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Introduction
This review investigates the role nutrition (over and under nutrition) affect mitochondrial behavior.

Conclusions

Mitochondria fragment under conditions of over nutrition; and, when capable, will increase their energy
wasting capacity by reducing the coupling of the electron transport chain via the production of uncoupling
protein.

Mitochondria elongate, protecting against mitophagy (autophagy of mitochondria), and will couple the

electron transport chain under conditions of under nutrition.
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Mitochondrial fusion, fission, and mitophagy form an essential axis of mitochondrial quality control, However,
quality control might not be the only task carried out by mitochondrial dynamics. Recent studies link mito-
chondrial dynamics to the balance between energy demand and nutrient supply, suggesting changes in mito-
chondrial architecture as a mechanism for bioenergetic adaptation to metabolic demands. By favoring either
connected or fragmented architectures, mitochondrial dynamics regulates bioenergetic efficiency and
energy expenditure. Placement of bioenergetic adaptation and quality control as competing tasks of mito-
chondrial dynamics might provide a new mechanism, linking excess nutrient environment to progressive
mitochondrial dysfunction, common to age-related diseases.

Introduction
As our refationship with mitochondria evolves, we remain fasci-
nated with wpact of thi leintwo unrelated
conditions: aging and metabolic diseases. While aging involves
L of mi quality turnover mech-
anisms (such as autophagy), type 2 diabetes and obesity are
influenced by the ability of the organism to deal with excess
nutrient The that both ions are

getic iency and ATP is capacity also
implies of mi i
However, is not the only mitochi

drial task that involves changes to mitochondrial architecture.
A vital task that engages the fusion and fission machinery is
the mitochondrial life cycle (Twig et al., 2008a). The mitochon-

impacted by the duration of exposure to excess nutrient environ-
ment raises the question, are the tasks of handing nutrients in
excess and maintaining quality control ever in confict? In this
review, we discuss evidence to support a hypothesis that adap-
tation to excess nutrient environment interferes with quality
control functions and, as a result, affects mitochondrial function
in a magnitude that refiects the duration to which the organism
was exposed to excess nutrient environment,

drial life cycle changes to
through fusion and fission events. These brief tran-
sitions between and enable
izt i and the elimina-

tion of damaged material, thereby maintaining a healthy mito-
chondrial popufation. One can appreciate that the life cycle of

i ia would be ised i ial fusion or
fission were disabled to allow for bioenergetic adaptation. There-
fore, under certain nutrient environments, bioenergetic adapta-
tion and quality control might represent conflicting tasks.

In response to changes in energy demand and supply, the That Qquality within the same
organism adapts by adjusting both it: ity and/or iency that controls for bioenergetic efficiency is not
|ntro of ATP i ¢ X it y is given the ing that a I Arient environ-
defined as the ATP preduced in the mitochondria per molecule  ment (caloric restriction) may support increased longevity.
of nutrient (Figure 1), and mitochondnial ATP synthesis capacity Adaptation of bicenergetic efficiency and ATP synthesis
is defined as the rate at which ATP is produced per unit of time,  capacity to nutrient avagability differs among tissues and & inti-
As an adaptation to excess nutrients, the organism recruits  matedy linked to their specific physiclogy. Thus, we will focus on
mechanisms to utiize nutrients first by storage and then by  three paradigmatic tissues that show different bioenergetic effi-
waste (heat generation), While spending time at the gym may  ciencies and of to nutrient il
be the appropriate way to waste energy and keep healthy,
reducing bioenergetic efficiency might enable energy waste in (1) Brown adipose tissue: When stimulated, brown adipo-
tissues other than muscie and in individuals that are less cyles can go through an acute and robust transition
compatible with the gym. from high to low bioenergetic efficiency. Under these
Studies in the field of mitochondrial dynamics have identified stimulatory conditions, energy obtained from mitochon-
an intriguing link between energy demand and supply balance dnial nutrient oxidation is almost entirely directed toward
and mitochondrial architecture. Celis exposed to a rich-nutrient heat production rather than ATP synthesis (reviewed in
environment tend to keep their mitochondria in a separated Cannon and Nedergaard, 2004),
state, and in cells under {2) Muscle: Muscle cells harbor higher bicenergetic effi-
tend to remain for a longer duration in the connected {elongated) ciency as compared to either beta cells (Affourtit and
state (Molina et al., 2009; Gomes et al., 2011). Thus, it appears Brand, 2006) or stimulated brown fat. In the contracting
that bicenergetic adaptation that swolves changes to bicener- red muscle, nutrient oxidation is pramarily directed
G)rm.v..« Cell Metabolism 17, April 2, 2013 ©2013 Elsevier Inc. 491
I
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Intro

Intro: Aging involves insufficient mitochondrial quality
controls, like autophagy. This review covers the effect of
nutrient overload and mitochondrial function.

In response to nutrient overload, the cell adapts by changing
the capacity (amount of mitochondria) and efficiency (ability
to produce) of cell energy production. Bioenergetic efficiency
is defined as the amount of ATP produced per molecule of
nutrient. The cells respond to nutrient overload by creating
added nutrient storage, then further adapt by wasting energy.

Cells exposed to nutrient rich environments experience
changes in mitochondrial shape and structure - they tend to
have fragmented mitochondria, while cells under starvation
conditions tend to stay elongated.

Bioenergetic (cell energy) ability is not the only driver of
changes in mitochondria architecture. Mitochondria are
constantly undergoing fusion (combining two mitochondria)
and fission (one mitochondrion splitting apart). They undergo
these processes to separate out damaged sections of
themselves, so sometimes the bioenergetic need for fusion or
fission is at odds with the need to separate out or dilute



Intro

Balanced nutrient avallability

Nutrient excess

Waste/
Inefficiency (leak)

Figure 1. Regulation of Coliular Bloenergetic Efficiency under
Conditions of Nutrient Excess
In 1he balanced state fuelnutriant *supply” is suMlicient
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et al., 2009; Quirés et al., 2012; Senasﬂéne!al 20121 Nong
with this, the of

physiology of different tissues has only been revealed mcen!ry
mestly thanks to different mouse models namodng tissue-
specific deletions of core
dynamics (Chen et al., 2007, 2010; Chen etal, 2011 Ishihara
et al., 2009; Sebastién et al., 2012; Wakabayashi et al., 2009;
Zhang et al,, 2011).

In this context, the aim of this review is to summarize the
currem of function
and i ion by nutrient and energy
demand in heelm U\d disease, We will discuss how mitochon-
drial dynamics may be required for proper adaptation to the
diverse bioenergetic requirements, In the last section, we will
provide a model in which adaptation to sustained exposure to
nutrient excess results in prolonged changes to mitochondrial
dynamics. These changes can impact mltochununal quaﬁy
control and thereby to the
characteristic of metabolic and other age-related diseases.

of Cellular

dm " Under ths condion, “waste™ of inefficiency n the form of haatis

by
How Can Affect Cellular

and

2 pm:lu incraass in “demand,” raprasents & siuation in which the energy
required 10 salisty ATP demand i lower than the availadle energy. This is
compensated for by addition of an energy sink thal does not involve ATP

Intuitively, it is expected lhal conditicns of limited nutrient avail-
abilty will increase the ratio of ATP produced per nutrient
thereby reducing and optimizing the consumption

of nutrients. Mechanisms to increase energy efficiency are ex-
pected to diverse between tissues that are primarily relying on

synthess. Thi The major
msamunlo- ineflicincy/wasts in the fom of heat is mitochondkial proton
the

towards f ATP in the ia (Chappell

and Perry, 1954) to support contraction. Thus, the oxida-
tive muscle is a good example of high mitochondrial ATP
synthesis capacity and likely high bicenergetic efficiency
(Marcinek et al., 2004).

(3) Beta cells: Mitochondria in pancreatic beta cells serve as
nutrient sensors and signal generators for msulin secre-

is and those that are relying primarily on
oxidative metabolism for the production of ATP.

In this regard, recent studies performed in transformed cell
lines demonstrate that starvation increases mitochondrial ATP
synthesis capacity (ATP production per unit of time). This
increase involves the formation of ATP synthase dimers at the
cristae curvatures, which show higher activity (Gomes et al,,
2011). This result may represent a shift from “anaerobic™
glycolysis (to lactate} toward mitochondrial respiration under
starvation, as iration can produce more ATP per molecule

tion. Nutrients are “sensed” through their
which involves nutrient oxidation mediated by beta cell
mitochondria (Ashcroft et al, 1984; reviewed in Deeney
et al, 2000). Therefore, bioenergetic efficiency is ex-
pected to be highly regulated to allow proper insulin

secretion,
Although the for 1l pecif in
L i iency are to a certain extent, less
is known about the of ics to

of glucose. In cxidative cell types, one would also expect the
activation of mechanisms that increase mitochondrial bicen-
ergetic efficiency to ensure survival under limited availability of
nutrients.
efficiency have not been described ir n detail under these condi-
tions, On the other hand, i ial ATP

capacity reported in transformed cell lines (Gomes et al., 2011)
was associated with and dependent on changes in mitochon-

tissue and diet: y and mito-
chondrial ATP synthesis capacity. Mitochondrial dynamics is
a concept that resulting
from movement, tethering, fusion, and fission events. Multiple

o that mi i ics are
impertant for cell viability, senescence, mitochondria health,

which fission rates

and mitochendrial elongation. This change in dynamics

suggests that i sid be an activ ism contrib-
wling to s

D diversion ofthe:

energy obtained from nutrient oxidation toward heat production,
most D

by

bioenergetic function, quality control, and i signaling
(reviewed in Liesa et al,, 2009; reviewed in Twig et al, 2008b).
On the other hand, we are now beginning to understand how
nutrients and the cellular metabolic state are regulating mito-
chondrial dynamics in different tissues and vice versa, particu-
larly in the beta cell, brown adipose tissue, and muscle (Molina

482 Ced Metabolksm 17, Apri 2, 2013 252013 Elsevier Inc.

y may serve as a protective mechanism
from the detrimental effects associated with nutrient overload.
Tnis = achieved through the reduction of reactve oxygen
species (ROS) production and by the enhanced removal of
excess nutrients and their potentially cytotoxic metabolites
(Figure 1).
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changes in mitochondria architecture. Mitochondria are
constantly undergoing fusion (combining two mitochondria)
and fission (one mitochondrion splitting apart). They undergo
these processes to separate out damaged sections of
themselves, so sometimes the bioenergetic need for fusion or
fission is at odds with the need to separate out or dilute
damaged section of mitochondria.

Three tissues that respond differently to nutrient excess:

1. Brown Fat Tissue: These cells undergo significant changes
in their bioenergetic efficiency (from high to low, with
increased nutrient availability). In a low efficiency state,
nutrient oxidation (utilization) is used for heat generation
(wasting energy), not ATP synthesis.

2. Muscle Tissue: These cells have high bioenergetic
efficiency (producing substantial energy with each nutrient
molecule) - presumably to support contraction of the muscle
cells.

3. Pancreatic Tissue (specifically, insulin producing beta
cells): Mitochondrial oxidation of nutrients plays a critical role
in the tight control of insulin secretion, so it is not going to
swing heavily - rather, it is going to be defined to a narrow
range of efficiency.

More is being learned on the topic thanks to animal models
with specific gene deletions for fusion and fission proteins in
mitochondria.
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grackent {Apy*) resulting in

biss the main cantrit-

The flow of electron-mediated proton in the
respiratory chalncmbsmpasdmaﬂwofwmnagardm a dlﬂsm in cha'ge {2} and in prmon concentration {ApH].
hose (see the | ic Effi-
clency and Changes in ATP Sy Capacny by

Studies™ section for a more detailed

utor 1o Ay In Michalls and Ferguson, 2002). In intact
i ia, maximal and minimal &y, values are around 225

MADH, resulting from nutrient oxidation, Teeds the hose inlet with.
water, while ATP gynthase controls the hoga final outlat. The
prassura that the flow dwabal genaratas in the hosa is the mito-
chandrial ). The 1 water and pres-
sure In the hose are deherrnlned bymerstesud MADH prndumwn
and ATP synthasis. Tha minimum and maxmum vakees of pres.

sure that the hose can hold are determined by the maleriﬂ ana
Integrity of the hose, not by the flow of water or the inleta and
autlets fi.e., the range of A, in mV is determined by thermody-
narnics and the integrity of the organelle). ATP synthesis is deler-
mined by ATP demand, meaning that the hose outlet is
controlled by ATP demand. if the hosa could hald unlimited pres-
sure, we would not have 1o be with any

and 90 mV, respectively. This range in mV is dictated by the
atabllity of fi and repre-
sents the balance between proton extrusion and re-entry.
Energy from praton re-entry through eomples V is used for the
mynthesis of ATP from ADP. The state at which @olated mito-
chondria are synthasizing ATF at maximal rates is named state
3 (Chance and Williams, 1955}, and it ocows al mMerrmediate
Sy, values [~140 mv). As such, this state s characterized by
a high rate of both proton extrusion and re-entry {reviewed in
Micholls and Ferguson, 2002},
Proton re-entry throwgh mechanisma that do not involve
comnlex v ancl ATP synthesis are refarred to as uncouplad
results in the of

beyond ATP demand. However, this is not the casa. The hosa,
as it turns out, has some culs through which water can escape,
valve that can diven excess
water through a safe conduit can reduce the prassure in the hoss
and prevent water leakage through the "cuts” in the hose
(increasing or maintaining the flow of water). In our analogy,
the escape of water through the cuts represents the escape of
electrons to produce ROS. The pressure valve represents the
combination of inducible and inherent uncoupled respiration,
the latter belng causad by the inharant proton leak of the i inner
ikl ] include
1 (LGP} activation in brown fat and the pesmeability |rsnmm
pore Upenlng Inherent, nonactivated, proton leak is directly
(bt to the potential and is
rnedlahed in part, by n\ermembrsne prateina (such as adenine
UCP1 in brown fat)
(Parker et al,, 2008). TN.' batance between ATP demand and
nutrient supply determines both the rate of ATP synthesia and
the lavel of ROS produced by mitochondria.

Different Gissues employ  different  mechanisms in their
responss to nutrient overload. The selection of epecific compen-
satory mechanisms allows each fissue to maintain its unigue
primary function, while minimizing side effects related to ROS
production. In certain cell fypes, compensatory mechanisms
are placed upstream of the mitochondria, preventing their expo-
sure o high levels of fuel, HWSW in beta cells, brown adipose
tissue, and muscha, "] Dl that iti
of nutrient excess that increasa fuel availabikty to the mlmchun

heat and is not controllad by ATP tumowver (reviewed in Nicholls
and Fergusan, 2002). It is important to distinguish between two
different types of respiratory states resuiting from uncoupling.
These two rssplamry sm.las datermined in isolated mitochon-
diria show major and might miméc respira-
tory states under different physiological conditions in vive:

(1} Respiration controlled by inherent proton leak. This is
typically measured in vitro, in isclated mitochondria in
which ATP synthesis has been inhibited esther by ADP
axhaustion (state 4} or by the use of complex ¥ inhibitor

olygormyein. 11 i also referred 10 &s respiration confrofied
by basal proton ocnducm (Parker et al., 2009) and can
mimic i of itoch
dirial RTP ﬂeﬂ"al’\ﬂ and high nulrlent availability,

2 F by ind This type
of iration can ba i i
by the addiion of chemical compeunds, such as FCCP,or
by of protains’
molecules located in the inner mitochondrial membrane,
such as UCP1. The activation of these endogenous
uncouplers takes the control of respiration from ATP
synthesis, Under these condifions, respiration is
controlled by the capacity of the respiratory chain and
by the availability of mﬂa:hoﬂdnal fuels. This type of

is also by Ay
walpes, due 1o Incregsed proton re-entry. It is akao refermad
to as inducible proton conductance {Parker et al., 2009).

dria might modulate bicenergetic efficiency and
ATP synthesis capacity (Koves et al, 2008; Bonnard et al,
2008; Rothwell and Stock, 197%; Wikstrom BIaJ ZUU'ﬂ

of
and Changes in ATP Synthesis Capacity by Respiration
Studies
Mitochondria frem any tissue can provide energy i the form of
ATP as a result of nutrient oxidation {Chance and Williams,
1865; Mitched, 1961), Oxidation of midrients will provide slec-
trons 1o the mitochondrial electron transport chain

Akey bt these two types of respi-
ration is the membrane potential at which they are conducted.
Mitochondrial respiration confrolled by inherent praton keak,
which occurs in coupled mitochandria under conditions of low
ATP synthasis and high nutnent availability, is assul:med with
higher A, vak; [ rates.
The high Ay, values result from a mmnlnat.on of decreased
rates of proton re-entry through ATP synthase and low valuas
of proton conductance contributed by the nherent proton leak.
The of these effects Ay, values within

by four compleses) in the form of NADH and FADH;. The sequan-
tial transport of electrons from complex | or 11 te 1 and IV
extrudes protons fram the matrix to the space,

the range dictated by thermodynamic stabdity of intact mito-
chondria. This stale is associated with relatively higher AOS
asa of the increase in Ay,

Call Metabalism 17, April 2, 2013 ©2013 Blsevier Inc. 493
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1. Starvation conditions for the cells leads to increases in ATP
(cell energy) production per second/minute, etc.
(mitochondria generate energy more rapidly). This also leads
to more ATP synthase complexes grouping together and
increased activity of these ATP synthases. This might be a
result of a switch from anaerobic glycolysis (oxygen
ir 1t energy to oxid: phosphorylation
(oxygen dependent energy generation). The mitochondria
also would experience an increase in efficiency (getting the
most energy per molecule of nutrient), which is dependent
on if the mitochondria can fuse (fusion).

Decreased mitochondrial efficiency is present when there is

nutrient overload and mitochondria switch to producing more
heat instead of energy (ATP) - this is accomplished through

uncoupling the mitochondria through the production of more

Uncoupling Protein (UCP).
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In marked contrast, treated with
(such as FCCP) have decreased Al value, which causes an
increase in respiration rates to values higher or close to state
3.The increase in Ay values
within the range of thermodynamic stability (~90-120mV). In this
case, absolute values of calories from nutrients used for heat
generation will be higher In uncoupler-incduced respiration
compared to inherent proton leak controlled respiration. There-
fore, respiration that is activated by uncouplers is characterized
by y and lower
ATP synlhesls capacity, as it dnves nutrient oxidation toward
heat itis with lower ROS
as Ay, values . Th f these
basic differences between the two !ypss of uncouplad respira-
tion is relevant to the conse-

Cell Metabolism

UCP1 in intact cells and in Isolated mitochondria, as ATP tum-
over will have a reduced control over mitochondrial respiration
under these conditions, Overall, the fact that the control coeffi-
clent of each process over mitochondrial respiratory flux can
vary suggests that under certain physiological scenarios mito-
chondrial nutrient availability may control the mitochondrial
Ads (within the range dictated by thermodynamics; around 90-
225 mV).

Of particular relevance for this review, in certain cell types,
Including nutrient sensors such as the beta cell, nutrient avail-
abilty has a higher flux comml coefficient and greater control
over and potential than in
other cell types (l.e., muscle cels). Consistent with this, recent
evidence confirmed previous findings that mitochondrial hyper-

is

quences nl nutmfl—ﬂn&led changas In respvanon nauas

to the increase in extracellular
n\Mem concentration {glucose and pyruvate) In beta cell line

Al and the “F g et al, 2012; Wikstrom et al, 2007; Danial et al.,

between iC and Dynamics™  2008; Hsaﬂ et al., 2006).

section. Furthermore, uncoupling protein 1 in the brown adipocyte

Nutrient Control of a & i

Respiration and thereby can be acti-
L is by three different pro- vated by nutrients per se (Rial et al,, 1983; Parker et al., 2009;

cesses: (1) ATP tumover, by cellular ATP et al., 2008), That brown adipose tissue evolved to

tion and matrix ADP levels; {2} substrate utiization, det ermned
by fuel availability inside the mitochondrial matrix and its oxida-
tion to generate NADH, FADH,; and (3) proton leak, determined

utilize fatty acids as a signal for nutrient wasting brings up
a potential general concept that nutrients with high caloric
content can activate thermogenesis and oxsrl important control

by the inherent of the inner 10 protons.  over perse, or idation. This
Understanding the contribution of each of msse pvocasses is  mechanism could pramm) nmrml wastmg in the form of heat
2 under nutrient  supply

essential to predict under

states, nutrient will be mito-
chondrial respiration and Ay,

In isolated mitochondria under state 3, where maximal ATP
synthesis rates are Induced, both nutrient utilization and ATP
tumnover exert a simdar control over respiration and thus over
Ay, This control can be quantified as the control coefficient
over the mitochondnial respiratory flux. A value of 1 for this
coefficient represents an absolute control of a process over
respiration, Under state 3, ATP turmover was found to have
a control coefficient value of >0.5, while nutrient utilization has
acontrol coefficient of <0.4. (see Hafner et al., 1990), This finding

(Figure 1). Such
efficiency could exist in other tissues, but likely through other

andlor These are ex-
pected to be relevant in nutrient m which harboe high
nutrient permeability. These mechanisms cwd lﬂVONB and/or
require changes in as in
the between y and Mito-
chondrial Dynamics" section.

In this regard, obesity and diabetes research have put forward
mitochondrial “nutrient wasting” in the form of heat as an impor-
|ant coﬂcapi in mmllc adaptation. Thls oonoem is based on

the

in isolated mitochendria supports the idea that ATP
the main control over the rme of mitochondrnial maplmnon in

intact cells under Z iti while
nutrient availability and the inherent profon leak have refative
lower control over respiration rates.

However, in an intact cell, the metabolic processes providing
NADH/FADH; to the mitochondrial matrix, including glycolysis,
fatty acid oxidation, and TCA cycle, can control respiration with
a flux control coefficient over respiration between 0.15-0.3
under resting conditions (reviewed in Nicholls and Ferguson,
2002; Hafner et al., 1990). Theve(om, anﬂough ATP tumover
has a major influence and

mito-
chondrld nutrient oxidation in certain tissues, lnehdlng muscle,
brown adipose tissue, or beige adipocytes, could potentially
compensate for the deregulated energetic balance associated
with nutrient excess (Levine et al., 1999; Schutz et al, 1984;
Wu et al, 2012). Consaequently, understanding how this mito-
chendrial “nutrient wasting” process is regulated in all cell types
and in a tissue-specific manner might prove useful for the treat-
ment of conditions associated with excess nutrients.

Cells that should be particularly susceptidle to nutrient
supply and demand imbalance are those allowing nutrient

potential (control coefficient value 0.5), under conditions of
high ATP demand, nutrient utilization and its availability can still
have a significant control over respiration and the exact mito-
chondrial Ay values in intact cells. Furthermore, nutrient avail-
abdity will have even a greater control over respiration after
the induction of with either uncou-
plers or by of such as

of their energy demand. Such cells
are the nutrient sensors, the regulators and the storage organs:
the beta cells, the hepatocytes, and the adipocytes. In the case
of white high nutrient allows for
storage of mutrients in the form of triacyighcerides. However,
in the nutrient sensors (e.g., beta cells), nutrient oxidation and
ATP/ADP ratio serve as a sensing mechanism and a signal

484 Ced Metabolsm 17, April 2, 2013 22013 Elsevier Inc.

Qe for insulin secreticn. This ability of the beta cell to
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Mitochondrial respiration (use of oxygen as a necessary
component of energy consumption) is controlled by the
consumption of ATP (cellular ATP consumption), the amount
of NADH and FADH available (coming from the TCA cycle),
and the proton leak (the permeability of the inner
mitochondrial membrane to allow protons from the
intermembrane space to the matrix). ATP turnover thereby
also plays a huge role in mitochondrial membrane potential.
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contral and modulate its
to nutrient supply is essential to maintain its funcnun in nutrient
stirmulated msulin secretion, It might also play a role in main-
taining beta cell viabiity through the removal of excess
nutrients that if left to accumulate may have a toxic effect
[reviewed in Prentki et al, 2002; reviewed in Muoio and New-
gard, 2006).

In the "Realationship between Bicenargetic Efficiency and
Mitochondrial Dynamics” section, we will dnsmss evidence for

and

anargy efficiency and nutriant

Effects of Nutrient Excess on m‘m:nnndﬂal

Bioenergetics in Brown Adipose Tissue, Muscle,

and the Beta Cel

Brown Adipose Tissue, Mitochondria from brown adipose

tlsaue harba( UCP1 mlvamn of which generates heat through
of potential and i

respiratory rates (Aguila et al., 1985; Heaton et al., 1978; Nich-

olls, 1974; Micholls et al., 1978). UCP1 is used as a specific

marker fo detect brown adipocytes within other tissues, The

brown adipocyle represents a model in which a large shift in

bioenergetic efﬁaency can be Bcuheh' |nduced mrmg\
i of

&t al., 2008) (see the next section). Thus, nulrient excess in the
form of high-fat diet can expand mitochondrial capacity in
some tissues, whereas mitochondria from other tissues might
be damaged by the same diat,

Muscia. Currant data suggest potential mechanisms by which
nutrient supply and demand imbatance might affect muscle
mitochondrial function. Mutrient excess in the form of long-
lsrrn high-fat diat results in the accumulation of toxic levals of

of fatty acid Some of these interme-

diates were shown to be a result of Ineonplehe mnocﬂondrlal
fatty acid oxidation and P

i K tal., 2008). F\I“hef'

more, this { Id 1o the fallure

of mitochondrial electron transport chain function reparted in
skeletal muscle from type-2-disbetic patients (Kelley et al,
2002). Other studies show that increased ROS generation,
causad by nutrient excess through long-term feading of a high-
sucrose and high-fat diet, is likely 10 cause self-inflicted oxidative
damage to the mitochondria and their dysfunction, the latter
taking place after the onset of insulin resistance (Bonnard
et al., 2008). Thus, excessive ROS production would be a magor

i to insulin resk Thesa i would

hermonal
in hwman brown adipocytes by cold is achieved by the increase
in fatty acid availability to the mitochondria and their oxidation,
which is the result of norepinephrine (NE}- inducesd lipabysis re-
wiewed in Cannon and Nedergaard, 2004; Ousliet et al.. 2013).
In the case of rodents, high fat diet (a form of nutrient excass)
increases brown adipose tissue (BAT) mass. This is mainly
thanks to the increase in brown fat proliferation and differentia-
tion, which result in the increase in UCP1 expression and the
eepansion of mitochandrial mass per cell in rodent models
(Himms-Hagen et al., 1951; Rothwell and Stock, 1978). Whether
an increasa in the activity of this diet-induced expanded BAT n
rodents contributes 1o what was defined s diet-induced ther-
mogenesls s controverslal {reviewed in Kozak, 2010).
Mitochondrial expansion induced by high-fat-diet in rodent
brown fat shows that when ATP demand & not the main drive

for onygen lLe. oy
increased uncoupling such as in the acuvatad brown fat),
nutrient excess and i fued bo the mitoch

suggest that function is not a regulated
process but rather caused by damaging effects caused by
nutrient excess.

Other studies suggest that decreased mitochondrial electron
trangport chan [ETC) function reported in diabetic muacle rmight
be a compenzatory and a regulated mechanism that may be pre-
venting sulin ros , although imes ot
These studies characterized two mouse models of a “primany™
raduction in ETC complexes activity, which are muscle-specific
knockouts of the apoptosis-inducing Eaxcter (AIF) and the tran-
scription factor A mitochondrial (TFAM), respectively (Pospiallik
at al., 2007; Wredanberg et al., 2006). Thase knockout mice
showed improved insulin sensitivity (Wredenberg et al, 2008;
Posplsik et al., 2007) and protection from high fat diet-inducad
obesity (Pospisilik et al,, 2007). These findings suggest that the
observed decrease in mitochondrial bicenergetic Tunction in
type 2 diabetics could be preventing mitochondrial-mediated
foxicity associated with nutrient excess. This would favor the

dria does not impair bccenergetu:: f\m“nn This Isck of mxlclty
could be T the between

rhembrane potential and escape of electrons from the electron
transport chain to generate ROS (Brand et al., 2004). Couplad
respiration normally ocours at h'gharvaluasul mambrane poten-

tial as to ion, which heat
through UCF" activation or other uncouplers. This means that

ia will i generate less ROS
when to coupled undler ions of

nutrient excass. Following the metaphor of the hose, mitochon-
dria fram brown fat would have a second vahe, constituted by
UCP1, which would allow increasing water flow, while avoiding
high pressura and any damage to the hose. The lack of this
second valve with high capacity in muscle mitochondria maght
explain why diets similar to the ones inducing mitochonaal
expansion in brown fat cause mitochondrial oxidative damage
and dysfunction in muscle (decreased citrate synthase activity
and decreased expression of complex IV subunits) (Bonnard

versus f (Asami
at al., 2008; Mofica et al., 2006; Almind et al., 2007; Fink et al.,
2007; Mabben e al, 2011a, 2011h),

These inconsistent findings might reflect the inability of oxida-
tive muscle to promote a larga shift in bicenergetic efficiency. A
large increase in uncoupling capacity by nutrient excess, as in
brown fat, could severaly compromse ATP aynthests and thus
oxidative muscle confractile function and ca]clum homeostasis.

i5 that inherited or induced transcriptional downregula-
tion of mitochondrial transcripts (Mootha et al., 2003; Patti et al.,
2003, Patersen et al., 2004) i a protective mechanism which
insulin resi rather than a i mecha-

ibuting to insulin resk

A potential explanation for the beneficial effect of reduced
ETC activity is that reduetion in the mass of coupled mitochan-
dria in the muscle exposed to nutrient excess and low ATP
demand might serve as a mechanism for avoiding ROS-
mediated nsulin resistance,

Another mechaniem that could cope with toxicity associated
with nutrient excess is muscle uncoupled respiration. Increase
of proton conductance can decregse mitochondrial AOS
production and can enhance the removal of toxic intermadiates
by completing their cxidation (see the previous section), How-
ever, nutrient-overoad-induced wcoupling and its relationship
o ROS production in muscle is still confroversial, and the
conclusions are different depending on the study, diets, mouse
models, and even the mitochondrial population anahyzed
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“How Can Bioenergetic Efficiency Affect Celular Functionakty
and Viability?" section).

Perhaps, since the ability to adapt 1o excess supply has rarely
if ever been selected for, beta cells are deaigned 1o be sensitive
to ROS as a mechanism for rutriant sansing. As such, the bata
cells have low antioxidant activity, ROS production mediated
by high nutrients is utilized in the beta cell to couple nutrient
oocldallun to insulin secretion independently of changss in

Furtherrmare, muscle is a “mdrient )" andd it has

a steady supply of nutrients in vivo. In addition to fatty acids,

lhsse include glucosa during the fed staha glycugen dunng the
and

ATP synthesis (Pi et al, 2007), Theretore, insulin
secretion could occur under condiions In which the ATP
dalnand in the beta cell is low. However. an abnormal situation

starvation. Therefore, it makes physiological sense that high-
caloric nutrients, such as fatty acids, do not by and large
increase uncoupling capacity in oxidative muscle

nulrient excess or continuous exposure to fat
(such as type 2 diabetes) would cause mitochondral damege
or decreased function by sustained overproduction of ROS

proton conductance) &s in brown fat. On the other hand, it s of
relevance to study the regulation of the basal proton conduc-
tance or the nherent proton leak in muscle, as ths tissue
accounts for the major part of nutrient oxidation and thus for
the overall organism metabolic efficiency. Thus, the study of
mechaniams controlling inherent praton lesk in muscle might
raveal mechanisms coping with nutriant excess.

The Bata Ced. The beta cell gauges glucose, frae fatty acid,
and amino ackd availability in the bloodstream and secreles
inzulin accordingly ireviewed in Deaney et al., 2000; reviewsd
in Rutter, 2001). This gauging is performed through nutrient
oxidation and the
main signal stimulating insulin secration is increased cytosolic
ATR/ADP ratio, through glucose oxidation and likely increased
mitachondrial ATF aynthesia. In addition, vanous studies show
that byproducts of nutrient oxidation in the mitochondria,
including Maleryl-Cod, ROS, and GTP, serve as midiators of
Ineubn secration, also termed as “secretagogues” (Pl et al,
2007; reviewed in Prentki et al., 1997; Kibbey et al., 2007; re-
viewed in Futter, 2001), Some aming acids can stimulate insuln
sacration by providing Acetyl-CoA to the Hrebs cycle and
increasing mitochondrial ATP synthesis (Floyd et al., 1966 ra-
wignwed in Poitout and Robertson, 2008). Alang with this, there

arm alon addfiue afferse mn neolin sanestian e cieEananie

with reduced anti activity.

Qiven the | ATP , ROS, and mitoch
dirial-darived coupling factors in insulin secration, one would
expect thal respiration would be very efficiently coupled to
ATF synthesis in beta cells. However, the case is exactly the
opposite. Beta cell mitochondria show higher levels of inherant
proton leak then do mitochondria from other tissues (e.g.,
muscle-derived celis) Mﬂuurllt and Brand, 20061 Although it
might  seam ion  allows
lirniting ROS-mediated toxicity caused by nutrient excess. This
is consistent with the fact that beta cells require othar rnscha
nisms to control A0S as they harbor low
acthaty. Thus, mllncnnnnnal uncoupiing is nﬂendtneiew amrox—
idant ibed so far that mai
ity between nutrient oxidation and insulin aecrubon through
ROS production. At the same time, uncoupling should be tightly
ragulated in a relatively short period of time, as ATR/ADP ratio is
a signal for insulin secretion, which requires efficient and
coupled ATF syntheals.

We can conclude that mitcchendria in the beta cell have some
bioenergetic properties that fall in between mitochondria from
musche and brown fat, which pemmit executing their specific
physiological function related to nutrient sensing.
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3. Mitochondria in brown fat cells contain far more UCP (uncoupling protein), which activates heat

generation, through increased respiratory rates. This increase in UCP in brown fat cells is due
to increased circulating free fatty acids, which are stimulated by epinephrine. Nutrient excess
(like a high fat diet for rodents) increases the levels of brown fat cell number and UCP
expression and increasing mitochondrial mass.

In brown fat, when cell energy demand is not the primary driver of oxygen consumption,
nutrient excess does not lead to bioenergetic/metabolic dysfunction. This is through greater
UCP expression, thereby lowering the mitochondrial membrane potential (more positive
mitochondrial membrane), because more protons are passing by without generating energy,
thereby increasing the need to use substrate to pump protons back into the intermembrane
space. This leads to less electron slippage and less ROS production, because it acts as a
"blow valve" to release pressure building up from the intermembrane space.

This "blow off valve" may be only possible in certain tissues, thereby having nutrient excess
can be handled effectively in brown fat cells, for example, but poorly handled by other tissues
(like muscle), because they do not have the capacity to express UCP as readily (if at all),
leading to greater oxidative stress and damage to the cells not capable of ramping up their
UCP levels. Also, long term nutrient excess leads to a toxic level of fat intermediates as they
are incompletely cleaved due to a backup of oxidation (utilization for energy) - these fat
intermediates can then lead to reduced insulin signaling (maybe they're talking about
ceramides here?). Excess ROS (reactive oxygen species, oxidative stress) also leads to
decreased insulin sensitivity.

It is possible that the reduction in mitochondrial energy production may be due to a reduction in
transcription of mitochondrial proteins to protect against the toxic effects of excess nutrients
(namely, increased fat intermediates and increased oxidative stress).

In beta cells of the pancreas, the role of these cells is different from muscle and brown fat cells,
so the effect of excess nutrients may be different, as well. Beta cells have to be extremely
responsive to cell ATP levels, because if there is an increase in ATP, the beta cell is activated
to release insulin - this is why an increase in blood sugar is picked up by the beta cell, thereby
releasing insulin through the increase in substrate for the mitochondria to generate more ATP.
Notably, beta cells can also be sensitized to release insulin independent of change in cell
energy; rather, it would release insulin with an increase in reactive oxygen species. This might
increase in an excess nutrient situation, because the energy demand in the beta cells may be
low, but the nutrients are exceeding that needed, so the drive to push electrons through the
complexes would be high, leading to more electrons slipping and creating ROS. This is
exacerbated by the fact that beta cells should be sensitive to ROS and therefor have low
antioxidant capabilities. Beta cells allow nutrients into the cells based on availability, not based
on demand, so this may be a key point differentiating them from something like muscle cells.
This leads the beta cells, presumably, to be more vulnerable to nutrient excess.



Ineubn secration, also termed as “secretagogues” (Pl et al,
2007; reviewed in Prentki et al., 1997; Kibbey et al., 2007; re-
viewed in Futter, 2001), Some aming acids can stimulate insuln
sacration by providing Acetyl-CoA to the Hrebs cycle and
increasing mitochondrial ATP synthesis (Floyd et al., 1966 ra-
wiewed in Poitout and Aobertson, 2008). Along with this, there
are alao addtive effects on insulin secretion by simultaneous
prasence of different nutrients. Fatty acids can modulate
glucose-stimulated insulin secretion, through their beta oxida-
tion, through the generation of monoglycerides and acyl-Cod,
or by direct interaction with plasma membrane receptors re-
wieswed in Poitout and Roberisan, 2008), Since beta cells impart
and metabolize nutrients based on availability, and not on
demand, mechanisms that handle excess nutrient availability
are of particular value.

How do beta cell mitochondria respond to nutrient excess?
Long-term exposure of bata calls to high levels of glucose, lipids,
or their combination has deleterious effects on beta cell mito-
chondrial function, physiclogy, and viabilty. The obsarvation
that glucose synergizes with free fatty acids in producing the
toxic effects of nuirient excess suggests that the two converge
onto & common product ireviewed in Poitout and Robertson,
2008; reviewed in Prentki ot al, 2002; reviewed in Deeney
&t al., 2000). The usual suspect would be a situation of reductive
strass characterized by increase in MADH, which, |nmeabeence
of i ATP dermand,

coupled ATF syntheals.

We can conclude that mitcchendria in the beta cell have some
bioenergetic properties that fall in between mitochondria from
musche and brown fat, which pemmit executing their specific
physiological function related to nutrient sensing.

g i and

Mitochondrial Dynamics

In this secllun mmll summanze the changss ubser\ned in mito-
bicen-

ergetic adaptation. This association ralses different questions

that are essential to answer in order to understand the relevance

of this association:

(1) What comea first, changes in mitochondnial dynamécs or
changes in bioenergetic efficiency? Which factor sarves
the other? In this section, we will discuss evidence
showing that changes in dynamice modulate bioenergetic
afficiancy and vice versa. It is likely that the cell type and

the state are major in this reta-
tionship.

2 Wbluensrgsbc adaptation requires changes in mitochon-

ics, what are the for milochen-

anaj quality control?

Izatlon and produces excess AOS (see the hose metaphor in the
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20 mM Glucose
5 mM Glucose 0.4 Palmitate

Mitochondrial Network Fragmentation

% cells with
fragmented network

Oonvol Glu 20 Pllﬂ‘ Pal0.4  Pal0.4
s +Glu11 +Glu20

Figure 2. Nutrient Excess Induces Mitochondrial Fragmentation in
the Bota Coll

INS-1 calls treatad for 4 hr with diffarent concantrations of ghicoss and Tatty
ackds (paimitate conjgated to BSAL, The upper panel shows representative
images of INS-1 cels cullured with prysiologicsl QUCOSe CONCEMINONS
5 mM o\mm av»a n\ﬂ\ nigh glucose and high tatty acd concsntrations

the first question, specific modulation of mitechon-
drial bioenargetics has been shown to cause profound changes

PRESS

mediated by fission 1 protein (Fis1, lecated in the cuter mito-
chondrial membrane), mitochondrial fission factor (Mff, located
in the outer mitcchondrial membrane), and dynamin-related
protein 1 (Drp1, which is mostly cytosolic and translocates to
the outer mitochondrial membrane during fission). Drp1 recruvl
ment to the cuter mif and GTP
are required for Drpi-mediated fission (reviewed in Liesa
et al., 2009). Mff and Fis1 do not harbor GTPase activity, and
different studies show that they mediate fission by recruiting
Drp1 (or other factors) to the mitochondria to a different extent.
MiD49 and MIDS1 have been recently described to recruit
Drp1 to the mitochondria, although the role of MID49- and
MIDS1 in fission s still
under investigation {Palmer et al., 2011; Loson et al,, 2013), Of
note, Drp1, Fist, and MIf also control peroxisomal fission
(Schrader, 2006; Waterham et al, 2007, Gandre-Babbe and
wvan der Bliek, 2008).
Mitochondrial Fragmentation, Proton Leak, and Maximal
Respiratory Capacity: Effects of Chemical Uncouplers
and Nutriont Excess
The addition of chemical uncouplers (i.e., FCCP or CCCP)
causes complete network Drp1
i to the cuter and OPA1 ion (Du-
wvezin-Caubet et al., 2008; Griparic et al., 2007; Ishihara et al,
2006; Song et al,, 2007; Legros et al., 2002; Cereghetti et al.,
2008). In addition, more-recent studies show that depolarization
by CCCP also triggers the proteasome-dependent degradation
of additional mitochondrial fusion proteins (Mfn1 and Mfn2)
and other outer-membrane proteins. However, this protea-
some-dependent degradation of Mins requires the overexpres-
sion of the E3-ubiquitin-ligase Parkin (Tanaka et al., 2010; Ziviani
et al., 2010; Chan et al,, 2011). These studies demonsirated that

4:1 ratio) for 4 he fission Is and fusion is inhibited in de-
DsRed targeted to Cells  polarized and it ia through Drp1

@xpoaed 10 Nigh 6ves of Pulrients (20 MM glucose= 0.4 mA palmitate) show

Yagm jon and the fomation of scal mit ndria (bell Shapeh and OPA1/Min degradation, resneclrve!y This suggests the

wihareas miochondiia with 5 A ghcose apear fubular, The bar oraph that for & systsm

#0ws the PArcentage of calls with agmentsd MItochoncria afee 4 hr ncu-
Note the
acdEve effect of gucoss and tally AciCs Causing ¥agMentation. See Mokra
ot &, (2008) for more detsils.

to mitochondrial dynamics. These changes were to a large
extent, interpretad n the context of quality control activation
(Twig et al., 2008a; reviewed in Twig et al,, 2008b). However,
new evidence suggests that changes in mitochondrial structure
mediated by nutrients and their metaboltes might represent an
adaptation to the changes in ATP demand and supply.

working at maximal resp«—almy capacity or for effective un-
coupled respiration and depolarization,

Dx ATP synthesis effi-
ciancy, or inhibition of fusion is not equivalent to mitochondrial
dysfunction, Consistent with this, the use of uncouplers can
mimic physiological conditions of nutrient excess and thus
increase nutrient oxidation and electron transport chain activity,
such as in the activated brown fat or in the beta ced.

Consistent with this idea, studies exposing beta cells to
nutrient excess (Molina et al, 2009) or to conditions that
uncouple mitochondria with a physiologlcal stimulus  show

of h

drial network (see Figure 2), Thus, itis likely that fragmentation is
also associated with both maximal respiratory rates and

Summary of Proteins and robust
Dynamics

s by motility, fusicn, and
fission events. fusion in is mediated by

mitofusins (Mfn1 and Mfn2, located in the outer mitochondrial
membrane) and cptic atrophy gene 1 {Opa1, located in the inner
membrane) (reviewed in Liesa et al., 2009). These three proteins
require GTPase activity to mediate mitochondrial fusion, Proteo-
Iytic processing of Opatl controls its fusion activity but also an
Opa1 fusion-independent role, controlling cristae structure re-
modeling {reviewed in Liesa et al., 2009; Ishihara ot al, 2006;
Frezza et al., 2006). On the other hand, mitcchendrial fission is

proton
In this regard, there are some differences between the frag-
mentation ocbserved under FCCP and the fragmentation
o d under a rich: it or oxidative stress.
with results in ion and the

of doughnut (bagel}-shaped (Liu and
Hajnoczky, 2011). Nutrient-induced fragmentation in the beta
cell is accompanied by increase in mitochondrial diameter to
form ball-shaped Instead of doughnut (bagel-shaped)
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4. Changing mitochondrial bioenergetics leads to dramatic changes in mitochondrial
morphology. Adding mitochondrial uncouplers, drug induced versions of what
UCP does, leads to mitochondrial fragmentation through DRP1 recruitment and
OPAL1 degradation. Mitochondria will also depolarize as they receive too many
protons emenng the matrix, which also stimulates the proteasome (a protein

on pathway) to be acti to destroy mitochondrial fusion proteins
(MFNs). Fragmentation of mitochondria is also thought to be linked with maximal
respiration.

There are differences between fragmentation through nutrient excess and
fragmentation from uncoupling drugs (CCCP) as uncoupling drugs lead to
fragmented mitochondria with a donut-like shape compared to a fuller, ball shape
from nutrient excess.
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mitochandria (Moling &1 &l., 2009) (see Figure 2). The diff
betwaan the two conditions might hint to the potantial different
roles of the fragmentation and the increase in diameter, Frag-
might suppert and the increase
in diameter might support increased inherent proton leak.
Incleed, these different morphologies can be explained by mito-
cnnm:hsj memnrsne pmenllal walpes, FOOP causes masaive
ion (see the g of Callular
Bioenergetics by Nufrients™ section; it can reach 20 mv),
wheress nutrlent excess Increases mitochondrial membrane
potential {Goehring et al., 2012; Wikstrom et al.. 2007; Danial
et al., 2008; Heart et al., 2006). Indeed, aligomycin, which mark-
aay increasea membrane potential {up to 220 mV in Isolated
ia; sea the 'F ion of Celular Bi getics by
Mutrients” section) was shown 1o cause fragmentation (Legros
et al., 2002). Therefore, the Incresse in mitochondrial dametes
with high nutrients coukd be a consaguence of the increase in
inherent proten leak associated with high membrane petential
walues. On the other hand, FOCP would artificially increase
proton conductance by itsslf {induced) and would not activate
the inherent praton leak,

removal ol oy the induced

In addition, it causes an increase in mitochondrial cristas
number, which is associated with the dimerization of the ATP
aynthase and thus higher ATP aynthesis actiity (Gomes et al.,
2011). Tharafore, starvation would elongate mitochondria in
order to increase ATP synthesis capacity and thus sustain the
ATP demand required during periods of limited nulnent avail-
ability. F Id expect mé from oxida-
tive cell types u-\der starvation 1o be more coupled and to
produce ATF more efficently, 8s increased ATF synthesis
capacity alone would deplate the limited amount of nutrents
faster.

In a aimilar manner, mitochondnal elongation occurs during
G1/S phase of the cell cycle, which is characterized by a large
increase in ATP demand 10 support biogenic processes, Conge-
quently, mitochondrial elongation during G158 phese could
permit high ATP synthesis rates that can sustain cell dunhcatn:ln
(Mitra et a1, 2009),
romatry studies, in which it was demonstrated that cells at G1
phase have increased lavels of coupled respiation and
mermrsne potential {Schieke et al., 2008).

batwean inducad respi- with the notion that mitochondrial elongation
ration and basal proton conductance increased by high nutrents pwrnotﬂs lncnaawd mitochondrial ATP synthesis capacity is
Is higher respiration and & decrease in ATP synthesis efficiency  the with cell (Lee et al.,
{less ATP per molecule of nutrient oxidized). The most conspic-  2007; Yoon at a] 20031 Sensscenca mulves a decraased
uous difference lies in the values of i capacity of i and thus
paotential. capacity of Under this
Th ism bry which may benefit a condi-  condition, i ATF i ity and/or bi i
tion of maximal respirafion under uncoupler is not yet under-  efficiency serves as an ion to reduced mi

stood. Among other possibiltes, fragmentation might represent
a change in cristae structure that alows increased nutrient
impert. This would also be consistent with the dual role of
OFAT In mitochondrial fusion ann cristae remodeling (Frezza
at al., 2006). Thus, OPAT ion could be ane

blogeneals. Mitochandrial fusion provides additional benefit, as
it allows for sustaining functional mitochondria with higher
rurmber of mutated mitochondrial DMNA [rtDNA) copies per Sen-
eeomt cell by Indesd, cells show

of the mekecular mechanisms bamd changes in cristae struc-
ture induced by uncouplers, I‘sc:lllating numem Import and/or in-

inherent proton leak that might be caused by damage
1o the inner mitochandrial membrane (Hutter f al., 2004}, This
Iesk ] cnmpenamecl by incressing absolute values of basal

hibting mmochondnal ATP synthase calls) and thus maintain-
Since i with i praton  ing the fraction of respiration coupled to ﬂ'F' wnlhesns (Hutter
conductance, one might conaider the ility that mitochs atal., 2004). twill whether

dirial fission proteins, such as Drpl, m»ght rar.Hals it. At least in
some systems, there i Drpy

tion might promote proton conductance through the pesme-
ability transition pore due to increased recruitment of Bax Man-
tessuit et al., 2010} In other systems, Drpl recruitment 1o the
outer mitochondrial membrane triggered cristae remodeling
(Garrmain et al., 2005) and FCGP promoted Drpl recrutment
(Cereghett et al, 2008). However, this does not mean that all
forms of fragmentation faciitate proton conductance. Nevertha-
lass, it raises the potential role of fragmentation as a first step in

calls can maintain the same dsglee of lnlluchun:hal ATP
synthesis capacity
and when i isp 3

Th cell a situation of bicen-
ergelic capacity and decreéased work load, while the starved cell
has both capacity and workload incressed. These dlﬂersnt
neads may explain the di in the malecular
undes each condition: senescent cells show reduced Fis! and
Drp1 expression and slightty increased Mfn protein levels,
wharsas starved cells show no changes in tatal prateins levels,

the conversion of a cell into a high proton d high
respiration state.
i ial El ion and Bi ic Function:
in with Si

I d ATP Capacity
The opposite condition to nutrient excess, starvation, causes an
acute inhibition of mltocnnnnnal ﬁs&m by Innlbdlng Drpt

anily in Orpl 1o the i (Mai et al, 2010;
Lee et al.. 2007; Yoon et al., 2006; Gomes et al, 2011).

Other acute stresses, such as apoplosis actiation (early
stages) and oxidative stress (hydrogen peroxide trestment),
hawve bean shown to induce mitochondrial elongation. These
changes were shown to facilitate ATP synthesis [Jendrach
et al, 2008; Tondera et al., 2009,

1o the i The les reviewed hare illustrate that respiration under
due 1o unopposed fusion [Gnmeseﬂ al., 2011; Rambold e &L, uncougling o.s fewne i nutrient excess (or treatment with
2011} These studkes show that 2 the with and inhibsition of
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5. Starvation (low nutrient presence) leads to reduced
fission, reduced DRP (the main fission protein)
activation (phosphorylation). This also leads to
unopposed fusion, thereby elongating mitochondria.
This increased size of mitochondria protects against
autophagy; it also serves to increase the cristae of
mitochondria, allowing more ATP synthases (the
enzyme that produces ATP, cell energy) to be closer
together, or to interact, even. Mitochondrial elongation
also occurs when cell energy demand is increased,
like that of cell division (G/S Phase, where the cell is
generating new proteins and new DNA). In cell
senescence, the cell still has mitochondria that
produce large amounts of energy, but they produce
fewer mitochondria, so they rely more on the
mitochondria that are present.
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FM 3. The Balance of Energy Supply and Demand s Assm:lnlnd
Changes to

smnuwm Efficiency

Prysiclogical processes assocated with Ncreased anargy comand and
decroazod erergy supply, such as acuse stress, starvation, and G1/5 phase,
are characterized by mitochandrial aicngation and by respration coupled to
ATP synthesis. On the other hand, PySIDKOgIcH HOCERSE ARSOCAted With
Cecraased enarpy damand and increasad supply (high levels of nutrients,

Is nutrient-induced fragmentation unique to the beta celi? A

model in Mlhlsmnnmmamslh@m
The brown adi allows for

induction of uncoupled respiration in less than 5 min. This system

is an example of a sharp increase in nutrient availability and in

proton conductance, moving from efficient respiration to the

most inefficient respiration In terms of ATP synthesis.

Activated brown fat preferably oxidizes fatty acids, which
would be a similar situation to high fat exposure in the beta
cell. Brown adipocytes go through complete mitochondrial
network fragmentation upon induction of uncoupled respiration,
supporting the observed correlation between the two (umub—
lished dats). C of the
mitochondrial fragmentation to brown fat activation can be
a strong evidence that fragmentation is required to stimulate
and/or enhance uncoupled respiration.

Increase in uncoupled respiration in the beta cefl may serve as
a mechanism to remove excess nutrient and set bicenergetic
efficiency to balance beta cell nutrient supply and demand
(see Figure 1). High glucose and particulardy high fatty acids
have multiple toxic effects in the beta cell, not only refated to
axcessive ROS production {Las et al., 2011; reviewed in Poitout
and Robertson, 2008). The increase in uncoupled vssolratnn

cbasity, and ty
and decreased coupling (associated with heat ganeration o decreased
mitochanaral function)

fusion, whereas the opposite situation, starvation, is associated
with inhibition of fission and increased ATP synthesis (and

could be a to d y In
the beta cell, and thus to getting rid of the excess nutrients within
the beta cell, by oxidizing them to generate heat. In this regard,
Barbara Corkey and Marc Prentkl suggested that increased
nutrient oxidation and metabolic cycling in response to nutrient
excess were mechanisms acting to permit beta cell detoxifica-

and

potentially with mere coupled under star ). tion. Ci with this,

This the is that mi heat ion would be ¥Sm o il o
dynamics plays an active role n changes in mitochondrial  ification from the excess of nutrents through their oxidation
bicenergetic efficiency and capacity (see the summary in  without of ROS. lmy acid exoess
Figure 3). is more toxic for lls than i

The Link between Bioonergetic Efficiency and
The Beta Cell

As discussed above, the beta cell exquisitely adapts nutrient
oxidation to nutrient avadabiity, thereby coupling the fatter to
insulin secretion. This makea me beta cell an Mlmctwe mocel
for the study of the
and celiuar bicenergetic efficiency.

Betacell mnoehondna reepmd 10 nutrient excessby profound
changes to ind

out and Robertson, 2008). This mgm uplam why fragmentation
Is higher In the presence of fatty ackls excess than in the pres-
ence of high glucose in the beta cell. Fatty acids might require
extra detoxification capacity within the beta cell because of their
higher calori and their pe
as a result of their incomplete oxidation (as in muscle) (Koves
etal., 2008).

The difference between fatty acids and glucose in mediating

a
of beta cell ine INS1 to high fat alone or in combination
with glucose leads to which Is de-

can be ined by the foflowing hypotheses.
Respiration with fatty acids as substrates is associated with

tected after 4 and 24 hr of addition of high glucose and high fat
(Mosna et al., 2009) (Figure 2). Remarkably, the two mutrients
show an addiive effect in terms of Inducing fragmentation.
This suggests that the two are likely to activate the same frag-
mentation mechanism.

Thus, mitochondrial fragmentation in the beta call is an early
avent that could be directly associated with ncreased nutrient
oxidation. Mechanistically, the observed nutrient-induced frag-
mentation is mediated by inhibition of mif fusion (as

proton leak and concomitantly with
lower values of membrane potential, whereas glucose oxidation
(feeding pyruvate to the mitochondria) occurs with relatively
higher membrane potential and thus lower proton leak. There-
fore, one could hypothesize that fatty acids are more efficient
at inducing fragmentation because their oxidation and other
additional effacts mediated by fatty acids per se are associated
with a higher proton leak.

Fatty acid oxidation has been asscciated with higher ROS

shown by decreased sharing in mitochondrial matrix protein
content; see Figure 4). Similar studies revealed a marked
decrease in mitochondrial fusion in primary mouse islets
exposed to high glucose and high fatty acids for 48 hr (Molina
et al., 2009).

by the electron transport cham This is in part due
to an additi site for [ETF-Qo, an exclu-
sive site for electron entry into the ETC through fatty acid beta
oxidation) (Seifert et al.. 2010). Fragmentation and uncoupling
might therefore be a protective mechanism that prevents oxida-
tive damage. This would suggest that ROS, and not the fatty
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Beta cells exposed to high fat or high fat and glucose
experience mitochondrial fragmentation, with the
combination of the two causing an additive effect - this
could mean they work through the same mechanism.
This would likely mean that mitochondrial fragmentation
at early stages might be due to increased nutrient
utilization.

Fragmentation can also be manifested, in brown fat
cells, through hormonal mechanisms - hormones
binding to the cell, inducing cellular signaling within the
cell, causing a promotion of the fragmentation of
mitochondria.

High glucose and high fat (especially), have toxic effects
in beta cells, significantly increasing ROS, thereby
damaging the cells (potentially). (This could be why
chronic exposure leads to high levels of insulin
secretion, but eventually leads to beta cell "exhaustion" -
death). Mitochondrial fragmentation is a way for the beta
cells to "detox" from the elevated nutrient availability.
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5mM Glucose 20mM G AmM te Floure 4,
5 Inducad by Nutrient Excass in the Bota Coll
=0 min =55 min =0 min t=55 min Is Caused by Decreased Mitochandrial

mMtPAGFP

TMRE

Merge

acids or their beta oxidation, are the man activators of fragmen-
tation and uncoupling. In this regard, mit i

slon
Miochondrial fusion activly was cuantified win

GFF [MIPAGFP, green), A porion of tha mio-
chondrial population within & cel s lbakd by
lasar photoconversion, and the sharing of e
photoconvanned moleculas across the mitochon-
dial popudation rough fusion events is Moni-
tored. Over 55 min, the majority of mitochondda
acquir photocorverted PA-GFP molecuks. AS
& @8I Of 1he clufion of the Signal ACT08S the o,
e intenssity  diminished, TMRE (rech labaiing
WaS uSed 10 visuaize the entive mitochondrial
popuation. Rignt panes: INS-1 cslls axpreasing
MIPAGFP axposed % rutrient averoad (20 mM
gucoss + 0.4 MM palmitate-BSA) for 4 b show
& dramatic reduction in 1usicn rates, &s shown by
the kxck of MIPAGFP sharing with other mio-
chondria. Note that dus 10 the lck of fusion, He
MIPAGFP interaity i the labelad mitochondia
remains unchanged. Lelt panels: INS-1 control
calls {5 MM glucoss) present almost @l mizo-
chondra labeled wih MIPAGFP 55 min after
photosctivation, The images are adapted wom
Mokna et al. {2009} with peemission.

b recruited by

depola-

rizing the

or proc:
ia, to amplify or enhance the capacity of

has been shown to activate {Echtay
at al, 2002). Therefore, one would expect antioxidants to
decrease fragmentation and proton leak induced by high fatty
acids,

An alternative mechanism would be that the fatty acids per se
could be causing fragmentation by directly interfering with the
fusion and fission machinery. Indeed, fatty acids were shown
to activate uncoupled respiration in brown fat through UCP1
(Nicholls and Locke, 1984, Williamson, 1970). The mechanism
for this activation would be mere likely related to thelr chemical
structure, rather than to fatty acid metabolism or an intrinsic pro-
tonophoric activity (Shabalina et al., 2008), In this context,
a f this totatty

truc-
ture was UCP1-independent (Shabalina et al., 2008). Therefore,

The Primary Role of Mitochondrial Dynamics in
Bioenergetic Efficiency: Lessons from Genetic Models
Thus far, we have the of

network fragmentation and ion with effi-
clency. Examination of genetic models in which alteration of
mitochondrial dynamics proteins is the primary change may
allow us to better understand the cause and effect refationship
between the two.

Effects of Specific Changes in Mitochondrial Dynamics
on g

Early studies showed that shifting the balance toward fusion pro-
tacted from cell death and shifting it toward fission increased

one could expect that certain fatty acids could be 10 {Frank et al., 2001; Lee et al., 2004)
signaling and un-  Consistent with this 2 has been

coupled respiration in a UCP1-independent manner, in addition  with Pl i {Frank et al., 2007)
10 being the fuels oxidized by Consistent with this, smaller and were found
phospholipase activity in the mitochondria is required for mito- I skeletal muscle from type-2-diabetic and obese subjects,
chondrial fusion mediated by mitofusins {Choi et al., 2006). thatare ith electron transport

This study shows a direct connection between acidic Ipids

in the by actwity and
fusion (Choi et al., 2006). Thus, fatty acid excess or acidic lipid
et I b fusion by I P drial respi

chain activity and decreased Min2 expression (Bach et al., 2003;
Kelley et al., 2002). Together, these findings led to the Initial
that mif i impairs mitoche

pholipase-dependent processes or others currently unknown
(Huang et al, 2011). However, this pathway has not been
described in beta cells of brown adipocytes o far,

Uttimately, red: and ROS are
i with el In , this.
tragmentation could relieve from reductive stress and ROS

by potential
through cristae remodeling and OPAT1 processing (i.e., nutrient
excess). At the same time, mitochondrial fragmentation could

500 Cef Metabolksm 17, April 2, 2013 252013 Elsevier Inc.

function and is celeterious to cell viabilty,
However, these were found to be

For example, inhibition of mitochondrial fission through Drp1
moduiation impairs mitochondrial function, Hela cells with
raduced Drp1 expression showed decreased complex IV activity
and a decrease in both state 3 respiration (maximal ATP
synthesis rates) and state 4 respiration (proton leak or uncou-
pling) {Benard et al., 2007). Drp1 knockdown induced a decrease
in MDNA copy number in cell culture (Parone et al, 2008),
and complete Drp1 abrogation in mice and humans caused

STUDY 32 - Mitochondrial Dynamics in the Regulation of Nutrient Utilization and Energy Expenditure Page 9
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cepolarized
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by soitary, ). Vath a dekay of 1-3 hr, thase
ar olimi modbynmnqylll
ges 24 Y the
post fusion or This is typical for stases of

y (starvaticn, and Short
activey (oottom section). This ks typical for states of raduced bioanergatic

nwrmmwmmmmum
afciancy (increased uncoupied respration). Since i adaptation 1o high

nargy supply requires the amest of the mitcchondria [ cycle, BXIBNGRG AXPOSLIR 10 EXCASS NuleNt sironmant is axpected 10 IMpact qualfy contral,
Ionganity.

a condiion that will contributa to reduced

lethakty with brain developmental defects and severe newrode-
generation (Ishihara et al, 2009; Wakabayash et al., 2009;
Waterham et al,, 2007). Therefore, Drp1-mediated fission is
important to maintain proper cuaity control (Twig et al,
20084a), electron transport chain function, mDNA integrity, and
cell viability. Drp1 also mediates peroxisomal fission and some
ol the physiclogical changes induced by Drp1 modulation can
i to effects on i function
2008. Waterham et al., 2007).

Mitochondrial fusicn and fission occwr saquentially n a
repaating cycle (see Figure 5). The direct implication of this real-
ization is that inhibition of either fusion or fission arrest the cycle,
Indeed, similar bloenergetic defects are cbserved in celis in

which fusion is inhibited. As an example, skeletal muscle
harboring simultanecus deletions in Mfn1 and Min2 expression
(Mfn double knockout) show decreased number of mtDNA
copies, increased mutaticn and deletion load, and decreased
mnocmmnsl reep‘mioﬂ (Chen et al, 2010). On the othef
hand, an increase in

mass and complex |l activity has been cbserved in Min double-
knockout muscles (Chen atal., 2010) Tha bioenergetic defect
and the mass re-
semble the of ptﬂems in
mtDNA causing MERRF {myoclonic epilepsy with red ragged
fibers). Thus, absence of fusion alters mDNA homeostasis and
electron transport chain function in a similar manner to the

Call Metabolism 17, April 2, 2013 ©2013 Blsevier Inc. 501
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inhibition of fission. The mechanisms by which lack of fusion or
fiesion would decrease miDNA levels are not clear. While mito-
chondrial fusion is the main mechanism proposed to allow

of in
harboring mutaied mtDMA copies, |ECkDf complementation per
DA,
lavels (along with a onmpematnry increase in mass and fran-

scription of nucl
Mfn2 Deletion in Skeletal Muscle E:aaamaaes !ila
Effects of Nutrient Excess on B.rosﬂmelfc Emrency

Cell Metabolism

Effects of Nutrient Availability on Mitochondrial Quality
Control

Changes in mitochondrial dynamics affect quality contral and
can therefore influence bioenergetic capacity indirectty (Twig
et al., 2008a). Moreover, recant evidence suggests that nutrients
influence quality control function (Las et al, 2011; Singh et al,,
2009). 'I'nere'lnra for appropnete Dnnslmilun of the retation-
ship betwaan and ics one
has to consider how bath mbaac! with mlbochondrial Uity
control mechanisms.

Some of the first observations that for Quality Control and Its
with excess nutrients were the size Dl by Bie and

in muscle fram type-2-diabetic and obese humans or mouse Mitochondrial Dynamics

models [Bach et al., 2003; Kellay et al., 2002). An g Th f confocal mi py allows: isualization of single
decrease in Min2 expre-s'on provided a potential to ifically to track th time (Twig
the red Bach etal., 2003; Bach etal,  etal, 2008a, 2010; reviewed In Liesa et al., 2009). A very relevant
2005). Consislsnt with this, specific daiahon of Min2 in the obsarvation to our discussion is the finding that mitochandrial
muscle & with ial ATP  units with a cell in terms of their

synthesis efficiency in parmeabilized muscle fibers and with
lower protein levels of different ETC subunits (Sebastian et al,,
2012). This lower eficiency is explained by a mild decreass in
ADP-stimulated respiration and by a mild i increass in the Isalc

activity (Wil etal., 2007; revi in Wiks etal., 2009}
Thits s reflected by the di in mi i

potential i units, F

naity was modulated by mutrient excess and other metabolic

accompanied by an increase in ADS
et al., 2012). Therefore, as in the beta cell, fragmentation theough

changes (Wi et al., 2007), which regulate mitochondrial
dynamlcs (Molina et al, 2009). These data demonstrate that

inhibiticn of mi ial fusion i with i

proton leak in muscle. In addition, this specific deletion of
Mfn2 in the musacle and mild repregsion in other tissues is suffi-
ciant to impair insulin signaling and exacerbates the dekstarious

fusion and fiesion does not completaly equilibrate
the biosnergetic properties of the entie mitochondrial poputa-
ticn. This stands in contras? to the mitochondrlal complementa-
tion theory, which hyDuthssmss that mitochondrial fusion

effects of nutrient excess (high-fat diet) ién et al., 2012), o the entire a ion drawm from

These results suggest that Mfu? expreeslm in me muscle |8 the obssrvation of shared matrix soluble components. Remeark-

raquirad for a propar bi BXCESS ably hawever, dacreasng mitochondrial fusion rate resulted in

in thie forrm of high fat diet, Thus Min2 ion in skeletal musche ing the: ibution of mito-

causes a prodiabetic effect that invalves incressed ROS gener-  chondrist to the af the

ation and oxidative damage. bioenergetic function. The paradox could be settled by the
On the ather hand, Min2 and other al that fusicn, fission and autophagy are all con-

are regulated by activated during condi- nectad by one axis (Figure 18

tions of increased energy demand (i.e., exercise and cold expo-
sure) and downregulated in fype-2-diabetic patients (nutrient
expeas), imvolving the transcriptional coactivators PGC-1a and
PGC-1[ (Cartoni et al., 2005; Liesa et al., 2008; Soriano et al.,

cantrol axis d on the fissi nt, which
rright generate two bi L chifferert il i, one
with a higher membrane potential and cne with lower membrane
potential. Ths single daughter mitechondrion with lower rnaﬂ

2006; Meotha e al., 2003; Patti et al, 2003). This
also supports, to a certain extent, the link between increased
anergy demand and mitochondrial elongation described befare
(see the ilustration in Figure 3),

fusion i isthe
Ky tothe i of the bicenergetic function of
the mitochendrial papulation within the eell. Specific defects in
mitochondrial dynamics can generate cellular energatic states
similar to conditions with altered nutrient supply and demand
batance, as shown in muscle, In the specific case of long-term
nutrient excess, it is possible that the extension in time of
a short-term protective response to nutrient overload, such as
fragmentation to reduce reductive mren m and mernbrans
paotential, b ious effect lity contral
in the long term (Mouli ef al., 2009; Twig et al,, ZUUGa}. These
effects on mitochondrisl quakty control medisted by aftered
murphobgy can potentially explain the abnormal mitochondrial

funetion and ive: damage i with
metabolic diseases or aging.

502 Ced Metabolism 17, April 2, 2013 22013 Elsevier Inc.

options: {1} recover it

tial and regain the capacity to reconnect with the netwark or (2)
rarmain in the solitary pericd, depolarized. f membrane potential
is nat restored during the soltary perod, OPA1 will be degraded.
Thus, the solitary mitochondria will not be able to re-engage with
tha natwark and will be degraded by mitophagy. One can
conclude that fission is an important process solating a poten-
tially damaging organelle and that selective fusion governs the
fate of tha mi [Mwig et al..
2008a). Within this oonmr. Img -term inhibition (days) of fission
by Drpl dominant negative overexpression can reduce the
increasa in respiration induced by uncouplers in intact cells
(Twig &t al., 2008a). These resulls should not be inerpreted as
avidence for the requirement of fragmentation to achieve
maximal respiratory capacity (see the “Effects of Specific
Changes in Mitochondrial Dynamics on Mitochondrial Biosner-
getic Efficiency” section). The effects on binenargatics caused
by long-term inhilbition of fss be i

tion of reversibly damaged mitochondra that cannoct be

STUDY 32 - Mitochondrial Dynamics in the Regulation of Nutrient Utilization and Energy Expenditure Page 11

7. Shifting mitochondria toward fusion protects against cell
death, and shifting mitochondria toward fission increases the
chance of cell death. Cell death (apoptosis version) is linked
to complete fragmentation of mitochondria - and,
mitochondria in diabetic muscle has shown increased
fragmentation. Impairing fission, however, impairs
mitochondrial function.

Loss of DRP (fission protein) reduces mitochondrial
function, DNA health in mitochondria, and cell survival,
which may also be due to DRP's effect on peroxisome
function (because it also is involved in peroxisome function).

Similar detrimental effects are also seen when fusion is
inhibited, so it isn't just fission centric.

8. As stated before, reduced size of mitochondria is linked
to diabetic tissues, as well as obese tissues. During
exercise and other cell energy stress, there is an
increase in MFN protein expression (this is a fusion
protein) - this makes sense considering exercise reduces
cell energy levels, thereby promoting mitochondrial
elongation.

Mitochondria morphology changes are centered around
fission, creating two mitochondria - one with a high
membrane potential and the other is a low membrane
potential. The low membrane potential mitochondria can
undergo two processes: 1. Recover its membrane
potential (increasing membrane potential), or 2. remain
with a low membrane potential and be tagged for
mitophagy.
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sagregated (Twig et al, 2008a). This finding is suppanecl by
changes of fluidity in isolatad mi alls
with dewnreguiation of Drp (Benard et al,, 2007), showing that
the alteration is maintaned when mitochondria are taken out of
the calls and mitochondrial dynamics are absant.

Althaugh it is widely accepled that fission events produce

(Figure 5). We suggest that the interaction between mitochen-
drial life cycla, dynamics, and bicenargatics Bwowad to sdwt
o changes i mdrient ilability, which are

comprised of feeding and fasting states. Amy prolongation in
the feeding or fasting state requires a bioenergetic adaptation
that will shift the balance of mitochondrial dynamics, A pro-

uneven daughters that are sslected by sutophagy, It might be  longad shift will effects on health
appropriate to indicate that this was only ﬂ\cmn in the beta  and quality control. In the case Uf the iasnng state, the shllt in
cell and DDS? cells, Similarty, that mif is ics required for bi will
a process targets I lari; the i the the
mitochondria was thus far shown only i in the bata calls. formation of the Dremhaglc pool and the removal of
Multiple studies have identified isms for the by In the fed state andior
Inabllity of mitochondria in the somary period to fuse and the nulrlent excess (partcularly high fat), fragmentation and high
signals that label them to be and tha au- rates can lead to damage, in addition to machanisms
tophagic machinery. The LI3-ubiquitin ligase Parkin (mutated in - affecting the autophagic machinery downstream of the preauto-
Parkinson's disease), through PINKT ine-thi ine kinase  phagic pool of mitoch Thia I hi
activity, is recruited to depolarized mitochondria to target them  of and the i inAOS ion, In this
far et al,, 200B; Vives-B; etal, 2010;  context, it is likely that caloric restriction (or proper Ted/lasting
Zivigni et al., 2010 In addition, Parkin ubiquitinates Mfn, cycles) would promote a bioenergetic adaptation and a change
ing its ion by the system and thus  in mitochondrial dynamics, permitting the most efficient mito-

contributing to fusien inhibition of the solitary depolarized mito-
chondria {Chan et al, 2011; Tanaka et al, 2010; Ziviani =t al.,
2010} Tharefare, we can define that thess solitary and dysfunc-
tional mitcchondria, with no fusion capabdties, comprse the
praautophagic pool of mitochondria.

A key component dictating the effic

chendrial quality control mechanisms. Thus, this mlerac.mn
between  bi
and quality control could explain some of the beneficial effects
associated with calonc restriction.

quality control by fusion, fiasion, and sutophagy |s the ability of
a full cycle to be completed and the number of cyclas per day
[Meadi ot al,, 2008). A mathematical model that runs medtipks Rer-
ations of the cycle predicts that the rate of fusion and fission
cycles determines the capacity of the pathway to restore quality
upon damage. In this context, the effect of nutrient on the rate of
fualon, fission, and the formation of the mitochondrial preauto-
phagic pool may be considered as important in its effect on
autophagy (Las et al, 2017; Singh e al, 2009).

Evidence of Mitochondrial Quality Control, Mitophagy,
and by and Their
Relationship to the Energetic State

Mutrient excess keads to the inhibition of fusion. resulting in frag-
mentation and an incomplate cycle of fusion, fission, and auto-
phagy (Maolina et al,, 200%; Las et al., 2011). In addition, it does

not allow for mi ion and thus increases

i i et al.. 2007).
Given this lack of selective rewbval o Could expect that mita-
chondrial mass d as will be macesthy

comprised of small and depolarized mitochondria (Figure 5).
Therefare, mnlananoe Dl mlchthﬂ'iﬂ '\Mﬂ would only
requira of However,
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