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Abstract. Mitochondria are considered the ‘powerhouses’ of
cells, generating the essential energy in the form of adenosine
triphosphate that they need for their energy demands.
Nevertheless, their function is easily adaptable as regards the
energy demands and the availability of chemical substrates.
This allows cells to buffer sudden changes and reassure
cellular metabolism, growth or survival. Currently, humans
have different dietary habits, which provide several stimuli
to the cell. According to the energy substrate availability due
to the diet quality and diet temporality, mitochondrial physi-
ology is greatly affected. The present review article aimed to
collect all the available information that has been published
to date concerning the impact of five different popular diets
(high-fat diet, ketogenic diet, fasting, caloric restriction
diet and the Mediterranean diet) on specific mitochondrial
physiological aspects, such as function, biogenesis, mitophagy
and mitochondrial fission/fusion.
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1. Mitochondrial physiology

Mitochondrial biogenesis. The biogenesis of mitochondria
refers to the process through which mitochondria grow
in number and/or size. This is mediated by physiological
stimuli, including physical exercise, dietary restrictions
and temperature (1). Mitochondrial biogenesis (Fig. 1) is
transcriptionally controlled through the activation of peroxi-
some proliferator-activated receptor-gamma coactivator lo
(PGC-1a) (2). PGC-1a has specific tissue distribution and
is mainly located in tissues with high energy requirements
or high oxidative activity, such as the heart, skeletal muscle,
liver and white or brown adipose tissue, suggesting that it is
closely related to the energy metabolism of the body (3). The
Ppargcla gene structure contains a well-conserved binding
site for a cAMP response element-binding protein (CREB)
that allows activated CREB to bind and promote PGC-la
expression (4,5). Furthermore, PGC-1a can be activated by
reduced adenosine triphosphate (ATP)/adenosine mono-
phosphate (AMP) levels mediated by AMP-activated protein
kinase (AMPK) that functions as a cellular energy sensor (1).
Thus, activated PGC-1a leads to the consecutive stimulation
of several transcription factors, including nuclear respiratory
factors (NRFs)1 and 2, that promote the expression of nuclear
genes that are responsible for controlling transcriptionally
the majority of the subunits of mitochondrial complexes (6,7)
and peroxisome proliferator-activated receptors (PPARs) (8).
Furthermore, PGC-1a can promote oxidative phosphoryla-
tion (OXPHOS) gene expression, which encodes proteins that
constitute the electron transport chain (ETC) and are respon-
sible for ATP synthesis. Last but not least, PGC-1a cooperates
with PPARa to regulate the expression of mitochondrial
fatty acid oxidation (FAO) enzymes and transport proteins,
enabling increases in FAO pathway activity in coordina-
tion with mitochondrial biogenesis (9). The aforementioned
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findings indicate that PGC-1la masters cellular mechanisms
related to substrate utilization (fatty acids, glucose) and their
intra-mitochondrial oxidation to produce energy for cellular
demands (10,11).

There is an ample amount of available literature on the
molecular pathways that induce mitochondrial biogenesis and
function during conditions of high energy demands, such as
exercise. One bout of acute exercise in the muscle is sufficient to
initiate transcriptional signaling toward mitochondrial biogen-
esis. More elaborately, exercise increases intracellular calcium
levels, allowing the calcium/calmodulin-dependent protein
kinase IV-dependent phosphorylation and the subsequent
activation of CREB (12,13). As previously described, PGC-1a
is induced in the skeletal muscle by AMPK when ATP levels
are low (10,14). In the liver, the hormonal and nutritional regu-
lation of hepatic gluconeogenesis occurs mainly through the
modulation of the transcriptional coactivator PGC-1a. During
glucose deprivation, cells sensitize the need for additional
substrates and thus stimulate the gluconeogenesis program
and mitochondrial biogenesis through CREB and PGC-1a in
order to supply mitochondria with new glucose molecules and
build more available ‘factories’ in order to generate sufficient
amounts of energy. Therefore, gluconeogenesis and mitochon-
drial biogenesis are tightly coupled to allow hepatocytes to
adapt in low available glucose levels. Sirtuin (SIRT)1 protein
expression is induced in the liver through a nutrient-signaling
response mediated by pyruvate kinase. SIRT1 then activates
forkhead box protein Ol (FOXO1) (15) and PGC-la through
their deacetylation (16). Subsequently, FOXO1 and PGCla
co-orchestrate the gluconeogenesis program, enabling
organism energetic stability through glucose utilization (15).

Mitochondrial dynamics: Fusion-fission. Cells have distinct
mechanisms depending on their cycle status or their state to
maintain mitochondrial morphology and proper function.
Mitochondria carry out two processes, fusion and fission
(Fig.2), which are of paramount importance for self-controlling
organelle quality (17,18). Mitochondrial fusion occurs when
nearby mitochondria merge, while mitochondrial fission takes
place when a mitochondrion needs to break apart into two
separate organelles. Mitochondrial fusion occurs during the
early stages of the S and G1 phases (19), ensuring mainly three
main functions: Respiration, ATP production and intramito-
chondrial material exchange (20). At the G-S1 cellular phase,
mitochondria shape a giant, hyper-fused network character-
ized by higher ATP production capacity (19). Additionally, it
has been found that fusion contributes to mitochondrial repair
and elongation while the substrates of the fused mitochondrial
are optimally exploited for respiration. At the structural level,
mitochondrial fusion is accomplished when both the inner
mitochondrial membrane (IMM) and outer mitochondrial
membrane (OMM) of the fused organelles merge, respec-
tively (20), while at a molecular level, three different proteins
are responsible for the structural fusion: In the OMM, both
mitofusins 1 and 2 (MFN1 and MFN2), while in the IMM,
optic atrophy 1 (OPAL1) (18).

In contrast to fusion, the mitochondrial fission process
usually occurs during the S, G2 and M phases due to the need
for the even separation of organelles that will be present in
offspring cells (21,22). Fission is beneficial when mitochondria

are dysfunctional. Mitochondria divide and stimulate the
authophagy pathway (mitophagy) (23). Briefly, mitochondrial
fission begins when the endoplasmic reticulum (ER) is recruited
and stimulates mtDNA replication. Fission is orchestrated by
the dynamin-related protein 1 (DRP1), which is a GTPase
that is recruited in the mitochondrial surface and anchored by
complexes that are constructed from different mitochondrial
proteins, such as mitochondrial fission 1 (FIS1), mitochondrial
fission factor and mitochondrial dynamics protein 49 and 51
(MiD49 and MiD51) (18).

Mitophagy. Macroautophagy is a genetically programmed and
conserved catabolic process (24) in which cytosol portions
and/or complete organelles are engulfed by double-membrane
structures known as autophagosomes, that fuse with lyso-
somes in order to form single membrane structures known as
autophagolysosomes (25). Mitophagy is the macroautophagy
process through which the mitochondria are driven towards
degradation (Fig. 2) (26,27). Mitophagy also constitutes a
mitochondrial quality control mechanism, preventing mito-
chondrial dysfunction, a hallmark of cellular aging (28).
Several autophagy-related genes (ATGs) regulate autophagy or
autophagy-related process, transcriptional control that is evolu-
tionary preserved since 30 ATGs have also been described in
yeasts (29,30). The recognition of dysfunctional mitochondria
is mediated by the p62 and PARKIN proteins. PARKIN is
an ubiquitin ligase that translocates into the mitochondria
and tags them in order to become processed for degradation.
Another protein, the mitochondrial receptor NIX, binds the
cytoskeleton related protein, such as like gamma-aminobu-
tyric acid type A receptor-associated protein (GABARAP)
and microtubule-associated protein 1 light chain 3 (LC3,
Atg8) (31), driving mitochondria towards apoptosis since it
regulates PARKIN translocation into mitochondria (32). On the
onset of Parkin-mediated mitophagy, PARKIN interacts with
PTEN-induced kinase 1 (PINK1) in order to finalize dysfunc-
tional mitochondria labeling (33). Subsequently, ATG9a and
the ULK1/2 can depolarize mitochondria, a biochemical
manifestation that is responsible for the recruitment of addi-
tional downstream autophagy-related proteins (ATG) apart
from LC3. Finally, LC3 recruitment drives mitochondria into
the autophagosome for decomposition (34). Another molecular
pathway that stimulates mitophagy includes the transcriptional
factor, FoxO3, which regulates autophagy through Bcl-2 inter-
acting protein 3 (BNIP3) (35). BNIP3 belongs to the BH3-only
proteins of the Bcl-2 family and can induce cellular apoptosis
and mitophagy (36). Mitophagy pathways are closely aligned
with those of mitochondrial dynamics. As such, mitochondrial
fission appears to be the first step and a pre-requisite of the
mitophagy process (37).

Mitochondrial function. Mitochondria are mainly consid-
ered the cellular ‘powerplants’ with their foremost function
to supply cells with energy through producing the energetic
‘coin’ ATP. Apart from energy metabolism, the mitochon-
dria contribute to different aspects of cellular biology, such
as signaling, differentiation, cell cycle, growth and cellular
death (38). Thereafter, mitochondrial and cellular metabolism
and are tightly coupled. Mitochondria possess specific meta-
bolic lines to process different substrates and generate ATP
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Figure 1. Graphical illustration depicting distinct pathways that induces mitochondrial biogenesis via PGC-la activation. The image was created using the
Smart servier medical art website; smart.servier.com. PGC-la, peroxisome proliferator-activated receptor-gamma coactivator la; AMP, adenosine mono-
phosphate; ATP, adenosine triphosphate; SIRTI, sirtuin 1; AMPK, AMP-activated protein kinase; CREB, cAMP response element-binding protein; PPARs,
peroxisome proliferator-activated receptors; NRF, nuclear respiratory factor; TFAM, mitochondrial transcription factor A; mtDNA, mitochondrial DNA.
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Figure 2. Graphical illustration depicting mitochondrial dynamics and mitophagy processes. The image was created using the Smart servier medical art website;
smart.servier.com. mtDNA, mitochondrial DNA; OPAL, optic atrophy 1; MFN, mitofusin; DRP1, dynamin-related protein 1; PINK1, PTEN-induced kinase 1.

(Fig. 3). These include pathways that pyruvate (derived from
glucose or lactate), fatty acids, and amino acids are eventually
oxidized to gear protons onto NADH and FADH2. NADH and
FADH2 carry these electrons to the ETC, forming an electro-
chemical gradient that drives ATP-synthetase to produce ATP
through oxidative phosphorylation.

Fuel metabolism: i) Glucose: Glucose is almost continu-
ously cellular available through facilitated diffusion conducted

by several isotypes of glucose transporters present in different
cell types (39). Glucose levels are elevated in the circulation
after feeding or through hepatic gluconeogenesis (Fig. 4);
hepatic release during fasting, allows tissues to uptake glucose
and generate pyruvate through glycolysis, producing an initially
low number of ATP molecules. Subsequently, mitochondria can
utilize glucose through the form of pyruvate in order to produce
ATP. Depending on nutrient and oxygen availability, glucose is
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Figure 3. Graphical illustration depicting cellular substrate utilization and pathways related to glucose and fatty acid metabolism in the mitochondria. The
image was created using the Smart servier medical art website; smart.servier.com. GLUTs, glucose transporters; ATP, adenosine triphosphate; TCA, tricar-
boxylic acid; ETC, electron transport chain.
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Figure 4. Graphical illustration depicting glucose utilization after feeding or through hepatic gluconeogenesis via the action of insulin and glucagon. More
elaborately, the illustration is consisted of 10 steps that include two cycles that glucose fate is under insulin (red arrows) or glucagon (green arrows) action. The
image was created using the Smart servier medical art website; smart.servier.com.

converted into pyruvate or lactate through pyruvate and lactate  membrane via mitochondrial pyruvate carrier (MPC) (40).
dehydrogenase, respectively. Under physiological conditions, = Oxygen deprivation mitigates oxidative phosphorylation, and
pyruvate is transported across the double-mitochondrial  netenergy is produced through anaerobic glycolysis and lactate



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 50: 135, 2022 5

generation as the end-product. Lactate can be converted back
to pyruvate and glucose in hepatocytes through a different
type of lactate dehydrogenase during oxygen abundancy,
resulting though a net negative balance of ATP (41). Therefore,
the Cori cycle cannot be maintained relentlessly. On the other
hand, the inhibition of MPC proteins that block pyruvate shut-
tling inside the mitochondria, forces the mitochondria into a
metabolic reprogram and to depend mainly on fatty acids and
glutamine. The glutaminolysis pathway allows glutamine to be
oxidized in the mitochondria and stimulates the Krebs cycle,
producing a-ketoglutarate or pyruvate via malic enzymes (42).
Surprisingly, at high glucose levels, cells lose their ability
to utilize the excessive pyruvate that is available, leading to
cellular glucotoxicity through the activation of polyol pathway,
protein kinase C, increased advanced glycation end-products,
and hexosamine pathway flux (43). Thereafter, although the
hypothesis that excessive glucose facilitates higher energy
production, the mitochondria are actually vulnerable in toxic
intermediates that glucotoxicity is generating, resulting into
mitophagy and cellular death (44). This indicate that glucose
homeostasis is crucial for the proper functioning of the mito-
chondria and cells.

it) Fatty acids (FAs): FAs are the main metabolic substrates
for the mitochondria of cardiac and skeletal muscle in order to
suffice their energy demands (45). FAs derive from the white
adipose tissue in the form of albumin-bound FAs or via the
lipoprotein lipase-dependent degradation of very-low-density
lipoprotein (46). FA intracellular uptake is facilitated through
different carriers and proteins, such as fatty acid transporter
protein 1, plasma membrane-associated fatty acid-binding
protein, and long-chain fatty acid transporter and fatty acid
translocase CD36 (FAT/CD36). Subsequently, FAs enter the
mitochondria or peroxisomes (they process long-chain fatty
acids and branched-chain fatty acids) through CPT1 and
ABCDI and are catabolized (46) through - and a-oxidation,
supplying the mitochondria with fuel substrates (47). The
[-oxidation rate and the levels of its main product, acetyl-CoA,
dictate the energy cellular demand, since the lack of ATP
to cover increased cellular needs results in the enhanced
tricarboxylic acid (TCA) cycle activity OXPHOS. Similarly,
NADH and acetyl-CoA decrease leads to [-oxidation flux
stimulation (48). On the other hand, the level of CPT1 activity
significantly determines the -oxidation rate in cardiac or
skeletal muscle (49). As aforementioned, the end-products of
[-oxidation are acetyl-CoA, which enters the TCA cycle, and
NADH and FADH,, that are required for the proper flow of
electrons in the ETC, providing the necessary gradient for
F-ATPase to produce ATP energy molecular coins (50).

2. Diets

High-fat diet (HFD). A HFD was the mainstream diet followed
as a dietary habit in the 1980s, even though an introductory
study that focused on its effects on health was assessed back
in 1958 from Ancel Keys and is termed the Seven Countries
Study (51), indicating that this dietary habit had already been
incriminated. HFD is referred to a diet in which at least 30-35%
of the amount of total calories are derived from both unsaturated
and saturated fats (52) (https://health.gov/our-work/food-nutri-
tion/previous-dietary-guidelines/1980). In addition to the

popular processed foods, numerous other foods have a high
fat content, including but not limited to animal fat, chocolate,
butter and oily fish. Commonly higher in fat content, the
majority of processed foods are easier to obtain as they are
normally more economical considering socioeconomical
factors, such as a lower family income. A number of dishes
among different cultures and ethnicities, such as fried foods
or ‘soul food’ contain ingredients with a high fat content,
such as oils, butters and fats to increase flavor and appeal. A
HFD is not a common everyday diet for humans, but rather an
experimental protocol with which to create a disease model in
animals and mimic the metabolic adaptations that this creates
in cellular physiology (53,54). More factors, such genetic and
environmental factors can contribute to obesity, generating a
more perplexed field that warrants further attention.

HFD leads to obesity and is responsible for the induction
of insulin resistance, which is one of the most critical patho-
physiological manifestations (55). This pathophysiology is
emerging since the capacity of non-adipose tissues for lipid
storage is met, and additionally, lipids cause lipotoxicity
that affects cellular function and cell fate. In white adipose
tissue, excessive energy intake causes tissue hypertrophy and
the hyperplasia of adipocytes (56). The latter manifestations
stimulate lipolysis in fat cells and ultimately lead to elevated
circulating levels of free fatty acids (57). As aforementioned,
an increase in FA oxidation in the mitochondria is responsible
for elevating lipid catabolism and energy production, through
B-oxidation and Krebs cycle respectively (58). Adiponectin,
leptin, acylation stimulating protein and resistin, which are
hormones that are secreted by adipocytes play a critical role
in regulating mitochondrial biogenesis and insulin sensi-
tivity (59-62). During HFD consumption, adiponectin levels
are decreased, leading to the diminished activation of the
cellular pathways that usually stimulate. More specifically,
adiponectin physiologically binds to its receptors, AdipoR1
(abundantly expressed in skeletal muscle and AdipoR2,
activating AMPK, which finally leads to the stimulation of
glucose uptake and FA oxidation (63). AMPK has also been
implicated in the regulation of PGC-1a, the master regulator of
mitochondrial biogenesis (62). More specifically, AMPK can
directly interact and phosphorylate PGC-1a, thus increasing
its transcriptional activity (64).

Mitochondrial biogenesis during HFD. Impaired
mitochondrial biogenesis is one of the well-described patho-
physiological adaptations that a HFD promotes (Table I).
More specifically, in a previous study, insulin-sensitive male
mice that were fed a HFD for 3 days exhibited decreased
PGC-1a mRNA transcript levels in skeletal muscle (65),
indicating a mechanism through which a HFD decreases the
expression levels of genes that are necessary for OXPHOS
and mitochondrial biogenesis. The prolonged downregulation
of this molecular reprogramming can lead to mitochondrial
dysfunction that is found in prediabetic conditions and insulin
resistance, that eventually leads to insulin-dependent type 2
diabetes (T2D). In line with the above finding, in another
study, C57Bl/6 mice treated with HFD for 3 weeks also
exhibited reduced PGCla mRNA and protein levels in skel-
etal muscle (65). Furthermore, as previously demonstrated
6-week-old male Sprague-Dawley rats that were fed a HFD
for 28 weeks (60 kcal% fat) exhibited a reduced mtDNA copy
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Table I. Summary table indicating the mitochondrial manifestations and the molecular targets that are affected by the high-fat diet.

High-fat diet

Phenotype Tissue (host) Molecular target (Refs.)
Biogenesis Skeletal muscle I PPARGC1la mRNA and protein levels (63)
C57BL/6J mice
Biogenesis Cardiac muscle I mtDNA copy number (64)
Sprague-Dawley rats
Biogenesis Cardiac muscle I PGC-1a mRNA and protein levels (65)
Wistar rats
Biogenesis Skeletal muscle T PGC-1a and TFAM protein levels (60)
Wistar rats
Biogenesis Skeletal muscle T PGC-1a protein (66)
C57BL/6J mice and Wistar rats
Biogenesis Skeletal muscle T PGC-1a protein 67)
Wistar rats T PPRAGCla mRNA levels
Function C57B1/6 mice I OXPHOS-related mRNA transcripts (63)
I cytochrome ¢ protein levels
Function Cardiomyocytes I mitochondrial respiration (58)
Sprague-Dawley rats I citrate synthase activities
1 ATP
T AMP/ATP ratio
Function Skeletal muscle T protein expression of all subunits from the (66)
C57BL/6 mice respiratory chain
Function Skeletal muscle T COX1,C0OX4,UCP3 and Cyt b protein levels 67)
Wistar rats
Function Myocardium I mRNA expression levels of the OXPHOS genes (65)
Wistar rats I protein expression of NDUFBS
Dynamics Myocardium T FIS1 protein (64)
Sprague-Dawley rats
Dynamics Diaphragm I MFN2 protein (70)
C57BL/6 mice T DRPlprotein
Dynamics Skeletal muscle - MFN2 protein 71
Sprague-Dawley rats 1 DRP1 and FIS1proteins
Dynamics Skeletal muscle - MFNI1 protein (72)
C57BL/6 mice I MFN2 and OPAL1 protein
Mitophagy Skeletal muscle - PINK1 (73)
non-obese sedentary male subjects
and endurance-trained male runners
Mitophagy Cardiomyocytes T acidity (mitochondria come into contact with 74)
Tg-Mito-Keima transgenic mice the acidic milieu of lysosomes during mitophagy)
Mitophagy Cardiac muscle I PARKIN protein (75)
C57BL/6 mice - PARKIN mRNA

Upward arrows indicate an increase, and downward arrows indicate a decrease. mtDNA, mitochondrial DNA; GC-1a., peroxisome prolif-
erator-activated receptor-gamma coactivator 1a; TFAM, mitochondrial transcription factor A; OXPHOS, oxidative phosphorylation; AMP,
adenosine monophosphate; ATP, adenosine triphosphate; COX, cytochrome ¢ oxidase; FIS1, mitochondrial fission 1; MFN, mitofusin; DRP1,
dynamin-related protein 1; OPA1, optic atrophy 1; PINK1, PTEN-induced kinase 1.

number, suggesting impaired mitochondrial biogenesis in the
myocardium (66). A reduction in mitochondrial abundance
and mitochondrial dysfunction can eventually lead to both
systolic or diastolic heart failure (heart failure with reduced

ejection fraction and heart failure with preserved ejection frac-
tion) and both can cause mortality if they remain undiagnosed
and untreated. Following that, another study revealed that the
gene expression levels of PPARGCla were diminished in the
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cardiac tissue of 6-week-old Wistar rats fed a HFD (45 kcal%
fat) for 10 weeks (67). Another study also linked mitochon-
drial abnormal function with diastolic dysfunction. However,
male and female 2-month-old Wistar rats that were fed a
HFD for 26 weeks had increased PGC-la and mitochondrial
transcription factor A (TFAM) protein levels in the gastroc-
nemius muscle (62). The same study suggested that the effects
of a HFD on mitochondrial biogenesis may be sex-dependent,
since male rats exhibited a greater increase in PGC-1la and
TFAM levels compared to females (62). Similar findings were
demonstrated in a study in which 8-week-old male C57BL/6
mice and male Wistar rats exhibited increased PGC-1a. protein
levels in skeletal muscle following 5 or 20 weeks of being
fed a HFD (68). Furthermore, another study suggested that
augmented lipid availability and decreased muscle mitochon-
drial fatty acid oxidative capacity due to the HFD could not
generate insulin resistance and elevated intramuscular lipid
abundance. Nonetheless, for a shorter period if time under
a HFD (4 weeks), PGC-1la protein levels have been found to
increase with no concomitant elevation in PPARGCla mRNA
levels in the skeletal muscle of male Wistar rats. This is
related to the activation of PPARJ, due to increased free fatty
acids that mediate a post-transcriptional increase in PGC-la
levels (69). These findings argue with the hypothesis that an
impaired mitochondrial content is responsible for the develop-
ment of insulin resistance.

Mitochondrial function during HFD. As aforementioned,
a prolonged period on a HFD affects the substrate availability
that mitochondria can utilize, and thus, mitochondria need to
adapt their molecular machinery to generate ATP efficiently
in sufficient amounts, particularly in high-energy consuming
tissues, such as the brain and myocardium. Numerous studies
have tried to shed light on the effects of a HFD for different
durations upon mitochondrial function in various tissues
(Table I). Even though differentiated levels of substrates enter
the cellular environment due to insulin resistance, master
regulators of mitochondrial-substrate utilization are highly
affected. More specifically, FOXOI1 and PPARa transcription-
ally control glucose and fatty acid utilization (61,70). Recently,
KLFS5, another transcriptional factor, completes a triangle
that these transcriptional factors form, in order to orches-
trate substrate utilization and mitochondrial function during
diabetic cardiomyopathy (71). Moreover, C57B1/6 mice fed a
HFD have been shown to have OXPHOS-related mRNA tran-
scripts followed by decreased cytochrome c protein levels (65),
indicating that not only reduced mitochondrial abundance, as
aforementioned, but also the decreased expression of genes
related to mitochondrial function can result in diastolic
and/or systolic dysfunction in insulin-resistant pathophysi-
ological states. Similarly, a reduced mitochondrial respiration,
complex I-III and citrate synthase activities have been detected
in HFD-fed (60% kcal) rats (66), constituting important find-
ings that justify an impaired cardiac function. The previous
findings are also supported by ATP depletion, followed by an
increase in the AMP/ATP ratio, that has been observed in the
mitochondria of cardiomyocytes (66). By contrast, a study in
which 8-week-old male C57BL/6 mice were fed a HFD (45%
kcal) for 5 or 20 weeks, demonstrated elevated levels for all
subunits from the respiratory chain in the skeletal muscle (68),
most probably as a compensatory mechanism of impaired

efficiency. Additionally, HFD administration for 4 weeks
in male Wistar rats has been shown to increase the levels
of proteins involved in the OXPHOS, such as cytochrome ¢
oxidase (COX)I, COXIV, uncoupling protein (UCP) 3 and
cytochrome b (69). In another study, the mRNA expression
levels of the OXPHOS genes were shown to be significantly
decreased in the myocardium of 6-week-old Wistar rats. In
addition, the protein expression of NDUFBS5 (complex I), one
of the OXPHOS subunits in the mitochondria, was found to
be lower in the HFD group (67). Even though some studies,
as aforementioned, have demonstrated an increase in the
OXPHOS complex, possibly as a compensatory mechanism in
order to allow mitochondria to produce more energy, the HFD
appears to impair mitochondrial function, affecting cellular
energetics and ATP turnover.

Mitochondrial dynamics during the HFD. Mitochondrial
fusion and fission are cellular processes that numerous studies
have tried to shed light under the HFD (Table I). As previously
noted, Chen et al (66) examined the impact of the HFD on the
mitochondria of rat cardiomyocytes. Male Sprague-Dawley
rats fed a HFD (60% kcal) exhibited elevated levels of mito-
chondrial FIS1 (66). In another study, 4-week-old healthy male
C57BL/6 mice fed a HFD for 16 weeks exhibited a reduced
relative expression of mitochondrial fusion protein 2 (MFN2),
while the expression of mitochondrial DRP1 was detected
at higher levels (72). Another previous study demonstrated
that in 8-week-old male Sprague-Dawley rats fed a HFD for
6 weeks, changes in the expression levels of a protein related
to mitochondrial fusion and fission were observed. More
specifically, elevated levels of DRP1 and FISI were assessed
in the HFD-treated group, while MFN2 levels remained
unaltered (73). That study suggested that the HFD and
low-intensity endurance training modulated mitochondrial
dynamics, contributing to insulin sensitivity, whereas they
failed to generate an additive effect on mitochondrial biogen-
esis. In line with the above, no change in the MFN1 protein
levels were detected in male C57BL/6 mice (4-week-old) fed
a HFD (74). However, MFN2 and OPAL1 protein levels were
assessed at a lower level in the HFD-fed mice (74). These find-
ings suggest that moderate aerobic training can only mitigate
insulin resistance and mitochondrial dysfunction that are
induced by obesity.

Mitophagy during HFD. The protein content of total
PINKI1 in skeletal muscle has been detected at similar levels
between groups before and after a high-fat meal in healthy
non-obese, sedentary males and 10 endurance-trained male
runners (75), suggesting that mitophagy is not necessary
for metabolic flexibility in the healthy population. Studies
concerning the effects of the HFD on mitophagy markers
have also been conducted in transgenic mice that exclusively
express Mito-Keima in cardiomyocytes. Mito-Keima Red is
a fluorescent oligopeptide of which the excitation shifts to
higher wavelength when mitochondria are placed in an acidic
environment, such as lysosomes during mitophagy. Wild-type
and transgenic Tg-Mito-Keima mice fed a HFD (60 kcal% fat)
for 2 months, have been shown to exhibit mitophagy (elevated
LC3II levels), followed by lower mitochondrial abundance
(mtDNA/nuDNA) (76). Additionally, ATG7 appears to play
critical role in mitophagy stimulation under a HFD since
ATG7-KO mice have been shown to exhibit an alleviated
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phenotype after the respective treatment protocol (76). The
aforementioned study suggests that mitophagy in cardiomyo-
cytes is a quality control process during HFD consumption,
and its activation can serve as a therapeutic target against
HFD-induced diabetic cardiomyopathy. In another study,
impaired mitophagy activity was observed in the myocardium
of C57BL/6 mice fed a HFD for 24 weeks, which was driven
through a reduction of PARKIN in the mitochondria that
were supposed to be recruited by PINK1. Moreover, the HFD
failed to alter Parkin mRNA levels, suggesting that possible
independent transcriptional mechanism(s) are involved (77).

Caloric restriction (CR). CR that has been studied since the
beginning of the 20th century (78), is a nutritional approach
that reduces calorie consumption without leading to malnu-
trition. Additionally, it is worth mentioning that during CR,
adequate levels of vitamins and minerals should be maintained.
CR typically involves a chronic reduction (20-30%) in energy
intake from the standard calorie intake (79,80). In accordance
with the current scientific literature, the term CR is often used
interchangeably with dietary restriction (DR). However, CR
is a partial example of DR as DR protocols include CR (81).
CR has been shown to improve health and extend longevity in
several studies in organisms with varying levels of complexity,
ranging from yeast to humans (79,80,82-85). In contrast to
starvation, the CR diet is able to lower glucose levels and
increase ketone bodies levels in the plasma within normal
physiological ranges (86).

Mitochondrial biogenesis during caloric restriction.
Several studies have shed light on the effects of CR on mito-
chondrial biogenesis (Table II). Initially, CR has been studied
in vitro or ex vivo to examine the effects on the molecular
level and the distinctive pathways that are affected. Studies
performed in both skeletal muscle C2C12 cell line or murine
primary skeletal myoblasts treated under CR conditions have
shown that the NAD*/NADH ratio is increased, leading to
subsequent SIRT1 activation (87). That study highlights that
AMPK, NAMPT and SIRT1 are necessary molecules of a
functional pathway that permits cells from skeletal muscle
origin to sense and react to substrate deprivation and avail-
ability. It is known that an increased SIRT1 activity triggered
by elevated NAD* levels can increase the transcriptional
activity of PGC-1a (87) and FOXO1 (88), stimulating multiple
pathways that need to be activated due to energy depletion
and refer mainly to proliferative and metabolic processes. In
a previous study, following PGC-1a and FOXOL1 activation,
both NRF1 and NRF2fy transcript levels were found to be
increased after CR for 24 h in HeLa cells (89). However, the
same study revealed that CR treatment did not induce PPARa
levels (89). Therefore, the mitochondria can adapt their bioen-
ergetics under CR conditions and at the same time are able to
stimulate mechanisms to reduce oxidative damage. Moreover,
primary hepatocytes from 12-month-old male Fischer 344 rats
that have received CR (40% restriction) have exhibited elevated
expression levels of PGC-1a. and PPARa (89). In line with the
above, in vivo studies have revealed that the CR (30% restric-
tion) diet in male C57BL/6 mice for 1, 9 and 18 months have
increased PGC-1a protein levels in the skeletal muscle (90).
Following that, the mRNA of several mitochondrial-relevant
proteins, such as NRF1,Core 1,COXIV, Atps and COX content,

have also been found to be elevated (90). Moreover, the SIRT3
(mainly expressed in the mitochondria) protein levels have
been found to be increased in the skeletal muscle of C57BL/6
male mice after 12 months on the CR diet (91). SIRT3 activa-
tion is able to stimulate PGCla through the CREB or AMPK
signaling pathway (91), inducing the mitochondrial biogenesis
molecular program. Of note, the CR diet in F344BNF1 male
rats has been shown to result in the complete prevention of
the age-related reduced levels of PGC-1la in the liver (92).
Thereafter CR can be used as a therapeutic approach to alle-
viate age-dependent mitochondrial confinement. In agreement
with this finding, PGC-1a activation has also been found in the
liver of 12-24-month-old male Fischer 344 rats that have been
on a CR diet for 25 months (93). Finally, the effects of CR on
mitochondrial biogenesis have also been assessed in humans.
In healthy and overweight participants on the CR diet for
6 months, the expression levels of SIRT1 and PPARGCIA in
skeletal muscle were found to be elevated in non-obese young
participants (94). The same study found that the expression of
the PGC-1a target TFAM was increased, a protein that is a key
activator of mitochondrial transcription and genome replica-
tion which is also used as a determinant for mitochondrial
abundance (94).

Mitochondrial function during caloric restriction. The
activation of AMPK and SIRTs followed by the concomi-
tant inhibition of mTOR downstream pathways are crucial
molecular events that the CR diet is able to promote in order
for cells to fine-tune oxidative metabolism, as well as the
mitochondrial biogenesis and turnover (Table II). It is well
established that AMPK and PGC-la are key molecules that
orchestrate these pathways (95). CR is also known to lower
reactive oxygen species (ROS) production through enhanced
mitochondrial aerobic metabolism and to increase the activity
of antioxidant enzymes in the cardiovascular system and
the skeletal muscle (96,97). In the gastrocnemius derived
from 10-month-old B6C3F, female mice fed a CR diet (40%
restriction), the activities of complexes I, III, and IV were
found to be diminished (98). In line with the that study,
8- to 10-month-old rats fed a CR diet for 4.5-6.5 months
exhibited lower complex IV activity in the mitochondria in
both skeletal and cardiac muscle (99). That study suggested
that even though the CR diet can attenuate the decline in
mitochondrial function that is related to cellular aging, this
beneficial effect is insignificant compared with the impact that
the CR diet has upon mitochondrial biogenesis. In line with
that previous study, in another study, the CR diet (40% restric-
tion) for 3 months in male and female 5-month-old Wistar
rats was shown to result in a decrease at the activities of both
complexes I and IIT (100). This adaptation to the CR diet can
justify the lower mitochondrial-derived superoxide formation
and the effect that the CR diet has upon age-related disorders.
The above has been also confirmed by the higher complex IV
efficiency in response to long-term CR administration that has
been described in the skeletal muscle of F344BN rats due to an
increase in high-affinity binding sites of complex IV (101). In
another study, the CR (30% restriction) diet in male C57BL/6
mice for 1, 9 and 18 months did not result in any effect on
citrate synthase activity (90). By contrast, the mRNA levels of
several mitochondrial-associated proteins (Pparge-1a, NRFI,
Core 1, COXIV and Atps) and the COX content were increased
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Table II. Summary table indicating the mitochondrial manifestations and the molecular targets that are affected during the caloric

restriction diet.

Caloric restriction

Phenotype Tissue (host) Molecular target (Refs.)
Biogenesis HelLa cells T mRNA NRF1 and NRF2 &7
- PPARa protein
Biogenesis Primary hepatocytes T PGC-1a and PPARa proteins @7
Fischer 344 rats
Biogenesis/function Skeletal muscle T PGC-1a protein (88)
C57BL/6 mice T mRNA Nrfl, Core 1, Cox IV cytochrome ¢ oxidase
Biogenesis/function Skeletal muscle T SIRTS3 protein (89)
C57BL/6 mice
Biogenesis Liver Prevents the age-related reduced levels of PGC-1a (90)
F344BNF1 rats
Biogenesis Liver I PGC-1a protein 91)
Fischer-344 rats
Biogenesis/function Skeletal muscle human T mRNA SIRT1 and PPARGCI1A 92)
Function Skeletal muscle I Complex I, III, and IV activity (96)
B6C3F, mice
Function Skeletal and cardiac muscle I Complex IV activity (99)
F344BN rats
Function Cardiac muscle I Complex I and III activity (98)
Wistar rats
Function Skeletal muscle I High-affinity binding sites of complex IV 99)
F344BN rats
Function Skeletal muscle - Citrate synthase activity (88)
C57BL/6 mice T mRNA levels of several mitochondrial associated
proteins (PPARGC-1a, NRF1, Core 1, COXIV, Atps)
and cytochrome ¢ oxidase content
Function Skeletal muscle T mRNA transcripts associated with mitochondrial ATP (100)
Sprague-Dawley rats production (subunits of cytochrome-c oxidase; COXI,
IL, III, I'V, Va and VIII, and NADH dehydrogenase
Function Skeletal and cardiac muscles - ATP content (101)
Fischer 344 rats
Function Adipocytes overweight I Expression of genes encoding ATP synthase subunits, (102)
healthy men and women cytochrome ¢ oxidase, NADH dehydrogenase
Function Skeletal muscle T Citrate synthase activity (103)
obese men and women
Function Skeletal muscle of overweight - Activity of beta-hydroxyacyl-CoA dehydrogenase, 92)
male and female subjects citrate synthase, and cytochrome ¢ oxidase II
Function Skeletal muscle of non-obese - Activity of citrate synthase, beta-hydroxyacyl-CoA 92)
male and female subjects dehydrogenase, and cytochrome ¢ oxidase 11
Dynamics Liver and skeletal muscle 1 MFN2 levels in liver (108)
C57BL/6J mice T MFENT1 and NRF1 levels in the skeletal muscle
Dynamics Skeletal muscle T MFN2 and OPA1 protein levels (105)
Male C57BL/6 mice I DRP1 protein levels
Dynamics Soleus and gastrocnemius T MEN2 protein levels (109)
male Sprague-Dawley rats T DRP1 protein levels
Dynamics Gastrocnemius T OPA1 and MFNI1 proteins levels (112)
male Sprague-Dawley rats
Dynamics Hepatocytes No marked effects on the expression levels (110)
male C57BL/6 mice (DRP1, MFN1, MFN2 and OPA1)
Dynamics Hepatocytes T FIS1 and DRPI proteins levels (111)
male C57BL/6 mice no change in MFN1, MFN2, and OPA1 protein levels
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Table II. Continued.

Caloric restriction

Phenotype Tissue (host) Molecular target (Refs.)

Mitophagy Skeletal muscle T PINK1 and PARKIN protein (105)
C57BL/6 mice

Mitophagy Kidney T LC3/ATGS8 and BNIP3 protein (106)
Fischer 344 rats I PINK1 protein

Mitophagy Primary hepatocytes C57BL/6 I Mitochondrial membrane potential (107)

and GFP-LC3 transgenic
male mice

Upward arrows indicate an increase, and downward arrows indicate a decrease. NRF, nuclear respiratory factor; PPAR, peroxisome prolifer-
ator-activated receptor; COX, cytochrome ¢ oxidase; PGC-1a, peroxisome proliferator-activated receptor-gamma coactivator 1a; SIRT1, sirtuin 1;
ATP, adenosine triphosphate; OPA1, optic atrophy 1; MEN, mitofusin; DRP1, dynamin-related protein 1; PINK1, PTEN-induced kinase 1.

in skeletal muscle (90). Following that, another study revealed
that male Sprague-Dawley rats that fed the CR diet for
36 weeks exhibited an increase in the expression levels of genes
associated with mitochondrial ATP production (six subunits of
COX; COXI, I, III, TV, Va, VIII and NADH dehydrogenase)
in skeletal muscle (102). The CR-related increase that has been
reported, particularly in genes that encode proteins related to
oxidative stress scavenging, may contribute to the impact of
CR on cellular longevity. On the other hand, different levels of
CR diets in male Fischer 344 rats throughout their life (10%
restriction; at 3.5 months, 25% restriction; at 3.75 months, 40%
restriction; at 4 months until mortality) failed to enhance or
alleviate the age-related decrease in the ATP content of the
mitochondria isolated from gastrocnemius muscle (103). The
effect of the CR diet on mitochondrial function has also been
assessed in humans. Firstly, overweight healthy males and
females on the CR diet (25% restriction) for 6 months exhib-
ited a downregulation in the levels of essential genes encoding
subunits of ATP synthase, COX and NADH dehydrogenase in
adipocytes (104). By contrast, in aged obese males and females
(60-75 years old) that followed a CR diet, an increase in citrate
synthase was observed in skeletal muscle (105). Another study
revealed that healthy male and female overweight participants
on a CR diet (25% restriction) for 6 months, did not exhibit
an altered activity of f-hydroxyacyl-CoA dehydrogenase,
citrate synthase and COXII (94). Finally, CR in overweight
non-obese participants did not lead to changes in the levels
of citrate synthase, -hydroxyacyl-CoA dehydrogenase and
COXII Ievels (94). These results indicate that the CR has a
broad effect on the transcriptome in different tissues, although
it does not improve mitochondrial function in overweight and
obese participants.

Mitophagy during caloric restriction. The CR is one of the
most potent non-genetic triggers for initiating the mitophagy
process (106) (Table II). Specifically, the highest values of
PINKI1 and Parkin have been detected in the skeletal muscle
of male 10-week-old C57BL/6 mice fed the CR diet for
18 months (107). In line with that previous study, in another
study, the expression of the autophagosome formation marker,
LC3/Atg8, and BNIP3 was increased, while that of PINK1

was markedly decreased in the kidneys of male 3-month-old
Fischer 344 rats after 20 months of CR treatment (108).
Moreover, nutrient deprivation induces mitophagy in primary
hepatocytes from wild-type and GFP-LC3 transgenic male
mice (109). The aforementioned findings suggest that the CR
diet stimulates the mitophagy program in cells in a possible
attempt to discard energy consuming and not fully functional
mitochondria.

Mitochondrial dynamics during CR. As it is expected, a
lack of energy intake is able to affect mitochondrial dynamics,
inducing the fusion phenotype in mitochondria (Table II). A
previous in vivo study using male C57BL/6 mice fed a CR
diet (40% restriction) for 6 months revealed increased levels of
MFN2 and OPAL in skeletal muscle (107). A similar finding
has also found in mice fed a CR diet (40% restriction) with
less calories, that expressed increased levels of MFNI1 and
NRFI1 (110). Additionally, the prolonged duration of CR was
found to have no effect on mitochondrial fusion, proposing
that initial energy deprivation led to a rather early control of
mitochondrial fusion (107). On the contrary, 18 months of CR
has been shown to result in higher expression levels of DRP1,
which as aforementioned, is able to stimulate mitochondrial
fission. Thereafter, distinct molecular signatures are required
to orchestrate and control mitochondrial fission and fusion
dynamics in mice fed a CR diet that also depend on the duration
of the diet per se (107). The CR diet is also able to further induce
mitochondrial fusion in the skeletal muscle of aged mice (in
which mitochondrial fusion has already been induced) (111).
On the contrary, the CR diet can partially inhibit the induc-
tion of mitochondrial dynamics in the glycolytic muscles of
aged mice (111). This discrepancy suggests that the anti-aging
effects of the CR diet in mitochondrial dynamics may be
restricted to highly oxidative muscular fibers. The effects
of the CR diet have also been studied in the liver. C57BL/6
mice that fed a CR diet (40% restriction) have been shown to
exhibit no change in mitochondrial fusion related proteins in
hepatocytes (112,113). On the contrary, the study showcased an
elevation at DRP1 levels in mitochondria-enriched fractions
of hepatocytes (113), indicating that a similar CR diet is able
to affect mitochondrial dynamics differently between tissues.
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Another study revealed that the CR diet was not able to change
the mitochondrial abundance in hepatocytes, but stimulated
MFN2 levels (110).

The effects of the CR diet have been also studied in combi-
nation with exercise. As previously demonstrated, initially, the
CR diet was able to decrease the impact of resistance training
in muscle hypertrophy since rats that received both the CR
diet and resistance training exhibited elevated fusion-related
proteins levels (OPA1 and MFN1), while no effect was exerted
on fission-regulatory proteins (FIS1 and DRP1) (114). That
study suggests that CR promotes mitochondrial adaptation in
the skeletal muscle, since it attenuates the effect of resistance
training upon muscle hypertrophy. Finally, another study
demonstrated that both CR and exercise training in obese rats
was able to alleviate reduced mitochondrial fusion stimulated
by HFD, since they induced MFN2 expression and reduced the
phosphorylation of DPR1 protein at Ser®® (115). In this case,
the CR diet appears to act synergistically with exercise against
the HFD-induced mitochondrial fusion.

Ketogenic diet (KD). The KD was first applied to a patient with
epilepsy back in the 1920s (116). The KD is a diet consisting of
low carbohydrates, a high-fat content, and moderate amounts
of protein. Different types of the KD type have been introduced
in the scientific literature, including i) the classic DK (CKD);
ii) the less restrictive ‘modified Atkins diet’ (mAD); and iii) the
‘medium-chain triglyceride’ KD (MCT-KD) (117). The CKD
refers to the diet in which every 4 g of fat accounts for 1 g of
protein plus carbohydrates, reducing the carbohydrates (118).
mAD has a different composition since every 1 g of fat corre-
sponds to 1 g of protein plus carbohydrates (119). The ratio
of MCT-KD is similar to that of CKD, although the ketone
bodies are generated efficiently as the AMPA receptors are
directly inhibited by the medium-chain triglycerides that are
used in MCT-KD. Consequently, cellular energetics are shifted
towards mitochondrial biogenesis (120).

Generally, the KD can alter the organism's metabolic state
and shiftits reliance from carbohydrates to FAs. This adaptation
also leads to an increase in FA oxidation, gluconeogenesis and
ketogenesis, with produced ketone bodies entering the blood
circulation (121). Acetoacetate, B-hydroxybutyrate (3-HB) and
acetone are the major forms of ketone bodies generated during
the KD (117). Furthermore, the KD can stimulate numerous
pathways, upregulating proteins that participate in biochem-
ical systems related to cellular bioenergetics, such as the TCA
cycle (citrate synthase, malate dehydrogenase), the OXPHOS
system (CI, CII, CIII, CIV, CV and cytochrome c) and to FA
oxidation [carnitine palmitoyl-transferase, medium-chain
acyl-CoA dehydrogenase (MCAD), long-chain acyl-CoA
dehydrogenase, very-long-chain acyl-CoA dehydrogenase,
B-hydroxyacyl-CoA dehydrogenase] and ketolysis
(B-hydroxybutyrate dehydrogenase) (122).

Mitochondrial function during the ketogenic diet.
Generally, the KD has been reported to stimulate pathways
that induce mitochondrial abundance, enhance mitochondrial
performance and regulate antioxidant mechanisms (123-126)
(Table I1T). Low-level redox signaling molecules, such elec-
trophiles and H,O, can stimulate adaptive pathways such as
the protective transcription factor, NF E2-related factor 2 and
as a result, lead to the increased production of antioxidants

(e.g., glutathione) and detoxification enzymes (120). Moreover,
the KD has been found to increase cytosolic and mitochon-
drial protein acetylation and alter protein succinylation
patterns (121). More specifically, male mice fed the KD have
been shown to exhibit increased mitochondrial FA oxidation
in the liver, while a reduction of markers of hepatic de novo
lipogenesis has been detected in comparison to mice that fed a
high fat/high sucrose ‘western’ diet (WD) (126). Furthermore,
another study revealed that the KD for 4 months increased
mitochondrial activity in younger animals (127). On the
contrary, the prolonged duration (14 months) of the KD was
found to be required to increase mitochondrial mass and
function in elder animals in comparison with mice fed the
isocaloric diet (127). It was suggested that the improvement of
mitochondrial function due to the KD may contribute to the
improved longevity; hence, no direct link has been determined
between enhanced mitochondrial function with muscle mass,
strength, and muscular aging. In line with this previous study,
increased mitochondrial mass was also observed in the study by
Parry et al (128). More specifically, increased citrate synthase
activity that corroborates with a higher mitochondria volume
was found in the liver and gastrocnemius of rats fed the KD
compared to rats fed standard chow. Additionally, the KD-fed
rats had a higher median lifespan (128). In another study,
rats fed the KD and exposed to resistance exercise training,
exhibited more efficient coupling of complex II substrates in
the skeletal muscle mitochondria compared with the control
group that underwent the same exercise regime but received
the isocaloric western diet (125). Those authors suggested
that their insights may reflect unknown biochemical connec-
tions between axes involving ketone bodies or medium-chain
triglycerides that modulate mitochondrial function (122).
Another study revealed that in the skeletal muscles of aged
male C57BL/6 mice, an increase in the levels of markers
of mitochondrial content (citrate synthase, complex I and
complex IV activity) was observed following long-term expo-
sure to a KD (14 months) (129). On the contrary, in another
study, the long duration of the KD in 4-month-old male rats
was shown to result in lower gastrocnemius maximal citrate
synthase activity and caused damage to the respiratory control
in the gastrocnemius myotubes, while it did not alter mito-
chondial abundance and quality in the brain and liver (130).
Similarly, a decrease has been documented in cytochrome ¢
and complex IV levels in the hepatocytes of C57Bl/6 male
mice that fed the KD (124). The aforementioned results
suggest that the short-term use of the KD can promote mito-
chondrial biogenesis and/or alter mitochondrial physiology
in specific tissues, with skeletal muscle being susceptible to
KD-induced alterations (127). Due to contradictory findings,
further investigations are required in the future to shed more
light and delineate the net impact of KD on mitochondrial
mass and function.

It is known that the KD is able to shift cellular energy
production reliance towards FA oxidation and not towards
glycolysis. This is a consequence of the elevated levels of
ketone bodies basically in the liver. Xu et al (131) reported
the detrimental effect that is caused due to extensive KD or
frequent deep fasting. The main manifestations reported
were fibrotic lesions in the myocardium of the rats (131). This
was followed by a reduction in mitochondrial biogenesis and
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Table III. Summary table indicating the mitochondrial manifestations and the molecular targets that are

ketogenic diet.
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affected during the

Ketogenic diet

Phenotype Tissue (host) Molecular target (Refs).
Biogenesis/function Cardiac muscle Sprague-Dawley rats 1 Mitochondrial number (137)
Interscapular brown adipose tissue T Electron transport chain proteins

(IBAT) C57BL/6 mice T UCP1 protein
T AMPK, PPAR-y, PGC-1a proteins
Biogenesis Liver Wistar rats T mRNA PPARGCla and TFAM (139)
Biogenesis Skeletal muscle, liver, brain from - PGC-1a protein levels (124,126)
Fisher Rats and mice
Biogenesis/dynamics  Skeletal muscle C57BL/6 mice T PGC-1a protein (141)
T Mitochondrial fission/fusion related genes
Function Liver T Mitochondrial fatty acid oxidation (124)
male C57BL/6 mice 1 de novo lipogenesis
Function Skeletal muscle C57BL/6 mice T Mitochondrial activity (TFAM, SIRT1, (125)
SIRT3, PGC-1a) in younger animals
T Mitochondrial mass (level of OXPHOS) and
function (citrate synthase activity) in elder
animals
Function Liver and skeletal muscle Fisher rats T Citrate synthase activity (126)
T Mitochondrial volume
Function Skeletal muscle Sprague-Dawley rats I Efficiency of coupling of complex 1T (123)
substrates (respiratory control ratio of
isolated mitochondria)
Function Liver C57B1/6 mice I Hepatic cytochrome ¢ and complex IV levels (122)
Function Skeletal muscle I citrate synthase activity (128)
Fisher rats
Function/dynamics Cardiac muscle type-2 diabetic I Mitochondrial fission (134)
db/db mice (mitochondrial number, size)
T PI3K, p-Akt, Akt, mitochondrial respiratory
control ratio, ATP content
Function Myocardium tissue of male I HDAC?2 leading to the transcriptional (129)
Sprague-Dawley rats activation of SIRT7
Function Cybrid cell lines from a patient with T Mitochondrial volume (130)
Kearns-Sayre syndrome (KSS)
Function Brain and muscle tissue BTBR mice T Mitochondrial morphological deformations (131)
Function Skeletal muscle from healthy human T Mitochondrial respiratory control ratio (132)
subjects (mitochondrial O, consumption and membrane
potential index)
T ATP production
T ATP/H,0, ratio
Function Skeletal muscle Fisher rats I H,0, emission (133)
T Mitochondrial respiration
17T Cell viability
Function Skeletal muscle Twinkle®?! I Amount of cytochrome ¢ oxidase negative (136)
transgenic mice muscle fibers
Function Liver T mRNA expression PPARGCla (140)
male C57BL/6 mice
Dynamics Liver I Mitochondrial amount (decrease mtDNA) (143)
C57Bl/6 and BTBR mice T BNIP3 mRNA and protein
Dynamics Skeletal muscle T Markers mitochondrial content (citrate (127)
C57BL/6 mice synthase, Complex I, and Complex IV activity)
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Table III. Continued.

Ketogenic diet

Phenotype Tissue (host) Molecular target (Refs).

Dynamics Cardiomyocytes of rabbits with I Mitofusin 2 (MFN2) and dynamin-related (144)
heart failure protein 1 (DRP1)

Dynamics SH-SY-5Y cells I Dynamin-related proteinl (DRP1) (145)

Mitophagy Hepatocytes of male and female I Markers of de novo lipogenesis (FAS, ACC) (139)
Wistar rats

Mitophagy Liver T BNIP3 protein (143)
C57BL/6 and BTBR mice

Upward arrows indicate an increase, and downward arrows indicate a decrease. UCP1, uncoupling protein 1; AMPK, AMP-activated protein
kinase; PGC-1a, peroxisome proliferator-activated receptor-gamma coactivator 1a; TFAM, mitochondrial transcription factor A; mtDNA,

mitochondrial DNA; SIRT1, sirtuin 1; DRP1, dynamin-related protein 1.

cellular respiration, while cardiomyocyte apoptosis was found
to be stimulated. At the molecular level, their study added that
during the increase in ketone body -HB levels, the acetyla-
tion of the histone Sirt7 promoter was maintained due to
HDAC?2 inhibition. The aforementioned molecular cascade
was able to lead to the transcriptional activation of Sirt7 (131)
that inhibited the expression of genes related to mitochondrial
ribosome-encoding and mitochondrial biogenesis, promoting
cardiomyocyte apoptosis and myocardial fibrosis (131). In a
previous study, f-HB supplementation in cybrid cell lines
that contain a 1.9 kb partial deletion of mtDNA (the ‘FLP’
deletion) derived from a patient with Kearns-Sayre syndrome
(KSS) was found to increase mitochondria volume (132),
while B-HB treatment improved mitochondrial morphological
imperfections in brain and muscle tissue at BTBR mice (133),
which present hallmarks of idiopathic autism. The authors of
that study also reported that 3-HB supplementation increased
the diminished mitochondrial size that was induced in BTBR
mice, signifying that larger fused mitochondria exhibit a
higher ATP production and lower ROS levels.

Miller et al (134) investigated the changes in the mitochon-
dria of skeletal muscle in healthy individuals who followed
the KD combined with exercise training, focusing on peri-
odized resistance training, power training and high-intensity
interval training. They observed that the KD increased the
mitochondrial respiratory control ratio (mitochondrial O,
consumption and membrane potential index), ATP production
and the ATP/H,0, ratio (134). The latter depicts an increase in
the efficiency of energy production compared with the oxida-
tive burst. In another study, f-HB treatment in 5-month-old
male Fisher rats resulted an improvement of mitochondrial
respiration followed by less H,O, generated by the mito-
chondria, without affecting mitochondrial abundancy (135).
A previous study conducted on mice that had manifestations
of T2D and fed the KD revealed that the KD was able to
reduce the mitochondrial respiratory control ratio and the
ATP content (136). Notably, it has been demonstrated that
homozygous mice with a missense mutation in Med30 that
exhibit cardiomyopathy die soon after weaning, while they
are healthy at the lactation stage (137). When weaning mice

are exposed to a KD, their viability is extended after weaning,
which is attributed to differences in genes involved in oxida-
tive phosphorylation and mitochondrial integrity (137). Thus,
lethal mitochondrial cardiomyopathy caused by a mutation in
Med30 can be partially reversed through dietary control (137).
In a different pathophysiological in vivo model, the KD was
shown to reduce the progression rate in a disease mouse
model (transgenic mouse line) of late-onset mitochondrial
myopathy (138). More specifically, the KD diminished the
amount of COX-negative muscle fibers, which is a hallmark
of mitochondrial respiratory chain deficiencies. However, the
mtDNA quality or quantity remained unaffected after the KD,
while the study highlighted that mitochondrial biogenesis was
stimulated followed by liver lipid restoration (138). The afore-
mentioned data suggest that minor mitochondrial dysfunction
can influence skeletal muscle energy metabolism by drifting
towards anaerobic glycolysis. Furthermore, if lipids can enter
mitochondria, then the cells reprogram and use FAs as energy
substrates, boosting [3-oxidation. In another study, 8-week-old
male C57BL/6J mice fed D-p-hydroxybutyrate-(R)-1,3
butanediol monoester [ketone ester (KE)], replacing the
carbohydrate diet content for 1 month, exhibited a higher
number of mitochondria and an increase in ETC proteins
levels, UCP1 and mitochondrial biogenesis-regulating proteins
in the interscapular brown adipose tissue (139). An increase in
mitochondrial UCP expression and activity was also observed
by Sullivan et al (140) in juvenile mice that received a high-fat
KD (HF-KD). In addition, ROS levels after the HF-KD were
found to be decreased, and this suggested a potent neuroprotec-
tion activity of the KD (140). UCP activation is able to remove
protons from mitochondrial protein, decreasing the flow of
ETC. Therefore, UCP activation can indirectly diminish
ROS mitochondrial production, serving as an additional axis
through which the KD can function in order to promote its
beneficial effect.

Mitochondrial biogenesis and mitophagy during the
KD. Male C57BL/6J mice and rats fed the KD have been
shown to have elevated PGC-1a and TFAM levels (141,142)
in comparison with respective animals fed a standard chow
diet. On the contrary, other studies have failed to document
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changes in the PGC-1a levels of sedentary male rodents in
the gastrocnemius, the liver or brain (126,128). In addition, an
increase of PPARGCla mRNA levels has been observed in the
gastrocnemius tissue of male Sprague-Dawley rats who volun-
tarily exercised on wheels regardless of the diet they were
fed (WD or KD) (125). It can also be suggested that exercise
training and the KD can correct the high-fat induced elevated
mitochondrial content (122).

The majority of studies conducted on rodents have used a
low-protein KD. As such, recently, Huang et al (143) investi-
gated the possible alterations of a normal-protein KD (NPKD)
upon the substrate oxidative capacity in the skeletal muscle of
C57BL/6 male mice which were also introduced to an exercise
training regime. The application of NPKD or exercise training
alone could not produce changes in the mitochondrial content,
while their combined application was found to increase both
mitochondrial fission/fusion markers and PGC-la levels.
Furthermore, the NPKD/exercise training combination has
been found to shift cellular metabolism towards enhanced
lipid utilization, since both mitochondrial and peroxisomal
lipid oxidation are stimulated (143). Even though that study
suggested a mechanistic adaptation of skeletal muscle due to
KD, further studies are warranted to fully elucidate the effects
of a KD and/or exercise on mitochondrial biogenesis and
function.

As regards brain metabolism, data obtained from experi-
ments using male Sprague-Dawley rats have revealed that
a calorie-restricted KD can improve brain metabolism via
an anti-convulsant mechanism involving mitochondrial
biogenesis. More elaborately, increases in transcripts that
encode mitochondrial proteins, mitochondrial abundance and
increases in the phosphocreatine/creatine index followed by
higher glutamate levels have been found (144). It was also
indicated that the calorie-restricted KD was able to promote
brain metabolism and that the KD anti-convulsant mechanism
affected mitochondrial biogenesis with increased energy stores
of alternative substrates (144). In another study performed on
mice with T2D fed the KD, mitochondrial fission was reduced,
while the improvement of overall mitochondrial function was
documented. More specifically, the KD was found to regu-
late the expression levels of mitochondrial dynamics-related
proteins (OPA1 and FIS1) (136). Furthermore, in mice fed the
KD, the expression levels of BNIP3 gene (mitophagy regulator
gene) have been found to be increased in the liver; therefore,
it was suggested that the KD may act as a mitophagy acti-
vator (145). On the contrary, in another study, mitophagy was
not induced in the hepatocytes of male and female Wistar rats
fed the KD (90, 5% fat) for 7 weeks (141), even though the
KD increased the levels of sequesterosome-1 (p62), a scaf-
fold protein for LC3 (141). Furthermore, another study that
examined the effect of the KD (75% kcal fat) in male C57Bl/6
and BTBR mice, revealed elevated BNIP3 gene and protein
expression levels in the livers of KD-fed mice, indicating the
potential activation of mitophagy (145).

Mitochondrial dynamics during the KD. In a previous
study, in juvenile male C57Bl/6 and BTBR mice fed the KD
(75% fat) for 10-14 days, a decrease in the levels of mitochon-
drial proteins in the liver was observed, despite a concomitant
increase in gene expression (145). Additionally, decreased
levels of mtDNA were documented in the liver, indicating

a decrease in mitochondrial abundancy. In the same study,
BNIP3 gene and protein expression levels were found to be
increased in the liver, a hallmark of activated mitophagy,
while in the brain, BNIP gene expression and protein levels
remained unaltered (145). Since the KD is characterized by
increased 3-HB levels, f-HB supplementation in myocytes
from young and aged mice 3-HB has been documented to be
beneficial for mitochondrial repair, even though the expres-
sion of MFN2 and DRP1 is reduced by 50%, contributing to
impaired fusion-fission process (146). It has been suggested
that increased B-HB levels can repair mitochondria in the
failing aging myocardium, an effect that is alleviated by
the impaired MFN2-DRP1 axis and the reduced PARKIN
levels (146). The mitochondrial translocation of DRP1, a key
regulator of mitochondrial fission, has also been found to
be suppressed in SH-SY-5Y cells, treated with B-HB. As a
result, mitochondrial fission is inhibited during ketone bodies
administration (147), suggesting that KD restores mitochon-
drial integrity through the mitochondrial translocation of
DRPland suppresses ER stress, exerting neuroprotective
effects.

Fasting. Fasting is defined as a voluntary abstinence from
food and drink for specified, recurring periods of time,
ranging from 12 h to 3 weeks in humans (148). Fasting can
also be considered a CR diet in periods of free access to
food which are interrupted by fasting (149). Several studies
that have been performed by other research groups and the
authors, as well as ours indicate that the overall improvement
of health through fasting involves the beneficial modula-
tion of energy substrates, adaptive cellular stress response,
signaling pathways that enhance mitochondrial health,
DNA repair and autophagy (150-153). Organisms respond to
different types of fasting by minimizing anabolic processes,
enhancing stress resistance, recycling damaged molecules,
stimulating mitochondrial biogenesis, and promoting cell
survival, all of which support improvements in health and
disease resistance (150,154). The energy intake, as well as the
fasting duration between meals, can alter the NAD*/NADH,
AMP/ATP and acetyl-CoA/CoA ratios. More specifically,
during fasting, the AMP/ATP ratio is increased, leading to
AMPK activation, and promoting pathways related to cellular
repair and anabolic inhibition. Furthermore, acetyl coenzyme
A (CoA) and NAD* serve as cofactors for epigenetic modifiers,
such as SIRTs (155). As aforementioned, SIRTs deacetylate
FOXOs and PGC-la, rendering them transcriptionally
active (156). Therefore, their activation results in the expres-
sion of genes involved in stress resistance and mitochondrial
biogenesis (154,157).

Mitochondrial biogenesis during fasting. Several studies
have reported that fasting stimulates mitochondrial biogenesis
(Table IV). In fasted C2C12 myotubes, both PGC-1la and
SIRT1 deacetylation are elevated (158). Moreover, the fasting
effect on the muscles of adult male northern elephant seals
revealed that the phosphorylation levels of AMPK and SIRT1
mRNA ere increased, while PGC-1a expression remained
unaltered (159). Furthermore, a previous study demonstrated
that 6-week-old mice fasted for 14, 24 or 48 h exhibited an
induction of PGC-1la. in the liver (160). Similarly, the hepatic
expression of PGC-la at the mRNA level has been found
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Table I'V. Summary table indicating the mitochondrial manifestations and the molecular targets that are affected during fasting.

Fasting
Phenotype Tissue (host) Molecular target (Refs.)
Biogenesis/function C2C12 myotubes T PGC-1a protein (88)
T SIRT1-dependent deacetylation
Biogenesis Liver T PGC-1a protein (158)
HNF4a floxxed mice
Biogenesis Liver T mRNA PPARGCla (159)
C57BL/6 mice
Biogenesis Skeletal muscle T mRNA AMPK, SIRT1 (157)
male northern elephant seals - mRNA expression PPARGCla
Biogenesis Hippocampal neurons cultures I PGC-la (161)
from embryonic day 17
Sprague-Dawley rats
Biogenesis Skeletal muscle of male T AMPK phosphorylation (157)
northern elephant seals T mRNA SIRT1
- PGC-1a protein
Biogenesis Hippocampal neurons T mRNA PPARGCla (161)
cultures cells
Biogenesis/function Muscle, liver and blood T Skeletal muscle mRNA levels of NRF1, (162)
C57BL/6J mice NRF2, TFAM
T Hepatic mRNA level of PGC-1a
T Plasmatic level of glucose-6-phosphate
Function Liver, cardiac and skeletal T Hexokinases activity in liver, cardiac and (163)
muscle Wistar rats skeletal muscle
T FoF1 activity in skeletal muscle
Function Skeletal muscle OF-1 mice T Lipid catabolism (164)
Function Liver T Stable or liver OXPHOS (165)
Ames dwarf mice I Components
Function Adipose tissue ob/ob mice T UCP1 protein (168)
Function Adipose tissue C57BL/6 mice T UCP1 protein (169)
I Mitochondrial content in brown adipose tissue
1 UCP1 protein mRNA levels
Function Human skeletal muscle No difference on markers of mitochondrial (147)
metabolism (PGC-1a, SIRT3, MFN2)
I ROS production
Function Liver T Expression of enzymes of the tricarboxylic-acid (172)
male FVB mice (TCA) cycle and oxidative phosphorylation
Function Skeletal muscle of ducklings I Activity of succinate-cytochrome ¢ reductase (171)
I Oxidative phosphorylation activity
Function Liver and skeletal muscles I Oxidative phosphorylation activities (170)
of ducklings T Coupling efficiency
Function Human PBMCs T mRNA of genes related to fatty acid (3-oxidation (173)
Dynamics Human peripheral blood T Mitochondrial fission (electron microscopy images) (175)
mononuclear cells (PBMCs) I Mitochondrial fusion (electron microscopy images)
Dynamics Liver T Mitochondrial size before feeding (176)
C57B16J mice I Mitochondrial size after feediing
Dynamics Human adipose tissue I Genes involved in mitochondrial regulation (174)
(MRPS35, MRPL33, MRPL51, TOMM7, TOMM?22,
NDUFA12, NDUFS5, ATP5F1E, ATP5PD)
Mitophagy Cardiac muscle T Mitophagy-related targets (178)
C57BL/6 mice
Mitophagy Liver T BNIP3 protein (179)

C57BL/6 mice
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Table IV. Continued.

Fasting

Phenotype Tissue (host)

Molecular target (Refs.)

Skeletal muscle
Human subjects

Mitophagy

- LC3BI and BNIP3 protein
- LC3IL:I ratio and p62/SQSTM1 protein

(180)

Upward arrows indicate an increase, and downward arrows indicate a decrease. PGC-1a, peroxisome proliferator-activated receptor-gamma
coactivator 1a; SIRT1, sirtuin 1; AMPK, AMP-activated protein kinase; NRF, nuclear respiratory factor; OXPHOS, oxidative phosphorylation;

UCP1, uncoupling protein 1; MFN, mitofusin.

to be elevated following a 24-h fastin C57BL/6 mice (161).
The studies suggest that cells have a dual switch constituted
by SIRT1 deacetylation and PGC-1a activation that sense
substrate fluctuation and availability. The duration of fasting
may have a differential effect on differentiated transcriptional
and post-translational metabolic response that also can be
affected by different tissue background and physiological
habits that evolutionary exist. The latter may indicate the
unaltered expression of PGC-la in elephant seals that may
support the energetic demands associated with the prolonged
fasting in adult seals.

Importantly, mitophagy and mitochondrial function have
been implicated in the pathophysiology of depression (162).
Therefore, they can serve as novel therapeutic targets to alle-
viate the inflammation that triggers depression. Furthermore,
fasting is able to promote mitochondrial biogenesis in hippo-
campal neuron cultures from embryonic day 17, upregulating
PGC-1la levels, similar to exercise (163). This finding may
provide new therapeutic interventions against neurodegenera-
tive disorders that include synaptic degeneration since they are
characterized by reduced levels of PGC-1a. Recently, a study
that compared fasting with high-intensity intermittent exercise
(HIIE) found increased TFAM, NRF1 and NRF2 gene expres-
sion levels in skeletal muscle, PPARGCla levels in the liver,
and elevated levels of glucose-6-phosphate in the plasma of
C57BL/6 male mice (164). These observations suggest that
fasting promotes mitochondrial biogenesis and enhances
cellular stress adaptation in skeletal muscle.

Mitochondrial function during fasting.
Real-Hohn ef al (165) investigated the effects intermittent
fasting (IF; every other day) in combination with a high-
intensity intermittent exercise (IF/HIIE) for 8 weeks in Wistar
rats (165). Their study revealed an increase in hexokinase
activity in the liver, heart, and skeletal muscle, followed by
an elevated skeletal muscle FoF1 activity. Additionally,
they documented a molecular reprogramming in the white
adipose tissue due to IF as regards UCP1, monocarboxylate
transporter 1 and GLUT4 expression. However, every other
day feeding alone can also promote changes in mitochon-
drial function. More specifically, every other day feeding
can increase lipid catabolism in the muscle mitochondria
of male OF-1 mice (166), preventing lipid peroxidation and
muscular deterioration eventually. Furthermore, every other
day feeding has also been shown to lead to stable or increased
liver OXPHOS components in Ames dwarf mice compared

to wild-type mice (167). These findings suggest that anabolic
hormones contribute to the differential effects of strict dietary
regimens, such as fasting. The ability of Ames swarf mice to
adapt better via metabolism reprogramming and oxidative
damage handling, indicates that more parameters should be
taken into consideration before scientists bring translational
outcomes to humans. In addition, IF appears to reverse some
of the manifestations of the metabolic syndrome in rodents,
stimulating autophagy (168,169).

Fasting is also known to affect the function of the mito-
chondria in adipocytes. More specifically, a 16-week isocaloric
fasting in leptin-deficient ob/ob mice was shown to increase
UCPI protein levels in subcutaneous white adipose tissue (170),
suggesting that fasting affects insulin and other adipokines,
such as leptin in order to mitigate distinct molecular programs
in the adipose tissue. In line with these findings, in another
study, in 6-week-old male C57BL/6 mice subjected to fasting
every other day for 6 and 30 days, an increase in UCP1 protein
was also documented (171). However, in the same study, the
mitochondrial content of the brown adipose tissue was found
to be decreased with a concomitant decrease in UCP1 protein
and mRNA levels (171). That study suggests that the effect
of every other day fasting is tissue-specific, since the activa-
tion of brown adipose tissue relies mainly on B-adrenergic
receptor (B-AR) signaling and that the effect of fasting on
white adipose tissue is B-AR-independent. In another study, no
difference was detected in markers of mitochondrial metabo-
lism (PGC-1a, SIRT3 and MFN2) at the skeletal muscle of
human subjects who fasted for 8 weeks (24-h fasting, three
times per week) (149). However, a key finding of the same
study was that mitochondrial ROS production in the skeletal
muscle diminished due to fasting (149), an insight that has also
been documented in other types of diet, such as the CR, as
aforementioned.

Experiments using C2C12 myotubes mimicking fasting
and feeding conditions have shown enhanced mitochondrial
oxidative phosphorylation via an increase in the expression of
genes implicated in mitochondrial physiology (cytochrome c,
COXVa) and fatty acid utilization (MCAD, CPT-1b and
PDK4) (158). In another study, 1 week of fasting was applied to
5-week-old ducklings, resulting an upregulation of the coupling
efficiency in the mitochondria of the liver and skeletal muscle,
followed by a reduction in oxidative phosphorylation (172).
That study suggested that energy preservation was maintained
through diminished mitochondrial activity, and this was
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counterbalanced with an elevation in mitochondrial coupling
efficiency, allowing cells to conserve endogenous fuel stores
during fasting periods. The above suggestion was further
confirmed through an additional study in which a 6-day fasting
period resulted a decrease in oxidative phosphorylation activity
without affecting the inner membrane proton conductance at
the mitochondria of the skeletal muscle of ducklings (173). In
addition, the activity of succinate-cytochrome c¢ reductase,
which involves complex III and co-enzyme Q pool, has
been shown to be significantly decreased (173). Moreover, in
another study, a 24-h fasting period in 6-week-old male FVB
mice resulted in an induction of the expression of enzymes of
the TCA cycle and oxidative phosphorylation in the liver (174).
Additionally, that study demonstrated that a short-term fasting
period affected the energy production in hepatocytes, while
prolonged fasting stimulated glucose production from the
liver (174). Fasting for 24 and 8 h in human-derived periph-
eral blood mononuclear cells (PBMCs) has been shown to
result in a distinct gene expression pattern, with 74% of the
genes with an altered expression being similar in both time
points tested. More specifically, in both time points tested,
an increased expression was detected in genes related to fatty
acid B-oxidation, and a reduced expression was documented in
genes associated with the TCA cycle (175). That study suggests
that these changes may reflect the nutrition-related metabolic
alterations that fasting generates, possibly orchestrated by
PPARa. Finally, a downregulation of genes associated with
mitochondrial regulation has been assessed in adipose tissue
derived from humans that had a time-restricted eating protocol
for 8 weeks. More specifically, these genes are involved in
mitochondrial biogenesis and oxidative phosphorylation
pathways (MRPS35, MRPL33 and MRPL51) mitochondrial
ribosome protein translocation (TOMM7 and TOMM?22), and
the ETC and ATP synthase (NDUFA12, NDUFSS5, ATPSFIE
and ATP5PD) (176). These findings support the hypothesis that
time-restricted feeding can act as a preventive or therapeutic
regime to exert glycemic control in humans diagnosed with
T2D or pre-diabetes.

Mitochondrial dynamics and mitophagy during fasting. In
a previous study, in humans who fasted for 16 h, it was found
that during the fasting re-feeding transition, the mitochondrial
fission in human PBMCs was induced (177). The authors of
that study considered that these changes were observed due
to diminished interactions between the mitochondria and ER.
Likewise, the interaction of the mitochondria with the ER has
been suggested to sense glucose availability in the liver. More
specifically, in C57BL/6 mice that have been fasted overnight,
an elevated mitochondrial volume of their hepatocytes has
been documented, a hallmark of mitochondrial fusion (178).
The same study also revealed that feeding promoted mito-
chondrial fission, since cellular ‘powerhouses’ were found
to be smaller (178). The disruption of the dynamic adapta-
tion of mitochondria-associated ER membranes has been
incriminated by an enhanced insulin resistance. Similarly, a
12-h overnight fasting period in human subjects can promote
mitochondrial fission in the skeletal muscle, which has also
been associated with lipid oxidation (179). Additionally, this
study indicates that MFN2, not MFNI1 or OPA1, contributes
more to skeletal muscle mitochondria fusion-fission processes
and that lipid droplets interact with mitochondria via MFN2

rather than MFNI1 (179). A 2-day fasting period for C57BL/6
mice has been shown to lead to an induction of mitochondrial
autophagy with the use of Mito-Keima (180). Furthermore,
in male C57BL/6 mice, BNIP3 protein expression has been
shown to be markedly induced above basal levels after 6 h
of fasting, with a further induction by 24 h of fasting (180).
By contrast, no induction of NIX in the liver of fasted mice
has been observed (181). Finally, non-significant decreases in
LC3BI and BNIP3 protein levels have been documented during
fasting; however, the preserved LC3IIL:I ratio and p62/SQSTM1
protein content suggests that autophagy/mitophagy has not
been robustly activated in the skeletal muscle of human
subjects after 8 h of fasting (182). The last contradictory results
suggest that the induction of several molecular pathways due
to fasting are early events in the adaptation of human tissues
to a lack of substrates.

Other diet schemes

Mediterranean diet (MedD). The first to define the MedD
was Ancel Keys (51), as the diet pattern which included a low
percentage of saturated fats and a high proportion of vegetable
oils. MedD was mainly noted during the 1960s in Greece and
northern Italy (183). MedD, in its traditional form, originates
from civilizations inhabiting close to the Mediterranean
Sea, and as a result, has a strong association with the social
behaviors and lifestyles of the individuals inhabiting that
region (184). Furthermore, UNESCO recognized the MedD
as ‘an intangible cultural heritage that is deeply rooted into its
geographical origin and whose agricultural and dietary prac-
tices have a responsible interaction with the environment’ (184).
From a literature review conducted by Davis et al (185), it was
shown that that descriptions concerning MedD are common
among publications. More specifically, the major components
of a MedD pattern include olive oil as the main culinary fat
and the high consumption of plant-derived foods (fruit, vege-
tables, legumes, nuts and seeds, and whole grain cereals); the
moderate intake of red wine; and the moderate consumption of
seafood and dairy products, such as yogurt and cheese (185).
However, dairy products, such as whole milk, butter or cream
are not suggested. Furthermore, the MedD guidelines propose
the moderate intake of poultry and eggs, and the low consump-
tion of sweet desserts, red and processed meats (186). It can
be drawn from the above that the MedD does not exclude
specific food sources or define a caloric limit, but instead
focuses more on the frequency at which each food type should
be consumed (187). However, there are no clear guidelines for
serving numbers or serving sizes.

The MedD has been found to reduce the progression, and
in a number of cases, to prevent the development of cancer,
cardiovascular disease, depression, obesity, diabetes, erectile
dysfunction, asthma and cognitive decline (187). In addition,
the benefits of the MedD include the reduced risk of metabolic
syndrome and total mortality. The MedD is one of the most
studied diets s regards to its association with cardiovascular
disease (187). It is noteworthy that the Seven Countries Study
revealed that farmers inhabiting the Crete region had the lowest
cardiovascular mortality rate, even though they consumed
some of the largest amounts of fats (51).

Numerous in vitro and in vivo studies have been
conducted in order to demonstrate the effects of the MedD
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on mitochondrial physiology (Table V). More importantly,
these studies report the effect of isolated compounds that are
present in the MedD and usually they have been challenged
in in vitro and in vivo models that mimic several diseases or
pathophysiological conditions.

As such, polyphenols are one of the main family of consti-
tutes that are present in large quantities in foods and drinks
of the MedD. More specifically, a flavonoid that is found in
large quantities in red wine, delphinidin, is able to increase
the mitochondrial activity through complex I'V activity and the
mitochondrial abundance. At molecular levels, delphinidin has
been found to upregulate the expression of TFAM, TFB2M
and NRFI that are implicated in the mitochondrial biogenesis
molecular program (188). In another study, in which endo-
thelial cells with VEGF-induced mitochondrial dysfunction
were treated with lycopene, an upregulation in the expression
of genes that encode proteins related to both mitochondrial
biogenesis and function, such as several COX members,
PGC-1a and SIRT1 was found (189). Similarly, SIRT1 and
PGC-1a have been found to be stimulated by chlorogenic acid,
that is present in coffee beans and apples, in human umbilical
vein endothelial cells exposed to ox-LDL. Following increased
biogenesis, chlorogenic acid treatment has also been shown
to alleviate elevated mitochondrial ROS levels (190). One of
the most known SIRT1 activators that is used in biomedical
science is resveratrol, that is found mainly in red wine and
grapes. Resveratrol is able to stimulate mitochondrial function
through SIRT1 and PGC-la activation and prevent several
pathophysiological conditions, such as insulin resistance and
cardiac failure (191-193). Another well-studied polyphenol that
is present in olive oil is hydroxytyrosol. It has been found that
it can increase mitochondrial abundance via the induction of
the AMPK signaling pathway, inducing PGC-1a,, TFAM and
NRF-1 (194). Furthermore, hydroxytyrosol is able to induce
mitochondrial activity, since it has been found to elevate
complex I, IT and decrease complex V expression (195). Ginger
extract that is also used extensively in the MedD and the Asian
traditional diet, can stimulate the AMPK/PGC-1a axis in both
HepG2 cells and in skeletal muscle, liver, and brown adipose
tissue in mice. Moreover, mitochondrial abundance and the
expression of OXPHOS-related proteins are also increased in
all tissues tested (196).

Some studies have also been performed on human
subjects/patients. Initially, a study that was conducted on
patients that received a diet rich in polyunsaturated FAs for
2-3 weeks before they underwent cardiac surgery, revealed
an upregulation of PPARY followed by an improvement of
[-oxidation and reduced a oxidative burst (197). In line with
that study, treatment with docosahexaenoic acid, that can be
found in fish, was also documented to decrease mitochondrial
ROS and stimulate the expression of genes that are implicated in
fatty acid metabolism (198). Resveratrol has also been adminis-
trated to patients who are overweight and/or with T2DM (199).
It was revealed that mitochondrial function was improved
since state 3 respiration was elevated, and the expression of
complex IV was diminished (199). Finally, a study in which
healthy, resistance-trained, male subjects received a mixture
of ancient peat and apple extract demonstrated an elevation in
ATP turnover, increased mitochondrial function followed by a
reduction in mitochondrial ROS production (200).

In vitro studies have also aimed to document the effects of
the MedD on the other aspects of mitochondrial physiology,
such as mitophagy and fusion/fission. Hydroxytyrosol supple-
mentation as aforementioned, has been found to decrease
DRPI1 and PARP levels, indicating a reduction of mitochon-
drial fission (195). In addition, ferulic acid that is present in
fruits and vegetables, such as tomatoes, sweet corn and rice
has been shown to improve the mitochondrial biogenesis
molecular program through the induction of PGC-1a, PGC-1
and NRF1. It has also been found that it can increase all axes
of dynamics and mitophagy, since it stimulates the expression
of MFNI1, MFN2, FISI and Beclin-1 (201). Finally, butyrate,
that is a short-chain fatty acid, has been shown to increase
mitochondrial fusion, since it is able to induce MFN1, MFN2
and OPAL1 expression followed by a concomitant decrease in
DRP1 and FIS1, that control mitochondrial fission (202).

Nordic diet. The Nordic diet is considered the new
MedD and consists of whole, fresh, seasonal, local foods of
the Scandinavian region. The Nordic diet also discourages
the consumption of heavily processed foods and is rich in
whole grains, berries, fruits, vegetables, fish and low-fat
dairy products. Data available concerning the effects of the
Nordic diet and mitochondrial function are extremely limited.
A clinical trial study that was performed on the healthy
Nordic diet, revealed that it altered the expression of genes
related to mitochondrial function and thereby reduced ROS
production in PBMCs form patients with metabolic syndrome.
Apart from the involvement of genes that encode proteins of
the ETC, the Nordic diet has been shown to downregulated
both NRF1 and NRF?2 levels, suggesting a reduction in the
oxidative burst (203) (Table V). Following the hypothesis that
the Nordic diet contains similar ingredients with the MedD,
similar effects are expected in future studies concerning other
aspects of mitochondrial physiology.

3. Clinical impact

The majority of researchers consider that the only function of
the mitochondria is to generate energy for cellular demands.
Hence, the mitochondria, though their functions are able to
contribute to cellular metabolism, redox signaling and ion
homeostasis. All these aspects are important for cellular
survival and well-being. The dysregulation of their function
suggests their involvement in the pathogenesis or/the progres-
sion of numerous human diseases or pathophysiologies,
including, diabetes, cancer, neurodegenerative and cardio-
vascular diseases, sepsis, traumatic injury, inflammation,
aging and, frailty and loss of elasticity in the skin. Despite
the intense focus of the scientific community concerning
mitochondrial physiology, one study out of every 154 studies
indexed in PubMed since 1998 has studied mitochondrial
function (204), the exact role and mechanisms through which
the mitochondria contribute to human diseases remain elusive,
opening new challenges for basic and translational biomedical
science. The up-to-date information incriminates oxidative
stress that is generated from the mitochondria as the main
causality or a secondary aggravating effect that drive several
tissue pathophysiologies.

Nutrition and dietary habits play a critical role in mito-
chondrial physiology, since they provide mitochondria with
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Table V. Summary table indicating the mitochondrial manifestations and the molecular targets that are affected during
Mediterranean, Nordic, and mixed scheme diets.

Mediterranean diet

Phenotype Diet and tissue (host) Molecular target (Refs.)
Biogenesis/function HUVECs T NRF1, TFAM (186)
VEGF-induced mitochondrial I mtDNA, complex IV activity,

dysfunction mitochondria respiration
Biogenesis/function C57BL/6 mice treated with LPS T SIRT1, PGC-1a (187)
T Cox5b, Cox7al, Cox8b, and complexes I,
I1, I, and IV
Biogenesis/function HUVECs T SIRT1, AMPK, PGC-1a (188)
ox-LDL treated I mito-ROS
Biogenesis/function C57BL/6 mice 1 SIRT1, PGC-1a (189-191)
Biogenesis/function Hepatocytes T ATP turnover (192)
Megalobrama amblycephala fish 1 Mitochondrial abundance
I PGC-1a/b, NRF1, TFAM
1 Citrate synthase activity
Function C57BL/6 mice T Complex I and II (193)
I Complex V
Biogenesis/function HePG2 cells T mtDNA, ATP, OXPHOS (194)
C57BL/6 mice T AMPK, PGC-1a
T Complex I and IV activity, mitochondria
respiration
Function Myocardium of cardiac surgery T B-oxidation (195)
patients T PPARYy
Function Muscle of overweight/T2D 1 State 3 respiration 197)
patients T Mitochondrial function
I Complex IV
Function Whole blood at resistance 1 ATP turnover (198)
trained human subjects I mitoROS
Dynamics C57BL/6 mice I DRP1 (193)
I PARP
Dynamics/biogenesis PBMCs T PGC-1a, NRF1 (199)
C57BL/6 mice I Oxidative stress
1T MEN1, MFN2, FIS1 and Beclin-1 gene
expression
Dynamics/biogenesis HePG?2 cells T Oxygen consumption (200)
C57BL/6 mice T Citrate synthase activity
I Oxidative stress
1T MFN1, MEN2, OPA1
I DRP1 and FIS1
Nordic diet
Phenotype Diet and tissue (host) Molecular target (Refs.)
Function PBMCs from human subjects Regulation of genes related to mitochondrial (201)
with metabolic syndrome function, ETC and ROS production
I NRF1 and NRF2 expression
Mixed schemes
Phenotype Diet and tissue (host) Molecular target (Refs.)
Function High fat-keto diet in hippocampi T Mitochondrial uncoupling protein (UCP) (138)

C3HeB/Fel juvenile mice

expression and activity
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Table V. Continued.

Mixed schemes

Phenotype Diet and tissue (host) Molecular target (Refs.)
T ROS amounts
Biogenesis Keto and Western diet with. T mRNA PPARGCla (123)
voluntarily exercise
Skeletal muscle Sprague-Dawley
rats
Function/dynamics Keto diet and exercise training; T mitochondrial fission/fusion markers (141)
Skeletal muscle of C57BL/6 mice I PGC-1a levels
Dynamics Skeletal muscle Restore of mitochondrial dynamics (113)
CR diet in female obese-insulin imbalance induced by HFD
resistant (HFD) Wistar rats (I MEN2 levels, I DRP1 phosphorylation)
Biogenesis/function Calorie-restricted ketogenic diet; T mRNA transcripts that encode (142)

Brain of Sprague-Dawley rats mitochondrial proteins
T Mitochondrial abundance
T Flutamate levels

T Phosphocreatine/creatine index

Upward arrows indicate an increase, and downward arrows indicate a decrease. NRF, nuclear respiratory factor; TFAM, mitochondrial tran-
scription factor A; mtDNA, mitochondrial DNA; PGC-1a., peroxisome proliferator-activated receptor-gamma coactivator 1a; HFD, high-fat
diet; MEN, mitofusin; DRP1, dynamin-related protein 1; COX, cytochrome ¢ oxidase; OXPHOS, oxidative phosphorylation; HUVECs, human
umbilical vein endothelial cells; PBMCs, peripheral blood mononuclear cells; ox-LDL, oxidized low-density lipoprotein.
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Figure 5. Summary illustration that describes the solid impact of each diet upon five aspects of mitochondrial physiology. HFD, high-fat diet; CR, caloric
restriction; Keto, ketogenic; MedD, Mediterranean diet.

all necessary (or not), substrates for proper (or not) function.
For that, dietary habits, such as HFD, are able to aggravate

mitochondrial function and render the mitochondria a signifi-
cant determinant towards the development of metabolic
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diseases, such as diabetes or metabolic syndrome. On the
contrary, dietary interventions, such as the KD, fasting or
MedD, can modulate the molecular environment of already
dysfunctional mitochondria in several diseases, including
cardiac failure, Alzheimer's disease, and cancer, alleviating
several manifestations towards better living. It has also been
well-established that fasting and MedD can contribute to
longevity, since they have the ability to maintain the mitochon-
dria in a ‘fit’ state. Due to the fact that diet is a daily habit,
clinicians and other scientists are allowed to optimize their
interventions that modulate cellular ‘powerhouses’ and impact
human health.

4. Conclusions

The mitochondria have the flexibility to easily adapt to exog-
enous parameters and preserve their proper functionality in
order to generate the adequate energy for cellular demands.
Differentiations in substrate availability due to different dietary
habits are being sensitized by the mitochondria followed by
their molecular rewiring. This orchestrates the mitochondria
to undergo changes in their function, the regulation of biogen-
esis and mitophagy, and their ‘self-recycling’ through fusion
and fission (Fig. 5). Conclusively, a HFD impairs mitochon-
drial function and fusion, while it can induce mitochondrial
fission. CR diets appear to reduce mitochondrial biogenesis
and function but stimulate mitophagy. On the contrary, the
KD appears to induce mitochondrial function and biogenesis,
while contradictory results exist for mitochondrial dynamics
and mitophagy. Finally, fasting and MedD appear to induce
mitochondrial biogenesis and fine-tune mitochondrial func-
tion. On the contrary, fasting appears to induce mitochondrial
recycle and the clearance of problematic mitochondrial units,
while the MedD has the opposite effect on mitochondrial
dynamics and the autophagic process.
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