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Figure 2. lllustration of mitochondrial membrane components in endothelial cells related to reactive oxygen species (ROS)

generation. I, 11, Ill, IV, and V indicate complexes |-V of the electron transport chain; ABC—me, ATP-binding cassette—mitochondrial
erythroid; ALA, amino levulinic acid; AMPK, AMP-activated protein kinase; CoQ, coenzyme Q10/ubiquinone; Cx43, connexin 43; CytC,
cytochrome C; OMM, outer mitochondrial membrane; IMM, inner mitochondrial membrane; IM space, intermembrane space; MAO,
monamine oxidase; mV, millivolts; mitoKATP, mitochondrial ATP-sensitive potassium channel; MNnSOD, manganese superoxide dismutase;
mtDNA, mitochondrial DNA; NO, nitric oxide; PGC-1a, peroxisome proliferator—activated receptor-y coactivator-1a;; UCP2, uncoupling

protein-2; and VEGF, vascular endothelial growth factor.

production by a mechanism that involves opening of the
mitoK, , channel, membrane depolarization, and the
mitochondrial permeability transition (MPT) pore.®*8! In this
situation, inhibiting mitoK,  may be protective and preserves
NO production in endothelial cells exposed to angiotensin
113" Thus, ROS produced by NOX, uncoupled NO synthase,
neighboring mitochondria, and other sources can stimulate
mitochondrial ROS production in a multidirectional fashion.
ROS-induced ROS release may amplify and target ROS signals
under physiological conditions but, when excessive, may

contribute to the pathogenesis of endothelial dysfunction.®!$2

Mitochondrial ROS Signaling
Mitochondria-derived hydrogen peroxide, which is generated
via dismutation of superoxide by MnSOD or produced di-
rectly by NOX4 or p66Shc, can diffuse across membranes and
function in physiological signaling, as has been extensively
reviewed.>*%52 For example, experimental studies have shown
that shear stress—induced vasodilation, hypoxia signaling, au-
tophagy, and proinflammatory activation depend on mitochon-
drial ROS. In humans, however, there are very limited data
about mitochondrial ROS in physiological cell signaling in the
vasculature. The lack of benefit and, at times, harmful effects of
high-dose nonselective antioxidants as treatment for cardiovas-
cular disease in clinical trials might be interpreted as indirect
evidence that ROS play a physiological role in the vasculature.
A few clinical studies have more directly implicated ROS
signaling in endothelial function. Flow-mediated dilation in

arterioles isolated from human myocardium depends on the
production of ROS by the electron transport chain.’ In healthy
human volunteers, flow-mediated dilation of the brachial ar-
tery is blunted by oral antioxidant treatment, which might
reflect scavenging of mitochondrial ROS.# A study of arte-
rioles isolated from adipose tissue of patients with coronary
artery disease demonstrated that mitochondrial ROS compen-
sate for the loss of NO and promote flow-mediated dilation.®
Interpretation of those results is complicated, however, because
hydrogen peroxide scavengers, such as N-acetylcysteine, im-
prove endothelium-dependent dilation in coronary arteries of
patients with atherosclerosis.*® The relative importance of mi-
tochondrial ROS for endothelial cell signaling is likely to vary
according to vascular bed and to depend on risk factor burden.

Excess Mitochondrial ROS Production

Altered mitochondrial membrane potential is an important
factor that drives excess mitochondrial ROS production in the
setting of risk factors. Membrane depolarization may activate
ROS production by increasing the activity of complexes [
and III. Membrane hyperpolarization also leads to higher
ROS production and may be particularly relevant to metabolic
disease states in which there is nutrient excess and low demand
for ATP. These conditions are associated with an increase in the
NADH/NAD* ratio and a decrease in the rate of electron flow
that prolongs the lifespan of reactive intermediates at complexes
I and III. These intermediates promote the reduction of oxygen
to superoxide anion.*®! It has been suggested that high glucose
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and fatty acid levels in obesity and diabetes mellitus drive
mitochondrial ROS production by this mechanism.®’

Itis known that nutrient excess alters mitochondrial metabo-
lism in cardiac myocytes and contributes to heart failure.33% In
endothelial cells, where energy requirements are lower, excess
substrate stimulates mitochondrial ROS production to signal
a change in endothelial phenotype. For example, exposure of
endothelial cells to high glucose or fatty acid concentrations
decreases NO bioavailability and activates nuclear factor-
kB and protein kinase C.¥*° These responses are prevented
by mitochondrial membrane depolarization, inhibitors of the
electron transport chain, and overexpression of UCP1, which
may lower membrane potential.” Interestingly, p66Shc-de-
rived ROS have been implicated in glucose-induced endothe-
lial dysfunction in endothelial cells. p66Shc-null mice made
diabetic by streptozotocin injection are protected against the
development of endothelial dysfunction and display increased
expression of eNOS and heme oxygenase-1.% Overexpression
of p66Shc in diabetes mellitus is epigenetically regulated by
promoter hypomethylation and histone acetylation, leading to
endothelial dysfunction that may persist despite restoration of
normal glucose levels.

ROS-induced modifications to mitochondrial components,
including mtDNA, proteins, and lipids, may further exacerbate
ROS production and set-up a vicious cycle that contributes to
vascular disease.®®*' mtDNA damage may lead to decreased
expression of electron transport chain components or expres-
sion of defective components that produce more ROS.” Risk
factors, including older age, cigarette smoking, hypercholes-
terolemia, and hyperglycemia, are associated with increased
mtDNA damage in cardiovascular tissues.” mtDNA damage
correlates with the extent of atherosclerosis in mouse models
and human tissues.” It has recently been proposed that glyca-
tion of mitochondrial proteins might also alter their function
and increase ROS in diabetes mellitus.”

Modified mitochondrial proteins accumulate in disease
states. In the early stages of disease, the combination of dy-
namics, mitophagy, and biogenesis may replace damaged
mitochondrial components and maintain normal mitochon-
drial function. However, impairment of these quality-control
mechanisms leads to the retention of dysfunctional mitochon-
dria that produce excess ROS and promote vascular disease.
It is interesting to note that methods are available to measure
mtDNA damage in human tissues.”’ Oxidative damage to
mtDNA in circulating leukocytes has considerable potential
as a reliable marker of mitochondrial dysfunction that can be
made in readily available blood cells. However, large-scale
application of this approach has not been reported.

Only a few human studies have specifically implicated mi-
tochondria as the source of excess ROS in patients. In patients
with diabetes mellitus, circulating leukocytes and arterioles
isolated from subcutaneous fat display higher mitochon-
drial ROS production and membrane hyperpolarization.?s*
Furthermore, impaired endothelium-dependent vasodilation
in freshly isolated arterioles from diabetic individuals is re-
versed by mild membrane depolarization or mitochondria-tar-
geted antioxidants.” Interestingly, a recent study showed that
low glucose concentrations also stimulate mitochondrial ROS
production, membrane hyperpolarization, and endothelial

Mitochondria and Endothelial Function 1177

dysfunction in cultured cells and isolated human arterioles.”
These findings might explain clinical trials suggesting that
tight glucose control actually might be harmful in patients
with diabetes mellitus and suggest that mitochondria-derived
ROS from any cause can induce endothelial dysfunction.”’
Genetic studies suggest a link between mitochondrial pro-
teins and hypertension. Polymorphisms in mitochondrial
genes, including a subunit of complex IV, correlate with blood
pressure in the Framingham Heart Study.”® In addition, there
is a maternal link in the heritability of blood pressure that may
implicate the mitochondrial genome.” However, the conse-
quences of these polymorphisms for ROS production and their
specific importance for endothelial function remain unknown.

Mitochondrial Antioxidant Enzymes
The first line of defense against mitochondrial superoxide is
MnSOD. MnSOD is located in the mitochondrial matrix and
catalyzes the conversion of superoxide anion to hydrogen per-
oxide. Consistent with a protective role in the endothelium,
MnSOD*~ mice exhibit impaired endothelium-dependent va-
sodilation.'® In addition, apolipoprotein E”~ MnSOD*~ mice
display earlier mtDNA damage and accelerated atherosclero-
sis compared with apolipoprotein E”~ MnSOD** mice.”*
Levels of hydrogen peroxide are regulated by antioxidant
enzymes, including catalase and several mitochondrial and
cytosolic peroxidases. Catalase is located in cytosolic peroxi-
somes. Important mitochondrial peroxidases include thiore-
doxin-2, peroxiridoxin-3, and glutaredoxin-2. Glutathione
peroxidase-1 is located both in mitochondria and in the cyto-
sol in endothelial cells.*!°" As noted, increased expression of
these enzymes is signaled by AMPK and PGC-1a. in response
to hydrogen peroxide and other forms of oxidative stress in
endothelial cells.'*!” Studies in experimental models have
shown that reduced expression of mitochondrial antioxidant
enzymes can induce mitochondrial damage, endothelial dys-
function, and atherogenesis.”*!°*1> Conversely, overexpres-
sion of these proteins is protective against the development of
vascular disease.'®®

Uncoupling Proteins

There is considerable interest in mitochondrial UCPs and
their role in the regulation of ROS production.!**!% UCPs
are localized to the inner mitochondrial membrane and
facilitate movement of protons down their concentration
gradient into the matrix, thus making membrane potential
less negative and uncoupling electron transport chain activity
from ATP production. UCP1 is expressed in brown fat and
plays a role in adaptive thermogenesis. UCP2, which is the
primary isoform in endothelial cells, and UCP3 have high
sequence homology with UCP1 but are expressed at lower
levels. UCP2 and UCP3 contribute to the regulation of
mitochondrial membrane potential when they are activated by
superoxide and act in a compensatory fashion to decrease ROS
production (Figure 2). There is controversy about how ROS
dynamically activate UCP2 and UCP3. In this regard, studies
have implicated protein modification by 4-hydroxynonenal
and reversible glutathionylation.'"'7 Although UCPs may
function in an adaptive manner in most circumstances, it also
has been suggested that activation of UCPs in myocytes under
conditions of nutrient excess may increase ROS production in
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the electron transport chain. This effect may lead to increased
myocardial oxygen consumption and reduced cardiac effi-
ciency in type 2 diabetes mellitus.'®

Experimental studies confirm the importance of UCP2 in
endothelial cells. Decreasing expression with antisense oligo-
nucleotides increases mitochondrial membrane potential and
ROS production.'™ Conversely, UCP2 overexpression reduces
ROS production and inflammatory activation in cultured cells
and improves endothelium-dependent dilation in isolated rat
aorta.'” Expression of UCP2 is dynamically regulated, and
exposure to ROS, nutrient excess, and other forms of cellular
stress stimulate UCP2 expression as part of a stress response
coordinated by AMPK and PGC-1a.'®!" In vivo studies have
shown increased atherosclerosis, ischemic stroke, and impaired
endothelium-dependent vasodilation in UCP2-null mice.!'%-!!?

There is epidemiological evidence that UCP2 may relate
to human cardiovascular disease. For example, the 866 G>A
variant is associated with increased UCP2 expression and a
decrease in the incidence of cardiovascular disease events.'"
Polymorphisms at this locus also may be associated with ca-
rotid artery atherosclerosis.!"* Interpretation of these findings
is complicated by the observation that UCP2 and UCP3 gene
variants are also linked to incident type 2 diabetes mellitus.'"
The direct importance of UCP for the regulation of endothe-
lium-dependent vasodilation or other aspects of endothelial
function has not been directly examined in humans.

NO

NO is another important regulator of mitochondrial bioenerget-
ics and oxidant production. The effects of NO are complex and
depend on the relative availability of oxygen and NO, as well as
the cellular redox state.''® NO inhibits complex IV (cytochrome
c oxidase) by competing with oxygen binding at the binuclear
heme a/Cu, center. In endothelial cells with physiological
levels of bioactive NO, this interaction inhibits mitochondrial
respiration and facilitates ROS signaling.*!'® When cellular lev-
els of reduced glutathione are relatively low in states of oxi-
dative stress, NO has a chronic inhibitory effect on complex [
via S-nitrosylation in a manner that blunts mitochondrial ROS
production. High levels of NO, which may occur in acute in-
flammatory states, reduce mitochondrial reserve capacity in en-
dothelial cells, which may reflect a decreased ability to respond
to cellular stress.""” Conditions that reduce endothelial NO
bioavailability may promote excess mitochondrial ROS pro-
duction by withdrawing the inhibitory effects of NO.**” Under
such conditions, peroxynitrite formed by the reaction of NO
and superoxide may modify complexes I and III in a manner
that further increases ROS production.®' Antioxidant enzymes,
including MnSOD, are also inactivated by peroxynitrite, further
exacerbating oxidative stress within mitochondria.''®

Mitochondria and Calcium Homeostasis in the
Endothelium

Cytosolic calcium levels regulate many aspects of endothe-
lial function. For example, receptor-dependent agonists,
such as acetylcholine and serotonin, activate eNOS by in-
creasing cytosolic calcium and stimulating the binding of
calcium/calmodulin.'” Calcium activates calcium/calmodu-
lin-dependent protein kinase II, which plays a role in eNOS
gene expression and phosphorylation state, and regulates actin

cytoskeletal elements that influence endothelial cell shape,
motility, and barrier function.'” Calcium is also involved in
vascular endothelial growth factor signaling and angiogenic
functions of the endothelium.'!

As has been extensively reviewed,'”>' mitochondria and
the endoplasmic reticulum (ER) cooperate in the regulation of
calcium trafficking and thereby control key aspects of endo-
thelial function. In brief, mitochondria serve as calcium buffer
sites and regulate calcium uptake and release by the ER.'*'%*
Although the ER is the major storage site, =25% of cellular
calcium is localized to mitochondria. During cell stimulation,
continuous flux of calcium through mitochondria is needed
for store-operated entry and ER calcium store refilling.!?
Localized calcium uptake as well as the position of mitochon-
dria in relation to the plasma membrane produce calcium mi-
crodomains that are important in these processes. 125127

Calcium movement in and out of mitochondria is highly
regulated.”*!?> Generally speaking, the availability of multiple
uptake and extrusion channels serves to buffer mitochondrial
calcium levels over the physiological range of cytosolic cal-
cium. When calcium load exceeds the buffering threshold,
mitochondrial calcium increases rapidly and may trigger
mitochondrial-dependent apoptosis. In endothelial cells, hy-
drogen peroxide—induced increases in mitochondrial calcium
may depend, in part, on decreased calcium extrusion via inhi-
bition of the sodium/calcium exchanger.'”® Because calcium
flux through mitochondria is important for ER calcium stores,
inhibition of calcium extrusion by hydrogen peroxide may
deplete ER calcium stores and thereby trigger the unfolded
protein response and apoptosis.'?>1%

The ER maintains specific domains for direct interaction
with mitochondria known as the mitochondria-associated
membrane (MAM). As has been recently reviewed, the MAM
tethers the ER to mitochondria and is enriched with proteins
relevant to calcium and lipid metabolism.!” MAMs facilitate
calcium exchange that is important for ER regulation of mito-
chondrial energetics and apoptosis.'?

A recent study suggests that MAMs are relevant to pul-
monary hypertension. In pulmonary arterial vascular smooth
muscle cells, disruption of mitochondria—ER interactions by
the reticulon protein Nogo-B impairs hypoxia-induced apop-
tosis, leading to the typical proliferative lesions seen in pul-
monary hypertension.'* Interestingly, Nogo-B expression is
also increased in endothelial cells in pulmonary hypertension,
and it has been suggested that endothelial cells also may as-
sume a proliferative apoptosis-resistant phenotype in this con-
dition. However, the specific importance of Nogo-B and other
aspects of MAM biology have not been extensively studied in
endothelial cells.

Physiological changes in mitochondrial and cytosolic
calcium concentrations have important regulatory effects
on many aspects of mitochondrial function, including ROS
production, energetics, motility, dynamics, and biogenesis.*!*
Calcium activates Krebs cycle enzymes and oxidative
phosphorylation, thus increasing ATP production.'?*1%
Cytosolic calcium regulates mitochondrial motility through
the Miro-Milton protein complex, which interacts with the
outer mitochondrial membrane and couples mitochondria
to microtubules.!>!3! Miro acts as a calcium sensor and is
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responsible for the retention of mitochondria in regions of high-
calcium levels. Cytosolic calcium plays a role in mitochondrial
dynamics through calcineurin, which activates DRP1 and
stimulates mitochondrial fission.'312*13! Finally, mitochondrial
calcium is an important regulator of mitochondrial biogenesis
and increases expression of PGC-1a.'*

There is evidence that altered mitochondrial calcium con-
tributes to endothelial responses in pathological states. For
example, high glucose increases cytosolic and mitochondrial
calcium and alters histamine signaling in cultured human
endothelial cells.®® Mitochondrial calcium uptake and ROS
production are required for the shedding of cell membrane
receptors for tumor necrosis factor-o. (TNF-a) in response to
TNF-a stimulation. This compensatory effect blunts the extent
of endothelial activation under proinflammatory conditions.'*?

A recent human study examined the transient receptor po-
tential vanilloid type 4 (TRPV4) channel, a cell membrane
mechanosensitive calcium channel, in myocardial arterioles
isolated from patients with coronary artery disease.'* In that
study, activation of transient receptor potential vanilloid type 4
channels stimulated calcium entry, mitochondrial ROS release,
and endothelium-dependent vasodilation.!*3 It has been sug-
gested that transient receptor potential vanilloid type 4 chan-
nels are localized in close proximity to mitochondria associated
with cytoskeletal elements”!** and may provide an example of
how calcium microdomains contribute to mitochondrial ROS
signaling in humans. Overall, there is a paucity of translational
studies of mitochondrial calcium flux in the endothelium.

Mitochondrial Regulation of Endothelial Cell Death
Mitochondria are implicated in cell death pathways, includ-
ing apoptosis and programmed necrosis (necroptosis).®!**
Necroptosis is initiated by death receptors, such as TNF re-
ceptor 1, and involves the activities of receptor-interacting
proteins 1 and 3.%51¢ Studies suggest that mitochondria
contribute to necroptosis execution. For example, TNF-
a—induced necrosis requires the formation of protein com-
plexes that include receptor-interacting protein 1 (RIP1) and
receptor-interacting protein 3 (RIP3), and the mitochondrial
phosphoglycerate mutase-5/protein phosphatase (PGAMS)
at the mitochondrial outer membrane.'”’ Interestingly, phos-
phoglycerate mutase-5 activates DRP1 by dephosphorylation,
thus facilitating mitochondrial fragmentation."”” Nitration of
mitochondrial complex I and membrane depolarization also
contribute to necroptosis in endothelial cells.”*® Although
myocardial cell necroptosis contributes to ischemic injury and
heart failure,'* relatively little is known about the importance
of this process in the endothelium.

Mitochondria are also central mediators of apoptosis.
Briefly, intrinsic apoptosis is initiated by cellular stressors, in-
cluding hypoxia, ROS, oxidized low-density lipoprotein, and
DNA damage. Such stimuli activate BH3-only proteins, which
inhibit antiapoptotic factors, including B-cell lymphoma 2
(BCL-2), and allow activation of BCL2-associated X protein
(BAX) and BAK. It is generally held true that these proapop-
totic factors induce mitochondrial outer membrane permea-
bilization and depolarization, opening of the MPT pore and
the release of mitochondrial proteins into the cytosol 312313
However, recent studies have questioned the role of MPT

32,139,140
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pore opening in intrinsic apoptosis.!*! The intrinsic apoptosis
pathway also involves mitochondrial fission, because DRP1
and BAX/BAK cooperate in the induction of outer membrane
permeabilization and fission.’>!40142 Release of cytochrome c,
second mitochondria-derived activator of caspases/DIABLO,
HtrA2/Omi, and other mitochondrial proteins activate caspas-
es and apoptosis.'*’

The MPT pore has received considerable attention because
of its possible role in cell death pathways as well as its role in
ischemia-reperfusion injury and ischemic preconditioning. As
recently reviewed, the MPT pore is believed to be a multicom-
ponent and relatively large nonselective channel.'** Although
the essential and nonessential components of the MPT pore
remain highly controversial, both adenine nucleotide trans-
locase and cyclophilin D serve regulatory functions, and the
roles of the voltage-dependent anion channel and BAX have
been established as nonessential.'***'*> Under physiological
conditions, the pore is functionally closed. In vitro experi-
ments with endothelial cells suggest that short MPT open-
ings may serve a protective function, dissipating membrane
potential in response to oxidative stress or calcium overload,
whereas lengthy MPT openings may trigger apoptosis.3%123-14!
However, it remains uncertain whether short or prolonged
MPT openings contribute to physiological or pathological
processes in vivo.

In the endothelium, cardiovascular risk factors can trigger
apoptosis by multiple mechanisms. Apoptosis is observed in
cells exposed to high glucose and in animal models of diabe-
tes mellitus, and under these conditions, apoptosis is inhibited
by interventions that decrease ROS or inhibit MPT pore open-
ing."147 Hyperglycemia-induced apoptosis has been shown to
involve activation of nuclear factor-kB and protein kinase C,
which, as discussed, can activate p66Shc and trigger the MPT
pore.®”%8 Downregulation of connexin 43 in the inner mito-
chondrial membrane in retinal endothelial cells also contrib-
utes to apoptosis under high glucose conditions.'*® In cardiac
myocytes, connexin 43 is known to play a role in ischemic pre-
conditioning,'* possibly by functioning as an uncoupling pro-
tein or potassium channel to decrease mitochondrial ROS.'s°
Another reported stimulus for apoptosis in endothelial cells
and renal podocytes is phosphorylation of DRP1 at serine-600
by rho-associated coiled-coil containing protein kinase 1
(ROCK1).3*1" This mechanism may have clinical relevance
because rho-associated coiled coil-containing protein kinase 1
inhibitors are in development as drugs."' As discussed, DRP1
is also activated by dephosphorylation at serine-656 by calci-
neurin in response to increased cytosolic calcium, suggesting
multiple regulatory mechanisms that link mitochondrial dy-
namics and calcium signaling with apoptosis.

In addition to diabetes mellitus, other risk factors may
provoke apoptosis in endothelial cells. Senescent endothelial
cells are more sensitive to proapoptotic stimuli,'> which may
be attributable in part to decreased expression of BCL-2.'%
Relevant to hypertension, angiotensin II induces apoptosis
in cultured endothelial cells."** As discussed, angiotensin II—
stimulated apoptosis represents an example of ROS—induced
ROS signaling and is mediated by NOX, protein kinase
C, mitochondrial ATP-sensitive potassium channels, and
peroxynitrite formation.®! The effects of angiotensin II are
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blunted by overexpression of the mitochondrial peroxidase
thioredoxin 2, further suggesting that mitochondrial ROS
play a role in this response.'® Relevant to dyslipidemia and
atherosclerosis, oxidized low-density lipoprotein has been
shown to induce apoptosis in endothelial cells by increasing
mitochondrial ROS and activating pS3, which leads to BAX
translocation to the mitochondrial membrane and release of
cytochrome c.'3313

Several human studies suggest that endothelial apoptosis
may be important in vascular disease. For example, serum
from patients with heart failure induced apoptosis in cultured
endothelial cells, as reflected by DNA fragmentation and mito-
chondrial cytochrome c release.'”’ In addition, circulating en-
dothelial microparticles from patients with heart failure display
markers of apoptosis. Similarly, serum from patients with acute
coronary syndrome induces endothelial cell apoptosis, and the
effect was blunted by treatment with an angiotensin-convert-
ing enzyme inhibitor.® Although the circulating factors that
induced endothelial cell apoptosis were not identified in those
studies, similar changes were induced in isolated endothelial
cells by TNF-a, which is known to be increased in patients
with heart failure and coronary artery disease."’ Finally, study
of surgical specimens from patients undergoing carotid end-
arterectomy demonstrated endothelial apoptosis in regions of
low shear stress, which are known to be prone to atherosclero-
sis.’® QOverall, these limited human studies show associations
between mitochondria-regulated cell death pathways and car-
diovascular disease, and may suggest targets for therapy.

Heme Synthesis and Metabolism in the
Endothelium
The mitochondrion is the site of heme synthesis.'® Heme is es-
sential for the function of electron transport chain complexes
and a variety of other proteins, including eNOS. Heme synthe-
sis begins with the formation of amino levulinic acid (ALA)
by ALA synthase-1. ALA is then transported from the mito-
chondrion to the cytoplasm, where it is converted to copropor-
phyrinogen III. This intermediate is transported back into the
mitochondrion and converted to protoporphyrin IX. Ferrous
iron (Fe*) is incorporated into protoporphyrin IX to form heme.
In addition to providing enzyme prosthetic groups, heme
synthesis may function to reduce oxidative stress by seques-
tering redox active iron that would otherwise promote ROS
formation. Inhibition of heme synthesis in rats is associated
with decreased NO production and impaired endothelium-de-
pendent vasodilation.'®! Interestingly, expression of ALA syn-
thase-1 is regulated by PGC-10.,'®* possibly coordinating heme
synthesis with other cytoprotective responses, such as mito-
chondrial biogenesis and expression of antioxidant enzymes.
The mitochondrial inner membrane transport protein ATP-
binding cassette—mitochondrial erythroid (ABC—me) plays a
role in heme synthesis and reduction of oxidative stress. ABC—
me expression is regulated by heme and was initially recog-
nized because of its role in erythropoiesis.'®*'® ABC-me is
believed to function as an ALA transporter and to stabilize mi-
toferrin 1, a mitochondrial iron importer. Interestingly, cardiac
ischemia-reperfusion injury in mice heterozygous for ABC—
me (ABC-me*") is associated with increased ROS production,
oxidative damage to mitochondria and the sarcoplasmic/ER

calcium/ATPase pump, impaired mitochondrial respiration,
and more severe cardiac dysfunction.'** These effects may be
attributable to altered heme synthesis and mitochondrial iron
homeostasis. A preliminary study demonstrated that ABC—me
is expressed in endothelial cells and that high glucose lowers
ABC-me expression, which might inhibit heme synthesis and
thereby contribute to mitochondrial ROS production and vas-
cular dysfunction.!

Heme is metabolized by heme oxygenase-1, which forms
biliverdin and carbon monoxide, and releases iron. Biliverdin
is subsequently converted to bilirubin. It has been argued
that heme oxygenase may have both pro-oxidant and antioxi-
dant effects in the cell.'®*1¢ Release of redox active iron may
increase the formation of ROS, and carbon monoxide inhib-
its complex IV in a manner that increases ROS.'” On the
contrary, bilirubin is an antioxidant and carbon dioxide has
vasodilator properties that mimic the generally favorable ef-
fects of NO via activation of guanylyl cyclase.'®® Heme oxy-
genase expression is induced by AMPK via the transcription
factor nuclear respiratory factor-2.'” A recent study showed
that endothelial-selective constitutive activation of AMPK
prevented the development of endothelial dysfunction in a
heme oxygenase—dependent manner in a mouse model of
diabetes mellitus.'® Heme oxygenase also has been shown
to have antiapoptotic effects in endothelial cells.'”®

Several clinical studies have examined the links between
heme metabolism and human cardiovascular disease. For ex-
ample, patients with diabetes mellitus have reduced red blood
cell ALA synthase activity.!”! A large number of observational
studies have shown correlations between heme oxygenase-1
expression in circulating blood cells and coronary artery dis-
ease and diabetes mellitus.'®® Many of these studies show
higher levels of heme oxygenase-1 in patients with risk fac-
tors or vascular disease. These findings might implicate heme
oxygenase in disease pathogenesis or could represent a com-
pensatory response. It is impossible to distinguish these pos-
sibilities or to draw conclusions about the utility of targeting
heme oxygenase for therapy, given the observational design of
these studies. The specific importance of heme synthesis and
heme oxygenase activity for endothelial function has not been
directly examined in humans.

Interventions That Improve Mitochondrial
Function in the Endothelium

As discussed, a variety of risk factors induce mitochondrial
dysfunction in the endothelium, which may contribute to the
pathogenesis of atherosclerosis. This observation prompts
speculation that interventions that restore mitochondrial
function might be protective.'” A list of potential interventions
that might affect vascular disease is provided in Table 1. Also
refer to the review by Walters et al” that focuses on these and
other interventions that affect mitochondrial function in the
myocardium.”

Mitochondria-Directed Antioxidants

There is considerable interest in the therapeutic potential of
mitochondrial-directed antioxidants. Because mitochondrial-
derived ROS are important for signaling, a strategy that reduces
ROS to physiological levels rather than completely eliminates
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Table 1. Potential Interventions to Improve Mitochondrial
Function in the Endothelium

Intervention Effect
Mitochondrial-targeted Scavenge mitochondrial ROS
compounds
MitoQ
Mito-o. tocopherol
Mito-tempol
S-nitroso-TPP Mitochondrial-targeted NO donor
Lipoic acid ROS scavenger, cofactor for Krebs cycle

enzymes
Fatty acid transport into mitochondria
Activate biogenesis

Carnitine/acetyl-L-carnitine

Activators of AMPK/PGC-1a.
Calorie restriction Inhibit apoptosis

Exercise Decrease ROS

2-Deoxyglucose

Metformin

Thiazolidinediones

Resveratrol

Activate eNOS

Improve angiogenesis

Sirtuin activators

Promote mitochondrial biogenesis
Reduce mitochondrial ROS
Improve energetics

Mdivi-1 Inhibit DRP1 and mitochondrial fission

FCCP, dinitrophenol Membrane depolarizers (current agents are

limited by toxicity)

AMPK indicates AMP-activated protein kinase; DPR1, dynamin-related
protein-1; eNOS, endothelial nitric oxide synthase; FCCP, carbonyl cyanide
p-(trifluoromethoxy) phenylhydrazone; Mdivi, mitochondrial division inhibitor-1;
MPT, mitochondrial permeability transition; NO, nitric oxide; PGC-1a., peroxisome
proliferator—activated receptor-y coactivator-1a; ROS, reactive oxygen species;
TPP, triphenylphosphonium.

ROS, likely will be important.'” One strategy to target mito-
chondrial ROS is to link antioxidant compounds with a lipo-
philic cation, such as triphenylphosphonium.'”> Mitoquinone
(MitoQ) is a triphenylphosphonium-modified ubiquinone that
is reduced to ubiquinol within the mitochondria matrix. A sim-
ilar approach has been used to direct a-tocopherol or the SOD
mimetic tempol to mitochondria.

MitoQ had favorable effects in preclinical studies of isch-
emia-reperfusion injury, sepsis, adriamycin toxicity, and
Parkinson’s disease.'”” Regarding endothelial function, MitoQ
was shown to inhibit oxidative damage and apoptosis in cul-
tured endothelial cells,'”* blunt amyloid light chain—induced
dysfunction in isolated arterioles,'” and improve endotheli-
al function and lower blood pressure in hypertensive rats.'”
Mito-Tempol lowers blood pressure and improves endothe-
lium-dependent vasodilation in mouse models of hyperten-
sion.*? Clinical studies have examined MitoQ for the treatment
of Parkinson’s disease'”” and chronic hepatitis C'”® with mixed
results. At the present time, it remains unknown whether
MitoQ or other triphenylphosphonium-linked compounds will
have favorable effects on endothelial function or cardiovascu-
lar disease in humans.
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Lipoic Acid and Acetyl-1-Carnitine
Lipoic acid is a mitochondrial antioxidant and a coenzyme re-
quired for the activity of the Krebs cycle. L-carnitine plays an
important role in energy production by conjugating fatty acids
for transport into mitochondria. Oral carnitine supplementa-
tion in humans is frequently formulated as acetyl-L-carnitine,
which enters mitochondria and improves mitochondrial func-
tion to a greater extent than L-carnitine.!” In animal models of
aging, diabetes mellitus, and hypertension, the combination
of lipoic acid and acetyl-L-carnitine reverses abnormalities
of mitochondrial membrane potential, ATP production, and
ROS production in a variety of tissues.'® In cultured endo-
thelial cells, lipoic acid improves NO production, blunts in-
flammatory activation, and increases the antiapoptotic protein
BCL-2."8-18 Dietary supplementation with lipoic acid or
acetyl-L-carnitine improves NO bioavailability and reduces
atherosclerosis lesion formation in animal models.'185
Lipoic acid, L-carnitine, and acetyl-L-carnitine are available
over-the-counter as dietary supplements, and their effects on
vascular function have been examined. Lipoic acid improves
endothelial function in patients with metabolic syndrome
or diabetes mellitus, and L-carnitine blunts free fatty acid—
induced endothelial dysfunction.’®' Tt remains unclear,
however, whether the beneficial effects of these compounds
on endothelial function can be attributed to an effect on mito-
chondrial function.

Interventions That Activate AMPK and PGC-1a
Interventions that increase the activity of AMPK and PGC-1a
have been consistently shown to improve endothelial function
in animals. For example, short-term calorie restriction reverses
endothelial dysfunction and oxidative stress in old mice.'®
Calorie restriction also promotes mitochondrial biogenesis
and increases expression of MnSOD.!® The glycolysis
inhibitor 2-deoxyglucose activates AMPK, induces autophagy,
and protects against cell death in cultured endothelial cells.*?
The thiazolidinediones, including pioglitazone, also have
been reported to activate PGC-1a and increase mitochondrial
biogenesis in endothelial cells.'”' Metformin, which activates
AMPK, has been shown to inhibit MPT pore opening and
endothelial apoptosis, and to prevent the development of
endothelial dysfunction in experimental models.!"!¥

With regard to clinical studies, it is well-established that
exercise and weight loss improve endothelial vasodilator
function in patients with obesity, diabetes mellitus, and other
risk factors.! A weight loss and exercise program increased
expression of PGC-1a in skeletal muscle of elderly women.*
Metformin reverses endothelial dysfunction in patients with
diabetes mellitus,'? although it remains unclear whether
metformin actually activates AMPK in vivo. Given the many
favorable effects of these interventions on risk factors and me-
tabolism, mechanisms beyond improved mitochondrial func-
tion may be important.

Sirtuins

The sirtuins play important roles in the regulation of lifespan
and metabolism, with implications for mitochondrial function,
and may be targets for therapy, as was recently reviewed.'**1%*
Sirtuins regulate gene expression and enzyme activity via their
activity as NAD*-dependent deacetylases. Sirtuin 1 (SIRT1)
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deacetylates and activates PGC-1a, leading to favorable ef-
fects on glucose and lipid metabolism and expression of mito-
chondrial genes.!?>19-17 SIRT3 is specifically localized to the
mitochondrial matrix and controls mitochondrial energetics
by deacetylating mitochondrial enzymes.'**!*® Interestingly,
SIRT3 also deacetylates and activates MnSOD, and thus may
reduce mitochondrial superoxide levels.'”

With regard to the cardiovascular system, there is exten-
sive evidence that SIRT1 has protective effects against isch-
emic injury and hypertrophy in the heart."® SIRT1 is known
to deacetylate and activate eNOS in the endothelium and
to regulate angiogenesis.!?*?2! In a study of elderly hu-
man subjects, SIRT1 expression was reduced in endothelial
cells isolated from the brachial artery and correlated with
endothelium-dependent vasodilation.?*

There is limited evidence that the mitochondrial SIRT3
may have favorable effects in endothelial cells, although it is
unclear whether such effects are mediated through alterations
in mitochondrial function. For example, endothelial-specific
inhibition of nuclear factor-xB in a mouse model is associ-
ated with reduced inflammation, improved insulin sensitivity,
enhanced mitochondrial biogenesis, improved blood flow, and
increased lifespan.”® In vascular tissue from these animals,
there is upregulation of SIRT3.?** In humans, aging is associ-
ated with reduced expression of SIRT3 in skeletal muscle of
sedentary, but not endurance-trained, individuals. To date, the
effects of specific SIRT3 activation on endothelial function
have not been examined in experimental models or human
subjects. However, there is currently great interest in the pos-
sibility that activators of SIRT1 and SIRT3 will have benefits
against metabolic and cardiovascular disease.'™*

Resveratrol

Resveratrol (3,4",5-trihydroxystilbene) is a polyphenolic com-
pound found in a variety of foods, including grapes and red
wine. Initial experimental studies reported that resveratrol ac-
tivates SIRT1.%** More recent evidence suggests that the bene-
ficial effects of resveratrol also involve activation of AMPK 2%
In animal models, resveratrol mimics the beneficial effects of
calorie restriction on insulin sensitivity, mitochondrial bio-
genesis, and longevity.”**

Resveratrol induces mitochondrial biogenesis in endotheli-
al cells by increasing PGC-1a and nuclear respiratory factor-1
in a manner that depends on SIRT1 and eNOS activation, and
has similar effects in the aorta of diabetic (db/db) mice.?* In
endothelial cells, resveratrol has antioxidant effects and has
been shown to increase the expression of MnSOD and to re-
duce cellular hydrogen peroxide levels.*” Furthermore, res-
veratrol has cytoprotective properties and prevents induction
of apoptosis in the setting of oxidative stress by upregulation
of BCL-2.2% This constellation of atheroprotective effects has
generated significant interest for therapeutic applications. In
obese humans, oral resveratrol treatment was shown to acutely
improve endothelium-dependent vasodilation.?” A number of
other ongoing clinical trials are examining resveratrol treat-
ment for metabolic and vascular end points but, to date, the
effects of long-term resveratrol treatment on vascular func-
tion, mitochondrial function, or cardiovascular disease remain
unknown.

Inhibition of Mitochondrial Fission

Clinical studies suggest that diabetes mellitus and other
pathological states are associated with increased mitochon-
drial fission and impaired autophagy in the endothelium.**¢
Mitochondrial division inhibitor-1 (Mdivi-1) is an inhibitor of
the fission protein DRP1 and has been shown to decrease mito-
chondrial outer membrane permeabilization, cytochrome c re-
lease, and apoptotic cell death.?! Mdivi-1 also has been shown
to limit ischemia reperfusion injury in isolated myocytes and
to reduce infarct size in a mouse model.*'" The effects of this
compound on endothelial function are unknown.

Mitochondrial Membrane Depolarizing Agents

UCPs, including UCP2, act to induce mild membrane de-
polarization and reduce mitochondrial ROS production.'®
Overexpression of UCP2 improves endothelial function in a
rat model,'” suggesting that an uncoupling agent might have
therapeutic potential. In arterioles isolated from patients with
diabetes mellitus, the uncoupling agent carbonyl cyanide p-
(trifluoromethoxy) phenylhydrazone lowers membrane poten-
tial and improves endothelial function.?® 2,4-dinitrophenol is
another uncoupling agent that has been used in humans for
the treatment of obesity.'”* Clinical trials with this compound
were stopped because of high toxicity, but it remains possible
that less potent, self-limiting uncoupling agents might prove
useful mitochondria-directed therapeutics.'”

MicroRNAs

There is recent appreciation of the importance of microRNAs
(miRs) in the coordination of many biological processes.?? In
pulmonary endothelial cells, miR-210 has been identified as a
repressor of iron—sulfur cluster assembly proteins 1/2, which
are important for the expression of components of the electron
transport chain and Krebs cycle.””® Under conditions of
hypoxia and activation of hypoxia-inducible factor-1a, miR-
210 is upregulated, thereby repressing mitochondrial iron—
sulfur enzymes and mitochondrial respiration in endothelial
cells. This response may be important for the Pasteur effect
and the mammalian adaptation to hypoxia.?'* Given the recent
interest in miRs as therapeutic targets,?'? these results suggest
that targeting miR-210 might be an approach to broadly
regulate mitochondrial respiration and endothelial function.

Conclusions
This article reviews the key aspects of mitochondrial function
in the endothelium. Mitochondrial content in endothelial cells
is relatively modest, and subcellular localization relative to the
nucleus, cytoskeletal elements, calcium channels, and the ER
is important for ROS and calcium signaling. In addition to reg-
ulating biogenesis, PGC-1a orchestrates a cellular response
to oxidative stress by increasing the expression of mitochon-
drial antioxidant enzymes and UCPs. Mitochondrial quality-
control mechanisms, including mitochondrial dynamics and
autophagy/mitophagy, are needed for normal angiogenic
and vasodilator function of endothelial cells. Mitochondrial
ROS are important for signaling physiological responses to
nutrient status, hypoxia, and shear stress. An array of antioxi-
dant enzymes, UCPs, and other mechanisms in mitochondria
combine to modulate and direct ROS signals. Mitochondria
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Table 2. Translational Methods for Study of Mitochondria and Endothelial Function in Humans
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Method/Approach Examples Lead Author
Isolated arterioles Mitochondria anchored to cytoskeleton are involved in shear stress—mediated NO Liu®
release
ROS mediates flow-induced vasodilation in adipose arterioles in patients with Phillips®
coronary artery disease
Increased mitochondrial ROS and membrane potential in diabetes mellitus Kizhakekuttu®®
Endothelial dysfunction reversed by FCCP and mito-tempol in adipose arterioles
Calcium microdomains important for flow-mediated dilation of coronary arterioles Bubolz'*
Endothelial cells obtained by biopsy  Decreased mitochondrial mass in pulmonary hypertension Xu®
Increased FIS1 and mitochondrial fragmentation in diabetes mellitus Shenouda®
Increased p62, lower beclin-1 in elderly subjects Larocca®®
Decreased SIRT1 in elderly subjects Donato?
Excised atherosclerotic lesions Increased mtDNA damage Ballinger®*
Apoptosis in endothelial cells from low-shear stress regions adjacent to carotid Tricot™

Genetic polymorphisms

plaques

PGC-1a associated with hypertension, carotid, and coronary atherosclerosis

OPA1, MFN2 associated with hypertension

Polymorphisms in mitochondria-encoded genes associated with blood pressure and

Oberkofler,” Iglseder,?® Zhang,*
Wang,*' Jin*?
Liu®

blood glucose

Polymorphisms in UCP2 related to coronary disease events
Endothelium-dependent vasodilation Beclin-1 correlated with impaired endothelium-

dependent vasodilation

Ischemic preconditioning and diazoxide prevent ischemia-reperfusion injury in the

forearm, implicating mitoK,, channels

Flow-mediated dilation inhibited by ROS scavengers in healthy volunteers, possibly

implicating ROS in signaling
Intervention studies
function

Lipoic acid, L-carnitine, metformin, and resveratrol treatment improve endothelial

Cheurfa'®
Larocca®®

Broadhead,”” Loukogeorgakis™

Richardson®*

Heinisch,'® Sola,'®” Shankar,'® Mather,'*
Wong?®

FCCP indicates carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone; FIS1, fission 1; MFN2, mitofusin-2; mtDNA, mitochondrial DNA; mitoKATP, mitochondrial
ATP-sensitive potassium channel; NO, nitric oxide; OPA1, optic atrophy protein 1; PGC-1c, peroxisome proliferator—activated receptor-y coactivator-1a; ROS, reactive

oxygen species; UCP2, uncoupling protein-2.

interact with the ER to regulate calcium signaling, which is
essential for the key aspects of endothelial function, includ-
ing eNOS activation, motility, barrier function, and angio-
genesis. In general, physiological ROS signaling and calcium
signaling activate short-term or long-term functional changes
in endothelial cells to maintain blood flow to tissues through
control of vascular tone and angiogenesis. Physiological ROS
signaling that promotes inflammation is important for normal
immune function. Such signals are also involved in regulated
cell death pathways, which eliminate senescent and irrevers-
ibly damaged cells. Excessive ROS and disordered calcium
signaling, however, contribute to the pathogenesis of vascular
disease. Finally, we reviewed the importance of mitochondria
in heme synthesis and metabolism, which, in addition to gen-
erating heme for use as an enzymatic cofactor, may be emerg-
ing as another aspect of mitochondrial function that regulates
cellular redox state in the endothelium.

Although a large body of experimental work has shown that
mitochondria are important for endothelial function, only a
relatively small number of translational studies have shown the
clinical relevance of these mechanisms in humans (Table 2). As
described, studies of isolated vascular tissue and endothelial
cells from patients with diabetes mellitus and elderly humans
indicate the importance of subcellular location, biogenesis,

dynamics, autophagy, and pathological ROS levels. Only a few
studies have investigated the signaling aspects of ROS and cal-
cium, and little is known about the specific importance of en-
dothelial PGC-1a., regulated cell death, and heme metabolism
in humans. Epidemiological studies have shown correlations
between human disease and polymorphisms of genes related
to mitochondrial function. Blood markers of mitochondrial
dysfunction, such as mtDNA damage and mitochondrial oxy-
gen consumption in circulating leukocytes or platelets, may
facilitate studies of systemic abnormalities of mitochondrial
function and their relation to cardiovascular disease. The pre-
sented studies suggest that mitochondria-directed therapies
have potential for the prevention and management of cardio-
vascular vascular disease, in part by improving mitochondrial
function in the endothelium.
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