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Abstract Mitochondria are the primary source for energy
generation in the cell, which manifests itself in the form of
the adenosine triphosphate (ATP). Nicotinamide dinucleotide
(NADH) molecules are the first to enter the so-called electron
transport chain or ETC of the mitochondria. The ETC repre-
sents a chain of reducing agents organized into four major
protein-metal complexes (I-IV) that utilize the flow of elec-
trons to drive the production of ATP. An additional integral
protein that is related to oxidative phosphorylation is ATP
synthase, referred to as complex V. Complex V carries out
ATP synthesis as a result of the electron flow through the
ETC. The coupling of electron flow from NADH to molecular
oxygen to the production of ATP represents a process known
as oxidative phosphorylation. In this review, we describe
mainly the bioenergetic properties of mitochondria, such as
those found in the ETC that may be altered in Alzheimer’s
disease (AD). Increasing evidence points to several mitochon-
drial functions that are affected in AD. Furthermore, it is be-
coming apparent that mitochondria are a potential target for
treatment in early-stage AD. With growing interest in the mi-
tochondria as a target for AD, it has been hypothesized that
deficit in this organelle may be at the heart of the progression
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of AD itself. The role of mitochondria in AD may be signif-
icant and is emerging as a main area of AD research.
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Electron transport chain - Mitochondrial dysfunction

Introduction

Mitochondria are the primary source for biological energy
generation in the cell, which manifests itself in the form of
the coenzyme adenosine triphosphate (ATP) [1-3].
Considering the inherent complexity of biological systems,
there exist numerous variations in the properties of the mito-
chondria that are found in certain cell types, but not others
(e.g., increased levels of mitochondrial cristae folding are
found primarily only in liver cells [4]). In addition to cell type
variation is the existence of mitochondrial structure and/or
function alterations due to genetic mutations or disease [2],
such as in Alzheimer’s disease (AD).

In this review, to describe the properties of mitochondria
that may be altered in AD, the normal properties of mitochon-
drial structure and function will be first briefly described, and
then built upon to discuss dysfunction mechanisms that devi-
ate from the normal state. For a full description of the bio-
chemical processes highlighted below, the reader is encour-
aged to review biochemistry textbooks that cover such pro-
cesses, such as Lehninger Principles of Biochemistry. To pin-
point the properties of bioenergetics processes in the mito-
chondria, the electron transport system will be the primary
focus of discussion when detailing structure and function.

! Sections Introduction, General Mitochondrial Biochemistry, The
Electron Transport System, The Chemiosmotic Theory of Bioenergetics
heavily reference [1] unless otherwise indicated.
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General Mitochondrial Biochemistry

It has been hypothesized that mitochondria previously existed
as a single prokaryotic cell, which at some point over the eons
of time evolved symbiotically with a proto-eukaryotic cell
resulting in uptake of the mitochondria and ultimately the
creation of the first eukaryotic cell [2]. This endosymbiotic
theory is widely accepted, driven by the discovery of mito-
chondrial DNA (mtDNA) and phylogenetic data supporting a
monophyletic lineage for mitochondria. Following the uptake
of mitochondria into the cell, there were many changes that
now define the dynamic nature of the mitochondria.

The mitochondria contain an outer membrane, which is
freely permeable to small molecules and ions. The unique
nature of the mitochondria begins with the existence of an
inner membrane that is impermeable to most molecules and
ions. This membrane, referred to as the inner mitochondrial
membrane, separates the mitochondria into two major sub-
spaces: an inner space, the mitochondrial matrix; and a small
region between membranes, the intermitochondrial space.
This membrane also has a number of rib-like folds referred
to as cristae, which increases its surface area to thereby max-
imize the function of the mitochondrial bioenergetic machin-
ery. The inner mitochondrial membrane contains the electron
transport chain (ETC), ADP-ATP translocases, ATP
synthases, and numerous other membrane transport systems.
Of central importance to this discussion is the ETC and the
ATP synthases dispersed throughout this membrane, as these
proteins are directly involved in utilizing the potential energy
stored in substrates (e.g., glucose) to fuel the generation of
ATP for biological activity.

The most important biologically relevant substrate for bio-
energetic function in the mitochondria is glucose. Glucose
molecules are transported into the cell through glucose trans-
port systems, most commonly the GLUT or SLC2A transport-
er families, and are then prepared for catabolic processing in
the cytosol [1]. As glucose is transported into the cell, it is
catabolized in an enzymatic process known as glycolysis,
where glucose is converted to two pyruvate molecules,
resulting in a net production of two ATP, two H,O molecules,
and two reduced nicotinamide dinucleotide (NADH) mole-
cules. The production of NADH, the reduced form of NAD,
is a key step in relating glucose catabolism to the ETC. These
NAD molecules act as electron carriers that function to effec-
tively transfer electrons from substrates such as glucose to the
ETC. This occurs through reduction (i.e., gaining an electron)
by sequestering hydrogen atoms in the form of a hydride ion
(:H") and a proton (H"), thus acquiring two electrons from a
substrate to form NADH [2]. Once NADH molecules have
been formed, they can be transported from the cytosol into
the mitochondrion for oxidation through either the malate-
aspartate shuttle or the glycerol 3-phosphate shuttle (see [1]
or [2] for more information on these shuttle systems).

Next, the two molecules of pyruvate produced by glycoly-
sis are transported into the mitochondrial matrix and then con-
verted to acetyl-CoA by oxidative decarboxylation so that
they can enter the citric acid cycle (a.k.a., Krebs cycle). It is
important to note that this conversion results in the production
of NADH for each pyruvate molecule, resulting in a total of
four NADH molecules produced thus far. The Krebs cycle
results in the incorporation of each acetyl-CoA into oxaloac-
etate, and after a series of reactions results in the total produc-
tion of six NADH, two GTP (near ATP equivalents), two
reduced flavin adenine dinucleotide (FADH,; discussed later),
and four CO,. Importantly, the collective metabolic activities
of glycolysis and the Krebs cycle have produced ten NADH
molecules and a single FADH,.

The Electron Transport System

NADH molecules that have been reduced by Krebs cycle and
to a lesser extent glycolysis and acetyl-CoA conversion are
now free to enter the electron transport chain (ETC). This
system represents a chain of reducing agents organized into
four major protein-metal complexes that utilize the flow of
electrons to drive the production of ATP. The coupling of
electrons being carried from NADH to molecular oxygen with
the production of ATP represents a process known as oxida-
tive phosphorylation. Though the general description given
above for this process seems simple, the complexity lies in
the details that drive the flow of electrons through this chain
and how this flow is utilized to generate ATP. A mechanistic
description of this process warrants at minimum a general
description of the structure of the electron transport system.

The Complexes and ATP Synthase

As seen in Fig. 1, four integral protein complexes comprise
the electron transport system (the ETC.); (NADH)-coenzyme
Q oxidoreductase, or complex I; succinate-coenzyme Q oxi-
doreductase, or complex II; Coenzyme Q-cytochrome ¢ oxi-
doreductase, or complex III; and cytochrome ¢ oxidase, or
complex IV. An additional integral protein that is related to
oxidative phosphorylation is ATP synthase, referred to also as
complex V, which carries out ATP synthesis as a result of the
electron flow through the ETC. This collection of protein
complexes is located on the inner mitochondrial membrane
separating the inner mitochondrial matrix from the
intermitochondrial space, with complex V scattered
throughout.

The nature of these complexes is similar in that electrons
are passed through the complexes between metal and protein
compounds by oxidation-reduction reactions or redox reac-
tions. Redox reactions represent the transfer of an electron
from one substance, a reducing agent, to another, an oxidizing

@ Springer



6080

Mol Neurobiol (2016) 53:6078-6090

Fig. 1 A depiction of the
mitochondrial electron transport
chain and complex V. Illustrated
in this figure are each of the four
protein complexes involved in
electron flow starting from
complexes I and II flowing
toward complex IV. An expanded
view of complex V illustrates its
various subunits in the F, and F,
regions, and how these subunits
are involved in relating proton
flow to ATP production. Further
detail regarding the complexes
illustrated in this figure is
discussed in “The Electron
Transport System” and “The
Chemiosmotic Theory of
Bioenergetics™ sections
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agent [3]. The complexes are arranged such that electrons are
channeled through a series of centers that are increasingly
more potent-reducing reagents, so that each successive com-
pound in the chain has a higher potential for accepting an
electron than the previous compound. This allows the propa-
gation of the electron through the chain from input at com-
plexes I and II, up until the final electron acceptor, O,, in
complex IV. In order to adequately follow the flow of elec-
trons, however, it is necessary to initially outline the relevant
components of each complex in this chain.

There are a number of elements that carry out the electron
transfers within the complexes in the ETC. As detailed in the
discussion of glucose catabolism above, NADH is a central
electron carrier that sequesters electrons from a substrate to be
delivered to the ETC. Another method of electron delivery
occurs through flavoproteins, proteins that contain a flavin
nucleotide, in the form of flavin mononucleotide (FMN) in
complex I and flavin adenine dinucleotide (FAD) in complex
II. Similar to NAD, these molecules act to accept electrons to
form FMNH, or FADH,, but operate to deliver electrons
through different means since FMN acts as a relay station
for electrons in complex I, and FAD transfers electrons in
the reaction catalyzed by succinate dehydrogenase (SDH) in
the Krebs cycle.

In addition to substrate-level electron carriers, there also
exist membrane-bound electron carriers: a hydrophobic qui-
none (ubiquinone (Q or coenzyme Q)), cytochromes, and
iron-sulfur clusters (Fe-S). Q can accept a single electron to
become the semiquinone radical (:QH) or two electrons to
form ubiquinol (QH,) [2]. In either form, Q can freely diffuse
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through the membrane since it is small and hydrophobic,
allowing them to shuttle electrons between (QH,) or within
complexes (:QH) [2]. The next form of electron carriers, the
cytochromes, are proteins bound to an iron-containing heme
group, classified as either cytochromes a, b, or ¢ based on their
light-absorption spectra, with cytochrome a having the longest
wavelength band near 600 nm, b near 560 nm, and ¢ near
550 nm [2, 3]. The iron heme groups of cytochromes operate
as reducing agents and thus as carriers for electrons through
the ETC. Cytochromes a and b are anchored to the membrane
as integral proteins within the complexes, and cytochrome c
moves through the membrane as a loosely bound soluble pro-
tein that interacts electrostatically with the inner membrane
[2]. Finally, iron-sulfur clusters are groupings of iron atoms
coordinated to either inorganic sulfur atoms or with the sulfur
atoms of Cys residues in proteins. These iron-sulfur clusters
can exist in either a [2Fe2S], [4Fe4S], or [3Fe4S] organization
[2]. Rieske Fe-S clusters are similar in function to Fe-S clus-
ters, but differ structurally in that iron atoms coordinate to His
residues rather than Cys residues [2, 3]. Regardless of this
structural difference, all iron-sulfur clusters function as reduc-
ing agents for passing electrons though the ETC.

Complex I contains 45 protein subunits that are segregated
into a short, hydrophilic segment that slightly extends into the
matrix and a long, hydrophobic segment that resides entirely
in the inner membrane [2]. The short segment of complex I
initiates the process of electron flow in the electron transport
system, as this segment contains NADH dehydrogenase, the
FMN cofactor, and the binding site for NADH, all of which
are required for NADH oxidation and thus electron delivery to
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the system. NADH dehydrogenase oxidizes NADH by
accepting two electrons from NADH, while the FMN cofactor
operates as a relay center by splitting the two electrons be-
tween a series of seven iron-sulfur clusters for propagation and
a holding iron-sulfur cluster [2]. This splitting process results
in the propagation of one electron through the complex at a
time. Through this propagation, the short subunit of complex I
passes electrons from NADH through the complex to the
membrane-bound electron carrier ubiquinone (Q) reducing it
to ubiquinol (QH,). While this occurs, the long subunit of
complex I carries out proton translocation, although this
mechanism is not exactly known, it is believed that two pro-
tons are pumped by a redox-driven Q-cycle related mecha-
nism, while two protons are pumped across by conformational
transitions [2, 3].

Complex II is a small protein complex that contains four
protein subunits comprised of integral anchoring proteins and
succinate dehydrogenase, making it the only complex in the
electron transport system with a direct enzymatic role in Krebs
cycle. The two large peptides that constitute succinate dehy-
drogenase are separated into the F;, and L, subunits, which are
peptides with a flavin covalently attached or three Fe-S clus-
ters attached, respectively.

This complex requires the covalently bound FAD cofactor,
which operates to shuttle electrons through the complex one at
a time much like FMN accomplishes in complex I [2]. In
addition to the FAD cofactor, this complex also contains mul-
tiple iron-sulfur clusters and a heme group, heme b. Complex
IT accepts electrons directly from the Krebs cycle through
succinate dehydrogenase, and much like the Fe-S chain in
complex I, then carries electrons through these iron-sulfur
clusters to reduce Q to QH,. Thus, both complex I and com-
plex II operate as entry points for electrons to be passed to
complex IIT using the carrier QH,.

The structure of complex III is unique compared to com-
plexes I and II in that it is dimeric, composed of two identical
protein chains. Each protein set contains an identical pairing
of 11 protein subunits and 4 metal redox centers: cyt b562, cyt
b566, a Rieske Fe-S cluster, and cyt ¢; [2]. Complex III binds
QH, generated in complexes I and II at a binding site known
as the Q, site, which resides near the intermembrane space [2].
Q can also bind to complex III at the Q; site, located near the
mitochondrial matrix. Cytochrome ¢ can also bind to complex
III near the intermembrane space on the opposite side of the
Q, site, where it acts as the final electron acceptor in the redox
reactions that takes place in complex III [2].

Complex 1V is the final complex in the ETC directly in-
volved in electron flow. Complex IV is a large integral protein
that much like complex III is dimeric in nature, with each half
consisting of 13 protein chains and multiple metal reduction
centers [2]. These metal centers consist primarily of iron and
copper, organized into a bimetallic CuA site, a monometallic
cytochrome a, and a bimetallic cytochrome a3-CuB site. CuA

sits just outside the membrane, with the copper atoms bound
by NHis, SMet, SCys, and Glu residues in protein subunits
within each monomer [2]. Cytochrome a is bound to the pro-
tein subunits by two NHis groups, while cytochrome a3-CuB
is bound to four NHis groups, with a very small binding site
for O, just between these atoms. Molecular oxygen is the final
site for electron flow in complex IV, and although the exact
mechanism of O, reduction is not wholly understood, the
theorized process is discussed below.

ATP synthase is an integral protein scattered throughout the
inner mitochondrial membrane that is directly responsible for
ATP synthesis. The structure of ATP synthase, or complex V,
is shown in Fig. 1. It consists of two major components, the F,
portion, found within the membrane, and the F; portion, found
above the membrane within the mitochondrial matrix. The F,
region contains the subunits a, b, and ¢, in the ratio of abycy-
12 [2]. This region also forms a proton pore for H" to flow
through during ATP synthesis. The subunits of the F, region
are arranged into a ring of ¢ subunits, with each ¢ subunit
orienting its amino-terminal helix within the inside of the ring.
Attached to this c-ring is the a subunit, which anchors the ring
to the membrane. Attached to this anchoring subunit is a dimer
of b subunits, which project into the mitochondrial matrix and
bind to the F; region. The F, region is composed of «x, 3, v, €,
and 0 subunits in the ratio of a335yde [2]. The F,; region is
anchored to both the stalk formed by the b subunits of F, by a
single & subunit, and a central shaft made of a & subunit,
anchored to F, by an ¢ subunit. This shaft extends into the
Fy region and is bound to large ring of alternating « and 3
subunits. Conformational changes within these subunits result
in ATP synthesis, brought about by rotational energy from
proton flow through F,. The process by which this occurs
was proposed by Paul Boyer in the 1970s, which was referred
to as the rotational catalysis mechanism, will be discussed in
The Chemiosmotic Theory of Bioenergetics Section.

As has been discussed, the complexes within the ETC con-
tain components that functionally drive the production of ATP
simply through continuous transfer of electrons within these
complexes [2, 3]. The structural description of these com-
plexes has detailed, but the functions they carry out remain
to be discussed. With a structural description of the ETC in
place, we can now turn to the discussion of how electrons flow
through this transport system and how this is coupled to the
generation of a proton gradient for use in ATP synthesis.

Electron Flow Through the Complexes

As electrons are passed through each complex, they are se-
quentially transferred from one redox center to another, at
each point generating a small amount of energy through the
process of oxidation-reduction [2, 3]. This energy is effective-
ly used to then transport protons across the mitochondrial
membrane, creating an electrochemical gradient across the
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membrane that favors H* flow back through ATP synthase.
Though the mechanisms for proton pumping have been un-
covered in complexes III and IV, the mechanism by which
protons are pumped in complex I is not fully understood,
and thus only the hypothesized mechanism will be discussed
in this case. Electrons are initially extracted from substrates by
the electron carrier NAD, and to a lesser extent FAD. As
previously discussed, these electron carriers can sequester
electrons from catabolic activity in the cytosol and mitochon-
drial matrix, and subsequently deliver these electrons to the
ETC at either complex I (NADH) or complex II (FADH,).
Electrons flow from this point on through the complexes in
sequential order, at several points coupling to the pumping of
protons across the membrane. The protons are pumped from
the mitochondrial matrix out to the intermembrane space,
resulting in a net pH and positive charge in the intermembrane
space. This forms the electrochemical gradient, henceforth
known as a proton-motive force (pmyf), which is the force that
drives the flux of protons inward through ATP synthase, to-
ward the matrix, where ATP is then released by ATP synthase
and transported out using the ADP-ATP translocase [2, 3].
This pmfhas two functional components, the chemical poten-
tial energy due to a difference in H" concentration and elec-
trical potential energy due to the charge differential when pro-
tons are segregated across an impermeable membrane. Since
this pmf is associated with a net positive charge in the inter-
membrane space, this region is referred to as the positive or P
side, whereas the mitochondrial matrix becomes the negative
or N side [2, 3]. The overall reaction for the activity of the
ETC is shown in Eq. (1).

1
NADH + H" + 502+ 10Hy—NAD" + H,0 + 10H, (1)

This equation shows that a single NADH delivering two
electrons reduces a half mole equivalent of O,, producing a
single molecule of H,O and pumping ten protons across the
membrane. The activity of each complex is discussed sepa-
rately below in relation to the delivery of a single set of elec-
trons from one NADH. In the discussion of electron flow in
complex IV, however, the inclusion of a second set of elec-
trons delivered to the chain will be discussed to fully detail the
mechanism that operates in this complex.

As detailed above, the short segment of complex I binds
NADH that is generated from the metabolic processes ending
in the mitochondrial matrix [2]. As electrons are delivered to
the complex, they are initially transferred from NADH to the
flavin-containing cofactor FMN. This transfer occurs through
the transfer of a single electron at a time, whereby FMN ac-
cepts an electron from NADH and immediately transfers this
to the iron-sulfur cluster N1a for holding, freeing the FMN to
then accept another electron to send it along the chain of iron-
sulfur clusters in complex I [2]. Electrons pass from FMN to
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iron-sulfur clusters in the following order: FMN, N3, Nlb,
N4, NS, N6a, Nob, and finally N2 [2]. N2, the final iron-
sulfur cluster in this chain, is directly involved in the reduction
of ubiquinone firstly into semiquinone, and then when the
remaining electron is funneled through this pathway the re-
duction of semiquinone to ubiquinol QH, [2]. The flow of
electrons in complex I is summarized in Eq. (2):

NADH + H* + 4Hy + Q—NAD" + QH, + 4H, (2)

In addition to the generation of QH,, four protons from the
mitochondrial matrix are pumped across the inner mitochon-
drial membrane, which is theorized to be driven by the cou-
pling of this endergonic (energy requiring) pumping process
to the exergonic (energy releasing) transfer of a hydride ion
from NADH to QH,. The pumping of hydrogen is the first
step in generating a pmf. Thus, the flow of electrons in com-
plex I results in a net pumping of four protons to the
intermitochondrial space [2, 3].

Electrons can also enter the ETC through complex II, al-
though delivery is accomplished through the FADH, electron
carrier instead of NADH [2, 3]. As stated earlier, this complex
is a unique protein complex in the ETC in that it explicitly
catalyzes a reaction in the Krebs cycle, namely the oxidation
of succinate to fumarate as in Eq. (3):

Succinate + FAD— Fumarate + FADH, (3)

Electrons are directly sequestered from succinate by the
covalently bound FAD molecule, which operates much like
FMN in complex I in that it allows the splitting of the initial
electron transfer to be carried out through complex II one
electron at a time [2]. For each electron that is channeled
through complex II, it is transferred through a series of iron-
sulfur clusters in the following order: a [2Fe,S] cluster, a
[4Fe,4S] cluster, and finally a [3Fe4S] cluster [2]. These clus-
ters carry electrons from the hydrophilic region at which suc-
cinate binds to the hydrophobic Q-binding site found within
the membrane. Electrons are thus passed from [3Fe4S] to Q,
forming QH, similar to complex I. The heme b found in com-
plex II is a metal center capable of transferring electrons;
however, it is not known to be directly involved in electron
transfer but instead acting as a safeguard against electrons
“leaking” out of the ETC to generate reactive oxygen species
(ROS) damaging radical compounds such as hydrogen perox-
ide (H,0,) and the superoxide radical (:O ) (see [1] or [2] for
more information on this topic). Although this complex has
some protective roles in the functioning of the mitochondria,
from a bioenergetics perspective, this complex does not con-
tribute to the generation of a pmf'since no protons are directly
translocated through the actions of this complex [2, 3]. The
product of complexes I and II is the reduced form of the
membrane-bound electron carrier QH,, which can transfer
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electrons to complex III by binding to the Q,, binding site. The
flow of electrons through complex III is carried out in a pro-
cess known as the Q cycle, which involves a semi-cyclic pro-
cess of serially oxidizing QH, at the two Q binding sites [2].
The overall reaction that is carried out in the Q cycle is:

QH, + 2Cyt Coxidized + 2H§—>Q + 2Cyt Creduced T+ 4[‘[;r (4)

The process of the Q cycle not only utilizes the electrons
taken up and delivered to complex III by QH, but also carries
out proton pumping across the inner mitochondrial mem-
brane. Following binding of QH, to the Q, site, ubiquinone
binds to the Q; site. At the Q, site, QH, transfers electrons
divergently, sending one electron to a Rieske Fe-S protein that
is attached to this binding site and the other to cytochrome
b562 [2]. At this point, QH, is oxidized to Q and is thus
released from the Q, site, allowing the Rieske Fe-S protein
within this Q, site to migrate to cytochrome c¢; which then
carries the electron from the Rieske Fe-S to an externally
bound cytochrome ¢ [2]. The heme of cytochrome ¢ can take
in a single electron, resulting in the Fe in this heme to reduce
from Fe;* to Fe,*, and thus after this first electron is trans-
ferred, this cytochrome ¢ can move along the ETC and carry
on the process at complex IV [2, 3]. This cycle is not com-
plete, however, as the remaining electron that was divergently
supplied to cytochrome b562 is now carried through another
cytochrome b566 and finally the Q; site, where Q takes up this
electron and produces the radical semiquinone "Q. This neces-
sitates induction of the Q cycle once more, this time with
second QH, binding to the Q, site while Q remains on the
Q; site. The divergent electron flow described above occurs
once again, resulting in the reduction of another cytochrome ¢
and now the reduction of Q into another QH, [2]. The fact that
this process creates an additional QH, explains how the pro-
cess can continue when a single QH, is generated at either
complex I or complex II; the Q cycle requires two QH, mol-
ecules to fully operate, but since it generates a QH, that re-
mains in the membrane, this can be continually used to further
fuel Q cycle operations as complexes I and II operate [2].

Asnoted, the Q cycle also results in the pumping of protons
across the inner mitochondrial membrane. As the Q cycle
operates, the QH, that initially enters the Q, site releases the
electrons into the complex, protons are also released into the
intermembrane space given the close proximity of the Q, site
to this side of the membrane [2]. This accounts for the trans-
location of two protons across the membrane into the P side.
After one Q cycle operation, the Q; site contains a
semiquinone, which as it has taken up an electron will also
take up a proton, but this will come from the mitochondrial
matrix, or N side. Similarly, after an additional turn of the Q
cycle, there is an uptake of another proton from the mitochon-
drial matrix at the Q; to produce QH,, which after then

reacting with the Q, site results in the release of these protons
into the P side [2]. Protons that have been transferred to QH,
from the N side upon reduction at complexes I, II, and the Q;
site are ultimately released at the Q, site and thus into the P
side. This process accounts for the four protons that are
translocated into the P side due to the activity of complex III
[2].

Thus far the flow of electrons in complex I through com-
plex III has produced two reduced molecules of cytochrome c,
harboring the electrons that were initially introduced to the
system by NADH, and eight protons translocated into the P
side from the N side. This contributes to the generation of a
pmf across the inner mitochondrial membrane, while continu-
ally shuttling electrons through the system without any addi-
tional energy input [2, 3]. Electrons can now enter complex [V
through the carrier cytochrome c to the ETC’s final electron
acceptor, oxygen. Just as in complex III, the reaction that
proceeds through this complex occurs in many steps and is
not a linear transfer of electrons. The overall reaction for this
complex is:

4CYt Creduced + 8HY + 02—4Cyt Coxigiea + 2H0 +4H  (5)

In this reaction, four reduced cytochrome c’s are required
for the operation of complex IV; however, progress through
the system so far has followed the flow of two electrons from
NADH. As mentioned in the introduction to Eq. (1), complex
IV requires the activity of two sets of electrons delivered by
NADH (or FAD). The reason for this becomes evident as the
mechanism for electron flow is detailed. A simplified discus-
sion of the proposed mechanism of electron flow in complex
IV is given below, for a more comprehensive look at oxygen
processing in this complex, see [1].

As electrons are delivered to Cu, by the two cyto-
chrome ¢ molecules produced by complex III, each elec-
tron is passed to each copper atom of this bimetallic cen-
ter one at a time. Electrons are then passed along the
redox centers in the complex one at a time, first by pass-
ing from Cup to cytochrome a, and then finally to the
cytochrome a;-Cup bimetallic center [2]. Each electron
reduces a different component of this center, with the iron
in the cytochrome a3 accepting one electron and the cop-
per in Cug accepting the other. The reduction of these two
metals simultaneously results in a slight separation be-
tween the two atoms in this center, creating a gap for O,
to bind. The oxygen atom proximal to the iron atom be-
comes reduced, creating a ferryl oxo molecule (Fe,"'=0),
which quickly results in the remaining oxygen atom be-
coming similarly reduced by Cug, receiving an additional
electron and a proton from the hydroxyl group of a prox-
imal tyrosine (Tyr) residue. This results in the production
of a hydroxide ion from this second oxygen atom and a
tyrosyl radical left in this center. At this point, the
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cytochrome ¢ molecules from complex III have been
transferred to molecular oxygen to produce a ferryl oxo
molecule and a hydroxide ion. The additional input of two
more cytochrome ¢ molecules are now required, and thus
the processing of an additional NADH delivery must be
incorporated to further reduce the oxygen. This begins by
the induction of the delivery of a third electron by cyto-
chrome c, which upon passing through the redox centers
once again to the cyt ,3-Cug center is taken along with
two protons from the matrix to convert the tyrosyl radical
back into Tyr and the hydroxide ion bound to copper into
a water molecule. A final electron is again delivered by
another cytochrome c to reduce the ferryl oxo molecule
into oxidized iron (Fe;*) reducing the bound oxygen into
a hydroxide ion. Uptake of an additional proton from the
matrix results in release of this hydroxide ion, creating the
second water to be produced by complex IV. Although it
may be difficult to detail precisely how this operates, the
serial uptake of protons from the matrix to transfer
through the cytochrome a;-Cug center results in translo-
cation of four protons to the intermitochondrial space
when they are released from the creation and reaction of
the radical and intermediate formations described above.

As shown, electrons flow from the electron carriers
NADH, and to a lesser extent FAD, through the ETC until
they are taken up by the final electron acceptor O, [2, 3].
This flow generates energy as electrons are passed between
redox centers, which are thereby harnessed to pump protons
across the membrane and establish a pmf. As outlined above,
this pmfis generated by the pumping of protons into the inter-
membrane space, or P side, through either coupling to the
energy generated by electron transfer or mechanisms specific
to the operation of complexes III and IV [2, 3]. Armed with
the process of generating a pmf, the mechanism by which this
proton flow can be utilized to produce ATP will be discussed
below.

The Chemiosmotic Theory of Bioenergetics

The pmf that is coupled to the flow of electrons through
the ETC drives protons due to both a concentration
gradient and a gradient driven by the separation of
charge across the membranes. This pmf conserves in
excess of 200 kJ per mol of free energy, which is more
than sufficient to generate a mole of ATP since this
requires 50 kJ of energy [1-3]. The mechanism under-
lying how this energy is efficiently utilized to do this
was first proposed by Peter Mitchell in 1961, and it is
known as the chemiosmotic model. The description of
the chemiosmotic model begins with the general obser-
vation that protons driven by the pmf flow passively
back into the mitochondrial matrix through a proton
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pore, which generates energy that is captured by an
attached ATP synthase to drive ATP production. The
accepted equation for this relationship is [2, 3]:

ATP + P; + nH—>ATP + H,O + nHy (6)

Here, we see that this is a general equation that relates the
production of ATP to the generation of a pmf due to the trans-
location of n protons.

Confirmation for the chemiosmotic theory was derived
from numerous experimental observations. Firstly, Mitchell
observed that isolated mitochondria suspended in a buffer
with ADP, inorganic phosphate (P;), and an oxidizable sub-
strate that may provide electrons to the ETC (e.g., succinate)
resulted in the consumption of succinate, showing induction
of Krebs cycle; the concentration of molecular oxygen de-
creasing; and ATP production [2]. This is no surprise given
the nature of the ETC in mitochondria, as described above,
although this initiated investigation into the connection be-
tween the oxidative processes in the mitochondria to ATP
synthesis. The coupled nature between these processes
strengthened when follow-up experiments indicated that
blocking of electron flow in ATP synthesis reduced both con-
sumption of O, and ATP synthesis and that inhibition of ATP
synthesis resulted in reduced O, consumption and thus elec-
tron flow to O, did not occur. The fact that the pumping of
protons from electron flow in the ETC may be coupled to ATP
synthesis was continually supported experimentally, by dem-
onstrating that an artificial pmfmay drive ATP synthesis in the
absence of a substrate for oxidation. Again utilizing isolated
mitochondria, but instead of supplying succinate, controlling
cation leak (K* ions), and increasing pH (representing proton
concentration) in the buffer resulted in ATP production driven
by the separation charge due to K* and the pH difference [1].
This proceeded with or without the introduction of an oxidiz-
able substrate.

With the establishment of the coupling between a pmf and
ATP synthesis, it remained to posit the method of driving ATP
synthesis through passive proton flow. The inner mitochon-
drial membrane is impermeable to protons; thus, pores are the
only method of diffusion for protons. The chemiosmotic the-
ory stated that proton diffusion through these pores were
somehow generating energy to be used in ATP production,
and this was determined to be the case after numerous struc-
tural (e.g., crystallography) and functional experiments eluci-
dating the role of ATP synthase [1, 2].

As evident in Fig. 1, the rotational catalysis mechanism
involves the structural features of the F, and F; regions. F,
has a ring of ¢ subunits, or a c-ring, that is bound to the F,
region through two stalks: a stalk made of 3 subunits that are a
rigid anchor between the regions, and a 'y shaft that combines
rotation of the c-ring to the rotation of the o and 3 ring that
comprises region F; [1, 2]. The process of rotational catalysis
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begins with the rotation of the c-ring. The c-ring of F,, begins
rotating due to electrostatic interactions within the ring
brought about by the flow of H" through a proton pore within
F,. As the c-ring is anchored to the shaft, this also results in
rotation of this shaft. The o and (3 subunits that compose a
ring surrounding the outermost section of this shaft itself does
not rotate, however, as it is anchored to the membrane by the b
stalk previously mentioned. Thus, the subunit rotates within
this ring, making contact to only a single (3 subunit at a time.
At any given time, these 3 subunits are in one of three states:
[3-ADP, 3-ATP, and {3-empty [1]. Contact between the y shaft
and a 3 subunit results in a conformational change that forces
release of ATP from the contacted 3 and thus converts (3-ATP
to 3-empty, and when this occurs, the farthest neighbor (3-
ADP can now tightly bind a phosphate group since is there
is now no hindrance from a neighboring 3-ATP [1]. Thus, as
the subunit rotates within this ring, each 120° rotation results
in contact between the stalk and a different 3-ATP, forcing this
ATP to release an adjacent 3 to bind a P; with ADP to tightly
bind ATP, until it too comes into contact with the shaft [1].
This repeats as long as H" flows through the F, region, and
thus maximizing the flux of H+ through this pore will maxi-
mize the activity of ATP synthase through continued rotation
of this 7y shaft. It is clear that the pmf generated by the ETC
results in ATP synthesis through this rotational catalysis
mechanism, and this process is coupled as well to the con-
sumption of oxygen.

As with many biological processes, the efficiency of func-
tioning for any part of this coupled system can be manipulated
chemically, and so it may be helpful to detail the reagents that
may be applied to alter the function the components of this
system. Manipulation of the system after all affords the poten-
tial to determine how dysfunction may arise, and as we shall
see in the discussion of AD, this opens a new approach for
determining the underlying functional deficits of AD in the
mitochondria.

Altering Oxidative Phosphorylation

The previous sections illustrate the deep connection between
the structure of the ETC and the role of said structures in
incorporating electron flow, oxygen consumption, and proton
pumping in ATP synthesis. Thus, it follows that chemical
agents may influence either the structure or functioning of
any component in the ETC to exert an effect on oxidative
phosphorylation. For NADH to deliver electrons to the ETC,
it must bind to complex I near the mitochondrial matrix side of
the inner mitochondrial matrix, but the binding site may be
blocked by the compound adenosine diphosphate ribose. This
reagent competitively binds to the NADH binding site,
resulting in the complete halting of complex I induction [5].
In a similar fashion, the best known inhibitor of complex I
function, rotenone, and the lesser known inhibitors

myxothiazol, amytal, and piericidin A, all competitively bind
to complex I at the Q binding site by attaching to the N, Fe-S
clusters and disallow transfer of electrons from this Fe-S clus-
ter to Q [1, 6]. In similar fashion to complex I, inhibitors for
complex II operate through competitive inhibition at both the
input (succinate) and output (Q) binding sites. Interestingly,
the inhibitors for the succinate binding site are themselves
intermediates of the Krebs cycle: malate and oxaloacetate,
which may be the a control system in place to disallow reverse
flow of electrons in the Krebs cycle and ETC [7]. Turning to
complex III, there are a few well-known functional inhibitors
that are worth discussing. As with the aforementioned com-
plexes, both input and output sites can be blocked to reduce or
cease functioning of the complex. At the input site, the Q, site
stigmatellin binds to inhibit the transfer of electrons from QH,
to the Rieske Fe-S proteins [1]. At the output site of complex
IV, antimycin A binds to the Q; site and disrupts electron
transfer from cytochrome b to cytochrome c;, which results
in the inhibition of QH, oxidation and thus proton pumping
across the inner mitochondrial membrane [8]. As antimycin A
interrupts complex IV activity following partial electron flow
in the complex, and also disrupts proton pumping late in the
ETC, this inhibition has been known to result in increased
ROS generation [8]. Complex IV inhibitors operate much like
inhibitors for erythrocytes in that reagents that have a higher
binding affinity for an exposed heme group than oxygen may
competitively, and in some cases permanently, bind to the
cytochrome a3-CuB site upon opening. These reagents, name-
ly cyanide, sulfide, azides, and carbon monoxide, all result in
the inhibition of oxygen binding, which halts electron flow in
the ETC altogether. Inhibition of complex IV may also pro-
ceed allosterically, through a feedback mechanism whereby
high levels of ATP can result in inhibition, thus slowing down
ATP production [1]. In ATP synthase, as there is no input
binding site, there is no competitive inhibition per se, but a
potent and well-known inhibitor of ATP synthase, oligomycin
A, has been used to block the functioning of the proton chan-
nel in the F, subunit [9]. ATP synthesis is inhibited by
oligomycin A, but the electron flow through the ETC still
occurs due to proton leak, which involves rarely occurring
proton movement through channels other than the proton pore
of ATP synthase (e.g., thermogenin) [10].

In addition to inhibiting the structure and/or function of the
complexes themselves, there exists an additional class of in-
hibitors known as uncouplers, which detach the functioning of
the ETC from ATP synthase. This class of inhibitors nullifies
the coupling that underlies oxidative phosphorylation by pro-
viding an additional route for the generated pmf'to be relieved.
The most commonly known uncoupling agents are 2,4-
dinitrophenol (DNP) and carbonylcyanide-p-
trinvoromethoxyphenylhydrazone (FCCP), which result in
inhibited ATP synthesis without disruption to the structure
of the mitochondria. These compounds operate as proton
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carriers through the membrane, since they move through the
membrane as a hydrophobic weak acid in the protonated form,
releasing a proton in the mitochondrial matrix and returning to
the intermitochondrial space in the unprotonated form. This
reverse translocation of protons bypasses the ATP synthase,
and thus uncouples proton flow from ATP synthesis, and also
reduces the pmf generated by the activity of the ETC [1].
Many chemical reagents impair and influence the bioener-
getic processes of cellular mitochondria, which then may pro-
vide insight into how these impairments may mechanistically
correlate to the dysfunction witnessed in a diseased state.
Furthermore, experimental paradigms may utilize these chem-
ical reagents to manipulate mitochondrial functioning and de-
termine how different mechanisms of influencing this func-
tioning may be affected in diseased states. Along with direct
experimental observations, these approaches have been used
to further provide insight into the dysfunction associated with
Alzheimer’s disease, which will now be discussed.

Bioenergetic Dysfunction in Alzheimer’s Disease
Introduction to Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common form of de-
mentia, showing an increasing rate of morbidity in the elderly
population over the past few decades. AD is a devastating
neurodegenerative disorder that is characterized symptomati-
cally by cognitive and motor decline, progressing through a
stage of mild cognitive impairment (MCI) affecting memory,
attention, speech patterns, and as AD worsens, late-stage cog-
nitive impairment affecting all aspects of behavior [11, 12].
Despite the rapid rise in cases of AD, there remains little in the
form of treatment to slow or stop the progression of AD. This
is not helped by the fact that AD is largely idiopathic, with
various theories attributing the cause of AD to many different
physiological factors. The leading hypotheses regarding the
etiology of AD revolve around either genetic heritability
[13], reduced synthesis of acetylcholine [14], the accumula-
tion of neurotoxic protein plaques of amyloid 3 peptide (Af3)
[15], and fibrillary tangles of hyperphosphorylated tau-protein
[16] or irregular function and dynamics of cellular mitochon-
dria (the mitochondrial cascade hypothesis). In all experimen-
tal endeavors, the neuropathological findings of late-stage de-
position of tau-tangles and accumulation of A3 have been a
consistent finding for AD pathology, although it remains un-
clear whether these accumulations are a consequence or caus-
ative factor for AD. Our focus in this review is directed toward
the relationship of protein interactions with oxidiative phos-
phorylation. As the manner by which the protein plaques and
neurofibrillary tangles result in neurotoxicity are yet to be
established, discussion with regard to this relationship will
also be restricted to neurotoxic effects on cellular
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mitochondria with particular emphasis on dysfunction in ox-
idative phosphorylation processes. Although it is not entirely
known how A3 is translocated into the mitochondrial matrix
from extracellular plaques [17], if in fact this is the case, there
have nonetheless been numerous reports of A3 exerting an
effect on mitochondrial function [17, 18]. Furthermore, there
have been numerous reports indicating that mitochondrial
function is disrupted in early-stage AD [19, 20], providing
promise for investigating mitochondrial dysfunction as an ear-
ly therapeutic target for AD treatment. Beginning with the
A, plaques and tau tangles are an inherent pathological find-
ing for AD, with these accumulated proteins becoming more
prominent as AD progresses. A3 plaques arise from the cleav-
ing of A3 precursor protein (APP) by [3-secretase [21], which
studies indicate, results in aggregation of the A3 sections of
APP into plaques that begin to accumulate extracellularly
[21]. In AD, tau protein is enzymatically phosphorylated three
to four times higher than under normal physiological condi-
tions, resulting in aggregation of this protein into paired heli-
cal filaments (PHF) intracellularly [21]. With the findings
supporting consistent aggregation of these proteins in AD,
whether due to genetic, environmental, or biochemical factors,
this lent early support for their role as the potential primary
biochemical basis for AD development. It remains unclear,
however, whether the accumulation of these proteins in fact
lead to the development of AD or whether these proteins are
pathological markers that have developed as a product of AD.
The latter notion became evident as more evidence surfaced
that indicated that plaque development alone did not result in
neurotoxicity, and that other biochemical processes were
showing dysfunction, such as dysfunction in the regulation
and dynamics of mitochondria [22, 23], regardless of plaque
and tangle deposition [19, 20]. This motivated the formation
of the mitochondrial cascade hypothesis, which posits that
mitochondria are the inherent driving force for the develop-
ment of AD [24, 25], is based on mounting evidence of mito-
chondrial dysfunction in early-stage AD. This hypothesis will
be detailed below following a discussion of the mitochondrial
dysfunction often seen in AD.

Mitochondrial Dysfunction in AD
The Mitochondrial Cascade Hypothesis

In 2004, Swerdlow and Khan hypothesized that the regulation
over mitochondrial baseline activity is inherent genetically but
can be influenced by other factors, and along with this influ-
ence, mitochondria may accumulate damage resulting in both
the symptoms and neuropathology found in AD [24, 25]. This
theory states that given the accumulating evidence for early-
stage mitochondrial dysfunction in AD potentially producing
other molecular phenomena in AD, even in the absence of A3
plaques and tau tangles, mitochondrial dysfunction may be at
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the heart of AD development. In other words, inherent to each
individual is a baseline level of mitochondrial functioning,
largely determined by genetic predisposition and also influ-
enced by environmental factors, combining to influence how
baseline functioning may change over time. A in this model
is seen as a marker of brain aging, but not as the cause of AD.
While mitochondrial functioning may be influenced by the
accumulation and deposition of Af3, this model posits that
the process of accumulation and deposition of A3 is initiated
by mitochondrial dysfunction. Thus, it stands that manipulat-
ing mitochondrial function and understanding the deficits that
result in mitochondrial bioenergetics may help to suspend the
development of AD.

Specific Mitochondrial Dysfunctions Associated with AD

Overview Several mitochondrial functions have been shown
to be affected in AD. These include diminished glucose me-
tabolism, mitochondrial enzymatic failure, and increased ROS
production (before A3 and tau tangles have begun forming
[26]). Several facets of mitochondrial dynamics are also dys-
functional in early-stage AD [27], including a disruption in the
balance between mitochondrial fusion and fission,
representing mitochondria dividing and binding with one an-
other, decreased axonal transport of mitochondria, a lower
percentage of mitochondria within a cell, and a change in size,
with mitochondria in AD maintaining much shorter, wider
shapes [26, 28] as depicted in Fig. 2a. Importantly, there is
also a disruption to glycolytic processes, impairments to the
enzymatic activity of the protein complexes of the ETC, and
negative alterations in antioxidant enzymatic activity [26].
Much research has also been devoted to relating dysfunction
in AD to complex [V activity, as it is often shown to be defec-
tive in early stages of the disease [26, 29, 30]. Many of the
dysfunctions discussed below are illustrated in Fig. 2.

Catabolic Processes Additional effects on energetics in AD
center around decreased activity in the catabolic processes in
glycolysis and Krebs cycle, particularly the pyruvate dehydro-
genase complex (PDHC), the «-ketoglutarate dehydrogenase
complex (KDHC), and enzymes in the ETC such as succinate
dehydrogenase (in complex II) [31]. It has been shown, how-
ever, that these deficits are not specific to AD but are also
common across other neurodegenerative disorders [23].

The deficit found in complex IV activity (discussed in
Complex V), was also shown to likely be a consequence of
abnormal substrate binding kinetics (e.g., cytochrome ¢ bind-
ing), showing that mutations in oxidative phosphorylation
subunit genes may be driving the defects found in complex
IV activity [31]. Furthermore, while many studies produced
defects in complex IV activity, some reported no significant
decrease in the activity of this complex in certain brain regions
(temporal lobe) and additionally reported that localization of

decreased activity in complexes I-III were specific to certain
cortex locations as well [31]. Following the discussion of de-
creased activity in complex IV due to A3 accumulation, it has
also been shown to suppress activity of complex II, though it
is not entirely sure if this is due to the binding of A3 to redox
centers or not [31]. Although there is evidence to show de-
creases in functionality of complex II, there is primarily only
evidence showing that levels of complex IV decrease as AD
progresses, not complexes I-11I [31]. Complex organization is
also disrupted in AD, as it has been shown that the structural
organization of the complexes in the ETC may result in chang-
es in conformation and complex interaction in the formation
of supercomplexes [32].

Complex IV Evidence exists to show that impaired activity of
complex IV may be accompanied by reserved levels of com-
plex IV subunit levels, indicating that some facets of mito-
chondrial dysfunction, particularly deficit in complex IV func-
tion, are inherent to AD and not related to structural degrada-
tion and induction of apoptosis due to plaque formation [33].
Impairment of function in complex IV was also detected in
mice that were genetically altered to develop the neuropathol-
ogy of AD. For example, the 3xTg-AD mouse model [34] is
widely used, where these studies showed that oxygen con-
sumption at complex IV in mitochondria were deficient in
AD [23, 26]. Bioenergetic deficits have been shown to pre-
cede formation of Af3 and tau aggregation in several studies
but have also been shown to become exacerbated by the pres-
ence of these accumulated proteins [26]. Af3-induced mito-
chondrial dysfunction has been demonstrated on several oc-
casions [26]. PC12 cell from rat adrenal medulla cells treated
with varied concentrations of A3 peptides showed improper
function in electron transport through complexes in the ETC
[35]. Additionally, these cells showed an impairment in gly-
colysis and thus a reduction in ATP generation [35].

Inflammation Inflammation is a central process for several
disorders, such as cancer, obesity, diabetes, and AD. It is also
observed in normal brain aging [36]. In most situations, the
inflammatory process is a natural mechanism of defense
against infections and injury, which is designed to first re-
spond to threats and then restore the body to normal homeo-
stasis. In AD, markers of inflammation have been found in the
brain, which has been demonstrated by increased levels of
cytokines, chemokines, and gliosis; this includes TNF-«, IL-
6, and IL-1p3, to name a few [37]. Overall, in AD, A{ is
thought to induce inflammation via mechanisms that need
further clarification.

Af To elucidate any connection between mitochondrial dys-
function and A3 toxicity, Ntera2 cells containing no function-
al ETC showed no adverse effects following application of
AP, whereas cells that contained functional ETC prior to
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Fig. 2 a An illustration of some
mitochondrial dysfunctions found
in Alzheimer’s disease. Explicitly
shown is altered morphology of
the mitochondria and synaptic
space, as well as the reduced level
of mitochondrial axonal transport.
b A closer inspection of the
mitochondria in a diseased state
showing translocation of AS3 into
the mitochondria through the TIM
and TOM complexes. Once Af is
transported into the mitochondrial
matrix, A3 is shown to affect
complex IV activity, Ca®* efflux
and result in mtDNA mutation

U Normal Mitochondria

I
& Alzheimer Mitochondria
(2

* Amyloid palques

a Normal neuron Alzheimer neuron b

4

o> "

=

a -Mitochondrial permeability transitions pore (mPTP).

Qv @® @ Complex-l, Il, lll, Quinone and Cytochrome c, respectively -Cycophilin D} -AB

-
(*) -Complex-1V .-Complex-v x-v-Secreatase @-TOM @ -TIM (ABAD' -Cycophilin D

Clogged Protein
import machinery @

Axon withdraw
Synapse dysfunction
Denervation

application of A3 exhibited cytotoxicity through cell death
and reduced energetic activity [38]. Many studies have since
corroborated these results, showing that treatment with Af3
resulted in deficits in energy metabolism [26]. Studies have
also shown that A3 has the potential to permeate not only the
cell membrane but also the inner and outer mitochondrial
membranes as well [26]. Although it is not entirely known
for certain how Af is transported into the membrane, it is
currently proposed that it is imported through the translocase
of the outer membrane (TOM) complexes Tom20, Tom70,
and Tom40, then transported through the inner mitochondrial
membrane by the translocase of the inner membrane (TIM)
[26]. The operation of these complexes and the translocation
of A is shown in Fig. 2b.

It is believed that mitochondrial dysfunction precedes
AP formation, which upon aggregation then fuels fur-
ther decline in mitochondrial functioning once it has
permeated the membranes. One major way that Af
can influence mitochondrial functioning is by binding
to heme groups, which reduces their functionality as
redox centers in the ETC, which occurs predominantly
in complex IV heme groups [23]. AR may also bind to
Af3-binding alcohol dehydrogenase (ABAD) resulting in
an increase in ROS generation through impairment in
complex IV molecular O2 processing, reduced cyto-
chrome c release, and a decrease in ATP production
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[23]. Furthermore, aside from A3 peptide interacting
with certain TOM and TIM complexes to allow translo-
cation into the mitochondria, they can also block
TOM40 and TIM23 from importing subunits of complex
IV into the mitochondria [23], thereby also resulting in
affected complex IV activity.

Oxidative Stress Increasing evidence suggests that oxidative
stress is linked to AD [39]. However, exactly how this occurs
is not known. Interestingly, some data suggest that oxidative
stress is an early event in disease progression. Investigators
have also hypothesized that redox balance decreases during
conditions associated with neurodegeneration, which results
in mitochondrial dysfunction [39]. Whether increased oxida-
tive stress leads to mitochondrial dysfunction or if mitochon-
drial dysfunction promotes oxidative stress remains to be
clarified.

In addition, a link between cancer and AD has been
proposed that may be via a nitric oxide (NO)-induced
oxidative stress pathway resulting in mitochondrial
structural and changes and DAN damage [40].
Interestingly, in both cancer and AD, energy demand
increases. Due to this increased demand, which is
coupled to hypoxia and oxidative stress, some tumors
switch their metabolic processes to glycolysis (i.e.,
Warburg effect; [41]), and depend less on mitochondrial
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ATP output and more on ATP output from glycolysis.
Several studies have found similar patterns of this
switching in AD models. For example, using PET scans,
Vlassenko et al. [42] found significant correlations exist
between brain aerobic glycolysis and A3 deposition in
human brain. The significance of aerobic glycolysis in
proliferating cells has been well documented in cancer
studies, but the observation that glycolysis occurs in AD
pathophysiology is new and worthy of further
investigation.

Mitochondrial Gene Expression The mitochondria possess
their own compact circular genome (mtDNA), which
lacks histone proteins and any major repair mechanisms,
making it highly vulnerable to ROS that are produced in
close proximity. However, not all ROS production is det-
rimental, and data also suggest some ROS are important
for normal cell signaling. Human mtDNA possesses 37
genes that encode for 13 polypeptides, which is remark-
ably similar to mouse mtDNA (see MitoCarta database,
http://www.broadinstitute.org/pubs/MitoCarta/). Studies
show that mtDNA genes code for many of the subunits
of all 5 complexes of the ETC (but some subunits are
coded by nuclear DNA), 2 rRNAs, and 22 tRNAs. In
almost every case, mtDNA is inherited along maternal
lineages.

Interestingly, studies suggest that mtDNA mutations play
an important role in mitochondrial dysfunction in AD. For
example, variations in mtDNA were found to be associated
with AD pathogenesis. These included, heteroplasmic somatic
mtDNA control region mutations [43] and point/missense mu-
tations in mitochondrial encoded cytochrome ¢ oxidase sub-
units I, 11, and III genes [44].

Mitochondrial Dynamics The endosymbiosis theory, pro-
posed by Dr. Lynn Margulis, states that mitochondria were
once independent entities that at one point became associated
with eukaryotic cells. Given this, it should come as little sur-
prise that mitochondria do not exist in cells in fixed positions.
In fact, mitochondria have been observed to be highly dynam-
ic organelles constantly fluxing between fusional and fissional
states. Moreover, it is the alteration of mitochondrial dynamics
that is now believed to be at the core of many neurodegener-
ative disorders including AD.

For example, proteins such as optic atrophy 1 (OPAl),
mitofusin 1 (MFN1), and mitofusin 2 (MFN2) have been im-
plicated in regulating mitochondrial morphology (i.e.,
balancing fusion and fission) and when mutated result in dis-
ease [45]. In addition, data suggest that tau and A3 proteins
can influence the regulation of mitochondrial dynamics and
involve proteins such as dynamin-related protein 1 (DRP1),
which is thought to possibly alter processes of mitochondrial
fission in AD.

Conclusion

The discussion of ETC bioenergetics began with an introduc-
tion to some of the main characteristics of the mitochondria,
substrate processing, and the structural components of the
ETC. Understanding the involvement of these components
in utilizing the electrons sequestered from relevant oxidizable
substrates (e.g., glucose) provides a framework for under-
standing how oxidative phosphorylation occurs mechanisti-
cally. Through this framework, understanding function and
dysfunction are both enabled. In reviewing the dysfunctions
commonly associated with AD, it is apparent that the mito-
chondria are an increasingly interesting target for understand-
ing early-stage AD and potential treatments. With growing
interest in the mitochondria as a potential target for under-
standing AD, it has even been hypothesized that deficit in this
organelle may be at the heart of the progression of AD itself.
With enough evidence to support this hypothesis, it is clear
that the role of mitochondria in AD is significant, but the
extent of this significance still remains an interesting topic
for research.
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