subjected
to infusion of VPC23019 for 15 min; then hearts were
subjected to I/R protocol;

(9) In the U0126 group (n = 4): hearts were subjected to infusion
of U0126 for 15 min; then were subjected to I/R protocol;

(10) In the LY294002 group (n = 4): hearts were subjected to
infusion of LY294002 for 15 min; then hearts were subjected
to I/R protocol;

(11) In the Chelerythrine group (n = 4): hearts were subjected
to infusion of Chelerythrine for 15 min; then hearts were
subjected to I/R protocol.

Infarct Size Assessment
In order to assess infarct size extension, a gravimetric method was
used in a blinded fashion. In briefly at the end of reperfusion,
hearts were rapidly removed from perfusion apparatus and the
left ventricular tissue was dissected into 2–3 mm circumferential
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slices. After 20 min of incubation at 37◦C in 0.1% solution of
nitro-blue tetrazolium in phosphate buffer, unstained necrotic
tissue was carefully separated from stained viable tissue and
weighed. The necrotic mass was expressed as a percentage of total
left ventricular mass, which was considered as risk area (Penna
et al., 2014, 2017).

Western Blot Analysis in Hearts
In additional experiments, immunoblot procedures and analyses
were conducted as previously described (Penna et al., 2012, 2014,
2017). Immediately after the hearts had undergone I/R (n = 4)
or PLT pretreatment (either healthy-PLTs, n = 8, or diabetic-
PLTs n = 5), the cardiac specimens were frozen in liquid nitrogen
before being stored at−80◦C until protein extraction. Myocardial
tissues of the above groups were homogenized in a frozen
RIPA lysis buffer (Sigma-Aldrich, St. Louis, MO, United States)
containing a mixture of protease inhibitors (1 mM of aprotinin,
20 mM of phenylmethylsulfonyl fluoride and 200 mM of sodium
orthovanadate). Subsequently, myocardial homogenates were
centrifuged at 15,000 × g for 25 min at 4◦C for debris removal.
Protein concentration was assessed using a Bradford reagent
following the procedure described by the manufacturer (Sigma-
Aldrich, St. Louis, MO, United States). Equivalent amounts
of proteins (80 µg) were loaded and electrophoresed on
SDS polyacrylamide gel and transferred to a polyvinylidene
difluoride membrane. Membranes were then incubated overnight
at 4◦C with primary antibodies mouse anti-phospho-ERK-1/2-
Tyr-204 (Santa Cruz Biotechnology) or mouse anti-ERK-1/2
(Cell Signaling, Danvers, MA, United States). As secondary
antibody, we used goat anti-mouse (Jackson Immuno Research
Lab., West Grove, PA, United States). Blots were scanned and
densitometrically analyzed by the image analyzer ID Image
Analysis software (Kodak, Rochester, NY, United States).

Chemicals
Collagen and arachidonic acid were purchased from Mascia
Brunelli Spa (Monza, Milan, Italy). The sources of the specific
antibodies are shown in the different sections. The other reagents
were obtained from Sigma (St. Louis, MO, United States) if not
differently specified.

Statistical Analysis
Data are expressed as mean ± SE. Statistical analysis was
performed with one-way analysis of variance (ANOVA) followed
by Student’s t-test or Newman–Keuls multiple-range test
depending on the experiments. P-value ≤ 0.05 was considered to
be significant. A linear fit is assessed between ROS production
and infarct size. A P-value < 0.05 was considered statistically
significant.

RESULTS

The characteristics of study participants are shown in Table 1.
Healthy volunteers and T2DM subjects were significantly
different for BMI (p < 0.0001), HbA1c (p < 0.0001), fasting
glucose (p < 0.0001), total cholesterol (p < 0.0001), triglycerides

TABLE 1 | Clinical characteristics, laboratory findings, and medications of healthy
and T2DM subjects.

Healthy
subjects
(n = 35)

T2DM
subjects
(n = 16)

p-value

M/F 17/18 7/9

Age (years) 53.0 ± 1 57.1 ± 2 0.08

BMI (kg/m2) 23.6 ± 0.2 31.6 ± 2 0.0001

HbAlc (%) 5.4 ± 0.1 11.3 ± 0.8 0.0001

Fasting glucose (mg/dl) 84.9 ± 2 320.5 ± 36 0.0001

Total cholesterol (mg/dl) 155.2 ± 4 193.9 ± 13 0.0001

HDL cholesterol (mg/dl) 52.0 ± 1 48.2 ± 2 0.074

Triglycerides (mg/dl) 105.0 ± 4 151.9 ± 22 0.005

LDL cholesterol (mg/dl) 85.7 ± 4 115.4 ± 10 0.002

SBP (mmHg) 120.6 ± 1 122.1 ± 8 0.786

DBP (mmHg) 78.5 ± 0.8 75.6 ± 2 0.093

Platelets (×l03/µl) 236.2 ± 5 243.9 ± 8 0.401

Insulin use – 6 (38%)

Oral antidiabetic medication use – 9 (56%)

Statin use – 10 (63%)

Antihypertensive drugs use – 11 (69%)

HDL, high-density lipoprotein; LDL, low-density lipoprotein; BMI, body mass index;
SBP, systolic blood pressure; DBP, diastolic blood pressure.

(p < 0.005), and LDL cholesterol (p < 0.002). There were no
differences between the two groups with regard to age, HDL-
cholesterol, platelet number, systolic and diastolic blood pressure.

Platelet Characteristics
We first analyzed platelet (PLT) characteristics in both T2DM and
healthy subjects.

Platelet Aggregation Parameters Were Higher in
Diabetic-PLTs Than in Healthy-PLTs
Platelet aggregation parameters were studied in diabetic-PLTs
and in healthy-PLTs, in both platelet-rich plasma (Figure 2A)
and whole blood (Figure 2B) samples. As shown in Figure 2A,
in platelet-rich plasma, diabetic-PLTs, compared to healthy-PLTs,
showed significantly higher aggregation to ADP (p < 0.0001),
collagen (p < 0.0001), and AA (p < 0.0001). In particular,
in diabetic-PLTs, the aggregation was higher by about 35% in
response to ADP, 47% to collagen, and 30% to AA.

As shown in Figure 2B, in whole blood, diabetic-PLTs,
compared to healthy-PLTs, showed significantly higher
aggregation to ADP (p < 0.0001), to collagen (p < 0.005),
and AA (p < 0.0001). Specifically, in diabetic-PLTs, the
aggregation was higher by about 45% in response to ADP, 21% to
collagen, and 53% to AA.

S1P Release Was Lower in Diabetic-PLTs Than in
Healthy-PLTs
The release of S1P was measured in supernatants of washed
platelets in resting and stirring conditions (Figure 3). In resting
platelet samples, S1P levels did not differ significantly between
healthy- and diabetic-PLTs both in the absence (149 ± 6 vs.
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FIGURE 2 | Effect of platelet exposure to different pro-aggregating agents:
ADP, collagen (Coll) and arachidonic acid (AA). Platelet aggregation
parameters were higher in platelets of diabetic patients (d-PLT) than in those
of healthy subjects (h-PLT), in both platelet-rich plasma (A) or washed
platelets (B). ∗∗p < 0.005, ∗∗∗p < 0.0001 vs. h-PLT (unpaired t-test).

112± 16 ng/l, p = ns) and in the presence of collagen (171± 3 vs.
132± 21 ng/l, p = ns).

When samples were subjected to stirring, a significant increase
in S1P levels was observed in healthy-PLTs (from 149 ± 6 to
218 ± 10 ng/l, p < 0.0001) but not in diabetic-PLTs (from
112 ± 16 to 148 ± 13 ng/l, p = ns). Furthermore, S1P levels,
in stirring samples, were lower in diabetic-PLTs than in healthy-
ones both in the absence (148 ± 13 vs. 218 ± 10 ng/l, p < 0.001)
and in the presence of collagen (199 ± 6 vs. 270 ± 7 ng/l,
p < 0.0001).

ROS Levels Were Higher in Diabetic-PLTs Than in
Healthy-PLTs
To ascertain whether higher aggregation parameters
were associated with higher ROS levels, we used 2′,7′-
dihydrodichlorofluoresceine diacetate (DCF-DA) oxidation
to detect ROS intracellular concentration. As shown in
Figure 4A, there was a significantly higher ROS level in resting,
non-stimulated diabetic-PLTs than in controls (p < 0.0001).

To identify the origin of ROS, measurements were repeated
after a 20-min pre-incubation with either apocynin (APO)
or diphenyleneiodonium (DPI), two different NADPH-oxidase
inhibitors, as well as the COX-1 inhibitor, Indomethacin (INDO).
Data revealed that the basal ROS production in diabetic-PLTs
is, at least in part, mediated by the activity of NADPH-
oxidase and COX-1. In fact, with regard to baseline values,
we observed a significant decrease of ROS production in the
presence of NADPH-oxidase inhibitors, APO (p < 0.001) or
DPI (p < 0.005), and COX-1 antagonist, INDO (p < 0.001).
As expected, platelet stimulation with AA increased ROS
levels in both healthy-PLTs and diabetic-PLTs (Figure 4B).
Furthermore, diabetic-PLTs generated a significantly higher ROS
amount after stimulation with AA (6 vs. 9 fold increase,
p < 0.0001).

FIGURE 3 | S1P release in washed platelets, in resting and stirring conditions. In resting conditions, S1P levels were not different between platelets from T2DM
patients (d-PLT) and platelets from healthy subjects (h-PLT). +p < 0.05 vs. resting basal. In stirring samples, S1P levels were lower in d-PLT than in h-PLT both in the
absence and in the presence of collagen. ∗p < 0.001, ∗∗p < 0.0001 vs. healthy-PLT (unpaired t-test); #p < 0.01, ##p < 0.005 vs. corresponding stirring basal;
§ p < 0.005, §§ p < 0.001 vs. corresponding resting conditions (Newman–Keuls multiple-range test).
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FIGURE 4 | Variation of the intra-platelet level of ROS measured by DCF
fluorescence. (A) ROS level in resting platelets of diabetic patients (d-PLT)
were higher than in resting platelets of healthy subjects (h-PLT). 20-min
preincubation with apocynin (APO), diphenyleneiodonium (DPI), or
indomethacin (INDO) reduced the levels of ROS produced by d-PLT. (B) PLT
stimulation with arachidonic acid increased ROS levels in both h-PLTs and
d-PLTs. ∗∗∗p < 0.0001 vs. h-PLT; #p < 0.005, ##p < 0.001 vs. resting d-PLT
(paired t-test).

COX-1 Expression and Signaling Transduction
Molecules Were Up-Regulated in Diabetic-PLTs
We tested the hypothesis that the expression of constitutive
COX-1 was higher in diabetic-PLTs. Indeed, as shown in
Figure 5A, higher levels of COX-1 were present in diabetic-PLTs
(p < 0.0001).

We argued that phospho-AKT (pAKT) and phospho-ERK-2
levels may be enhanced by the pro-aggregating agents more in
diabetic-PLTs than in healthy-PLTs. As shown in Figure 5B,
in healthy-PLTs and diabetic-PLTs, we found similar protein
expression of AKT and ERK-2 (ERK-1 was not investigated)
(Woulfe, 2010). To evaluate the agonist-induced activation of
the PI-3K and ERK pathways, washed platelet samples were
stimulated by either collagen or AA and pAKT and pERK
level measured. As expected, the amount of pAKT increased
in response to either collagen (p < 0.0001 vs. baseline, for
both groups) or AA (p < 0.0001 vs. baseline for both groups).
However, the increase was significantly greater in diabetic-
PLTs than healthy-PLTs, for both collagen (p < 0.01) and AA
(p < 0.0001). Similarly, the amount of pERK-2 increased in
response to either collagen (p < 0.0001 vs. baseline for both

groups) or AA (p < 0.0001 vs. baseline for both groups). Yet, the
increase was greater in diabetic-PLTs than healthy-PLTs, for both
collagen (p < 0.05) and AA (p < 0.005).

Isolated Hearts
Either healthy-PLTs or diabetic-PLTs were tested in isolated rat
heart to verify their protective properties. Moreover, to ascertain
the cardioprotective pathways activated by platelets, specific
antagonists were used.

Of note, platelet infusion, as well as co-infusion with
antagonists did not affect coronary perfusion pressure and left
ventricular pressure (data not shown). These observations rule
out impaired perfusion and plugged capillaries by platelets.

Infarct Size Was Reduced by Healthy-PLTs
Pretreatment Only, via S1P Receptors and
ERK/PI3K/PKC Pathways
After I/R, in control group infarct size was 59 ± 3% of the
left ventricular mass. The 10 min pre-treatment with healthy-
PLTs significantly (p < 0.005) reduced infarct size to 47 ± 2%
of ventricular mass (Figure 6A). However, the 10 min pre-
treatment with diabetic-PLTs did not reduce infarct size, which
was 70 ± 2% of the left ventricular mass (Not Significant vs. I/R
group; p < 0.005 vs. healthy-PLT group).

To study the role of myocardial S1P receptors and RISK
pathway, healthy-PLTs were alternatively co-infused with one
of the following compounds: VPC23019 to block cardiac S1P
Receptors (types 1 and 3), U0126 to inhibit ERK1/2, LY294002
to inhibit PI3K, or Chelerythrine to block PKC. At the end of
reperfusion, in these four inhibitor groups, infarct sizes (66± 2%,
61 ± 2%, 61 ± 3%, and 63 ± 3% of the ventricular mass,
respectively) were similar to those observed in control I/R hearts,
but significantly (p < 0.005 for all) higher than in healthy-PLTs
group (Figure 6B).

The infusion of antagonists alone (VPC23019, U0126,
LY294002, or Chelerythrine) did not affect infarct size, which
was similar to control group (63 ± 2%, 59 ± 2%, 70 ± 5%, and
65± 3%, respectively, data not reported in the figure). These data
are in agreement with previous studies (Penna et al., 2005; Vessey
et al., 2009; Mochizuki et al., 2013).

Diabetic Platelet ROS Levels Correlate With Infarct
Size
We hypothesized a correlation between platelet ROS levels (an
index of platelet dysfunction) and infarct size. Indeed Figure 6C
displays a good correlation between platelet ROS levels and
infarct size for data of diabetic-PLTs, whereas between ROS levels
in healthy-PLTs and infarct size there is a poor, not significant,
correlation (Figure 6D).

Myocardial Phospho-ERK Is Involved in Healthy-PLT
Induced Cardioprotection
To corroborate data obtained with inhibitors of survival
kinases, we measured ERK-1/2 expression and phosphorylation
in myocardial tissue of hearts treated with healthy-PLTs.
The phosphorylation of ERK-1/2 was greater in hearts pre-
treated with healthy-PLTs compared to hearts subjected to I/R
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FIGURE 5 | Protein content in platelets determined by Western blot. (A) Cyclooxygenase-1 (COX-1) levels were higher in platelets of diabetic patients (d-PLT) than in
those of healthy subjects (h-PLT). (B) Phosphorylated Protein Kinase B (pAKT) and Phosphorylated Extracellular Signal-regulated Kinase-2 (pERK-2) were increased
by collagen (Coll) and arachidonic acid (AA) stimulation in both h-PLT and d-PLT. However, the increases were higher in d-PLTs than in h-PLTs. ###p < 0.0001 vs.
basal level; ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.005, ∗∗∗∗p < 0.0001 vs. h-PLT (unpaired t-test and Newman–Keuls multiple-range test).

(p < 0.0001; Figure 7). A three–fourfold higher pERK/total ERK
ratio was observed in healthy-PLT pretreated hearts compared
to I/R hearts. In diabetic-PLT pretreated hearts the ratio was not
different from that in I/R hearts.

DISCUSSION

The main novel findings of this study are: (1) the heart
pretreatment with platelets of healthy humans (healthy-
PLTs) reduces infarct size, (2) the cardioprotective properties
of healthy-PLTs depend on myocardial S1P receptor and
RISK (PI3K-ERK-1/2-PKC) pathway activation, (3) the
cardioprotective properties are lost by platelets from T2DM
patients (diabetic-PLTs), which release less S1P than healthy-
PLTs after mechanical and chemical stimulation, in vitro, and (4)
the higher is the ROS level in PLTs the higher is infarct size in
hearts pretreated with diabetic PLTs.

Pretreatment With Healthy Human PLTs
Reduces Infarct Size via S1P Receptor
Activation
Pre-treatment with healthy human PLTs limits infarct size in
the Langendorff isolated rat heart. Thus, platelets may interact
with uninjured organ to trigger protection in hearts subsequently

subjected to I/R ex vivo. Data are in agreement with previous
studies showing that perfusion of isolated rat hearts with platelets
from normal rats protects against myocardial dysfunction caused
by I/R, improving both biochemical and dynamic cardiac
parameters (Yang et al., 1993, 1994; Yang and Mehta, 1994;
Mehta et al., 1999). Similar cardioprotection was observed in
hearts perfused with platelet supernatant (Yang et al., 1998,
1999), thus suggesting an important role for factors released by
platelets.

In our model, the treatment of hearts with VPC23019, an
S1PR1 and S1PR3 antagonist (Davis et al., 2005), abrogates
cardioprotection induced by healthy-PLTs. Therefore, it is likely
that healthy human platelets protect the hearts against I/R injury
via an S1P mediated mechanism. Indeed, S1P is a platelet factor
whose release originates from two pools: one constitutively
secreted and located at the plasma membrane, and the other
rapidly phosphorylated upon stimulation and mobilized from
granules (Yatomi et al., 1995; Tani et al., 2005). This release in the
supernatant is influenced by mechanical (stirring) and chemical
(collagen) stimuli in vitro.

Intriguingly, S1P is a crucial signal molecule abundantly
stored in platelets, which displayed a variety of cellular functions,
including cardioprotective properties (Chalfant and Spiegel,
2005; Cohen et al., 2016). S1P is stored within the platelets
and is released in certain circumstances (Tani et al., 2005).
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FIGURE 6 | Infarct size expressed as percent of area at risk (A,B), and platelet ROS-infarct size correlations (C,D). (A) Washed platelets derived from healthy
subjects (h-PLT) limited infarct size. The infarct size in hearts treated with platelets derived from diabetic patients (d-PLT) was higher than that observed in hearts
pretreated with h-PLT. (B) The infarct size limitation effects of h-PLTs was abrogated by the blocker of S1P receptors, VPC23019, the antagonist of ERK1/2, U0126,
the inhibitor of PI3K, LY or the antagonist of PKC, CHE. ∗p < 0.005 vs. h-PLT; #p < 0.005 vs. I/R; NS, not significant (Newman–Keuls multiple-range test).
(C) Correlation between ROS platelet levels and infarct size for the d-PLT group (n = 7; linear regression). (D) correlation between ROS platelet levels and infarct size
for the h-PLT group (n = 7; linear regression).

Several studies performed in animal and in vitro models have
proposed that S1P possesses cardioprotective effects (Kupperman
et al., 2000; Jin et al., 2002; Zhang et al., 2007; Karliner, 2013;
Maceyka and Spiegel, 2014). Moreover, S1P protects cultured
rat neonatal cardiomyocytes from ischemia-induced cell death
(Jin et al., 2002; Karliner, 2013). Since only S1PR1, S1PR2, and
S1PR3 are the receptor subtypes expressed in cardiac myocytes
and endothelial cells (Peters and Alewijnse, 2007; Karliner, 2009;
Means and Brown, 2009; Zhang et al., 2013), it is likely that
these receptors play a major role in cardioprotection by healthy-
PLT pretreatment. Indeed, in the heart binding of S1P to S1PR1
leads to activation of ERK1/2 and binding to the S1PR3 receptor
promotes the activation of PI3K/AKT (Knapp, 2011; Somers
et al., 2012). Nevertheless, it is likely that the cardioprotective
effect of S1P is the result of a co-operation of the three receptors
expressed by the heart (Means et al., 2007; Vessey et al., 2009;

Cohen et al., 2016). That is why blocking both S1PR1 and
S1PR3 with VPC23019, we blocked the platelet cardioprotective
effects. It is unlikely that VPC23019 interfered with platelet S1P
receptors because platelets express mainly S1PR2 and S1PR4
(Randriamboavonjy et al., 2009; Onuma et al., 2017) (see also
below “Methodological considerations and limitations of the
study”).

Infarct Size Limitation by Healthy-PLTs Is
Reversed by RISK (PI3K, ERK-1/2, and
PKC) Pathway Inhibition
It has been reported that nitric oxide release may mediate
cardioprotection by S1P (Egom et al., 2011). Since in the
RISK pathway AKT is upstream to nitric oxide synthase,
we verified whether inhibitors of RISK pathway may avoid
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FIGURE 7 | Phosphorylation of extracellular signal-regulated kinases (ERK-1/2) in lysates from hearts subjected to I/R only (control) or pre-treated with d-PLTs
(washed platelets derived from diabetic patients) or h-PLTs (washed platelets derived from healthy subjects). Representative western blot of ERK-1/2
phosphorylation and total ERK-1/2 of protein extract from control I/R (n = 4), d-PLTs (n = 5), and h-PLTs (n = 8) hearts. Histograms represent the ratio of
phosphorylated over total ERK protein expression. Data suggest that pretreatment with h-PLTs induces an increase in ERK-1/2 phosphorylation with respect to I/R
only. ∗P < 0.0001 vs. I/R; #P < 0.001 vs. d-PLTs (Newman–Keuls multiple-range test).

FIGURE 8 | Schematic representation of the intracellular pathway involved in
the platelet/S1P cardioprotection.

platelet-induced cardioprotection. Indeed, healthy-PLT-induced
cardioprotection was completely abolished by pre-treating the
heart with LY294002 to block PI3K, or Chelerythrine to
block PKC, as well as U0126 to inhibit ERK-1/2. Thus,
suggesting a pivotal role of these survival kinases in the
platelet-induced cardioprotection (Figure 8). A role which
is corroborated by myocardial Western blot data, revealing
elevated levels of pERK-1/2 in healthy-PLT pretreated hearts
only. This kinase phosphorylation is usually observed in
conditioning treatments, with a peak of the pERK/total
ERK ratio 10–15 min after the end of ischemia and a
progressive reduction thereafter (Ferdinandy et al., 2014;
Penna et al., 2014; Cohen and Downey, 2015). A three–
fourfold higher pERK/total ERK ratios in hearts pretreated with

healthy-PLTs is a strong indication of kinase involvement in
protection, especially if we consider that healthy-PLT pretreated
hearts have just a 30% more vital tissue than control I/R
hearts.

Moreover, since STAT3 seems to be downstream to ERK
(Knapp, 2011; Somers et al., 2012) in ongoing experiments
we tested whether healthy or diabetic PLTs can activate
myocardial STAT3. Indeed, we found that h-PLT treated hearts
display a higher pSTAT3 level than d-PLT treated hearts (see
Supplementary Materials).

However, it has been also shown that in some circumstances,
platelets may contribute to initiation and propagation of
I/R myocardial injury (Aiken et al., 1981; Vanhoutte and
Houston, 1985; Yee et al., 1986; Patel et al., 2001; Seligmann
et al., 2013). These apparently conflicting reports may reflect
different experimental designs: platelets introduced into the
coronary system of heart preparations not before but during
or after ischemia, atherosclerotic coronary arteries or coronary
endothelial barrier failure. In particular, it has been suggested
that the deleterious effects of platelets on reperfused myocardium
depend on their activation status, which is enhanced by
the previous exposure to I/R injured myocardium (Mirabet
et al., 2002). In other words, it seems that in I/R scenario
platelet deleterious effects are due to interaction with injured
tissues and/or platelet pre-activation. Therefore, we studied the
“hyperreactive” diabetic-PLTs.

Cardioprotective Properties Are Lost by
Diabetic-PLTs
The cardioprotective properties seen for healthy-PLTs are
lost by diabetic-PLTs. In fact, infarct size after intracoronary
pretreatment with diabetic-PLTs is significantly higher than
that observed in hearts pre-treated with healthy-PLTs and not
significantly different from the control I/R hearts. This is
in agreement with the idea that activated platelets lose the
cardioprotective properties (Mirabet et al., 2002).

Frontiers in Physiology | www.frontiersin.org July 2018 | Volume 9 | Article 875108

https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-00875 July 6, 2018 Time: 17:34 # 11

Russo et al. Human Platelet Cardioprotective Effects

Multiple factors may cause dysregulation of platelet signaling
pathways leading to a hyper-reactive platelet phenotype. Indeed,
diabetic subjects of our study were not only characterized by
hyperglycemia and uncontrolled diabetes but also by other
dysmetabolic conditions such as obesity and dyslipidemia,
commonly associated with T2DM, and each of them may
contribute to the diabetic-PLT hyper-reactivity observed in
this population (Russo, 2012; Morange and Alessi, 2013). In
this study, we confirm that, in comparison with healthy-PLTs,
platelets from T2DM patients show: (a) higher aggregating
response to agonists (b) higher basal and AA-induced production
of ROS, (c) enhanced levels of COX-1 and (d) increased
levels of phospho-AKT and phospho-ERK-2 upon stimulation
with agonists, more in diabetic than healthy platelets, thus
confirming the hyper-reactivity of diabetic platelets. However,
unlike myocardium, these two kinases are not linked to
a survival signaling in platelets (Kovacsovics et al., 1995;
Aharonovitz and Granot, 1996). Indeed, following stimuli, ERK
and AKT regulate platelet activation and function, such as
adhesion or secretory changes, and are actively involved in
conveying signals from several pathways leading to platelet
activation (Kovacsovics et al., 1995; Aharonovitz and Granot,
1996).

Our findings on platelet function in T2DM subjects fit
into the general picture of the current research that describes
platelet hyper-reactivity as responsible, at least in part, of the
prothrombotic state in T2DM (Jung et al., 2015). We also
demonstrate that higher ROS levels in diabetic-PLTs are, at
least in part, due to enhanced production by NADPH-oxidase
and COX-1 activity. Indeed, ROS generation in diabetic-PLTs is
mostly produced by COX-1 activity, as shown by the significant
reduction of ROS levels using the COX-1 inhibitor, INDO. A role
is also played by the pro-oxidant enzyme NADPH-oxidase, as
shown by the significant reduction of ROS levels when diabetic-
PLTs were preincubated with two different NADPH-oxidase
inhibitors, APO or DPI. Several reports have suggested that
ROS represent a new modulator of platelet activity and ROS
generated by platelets have a direct role in the control of their
responsiveness (Vazzana et al., 2012).

The correlation between platelet ROS levels in diabetic
platelets and the extension of infarct size suggests that the redox
status in these platelets may play a pivotal role in influencing their
cardiac effects. The absence of correlation for healthy platelets
suggests that a certain threshold of ROS should be reached
to affect protective properties. Of note, a complete prevention
of the post-ischemic cardio-depressive effects by platelets –
administrated during ischemia or reperfusion on isolated guinea
pig hearts – was observed after platelet pretreatment with the
NADPH-oxidase inhibitor, DPI (Seligmann et al., 2013). These
data are in agreement with our data that ROS levels in hyperactive
platelets are correlated to the extension of I/R injury and that
platelet ROS derive, at least in part, from NADPH-oxidase.
Nevertheless, correlation is not causality and our results need
further studies to clarify the role of ROS.

Here, we show that diabetic platelets release less S1P when
mechanically (stirring) or chemically (collagen) stimulated. Our
findings are in line with the observation that diabetic platelets

have a dysregulation of the S1P component ready to be mobilized
(Książek et al., 2015). Moreover, the fact that S1P release is
compromised is in agreement with the observation that diabetic
platelets display higher expression of signs and factors of
dysregulation, including higher ROS amount produced at basal
condition and after stimulation with AA. In other words, the
loss of protective properties observed in diabetic platelets could
be linked to the altered redox and aggregatory conditions of
these platelets that would alter the modality and/or quantity of
released S1P. However, this hypothesis needs more experiments
to be fully ascertained. Also, the consequences and mechanisms
of S1P dysregulation in diabetic platelets need to be further
investigated.

Methodological Considerations and
Limitations of the Study
The main aim of the present study was to ascertain the
mechanisms of platelet-induced cardioprotection. However,
diabetic PLTs were not protective and it remains to ascertain
the reasons for this ineffectiveness. Indeed, the use of a normal
heart allowed us to rule out that the lack of protection is
due to myocardial resistance to protection, typical of diabetes
and other co-morbidities (Ferdinandy et al., 2014). The defect
is likely within diabetic platelets: the impaired release of S1P
may prevent protection from diabetic-PLTs. However, it cannot
be so easily determined because these platelets are ineffective
in influencing the infarct size in Langendorff hearts: blocking
myocardial S1P receptors or RISK pathway will not reveal
the mechanism of diabetic-PLTs ineffectiveness. It may be
also argued that blocking ROS production with antioxidants
in washed platelets may reverse the platelet defect but ROS
blockers/scavengers may interfere directly with myocardial I/R
injury and/or platelet S1P release. Therefore, future studies
should envision appropriate protocols to solve these open
questions and, in particular, the reasons for diabetic-PLTs
ineffectiveness.

Although the Langendorff ’s model, like all experimental
paradigms, has disadvantages and advantages, it is a useful
paradigm for studying the role of cardioprotective procedures
(Bell et al., 2011). Indeed, Langendorff ’s model allows to
subjecting the heart to a “clean” test, and to remove unwanted
interferences by blood cells, protein and other “confounding
variables,” such as temperature, perfusion, and neuro-hormonal
influences. Indeed, experiments performed on Langendorff ’s
murine model provided very strong data on the cardioprotective
effect of S1P (Jin et al., 2002; Lecour et al., 2002; Vessey et al.,
2006, 2008).

It is unlikely that the S1PR1/3 antagonist, VPC23019,
interfered with the capacity of platelets to release S1P. It has
been reported that human platelets may express types 1, 2,
and 4 of S1PRs (Hla et al., 2012; Urtz et al., 2015). However,
Fleming and co-workers were able to detect S1PR2, but not
S1PR1 on human platelets (Randriamboavonjy et al., 2009); in
this study, S1PR2 displayed a pro-aggregating role. In another
study, it has been suggested that S1P suppresses collagen-induced
aggregation via S1PR4, but not through S1PR1 in human platelets
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(Onuma et al., 2017). Therefore, it seems that human platelets
express S1PR2 and S1PR4, with a pro- and anti-aggregant role,
respectively. Whether S1PR1 is present and/or play a role seems
controversial. Therefore, VPC23019 may not interfere with the
principal receptors present on platelets, but it is specific for the
receptors expressed by the cardiac tissues. Nevertheless, S1PRs
are involved in platelet-induced cardioprotection.

We used a commercially available ELISA kit for the assessment
of S1P release in washed platelets. This differs from protocol
usually performed to measure S1P levels in serum or plasma
samples where high-density lipoproteins are the major plasma
carriers for S1P. Clearly, S1P values in our study are not
comparable to those obtained in blood/plasma samples.

We used washed platelets, therefore it is unlikely that the
S1P was already in the perfusate. Only the S1P released by
circulating platelets may be involved in the cardioprotective
effect. Indeed, stirring may simulate the circulating conditions
that allow the release of larger quantities of S1P. Nevertheless, in
future studies, it might be worthwhile to test whether platelet-
derived supernatant can be protective via S1P mechanism.

In summary, three key observations regarding the platelet
function and role in I/R scenario were made in this study: (1)
S1P/S1PRs play important roles in determining healthy-platelet-
induced cardioprotection via myocardial RISK pathway, in an
isolated rat heart model, (2) these cardioprotective properties are
lost by diabetic platelets, which produce higher levels of ROS and
lower levels of S1P when stimulated in vitro, and (3) infarct size
correlates with the amount of ROS produced by diabetic platelets.

CONCLUSION

Here we provide evidence that human healthy platelets
exert cardioprotective effects via activation of an S1P related
mechanism. It is likely that myocardial RISK pathway plays
a pivotal role in platelet-induced cardioprotection. Our data
also suggest that alterations in ROS production and in S1P
release may be involved in the impairment of function and
the loss of cardioprotective properties by diabetic platelets.
Since plasma S1P concentration is reduced in patients with
myocardial infarction (Knapp et al., 2009), its modulation by
drugs targeting platelets might be very important and need to be
better understood. Since exosomes greatly contribute to platelet
activity, whether and how the platelet-induced cardioprotection
is linked to the well-known exosome-induced cardioprotection
(Barile et al., 2014, 2018) remain to be elucidated. Further studies
in this direction are warranted.
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FIGURE S1 | Expression of extracellular signal-regulated kinases (ERK-1/2) in
lysates from hearts subjected to ischemia/reperfusion only (I/R) or pre-treated with
platelets from healthy subjects (hPLT+IR).

FIGURE S2 | Phosphorylation of extracellular signal-regulated kinases (pERK-1/2)
in lysates from hearts subjected to ischemia/reperfusion only (I/R) or pre-treated
with platelets from healthy subjects (hPLT+IR).

FIGURE S3 | Expression of protein kinase B (AKT) in platelets from healthy and
Type 2 Diabetes Mellitus (T2DM) subjects in the absence (basal) or in the presence
of collagen (coll) or arachidonic acid (AA).

FIGURE S4 | Expression of ciclooxygenase-1 (COX-1) in platelets from healthy
and Type 2 Diabetes Mellitus (T2DM) subjects.

FIGURE S5 | Expression of extracellular signal-regulated kinase-2 (ERK-2) in
platelets from healthy and Type 2 Diabetes Mellitus (T2DM) subjects in the
absence (basal) or in the presence of collagen (coll) or arachidonic
acid (AA).

FIGURE S6 | Phosphorylation of protein kinase B (pAKT) in platelets from healthy
and Type 2 Diabetes Mellitus (T2DM) subjects in the absence (basal) or in the
presence of collagen (coll) or arachidonic acid (AA).

FIGURE S7 | Phosphorylation of extracellular signal-regulated kinases (pERK-1/2)
in platelets from healthy and Type 2 Diabetes Mellitus (T2DM) subjects in the
absence (basal) or in the presence of collagen (coll) or arachidonic acid (AA).

FIGURE S8 | Expression of vinculin in platelets from healthy and Type 2 Diabetes
Mellitus (T2DM) subjects.

FIGURE S9 | Expression of extracellular signal-regulated kinases (ERK-1/2) in
lysates from hearts subjected to ischemia/reperfusion only (I/R), pre-treated with
platelets from Type 2 Diabetes Mellitus (T2DM) subjects (dPLT+IR) or healthy
(hPLT+IR).

FIGURE S10 | Phosphorylation of extracellular signal-regulated kinases
(pERK-1/2) in lysates from hearts subjected to ischemia/reperfusion only (I/R),
pre-treated with platelets from Type 2 Diabetes Mellitus (T2DM) subjects
(dPLT+IR) or healthy (hPLT+IR).

FIGURE S11 | Phosphorylation of STAT-3 (pSTAT-3) in lysates from hearts
subjected to ischemia/reperfusion only (I/R), pre-treated with platelets from healthy
(hPLT+IR) or Type 2 Diabetes Mellitus (T2DM) subjects (dPLT+IR).
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Increased oxidative stress is a major contributor to the development and progression of

heart failure, however, our knowledge on the role of the distinct NADPH oxidase (NOX)

isoenzymes, especially on NOX4 is controversial. Therefore, we aimed to characterize

NOX4 expression in human samples from healthy and failing hearts. Explanted human

heart samples (left and right ventricular, and septal regions) were obtained from patients

suffering from heart failure of ischemic or dilated origin. Control samples were obtained

from donor hearts that were not used for transplantation. Deep RNA sequencing of the

cardiac transcriptome indicated extensive alternative splicing of the NOX4 gene in heart

failure as compared to samples from healthy donor hearts. Long distance PCR analysis

with a universal 5′-3′ end primer pair, allowing amplification of different splice variants,

confirmed the presence of the splice variants. To assess translation of the alternatively

spliced transcripts we determined protein expression of NOX4 by using a specific

antibody recognizing a conserved region in all variants. Western blot analysis showed

up-regulation of the full-length NOX4 in ischemic cardiomyopathy samples and confirmed

presence of shorter isoforms both in control and failing samples with disease-associated

expression pattern. We describe here for the first time that NOX4 undergoes extensive

alternative splicing in human hearts which gives rise to the expression of different enzyme

isoforms. The full length NOX4 is significantly upregulated in ischemic cardiomyopathy

suggesting a role for NOX4 in ROS production during heart failure.

Keywords: cardiomyopathy, oxidative stress, cardiac dysfunction, myocardium, aging

INTRODUCTION

In spite of an overall decrease in coronary artery disease-related mortality, the number of patients
suffering from heart failure is increasing steeply in aging societies (Rich, 2001; Bui et al., 2011).
Aging has a considerable impact on the heart and the vasculature, partially by promoting a
prooxidative milieu (Csiszar et al., 2002; Donato et al., 2007; Dai et al., 2012; Martin-Fernandez and
Gredilla, 2016). In accordance, increased oxidative stress and subsequent redox imbalance has been
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implicated in the development and progression of heart failure
(Keith et al., 1998; Ungvari et al., 2005). Reactive oxygen
species (ROS) production at a basal level may induce profound
adaptive changes in intracellular pathways, however, higher
concentrations of ROS induces tissue damage. ROS are derived
from several intracellular sources, including mitochondrial
respiratory complexes, NADPH oxidases (NOX), xanthine
oxidase, mono-amino oxidases, and uncoupled nitric oxide
synthase, among others. Although, the majority of these enzymes
generates ROS as a by-product of dysfunctional activity, the
only known role of the NOX family is ROS production.
This fact makes NOXs intriguing targets for pharmacotherapy,
allowing selective targeting of disease-specific ROS production
(Altenhofer et al., 2012, 2015). To our present knowledge, the
NOX family is composed of five different enzymes (NOX1,
NOX2, NOX3, NOX4, and NOX5) and five subunits, known as
phox proteins (Leto et al., 2009; Sirokmany et al., 2016). NOX
enzymes have been proven to be involved both in experimental
models (Li et al., 2002; Byrne et al., 2003) and in humans suffering
from advanced heart failure (Heymes et al., 2003). In a landmark
paper, Heymes et al. described an overall increase in NOX activity
in human failing hearts, however, surprisingly, they found no
change in the overall level of expression of oxidase subunits in
failing hearts (Heymes et al., 2003), suggesting a novel NOX as a
potential source of ROS production.

The NADPH oxidase 4 (NOX4) isoenzyme has been
discovered in 2000, in the renal cortex (Geiszt et al., 2000).
However, it has been proven later that many other cell
types (including cardiomyocytes) also express NOX4 (Byrne
et al., 2003; Varga et al., 2013). According to a recent study,
mitochondrial NOX4 activity is a critical regulator of fatty acid β-
oxidation in macrophages (Moon et al., 2016), an effect that has
been also described in cardiomyocytes (Nabeebaccus et al., 2015).

Interestingly, in contrast to the inducible NOX2, NOX4
displays constitutive mRNA expression, which is fine-tuned by
delicate epigenetic mechanisms, involving microRNA-dependent
posttranscriptional repression (Varga et al., 2013). In addition,
NOX4 might have alternative mRNA splice variants (Goyal et al.,
2005) that might further complicate understanding the role of
NOX4 in normal physiology and in pathological conditions.
Accordingly, in the last decade, several conflicting results have
been published, giving rise to many controversy on the NOX4
field. So far, both superoxide and hydrogen peroxide have been
proposed as a product of NOX4 activity (Shiose et al., 2001; Takac
et al., 2011; Nisimoto et al., 2014). Mitochondrial localization of
NOX4 is still a question of debate (Hirschhauser et al., 2015),
while a recent paper suggest nuclear/perinuclear localization of
NOX4 (Matsushima et al., 2013). In addition, NOX4 has been
described both as detrimental and protective in mouse models of
heart failure (Kuroda et al., 2010; Zhang et al., 2010; Nabeebaccus
et al., 2015; Zhao et al., 2015; Matsushima et al., 2016).

Therefore, here we aimed to characterize and assess the
expression of NOX4 in the failing human hearts with unbiased
transcriptomics methods followed by validations at the protein
level. In addition, we put special emphasis to characterize
alternative splicing of NOX4 in healthy and failing human
hearts.

MATERIALS AND METHODS

Study Design
All experimental procedures were done in accordance with the
ethical standards of the responsible institutional and national
committee on human experimentation, adhering to the Helsinki
Declaration (1975).Written informed consent was obtained from
all patients involved in the study according to the protocol
approved by the Local Ethics Committees of the Institute
of Cardiology, Warszawa, Poland and Hospital Universitario
Puerta de Hierro Majadahonda, Madrid, Spain (IK-NP-0021-
24/1426/14, 272-19/12/11). Healthy human hearts were obtained
from organ donor patients (CONT, n = 5) whose hearts were
not used for transplantation due to technical reasons (e.g.,
donor/recipient incompatibility). The donors did not have any
relevant previous cardiological history or any abnormalities in
ECG and echocardiography (LV dimensions/contractility within
normal ranges). Explanted failing hearts were obtained from
patients suffering from end-stage, advanced heart failure of non-
ischemic (i.e., dilated cardiomyopathy, DCM, n= 5) or ischemic
(ICM, n= 5) etiology.

Preparation of Tissue Samples
Human tissue samples were taken at the time of heart explanation
(avoiding scarred, fibrotic, or adipose tissue, endocardium,
epicardium, or coronary vessels). The samples were rinsed
immediately in saline, blotted dry, frozen in liquid nitrogen and
kept at−80◦C until further processing.

Rat heart and kidney tissues were harvested from male Wistar
rats (250–300 g). The samples were snap frozen and crushed to
small pieces in a mortar with pestle in liquid nitrogen.

RNA Sequencing
Whole transcriptome sequencing was performed, and data
regarding NOX4 transcript were used and evaluated in the
present project. Total RNA was isolated after homogenization
of frozen myocardial samples using RNAeasy columns (Qiagen)
as previously described (Lopez-Olaneta et al., 2014). RNA
integrity was assessed using an Agilent Bioanalyzer and reverse-
transcribed. Amplified cDNA (1 µg) was sonicated to an
average size of 100–300 bp and used with the TruSeq DNA
Sample Preparation v2 Kit (Illumina) to generate index-tagged
sequencing libraries. Libraries were applied to Genome Analyzer
IIx (Illumina) followed by standard RNA sequencing protocol to
generate 80–120M of paired end 75 bp-long reads. Reads were
further processed using the CASAVA package (Illumina) and
cutadapt software (Extended Experimental Procedure). Resulting
reads were mapped to the ensemble human genome v75 and
quantified on the transcriptome using RSEM (Li and Dewey,
2011). FromRSEMwe used the IsoPct information (percentage of
the gene expression accounted by each transcript) in each sample
to identify isoforms potentially undergoing alternative splicing.

Long-Distance PCR Analysis of
Alternatively Spliced mRNA Transcripts
Total RNA was isolated from homogenized left ventricle (LV)
of the CONT, DCM, or ICM patients with the guanidinium
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thiocyanate-phenol-chloroform extraction method, as described
earlier (Baan et al., 2015). RNA was reverse transcribed
with MMLV-Reverse Transcriptase (Invitrogen, USA). For the
detection of the alternatively spliced transcript levels of NOX4,
long-distance PCR was carried out with a high fidelity Pfu
polymerase (G-Biosciences, USA) with cycling conditions set
as an initial denaturation step for 5min at 95◦C, followed
by 40 cycles of 30 s at 95◦C for template denaturation,
30 s for annealing phase at 55◦C, and 3.5min at 72◦C for
extension. Length of the specific PCR products was verified
on 1.5% agarose gels stained with GelRed (Biotium, USA).
Primer pairs for the long distance amplification of NOX4
were designed to amplify from a conserved region from all
splice variants. The primer sequences were the following:
forward primer 5′-TGCTGTATAACCAAGGGCCA-3′, reverse
primer 5′-GGTCCACAACAGAAAACACCA-3′. The primers
were designed by Primer 3 Input (version 0.4.0) software and
tested to avoid primer dimer formation, unspecific amplification
and self-priming formation.

Western Blot Analysis of NOX4
In order to investigate whether NOX4 expression is altered
at the protein level in the failing human heart, western
blot analysis was performed. Frozen tissue samples from left
ventricle (LV) and right ventricle (RV) as well as from inter-
ventricular septum (IVS) were homogenized in NP-40 lysis buffer
(150mM NaCl, 50mM Tris, 1% NP-40) for NOX4 or with
RIPA buffer for ERK with a tissue to homogenization buffer
ratio of 1:4 containing protease and phosphatase inhibitors
(AEBSF, Aprotinin, Bestatin, E-64, Leupeptin, Pepstatin A,
sodium orthovanadate and sodium fluoride) (Sigma-Aldrich,
St. Louis, MO, USA). Protein concentrations were assessed
by the bicinchoninic acid method using the provided bovine
serum albumin as standard (Pierce Biotechnologies, USA).
Equal amounts of protein were loaded from each sample onto
10% SDS-polyacrylamide gels. For optimal results, in case of
NOX4 blots, samples were mixed with Laemmli sample buffer
without using reducing agents or sample boiling. After separation
by electrophoresis, proteins were transferred (wet transfer,
2.5 h) onto nitrocellulose membrane (Amersham Biosciences,
Piscataway, USA). Transfer was controlled by Ponceau S
staining. The membrane was blocked with 5% non-fat dry
milk in 0.1% TBS-T overnight at 4◦C. After the blocking
step, the membrane was incubated with a rabbit polyclonal
primary antibody (dissolved in 1% non-fat dry milk in 0.1%
TBS-T, 1:1,000 dilution) against NOX4 (NB110-58851, Novus
Biologicals, United Kingdom)—reported to specifically recognize
NOX4 protein (Basuroy et al., 2009; Maalouf et al., 2012; Siuda
et al., 2012)—, or by a mouse monoclonal antibody recognizing
pERK1/2 or total ERK (9106 and 9107 Cell Signaling technology,
Danvers, MA, USA) for 2 h at room temperature (NOX4) or
overnight at 4◦C (ERK), followed by washing with 0.1% TBS-
T (3 times for 10min). After washing, the membrane was
incubated with a secondary antibody (horseradish peroxidase-
conjugated affinity purified goat anti-rabbit, 1:5,000 dilution,
Dako, Denmark; horseradish peroxidase-conjugated affinity
purified horse anti-mouse, 1:5,000 dilution, Cell Signaling

TABLE 1 | Clinical characteristics of study population.

CON DCM ICM

Number of samples 5 5 5

Gender (female/male) 3/2 2/3 4/1

Age (year) 29 ± 9 39 ± 10 57 ± 11

NYHA functional class III/IV, n n.a. 0/5 3/2

LVED, mm n.a. 68 ± 4 71 ± 4

LVSD, mm n.a. 63 ± 5 61 ± 8

PW, mm n.a. 9.5 ± 0.5 10 ± 1.5

IVS, mm n.a. 10 ± 0.7 11 ± 1.5

LVEF, % n.a. 16 ± 3 23 ± 3

Values are given in mean ± S.E.M. CON, healthy control individuals; DCM, dilated

cardiomyopathy; ICM, ischemic cardiomyopathy; NYHA, New York Heart Association;

LVED, left ventricular end-diastolic diameter; LVSD, left ventricular end-systolic diameter;

PW, posterior wall thickness; IVS, interventricular septum thickness; LVEF, left ventricular

ejection fraction; n.a., not applicable.

Technology, USA) in 1% non-fat dry milk in 0.1% TBS-T for 1 h
at room temperature. Then the membrane was washed again 3
times for 10min. For detection of the bands, the membrane was
incubated with ECL-Plus reagent (Amersham Biosciences, USA)
for 5min and then visualized. Band densities were evaluated by
using Quantity One software (Bio-Rad Imaging System, USA).
Equal loading was assessed by determining and normalizing to
GAPDH content of each sample. Briefly, stripped membranes
were probed with a primary antibody that recognizes GAPDH
(1:10,000 dilution, Cell Signaling Technology, Danvers, MA,
USA) for 2 h at room temperature, followed by washing with
TBS-T. Then the membrane was incubated with horseradish
peroxidase-conjugated affinity purified goat anti-rabbit antibody
(1:20,000 dilution) for 1 h at room temperature. The membrane
was washed again and band visualization and evaluation of band
densities were done as describe above. There was no significant
difference in GAPDH between groups.

Statistical Analysis
Statistical analysis was performed by one-way ANOVA using
Prism software (GraphPad Software, Inc., San Diego, USA), as
appropriate. All data were expressed as means ± S.E.M. For all
analyses, a p < 0.05 was considered statistically significant.

RESULTS

Study Patients
A detailed summary of clinical characteristics and medication of
study subjects are shown inTable 1. Patients of both genders were
enrolled in all groups. The age of patients suffering from ischemic
cardiomyopathy differed significantly from both control and
dilated cardiomyopathy patients as expected, since ischemic
cardiomyopathy leads to end-stage heart failure later and in older
population than dilated cardiomyopathy. DCMand ICMpatients
were in either New York Heart Association (NYHA) class III or
IV with no difference in major cardiac functional parameters.
All patients were treated with angiotensin-converting enzyme
inhibitors, beta-blockers and diuretics, however, aspirin and
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statins were only used in the treatment regime of ICM.
Control subjects received intravenous treatment composed
of very low catecholamine infusion (norepinephrine: 0.1–0.2
µg/kg/min, dopamine: 1–2 µg/kg/min). Adequate fluid balance
was maintained before heart explanation with intravenous fluids
(e.g., hydroxyethyl starch) and desmopressin.

NOX4 Transcript Variants Are Detected in
Human Hearts
The full length NOX4A consist of 18 different exons, giving
rise to the transcription of a 1,733 bp mRNA (Figure 1A).
The majority of isoforms lack one or more exons as a result
of alternative splicing. With an unbiased RNA sequencing
approach, we aimed to characterize the abundance of NOX4
splicing events. (Figure 1B) shows the detection of splice
variants (based on the Ensembl database) as detected by RNA
sequencing in control and failing human hearts. Currently there
are 17 NOX4-related entries, out of them 16 were detected in
control and failing human samples. Two sequences are only
retained introns (ENST0000524473 and ENST0000525278), and
ENST529343 has a premature stop codon potentially leading to
non-sense-mediated mRNA decay. However, the retained intron
sequence, ENST0000524473 was detectable in almost all samples.

It is also noteworthy that more alternative splicing events
were detected in the failing hearts (control average four events,
failing average 5.6 events). This was further confirmed by a long
distance PCR analysis that is shown on (Figure 1C). By using a
universal 5′-3′ end primer pair and a high fidelity enzyme and
longer amplification time, we were able the detect several NOX4
related transcripts, showing on one hand that the detected bands
are corresponding to the predicted and expected splice variants,
while on the other hand, it is also detectable on the agarose gel
picture that there is extensive splicing in the failing hearts when
compared to the healthy control left ventricular tissue.

NOX4 Protein Variants Are Present in
Failing Human Hearts with a Spatial and
Disease-Specific Distribution
To detect NOX4 variants at protein level, we used a polyclonal
antibody recognizing a conserved region of the protein (C-
terminal region) present in all transcript variants. During our
pilot experiments, we recognized that even in rodent samples
(rat kidney and heart) there is some extent of alternative splicing,
with a predominant expression of the 67-kDa band in both tissues
(Figure 2A).

However, in human hearts and using non-reducing loading
conditions this observation became more obvious (Figure 2B,
Supplementary Figure 1). Both in healthy control and failing
human hearts significant amounts of alternatively spliced forms
were detected. In ICM samples, the robust upregulation of
the 26-kDa form and downregulation of the 28-kDa form was
observed in all regions of the heart. Since the electrophoretic
mobility difference between the two forms is small, it is also
possible that we detected a posttranslational modification (e.g.,
deglycosylation—Goyal et al., 2005) of the same isoform. The
58-kDa form showed a significant upregulation in the IVS of

the ischemic failing hearts. In addition, we detected a significant
increase of the full length NOX4 (in non-reducing conditions the
major band is detected at the level of 90 kDa possibly as a complex
of a 67-kDa NOX4 with the p22 phox) in the IVS of ischemic
failing hearts that was associated with a tendency of upregulation
in the left ventricle as well (Figure 2C, Supplementary Figure 1).

In DCM samples, a significant upregulation of the 58-kDa
variant was seen, together with a tendency of increased full length
90-kDa complex, similarly to the ICM samples (Figure 2D,
Supplementary Figure 2).

To study the link between the observed difference in the
expression of the 28-kDa isoform and ERK1/2 phosphorylation
(Anilkumar et al., 2013), we performed pERK/ERKWestern blots
from left ventricular samples. We found significantly increased
phosphorylation of ERK1/2 in the ICM samples as compared to
CON samples, whereas there was an increase both in phosphor-
ERK and total-ERK levels when normalized to GAPDH in DCM
samples. These suggest activation of hypertrophic ERK signaling
independently from changes in NOX4D expression in these
samples (Supplementary Figure 3).

DISCUSSION

We described here for the first time that the NOX4 gene
undergoes alternative splicing in the human heart resulting in at
least three different protein isoforms. The full length NOX4 is
significantly upregulated in heart failure, while a smaller 28-kDa
isoform shows downregulation in ischemic failing hearts.

Alternative splicing is a critical process in RNA maturation
ensuring expression of functionally diverse proteins from
individual genes. Frequency of splicing events is estimated to
be really high, according to Pan and colleagues more than 85%
of the multi-exon genes contain at least one alternative splicing
event (Pan et al., 2008). Since alternative splicing is usually tissue
specific, and in many cases changes in alternative splicing occur
in a disease-specific manner during progression of the disease,
detection of splicing events could serve as a disease-specific
or disease stage-specific biomarker. In addition, regulation of
alternative splicing might affect disease outcome, pointing to the
theranostic potential of splicing events (Le et al., 2015). Although,
gene expression patterns in cardiac diseases have been extensively
studied over the last years, our overall knowledge in terms of
splicing events and the resulting protein isoforms and their
association with disease states is still very limited. The variability
in splicing may alter protein structure, thereby influencing
subcellular protein localization, and the overall function of
the particular protein. In the myocardium, alternative splicing
of sarcomeric genes, cardiac ion channels, and cell signaling
proteins have been reported so far, leading to the development
of cardiomyopathies and arrhythmias (Gao et al., 2011; Guo
et al., 2012; Lara-Pezzi et al., 2013; Maatz et al., 2014). Among
NOX family members, it is known that both NOX1 (Arakawa
et al., 2006) and NOX2 (Kuhns et al., 2010; Harrison et al.,
2012) enzymes undergo alternative splicing. Interestingly, in
lymphocytes of patients suffering from chronic granulomatosus
disease due to mutations in the CYBB gene (i.e., gp91 phox)
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FIGURE 1 | Known transcript variants of the NOX4 messenger RNA as original described in a human endothelial cell line by Goyal et al. (2005) (A). Splice variants

detected in control and failing human hearts by RNA sequencing (B). Each variant is annotated to an individual code in the Ensembl database. Black dots represent

the presence of the variant in the sample. Long distance PCR analysis to detect NOX4 transcripts (C). CON, control; ICM, ischemic cardiomyopathy; DCM, dilated

cardiomyopathy.

IFN-γ is capable of partially correcting mRNA processing defects
and improves splicing efficiency (Condino-Neto and Newburger,
2000). To date NOX4 transcripts variants have been reported
only in cell lines, including alveolar epithelial cells (Goyal et al.,
2005), vascular smooth muscle cells, endothelial cells, fibroblasts,
and cardiomyocytes (Anilkumar et al., 2013). Nevertheless,
the functional role of the transcripts is still largely unknown.
Anilkumar et al. have reported that the 28-kDa splice variant
(aka. NOX4D) is predominantly expressed in the nucleus, and
produces ROS that can activate kinase signaling cascades, such
as MAPK, and ROS-dependent extracellular-signal-regulated

kinases (ERK1/2) (Anilkumar et al., 2013), that may potentially
contribute to nuclear redox homeostasis (Hansen et al.,
2006). These observations are interesting in light of our
present results, since we observed a marked switch in the
expression/posttranslational modification of the 28-kDa isoform,
showing lower expression levels in the hearts of ischemic
cardiomyopathy patients. In our samples, however, we found
increased ERK phosphorylation both in ICM and DCM samples,
suggesting a potentially NOX4D-independent activation of
hypertrophic signaling during heart failure (Rose et al., 2010; Yeh
et al., 2010).
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FIGURE 2 | Alternative splicing of NOX4 in rat kidney and heart (A). Alternative splicing of NOX4 in human hearts (B). Quantitative evaluation of spliced NOX4

isoforms in ICM samples (C). Quantitative evaluation of spliced NOX4 isoforms in DCM samples (D). Data are mean ± S.E.M. n = 5/group. *p < 0.05. LV, left

ventricle; IVS, interventricular septum; RV, right ventricle; ICM, ischemic cardiomyopathy; DCM, dilated cardiomyopathy.
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Given the controversies in the NOX4 field, differences in
splicing events might also contribute to the different phenotypes
seen in the NOX4 knockout animals. So far four different knock-
out models have been published with deletions of different exons
(exons 1/2, exon 4, exon 9, or exons 14/15; for review please see:
Altenhofer et al., 2012). Therefore, it is possible that, in a tissue
specific manner, deletion of exon 4 or exon 9 may result in the
expression of NOX4 variants (NOX4D and E) leading to residual
NOX4 activity that complicates the interpretation of the results
seen in knock-out mice studies.

From a drug developmental point of view, alternative splicing
might be an important factor to consider as drug candidates
may have different effects on the spliced variants (e.g., a splice
event might underlie drug resistance de Necochea-Campion
et al., 2016). Therefore, NOX4 inhibitors currently under clinical
testing (e.g., GKT137831 from GenKyoTex S.A., VAS2870 from
Vasopharm GmbH, GLX351322 from Glucox Biotech AB—see
for review: Altenhofer et al., 2015) may also affect the activity of
splice variants differently that may in turn influence efficacy and
safety.

LIMITATIONS

A limitation of the present observational study is that our
conclusions are based on descriptive data from a limited set of
human samples. Due to the significant differences in the age of
the ICM patients and the healthy controls, we cannot rule out
the effect of age and the presence of different cardiovascular
comorbidities (Ferdinandy et al., 2007, 2014) on the observed
differences. Although mRNA and protein data clearly implicate
the presence of the alternative splice variants of NOX4, we
have not provided direct evidence by sequencing the proteins
after immunoprecipitation with the antibody used in the present
study.

CONCLUSIONS

In summary, our present study provides the first description
that the NOX4 mRNA undergoes alternative splicing in the
human heart, resulting in at least three different protein
isoforms. The full length NOX4 is significantly upregulated
due to heart failure that might contribute to ROS production
in the failing hearts, while a smaller 28-kDa isoform shows
downregulation in ischemic failing hearts possibly having
important roles in redox signaling of subcellular compartments.
Disease specific expression pattern of NOX4 isoforms may
provide new diagnostic and therapeutic targets in heart
failure, and disease-specific splicing events might represent

a new factor to consider when developing NOX4-modulator
drugs.
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Supplementary Figure 1 | Original Western blots for NOX4 (A), GAPDH (B), and

total protein staining by Ponceau S stain (C) in left ventricular (LV), right ventricular

(RV), and interventricular septal regions (IVS) of ischemic cardiomyopathy patients

(ICM).

Supplementary Figure 2 | Original Western blots for NOX4 (A), GAPDH (B), and

total protein staining by Ponceau S stain (C) in left ventricular (LV), right ventricular

(RV), and interventricular septal regions (IVS) of dilated cardiomyopathy patients

(DCM).

Supplementary Figure 3 | Original Western blots for phosphorylated ERK1/2,

total ERK1/2, GAPDH and total protein staining by Ponceau S stain in left

ventricular (LV) samples of ischemic (ICM—A) or dilated cardiomyopathy patients

(DCM—B), respectively. Data are mean ± S.E.M. n = 5/group. ∗p < 0.05.
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Background: Hypoxia represents both an outcome of cardiopulmonary diseases and

a trigger for severe pulmonary complications as pulmonary hypertension. Because

nitric oxide (NO) is a critical mediator in the development of pulmonary hypertension,

the modulators of its downstream function may become target of pharmacological

interventions aimed at alleviating the impact of this condition. Here, we investigate

the effects of an early administration of phosphodiesterase-5 inhibitor in rats where

pulmonary artery hypertension was induced by chronic exposure to hypoxia.

Methods: Rats were divided into three groups: normoxic control, hypoxic with no

treatments (2 weeks breathing an atmosphere containing 10% oxygen), and hypoxic

treated with sildenafil (1.4 mg/Kg per day in 0.3mL i.p.). After sacrifice, hearts and lungs

were removed and harvested for analyses.

Results: Sildenafil reduced hypoxia-induced right ventricle hypertrophy without effects

in lung hypertrophy, and blunted the increase in right ventricle pressure without effects on

left ventricle pressure. Furthermore, the NO-producing systems (i.e., the phosphorylation

of the endothelial isoforms of NO synthase that was measured in both myocardial and

lung tissues), and the blood NO stores (i.e., the plasma level of nitrates and nitrites)

were up-regulated by sildenafil. We did not find significant effects of sildenafil on weight

and hemoglobin concentration. Morphological analysis in lung biopsies revealed that 2-

week hypoxia increased the frequency of small pulmonary vessels leaving large vessels

unaffected. Finally, ultrastructural analysis showed that sildenafil down-regulated the

hypoxia-induced increase in the thickness of the pulmonary basal lamina.

Conclusions: In this model of pulmonary hypertension, sildenafil contrasts the negative

effects of hypoxia on pulmonary vascular and right ventricle remodeling. This action

does not only encompass the canonical vasomodulatory effect, but involves several
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biochemical pathways. Although the human pathological model is certainly more

complex than that described here (for example, the inflammatory issue), the potential role

of phosphodiesterase-5 for long-term treatment, and perhaps prevention, of pulmonary

hypertension is worthy of investigation.

Keywords: pulmonary hypertension, nitric oxide, phosphodiesterase 5, sildenafil, right heart failure, nitrites and

nitrates, endothelial NO synthase, pulmonary vascular remodeling

INTRODUCTION

Pulmonary hypertension (PH), a devastating complication of
several cardiopulmonary diseases such as chronic heart failure
(CHF) and chronic obstructive pulmonary disease (COPD),
arises from the progressive narrowing or destruction of the
arteries that carry blood from the heart to the lungs. The raise
in pulmonary arteries pressure strains the right ventricle (RV)
causing hypertrophy and eventually leading to right heart failure.
This pathobiology is complicated by hypoxia, which is at the same
time an outcome of pulmonary diseases and an established trigger
for PH as it was reported, for example, in rats breathing 10%
O2 for 2 weeks, which develop marked signs of RV hypertrophy
(Milano et al., 2011). Impaired nitric oxide (NO) bioavailability
is a key feature in most forms of clinical and experimental PH
(Giaid and Saleh, 1995; Bueno et al., 2013). Classically, NO is
believed to modulate the vascular function through stimulation
of smooth muscle cell soluble guanylate cyclase that catalyzes
the conversion of guanosine triphosphate into cyclic guanosine
monophosphate (cGMP), which lowers cytoplasmic Ca2+ and
mediates smooth muscle cell relaxation. Pharmacologically, this
effect can be made more persistent and intense by selective
inhibitors of phosphodiesterase type 5 (PDE5), an enzyme
that degrades cGMP into inactive 5′GMP. The best known
example of these inhibitors, sildenafil surged as a drug able
to alleviate symptoms in several cardiopulmonary diseases
including pulmonary arterial hypertension (PAH) (Guazzi and
Samaja, 2007) and to correct hypoxia-induced RV hypertrophy
(Milano et al., 2011). The underlying scenario reflects a situation
where the sildenafil-induced increase in cGMP levels upregulates
the phosphorylation of the endothelial isoform of NOS (eNOS),
which increases the phosphorylation of Akt, thereby mitigating
apoptosis in cardiomyocytes. Although we are far from definite
data due to the controversy of available results, in some cases the
administration of sildenafil revealed to be useful for the treatment
of cardiac heart failure devoid of remarkable adverse effects
(Guazzi et al., 2007). The same NO/cGMP pathway is used by
the drug riociguat that stimulates the activity of soluble guanylate
cyclase independently of NO and acts in synergy with NO to
produce anti-proliferative and vasodilatory effects (Lang et al.,
2012). However, sildenafil may also have effects not mediated

Abbreviations: PD, chronic obstructive pulmonary disease. eNOS, endothelial

isoform of NO synthase. LV, left ventricle. LVSP, LV systolic pressure. NO, nitric

oxide, NOx, nitrates and nitrites. PAH, pulmonary arterial hypertension. PDE-5,

phosphodiesterase-5. p-eNOS, phosphorylated isoform of eNOS. PH, pulmonary

hypertension. RV, right ventricle. RVSP, RV systolic pressure. TEM, transmission

electron microscope. VEGF, vascular endothelial factor. VEGFR1, receptor of

VEGF.

by modulation of vasoconstriction, and in lungs it has been
shown to improve pulmonary hemodynamic by modulating the
recruitment of bone marrow-derived c-kit+ cells (Favre et al.,
2017).

The basal lamina, a layer of extracellular matrix secreted
by epithelial cells, acts both as an attachment point for cells
and as a permeability barrier. Degenerative pathologies like
diabetes mellitus, but also primary respiratory diseases such
as asthma and COPD, are known to induce a thickening of
the pulmonary basal lamina (Weynand et al., 1999; Liesker
et al., 2009), whose thickness represents a compromise between
two opposite needs, providing mechanical resistance against
excessive pressure buildup, and facilitating the diffusion of
gasses across the alveolar-capillary barrier (West and Mathieu-
Costello, 1999). This compromise may be overruled in several
instances, and hypoxia-induced pulmonary edema has been
attributed to stress failure of pulmonary capillaries, which may
be due by un-matching the delicate balance between basal lamina
strengthening and increased pulmonary hypertension (West
et al., 1995). However, direct measurement of the basal lamina
thickness as a function of hypoxia is still lacking, consequently it
may become difficult to assess whether acute alterations of the
thickness and strength of the basal lamina may make part of
hypoxia adaptation and pulmonary hypertension development.
Aim of this study was to test the impact of sildenafil, a
PDE5 inhibitor, on right heart and pulmonary vessels in an
experimental model of hypoxia-induced PH.

METHODS

Animal Experiments
We used 42 male 8-week old Sprague-Dawley rats (200–
250 g initial nominal weight). Rats were randomly divided into
three groups: control, exposed to hypoxia (10% O2) for 2
weeks, and exposed to hypoxia and treated with sildenafil (1.4
mg/Kg per day in 0.3mL i.p.). Each group was composed
of two subgroups of 6 rats/each. Rats from the first and
second subgroup were used for morphometry/hemodynamics,
and biochemical measurements, respectively. Hypoxia was
administered in specially designed chambers that enable all
treatments, including drug administration and animals handling,
avoiding any exposure of animals to atmospheric air (Milano
et al., 2002, 2004). Sacrifice was performed 24 h after the last
administration. Rats were anesthetized (80 mg/kg xylazine, 100
mg/kg ketasol and 1,500 IU heparin i.p.) in the compensation
chamber kept at 10% O2. This study was carried out in
accordance with the recommendations of the National Institutes
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of Health (NIH Publication No. 85–23, Revised 1996). The
protocol was approved y the Government Veterinary Office
(Lausanne, Switzerland; authorization Nr VD2467.1).

Hemodynamic Monitoring
At the end of study, the left ventricle (LV) and right ventricle
(RV) systolic pressures (RVSP and LVSP, respectively) were
measured by placing a Millar Mikro-Tip conductance catheter
(SPR-838, 2F catheter, Millar Instruments Inc., Oxford, UK,
coupled to a MPVS Ultra system Millar Instruments, Oxford,
UK) as described (Favre et al., 2017). Briefly, anesthetized rats
were placed on a heating pad at 37◦C and ventilated at 50
cycles·min−1 with a tidal volume of 2.5ml (Harvard Apparatus
model 683, Holliston, MA, USA) with either room air or hypoxic
atmosphere for normoxic and hypoxic groups, respectively. To
evaluate the LVPS, theMillar catheter was introduced into the LV
via right carotid artery. To evaluate the RVSP, the chest cavity was
opened and the Millar catheter was introduced in the RV cavity
using a 24-gauge needle.

Blood Measurements
A blood sample was taken into heparinized tubes after euthanasia
from the descending abdominal aorta for measurement of
blood hemoglobin (Servomex Oxygen Analyzer 570A, Zurich,
Switzerland) and plasma nitrates and nitrites (colorimetric Griess
reaction).

Animal Sacrifice and Pulmonary and
Cardiac Hypertrophy
After the hemodynamic measurements, lungs and hearts were
perfused en-block with PBS via the RV with efflux through a
small opening in the left atrium as reported (Favre et al., 2017).
Then, lungs and hearts were placed in PBS solution and kept
on ice. After removing the atria from the ventricles, the RV
was separated from the LV and the septum (S), blotted dry and
weighed to obtain the ratio of RV/(LV+S).

Pulmonary Vascular Remodeling
The degree of muscularization of pulmonary arterioles was
assessed from immunohistochemical staining of the small
pulmonary artery, as previously described (Favre et al., 2017).
Briefly, paraffin-embedded lungs were serially sectioned at 8µm

thickness. Following citrate-based antigen retrieval, the sections
were blocked with 5% (v/v) goat serum for 1 h. Then, sections
were incubated with an antibody against smooth muscle α-
actin (α-SMA 1:250, clone 1A4, Sigma-Aldrich) overnight at
4◦C, followed by a goat anti-mouse IgG secondary antibody
(1/500, DAKO). Pulmonary arterioles were divided by outer
vessel diameter in four categories: small (0–50µm), medium
(50–100µm), large (100–200µm) and very large (>200µm)
diameters. Pulmonary vascular remodeling was assessed by the
percent medial wall thickness. Ten vessels were analyzed for each
rat, in seven rats per group per time-point, except for very large
(>200µm) vessels, where the number of analyzed vessels was
2–3. Morphological analyses were conducted in a double-blind
method.

Protein Extraction and Western Blot
Analysis
In a subset of experiment animals, standard Western blotting
analysis was performed using lung and cardiac lysates, as
described previously (Favre et al., 2017). The membranes
were incubated overnight at 4◦C with antibodies against p-
eNOS (Ser1177, 1:1,000, Cell Signaling Technology) and e-NOS
(1:1,000, Santa Cruz Biotechnology, Santa Cruz). Secondary
HRP-conjugated antibodies were applied for 1 h at room
temperature (1:4,000). Signals were detected by using the
enhanced chemiluminescence system (Amersham, Arlington
Heights, IL, USA) of a commercial ECL kit. Quantification of the
band intensities was performed using NIH ImageJ.

ELISA
VEGF and VEGF-R1 protein levels were quantified in lung
lysates by ELISA (ELISA kit, Assay Designs, Inc., MI). All
assays were made in duplicate and performed according to the
manufacturer’s instruction.

RT-PCR
Total RNA of lung tissues was extracted using the TRIzol method
as described (Favre et al., 2017). The relative amount of mRNA
expression for vascular endothelial growth factor (VEGF) was
represented using the 2-11Ct value. The primer pairs for VEGF
(109 bp) were designed (sense: 5′ -AGTACCTGTTCTGGCTAA
TGG-3′; anti-sense: 5′-TCACTTTCGTGCGCTCGTAG-3′) and

TABLE 1 | Whole animal data expressed as mean ± SEM.

Normoxia Hypoxia Hypoxia + sildenafil 1-way

ANOVA

Body weight initial, g 248.1 ± 3.0 246.5 ± 8.5 254.5 ± 9.1 NS

Body weight final, g 340.3 ± 7.9 252.2 ± 10.4§ 271.8 ± 5.1§
<0.0001

Heart weight, g 1.303 ± 0.047 1.383 ± 0.058 1.161 ± 0.054 0.0484

Lungs weight, g 1.545 ± 0.071 1.990 ± 0.058§ 1.957 ± 0.063§
<0.0001

Hematocrit, % 50.7 ± 1.5 66.0 ± 2.4§ 64.7 ± 1.3§
<0.0001

Hemoglobin, g/L 158.18 ± 3.58 200.25 ± 7.25§ 201.53 ± 5.15§
<0.0001

RBC/fl 8.65 ± 0.36 10.45 ± 0.43§ 10.05 ± 0.29§
<0.0001

§P < 0.05 vs. normoxia (Tukey’s multiple comparison test). No significant differences have been observed between hypoxia and hypoxia + sildenafil.
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FIGURE 1 | Effects of 2-week hypoxia (10% O2) and hypoxia + sildenafil on

the heart/body weight ratio, right ventricle hypertrophy, lung/body weight ratio,

and number of vessels in the right lung. Data are expressed as mean ± SEM.

The 1-way ANOVA value is reported for each variable. $P < 0.05 vs.

normoxia, §P < 0.05 between hypoxia and hypoxia + sildenafil (Tukey’s

multiple comparison test).

for the housekeeping gene GAPDH (359 bp) were (forward) 5′-T
GAAGGTCGGTGTGAACGGATTTG-3′ and (reverse) 5′-GGC
GGAGATGATGACCCTTTTG-3′, respectively.

Transmission Electron Microscopy (TEM)
Lung biopsies were fixed in 2.5% (v/v) glutaraldehyde dissolved
in 0.13M phosphate buffer (pH 7.2–7.4). Five specimens for
each biopsy were post-fixed in 1% OsO4, dehydrated in ethanol
plus propylene oxide and embedded in epoxy resin. Ultrathin
50–60 nm sections were routinely counterstained with uranyl
acetate (10min, Merck, Darmstadt, Germany) and lead citrate
(5min, Merck, Darmstadt, Germany), and examined with a JEM
1010 (Jeol, Tokyo, Japan) electron microscope. To determine the
median basal lamina thickness, the Marquez simplified method

FIGURE 2 | Effects of 2-week hypoxia (10% O2) and hypoxia + sildenafil on

the pressures developed by the left and right ventricles. Data are expressed as

mean ± SEM. The 1-way ANOVA value is reported for each variable.
$P < 0.05 vs. normoxia, §P < 0.05 between hypoxia and hypoxia + sildenafil

(Tukey’s multiple comparison test).

was applied in printed 18 × 24 cm micrographs taken at 24,000
×magnification using 10 areas at a fixed 4mm distance from one
to another. The average thickness measured in the 10 areas was
considered as the final value. To determine the mitochondrial
size, the areas of 30 randomly selected mitochondria for each
condition was calculated.

Statistics
Data are expressed as mean ± SEM. To measure the effects
of hypoxia and sildenafil, we performed one-way analysis of
variance followed by the Tukey’s multiple comparison test if
significant. The significance level was set at P = 0.05.

RESULTS

Whole Animal Data
All animals survived the experimental protocol without signs of
discomfort. Whole animal data are reported in Table 1. Exposure
to hypoxia for 2 weeks decreased body weight. Likewise, hypoxia
increased blood hemoglobin, hematocrit and red cell count. No
changes were observed in heart weight, but hypoxia increased the
wet weight in both lungs. None of these variables was affected by
sildenafil.

Sildenafil Reduced Hypoxia-Induced Right
Ventricle Hypertrophy Without Effects in
Lung Morphology
Although the heart weight was apparently unaffected by neither
hypoxia, nor sildenafil, the simultaneous decrease in body
weight led to varied heart/body weight ratios, which is an
index of myocardial hypertrophy (Figure 1). This ratio increased
markedly in untreated rats upon hypoxia, but the administration
of sildenafil markedly blunted this effect. The RV/(LV+S) ratio is
a reliable index of RV hypertrophy. This ratio increasedmarkedly
after 2-week hypoxia, but the increase was less in sildenafil-
treated rats. The lung/body wet weight was also markedly
increased by hypoxia, and sildenafil was unable to alleviate
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FIGURE 3 | Effects of 2-week hypoxia (10% O2) and hypoxia + sildenafil on the wall thickness of small (0–50µm), medium (50–100µm), large (100–200µm), and

very large (>200µm) pulmonary vessels determined as explained in the Materials and Methods section. The lower row shows representative images taken from each

group. Notations (A-C) refer to normoxia, hypoxia, and hypoxia + sildenafil, respectively. The bar represents 100µm. Data are expressed as mean ± SEM. The 1-way

ANOVA value is reported for each variable. $P < 0.05 vs. normoxia, §P < 0.05 between hypoxia and hypoxia + sildenafil (Tukey’s multiple comparison test).

this increase. Likewise, the number of vessels in the right lung
increased during hypoxia and sildenafil corrected this increase.

Sildenafil Blunted the Increase in Right
Ventricle Pressure Without Effects on Left
Ventricle Pressure
Figure 2 shows the left and right ventricle pressure as measured
as explained in the Materials and Methods section. The pressure
developed by the left ventricle was not affected by neither
hypoxia nor sildenafil. By contrast, the pressure developed by
the right ventricle was increased by hypoxia, indicative of PAH
development. This increase was markedly blunted in sildenafil-
treated rats.

Two-Week Hypoxia Increases the
Frequency of Small Pulmonary Vessels
Leaving Large Vessels Unaffected
As shown in Figure 1, hypoxia increased the number of
pulmonary vessels. To ascertain whether this increase was
shared to both newly formed and mature vessels, we measured
the frequency of vessels in four categories of wall thickness,
arbitrarily divided into small (0–50µm), medium (50–100µm),
large (100–200µm), and very large (>200µm) diameters
(Figure 3). It appears that the effect of hypoxia was more
pronounced for small vessels and progressively diminished with

the vessels diameter. As a result, the anti-hypoxic effect of
sildenafil was more marked in small than in large vessels. The
frequency of very large vessels was unaffected by either hypoxia
or sildenafil.

NO-producing Systems Are Up-Regulated
by Sildenafil
The p-eNOS/eNOS ratio highlights the activation of NO-
producing enzymes. In both heart and lung biopsies,
hypoxia decreased this ratio, while sildenafil promoted eNOS
phosphorylation (Figure 4). The plasma level of nitrates and
nitrites (NOx) marks the NO stores level. While hypoxia
produced an increase in plasma NO stores, sildenafil was able to
further increases it. However, neither hypoxia nor sildenafil were
able to affect none of the factors linked to the vascular endothelial
growth factor (VEGF). Indeed, the protein expression of VEGF
and VEGF-R, as well as VEGF mRNA remained constant in the
three groups.

Sildenafil Efficiently Down-Regulates the
Hypoxia-Induced Increase in the Thickness
of the Pulmonary Basal Lamina
Figure 5 shows some representative electron microscope images
highlighting the effects of 2-week hypoxia (10%O2) and sildenafil
on mitochondrial size and the thickness of the basal lamina.
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FIGURE 4 | Effects of 2-week hypoxia (10% O2) and hypoxia + sildenafil on the phosphorylation and activation of NO-generating enzymes as well as on the level of

nitrites and nitrates in plasma (Upper row), and VEGF-related parameters (Lower row). Data are expressed as mean ± SEM. The 1-way ANOVA value is reported

for each variable. $P < 0.05 vs. normoxia, §P < 0.05 between hypoxia and hypoxia + sildenafil (Tukey’s multiple comparison test).

Averaged data obtained in all available samples are shown on
the right panel. As expected, hypoxia increased themitochondrial
size, and sildenafil contrasted this effect. Likewise, while hypoxia
increased the thickness of the basal lamina, sildenafil down-
regulated this increase.

DISCUSSION

In this study, we report some cardiopulmonary responses to 2-
week chronic hypoxia. The severity of the hypoxia challenge, 10%
O2, is known to induce molecular and cellular alterations without
becoming lethal even after 4 weeks inmice (Terraneo et al., 2017).
In the rat, breathing 10% O2 for 2 weeks impairs the myocardial
tolerance to ischemia/reperfusion (Milano et al., 2002), induces

RV hypertrophy (Corno et al., 2004), impairs K+

ATP channels
opening (Milano et al., 2004), activates hypoxic signaling and
apoptosis (Bianciardi et al., 2006), modulates differentially the
expression of mitogen-activated protein kinases (Caretti et al.,
2007) and increases the immunoreactivity against the 70 kDa
heat shock proteins (Tarricone et al., 2008). Furthermore, 2-
week hypoxia also reduces the myocardial p-eNOS/eNOS ratio
while increasing plasma NOx in a mechanism resembling that
underlying intermittent hypoxia (Milano et al., 2010, 2011).
Here, we show that most of the hypoxia-induced changes that
regard NO handling in the lungs may be strongly modulated by
sildenafil.

Despite its short plasma half-life of sildenafil of 4–6 h
(Boolell et al., 1996), the selected dose and timing for sildenafil
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FIGURE 5 | Effects of 2-week hypoxia (10% O2) and hypoxia + sildenafil on mitochondrial size and the thickness of the pulmonary basal lamina. Two representative

micrographs for each group are displayed. Notations (A-C) refer to normoxia, hypoxia, and hypoxia + sildenafil, respectively. Arrows indicate the basal lamina, while

the notation M indicates the mitochondria (scale bars = 0.5µm). Averaged data on the right panel are expressed as mean ± SEM. The 1-way ANOVA value is

reported for each variable. $P < 0.05 vs. normoxia, §P < 0.05 between hypoxia and hypoxia + sildenafil (Tukey’s multiple comparison test).

administration was already shown to be sufficient to enable
sildenafil to hit its target by inducing a x4 increase in cGMP
in heart tissue (Milano et al., 2011). Sildenafil was shown to
protect tissue by elevating the protein level of both iNOS
and eNOS (Salloum et al., 2003). The activation of the NO-
producing system by eNOS Ser1177 phosphorylation was reported
to be a key step through which sildenafil exerts cardioprotective
effects in chronically hypoxic hearts (Baker et al., 2001) by
reducing apoptosis, enhancing protein kinase B activation
(Milano et al., 2011), down-regulating intracellular calcium
by mitochondrial K+ATP channels opening (Fitzpatrick et al.,
2005), and attenuating the recruitment of bone-marrow-derived
c-kit(+) cells (Favre et al., 2017). Remarkably, we were unable
to document a similar effect on VEGF and VEGF-R1 expression
that were reviewed to be upregulated by sildenafil in an attempt to
improve angiogenesis to restore the hypoxia-challenged viability
(Liu and Simon, 2004). However, the situation in lungs that are
exposed directly to atmospheric air may be quite different from
that in other internal organs where angiogenesis is the key way to
transfer the oxygen brought by capillary blood. Because sildenafil
did not affect the blood hemoglobin concentration, the increased
activation of eNOS reflects into higher plasma NO stores or NOx.

The total number of vessels in both lungs appear to follow
the same pattern described for eNOS phosphorylation and NO

stores: whereas exposure to hypoxia increases the value, the
administration of sildenafil can markedly reduce, and sometimes
blunt, such increase. However, the changes in size distribution
of pulmonary vessels is dependent on the vessel diameter. Small
pulmonary vessels are strongly affected by hypoxia and by
sildenafil. By contrast, larger pulmonary vessels are less affected
by hypoxia and sildenafil. If the size of the pulmonary vessels
is associated with their degree of maturation, then this may be
attributed to the vessel maturation process. The thickness of the
basal lamina may be another key to understand the effects of
PDE-5 inhibition in lungs. As mentioned above, the pulmonary
blood-gas barrier represents a compromise between two opposite
needs: a reduced thickness favors oxygen diffusion, while its
increase contributes to strengthen the barrier. If hypoxia involves
high RVSP, and sildenafil reduces it, this translates into less
demand to improve pulmonary resistance against circulatory
stress by tightening the basal lamina, thus favoring oxygen
diffusion. As such, sildenafil may be considered an “anti-hypoxic”
drug.

PH is an important complication in the natural history
of cardiopulmonary diseases, such as COPD. Its presence is
associated with reduced survival and greater use of healthcare
resources. In COPD, pulmonary vascular remodeling, due to
inflammation and/or hypoxia, affects small and precapillary
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arteries, and has been identified at different degrees of disease
severity. Patients with end-stage COPD and PH show deposition
of longitudinal muscle, fibrosis and elastosis that enlarge the
intima in pulmonary muscular arteries (Barberà and Blanco,
2009). Impairment of endothelial function may be associated
with or result from changes in the expression or balanced release
of vasoactive mediators with vasodilator properties, such as NO
or prostacyclin, and mediators with vasoconstrictive properties,
such as endothelin-1 or angiotensin. Indeed, eNOS expression
in pulmonary arteries, which is diminished in patients with
idiopathic PAH (Giaid and Saleh, 1995) is also reduced in
COPD patients (Yang et al., 2012) and in smokers without
airflow obstruction (Barberà et al., 2001). In COPD, pulmonary
vasodilation can lead to deterioration of gas exchange due to
the high ventilation/perfusion ratio mismatch areas. Inhaled
prostanoids may acutely reduce pulmonary arterial pressure
while largely maintaining gas exchange; however, long-term
clinical trials have not been reported. Robust data for the clinical
beneficial effect of endothelin receptor antagonists (ERAs) on
pulmonary hemodynamics and exercise tolerance in COPD
with pulmonary hypertension are lacking. Finally, there is
definitely a lack of evidence of a long-term clinical beneficial
effect of PDE5 inhibitors in COPD patients (Seeger et al.,
2013), even if a recently published study demonstrated that
treatment with sildenafil is able to reduce pulmonary vascular
resistance and improve the BODE index (a multidimensional
grading system that predict mortality in COPD) and quality
of life, without a significant effect on gas exchange, in a
cohort of patients with severe pulmonary hypertension and
COPD (Vitulo et al., 2017). In this context, the result of
the present study, which demonstrates that sildenafil affects
the negative effects of hypoxia on right ventricle through
its impact on NO-pathway, may be of interest because one
can speculate a protective effect of sildenafil, or other drugs
active on the NO-pathway such as riociguat, on vessels
remodeling leading and pulmonary hypertension and right
ventricle hypertrophy.

CONCLUSIONS

In the described model of pulmonary hypertension induced
by chronic exposure to hypoxia, PDE-5 inhibition by sildenafil
contrasts the negative effects of hypoxia on pulmonary and
right ventricle remodeling. This action does not only encompass
the canonical vasomodulatory effect, but involves several cell
pathways. Although the human pathological model is certainly
more complex than that described here (for example, by
including marked pro-inflammatory issues), PDE-5 inhibition
may become an appreciable target for long-term treatment of
pulmonary hypertension, and perhaps also for the prevention of
this debilitating disease.
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G protein-coupled estrogen receptor (GPER) is an estrogen receptor expressed in
the cardiovascular system. G1, a selective GPER ligand, exerts cardiovascular effects
through activation of the PI3K-Akt pathway and Notch signaling in normotensive
animals. Here, we investigated whether the G1/GPER interaction is involved in the
limitation of infarct size, and improvement of post-ischemic contractile function in
female spontaneous hypertensive rat (SHR) hearts. In this model, we also studied
Notch signaling and key components of survival pathway, namely PI3K-Akt, nitric
oxide synthase (NOS) and mitochondrial K+-ATP (MitoKATP) channels. Rat hearts
isolated from female SHR underwent 30 min of global, normothermic ischemia
and 120 min of reperfusion. G1 (10 nM) alone or specific inhibitors of GPER,
PI3K/NOS and MitoKATP channels co-infused with G1, just before I/R, were studied.
The involvement of Notch1 was studied by Western blotting. Infarct size and left
ventricular pressure were measured. To confirm endothelial-independent G1-induced
protection by Notch signaling, H9c2 cells were studied with specific inhibitor, N-[N-
(3,5 difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT, 5 µM), of this
signaling. Using DAPT, we confirmed the involvement of G1/Notch signaling in limiting
infarct size in heart of normotensive animals. In the hypertensive model, G1-induced
reduction in infarct size and improvement of cardiac function were prevented by the
inhibition of GPER, PI3K/NOS, and MitoKATP channels. The involvement of Notch
was confirmed by western blot in the hypertensive model and by the specific inhibitor
in the normotensive model and cardiac cell line. Our results suggest that GPERs
play a pivotal role in mediating preconditioning cardioprotection in normotensive and
hypertensive conditions. The G1-induced protection involves Notch1 and is able to
activate the survival pathway in the presence of comorbidity. Several pathological
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conditions, including hypertension, reduce the efficacy of ischemic conditioning
strategies. However, G1-induced protection can result in significant reduction of I/R
injury also female in hypertensive animals. Further studies may ascertain the clinical
translation of the present results.

Keywords: cardioprotection, preconditioning, H9c2, isolated rat hearts, reperfusion injury salvage kinases,
PI3K/Akt, NOS

INTRODUCTION

The G protein-coupled estrogen receptor (GPR30/GPER) is
expressed in the heart and it mediates non-genomic effects of
estrogen. It has been suggested that GPER activation mediates
beneficial effects in the cardiovascular system, as demonstrated
using pharmacological agonists/antagonists of GPER (Dennis
et al., 2009). In this regard, the synthetic and selective GPER
agonist, G1 (Bologa et al., 2006), has been shown to activate
signaling pathways involved in cardiomyocytes survival, thus
improving cardiovascular function both in normal and stressful
conditions. Yet, the synthetic and selective GPER antagonist,
G15 (Dennis et al., 2009), prevented these beneficial effects
(De Francesco et al., 2013, 2017). To obtain its effect, GPER
cross-reacts with a number of cell signaling systems, including
the epidermal growth factor receptor, the mitogen-activated
protein kinases and the Notch signaling pathway (Pupo et al.,
2016).

In the normotensive rat, GPER activation improves contractile
recovery and limits infarct size in isolated rat hearts following
ischemia/reperfusion (I/R) through a gender-independent and
PI3K-dependent mechanism (Deschamps and Murphy, 2009).

The potential of ischemic preconditioning to reduce I/R injury
has been recognized more than 30 years ago (Hausenloy et al.,
2016). Preconditioning limits I/R injury via multiple pathways.
However, the effectiveness of this cardioprotective intervention
is noticeably reduced in pathological animal models, such as
hypertensive animals (Ferdinandy et al., 2007).

Several data demonstrated that in both normotensive male
and female rodent models, the GPER activation plays a role as
pre- and post-conditioning cardioprotective agent in vitro and
ex vivo (Deschamps and Murphy, 2009; Bopassa et al., 2010;
Deschamps et al., 2010; Li et al., 2015; Feng et al., 2017; Menazza
et al., 2017). These GPER-dependent cardioprotective effects are
displayed by its ability to improve the functional recovery, to
preserve the mitochondrial structural integrity and function and
to reduce mitophagy.

However, the potential of GPER to mediate beneficial effects
in hypertensive conditions has not yet been fully investigated.

In male spontaneously hypertensive rats (SHRs) hearts, we
have reported that the activation of GPER reduced the expression
of apoptotic and fibrotic factors and induced negative inotropic
and lusitropic effects (De Francesco et al., 2013). In these hearts,
GPER induced activation Akt/PKB, ERK1/2, GSK-3β, c-Jun and
endothelial nitric oxide (NO) synthase (eNOS) signaling. Also,
GPER prevents the detrimental cardiac effects of certain anti-
cancer agents like Doxorubicin (De Francesco et al., 2017).
Hence, GPER may represent a novel pharmacological target in
the treatment of some cardiovascular pathologies associated with

stressful conditions, such as hypertension (De Francesco et al.,
2013).

Besides cross-talking with GPER in breast cancer cell
lines (Pupo et al., 2014), Notch signaling pathway plays an
important role in regulating cell death, differentiation, and
angiogenesis (Lubecka et al., 2016). Moreover, it is associated with
cardioprotection. Indeed, Notch signaling pathway activation
reduces I/R injury and modulates cardiac repair after myocardial
infarction (Li et al., 2010). Importantly, Notch drives cell
survival signaling contributing to cardioprotection by ischemic
conditioning protocols in healthy animals (Zhou et al., 2013).
Therefore, we hypothesized that GPER/Notch pathway may be
involved in the cardioprotection mediated by GPER-agonist in
hypertensive female models. To ascertain this hypothesis, we
studied GPER/Notch pathway in the heart of hypertensive model,
firstly using the two synthetic molecules G1 and G15, which act as
selective and potent agonist and antagonist of GPER, respectively.
These allowed to discriminate the selective GPER activation
from the estrogen effects mediated by the classical intracellular
estrogen receptors (ER α/β). In addition, in order to further
explore the mechanism of action GPER-dependent, specific
inhibitors of PI3K/NOS pathway and mitoKATP channels were
used. The Notch involvement was studied by Western blot
analysis. For comparative purpose, we confirmed the role
of GPER/Notch pathway in hearts of normotensive animals
using specif inhibitors of GPER and Notch pathway. To
further analyze a direct cardioprotective effect of GPER agonist,
we studied its effect in an in vitro model of injury: we
subjected rat embryonic-heart derived cardiomyoblasts (H9c2) to
hypoxia/reoxygenation with and without inhibitors of PI3K/NOS
pathway and MitoKATP channels.

MATERIALS AND METHODS

Animals
Female normotensive Wistar rats (n = 25; body weight: 250–
300 g; Harlan Laboratories, Udine, Italy) and Female SHRs
(n = 28; body weight: 250–300; Harlan Laboratories, Udine,
Italy) received humane care in compliance with the Guide for
the Care and Use of Laboratory Animals published by the
United States National Institutes of Health (NIH Publication
No. 85-23, revised 1996). Two normotensive Wistar rat hearts
and one SHR heart were discarded due to their very low left
ventricular developed pressure or other technical issues after
connection to the perfusion line. In accordance with the Italian
law in force (DL n. 116, January 27, 1992), regarding animal
protection, the scientific project has been approved by the Italian
Ministry of Health (Rome, Italy). All animals were identically
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housed under controlled light and temperature conditions with
access to food and water ad libitum. SHR female rats, used in this
paper for hemodynamic studies, are part of a set of hypertensive
animals whose male counterpart was employed in previous works
(De Francesco et al., 2013; Pasqua et al., 2015). The basal blood
pressure of female animals (recorded before experiments by the
tail-cuff method) displayed the same trend of male rats (data not
shown).

Experimental Models
Isolated Perfused Heart
The methods were similar to those previously described (Penna
et al., 2009, 2011; Pasqua et al., 2015). Briefly, each animal
was heparinized (800 U/100 g b.w., i.m.) and after 10 min
rats were anesthetized with i.p. injection of ethyl carbamate
(2 g/kg rat), then hearts were rapidly excised and immediately
arrested in ice-cold buffered Krebs–Henseleit solution (KHS)
for subsequent aorta cannulation. Hearts were then perfused at
constant retrograde flow (12 ml/min) and constant temperature
of 37◦C. Perfusion medium was a modified Krebs–Henseleit
Solution (KHS; pH 7.4) gassed with 95% O2 and 5% CO2
containing (in mM): 113.0 NaCl; 4.7 KCl; 1.2 MgSO4; 25.0
NaHCO3; 1.2 KH2PO4; 1.8 CaCl2; 11.0 glucose; 1.1 mannitol; 5.0
Na-pyruvate (Pasqua et al., 2015). A water-filled latex balloon was
connected to a pressure transducer (BLPR, WRI, Inc., Saratota,
FL, United States) and pushed into the left ventricle (LV) through
the mitral valve. Another pressure transducer connected with
perfusion cannula was used to measure coronary pressure (CP).
The developed left ventricular pressure (dLVP; mmHg, index
of contractile activity) and the left ventricular end diastolic
pressure (LVEDP; mmHg, index of contracture) were measured
to evaluate cardiac function. The LVEDP was set to obtain
a 5–8 mmHg pressure. Cardiac performance was recorded by
using the PowerLab data acquisition system. Parameters were
quantified by using Chart Software (ADInstruments, Oxford,
United Kingdom) (Pasqua et al., 2015).

After stabilization, reference parameters were recorded and
each heart was assigned in random order to one of the following
experimental groups described below (Figure 1A).

Normotensive Heart Model
Four groups of hearts isolated from normotensive animals were
subjected to the following protocols:

(1) Sham group (n = 3): hearts were stabilized for 30 min and
then subjected to 150 min of perfusion only.

(2) I/R group (n = 8): after a 30 min stabilization period,
the perfusion was completely stopped (global no-flow
ischemia) for a duration of 30 min. Thereafter, hearts were
reperfused for 120 min.

(3) GPER agonist G1 (G1) group (n = 7): hearts were
pre-treated with G1 (10 nM), a GPER selective agonist
for 20 min. Thereafter the hearts were subjected to I/R
protocol, as above (De Francesco et al., 2013).

(4) G1+Notch inhibitor group (n = 5): hearts were
pre-treated with a co-infusion of G1 and a selective
inhibitor of Notch pathway, namely N-[N-(3,5

difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl
ester (DAPT, 5 µM) (Boccalini et al., 2015), and then four
hearts were subjected to I/R.

Hypertensive Heart Model
In the following groups: Sham (n = 3), I/R (n = 3), G1 (n = 5),
hearts isolated from female SHR were subjected to the protocols
described above for normotensive animals.

Moreover, to deepen the signaling pathway involved in
protection, the following groups were studied in the hypertensive
model:

(8) G1+G15 group (n = 4): hearts were pre-treated with a
co-infusion of the selective GPER agonist, G1 (10 nM),
and the selective GPER antagonist G15 (100 nM) (De
Francesco et al., 2013) and then subjected to I/R.

(9) G1+ WT group (n = 4): after stabilization, hearts were
pretreated with a co-infusion of G1 (10 nM) and WT
(100 nM) (Deschamps and Murphy, 2009; Penna et al.,
2017).

(10) G1+L-NIO group (n = 4): after stabilization, hearts were
pretreated with a co-infusion of G1 (10 nM) and L-NIO
(10 µM) (El-Mas et al., 2009; De Francesco et al., 2013).

(11) G1+5HD group (n = 4): after stabilization, hearts were
pretreated with a co-infusion of G1 (10 nM) and 5HD
(100 µM) (Ajmani et al., 2011; Perrelli et al., 2013).

G1 concentration was selected on the basis of previous
experiments (De Francesco et al., 2013).

The concentration for each pharmacological inhibitor was
selected on the basis of preliminary dose–response curves,
and according to the literature, as the first dose that did not
significantly affect cardiac performance (De Francesco et al.,
2013; Perrelli et al., 2013; Boccalini et al., 2015; Penna et al.,
2017). The stability of the preparations was previously assessed by
measuring each variable considered every 10 min. The stability of
the preparation was on average 180 min.

In line with 3R principle for more ethical use of animals, we
used less than four animals in those groups in which we have
previous evidence of similar results (Penna et al., 2009, 2010,
2012; Rocca et al., 2018).

Cell Culture
The cardiac myoblast H9c2 cell line (ATCC, CRL-1446) was
maintained in DMEM supplemented with 10% heat-inactivated
fetal bovine serum (FBS) and 1% (v/v) streptomycin/penicillin in
a humidified incubator at 37◦C under 5% CO2 air prior to use
(Hescheler et al., 1991).

In all sets of experiments, 80% confluent flasks were detached,
counted in the Burker chamber and plated in 96 wells plate at a
density of 5000 cells/well. Cells were then left for 24-h in standard
culture conditions before applying the hypoxia/reoxygenation
(H/R) protocols.

Hypoxia/Reoxygenation (H/R) Protocol
In this set of experiments, performed for comparative purposes,
cells were cultured in normoxic conditions (21% O2 and 5% CO2)
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FIGURE 1 | Timeline of experimental protocols. (A) Protocols of ischemia/reperfusion (I/R) in isolated rat hearts and Sham group. G1 was given for 20 min before
ischemia and inhibitors (DAPT, inhibitor of Notch or G15, selective GPER antagonist or Wortmannin, a specific inhibitor of PI3K activity or L-N5-(1-iminoethyl)ornithine
(L-NIO), a specific inhibitor of nitric oxide synthase (NOS), or 5-hydroxydecanoate (5HD), a specific inhibitor of mitochondrial ATP-sensitive potassium [MitoK(ATP)])
were given 5 min before G1 and was stopped at the end of the 20 min of infusion of G1. (B) Protocols of normoxia and hypoxia/reoxygenation (H/R) in H9c2 cells.
G1 or G1+DAPT or DMSO were given before hypoxia/reoxygenation protocol. MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide dye is used as
colorimetric assay for assessing cell metabolic activity, reflecting the number of viable cells present. IB, ischemic buffer.

or in conditions of Hypoxia/Reoxygenation (1% O2 and 5% CO2
for 2 h, and subsequently 21% O2 and 5% CO2 for 1 h).

As Normoxia (N) we considered cell survival studied during
standard H9c2 culture conditions.

As Hypoxia/Reoxygenation (H/R) we considered cell survival
studied with for 2-h and a subsequent reoxygenation for 1-h.
H/R protocol was obtained in a hypoxic chamber (INVIVO2
200, Belsar, Varese, Italy) and with an “Ischemic Buffer” (IB)
containing (in mM): 137 NaCl; 12 KCl; 0.49 MgCl2; 0.9 CaCl2;
4 HEPES; 20 sodium lactate (pH 6.2) (Yin et al., 2013).

Before hypoxia, cells were pre-treated with G1 (10 nM) (De
Francesco et al., 2013), or G1+ DAPT, (5 µM); (Boccalini et al.,
2015) dissolved in DMEM-2% FBS in normoxic conditions and
in IB in hypoxic conditions. Experimental groups, recapitulated
in Figure 1B, are as follows:

(a) Control Groups, untreated cells cultured in normoxic
conditions (H9c2-N); untreated cells subjected to H/R
(H9c2-H/R).

(b) G1 Group, cells pre-treated with G1 (10 nM) and then
subject to H/R protocol (H9c2_G1_H/R).

(c) G1+DAPT Group, cells pre-treated with G1 +

DAPT (5 µM) and then subject to H/R protocol
(H9c2_G1+DAPT_H/R).

(d) DAPT Group, cells pre-treated with DAPT and then
subject to H/R protocol (H9c2_DAPT_H/R).

(e) DMSO Group, cells pre-treated with DMSO (0.1%) and
then subject to H/R protocol (H9c2_DMSO_H/R).

Assessment of Myocardial Injury
Infarct mass was measured as usual in our laboratories (Penna
et al., 2014; Pasqua et al., 2015). In short, the hearts were detached
from the perfusion system at the end of the reperfusion and
the left ventricles cut into circumferential sections about 2 mm
thick. The heart slices were incubated for 20 min at 37◦C in a
0.1% nitro-blue tetrazolium solution with phosphate buffer. The
non-colored necrotic tissue was carefully separated from the vital
tissue colored by an observer who was unaware of the studied
protocol. The necrotic mass was gravimetrically weighed and
expressed as a percentage of total left ventricular mass that was
considered to be a risk area for global ischemia (Penna et al.,
2014).

MTT Assay
At the end of all experiments, cell viability was assessed
using the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) kit (Pasqua et al., 2015). The absorbance was
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measured at 570 nm using a microplate reader and the results
were expressed as a percentage of control.

Western Blotting and Densitometric Analysis
Immunoblot procedures and analyses were conducted as
previously described (Rocca et al., 2018). Immediately after
the hearts had undergone the specific protocols described
above (Sham, I/R, I/R+DAPT, I/R+G1, I/R+G1+DAPT for
normotensive group and Sham, I/R, G1, and G1+G15 for
hypertensive group), the cardiac apices were frozen in liquid
nitrogen before being stored at −80◦C until protein extraction
(Penna et al., 2014). Myocardial tissues of the above groups
were homogenized in a frozen RIPA lysis buffer (Sigma-Aldrich,
St. Louis, MO, United States) containing a mixture of protease
inhibitors (1 mM of aprotinin, 20 mM of phenylmethylsulfonyl
fluoride, and 200 mM of sodium orthovanadate). Subsequently,
myocardial homogenates were centrifuged at 15,000 × g for
25 min at 4◦C for debris removal. Protein concentration was
assessed using a Bradford reagent following the procedure
described by the manufacturer (Sigma-Aldrich, St. Louis, MO,
United States).

30 µg of total protein were separated on 10% SDS-
PAGE gel [for β-actin, phospho-protein kinase B (p-Akt),
total Akt (t-Akt), total Notch1, and cleaved Notch1)] or
8% Gel SDS-PAGE [for phospho-endothelial NOS (p-eNOS)
and total eNOS (t-eNOS)], subjected to electrophoresis and
transferred to polyvinyl-fluoride membranes (PVDFs). The non-
specific binding was blocked by incubating the membranes
with a buffered saline solution (TBS)/Tween 0.1%, pH 7.6
(TBST), containing 5% of fat-free dried milk and 0.5% BSA,
for 1 h at room temperature. The PVDF membranes were
incubated overnight at 4◦C with a goat polyclonal antibody
for Notch1 (C-20; Santa Cruz, CA, United States), which
recognizes the carboxy-terminal of the Notch1 receptor, to
detect the precursor of Notch1 (Notch1-PR, 250 kDa) (Caliceti
et al., 2013; Fortini et al., 2017) or rabbit monoclonal
antibody against cleaved Notch (Cell Signaling Technology,
Inc., Danvers, MA, United States), which detects endogenous
levels of intracellular Notch1 domain (NICD) when released
from the cleavage between Gly1753 and Val1754. Samples were
also incubated with rabbit polyclonal antibody against p-Akt,
Akt, or eNOS (Santa Cruz Biotechnology, Inc., Dallas, TX,
United States), with monoclonal goat antibody against p-eNOS
(Santa Cruz Biotechnology, Inc., Dallas, TX, United States),
with mouse monoclonal antibody against β-actin (Santa Cruz
Biotechnology, Inc., Dallas, TX, United States), or with
mouse monoclonal antibodies to GAPDH (Cell Signaling
Technology, Inc., Danvers, TX, United States). The antibodies
were diluted 1:1000 in TBST containing 5% BSA (TBSTM).
Antibodies against Akt, eNOS, GAPDH, and β-actin were
used as loading controls. After washing them with TBST
three times, the membranes were incubated for about 1 h at
room temperature with antibodies conjugated with secondary
peroxidase (1:1000) in TBSTM. Immunodetection was done
using the enhanced chemiluminescence kit ECL PLUS (GE
Healthcare, Amersham, United Kingdom). Autoradiographs
were obtained by exposing the membrane films to X-ray

(Hyperfilm ECL, Amersham, United Kingdom). We then
proceeded to digitize the immunoblots that were subjected to
densitometric analysis of the bands. The analysis was performed
by evaluating the areas and the intensity of the pixels represented
by 256 values of Gray (0 = white; 256 = black). As usual, the
background has been subtracted. The analyses were performed
using NIH IMAGE 1.6 (National Institutes of Health, Bethesda,
MD, United States).

Chemicals
1-[4-(-6-Bromobenzol[1,3]diodo-5-yl)-3a,4,5,9-btetrahydro-3H-
cyclopenta[c-]quinolin8yl]ethanone (G-1) and (3aS,4R,9bR)
-4-(6-bromo-1,3-benzodioxol-5-yl)-3a,4,5,9b-3H-cyclopenta[c]
quinolone (G15) were from Tocris Bioscience, distributed by
Space (Milan, Italy). Wortmannin (WT), a specific inhibitor of
PI3K activity, L-N5-(1-iminoethyl)ornithine (L-NIO), a specific
inhibitor of nitric oxide synthase (NOS), 5-hydroxydecanoate
(5HD), a specific inhibitor of MitoK(ATP) channels, and
DAPT, a γ-secretase complex inhibitor, were purchased
from Sigma-Aldrich (Milan, Italy). Reagents were dissolved
in dimethylsulfoxide (DMSO). Preliminary experiments
showed that the presence of equivalent amounts of DMSO in
Krebs–Henseleit solution (KHs) did not modify basal cardiac
performance. All drug-containing solutions were freshly
prepared just before the experiments.

Statistical Analysis
All data were reported as mean± SEM and analyzed by one-way
analysis of variance (ANOVA). Non-parametric Newman–Keuls
multiple comparison test (for post-ANOVA comparisons) was
used for western blot and hemodynamic analyses. Differences at
∗p = < 0.05, ∗∗p = < 0.01, ∗∗∗p = < 0.001, ∗∗∗∗p = < 0.0001
were considered statistically significant. The statistical analyses
were carried out using GraphPad Prism5.

RESULTS

The cardioprotective effects of G1 in isolated heart models
were studied by comparing the effects elicited by I/R protocols
with those induced by the GPER-agonist, G1, used as a pre-
conditioning factor (PreC).

Normotensive Rat Model
Cardioprotective Effect of GPER
Infarct size reduction by G1 preconditioning
Here we confirmed the cardioprotective effect of GPER estrogen
agonist, G1 (Bopassa et al., 2010; Li et al., 2015; Menazza et al.,
2017). In particular, using an isolated rat heart model, infarct size
was reduced from 63 ± 4% of risk area in I/R group to 48 ± 2%
of risk area in G1 pretreated hearts (p < 0.01) (Figure 2A).

Involvement of Notch pathway in cardioprotective effect of
GPER
The G1 cardioprotective effect was nullified by treatment with
DAPT, an inhibitor of the γ-secretase, the enzyme required for
the Notch1 cleavage and activation, co-infused with G1 (infarct
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FIGURE 2 | Cardioprotective effects of G1 in normotensive female rats were abolished by Notch1 inhibitor. (A) Infarct size. The amount of necrotic tissue measured
after I/R protocols (30-min global ischemia and 120-min reperfusion) is reported as percent of the left ventricle mass (LV; % IS/LV) for I/R (n = 8), G1 (n = 7), and
G1+DAPT groups (n = 4). (B) Western blotting (upper panel) of rat heart homogenates electrophoresed and immunoblotted with Notch1 C-20 antibody. GAPDH was
used as loading control. Histograms (bottom panel) represent the ratio of densitometric analysis of protein/loading control normalized to Sham. The level of
Notch1-PR was reduced in heart after I/R injury, compared to Sham group, indicating activation of Notch1, activation further increased by G1 treatment. DAPT
treatment increased Notch1-PR protein level in heart subjected to I/R injury, both in the presence and absence of G1, suggestive of an inhibition of Notch1
activation. ∗∗∗∗p < 0.0001 IR vs. IR+DAPT and IR+G1 vs. IR+DAPT; ∗∗∗p < 0.001 IR+G1 vs. SHAM; ∗∗p < 0.01 IR vs. SHAM; ∗p < 0.05 IR+DAPT vs. SHAM and
IR vs. IR+G1.

size 68 ± 1%; p < 0.05 spect to G1 group; p = NS respect
to I/R group) (Figure 2A). To confirm the involvement of
Notch downstream of GPER during I/R, we performed Western
blot analyses on heart homogenates from different treatment
groups and showed that I/R induces the activation of Notch1,
as indicated by the reduction of the precursor form (PR) of
the receptor (Figure 2B). G1 treatment further induced Notch1
processing and this effect was blocked by DAPT (Figure 2B). The
full unedited gel is showed in the Supplementary Figure 1.

Hypertensive Rat Model
After we demonstrated the involvement of the GPER/Notch
pathway in normotensive hearts, we focused on studying the G1
cardioprotective pathway in the hypertensive model in the detail.

Cardioprotective Effect of GPER
Infarct size is reduced by G1 preconditioning
Infarct size was reduced from 80± 9.6% of risk area in I/R group
to 42 ± 2.5% of risk area in G1 pretreated hearts (p < 0.01)
(Figure 3A). Moreover, when G1 was co-infused with the direct
inhibitor of GPER, G15, hearts showed an infarct size similar to
that found for I/R group (Figure 3A).

Post-ischemic diastolic and systolic functions are improved
by G1 preconditioning
The effects mediated by G1 on diastolic and systolic functions
were analyzed as previously described (De Francesco et al., 2013).

It is known that an increase in post-ischemic left ventricular
end-diastolic pressure (LVEDP) of 4 mmHg or more above
the pre-ischemic level indicates an important index of cardiac
contracture. The 30 min ischemia and the subsequent reperfusion
caused a sustained increase in LVEDP in I/R group (Figure 3B)
(Pagliaro et al., 2003; Pasqua et al., 2015). Conversely, the
preconditioning with G1 was able to abolish the contracture
(Figure 3B), indicating that G1 significantly reduces the heart
damage after I/R. Similar to the reduction in infarct size, the
limitation of contracture was suppressed when G1 was co-infused
with the direct inhibitor of GPER, G15.

Systolic function was evaluated by the level of dLVP recovery
during reperfusion (i.e., inotropic index). SHR hearts from I/R
group showed a limited dLVP recovery, while G1, administered
before ischemia induction, significantly improved this function
(Figure 3C). The co-infusion with the GPER-antagonist, G15,
abolished the post-systolic recovery, indicating that G1 exerts a
selective action on its receptor.
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FIGURE 3 | Cardioprotective effects of G1 in Hypertensive Female Rats (SHR) were abolished by GPER antagonistic specific inhibitor. (A) Infarct size. The amount of
necrotic tissue measured after I/R protocols (30-min global ischemia and 120-min reperfusion) is reported as percentage of the left ventricle mass (LV; % IS/LV) for
I/R (n = 3), G1 (n = 5), and G1+G15 groups (n = 4). (B,C) LVEDP and dLVP variations at the end of reperfusion. Data are expressed as changes of dLVP and LVEDP
values (mmHg) at the end of the 120-min of reperfusion for I/R (n = 3), G1 (n = 5), and G1+G15 groups (n = 4). Changes were evaluated as mean ± SEM. Significant
difference (one-way ANOVA, Newman–Keuls test): ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

G1-induced infarct size limitation and improvement of
post-ischemic contractile recovery is mediated by
PI3K/NO/mKATP channels
In order to estimate the mechanism of action by which G1 exerted
the cardioprotective effects in SHR hearts, the isolated and
perfused hearts were co-treated with G1 plus specific inhibitors
of survival signaling pathways involved in cardioprotection (i.e.,
WT to block PI3K, L-NIO to inhibit NOS, and 5HD to antagonize
MitoKATP channels). Figure 4 shows that all inhibitors abrogate
the beneficial effects of G1 on all analyzed parameters. Indeed,
G1-dependent reduction of infarct size was abolished in hearts
co-treated with all the cardioprotective signaling antagonists
(Figure 4A). Moreover, these inhibitors limited the post-ischemic
systolic recovery elicited by G1, as demonstrated by the low values
of dLVP reached at the end of reperfusion (Figure 4B). Similarly,
the contracture limitation induced by G1 was suppressed in the
presence of the above blockers (data not shown).

Effects of G1 as preconditioning agent on Notch and
PI3K/Akt/NOS pathways
The involvement of the kinase Akt, the endothelial form of NOS
(eNOS) and cleaved Notch1 in the G1-induced cardioprotection
was evaluated by Western blot analysis. Representative bands and
densitometric analyses for these markers are shown in Figure 5.

In post-ischemic SHR hearts preconditioned with G1, the levels
of phosphorylated Akt (Figure 5A) and eNOS (Figure 5B), and
the levels of cleaved Notch1 (Figure 5C) were significantly higher,
compared to the control counterparts I/R. On the contrary,
p-Akt, p-eNOS, and cleaved Notch1 expression levels were
significantly reduced by G15 co-treatment (Figure 5). The full
unedited gels are showed in the Supplementary Figures 2–4,
respectively.

H9c2 Hypoxia/Reoxygenation (H/R) Protocol
G1 induces cardiac cell protection via Notch signaling
pathway
In Figure 6 the effects of H/R in G1 treated cells and after
G1 + DAPT pre-treatment compared to normoxic and hypoxic
controls (H9c2_N and H9c2_H/R) are reported. DAPT abolished
the protective effect induced by G1 pre-treatment against cell
death induced by H/R protocol (p < 0.001 vs. H9c2_H/R). These
results suggest that G1 is an important protective factor during
hypoxia able to trigger the Notch1 signaling in cardiac cells.

DISCUSSION

In this study, we confirm that the cardioprotective role of GPER
is Notch1 dependent in normotensive female rats. Importantly,
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FIGURE 4 | Cardioprotective effects of G1 in Hypertensive Female Rats (SHR) were abolished by specific inhibitors of PI3K/Akt-eNOS-MitoKATP channels.
(A) Infarct size. The amount of necrotic tissue measured after I/R protocols (30-min global ischemia and 120-min reperfusion) is reported as percentage of the left
ventricle mass (LV; % IS/LV) for G1 (n = 5) and G1+inhibitors (WT, L-NIO, and 5HD) groups (n = 4). (B) dLVP variations. Data are expressed as changes of dLVP
values (mmHg) at the end of the 120-min of reperfusion for G1 (n = 5) and G1+inhibitors (WT, L-NIO, and 5HD) groups (n = 4). Changes were evaluated as
mean ± SEM. Significant difference (one-way ANOVA, Newman–Keuls test): ∗∗p < 0.01, ∗∗∗p < 0.001.

FIGURE 5 | Effects of G1 given as preconditioning agent on Notch, PI3K/Akt/NOS Pathway Western Blot analysis of (A) p-Akt, (B) p-eNOS, and (C) cleaved Notch1
expression in cardiac extracts of Sham, I/R, G1, and G1+G15 groups (n = 3 hearts/group). Histograms represent the ratio of densitometric analysis of
protein/loading control. Significant difference (one-way ANOVA, Newman–Keuls test): ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

the preconditioning activation of GPER with the selective agonist,
G1, significantly reduces I/R injury in the hypertensive female
rat heart model. Moreover, in this model G1 is able to activate
PI3K/Akt/NOS/MitoKATP channel and Notch1 pathways. The
protective effect induced by GPER activation is mediated by
Notch1, as also suggested by reduction of cell mortality in the
H9c2 model. These results obtained in cardiac cells suggest
that the G1 protective effects do not require an endothelial
mediation.

The main novel finding of the present study is that the
activation of GPER by its selective ligand, G1, protects the heart
against I/R injury not only in a normotensive model but also in a
model of comorbidity, namely female SHR. In these hypertensive
female rats, Notch1 signaling and PI3K/NOS/MitoKATP channel

pathways are activated by preconditioning treatment with the
GPER agonist G1.

It is well-known that estrogens act through two nuclear
receptors: estrogen receptor-alpha (ER-α) or estrogen receptor-
beta (ER-β); yet, a third, membrane-bound receptor G protein-
coupled estrogen receptor (GPER), has been discovered. GPER
has been shown to bind estrogen with high affinity (Zimmerman
et al., 2016) and to be localized in the different internal and
external cellular localization (Bopassa et al., 2010).

G1 demonstrated high specificity to GPER with little to no
binding to other estrogen receptors, either ER-β or ER-α.

Treating acutely animals or perfusing the hearts with 17
beta-estradiol (E2), it has been demonstrated that E2/GPER
interaction reduces I/R injury (Deschamps and Murphy, 2009).
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FIGURE 6 | Cell vitality in Normoxia (N) and Hypoxia/Reoxygenation (H/R)
conditions. Data are presented as percentage variation with respect to mean
value of cell count in normoxia, in control group. Treatment with G1 or G1 in
the presence of Notch inhibitor (DAPT) in H/R conditions. Data of control I/R
groups with DAPT and DMS are also reported. For acronyms see the text.
∗∗∗p < 0.001 vs. H9c2_N; ∗∗∗p < 0.001 H9c2_G1 vs. all other H/R
conditions.

Moreover, in normotensive condition, the protective effects
induced by acute GPER activation induce a remarkable
cardioprotection by improving cardiac functional recovery, by
reduction the infarct size, and by inhibiting the mPTP opening
in isolated rodents hearts exposed to I/R stress (Deschamps and
Murphy, 2009; Bopassa et al., 2010; Deschamps et al., 2010; Li
et al., 2015; Feng et al., 2017; Menazza et al., 2017). These studies
demonstrated that the protective effect of GPER is mediated
by the Erk pathway activation, increased superoxide dismutase
(SOD), and ATP and decreased the tumor necrosis factor alpha
(TNFα) expression level, effects that were also observed in a
cardiac cell model subjected to simulated I/R protocols (Li et al.,
2015). These results are in agreement with the findings of our
study.

As post-conditioning agent, Feng et al. (2017) reported that
the cardioprotection of GPER displays via the protection of
the mitochondrial structural integrity; moreover, the activation
of MEK/Erk signaling leads to the reduction of mitochondrial
protein ubiquitination and protection of mitochondrial
membrane potential dissipation; these alterations are normally
responsible of mitophagy, ROS generation and apoptosis
typically of I/R damage (Feng et al., 2017).

Notch signaling pathway seems indispensable for functional
activities controlling tissue formation in cardiogenesis
(Kratsios et al., 2010). Moreover, it is an important cell–cell
communication system and its activation after the damage
has been demonstrated in several tissues (Kratsios et al., 2010;
Rizzo et al., 2017). It has been reported that Notch signaling
plays a regulatory role in adult cardiac damage and in the
cardioprotection preserving cardiac function after ischemia.

FIGURE 7 | Representative scheme of intracellular pathway involved in the
GPER/Notch1 cardioprotection.

In particular, this Notch activation supports cell survival via
PI3K induction (Gude et al., 2008). Indeed, in the control
of NOS system by Notch1, PI3K/Akt may act as a mediator
of eNOS phosphorylation. The blockade of Notch reduced
phosphorylation of eNOS and Akt as assessed by western
blots in the reperfused hearts (Pei et al., 2013). Several studies
report impairment of endothelial Notch signaling in pathological
conditions, e.g., heart failure (Pannella et al., 2016), inflammation
(Fortini et al., 2017), and dyslipidemia (Briot et al., 2015). Notch
signaling can be also impaired by anti-cancer drugs and this
may represent an unwanted side effect (Rizzo et al., 2015). The
relation of GPER/Notch is demonstrated in other cellular models
(Pupo et al., 2016). In particular, we have recently observed
that certain non-genomic estrogenic signals are mediated by
a functional crosstalk between the Notch signaling pathway
and GPER (Pupo et al., 2016). Moreover, we reported that this
Notch/GPER crosstalk is involved in proliferative and migratory
effects by estrogen, in breast cancer cells and cancer-associated
fibroblasts (Pupo et al., 2014).

Here, for the first time, Notch signaling, nitric oxide, and
cell survival pathway are linked to preconditioning protection by
GPER activation (Figure 7).

Estrogens are hormones regulating physiological and
pathological processes in both women and men. Endogenous
estrogens affect importantly cardiovascular homeostasis in
pre-menopausal women and interfere with the development of
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hypertension and coronary artery disease. Indeed, the gender
differences in cardiovascular risk are surely correlated to
hormonal specificity. The estrogens cardioprotective effects are
widely reported in several animal and human studies; they are
mostly mediated through ERα and/or ERβ, both expressed in
the heart and involved in regulating cardioprotection, both in
genomic and non-genomic mechanisms (Mendelsohn and Karas,
2005; Wang et al., 2006, 2009; Deschamps et al., 2010).

In addition to the classic ERs, the role exerted by GPER in
acute cardioprotection and in the modulation of cardiovascular
function is increasingly consolidating (Deschamps et al., 2010).

Our results support the possibility that acute pre-ischemic
activation of GPER might protect female hypertensive animals
against I/R injury. These results may pave the way for protective
approaches in models with risk factors and comorbidities, which
are much needed to translate successful animal experiments on
cardioprotection beyond that by reperfusion to clinical practice.

CONCLUSION

Here, we have shown that GPER plays a pivotal role in mediating
preconditioning cardioprotection in both normotensive
and hypertensive conditions. This protection requires the
involvement of Notch-1 in cardiac cells and is mediated by
PI3K/NOS/MitoKATP channels.

CLINICAL PERSPECTIVES

The pathways here studied may represent novel targets
and are particularly intriguing for the advancement in
the field of cardioprotection, considering the paucity of
studies in female hearts. These results may contribute to
better understand the preconditioning GPER protection

following ischemia/reperfusion stress in the normotensive and
hypertensive heart, an important target tissue for estrogen-
mediated signaling. Additionally, the present study may provide
more insights for the potential development of a therapy
application based on a selective transmembrane estrogen
receptor modulator able to induces cardioprotection, without
affecting the cancer risk.
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University of Athens, Athens, Greece

Empagliflozin (EMPA), a drug approved for type 2 diabetes management, reduced

cardiovascular death but is unknown if it reduces myocardial infarction. We sought

to investigate: (i) the effect of EMPA on myocardial function and infarct size after

ischemia/reperfusion in mice fed with western diet (WD), (ii) the underlying signaling

pathways, (iii) its effects on cell survival in rat embryonic-heart-derived cardiomyoblasts

(H9C2) and endothelial cells (ECs). To facilitate the aforementioned aims, mice were

initially randomized in Control and EMPA groups and were subjected to 30min ischemia

and 2 h reperfusion. EMPA reduced body weight, blood glucose levels, and mean arterial

pressure. Cholesterol, triglyceride, and AGEs remained unchanged. Left ventricular

fractional shortening was improved (43.97 ± 0.92 vs. 40.75 ± 0.61%) and infarct size

reduced (33.2 ± 0.01 vs. 17.6 ± 0.02%). In a second series of experiments, mice were

subjected to the above interventions up to the 10th min of reperfusion and myocardial

biopsies were obtained for assessment of the signaling cascade. STAT3 was increased

in parallel with reduced levels of malondialdehyde (MDA) and reduced expression of

myocardial iNOS and interleukin-6. Cell viability and ATP content were increased in

H9C2 and in ECs. While, STAT3 phosphorylation is known to bestow infarct sparing

properties through interaction with mitochondria, we observed that EMPA did not directly

alter the mitochondrial calcium retention capacity (CRC); therefore, its effect in reducing

myocardial infarction is STAT3 dependent. In conclusion, EMPA improves myocardial

function and reduces infarct size as well as improves redox regulation by decreasing

iNOS expression and subsequently lipid peroxidation as shown by its surrogate marker

MDA. The mechanisms of action implicate the activation of STAT3 anti-oxidant and

anti-inflammatory properties.

Keywords: empagliflozin, cardioprotection, infarct size, cardiac function, molecular signaling, STAT3 pathway
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INTRODUCTION

In the EMPA-REG OUTCOME trial, empagliflozin (EMPA),
a selective inhibitor of the sodium glucose co-transporter
2 (SGLT2), reduced the risk of the combined endpoint of
hospitalization for heart failure or cardiovascular death, in type
2 diabetic patients (T2D) (Fitchett et al., 2016). The mechanism
by which EMPA induces cardiovascular benefits is obscure.
However, the discrepancy in the Hazards ratios (HRs) for non-
fatal myocardial infarctions (HR 0.87 [95% CI 0.70, 1.09]) and
non-fatal strokes (HR 1.24 [0.92, 1.67]) indicates that benefits
of EMPA may do not involve classical effects on atherosclerosis
(Vettor et al., 2017). Although the results of the EMPA-REG trial
were impressive, the cardioprotectivemechanisms of the drug are
still speculative. There is no in vitro, or in vivo study investigating
if EMPA exerts its cardioprotection through the reduction of
myocardial infarction after ischemia/reperfusion (I/R) injury.
In the present study we investigated the effect of EMPA on
myocardial function and infarction after I/R, in a mouse model
with diet-induced T2D. In order to achieve this goal we recruited
a murine model of diet induced metabolic syndrome, known to
manifest T2D. The C57BL/6 mouse strain has been indicated
to be prone in T2D and atherosclerosis following a high-fat,
WD for prolonged time (Surwit et al., 1988; Phillips et al.,
2003). We selected a dose of 10 mg/kg/day of EMPA which has
been calculated based on the inter-species pharmacokinetic and
metabolic parameters between rodents and humans (e.g., half-
life ∼1–2 h in rodent and 10–12 h in man). This dose has been
previously shown to correspond to the equivalent active dose in
humans (Cheng et al., 2016). Additionally, since we know that
SGLT2 is highly specifically expressed in the kidney and very
minimally in the heart (Chen et al., 2017) we sought to investigate
the mechanism by which EMPA may exert cardioprotective
effects based on intracellular signaling cascades independent of
SGLT2, as it has been shown that EMPA exerts pleiotropic effects
in aorta and in adipose tissue (Steven et al., 2017).

To further investigate a direct cardioprotective effect of
EMPA, we evaluated its effect on an in-vitro model of injury: we
exposed rat embryonic-heart-derived cardiomyoblasts (H9C2)
and endothelial cells (ECs) to hypoxia/reoxygenation. Moreover,
taking under consideration that mitochondria and redox aspects
play very important role in cardioprotection (Penna et al., 2013;
Pagliaro and Penna, 2015) we also focused on redox signaling and
mitochondrial susceptibility to transition.

MATERIALS AND METHODS

For Complete Methods please see Supplementary Material.

In Vivo Experiments
Animals
A total of thirty five male 8-week old C57BL/6J animals
were treated according to the Directive 2010/63/UE European
Convention for the Protection of Vertebrate Animals used for
Experimental and other Scientific Purposes, and conformed to
the Guide for the Care and Use of Laboratory Animals published
by the US National Institutes of Health (NIH Publication No.

85-23, revised 1985). The experimental protocol used in this
study was approved by Ethical Committee of University of
Athens and the Veterinary Authorities of Region of Athens
Greece (License Number: 1758/24/3/2017).

Experimental Protocol
Mice were fed a Western diet (WD) (TD 88137, Harlan-Teklad;
containing 21% fat by weight, 0.15% by weight cholesterol, and
19.5% by weight casein without sodium cholate), for 14 weeks
(Surwit et al., 1988; Phillips et al., 2003). At the 8th week of
feedingmice were randomized into two groups: (i) Control group
(n = 15) in which DMSO 5% in Water For Injection (WFI)
solution was given through gavage for additional 6 weeks and
(ii) EMPA group (n= 15), in which EMPA was administered (10
mg/kg/day) in 5% DMSO/WFI through gavage for additional 6
weeks.

The EMPA dose was selected according to previous reports
(Oelze et al., 2014; Habibi et al., 2017). At the end of treatment
eighteen mice (n = 9 per group) subjected to 30min myocardial
ischemia followed by 2h reperfusion to determine the infarct
size. Twelve mice (n = 6 per group) were subjected to the
above interventions up to the 10th min of reperfusion, to obtain
myocardial biopsies from the ischemic area for Western Blot
analysis.

The following parameters were determined at baseline (Day
0), at the end of 8th week and at the end of the 14th week (end
of treatment): body weight (BW), glucose levels. The following
parameters were determined at baseline (Day 0), and at the end
of the 14th week (end of treatment): cholesterol and triglycerides,
arterial pressure, and myocardial function by echocardiography.
Malondialdehyde (MDA) as a marker of lipid peroxidation was
determined at the end of 8th week and at the end of 14th week,
while advanced glycation end products (AGE) were determined
at the end of 14th week.

Murine Model of Ischemia-Reperfusion Injury

Anesthesia/surgical preparation
General anesthesia was induced via intraperitoneal injection of
a mixture containing ketamine, xylazine, and atropine (100, 20,
and 0.6 mg/kg respectively). A cuffed tracheal tube was placed
via a tracheotomy (ventral midline incision) for mechanical
ventilation of the lungs with a 95%O2 via a volume-cycled animal
ventilator (150 strokes/min, tidal volume 200 µl). Consequently,
the animals were placed in left-lateral recumbence and the chest
was surgically opened with a left thoracotomy. The chest was
opened through the left fourth intercostal space. The beating
heart was exposed and the pericardium was incised. The left
anterior descending coronary artery was ligated with a 6-0 silk
suture. The occlusion of coronary artery in this region leads
to ischemia of a large area of the anterolateral and apical left
ventricular wall. Ischemia was induced by tightening of the suture
against a small piece of polyethylene tubing. Ischemia resulted
in a change in the color (i.e., cyanotic) of the myocardium and
was maintained for 30min. At the end of the ischemic period,
the suture was released in order to induce reperfusion of the
myocardium for up to 2 h. In order to determine/quantify the
degree of irreversible myocardial injury (i.e., infarction) resulting
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from the ischemia and reperfusion insult with and without
indicated treatment, infarct areas were evaluated. For this reason,
myocardium was excised and aorta was catheterized. After the
tightening of the suture, Evan’s Blue solution (2.5% in Water
for Injection-WFI) was infused through the catheter for the
identification of the normally perfused part of the myocardium.
Afterwards, hearts were frozen for 24 h and then sliced in 1–
2mm sections, which were incubated for 20min in Triphenyl-
Tetrazolium Chloride Solution (TTC, 1% in PBS pH = 7.4) for
the identification of the area-at-risk and the infarct area (Bibli
et al., 2015).

Histopathology/Histomorphometery
For each heart, the overall size of the myocardial slice (All/A), the
area-at-risk (Risk/R) and the infarct (Infarct/I) were determined.
R was expressed as a percentage of the A area (R/A %), and I was
expressed as a percentage of the R (I/R %) (Bibli et al., 2015).

Blood Biochemistry
Mice were fasted overnight prior to blood sampling. Blood was
collected from the tail vein by puncturing the vessel vertically
with a 23-gauge needle at baseline, at the 8th week and at the
end of the treatment periods. Blood glucose levels were measured
by using a hand-held glucometer (Onetouch Verio IQ Lifescan,
Johnson & Johnson Company).

For the assessment of lipid levels and MDA measurement,
blood samples were collected at the beginning of the treatment
period and at the end of the study. Blood was centrifuged and
plasma was stored at −80◦C. Plasma cholesterol and triglyceride
concentrations were measured spectrophotometrically using
commercial kits (DiaSys Diagnostic Systems GmbH, Cholesterol
FS 10130021, and Triglycerides FS 10571 021). The MDA
concentration was determined spectrophotometrically at 586 nm
and expressed as µM (Oxford Biomedical Research Colorimetric
Assay for lipid peroxidation) as we have previously described
(Andreadou et al., 2004).

Arterial Pressure (AP) Monitoring
At baseline and at the end of treatment, non-invasive arterial
pressure was measured on awake mice using CODA Monitor
tail-cuff system (Kent Scientific Co, Torrington, CT USA). The
mice were placed for 10min inside a heated chamber (34◦C) and
then positioned in a restrainer over a heating pad. They were
allowed a 5min acclimation period following cuff positioning
and 20 consecutive AP determination cycles we conducted.
All measurements were recorded on the CODA software and
presented in Table 1. In case signs of discomfort were present,
the animal was returned to the heated chamber and re-examined
1 h later.

Echocardiography
At baseline and at the end of the treatment, M-mode
echocardiography was performed as previously described
(Papathanasiou et al., 2015) to measure left ventricular (LV)
end-diastolic diameter (EDD), LV end-systolic diameter (ESD),
and LV posterior wall thickness at diastole (PWT) and to
calculate the ratio of LV radius to PWT (r/h) and the percentage
of LV fractional shortening FS (%).

TABLE 1 | Cholesterol and triglyceride levels, mean arterial pressure values and

echocardiography data at baseline and after 14 weeks of treatment in Control (n =

10) and EMPA (n = 10) groups.

Control EMPA

Triglycerides Baseline (mg/dl) 37.91 ± 3.28 54.36 ± 10.12

Triglycerides 14 weeks (mg/dl) 36.93 ± 9.05* 55.41 ± 8.59*

Cholesterol Baseline (mg/dl) 145.5 ± 16 139.2 ± 12

Cholesterol 14 weeks (mg/dl) 233.6 ± 43* 191.9 ± 20.92*

Diastolic AP Baseline (mmHg) 80.51 ± 2.0 79.17 ± 2.2

Diastolic AP 14 weeks (mmHg) 73.18 ± 2.1 70.87 ± 2.1*

Systolic AP Baseline (mmHg) 106.70 ± 2.3 105.35 ± 2.4

Systolic AP 14 weeks (mmHg) 102.55 ± 2.0 96.91 ± 2.2*

Mean Arterial Pressure Baseline (mmHg) 88.9 ± 2.32 87.56 ± 2.4

Mean Arterial Pressure 14 weeks (mmHg) 82.58 ± 2.6 79.22 ± 2.1*

HR Baseline 592.20 ± 5.27 627.90 ± 11.29#

HR 14 weeks 702.37 ± 10.31* 687.20 ± 5.46*

ECHOCARDIOGRAPHY

LVEDD, mm Baseline 2.90 ± 0.07 2.96 ± 0.06

LVEDD, mm 14 weeks 3.20 ± 0.07* 3.04 ± 0.07

LVESD, mm Baseline 1.54 ± 0.05 1.59 ± 0.03

LVESD, mm 14 weeks 1.90 ± 0.05* 1.71 ± 0.06#

PWd, mm Baseline 0.79 ± 0.01 0.77 ± 0.01

PWd, mm 14 weeks 0.74 ± 0.01* 0.76 ± 0.01#

PWs, mm Baseline 1.27 ± 0.01 1.27 ± 0.01

PWs, mm 14 weeks 1.23 ± 0.01* 1.24 ± 0.01*

FS% Baseline 47.07 ± 0.65 46.14 ± 0.31

FS% 14 weeks 40.75 ± 0.61* 43.97 ± 0.92#

r/h Baseline 1.84 ± 0.06 1.91 ± 0.05

r/h 14 weeks 2.15 ± 0.07* 1.98 ± 0.05

*p < 0.05 vs. Baseline, #p < 0.05 vs. Control group. Left ventricular (LV) end-diastolic

(EDD) and end-systolic dimension (ESD); posterior wall thickness (PW) in diastole (d) and

systole (s); percentage fractional shortening (FS%); ratio of LV radius to PWT (r/h).

Western Blot Analysis in Myocardial Tissue
Myocardial tissues were pulverized and the powder was
homogenized in lysis buffer (1% Triton X-100, 20mM Tris pH
7.4–7.6, 150mM NaCl, 50mM NaF, 1mM EDTA, 1mM EGTA,
1mM Glycerolphosphatase, 1% SDS, 100mM PMSF, and 0.1%
protease phosphatase inhibitor cocktail). After centrifugation at
11,000 g for 15min at 4◦C, supernatants were collected and
protein content was assessed using the Lowry method. The
supernatant was mixed with Dave’s buffer (4% SDS, 10% 2-
mercaptoethanol, 20% glycerol, 0.004% bromophenyl blue, and
0.125M Tris·HCl). The samples were boiled at 100◦C for 10min
and stored at −80◦C. An equal amount of protein was loaded
in each well and then separated by sodium dodecylsulfate-
polyacrylamide gel electrophoresis 7.5–11% and transferred onto
a polyvinylidene difluoride membrane (PVDF). After blocking
with 5% non-fat dry milk, membranes were incubated overnight
at 4◦C with the following primary antibodies:

p-eNOS (Ser1177), eNOS, p-Akt (Ser473), Akt, p-ERK 1/2
(Thr202/Tyr204), p-GSK3β (Ser9), t-GSK3β, pAMPKα(Ser172),
tAMPKα, p-STAT3 (Tyr705), t-STAT3, iNOS, p-NF-κB (p65)
(Ser536), t- NF-κB (p65), GAPDH, β-tubulin, β-actin (Cell
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Signaling Technology, Beverly, MA, USA) and IL-6 (Santa-
Cruz Biotechnology Inc., USA). PVDF membranes were then
incubated with secondary antibodies for 2 h at room temperature
(goat anti-mouse and goat anti-rabbit HRP; Cell Signaling
Technology, Beverly, MA, USA) and developed using the GE
Healthcare ECL Western Blotting Detection Reagents (Thermo
Scientific Technologies, Bioanalytica, Athens, Greece). Relative
densitometry was determined using a computerized software
package (NIH, USA), and relative ratios were used for statistical
analysis (Bibli et al., 2015, 2016).

Advanced Glycation End-Products (AGE)

Fluorescence Measurement
The fluorescence intensity of plasma samples was measured
at 440 nm after excitation at 370 nm, using a fluorescence
spectrophotometer (Infinite R© 200 PRO NanoQuant Plate
Reader) operating at room temperature. Emission and excitation
slit widths were set at 5 nm. Fluorescence was expressed as the
Intergrated Fluorescence intensity in arbitrary units (AU), as
previously described (Yanagisawa et al., 1998).

In Vitro Experiments
Effects on Cellular Level

Cell culture and in vitro hypoxia/reoxygenation assay
Endothelial cells (ECs) were purchased from Lonza (Basel,
Switzerland) and cultured as described by the manufacturer’s
instructions. The embryonic rat heart-derived cell line H9C2
was obtained fromAmerican Type Culture Collection (Manassas,
VA, USA). Cells were maintained in DMEM high glucose (HG)
with 10% FBS, 4mM glutamine and grown to subconfluence
prior to experiments. In parallel experiments H9C2 cells were
cultured for 24 h either alone or in combination with 1 mg/ml
AGE and untreated or treated with EMPA (100 or 500 nM)
(Panchapakesan et al., 2013). ECs, maintained for 24 h in 5%
FBS, were cultured either alone or in combination with AGE
and untreated or treated with EMPA (100 or 500 nM). At day 2,
cells were subjected to in vitro hypoxia for 24 h (5% CO2/95%
N2 humidified atmosphere, yielding 1% O2 concentrations) and
subsequently reoxygenated for 3 h (75% N2, 20% O2, and 5%
CO2).

ATP content assay
To determine the level of cellular ATP content as an
indirect measurement of viable cells, ATP content was
performed using ATP assay kit according to manufacturer’s
instructions (Sigma Aldrich). Briefly, ECs and H9C2, treated
as indicated, were subjected to in vitro ischemia for 24 h.
After reoxygenation, ATP was quantitatively determined by
measuring luminescence generated in an ATP-dependent
luciferin-luciferase bioluminescence assay. A standard curve was
used in each experiment, and the samples were diluted to be
in the linear range of the standard curve. All experiments were
performed in triplicate.

Cell viability assay
Cell viability was assessed by MTT as described previously
(Baldanzi et al., 2002). Cells were seeded on 96-well plates at 5×

103 cells/well. ECs and H9C2 which had either been treated with
the indicated stimuli or had been left untreated were subjected
to in vitro ischemia and reoxygenation. After treatments, cells
were incubated with 1 mg/ml MTT for 2 h. Subsequently, the
medium was removed and 100 µl of dimethylsulfoxide (DMSO)
was added to each well. After 1 h, the 96-well plate was read
by an enzyme-linked immunosorbent assay (ELISA) reader at
570 nm for absorbance density values to determine cell viability.
All experiments were performed in triplicate.

Western blot analysis in cells
Cells were lysed (50mM Tris HCl [pH 8.3], 1% Triton X-100,
10mM PMSF, 100 U/mL aprotinin, 10 µM/mL leupeptin) and
protein concentrations were obtained as previously described
(Togliatto et al., 2011). Proteins (50 µg) were subjected to SDS-
PAGE, transferred into nitrocellulosemembrane, blotted with the
indicated antibodies (anti-RAGE antibody cat. No. sc-8230, and
anti-b-actin antibody cat. No. sc-47778, purchased from Santa
Cruz, Biotechnology, Germany) and processed as previously
described (Togliatto et al., 2011). Densitometric analysis was used
to calculate the differences in the fold induction of protein level
normalized to β-actin. Values are reported as relative amounts.

Effects on Subcellular Level

Mitochondrial isolation
Five additional C57BL/6mice weighting 25–30 g were euthanized
by cervical dislocation, and their hearts were quickly excised,
rinsed, and cut in the isolation buffer (225mMmannitol, 75mM
sucrose, 10mM HEPES-Tris, 1mM EGTA-Tris, pH 7.4). Then,
the tissue was homogenized in the isolation buffer supplemented
with 0.1 mg/ml Nagarse by using a glass-Teflon homogenizer.
The homogenate was diluted in isolation buffer supplemented
with 0.2% w/v bovine serum albumin, centrifuged at 500 g at
4◦C, and filtered through a 150-mm mesh for the removal of
cellular debris. The supernatant was further centrifuged at 8,000 g
to separate the mitochondrial from the cytosolic fraction. The
pellet, consisting of mitochondria was washed with isolation
buffer without bovine serum albumin and centrifuged at 8,000 g.
The final pellet was used for protein determination and further
assays.

Calcium retention capacity assay
The calcium retention capacity (CRC) assay was performed as
previously described (Chatzianastasiou et al., 2016) in order
to determine the susceptibility of mitochondria to undergo
permeability transition. Isolated mitochondria were diluted
in mitochondrial assay buffer (KCl 137mM, KH2PO4 2mM,
HEPES 20mM, EGTA 20mM, glutamate/malate 5mM, pH
7.2) at a concentration of 0.25 mg/ml. Extramitochondrial
Ca2+ was measured by Calcium Green-5N (1mM) fluorescence
using a Fluoroskan Ascent FL plate reader (Thermo Electron,
Waltham, MA). Each minute, pulses of 10mM Ca2+ were
added to each well, up to a point when the accumulated
Ca2+ was released due to mitochondrial transition through the
opening of themitochondrial permeability transition pore (PTP).
Cyclosporine A (CsA) (1 mg/ml), was used as a positive control.
Mitochondria were exposed to different concentrations of EMPA,
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and their CRC was determined: All experiments performed in
five repetitions.

Statistical analysis
All values were denoted as means ± S.E.M. For animal studies
and tissue experiments comparisons of numeric variables among
the groups were analyzed using unpaired two-tailed Student’s t-
test, while those originating by different time points belonging to
the same group were analyzed using paired two-tailed Student’s
t-test. A calculated p < 0.05 was considered to be statistically
significant.

For mitochondria and cell culture experiments, the
D’Agostino–Pearson test was used to test normality. Data
on cell viability assay, ATP content assay and on densitometric
analysis for Western blots were analyzed using 1-way ANOVA,
followed by Tukey’s multiple comparison test. The cut-off for
statistical significance was set at p < 0.05 (∗p < 0.05, ∗∗p < 0.01,
∗∗∗p < 0.001). All statistical analyses were carried out using
GraphPad Prism version 5.04 (Graph Pad Software, Inc.).

RESULTS

EMPA Reduces Body Weight, Mean Arterial
Pressure, Glucose, and Lipid Peroxidation
Levels without Altering Lipid Levels and
Age Products
The experimental protocol of the study is illustrated in
Figure 1A. In both groups, BW increased after 14 weeks of WD
feeding. At the end of treatment, EMPA reduced significantly
the BW (Figure 1B) and fast blood glucose levels (250 ± 18
mg/dL vs. 172 ± 8 mg/dL, ∗p < 0.05, Figure 1C) in comparison
to Control. Mean arterial pressure (MAP) was significantly
reduced from baseline after 6 weeks treatment in the EMPA
group (Table 1). Cholesterol and triglyceride levels did not differ
between study groups at the end of treatment; however, they
were significantly elevated compared to baseline values (Table 1).
AGE levels were similar between the study groups at the end of
treatment period (Figure 1D). Reduced levels of the biomarker of
lipid peroxidation, malondialdehyde (MDA) in circulation was
observed in the EMPA group compared to the Control group
(Figure 1E, p < 0.05).

Cardiac Function Is Improved with EMPA
Pretreatment in Mice Treated with WD
Echocardiography revealed a reduction in the myocardial
function after 14 weeks WD feeding as shown by the left
ventricular fractional shortening (LVFS%; 43.97 ± 0.92 vs. 40.75
± 0.61%, p= 0.001), due to deterioration of both LV end-systolic
and end-diastolic dimensions (Table 1). These changes were not
evident after EMPA treatment (Table 1, Figure S2).

EMPA Pretreatment Reduces Myocardial
Infarct Size in Mice Treated with WD
Three animals from the Control group and one animal from
the EMPA group were excluded for different technical and/or
hemodynamic reasons (severe bleeding and infarction detected

outside the area at risk). As a result, 14 animals completed the
study, Control (n= 6) EMPA (n= 8). Myocardial infarct size was
reduced in EMPA group (33.2± 0.01 vs. 17.6± 0.02%, p < 0.05)
(Figure 2A), with no difference in the area at risk (Figure 2B).

EMPA Pretreatment Induces
Cardioprotection through STAT3
Activation, Independently of the
Reperfusion Injury Salvage Kinase (RISK)
Pathway and AMPKα Activation
EMPA pretreatment did not activate Akt (Figure 3A), eNOS
(Figure 3B), did not phosphorylate GSK3β on its inhibitory site
(Figure 3C), did not activate p-44/p-42(ERK 1/2) (Figure 3D),
and had no effect on AMPKα phosphorylation (Figure 3E).
EMPA increased both STAT3 expression and phosphorylation
(Figure 3F, p < 0.05) compared to the untreated group.
Additionally, EMPA did change neither the phosphorylation
nor the expression of nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-κB) (Figure 4A). Pretreatment with
EMPA resulted in reduced levels of myocardial inteleukin-6 (IL-
6) (Figure 4B, p < 0.05) and of inducible nitric oxide synthase
(iNOS) expression (Figure 4C, p < 0.05).

Evaluation of the Effects of EMPA on
Isolated Heart Mitochondria
In order to determine the direct effects of EMPA on
mitochondrial transition, we recruited an in vitro experiment
on isolated murine heart mitochondria. EMPA tested in
concentrations of 50µM−50 nM had no effect on mitochondrial
CRC. Cyclosporine was used as a positive control and increased
mitochondrial CRC at a dose of 1µg/ml (Figures 5A,B; ∗∗∗p <

0.001 vs. all other study groups).

EMPA Protects H9C2 and EC Cells against
Hypoxia/Reoxygenation Injury in a Diabetic
Milieu
In order investigate a direct cardioprotective effect of EMPA
we exposed H9C2 and ECs to hypoxia/reoxygenation. EMPA
at 500 nM increased H9C2 cell viability and ATP content
(Figures 6A,C). More importantly, it was able to protect cells
even when AGE was used to mimic the diabetic milieu. Similar
results were obtained in ECs (Figures 6B,D). Consistent with
AGE expression in vivo, no changes in receptor for advanced
glycation endproducts (RAGE) expression was detected in vitro
(Figure 6E).

DISCUSSION

EMPA treatment in a Type 2 Diabetes animal model, reduced
myocardial infarct size, preserved myocardial function after I/R
injury, increased cell viability and ATP content in H9C2 and
in ECs even when AGE was used to mimic the diabetic milieu.
The present study also highlights that EMPA increased STAT3
phosphorylation and expression and reduced myocardial IL-6
and iNOS expressions regulating inflammatory responses and
redox signaling in the ischemic myocardium.
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FIGURE 1 | Empagliflozin reduces body weight, glucose levels, and lipid peroxidation levels without altering AGE products. (A) Experimental work flow. (B) Effects of

diet manipulation and empagliflozin treatment on mice BW (*p < 0.05 vs. Baseline, #p < 0.05 vs. Control). (C) Effects of diet manipulation and empagliflozin

treatment on fasting glucose levels (*p < 0.05 vs. Baseline, #p < 0.05 vs. Control). (D) AGE (AU) measured as Intergrated Fluorescence at emission 370 nm and (E)

effects of diet manipulation and empagliflozin treatment on circulating MDA (uM) levels (*p < 0.05 vs. Control).

Diabetes mellitus increases myocardial susceptibility to I/R
injury (Miki et al., 2012). Glycotoxicity plays a major role
in this defect by increasing formation of AGE products
and the RAGE-induced signaling cascade, leading to vascular
dysfunction. RAGE blockade has been demonstrated to be
a potential therapeutic approach for treatment of I/R-injury
(Park et al., 2015). SGLT2 inhibitors are highly efficient in
preventing glucotoxicity, by reducing formation of AGE and
induction of RAGE as it is shown in experimental studies
(Oelze et al., 2014). In our in vivo model EMPA did not alter

AGE; additionally, did not alter RAGE expression in H9C2
cells. These findings are consistent with data showing that
EMPA, independently of AGE accumulation, exerts pleiotropic
protective effects on myocardial function and structure in
diabetic db/db mouse (Habibi et al., 2017). In compliance with
our findings the administration of EMPA at a similar dose
used in our study improved aortic remodeling independently
of AGE and RAGE formation in aortic tissue declaring
that EMPA activity can be AGE-independent (Oelze et al.,
2014).
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FIGURE 2 | Empagliflozin pretreatment reduces myocardial infarct size in mice

treated with WD. (A) Representative Graphs of Infarct/Risk Area (I/R) %.

Individual animals represented as a scatter plot with dots in the Control group

and squares in the EMPA group. Results plotted as Mean ± SEM (*p < 0.05

vs. Control). (B) Risk/All Area (R/A) %.

Reperfusion Injury Salvage Kinase (RISK) and Survivor
Activating Factor Enhancement (SAFE) pathways are the main
mediators of cardioprotection leading to reduction of infarct
size (Heusch, 2015). We did not find any differences between
the EMPA and Control groups in the phosphorylation and
expression of Akt, eNOS, ERK1/2, and GSK3β in the ischemic
myocardium, indicating a RISK independent pathway in EMPA-
mediated cardioprotection. This is in agreement with a recent
study demonstrating that EMPA did not phosphorylate Akt or
ERK1/2 in cardiomyocytes (Habibi et al., 2017). AMPK is a kinase
that serves as a key modulator of cellular bioenergetics, and
agents acting on AMPK activation, such as metformin, induce
cardioprotective effects (Calvert et al., 2008). Canagliflozin,
an SGLT2 inhibitor causes a substantial AMPK activation
in vitro. In contrast, EMPA caused only a modest AMPK
activation at high concentrations, indicating that this effect
is unlikely to be relevant in vivo (Hawley et al., 2016). We
confirmed the above findings in vivo showing that EMPA did
not phosphorylate AMPK, specifying that its cardioprotective
effects are independent of AMPK activation. We must mention
that all the above signaling events were tested at the time
point of the 10th min of reperfusion. This time point was
chosen since many of the cardioprotective mechanisms are
activated during the first minutes of reperfusion as previously
shown (Andreadou et al., 2012, 2015; Kleinbongard et al., 2017).
However, components of the RISK pathway such as Akt may be
activated after the 10th min of reperfusion (Kleinbongard et al.,
2017); therefore we should clarify that in our protocol there is
no activation of RISK pathway and AMPK at this specific time
point. In addition to the RISK pathway, SAFE and in particular
STAT3 activation, is one of the main mediators of triggering
cardioprotection (Andreadou et al., 2015; Kleinbongard et al.,
2017). Chronic treatment with the SGLT2 inhibitor, dapagliflozin
in vivo, activated the STAT3 signaling pathway, which on turn
enhancedM2macrophage activation, resulting in the attenuation
of cardiac fibrosis molecularly by myocardial iNOS and IL-6
reduced levels (Lee et al., 2017). This effect was more evident
with the use of the specific SGLT2 inhibitor dapagliflozin
than with the SGLT1/SGLT2 inhibitor phlorizin, implying that

compensatory SGLT1 activation after administration of specific
SGLT2 inhibitors may play a role in ventricular remodeling
(Lee et al., 2017). We found that 6 weeks administration of
EMPA resulted in a significant activation of STAT3 at tyrosine
705. We investigated the phosphorylation on Tyr705, since
Tyr705 is the primary phosphorylation site of STAT3 (Andreadou
et al., 2015). Moreover, the latter study has deduced that STAT3
activation is mediated through decrease of reactive oxygen
species (ROS) accumulation in the myocardium. In compliance
with the abovementioned findings we have found that in EMPA
treated mice circulating levels of MDA are reduced compared
to Control. The decrease in lipid peroxidation biomarker MDA
seems to be a key element in redox regulating effects of
EMPA.

STAT3 phosphorylation has a direct effect on maintaining
mitochondrial integrity and attenuating mitochondrial
permeability transition pore (MPTP) opening (Heusch,
2015), a key process that is pivotal for the cardiomyocyte
survival after ischemia-reperfusion (Bernardi and Di Lisa, 2015;
Hausenloy et al., 2016). Additionally, this pore is important
in the induction of ROS induced ROS release (RIRR) and can
furtherly lead to increased oxidative decay in the cardiomyocytes
(Penna et al., 2013). To elucidate whether EMPA exerts its
cardioprotective effects through inhibition of MPTP directly,
or if the infarct sparing properties are mediated through STAT3
activation, we evaluated the Ca2+ retention capacity of isolated
heart mitochondria after a series of Ca2+ pulses and increasing
EMPA concentrations. Since we observed that EMPA did not
alter the mitochondrial susceptibility to permeability transition,
we concluded that the effect of EMPA in reducing myocardial
infarction is STAT3 dependent. However, we must mention
that we tested the efficacy of EMPA on mitochondrial transition
under normoxic conditions, addressing the direct link between
EMPA’s cardioprotective potential and mitochondrial retention
capacity. Whether the chronic administration of EMPA may
alter mitochondrial susceptibility to transition in vivo, when
subjected to I/R, as well as the underlying induced signaling
cascades is a topic of further investigations. Therefore, our next
step focused on the signaling cascade complementary to STAT3
activation.

Activation of STAT3, leads to its translocation to the nucleus
to function as a transcriptional factor. STAT3 might exhibit a
differential role when translocated to the nucleus as it can bind
to the promoter of iNOS directly, inhibiting its expression and
mitigating cardiomyocyte apoptosis (Su et al., 2016). This is an
important finding, as far as the cardioprotective properties of
EMPA are concerned, knowing that iNOS is a key contributing
molecule in nitrosative stress as well as it possesses deleterious
role in inflammatory processes and that diabetes is per se a
redox-mediated disease. NO derived from iNOS may react with
anion superoxide to form peroxynitrite, which may sustain
lipid peroxidation (Sag et al., 2013). Therefore, the decreased
MDA levels can be directly correlated with the decreased iNOS
expression in the EMPA group.

Furthermore, STAT3 can interfere with key molecules
implicated in inflammation. NF-κB is a key mediator of
inflammatory response, as it leads to the transcription of
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FIGURE 3 | Empagliflozin induces cardioprotection through activation of STAT-3 and independently of RISK pathway and of AMPK activation. Representative western

blots and relative densitometry graphs of (A) p-Akt (S473)/t-Akt and t-Akt/GAPDH (B) p-eNOS(S1177)/t-eNOS and t-eNOS/GAPDH (C) p-GSK-3β(S9)/t-GSK-3β and

t-GSK-3β/GAPDH (D) p-ERK1/2 (Thr202/Tyr204)/t-ERK1/2 and t-ERK1/2/GAPDH (E) p-AMPKα(S172)/t-AMPKα and t-AMPKα/GAPDH (F) p-STAT3(Tyr705)/t-STAT3

and t-STAT3/β-actin (*p < 0.05 vs. Control). p-Akt, t-Akt (A) and p-ERK1/2, t-ERK1/2 (D) proteins were detected on the same gel and share the same image of

GAPDH, serving as loading Control. This was also the case for p-eNOS, t-eNOS (B), p-AMPKα, and t-AMPKα (E).

Frontiers in Physiology | www.frontiersin.org December 2017 | Volume 8 | Article 1077150

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Andreadou et al. Empagliflozin Reduces Myocardial Infarct Size

FIGURE 4 | Empagliflozin reduces myocardial iNOS and IL-6 expression. Representative western blots and relative densitometry graphs of (A) p-NF-κB (p65) (S536)/

t-NF-κB (p65) and t-NF-κB (p65)/β-tubulin (B) IL-6/ β-tubulin (*p < 0.05 vs. Control) and (C) iNOS/ β-tubulin (*p < 0.05 vs. Control). p-NFκB(p65), t-NFkB(p65) (A)

and IL-6 (B) were detected on the same gel and share the same image of β tubulin, serving as loading Control.

FIGURE 5 | Evaluation of the effects of EMPA on isolated heart mitochondria. Direct effects of empagliflozin on mitochondria. (A) Calcium retention capacity of mouse

heart mitochondria (***p < 0.001 vs. all other study groups) and (B) representative Calcium tracing (n = 5).

cytokines and apoptosis-related proteins including IL-6 and
iNOS in the myocardium (Gordon et al., 2011). Although
we observed reduced levels of expression of both IL-6 and
iNOS in the myocardium, we did not find any changes in
phosphorylation and/or expression of NF-κB in the EMPA group
compared to the Control. Among targets that finely tune NF-
κB activity, it is proven that STAT3 acts as a suppressor of
NF-κB (Gordon et al., 2011). More specifically, STAT3 can

directly interact with NF-κB p65 subunit, leading to a dominant
inhibition of NF-κB activity and thus indirectly suppressing
cytokine induction of the iNOS promoter independently of
NF-κB phosphorylation or expression in vitro (Yu et al.,
2002). This might be the explanation of our aforementioned
findings.

It has been assumed that some of the direct effects of
EMPA acting independently of SGLT2 inhibition may be in
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FIGURE 6 | Empagliflozin rescues ECs and H9C2 cells from hypoxia/reoxygenation injury. (A,B) MTT assay was used to assess the effect of EMPA in

hypoxia/reoxygenation setting. The indicated concentrations were used to treat H9C2 cells (A) and ECs (B). Both H9C2 and ECs, either untreated or treated with

AGE (1 mg/mL), were subjected to hypoxia/reoxygenation. Data normalized to control are reported as mean ± SD and representative of four different experiments

performed in triplicate (n = 12) (For H9C2, ***p < 0.001 EMPA 500nM vs. control and EMPA 100nM; **p < 0.01 EMPA 500 nM + AGE vs. control + AGE and EMPA

(Continued)
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FIGURE 6 | 100 nM + AGE; for ECs, **p < 0.01 EMPA 500 nM vs. control and EMPA 100 nM; *p < 0.05 EMPA 500 nM + AGE vs. control + AGE. (C,D) Histogram

representation of the relative cellular ATP content. Data are obtained from H9C2 cells and ECs treated as indicated (for H9C2, *p < 0.05 EMPA 500 nM vs. control;

***p < 0.001 EMPA 500 nM + AGE vs. control + AGE and EMPA 100nM + AGE; for ECs, ***p < 0.001 EMPA 500 nM vs. control and EMPA 100 nM; **p < 0.01

control + AGE vs. EMPA 100nM + AGE, EMPA 500 nM + AGE vs. control + AGE, ***p < 0.001 EMPA 500nM + AGE vs. EMPA 100 nM + AGE). Data are reported

as mean ± SD and representative of four different experiments performed in triplicate (n = 12). (E) Cell extracts from H9C2 cells treated, with or without AGE (1

mg/mL), and with Empagliflozin at the indicated concentrations, were subjected to hypoxia/reoxygenation and analyzed for RAGE content, and normalized to β-actin

Data are representative of four different experiments performed in triplicate (n = 12).

part responsible for the established cardioprotective effects
of the drug. In this aspect a recent study showed that
EMPA has direct effects on cardiomyocytes through lowering
cytoplasmic sodium [Na+]c and calcium [Ca2+]c. These effects
are mainly mediated via Na+/H+ exchanger (NHE) activity,
independently of SGLT2 (Baartscheer et al., 2017). Therefore,
we investigated if EMPA has direct effect in H9C2 cells and
in ECs under hypoxia/reoxygenation. EMPA is a very potent
and selective SGLT2 inhibitor with an IC50 ∼3 nM and Cmax
from clinical dosing ∼500 nM; concentrations between 100
and 500 nM block effectively and selectively SGLT2 without
significant inhibition of SGLT1 (Panchapakesan et al., 2013).
Based on the above statements we use 100 and 500 nM
and interestingly, we observed that treatment with 500 nM
EMPA increased cell viability in comparison to the control
in absence or in presence of AGE, and increased ATP
content in both cell types. The increased ATP is probably
the result of improved mitochondrial function since it has
been demonstrated that SGLT2 inhibitors may shift whole-
body metabolism from glucose to fat oxidation (Vettor et al.,
2017), therefore improving oxidative phosphorylation and
mitochondrial respiration.

In a very recent study EMPA reduced pro-inflammatory
signaling through amelioration of increased interferon-γ
(IFN-γ) in an in vivo model of T2D (Steven et al., 2017).
From a mechanistic sight of view, EMPA reduced epigenetic
changes induced by T2D, as it downregulated the activating
epigenetic mark histone3 lysine4 trimethylation (H3K4me3) of
the promoters of IFN-γ and iNOS. Moreover, EMPA decreased
serum oxidative stress biomarkers namely 3-nitrotyrosine
and 4-hydroxynonenal and dose-dependently increased
aldehyde dehydrogenase (ALDH-2) activity (Steven et al.,
2017), a mitochondrial antioxidant enzyme responsible for the
detoxification of tissues from MDA (Wenzel et al., 2007). In
compliance with the above-mentioned findings we have shown
that EMPA reduced circulating MDA levels and improved
mitochondrial function as shown in cells by increased ATP
cellular content. Thus, we can speculate that these effects along
with the observed reduction of iNOS can be attributed to
epigenomic changes present in T2D. Moreover, macrophage
infiltration present in the context of AMI and T2D (Lee et al.,
2017; Steven et al., 2017) can contribute to the induction
of a proinflammatory phenotype and oxidative stress in the
myocardium, while SGLT2 inhibition is shown to diminish this
process. EMPA’s redox regulating effects seem to be pleiotropic
as it acts both by upregulating endogenous antioxidant

mechanisms and interfering with epigenomic changes associated
with T2D.

Conclusively, EMPA reduces myocardial infarct size in
animals fed with WD through STAT3 activation and regulation
of inflammatory responses in the myocardium. Moreover, the
decrease in iNOS expression and the concomitant decrease in
lipid peroxidation is of great importance. While diabetes is a
redox disease, the redox regulation by EMPA in parallel with
its glucose-lowering effects can be pivotal in managing diabetes
and limiting myocardial infarction. Therefore, the assessment
of EMPA effects on myocardial necrosis and the elucidation of
the molecular mechanisms responsible for its cardioprotection
are of paramount importance. It would allow predicting whether
EMPA has such beneficial effects also in diabetic patients without
prior cardiovascular disease, or in non-diabetic patients with
cardiovascular disease.

STUDY LIMITATIONS

We know that SGLT2 is highly specifically expressed in the
kidney and very minimally in the heart (Chen et al., 2017).
Therefore, additional studies are essential in order to investigate
how EMPA would exert its effects on cardiomyocytes. One of the
main limitations of the present study is the mechanistic insight of
the role of STAT3mediating cardioprotection. Additional studies
to elucidate the exact cardioprotective mechanism of EMPA by
the use of established inhibitors in vivo are necessary to answer
this question. However, our study is able to stimulate research in
investigating the cardioprotective mechanisms of this drug in the
setting of I/R injury.

AUTHOR CONTRIBUTIONS

IA, MB, GD, and EI: contributed to conception and design,
contributed to acquisition, analysis, and interpretation,
drafted the article, critically revised the article and gave
final approval; PE, EB, GT, CHD, AV, P-EN, CAD, EM,
VL, II, and NK: contributed to acquisition, analysis, and
interpretation, critically revised the article, and gave final
approval.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.
2017.01077/full#supplementary-material

Frontiers in Physiology | www.frontiersin.org December 2017 | Volume 8 | Article 1077153

https://www.frontiersin.org/articles/10.3389/fphys.2017.01077/full#supplementary-material
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Andreadou et al. Empagliflozin Reduces Myocardial Infarct Size

REFERENCES

Andreadou, I., Bibli, S. I., Mastromanolis, E., Zoga, A., Efentakis, P., Papaioannou,

N., et al. (2015). Transient carotid ischemia as a remote conditioning

stimulus for myocardial protection in anesthetized rabbits: insights into

intracellular signaling. Int. J. Cardiol. 184, 140–151. doi: 10.1016/j.ijcard.2015.

01.079

Andreadou, I., Farmakis, D., Prokovas, E., Sigala, F., Zoga, A., Spyridaki,

K., et al. (2012). Short-term statin administration in hypercholesterolemic

rabbits resistant to postconditioning: effects on infarct size, endothelial nitric

oxide synthase and nitro-oxidative stress. Cardiovasc. Res. 94, 501–509.

doi: 10.1093/cvr/cvs121

Andreadou, I., Iliodromitis, E. K., Mikros, E., Bofilis, E., Zoga, A., Constantinou,

M., et al. (2004). Melatonin does not prevent the protection of ischemic

preconditioning in vivo despite its antioxidant effect against oxidative stress.

Free Radic. Biol. Med. 37, 500–510. doi: 10.1016/j.freeradbiomed.2004.05.005

Baartscheer, A., Schumacher, C. A., Wust, R. C., Fiolet, J. W., Stienen, G. J.,

Coronel, R., et al. (2017). Empagliflozin decreases myocardial cytoplasmic Na+

through inhibition of the cardiac Na+/H+ exchanger in rats and rabbits.

Diabetologia 60, 568–573. doi: 10.1007/s00125-016-4134-x

Baldanzi, G., Filigheddu, N., Cutrupi, S., Catapano, F., Bonissoni, S., Fubini, A.,

et al. (2002). Ghrelin and des-acyl ghrelin inhibit cell death in cardiomyocytes

and endothelial cells through ERK1/2 and PI 3-kinase/AKT. J. Cell Biol. 159,

1029–1037. doi: 10.1083/jcb.200207165

Bernardi, P., and Di Lisa, F. (2015). The mitochondrial permeability transition

pore: molecular nature and role as a target in cardioprotection. J. Mol. Cell.

Cardiol. 78, 100–106. doi: 10.1016/j.yjmcc.2014.09.023

Bibli, S. I., Andreadou, I., Chatzianastasiou, A., Tzimas, C., Sanoudou, D.,

Kranias, E., et al. (2015). Cardioprotection by H2S engages a cGMP-dependent

protein kinase G/phospholamban pathway. Cardiovasc. Res. 106, 432–442.

doi: 10.1093/cvr/cvv129

Bibli, S. I., Andreadou, I., Glynos, C., Chatzianastasiou, A., Toumpanakis, D.,

Zakynthinos, S. G., et al. (2016). Exposure to cigarette smoke abrogates the

beneficial effect of ischemic postconditioning. Am. J. Physiol. Heart Circ.

Physiol. 311, H1321–H1332. doi: 10.1152/ajpheart.00925.2015

Calvert, J. W., Gundewar, S., Jha, S., Greer, J. J., Bestermann, W. H., Tian,

R., et al. (2008). Acute metformin therapy confers cardioprotection against

myocardial infarction via AMPK-eNOS-mediated signaling. Diabetes 57,

696–705. doi: 10.2337/db07-1098

Chatzianastasiou, A., Bibli, S. I., Andreadou, I., Efentakis, P., Kaludercic, N.,

Wood, M. E., et al. (2016). Cardioprotection by H2S donors: nitric oxide-

dependent and independent mechanisms. J. Pharmacol. Exp. Ther. 358,

431–440. doi: 10.1124/jpet.116.235119

Chen, J., Fan, F., Wang, J. Y., Long, Y., Gao, C. L., Stanton, R. C., et al.

(2017). The efficacy and safety of SGLT2 inhibitors for adjunctive treatment

of type 1 diabetes: a systematic review and meta-analysis. Sci. Rep. 7:44128.

doi: 10.1038/srep44128

Cheng, S. T., Chen, L., Li, S. Y., Mayoux, E., and Leung, P. S. (2016).

The effects of empagliflozin, an SGLT2 inhibitor, on pancreatic beta-cell

mass and glucose homeostasis in type 1 diabetes. PLoS ONE 11:e0147391.

doi: 10.1371/journal.pone.0147391

Fitchett, D., Zinman, B., Wanner, C., Lachin, J. M., Hantel, S., Salsali, A., et al.

(2016). Heart failure outcomes with empagliflozin in patients with type 2

diabetes at high cardiovascular risk: results of the EMPA-REG OUTCOME(R)

trial. Eur. Heart J. 37, 1526–1534. doi: 10.1093/eurheartj/ehv728

Gordon, J. W., Shaw, J. A., and Kirshenbaum, L. A. (2011). Multiple facets

of NF-κB in the heart: to be or not to NF-κB. Circ. Res. 108, 1122–1132.

doi: 10.1161/CIRCRESAHA.110.226928

Habibi, J., Aroor, A. R., Sowers, J. R., Jia, G., Hayden, M. R., Garro, M., et al. (2017).

Sodium glucose transporter 2 (SGLT2) inhibition with empagliflozin improves

cardiac diastolic function in a female rodent model of diabetes. Cardiovasc.

Diabetol. 16:9. doi: 10.1186/s12933-016-0489-z

Hausenloy, D. J., Barrabes, J. A., Bøtker, H. E., Davidson, S. M., Di

Lisa, F., Downey, J., et al. (2016). Ischaemic conditioning and targeting

reperfusion injury: a 30 year voyage of discovery. Basic Res. Cardiol. 111:70.

doi: 10.1007/s00395-016-0588-8

Hawley, S. A., Ford, R. J., Smith, B. K., Gowans, G. J., Mancini, S. J., Pitt, R. D.,

et al. (2016). The Na+/glucose cotransporter inhibitor canagliflozin activates

AMPK by inhibiting mitochondrial function and increasing cellular AMP

levels. Diabetes 65, 2784–2794. doi: 10.2337/db16-0058

Heusch, G. (2015). Molecular basis of cardioprotection: signal transduction

in ischemic pre-, post-, and remote conditioning. Circ. Res. 116, 674–699.

doi: 10.1161/CIRCRESAHA.116.305348

Kleinbongard, P., Skyschally, A., Gent, S., Pesch, M., and Heusch, G. (2017).

STAT3 as a common signal of ischemic conditioning: a lesson on “rigor and

reproducibility” in preclinical studies on cardioprotection. Basic Res. Cardiol.

113, 3. doi: 10.1007/s00395-017-0660-z

Lee, T. M., Chang, N. C., and Lin, S. Z. (2017). Dapagliflozin, a selective SGLT2

inhibitor, attenuated cardiac fibrosis by regulating the macrophage polarization

via STAT3 signaling in infarcted rat hearts. Free Radic. Biol. Med. 104, 298–310.

doi: 10.1016/j.freeradbiomed.2017.01.035

Miki, T., Itoh, T., Sunaga, D., and Miura, T. (2012). Effects of diabetes

on myocardial infarct size and cardioprotection by preconditioning and

postconditioning. Cardiovasc. Diabetol. 11:67. doi: 10.1186/1475-2840-11-67

Oelze, M., Kroller-Schon, S., Welschof, P., Jansen, T., Hausding, M., Mikhed,

Y., et al. (2014). The sodium-glucose co-transporter 2 inhibitor empagliflozin

improves diabetes-induced vascular dysfunction in the streptozotocin diabetes

rat model by interfering with oxidative stress and glucotoxicity. PLoS ONE

9:e112394. doi: 10.1371/journal.pone.0112394

Pagliaro, P., and Penna, C. (2015). Redox signalling and cardioprotection:

translatability and mechanism. Br. J. Pharmacol. 172, 1974–1995.

doi: 10.1111/bph.12975

Panchapakesan, U., Pegg, K., Gross, S., Komala, M. G., Mudaliar, H., Forbes,

J., et al. (2013). Effects of SGLT2 inhibition in human kidney proximal

tubular cells–renoprotection in diabetic nephropathy? PLoS ONE 8:e54442.

doi: 10.1371/journal.pone.0054442

Papathanasiou, S., Rickelt, S., Soriano, M. E., Schips, T. G., Maier, H. J., Davos,

C. H., et al. (2015). Tumor necrosis factor-alpha confers cardioprotection

through ectopic expression of keratins K8 and K18. Nat. Med. 21, 1076–1084.

doi: 10.1038/nm.3925

Park, H., Ku, S. H., Park, H., Hong, J., Kim, D., Choi, B. R., et al. (2015). RAGE

siRNA-mediated gene silencing provides cardioprotection against ventricular

arrhythmias in acute ischemia and reperfusion. J. Control. Release 217, 315–326.

doi: 10.1016/j.jconrel.2015.09.006

Penna, C., Perrelli, M. G., and Pagliaro, P. (2013). Mitochondrial pathways,

permeability transition pore, and redox signaling in cardioprotection:

therapeutic implications. Antioxid. Redox Signal. 18, 556–599.

doi: 10.1111/bph.12975

Phillips, J. W., Barringhaus, K. G., Sanders, J. M., Yang, Z., Chen, M., Hesselbacher,

S., et al. (2003). Rosiglitazone reduces the accelerated neointima formation after

arterial injury in a mouse injury model of type 2 diabetes. Circulation 108,

1994–1999. doi: 10.1161/01.CIR.0000092886.52404.50

Sag, C. M., Wagner, S., and Maier, L. S. (2013). Role of oxidants on

calcium and sodium movement in healthy and diseased cardiac myocytes.

Free Radic. Biol. Med. 63, 338–349. doi: 10.1016/j.freeradbiomed.2013.

05.035

Steven, S., Oelze, M., Hanf, A., Kröller-Schön, S., Kashani, F., Roohani,

S., et al. (2017). The SGLT2 inhibitor empagliflozin improves the

primary diabetic complications in ZDF rats. Redox Biol. 13, 370–385.

doi: 10.1016/j.redox.2017.06.009

Su, S. A., Yang, D., Zhu, W., Cai, Z., Zhang, N., Zhao, L., et al. (2016).

Interleukin-17A mediates cardiomyocyte apoptosis through Stat3-iNOS

pathway. Biochim. Biophys. Acta 1863, 2784–2794. doi: 10.1016/j.bbamcr.2016.

08.013

Surwit, R. S., Kuhn, C. M., Cochrane, C., McCubbin, J. A., and Feinglos, M.

N. (1988). Diet-induced type II diabetes in C57BL/6J mice. Diabetes 37,

1163–1167. doi: 10.2337/diab.37.9.1163

Togliatto, G., Trombetta, A., Dentelli, P., Rosso, A., and Brizzi, M. F. (2011).

MIR221/MIR222-driven post-transcriptional regulation of P27KIP1 and

P57KIP2 is crucial for high-glucose- and AGE-mediated vascular cell damage.

Diabetologia 54, 1930–1940. doi: 10.1007/s00125-011-2125-5

Vettor, R., Inzucchi, S. E., and Fioretto, P. (2017). The cardiovascular benefits

of empagliflozin: SGLT2-dependent and -independent effects. Diabetologia 60,

395–398. doi: 10.1007/s00125-016-4194-y

Wenzel, P., Hink, U., Oelze, M., Schuppan, S., Schaeuble, K., Schildknecht,

S., et al. (2007). Role of reduced lipoic acid in the redox regulation of

Frontiers in Physiology | www.frontiersin.org December 2017 | Volume 8 | Article 1077154

https://doi.org/10.1016/j.ijcard.2015.01.079
https://doi.org/10.1093/cvr/cvs121
https://doi.org/10.1016/j.freeradbiomed.2004.05.005
https://doi.org/10.1007/s00125-016-4134-x
https://doi.org/10.1083/jcb.200207165
https://doi.org/10.1016/j.yjmcc.2014.09.023
https://doi.org/10.1093/cvr/cvv129
https://doi.org/10.1152/ajpheart.00925.2015
https://doi.org/10.2337/db07-1098
https://doi.org/10.1124/jpet.116.235119
https://doi.org/10.1038/srep44128
https://doi.org/10.1371/journal.pone.0147391
https://doi.org/10.1093/eurheartj/ehv728
https://doi.org/10.1161/CIRCRESAHA.110.226928
https://doi.org/10.1186/s12933-016-0489-z
https://doi.org/10.1007/s00395-016-0588-8
https://doi.org/10.2337/db16-0058
https://doi.org/10.1161/CIRCRESAHA.116.305348
https://doi.org/10.1007/s00395-017-0660-z
https://doi.org/10.1016/j.freeradbiomed.2017.01.035
https://doi.org/10.1186/1475-2840-11-67
https://doi.org/10.1371/journal.pone.0112394
https://doi.org/10.1111/bph.12975
https://doi.org/10.1371/journal.pone.0054442
https://doi.org/10.1038/nm.3925
https://doi.org/10.1016/j.jconrel.2015.09.006
https://doi.org/10.1111/bph.12975
https://doi.org/10.1161/01.CIR.0000092886.52404.50
https://doi.org/10.1016/j.freeradbiomed.2013.05.035
https://doi.org/10.1016/j.redox.2017.06.009
https://doi.org/10.1016/j.bbamcr.2016.08.013
https://doi.org/10.2337/diab.37.9.1163
https://doi.org/10.1007/s00125-011-2125-5
https://doi.org/10.1007/s00125-016-4194-y
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Andreadou et al. Empagliflozin Reduces Myocardial Infarct Size

mitochondrial aldehyde dehydrogenase (ALDH-2) activity. Implications for

mitochondrial oxidative stress and nitrate tolerance. J Biol Chem. 282, 792–799.

doi: 10.1074/jbc.M606477200

Yanagisawa, K., Makita, Z., Shiroshita, K., Ueda, T., Fusegawa, T.,

Kuwajima, S., et al. (1998). Specific fluorescence assay for advanced

glycation end products in blood and urine of diabetic patients.

Metab. Clin. Exp. 47, 1348–1353. doi: 10.1016/S0026-0495(98)

90303-1

Yu, Z., Zhang, W., and Kone, B. C. (2002). Signal transducers and activators of

transcription 3 (STAT3) inhibits transcription of the inducible nitric oxide

synthase gene by interacting with nuclear factor kappaB. Biochem. J. 367,

97–105. doi: 10.1042/bj20020588

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2017 Andreadou, Efentakis, Balafas, Togliatto, Davos, Varela,

Dimitriou, Nikolaou, Maratou, Lambadiari, Ikonomidis, Kostomitsopoulos, Brizzi,

Dimitriadis and Iliodromitis. This is an open-access article distributed under the

terms of the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) or licensor

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org December 2017 | Volume 8 | Article 1077155

https://doi.org/10.1074/jbc.M606477200
https://doi.org/10.1016/S0026-0495(98)90303-1
https://doi.org/10.1042/bj20020588
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


REVIEW
published: 21 March 2018

doi: 10.3389/fphys.2018.00258

Frontiers in Physiology | www.frontiersin.org March 2018 | Volume 9 | Article 258

Edited by:

Pasquale Pagliaro,

Università degli Studi di Torino, Italy

Reviewed by:

Ioanna Andreadou,

National and Kapodistrian University

of Athens, Greece

Claudio Molinari,

Università degli Studi del Piemonte

Orientale, Italy

*Correspondence:

Guido Iaccarino

giaccarino@unisa.it

Specialty section:

This article was submitted to

Vascular Physiology,

a section of the journal

Frontiers in Physiology

Received: 08 January 2018

Accepted: 06 March 2018

Published: 21 March 2018

Citation:

Sorriento D, De Luca N, Trimarco B

and Iaccarino G (2018) The

Antioxidant Therapy: New Insights in

the Treatment of Hypertension.

Front. Physiol. 9:258.

doi: 10.3389/fphys.2018.00258

The Antioxidant Therapy: New
Insights in the Treatment of
Hypertension

Daniela Sorriento 1, Nicola De Luca 1, Bruno Trimarco 1 and Guido Iaccarino 2*

1Dipartimento di Scienze Biomediche Avanzate, Università Federico II, Napoli, Italy, 2Dipartimento di Medicina, Chirurgia e

Odontoiatria, Università degli Studi di Salerno, Baronissi, Italy

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) play a key role in

the regulation of the physiological and pathological signaling within the vasculature. In

physiological conditions, a delicate balance between oxidants and antioxidants protects

cells from the detrimental effects of ROS/RNS. Indeed, the imbalance between ROS/RNS

production and antioxidant defense mechanisms leads to oxidative and nitrosative stress

within the cell. These processes promote the vascular damage observed in chronic

conditions, such as hypertension. The strong implication of ROS/RNS in the etiology

of hypertension suggest that antioxidants could be effective in the treatment of this

pathology. Indeed, in animal models of hypertension, the overexpression of antioxidants

and the genetic modulation of oxidant systems have provided an encouraging proof

of concept. Nevertheless, the translation of these strategies to human disease did not

reach the expected success. This could be due to the complexity of this condition,

whose etiology depends on multiple factors (smoking, diet, life styles, genetics, family

history, comorbidities). Indeed, 95% of reported high blood pressure cases are deemed

“essential hypertension,” and at the molecular level, oxidative stress seems to be a

common feature of hypertensive states. In this scenario, new therapies are emerging

that could be useful to reduce oxidative stress in hypertension. It is now ascertained

the role of Vitamin D deficiency in the development of essential hypertension and it

has been shown that an appropriate high dose of Vitamin D significantly reduces blood

pressure in hypertensive cohorts with vitamin D deficiency. Moreover, new drugs are

emerging which have both antihypertensive action and antioxidant properties, such as

celiprolol, carvedilol, nebivolol. Indeed, besides adrenergic desensitization, these kind of

drugs are able to interfere with ROS/RNS generation and/or signaling, and are therefore

considered promising therapeutics in the management of hypertension. In the present

review we have dealt with the effectiveness of the antioxidant therapy in the management

of hypertension. In particular, we discuss about Vitamin D and anti-hypertensive drugs

with antioxidant properties.
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OXIDATIVE AND NITROSATIVE STRESS:

PHYSIO-PATHOLOGICAL IMPLICATIONS

Reactive oxygen species (ROS) are produced in several cellular
systems within the cell: plasma membrane, cytosol, peroxisomes,
mitochondria, lysosomes and endoplasmic reticulum (Di Meo
et al., 2016). The enzymes involved in ROS generation are: nitric
oxide synthase, peroxidases, NADPH oxidase, NADPH oxidase
isoforms (NOX), xanthine oxidase (XO), lipoxygenases (LOXs),
glucose oxidase, cyclooxygenases (COXs), and myeloperoxidase
(MPO) (Bhattacharyya et al., 2014). Moreover, exogenous
sources of ROS also exists that include air pollution, smoking,
ionizing radiations, foods and drugs, chemical agents, heavy
metals, organic solvents, pesticides (Bhattacharyya et al., 2014).
ROS derive from oxygen reduction which produces, through
several steps, important intermediate products: superoxide
anion, hydrogen peroxide, and hydroxyl radical. Superoxide
anion (O•−

2 ) is the most common ROS, which is generated in
mitochondria by the electron transport chain (ETC) through
the partial reduction of oxygen (Bolisetty and Jaimes, 2013).
Superoxide dismutase (SOD) is responsible of H2O2 production
from superoxide anion by means of amino acid and xanthine
oxidase or a dismutation reaction. In the presence of metal ions
and superoxide anion, H2O2 can produce the hydroxyl radical
(·OH), that is the most reactive and dangerous one (Quinlan
et al., 2013; Ogun, 2015).

RNS derives from nitric oxide (NO) that is generated
during the breakdown of arginine to citrulline by the
NADPH-dependent enzyme nitric oxide synthase (Drew
and Leeuwenburgh, 2002). NO is a neurotransmitter and a blood
pressure regulator; it is a free radical but is not a very reactive
one. NO is able to form other nitrogen reactive intermediates
(nitrate, peroxynitrite, and 3-nitrotyrosine), which affect cell
function (Ramchandra et al., 2005; Ogun, 2015). NO competes
with O2 for the binding at the binuclear center of cytochrome c
oxidoreductase, leading to the inhibition of cytochrome c oxidase
activity (Cleeter et al., 1994). In mitochondria it increases the
production of ROS and RNS which affect several processes such
as mitochondrial biogenesis, respiration, and oxidative stress
(Bolisetty and Jaimes, 2013; Ogun, 2015). NO reacts with O−

2 ,
which derives from mitochondrial respiratory chain, to give
peroxynitrite (OONO−), which spontaneously decompose to
NO.

2 and hydroxyl radical (.OH). Peroxynitrite is cytotoxic,
oxidizes low-density lipoprotein and inhibits mitochondrial
function (Radi et al., 2002; Halliwell, 2007). Nitrogen dioxide
(NO2 ) derives from the reaction of peroxyl radical and NO,
triggers lipid peroxidation and oxidizes ascorbic acid (Patel et al.,
1999).

ROS and RNS play a key role in both health and disease
acting as signaling molecules (Di Meo et al., 2016). Indeed,
they are involved in several physiologic processes (proliferation,
growth, differentiation, apoptosis, migration, contraction, and
cytoskeletal regulation,) but, when in excess, they also trigger
the development of pathologic conditions (chronic inflammation
and autoimmune diseases, sensory impairment, cardiovascular
diseases, cancer, fibrotic disease, obesity, insulin resistance,
neurological disorders, and infectious diseases; Mittler et al.,

2011; Sena and Chandel, 2012; Brown and Griendling, 2015). In
physiological conditions, a delicate balance between oxidants and
antioxidants exists that allow cells to conduct their physiological
functions and to improve the systemic defense mechanisms
(Figure 1; Ristow and Schmeisser, 2014; Ogun, 2015). However,
when this balance is impaired leading to an excessive production
of ROS/RNS, oxidative and nitrosative stress occurs and causes
extensive cellular damage. This dual effect of ROS has been
named mitohormesis, indicating a non-linear dose-response
relationship between ROS levels and mortality (Ristow and
Schmeisser, 2014).

THE INVOLVEMENT OF ROS/RNS IN THE

ETIOLOGY OF HYPERTENSION

Hypertension is a complex condition whose etiology depends
on several factors (smoking, diet, genetics, family history, pre-
existing pathologies) and, inmost cases, it is difficult to determine
the main cause (“essential hypertension”). Besides the complex
etiology of this disease, oxidative and nitrosative stress appear
to be a common feature within hypertensive disorders (Harrison
et al., 2007; Harrison and Gongora, 2009; Baradaran et al., 2014).
Even if it is still debated whether excessive ROS/RNS production
is the cause or the consequence of hypertension, several in vitro
and in vivo evidence suggest that ROS/RNS trigger the activation
of specific molecular mechanisms which in turn increase blood
pressure levels (Ward and Croft, 2006).

In Vitro Evidence in Cultured Vascular Cells
Vascular cell types (endothelialcells, smooth muscle cells,
adventitial fibroblasts, and perivascular adipocytes) are able to
produce ROS through the activity of many enzymes (Touyz
and Briones, 2011; Kim and Byzova, 2014). Among these latter,
mitochondrial enzymes and nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase (Nox) are themajor sources of ROS
in the vascular wall that trigger mitochondrial dysfunction and
consequently oxidative stress. Angiotensin II has been shown to
induce mitochondrial ROS production through the activation of
NADPH oxidase (Doughan et al., 2008; Figure 2). The vascular
production of ROS/RNS causes a significant reduction of NO
production and eNOS activity (Rodrigo et al., 2011). Indeed,
when the levels of superoxide anion increase, nitric oxide is
rapidly degraded causing endothelial dysfunction (McIntyre
et al., 1999; Touyz and Schiffrin, 2004). The peroxynitrite oxidizes
BH4, an important NO synthase cofactor, and inducing an
increase of superoxide production leading to the development
of oxidative stress (Laursen et al., 2001). Through lipid
peroxidation, ROS can also cause the generation of secondary
products (lipid-derived aldehydes) that contributes to endothelial
dysfunction and hypertension (Cracowski et al., 2002).

In hypertension, ROS affected several processes which in
turn trigger endothelial dysfunction (apoptosis, angiogenesis,
inflammation). Indeed, in endothelial cells, the increase of
ROS production in response to pro-inflammatory and pro-
atherosclerotic factors (Ang II, oxLDL, TNFalpha), activates
apoptotic events which are prevented by the treatment with

Frontiers in Physiology | www.frontiersin.org March 2018 | Volume 9 | Article 258157

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Sorriento et al. Antioxidants and Hypertension

FIGURE 1 | Physiological and pathological ROS levels. In physiological conditions, there is a delicate balance between oxidants and antioxidants that allow cells to

conduct their physiological functions and to improve systemic defense mechanisms by inducing an adaptive response. In this conditions ROS production is

physiologic and not dangerous. However, when the balance between oxidants and antioxidants is impaired and ROS production increase over the physiological

threshold, excessive ROS levels trigger the development of pathologic conditions.

antioxidants (Dimmeler and Zeiher, 2000). The pro-apoptotic
effects of ROS in endothelial cells derives from the impairment of
mitochondrial membrane permeability followed by cytochrome c
release and caspase activation (Breitschopf et al., 2000; Lee et al.,
2009).

In the endothelium, the expression of some adhesion
molecules (vascular cell adhesion molecule-1 and intracellular
adhesion molecule-1) is ROS-dependent, suggesting that ROS
promote adhesion of inflammatory cells (Marui et al., 1993; Khan
et al., 1996).

It has been demonstrated that ROS-dependent angiogenesis
is associated with VEGF expression (Kim and Byzova, 2014).
Indeed, hydrogen peroxide increases VEGF expression both
in vascular smooth muscle cells and in endothelial cells,
thus promoting angiogenic responses (Ruef et al., 1997;
Chua et al., 1998). ROS also affect the dimerization and
autophosphorylation of VEGFR2 in response to VEGF, and
subsequent angiogenesis induced by VEGFR2 activation
(Colavitti et al., 2002; Ushio-Fukai et al., 2002; Kim and Byzova,
2014). Recent studies also identified novel mechanisms of
ROS-dependent angiogenesis which are VEGF-independent
(Kim et al., 2013; Kim and Byzova, 2014). Indeed, ROS are
involved in the generation of new lipid oxidation products with
proangiogenic activities through TLR-2 dependent NFkappaB

activation. Also, ROS-dependent NFkappaB activation induces
the expression of pro-inflammatory genes (Malinin et al., 2011;
Kim et al., 2013; Kim and Byzova, 2014).

In Vivo Evidence in Animal Models of

Hypertension
The involvement of ROS in the etiology of hypertension has
been demonstrated in several animal models of hypertension:
spontaneously hypertensive rat (Kerr et al., 1999), the angiotensin
II-infused rat (Haugen et al., 2000), renovascular hypertension
(Lerman et al., 2001), the deoxycorticosterone acetate-salt
model (Wu et al., 2001), and obesity-related hypertension
(Dobrian et al., 2001). These studies associate oxidative stress
with the mechanisms of hypertension, including vascular and
organ damage. A further confirmation of ROS involvement in
hypertension derives from the finding that in animal models of
hypertension the increased ROS production causes endothelial
dysfunction that is reversed by SOD (Laursen et al., 1997;
Bauersachs et al., 1999; Somers et al., 2000).

In Vivo Evidence in Humans
In smooth muscle cells from arteries of hypertensive patients
the treatment with Angiotensin II induces ROS production,
as demonstrated by the increase of several parameters that
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FIGURE 2 | Angiotensin II-dependent ROS production induces hypertension. Angiotensin II induces ROS production through the activation of mitochondrial enzymes

and nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (Nox). Angiotensin II-dependent ROS production causes in turn a significant reduction of eNOS

activity and NO production, lipid peroxidation, induction of apoptotic signaling, and NFκB activation. These all lead to endothelial dysfunction and vascular

inflammation that trigger the development of the hypertensive state.

are related to ROS (Touyz and Schiffrin, 2001; Ahmad et al.,
2017). Furthermore, in hypertensive patients a strong association
exists between blood pressure and the elevated oxidative
stress biomarkers such as malondialdehyde, F2-isoprostanes,
GSSG, and the DNA oxidation marker 8-oxo-7,8-dihydro-2′-
deoxyguanosine (8-oxo-dG) (Rodrigo et al., 2007; Ahmad et al.,
2017).

THE ANTIOXIDANT THERAPY IN

HYPERTENSION

Given the above discussed involvement of oxidative and
nitrosative stress in the etiology of hypertension, the antioxidant
therapy seems to be a useful strategy to restore the impaired
balance between oxidants and antioxidants in hypertensive
conditions. Indeed, the treatment with antioxidants has been
successfully used in animal models of hypertension. The oral
treatment with Lazaroid, a ROS scavenger, in spontaneously
hypertensive rats (SHR) improved NO viability and reduced

blood pressure (Vaziri et al., 2000). Similarly, treatment with the
antioxidant N-acetylcysteine (NAC) inhibited ROS production
and improved NOS activity and accordingly reduced blood
pressure (Ahmad et al., 2017). The same results were found also
in SHR treated with the xanthine oxidase inhibitor, allopurinol
(Mazzali et al., 2001). Moreover, successful results were also
obtained by targeting antioxidant peptides to the vasculature to
increase the antioxidant effect, reduce vascular resistances and
lower BP. For instance, the antioxidant peptide gp91ds affects
the assembly of NAD(P)H oxidase and consequently reduces
superoxide production (Greig et al., 2010). This peptide was
engineered to target vasculature and chronically administered to
a preclinical model of endothelial dysfunction and more severe
hypertension, the stroke-prone SHR. The treatment significantly
improved nitric oxide bioavailability and attenuated the time-
dependent and progressive increase in systolic blood pressure
(Greig et al., 2010).

Opposite to preclinical models, however, antioxidant
strategies for the treatment of hypertension in clinic did
not reach the expected success. Indeed, literature is quite
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discordant on the effect of antioxidant therapy in hypertension
as demonstrated by data from clinical trials (Kizhakekuttu and
Widlansky, 2010). This could be due to the complexity of this
condition. Indeed, while we call hypertensives all patients with
blood pressure values above a given threshold (Mancia et al.,
2013;Whelton et al., 2017) indeed within this generic definition a
much diversified range of phenotypes are included, ranging from
the young lean to the obese, to the postmenopausal women or
the elderly hypertensives. For each of this phenotype, indeed, it
is expected to recognize different etiology, depending on several
risk factors (genetics, family history), lifestyles (smoking, diet,
sedentary lifestyle), concomitant conditions (chronic kidney
disease, diabetes). In each of these phenotypes, the role of
oxidants might be different, and therefore diluted within clinical
trials that do not select the appropriate patient. Moreover, it is
to be considered that the effectiveness of antioxidants can be
lowered by the cross-talk with other substances. For instance,
it has been shown that Vitamin C alone reduced both systolic
and diastolic blood pressure (BP) vs. placebo (Ward et al.,
2005) through the down-regulation of NADPH oxidase and
up-regulation of eNOS (Briones and Touyz, 2010; Juraschek
et al., 2012). However, the same vitamin, in combination with
Polyphenols, increases BP, while in combination with other
antioxidants (Vitamin E, beta-carotene, and zinc) modestly
reduces systolic BP and does not modify diastolic BP (Ardalan
and Rafieian-Kopaei, 2014). Furthermore, ineffective dosing
regimens and inadequate selection of subjects recruited in the
studies could also have affected the effectiveness of the treatment.
Table 1 summarize the main common natural antioxidants
(e.g., vitamins and mitochondrial related antioxidants), other
potential antioxidants (e.g., vitamin D), and anti-hypertensive
drugs that also exert antioxidant effects.

Among natural antioxidants, here we focused on Vitamin
D, whose levels has been recently associated with hypertension,
since it has great potentiality to be used for therapeutic
treatments. Among the other antioxidants listed in Table 1, we
discuss the ability of some anti-hypertensive drugs to reduce
oxidative stress. This latter property of anti-hypertensive drugs
enforces the proof of concept about the key role of oxidative stress
in the development and progression of hypertensive states and
the benefit of antioxidants as therapeutic strategy.

Vitamin D
Among antioxidants, Vitamin D is recently emerging as anti-
hypertensive effector through the activation of antioxidant

mechanisms. In human, most vitamin D (∼80%) is naturally
synthesized in the skin from 7-dehydrocholesterol in response
to ultraviolet (UV) B radiation but it can also derive from
dietary sources. Vitamin D is metabolized in the liver to
25-hydroxyvitamin D (25(OH)D) that is converted by 1α-
hydroxylase into 1,25-dihydroxyvitamin D3, the biologically
active agonist for the Vitamin D receptor (VDR) (Figure 3;
Chen et al., 2015). Serum levels of Vitamin D are regulated
by calcium homeostasis and parathyroid hormone (PTH) level
since low calcium and high PTH levels induce Vitamin D
synthesis by increasing 1α-hydroxylase activity (Chen et al.,
2015).

A large part of western population is thought to
have a Vitamin D deficiency/insufficiency, which has
been associated with an increased risk for cardiovascular
diseases (McGreevy and Williams, 2011; Tamez et al., 2013).
The reason for this deficiency can be probably due to a
decreased exposure to sun as a prevention for melanoma
(Holick, 2007), although nutritional aspects are also being
considered and posed a the base of replacement therapy
strategies.

Recently, an association between low Vitamin D serum
levels and hypertension have been suggested (Ullah et al.,
2010; Kota et al., 2011). Indeed, 1-alpha-hydroxylase deficient
mice, which cannot synthesize Vitamin D3, develop high
blood pressure and left ventricular hypertrophy (Zhou et al.,
2008). Vitamin D can affect blood pressure through several
mechanisms. Indeed, in both animals and humans it has
been shown that vitamin D decreases renin-angiotensin-
aldosterone system (RAAS) activity (Li et al., 2002;
Tomaschitz et al., 2010), modulates endothelial function
(Wong et al., 2010; Pittarella et al., 2015; Molinari et al.,
2018) and regulates vascular oxidative stress (Argacha et al.,
2011).

Clinical studies demonstrated an inverse, dose-response
relationship between plasma Vitamin D3 concentration and
blood pressure or renin activity in both normotensive and
hypertensive patients (Nigwekar and Thadhani, 2013; Grubler
et al., 2017). High levels of Vitamin D in humans, for instance,
are associated with lower blood pressure (Vimaleswaran et al.,
2014). All these reports suggest that Vitamin D levels are
associated with BP also in humans. Based on such findings,
it is likely to believe that Vitamin D supplementation could
be an effective therapy for hypertension. This hypothesis was
confirmed in animal models of hypertension. Indeed, Vitamin

TABLE 1 | Known and potential antioxidants.

Antioxidant vitamins Mitochondrial related antioxidants Enzymatic antioxidants Other potential antioxidants Anti-hypertensive drugs

Vitamin A Coenzyme Q10 Glutathione peroxidase Vitamin D Propanolol

Vitamin C Acetyl-L-Carnitine Catalase Glutamate Nebivilol

Vitamin E α-Lipoic Acid Superoxide dismutase N-acetylcysteine Carvedilol

L-Arginin Sour milk Celiprolol

Flavonoids Garlic Amlodipine

Enalapril
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FIGURE 3 | Vitamin D synthesis and effects. Most vitamin D is naturally synthesized in the skin from 7-dehydrocholesterol in response to ultraviolet radiation.

7-dehydrocholesterol is converted to Pre-Vitamin D3 that through the circulation reach the liver where it is metabolized to 25-hydroxyvitamin D (25(OH)D). This latter is

then converted in the kidney by 1α-hydroxylase into 1,25-dihydroxyvitamin D3, the biologically active agonist for the Vitamin D receptor. The synthesis of

1,25-dihydroxyvitamin D3 is mainly regulated by PTH and serum calcium levels. 1,25-dihydroxyvitamin D3 has a several effects since it increases serum calcium levels

by inducing calcium mobilization from bone, decreases renin-angiotensin-aldosterone system (RAAS) activity and inhibits PTH production.

D supplementation ameliorates pathological right ventricular
hypertrophy in rats with pulmonary hypertension (Tanaka et al.,
2017) and reduces blood pressure levels in SHR rats (Wong et al.,
2010). Accordingly, several clinical trials show the effectiveness
of natural vitamin D, Vitamin D3 or its analog supplementation
on BP levels in those patients with essential hypertension that
is dependent on Vitamin D-deficiency (Kimura et al., 1999;
Pfeifer et al., 2001; Judd et al., 2010; Goel and Lal, 2011; Bernini
et al., 2013; Forman et al., 2013; Carrara et al., 2014; Mozaffari-
Khosravi et al., 2015). Vitamin D supplementation therapy also
in pregnancy is able to reduce the incidence of gestational
hypertension/preeclampsia (Behjat Sasan et al., 2017). Moreover,
Vitamin D have beneficial effects on BP also in patients affected
by other pathologies, such as type 2 diabetes (de Paula et al.,
2017).

However, other randomized controlled trials show that
Vitamin D supplementation results ineffective as anti-
hypertensive agent (Li et al., 2004; Michos and Melamed,
2008; Beveridge et al., 2015; Grubler et al., 2017; Wu and Sun,
2017). Thus, literature seems to be quite discordant on the
effectiveness of Vitamin D supplementation in the treatment of
the hypertensive condition. However, this discrepancy could be
dependent on several variables in study population (Vitamin D-
deficiency levels, gender, ethnicity, BP levels, age, parathormone
levels). Indeed, a recent study show that the relationship
between serum levels of Vitamin D and BP differs according

to ethnicity and gender with a significant inverse association
among non-hispanic whites (NHW) and females, NHW
females and non-hispanic black females (Vishnu and Ahuja,
2017). Data from this study suggest a non-linear relationship
between Vitamin D and hypertension with significant decline
in hypertension only up to a physiological level of Vitamin
D that is different depending on race/ethnicity and gender
(Vishnu and Ahuja, 2017). Among the putative mechanisms
involved in the association between Vitamin D deficiency
and increased blood pressure levels, anti-oxidant effects of
Vitamin D have been implicated. Nevertheless, it has also to
consider that Vitamin D is inversely correlated with the calcium
modulator paratohormone (PTH). The vascular effects of such
hormone, as well as the mechanisms associated with the reduced
kidney function are both possible mechanisms of increased
vascular resistance and blood volume, two determinants of
hypertension. Indeed, increased PTH has been demonstrated to
correlates better than Vitamin D deficiency with blood pressure
and cardiovascular risk, including hypertension, in a large
population in Southern Italy (Pascale et al., 2018) suggesting
that also PTH levels could be a discriminating parameter in
the selection of patients that could be sensitive to Vitamin D
supplementation. Thus, future researches on this issue should
take into account these parameters and, accordingly, identify
an ideal population which result more sensitive to this kind of
treatment.
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Anti-hypertensive Drugs With Antioxidant

Properties
To date, several molecules have been discovered that are
effective anti-hypertensive drugs with antioxidant properties.
Indeed, some beta-blockers, apart from their ability to
inhibit adrenaline/noradrenaline dependent activation of
beta adrenergic receptors (Iaccarino et al., 2006; Sorriento et al.,
2011; Galasso et al., 2013), are also able to reduce oxidative
stress. Among them, Propanolol, Nebivilol, Carvedilol, and
Celiprolol are the most studied (Yao et al., 2008). Propranolol
inhibits oxidative stress and reduces tissue lipid peroxidation
(Mak and Weglicki, 1988; Yao et al., 2008). Carvedilol reduces
lipid peroxidation in patients with heart failure by acting as
a free radical scavenger (Kukin et al., 1999; Yao et al., 2008).
Celiprolol reduces superoxide anions generation in patients
with essential hypertension and improves endothelial function
(Mehta et al., 1994; Kobayashi et al., 2001; Yao et al., 2008).
However, this antioxidant effects are not a common feature of
all beta-blockers since it has been shown that Atenolol has no
effect on ROS production in endothelial cells (Fratta Pasini et al.,
2005).

At the molecular level, the beta-blocking effect is itself
important to reduce ROS production by blocking catecholamines
that are known to induce oxidative stress in the myocardium.
Furthermore, some beta-blockers have also direct antioxidant
effects which are different depending on the modulation of
specific intracellular signaling.

Indeed, Nebivolol exerts its effects by increasing NO
levels, NOS activity, and expression of eNOS, as well as
by reducing ROS production and Nox expression (Wang
et al., 2017). Carvedilol inhibits 4-hydroxy-2-nonenal
(HNE)-induced intracellular Ca2+overload (Nakamura
et al., 2011). Celiprolol significantly suppresses BP levels
and ameliorates hypoxia-induced LV remodeling in mice,
by restoring eNOS expression via stimulation of PI3K-AKT
signaling pathway (Kobayashi et al., 2003; Nishioka et al.,
2013).

Besides these beta-blockers, also Amlodipine, a calcium
channel blocker, shares the same anti-hypertensive and
antioxidant properties. Indeed, Amlodipine is able to
decrease blood pressure as well as oxidative stress as shown
by a decrease of malondialdehyde and an increase of
Na+ K+ ATPase and SOD levels in essential hypertensive
patients (Mahajan et al., 2007). This effect is further
increased by Vitamin C supplementation (Mahajan et al.,
2007).

Furthermore, Enalapril, an ACE-inhibitor, reduces the
expression of oxidant stress markers and antioxidant enzymes
in the heart and kidney of SHR rats (Chandran et al., 2014;
Yusoff et al., 2017) and of diabetic rats (de Cavanagh et al.,
2001). Also in hypertensive patients, 3 months of Enalapril
therapy are beneficial to prevent oxidative stress compared
with Atenolol treated patients (Deoghare and Kantharia, 2013).
Similarly, the antioxidant beneficial effects on vascular biology,
including nitrix oxide availability, has been demonstrated

for SH- containing ACE inhibitors (Captopril, Lisinopril,
zofenopril) due to the free radical scavenging properties of
the tiol residues contained in the drug sequence (Chopra
et al., 1990; Buikema et al., 2000; Donnarumma et al.,
2016).

CONCLUSIONS AND FUTURE

DIRECTIONS

Several diseases have been associated with oxidative stress
suggesting that this latter could be a trigger for diseases
and that antioxidant therapy could be an effective therapeutic
treatment. However, while basic research and pre-clinical
studies support this point of view, clinical studies still produce
controversial results. This could probably be dependent on
the pathophysiological complexity of ROS/RNS signaling in
humans with comorbidities (Pagliaro and Penna, 2015, 2017;
Egea et al., 2017). Here, in particular, we have discussed about
the role of oxidative stress in the development and progression
of hypertensive states even if the idea that antioxidant therapy
is effective against this disease by inhibiting or destroying
free radicals is not accepted yet. Indeed, the promising results
in pre-clinical model of hypertension are not always support
by data from patients. A great discrepancy exists among
results from different clinical trials. Actually, limitations to
the effectiveness of antioxidant therapy in the management of
hypertension could be due to numerous variables. First of all,
the half-life of the particular antioxidant administered affects
its effectiveness in long-term treatments. Moreover, the cross-
talks with other substances in some cases reduce the anti-
hypertensive effects. Finally, the inadequate homogeneity of
patients characteristics in study population is probably the most
important limitation of clinical trials. To date, the use of anti-
hypertensive drugs with antioxidants properties seems to be the
most effective treatment in the management of hypertension
since they are able to reduce blood pressure by affecting
molecular mechanisms which are involved in the regulation
of both vascular function and oxidative state. Despite the
discordant results of clinical trials, Vitamin D supplementation
could also be a promising therapeutic treatment for hypertension
that is worthwhile to further investigate considering not only
the rate of Vitamin D deficiency, but also PTH levels, as
discriminating factors in the selection of patients. For the
future improvement of antioxidant therapy the above proposed
potential limitations should be taken into account. Moreover,
further studies are needed to better clarify the sources and targets
of ROS/RNS and their harmful or beneficial roles, the specific
molecular mechanisms and their cross-talks, and to identify the
ideal patient which could be sensitive to specific antioxidant
therapies.
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The role of the diet as well as the impact of the dietary habits on human health and disease

is well established. Apart from its sleep regulatory effect, the indoleamine melatonin

is a well-established antioxidant molecule with multiple health benefits. Convincing

evidence supports the presence of melatonin in plants and foods with the intake of

such foods affecting circulating melatonin levels in humans. While numerous actions of

both endogenous melatonin and melatonin supplementation are well described, little is

known about the influence of the dietary melatonin intake on human health. In the present

review, evidence for the cardiovascular health benefits of melatonin supplementation

and dietary melatonin is discussed. Current knowledge on the biological significance as

well as the underlying physiological mechanism of action of the dietary melatonin is also

summarized. Whether dietary melatonin constitutes an alternative preventive treatment

for cardiovascular disease is addressed.

Keywords: antioxidant, cardiovascular diseases, hypertension, melatonin, myocardial infarction

INTRODUCTION

The role of the diet as well as the impact of the dietary habits on human health and disease has
been described since the antiquity (Skiadas and Lascaratos, 2001). In ancient Greece, excess food
intake was considered as unhealthy and a cause of illness, whereas a moderate diet made of cereals,
legumes, fruits, milk, honey and fish with a modest consumption of meat, confectionery and wine,
as currently found in the common Mediterranean diet, was recommended as healthy (Skiadas
and Lascaratos, 2001). Today, the health benefits of the Mediterranean diet are well established
(Estruch et al., 2013; Afshin et al., 2014). Accordingly, supplementation of the Mediterranean diet
with extra-virgin olive oil or nuts is associated with a reduction in the risk of major cardiovascular
events among high-risk persons (Estruch et al., 2013). The health-promoting properties of the
Mediterranean diet are attributed to its various food ingredients including, amongst others,
flavonoids (Kruger et al., 2014) and,more recently, melatonin (Lecour and Lamont, 2011), therefore
supporting the current growing interest in the dietary sources and bioactivities of melatonin
(Peuhkuri et al., 2012; Johns et al., 2013; Sae-Teaw et al., 2013; Tan et al., 2014; Iriti and Varoni,
2015; Meng et al., 2017b).

Melatonin or N-acetyl-5-methoxytryptamine is a highly conserved indoleamine molecule found
in all microorganisms (Hardeland and Fuhrberg, 1996), plants and animals (Reiter et al., 2001;
Tan et al., 2012). Originally identified in the bovine pineal gland (Lerner et al., 1958), melatonin
is also produced by a wide range of tissues including the retina, thymus, spleen, heart, muscle,
liver, stomach, pancreas, intestine, placenta, testis, ovaries, bone marrow, skin and hair follicle,
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cerebral cortex, and striatum (Stefulj et al., 2001; Venegas et al.,
2012; Acuna-Castroviejo et al., 2014). The content of melatonin
in these tissues varies and decreases with age to a similar extent
as its pineal production (Sanchez-Hidalgo et al., 2009; Scholtens
et al., 2016). After biosynthesis, pineal melatonin is immediately
released into the circulatory system and reaches all biological
fluids including cerebrospinal fluid, bile, saliva, synovial fluid,
semen, ovarian follicular fluid, amniotic fluid, breast milk and
tears (Illnerova et al., 1993; Acuna-Castroviejo et al., 2014;
Carracedo et al., 2017). In physiological conditions, the extra-
pineal melatonin does not seem to significantly contribute to the
circulating levels of melatonin (Acuna-Castroviejo et al., 2014).

Historically, the isolation and identification of melatonin
in the bovine pineal gland in 1958 (Lerner et al., 1958) was
motivated by the potential dermatological effects of the pineal
gland extracts reported early in 1917 with the hypothesis that
melatonin could play a major role in the skin lightening
(McCord and Allen, 1917). Unfortunately, the skin lightening
properties could not be further demonstrated (Lerner et al.,
1958; McElhinney et al., 1994) and the project was then
abandoned. In the early 1990s, the research conducted on
melatonin received popular attention with the media to the
point that its multiple actions including its potential anti-
ageing activities were at some extent described as “a miracle”
or “a mystery” due to a lack of scientific evidence (Reppert
and Weaver, 1995). Also, the role of melatonin in the
physiological regulation of seasonal and circadian rhythms
(Arendt, 1998), its antioxidant properties (Tan et al., 1993) and
the presence of its specific receptors (Hattori et al., 1995) were
progressively established in various experimental models. Since
then, numerous studies have demonstrated additional properties
of melatonin (for review, see Acuna-Castroviejo et al., 2014;
Reiter et al., 2016; Favero et al., 2017), making the wide range
of actions of melatonin a reality and not a myth. It is now
well established that endogenous melatonin induces multiple
physiological responses in humans including, amongst others,
synchronizing the circadian rhythms of the body, regulation of
the sleep-wakefulness cycle, antioxidant capacity, modulation of
the immune system and the cardiovascular system (Hardeland
et al., 2011; Reiter et al., 2016).

The health benefits of melatonin as a nutritional supplement
are widely accepted [EFSA Panel on Dietetic Products,Nutrition
and Allergies (NDA), 2011]. Currently, melatonin is only
prescribed for the regulation of sleeping patterns such as in the
jet lag (Herxheimer and Petrie, 2002) and adult sleep disorders
(Auld et al., 2017). However, growing evidence supports the
multi-organ effects of melatonin (Opie and Lecour, 2016) with
a therapeutic potential in cardiovascular pathologies (Sun et al.,
2016; Pandi-Perumal et al., 2017), neurodegenerative diseases
(Trotti and Karroum, 2016), reproductive diseases (Reiter et al.,
2009), bone diseases (osteopenia, osteoporosis, and periodontal
disease) (Maria andWitt-Enderby, 2014), various cancers (Reiter
et al., 2017), skin diseases (Fischer et al., 2013) and metabolic
disorders (Nduhirabandi et al., 2012; Navarro-Alarcon et al.,
2014). Interestingly, melatonin is present in edible plants, meats,
fruits, beverage and other food stuffs (Dubbels et al., 1995;
Hattori et al., 1995; Hardeland and Pandi-Perumal, 2005; Stürtz

et al., 2011; Tan et al., 2014; Herrera et al., 2018). Although
the levels of melatonin in foods are much lower than those
of melatonin given as a nutritional supplement, consumption
of foods rich in melatonin significantly increases circulating
melatonin levels in the range of the physiological concentrations
(Maldonado et al., 2009; Johns et al., 2013; Sae-Teaw et al.,
2013). However, little is known about the influence of the dietary
melatonin intake on human health. In this review, evidence
for cardiovascular health benefits of endogenous melatonin and
melatonin supplementation as a pharmacological agent or from
the diet is discussed.

EVIDENCE FOR CARDIOVASCULAR
BENEFITS OF ENDOGENOUS MELATONIN
AND MELATONIN SUPPLEMENTATION

A strong inverse relationship exists between endogenous
melatonin levels and cardiovascular disease (Dominguez-
Rodriguez et al., 2010). Epidemiological studies report that
both nocturnal melatonin synthesis and circulating levels are
reduced in patients with coronary heart disease (Brugger et al.,
1995; Altun et al., 2002; Dominguez-Rodriguez et al., 2002),
hypertension (Kozirog et al., 2011; Dominguez-Rodriguez et al.,
2014), heart failure (Girotti et al., 2003; Dzida et al., 2013;
Kimak et al., 2014; Dominguez-Rodriguez et al., 2016) and
cardiovascular risk conditions such as diabetes (McMullan
et al., 2013) and obesity (Mantele et al., 2012). Incidence
for adverse cardiac events, including myocardial infarction
(Dominguez-Rodriguez et al., 2002), sudden cardiac death
(Muller et al., 1987) and cardiac arrhythmias (Siegel et al.,
1992) increases in the early morning, when circulating melatonin
levels are considerably lower (Altun et al., 2002). Similarly,
low melatonin secretion levels are associated with a greater
risk of incidence for myocardial infarction in women with
increased body mass index (McMullan et al., 2017), supporting
the crucial role of endogenous melatonin in cardiovascular
pathologies.

Solid evidence supports the beneficial effects of melatonin
supplementation in various cardiovascular pathologies (for
review, see Paulis and Simko, 2007; Reiter et al., 2010; Sun
et al., 2016). Since the cardiovascular benefits of melatonin
have recently been reviewed elsewhere (Sun et al., 2016), only
the evidence for the benefits of melatonin supplementation
in hypertension, pulmonary hypertension and ischemic heart
disease is summarized below.

Melatonin and Hypertension and Other
Vascular Pathologies
Endogenous and exogenous melatonin play an important role
in hypertension and other vascular pathologies (Grossman
et al., 2006; Paulis and Simko, 2007; Mozdzan et al., 2014;
Simko et al., 2016). In animal studies, continuous light
exposure or pinealectomy with a subsequent melatonin
deficiency (Brown et al., 1991; Iigo et al., 1995) results
in an increase in blood pressure (BP), a condition
which is reversed by melatonin supplementation (Simko

Frontiers in Physiology | www.frontiersin.org May 2018 | Volume 9 | Article 528168

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Jiki et al. Dietary Melatonin and Cardiovascular Benefits

FIGURE 1 | Benefits of melatonin in hypertension and vascular pathologies. Melatonin positively affects vascular function (endothelial and smooth vascular muscle

cells) via its direct and indirect regulatory effects associated with its strong antioxidant, anti-inflammatory, anti-lipidemic and vasomotor properties (vasodilation), all

contributing to BP regulation (anti-hypertensive effects). These effects are also associated with enzymatic modulation, improved endothelial function and a reduced

platelet reactivity. BP, blood pressure; CNS, central nervous system; EC, endothelial cells; CSMC, vascular smooth muscle cells.

et al., 2014b). A similar finding is also reported in
spontaneous hypertensive (Tain et al., 2010) and metabolic
syndrome (Kantar et al., 2015) rats supplemented with
melatonin, thereby confirming its therapeutic potential in
hypertension.

In human studies, night time melatonin administration (2–
5 mg/day for 3–4 weeks) reduces BP values of hypertensive
men (Scheer et al., 2004; Grossman et al., 2006) or women
(Cagnacci et al., 2005) as well as normotensive women
(Cagnacci et al., 2005). In patients with metabolic syndrome,
melatonin supplementation (5 mg/day, 2 h before bedtime)
for 2 months reduces the systolic and diastolic BP, low-
density lipoprotein cholesterol (LDL-C), thiobarbituric acid
reactive substrates (TBARS, a marker of oxidative stress) and
increases antioxidant defense (catalase activity) (Kozirog et al.,
2011). These beneficial effects are also observed in patients
with essential hypertension receiving medical treatment where
melatonin (3mg or 5mg for 4 weeks) restores the normal
circadian rhythm of BP (Mozdzan et al., 2014). However,
in patients with postural tachycardia syndrome (characterized
by an excessive increase in heart rate with upright posture
accompanied by palpitations), melatonin does not affect systolic
BP despite a modest decrease in standing tachycardia (Green
et al., 2014).

Figure 1 summarizes the mechanisms of actions of melatonin
in hypertension and vascular pathologies. These mechanisms
involve the indirect regulation of blood pressure via the central
nervous system and the modulation of catecholamine secretion,
the direct antioxidative and anti-inflammatory activities, the
relaxation of the smooth muscle in blood vessels via α1-
adrenergic receptors, nitric oxide production and calcium
signaling, and the improvement of insulin signaling in insulin

resistance states (Paulis and Simko, 2007; Paulis et al., 2010;
Kantar et al., 2015; Agabiti-Rosei et al., 2017). In high-fat-fed
rabbits, melatonin ameliorates vascular endothelial dysfunction
and inflammation (Hu et al., 2013), the major contributing
factors of the initiation and progression of atherosclerosis.
Melatonin also improves endothelial vascular function and
oxidative stress in type 2 diabetic rats (Salmanoglu et al.,
2016) and insulin-resistant mice (Sartori et al., 2009). In a
senescence-accelerated prone mice (SAMP8, a model of age-
related vascular dysfunction), a 10-month melatonin treatment
increases the expression of adiponectin and adiponectin receptor
1 in the visceral adipose tissue, the markers of vasoprotection
(upregulation of eNOS and sirtuin 1 (SIRT1) and downregulation
of endothelin-1 and iNOS) and inhibits aorta hypertrophy (by
reducing oxidative stress and inflammation) while restoring the
anticontractile effect of the perivascular adipose tissue (Agabiti-
Rosei et al., 2017).

As a potential therapy in vascular disease, melatonin improves
vascular function by decreasing the expression of platelets,
endothelial cells adhesion molecule-1 (CD31), intercellular
adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-
1 (VCAM-1) and endothelin-1 (ET-1) while it increases
endothelial nitric oxide synthase (eNOS), nuclear erythroid
2-related factor 2 (Nrf2), NAD(P)H quinone oxidoreductase
1 (NQO-1), catalytic glutamate cysteine ligase (GCLC) and
heme oxygenase-1 (HO-1) in a rat model of a smoke-induced
vascular injury (Wang et al., 2016). Similarly, in a population
smoking more than 10 cigarettes per day for at least 1 year,
supplementation ofmelatonin (3mg/day for 2 weeks) reduces the
concentration of fibrinogen and free fatty acids, the expression
of ICAM-1, VCAM-1 and ET-1, and increases the expressions of
Nrf2 and HO-1 (Wang et al., 2016).
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Hypoxia-induced inflammation and excessive proliferation
of pulmonary artery smooth muscle cells (PASMCs) play
an important role in the pathological process of pulmonary
hypertension and subsequent heart failure (Jin et al., 2014).
Melatonin improves hypoxia-induced pulmonary hypertension
by suppressing the hypoxia-induced high expression of
proliferating cell nuclear antigen (PCNA), hypoxia-inducible
factor-1α (HIF-1α), and nuclear factor-κB (NF-κB) (Jin et al.,
2014). These effects are associated with inhibition of proliferation
of PASMCs, the levels of phosphorylation of protein kinase B
(PKB/Akt) and extracellular signal-regulated kinases1/2
(ERK1/2) caused by hypoxia (Jin et al., 2014), supporting the
preventive activities of melatonin via its anti-inflammatory
and anti-proliferative mechanisms. Similar findings are also
reported in a new born sheep model of pulmonary hypertension
(Torres et al., 2015). In this model, melatonin improves the
vasodilator function of small pulmonary arteries, enhancing the
endothelial-and muscular-dependent pathways associated with
enhanced nitric oxide-dependent and independent vasodilator
components and increased bioavailability of nitric oxide in lung
tissue (Torres et al., 2015).

Melatonin and Cardiac Diseases
Melatonin induces multiple actions in various cardiac
pathologies (Reiter et al., 2010; Lochner et al., 2013; Yang
et al., 2014; Sun et al., 2016; Favero et al., 2017). In this paper,
only relevant evidence in myocardial infarction, myocardial
ischemia/reperfusion (I/R) injury and heart failure is included
(Tables 1, 2).

Melatonin supplementation protects the heart in several
experimental models of myocardial infarction and myocardial
I/R injuries (Lochner et al., 2013; Yang et al., 2014). Tan
and co-workers were first to demonstrate the beneficial effects
of melatonin in isolated rat hearts subjected to cardiac I/R-
induced arrhythmias: infusion of melatonin (during the period
of ischemia and reperfusion or reperfusion only) reduces
premature ventricular contraction and ventricular fibrillation
due to occlusion and reopening of the anterior descending
coronary artery (Tan et al., 1998). This finding is also reported
in other animal models of cardiac arrhythmias (Lagneux et al.,
2000; Sahna et al., 2002; Diez et al., 2013), confirming the
therapeutic potential for melatonin in reducing the incidence
of sudden cardiac death (Sahna et al., 2002). Additional studies
show that short-and long-term melatonin supplementation is
cardioprotective in various in vivo and ex vivo myocardial
models of I/R injury (Lagneux et al., 2000; Lochner et al., 2006;
Lamont et al., 2011; Nduhirabandi et al., 2011, 2014, 2016;
Maarman et al., 2015; Zhai et al., 2017a,b). In these studies,
administration of melatonin before or after ischemia preserves
the microstructure of the cardiomyocyte and reducedmyocardial
I/R injury as indicated by a reduction in myocardial infarct size
(for review, see Lochner et al., 2013).

The mechanisms of cardioprotection induced with melatonin
against myocardial infarction or I/R injury are complex and not
well understood. As presented in the Figure 2, melatonin may
directly and indirectly affect cardiac pathologies via multiple

mechanisms including amongst others, antihypertensive,
antilipidemic, antiadrenergic, and immunomodulatory activities.
It also reduces oxidative stress, apoptosis, necrosis, mitochondrial
permeability transition pore opening, lipid peroxidation
and inflammation (for more details, see Yang et al., 2014).
Recent findings in the mechanisms of melatonin-induced
cardioprotection suggest the involvement of the intracellular
survival signaling pathways including, mainly, the activation
of the survivor activating factor enhancement (SAFE), the
reperfusion injury salvage kinase risk (RISK), Notch1 and
sirtuins (SIRT1 and SIRT 3) signaling pathways (Lochner et al.,
2013; Nduhirabandi et al., 2014, 2016; Yu et al., 2017b; Zhai
et al., 2017a) as well as the crucial role of the mitochondria in cell
death and survival (necrosis, apoptosis, autophagy, mitophagy)
(Petrosillo et al., 2009; Pei et al., 2016; Hu et al., 2017). The
description of these cardioprotective mechanisms is beyond the
focus of the present paper (for details, see Lochner et al., 2013;
Yang et al., 2014; Sun et al., 2016).

Melatonin supplementation is also beneficial for the treatment
of pathological cardiac remodeling and heart failure (Chua et al.,
2016; Hu et al., 2017; Zhai et al., 2017b). For example, in a
mouse model of myocardial infarction, melatonin significantly
reduces adverse left ventricle remodeling and post-myocardial
infarction remodeling and dysfunction by increasing autophagy,
reducing apoptosis, and reversing mitochondrial dysfunction
(Hu et al., 2017). As underlying mechanisms, these effects
are associated with a significant activation of adenosine
monophosphate-activated protein kinase (AMPK) and an
inhibition of macrophage-stimulating 1 (MST) phosphorylation
while increasing the expression of SIRT1 and SIRT3, peroxisome
proliferator-activated receptor gamma (PPARγ) co-activator 1-
protein (PGC-1α), the translocase of the outer membrane 70
(Tom 70), a receptor for translocases in the outer mitochondrial
membrane complex (Hu et al., 2017; Pei et al., 2017; Yu
et al., 2017b). Furthermore, in a murine model of pathological
cardiac hypertrophy induced by transverse aortic constriction
(TAC), melatonin supplementation for 4–8 weeks reverses the
pathological hypertrophy via the reduction of the pulmonary
congestion (Zhai et al., 2017b). These effects are associated with
an upregulation of the level of α-myosin heavy chain expression,
a downregulation of the levels of β-myosin heavy chain and
atrial natriuretic peptide expression, an inhibition of oxidative
stress (as expressed by the levels of malondialdehyde (MDA)
and superoxide dismutase (SOD) activity), and the activation
of PGC-1β as well as the reduction of the cardiac fibrosis
(Zhai et al., 2017b). Similar protective effects of melatonin with
its antifibrotic properties are also reported in a rat model of
cardiorenal syndrome (Chua et al., 2016) and in other animal
models of heart failure such as myocardial damage induced by
chronic intermittent hypoxia (Yeung et al., 2015), isoproterenol
(Patel et al., 2010) or epinephrine (Vazan and Ravingerova, 2015),
chemotherapy drugs (Liu et al., 2002), sepsis-induced myocardial
injury (An et al., 2016), and diabetic cardiomyopathy (Zhang
et al., 2017).

In view of the above benefits in animal studies, melatonin
supplementation is highly regarded as an effective therapy in
cardiac diseases (Yang et al., 2014; Opie and Lecour, 2016;
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FIGURE 2 | Benefits of melatonin in cardiac pathologies. Melatonin, via its antioxidant, anti-inflammatory and immunomodulatory properties protects against ischemic

heart disease as well as subsequent ischemic heart failure characterized by myocardial cell death (necrosis, apoptosis, autophagy) and cardiac dysfunction.

Hypertension and pulmonary hypertension induce both cardiac fibrosis and pathological hypertrophy (cardiomyopathy) and subsequent heart failure. Melatonin

reverses these effects as indicated with green arrows (↓: increase, ↑: reduce).

Sun et al., 2016). Unfortunately, very few clinical trials have
investigated the effects of exogenous melatonin in cardiac
diseases (Dominguez-Rodriguez et al., 2007; Gogenur et al., 2014;
Ekelof et al., 2016) (Table 2). In patients undergoing surgery
for abdominal aortic aneurisms, an infusion of 50mg melatonin
over a 2 h period followed by oral administration of 10mg
melatonin for the first three nights after surgery, protects the
heart against reperfusion injury by reducing cardiac morbidity as
well as the occurrence of myocardial ischemia after abdominal
aortic aneurism repair (Gogenur et al., 2014). In patients
undergoing coronary artery bypass grafting surgery, melatonin
supplementation (10 or 20mg capsule once a day) increases
significantly the ejection fraction and the outcomes together
with a remarkable decrease in pro-inflammatory and apoptotic
markers, supporting its promising benefits in myocardial I/R
injury (Dwaich et al., 2016).

The therapeutic potential of melatonin in cardiac diseases has
recently received controversial comments with the publication
of the study of melatonin as an adjunct in patients with acute
myocardial infarction undergoing primary angioplasty (MARIA
trial) (Dominguez-Rodriguez et al., 2007, 2017a,b; Hausenloy
et al., 2017). Despite the acceptable safety and tolerability, the
MARIA trial reports a lack of cardioprotection in patients treated
with formulation of melatonin in polyethylene glycol solution
(51.7 µmoles given 60min before intervention and a bolus of 8.6
µmoles 60min after intervention) (Dominguez-Rodriguez et al.,
2017b). A lack of beneficial effects of melatonin is also reported in
other clinical study (Ekeloef et al., 2017). Interestingly, preclinical
testing showed that melatonin fails to protect the heart in
a closed-chest porcine model of acute myocardial infarction
(Halladin et al., 2014; Ekelof et al., 2016) and in a rabbit model
of myocardial I/R injury (Dave et al., 1998). It is possible that
the intracoronary and intravenous administrations, as opposed to
the preferred oral administration, may contribute to the neutral
outcomes as suggested by other studies (Dwaich et al., 2016). In
addition, ischemic duration and other methodological issues (for

review, see Heusch, 2017) may also play a role in the outcomes of
above clinical trials, suggesting a re-evaluation of the therapeutic
effects of melatonin in a well-planed study.

In the light of the very low physiological concentrations
of melatonin, it remains unknown whether consumption of
melatonin-rich foods, which increases circulating melatonin
concentration into physiological range, may be more effective for
cardioprotection.

OVERVIEW OF CARDIOVASCULAR
BENEFITS OF MELATONIN-RICH FOOD

The presence of melatonin in edible plants and other types of
food is well established (Tan et al., 2012, 2014). Melatonin-
rich foods include various food components from both animal
and plant origins such as chicken, lamb, pork, cow milk,
strawberries, tomatoes, olives, grapes, wines, cereals and cherries
(for review, see Iriti et al., 2010; Tan et al., 2014) (see Table 3).
Interestingly, melatonin concentrations are significantly higher
in plants than in animals (Byeon et al., 2014). This is most
likely due to differences between the biosynthetic pathways of
melatonin in plants and animals (see Figure 3). Plants synthesize
tryptophan themselves via the shikimic acid pathway, which
increases their melatonin synthetic capacity (Byeon et al., 2014).
Animals produce melatonin from tryptophan (essential amino
acid from the food) (Byeon et al., 2014). For more details on
the biosynthesis of melatonin as well as the dietary source of
melatonin, see reviews (Park et al., 2013; Byeon et al., 2014; Tan
et al., 2016).

It is likely that the consumption of melatonin-rich food
influences endogenous melatonin production (for review, see
Peuhkuri et al., 2012). For example, in chickens, circulating
melatonin levels increase more than 3.5-folds 1.5 h after the
intake of chick food composed of corn, milo, beans, and rice (3
ng/g melatonin) (Hattori et al., 1995). A similar observation is
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TABLE 3 | Some examples of melatonin content in different plants and foods.

Plant or food Melatonin content References

Tomato 3–114 ng/g Stürtz et al., 2011

Walnuts 3–4 ng/g Reiter et al., 2005

Cereals (rice, barley) 300–1,000 pg/g Hattori et al., 1995

Strawberry 1–11 ng/g Iriti et al., 2010

Olive oil 53–119 pg/ml de la Puerta et al., 2007

Wine 50–230 pg/ml Murch et al., 2010

Beer 52–170 pg/ml Maldonado et al., 2009

Cow’s milk (unprocessed) 3–25 pg/ml Májovský et al., 2017

Night-time milk 10–40 ng/ml Tan et al., 2014

Whole yellow corn 0.28–1.3 ng/g Tan et al., 2014

Whole chicken meat and skin 0.23–2.3 ng/g Tan et al., 2014

Chicken heart and liver blend 1.0–1.2 ng/g Tan et al., 2014

reported in other studies after the consumption of melatonin-
rich foods such as walnuts, olive oil, wine, fruits and legumes
as well as germinated kidney beans (Peuhkuri et al., 2012;
Johns et al., 2013; Sae-Teaw et al., 2013; Tan et al., 2014;
Aguilera et al., 2016). However, it remains unclear whether
the acute variation of circulating melatonin levels induced by
the consumption of melatonin-rich foods correlates with their
influence on the cardiovascular system (Bazzano et al., 2001; Al
Abdrabalnabi et al., 2017; Aune et al., 2017; Micha et al., 2017).
The evidence for cardiovascular benefits of some melatonin
containing foods including, walnuts, tropical fruits and grape
products are reviewed below.

Walnuts Consumption
Long and short-term observational and intervention studies
show that regular consumption of walnuts reduces the risk
of CVDs (Kris-Etherton, 2014; Al Abdrabalnabi et al.,
2017). In an elderly population, a daily consumption of
walnuts improves blood lipids and BP after a one-year
trial (Al Abdrabalnabi et al., 2017). In rats fed walnuts
an increase in the blood concentration of melatonin and
antioxidant capacity is observed (Reiter et al., 2005) However,
the correlation between the variation of melatonin levels
and the cardiovascular benefits of walnuts remains to be
established.

Tropical Fruits Consumption
Fruits consumption is associated with reduced CVDs (Aune
et al., 2017; Micha et al., 2017). Melatonin is present in
tropical fruits, namely banana, pineapple, orange, papaya, mango
(Johns et al., 2013). Apart from papaya and mango, the
consumption of these fruits increases the circulating melatonin
as measured by 6-sulphatoxymelatonin in healthy volunteers
(Johns et al., 2013). Interestingly, the rise in serum melatonin
levels is positively associated with the antioxidant capacity but
not the melatonin content in fruits (Johns et al., 2013; Sae-
Teaw et al., 2013). However, it remains unknown whether
increasing circulating melatonin levels with fruits consumption
is beneficial for patients with reduced levels of endogenous

melatonin or CVDs and other illnesses involving oxidative
damage.

Grapes and Wine Consumption
Chronic and moderate consumption of red wine is associated
with a reduced risk of CVDs and other diseases such as diabetes
and neurological diseases (Opie and Lecour, 2007). Melatonin
is present in grapes and wines; and consumption of grape
products may affect endogenous melatonin levels (Iriti, 2009;
Murch et al., 2010; Meng et al., 2017a). In young, middle-aged
and elderly individuals, intake of 200mL of grape juice twice a
day significantly increases urinary 6-sulfatoxymelatonin and total
antioxidant capacity (Gonzalez-Flores et al., 2012). However,
whether grape juice-induced elevated circulating melatonin is
associated with improved disease conditions is still unknown.

Interestingly, despite the presence of melatonin in grape,
melatonin found in wine is mainly synthesized by yeast during
alcoholic fermentation (Rodriguez-Naranjo et al., 2011). The
concentrations of melatonin in human serum significantly
increase after drinking alcoholic beer (Maldonado et al., 2009).
Conversely, other studies report a decrease in endogenous
melatonin production following alcohol consumption (Peuhkuri
et al., 2012) thereby making the influence of alcohol found in
wine on melatonin levels inconsistent. Nevertheless, as described
below, melatonin present in red wine significantly induces
cardioprotective effects (Lamont et al., 2015).

ROLE OF DIETARY MELATONIN IN CVDs

Dietary melatonin refers commonly to melatonin content that
is present in diet or melatonin-rich food (Iriti and Varoni,
2015; Meng et al., 2017b). Very few studies have investigated
the role of dietary melatonin in CVD. These are limited to the
exploration of the cardioprotective effect of melatonin in red
wine against myocardial I/R injury (Lamont et al., 2011, 2012,
2015; Nduhirabandi et al., 2016) and pulmonary hypertension
(Maarman et al., 2015).

Dietary Melatonin and Myocardial I/R Injury
Using both in vivo and in vitromodels of myocardial I/R, studies
from our laboratory demonstrate that the presence of melatonin
in red wine may contributes to the protective effect of red wine
against lethal I/R damage (Lamont et al., 2011, 2015). This is
supported by the findings that: (1) lowering the alcohol content
of red wine does not alter its cardioprotective properties (Lamont
et al., 2012); and (2) melatonin, given acutely and directly to
the isolated heart at the concentration found in wine (75 ng/L)
protects the isolated mouse and rat hearts against I/R injury
by reducing myocardial infarct size and improving functional
recovery (Lamont et al., 2011). (3) The cardioprotective effect
of the consumption chronic and moderate red wine against I/R
damage is partially abolished in the presence of prazosin, an
inhibitor of melatonin receptor type 3 (M3) (Lamont et al., 2015).
Further findings from our laboratory show that drinking water
supplemented daily with a moderate amount of red wine or
melatonin given at the concentration found in the red wine (75
pg/mL) for 14 days protects the rat and mouse hearts subjected
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FIGURE 3 | Simplified representation of the biosynthetic pathways of melatonin in plants and animals. Tryptophan is the common precursor of melatonin in all

species. (A) In plants (green), melatonin is synthesized under two pathways: (1) tryptophan-tryptamine-serotonin-N-acetyl serotonin-melatonin pathway (under normal

growth conditions); (2) tryptophan-tryptamine-serotonin-5-methoxytryptamine-melatonin pathway (upon senescence, when plants produce large amounts of

serotonin); (B) In animals (red); tryptophan is converted in serotonin via hydroxytryptophan; (C) In both plants and animals (white), melatonin production from serotonin

is the same two-step process and includes the conversion of serotonin to N-acetylserotonin by the rate-limiting enzyme AA-NAT (arylalkylamine N-acetyltransferase)

also called as serotonin N-acetyltransferase followed by the conversion of N-acetylserotonin to melatonin by acetylserotonin O-methyltransferase. CO2, carbon

dioxide; TPH, tryptophan hydroxylase; AAAD, aromatic amino acid decarboxylase; SNAT, serotonin N-acetyltransferase; ASMT, N-acetylserotonin

O-methyltransferase; TDC, tryptophan decarboxylase; T5H, tryptamine 5-hydroxylase.

to in vivo or ex vivo I/R by reducing their infarct size (Lamont
et al., 2015).

The mechanism of cardioprotection induced with dietary
melatonin is complex and still under investigation. As indicated
above, melatonin exhibits its physiological functions through
its antioxidant, anti-inflammatory, immune-modulatory and
vasomotor activities (Pandi-Perumal et al., 2006). Acute (Lamont
et al., 2011; Nduhirabandi et al., 2016) and chronic (Lamont
et al., 2015) physiological concentrations of melatonin at the
concentration found in red wine protect the heart against I/R
injury via its membrane receptors related cell survival signaling
(Lamont et al., 2015; Nduhirabandi et al., 2016). This is associated
with an increased level of activation of myocardial signal
transducer and activator of transcription 3 (STAT3) prior to
ischemic insult by 79% (Lamont et al., 2011). The importance
of STAT3 activation is that it is associated with the activation
of SAFE pathway, a well-known powerful cardioprotective
signaling pathway (Lamont et al., 2015; Nduhirabandi et al.,
2016). Interestingly, luzindole, a specific inhibitor of membrane
melatonin receptors 1 and 2 (MT1 and MT 2) (2.3 mg/kg/day,

intraperitoneally) does not affect wine treatment, while prazosin,
an inhibitor of M3 receptor (2.5 mg/kg/day, intraperitoneally)
abolishes wine-induced cardioprotection, therefore suggesting
the crucial role of both melatonin and M3 receptor in the
cardioprotective effect of red wine (Lamont et al., 2015).

However, how moderate red wine consumption or dietary
melatonin affects the SAFE pathway is still unclear. Our
recent data suggest that melatonin confers cardioprotection
via toll-like receptor 4 (TLR4) which, in turn, activates tumor
necrosis factor-α (TNFα)/STAT3 pathway (Nduhirabandi et al.,
2016). In view of the pro-inflammatory effects of TLR4
stimulation (Yang et al., 2000), this finding is surprising
considering the well-known anti-inflammatory activities of
melatonin with its TLR4 suppressing activities (Hu et al., 2013;
Mauriz et al., 2013); but it is consistent with the current
view of melatonin as an immune system buffer acting as
a stimulant under basal or immunosuppressive conditions
or as an anti-inflammatory compound in the presence of
exacerbated immune responses (for review, see Carrillo-Vico
et al., 2013).
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FIGURE 4 | Metabolism of melatonin: enzymatic pathways. Melatonin given orally is principally metabolized in the liver by cytochrome P-450 isoforms (CYP1A1,

CYP1A2, and CYP1B1) in 6-hydroxylation to yield 6-hydroxymelatonin which is thereafter conjugated with sulfates to 6-sulfatoxymelatonin and eliminated in urine.

Melatonin may also be transformed by deacetylation or by CYP2C19 and CYP1A2 mediated O-demethylation in 5-methoxytryptamine or N-acetylserotonin,

respectively. N-acetylserotonin and 5-methoxytryptamine can be converted in melatonin by hydroxyindole-O-methyltransferase (HIOMT) and arylalkylamine

N-acetyltransferase (AANAT).

Dietary Melatonin and Pulmonary
Hypertension
Pulmonary hypertension is associated with an increased
oxidative stress and leads to right ventricle (RV) hypertrophy
and cardiac fibrosis with the hallmarks of the heart failure
(Maarman et al., 2015). A single subcutaneous injection of
monocrotaline (80 mg/kg) induces pulmonary hypertension
with RV hypertrophy and dysfunction, increase in interstitial
fibrosis and plasma oxidative stress (Maarman et al., 2015). In
this model, a chronic dietary melatonin treatment (75 ng/L)
reduces RV hypertrophy, improves RV function, reduces plasma
oxidative stress and reduces cardiac interstitial fibrosis, therefore
supporting the beneficial effects of curative and preventive
treatments of dietary melatonin in pulmonary hypertension
(Maarman et al., 2015). These effects of melatonin are associated
with a reduction in oxidative stress and an increase in enzymatic
and non-enzymatic antioxidant capacity (Maarman et al., 2015;
Torres et al., 2015).

CURRENT CHALLENGES, LIMITATIONS
AND NEW PERSPECTIVES FOR THE USE
OF MELATONIN IN CVDs

The dietary supplementation of melatonin appears as an effective
option to compensate the physiological decline in the production
of pineal gland melatonin with ageing; however, the role
of dietary melatonin in health and disease is still not well
established (Kennaway, 2017; Meng et al., 2017b). The strong
limitation for the studies of dietary melatonin is the lack of
standardized methods to determine melatonin concentration

in foods with adequate sample treatment to obtain accurate
results, thus making some of its proposed benefits hard to
swallow (Kennaway, 2017). In addition, most of the studies
on dietary melatonin measure melatonin content in food,
but very few evaluate the bioavailability of melatonin after
melatonin-rich food consumption. It is well established that the
bioavailability of melatonin after oral and intravenous melatonin
administration in human is very low (approximately 15%) with a
maximal half-life of 10–60min (Harpsoe et al., 2015). Although
other factors (such as age, disease conditions, specific drugs,
cigarette smoking and caffeine intake) may also influence the
bioavailability of melatonin which is mostly metabolized by the
enzymatic catabolism in the liver (Ma et al., 2005). As shown
in the Figure 4, melatonin is principally metabolized in the
liver by cytochrome P-450 isoforms (CYP1A1, CYP1A2, and
CYP1B1) in 6-hydroxylation to yield 6-hydroxymelatonin which
is thereafter conjugated with sulfates to 6-sulfatoxymelatonin
and eliminated in urine (Ma et al., 2005; Pandi-Perumal
et al., 2006). Melatonin may also be transformed to a less
extend by CYP2C19 and CYP1A2 mediated O-demethylation
in N-acetylserotonin (N-acetyl-5-hydroxytryptamine) or by
deacetylation to 5-methoxytryptamine which can be reconverted
to melatonin (Ma et al., 2005).

Furthermore, how melatonin-rich food contributes to the
overall endogenous melatonin production is complex and still
unclear. Besides the melatonin content in the food, food
intake may also influence endogenous melatonin concentration,
suggesting that the overall beneficial effect could be a result
of a combined action of more components found in these
food stuffs. Indeed, an increase in blood melatonin levels may
be a result of other components found in food that may
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stimulate endogenous melatonin production such as in the case
of ingestion of tryptophan (Huether et al., 1992; Bravo et al.,
2013) or serotonin (Esteban et al., 2004). These possible effects
make more challenging the delimitation of the contribution
of the dietary melatonin to the overall cardiovascular benefits
of melatonin-rich foods. Moreover, to avoid bias due to drug
interaction, the drugs that are metabolized by cytochrome P-450
such as fluvoxamine, caffeine, and oral contraceptives need to be
considered (Harpsoe et al., 2015). Since these drugs compete with
melatonin for the same enzyme, they may increase the plasma
levels of melatonin after exogenous melatonin administration
(Harpsoe et al., 2015).

Due to the very low bioavailability of melatonin after oral
or intravenous administration, new developments to optimize
the intake of melatonin as supplement or food consider
various alternative administrative routes, namely: intranasal,
transdermal, subcutaneous, and oral transmucosal (such as
sublingual and trans buccal) administration or other forms of
preparations (spray, elastic liposomes, gels, pastes) (for review,
see Zetner et al., 2016). These alternative routes are very
important because they: (1) bypass the liver metabolism, (2)
are painless, and (3) provide possible sustained release with a
subsequent increase in the bioavailability of melatonin (Zetner
et al., 2016).

Although melatonin supplementation is safe in patients
with myocardial infarction (Dominguez-Rodriguez et al., 2017b)
and nocturnal hypertension (Grossman et al., 2011; Simko
et al., 2016), melatonin is contra-indicated for patients with
high normal BP to avoid the danger of the diurnal arterial
hypertension (Rechcinski et al., 2010). In addition, in children
with age of 1-year, increased serum melatonin levels may
be associated with severe heart failure (Wu et al., 2017),
raising the alarming issue of a high dose of melatonin
supplementation in children at this age. While this association
is surprising in view of low circulating melatonin levels in
adult patients with heart failure, it may be explained by
either compensatory mechanisms (of heart failure) or potential
detrimental effects of high dose of melatonin in infants (Wu et al.,
2017).

Thus far, there is no evidence for the dose-dependent
effect of melatonin in the context of cardiovascular diseases.
Current data show that both high and low doses of short-
term melatonin treatment confer cardiovascular protection in
experimental animal models. According to recent clinical trials,
although the overall melatonin treatment is safe, it may cause
mild adverse effects from transient sedation, daytime sleepiness,
mild headache to worsening of dyspnea, and combining
melatonin with any drug associated with these effects is contra-
indicated (for review, see Andersen et al., 2016). However,
further investigation is needed to determine the optimal

dose of melatonin and the effects of long-term of melatonin
supplementation in humans.

Recent data from clinical studies using melatonin in
cardiac diseases show more inconsistencies regarding its
cardioprotective effects (Andersen et al., 2016; Dominguez-
Rodriguez et al., 2017b; Ekeloef et al., 2017). Apart from
dosage issues and mode of administration, previous failures
could be partially explained by the use of young and healthy
animals with eventual lack of various cardiovascular risk factors,
comorbidities and comedications which are characteristics of
patients suffering an acute myocardial infarction or undergoing
cardiovascular surgery (Heusch, 2017). Considering the current
disappointment, further well-planned preclinical and clinical
studies are needed to better delineate the cardiovascular benefits
of melatonin.

CONCLUSION

In summary, preclinical studies clearly suggest the cardiovascular
health benefit of both endogenous and supplementarymelatonin.
Melatonin is an important safe molecule with a wide range of
physiological functions in animals and humans with a strong
therapeutic potential in CVDs. Despite the current difficulties
to translate the basic research findings into a clinical setting,
cardiovascular protective action of melatonin supplementation
is promising but a better understanding of this action is
needed. Most importantly, consumption of melatonin-rich foods
such as grape juice, wine, cereals, tropical fruits and walnuts
increases circulating melatonin levels and antioxidant capacity.
Preclinical studies suggest that melatonin, given at dietary levels,
confers cardioprotection. However, a better understanding of the
mechanisms involved in this effect are required before it can be
considered as an adjuvant for effective preventive and curative
therapy in CVDs.
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The reactive oxygen species (ROS) are known to play a major role in many

pathophysiological conditions, such as ischemia and reperfusion injury. The present

study was aimed to evaluate the in vivo cyanidin (anthocyanin) effects on damages

induced by rat pial microvascular hypoperfusion-reperfusion injury by cerebral blood

flow decrease (CBFD) and subsequent cerebral blood flow recovery (CBFR). In

particular, the main purpose was to detect changes in ROS production after

cyanidin administration. Rat pial microvasculature was investigated using fluorescence

microscopy through a cranial window (closed); Strahler’s method was utilized to

define the geometric features of pial vessels. ROS production was investigated in vivo

by 2′-7′-dichlorofluorescein-diacetate assay and neuronal damage was measured on

isolated brain sections by 2,3,5-triphenyltetrazolium chloride staining. After 30min of

CBFD, induced by bilateral common carotid artery occlusion, and 60min of CBFR, rats

showed decrease of arteriolar diameter and capillary perfusion; furthermore, increase

in microvascular leakage and leukocyte adhesion was observed. Conversely, cyanidin

administration induced dose-related arteriolar dilation, reduction in microvascular

permeability as well as leukocyte adhesion when compared to animals subjected to

restriction of cerebral blood flow; moreover, capillary perfusion was protected. ROS

generation increase and marked neuronal damage were detected in animals subjected

to CBFD and CBFR. On the other hand, cyanidin was able to reduce ROS generation

and neuronal damage. In conclusion, cyanidin treatment showed dose-related protective

effects on rat pial microcirculation during CBFD and subsequent CBFR, inducing

arteriolar dilation by nitric oxide release and inhibiting ROS formation, consequently

preserving the blood brain barrier integrity.

Keywords: cyanidin, cerebral blood flow reduction, reperfusion, pial microcirculation, reactive oxygen species,

neuronal damage
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INTRODUCTION

Many evidences indicate that a diet rich in antioxidants is
associate to a decreased incidence of cardiovascular diseases, such
as stroke, acute myocardial disease or cancer (Galvano et al.,
2004; Lapi et al., 2016). Anthocyanins, belonging to polyphenol
family, are one of the natural antioxidants responsible of
fruit and flower colors (red, orange and blue) and play an
important role in counteracting the oxidative stress induced
by reactive oxygen species (ROS). These radicals have been
related to different pathophysiological conditions (Serraino et al.,
2003; Accetta et al., 2016; Mondola et al., 2016). Higher ROS
production, indeed, appears to be associated to the pathogenesis
of ischemia/reperfusion injury (Tsuda et al., 1999). On the
other hand, the protective role of natural anthocyanins has
been demonstrated to be effective against ischemia/reperfusion
injury in different organs, such as kidney, heart and intestine
(Jakesevic et al., 2013; Quintieri et al., 2013; Isaak et al.,
2017). Moreover, we previously demonstrated the protective
effects of Vaccinium myrtillus extract supplementation to the
diet (containing 34.7% of anthocyanins) on hamster pial
microcirculation during brain hypoperfusion-reperfusion. In
particular, after 2, 4, and 6 months of oral supplementation,
anthocyanins were able to counteract microvascular changes
such as arteriolar vasoconstriction, increase of microvascular
permeability and leukocyte adhesion (Mastantuono et al., 2016).

Cyanidin, belonging to the anthocyanin family, has been
widely studied in in vivo and in vitro models (Galvano et al.,
2004). In particular, Aguirre et al. and Fratantonio et al. observed
that Cyanidin-3-O-glucoside presents many properties, such as
anti-inflammatory and anti-tumor effects (Fratantonio et al.,
2016; Olivas-Aguirre et al., 2016). Furthermore, this substance
appears to enhance the release of nitric oxide (NO) and other
vasodilating factors, thereby improving endothelial-dependent
vasodilation (Sivasinprasasn et al., 2016). It is worth noting that
ORAC (oxygen radical absorbance capacity) activity is highest
for cyanidin compared to other anthocyanins (Zheng andWang,
2003). Tsuda et al. have demonstrated that rats, treated with an
orally administered Cyanidin-3-O-glucoside for 14 days, were
preserved from hepatic I/R damage (Tsuda et al., 1999).

The aim of this study was to investigate the in vivo
effects of cyanidin on oxidative stress and changes in rat pial
microvasculature determined by 30min of cerebral blood flow
decrease (CBFD) and 60min of cerebral blood flow recovery
(CBFR). To do this, we evaluated ROS production during CBFD
and CBFR, respectively, and assessed the antioxidant properties
of cyanidin using 2′-7′-dichlorofluorescein-diacetate (DCFH-
DA) assay. Finally, the neuronal damage was quantified by 2,3,5-
triphenyltetrazolium chloride (TTC) staining.

MATERIALS AND METHODS

Experimental Groups
Experiments were carried out utilizing male Wistar rats, 250–
300g (Harlan, Italy), randomly assigned to three groups, as
reported in Table 1: (1) sham group (SO group), subjected to
the same surgical procedure of the other experimental groups

without changes in cerebral blood flow; (2) reduced blood flow
group (RF group) and (3) cyanidin-treated group (Cy group)
underwent 30min CBFD plus 60min CBFR.

SO animals were divided in subgroups: (a) SO-Na subgroup
(n = 14) was injected with intravenous (i.v.) saline solution
(0.9% NaCl); (b) SO-Cy subgroup (n = 10), successively divided
in SO-Cy1 (n = 5) and SO-Cy2 (n = 5) subgroups, received
i.v. cyanidin, 10 mg/kg body weight (b.w.) or 20 mg/kg b.w.,
respectively; (c) SO-L subgroup (n= 5) was infused with i.v. N5-
(1-iminoethyl)-L-ornithine (L-NIO), 10 mg/kg b.w. The animals
of each subgroup received the substances twice within 40min
interval.

RF group (n = 14) was injected with i.v. saline solution (0.9%
NaCl), 10min before the CBFD and at the beginning of CBFR.

Cy group was differentiated in the following subgroups:
(a) Cy1 (n = 14) and Cy2 (n = 14), administered with i.v.
cyanidin, 10 mg/kg b.w. or 20 mg/kg b.w., respectively, 10min
before the CBFD and at the beginning of CBFR; (b) L/Cy2
subgroup (n = 14) was administered with i.v. L-NIO, 10 mg/kg
b.w., prior to i.v. higher dosage cyanidin (20 mg/kg b.w.).

Five animals for SO-Na subgroup, RF and Cy groups were
investigated by in vivo fluorescence microscopy, to detect
microcirculation damage; six rats were utilized to assess oxidative
stress by DCFH-DA assay after CBFD (n = 3) and after CBFR
(n = 3); in three animals tissue damage was evaluated by TTC
staining. The rats belonging to the SO-Cy2 and SO-L subgroups
were utilized only for microcirculation investigations.

Drug Administration
Each utilized drug (cyanidin or L-NIO) was dissolved in 0.5mL
saline solution and, successively, i.v. injected to rats within 3min,
10min before CBFD and at the beginning of CBFR.

We tested the effects of two cyanidin doses: 10 or 20 mg/kg
b.w. Pilot experiments indicated that cyanidin dosages below 10
mg/kg b.w. were ineffective on the pial microvasculature; on the
other hand, dosages higher than 20 mg/kg b.w. did not improve
microvascular protection detected in the animals administered
with 20 mg/kg b.w cyanidin before and after CBFD. In Table 2

we reported the data about animals treated with cyanidin at a
dosage of 5 mg/kg or 30 mg/kg b.w (chosen as reference values)
administered 10min before CBFD and at the beginning of CBFR.

Moreover, L-NIO, known to inhibit the NO release (Moreau
et al., 1995; Lapi et al., 2012), was administered at the dosage of 10
mg/kg b.w., 10min before i.v. infusion of higher dosage cyanidin
(20 mg/kg b.w.). In pilot experiments L-NIO, 10 mg/kg b.w.,
was effective in blunting arteriolar dilation determined by i.v.
injection of 10 mg/4min L-arginine (diameter increase by 22.8
± 2.0%, compared to basal values) or in abolishing vasodilation
due to topical administration of 100µM acetylcholine (diameter
increase by 5.0± 1.5%, compared to basal values).

The protocol of drug administration was previously
described (Lapi et al., 2016). Appropriately mixing 2′-7′-
dichlorofluorescein-diacetate (DCFH-DA) and artificial
cerebrospinal fluid (aCSF) allowed us to superfuse the pial layer
with 250mM DCFH-DA solution (Watanabe, 1998) for 30min
after CBFD. Sigma Chemical, St. Louis, MO, USA supplied all
drugs.

Frontiers in Physiology | www.frontiersin.org May 2018 | Volume 9 | Article 540185

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Mastantuono et al. Cyanidin and Oxygen Free Radicals

TABLE 1 | Number of animals (N), experimental protocol and treatment of each group.

Group Subgroup N Experimental protocol Treatment

SO SO-Na 14 Same surgical procedure as in the other experimental groups without

changes in cerebral blood flow

saline solution, twice within 40min interval

SO-Cy1 5 Same surgical procedure as in the other experimental groups without

changes in cerebral blood flow

10 mg/kg b.w. cyanidin, twice within 40min interval

SO-Cy2 5 Same surgical procedure as in the other experimental groups without

changes in cerebral blood flow

20 mg/kg b.w. cyanidin, twice within 40min interval

SO-L 5 Same surgical procedure as in the other experimental groups without

changes in cerebral blood flow

10 mg/kg b.w. L-NIO, twice within 40min interval

RF 14 30min CBFD plus 60min CBFR saline solution,10min before CBFD and CBFR

Cy Cy1 14 30min CBFD plus 60min CBFR 10 mg/kg b.w. cyanidin,10min before CBFD and CBFR

Cy2 14 30min CBFD plus 60min CBFR 20 mg/kg b.w. cyanidin,10min before CBFD and CBFR

L/Cy2 14 30min CBFD plus 60min CBFR 10 mg/kg b.w. L-NIO, prior to higher dosage cyanidin

TABLE 2 | Variations of the main parameters in the two pilot groups: CyA and CyB subgroup (rats treated with cyanidin at the doses of 5 mg/kg b.w. or 30 mg/kg b.w)

and subjected to 30min CBFR and 60min CBFR, compared with RF group and Cy2 subgroup.

Groups Number of

animals/

arterioles (n)

Percent diameter changes (%) Microvascular

leakage

(NGL)

Leukocyte adhesion (number

of leukocyte/100µm of

venular length/30s)

Capillary perfusion (BFCL) (%

reduction compared to

baseline)

After 30min CBFD After 60min CBFR After 60min CBFR

RF group 5/25 85.0 ± 2.5# 75 ± 3# 0.48 ± 0.03# 10 ± 2# 48 ± 4#

CyA subgroup 5/25 90.5 ± 3.0# 80.0 ± 2.5# 0.40 ± 0.02# 8 ± 2# 40 ± 5#

CyB subgroup 5/25 134 ± 3.5∧ 140 ± 4∧ 0.24± 0.02∧ 4 ± 1∧ 12 ± 2∧

Cy2 subgroup 5/25 130 ± 3∧ 138.0 ± 3.5∧ 0.25 ± 0.03∧ 5 ± 2∧ 14 ± 3∧

Data are reported as Mean ± SEM; #p < 0.01 vs. CyA and Cy2 subgroup,
∧p < 0.01 vs. RF group and CyB subgroup.

Rat Preparation
All experiments conform to the Guide for the Care and Use
of Laboratory Animals published by the US National Institutes
of Health (NIH Publication No. 85-23, revised 1996) and to
institutional rules for the care and handling of experimental
animals, as previously reported (Lapi et al., 2012). The protocol
was approved by the “Federico II” University Medical School of
Naples, Ethical Committee (n◦ 2011/0059997, 24/05/2011).

Rats were anesthetized with intra peritoneal (i.p.) injection of
α-chloralose, (60 mg/kg b.w. for induction; afterward 30 mg/kg
b.w.) and mechanically ventilated after tracheotomy, according
to the protocol previously reported (Lapi et al., 2012). Briefly,
two catheters were placed, one in the right femoral artery and the
other in the left femoral vein, respectively, for the measurement
of arterial blood pressure and to inject the fluorescent tracers
[fluorescein isothiocyanate bound to dextran, molecular weight
70 kDa (FD 70), 50 mg/100 g b.w., as 5% wt/vol solution in 3min
just once at the start of experiment after 30min of the preparation
stabilization; rhodamine 6G, 1 mg/100 g b.w. in 0.3mL, as a bolus
with supplemental injection throughout CBFD and CBFR (final
volume 0.3 mL·100 g−1·h−1) to label leukocytes for adhesion
evaluation]. Both carotid arteries were prepared for clamping.

Blood gases were measured on arterial blood samples at
30min intervals (ABL5; Radiometer, Copenhagen, Denmark).
The parameters monitored in all animals were: heart rate, mean
arterial blood pressure, respiratory CO2 and blood gases values.

They were stable within physiological ranges. Rectal temperature
was recorded and maintained at 37.0 ± 0.5◦C, as previously
reported (Lapi et al., 2016).

The visualization of pial microvasculature was carried out as
previously reported (Morii et al., 1986; Ngai et al., 1988; Lapi
et al., 2012). Briefly, a closed cranial window was positioned at
the level of the left frontoparietal cortex through an incision in
the skin to operate a craniotomy. Cerebral cortex was preserved
by overheating caused by drilling with saline solution superfusion
of the skull. The dura mater was gently cut and displayed on the
corner; a quarz microscope coverglass was bound to the skull
bone. Artificial cerebrospinal fluid was superfused the cerebral
surface with a rate of 0.5 mL/min. The composition of the
aCSF was 119.0mM NaCl, 2.5mM KCl, 1.3mM MgSO4•7H2O,
1.0mM NaH2PO4, 26.2mM NaHCO3, 2.5mM CaCl2 and
11.0mM glucose (equilibrated with 10.0% O2, 6.0% CO2 and
84.0% N2; pH 7.38± 0.02).

The decrease in cerebral blood flow (CBFD) was produced
by clamping both common carotid arteries, previously prepared.
The clamping was removed after 30min; thereafter the pial
microvasculature was investigated during the recovery of cerebral
blood flow (CBFR), lasting 60min (Hudetz et al., 1985).

Fluorescence Microscopy
A fluorescence microscope was utilized to study
pial microvascular networks as previously described
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(Lapi et al., 2012). In brief, the microscope (Leitz Orthoplan,
Wetzlar, Germany) was equipped with long-distance objectives
(2.5 x, numerical aperture (NA) 0.08; 10 x, NA 0.20; 20 x, NA
0.25; 32 x, NA 0.40) a 10x eyepiece. Moreover, a x10 eyepiece and
a filter block (Ploemopak, Leitz) were used. A 100-Watt mercury
lamp was used for epiillumination with the corresponding filters
for FITC and rhodamine 6G. A heat filter prevented overheating
of the preparations (Leitz KG1). Pial microvascular networks
were televised with a DAGE MTI 300 low-light level camera and
stored through a computer-based frame grabber (Pinnacle DC
10 plus, Avid Technology, Burlington, MA, USA).

Geometric Detection of Microvascular
Network
In each animal, first we characterized the arteriolar network
by stop-frame images and pial arterioles were assigned order
according to Strahler’s method, starting from capillaries to the
largest arterioles (centripetal method), as previously reported
(Kassab et al., 1993; Lapi et al., 2008). In each experiment we
studied one order 4 arteriole, two order 3 and two order 2
arterioles. Furthermore, we assessed the functional changes of
each arteriolar order under the experimental conditions. We
report, however, the results detected in order 2 arterioles.

Microvascular Parameter Assessment
Microvascular parameters were measured off-line utilizing a
computerized imaging technique, previously described in details
by Lapi et al. (2012) and Lapi et al. (2016). Concisely,
arteriolar diameters weremeasured with a computerizedmethod,
Microvascular Imaging Program (MIP), frame by frame. The
increase in permeability was measured by evaluating fluorescent
dextran extravasation from venules and expressed as normalized
gray levels (NGL): NGL = (I – Ir)/Ir, where Ir is the baseline
gray level at the microvasculature filling with fluorescence, and
I is the value at the end of CBFD or CBFR. Gray levels were
obtained using the MIP image program by average of 5 windows,
measuring 50 × 50mM (10x objective) and located outside the
venules. During recordings the same regions of interest were
localized by a computer-assisted device for XY movement of the
microscope table.

Leukocytes sticking to the vessel walls (45 venules for every
group) over a 30-s time-period were reported as number of
adherent cells/100µm of venular length (v.l.)/30 s, utilizing
appropriate magnification (20 x and 32 x, objectives) (Lapi et al.,
2012). Perfused capillaries were evaluated as the length of the
capillaries showing blood flow (BFCL), assessed by MIP image
in an area of 150× 150µm (Lapi et al., 2016).

A Gould Windograf recorder (model 13-6615-10S, Gould,
OH, USA) was utilized to record arterial blood pressure (mean),
by Viggo-Spectramed P10E2 transducer; Oxnard, CA, USA,
linked to catheterized femoral artery, and heart rate, as previously
reported (Lapi et al., 2012). We measured the arterial blood gases
(ABL5; Radiometer, Copenhagen, Denmark) at 30min intervals,
as previously reported (Lapi et al., 2012), as well as the hematocrit
in basal conditions, at the end of CBFD and CBFR.

ROS Production Evaluation
Superfusion of the pial layer with artificial cerebrospinal fluid,
containing 250mM 2′-7′-dichlorofluorescein-diacetate (DCFH-
DA) at 37.0± 0.5◦, was carried out after 30min CBFD (n= 3) or
60min CBFR (n = 3), as previously reported (Lapi et al., 2013).
DCFH-DA is widely used as a marker for oxidative stress of the
cells and tissues (Wang and Joseph, 1999). DCF fluorescence
intensity, related to the intracellular ROS level, was assessed using
an appropriate filter (522 nm) and measured by NGL (Watanabe,
1998).

Tissue Damage Estimation
At the end of CBFR, rats were sacrificed to evaluate tissue
damage. The brains were isolated and rostro-caudally cut into
coronal sections (1mm)with a vibratome (Campden Instrument,
752M; Lafayette, IN, USA). Slices were incubated in 2% 2,3,5-
triphenyltetrazolium chloride (TTC) (20min) at 37◦C and in
10% formalin overnight, as previously reported (Lapi et al., 2013).
TTC, a white salt, is reduced to red 1,3,5-triphenylformazan
by dehydrogenases in living cells. The location and extent of
necrotic areas were assessed by computerized image analysis
(Image-Pro Plus; Rockville, MD, USA). Moreover, the infarct
size was quantified by manual measurements, according to
the following formula: [(area of nonhypoperfused, or area not
subjected to cerebral blood flow decrease, cortex or striatum –
area of remaining hypoperfused, or area subjected to cerebral
blood flow decrease, cortex or striatum)/area of nonhypoprfused
cortex or striatum]× 100 (Bederson et al., 1986).

Statistical Analysis
All data were reported as mean ± SEM. Normal distribution of
data was assessed with the Kolmogorov-Smirnov test. Parametric
(Student’s t-tests, ANOVA and Bonferroni post hoc test) or
nonparametric tests (Wilcoxon, Mann-Whitney and Kruskal-
Wallis tests) were utilized, according to data distribution;
diameter and length data among experimental groups were
compared with nonparametric tests, as previously reported (Lapi
et al., 2016). Data derived from DCFH-DA treated rats were
analyzed with non-parametric tests. SPSS 14.0 statistical package
(IBM Italia, Segrate, MI, Italy) was used. Statistical significance
was set at p < 0.05.

RESULTS

Under baseline conditions, Sthraler’s method was used to
differentiate arterioles in pial microvascular networks of all
animals according to a centripetal scheme (Lapi et al., 2008). In
particular, five orders of arterioles were observed, assigning order
5 to the largest vessels (mean diameter 62.6 ± 4.5µm) up to
the smallest ones, identified as order 1 (mean diameter: 15.8 ±

2.0µm). Order 0 was assigned to the capillaries, sprouting from
order 1 arterioles.

SO Group
After the investigation period, no differences in microvascular
parameters were detected in SO-Na subgroup, as reported in
Table 3 and Figure 1. Furthermore, DCF fluorescence intensity
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TABLE 3 | Variations of the main parameters at the end of reperfusion in SO-Na subgroup (SO-Na), reduced blood flow group (RF), lower dosage cyanidin-treated

subgroup (Cy1), higher dosage cyanidin-treated subgroup (Cy2) and higher dosage cyanidin plus L-NIO-treated subgroup (L/Cy2).

Groups Number of

animals/arterioles (n)

Microvascular

leakage (NGL)

Leukocyte adhesion (number of

leukocyte/100µm of venular length/30 s)

Capillary perfusion (BFCL) (%

reduction compared to baseline)

SO-Na subgroup 5/25 0.02 ± 0.01 2 ± 1 0 ± 5

RF group 5/25 0.48 ± 0.03§◦ 10 ± 2§◦ 48 ± 4§◦

Cy1 subgroup 5/25 0.36 ± 0.02§◦* 7 ± 1§◦* 22 ± 6§◦*

Cy2 subgroup 5/25 0.25 ± 0.03§◦* 5 ± 2* 14 ± 3§◦*

L/Cy2 subgroup 5/25 0.27 ± 0.02§◦* 6 ± 1* 17 ± 5§◦*

Leukocyte adhesion: n = 45 venules for each entry. Data are reported as Mean ± SEM; §p < 0.01 vs. baseline; ◦p < 0.01 vs. SO-Na subgroup; *p < 0.01 vs. RF group.

FIGURE 1 | Diameter changes of order 2 arterioles, expressed in percent of baseline after 30min cerebral blood flow reduction (CBFD) and after 60min cerebral

blood flow recovery (CBFR), in SO-Na subgroup (SO-Na), reduced blood flow group (RF), lower dosage cyanidin-treated subgroup (Cy1), higher dosage

cyanidin-treated subgroup (Cy2) and higher dosage cyanidin plus L-NIO-treated subgroup (L/Cy2). Data are reported as Mean ± SEM. ◦p < 0.01 vs. SO-Na

subgroup; *p < 0.01 vs. RF group after 30min CBFD; **p < 0.01 vs. RF group after 60min CBFR; +p < 0.01 vs. Cy2 subgroup after 30min CBFD; ++p < 0.01 vs.

Cy2 subgroup after 60min CBFR; #p < 0.01 vs. Cy1 subgroup after 30min CBFD; ##p < 0.01 vs. Cy1 subgroup after 60min CBFR.

did not change (0.04 ± 0.02 NGL) in the animals belonging to
the SO-Na subgroup, superfused with DCFH-DA (Figure 3A).

Cyanidin injection caused arteriolar dilation in dose-related
manner: order 2 arteriole diameter increased by 15.1 ±

1.8 and 34.6 ± 2.4% of baseline (p < 0.01 vs. baseline)
in the rats of SO-Cy1 and SO-Cy2 subgroups, respectively.
However, no significant changes in the other microvascular
parameters and DCF fluorescence intensity were observed.
Furthermore, after L-NIO injection, no significant variations
of all parameters were detected in the animals of the SO-L
subgroup.

RF Group
The decrease in cerebral blood flow for 30min was accompanied
by a reduction in diameter of all arteriolar orders with a decrease
by 13.8 ± 1.5% of baseline in order 2 arterioles (p < 0.01 vs.

baseline: mean diameter 25.6 ± 2.2µm, and SO-Na subgroup;
Figure 1). Leakage of fluorescent dextran was detected along the
venules, indicating increased microvascular permeability (0.27
± 0.02 NGL; p < 0.01 vs. baseline and SO-Na subgroup).
Furthermore, fluorescence intensity increase was observed in
animals subjected to DCFH-DA superfusion, demonstrating an
increased ROS generation (Figure 3A).

At the end of CBFR, all arteriolar orders presented a decrease
in diameter when compared to baseline. Order 2 arteriole
diameter diminished by 24.5 ± 2.0% of baseline (p < 0.01
vs. baseline and SO-Na subgroup; Figure 1). Moreover, dextran
leakage significantly increased indicating marked microvascular
permeability (0.48 ± 0.03 NGL; p < 0.01 vs. baseline and SO-Na
subgroup); there was also increase in leukocytes adhesion (10 ±
2/100µm v.l./30 s; p < 0.01 vs. baseline and SO-Na subgroup;
Figures 2A,B). BFCL was reduced by 48.0 ± 4.0% of baseline
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FIGURE 2 | Computer-assisted images of the pial microvascular network

under baseline conditions (A) and after cerebral blood flow decrease and

recovery (B) in a rat of RF group: the increase in microvascular leakage is

outlined by the marked change in the color of interstitium (from black to white).

Computer-assisted images of the pial microvascular network under baseline

conditions (C) and after cerebral blood flow decrease and recovery (D) in a

higher dosage cyanidin-treated animal: no leakage of fluorescent-dextran was

detected. Computer-assisted images of the pial microvascular network under

baseline conditions (E) and after cerebral blood flow decrease and recovery

(F) in a higher dosage cyanidin-treated plus L-NIO-treated rat. The arterioles

are indicated by the white arrows, while the venules are outlined by dashed

white arrows.

(p < 0.01 vs. baseline and SO-Na subgroup) (Table 3). Finally,
DCF fluorescence intensity was marked in the rats subjected
to DCFH-DA perfusion, indicating a further increase in ROS
formation: NGL were 0.31± 0.02 (p < 0.01 vs. SO-Na subgroup;
Figures 3A–C).

Cy Group
Cyanidin, at 10 mg/kg b.w. dosage (Cy1 subgroup), prevented
damage of the microvascular networks, inducing an increase
in arteriolar diameter at the end of CBFD. In particular, order
2 arterioles dilated by 12.5 ± 1.8% of baseline (p < 0.01 vs.
baseline: mean diameter 25.2 ± 2.3µm, SO-Na subgroup and
RF group; Figure 1). Microvascular permeability significantly
decreased compared to RF group (0.22 ± 0.03 NGL; p < 0.01
vs. baseline, SO-Na subgroup and RF group) as well as DCF

FIGURE 3 | DCF fluorescence intensity after 30min cerebral blood flow

reduction (CBFD) and after 60min cerebral blood flow recovery (CBFR) in the

experimental groups (A): SO-Na subgroup (SO-Na), reduced blood flow group

(RF), lower dosage cyanidin-treated subgroup (Cy1), higher dosage

cyanidin-treated subgroup (Cy2) and higher dosage cyanidin plus

L-NIO-treated subgroup (L/Cy2). Data are reported as Mean ± SEM.
◦p < 0.01 vs. SO-Na subgroup; *p < 0.01 vs. RF group after 30min CBFD;

**p< 0.01 vs. RF group after 60min CBFR; +p < 0.01 vs. Cy2 subgroup after

30min CBFD; ++p < 0.01 vs. Cy2 subgroup after 60min CBFR; #p < 0.01

vs. Cy1 subgroup after 30min CBFD; ##p < 0.01 vs. Cy1 subgroup after

60min CBFR. Computer-assisted images of the pial microvascular network

under baseline conditions (B) and after cerebral blood flow decrease and

recovery (C) in a rat of RF group: several fluorescent spots are outlined by the

marked change in the color of interstitium (from black to white).

Computer-assisted images of the pial microvascular network under baseline

conditions (D) and after cerebral blood flow decrease and recovery (E) in a

higher dosage cyanidin-treated animal: decreased number of fluorescent

spots are detected. The arterioles are indicated by the white arrows, while the

venules are outlined by dashed white arrows.

fluorescence intensity (0.18 ± 0.02 NGL; Figure 3A) (p < 0.01
vs. baseline, SO-Na subgroup and RF group).

After 60min CBFR, all pial arterioles dilated: order 2
arteriole diameter increased by 20.5 ± 1.5% of baseline
(p < 0.01 vs. baseline, SO-Na subgroup and RF group; Figure 1).
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Furthermore, fluorescent dextran leakage was significantly
reduced compared to RF group (0.36 ± 0.02 NGL; p < 0.01 vs.
baseline, SO-Na subgroup and RF group) as well as leukocytes
adhering to venular walls (7 ± 1/100µm v.l./30 s; p < 0.01
vs. baseline, SO-Na subgroup and RF group). BFCL decreased
by 22.0 ± 2.2% of baseline (p < 0.01 vs. baseline, SO-Na
subgroup and RF group) (Table 3). Finally, a slight increase in
DCF fluorescence intensity was observed in rats belonging to
the Cy1 subgroup, after DCFH-DA superfusion: NGL were 0.20
± 0.03 (p < 0.01 vs. baseline, SO-Na subgroup and RF group)
(Figure 3A).

Cyanidin, at the dosage 20 mg/kg b.w. (Cy2 subgroup),
determined a marked dilation in all arterioles compared to Cy1
subgroup at the end of CBFD. There was an increase in order
2 arteriole diameter by 31.7 ± 3.0% of baseline (p < 0.01
vs. baseline: mean diameter 27.0 ±1.5µm, SO-Na subgroup,
RF group and Cy1 subgroup; Figure 1). Microvascular leakage
appeared to be blunted compared to animals of RF and Cy1
subgroup (0.16 ± 0.02 NGL; p < 0.01 vs. baseline, SO-Na
subgroup, RF group and Cy1 subgroup). Intensity in DCF
fluorescence appeared to be slight (0.08 ± 0.01 NGL; p < 0.01
vs. baseline, SO-Na subgroup, RF group and Cy1 subgroup)
(Figure 3A).

After 60min CBFR, order 2 arteriole diameter increased up to
40.5 ± 2.8% of baseline (p < 0.01 vs. baseline, SO-Na subgroup,

RF group and Cy1 subgroup; Figure 1). Additionally, there
was a significant decrease in fluorescent dextran leakage when
compared to RF and Cy1 subgroup (0.25 ± 0.03 NGL; p < 0.01
vs. baseline, SO-Na subgroup, RF group and Cy1 subgroup).
Leukocyte adherent to venules were 5 ± 2/100µm v.l./30 s,
while BFCL decreased by 14.0 ± 2.0% of baseline (p < 0.01 vs.
baseline, SO-Na subgroup, RF group and Cy1 subgroup) (Table 3
and Figures 2C,D). Finally, ROS production was completely
counteracted by higher dosage cyanidin administration, as
detected by reduction in fluorescence intensity in Cy2 subgroup,
superfused with DCFH-DA: NGL were 0.10 ± 0.02 (p < 0.01
vs. baseline, SO-Na subgroup, RF group and Cy1 subgroup)
(Figures 3A,D,E).

In L/Cy2 subgroup, L-NIO injection (10 mg/kg b.w.) 10min
before cyanidin treatment at the higher dose, blunted cyanidin
effects on arteriolar diameter within 30min of CBFD. In
particular, diameter of order 2 arterioles was reduced by 8.7 ±

1.2% of baseline (mean diameter: 24.3± 1.7µm; p< 0.01 vs. Cy2
subgroup; Figure 1). Conversely, L-NIO administration did not
alter cyanidin effects on microvascular permeability (Table 3).

At the end of CBFR, all order 2 pial arterioles constricted
with a decrease by 6.2 ± 1.0% of baseline diameter (p < 0.01 vs.
Cy2 subgroup; Figure 1). However, microvascular permeability
and adhesion of leukocytes were not influenced by L-NIO
administration (Figures 2E,F). BFCL decreased by 17.0 ± 1.5%

TABLE 4 | (A) Mean arterial blood pressure (MABP), heart rate, respiratory CO2 and (B) blood gases (pCO2 and pO2) under baseline conditions, at the end of CBFD and

CBFR in all subgroups.

Groups MAPB (mmHg) Heart rate (bpm) Respiratory CO2 (mmHg)

Baseline CBFD CBFR Baseline CBFD CBFR Baseline CBFD CBFR

A

SO-Na 100.0 ± 1.5 – – 328.5 ± 1.8 – – 30.5 ± 1.5 – –

SO-Cy1 101.0 ± 1.6 – – 330.0 ± 1.5 – – 30.8 ± 1.6 – –

SO-Cy2 101.0 ± 1.4 – – 325.0 ± 1.3 – – 30.6 ± 1.8 – –

SO-L 102.0 ± 1.5 – – 327.0 ± 1.9 – – 29.8 ± 2.0 – –

RF 101.0 ± 1.7 92.5 ± 1.6* 97.5 ± 1.8 320.0 ± 1.5 315.5 ± 1.7 324.0 ± 2.0 30.2 ± 1.8 29.3± 1.5 30.8 ± 1.4

Cy1 102.0 ± 1.8 93.7 ± 1.5* 99.7 ± 1.6 321.5 ± 1.7 318.0 ± 1.5 325.0 ± 2.0 30.5 ± 1.5 30.5 ± 1.4 31.0 ± 1.6

Cy2 104.0 ± 2.8 95.8 ± 1.4* 100.0 ± 2.5 328.0 ± 1.6 320.5 ± 1.8 330.0 ± 1.5 30.6 ± 1.8 30.5 ± 1.7 30.9 ± 1.5

L/Cy2 106.0 ± 2.5 97.5 ± 1.6* 101.5 ± 2.0 320.8 ± 1.8 318.0 ± 1.4 320 ± 2.5 30.8 ± 2.0 31.0 ± 1.7 30.8 ± 1.8

Groups pCO2 (mmHg) pO2 (mmHg)

Baseline CBFD CBFR Baseline CBFD CBFR

B

SO-Na 41.5 ± 2.0 – – 96.5 ± 2.0 – –

SO-Cy1 41.8 ± 1.8 – – 97.0 ± 1.8 – –

SO-Cy2 41.0 ± 1.5 – – 97.2 ± 1.7 – –

SO-L 42.0 ± 1.6 – – 96.0 ± 2.2 – –

RF 40.2 ± 2.1 40.1 ± 1.8 40.1 ± 2.1 96.8 ± 2.0 96.1 ± 1.8 96.0 ± 1.8

Cy1 40.8 ± 1.7 40.8 ± 1.6 40.5 ± 1.5 97.1 ± 1.7 98.0 ± 1.8 98.0 ± 1.5

Cy2 40.6 ± 2.0 41.0 ± 1.9 40.9 ± 1.7 97.0 ± 1.8 97.5 ± 1.7 97.0 ± 2.0

L/Cy2 40.8 ± 2.2 40.5 ± 2.0 40.4 ± 1.9 96.4 ± 2.1 96.0 ± 1.9 96.0 ± 1.7

Data are reported as Mean ± SEM; *p < 0.01 vs. baseline.
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of baseline (p< 0.01 vs. baseline, SO-Na and RF groups; Table 3).
No differences in DCF fluorescence were observed in L/Cy2
subgroup when compared to Cy2 subgroup animals: NGL were
0.10 ± 0.02 and 0.11 ± 0.01 at 30min CBFD and 60min CBFR,
respectively (p < 0.01 vs. Rf group; Figure 3A).

No significant changes in MABP, heart rate, respiratory CO2

and blood gases were detected among the different subgroups
under baseline conditions, at the end of CBFD and CBFR (as
reported in Table 4).

2,3,5-triphenyltetrazolium Chloride (TTC)
staining
CBFD and CBFR caused damage in cortex and striatum cerebral
tissue of both hemispheres in RF animals, compared to SO-
Na subgroup (Figure 4A). Cortex infarct size was 8.6 ± 2.0%
(p < 0.01 vs. nonhypoperfused cortex), while in the striatum the
damage was more marked (striatum infarct size 30.5 ± 3.2%,
p < 0.01 vs. nonhypoperfused cortex).

Conversely, neuronal damage drastically diminished in rats
undergoing CBFD and CBFR treated with cyanidin (Cy1 and
Cy2 subgroups), when compared to the previous subgroups
(Figure 4B); in particular, the injury was limited to the striatum
(infarct sizes were 25 ± 2% and 16.3 ± 1.8% in rats treated
with low or high cyanidin dosage, respectively, p < 0.01 vs.
hypoperfused striatum).

DISCUSSION

The present data indicate that cyanidin, a polyphenol widely
diffused in nature, was able to counteract oxidative stress and
microvascular changes induced by 30min of cerebral blood
flow decrease, caused by bilateral occlusion of common carotid
arteries, and 60min of cerebral blood flow recovery. These data
are the first evidence of ROS reduction in rat pial networks during
cyanidin administration under conditions of reduced blood flow
and reperfusion. We characterized the pial microcirculation by
fluorescence microscopy to study microvascular responses after
acute injury. The alterations caused by the reduction in cerebral
blood flow and subsequent reperfusion were characterized by
arteriolar constriction, venular permeability increase, leukocyte
adhesion to venular walls and capillary rarefaction, as previously
reported (Lapi et al., 2016; Mastantuono et al., 2016). Moreover,
we observed a dramatic increase in ROS production, as detected
by DCFH-DA assay.

Interestingly, cyanidin protected rat pial microcirculation
during the decrease in cerebral blood flow and consequent
reperfusion in a dose-related manner. We chose to analyze
cyanidin effects on arteriolar responses, because these vessels
were mainly involved in the regulation of tissue perfusion
(Martinez-Lemus, 2012). At the end of the restriction in blood
flow, cyanidin prevented the decrease in diameter of order 2
arterioles, compared with RF group. Moreover, at the end of
the time-period of blood flow recovery, higher dosage cyanidin
induced a vasodilation by 40.5% of baseline in order 2 arterioles.
These vasodilatory effects were accompanied by preservation of
capillary perfusion, significant decrease in venular leakage as well

FIGURE 4 | TTC staining of coronal brain slices from a rat of RF group (A) and

higher dosage cyanidin-treated subgroup (B) after 30min CBFD and 60min

CBFR. The lesion in the striatum is outlined by the dashed black line.

as in leukocyte adhesion to venular walls. The latter effectsmay be
related to the reduction in ROS formation induced by cyanidin,
because ROS have been shown to play a crucial role in the
regulation of vessel wall permeability and adhesion of leukocyte
to venular walls (Accetta et al., 2016; Mondola et al., 2016). It
is worth noting, indeed, that ROS formation was marked in RF
group, but resulted lower in cyanidin-treated animals.

Arteriolar vasodilation was counteracted by L-NIO, an
inhibitor of the endothelial isoform of nitric oxide synthase
(NOS), injected 10min before cyanidin; therefore, it is possible
to hypothesize that cyanidin vasodilatory properties may be
due to NO release from vascular endothelial cells. These
data are in agreement with previous studies indicating that
this polyphenol was able to enhance the release of NO and
other vasodilating factors, improving the endothelial-dependent
vasodilation (Sivasinprasasn et al., 2016). Interestingly, cyanidin
protective effects on leakage were not abolished by L-NIO
infusion, suggesting that this polyphenol is able to protect the
blood brain barrier integrity mainly through its scavenger activity
rather than through its vasodilatory properties.

The biochemical properties of cyanidin have been widely
studied; this molecule showed several antioxidant and anti-
inflammatory activities (Olivas-Aguirre et al., 2016). In
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particular, the highest ORAC (oxygen radical absorbance
capacity) activity has been demonstrated for cyanidin, compared
to other anthocyanins (Zheng and Wang, 2003). Moreover, this
polyphenol down-regulates plasminogen activator inhibitor-1
and pro-inflammatory cytokine IL-6, ameliorating human
adipocytokine profile (Tsuda et al., 2006). It is interesting to
note that isolated rat hearts are protected by oxidative stress,
increased in several cardiovascular diseases, after treatment with
cyanidin (Ziberna et al., 2012) as well as rat hepatic I/R damage is
decreased by cyanidin (Tsuda et al., 1999). In the present study,
cyanidin showed a strong antioxidant activity reducing ROS
production, but at the same time was able to decrease adhesion
of leukocytes to vessel walls blunting the damage induced by
leukocyte activation, a mechanism effective in promoting ROS
generation. Therefore, the decrease in leukocyte sticking to
vessels walls and the reduction in ROS generation merged and
reduced the effects of ROS on vessel wall leakage. These effects
were effective in preventing marked microvascular damage,
avoiding the disruption of blood-brain barrier and tissue edema.
All together these vasodilatory and antioxidant properties
preserved cerebral perfusion and prevented neuronal loss at
the end of blood flow recovery in cyanidin-treated animals.
Consequently, there was a reduction of the infarct size in cortical
and striatal zones, compared to the rats subjected to decrease in
cerebral blood flow and subsequent recovery.

Our data are in agreement with previous observations by
Di Giacomo et al. who have observed the effects of Cyanidin-
3-O-glucoside injection before the bilateral common carotid
artery occlusion and during reperfusion. Their data indicate
that cyanidin is able to reduce the lipid hydroperoxides and
the expression of neuronal and inducible NOS and to increase
the expression in endothelial nitric oxide synthase (eNOS) (Di
Giacomo et al., 2012).

In conclusion, our data are the first evidence in an
in vivo study that rat pial microcirculation was protected
against different mechanisms of damage: cyanidin was able
to induce arteriolar dilation, to reduce oxidative stress and
prevent neuronal loss. All these activities resulted in the
protection of cerebral perfusion, blood brain barrier integrity
and brain function. Therefore, cyanidin appears to be useful in
counteracting ROS generation in brain circulation and to protect
cerebral tissues.
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Endothelial cells surround the lumen of blood vessels and modulate many physiological

processes, including vascular tone, blood fluidity, inflammation, immunity and

neovascularization. Many pathological conditions, including hyperglycemia, may alter

endothelial function through oxidative stress, leading to impaired nitric oxide bioavailability

and to the onset of an inflammatory state. As widely shown in the last decade,

dietary intervention could represent a good strategy to control endothelial dysfunction

and atherosclerosis. In particular, extensive research in the field of antioxidant

natural derivatives has been conducted. In this study, we evaluated the capability of

Chamazulene (Cham), an azulene compound from chamomile essential oil, to attenuate

ROS levels in bovine aortic endothelial cells (BAECs) stressed with either high glucose or

H2O2. Cell viability at different concentrations of Cham was evaluated through the WST-1

assay, while ROS production acutely induced by High Glucose (HG, 4.5 g/L) treatment or

H2O2 (0.5mM) for 3 h, was quantified with 2′-7′-Dichlorofluorescein diacetate (DCFH-DA)

probe using confocal microscopy and flow cytometry. Our results showed a reduction

in ROS produced after simultaneous treatment with High Glucose or H2O2 and Cham,

thus suggesting an in vitro antioxidant activity of the compound. On the whole, this study

shows for the first time the potential role of Cham as a scavenging molecule, suggesting

its possible use to prevent the rise of endothelial ROS levels and the consequent vascular

damage.

Keywords: Chamazulene, oxidative stress, H2O2, glucose, bovine aortic endothelial cells, flow cytometry, confocal

microscopy, ROS

INTRODUCTION

In recent years studies on free radicals, as reactive oxygen species (ROS) and reactive nitrogen
species (RNS), and their role in mediating different functions in our organism are increasing.
Free radicals, ROS and RNS normally produced in living cells, can increase due to external
sources, such as X-rays, air pollutants or chemical compounds, or can be endogenously produced
by essential enzymatic or non-enzymatic processes (Lobo et al., 2010). These molecules are
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involved in oxidation-reduction (redox) reactions. Indeed, free
radicals are characterized by an unpaired electron that makes
these molecules highly unstable and able to act both as
oxidants or reductants. Such characteristics are fundamental
in the regulation of different cellular functions, collectively
indicated as “redox signaling” (Sies, 2015), and underline the
role of these molecules both in physiological and pathological
conditions. For example, ROS produced by phagocytic cells
are fundamental in the first defense against infections (Finkel
and Holbrook, 2000), but their uncontrolled rise with the
consequent generation of a redox state, called the oxidative
stress status, can be deleterious for cellular structures, like DNA,
proteins and lipids, with the consequent modification of their
function (Espinosa-Diez et al., 2015). Possible generation of
systemic long term complications, such as chronic inflammation,
endothelial dysfunction, atherosclerosis and cancer, can be
related to this condition (Sies, 2015). To control the production
of free radicals, ROS and RNS, animal cells use different systems
generically called antioxidants, molecules able to donate an
electron to free radicals, neutralizing them and confining cell
damage. Antioxidants are classified in enzymatic and non-
enzymatic molecules. Among enzymatic there are superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase (GSH-
Px), thioredoxins (TRX), peroxiredoxins (PRX), glutathione
transferase (GST). Examples of non-enzymatic antioxidants are
glutathione (GSH), ferritin, transferrin, uric acid, coenzyme Q
(Birben et al., 2012). The importance of diet antioxidants that
can modulate and sustain endogenous defenses is emerging:
carotenoids, vitamin C, vitamin E, omega-3 fatty acids, β-glucans
and polyphenols, present in food, can be used by the organisms
to reinforce their antioxidant response (Kofuji et al., 2012;
Pisoschi and Pop, 2015). Furthermore, in last years, the role
of officinal plants as cellular endogenous defense enhancers
or free radical scavengers emerged and the possible use of
plant extracts, essential oils or isolated molecules of traditional
relevance as antioxidants is nowadays strongly investigated
(Agatonovic-Kustrin et al., 2015; Pisoschi and Pop, 2015).
Among officinal plants, chamomile (Matricaria chamomilla
L.) demonstrated several beneficial properties in cell cultures
and in in vivo studies (McKay and Blumberg, 2006). In fact,
chamomile infusions and extracts showed anti-inflammatory,
anti-microbial, hypocholesterolemic and anti-genotoxic effects
(Petronilho et al., 2012). Different studies showed that secondary
metabolites, in particular terpenoids and flavonoids, isolated
from chamomile, are able to neutralize the propagation of
radical chains thank to their molecular structure, underlining
the possibility to classify these molecules as natural antioxidants
(Singh et al., 2010). Among bioactive compounds present in
chamomile essential oil, Chamazulene (Cham), a sesquiterpene
derived from matricine (Singh et al., 2010), has been proposed as
a free radical scavenger. Results obtained with antioxidant assays,
like that based on the 2,2′-azino-bis-3-ethylbenzthiazoline-6-
sulphonic acid (ABTS) radical (Capuzzo et al., 2014; Agatonovic-
Kustrin et al., 2015), suggested the possible antioxidant role
of this molecule in a cell model of acute or chronic oxidative
stress. Although available data in literature suggest Cham as
a radical scavenger, there are no studies on its possible effect

in a cell model of oxidative stress. In fact its chemical nature
suggests its passage through the cell membrane and the possible
interaction with radical species (Figure 1). Oxidative stress cell
models can be determined in different ways depending on cell
type and on their susceptibility to specific stressors that can
cause pathophysiological conditions. For example, the diabetic
state is characterized by endothelial dysfunction, induced by
different stressors like high glucose concentrations (Zhou et al.,
2015), which cause diminished production of nitric oxide,
and, as a consequence, an imbalance in endothelium-derived
relaxing and contracting factors, up-regulation of adhesion
molecules, increased chemokine secretion, leukocyte adherence
and cell permeability, low-density lipoprotein oxidation, platelet
activation and vascular smooth muscle cell proliferation and
migration (Hadi et al., 2005). The aim of this study was
to evaluate the antioxidant properties of Cham on bovine
aortic endothelial cells (BAECs) acutely treated with two
different oxidative stressors already proposed in other studies
(Zhou et al., 2015; Nadeev et al., 2016): High Glucose
(HG, 4.5 g/L) concentrations or hydrogen peroxide (H2O2,
0.5mM).

MATERIALS AND METHODS

Chemicals
Chamazulene purification from chamomile (Matricaria
chamomilla L.) essential oil was performed according to Capuzzo
et al. (2014). The compound used was solubilized in absolute
ethanol (Sigma Aldrich Saint Louis, MO, USA) at the final
concentration of 10 mg/ml. Unless otherwise specified, all
reagents for cell culture and experiments were purchased from
Sigma-Aldrich.

Cell Culture
Bovine aortic endothelial cells-1 (BAECs, ECACC, Salisbury,
UK) were maintained in Dulbecco’s modified eagle medium
(DMEM) 1 g/L glucose supplemented with 10% FBS, 2mM
L-Glutamine and 50µg/ml Gentamycin, incubated at 37◦C in

FIGURE 1 | Chemical structure of Chamazulene, C.A.S. n 529-05-5.
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a humidified atmosphere containing 5% CO2. High glucose
(HG) treatment was performed using DMEM 4.5 g/L glucose
supplemented with 10% FBS, 2mM L-Glutamine and 50µg/ml
Gentamycin. H2O2 treatment was performed at the dilution of
0.5mM in DMEM 1 g/L glucose. BAECs were used from passages
3 to 6.

Assessment of Cell Viability After
Chamazulene Treatment
Cell proliferation reagent WST-1 (Roche Applied Science,
Mannheim, Germany) based on the cleavage of a tetrazolium
salt into a formazan product by living cell enzymes, in
particular mitochondrial dehydrogenases, was used to assess
cell viability. BAECs (1.6 × 103 cells/100 µl/well) were seeded
into a 96-well plate in culture medium and incubated at
37◦C for 24 h. Following incubation, cells were treated with
increasing concentrations (10, 25, 100, 250µg/ml) of Cham
or its solvent, ethanol, at the same dilutions (1:1000; 1:400;
1:100; 1:40) for 3 h. WST-1 solution (1:10) was added 2 h
before the end of the treatment. The absorbance at 450 nm
was determined by a microplate reader (Microplate Reader,
Bio-Rad, model 550). The effect of Cham on cell viability
was calculated from the absorbance of soluble formazan dye
generated by living cells and the results were expressed
as percentage of cell viability compared to control, fixed
at 100%.

Determination of the EC50 of Chamazulene
Half maximal effective concentration (EC50) of Cham was
obtained studying the effect of the compound at different
concentrations (10, 25, 100, 250µg/ml) for 3 h by means of the
WST-1 Assay; from these data, the EC50 was calculated using the
software CalcuSyn 2.11 (Biosoft, Cambridge, UK).

ROS Measurement With Confocal
Microscopy
BAECs production of ROS was assessed with confocal
microscopy using 2′-7′-Dichlorofluorescein diacetate probe
(DCFH-DA, Sigma). BAECs were seeded (4.8 × 104 cells/ml)
on uncoated glass bottom dishes of 35mm diameter (MatTeck
Corporation, Ashland, MA, USA) in DMEM 1 g/L glucose
and incubated at 37◦C for 24 h. Following incubation
cells were treated with Cham 25µg/ml, HG, H2O2 or
simultaneously treated with Cham 25µg/ml plus HG and
Cham 25µg/ml plus H2O2 for 3h; a control condition
with ethanol 1:400, correspondent to that present in the
25µg/ml Cham solution, was added to evaluate its effect
alone on the cells. DCFH-DA solution (1 µl/ml) was added
to each dish 30min prior the end of the treatment, then
cells were washed three times with PBS containing Ca2+

and Mg2+ to avoid cells loss. Fluorescence at 488 nm was
determined with confocal microscopy (magnification 60x).
Quantitative ROS production was calculated with the definition
and measurement of Regions Of Interest (ROIs) using the
software ImageJ (Rasband, W. S., ImageJ, U. S. National
Institutes of Health, Bethesda, Maryland, USA, https://
imagej.nih.gov/ij/, 1997-2017) and expressed as relative

Medium Fluorescence Index (MFI) compared to control,
fixed at 1.

ROS Measurement With Flow Cytometry
BAECs ROS production was assessed with flow cytometry (C6
Accuri, BD Bioscience) using DCFH-DA probe. BAECs were
seeded into a 6-well plate (7 × 104 cells/well) in culture medium
and incubated at 37◦C for 24 h. Following incubation, cells were
treated for 3 hwith Cham 25µg/ml, HG,H2O2 or simultaneously
treated with Cham 25µg/ml plus HG and Cham 25µg/ml plus
H2O2; a control condition with ethanol 1:400 was added to
evaluate its role in mediating the effect of Chamazulene. DCFH-
DA solution (1 µl/ml) was added to each well 30min prior the
determination of the fluorescence. A total of 10,000 events were
considered and ROS levels were recorded at 5min. Quantitative
ROS production was calculated as relative Medium Fluorescence
Index (MFI) compared to control, fixed at 1.

Statistical Analysis
All data were expressed as mean ± Standard Deviations of the
mean. For differences betweenmean values Bonferroni’s multiple
comparisons test was performed. Differences with P < 0.05 were
regarded as statistically significant.

RESULTS

BAECs Viability After Exposure to Different
Concentrations of Chamazulene
To assess Cham toxicity BAECs were exposed to different
concentrations of the compound (10, 25, 100, 250µg/ml) for 3 h;
its effects were evaluated by means of the WST-1 assay. None
of the concentrations tested was toxic at 3 h; and, as shown in
Figure 2, cells viability was not affected by ethanol at any of the
concentrations used, corresponding to the amount of the solvent
present in each Cham treatment.

These data were used to calculate the EC50 of Cham with
the software CalcuSyn and, as confirmed in Figure 2, 25µg/ml
increased cells viability at 50% in 3 h and represented the EC50

dose of the compound in these experiments. This concentration
was used in this preliminary evaluation of the antioxidant activity
of Cham in cells.

Chamazulene and ROS Levels After HG
Treatment
ROS production in BAECs after HG treatment was at first
evaluated by confocal microscopy using the DCFH-DA probe
(Figures 3A,B). Cells were treated for 3 h with HG, Cham
25µg/ml or simultaneously with both. High Glucose treatment
for 3 h induced augmented ROS levels that was balanced by
the simultaneous addition of Cham. A control condition with
ethanol 1:400, corresponding to the amount of solvent added to
cells with the 25µg/ml Cham treatment, had no effect on BAECs.
Results of confocal microscopy experiments were confirmed by
flow cytometry: high glucose treatment induced a significant
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FIGURE 2 | Effect of Chamazulene on BAECs at 3 h of treatment, as assessed by the WST-1 Assay. None of the concentrations used was toxic for BAECs. Cell

viability was not affected by ethanol (light gray bars) used at the same amount present in each Cham treatment. Data shown are mean ± SD of three independent

experiments and are expressed as percentage toward control (Data are presented from the lowest to the highest concentration used. Cham: 131.08 ± 13.91; 153.81

± 16.50; 191.56 ± 18.18; 200.36 ± 18.38. EtOH: 162.68 ± 48.13; 226.67 ± 16.97; 168.90 ± 9.02; 152.22 ± 3.94); *P < 0.05, ***P < 0.001, ****P < 0.0001.

FIGURE 3 | Chamazulene and ROS levels in confocal microscopy after HG treatment. (A) Images obtained with confocal microscopy and DCFH-DA probe

(magnification 60x). Fluorescence intensity is represented in pseudo color scale (“fire” in ImageJ software): HG treatment for 3 h induced augmented ROS levels as

underlined by the changing color of cells compared to control and it was balanced by the simultaneous treatment with Cham. (B) Histograms illustrate the relative MFI

toward control derived from images analysis and show augmented ROS levels when cells are treated with HG and their decrease in a simultaneous treatment with

Cham. Cham effect is not affected by ethanol. Data shown are mean±SD of three independent experiments (HG: 5.89±1.84; Cham: 0.65±0.47; HG + Cham: 0.29

± 0.10; EtOH: 0.22 ± 0.09); ***P < 0.001.

ROS increase in BAECs, as compared to cells maintained in low

glucose medium; Cham added together with HG was able to

attenuate the effect of HG while nor Cham nor EtOH alone did
not have any effect on ROS production (Figures 4A,B).

Chamazulene and ROS Levels After H2O2

Treatment
ROS levels, due to H2O2 treatment for 3h, and their
possible reduction induced by Cham, were quantified in

a second set of experiments with confocal microscopy
and flow cytometry using DCFH-DA probe. In confocal
experiments, as shown in Figures 5A,B, BAECs stressed
with H2O2 for 3 h revealed a higher production of ROS
and this condition was reverted by simultaneous treatment
with Cham 25µg/ml. As shown, treatment with ethanol in
which Cham was solubilized confirmed that ethanol had no
effect on ROS production, not even Cham 25µg/ml added
alone to the culture medium had any effect on ROS levels.
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FIGURE 4 | Chamazulene and ROS levels in flow cytometry after HG treatment. (A) Histograms illustrate the relative MFI toward control derived from flow cytometry

and show ROS levels when cells are treated with HG and their decrease in a simultaneous treatment with Cham and HG. Cham effect is not affected by ethanol. Data

shown are mean ± SD of three independent experiments (HG: 1.47 ± 0.35; Cham: 0.94 ± 0.03; HG + Cham: 0.96 ± 0.02; EtOH: 1.08 ± 0.02); *P < 0.05

(B) Representative graphs of flow cytometry in which is illustrated the variation in fluorescence in different treatments.

FIGURE 5 | Chamazulene and ROS levels in confocal microscopy after H2O2 treatment. (A) Images obtained with confocal microscopy and DCFH-DA probe

(magnification 60x). Fluorescence intensity is represented in pseudo color scale (“fire” in ImageJ software): H2O2 treatment for 3h induce augmented ROS levels as

underlined by the changing color of cells compared to control and it was balanced by the simultaneous treatment with Cham. (B) Histograms illustrate the relative MFI

toward control derived from images analysis and show high ROS levels when cells are treated with H2O2 and their decrease in a simultaneous treatment with Cham

and H2O2. Ethanol does not affect ROS level. Data shown are mean±SD of three independent experiments (H2O2: 6.86±1.00; Cham: 0.65±0.47; H2O2+Cham:

0.30±0.13; EtOH: 0.22±0.09); ****P < 0.0001.

These results were confirmed by flow cytometry experiments
(Figures 6A,B).

DISCUSSION

Cells are continuously exposed to physical and chemical
stressors. When endogenous and exogenous defenses are not
sufficient to balance the production of free radicals, ROS and
RNS, cells enter in an oxidative stress status which can be
deleterious for the structure and function of important molecules
like nucleic acids, proteins and lipids (Birben et al., 2012).
Several pathological conditions can contribute to the definition
of such status, characterized by the rise of reactive molecules;
as an example, endothelial cells exposure to high concentrations
of glucose, as it occurs in diabetic disease, can increase ROS
production, enhancing endothelial dysfunction that characterizes

this condition (Rahimi et al., 2005). In this scenario, the role
of antioxidant molecules endogenously produced in cells or
derived from exogenous sources, represents the first line of
investigation in order to assess any increased cell defense against
oxidative stress status and thus preventing further cell damage.
Scavenger activity of exogenous antioxidants is usually tested
primarily with chemical assays, like the ABTS assay (Floegel et al.,
2011). Then, in order to classify a molecule as an antioxidant
in complex systems such as living cells, it is important to
evaluate how the molecule behaves in a cell model of oxidative
stress status. A molecule recently studied for its capability
to scavenge free radicals is Cham (Capuzzo et al., 2014), a
sesquiterpene spontaneously derived frommatricine and present
in high concentrations in chamomile (Matricaria chamomilla L.)
essential oil. Previous studies on Cham underline its antioxidant
activity as themolecule is able to scavenge preformed free radicals
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FIGURE 6 | Chamazulene and ROS levels in flow cytometry after H2O2 treatment. (A) Histograms illustrate the relative MFI toward control derived from flow

cytometry and show high ROS levels when cells are treated with H2O2 and their decrease in a simultaneous treatment with Cham and H2O2. Cham effect is not

affected by ethanol. Data shown are mean ± SD of three independent experiments (H2O2: 2.44 ± 0.13; Cham: 0.94 ± 0.03; H2O2+Cham: 1.68 ± 0.14; EtOH: 1.08

± 0.02); ****P < 0.0001 (B) Representative graphs of flow cytometry in which is illustrated the variation in fluorescence in different treatments.

(Capuzzo et al., 2014; Formisano et al., 2015). Our aim, in this
research paper, was to evaluate for the first time the role of Cham
as an antioxidant in endothelial cells in two different models
of oxidative stress. Since data showing the effect of Cham in
cultured cells are still unavailable, our first line of investigation
aimed to the determination of the concentration of the molecule
by which treating cells. Results obtained on BAECs treated with
different concentrations of Cham (Figure 2) showed no toxicity
of the molecule. These data were used to calculate the EC50

of Cham at 3 h, 25µg/ml, and it was used as our starting
point to study any antioxidant effect of the molecule on cells.
Cham was tested in two acute stress model that induced rise in
ROS: cells were treated with HG or H2O2 for 3 h (Zhou et al.,
2015; Nadeev et al., 2016). ROS levels were assessed using two
different approaches: confocal microscopy and flow cytometry.
Results obtained in confocal microscopy analysis showed a
reduction in ROS levels when cells were simultaneously treated
with HG or H2O2 and Cham (Figures 3, 5), and these data
were confirmed by flow cytometry analysis (Figures 4, 6). These
experiments underline the effect of Cham respect to different
stimuli, high glucose and H2O2. High glucose was chosen
to mimic the hyperglycemic state characteristic of diabetes.
In this condition endothelial oxidative stress occurs thorough
many pathways, including formation of peroxynitrite, reduced
NO production, inactivation and/or reduction of expression of
antioxidant enzymes, formation of AGEs (advanced glycation
end products; Incalza et al., 2018). H2O2 represents a direct
stronger insult that is able to induce covalent modifications of
cysteine thiolate residues located in active and allosteric sites
of specific proteins resulting in alterations on their activity
and function. Moreover, high concentration of H2O2 evokes
inflammatory responses leading to growth arrest and ultimately
cell death (Sies, 2017).

Therefore, in these models ROS levels rise in different ways,
but, in both conditions, Chamazulene was able to balance them.
The novelty of this study can be pointed out, as done before,
underlining that it has been the first work in which antioxidant

activity of Cham has been tested on a cell model, even if, as
previously said, results obtained were linked to short treatment
times, reflecting only acute effects and not long term events
such as gene expression. Furthermore, it could be interesting
to evaluate how Cham acts in a cell model increasing the
exposure time to different stressors and evaluating the effect
on gene transcription. Another aspect that can be interesting
to investigate, essential for the complete determination of its
antioxidant activity, could be the determination of the kinetics
and the dinamics of Chamazulene in in vivo studies.

Many natural antioxidants counteract oxidative stress, and
their use leads to an improvement in ROS generation-associated
diseases. New substances with antioxidant properties to balance
ROS overproduction and favor NO bioavailability can be
developed with the aim of preventing oxidative stress-induced
vascular damage, and Cham could be included in the list of these
molecules. Further studies on Cham and its potential application
will reinforce the efficacy of natural beneficial nutritional
components in delaying the onset of vascular dysfunction and
maintaining or restoring vascular health.
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Advanced aging, vascular dysfunction, and nitric oxide (NO) bioavailability are recognized

risk factors for Alzheimer’s disease (AD). However, the contribution of AD, per se, to this

putative pathophysiological mechanism is still unclear. To better answer this point, we

quantified cortical perfusion with arterial spin labeling (PVC-CBF), measured ultrasound

internal carotid (ICA), and femoral (FA) artery blood flow in a group of patients with similar

age (∼78 years) but different cognitive impairment (i.e., mild cognitive impairment MCI,

mild AD-AD1, moderate AD-AD2, and severe AD-AD3) and compared them to young

and healthy old (aged-matched) controls. NO-metabolites and passive leg-movement

(PLM) induced hyperemia were used to assess systemic vascular function. Ninety-eight

individuals were recruited for this study. PVC-CBF, ICA, and FA blood flow were markedly

(range of 9–17%) and significantly (all p < 0.05) reduced across the spectrum from YG

to OLD, MCI, AD1, AD2, AD3 subjects. Similarly, plasma level of nitrates and the values

of PLM were significantly reduced (range of 8–26%; p < 0.05) among the six groups.

Significant correlations were retrieved between plasma nitrates, PLM and PVC-CBF, CA,

and FA blood flow. This integrative and comprehensive approach to vascular changes in

aging and AD showed progressive changes in NO bioavailability and cortical, extracranial,

and peripheral circulation in patients with AD and suggested that they are directly

associated with AD and not to aging. Moreover, these results suggest that AD-related

impairments of circulation are progressive and not confined to the brain. The link between

cardiovascular and the central nervous systems degenerative processes in patients at

different severity of AD is likely related to the depletion of NO.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common form of
dementia, with an attested prevalence of ∼24 million which
is predicted to quadruplicate by 2050 (Reitz et al., 2011).
Pathophysiological mechanisms of AD are well-defined,
including diffuse neuritic extracellular amyloid (Aβ) plaques
and intracellular neurofibrillary tangles coupled with reactive
microgliosis, loss of neurons and synapses in the cortex (Reitz
and Mayeux, 2014). From the vascular point of view, Aβ

peptide accumulation in the tunica media and adventitia of
cerebral blood vessels, a condition termed cerebral amyloid
angiopathy (CAA), is associated with vessel smooth muscle cell
degeneration, resulting in impaired cerebral circulation (Maier
et al., 2014).

Apart from this direct effect of Aβ accumulation in the cortical
neurons and vessels, there is increasing evidence that AD is
associated with several dysregulated processes, which affect brain
and systemic circulation, suggesting that vascular dysfunction
may play a role in the pathogenesis of AD (Iturria-Medina
et al., 2016). These pieces of evidence pose the question whether
AD is an age-related neurodegenerative disorder with vascular
consequences, or a vascular disorder with neurodegenerative
sequels (De La Torre, 2010). Indeed, both aging and AD appear
to be involved in the decline of the systemic and cerebral vascular
function (De La Torre, 2009). However, the contribution of
AD, per se, to vascular changes is still unclear. Additionally, the
cardiovascular and the central nervous system (CNS) changes
have been postulated to occur in parallel during the progression
of AD (Picano et al., 2014).

In the brain of patients with AD, diffuse cortical changes
have been demonstrated (Dallaire-Theroux et al., 2017), coupled
with a reduced perfusion of the temporo-parietal association
cortices, mesial temporal structures and the frontal association
cortex (Herholz, 2011). However, potential reduction of blood
flow availability inward from extracranial conduit arteries
(i.e., internal carotid artery (ICA), vertebral artery) may also
contribute to the onset of AD (Liu et al., 2014; Clark et al.,
2017). In this scenario, nitric oxide (NO) is considered the most
important vasodilator factor responsible for the preservation of
vasomotor function (Katusic and Austin, 2014). Indeed, reduced
availability of NO in both cerebral and peripheral vessels results
in major detrimental alterations of vascular function (Katusic
and Austin, 2014). However, the role of NO bioavailability in
the control of extracranial blood flow, cerebral, and systemic
circulation in patients with different AD severity have not been
so far fully elucidated.

Therefore, the aims of the present study were two-fold.
The first was to evaluate if the NO bioavailability, cerebral
perfusion, extracranial, peripheral blood flow and systemic
vascular function are reduced in AD in comparison to healthy
young and old individuals. The second was to compare these
measures in patients with different AD severity. Specifically, we
have assessed cortical perfusion with arterial spin labeling (ASL)
Magnetic Resonance Imaging (MRI), and measured ICA and
femoral (FA) artery blood flow in young (YG) and old (OLD)
healthy controls, patients with mild cognitive impairment (MCI)

and AD of different severity: mild AD (AD1), moderate AD
(AD2), and severe AD (AD3). NO bioavailability was determined
in the six groups via plasma NOmetabolites (nitrite and nitrate).
Passive leg-movement (PLM) induced hyperemia was used to
assess both endothelial NO availability and systemic vascular
function. We hypothesized that (a) the severity of AD would
impact on cortical perfusion, as well as ICA and FA blood flow,
and (b) brain and systemic impairment of circulation would be
associated with a depletion of NO bioavailability.

METHODS

Participants
Patients with MCI and AD were recruited from the Neuromotor
and Cognitive Rehabilitation Research Center Azienda
Ospedaliera Universitaria Integrata of Verona, and the Geriatric
Institute Mons. Arrigo Mazzali Foundation (Mantua, Italy).
Clinical diagnosis of MCI and probable AD was established
according to the National Institute on Aging-Alzheimer’s
Association diagnostic guideline for MCI due to AD and AD
(Albert et al., 2011; Mckhann et al., 2011). All patients had
a previous neuroimaging study (MRI or CT) to support the
diagnosis of MCI and/or probable AD.

Dementia severity was assessed by means of the Mini Mental
State Examination (MMSE) (Folstein et al., 1975) and the
Clinical Dementia Rating scale (CDR) (Morris, 1993). According
to the severity of dementia, patients with AD were divided
in three groups: AD1 with MMSE scores between 20 and
24 and CDR 1, AD2 with MMSE scores between 10 and
19 and CDR 2, and AD3 with MMSE scores lower than 10
and CDR 3. Two additional healthy control groups (i.e., YG
and OLD) were recruited from the same geographical area,
after a physician’s assessment of negligible cardiovascular and
musculoskeletal diseases. This screening included health history,
physical examination, blood pressure assessment, blood sample,
and familiarization with the study procedures. OLD had to have
a MMSE ≥ 24. As reported in the AD diagnostic guidelines
(Mckhann et al., 2011), individuals with a diagnosis of vascular
dementia (VaD) were not included in the study. Other exclusion
criteria were: history of depression or psychosis, alcohol or drug
abuse, other neurological (e.g., Parkinson’s disease, traumatic
brain injury, stroke, multiple sclerosis), cardiac, orthopedic
(e.g., osteoarthrosis) or respiratory conditions (e.g., chronic
obstructive pulmonary disease). All experiments were conducted
after informed and written consent was obtained from the
patients and their relatives and healthy individuals in accordance
with the Declaration of Helsinki, as part of a protocol approved
by the Institutional Review Board of the Azienda Ospedaliera
Universitaria Integrata (Approval #2389).

Assessment Procedure
Neurologists and clinical neuropsychologists with a specific
expertise in dementia investigated the cognitive profile of the
patients with a full neuropsychological profile and the following
tests were performed. The MMSE (Folstein et al., 1975) was
used to assess the global cognitive status. The CDR (Morris,
1993) scale was administered to quantify the severity of dementia.
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The Italian version of the Frontal Assessment Battery (FAB)
(Appollonio et al., 2005) was used to assess executive functions.

Level of Physical Activity
The International Physical Activity Questionnaire (IPAQ)
(Booth, 2000) was used to estimate the level of physical activity of
the participants. Each question was administered to the healthy
volunteers and to the patient’s caregivers.

Volume Anthropometry Assessment
Thigh and lower leg volume were calculated based on leg
circumferences (three sites: distal, middle, and proximal), thigh
and lower leg length, and skinfold measurements using the
following formula:

V =
L

12π
·
(

C12 + C22 + C32
)

−
S− 0.4

2
· L ·

C1+ C2+ C3

3

where L refers to the length; C1, C2, and C3 refer to the proximal,
middle, and distal circumferences, respectively; and S is skinfold
thickness of either the thigh or the lower leg. The length of
the leg was measured from the greater trochanter to the lateral
femoral epicondyle (thigh) and from the head of the fibula to
the lateral malleolus (lower leg). The length and circumference
were measured to the nearest 1mm using a flexible standard
measuring tape. Skinfold thickness was measured using skinfold
calipers (Beta Technology Incorporated, Cambridge, MD) at
three sites at the midpoint of each limb segment (Layec et al.,
2014).

Resting Oxygen Uptake Assessment
Briefly, oxygen uptake was recorded with the subjects supine
and at rest for 20min. Expired gases were analyzed on a breath-
by-breath basis by a metabolimeter (K4 b2, Cosmed, Rome,
Italy).

Cortical Perfusion Assessment
A subgroup of the total population underwentMRI to assess non-
invasively cerebral blood flow (CBF) with ASL (Detre et al., 1992).
In details, forty-three subjects (YG: 10, OLD: 7, MCI: 6, AD1: 5,
AD2: 9, AD3: 6) were scanned on a 3T Philips Achieva system
equipped with an 8-channel head coil. They were instructed to
lie as still as possible in the scanner, to keep their eyes closed
but not to fall asleep while images were collected. For ASL data,
pseudo-continuous (pCASL) labeling was acquired using the
following parameters: TR/TE= 4,400/11ms; label duration/post-
label delay= 1,650/1,800ms; 45 Control/Label volumes; 26 slices,
3 × 3 × 3 mm3, slice gap = 1mm; two background suppression
pulses at 1,700 and 2,926ms from the start of the scan. A
calibration scan with the same parameters as the ASL sequence
but longer TR (10 s) and no background suppression was also
acquired to estimate the equilibriummagnetization. Finally, a 3D
T1-weighted turbo field echo anatomical scan was also acquired
for each subject (TR/TE = 8.16/3.73ms; 180 slices, 1 × 1 × 1
mm3).

ASL data were preprocessed and analyzed using FSL 5.0.9
(FMRIB, Oxford, UK) and Matlab 7.14 (MathWorks, Natick,
MA). ASL data were first corrected for nuisance effects (head

motion profiles, cerebrospinal fluid (CSF) and white matter
(WM) signals) by using linear regression that minimizes the
sum of squares of the residuals. The ASL calibration scan was
used for estimating the coregistration parameters from ASL to
the individual T1-weighted image by applying a 3D rigid-body
registration with a normalized mutual-information cost function
and 7 degrees of freedom.

Pre-processed Control and Label volumes were then surround
subtracted and averaged to obtain perfusion-weighted images.
These perfusion-weighted maps were quantified into CBF
[ml/100 g/min] applying the general kinetic model (Buxton et al.,
1998) as follows:

CBF =
6000 · λ · 1M · e

PLD
T1b

2 · α · αinv · T1b ·M0t · (1− e
−

τ

T1b )

where λ is the brain-blood partition coefficient (0.9 mL/g),
1M represents the difference images (perfusion-weighted maps),
PLD is the post-labeling delay, T1b is the longitudinal relaxation
time of arterial blood (1,650ms), α is the labeling efficiency (0.85
for pCASL), where αinv corrects for the decrease in labeling
efficiency due to two background suppression pulses (0.83). M0t

is the tissue equilibrium magnetization, voxel-wise estimated
from the calibration scan, and τ represents the labeling duration
(Alsop et al., 2015). The increase in label decay in the ascending
slices acquired with 2D readout was accounted for.

In order to perform partial volume effects-correction (PVC)
mainly related to the low ASL spatial resolution and brain
atrophy, partial volume-corrected cortical and WM flow maps
were created for each subject. In details, high resolution gray
matter (GM) and WM probability maps from the segmentation
of the 3D T1-weighted image were first smoothed with a 3 × 3
× 3 mm3 kernel to mimic the ASL resolution. These smoothed
maps were then down sampled to the ASL space using the inverse
of the previously estimated transformation matrix and finally
applied to the CBF maps for PVC following the equation Icorr
= Iuncorr/(Pgm + 0.4·Pwm) (Du et al., 2006). For each subject, the
mean corrected CBF value within the GM mask was calculated
and used as individual representative measure of the whole
cortical perfusion.

To provide group CBF maps, individual T1-weighted images
were registered to the Montreal Neurological Institute (MNI)
space with 1× 1× 1 mm3 resolution using a non-linear method
(FNIRT tool in FSL) and the joint ASL/T1-weighted and T1-
weighted/MNI space transformation parameters were used to
spatially normalize the subject specific CBFmaps in this common
space. Representative mean uncorrected (whole brain) and PVC
cortical (GM only) CBF maps in MNI space were finally derived
for each of the six groups.

ICA and FA Blood Flow Assessment With
Doppler Ultrasound Imaging
ICA, and FA artery diameters and blood velocities were recorded
with the subjects supine and at rest for 20min. When the blood
flow was stable, 1-min video of the above-mentioned arteries
was recorded on the ultrasound system. Specifically, the Doppler
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probe was positioned at the level of ICA ∼1 cm above the
common carotid bifurcation, and at the level of the common
FA, distal to the inguinal ligament and proximal to the deep
and superficial femoral bifurcation. Triplex Doppler clips were
recorded with a Logiq-7 ultrasound Doppler system (General
Electric Medical Systems, Milwaukee, WI, USA). The ultrasound
Doppler system was equipped with a 12-14 MHz linear array
transducer. Artery diameter was determined at a 90◦ angle along
the central axis of the scanned area. Blood velocity (Vmean)
was measured using the same probe utilizing a frequency of 5
MHz. Measurements of Vmean were obtained with the probe
positioned to maintain an insonation angle of 60◦ or less and
the sample volume was centered and maximized according to
vessel size. Utilizing arterial diameter and Vmean, blood flow was
calculated as:

Blood flow = Vmean · π·(vessel diameter/2)2 ·60

where blood flow is in milliliters per minute. To perform muscle
and brain volume effect-corrections, mostly related to the lower
limb muscle and brain atrophy, FA and ICA blood flow were
normalized to leg muscle volume (thigh + lower leg volume)
and total brain tissue volume (cortical, subcortical GM and WM
volumes, including the brainstem and cerebellum), respectively
(Liu et al., 2014; Venturelli et al., 2014). All scanning and
blinded analyses were performed by experienced and skilled
sonographers.

NO Bioavailability via Plasma Nitrates
Assessments
It is important to note, that all the participants were asked
to refrain from oral intake of supplements or nutrients with
elevated levels of nitrates. Specifically, on the 3 days before
the assessments strawberries, lettuce, beets, and carrots were
not included in the participants diet. Venous peripheral blood
(25mL) was collected between 9:00 and 10:00 am from patients
and healthy controls in a fasted state and processed within
2 h to obtain measurements of blood glucose, number of
red blood cells (RBC), hemoglobin (Hb), high- and low-
density lipoprotein (HDL, LDL). From a different vacutainer,
plasma was separated from peripheral blood by centrifugation
(1,200 rpm for 20min at 4◦C) and kept at −80◦C until
analysis. Plasma samples were ultrafiltrated through a 30 kDa
molecular weight cut-off filter (cat. No UFC503096) (Millipore,
Molseheim, France) to reduce background absorbance. Nitrate
concentration was detected by nitrate/nitrite colorimetric assay
kit (cat. No 780001) (Cayman Chemical Co, Ann Arbor, MI,
USA) according to the manufacturer’s protocol. The detection
limit of nitrate was 2.5µM. The nitrate concentration was
analyzed in duplicate and read against themanufacturer standard
curve.

Endothelial NO Bioavailability and
Systemic Vascular Function via PLM
Recent investigations have revealed that PLM-induced
hyperemia is predominantly a consequence of NO mediated
vasodilation (Trinity et al., 2012). Therefore, we have adopted

this noninvasive and reliable method to determine endothelial
NO bioavailability. Moreover, the PLM protocol has been
successfully adopted to determine systemic vascular function
in healthy young (Mcdaniel et al., 2010a), elderly (Mcdaniel
et al., 2010b), patients with spinal cord injury (Venturelli et al.,
2014), and heart failure (Ives et al., 2016). During this evaluation,
the subjects rested in the upright-seated position for 20min
before the start of data collection and remained in this position
throughout this part of the study. The PLM protocol consisted
of 60 s of resting baseline femoral blood flow data collection,
followed by 60 s of passive knee extension and flexion with the
same measure. PLM was performed by a member of the research
team, who moved the subject’s lower leg through a 90◦ range
of motion (180-90◦ knee joint angle) at 1Hz. Blood Vmean was
analyzed with 1Hz resolution on the Doppler ultrasound system
(GE Logiq-7) for 60 s at rest and second by second for the first
60 s following the initiation of PLM. Relative changes (1peak)
from rest of femoral blood flow was determined for each subject.
To perform muscle volume effect-correction related to the
skeletal muscle atrophy, 1peak blood flow was normalized by
thigh muscle volume (Venturelli et al., 2014).

Data Analysis and Interpretation
The representative outcomes from each assessment were
analyzed using a statistical software package (StatPlus:mac,
AnalystSoft Inc.,-statistical analysis program for Mac OS R©.
Version v6.). The normal distribution of the sampling was
checked by the Shapiro-Wilk test. A one-way analysis of variance
(ANOVA), and, where indicated, a Tukey post hoc test, were used
to determine the group differences. A chi-square (χ2) analysis
was used to establish differences between categorical variables.
Pearson correlation test was used to examine the correlation
between variables. Significance was set at an α level of 0.05
(two-tailed), and the results are presented as mean± SE.

RESULTS

Characteristics of the Participants
Demographic and clinical characteristics of the study participants
are displayed in Table 1. Ninety-eight individuals (YG:10,
OLD:14, MCI:19, AD:55) were recruited for this study. Except for
the YG, all groups were matched for age, sex, body mass, thigh
muscle volume, lower leg muscle volume, coexisting chronic
conditions. Drugs for AD and other medications taken by the
four groups of MCI/AD patients and the two groups of healthy
individuals are displayed in Table 1.

Resting Metabolism, and Level of Physical
Activity
Resting oxygen uptake, expired carbon dioxide (ExpCO2) and
the values of IPAQ, taken as marker of basal metabolism and
level of physical activity, respectively, are illustrated in Table 1.
Interestingly, any statistical difference was retrieved among
the six groups in terms of basal metabolism (all p > 0.2).
In comparison to the YG, the level of physical activity was
significantly reduced in OLD (p < 0.01), MCI (p < 0.01), AD1
(p < 0.01), AD2 (p < 0.01), and AD3 (p < 0.01). However, the
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TABLE 1 | Demographic and clinical characteristics of the study participants.

YG (N = 10) OLD (N = 14) MCI (N = 19) AD1 (N = 24) AD2 (N = 20) AD3 (N = 11)

Sex 4♂-6♀ 6♂-6♀ 9♂-10♀ 9♂-15♀ 6♂-14♀ 2♂-9♀

Age (years) 28 ± 2 76 ± 6* 77 ± 4* 78 ± 7* 80 ± 8* 80 ± 7*

Weight (kg) 68 ± 20 73 ± 12 75 ± 19 63 ± 12 73 ± 13 62 ± 4§

Height (m) 1.69 ± 0.3 1.67 ± 0.1 1.65 ± 0.1 1.58 ± 0.1 1.62 ± 0.1 1.62 ± 0.2

Lower limb volume (l) 8.3 ± 1.7 8.3 ± 1.5 7.8 ± 1.6 7.4 ± 1.4 7.4 ± 1.1 7.3 ± 1.3

Thigh volume (l) 5.9 ± 1.5 6.2 ± 1.3 5.7 ± 1.4 5.4 ± 0.9 5.1 ± 2.0 5.3 ± 1.3

Leg volume (l) 2.4 ± 0.7 2.1 ± 0.6 2.1 ± 0.9 2.0 ± 0.5 2.3 ± 1.1 2.0 ± 0.7

SBP (mm Hg) 118 ± 20 129 ± 33 136 ± 37 132 ± 12* 130 ± 9* 125 ± 9*

DBP (mm Hg) 85 ± 10 90 ± 24 92 ± 12 86 ± 10 90 ± 5 82± 10

Glucose (mg·dl−1) 88 ± 12 95 ± 32 107 ± 21* 91 ± 8§ 95 ± 47§ 89 ± 15§

RBC (106·µl−1 ) 5.2 ± 0.9 5.0 ± 0.6 4.8 ± 0.4 4.8 ± 0.6 4.5 ± 0.5*†§ 4.3 ± 0.3*†§

Hb (g·dl−1) 15 ± 2 15 ± 3 13 ± 1*† 13 ± 2*† 13 ± 2*† 12 ± 0.6*†

HDL (mg·dl−1) 49 ± 24 50 ± 17 58 ± 19 57 ± 21 57 ± 11 64± 17*†‡¶

LDL (mg·dl−1) 99 ± 30 100 ± 23 102 ± 15* 122 ± 32*§ 110 ± 12*‡ 136 ± 18*§

Education (years) 19 ± 2 10 ± 6* 10 ± 4* 9 ± 5* 7 ± 4* 7 ± 4*

IPAQ (METs·min·week−1 ) 12,340 ± 832 4,043 ± 548* 3,874 ± 655* 4,129 ± 438* 3,784 ± 732* 3,833 ± 543*

Resting oxygen uptake (ml·m−1
·kg−1 ) 4.4 ± 1.8 3.9 ± 1.8 3.6 ± 1.1 4.5 ± 1.2 3.5 ± 1.8 3.7 ± 1.5

ExpCO2 (ml) 27.5 ± 7.8 23.2 ± 9.2 17.8 ± 9.8 21.9 ± 14.3 15.0 ± 5.5 19.5 ± 7.8

CLINICAL CHARACTERISTICS

Time since diagnose of MCI or AD (years) – – 2 ± 1 6 ± 2 § 8 ± 3§‡ 8 ± 2§‡

MMSE (0-30) – 28 ± 1 27 ± 2† 22 ± 3†§ 16 ± 3†§‡ 11 ± 4*†§‡¶

CDR (0-3) – – 0.5 1§ 2§‡ 3§‡¶

FAB (0-18) – – 12 ± 2 9 ± 3§ 8 ± 3§ 4 ± 4§‡¶

PHARMACOLOGICAL TREATMENT n. (%)

Cholinesterase Inhibitors 0 0 2 (10) 10 (42)*† 5 (25)*† 3 (27)*†

Antipsychotics 0 0 0 1 (4) 1 (5) 1 (9)

Antidepressants 0 0 0 2 (8) 4 (20)*† 2 (18)*†

Benzodiazepines 0 0 0 0 1 (5) 1 (5)

COMORBIDITY n. (%)

Cardiovascular diseases 0 0 1 (5) 4 (16)*† 2 (10)*† 3 (27)*†

Diabetes 0 0 1 (5) 0 1 (5) 1 (9)

Arthrosis 0 0 1 (5) 2 (8) 1 (5) 1 (9)

♂, male; ♀, female; MCI, Mild Cognitive Impairment; AD, Alzheimer’s Disease; SBP, systolic blood pressure; DBP, diastolic blood pressure; RBC, red blood cells; Hb, hemoglobin; HDL,

high-density lipoprotein; LDL low-density lipoprotein; IPAQ, international physical activity questionnaire; ExpCO2, expired carbon dioxide; MET, metabolic equivalent; MMSE, Mini Mental

State Examination; CDR, Clinical Dementia Rating Scale; FAB, Frontal Assessment Battery. Values are expressed as mean ±standard deviation (or percentage in brackets). *p < 0.05

vs. YG;
†
p < 0.05 vs. OLD; §p < 0.05 vs. MCI; ‡p < 0.05 vs. AD1; ¶p < 0.05 vs. AD2.

differences in IPAQ values among OLD, MCI, AD1, AD2, and
AD3 were not significant and negligible.

Cortical Perfusion
Representative mean CBF images for the six groups are shown
in Figure 1, reporting both whole brain uncorrected (Figure 1A)
and PVC cortical (Figure 1B) CBF maps at the same anatomical
level. As clearly visible, there was a marked and progressive
reduction in the CBF parameter, confirmed after PVC, across the
spectrum from YG to OLD, MCI, AD1, AD2, and AD3 subjects.
Quantitative analysis supported these visual impressions (p <

0.05 among the six groups) with average PVC-CBF levels of 57.7
± 1.7 ml·100 g−1

·min−1 in YG, 48.6 ± 1.0 ml·100 g−1
·min−1

in OLD, 44.7 ± 1.0 ml·100 g−1
·min−1 in MCI, 40.8 ± 2.0

ml·100 g−1
·min−1 in AD1, 34.5 ± 1.5 ml·100 g−1

·min−1 in

AD2, and 30.1 ± 2.5 ml·100 g−1
·min−1 in AD3 and significant

post-hoc comparisons across MCI and different AD stages
(Figure 1C).

ICA Blood Flow
Resting blood flow in the ICA normalized to total brain tissue
volume, taken as marker of extracranial blood flow, is illustrated
in Figure 2. Among the six groups there was a progressive
significant reduction in ICA blood flow (p < 0.05). Specifically,
blood flow in the ICA was 0.34 ± 0.02 ml·min−1

·100 ml−1

in YG, 0.30 ± 0.03 ml·min−1
·100 ml−1 in OLD, 0.24 ± 0.01

ml·min−1
·100 ml−1 in MCI, 0.22 ± 0.01 ml·min−1

·100 ml−1

in AD1, 0.20 ± 0.01 ml·min−1
·100 ml−1 in AD2, and 0.17 ±

0.01 ml·min−1
·100 ml−1 in AD3 subjects (Figure 2). Post-hoc
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FIGURE 1 | Cortical perfusion data. (A) Group whole brain uncorrected

cerebral blood flow (CBF) maps, calculated as average across the individual

subjects belonging to healthy young (YG) and healthy old (OLD) controls,

patients with mild cognitive impairment (MCI) and with different severity of AD,

namely mild AD (AD1), moderate AD (AD2), and severe AD (AD3). Two

representative sections are reported for each of the three views (axial, coronal,

and sagittal). (B) Group mean cortical CBF maps after partial volume

correction (PVC cortical), reported for the same anatomical levels as before.

(C) reports group mean PVC cortical CBF levels (mean ± S.E). *Significantly

different vs. YG group; †Significantly different vs. OLD group. ‡Significantly

different vs. MCI group. §Significantly different vs. AD1 group. #Significantly

different vs. AD2 group.

comparisons were significant across MCI and different AD
stages.

FA Blood Flow
Resting blood flow in the FA normalized to the lower limbmuscle
volume, is illustrated in Figure 3. With a similar trend of the ICA
blood flow, the FA hemodynamic was significantly attenuated (p
< 0.05) compared to the YG (45 ± 2 ml·min−1

·l−1) in the OLD
(39 ± 3 ml·min−1

·l−1) and even more so in the MCI, AD1, AD2
and AD3 (35 ± 2 ml·min−1

·l−1, 31 ± 3 ml·min−1
·l−1, 27 ± 3

ml·min−1
·l−1, and 23± 2 ml·min−1

·l−1) respectively (Figure 3).
Post-hoc comparisons were significant across MCI and different
AD stages.

NO Bioavailability and Systemic Vascular
Function
Plasma levels of nitrates and PLM induced hyperemia, which
were used as markers of NO bioavailability and systemic vascular

FIGURE 2 | Internal carotid artery blood flow normalized to brain volume.

Internal carotid artery (ICA) blood flow normalized to brain volume in healthy

young (YG) and healthy old (OLD) controls, patients with mild cognitive

impairment (MCI), and with different severity of AD, namely mild AD (AD1),

moderate AD (AD2), and severe AD (AD3). Data are presented as mean ±S.E.;

*significantly different vs. YG group. †Significantly different vs. OLD group.
‡Significantly different vs. MCI group. §Significantly different vs. AD1 group.
#Significantly different vs. AD2 group.

FIGURE 3 | Femoral artery blood flow normalized to muscle limb volume.

Femoral artery (FA) blood flow normalized for lower limb muscle volume in

healthy young (YG) and healthy old (OLD) controls, patients with mild cognitive

impairment (MCI), and with different severity of AD, namely mild AD (AD1),

moderate AD (AD2), and severe AD (AD3). Data are presented as mean ±S.E.;

*Significantly different vs. YG group. †Significantly different vs. OLD group.
‡Significantly different vs. MCI group. §Significantly different vs. AD1 group.
#Significantly different vs. AD2 group.

function, are illustrated in Figure 4. Both these markers of
NO bioavailability showed a clear and progressive reduction
across the groups. Specifically, plasma level of nitrates was
significantly reduced (p < 0.05) from YG to OLD, MCI and
through AD stages, with values of 67.8 ± 4.2µM in the YG,
58.1 ± 5.1µM in OLD, 51.1 ± 3.0µM in MCI, 45.1 ± 3.7µM
in AD1, 39.2 ± 3.7µM in AD2, and 36.1± 23.3µM in AD3
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FIGURE 4 | Nitric oxide bioavailability and systemic vascular function. Nitric

oxide (NO) bioavailability was determined by plasma levels of nitrates (A) and

passive limb movement induced hyperemia normalized for muscle volume

(1PLM; B). Systemic vascular function determined via 1PLM/muscle volume

is represented in (B) in healthy young (YG) and healthy old (OLD) controls,

patients with mild cognitive impairment (MCI), and with different severity of AD,

namely mild AD (AD1), moderate AD (AD2), and severe AD (AD3). Data are

presented as mean ±S.E.; *Significantly different vs. YG group. †Significantly

different vs. OLD group. ‡Significantly different vs. MCI group. §Significantly

different vs. AD1 group. #Significantly different vs. AD2 group.

(Figure 4A). Similarly, 1PLM hyperemia normalized for the
muscle volume was significantly reduced (p < 0.05) among the
6 groups, with values of 45 ± 2 ml·min−1

·l−1 in YG, 36 ± 3
ml·min−1

·l−1 in OLD, 30 ± 2 ml·min−1
·l−1 in MCI, 27 ± 2

ml·min−1
·l−1 in AD1, 20 ± 3 ml·min−1

·l−1 in AD2, and 16
± 2 ml·min−1

·l−1 in AD3 (Figure 4B). Post-hoc comparisons
were significant across MCI and different AD stages for both
measures.

Correlation Between NO Bioavailability,
Systemic Vascular Function and Cortical,
Extracranial, and Peripheral Blood Flow
Correlations between plasma levels of nitrates, PLM-induced
hyperemia, which were used as markers of NO bioavailability
and systemic vascular function, cortical perfusion, extracranial
blood flow, and peripheral circulation are illustrated in Figure 5.
Specifically, significant correlations were found between plasma
levels of nitrates and FA blood flow normalized to the limb
muscle volume (Figure 5A; r = 0.48, p < 0.05), ICA blood flow
normalized for brain volume (Figure 5C; r = 0.61, p < 0.05),
and PVC–CBF (Figure 5E; r = 0.45, p < 0.05). Interestingly,
also values of1PLM/muscle volume were significantly correlated
with FA blood flow/muscle volume (Figure 5B; r = 0.71, p <

0.05), ICA blood flow/brain volume (Figure 5D; r = 0.82, p <

0.05), and PVC–CBF (Figure 5F; r = 0.77, p < 0.05).

DISCUSSION

Although the association between reduction of NO
bioavailability, cortical hypoperfusion and systemic vascular
dysfunction has been already investigated in relation to AD onset
in murine models, the mechanistic role of NO depletion in the
reduction of extracranial blood flow and impairment of cortical
and peripheral circulation in humans with AD has received so far
only little attention. In the present study, we assessed ICA blood
flow, cortical perfusion, and peripheral circulation in patients
with MCI and different stages of AD and compared them to
young and old healthy controls. Additionally, NO bioavailability
was determined in the six groups of participants via plasma NO
metabolites. A further indicator of endothelial NO bioavailability
and systemic vascular function was estimated with PLM induced
hyperemia. The main finding of this study was that ICA blood
flow, cortical perfusion, peripheral circulation, and systemic
vascular function were reduced in OLD vs. YG controls, and
progressively further decreased in parallel to MCI and AD
severity. These data suggest a pivotal role of AD, per se, to
these vascular abnormalities. Though the causative relationship
between NO bioavailability, central and peripheral circulation is
still matter of debate, according to our hypothesis, circulation
impairment was associated with NO depletion (Figures 5, 6).

Evidence That AD, per se, Affects NO
Bioavailability and Blood Flow
Indeed, the first risk factor for AD is advanced age (Reitz
et al., 2011; Reitz and Mayeux, 2014). It should also be noted
that, independent of AD, reduced availability of NO, which
is dramatically decreased in the aged population, results in
major detrimental alterations of vascular function, including
vasoconstriction and hypertension, leading to atherosclerosis. On
the other hand, recent literature highlighted that AD is highly
correlated to systemic vascular dysfunction (Iturria-Medina
et al., 2016). Interestingly, current literature suggests the key
role of NO depletion in the pathogenesis of neurodegenerative
disease (Katusic and Austin, 2014). Therefore, we may speculate
that both age and AD appear to be involved in the decline
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FIGURE 5 | Correlations between nitric oxide bioavailability, systemic vascular function and cortical (PVC–CBF), internal carotid artery (ICA) and femoral artery (FA)

blood flow normalized for brain and muscle volume, respectively. Nitric oxide (NO) bioavailability was determined by plasma levels of nitrates (A,C,E) and passive limb

movement induced hyperemia normalized to muscle volume (1PLM; B,D,F). Systemic vascular function determined via 1PLM/muscle volume is represented in B,D,F

in healthy young (YG) and healthy old (OLD) controls, and patients with mild cognitive impairment (MCI), and with different severity of AD, namely mild AD (AD1),

moderate AD (AD2), and severe AD (AD3). Each point represents a single subject, dashed lines represents interval of confidence.

of the systemic and cerebral vascular function likely because
of endogenous NO reduced bioavailability. However, the
contribution of AD, per se, to this putative pathophysiological

mechanism is still unclear. To better answer this point, we
explored NO bioavailability, and cortical, ICA and peripheral
blood flow in a group of patients with similar age (∼78
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FIGURE 6 | schematic illustration: Impact of nitric oxide bioavailability on the

progressive cerebral and peripheral circulatory impairments during aging and

Alzheimer’s disease.

years) but different cognitive impairment (i.e., MCI and AD of
increasing severity) and compared them to young and old (aged-
matched) controls. This integrative and comprehensive approach
to vascular changes in AD showed changes in NO bioavailability
and cortical, extracranial, and peripheral circulation in patients
with AD and suggested that they are directly associated with AD
and not to aging (Figure 6).

Evidence That Cortical Circulation Is
Impaired in Parallel to AD Severity
Although the traditional “amyloid cascade hypothesis” proposed
by Hardy and Higgins (Hardy and Higgins, 1992) indicates
cortical deposition of Aβ fragments, neurofibrillary tangles
and reactive microgliosis as the hallmark of AD, converging
evidence underscores the importance of other pathogenetic
mechanisms in AD, including oxidative stress, inflammation,
and mitochondrial dysfunction (Swerdlow, 2011; Zenaro et al.,
2016). In this multifaceted scenario, has germane the hypothesis
that vascular dysfunction in the cortex plays a key role in AD
pathophysiology (De La Torre, 2010). Specifically, impairment
of cortical perfusion appears to be highly correlated to AD
onset, implicating a pivotal role of vascular dysfunction and
CAA. The recent development in MRI techniques led to ASL,
a new advanced and non-invasive approach to brain perfusion
measurement, coupled with more precise post-processing
analysis. Our data are in agreement with and extend previous
knowledge in this field (Detre et al., 1992), indicating that cortical
hypoperfusion is not only associated with the presence of AD, but
most important, is well correlated with the severity of dementia,
NO bioavailability, and systemic vascular dysfunction (Figures 1,
5). The relevance of this result is particularly important because
current biomarkers of AD, such as cerebrospinal fluid tau/Aβ

fragments and positron emission tomography amyloid imaging,
are known to change non-linearly throughout the progression

of AD (Jack et al., 2013). We may speculate that cognitive
impairment might be more related to cortical perfusion, while
Aβ deposition takes place in the early/preclinical phases of AD. If
confirmed in longitudinal studies, this hypothesis might indicate
new therapeutic strategies for AD.

Evidence That ICA Blood Flow Is Impaired
in Parallel to AD Severity
Indeed, most of the literature related to circulatory dysfunction
associated with AD was focused on the cortical areas, which are
primarily affected in AD (Du et al., 2006). Our data (Figures 2, 3)
are in agreement with recent reports of a coupling between
cortical hypoperfusion and a reduction of blood flow from ICA
(Maalikjy Akkawi et al., 2003; Liu et al., 2014; Clark et al.,
2017), and highlight that AD-related circulation impairment
is not confined to the cortex, but is more likely the effect
of a systemic vascular dysfunction (De La Torre, 2009, 2010).
Moreover, the recognition of ICA blood flow reduction in parallel
to AD severity implies an exacerbated cortical hypo perfusion
in this population. These findings suggest that cortical perfusion
changes measured via ASL are strongly dependent on abnormal
inflow from extracranial arteries (Clark et al., 2017).

Evidence That Peripheral Vascular
Function Is Impaired in Parallel to AD
Severity
Along with cortical alteration of blood flow, few studies reported
evidence that peripheral vascular dysfunction determined
by ankle-to-brachial index, flow-mediated dilation, intima-
media thickness, and endothelial microvascular response to
acetylcholine are associated with AD (Dede et al., 2007; Khalil
et al., 2007; Laurin et al., 2007; Tachibana et al., 2016).
This literature suggests that systemic vascular impairments are
determined byAD, or from a different point of view, that systemic
vascular dysfunctionsmay trigger AD (De La Torre, 2004). In this
complex cause-effect scenario, the peripheral vascular difference
between the vascular dementia and AD has been accounted, and
AD appears, per se, to be associated with a significant reduction
of systemic vascular function. Data from the current study
(Figures 3–5) confirm this view and extend the relationship
between AD onset and circulatory impairment up to the more
advanced phases of the disease.

Evidence That Depletion in NO
Bioavailability Is Correlated With
Reduction of Cortical, Extracranial, and
Peripheral Blood Flow
Nitric oxide, an unstable free radical endogenously synthesized
by several cell-types, exerts various biological regulatory
functions at peripheral level in the nervous and cardiovascular
systems (Loscalzo and Welch, 1995; Calabrese et al., 2007).
Indeed, depletion of NO and endothelial nitric oxide synthase
enzymatic activity, as a major endogenous source of NO, are one
of themechanisms in the pathogenesis of endothelial dysfunction
in both cerebral and peripheral blood vessels (Katusic and Austin,
2014). Interestingly, recent literature has underlined the key role
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of NOdepletion in the early stage of neurodegenerative disorders,
as well as in their progression (Katusic and Austin, 2014). In
a recent murine study, Merlini and coauthors (Merlini et al.,
2017) revealed that reduced NO bioavailability mediates cerebro-
arterial and peripheral dysfunction independently from CAA.
Interestingly, and similarly to the data retrieved in our human
model, endothelium-dependent vasorelaxation was significantly
impaired in both basilar and femoral arteries of 15-month-
old Swedish arctic (SweArc) transgenic AD mice compared
with that of age-matched wild-type and 6-month-old SweArc.
This vascular impairment was accompanied by significantly
reduced levels of cyclic GMP, demonstrating the central role
of NO bioavailability in the pathogenesis and development of
AD. Due to the transitory and unstable nature of this free
radical, several studies have determined the bioavailability of
NO via plasma levels of nitrite and nitrate (Casey et al., 2007,
2010). Interestingly, this literature indicates a strong positive
relationship between plasma level of nitrite and nitrate and
systemic vascular function (Casey et al., 2007, 2010). The present
data are in agreement with the above-mentioned animal and
human studies, and support the hypothesis that, in humans, the
depletion in NO bioavailability is correlated with reduction of
cortical, extracranial, and peripheral blood flow during aging and
in parallel to AD severity (Figures 4–6).

Other Physiological Considerations
The recent literature underlined that augmenting physical
activity and fitness can protect NO bioavailability, attenuating
the deleterious effects of advancing age on vascular function
(Groot et al., 2016). Therefore, particular attention on the
determination of the physical activity level is needed in order to
better describe the net effect of aging and AD to the systemic
vascular function. As expected, our results indicate that in
comparison to the YG, healthy elderly and patients with AD,
were more sedentary (Table 1). These data suggest that the
reduction of systemic vascular function and NO bioavailability
of these groups are likely affected by their low-level of physical
activity. However, it is important to note that the IPAQ values
amongOLD,MCI, AD1, AD2, and AD3were similar, implicating
that in these age-matched groups, aging and level of physical
activity are not responsible of the progressive reduction of NO
bioavailability and vascular dysfunction. Another physiological
factor important to mention in relation to the cerebral blood
flow assessment is the level of CO2. In fact, due to its
vasodilatory effect on the conduit intra- and extracranial arteries,
hypercapnia is routinely utilized for the evaluation of maximal
cerebral perfusion. Therefore, the determination of ExpCO2

is required in order to normalize the cerebral blood flow.
The data of resting ExpCO2 (Table 1) were similar in the 6
groups, implicating that ExpCO2 did not play a role in the
changes of cerebral blood flow in our subjects. Indeed, resting
blood flow to a specific organ is affected by its volume of
metabolically active tissue. As previously described in the text,
partial volume-corrected cortical and WM flow maps were
created for each subject, and FA and ICA blood flow were
normalized to leg muscle volume (thigh+ lower leg volume) and
total brain tissue volume (cortical, subcortical gray matter and

white matter volumes including the brainstem and cerebellum),
respectively (Liu et al., 2014; Venturelli et al., 2014). Indeed, basal
metabolism is another important physiological factor affected
by aging (Venturelli et al., 2013) and AD (Venturelli et al.,
2016), that may contribute to the resting blood flow changes
during aging and AD. Interestingly, our data of resting oxygen
uptake (Table 1) indicate similar basal metabolism in the six
groups of subjects, suggesting that this physiological factor is
not playing a direct role in the progressive changes of brain
and skeletal muscle blood flow. It is important to mention
that NO is a free radical playing several positive regulatory
functions at cellular and systemic level. However, it is well
established that elevated levels of free radicals have a plethora
of deleterious effects on the vascular and nervous system
during aging and AD, primarily associated with mitochondrial
dysfunction. Indeed, Sewrdlow and Khan (Swerdlow, 2011)
hypothesized the “mitochondrial cascade hypothesis” in AD,
whereby mitochondrial dysfunction accumulates over the disease
course, resulting in both symptoms and neuropathological
aspects of AD (Swerdlow et al., 2010). It is believed that
mitochondrial dysfunction precedes Aβ formation, increasing
reactive oxygen species (ROS) and oxidative stress, which, in
turn, may facilitate overproduction of Aβ (Morris et al., 2014).
In AD, mitochondrial damage is characterized by decreased
respiratory chain complexes activities, where complexes III and
IV are typically involved, causing ROS overproduction and
reduced ATP synthesis (Marques-Aleixo et al., 2012; Cadonic
et al., 2016; Pedrinolla et al., 2017). In this regard, brain tissues
are metabolically very active and are particularly susceptible to
the damaging effects by ROS. In case of AD, ROS have been
reported within those brain regions, such as the cerebral cortex
and hippocampus, which undergo selective neurodegeneration
(Bhat et al., 2015). Interestingly, a large body of evidence shows
that AD patients have oxidative metabolism dysfunction in both
the central nervous system (CNS) and peripheral tissues (i.e.,
vascular endothelial cells, platelets) suggesting that pathological
changes co-exist in brain and non-neural tissues (Morris et al.,
2014; Cadonic et al., 2016). Moreover, recent studies suggest
that mitochondria ROS overproduction contribute to accelerate
the development of the senescent phenotype in endothelial
cells, impairing regenerative and angiogenic capacity of the
endothelium, promoting atherosclerosis by altering the secretion
of cytokines, growth factors, and protease in the vascular wall
(Dai et al., 2012; El Assar et al., 2013).

Other potential confounding factors that may have influenced,
at least in part, our findings include the deconditioning due to
AD, the age-related aortic stiffness and progressive impairment
in diastolic heart functions (Pase et al., 2016).
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Introduction: The presence of coronary endothelial dysfunction was previously shown in

Hereditary Angioedema (HAE) patients. The aim of our study was to evaluate the effect

of HAE on systemic endothelial function and whether there was a relationship among

endothelial function, asymmetric dimethylarginine (ADMA) -which is a strong inhibitor of

nitric oxide synthesis-, and disease severity scores.

Methods: Twenty-four HAE patients (18 females, aged 47.9 ± 2 years) without factors

known to interfere with endothelial function were studied and compared with 24 healthy

peers age- and gender-matched. Endothelial function was assessed by means of

non-invasive finger plethysmography (reactive hyperaemia index: RHI) and ADMA levels

by high-performance liquid chromatography. HAE severity scores have been calculated

according to published literature.

Results: In HAE patients RHI was lower (2.03 ± 0.46 vs. 2.82 ± 0.34, p < 0.0001)

and ADMA higher (0.636 ± 7 vs. 585 ± 5 micromol/L, p < 0.01) than in controls. A

statistically significant inverse correlation was revealed between RHI and patients’ ADMA

levels (r = −0.516, p = 0.009) as well as between RHI and patients’ chronological age

(r = −0.49, p = 0.015). A statistically significant correlation between RHI and ADMA

was confirmed even when excluding the possible influence of cholesterol (r = −0.408,

p= 0.048). No other significant correlations were found with the examined laboratory and

clinical parameters (chronological age, age at disease onset, disease duration, severity

scores, and gender).

Conclusion: The dysfunction previously shown in HAE patients at the coronary arteries

seems to involve the peripheral vessels as well, without a correlation with disease severity.

Keywords: hereditary angioedema, bradykinin, nitric oxide, asymmetric dimethylarginine, endothelium,

atherosclerosis, flow mediated dilation
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INTRODUCTION

Hereditary Angioedema (HAE) is a rare disease that is primarily
caused by mutations in the SERPING1 gene. This gene encodes
for serine protease C1 inhibitor (C1-INH), with the HAE
mutations resulting in quantitative (HAE type I, low C1-INH
antigen levels) or functional deficiencies (HAE type II, normal
C1-INH antigen levels); additionally, coagulation, fibrinolytic,
complement and contact cascades are affected. This eventually
leads to the overproduction of inflammatory molecules (Morgan,
2010; Longhurst and Cicardi, 2012; van Geffen et al., 2012),
among which bradykinin (BK) plays a pivotal role (Nussberger
et al., 1998; Cugno et al., 2003). BK is also involved in a subtype
of HAE first recognized by Bork as HAE “type III” (Bork et al.,
2000), and now named HAE with normal C1-INH function
(Zuraw et al., 2012). A subgroup of patients bears mutations
in the F12 gene, and is defined as FXII-HAE (Firinu et al.,
2015).

The main clinical HAE feature due to C1-INH deficiency
and FXII-HAE is cutaneous or mucosal swelling, lasting
between 1 and 5 days when untreated, and commonly
involving the extremities, face, genitals, and gastrointestinal
and respiratory tract (Zanichelli et al., 2015). Inflammatory
BK may cause vasodilation and increased vascular
leakage. The molecule binds to two distinct membrane
receptors on endothelial cells: BK-receptor 1, inducible by
proinflammatory cytokines, and BK-receptor 2, which is
expressed constitutively and enhances vascular leakage (Kaplan
et al., 2002).

In a study on coronary function in HAE patients, Demirtürk
et al. showed the presence of early endothelial dysfunction,
with development of atherosclerotic plaques (Demirtürk
et al., 2012). A significant functional consequence of such
endothelial damage is a reduction in the vasodilatory response
to a range of pharmacological and physiological stimuli,
such as reactive hyperemia. While endothelial function was
previously assessed using only invasive techniques, non-invasive
methods, such as the reactive hyperemia index (RHI), are
currently available (Bassareo et al., 2010). Impaired endothelial
function is correlated with future occurrence of adverse
cardiovascular events and cardiac death (Celermajer et al.,
1994).

Asymmetric dimethylarginine (ADMA) is a peptide in
blood that is also a strong inhibitor of endothelial nitric
oxide synthesis. High blood levels are associated with
many pathological conditions related to atherosclerosis,
including hypercholesterolemia, smoking, diabetes,
hypertension, heart failure, chronic renal failure, erectile
dysfunction, preeclampsia, and liver failure (Bassareo et al.,
2014).

This study aimed to verify the presence of differences in RHI
between HAE patients and healthy counterparts; to compare RHI
in the two different subtypes of HAE included in the study; and
to investigate the correlations between endothelial function in
HAE patients and the laboratory and clinical parameters such
as ADMA levels, lipid levels in blood, chronological age, age at
disease onset, disease duration, severity scores, and sex.

MATERIALS AND METHODS

Study Subjects
The study included 24 C1-INH-HAE or FXII-HAE patients (18
women, 6 men), with mean age at the time of the study 47.9 ± 2
years, mean age at disease onset 20.0± 1 years, and mean disease
duration 27.8 ± 2 years, that were followed at the outpatients’
clinic of Allergy and Clinical Immunology, University of Cagliari,
Italy. Patients were examined during remission state, which were
asymptomatic for at least 15 days before sampling.

Exclusion criteria were presence of pathological or
environmental conditions, such as diabetes and smoking,
that are known to interfere with endothelial functions and
administration of drugs that could influence endothelial
function, apart from those strongly needed for prophylactic
therapy against life-threatening HAE attacks (Celermajer et al.,
1992; Vapaatalo and Mervaala, 2001).

The results in the HAE group were compared with those in a
control group comprising healthy peers, matched for age and sex.

This study was approved by the ethics committee of
the University of Cagliari (Number NP/2013/3226, protocol
692/2013) and was conducted in accordance with the Declaration
of Helsinki. All participants gave their informed written consent.

Laboratory Tests for HAE Diagnosis
HAE was diagnosed by sequencing the SERPING1 and F12 genes
(Firinu et al., 2013, 2015; Cicardi et al., 2014). Plasma levels of C1-
INH antigen weremeasured using radial immunodiffusion (NOR
Partigen C1-INH, Siemens Healthcare Diagnostics, Marburg,
Germany); C4 antigen was measured using nephelometry. A
chromogenic assay (Technochrom C1-Inhibitor, Technoclone,
Vienna, Austria) was used to measure C1-INH activity. HAE
severity scores were calculated according to published literature
(Bygum et al., 2011; Gómez-Traseira et al., 2013).

Endothelial Function
Endothelial function was assessed using plethysmography-based
probes placed on fingertips of the right hand (Endopath;
Itamar Medical Ltd., Cesarea, Israel), a non-invasive, reliable,
and reproducible method for quantifying RHI. The Endopath
device allows measurement of changes in capillary diameter
in the fingertips in response to an increase in shear stress
(ischemia induced by occlusion of the brachial artery), which
causes nitric oxide-dependent dilatation. The latter is reduced
in a number of atherosclerosis-related pathological conditions
(Bassareo et al., 2010). The strong reproducibility of this
technique was demonstrated in a clinical study involving 19
centers in six European countries (Charakida et al., 2013). The
clinical and predictive value of RHI measured at the fingertips
is similar to that evaluated at the brachial artery (Zahedi et al.,
2008).

This technique was approved by the American Food and Drug
Administration as a diagnostic tool for use in the evaluation of
endothelial function (Kuvin et al., 2003).

Blood Asymmetric Dimethylarginine Levels
One cm3 of blood was collected from the antecubital vein using
a heparin injector. Blood concentration of ADMA was assessed
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using high-performance liquid chromatography with highly-
sensitive laser fluorescent detection (Bassareo et al., 2012). This
laboratory technique allows us to separate and quantify ADMA
from deproteinized human plasma using a specific reagent. The
same polymeric cation-exchange columnwas used for all samples
(HAE patients and controls). This method proved to be highly
sensitive, selective, and reproducible for determining ADMA
levels, not only when using a commercial assay, but also when
using a home-made kit (Valtonen et al., 2005).

Statistics

Non-parametric Mann Whitney U-test for non-continuous
variables and chi-square test for continuous variables were
performed. Univariate analysis, Pearson correlation coefficients,
and regression lines for relationships between the various
parameters were used as well. Multivariate analysis was not
applied, because of the small sample size. However, partial
correlation analysis was applied, in order to separate the possible
influence of a variable on another one, when these two are
deeply correlated, such as ADMA and age. The minimum level of

statistical significance was set at p < 0.05 (software SPSS version
22.0, SPSS Inc., Chicago, Illinois, USA).

RESULTS

The characteristics of HAE patients and controls are summarized
in Tables 1, 2. Statistically significant differences were detected
for RHI (2.03 ± 0.46 vs. 2.82 ± 0.34, p < 0.0001) and ADMA
(0.636 ± 7 vs. 585 ± 5 µmol/L, p < 0.01; see Figures 1A,B).
When comparing RHI and ADMA in C1-INH-HAE and FXII-
HAE subgroups, no statistically significant differences were
found (2.02 ± 0.52 vs. 2.03 ± 0.38 and 0.640 ± 8 vs. 0.632 ± 6
µmol/L, both p= ns).

A statistically significant correlation was found between RHI
and ADMA (r = −0.516, p = 0.009), as well as between RHI
and chronological age (r = −0.49, p = 0.015). A statistically
significant correlation was confirmed even when excluding the
possible influence of cholesterol level on the relationship between
RHI and ADMA (r = −0.408, p = 0.048). No significant
correlations were detected between RHI and sex, severity scores,
age at disease onset, and disease duration (all p= ns).

TABLE 1 | Main clinical, laboratory data, and reactive hyperemia index results of patients affected by HAE studied with ENDOPAT.

Patient id RHI AI (%) HR Severity score* Gender Age Age at onset Disease duration C4 C1-INH Ag C1-INH Fn%

C1-INH-HAE 01 1,67 6 79 6 F 67 15 52 8 7,2 40

C1-INH-HAE 02 1,48 40 78 8 F 69 12 57 1 4,8 20

C1-INH-HAE 03 2,52 34 63 8 M 47 10 37 3 8 9

C1-INH-HAE 04 3,04 7 69 7 F 41 15 26 1 4,8 N.D.

C1-INH-HAE 05 2,47 2 68 7 F 54 10 44 3 7 33

C1-INH-HAE 06 2,41 −8 61 6 M 30 14 16 2 6 N.D.

C1-INH-HAE 07 2,56 5 64 4 F 31 19 12 N.D. N.D. N.D.

C1-INH-HAE 08 2,29 −9 82 4 F 29 18 11 N.D. N.D. N.D.

C1-INH-HAE 09 1,35 −4 71 0 M 40 N.A. N.A. 5 6,5 N.D.

C1-INH-HAE 10 1,8 −16 97 0 M 44 N.A. N.A. 6 8 N.D.

C1-INH-HAE 11 1,55 33 84 4 F 82 30 52 7 5,6 N.D.

C1-INH-HAE 12 1,74 32 66 6 M 47 11 36 5 6,4 15

C1-INH-HAE 13 1,49 18 86 7 F 52 12 40 2 5,6 22

C1-INH-HAE 14 1,97 33 70 6 F 48 15 33 1 7 27

Patient id RHI AI (%) HR HAE-FXII score§ Gender Age Age at onset Disease duration C4 C1-INH Ag C1-INH Fn%

FXII-HAE 01 1,93 15 71 Asymptom M 62 N.A. N.A. N.D. N.D. N.D.

FXII-HAE 02 1,6 −5 67 Severe F 32 19 13 20 26,2 75

FXII-HAE 03 1,99 5 63 Moderate F 38 14 24 19 22,2 N.D.

FXII-HAE 04 2,6 6 56 Moderate F 31 23 8 14 17,4 85

FXII-HAE 05 1,93 −11 82 Mild F 10 9 1 13 24 80

FXII-HAE 06 1,84 8 93 Severe F 54 20 34 N.D. N.D. N.D.

FXII-HAE 07 2,1 9 60 Severe F 43 33 10 13 28,1 80

FXII-HAE 08 2,01 29 64 Severe F 58 21 37 16 26,8 N.D.

FXII-HAE 09 1,57 45 72 Mild F 76 76 0 N.D. N.D. N.D.

FXII-HAE 10 2,77 70 69 Mild F 66 24 42 N.D. N.D. N.D.

RHI, reactive hyperemia index; AI%, augmentation index; HR, heart rate.

*C1-INH-HAE score and §HAE-FXII severity score calculated according to reference 17 and 18.Normal ranges as follows:C1-INH Antigen (Ag) 21–39 mg/dl; C1-INH Function (Fn)

70–130%; Serum C4 antigen 10–40 mg/dl. N.D., Not determined for this study; N.A., Not applicable.
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TABLE 2 | Characteristics of patients, cardiovascular risk factors and specific HAE treatments of subjects enrolled in the study.

Patient id HAE type Attenuated

androgens intake

HAE prophylaxis HAE on demand

treatment

Current or previous

treatment for

dyslipidemia

Hypertension, heart

failure, diabetes,

metabolic syndrome,

kidney disease

C1-INH-HAE 01 C1-INH type I No None Plasma derived C1-INH No No

C1-INH-HAE 02 C1-INH type I No Plasma derived

C1-INH

Plasma derived C1-INH or

icatibant

No No

C1-INH-HAE 03 C1-INH type I No None Plasma derived C1-INH No No

C1-INH-HAE 04 C1-INH type I No None Plasma derived C1-INH or

icatibant

No No

C1-INH-HAE 05 C1-INH type I No None Plasma derived C1-INH No No

C1-INH-HAE 06 C1-INH type I No None Plasma derived C1-INH No No

C1-INH-HAE 07 C1-INH type I No None Plasma derived C1-INH No No

C1-INH-HAE 08 C1-INH type I No None Plasma derived C1-INH No No

C1-INH-HAE 09 C1-INH type I No None Plasma derived C1-INH No No

C1-INH-HAE 10 C1-INH type I No None Plasma derived C1-INH No No

C1-INH-HAE 11 C1-INH type I No None Plasma derived C1-INH No No

C1-INH-HAE 12 C1-INH type I No None Plasma derived C1-INH or

icatibant

No No

C1-INH-HAE 13 C1-INH type I No Plasma derived

C1-INH

Plasma derived C1-INH No No

C1-INH-HAE 14 C1-INH type I No Plasma derived

C1-INH

Plasma derived C1-INH or

icatibant

No No

FXII-HAE 01 FXII-HAE No None Plasma derived C1-INH No No

FXII-HAE 02 FXII-HAE No Plasma derived

C1-INH

Plasma derived C1-INH or

icatibant

No No

FXII-HAE 03 FXII-HAE No Plasma derived

C1-INH

Plasma derived C1-INH or

icatibant

No No

FXII-HAE 04 FXII-HAE No None Icatibant No No

FXII-HAE 05 FXII-HAE No None Plasma derived C1-INH No No

FXII-HAE 06 FXII-HAE No None Plasma derived C1-INH No No

FXII-HAE 07 FXII-HAE No None Icatibant No No

FXII-HAE 08 FXII-HAE No None Plasma derived C1-INH No No

FXII-HAE 09 FXII-HAE No None Plasma derived C1-INH No No

FXII-HAE 10 FXII-HAE No None Plasma derived C1-INH No No

DISCUSSION

Our findings revealed a significant decrease in endothelial
function in HAE patients during the symptom-free period, when
compared to a group of healthy peers. Furthermore, a strong
correlation between RHI and ADMA was observed. While the
pathological role in cardiovascular disease is somewhat unclear,
ADMA is known to induce endothelial dysfunction, the earliest
stage of atherosclerosis (Baum et al., 2016; Mangiacapra et al.,
2016).

Our study was not designed to unravel the mechanisms
behind the decrease in RHI and increase in ADMA, or their
relationship. However, regarding a possible pathophysiological
explanation, it might be hypothesized that both C1-INH-HAE
and FXII-HAE subgroups had a shared endothelial dysfunction
that was probably not caused by C1-INH deficiency or mutated
coagulation FXII per se, but instead by bradykinin receptor-
ADMA pathway activation. Although this metabolic pathway

has not been adequately studied, ADMA levels increased
after incubation with BK in a cellular model of human
alveolar adenocarcinoma, while co-incubation with bradykinin
B1 receptor inhibitor did not lead to a decrease in ADMA.
This suggests that BK-dependent ADMA production may
occur through bradykinin B2 receptor stimulation (Gamboa
et al., 2015). Furthermore, previous studies showed that BK
increases reactive oxygen species production through stimulation
of NADPH oxidases; this in turn increases ADMA levels
by increasing protein methylation while inhibiting ADMA
degradation (Larsen et al., 2009; Luo et al., 2010). Another
possible explanation for increased ADMA levels is the fact
that BKmay decrease dimethylarginine dimethylaminohydrolase
activity, which is responsible for ADMA degradation (Gamboa
et al., 2015). Again, C1-INH-HAE is able to dysregulate the
activities of complement, coagulation, and contact systems
(Kaplan and Joseph, 2014), and increased procoagulant and
fibrinolytic activities were observed in HAE patients during
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FIGURE 1 | Reactive hyperemia index (RHI, A) and

asymmetric dimethylarginine blood levels (ADMA, B) in HAE patients and

healthy controls.

attacks and remission phases (van Geffen et al., 2012; Reshef
et al., 2015). The apparent thrombotic risk in patients with C1-
INH-HAE, although not confirmed with clinical observations
(Reshef et al., 2015), needs to be discussed in further studies,
because of the endothelial dysfunction demonstrated in this
work.

As none of the studied patients was taking attenuated
androgens, our findings were not influenced by these drugs,
which are known to impair lipid levels, thus leading to accelerated
atherosclerosis (Széplaki et al., 2005). On the other hand, it
was previously reported that in HAE subjects, most of the
endothelial functions are normal in the inter-attack periods, as
shown by normal blood levels of some markers of endothelial cell
permeability (endothelin-1, von Willebrand factor) (Czúcz et al.,
2012). However, increased endothelial nitric oxide synthase levels
in attack-free periods were detected in C1-INH-HAE patients as
well (Demirtürk et al., 2014; Costa et al., 2016).

More rapid development of coronary atherosclerosis in HAE
patients was previously shown by altered coronary flow reserve
measurement in the left anterior coronary artery. The latter is
a non-invasive method useful for assessing coronary function,

with results closely corresponding to invasive measurements
(Caiati et al., 1999; Lethen et al., 2003). In a cohort of patients
affected by C1-INH-HAE (most under long term prophylaxis
with danazol), the coronary flow reserve was found to be
decreased, even when the intima-media thickness in the carotid
arteries was normal (Demirtürk et al., 2012). According to our
findings, the early atherosclerosis detected with RHI was not
related to disease severity scores or the duration of therapy
(Demirtürk et al., 2012). Reduced coronary flow reserve is a sign
of increased atherosclerosis, while reduced RHI is an early sign
of atherosclerosis in peripheral vessels. The latter seems to occur
more rapidly in HAE patients, in comparison with their healthy
peers.

The present study has some limitations such as the small
sample size. However, HAE is a rare disease, and groups of
maximum 30 subjects were typically recruited in previous studies
with similar design (Demirtürk et al., 2012; van Geffen et al.,
2012; Wu et al., 2017). In addition, having studied HAE subjects
only during inter-attack periods may have led to incomplete
assessment of endothelial characteristics. Moreover, other factors
potentially influencing endothelial response to ischemic stimuli,
such as those that are usually administered for HAE attacks
(plasma-derived C1-INH or icatibant), should be considered
(Birjmohun et al., 2008). However, from an ethical point of view,
it was obviously impossible to discontinue life-saving drugs in
our patients.

In conclusion, this was the first study to report that
the atherosclerotic process previously observed in coronary
arteries also involves the peripheral vessels in HAE patients.
Nitric oxide production impairment, through the still poorly-
understood bradykinin receptor-ADMA pathway activation, was
hypothesized to be involved (Rastaldo et al., 2007; Kim and
Massett, 2016; Wang et al., 2016). This may indicate a much
more extensive hardening of the arteries, involving the entire
arterial tree. In practice, even though the main cause of death in
HAE patients has been laryngeal involvement with subsequent
asphyxia (25–30% of the patients in the first decades of life when
untreated), the efficacy of the administered drugs has resulted in
a decrease in mortality (0.35–0.5% in medically treated patients)
(Varga and Farkas, 2008). In this respect, since atherosclerosis is
a complex process that involves several mechanisms and is the
leading cause of heart attacks, stroke, and peripheral vascular
disease, regular cardiovascular follow-up is required in HAE
patients (Penna et al., 2006; Yang et al., 2017).
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Ischemic stroke (IS) and multiple sclerosis (MS) are two pathologies of the central
nervous system (CNS). At the first look, this appears to be the only similarity between
the two diseases, as they seem quite different. Indeed IS has an acute onset compared
to MS which develops chronically; IS is consecutive to blood clot migrating to
cerebral blood vessels or decrease in cerebral blood flow following atherosclerosis
or decreases in cardiac output, whereas MS is an immune disease associated with
neurodegeneration. However, both pathologies share similar pathologic pathways and
treatments used in MS have been the object of studies in IS. In this mini-review we will
discuss similarities between IS and MS on astrocytes and neuroinflammation hallmarks
emphasizing the potential for treatments.

Keywords: multiple sclerosis, ischemic stroke, common pathway, common therapy, neuroinflammation

INTRODUCTION

Ischemic stroke (IS) and multiple sclerosis (MS) are two pathologies of the central nervous
system (CNS). It has been proposed that the two pathologies may share similar pathological
pathways involving particularly glutamate release, oxidative stress, and reactive oxygen species
(ROS). During IS, activation of glutamate receptors following the release of this excitatory
neurotransmitter leads to an increase in intracellular calcium and activation of nitric oxide
synthase and NADPH oxidase pathways. The resulting increases in ROS contribute to
neuronal death, increases in blood–brain barrier (BBB) permeability and ischemic lesion
development (for review see Forrester et al., 2018). Similarly, glutamate may be involved in
MS development. Oligodendrocytes, the myelin-producing cells of the CNS, are vulnerable to
glutamate excitotoxicity via glutamate receptors activation. ROS generated following glutamate
receptors activation may contribute to demyelination and neuronal degradation in MS (for review,
see Gilgun-Sherki et al., 2004; Iodice et al., 2017).

ASTROCYTES

Astrocytes and Stroke
For a long time, glia cells were believed to be only structural cells. It is now well known that
glia cells such as astrocytes or microglia play a role in the CNS functions in physiological
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and pathological conditions. Indeed, astrocytes regulate ion and
neurotransmitters homeostasis, metabolically support neurons,
and monitor synaptic activity (for review, see Parpura et al.,
2012). Astrocytes glutamate transporters play a major role in
glutamate clearance and excitotoxicity by removing glutamate
from the extracellular space and maintaining it below neurotoxic
levels (Rothstein et al., 1996). It has been reported that glial
glutamate transporter (GLT-1) may have a dual effect in stroke
by taking up glutamate and thus protecting neurons in the early
stages of ischemia and by releasing glutamate and triggering
neurons death with prolonged ischemia (Mitani and Tanaka,
2003). Furthermore, astrocytes form a functional syncytium
thanks to gap junctions composed of the channel protein
connexin43 (Giaume et al., 1991). Such syncytium may protect
the CNS during IS by dispersing potassium or glutamate released
from neuron in the extracellular space and accumulated by
astrocytes. Indeed, infarct volumes were significantly increased
in connexin43 heterozygous null mice compared to wild type
mice (Siushansian et al., 2001). Reactive astrogliosis also occurs
following CNS injury with beneficial and deleterious effects.
Astrogliosis involves morphological and functional changes and
contribute to glial scar that may protect preserved healthy
tissues from inflammation but also may decrease ischemic tissue
recovery by reducing axons regeneration. Actually, glial scar may
be beneficial in the early stages of stroke allowing to limit lesion
size but deleterious if not resolved by decreasing neuroplasticity
and CNS regeneration (Pekny et al., 2014). Several factors such
as p53 (Ahn et al., 2015), p38 mitogen-activated protein kinase
(Roy Choudhury et al., 2014), macrophage-derived osteopontin
(Gliem et al., 2015), acute-phase protein pentraxin-3 (Rodriguez-
Grande et al., 2014), and CD36 (Bao et al., 2012) are involved in
astrocytes activation (see Sofroniew, 2009 for more information).

Astrocytes and MS
In MS, microglia activation has been shown in all clinical
subtypes of the disease (Prineas et al., 2001), astrocytes produce
a glial scar when inflammation decreases. In recent studies, the
astrocytes are recognized as early and highly active players during
MS lesion formation and as having beneficial and detrimental
roles during MS lesion evolution. Studies indicate that astroglial
myelin phagocytosis is an early event that takes place before the
damaged myelin is removed by macrophages. Thus modulation
of early astroglia responses can be a possible target for MS
treatment (Ponath et al., 2017).

In MS, all aspects of glutamate homeostasis are impaired,
indicating that glutamate excitotoxicity is an essential mechanism
in the pathogenesis of the disease. Many studies have shown
that glutamate levels are increased in the cerebrospinal fluid
(CSF) (Sarchielli et al., 2003) and in acute lesions of MS patients
(Srinivasan et al., 2005). There is an increase of glutaminase
expression in macrophages and microglia in close proximity
to dystrophic axons. In addition, in experimental autoimmune
encephalomyelitis (EAE), an animal model of MS (Werner et al.,
2001), there is a correlation between glutaminase expression and
axonal damage.

Today, several mechanisms have been taken into account
that may link astrocytic glutamate release with the glutamate

excitotoxicity present in MS, and all these mechanisms involve
microglia activation; in fact, after activation, these cells release
adenosine triphosphate (ATP), which activates the P2Y1 receptor
on astrocytes, leading to glutamate release (Pascual et al.,
2012). Considering that in MS immunoinflammatory and
neurodegenerative processes coexist, the glutamate excitotoxicity
could be the missing link between them. This concept has
practical value in developing innovative therapy that should
take into account the immunosuppression as well as the
neuroprotection.

Astrocyte-Targeted Strategies
Astrocyte-Targeted Strategies in Stroke (Table 1)
Astrocyte-targeted-strategies may be an option for stroke
therapy. Increasing astrocyte survival during ischemic stress
is associated with an increased neuronal survival. Indeed,
astrocyte targeted overexpression of heat shock protein 72
and superoxide dismutase 2 increases astrocyte resistance to
ischemic stress and preserves CA1 neurons following forebrain
ischemia (Xu et al., 2010). Similarly, pyruvate increases the
synthesis of glutathione, an antioxydant protecting cells from
toxins such as free radicals. Pyruvate administration protects
against glutamate-induced toxicity in mixed culture of cortex
cells but not in pure neuronal cultures (Miao et al., 2011).
Furthermore, addition of astroglia to the pure neuronal cultures
restores pyruvate-associated neuronal protection (Miao et al.,
2011). Other experiments indicate that upregulation of GLT-1
expression in astrocytes with ceftriaxone (Ouyang et al., 2007;
Verma et al., 2010) or viral-mediated gene delivery (Weller et al.,
2008) protects neurons from ischemia. Another potential target
for stroke therapy is p53 as it has been shown that inhibition of
p53 activity prevents astrocyte activation and astrocyte impaired
glutamate intake (Ahn et al., 2015). Another potential targets for
astrocytes and ischemic protection are microRNAs. MicroRNAs,
some of them expressed in astrocytes, appear to be involved in
the regulation of cerebral ischemia and may be targets to improve
stroke outcome (Ouyang et al., 2014). Indeed increasing levels
of microRNA-29a, a microRNA strongly expressed in astrocytes,
protects neurons during forebrain ischemia (Ouyang et al., 2013).
Finally, some experiments also suggest that astrocytes may be
implicated in the induction of brain ischemic tolerance by
preconditioning. This was linked to an upregulation of P2X7
receptors by astrocytes following preconditioning (Hirayama
et al., 2015).

Astrocyte-Targeted Strategies in MS (Table 1)
The P2X7 receptor has also been implicated in the pathogenesis
of MS. P2X7R immunoreactivity is increased in activated
microglia/macrophages in spinal cord during MS (Yiangou et al.,
2006). In addition, pharmacological inhibition of the receptor
diminishes astrogliosis in rat EAE and reduces neurological
symptoms (Grygorowicz et al., 2016). However, conflicting
results have been obtained in this animal model of MS. In
fact P2X7 receptor knockout mice are more resistant to EAE
than wild-type mice (Sharp et al., 2008). On the other hand,
in another study, the P2X7 receptor knockdown mice have
a more severe EAE (Chen and Brosnan, 2006). Conflicting
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TABLE 1 | Common therapeutic targets for multiple sclerosis and ischemic stroke.

Targets Molecular patterns Consequences

Astrocytes - Overexpression of heat shock protein 72 ↑ astrocytes resistance to ischemic stress (Xu et al., 2010)

- Overexpression of superoxide dismutase 2 ↑ astrocytes resistance to ischemic stress (Xu et al., 2010)

- Pyruvate ↑ glutathione (antioxidant) synthesis (Miao et al., 2011)

- Ceftriaxone ↑ glial glutamate transporter (Ouyang et al., 2007; Verma et al., 2010)

- Inhibition of p53 ↓ astrocytes activation (Ahn et al., 2015)

- microRNA-29a ↑ neurons survival during ischemia (Ouyang et al., 2013)

- P2X7 receptors ↑ brain ischemic tolerance by preconditioning (Hirayama et al., 2015)

Blood–Brain Barrier - Insulin growth factor 1 ↑ BBB integrity (Bake et al., 2014)

- Overexpression of heat Shock protein 27 ↑ BBB integrity (Shi et al., 2017)

- Preservation of tight junction by Sac-1004 ↑ BBB integrity (Zhang H. et al., 2017)

- Blockade of α4 integrin ↓ peripheral immune cells infiltration Becker et al., 2001; Investigators, 2001;
Relton et al., 2001; Liesz et al., 2011b; Langhauser et al., 2014; Llovera et al., 2015;
Elkins et al., 2017)

Neuroinflammation - Fumarate Immunomodulatory and antioxidant properties (Lin et al., 2016)

- Fingolimod ↓ lymphocytes influx and thrombo-inflammation (Liesz et al., 2011a; Kraft et al., 2013;
Fu et al., 2014)

- Nrf2 activation ↓ microglia activation and CNS peripheral cells infiltration (Kuo et al., 2017)

- IL1 inhibitor ↓ inflammatory cytokines expression (Zhang D.D. et al., 2017)

- IL33 ↑ anti-inflammatory Th2 responses (Luo et al., 2014; Korhonen et al., 2015)

- IL4 Modulation of microglia activation (Korhonen et al., 2015; Xia et al., 2015; Zhao et al., 2015)

- Protein kinases inhibitors ↑ M2-polarized microglia (Lee and Suk, 2017)

- microRNA ↑ M2-polarized microglia (Ni et al., 2015; Hamzei Taj et al., 2016)

- TNF-α ↓ inflammation (mixed results) (Sumbria et al., 2012; Clausen et al., 2014; Pires et al., 2014;
Probert, 2015; Palle et al., 2017; Wu et al., 2017)

- IL6 ↓inflammation (Maimone et al., 1997; Beauchemin and Carruthers, 2016; Kleiter et al., 2016;
Wang et al., 2016)

results were also observed regarding P2X7 receptors and IS.
On one side, activation of P2X7 receptors appears necessary
for inducing ischemic tolerance by preconditioning (Bindra
et al., 2014; Hirayama et al., 2015) and attenuate brain
edema after IS (Kaiser et al., 2016). On the other side, P2X7
receptors are involved in microglial cell (Eyo et al., 2013) and
neuronal death (Arbeloa et al., 2012) during oxygen-glucose
deprivation.

NEUROINFLAMMATION

Immune Cells Infiltration/Blood–Brain
Barrier Dysfunction and Stroke
The brain initial innate response to stroke is essentially mediated
by microglia, the resident macrophage of the CNS. This initial
step is then followed by infiltration of immune cells such as
neutrophils, macrophage/monocytes, T cells (Ma et al., 2017).
In ischemic conditions, neurons release damage associated
molecular patterns (DAMPs) leading to glial (microglia and
astrocytes) activation and chemokines liberation. This will lead
to endothelial cells activation, with expression of adhesion
molecules allowing interaction between peripheral immune cells
and endothelial cells followed by diapedesis (Strecker et al.,
2017). Furthermore, microglia activation induces the production
of ROS through the activation of NADPH oxidase associated
with BBB disruption (Sumi et al., 2010). Other pro-inflammatory

cytokines, such as tumor necrosis factor (TNF-α) and interleukin
(IL)1β are also secreted by activated microglia and contribute
to BBB dysfunction (Da Fonseca et al., 2014). Microglia can also
express matrix metalloproteinase (MMP) following activation
(Del Zoppo et al., 2007). MMP also play a role in BBB
dysfunction during IS following degradation of tight junction
proteins (Liu et al., 2012; Li et al., 2013). This may contribute
to the deleterious role of MMP-9 in the development of brain
injury after focal cerebral ischemia (Asahi et al., 2000). Finally,
it has been reported that all microglia in the penumbra are
associated to endothelial cells within 24 h post reperfusion
and destroy endothelial cells by phagocytosis contributing
to BBB disruption (Jolivel et al., 2015). It has also been
reported that other cells than microglia, such as mast cells, are
potentially initiators of BBB dysfunction and neuroinflammation
(McKittrick et al., 2015). Peripheral immune cells infiltration
following BBB disruption release anti-microbial enzymes,
reactive oxygen/nitrogen species and chemokines responsible
for further inflammation and BBB dysfunction (Strecker et al.,
2017).

M1 Phenotype Versus M2 Phenotype and
Stroke
When activated, immune cells can acquire 2 phenotypes,
M1 activated phenotype and M2 activated phenotype (Olah
et al., 2011; Easton, 2013; Patel et al., 2013). The M1 phenotype is
characterized by high expression of destructive pro-inflammatory
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mediators and contributes to ischemic lesions extension.
In contrast, the M2 phenotype presents neuroprotective
properties. Furthermore, M2 phenotype facilitates phagocytosis,
thus reducing secondary inflammatory reaction and making
space for newborn neurons. It has been observed that microglia
and macrophages respond dynamically to ischemic injury with,
first, an increase in the protective M2 phenotype followed
by a transition to the pro-inflammatory M1 phenotype (Hu
et al., 2012). Several factors may contribute to immune cells
polarization. Ischemic neurons may contribute to M1 microglial
activation by releasing soluble FAS ligand (Meng et al., 2016). In
contrast, neurons in the penumbra produce IL4, a cytokine with
the ability to polarize macrophages to the M2 phenotype (Zhao
et al., 2015).

M1 Phenotype Versus M2 Phenotype and
MS
In both MS and experimental animal models of MS, intracerebral
M1 phenotype cells (Broholm et al., 2004) as well as
M2 phenotype (Boven et al., 2006) have been detected.
Reactive microglia/macrophages exert both neurodestructive and
neuroprotective effects in MS contributing to the most common
clinical presentation of MS, the relapsing-remitting form. It
has been observed that both M1 and M2 activation states can
occur at the same time in EAE, and that the M1 to M2 ratio
is a key factor in relapse of EAE (Miron et al., 2013). The
M1 state is associated with progressive EAE whereas the M2
state may suppress the clinical symptoms of EAE (Ransohoff
and Perry, 2009). It has also been observed that both MS
and EAE are characterized by predominance of M1 microglia
in the acute or early phase of the disease (Mikita et al.,
2011). M1 markers appear in normal-appearing white matter
and in active and inactive white matter lesions, whereas M2
markers are mainly expressed in the perivascular space (Zhang
et al., 2011). For both stroke and MS, considering M1 and
M2 polarization, the therapy must be developed to prevent
excessive microglial activities but also to preserve their protective
functions.

Cytokines and Chemokines Involved in
Stroke
In a recent review, Iadecola and Anrather listed mediators
of post-ischemic inflammation. They separated mediators
involved in the initiation, the amplification and the
resolution of IS (Iadecola and Anrather, 2011). Considering
cytokines, IL1α and IL1β and TNF-α are involved in the
initiation of post-ischemic inflammation. Then, IL1, 6,
10, 17, 20, and TNF-α contributes to the amplification of
the neuroinflammation whereas TGF-β, IL10, 17, and 23
contribute to its resolution (Iadecola and Anrather, 2011).
Numerous chemokines such as CCL5, CXCL4, CXCL7, CX3CL1,
(initiation) and CCL2, CCL3, CCL5, CXCL2/3, and CXCL8
(amplification) also contributes to post-stroke inflammation
(Iadecola and Anrather, 2011). Other mediators include
adhesion molecules, proteases, and small molecules such as
prostanoids and leukotriens for initiation and iNOS, C0X-2

and NADPH oxidase for amplification (Iadecola and Anrather,
2011).

Neuroinflammation-Targeted Strategies
Neuroinflammation-Targeted Strategies and Stroke
(Table 1)
Considering the importance of neuroinflammation in ischemic
stroke, immunomodulation appears like an interesting
therapeutic option. Immunomodulation is currently used for MS
treatment and several drugs used in MS have been evaluated in
ischemic stroke. Fumarate, because of its immunomodulatory
and antioxidant properties, suppresses pro-inflammatory
cytokines in in vitro and in vivo stroke models. This is associated
with a decrease in infarct size and an improvement in behavioral
outcome (Lin et al., 2016). In animal models of ischemic stroke,
treatment with fingolimod is associated with mixed results. In
one study, fingolimod reduced post-stroke lymphocytes influx
but had no favorable impact on infarct volume and behavioral
dysfunction (Liesz et al., 2011a). In another study it has been
shown that fingolimod has stroke-protective action by reduction
of thrombo-inflammation but not by a direct neuroprotective
effect (Kraft et al., 2013). Furthermore, in a small clinical trial,
oral fingolimod within 72h of stroke onset was associated with
decreased microvascular permeability, attenuated neurological
deficits and improved recovery (Fu et al., 2014). Few papers
on the impact of glatiramer in IS are available. The results
are somewhat contradictory with either no reduction of infarct
volume or improvement in neurological deficit in mice (Poittevin
et al., 2013; Kraft et al., 2014) or an improvement of neurological
deficit and an increase in neurogenesis and decrease in infarct
volume in rats (Ibarra et al., 2007; Cruz et al., 2015).

Other treatments modulating directly or indirectly
neuroinflammation may present an interest for stroke therapy.
Indeed, it has been reported that activation of Nrf2 is associated
with a decrease in microglia activation and CNS peripheral
cell infiltration as well as a protection against IS in mice (Kuo
et al., 2017). It has also been shown that a fusion protein, which
fused the natural inhibitor of IL1, the IL1 receptor antagonist,
with a cell penetrating peptide, alleviates brain infarction,
cerebral edema, neurological deficit score, motor performance
and inflammatory cytokines expression (Zhang D.D. et al.,
2017). Several IL may also present an interest. For example,
IL33 is protective against ischemic insult by promoting the
anti-inflammatory Th2 responses (Luo et al., 2014; Korhonen
et al., 2015). This protective effect seems also related to the
induction of IL4 secretion (Korhonen et al., 2015). It has been
previously reported that IL4 is secreted by ischemic neurons as
an endogenous defense mechanism by modulating microglia
activation (Zhao et al., 2015). Indeed, M2-polarized microglia
with its anti-inflammatory profile is a promising therapeutic
option for stroke therapy (Xia et al., 2015). Other potential
targets to decrease microglia-mediated neuroinflammation by
increasing M2-polarized microglia are protein kinases inhibitors
(Lee and Suk, 2017) or microRNA such as let-7c-5p (Ni et al.,
2015) or microRNA-124 (Hamzei Taj et al., 2016). As, as
previously mentioned, neuroinflammation involves infiltration
by peripheral immune cells of the CNS, other potential therapies
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for stroke prevention may be to decrease such infiltration.
Decreasing BBB disruption may do this. Indeed, preservation
of the BBB integrity by insulin growth factor 1 (Bake et al.,
2014), overexpression of heat shock protein 27 (Shi et al., 2017),
or preservation of tight junction by Sac-1004 (Zhang H. et al.,
2017) is associated with an improved post-stroke neurological
outcome. Another possibility to decrease peripheral immune
cells infiltration is to modulate adhesion molecule. Blockade
of α4 integrin can protect the brain against ischemic injuries
in experimental models of IS (Becker et al., 2001; Relton et al.,
2001; Liesz et al., 2011b). In contrast, blockade of α4 integrin
was ineffective to protect from acute IS (Langhauser et al., 2014).
This apparent discrepancy may be explained by the results of
a preclinical multicenter trial on anti CD49d treatment for
acute brain ischemia (Llovera et al., 2015). Indeed, treatment
with CD49d-specific antibodies reduced leukocytes invasion
and infarct volume in stroke model associated with small
cortical infarction but not in stroke model associated with

large ischemic lesion suggesting that treatment efficacy may
depend on infarct severity or localization (Llovera et al., 2015).
In humans, anti ICAM-1 therapy worsened stroke outcome
in a clinical trial (Investigators, 2001) whereas treatment with
natalizumab, an α4 integrin blocker, did not reduce infarct
growth but had a beneficial effect on functional outcome
(Elkins et al., 2017). Noteworthy, natalizumab is currently
used as MS treatments and its use in experimental models
of IS once again emphasizes the similarities between the 2
pathologies.

Few data are available on the impact of TNF-α blocking
on IS lesions. It has been observed that patients with psoriasis
and treated with TNF-α inhibitors had a lower cardiovascular
event risk compared to patients treated with phototherapy (Wu
et al., 2018) or methotrexate (Wu et al., 2017). Furthermore,
anti TNF-α therapy ameliorates functional outcomes after stroke
by altering the peripheral immune response but without any
impact on infarct volume (Clausen et al., 2014). One of the

FIGURE 1 | Common pathways in pathogenesis of multiple sclerosis and ischemic stroke include astrocytes, BBB dysfunction and M1/M2 polarization. Astrocytes
are involved in ions and neurotransmitters homeostasis and metabolic support. Gap junctions as well as glutamate transporters allow for glutamate uptake and
clearance. Similarly, gap junctions allow for potassium clearance. Stored glutamate may be released by astrocytes and may be responsible for delayed lesions. In the
same way astrogliosis has deleterious and protective effects. It protects preserved tissue from inflammation but decreased neurogenesis in ischemic tissue.
Inflammatory markers such as TNF-α or IL1-β, reactive oxygen species, danger associated molecular patterns (DAMPs, molecules released from necrotic cells),
chemokines, matrix metalloproteinases (MMPs), and adhesion molecules expression contribute to BBB disruption and peripheral immune cells infiltration. M1
polarization of immune cells is associated with an increase in pro-inflammatory mediators and deleterious effects on neuronal lesions. In contrast, M2 polarization is
associated with neuroprotection and dead cells phagocytosis allowing for a decrease in inflammation.
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potential problems for IS treatments with anti TNF-α therapy
may be BBB crossing. Indeed engineering of a BBB crossing TNF-
α inhibitor allowed to decrease infarct volume and to improve
neurological outcome in a stroke experimental model (Sumbria
et al., 2012). However, we have to remain cautious and more
data are necessary on the impact of TNF-α inhibitors on IS
as it has been observed that TNF-α inhibition was associated
with increased ischemic damage following a decrease in innate
immune response from the brain (Pires et al., 2014). Considering
IL6, it has been reported that pre-treatment with tocilizumab,
a monoclonal antibody against IL6 in a rat model of ischemic
stroke, prevents neuronal cell apoptosis (Wang et al., 2016).

In conclusion, targeting of neuroinflammation appears a
promising option in IS treatment. Several clinical trials have
been performed or are underway to evaluate clinical outcome in
patients (for review see (Veltkamp and Gill, 2016)).

Neuroinflammation-Targeted Strategies and MS
(Table 1)
It is well known that MS is an immume disease and the scope
of this review is not to describe inflammatory pathways involved
in MS. Most if not all of MS treatments are immunomodulatory
or immunosuppressive drugs. In this field, several inflammatory
factors may be identified as new potential targets for MS
treatment. Indeed, several studies show that cytokines contribute
to the pathogenesis of MS. Indeed, increased levels of TNF-α
can be found in active lesions within the CNS as well as in the
serum and CSF of MS patients (Wen et al., 2012). Furthermore,
increased levels of TNF-α in CSF are in relation with the severity
and progression of the disease (Sharief and Hentges, 1991). Thus
studies have been done in mouse models of MS to test treatment
strategy aiming to block TNF-α with very encouraging results
(Palle et al., 2017). The hypothesis that neutralization of TNF-
α may reduce or arrest MS progression was evaluated in a
phase II randomized, multicenter, placebo-controlled study using
lenercept, a recombinant TNFR1 fusion protein. However results
were discouraging as patients treated with lenercept suffered from
increased disease activity. These results suggest that non-selective
blockade of TNF-α is detrimental (The Lenercept Multiple
Sclerosis Study Group and The University of British Columbia

Ms/Mri Analysis Group, 1999). One possible explanation could
be that TNF-α may exert both proinflammatory effects and
protective functions, for example, mediating remyelination in
the CNS under pathological conditions (Probert, 2015). Other
cytokines could be involved in the pathogenesis of MS as
increased levels of IL6 have been found in active plaques of
individuals suffering from MS (Maimone et al., 1997). It has
also been reported that IL6-deficient animals were fully resistant
to EAE (Kleiter et al., 2016). However, we have to remain
cautious as a report described a patient with rheumatoid arthritis
who developed MS during anti-IL6 therapy (Beauchemin and
Carruthers, 2016). Furthermore, it has been reported that patients
treated with anti-TNF-α therapies are at risk to develop clinical
signs of MS. Putting all these data together we can speculate that
IL6 may have beneficial effect in patients with MS.

CONCLUSION AND PERSPECTIVES

IS and MS share common pathological pathways such as
astrocytes activation, BBB disruption and microglia/macrophages
polarization (Figure 1). This allows emphasizing similar
treatments. Already, drugs commonly delivered for MS
treatment have been the object of clinical trials for IS care
using their immunomodulation potential. Potential innovative
treatments targeting astrocytes activation, BBB integrity and
neuroinflammation with modulation of microglia/macrophages
polarization or cytokines expression have been the subjects of
animal studies and clinical trials (Table 1). This is of interest
as, except for thrombolysis, no treatment has been identified to
decrease IS burden.
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Autism spectrum disorders (ASD) is a complex and multifaceted neurobehavioral

syndrome with no specific cause still identified, despite the worldwide increasing

(prevalence for 1,000 children from 6.7 to 14.6, between 2000 and 2012). Many

biological and instrumental markers have been suggested as potential predictive factors

for the precocious diagnosis during infancy and/or pediatric age. Many studies reported

structural and functional abnormalities in the autonomic system in subjects with ASD.

Sleep problems in ASD are a prominent feature, having an impact on the social interaction

of the patient. Considering the role of orexins (A and B) in wake-sleep circadian rhythm,

we could speculate that ASD subjects may present a dysregulation in orexinergic

neurotransmission. Conversely, oxidative stress is implicated in the pathophysiology of

many neurological disorders. Nonetheless, little is known about the linkage between

oxidative stress and the occurrence or the progress of autism and autonomic functioning;

some markers, such as heart rate (HR), heart rate variability (HRV), body temperature,

and galvanic skin response (GSR), may be altered in the patient with this so complex

disorder. In the present paper, we analyzed an autism case report, focusing on the rule of

the sympathetic activity with the aim to suggest that it may be considered an important

tool in ASD evaluation. The results of this case confirm our hypothesis even if further

studies needed.
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BACKGROUND

Autism spectrum disorders (ASD) is a complex and multifaceted
neurobehavioral syndrome with no specific cause still identified,
despite the worldwide increasing (prevalence for 1,000 children
from 6.7 to 14.6, between 2000 and 2012). Many biological
and instrumental markers have been suggested as potential
predictive factors for the precocious diagnosis during infancy
and/or pediatric age. Functional magnetic resonance imaging
(fMRI) has shown the structural abnormalities in relevant brain
structures such as the amygdala, cingulated anterior cortex, and
cerebellum (Uddin and Menon, 2009). These alterations seem
to be associated with neurotransmitters dysregulation with the
imbalance between excitation and inhibition in neural circuits
(Purcell et al., 2001a,b).

Many studies reported structural and functional abnormalities
in the autonomic system in subjects with ASD (Neri et al.,
2009a,b; Bujnakova et al., 2016; Bonaventure et al., 2017).
As previously described, ASD patients show decreased levels
of essential fatty acids. In this scenario, the assumption
of polyunsaturated fatty acids (PUFA) can help the brain
development and function (Brigandi et al., 2015).

On the other hand, ASD patients present sleep disorders, such
as parasomnias, obstructive apnea sleep disorders syndrome
(OSAS), disorders of initiating and maintaining of sleep, sleep-
related movement disorders (Giallongo et al., 2011; Accetta et al.,
2016; Precenzano et al., 2017). Considering the role of orexins
(A and B) in wake-sleep circadian rhythm, we could speculate
that ASD subjects may present a dysregulation in orexinergic
neurotransmission also involved in various brain dysfunctions
connected with numerous neuropsychiatric disorders including
neurodevelopmental disorders. Sleep disturbance in ASD
patients depending on the increased activity of the orexinergic
system (probably due to amygdala dysfunction) associated with a
reduction of 5-HT and melatonergic system activity (Kohyama,
2016; Mondola et al., 2016; Petito et al., 2016; Bertozzi et al.,
2017). Orexin evaluation may be considered a new interesting
biomarker in ASD pathogenesis, even if to date only associative
studies were performed to demonstrate their relationship with
health disturbances, such as obesity (Hao et al., 2017).

Conversely, oxidative stress is implicated in the
pathophysiology of many neurological disorders (Essick and
Sam, 2010). The diacron reactive oxygen metabolites (d-ROMs)
test has been used in the clinics, to evaluate the oxidative stress.
Particularly it could be considered an important atherosclerotic
risk factor in type 2 diabetes mellitus (T2DM), in cardiac
disease, neurological disorders, aging, and cancer (Kotani et al.,
2013). Nonetheless, little is known about the linkage between
oxidative stress and the occurrence or the progress of autism and
autonomic functioning; some markers, such as heart rate (HR),
heart rate variability (HRV), body temperature, and galvanic skin
response (GSR), may be altered in patient with this so complex
disorder (Bricout et al., 2017; Hufnagel et al., 2017; Kuiper et al.,
2017; Oshodi et al., 2017).

HRV is considered, indeed, a standard noninvasive method
for evaluating Autonomic Nervous System (ANS) function
(Messina et al., 2012; Neri et al., 2013). It was frequently
investigated in a large number of cardiology studies. Nowadays,

recent scientific studies suggested the HRV as an important
tool in the field of physiology, psychology, psychiatry, and
occupational medicine. The HRV variations are linked with the
sympathetic and parasympathetic activities directed to the sinus
node characterized by each cardiac cycle. The high frequency
(HF) component is associated solely with parasympathetic
activity, while the low frequency (LF) component is associated
with both sympathetic and parasympathetic activities, even if the
sympathetic activity is the greater contributor.

In the present paper, we analyzed an autism case report,
focusing on the rule of the sympathetic activity with the aim
to suggest that it may be considered an important tool in ASD
evaluation.

CASE PRESENTATION

We enrolled a male, a child 9 years old, height 1.33m and
weight 28 kg (normal BMI), in the Child Neuropsychiatry at the
University of Palermo. The values of serum thyroid hormones
levels, systolic and diastolic blood pressure have remained within
the normal range.

Written informed consent was obtained from parents. At any
time, they could choose to leave the study. All the investigation
procedures were approved by the local Human Ethical Review
Committee in accordance with the revised Declaration of
Helsinki (2013).

The pregnancy was normally conducted and completed with
a natural birth at 38 gestational weeks. The infant conditions
were good. The development stages were achieved in time
(walking at 11 months; first words at 12 months, two phrase
sentences at 15 months). Between 15 and 18 months, there was
no evolution of language. During this period, sleeping difficulties
(rarely sleepwalking) and bizarre behaviors (hand flapping, turn
on himself) were reported. At the age of about 3 years old,
parents noticed the tendency to isolation, lack of expressive
language, difficult eye contact, stereotyped movements of the
body, hyperactivity.

At the age of 4 years the “Social Interaction Disorder” was
diagnosed. The neuropsychomotor therapy (play-therapy) and
speech therapy for 2 times per week were prescribed. These
therapies helped the patient to improve his clinical situation.

At the age of 6 years, the complete diagnosis was done:
“Cognitive disability in the subject with psychopathological
aspects of autism spectrum and signs of immaturity.” In this
scenario, the FRAXA (Fragile X) test was performed, considering
that it is a very important test for anyone with signs of autism or
unexplained developmental delay. The genetic FRAXA test was
negative.

Clinical evaluation, instrument examinations, plasma Orexin-
A detection, and d-ROMs test were performed. All data were in
accord with the diagnosis of autism in a subject with intellectual
disability.

Clinical Evaluation
The patient had poor language skills: he communicated using
one or two sentences of words even if he sang in full sentences
(echolalics). The comprehension was good as he was able to
hyperventilate for 3min. Frequently, he related to others mostly
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by pointing. He showed self-stimulating behaviors in the form
of rocking, manual rotation, and hand flapping. His motor skills
were below normal. His sleep was good but he was defiant and
unable to calm down at bedtime. He did not show any interest
in other children and his eye contact is poor. He did not show
aggressive behavior, but often he did afinalistic actions (turn
around the room).

For the diagnosis, the ADOS-2 (Autism Diagnostic
Observation Schedules, Second Edition) was performed.
The total score of the “Module 1” was compatible with autistic
spectrum, with a total score of 22 (cut-off for autistic spectrum
= 8; cut-off for autism = 12). Comparison Scoring ADOS-2
also indicated that the children presented a high level of autism
spectrum-related symptoms compared to children with ASDs of
the same age and language level.

Furthermore, the semi-structured interview ADI-R was
carried out. As summarized in Table 1, all results were
compatible with ASD.

Finally, the (CarS-T) Infant Caring Assessment Scale was
carried out: the patient had a total score of 45, that was
indicative of a relation compromisation and it was compatible
with “Severely Autistic.”

LABORATORY INVESTIGATIONS AND

DIAGNOSTIC TESTS

Electroencephalographic Evaluation (EEG)
The cerebral background rhythm during awake stage showed
well-organized and well-developed average voltage 9–10 Hz
alpha activity predominantly in the posterior regions. With eye-
opening, it was bilaterally synchronous and symmetrical. No
spike-and-wave discharges or any lateralizing abnormalities were
observed. Photic stimulation did not produce any abnormalities.
A brief drowsiness was seen in the later part of the recording.
Hyperventilation was also performed for about 3min; no
abnormalities were seen during the procedure. In conclusion,
the EEG test was normal and no epileptiform discharges or
any other paroxysmal activities or focal abnormalities were
observed.

Magnetic Resonance Imaging (MRI) of the

Brain
The magnetic resonance imaging (MRIs) of the brain
was performed: no any alteration of the brain was
detected.

TABLE 1 | The results of semi-structured interview ADI-R.

Patient score Cut-off for autism

Qualitative abnormalities in mutual

social interaction

15 10

Qualitative communication

abnormalities

14 7

Constrained, repetitive and

stereotyped behavior patterns

10 3

HR Measurement
The HR measurement was carried out with a chest strap wired
to a digital R-R recorder (BTL08 SD ECG); the QRS-signal
wave-form R-R signal was sampled at the resolution of 1ms.
The HR (beats min−1) was calculated using the formula: HR =

60/R-R interval in seconds; the R-R interval was converted into
seconds.

In the patient, the HR-value was higher (84 bpm) than the
normal value of children (average normal value 70 bpm).

Power Spectral Analysis (PSA) of HRV
The Power spectral analysis (PSA) of HRV was evaluated by an
electrocardiogram (ECG) for 5min. The signals were acquired on
a PC at 100 s/s by an electrocardiograph (delta-1 plus, Cardioline,
Milan, Italy) connected to the serial port of a PC; a custom
softwaremade with LabView (National Instruments, Texas, USA)
was used for data acquisition and analysis.

The R waves were automatically recognized, and the RR
intervals were calculated and resampled to obtain a constant-
time-based signal (100ms). The Fourier transform was then
applied to this signal and visualized in the form of power
LF (0.04–0.15Hz) and HF (0.15–0.40Hz). The LF, HF, and
the LF/HF ratio were used to estimate the sympathetic and
parasympathetic activities. Although the time window for HRV
recording is generally >5min, the Task Force on HRV (1996)
indicates that main spectral components are distinguished
in a spectrum calculated from short-term recordings of 2–
5min.

In the patient, the LF (S2/Hz) was higher (0.74 S2/Hz) than the
normal values (a.n.v. 0.44 S2/Hz).

Galvanic Skin Response (GRS)
The GSR parameters were measured simultaneously using the

SenseWear Pro Armband
TM

(version 3.0, BodyMedia, Inc. PA,
USA), which was worn on the right arm over the triceps muscle
at the midpoint between acromion and olecranon processes, as
recommended by the manufacturer.

The GSR (µS) value in the patient was higher (1.79 µS) than
the normal status (a.n.v. 1.11 µS).

Rectal Temperature
Rectal temperature was measured with electronic thermometer
thermistor/thermocouple (Ellab A/S, Hilleroed, Denmark).

The body temperature changed in relationship with normal
status. In the patient, the rectal temperature (◦C) was higher
(37.81◦C) than the normal value (a.n.v. 37.01◦C).

Plasma Orexin-A Detection
Blood sample was obtained at 8:00 a.m. after overnight fast into
Vacutainer tubes (BD, Franklin Lakes, NJ) containing EDTA and
0.45 TIU/ml of aprotinin.

Each sample was mixed and then immediately centrifuged at
3,000 rpm for 12min at 4◦C.

Plasma was separated and stored at−80◦C until analysis.
The plasma Orexin-A levels were measured with Hypocretin

Orexin-A1 ELISA (Enzyme-Linked Immuno Assay) kit
(Phoenix Pharmaceuticals). For this test, the minimal detectable
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concentration was 0.37 ng/ml, the intra-assay error <5% and the
inter-assay error <14%.

Before ELISA test, the Orexin-A extraction was obtained with
Sep-Pak C18 columns (Waters, Milford, MA) using the following
protocol:

- 10ml of methanol and 20ml of H2O were used to activate the
columns;

- 1.5ml of sample was added to the column and washing with
20ml of water;

- the sample was eluted slowly with 80% acetonitrile and
resulting volume was reduced to 400 µl under nitrogen flow;

- the aliquot obtained was led to exsiccation using Speedvac
(Savant Instruments, Holbrook, NY).

To perform the ELISA test, the dry residue was dissolved in water.
There was no cross-reactivity of the antibody for hypocretin-1

(16–33), hypocretin-2, agouti-related protein (83–132)-amide.
The Orexin A-values (3,592 pg/mL) was higher in the patient

than to the normal status (a.n.v. 2,100 pg/mL).

d-ROMs (Reactive Oxygen Metabolites)

Test
The d-ROMs test is a simple assay marketed for analyzing
the total amount of hydroperoxides in serum via the Fenton’s
reaction.

Hydroperoxides, consisting of lipids, carbonylated proteins,
and oxidized nucleic acids, are one of the most important ROS
involved in oxidative stress and their measurement is considered
a reliable marker of oxidation in plasma.

The test was performed with the Free Radical Analytical
System 4 (FRAS 4): this is a photometric analytical system
developed for the assessment of oxidative stress that measures
plasma hydroperoxides concentrations using the d-ROMs test
with a single drop of peripheral (finger) blood.

The blood sample was collected by patient’s finger (0.15mL)
in a heparinized microcuvette. Thanks to the centrifuge of the
FRAS 4 Evolvo System, plasma was immediately isolated by
centrifugation at 37◦C for 60 s. The plasma was dissolved in an
acidic buffer (pH 4.8) in which its hydroperoxides react with
the transition metal ions liberated from the proteins in the
acidic medium and was converted to alkoxy and peroxy radicals.
Subsequently, a colorless chromogen was added (N,N-diethyl-
para-phenylenediamine). These newly formed radicals oxidized
this chromogen that changed into a radical cation producing
a magenta colored derivative. This color is directly correlated
with the concentration of hydroperoxides in the plasma sample
that is proportional to the quantity of ROMs, according to the
Lambert-Beer law. The photometer FRAS 4 Evolvo (absorption
at 505 nm, Temperature 37◦C) was used to measure the magenta
color in order to measure the hydroperoxide concentration.
The d-ROMs value was expressed in the arbitrary unit U.
CARR (Units Carratelli), as established by the manufacturer
(1U. CARR corresponds to 0.08mg of H2O2/dL). Normal values
range between 250 and 300U. CARR and values higher than
300U. CARR suggest increased oxidative stress (Cornelli et al.,
2001).

The results of the d-ROMs test showed different values: in the
patient the value (532U) was higher than to the normal status
(a.n.v. 255U); this finding suggests the increase of oxidative stress
in ASD.

DISCUSSION

The present paper may suggest the need to broaden horizons
and the study target on ASD, including oxidative stress,
neurotransmitters evaluation, and sympathetic activity
measurements. As summarized in Table 2, the parameters
tested in the case study are adulterated observing the normal
values.

The oxidative stress is implicated in the pathophysiology
of many neurological disorders, such as anxiety, depression,
schizophrenia, bipolar disorder (Salim, 2014).

Undoubtedly the ASD pathogenesis is complex and
still not well-identified, hypothesizing that autism can be
traced back to a single and univocal pathogenesis. On
the other hand, there is increasing evidence that ASD
patients show excessive ROS production as reported by
many studies (Ghezzo et al., 2013; Bafunno et al., 2014;
Anwar et al., 2016; El-Ansary et al., 2017; Howsmon
et al., 2017; Khemakhem et al., 2017; Oshodi et al.,
2017).

In this perspective, the PUFA administration may be justified
in ASD children (Bramanti et al., 2016; Parletta et al., 2016; Sun
et al., 2016; Weiser et al., 2016).

Moreover, also vitamin D and its metabolites have
been recognized as lower in ASD children respect
of typically developing children (Basheer et al., 2017;
Berridge, 2017; Jia et al., 2018), pinpointing the role of
neuroinflammation in ASD etiology (Mostafa and Al-Ayadhi,
2012; Macfabe, 2013; Salomone et al., 2014; Cianci et al.,
2016).

Neuroinflammation may explain the dysregulation between
GABA and Glutamate cortical neurocircuitry in ASD children,
particularly in the frontostriatal system with functional network
topology (Cerame et al., 2008; Jakab et al., 2013; Carvalho
Pereira et al., 2017; Naaijen et al., 2017; Nardone et al.,
2017).

TABLE 2 | Results of the parameters analyzed in the case study.

Parameters Values

HR measurement 84 bpm (average normal value, a.v.n.,

70 bpm)

Power spectral analysis (PSA) of HRV

(LF)

0.74 S2/Hz (a.n.v. 0.44 S2/Hz)

Galvanic skin response (GRS) 1.79 µS (a.n.v. 1.11 µS)

Rectal temperature 37.81◦C (a.n.v. 37.01◦C)

Plasma Orexin-A detection 3,592 pg/mL (a.n.v. 2,100 pg/mL)

d-ROMs (reactive oxygen

metabolites) test

532U (a.n.v. 255U)
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Conversely, these neurotransmitters alterations could explain
also the sleep disorders such as nocturnal awakenings, insomnia,
and parasomnias (Bramanti et al., 2012; Precenzano et al., 2017)
and food selectivity in ASD children (Chistol et al., 2017; Li et al.,
2017; Suarez, 2017). In this context may be explained the cerebral
metabolism increasing (Mitelman et al., 2017) and the autonomic
hyperfunctioning in ASD (Avola et al., 2004; Goodman, 2016;
Parisi et al., 2017) sustained by high Orexin A levels (Messina
et al., 2013, 2014, 2015; Kohyama, 2016; Messina A. et al., 2016;
Messina G. et al., 2016).

Even if further studies needed, the findings of this study
confirm the hypothesis that the markers of the sympathetic
activity could become an important tool in ASD evaluation.
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Metabolomics, also referred to as metabonomics, is one of the most recent innovative
technologies in medicine. It offers a direct functional read-out of phenotypes by the
detection, identification, and quantification of a large number of metabolites within a
biological sample such as urine and blood. Metabolites (<1500 Da) represent the output
of cellular metabolism, accounting for expression and activity of genes, transcripts,
and proteins, and offering unique insights into small molecule regulation, which may
uncover new biochemical patterns. Metabolomics research has considerable potential
for translating the metabolic fingerprint into personalized therapeutic strategies. Within
the field of interest, cardiovascular disease (CVD) is one of the most developed areas.
However, CVD remains the leading cause of death worldwide with a marked increase
in mortality rates over the past six decades. In this scenario, recent findings indicate
the important role of redox and nitrosative (RN) reactions in CVD development and
progression. RN reactions are generally involved in the homeostatic modulation of a wide
number of cellular and organ functions. Conversely, the imbalance of these reactions
may lead to a condition of allostasis that in turn can cause CVD. The aim of this review
is to highlight how the use of metabolomics may be useful for the study of RN reactions
related to CVD, providing a tool to understand the mechanisms underlying reactions
that could lead to impaired ROS or RNS formation.

Keywords: metabolomics, cardiovascular diseases, nitric oxide, reactive oxygen species, redox and nitrosative
reactions

INTRODUCTION

Cardiovascular diseases (CVDs) represent the leading cause of mortality in developed countries.
Several risk factors are associated with CVDs. These are multifactorial diseases and involve a
complex interplay between fixed (genotype, age, gender, and reproductive status) and modifiable
(diet, smoking, exercise, and ethanol consumption) causative factors (Mozaffarian et al., 2015).

In both health and diseased states, redox and nitrosative (RN) reactions, as well as signaling, are
involved in the modulation of a wide number of cellular and organ functions, such as the regulation
of vascular tone by endothelial and smooth muscle cells, or the excitation-contraction coupling in
cardiomyocytes (Fearon and Faux, 2009; He and Zuo, 2015).

Numerous review papers have provided overviews concerning the use of metabolomics
approaches for the study of cardiac diseases, (Mercuro et al., 2011; Deidda et al., 2015a;
Kordalewska and Markuszewski, 2015; Ussher et al., 2016) but none have specifically
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emphasized the complex area of oxidative stress. In this paper,
we will review the various approaches that have employed
metabolomics in order to investigate RN reactions and signaling.

METABOLOMICS

Metabolomics is one of the most recent innovative technologies
that aims to understand the metabolic processes within cells,
tissues, organs, and organisms (Griffin et al., 2011). It is focused
on the quantitative analysis of large numbers of metabolites.
The latter represent the end products of genes, transcripts, and
protein functions, and provide an instantaneous snapshot of
biological status. While progress in genomics and proteomics
analysis has allowed understanding of altered genes and proteins
under a variety of perturbations, including disease conditions,
metabolomics offers an alternative approach to help understand
altered metabolic pathways and discover new gene functions
(Griffin et al., 2011). The strong interest in metabolomics is
based on the fact that even subtle changes in genes, abundance
of transcripts, or levels of protein can substantially change the
quantity and dynamics of metabolites. Therefore, analysis of
metabolites represents a sensitive measure of biological status in
health or disease (Klupczyńska et al., 2015). Altered metabolic
fingerprints, which are unique to every individual, offer novel
opportunities to better understand systems biology, detect or
identify potential risks for various diseases, and ultimately help
achieve the goal of “personalized medicine.” (Cheng et al., 2017)
In this regard, a sizable number of findings have been tested for
translational applications focusing on disease diagnostics ranging
from early detection (Deidda et al., 2015b), to therapy prediction
and prognosis,(Ussher et al., 2016) monitoring treatment and
recurrence detection, as well as the important area of therapeutic
target discovery (Griffin et al., 2011; Deidda et al., 2015a; Ussher
et al., 2016). Moreover, current advances in analytical techniques
ensure quantitation of biomarkers from even small amounts
of biological samples using non-invasive or minimally invasive
approaches, and facilitate high-throughput analysis required for
real-time applications in clinical settings.

In this review, we focus on the application of metabolomics
to the investigation of redox reactions and NO pathways,
highlighting, through the presented studies, how metabolomic
analysis may be applied in this research setting.

CARDIO-METABOLOMICS AND
OXIDATIVE STRESS

Among the metabolites that can be measured by metabolomics
there are some that can be used to understand the mechanisms
underlying reactions leading to impaired reactive oxygen species
(ROS). ROS are the result of aerobic metabolism, they include
the superoxide anion (O2

−), hydrogen peroxide (H2O2), and
hydroxyl radicals (•OH), all of which have intrinsic chemical
reactive properties involving distinctive biological targets such
as lipids, proteins, and DNA. Usually, ROS are correlated
with oxidative stress conditions, the damaging process that

involves lipids, proteins, and DNA, which suggests that ROS
are the cause of several pathologies. However, it was recently
demonstrated (Schieber and Chandel, 2014) that ROS also
operate as signaling molecules for regulating biological processes.
On the other hand, when organisms generate ROS at a greater
rate than they can be balanced by the regulating systems,
there is a condition of oxidative stress (Schieber and Chandel,
2014). Moreover, as previously mentioned, ROS are generated
during aerobic metabolism and in particular in the trycarboxylic
acid (TCA) cycle, which is known to be heavily involved
in the production of metabolic intermediates and generation
of reducing potential. The purpose of TCA and oxidative
phosphorylation is to completely oxidize molecules of acetyl-
CoA and store the chemical energy in the synthesis of molecules
of ATP from ADP and phosphate. ATP is used for a variety
of anabolic (energy requiring) activities of the cell. These
high rate reactions can, however, also produce ROS. Another
main source of ROS formation is the metabolism of purines
via the xanthine oxidase pathway. In fact, ATP is rapidly
depleted in hypoxia-anoxia conditions, resulting in formation of
ADP, AMP, adenosine, inosine and hypoxanthine. The enzyme
xanthine oxidase produces ROS as hypoxanthine is being further
metabolized to uric acid in the final steps of purine degradation.

The organism compensates for ROS production with
antioxidant enzymes (superoxide dismutase, catalase, and
glutathione peroxidase) and intracellular molecules such as
glutathione that exist in reduced (GSH) and oxidized (GSSG)
forms (Lu, 2009). In addition, there are circulating antioxidants
such as uric acid, ascorbate, α-tocopherol, thiols, and bilirubin.

Early pioneering studies have reported an association between
cardiac diseases and the presence of abnormal metabolites related
to the presence of ROS in bodily fluids (Dhalla et al., 2000).
Today, current knowledge points to the important role of
metabolites derived from the production of ROS and cardiac
disease (Table 1), because these metabolites can modulate
phenotypes, influencing host metabolic pathways and the
immune system and determining an individual susceptibility to
disease. A milestone paper was published in 2014 from Murphy’s
group, which has identified how novel metabolic pathways
become activated to fuel mitochondrial ROS production during
ischemia-reperfusion (IR) injury (Chouchani et al., 2014). IR
injury occurs when the blood supply to an organ is interrupted
and then restored, and triggers many disorders, such as heart
attack and stroke. To this aim, authors have used a male mouse
model. Mice were allocated into four groups and exposed to
5, 30, and 30 min ischemia along with 5 min reperfusion and
30 min sham. Subsequently, LC-MS metabolomics analysis was
performed on heart tissues. The resulting analysis showed that
accumulation of succinate, via fumarate production and reversal
of succinate dehydrogenase, is a universal metabolic signature
of ischemia in vivo. In addition, during reperfusion, succinate
dehydrogenase rapidly re-oxidized succinate in the respiratory
chain thus driving mitochondrial ROS formation through RET at
complex I. In conclusion, these data demonstrate that preventing
succinate accumulation during ischemia is protective against IR
injury in vivo, suggesting novel therapeutic targets for IR injury
in various pathologies.
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TABLE 1 | Presented studies on metabolomics and ROS.

Reference Species Technique Setting Biofluid/
Tissue

Discriminate
Metabolites/
Metabolism

Li et al., 2015 LDLR−/− mice
C57BL/J6 mice

NMR, GC-FID/MS Atherosclerosis Plasma, urine
Liver, Kidney and
myocardial Tissue

Significant drop in PUFA-to-MUFA (and
PUFA-to-UFA) ratios in both the plasma and
liver of WD-fed mice

Chouchani et al.,
2014

C57BL/6J mice LC-MS Ischemia-
reperfusion
injury

Heart Significant increase in succinate

Lu et al., 2017 Human QTOF/MS Coronary Heart
Disease

Plasma glycerophospholipid metabolism including
phosphatidylcholine, lysophosphatidylcholine
(lysoPC), phospha- tidylethanolamine,
lysophosphatidylethanolamine (lysoPE), phos-
phatidylserine, lysophosphatidylserine,
phosphatidylino- sitol, and lysophosphatidic
acids. Among them, lysoPC (20:0), lysoPC
(20:1), lysoPC (20:2), lysoPC (20:5), lysoPC
(22:5), lysoPE (18:3), and
glycerophosphocholine

Wang et al., 2017 Sprague-Dawley
rats

UPLC-TOF/MS Pulmonary Arterial
Hypertension

Right Ventricular
Tissue

Significant increase in oxidized glutathione,
xanthine and uric acid and a reduction in
α-tocopherol nicotinate

Varvarousis et al.,
2017

Landrace/large-
white
pigs

NMR, LC-MS/MS Asphyxial cardiac
arrest

Plasma Significant increase in succinate

NMR, 1H Nuclear magnetic resonance spectroscopy; GC-FID/MS, gas chromatography with flame ionization detection – mass spectrometry; LC-MS, liquid
chromatography – mass spectrometry; QTOF/MS, quadrupole time of flight mass spectrometry; UPLC-TOF/MS, ultra performance liquid chromatography – time
of flight mass spectrometry; PUFA, poly-unsaturated fatty acids; MUFA, mono-unsaturated fatty acids; UFA, unsaturated fatty acids; WD, western diet; LysoPC,
lysophosphatidylcholine.

In the same year, Li and co-workers studied the origin of
CVD resulting from hyperlipidemia and atherosclerosis. To
this aim, The authors have analyzed metabolomic changes by
means of NMR and GC-FID/MS using a well-established mouse
model. This animal model is a knock-out (KO) for the low-
density lipoprotein (LDL) receptor gene and is considered the
preeminent animal model for experimentally investigating the
pathogenesis and progression of atherosclerosis because this
model can mimic the progress of hyperlipidemia-induced aortic
plaques (Ishibashi et al., 1993, 1994a,b). The animals were
randomly divided into three groups [control diet (CD), Western
diet (WD), and diet-switched (DS)]. The CD and WD groups
were fed with normal chow diet and WD, respectively, for
12 weeks, whereas the DS group was fed with WD for 6 weeks,
followed by CD for a further 6 weeks. Metabolomics analyses
were performed using samples of plasma, heart, kidney, liver,
and urine. Among the important pathways modified by the WD
diet, they found changes in energy metabolism with disruptions
to glucose homeostasis including decreases in plasma glucose,
renal lactate, and urinary excretion of TCA intermediates.
Because of the significant presence of intermediates such as
succinate, fumarate, and allantoin and the significant decrease of
polyunsaturated fatty acid, it was hypothesized that the metabolic
profile was associated with a condition of oxidative stress (Li et al.,
2015).

Regarding succinate and fumarate, the mechanism was
previously mentioned in the text (Chouchani et al., 2014);
concerning allantoin and polyunsaturated fatty acid, the former

was indicated by Grootveld as a product of oxidative stress
resulting from oxidation of uric acid. Authors hypothesized that
measurement of changes in allantoin concentration may be a
useful index of free-radical reactions (Grootveld and Halliwell,
1987), whearase the latter [a reduced (PUFA/MUFA) ratio
concentration] has been suggested as indicator of oxidative stress
and lipid peroxidation (Galli et al., 2001).

Lu et al. (2017) performed a comprehensive metabolomics
study in patients with coronary heart disease (CHD). (Lu et al.,
2017) CHD is the most common type of heart disease. It
is the leading cause of death in the United States in both
men and women. It accounts for 30% of deaths worldwide,
including 40% in high-income countries and approximately 28%
in developing nations (Dalen et al., 2014; Herrington et al., 2016).
CHD refers to a group of diseases that include stable angina,
unstable angina, myocardial infarction, and sudden cardiac
death. In order to gain a more comprehensive understanding
of the pathophysiology of CHD at the molecular level, The
authors have included two different groups of diseases: the
stable angina (SA) and the myocardial infarction (MI) groups,
which were then compared with a healthy control group
(HC). All the patients recruited in this study were diagnosed
and classified based on symptoms and coronary angiography
(Lu et al., 2017). A plasma sample was collected from each
subject and immediately frozen. Subsequently, metabolomics
analysis was performed using an ultra-high performance liquid
chromatography – quadrupole time-of-flight mass spectrometry
(UHPLC-QTOF/MS) platform. The resulting data matrix was
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investigated by univariate and multivariate statistical analysis and
18, 37, and 36 metabolites were identified and recognized as
being differential metabolites that distinguish SA from HC, MI
from SA, and MI from HC, respectively. Among the important
pathways, glycerophospholipid (GPL) metabolism emerged as
the most-significantly disturbed, in particular oxidized PL
on the surface of low density lipoprotein (LDL) particles
and their hydrolyzed fatty acids were closely associated with
CHD, however, the underlying molecular mechanisms remain
poorly defined. The authors concluded that MI patients were
characterized by high oxidative stress and lipid peroxidation,
which is a known contributing factor in CHD.

Another interesting study was published by Wang et al.,
2017 in regarding the presence of oxidative stress in right heart
failure (RV) using a rat animal model (Wang et al., 2017). RV
is the main cause of mortality among patients with pulmonary
arterial hypertension (PAH). Recently, an experimental animal
model of PAH was developed by injecting an inhibitor of VEGF
receptor tyrosine kinase and ovalbumin (OVA). 2 out of 10
of animals developing PAH were dying because of RV failure
within 8 weeks (Mizuno et al., 2012). Based on this experimental
animal model, authors induced PAH by administering OVA and
Sugen5416 to male rats and at day 50 animals were sacrificed and
lung and heart tissues were collected for histological, proteomic,
and metabolomics investigations. For metabolomics analysis,
the collected RV tissue underwent metabolites extraction using
methanol/acetonitrile followed by centrifugation. The samples
were successively injected into a UHPLC-QTOF/MS system.
The resulting data matrix was explored by means of partial
least square-discriminant analysis (PLS-DA), which indicated
the existence of a different metabolic profile between PAH
RV rodents and controls. Among the discriminant metabolites,
PAH RV rats had a 3.8-fold increase in xanthine and a 4.9-
fold increase in uric acid, whose increased levels are index of
augmented xanthine oxidase activity that is common during
hypoxia and ischemia and is a well-known marker of oxidative
stress. In addition, metabolomics results revealed that PAH
caused a 2.1-fold increase in oxidized glutathione and a 28.2-
fold reduction in α-tocopherol nicotinate, which can be because
of ROS production. The authors concluded by suggesting that
this model may help understanding of oxidative stress in PAH-
induced RV modifications.

The idea to identify a metabolic profile in an experimental
model of asphyxial cardiac arrest (ACA) compared with a
model of ventricular fibrillation cardiac arrest (VFCA) was
recently published by Varvarousis et al. (2017). These authors
focused their attention on the metabolic differences existing
between ACA and VFCA, which have not been studied yet
although they represent the two most common types of
CA. To this purpose, they have used landrace/large-white
female pigs in which ACA and VFCA were induced. The
metabolic content was characterized at different time points:
at CA, during cardiopulmonary resuscitation, and in the post-
resuscitation period. Plasma samples were analyzed by high
resolution 1H-NMR spectroscopy and LC-MS/MS spectrometry
in order to identify the metabolomic profiles characterizing
the two pathological entities during the different phases of

the experiment. Major alterations in plasma concentrations
of metabolites involved the key energy production pathways.
In particular, asphyxia and ventricular fibrillation differed
significantly with regard to the metabolic disturbances during
the peri-arrest period. Among the important metabolites the
accumulation of plasma succinate was detected in the animals
undergoing ACA and with worse outcome. Based on the
mechanism identified by Chouchani et al., 2014, by which ROS
are produced by the RET mechanism, authors concluded by
suggesting a potential prognostic role for this metabolite as an
indicator of ROS production and poorer outcomes.

CARDIO-METABOLOMICS AND NO
PATHWAYS

Nitric oxide (NO) plays an important role in the development
of CVD; it is a highly reactive, short-lived free radical, that
exerts a wide range of biological functions, critical for the
normal physiology of cardiovascular system. NO effects include
cardiac contractility, regulation of vasodilation, fibrinolysis, and
inhibition of several biological processes such as atherogenesis,
platelet aggregation, leukocyte adhesion, and smooth muscle cell
proliferation (Fearon and Faux, 2009).

In pathological states (i.e., oxidative stress) there is an
impairment in NO production and its actions are consequently
reduced. It is also rapidly catabolized to ONOO when it reacts
with O2

−.
Nitric oxide synthesis takes place through the NADPH

and tetrahydrobiopterin-dependent oxidation of the amino acid
L-arginine to L-citrulline (Figure 1), mediated by NO synthases
(NOS), a family of three isoforms including two constitutive
forms, neuronal NOS (nNOS) and endothelial NOS (eNOS),
and an inducible isoform, iNOS. The intracellular availability
of arginine is the rate-limiting step in NO production, while
argininosuccinate lyase, the enzyme that produces arginine from
citrulline, seems to be important both to synthesize intracellular
arginine and to utilize extracellular arginine for NO synthesis
(van Dyk et al., 2015).

Although NO cannot be directly measured by techniques used
in metabolomics, NO-signaling in CVDs can be investigated as
described in the studies presented below (Table 2).

Wang et al. (2009) evaluated the relationship between post-
translational modification products of arginine methylation
and CHD, concluding that “factors beyond direct NOS
inhibition contribute to the clinical associations between
methylarginines and CAD outcomes.” (Wang et al., 2009)
They performed a metabolomic study analyzing 1011 plasma
samples from subjects undergoing elective diagnostic cardiac
catheterization using stable isotope dilution HPLC-MS/MS
in order to evaluate the association of specific metabolites
with future major adverse cardiac events (MACE: myocardial
infarction, stroke, and death). Patients were followed-up
for 3 years. They evaluated plasma levels of asymmetrical
dimethylarginine (ADMA, endogenous NOS inhibitor),
symmetrical dimethylarginine (SDMA, which lacks NOS
inhibitory activity), N-mono-methylarginine (MMA, a potent
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FIGURE 1 | NO synthesis through the NADPH and tetrahydrobiopterin-dependent oxidation of the amino acid L-arginine to L-citrulline by NO synthases. AL,
argininosuccinate lyase; Arg, arginase; AS, argininosuccinate synthetase; BH4, tetrahydrobiopterin; NOS, NO synthases; OTC, ornithine transcarbamylase.

NOS inhibitor), methyl-lysine (Methyl-Lys, an unrelated
methylated amino acid), arginine, and its major catabolites
(citrulline and ornithine).

An augmented prevalence of obstructive CAD was observed
in patients with higher levels of SDMA and lower abundance of
MMA, whereas ADMA was not correlated. On the other hand,
elevated levels of both SDMA and ADMA, as well as an integrated
index of arginine methylation [ArgMI(ADMASDMA)/MMA]
were shown to be independent predictors of MACE; of note, the
latter result was predictive of MACE even after adjustments for
global arginine bioavailability (Wang et al., 2009).

The authors suggested that ArgMI and the global arginine
bioavailability ratio (GABR, an integrated index of arginine
bioavailability), seems to be associated with different aspects of
cardiovascular risk. In fact, ArgMI seems to have a superior
prognostic utility when evaluated in the setting of secondary
prevention, probably because of the association between later
stages of atherosclerotic progression and pathways involving
protein arginine methylation, proteolysis, and impairment in
NO production. On the contrary, the capacity of GABR to
enhance prognostic value in primary prevention could be
related to a deeper link between the NO precursor arginine
bioavailability and plaque initiation and development (Wang
et al., 2009).

Various studies showed elevated levels of ADMA in both
chronic (Usui et al., 1998) and acute heart failure (Mullens et al.,
2003; Dückelmann et al., 2007; Tang et al., 2008). However,
the mechanisms underlying this dysregulation in arginine
metabolism in human heart failure are generally unknown.

In a study published in 2012 on Journal of American College
of Cardiology (Shao et al., 2012), 68 patients affected by advanced
decompensated heart failure and 57 subjects with stable chronic
heart failure were enrolled. The authors measured ADMA plasma

levels and the GABR (arginine/ornithine citrulline) using tandem
mass spectrometry.

Results showed higher plasma ADMA levels and lower GABR
in advanced decompensated heart failure subjects in comparison
with values observed in chronic heart failure patients, and these
features were associated with both higher systolic pulmonary
artery and central venous pressures.

A relative deficiency of NO could result as a consequence
of both reduced substrate (L- arginine) bioavailability and/or
impaired production due to inhibition by ADMA and could
contribute to disease progression, explaining, at least in part, a
more favorable long-term outcome observed in advanced systolic
heart failure subjects treated with drugs that release NO (Mullens
et al., 2008, 2009).

On the other hand, The authors found increased myocardial
levels of dimethylarginine dimethylaminohydrolase-1 in chronic
heart failure patients with systolic pulmonary artery pressure
(sPAP) >50 mmHg and diminished levels in those with sPAP
<50 mmHg. Overall, the data of Shao et al. (2012) seem to suggest
that impaired NO synthesis could lead to both an endothelial and
myocardial dysfunction thus determining an increased in sPAP.

Trupp et al. (2012) performed a gas chromatography-
time-of-flight mass-spectrometry-based metabolomic study to
evaluate the effect of simvastatin treatment on intermediary
metabolism. The authors enrolled 148 subjects who were profiled
at basal time and after 6 weeks of treatment with 40 mg/day
simvastatin, then randomly selected 100 patients among the
LDL-C lowering treatment responders and 24 each from both
the top and bottom 10% of the response distribution, thus
identifying the “good” and “poor” responders, respectively. The
drug exposure metabolic fingerprint of the whole group of
responders included essential amino acids, lauric acid, and alpha-
tocopherol. Simvastatin efficacy in lowering LDL correlated with
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TABLE 2 | Presented studies on metabolomics and NO pathways.

Reference Species Technique Setting Biofluid/
Tissue

Discriminate
Metabolites/
Metabolism

Wang et al., 2009 Human HPLC-MS/MS Coronary heart
diseases

Plasma Elevated levels of SDMA, ADMA and of
the ArgMI index (ADMA+SDMA)/MMA)

Shao et al., 2012 Human LC-MS/MS Pulmonary
Hypertension
associated with
Heart failure

Plasma ADMA higher plasma levels and lower
global arginine bioavailability ratio in
acute vs. chronic heart failure.
↑ myocardial levels of dimethylarginine
dimethylaminohydrolase-1 in HF
patients with sPAP > 50 mmHg

Trupp et al., 2012 Human GC-TOF/MS Dyslipidemia Plasma Cystine, urea cycle intermediates,
ornithine, citrulline and lysine.
xanthine, 2-hydroxyvaleric acid,
succinic acid, stearic acid, and fructose

Zhao et al., 2015 Human UPLC/MS/MS
GC-MS

Pulmonary Arterial
Hypertension

Lung tissue Sphingosine-1-phosphate metabolites
Heme metabolites
Arginine, creatine, ornithine, and urea

Lewis et al., 2016 Human
C57Bl/6 mice

LC-MS Pulmonary Arterial
Hypertension

Plasma Arginine, ornithine, citrulline, ADMA,
SDMA.
Indoleamine 2,3-dioxygenase
(IDO)–dependent tryptophan
metabolites, tricarboxylic acid
intermediates, and purine metabolites.

Deidda et al., 2017 Human NMR Pulmonary Arterial
Hypertension in
systemic sclerosis

Plasma Acetate, alanine, lactate, and
lipoprotein.
γ-aminobutyrate, arginine, betaine,
choline, creatine, creatinine, glucose,
glutamate, glutamine, glycine, histidine,
phenylalanine, and tyrosine

Kirov et al., 2017 Human GC-MS Coronary artery
diseases (CABG)

Arterial and
Coronary sinus
plasma

long-chain acylcarnitines, arginine,
short-chain acylcarnitines and
glycerophospholipids

HPLC-MS/MS, high performance liquid chromatography – tandem mass spectrometry; LC-MS/MS, liquid chromatography – tandem mass spectrometry; GC-TOF/MS,
gas chromatography – time of flight mass spectrometry; UPLC-TOF/MS, ultra performance liquid chromatography – tandem mass spectrometry; GC-MS, gas
chromatography – mass spectrometry; LC-MS, liquid chromatography – mass spectrometry; NMR, 1H Nuclear magnetic resonance spectroscopy; SDMA, symmetrical
dimethylarginine; ADMA, asymmetrical dimethylarginine; MMA, N-mono-methylarginine; ArgMI index, integrated index of arginine methylation; HF, heart failure; sPAP,
systolic pulmonary artery pressure.

changes in concentration of cystine, an intermediate in the
urea cycle, and the dibasic amino acids ornithine, citrulline
and lysine. The latter share plasma membrane transporters with
arginine, which is the rate-limiting substrate for NOS. Moreover,
an orthogonal partial least square discriminant analysis (OPLS-
DA) showed that xanthine, 2-hydroxyvaleric acid, succinic
acid, stearic acid, and fructose were the metabolites whose
basal pre-therapy levels were able to predict the good or
the poor responses to simvastatin treatment (Trupp et al.,
2012).

Notably, xanthine is the substrate of xanthine oxidase, whose
enzymatic activity, producing H2O2, is implicated in ROS
generation. Because ROS are able to uncouple NOS activity, a
lower degree of xanthine and purine catabolism may lead to more
intense NOS signaling. In line with these findings, hyperuricemia,
which could result from increased purine degradation, is able
to determine impaired NO production by inhibiting arginine
transport at the level of NOS associated CAT-1 transporter
(Trupp et al., 2012).

Pulmonary arterial hypertension is a vascular disease
characterized by persistent pre-capillary pulmonary hypertension

(PH), which can lead to premature death, often because of RV. In
a study conducted on lung tissue of patients with PAH (n = 8) and
controls (n = 8), Zhao et al. (2015) carried out a high-throughput
liquid-and-gas-chromatography-mass spectrometry based
metabolomic analysis, showing a genetic profile characterized
by increases in both sphingosine-1-phosphate and heme
metabolites, and a derangement of arginine/NO pathways, the
latter represented by a decrease of arginine and an increase of
creatine, ornithine, and urea (intermediates following arginine
in the pathway) in PAH lung tissue compared to normal lung.
The authors’ findings showed that in PAH, expression of the
gene Arginase-1 (ARG1) was significantly increased whereas that
of NOS-1 (NOS1) was decreased and this phenomenon may be
the result of feedback mechanisms due to disrupted arginine
metabolism with excessive intracellular and extracellular NO
levels. Furthermore, the latter, reacting with ROS, may lead to
peroxynitrite production, thus exacerbating cellular damage
(Zhao et al., 2015).

Lewis et al. (2016) conducted a metabolomic study to verify
whether it might be possible to identify a metabolic profile of
right ventricular-pulmonary vascular (RV-PV) dysfunction.
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They enrolled 71 individuals who represented the discovery
cohort and who underwent right heart catheterization (RHC)
and radionuclide ventriculography at rest and during exercise.
Subsequently, their plasma samples were analyzed using a GC-
MS-based metabolomic technique. The authors analyzed plasma
concentrations of 105 metabolites, validating the results in a
second group that underwent invasive hemodynamic evaluations
and in an independent cohort with or without PAH.

The authors identified a new association between RV-
PV dysfunction and circulating indoleamine 2,3-dioxygenase
(IDO)–dependent tryptophan metabolites (TMs), tricarboxylic
acid intermediates, and purine metabolites; moreover, they
confirmed previously described associations with arginine–NO
metabolic pathway constituents. In fact, levels of arginine-
NO metabolites (arginine, ornithine, citrulline, asymmetric
dimethylarginine, and symmetric dimethylarginine) were related
to RV-PV dysfunction indexes. The ratio of arginine to ornithine
+ citrulline, which previously emerged as an index of arginine
bioavailability and a potential biomarker of specific forms of PH,
was shown to be inversely related to pulmonary arterial pressure,
pulmonary vascular resistance (PVR) and to changes in mean
pulmonary arterial pressure relative to change in cardiac output;
the latter seems to suggest that this ratio could indicate impaired
NO-mediated vasodilation (Lewis et al., 2016).

In 2017, our group performed a metabolomics study on
patients affected by systemic sclerosis (SSc) and who were free of
pulmonary fibrosis (Deidda et al., 2017). All subjects underwent
a RHC, during which a blood sample was collected at the level
of the distal peripheral circulation of the pulmonary arteries. On
the basis of values of PVR, we divided the population into 2
groups: A (PVR = 1.16 ± 0.23 WU) and B (PVR = 2.67 ± 0.67
WU; p < 0.001 vs. Group A). We applied an Orthogonal
Signal Correction–PLS–DA to metabolomics data, obtaining
clear clustering; SSc patients with PAH showed increases in
acetate, alanine, lactate, and lipoprotein levels and decreases in
γ-aminobutyrate, arginine, betaine, choline, creatine, creatinine,
glucose, glutamate, glutamine, glycine, histidine, phenylalanine,
and tyrosine levels.

Of relevance to this paper, and of particular interest, decreased
levels of arginine, glutamine and glutamate were found in SSc
patients with higher PVR and PAH (Group B).

In fact, arginine depletion has been correlated with pulmonary
arterial vasoconstriction (Watts et al., 2012). Moreover, arginine
deficiency can result in various important disease states, i.e.,
NO production preservation and reduction in superoxide anion
generation.

On the other hand, glutamine and glutamate modulate NO
production and the elastic response of the thoracic aortic wall
(Schachter, 2007).

An interesting heart surgery metabolomic study was
conducted in the setting of coronary artery bypass surgery,
evaluating the differences between the off-pump and on-
pump techniques. Twenty consecutive patients undergoing
Coronary Artery Bypass Graft surgery (CABG) (10 operated
off-pump and 10 on-pump) were enrolled in the study;
blood samples obtained from paired arterial and coronary
sinus were analyzed using a MS technique. Levels of thirteen

metabolites were altered by the surgery; in detail, off-pump
patients showed higher levels of long-chain acylcarnitines
and lower levels of arginine, whereas those who underwent
on-pump intervention had more short-chain acylcarnitines
and less glycerophospholipids. Interestingly, the end-of-
surgery concentration of plasma arginine, the NO precursor,
showed an inverse correlation with amounts of post-operative
vasopressor needed in the intensive care unit. In fact, arginine
concentrations in off-pump patients were lower and required
more vasopressor therapy, contrary to on-pump ones (Kirov
et al., 2017).

Previous research (Czerny et al., 2000; Dybdahl et al., 2004;
Tomic et al., 2005) has already found higher IL-10 levels at the
end of surgery in on-pump patients than in off-pump. Because
IL-10 is able to inhibit macrophage NOS2, it is plausible that
IL-10 may inhibit iNOS in on-pump CABG, thus determining
a reduction in NO production and, consequently, a decrease in
arginine catabolism through iNOS. The consequence is higher
arginine in plasma and less vascular dilatation requiring less
vasopressin from noradrenaline.

Collectively, metabolomics can be used to indirectly
investigate NO-pathways through the analysis of metabolites
involved in NOS activity or modulation, such as arginine,
ornithine, citrulline, glutamine and glutamate, ADMA and
SDMA. Furthermore, other indices such as ArgMI and GABR
could be useful in this kind of investigations.

CONCLUSION

The reported studies demonstrate the potential ability of
metabolomics to investigate ROS and NO pathways and
constitute a basis toward future and wider applications.

Metabolomic techniques have the limitation that they are
not capable to directly identify ROS and NO; however, other
molecules (see Tables 1, 2), involved in RN reactions, can be
measured and analyzed, thus allowing an indirect investigation
of these pathways.

The success of this approach depends on how metabolomic
data are integrated and contextualized with clinical and
instrumental data, as exemplified in the presented studies.
Moreover, the knowledge of biochemical pathways related to
identified metabolites and of their biological role, both in
physiological and pathological states, is crucial for the correct
interpretation of the findings resulting from the application of
metabolomics to the investigation of ROS and NO metabolism
and signaling.

Finally, the association with the other “omics” sciences can
improve the capacity of metabolomics to be effectively applied to
this particular setting of investigations.
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Changes in environmental oxygen (O2) are naturally occurring phenomena which

ectotherms have to face on. Many species exhibit a striking capacity to survive and

remain active for long periods under hypoxia, even tolerating anoxia. Some fundamental

adaptations contribute to this capacity: metabolic suppression, tolerance of pH and

ionic unbalance, avoidance and/or repair of free-radical-induced cell injury during

reoxygenation. A remarkable feature of these species is their ability to preserve a normal

cardiovascular performance during hypoxia/anoxia to match peripheral (tissue pO2)

requirements. In this review, we will refer to paradigms of hypoxia- and anoxia-tolerant

teleost fish to illustrate cardiac physiological strategies that, by involving nitric oxide

and its metabolites, play a critical role in the adaptive responses to O2 limitation. The

information here reportedmay contribute to clarify themolecular and cellular mechanisms

underlying heart vulnerability vs. resistance in relation to O2 availability.

Keywords: heart, hypoxia, nitric oxide, nitrite, teleosts

INTRODUCTION

Molecular oxygen (O2) is essential for life. A limited O2 supply leads to tissue hypoxia which often
results in organ damage.

When compared to terrestrial animals, water-breathing organisms are more likely to be exposed
to wider temporal and spatial variations of O2 supply. This is largely due to the inherent properties
of the water and to the rapid fluctuations in the pattern of O2 production and consumption
(Nikinmaa et al., 2011). Several animal species are adapted to tolerate regular and often severe
hypoxia. This is the case of various fish, frog, and turtle species that tolerate anoxia, and some snakes
and insects that can endure severe hypoxia (Hermes-Lima and Zenteno-Savín, 2002). Teleost fish
exhibit a very large spectrum of O2 sensitivity, moving from species showing an extraordinary
ability to tolerate hypoxia and anoxia to species that dramatically suffer O2 deprivation. Among
teleost fish, examples of hypoxia/anoxia resistance are themembers of the cyprinid genus Carassius,
such as the goldfish (Carassius auratus), and the crucian carp (Carassius carassius), which exhibit a
striking capacity to survive and remain active for long periods under low O2, even tolerating anoxia
(Bickler and Buck, 2007). This capacity is correlated with the ability to generate ethanol as anaerobic
end-product, which is acid–base neutral, in contrast with the normal glycolytic end-product
lactic acid. Among cyprinids, the zebrafish (Danio rerio) is characterized by a growth-dependent
transition from hypoxia tolerance to sensitivity (Padilla and Roth, 2001). Its genome is fully
sequenced and this is of benefit for studying the components of hypoxia-resistance pathways in fish.
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Despite the different abilities of vertebrates to tolerate a
limited O2 availability in the environment or in internal tissues,
many studies in mammalian and non-mammalian models (see
Fago and Jensen, 2015, for references) suggest a common set
of concerted physiological responses. They basically include
depression of O2 consumption rates, protection against oxidative
damage, and, at least in air-breathing species, redistribution of
blood flow into the circulation. All these responses require the
activation of a complex network of intracellular cascades, such
as those related to nitric oxide (NO) and its metabolites, nitrite
and nitrate, that represent common signaling molecules able
to control and coordinate the molecular circuits that sustain
adaptive hypoxia-dependent physiological responses (Fago and
Jensen, 2015).

The heart is a major target of hypoxia. As largely documented
in mammals, O2 deprivation is accompanied by changes in
cardiac muscle metabolism, reactivation of fetal gene programs
and hypertrophy responses, modifications of the extracellular
matrix composition, mitochondrial biogenesis and arrangement,
as well as of the expression of intracellular effectors [i.e., the
NO pathway, hypoxamiRs, Hypoxia Inducible Factor (HIF), etc.]
(Fago and Jensen, 2015). A large number of studies on mammals
have recognized the critical role of NO and its metabolites,
in particular nitrite and S-nitrosothiols (SNO; formed when
Cys thiols react with NO+), in the mechanisms which control
the cardiac response to low O2 availability. This role has been
recently extended to non-mammalian vertebrates, including fish,
in which a growing body of evidence has documented the
cardioprotective role of NO and its related nitrosative signals,
under hypoxic challenges.

In this review we will illustrate the cardiac role of the nitric
oxide synthase (NOS)/NO/nitrite system with emphasis
to hypoxia-activated cardio-protective effects of nitrite,
a major source of NO under low O2. We will mainly
provide information on the cardiac nitrosative signaling
of teleost species characterized by a high ability to tolerate
hypoxia/anoxia. This feature makes them valuable models to
whom deserve a renewed attention to explore the mechanisms
that contribute to survive low O2, also in a translational
perspective for human cardioprotection. For the reader who
is unfamiliar with the adaptive physiology of fish, we will
outline their phenotypic plasticity in relation to anoxia and
hypoxia, and to the different mechanisms that allow O2

detection. In the subsequent adaptive response, the heart, as
a major effector, is modulated to properly sustain organism
requirements.

ENVIRONMENTAL STRESS RESPONSE IN

VERTEBRATES

Many vertebrate species are able to face a wide range of
environmental changes in abiotic parameters that include
O2 availability, temperature, pH, and salinity. A common
universal strategy characterizes the homeostatic response
to different environmental stresses. This strategy requires

important modifications from molecular to organismal level.
An example is the response to hypoxia/anoxia that, as in
case of the thermal stress, is characterized by a decrement
in bioenergetic demand/production whose consequences are
energy conservation, osmotic balance, and substrate economy
(Boutilier, 2001 and references therein). The universal nature of
the stress response is confirmed by genomic and post-genomic
studies showing that the phenotypic flexibility of many species
in response to hypoxia (as well as to hypothermia) involves the
same pattern of genes that influence ATP and protein turnover,
energy conservation, and stress factors release (Hochachka and
Somero, 2002).

Two physiological adaptations confer the ability to cope with
environmental stresses: “capacity adaptations” (i.e., the condition
in which organisms preserve normal levels of both activity
and homeostasis, enabling them “to grow and reproduce under
the harsh conditions”) and “resistance adaptations” (i.e., the
condition in which organisms enhance their resistance even
losing homeostasis, enabling them “to avoid or survive the
stress until conditions become favorable again”) (Cossins and
Bowler, 1987). The reaction to stressors varies between individual
members of a given species and represents a combination of
factors, i.e., the appraisal of the environmental change and the
ability to cope (Broom and Johnson, 1993; Koolhaas et al., 1999).
As stated by Wilson et al. (1994), phenotypes within one species
have a differential fitness and this differentiation represents
adaptive individual differences in resource use and response to
risk.

The different responses to stress can be clustered in two
different phenotypes within the same species: proactive
and reactive (Wilson et al., 1994). Proactive animals are
characterized by high sympathetic and locomotor activity,
while reactive individuals show low mobility and sympathetic
activity (Van Raaij et al., 1996). Proactive individuals are
usually audacious and more aggressive with respect to
their reactive counterparts; these different activity levels
between the two phenotypes have been observed both in wild
(Montiglio et al., 2010) and laboratory environments (Tran
and Gerlai, 2013). As observed in the teleost rainbow trout
(Oncorhynchus mykiss) exposed to hypoxia, the proactive
phenotype corresponds to an escaping and “non-surviving
fish,” showing a strong avoidance behavior with a consequent
high energy expenditure and instantaneous beginning of
anaerobic metabolism. In contrast, the reactive fish remains
quiet and survives thanks to the delaying activation of
anaerobic mechanisms (Schjolden et al., 2005 and references
therein).

Another trait of the adaptive response to low O2 is its
relationship with animal development and growth. In
general, it can be assumed that adults are less hypoxia-
tolerant than neonatal and embryonic vertebrates (Crowder
et al., 1998). If exposure to hypoxia occurs during
juvenile or adult life, the effect is reversible. In contrast,
if the stress takes place during the development, its
influence persists throughout the life (Padilla and Roth,
2001).
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ANOXIA AND HYPOXIA TOLERANCE OF

THE FISH HEART

Fish, as well as amphibians and reptiles, are characterized
by an impressive ability to survive long period of partial
and/or complete O2 deprivation. Three major adaptations
allow these animals to face anoxia: deep metabolic depression,
tolerance of acidosis and osmotic stress, prevention and/or
restoration of cell damage induced by the huge radical
production during re-oxygenation (see for review Driedzic
and Gesser, 1994; Bickler and Buck, 2007). Moreover, long-
term survival to anoxic stress requires massive accumulations
of glycogen in critical tissues, and an extreme metabolic
depression in specific body districts, and this allows the
extension of anoxia tolerance to the whole organism (Hochachka,
1986).

Fish show a very high variety of phenotypes characterized by
different abilities to cope with O2 fluctuations. At the basis of this
plasticity is the expression of specific genes. Many investigations
have recently attempted to identify these genes, and this resulted
in the development of a database of Fish Hypoxia Responsive
Genes (HRGFish) which currently covers 818 gene sequences and
35 genes (including HIF, myoglobin, and glucose transporters)
from 38 fishes (Rashid et al., 2017).

The formidable adaptations shown by teleost fish to face low
and very low O2 availability is typically related to the anaerobic
capacity of the animal. This is exemplified by an early study
by Mathur (1967) on the Indian cyprinid Rasbora daniconius
showing that, if placed in a hermetically sealed glass jar, this
teleost survives for more than 100 days. This resistance to
protracted anoxia is supported by a notable anaerobic potential
and the ability to escape from acidosis caused by the anaerobic
waste-product increase (e.g., lactate).

Because of their very high resistance to minimum rates
of water O2 saturation and a wide range of temperatures
(from <4◦C up to >38◦C), Cyprinids, such as the common
carp Cyprinus carpio, and its related specie, the crucian carp
C. carassius, are largely recognized as major experimental
models in which analyze morpho-functional adaptation to
environmental or laboratory hypoxia. In these species, a
significant metabolic down-regulation (down to 30%), which
allows glycogen storing, is fundamental to surviving anoxia
(Nilsson, 2001; Lutz and Nilsson, 2004).

Information on these fascinating models of hypoxia/anoxia
resistance mainly comes from studies aimed to explore the
mechanisms of defense of their hearts. Remarkable cardiac
interspecific differences have emerged. In fact, while in the
common carp, a critical decrease in heart function occurs during
24 h of severe hypoxia, the crucian carp conserves normal cardiac

activity and autonomic cardiovascular control up to 5 days of

anoxia at 8◦C (Stecyk et al., 2004). This preserved cardiovascular
function allows the crucian carp to effectively perfuse with blood
both gills and liver. The appropriate perfusion mobilizes huge

amount of glucose from the large hepatic glycogen store to all
tissues, allowing, at the same time, lactate transport to the muscle
where it is converted to ethanol (Nilsson, 2001). This, being less
harmful than lactate, prevents acidosis. Additionally, the easily

diffusible ethanol is quickly removed by the branchial epithelium

thanks to the very effective blood perfusion. Accordingly, a
preserved heart performance is the basis for improving anoxia
resistance of the whole piscine organism thanks to the improved
metabolic and functional cooperation among single organs

(Figure 1). In this context, also the cooperation between different
cardiac regions contributes to the response to low O2. In the
cardiac ventricle of the bluefin tuna (Thunnus thynnus), the
subendocardial trabeculae (spongiosa), essentially perfused by
venous blood, are capable to metabolize lactate more than
the compact subepicardial myocardium, which is completely
perfused by oxygenated blood through the coronary vessels
coming from the gills (Figure 2); this allows the spongiosa to face
a reduced O2 availability (reviewed in Tota et al., 2011).

The role of fuel substrates, in relation to the response to
low O2 availability, has been also analyzed. Studies on the
isolated and perfused eel heart show that glucose supply is
essential for maintaining the cardiac performance during acute
anoxic stress (see references in Imbrogno, 2013). In Anguilla
rostrata, characterized by amarked anoxic endurance, if oxidative
phosphorylation is blocked by perfusion withNaCN, endogenous
glycogen stores are consumed regardless of the presence or
absence of glucose in the medium (Bailey et al., 2000). Of
note, down-regulation of oxidative phosphorylation is critical
for heart endurance under protracted anoxia. As shown in the
Carassius species, a strong metabolic depression is essential for
the conservation of glycogen stores allowing fish to resist very
long period of anoxia (Bickler and Buck, 2007; Vornanen and
Haverinen, 2016).

FIGURE 1 | A simplified scheme illustrating the metabolic cooperation among

different tissues in hypoxia-tolerant Cyprinid in the presence of low O2. Under

these conditions, the muscle is able to activate the conversion of lactate (also

produced by other organs) to ethanol. This is excreted by the gills, thus

preventing lactate accumulation.
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FIGURE 2 | Intracardiac cooperation in a coronarized teleost heart (e.g., tuna).

With respect to the compact layer, supplied with coronary oxygenated blood,

the spongy layer, supplied by venous blood, has a greater capability to oxidize

lactate to CO2 (modified from Tota et al., 2011 with permission).

During anoxia exposure, anoxia tolerant hearts show an
in vivo cardiac ATP demand lower than their cardiac maximum
glycolytic potential (i.e., the maximum ATP production solely
from glycolysis) (Farrell and Stecyk, 2007). Two strategies, for
achieving this have been proposed: a naturally low routine
cardiac ATP demand that can be sustained by anaerobic
glycolysis (as in the case of crucian carp, C. carassius), or a
considerably down-regulation of cardiac ATP demand to a level
that can be sustained by glycolytic ATP production (e.g., in
C. carpio). In the case of the C. carpio, hypoxic bradycardia
may represent a strategy to protect the heart since it allows the
depression of cardiac power output and thus ATP requirement,
reducing the need of oxygen for several hours (Farrell, 2007). In
the case of C. carassius, during anoxia, anaerobic ATP production
is sufficient to power the heart to pump, thus it is not necessary
to activate bradycardia (Stecyk et al., 2004).

OXYGEN-SENSING AND

HYPOXIA/ANOXIA RESPONSES

Detection of environmental, hematic, or tissue O2 is a crucial task
of the homeostatic response of vertebrates to hypoxia/anoxia.
Complex and integrated systems and effectors are present in the
different classes, phyla, and species, and even within the same
species. A critical step is the activation of sensors which detect
O2 during the initial, acute phase of hypoxia. As a consequence,
catecholamines are secreted and the cardiovascular activity is
modulated so that vascular tissue perfusion is adjusted to balance
O2 supply and demand (Buckler, 2007; Milsom and Burleson,
2007). If the hypoxia persists, these mechanisms activate long-
term responses that require the regulation of gene expression [i.e.,
the hypoxia inducible factor (HIF) transcription factor family]
and this sustains and potentiates the initial response.

Detection of environmental and blood hypoxia relies on the
activation of extremely specialized chemoreceptors. They are
characterized by a very high sensitivity to small changes in
PO2 in either the external environment, or the internal micro
environment, depending on their position. They are strategically
located in regions exposed to O2 fluctuations, as in the case of
the neuroepithelial cells (NECs) of the gills, the neuroepithelial
bodies of the airways, and the carotid bodies in the vasculature.

In fish, regardless their phyletic position, a major role in
O2-sensing is attributed to branchial NECs whose location and
orientation is not uniform across species. They can be distributed
either across the gill arches, or outside the gills in the oro-
branchial cavity (see Milsom, 2012 for references; Gilmour and
Perry, 2007; Milsom and Burleson, 2007). In addition, NECs may
be oriented externally or internally or both, and this provides the
animals with a selective ability to detect PO2 variations in water,
and blood, or in both environments (reviewed by Milsom, 2012).
It is generally assumed that hypoxia-tolerant species responds
primarily to arterial hypoxaemia, while less tolerant fish respond
more immediately to aquatic hypoxia (Sundin et al., 2000).

Externally-oriented chemoreceptors represent a primitive
O2 sensing mechanism that disappeared early in vertebrate
evolution, since they are absent in the obligate air-breathing
South American lungfish, Lepidosiren paradoxa (Sanchez et al.,
2001). In this fish, only blood hypoxia, but not water hypoxia,
induces a rapid ventilator response, suggesting a prevalent role of
internal rather than of branchial receptors.

Branchial NECs are differently sensitive to low PO2 and
this correlates with the degree of hypoxia tolerance/intolerance
of the various species. For example, in the hypoxia tolerant
goldfish, isolated NECs do not respond to low PO2 until
severe hypoxic or even anoxic levels. An increased ventilation
is observed only if goldfish are exposed at water PO2 that
are lower (25 mmHg: Tzaneva et al., 2011) than those (110
mmHg) eliciting the ventilatory response in the hypoxia sensitive
zebrafish (Vulesevic et al., 2006). This may be advantageous
during prolonged environmental anoxia to avoid continuous
stimulation of stimulation of chemoreceptors without the
possibility of increasing O2 uptake.

An interesting aspect of fish O2-sensitivity is the relationship
with development. As observed in zebrafish, animals may
change from hypoxia/anoxia tolerance to hypoxia sensitivity
during growth. The zebrafish embryo is initially anoxia-tolerant
but becomes hypoxia-sensitive between 2 and 3 days post-
fertilization (dpf), when it begins to show hyperventilation under
hypoxia (Padilla and Roth, 2001; Mendelsohn et al., 2008). This
suggests that the chemoreflex induced by hypoxia appears before
gill NECs are fully functional, and is presumably mediated by
extrabranchial chemoreceptors (Jonz et al., 2015).

THREE HYPOTHESES FOR

OXYGEN-SENSING AND DOWNSTREAM

RESPONSES

Studies in mammals have proposed three hypotheses for O2

sensing: a “membrane hypothesis,” a “mitochondrial/metabolic
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hypothesis,” and a more recent recent “gasotransmitter
hypothesis” (reviewed by Prabhakar and Peers, 2014; Dzal
et al., 2015; López-Barneo et al., 2016). Once activated, all these
mechanisms converge on K+ currents of chemoreceptors cells
with consequent neurotransmitter release and activation of
the physiological modulation of ventilation and perfusion to
maintain homeostasis.

Membrane Hypothesis
In mammals, chemoreceptor-dependent O2 sensing relies on
the modulation of plasmalemmal K+ channels. Different types
of K+ channels are involved, including background K+ (KB)
channels (Buckler, 1999), large conductance Ca2+-activated K+

currents (KCa) (Peers, 1990; Wyatt and Peers, 1995), TASK-
like background K+ channels (Buckler, 2007), and kv3 and
kv4 channels (Sanchez et al., 2002; Pérez-García et al., 2004).
Modulation of these channels regulates membrane permeability
and cell excitability, according to a common scheme for
chemotransduction. Inhibition of the resting K+ current allows
membrane depolarization, opening of voltage-dependent Ca2+

channels, neurotransmitter secretion and excitation of afferent
neurons to cardio-respiratory centers (Nurse, 2005).

Available data suggest that also in fish, hypoxic
chemotransduction involves O2-sensitive K+ currents, as
supported by evidence in gill NECs of zebrafish (Jonz et al.,
2004; Qin et al., 2010) and channel catfish (Ictalurus punctatus)
(Burleson et al., 2006). While in zebrafish, the cell current
appears to be mediated by background K+ (KB) channels (Jonz
et al., 2004; Qin et al., 2010), similar to TASK-like background
K+ channels of the mammalian carotid body (Buckler, 2007),
in catfish the hypoxic response seems to be mediated by O2-
sensitive voltage-dependent outward K+ (Kv) current (Burleson
et al., 2006).

Variations in membrane Ca2+ fluxes and intracellular Ca2+

concentrations, with consequent stimulation of neurotransmitter
release, are presumably also involved in fish O2 chemoreception
(Jonz, 2014). However, while in both zebrafish and catfish, gill
NECs express a small number of Ca2+-activated K+ channels
(KCa) (Jonz et al., 2004; Burleson et al., 2006; Qin et al., 2010),
the goldfish gill NECs express predominantly KCa channels, with
a minor contribution of KB and Kv (Zachar and Jonz, 2012) and
L-type Ca2+ channels (Zachar et al., 2017). These data suggest a
species-specific expression of ion channels that, modulated as a
consequence of PO2 changes, participate to O2 sensing.

Mitochondrial/Metabolic Hypothesis
Under hypoxia, the mitochondrial ATP generation is reduced
and this affects many intracellular effectors, and thus a large
spectrum of cell functions. Two major cellular events are
proposed downstream the hypoxia-dependent ATP decrease.
One is the inhibition of K+ TASK-like background channels.
This may result in membrane depolarization and initiation of
the electric activity and of voltage-dependent Ca2+ entry (Varas
et al., 2007). The second is the increased cytosolic AMP/ATP
ratio followed by the activation of AMP-activated protein kinase
(AMPK). This, by inhibiting O2 sensitive K+ channels (KB and
KCa) leads to chemoreceptors depolarization (Evans et al., 2005,

2009; Wyatt and Evans, 2007; Wyatt et al., 2007). In fish, no
data are available concerning the involvement of mitochondria
in O2 sensing. Only few data suggest a role for AMPK in the
downstream response to anoxia of tolerant species. As observed
in heart and brain of the tolerant crucian carp, AMPK induces
metabolic depression and ethanol secretion only under anoxia,
but not under hypoxia (Stensløkken et al., 2008), consistent with
a quiescent kinase until complete anoxia is achieved (Pamenter,
2014). This may be an advantage for hypoxia-tolerant species
since may allow to increase the depth and/or duration of hypoxia
they can tolerate before the activation of AMPK-mediated
metabolic adjustments becomes a necessity. In this way, protein
synthesis, and other AMPK downregulated anabolic pathways,
continue to function under hypoxia along with the ability to
preferentially shunt blood flow to at-risk organs (e.g., brain and
heart) (Pamenter, 2014).

Gasotransmitters Hypothesis
NO, Carbon Monoxide (CO), and Hydrogen sulfide (H2S),
are mediators of O2 sensing in chemoreceptors. As shown in
the mammalian carotid body, under normoxia, NO and CO
are inhibitory, while H2S is excitatory. Regardless the type
of response, their effects occur via ion channels modulation:
NO causes glomus cell hyperpolarization by inhibiting Ca2+

channels and activating K+ channels; CO also activates these
latter channels, preventing cell depolarization, while H2S inhibit
them (for review see Prabhakar and Peers, 2014). Under
hypoxia, both NO and CO production decrease, as their
enzymatic activity requires molecular O2, leading to a reduced
inhibition of L-type Ca2+ channels and to the closure of
K+ channels. In contrast, H2S generation increases under
hypoxia. This condition is associated with the inhibition of
maxiK and TASK-like channels (see Prabhakar and Peers,
2014). All the above effects result in membrane potential
depolarization, neurotransmitter release, and afferent neurons
activation.

In fish, few data suggest a role for NO and CO in O2

chemoreception and in the control of breathing, while more
robust information indicates that H2S is directly involved in O2

sensing and in the hypoxic response (Olson et al., 2008).
A NO-dependent O2-sensing mechanism has been proposed

based on the identification of nNOS in neuroepithelial cells of
adult and larvae of the zebrafish (Porteus et al., 2015). According
to Perry and Tzaneva (2016), like in mammalian glomus cells
(Summers et al., 1999), NO may inhibit ion channels involved
in neurosecretion. This is supported by the NO-dependent
regulation of intracellular Ca2+ observed in the melanophore of
the Indian snakehead Channa punctatus (Biswas et al., 2011) and
in the growth hormone release of goldfish (Chang et al., 2014).
Apart from its putative involvement in O2 chemoreception, in
teleosts, as well as in mammals, NO may play a role in the
hypoxia-elicited response via a modulation of the ventilatory
performance. This is supported by evidence in zebrafish that
NO produced by nNOS expressed in branchial NECs, modulates
the response to hypoxic stimuli by inhibiting and stimulating
ventilation in adult and larvae, respectively (Porteus et al.,
2015). As hereafter discussed, NO and its metabolites play a
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crucial role in the responses to O2 limitation, representing
signaling molecules able to control and coordinate the molecular
circuits that sustain adaptive hypoxia-dependent physiological
responses.

In fish, as in mammals, O2 sensing involves the HO-
dependent generation of CO. As observed in the goldfish, HO-1
(the hypoxia inducible isoform) is present in branchial NECs
and its inhibitory effect on ventilation in goldfish acclimated
to 7◦C may reflect the HO-1-mediated production of CO
within NECs (Tzaneva and Perry, 2014). The involvement of
CO in the control of the ventilatory response has been also
proposed by data in zebrafish, in which HO-1 expression in
both larvae (skin NECs) and adult (gill NECs), is indicative
of an endogenous CO production (Tzaneva and Perry, 2016).
Once produced in branchial peripheral chemoreceptors, CO
may affect the piscine ventilatory response via a modulation of
intracellular Ca2+ and neurotransmitter release (Tzaneva and
Perry, 2014), as in mammalian glomus cells (Overholt and
Prabhakar, 1997; Prabhakar, 1999). This view is supported by
the presence of both L-type Ca2+ and KCa channels in gill
NECs of the goldfish which respond to hypoxia by increasing
intracellular Ca2+ and synaptic vesicle activity (Zachar et al.,
2017).

Several evidence in mammals indicate that H2S acts as an O2

sensor (Olson, 2011) and a mediator of hypoxic signaling (Peng
et al., 2010). H2S generation, by constitutive cystathionine γ-lyase
(CSE), cystathionine β-synthase (CBS), and 3-mercaptopyruvate
sulfurtransferase (3-MST)/cysteine aminotransferase (CAT)
(Kimura, 2011), is linked to O2 availability. In fact, it is present
at low levels under normoxia, because of its oxidation by the
mitochondrial electron transport chain enzymes, but increases
under hypoxia, when the activity of the mitochondrial electron
transport chain is reduced (Olson, 2011). In the carotid body, the
mechanism involves a reduced activity of HO-2 which in turn
increases CSE activity and thus H2S production; however, the
role of CSE and H2S in the hypoxia sensing is not universally
accepted. Recently, Wang et al. (2017) reported that in glomus
cells from CSE−/− mice, hypoxia-dependent effects on TASK-
like channels, intracellular calcium, and ventilation were not
modified. Even if the study does not provide a role for CSE in
acute hypoxia sensing, this cannot be excluded (Wang et al.,
2017), also considering that CSE inhibition affects the hypoxia
response in chronic pathological states (Yuan et al., 2016).

H2S plays a role in O2 sensing also in fish. The first evidence
was obtained in rainbow trout and zebrafish where, under
hypoxia, the gas initiates the cardiorespiratory response by
promoting membrane depolarization of chemoreceptive NECs
(Olson et al., 2008; Porteus et al., 2014). This is also supported
by the identification of CBS and CSE in the gills of rainbow
trout and zebrafish whose inhibition, or gene knockdown (in
zebrafish larvae), abolishes or attenuates the hyperventilatory
response to hypoxia (Porteus et al., 2014). In addition, under
normoxia, Na2S (H2S donor) induces membrane depolarization
of trout branchial NECs (Olson et al., 2008), and increases
intracellular Ca2+ in zebrafish (Porteus et al., 2014). Also for this
gasotransmitter, the mechanism appears similar to that described
in mammals.

CARDIAC NITROSATIVE SIGNALS

Generation of NO and its Metabolites

In almost all animal tissues, NO is generated by the family of
NOS isoenzymes [i.e., the constitutive endothelial (eNOS) and
neuronal (nNOS), and the inducible (iNOS), isoforms], which
convert L-arginine into L-citrulline and NO, in the presence of
O2 and NADPH as essential cofactors. This reaction, because
of the obligatory requirement for molecular O2, is vulnerable to
hypoxia (Moncada and Higgs, 1993; Bryan, 2006; Lundberg et al.,
2008).

NOS enzymes are the products of different genes, and
show different localization, regulation, catalytic properties and
inhibitor sensitivity (Pautz et al., 2010; Imbrogno et al.,
2011). The constitutive NOSs produce, in the steady-state,
nanomolar concentrations of NO. In contrast iNOS, if induced by
immunologic and inflammatory stimuli, generates micromolar
cytotoxic amounts of the gas (Vallance et al., 2000).

NO exerts its physiological effects by reversible binding and/or
reacting with hemes, thiols or amines, forming iron-nitrosyl
(FeNO), S-nitroso (SNO) and N-nitroso (NNO) compounds
(Hill et al., 2010). NO has a very short half-life. It is rapidly
metabolized to nitrite in reaction with O2 (Lundberg et al.,
2008), and is inactivated by oxidation to nitrate in reaction with
oxygenated hemoglobin (Hb) and myoglobin (Mb). NO can
also react with O2, yielding peroxynitrite (ONOO−) (Ronson
et al., 1999), and this depletes the bioactivity of the gas
(Guzik et al., 2002). ONOO− itself is not only a signaling
molecule, but also a highly reactive species (Pacher et al.,
2007), being able to form additional types of reactive nitrogen
species, including nitrogen dioxide (NO2) and dinitrogen
trioxide (N2O3). All reactive nitrogen species are responsible
for protein post-translational modifications because of either
ability to induce either S-nitrosation [the formation of a
covalent bond between an NO+ equivalent and a nucleophilic
center (amine or thiol)], or S-nitrosylation [the addition of
NO without changing the formal charge of the substrate
(metal center or radical species)] (Heinrich et al., 2013). Often,
S-nitrosation and S-nitrosylation are used interchangeably to
refer to the same substrate modification, i.e., the process leading
to S-nitrosothiols (SNO) formation within proteins (for specific
chemical terminology, see Heinrich et al., 2013). Likely, an
uncontrolled nitrosation/nitrosylation of cysteine residues may
induce nitrosative stress, with important effects on proteins
activity, stability, conformation and/or ability to interact with
other molecules (Foster et al., 2009).

In the presence of a reduced O2 availability, when the
conversion of L-arginine in L-citrulline and NO is compromised,
nitrite can be reduced back to NO, providing an alternative
pathway for gas generation (Gladwin et al., 2005; Lundberg
et al., 2009; van Faassen et al., 2009). This NO regeneration
occurs through acidic disproportionation (Zweier et al., 1999)
and enzymatic reduction via xanthine oxidoreductase (Millar
et al., 1998), mitochondrial enzymes (Kozlov et al., 1999; Castello
et al., 2006), or deoxygenated Hb (Cosby et al., 2003; Nagababu
et al., 2003), Mb (Shiva et al., 2007a) and neuroglobin (Petersen
et al., 2008). Under anoxia, also eNOS is capable of reducing
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nitrite to NO (Gautier et al., 2006). Thus, in the presence of low
O2, NO production is gradually taken over by nitrite reduction,
nitrite functioning as a pool of NO availability (Lundberg et al.,
2008; van Faassen et al., 2009; Angelone et al., 2012).

Also nitrate contributes to NO homeostasis since it can be
slowly reduced to nitrite by the ubiquitous enzyme xanthine
oxidoreductase (Jansson et al., 2008). The nitrate-nitrite-NO
pathway may be considered complementary to the classical
L-arginine-NOS pathway. All these pathways partly work in
parallel, but when O2 availability is reduced and NOS activity is
decreased, nitrite reduction to NO becomes more pronounced.
Thus, according to the general concept of the NO cycle in
mammals, first proposed by Reutov (Reutov, 2002), NO−

2 and
NO−

3 ions are formed as a result of non-enzymatic/enzymatic NO
oxidation: L-Arg => NO =>NO−

2 /NO
−

3 ; the reduction of NO−

2
ions to NO: NO−

2 + e- => NO takes place through the nitrite
reductase reaction (reviewed in Tota et al., 2010). The NOS and
nitrite-reductase component of the NO cycle are schematically
reported in Figure 3.

The Cardiac NO Signaling in the Response

to Hypoxia
Mammals

In mammals, the cardiac physiological role of NO in relation to
O2 availability is well established. A hypoxia-dependent increase
of NO helps mammalian myocardial cells to limit cardiac injury
caused by low O2 supply. For example NO, by down-regulating
O2 consumption rate, both competitively and uncompetitively
inhibits O2 binding to mitochondrial cytochrome c oxidase
(Mason et al., 2006; Erusalimsky and Moncada, 2007; Cooper
et al., 2008). NO inhibition of cellular respiration mainly occurs
at low O2 tensions; thus, particularly under hypoxia, NO may
protect cellular functions by extending O2 availability (Hagen
et al., 2003; Misfeldt et al., 2009). In oxygenated heart muscle
from guinea pig, NO has been found to increase metabolic
efficiency, determined by the coupling between myocardial O2

consumption and cardiac performance and the coupling between
myocardial O2 consumption and ATP synthesis (Shen et al.,
2001).

Of note, in the presence of ischemia, the NO-dependent
suppression of the electron-transport chain, by reducing

FIGURE 3 | NO synthesis in the presence (Left) and absence (Right) of O2.

Note NOS and nitrite reductase components involved in the NO formation.

mitochondrial energy production, limits the cardiac damages
induced by ischemia/reperfusion (IR) (Shiva et al., 2007b).

Fish

In fish, the role of NO as a major organizer of complex cardiac
transduction signals has been widely assessed, and to date many
data are available about its wide cardiac repertoire of actions
(see for example Garofalo et al., 2009a, 2012; Imbrogno et al.,
2010, 2013, 2017, 2018; Filice et al., 2017; Imbrogno and Cerra,
2017). Very recent studies extended the large variety of NO
functions in fish to the mechanisms which allow to maintain
the cardiovascular status and control the response to low O2. It
is well established in fish that, if NOS activity is compromised
by limited O2, an increased NOS expression or, alternatively, a
nitrite reduction to NO, stabilize NO levels, and this contributes
to protect the hypoxic myocardium (Hansen and Jensen, 2010;
Sandvik et al., 2012; Imbrogno et al., 2014). A similar NOS
enhanced expression can be also observed in the vasculature of
the trout in response to hypoxia (McNeill and Perry, 2006).

Experimental evidences indicating the NO involvement
in cardiac homeostasis of teleosts fish under hypoxic/anoxic
conditions mainly derive from studies on the goldfish C. auratus,
a champion of hypoxia tolerance. In the goldfish heart, NO
inhibits mitochondrial respiration without affecting contractility
(Pedersen et al., 2010). This increases myocardial efficiency
(i.e., the force generated per O2 consumed), thus importantly
contributing tomaintain fishmyocardial function in the presence
of hypoxia or anoxia (Stecyk et al., 2004). In line with these
observations, Imbrogno et al. (2014) showed that, during acute
hypoxia, the goldfish heart enhances its basal performance,
as well as the sensitivity to heterometric (i.e., Frank-Starling)
regulation. This has been considered an important mechanism
for maintaining functional and metabolic interactions between
organs and tissues, required for the hypoxia tolerance of the
organism. Interestingly, in the goldfish, exposure to hypoxia
is accompanied by an increased myocardial NOS expression,
pointing to NO generation as a crucial step for adjusting
the cardiac function of the goldfish during hypoxic challenges
(Imbrogno et al., 2014).

It has been also reported that the hypoxia-induced increase
in NO production in goldfish heart could activate sarcolemmal
KATP channels, a response that may enhance tolerance of hypoxia
in this species (Cameron et al., 2003). This mechanism represents
a point of convergence with the mammalian preconditioning
protection of ischemic myocardium in which the opening of
ATP-sensitive K+ channels is a crucial event (Noma, 1983).

Of note, in the hypoxic goldfish heart, the increased NOS
expression is accompanied by an enhanced expression of HIF-
1α. Such hypoxia-dependent cross-talk between NOS and HIF-
1α represents an evolutionary conserved trait of the vertebrate
response to low O2. In fact, in the mammalian heart, under
hypoxic stress (i.e., during ischemia), HIF-1α activates a number
of critical genes (Hochachka and Lutz, 2001; Liu and Simon,
2004; Semenza, 2007), including NOS (Jugdutt, 2002), and
this contributes to cell survival. At the same time, high NO
concentrations (>1µM) stabilize HIF-1α (Mateo et al., 2003),
thus increasing the dimeric form of the protein that, via binding
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to HIF responsive elements (HREs), promotes NOS expression
(Mateo et al., 2003). Interestingly, in hypoxia-resistant fish, as
in the case of the crucian carp, HIF-1α stabilization occurs even
under normoxic conditions, suggesting a high basal expression of
hypoxic-regulated genes, including NOS (Sollid et al., 2006).

As illustrated above, under hypoxic conditions, a significant
source of NO is represented by nitrite. Compared to terrestrial
animals, fish are exposed to an additional direct uptake of
exogenous nitrite from the environmental water across the
respiratory surfaces (Jensen, 2009). This external nitrite supply is
an important source for the internal NO generation during severe
hypoxia. An example is the crucian carp that, when exposed to
deep hypoxia, takes up ambient nitrite across the gills and directs
it to tissues, including the heart (Hansen et al., 2016).

In hypoxia-tolerant fish, such as the goldfish and the crucian
carp, basal plasma nitrite levels are around 0.75–1.75µM. These
values are higher than those observed not only in mammals, but
also in fish that are hypoxia intolerant (e.g., flounder, eelpout,
oyster toadfish, brown trout) (about 0.2µM) (Jensen, 2009;
Hansen and Jensen, 2010; Sandvik et al., 2012). The reason
for these high nitrite plasma levels in hypoxia-tolerant species
is unclear. Presumably, this depends on the high overall NOS
activity/expression under normoxia (Kleinbongard et al., 2003).
Of note, fish living in nitrite-contaminated environments, have
significantly high plasma nitrite, concentrations reaching the
millimolar range (Bath and Eddy, 1980). At high concentrations,
nitrite is toxic and can influence ion, respiratory and circulatory
homeostasis (Jensen, 2009). As shown in the zebrafish, exposure
to high nitrite is accompanied by very high levels of HbNO, a
biomarker of NO generation from nitrate (Jensen, 2007). The
consequent high nitrite-derived NO could perturb physiological
processes, and may induce tissues nitrosative stress, resulting in
high levels of S-nitrosylated proteins and cell damage (Jensen,
2009). For these reasons, fish need to balance the advantages
of a rich ambient pool of nitrite for internal NO production
with the potentially dangerous effects of nitrite-polluted habitats
(Jensen and Hansen, 2011). At the same time, the possibility
to maintain internal nitrite levels is particularly important for
securing a source for NO production during hypoxia and anoxia,
where NOS enzymes are unable to produce NO. At this purpose,
the goldfish and the crucian carp possess an intrinsic ability
to increase intracellular nitrite concentration and nitrosylated
compounds during deep hypoxia and anoxia in tissues with
high myoglobin and mitochondria content, such as the heart
(Sandvik et al., 2012; Jensen et al., 2014; Hansen et al., 2016). This
occurs at the expenses of extracellular nitrite. The extracellular-
intracellular transfer of nitrite is facilitated by nitrite binding
to intracellular proteins that, by keeping low the cytosolic
concentration of free nitrite, allows inward diffusion (Hansen and
Jensen, 2010). As shown in the crucian carp, anoxia increases
tissue nitrite in the heart, but not in the white muscle. This is
indicative of a role for Mb nitrite reductase activity, which is
present at high levels in the heart and in the red musculature
(Jensen et al., 2014).

Although no clear evidence is available, in fish, mitochondria
may play a role in elevating intracellular nitrite during hypoxia
and anoxia. Indeed, the cytoprotective effects of nitrite under

low O2 are largely directed at the mitochondria (Walters et al.,
2012; de Lima Portella et al., 2015). In mammalian mitochondria,
nitrite S-nitrosates complex I, attenuating ROS generation during
early reperfusion (Dezfulian et al., 2009; Chouchani et al., 2013),
and nitrosylates complex IV, which inhibits O2 consumption
rates (Hendgen-Cotta et al., 2008). Unlike mammals, in
hypoxia-tolerant ectotherms, as presumably in all ectotherms,
reoxygenation does not affect mitochondria, which maintain
their capacity to produce energy. For example, reoxygenation
does not result in mitochondria Ca2+ overload and/or in
reversing ATP-synthase into an ATPase (Galli and Richards, 2014
for references). At the same time, mitochondrial proton leak is
kept low (Galli and Richards, 2014 for references). With respect
to hypoxia-intolerant, in hypoxia-tolerant species, mitochondria
respiration appears more resistant to hypoxic stresses. For
example, among elasmobranchs, cardiac mitochondria from
the hypoxia-tolerant epaulet shark (Hemiscyllium ocellatum)
produce less reactive oxidative species than the hypoxia sensitive
shovelnose ray (Aptychotrema rostrata) (Hickey et al., 2012).
For this purpose, the dynamic organization of respiratory chain
complexes and ATP synthase (Cogliati et al., 2016) results crucial
for mitochondrial respiration under hypoxia.

Unique natural animal models to analyse the role of NO,
nitrite and Mb in the response to hypoxia are Antarctic teleosts.
Some of them are example of disaptation, being naturally
deprived of Hb, and/or of cardiac Mb, as in the case of the icefish
Chionodraco hamatus (Hb−/Mb+), Chenocephalus aceratus
(Hb−/Mb−), and their red-blooded counterparts Trematomus
bernacchii (Hb+/Mb+) (Garofalo et al., 2009b). This condition
makes these teleosts well suited for comparatively studying
evolutionary and mechanistic aspects of the NO-nitrite system
in relation to cardiac homeostasis and adaptation, including
the response to varying O2 levels (see for references Garofalo
et al., 2009b). This aspect is crucial in the stably ice Antarctic
waters, which are highly oxygenated but, at the same time,
exposed to changes in O2 content. At the moment, no data are
available in Antarctic teleost on the putative role of theNO/nitrite
equilibrium in relation to the response to low O2. In the heart of
C. hamatus and T. bernacchii, under normoxia, nitrite influences
cardiac performance by inducing a concentration-dependent
increase of contractility (Garofalo et al., 2015). In the Antarctic
Hb- and Mb-less (Hb−/Mb−) icefish C. aceratus, intracardiac
NOS expression is lower than in its Mb+ counterpart, the
Hb−/Mb+ C. hamatus (Amelio et al., 2006). Compared to the
Mb expressing C. hamatus, in C. aceratus the heart is more
sensitive to NOS stimulation by L-arginine (Cerra et al., 2009).
Since the nitrite reductase activity of cardiac Mb is absent and
NOS is poorly expressed, other mechanisms have been proposed
to contribute to local NO production. For example, in the absence
of the Mb-mediated scavenging effect, NO half-life is increased;
the consequent larger availability of free NOmay compensate for
the reduced NOS expression. Contrarily, in C. hamatus, cardiac
Mb may contribute to local NO generation and this maintains
the nitrergic homeostasis. Interestingly, in C. hamatus, very low
concentrations of exogenous nitrite (0.1 µmol/l) increase cardiac
contractility, an effect similar to that elicited by NO (Cerra et al.,
2009). At the same time, as in mammals (Vanin et al., 2007),
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the largely expressed NOS equipment might represent a rich
source of NO from nitrite. Of note, in Hb−/Mb− icefish, the
high NO levels occurring in the absence of both respiratory
proteins correlate with major cardiovascular and subcellular
compensations, including mitochondrial enlargement within
myocardiocytes (Urschel and O’Brien, 2008). This contributes to
myocardial oxidative equilibrium and hence to heart protection
under hypoxia.

CONCLUSIONS

This review emphasizes the amazing flexibility of teleost fish
in relation to their peculiar ability to cope with low O2.
Teleosts possess complex equipments for sensing O2 that
activate intricate downstream molecular signal-transduction
networks crucial to balance tissue O2 supply and demand.
Although much still remains to be investigated, the available

information indicate the critical role played by NO and its
metabolites in the physiological strategies that in teleost allow
cardiac adaptive responses to O2 limitation, also contributing
to better understand the extraordinary morphofunctional
plasticity and adaptation that determined their evolutionary
success.
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