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A Wide Variety of Functions and Distinguishing Features
of Mitochondria

Mitochondria are evolutionary remnants of aerobic bacteria that
invaded protoeukaryotic cells a billion years ago. The ability to utilize
oxygen drove the development and evolution of the cardiovascular
system in multicellular organisms, and for this reason mitochondria
are linked to the cardiovascular system from the earliest stages of
evolution [1]. Their role in the cardiovascular system is an intense
area of recent research contributing to the idea that mitochondrial
dysfunction is essential to cardiovascular disease (CVD).

Mitochondria are considered to be the powerhouse of the cell
being the primary generators of adenosine triphosphate (ATP)
(Figure 1). Known mitochondrial functions extend beyond ATP
production to include other cellular processes such as mitochondria-
derived reactive oxygen species (ROS) signaling, Ca*" signaling,
apoptosis, heme synthesis [2], inflammation [3], and embryonic
development [4]. Interestingly, mitochondria communicate with the
endoplasmic reticulum (ER) because the ER is the largest consumer
of mitochondrial ATP and mitochondria critically depend on ER-
derived Ca** [5,6]. The interorganelle communication is important
for the vital exchange of lipids, Ca**, and ATP.

In addition, mitochondria communicate a great deal with the
nucleus to enable mitochondrial biogenesis, which occurs in response
to various stimuli, from cold to fuel deprivation to exercise. The
peroxisome proliferator-activated receptor-ycoactivator-la (PGC-
la) is a master regulator of mitochondrial biogenesis. It has been
argued that PGC-la-induced biogenesis protects against excessive
mitochondrial ROS and oxidative stress by supplying undamaged
mitochondria that produce less ROS [7].

Mitophagy refers to the selective autophagy (i.e., a regulated
pathway of cellular degradation) of mitochondria. Stimuli for
mitophagy also activate PGC-1la and biogenesis, providing fresh
replacements for eliminated mitochondria [8]. Mitochondrial
biogenesis, fission and fusion dynamics, and mitophagy provide a
unified mechanism for mitochondrial quality control.

Thus, mitochondria have the capacity to impact a wide range of

cellular processes via energy-dependent and energy-independent
mechanisms.

Role of Mitochondrial ROS in Endothelial Cells

Mitochondrial content in endothelial cells is relatively modest,
and energy requirements in these cells are relatively low compared to
cardiac myocytes and other cell types. Endothelial cells obtain a large
proportion of their energy from the anaerobic glycolytic metabolism
of glucose [9,10]. Even if the endothelial mitochondrial respiration
chain were to play a limited role in energy production, it may play a
physiologically relevant role by virtue of its ROS-producing capacity.

Whereas the primary site of oxygen consumption in mitochondria
is cytochrome c oxidase (complex IV), sources of mitochondrial ROS
are complexes I and III. The first line of defense against mitochondrial
superoxide is manganese superoxide dismutase (MnSOD), which
catalyzes the conversion of superoxide anion to hydrogen peroxide.
Levels of hydrogen peroxide are regulated by catalase and several
mitochondrial and cytosolic peroxidases. Mitochondrial uncoupling
proteins (UCPs) are considered another regulator of ROS production,
and the importance of UCP2 in endothelial cells is confirmed by
several experimental studies (11-13). For example, UCP2 impacts
endothelial phenotype such as proliferative response via superoxide/
p53-mediated control of mitochondrial dynamics [13].

Nitric oxide (NO) is another important regulator of mitochondrial
bioenergetics and oxidant production. Conditions that reduce
endothelial NO bioavailability may promote excess mitochondrial
ROS production by withdrawing the inhibitory effects of NO [14].
Under such conditions, peroxynitrite formed by the reaction of
NO and superoxide may modify complexes I and IIT in a manner
that further increases ROS production [15]. Antioxidant enzymes,
including MnSOD, are also inactivated by peroxynitrite, further
exacerbating oxidative stress within mitochondria [16].

Role for Mitochondria in Endothelial Function

Recent work has emphasized the importance of mitochondria
in endothelial function as well as endothelial cell response to
environmental cues. At any given time in endothelial cells,
mitochondrial holds ~25% of cellular calcium, although the ER is its
major storage site [17]. Mitochondria serve as calcium buffer sites
and regulate calcium uptake and release by the ER [5,18].

Cytosolic calcium levels regulate many aspects of endothelial
function. For example, acetylcholine and serotonin activate
endothelial NO synthase (eNOS) by increasing cytosolic calcium
and stimulating the binding of calcium/calmodulin, leading to
changes of eNOS gene expression and phosphorylation site, and
actin cytoskeletal elements [19]. Calcium is also involved in vascular
endothelial growth factor signaling [20].

Thus, mitochondria interact with the ER to regulate calcium
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Figure 1: The functional features of the mitochondrial respiratory chain and oxidative phosphorylation system. The electron transport chain carries both
protons and electrons, passing electrons from donors to acceptors (e.g., NADH to O,), and transporting protons across a membrane.
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signaling, whichis essential for the key aspects of endothelial
function, including eNOS activation, motility, barrier function,
and angiogenesis. A functional or structural disruption of the ER-
mitochondria unit could have multiple effects not only on calcium
signaling, but also on metabolism of lipids and ATP production.

Role for Endothelial Mitochondria in Diabetes and

Cardiovascular Disease

The endothelium plays a central role in vascular homeostasis and
the pathogenesis of CVD. Recent studies have shown that the severity
of endothelial dysfunction relates to the risk for an initial or recurrent
cardiovascular event. A growing number, but not all, of interventions
that reverse endothelial dysfunction also reduce cardiovascular risk,
and the ones known to reduce cardiovascular risk also improve
endothelial function [21]. Endothelial dysfunction is thought to be a
specific disease process of CVD.

Impaired calcium signaling between mitochondria and the
ER causes eNOS dysfunction and NO bioavailability. Impaired
NO signaling has been proposed as an important mediator of
atherosclerosis [22]. In addition, endothelial mitochondria increase
production of ROS in response to lipid oxidation products such as
oxidized low-density lipoprotein (oxLDL) which infiltrates into the
arterial endothelium [23].

In vitro studies have determined that hyperglycemia inhibits
eNOS activity and expression in aortic endothelial cells by increasing
mitochondrial superoxide production [24]. Hyperglycemia may also
affect mitochondrial Ca?*dynamics as suggested by the finding that
culturing endothelial cells under hyperglycemic conditions results
in increase [Ca*]m after histamine-mediated [Ca®*]c signaling,
possibly as a consequence of altered mitochondrial morphology [25].
A recent study showed mitochondrial fragmentation and an increase
in fission-1 (FIS1), a mitochondrial fission protein, in freshly isolated
endothelial cells from patients with diabetes mellitus [26,27]. Genetic
polymorphisms in the optic atrophy protein 1 and mitofusin-2 genes
(OPA1 and MFN2; mitochondrial fusion genes) are associated with
hypertension [28,29].

These studies suggest links between mitochondrial dynamics and
cardiometabolic diseases, and raise the possibility that interventions
directed toward restoring normal mitochondrial dynamics might
have therapeutic benefit.
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