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Abstract
Purpose of Review The term “metabolic flexibility” denotes the dynamic responses of the cellular oxidative machinery in order to
adapt to changes in energy substrate availability. A progressive loss of this adaptive capacity has been implicated in the
development of obesity-related comorbidities. Mitochondria are dynamic intracellular organelles which play a fundamental role
in energymetabolism, and the mitochondrial adaptation to environmental challenges may be viewed as the functional component
of metabolic flexibility. Herein, we attempt to comprehensively review the available evidence regarding the role of mitochondrial
adaptation and metabolic flexibility in the pathogenesis of obesity and related morbidities, namely insulin resistance states and
non-alcoholic fatty liver disease (NAFLD).
Recent Findings Overall, there is a concrete body of evidence to support the presence of impaired mitochondrial adaptation as a
principal component of systemicmetabolic inflexibility in conditions related to obesity. There are still many unresolved questions
regarding the relationship between the gradual loss of mitochondrial adaptability and the progression of obesity-related compli-
cations, such as causality issues, the timely appearance and reversibility of the described disturbances, and the generalizability of
the findings to the mitochondrial content of every affected tissue or organ.
Summary The evidence regarding the causality between the observed associations remains inconclusive, although most of the
available data points towards a bidirectional, potentially mutually amplifying relationship. The spectrum of NAFLD is of
particular interest, since functional and pathological changes in the course of its development closely mirror the progression of
dysmetabolism, if not constituting a dynamic component of the latter.

Keywords Diabetesmellitus . Insulin resistance .Metabolic flexibility .Mitochondrial adaptation .NAFLD .Obesity . Plasticity

Introduction

During the last few decades, the obesity epidemic rages unop-
posed across the globe and among all age groups [1, 2].

Despite an increasing understanding of the pathogenesis and
advances in the pharmacotherapy of obesity [3], the preva-
lence of obesity-related and potentially preventable conditions
including insulin resistance, type 2 diabetes mellitus (T2DM),
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and non-alcoholic fatty liver disease (NAFLD) continues to
rise [4, 5].

From a bioenergetic standpoint, obesity can be consid-
ered as the consequence of a chronically positive energy
equilibrium resulting from an increased energetic influx
[6]. In turn, the dynamic responses of the cellular oxida-
tive machinery in order to adapt to changes in energy
substrate availability have been collectively termed “met-
abolic flexibility,” and a progressive loss of this adaptive
capacity has been implicated in the development of
obesity-related comorbidities [7, 8].

Mitochondria are dynamic intracellular organelles
which play a fundamental role in energy metabolism.
Most notably, they are responsible for the production of
the vast majority of adenosine triphosphate (ATP) through
the process of cellular respiration, namely the oxidative
conversion of nutritional substrate chemical energy into
ATP [9]. Oxidative phosphorylation (OXPHOS) by the
enzyme ATP synthase of the electron transport chain
(ETC), which takes place across the inner mitochondrial
membrane [10], represents the ultimate step in this pro-
cess, which originates in the production of acetyl coen-
zyme A from several nutritional substrates. Beta-oxidation
of free fatty acids (FFAs) and the Krebs cycle, a crucial
intermediate metabolic step through which the high-
energy electron donors to the ETC are generated, are also
carried out in the mitochondrial matrix [11]. In the setting
of prolonged fasting and energy depletion, available
acetyl-CoA enters the ketogenic pathway in liver mito-
chondria, so that the resulting ketone bodies can be used
as energy substrates by energy-demanding tissues such as
the heart muscle and the brain [12]. Furthermore, mito-
chondria are involved in a plethora of vital functions re-
lated to energy metabolism and they orchestrate the pro-
cess of cellular respiration, namely the production of re-
active oxygen species (ROS) in the ETC and their subse-
quent detoxification, thus regulating the intracellular re-
dox status, intracellular signaling [13], and apoptosis [14].
Of note, mitochondria constitute the integrators of energy
handling at the cellular level, both under static conditions
and in dynamic response to fluctuations in energy de-
mands and substrate availability. Τhe mitochondrial adap-
tation to energetically ever-changing environments may
be viewed as the functional component of metabolic
flexibility.

In the present review, we attempt to comprehensively re-
view the available evidence regarding the role of mitochon-
drial adaptation and metabolic flexibility in the pathogenesis
of obesity and other obesity-related complications, namely
insulin resistance and NAFLD. To that end, important con-
ceptual and methodological aspects that delineate the notions
of mitochondrial adaptation and metabolic flexibility are also
briefly presented.

Defining Metabolic Flexibility

Metabolic flexibility corresponds to the ability of tissues to
adapt to fluctuations in energy demands by rapidly and effi-
ciently switching between oxidations of different energy sub-
strates depending on their availability. Although the notion of
metabolic flexibility applies to a broad spectrum of physiolog-
ical conditions, it could be simplified by denoting the switch
between glucose and FFA oxidation [15]; examples include
the transition from fasting to the postprandial state and vice
versa, the postprandial secretion or exogenous administration
of insulin, and the consumption of meals of different consis-
tency levels with respect to carbohydrate and fat content. The
oxidation of different macronutrients results in altered molar
CO2 production per oxygen molecule consumed and can be
assessed through indirect calorimetry as the respiratory quo-
tient (RQ). Monitoring of RQ in response to physiological or
experimental nutritional challenges may thus serve as an indi-
rect, non-invasive measure of whole-body metabolic flexibil-
ity [16]. Teleologically, a switch from glucose to fat oxidation
may spare glucose reserves during fasting periods, and an
increased insulin-stimulated postprandial glucose utilization
may serve to achieve euglycemic homeostasis [17].
Conversely, the inability to adapt to substrate availability
(metabolic inflexibility) may lead to an aberrant mobilization
and utilization of fat and glucose, leading to increased FFA
concentrations and hyperglycemia, as is the case in insulin
resistance and overt T2DM, respectively.

Features of systemic metabolic inflexibility within the
obesity–insulin resistance–T2DM continuum are strikingly
distinguishable in the study of isolated tissues that are cru-
cial for dynamic responses to metabolic challenges, namely
the liver [18, 19] and the skeletal muscle [20]. Furthermore,
features of whole-body metabolic flexibility assessed by
means of an euglycemic–hyperinsulinemic clamp may be
reflected on that of isolated cells, outside their physiological
tissue architecture and independently from their systemic
neurohormonal environment [21]. As far as energy metabo-
lism is concerned, mitochondria are, by far, the most prom-
inent representatives among cell organelles at the subcellu-
lar level. Most interestingly, features of impaired metabolic
flexibility (i.e., impaired inhibition of pyruvate flux into the
Krebs cycle in the presence of FFA and vice versa) are evi-
dent in isolated mitochondria of rodents after 12 weeks of
obesogenic feeding [22]. On the whole, it could be argued
that features of metabolic flexibility are preserved across
ascending orders of biological system organization in a
fractal-like fashion; in order to view the transition from obe-
sity to insulin resistance and overt T2DM as a manifestation
of progressive development of metabolic inflexibility, a de-
tailed study of mitochondrial function and their adaptation
to energetically changing environmental conditions is of
crucial importance.
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Defining Mitochondrial Adaptation

Under everyday conditions, the delivery of energy substrates
varies greatly in quantity and composition, both in the short
(e.g., during the meal intake–fasting cycles) and in the long
term (hypocaloric or hypercaloric energy intake, varying die-
tary habits). Accordingly, a substantial versatility of the mito-
chondrial energy production machinery is essential in order to
adapt to the quantitatively and qualitatively wavering energy
availability and the real-time cellular energy demands and
thus sustain cellular homeostasis and tissue viability. Taken
together, these adaptive mechanisms comprise the concept of
mitochondrial adaptation, while a mitochondrial “maladapta-
tion” would denote a failure to optimally adjust to the chang-
ing equilibrium between energy demands and availability. In
the following section, a brief overview of the major adaptive
functions of mitochondria will be presented.

Quantitative and Qualitative Aspects of Mitochondrial
Adaptation

Mitochondrial Content

Mitochondrial content, namely the absolute number of mito-
chondria, does not remain stable during the cell life, but it is
rather the net resultant of the mitochondrial turnover on the
one hand and mitochondrial dynamics on the other.

Although there is no gold standard method for the quanti-
fication of mitochondrial content, both direct and indirect
methods can be used for this purpose. The mitochondrial ab-
solute and relative to total cellular area can be directly mea-
sured in histological sections by using fluorescent plain mi-
croscopy or transmission electron microscopy (TEM) [23].
Besides directly quantifying mitochondrial content, these
techniques additionally allow for the assessment of mitochon-
drial morphology [23]. Further techniques employ measure-
ments of mitochondria-derived or mitochondria-associated
components to provide an approximation of mitochondrial
content; these include the quantification of mitochondrial
DNA (mtDNA) through real-time polymerase chain reaction
as well as the mtDNA-to-nuclear DNA ratio [24, 25]. The
mtDNA content may accurately reflect mitochondrial mass
and respiratory activity [24], although this finding is not un-
equivocal among studies [26]. Citrate synthase activity
(CSA), a key enzyme of the Krebs cycle, has also been used
as an index of mitochondrial density in skeletal muscle [26,
27], adipose [28, 29], and liver [30, 31] tissues. Furthermore,
tissue cardiolipin content, a key phospholipid of the inner
mitochondrial membrane, has been shown to correlate with
adipose tissue and liver mitochondrial mass in experimental
studies [32]. The quantification of protein elements crucial for
mitochondrial function and/or structure (such as peroxisome
proliferator–activated receptor gamma coactivator 1-alpha

(PGC-1a), nuclear respiratory factor 1/2 (NRF-1/2), ATP syn-
thase subunit c, cytochrome c oxidase subunit II) through
Western Blot analysis may provide indirect evidence regard-
ing cellular mitochondrial mass [23].

Mitochondrial Turnover (Biogenesis and Mitophagy)

Mitochondrial turnover denotes the equilibrium between the
biogenesis of new and the autophagy of existing mitochon-
dria. The synthesis of new mitochondria is a natural response
to environmental bioenergetic stress, such as physical exer-
cise, caloric restriction, temperature changes, cell division,
and differentiation [33]. Mitochondrial biogenesis increases
the cellular oxidative and redox capacity for a given amount
of energy production. The coupling of mitochondrial biogen-
esis with current energetic demands is achieved through the
induction or post-translational modification of critical tran-
scriptional regulators of mitochondrial genome replication
such as PGC-1a [34], NRF-1/2 [34], or mitochondrial tran-
scription factor A (TFAM) [35], which are triggered by fluc-
tuations of intracellular energy intermediates [36]. For exam-
ple, during energy deprivation (e.g., fasting), the depletion of
intracellular ATP, and the rise in AMP/ATP ratio, in conjunc-
tion with the changes of circulating hormones (rise in gluca-
gon, noradrenalin, drop of insulin), activate AMP kinase
(AMPK), which, in turn, phosphorylates and activates PGC-
1a [37]. Under the same conditions, a reduced substrate flux
into the Krebs cycle results in a rise of the NAD+/NADH ratio
and a subsequent activation of sirtuin 1 (SIRT1), which
deacetylates PGC-1, thereby increasing its transcriptional ac-
tivity [38, 39]. Similarly, the energy-demanding and energy-
depleted environment achieved in skeletal muscle during
high-intensity exercise is met with increased mitochondrial
biogenesis through the PGC-1a signaling pathway [40, 41].
In the other direction, in the chronic setting of excess energy
intake and increased energy availability observed in obesity,
the inactivation of AMPK and SIRT1 by the decline in AMP/
ATP and NAD+/NADH ratios, respectively, leads to de-
creased PGC-1a transcriptional activity and reduced down-
stream signaling [37].

The opposing function of mitophagy, namely the selective
lysosomal clearance of damaged and dysfunctional mitochon-
dria, serves as a quality control mechanism to preserve a struc-
turally and functionally intact mitochondrial inventory [42].
Despite the counter-regulatory role of antioxidant systems,
mitochondria are prone to oxidative damage induced by accu-
mulating ROS produced during electron flux across the ETC,
which may collectively impair their ability to efficiently oxi-
dize FFA and give rise to toxic intracellular fatty acid accu-
mulation [43]. Considering that the oxidatively damaged mi-
tochondria may be chief sources of further intracellular free
radical production [44], an intact mitophagy function is
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essential to prevent the vicious cycle of further mitochondrial
oxidative damage.

Mitochondrial Dynamics

Mitochondria are structurally dynamic, in the sense that they
are able to change their shape, size, and numbers in the short
term through the processes of fusion and fission. In the fusion
process, mitochondria merge their outer and inner membranes
and they exchange their contents [45, 46]. Mitochondrial fu-
sion is chiefly mediated by mitofusins 1 and 2 (Mfn1 and
Mfn2, respectively), G proteins of the outer mitochondrial
membrane, and dynamin-like protein of the inner mitochon-
drial membrane (OPA1) [47]. In fission, mitochondria under-
go fragmentation in a process that requires the recruitment of
cytosolic dynamin-related protein 1 through binding to fission
protein 1 (Fis1) of the outer mitochondrial membrane [47]. By
fission, the contents of the initial mitochondrion are distribut-
ed into two new functionally independent organelles, in a
sequence reminiscent of prokaryote cell division.
Mitochondrial fission is tightly coupled with the cell cycle,
as it reaches its peak during the pre-mitotic phase [45].

The dynamic processes of fusion and fission ensure that
mitochondria react to environmental challenges as a function-
al whole, rather than as isolated units. Fused mitochondria
display higher content and activity of dimerized ATP syn-
thase, being hence more bioenergetically efficient [48]. The
exchange of mitochondrial content through fusion allows the
repair of damaged components, including mtDNA [46], or
inversely, allows the selective segregation of irreparable com-
ponents through fusion and subsequent fission [49], thus ren-
dering the process of mitophagy more targeted towards dam-
aged structures and, hence, more efficient. The state of obesity
and excess energy availability has been shown to promote
mitochondrial fission [37, 50]. In support of this statement,
subjects with obesity display reduced levels of Mfn2 in skel-
etal muscle compared to their lean counterparts, while the shift
of the fusion–fission balance towards fission results in sub-
stantial decreases of glucose oxidation and oxygen consump-
tion [51]. In the same direction, obesity and insulin resistance
have been associated with increased mitochondrial fission in
skeletal muscle [52].

Functional Aspects of Mitochondrial Adaptation–
Mitochondrial Plasticity

The term “plasticity” describes mitochondrial adaptation from
a functional perspective. Among different aspects of mito-
chondrial adaptation, the one which is conceptually most di-
rectly related to metabolic flexibility is that of mitochondrial
plasticity, since it highlights the sum of acute and chronic
changes of mitochondrial content and function in response
to metabolic challenges and energetically changing

environmental conditions. These adaptive changes of mito-
chondrial content and function (turnover and dynamics) are
principally shaped through changes of electron flux across the
mitochondrial respiratory chain.

Under resting conditions, resting mitochondrial activity de-
termines the cellular ATP content dependent on energy sub-
strate and oxygen availability [53]. The amount of ATP pro-
duced for a given substrate entering the tricarboxylic acid
(TCA) cycle reflects mitochondrial bioenergetic efficiency,
which is strongly related to the coupling of OXPHOS with
ATP synthesis. This electrochemical coupling is, in turn, de-
pendent upon the presence of uncoupling proteins (UCPs) in
the inner mitochondrial membrane, which allow for trans-
membrane proton transport by bypassing ATP synthase [54].
The bioenergetically futile proton cycling across the inner
mitochondrial membrane is of particular importance for cer-
tain tissues (e.g., brown adipose tissue), and although ineffi-
cient from a thermodynamic point of view, the induction of
uncoupled respiration in white adipose or skeletal muscle tis-
sue has been shown to augment energy expenditure, protect
against diet-induced obesity, and promote improved insulin
sensitivity and redox status in transgenic mice [55–57].

In the setting of acutely increased energetic demands
causing a depletion in intracellular energy intermediates,
an increased proton flux through ATP synthase is expect-
ed to occur in an effort to replete the acutely diminished
ATP stores; the resultant rise of AMP/ATP and NAH+/
NADH ratios leads to increased activity of β-oxidation
[58, 59], Krebs cycle [60], and OXPHOS activity.
Likewise, in the postprandial state (or during a
hyperinsulinemic clamp), the insulin-stimulated glucose
uptake by skeletal muscle leads to a temporary intracel-
lular ATP depletion due to the action of hexokinase,
UTP-glucose-1-phosphate uridylyltransferase, and protein
synthesis. The subsequently increased ATP production
by mitochondria is known as insulin-stimulated ATP
synthesis [61, 62].

Methods for Assessment of Mitochondrial Plasticity

In overview, the major methods for the assessment of mito-
chondrial plasticity either provide estimates of resting ATP
content or ATP synthetic rates following metabolic challenges
in whole tissues (in vivo methods) or provide estimates of
OXPHOS activity by measuring oxygen consumption rates
in cells or isolated mitochondria under tightly controlled con-
ditions of oxygen and energy substrate availability (ex vivo
methods).

In Vivo Methods These include the quantification of intracel-
lular phosphorus metabolites (mainly ATP or phosphocreatine
(PCr)) by means of phosphorus magnetic resonance spectros-
copy (31P-MRS) [63] under resting conditions or in response
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to metabolic challenges. By these techniques, mitochondrial
activity can be evaluated in the setting of intact whole-body
physiology that includes physiological substrate availability
and inter-tissue interactions. Their non-invasive nature allows
for serial applications in order to evaluate the effectiveness of
potential lifestyle or pharmaceutical strategies in states char-
acterized by loss of mitochondrial plasticity. On the other
hand, these methods may be confounded by the variable avail-
ability of energy substrates and oxygen in tissues, and addi-
tionally, they provide no direct data on mitochondrial content
or the functional integrity of isolated mitochondria or specific
components of the ETC.

(i) Resting OXPHOS activity (liver, skeletal muscle): This
can be quantified by 31P-MRS as ATP content or else
unidirectional ATP synthase flux under resting condi-
tions [53, 64]. It is dependent upon energy substrate avail-
ability and oxygen delivery.

(ii) Hepatic submaximal ADP-stimulated OXPHOS activity
measured by 31P-MRS after intravenous [65, 66] or oral
[67] fructose loading, which causes an intracellular ATP
depletion through fructokinase enzymatic activity. The
fractional ATP recovery (ratio between final and nadir
ATP content) is the measured outcome variable.

(iii) Skeletal muscle submaximal ADP-stimulated OXPHOS
activity measured by 31P-MRS as the rate of PCr recov-
ery following exercise or the rate of ATP synthesis dur-
ing an euglycemic–hyperinsulinemic clamp [61, 68].

Ex Vivo Methods These refer to the estimation of basal and
maximal ADP-stimulated OXPHOS activity and are mainly
represented by high-resolution respirometry. The oxidative
capacity in whole or permeabilized cells or isolated mitochon-
dria can be quantified under tightly controlled conditions that
include supraphysiological, saturating energy substrate fluxes
in the Krebs cycle [69] and β-oxidation [70]. By this tech-
nique, specific functional aspects of the mitochondrial respi-
ratory chain can be quantified without the confounding effects
of differential oxygen or energy substrate delivery that may
obscure certain in vivo techniques. On the other hand, this
technique depends upon invasive procedures (biopsies) to ob-
tain considerable amounts of tissue to allow for thorough mi-
tochondrial analyses.

In total, in vivo and ex vivo techniques are highly
complementary, incorporating different approaches for
mitochondrial functional assessment. Additional impor-
tant information can be obtained through laboratory
(in vitro) measurements of specific ETC enzyme activi-
ties, mitochondrial respiratory by-products (ROS, lipid
peroxidation products), and antioxidant defense mecha-
nisms (catalase activity, reduced/oxidized glutathione ra-
tio) [57, 71, 72].

Metabolic Flexibility and Mitochondrial
Adaptation in Obesity

The key studies investigating mitochondrial plasticity in the
skeletal muscle and liver of humans with obesity are presented
in Table 1.

Skeletal Muscle

It has been hypothesized that the high lipid accumulation ob-
served in the skeletal muscle of humans with obesity may lead
to impaired aspects of mitochondrial function through the
generation of high levels of ROS; an inverse relationship is
also possible, implicating altered mitochondrial function as
the first step towards reduced FFA oxidation and increased
ectopic lipid storage in skeletal muscle, predisposing humans
with obesity to lipotoxicity-related insulin resistance [85].
Several studies have investigated the features of metabolic
flexibility and mitochondrial plasticity in individuals with
obesity with the use of in vivo non-invasive techniques.

Individuals with obesity have been reported to display
higher fasting muscle RQ and a blunted increase in RQ after
insulin stimulation compared to lean controls, in parallel with
reduced skeletal muscle fat oxidation despite unaffected FFA
uptake. Of note, ΔRQ correlated positively with insulin sen-
sitivity and was increased after weight loss [74]. According to
more recent studies, both fasting and post-exercise lipid oxi-
dation has been found to be impaired in extremely obese
(mean BMI 40.8 kg/m2) as well as obese subjects following
weight loss of at least 45 kg (mean BMI 33.7 kg/m2), com-
pared with never-obese lean controls [75]. In contrast with
these data, similar OXPHOS activity assessed by 31P-MRS
was observed between formerly overweight or obese
normal-weight individuals (mean BMI 24.1 kg/m2 after a
mean loss of 11.1 kg of body weight) and lean sedentary
controls in another study [76]. In this study, diet-induced
weight loss did not affect OXPHOS; however, a higher mito-
chondrial oxidative capacity was noted among lean, trained
participants compared with formerly obese subjects [76]. In
line with the latter study, markers of oxidative metabolism did
not differ between formerly overweight (initial mean BMI
28.6, range 27–30 kg/m2 reduced to a mean of 23.8 kg/m2)
and never-overweight females [77]. The above observations
may indicate that the degree of physical activity may at least
partly drive features of muscle mitochondrial oxidative func-
tion irrespective of the degree of adiposity.

A significant body of research has focused on pediatric
obesity, highlighting the important role that excess adiposity
in young age may be implicated in the future development of
T2DM and related comorbidities [86]. In one study, adoles-
cents with obesity and overweight exhibited higher insulin
resistance and longer PCr recovery after exercise compared
with lean controls, matched for age and physical activity [78].
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In this study, an impaired mitochondrial adaptation to exercise
correlated significantly with higher BMI, insulin resistance,
and serum triglycerides, but not significantly with
intramyocellular lipids (IMCLs); in multivariate regression
analysis, only BMI remained as a significant independent pre-
dictor of PCr recovery [78]. Data of other research groups
have been conflicting. Fleischman et al. [79] examined 37
normal-weight and 37 overweight children without a family
history of T2DM; muscle mitochondrial plasticity expressed
as PCr recovery after exercise did not differ between groups.
Nonetheless, insulin-resistant overweight participants had
longer PCr recovery time than their overweight counterparts
with normal insulin sensitivity, highlighting the importance of
insulin resistance as an important intermediate link between
adiposity and defective muscle mitochondrial adaptation [79].
Insulin-resistant females with obesity were also shown to
present lower rates of post-exercise PCr recovery than
insulin-sensitive girls with obesity in another study, although
there were no differences in the degree of adiposity, visceral
fat, and IMCL [81]. Contrary to these data, a recent study in 17
lean and 21 adolescents with obesity failed to show any evi-
dence of impaired skeletal muscle mitochondrial adaptation to
exercise assessed by 31P-MRS in those with obesity, despite
their having more profound insulin resistance and higher
IMCL content [80]. Although in this study post-exercise
OXPHOS capacity did not differ between lean subjects and
subjects with obesity without diabetes, a significant impair-
ment of mitochondrial plasticity was observed in adolescents
with T2DM in comparison to lean and obese controls in an-
other study from the same study group; furthermore, in the
sum of the studied cohort, whole-body insulin resistance was
associated with decreased mitochondrial OXPHOS capacity
and lack of FFA suppression during an euglycemic–
hyperinsulinemic clamp independent of hemoglobin A1c
(HbA1c) [82]. Certain differences in the design of these stud-
ies, regarding participant composition by age and gender, se-
lection of control groups, varying severities of obesity in the
studied populations, and method of insulin resistance (IR)
assessment (HOMA [78, 79, 81] or euglycemic–
hyperinsulinemic clamp [80, 82]), may have at least in part
contributed to these seemingly inconsistent results. In view of
the evidence summarized above, alterations of skeletal muscle
mitochondrial adaptation may be observed in obesity as long
as it is complicated by the development of insulin resistance,
and are not necessarily related to adiposity per se or increased
IMCL.

Liver

About one-third of individuals with obesity suffer from
NAFLD, and half of patients with NAFLD have obesity
[87]. Obesity and NAFLD are therefore tightly inter-related.
In this section, we briefly review the available data of humanT
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studies regarding hepatic mitochondrial adaptation in individ-
uals with obesity, in whom hepatic steatosis was either absent
or not taken into consideration. Data from human research on
the association of NAFLD with mitochondrial maladaptation
will be discussed separately.

Nair et al. [66] examined hepatic mitochondrial plasticity in
5 lean, 7 overweight, and 7 participants with obesity, applying
31P-MRS before and after an intravenous fructose challenge;
post-infusion ATP recovery rate did not differ between
groups; basal ATP was, however, lower in individuals with
obesity and overweight than in lean controls and correlated
inversely with BMI [66]. A different approach was applied by
Iozzo et al. [84] with the use of 11C-palmitate positron emis-
sion tomography (PET) imaging. Enhanced FFA oxidation by
the liver of individuals with obesity was reported, whereas the
rates of FFA uptake and esterification between lean subjects
and participants with obesity were similar [84].

Metabolic Flexibility and Mitochondrial
Adaptation in Insulin Resistance

The hypothesis of impaired mitochondrial function in patients
with T2DM, as well as insulin resistance states without overt
T2DM, has been formed more than two decades ago. In the
following sections, we present data on mitochondrial plastic-
ity in individuals with IR (T2DM and beyond) assessed by
in vitro techniques. Table 2 summarizes the studies investigat-
ing mitochondrial plasticity in the skeletal muscle and liver of
humans with IR.

Skeletal Muscle

A considerable number of relevant studies have focused on
quantitative and functional alterations of skeletal muscle mi-
tochondria and the accompanying impairment of metabolic
flexibility, highlighting the important role of skeletal muscle
in the pathogenesis of systemic IR [110].

Basal ATP content in skeletal muscle cells assessed by
31P-MRS in patients with T2DM has been found to be
lower than that of controls with normal glucose tolerance;
an inverse correlation between PCr content and glycemic
measures such as fasting plasma glucose (FPG) and
glycated HbA1c has been also reported [89]. The evidence
suggesting muscle mitochondrial maladaptation underly-
ing impaired metabolic flexibility is mainly provided by
studies applying metabolic challenges. A study by
Schrauwen-Hinderling et al. [111] revealed a 45% longer
half-time of PCr recovery measured by 31P-MRS following
exercise in overweight participants with T2DM compared
with BMI-matched healthy controls. In this study, PCr re-
covery half-time correlated positively with FPG and
HbA1c, suggesting that the magnitude of muscle

mitochondrial adaptation defects in T2DM relates to the
degree of metabolic impairment. Of note, the IMCL con-
tent measured by 1H-MRS did not differ between groups in
this study, implying that mitochondrial dysfunction may be
a more critical step for the pathogenesis of T2DM than
IMCL accumulation [111].

In the same direction, patients with T2DM displayed lower
increases in RQ after insulin infusion and longer PCr recovery
half-time than healthy controls in a study using both 31P-MRS
and indirect calorimetry to assess mitochondrial plasticity
[91]. A similarly defective muscle PCr recovery rate accom-
panied by impaired metabolic flexibility as assessed by
blunted changes of RQ following insulin stimulation was
ascertained in individuals with T2DM by Meex et al. [88].
Interestingly, these differences were attenuated after a 12-
week course of combined aerobic/resistance training and were
paralleled by improvements in IR, suggesting a reversible
component of mitochondrial plasticity impairment in T2DM,
at least in skeletal muscle cells [88].

In agreement with these findings, fasting ATP synthesis in
skeletal muscle was 27% lower in patients with T2DM com-
pared with young healthy controls, and fasting ATP in muscle
correlated with fasting FFA and waist-to-hip ratio. Insulin-
stimulated flux through ATP synthase was impaired in pa-
tients with T2DM and correlated positively with peripheral
insulin sensitivity, independent of glucose transport or phos-
phorylation and IMCL accumulation [90].

Of note, Chomentowski et al. [92] observed that metabolic
flexibility, as assessed by ΔRQ during an euglycemic–
hyperinsulinemic clamp, was significantly lower not only in
patients with T2DM but also in non-diabetic insulin-resistant
participants; this was paralleled by a lower inter-myofibrillar
mitochondrial content among participants with T2DM and IR
compared with healthy controls. Mitochondrial content
showed a significantly positive correlation with ΔRQ (R =
0.38, p = 0.02) [92]. In contrast with these data, Phielix et al.
[93] ascertained a solely functional, rather than quantitative,
component regarding the loss of muscle mitochondrial adap-
tation in T2DM; in their study, they enrolled 10 patients with
T2DM with a mean BMI within the overweight range (29.1
kg/m2), 12 first-degree relatives of patients with T2DM, and
16 healthy controls [93]. The in vivo assessment of mitochon-
drial adaptation using 31P-MRS revealed a prolonged half-
time of PCr recovery in subjects with T2DM versus controls
and a non-significant trend in the first-degree relatives (p =
0.08), while there was no difference between groups in mito-
chondrial density assessed by ex vivo techniques [93]. Taking
all the above data into account, it is likely that decreases in
mitochondrial numbers contribute to the functional impair-
ment of the mitochondrial machinery in IR states. However,
differences in the applied methodologies for the quantitative
mitochondrial assessment may be at least partly responsible
for the discordant reported findings.
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In contrast to the abovementioned studies, there have been
reports that do not support the relationship between compro-
mised muscle mitochondrial plasticity and T2DM. No signif-
icant differences were observed in PCr recovery kinetics in
patients with T2DM and IR without T2DM compared to
healthy controls in a study using 31P-MRS pre- and post-
exercise [94]. Likewise, patients with well-controlled T2DM
had similar basal ATP content and post-exercise PCr recovery
time with age-, gender-, and weight-matched non-diabetic in-
dividuals. No change was further observed in muscle mito-
chondrial adaptation after 8 weeks of training, apart from an
enhanced lipid oxidation in the group with T2DM [95]. The
adequate glycemic control of the enrolled patients with
T2DM, the lack of discontinuation of medical therapy con-
trary to other studies, and the relatively low intensity of the
training intervention (increased daily walking) should be tak-
en into account for the interpretation of these results. Of note,
Larsen et al. [96] reported that the impaired mitochondrial
function in subjects with T2DM versus non-diabetic subjects
was limited to leg muscles, whereas no difference was found
in arm muscle measurements. In addition, Bajpeyi et al. [97]
reported a significant correlation between PCr recovery rates
and insulin sensitivity within their total study sample includ-
ing subjects with varying degrees of IR; the relationship was,
however, non-significant in the subgroup of participants with
T2DM. In this study, the measures of mitochondrial oxidative
capacity in patients with T2DM overlapped, to a greater or
lesser extent, with those of young healthy sedentary partici-
pants and active controls [97].

Of particular interest are the results of studies regarding
metabolic flexibility and mitochondrial plasticity in subjects
with IR and without overt hyperglycemia, in order to circum-
vent the potentially confounding effects of a glucotoxic envi-
ronment. Apostolopoulou et al. [98] observed that ΔRQ
assessed by indirect calorimetry among 136 near-
normoglycemic individuals with recently diagnosed T2DM
had a positive correlation with whole-body insulin sensitivity.
This correlation was abolished after adjustment for circulating
FFA, implying that increased circulating FFA concentration
and the resulting lipotoxic milieu by itself may contribute to
metabolic inflexibility [98]. The findings of three other studies
conducted in non-T2DM populations with IR similarly point
towards a direct relationship of defective skeletal muscle mi-
tochondrial plasticity with IR independent of hyperglycemia;
in the first one, lean elderly individuals (mean age 70 years)
were found to have ~40% lower muscle mitochondrial oxida-
tive activity compared with their younger controls (mean age
27 years) in conjunction with IR and increased IMCL content,
hence highlighting a concomitant development of age-related
mitochondrial functional changes and of age-associated IR
[64]. In the second study, 14 lean but insulin-resistant off-
spring of patients with T2DM and 12 controls were investi-
gated; basal mitochondrial OXPHOS activity in skeletalT
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muscle assessed by 31MRS was 30% lower in the insulin-
resistant offspring versus insulin-sensitive controls, and this
finding was accompanied by a 80% increase in IMCL [100].
The aforementioned study measured OXPHOS capacity in a
steady state, while in a third study conducted by the same
research group, insulin-resistant offspring of patients with
T2DM were subjected to exogenous insulin stimulation. In
the latter study, the insulin-resistant offspring were found to
have significantly lower rates of insulin-stimulated glucose
uptake and a twofold increase in IMCL compared with the
control population. The insulin-stimulated changes in ATP
synthesis correlated with intramyocellular Pi concentrations,
implying that changes inmyocellular phosphate transport may
constitute an additional critical step for the emergence of the
observed phenomena [68]. Similarly, and in further support of
a role of mitochondrial content in the setting of IR, Ukropcova
et al. [101] reported lower skeletal muscle mitochondrial con-
tent (estimated by mtDNA quantification) among sedentary
male T2DM offspring compared with matched controls with
a negative family history for T2DM. This was interestingly
accompanied by a higher sleep RQ following 3 days of high-
fat diet and a trend towards lower insulin-stimulated changes
in RQ [101].

In contrast with the above data suggesting impaired muscle
mitochondrial plasticity in non-diabetic IR states, no signifi-
cant differences were observed in PCr recovery time post-
exercise between healthy males born with low birth weight
(LBW) and healthy controls, despite the ascertainment of he-
patic insulin resistance and a variety of other pre-diabetic ab-
normalities such as elevated FPG and insulin levels in LBW
subjects [102]. In addition, Mensink et al. [103] reported sim-
ilar values of post-exercise RQ, total carbohydrate, and fat
oxidation in subjects with T2DM and impaired glucose toler-
ance (IGT), although a reduced skeletal muscle FFA uptake
and oxidation was evident in both IGT and participants with
T2DM compared to controls.

As clearly suggested by the data summarized above, IR is
not limited to patients with T2DM; accumulating evidence
suggests that IR may also be present in T1DM [112] and
related to impaired skeletal muscle mitochondrial adaptation
in response to exercise [104, 105]. Another group of investi-
gators reported that fasting muscle ATP content was similar in
patients with T1DM and healthy insulin-sensitive controls,
but the insulin-stimulated flux through ATP synthase was
lower in T1DM, possibly due to an impaired myocellular glu-
cose transport and phosphorylation in these individuals [106].

Although definite conclusions regarding the causal rela-
tionship between impaired muscle mitochondrial adaptation
and IR cannot be drawn based on the presented evidence,
special reference should be made to the results of a unique
study that examined 7 patients with severe congenital IR due
to mutations in the insulin receptor. In this study, patients with
congenital IR had prolonged PCr recovery rate following

exercise compared to healthy controls [107]. Based on this
finding, a speculation towards an impaired mitochondrial
adaptability driven by IR itself could be made. Nevertheless,
although interesting, the above observations were made in
cases representing physiological extremes and cannot be ex-
trapolated to the total spectrum of IR states.

Liver

A relatively limited amount of data extracted by in vivo non-
invasive techniques is available about the plasticity of liver
mitochondria in IR states, compared with the numerous stud-
ies of skeletal muscle mitochondrial function. Hepatic ATP
turnover was found to be 42% lower in patients with T2DM
than in age- and BMI-matched controls [53]; in this study,
hepatic ATP production showed a positive correlation with
hepatic and whole-body insulin sensitivity and a negative cor-
relation with hepatocellular lipid content, waist circumfer-
ence, BMI, HbA1c, and FPG. Of note, the hepatocellular Pi
content explained 56% of the variation in hepatic ATP pro-
duction [53]. In an additional study by Szendroedi et al. [108],
patients with well-controlled T2DM were compared with two
groups of controls: a group of participants matched for BMI
and age and a second group of young, lean subjects. Patients
with T2DM were found to have lower hepatic ATP content
and Pi compared with both control groups. Importantly, inde-
pendent of the hepatic lipid content, both hepatic ATP and Pi
content showed a negative correlation with hepatic, but not
with whole-body insulin sensitivity, indicating that the devel-
opment of hepatic insulin resistance may actually precede he-
patic steatosis [108]. The complexity of the phenomena un-
derlying the development of metabolic inflexibility and met-
abolic dysregulation is further highlighted in a study by
Fritsch et al. [83], in which hepatic ATP and Pi content in
the fasted and postprandial state were compared across three
groups of lean and individuals with obesity with and without
T2DM. In this study, despite similarly increased postprandial
FFA and triglyceride concentrations between lean and partic-
ipants with obesity, a significant postprandial increase of he-
patic ATP was evident solely among individuals with obesity
without T2DM, but not in those with T2DM [83]. Even
though a respirometric assessment of hepatic mitochondrial
oxidative function was not provided, the results of this study
point towards an upregulated hepatic mitochondrial oxidative
metabolism in obesity, which is, however, not evident or lost
with the development of overt T2DM. Of interest, in further
support of the presence of adaptational mechanisms prone to
metabolic fatigue, daily dietary fructose consumption may
also tend to impair the plasticity of hepatic mitochondria in
subjects with T2DM; a lower baseline hepatic ATP and a
lower ATP recovery rate following an intravenous fructose
challenge has been reported in patients with T2DM on a
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high-fructose diet compared with those consuming lower
amounts of fructose [109].

Metabolic Flexibility and Mitochondrial
Adaptation in NAFLD

NAFLD and Insulin Resistance

The spectrum of NAFLD ranges in severity from simple
steatosis to advanced fibrosis, cirrhosis, and end-stage liver
disease, which can, in some cases, lead to the development
of hepatocellular carcinoma. A crucial transitional step to-
wards advanced NAFLD is that of non-alcoholic
steatohepatitis (NASH), which denotes the presence of hepa-
tocellular necro-inflammation with or without liver enzyme
elevations [113, 114]. The manifestations and severity of
NAFLD share a close pathogenetic relationship with obesity,
IR, and overt T2DM; NAFLD is highly prevalent among in-
dividuals with obesity, and its presence correlates strongly
with the degree of obesity [115]. The estimates regarding
NAFLD prevalence in patients with T2DM vary considerably
depending on detectionmethodology and geographical area; it
is noteworthy, however, that the prevalence of NASH reaches
an alarming 40% within this population [116]. Furthermore,
the presence of NAFLD in patients with T2DM is associated
with the presence and severity of coronary artery disease
[117–119] independent of traditional risk factors, including
glycemic control and features of the metabolic syndrome
[118, 119], although this does not necessarily translate into
increased mortality or incidence of cardiovascular complica-
tions [117, 119].

The major studies that have investigated the features of
metabolic flexibility and mitochondrial adaptation in
NAFLD are presented in Table 3.

Metabolic Flexibility in NAFLD

The accumulated fat in human hepatocytes originates mainly
from adipose tissue–derived FFA (59%), followed by de novo
intrahepatic lipogenesis (26%) and dietary fat intake (15%)
[124]. Consequently, an obvious link between the pathogen-
esis of obesity, IR, and NAFLD would include the increased
availability of circulating FFA derived from the insulin-
resistant adipose tissue [125]. Furthermore, in the setting of
increased circulating FFA levels irrespective of source
(“lipotoxic” environment), a defective switch towards fat ca-
tabolism for energy production or ketogenesis (a feature of
metabolic inflexibility) would favor its aberrant storage in
hepatocytes. Studies in humans have demonstrated typical
features of defective metabolic flexibility among individuals
with NAFLD. The interpretation of these results warrants cau-
tion however, since the confounding effects of obesity and IR

or the severity of NAFLD itself have not always been consid-
ered. Samantha et al. [120] demonstrated a delayed switch to
fat oxidation as assessed by a drop in RQ following a high-fat
meal among individuals with NAFLD in comparison to
healthy controls. Conversely, an impaired transition to carbo-
hydrate oxidation suggested by a less profound increase in RQ
during an euglycemic–hyperinsulinemic clamp has been
ascertained among adolescents with NAFLD in comparison
to age- and BMI-matched controls without hepatic steatosis
[19]. Similarly, a significantly lower increase of RQ during an
euglycemic–hyperinsulinemic clamp has been observed
among adults with obesity and NAFLD or NASH in compar-
ison to lean or counterparts with obesity and without NAFLD
[30]. On the other hand, the physiologically expected decrease
in RQ during fasting is preserved in NAFLD irrespective of
the degree of hepatic steatosis [121]. Taken together, these
data imply that whole-body metabolic inflexibility in
NAFLD mainly manifests as an impaired ability to manage
additional substrate flux in the setting of an energy storage
overload. In this context, whole-body fat utilization indicated
by a lower RQ under basal conditions appears diminished in
NAFLD [19, 122, 126], despite a higher resting energy ex-
penditure which is observed among obese individuals with
NAFLD compared with their age-matched, gender-matched,
BMI-matched, and fat mass–matched counterparts without
hepatic steatosis [126]. Taken together, these observations
may denote a qualitatively imbalanced metabolic state, with
a shift away from fat oxidation in NAFLD despite an overall
increase of oxidative activity. Furthermore, Croci et al. [122]
demonstrated that fasting RQ correlates significantly with the
histological severity of NAFLD, independent of BMI, viscer-
al, and total adiposity. Of note, in this study, maximal fat
oxidation during physical exercise showed no correlation with
NAFLD histological features, implying a differential course
of metabolic inflexibility development in liver and skeletal
muscle [122].

Mitochondrial Adaptation in NAFLD

From a teleological point of view, the adaptation of hepatocyte
mitochondrial function in obesity and IR would ideally serve
to eventually maximize fat catabolism to acetyl-CoA through
beta-oxidation and its further diversion through the TCA cycle
towards ETC for ATP production. An increased liver fat ox-
idation in NAFLD is not an unequivocal finding among stud-
ies; it has been demonstrated in individuals with obesity using
11C-palmitate PET [84] and in subjects with NASH using 13C-
octanoate breath tests [127]. However, Kotronen et al. [128]
reported no differences in hepatic fat oxidation between
NAFLD and controls, albeit using the more indirect and
downstream metabolite 3-hydroxybutyrate acid as a marker
of hepatic lipid oxidation.
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Likewise, the induction of the TCA cycle in NAFLD has
been debated among studies. In line with preclinical data
supporting an upregulated TCA flux in mice with diet-
induced hepatic steatosis and IR [129, 130], Sunny et al.
[131] demonstrated an almost twofold increased TCA flux
in humans with hepatic steatosis, indicating an upregulation
of components of mitochondrial respiration. In the same
study, TCA flux strongly positively correlated with hepatic
fat content [131]. In contrast with these data, Petersen et al.
[132] reported similar hepatic mitochondrial oxidation rates
between individuals with and without NAFLD. However, it is
important to consider that these two studies employed differ-
ent methods for assessing mitochondrial oxidation (ex vivo
13C-NMR spectra analysis after stable isotope administration
vs in vivo dynamic 13C-MRS, respectively) [133].
Furthermore, it should be noted that these studies were con-
ducted in vastly different populations: participants in the study
by Sunny et al. [131] had obesity and demonstrated features of
the metabolic syndrome, while those in the study by Petersen

et al. [132] were lean or only minimally overweight. Data on
the histological severity of NAFLD were available in none of
these studies. In total, it is likely that the presence of obesity
and a dysmetabolic milieu plays a decisive role for the induc-
tion of the TCA cycle in the setting of hepatic steatosis. This is
further supported by the ascertainment of increased TCA cy-
cle activity in individuals with morbid obesity and NAFLD, as
shown in a recent study using a genome-scale metabolic
modeling analysis [134].

The eventual upregulation of hepatic mitochondrial oxida-
tive function in NAFLD does not necessarily imply an effi-
cient coupling to increased energetic demands. On the con-
trary, features of progressive impairment of mitochondrial ad-
aptation are encountered in NAFLD. In a comparative study
conducted in a relatively small sample of patients with NASH
(n = 8) and age- and gender-matched controls, the submaximal
ADP-stimulated hepatic OXPHOS activity assessed by ATP
repletion after an intravenous fructose challenge was shown to
be impaired in NASH [123]. Fletcher et al. [121] further

Table 3 Human studies on metabolic flexibility and mitochondrial adaptation in NAFLD

First author,
year
[reference]

Cohorts Methods Challenge Key results Correlations

Samantha,
2018 [120]

17 NAFLD
12 CON

Indirect calorimetry Oral fat load ↓ ΔRQ in NAFLD NA

Lee, 2015 [19] 12 subjects with obesity
CON

12 subjects with obesity
with NAFLD (all
adolescents)

Indirect calorimetry
HE clamp
1H-MRS

Insulin infusion ↓ ΔRQ in NAFLD IHTC cor+ fasting RQ

Koliaki, 2015
[30]

12 lean CON
18 subjects with obesity

CON
16 NAFLD without NASH
7 subjects with obesity

NASH

Indirect calorimetry
HE clamp
Liver histology
HR respirometry
Measures of Mit

mass, serum
biomarkers

Insulin infusion
ADP-stimulated

respiration
FCCP-induced

maximal uncoupled
respiration

↑mitochondrial respiration
in obesity/NAFL

↓mitochondrial respiration
NASH

Maximal uncoupled
respiration: cor+ HFC,
FFA, FPG

cor− IS
CSA cor+ NAFLD score

Fletcher, 2019
[121]

23 NAFLD
17 CON

Indirect calorimetry
HE clamp
1H-MRS
DEXA
Isotope tracer

studies
Serum ketones

Insulin infusion
24-h fasting

↓ fasting-induced
ketogenesis in NAFLD

↓ fasting FFA in NAFLD

HFC cor− BHB

Croci, 2013
[122]

20 NAFLD
15 CON

Indirect calorimetry
Whole-body fat and

glucose oxidation
HE clamp

Insulin infusion
HE clamp

↓ maximal fat oxidation
during exercise in
NAFLD

HFC cor+ basal RQ

Cortez-Pinto,
1999 [123]

8 NASH
7 CON

1H-MRS
31P-MRS

Intravenous fructose
challenge

↓ ATP recovery following
fructose infusion in
NASH

BMI cor− ATP recovery

BHB beta-hydroxybutyrate, CSA citrate synthase activity, FFA free fatty acids, FPG fasting plasma glucose,HFC hepatic fat content, IHTC intrahepatic
triglyceride content, RQ respiratory, CON controls, 31 P-MRS phosphorus magnetic resonance spectroscopy, 1 H-MRS proton magnetic resonance
spectroscopy, HE hyperinsulinemic–euglycemic, cor+ positive correlation, cor− negative correlation, NA not available, NAFLD non-alcoholic fatty
liver disease, ATP adenosine triphosphate, IS insulin sensitive
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demonstrated that individuals with NAFLD exhibited an up-
regulated TCA cycle flux in conjunction with impaired keto-
genesis and increased gluconeogenetic hepatic flux following
24-h fasting compared to controls, to a magnitude mirroring
the degree of hepatic steatosis.

In a study incorporating multiple measures of mitochondri-
al content and function, conducted in three groups of individ-
uals with obesity (with and without hepatic steatosis, and
NASH) and lean healthy controls, participants with NAFLD
exhibited features of whole-body metabolic inflexibility as
shown by a blunted rise in RQ during an euglycemic–
hyperinsulinemic clamp, combined with gradual worsening
of hepatic and peripheral IR, which were most evident in the
NASH group [30]. The applied ex vivo high-resolution respi-
rometry in whole liver tissue and isolated mitochondria from
liver biopsy specimens revealed elevated β-oxidation–related
and TCA-related respiration rates in the groups with obesity
with and without hepatic steatosis compared to controls, pos-
sibly denoting a counter-regulatory increase of hepatic mito-
chondrial oxidative capacity in response to chronically in-
creased FFA availability in the setting of obesity. Despite
these findings of quantitatively upregulated mitochondrial res-
piration in obesity, measures of mitochondrial bioenergetic
efficacy (respiratory control ratio) showed a significant im-
pairment and markers of uncoupling respiration (leak control
ratio) showed a progressive increase across obese groups
without NAFLD and with NAFLD and NASH. Specifically
among individuals with NASH, maximal respiration rates in
isolated mitochondria were 31–40% lower compared with
those among individuals with obesity with and without
steatosis. Importantly, this compromise of mitochondrial re-
spiratory function was observed in conjunction with hepatic
IR, increased hepatocellular oxidative damage, augmented he-
patic inflammation, and decreased ETC complex expression,
despite an increased mitochondrial mass [30]. These findings
are in line with previous observations of significant impair-
ments of ETC complex activity in NASH, irrespective of un-
changed mitochondrial content as assessed by CSA [135].
Similar trends towards a defective hepatic mitochondrial oxi-
dative metabolism in advanced NAFLD, suggested by re-
duced oxygen consumption rates in the higher extremes of
liver fat content, were also shown in the previously mentioned
study by Fletcher et al. [121].

The unaltered or even increased mitochondrial mass ob-
served in NASH does not necessarily guarantee a healthy
mitochondrial turnover; in fact, the aforementioned study in
patients with very severe obesity and NAFLD provided clear
evidence of impaired mitochondrial biogenesis in NASH (as
shown by reduced expression of TFAM, PGC-1a, NRF-1),
indicating that mitochondrial mass in NASH is preserved
through a defective mitophagy of dysfunctional and oxidative-
ly damaged mitochondria [30]. Accordingly, hepatic mito-
chondria from patients with NASH exhibit structural

abnormalities of functionally important structures such as loss
of inner membrane folds, which are not observed in normal
controls or individuals with simple steatosis [136], again im-
plying defective mitochondrial quality control mechanisms in
advanced NAFLD.

Another important component of mitochondrial adaptation
in NAFLD is the diversion of a proportion of excess energy
intermediates in futile cycles of uncoupled respiration. In pre-
clinical studies, an upregulation of mitochondrial uncoupled
respiration through uncoupling protein 2 (UCP-2) has been
demonstrated in hepatocytes of rodent models of obesity
[137], while the in vitro exposure of rat hepatocytes to lipid
emulsions leads to increased UCP-2 expression, likely
through a mechanism mediated by excessive ROS production
[138]. In human NAFLD, this phenomenon peaks in the set-
ting of established NASH [30] and is also mediated by an
increased expression of UCP-2, which coincides with evi-
dence of severe oxidative stress and damage [139]. This fuels
the hypothesis that increased uncoupled respiration in ad-
vanced NAFLD serves as a “relief valve” against the energetic
overstrain of ETC and the subsequent redox disequilibrium.
However, this occurs by definition at the expense of reduced
bioenergetic efficiency, which may partly account for the re-
duced hepatic energy-generating capacity in NASH [123],
rendering hepatocytes more vulnerable to acute energy-
demanding challenges, such as ischemic injury [139].

Summary and Critical Appraisal
of the Evidence

Overall, there is a concrete body of evidence to support the
presence of impaired mitochondrial adaptation as a principal
component of systemic metabolic inflexibility in conditions
related to the spectrum of “diabesity.” The question that still
remains under debate is the direction of causality between the
observed quantitative and qualitative changes delineating the
concept of mitochondrial maladaptation and IR. This question
harbors important implications for a potential future applica-
tion of novel obesity and T2DM therapeutics, aiming to re-
store the abolished features of mitochondrial plasticity.

Essentially, the design of the majority of available studies
does not allow for safe conclusions to be drawn regarding the
timely appearance of the respective abnormalities, since mea-
sures of IR and mitochondrial function have been examined
cross-sectionally, even in studies with a prospective design
[88]; in the latter case, mutual reversibility is not helpful in
determining causality. Nevertheless, a confident statement can
be made on the parallel escalation of mitochondrial flexibility
loss and severity of IR based on the findings of several studies
[30, 90, 97, 121]. Perhaps the most prominent evidence of the
scalability of these phenomena is provided by studies con-
ducted in individuals with NAFLD, a condition which, by
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itself, represents a continuum with relatively well-defined and
variably measurable stages of severity [30, 121].

The existing evidence suggests a bidirectional, mutually
amplifying relationship between IR and altered mitochondrial
function [140]; data from animal studies support a crucial role
of components of insulin signaling in the maintenance of mi-
tochondrial functional integrity [141–144]. Among humans,
evidence in favor of this notion is provided by observations of
mitochondrial functional impairment in skeletal muscle
among individuals with congenital insulin resistance due to
insulin receptor defects [107], although it is questionable
whether these findings are generalizable to other insulin resis-
tance states. Conversely, toxic lipid metabolite accumulation
(ceramides, diacylglycerols) and excessive ROS production
by a dysfunctional and energetically overloaded ETC in the
setting of mitochondrial functional impairment [145, 146]
may induce or exacerbate IR. It is also likely that ROS pro-
duction under these circumstances may further aggravate mi-
tochondrial structural and functional damage [147]. On the
other hand, the production of ROS from ETC and other
sources may also exhibit a positive effect on insulin signaling
and enhance insulin sensitivity [148]. The threshold between a
“healthy” and a “deleterious” load of ROS for insulin signal-
ing is difficult to determine.

With issues of causality being further obscured by reactive
adaptive mechanisms at a subcellular and inter-tissue interac-
tion level, an integrated presentation of IR and overt T2DM as
manifestations of altered mitochondrial plasticity is impossi-
ble based on actual data. A linear and simplified approach
would include the presence of obesity as a necessary step in
a cascade of events eventually leading to metabolic decom-
pensation and overt T2DM, driven by the resulting lipotoxic
environment (Fig. 1). As adipocytes reach a crucial threshold
of triglyceride storage, a failure of insulin to suppress lipolysis
leads to an increased release of FFA into the circulation [149].
Attempts to attribute a central role regarding these phenomena
to functional changes of adipocyte mitochondria have yielded
mixed results [150, 151]. An initially increased skeletal mus-
cle FFA uptake and utilization are eventually fatigued, with a
parallel development of IR at the myocyte level [149]. At this
stage, features of metabolic inflexibility and impaired mito-
chondrial plasticity in skeletal muscle may already be evident
and the burden of managing the energetic excess in the form
of FFA and glycolytic intermediates (glycerol) is undertaken
solely by the liver. As a last resort, under the influence of
increased high-energy substrate influx, the hepatic mitochon-
drial oxidative and ATP-producing capacity is transiently up-
regulated, albeit at the expense of a decreased bioenergetic
efficiency of the ETC and an increased burden of ROS, which
may overwhelm cellular antioxidant defense mechanisms and
ultimately lead to oxidative stress and hepatocyte inflamma-
tion [152]. Furthermore, the increased ATP production may
facilitate the unwanted effect of its utilization in aberrantly

activated energy-demanding procedures such as de novo lipo-
genesis [153] or gluconeogenesis [121, 131], despite in-
creased insulin levels. These features contribute to worsening
hepatocellular fat accumulation and pave the way for the tran-
sition from simple steatosis to NASH. The increasing burden
of ROS production mobilizes a counter-regulatory increase of
uncoupled respiration at the cost of decreased capability of
hepatocytes to respond to acute fluctuations of energy de-
mands [139]. The FFA overload may eventually overcome
the upregulated hepatic mitochondrial oxidative capacity, fa-
cilitated by the fatigue of the oxidative machinery in the later
stages of NAFLD [30]. Consequently, the available FFA may
be redirected to triglyceride biosynthesis [154] and further-
more to alternative metabolic pathways, being used as sub-
strates for potentially toxic metabolites such as ceramides and
diacylglycerols [155], which may further functionally com-
promise the ETC [156] and promote hepatic IR [157–160].

It may be further hypothesized that the turning points for
the metabolic decompensation that mark the transition from a
systemic dysmetabolic state to overt T2DM are the progres-
sion of NAFLD and the saturation of its inherent mitochon-
drial adaptation beyond a critical threshold. Evidence in favor
of this hypothesis includes the increasing whole-body IR [30]
and hepatic glucose production [121]. Most interestingly,
T2DM may be characterized by marked structural and func-
tional mitochondrial changes at the level of pancreatic beta-
cell [161, 162], suggesting a potential role of mitochondrial
maladaptation of the beta-cell in the development of late
stages of T2DM.

Clearly, such a linear course of parallel development is not
to be assumed, especially in the setting of whole-body metab-
olism where the presumable bidirectional relationship of pro-
gressively worsening dysmetabolism and mitochondrial im-
pairment and superimposed inter-tissue crosstalk would en-
able the emergence of vicious circles at various levels. A pu-
tative common link behind most theoretical and experimental
approaches appears to be the presence of increased FFA avail-
ability in the sense of the establishment of a lipotoxic milieu
(Fig. 1). This notion could be exploited for the design of future
studies with a mechanistic component to investigate the
cause–consequence relationship between altered mitochondri-
al function and IR; a theoretical example could implicate the
acute establishment of a lipotoxic environment among indi-
viduals without apparent insulin resistance, through the intra-
venous infusion of lipid emulsions or orally supplemented
lipid preparations, aiming to approximate the FFA concentra-
tions in plasma commonly observed in obesity and insulin
resistance states. The serial assessment of components of mi-
tochondrial functional status (using in vivo, ex vivo, and
in vitro techniques as described above) and insulin resistance
at cellular level in repeated biopsy specimens (serine/threo-
nine phosphorylation of insulin receptor substrate proteins
[163], PKC isoform activity [164], etc.) complemented by
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whole-body insulin resistance measured through an
euglycemic–hyperinsulinemic clamp could serve to identify
the sequential appearance of respective disorders.
Furthermore, under such controlled experimental conditions,
the potential contribution of factors that mediate the crosstalk
between the key implicated tissues (adipokines, myokines
among other candidate hormonal signals) could also be
investigated.

Conclusion

There are still many unresolved questions regarding the rela-
tionship between the gradual loss of mitochondrial adaptabil-
ity and the progression of IR towards overt T2DM. Important
issues pertain to the causal nature of the observed correlations,

the direction of the causality, the timely appearance and re-
versibility of the described disturbances, and the generalizabil-
ity of the findings to the mitochondrial content of every af-
fected crucial tissue or organ. The spectrum of NAFLD is of
particular interest, since functional and pathological changes
in the course of its development closely mirror the progression
of dysmetabolism, if not constituting a dynamic component of
the latter.

The aforementioned aspects present a challenging field for
future mechanistic studies to focus on, by utilizing combina-
tions of available methods of mitochondrial function assess-
ment. Following a detailed and thorough characterization of
the role of mitochondria in the pathogenesis and progression
of IR, the effect of existing and emerging therapies on the
implicated mitochondrial mechanisms would be next to eval-
uate. Nonetheless, a future with pharmacological

Fig. 1 An overview of the major aspects of mitochondrial function and
lipid metabolism in distinct stages across the pathophysiological
spectrum of insulin resistance (progression from obesity and insulin
resistance to clinically overt hyperglycemia). An inter-tissue crosstalk
among different target tissues for insulin (adipose tissue, skeletal
muscle, liver, and pancreatic β-cells) should be also considered. As
explicitly stated in the manuscript, the relationship between

mitochondrial function alterations and insulin resistance is mutual and
bidirectional, and its causality remains poorly understood based on the
available evidence. Abbreviations: ATP adenosine triphosphate; DAG
diacylglycerols; FFA free fatty acids; IMCL intramyocellular lipids;
NAFL non-alcoholic fatty liver; NASH non-alcoholic steatohepatitis; Pi
inorganic phosphate, ROS reactive oxygen species; T2DM type 2
diabetes mellitus; TCA tricarboxylic acid cycle; TG triglycerides
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interventions tailored to modulate functional and/or structural
mitochondrial targets is still a long way ahead.
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