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PATHAK, S.J. and K. BAAR. Ketogenic diets and mitochondrial function: benefits for aging but not for athletes. Exerc. Sport Sci.
Rew., Vol. 51, No. 1, pp. 27-33, 2023. As humans age, we lose skeletal muscle mass, even in the absence of disease (sarcopenia), increasing
the risk of death. Low mitochondrial mass and activity contributes to sarcopenia. It is our hypothesis that a ketogenic diet improves skeletal mus-
cle mitochondrial mass and function when they have declined because of aging or disease, but not in athletes where mitochondrial quality is high.
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Key Points

o A ketogenic diet (KD) increases longevity 13.6% in mice.

e A KD increases skeletal muscle mitochondrial mass and ac-
tivity as well as measures of muscle strength (grip force) and
endurance (wire hang) in aged mice.

e A KD activates the peroxisome proliferator-activated recep-
tor (PPAR) family of transcription factors resulting in an in-
crease in the enzymes necessary to transport and oxidize
fatty acids as a fuel.

e The PPARs also increase pyruvate dehydrogenase kinases
that limit the rate of carbohydrate oxidation, resulting in
impaired glucose usage and impaired elite performance.

INTRODUCTION

Humans progressively lose skeletal muscle mass with age in
the absence of disease (sarcopenia). Sarcopenia increases the
risk of all-cause mortality and is a reliable indicator of frailty
and poor prognosis in clinical settings (1). In 2000, it was esti-
mated that the direct cost of sarcopenia in the United States
was $18.5 billion annually, with this number rapidly increasing
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(2) — highlighting the importance of maintaining muscle mass
throughout our lifespan. This loss of muscle mass in humans
with advancing age is accompanied by a preferential loss of type
II fiber area (3). This is an important distinction because type
[Ia fibers are able to sustain high force better than other fiber
types (4). One way to ensure the preservation of skeletal muscle
mass and strength across the lifespan is with exercise; however,
many are unable or unwilling to exercise at the intensity needed
to achieve the physiological adaptations required to maintain
an enhanced quality of life.

One of many physiological factors that can initiate or accen-
tuate sarcopenia in both humans and rodents is a decline in
mitochondrial mass or activity within the skeletal muscle (5).
Beyond sarcopenia, mitochondrial health plays a role in a vari-
ety of skeletal muscle-based diseases. One of the major conse-
quences of aging is a decline in mitochondrial bioenergetics, in-
dependent of changes in fat-free mass (5). Studies using human
muscle biopsies from healthy older people show an age-related
decline in mitochondrial mass, O, consumption, mitochondrial
quality control, and oxidative phosphorylation (OxPhos)
activity when compared with young controls (6-8). These
data suggest that the age-related changes in mitochondrial
function are caused by a decrease in both the quantity and
quality of the mitochondria. Therefore, it is paramount to
consider how to maintain mitochondrial health and activity
as we age. In 2017, Roberts et al. (9) studied the effect of a
ketogenic diet (KD) on lifespan and health span in male
mice; specifically measuring muscle and brain function as a
function of age and diet. In this context, we demonstrated
that a KD increased lifespan 13.6% with a concomitant in-
crease in skeletal muscle mitochondrial mass and enzyme ac-
tivity in late life, as well as maintained muscle strength (grip
strength) and endurance (4-limb wire hang). As in mice, a
KD in humans increases mitochondrial function (7), sug-
gesting that the metabolic shift needed to adapt to a KD
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drives an increase in mitochondrial mass and function in
skeletal muscle.

Because oxidative energy production is key to VO, .y and
endurance performance, high-fat diets have similarly been pro-
posed as a tool to increase athletic performance. However, the
improved muscle function in old animals on a KD has not trans-
lated into improved performance for elite athletes. In fact, nu-
merous studies have shown that there is either no benefit or
possibly an impairment of elite performance on a KD ((10),
and references within).

It is our working hypothesis that a KD improves skeletal mus-
cle mitochondrial mass and function only when mitochondrial
quality has declined because of aging or disease, but in athletes
where mitochondrial quality is already high, a KD does not im-
prove mitochondrial mass and activity further. In this review,
we discuss the evidence for and against this hypothesis and
how these effects of a KD are mediated at a molecular level.
For the purposes of this review, a KD is defined as a diet
consisting of less than 50 g of carbohydrate (CHO) per day
in humans, whereas in rodents, the requirement is less than
5% and less than 10% of total calories coming from CHO
and protein, respectively. The lower protein intake is necessary
because of the heightened capacity for gluconeogenesis in rats
and mice. Furthermore, all studies cited within the text include
confirmation of elevated blood ketone levels, the primary de-
terminant of a successful KD.

EFFECT OF KD ON SKELETAL MUSCLE

Metabolism

Production of ketone bodies (KB) such as acetoacetate (AcAc)
and B-hydroxybutyrate (BHB), via ketogenesis is an evolution-
arily conserved process that plays a significant role in mamma-
lian survival under the stress of limited food availability. KB are
lipid-derived molecules that are primarily produced in the liver
in response to a scarcity of glucose. In response to a KD, fasting,
or prolonged physical exercise, KB are distributed to skeletal
muscle which, on average, comprises 41.3% and 33.1% of body
mass in adult men and women, respectively (11). KB, namely
RHB, are imported into skeletal muscle mitochondria via
monocarboxylate transporters and oxidized into AcAc via D-
B-hydroxybutyrate dehydrogenase that rapidly generates two
molecules of acetyl-coenzyme A (CoA) (12). Together with
the increase in BHB, skeletal muscle also becomes more reliant
on fatty acids for the generation of adenosine triphosphate
(ATP), resulting in a dramatic shift in metabolism (Fig. 1).

A consequence of a KD, the production of ketones via keto-
genesis in the liver and the rapid generation of acetyl-CoA is an
abundance of intracellular acetyl-CoA. The rapid increase in
acetyl-CoA likely explains the rise in acetylated lysine levels
seen on diet administration (9). Acetylation of lysine moieties
is a posttranslational modification that affects both histones
and other cellular proteins. Acetylation of histones removes
the positive charge inherent in lysine residues, diminishing the
electrostatic affinity between histone proteins and DNA as well
as promoting the more open chromatin structure that is permis-
sive to gene transcription (13). Acetylation of other cellular pro-
teins alters their stability, activity, localization within the cell, or
affinity to binding partners (14) in a way that mimics the effect of
phosphorylation. Similar to a KD, an increase in acetylation is
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seen after exercise (15) — another stimulus that increases fat ox-
idation and mitochondrial mass and activity (16). However, the
relation between acetylation and increases in mitochondrial bio-
genesis and activity in skeletal muscle remains largely unex-
plored.

A diet low in CHO, even one that does not increase circulat-
ing ketone levels like a strict KD, results in fat adaptation and,
together with elevated levels of acetyl-CoA, leads to greater ac-
tivity of the peroxisome proliferator-activated receptor (PPAR)
family of transcription factors. Higher PPAR activity increases
key enzymes of fat oxidation such as lipoprotein lipase, fatty acid
binding protein, cluster of differentiation 36, and stearoyl-
Coenzyme A desaturase-1 (17). This stimulation of fatty acid
oxidation through PPAR upregulation comes at the expense
of glucose oxidation. PPAR®, the most active PPAR isoform
in skeletal muscle (18), also increases pyruvate dehydrogenase
kinase-4 (PDK4) expression. PDK4 serves to inactivate pyru-
vate dehydrogenase (PDH), a key enzyme in the conversion
of pyruvate into acetyl-CoA resulting in a decrease in CHO en-
tering the mitochondria (19). Stellingwerff et al. (20) showed
that individuals cycling at 70% of VO, in a fat-adapted state
showed significantly lower PDH activity and a concomitant in-
crease in fat oxidation during exercise. Thus, elevated free fatty
acid oxidation is in part driven by an increase in PPAR activity
that upregulates fatty acid transport and oxidation enzymes and
decreases the oxidation of CHO resulting in a shift to fat as the
primary fuel in skeletal muscle (Fig. 1).

Collectively, a KD increases levels of circulating fatty acids
and KB resulting in an increase in fat oxidation, acetyl-CoA
generation, and acetylated lysine levels within muscle. With
this shift in metabolism, there is a beneficial effect on transcrip-
tional availability of DNA, stability/localization/affinity of cel-
lular proteins, and increased activity of PPARs.

Mitochondria Mass and Function

As previously mentioned, there is growing evidence suggesting
a KD is able to increase mitochondrial biogenesis and activity
within skeletal muscle, resulting in greater muscle function with
age (9,21). In mice, a KD increases the expression of the master
mitochondrial biogenesis regulator peroxisome proliferator-
activated receptor gamma (PGC-la) and proteins from each
complex of the electron transport chain (21). Interestingly,
markers of mitochondrial mass and enzymatic activity increase
in a tissue-specific manner with only skeletal muscle showing a
significantly greater mitochondrial:nuclear DNA (mtDNA:
nDNA) ratio and improved complex I and IV activity when
compared with their control diet-fed counterparts, even after
14 months on diet. By contrast, brain and liver tissue showed
no change or a decrease in mtDNA:nDNA ratio and limited
improvements in activity (22). The increase in muscle mito-
chondrial mass and activity on adoption of a KD occurs con-
comitantly with elevated levels of acetylated lysine protein
levels. Manipulating acetylation in muscle using the histone de-
acetylase (HDAC) inhibitor, scriptaid, can similarly increase
mitochondrial mass, lipid oxidation, and fatigue resistance
(23). Having established in the previous section that a similar
physiological response is seen after exercise, the increase in mi-
tochondrial biogenesis in muscle observed with a KD may result
from the activation of myocyte enhancer factor-2 (MEF2), a vi-
tal transcription factor in the control of PGC-la expression,
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Mitochondrial metabolism on (A) a high-carbohydrate (CHO) versus (B) a ketogenlc diet (KD). Note that on a high-CHO diet, acetyl-coenzyme A

(CoA) is primarily synthesized from pyruvate generated from the breakdown of glucose in the cytoplasm. By contrast, on a ketogenic diet, BHB can directly enter
the mitochondria and be converted into acetyl-CoA. The increased oxidation of fatty acids also activates peroxisome proliferator-activated receptor (PPAR) tran-
scription factors resulting in the upregulation (in gray with black outline) of key PPAR target genes such as fatty acid transporters (carnitine palmitoyl transferase 1
and 2), enzymes of B-oxidation, as well as PDK 4, driving fatty acid oxidation and inhibiting CHO oxidation, respectively.

and subsequent increased transcription of the exercise-inducible
form of PGC-1a, PGC-1a2/3 (24). In C2C12 cells, dosing with
5 mM of AcAc resulted in an approximately four-fold increase in
MEF2A binding capacity to transcriptional promoter regions
(25). HDAC acetylation and activation of MEF2 could also be
a direct effect of the primary ketone, PHB (26). Although the
mechanism of action of BHB’s inhibition of class I HDACs has
yet to be confirmed, the proposed mechanism of action is via
competitive inhibition of HDAC catalytic sites. For the structur-
ally similar butyrate, which differs from BHB only by its 3’carbon
oxidation state, the carboxylic acid group binds to the catalytic
zinc at the bottom of the HDACs active site effectively suppress-
ing its activity (27). In addition, to further increase fat oxidation in
response to a KD, a rise in the phosphorylation and activity of the
adenosine monophosphate (AMP)-activated protein kinase at the
threonine 172 (AMPK) site is observed (20). Active AMPK is
then free to phosphorylate HDACs, promoting the release of
MEF2 and an increase in PGC-1a2/3 expression (28). Further-
more, AcAc increases p38 mitogen-activated protein kinase
(p38 MAPK) activity (29). When activated, p38 MAPK phos-
phorylates and activates PGC-la protein (30) and promotes
PGC-1a2/3 expression through its target protein activating tran-
scription factor 2 (ATF2). Lastly, the tumor suppressor p53 is a
regulator of mitochondrial integrity, function, content, and bio-
genesis (31). Interestingly, acetylation of p53, which rises approx-
imately 10-fold on the KD (9), is fundamental for its activity, com-
plex assembly, and thereby, its cellular responses (32). Specifically,
p53 is colocalized to the mitochondria, where it acts to stabilize
mtDNA expression, preventing DNA damage (33) — a hallmark
of aging. When p53 is knocked out, there is a significant decline in
mitochondrial content, mitochondrial aerobic capacity, and
mtDNA depletion (34). Within the nuclear genome, p53 encour-
ages mitochondrial biogenesis via upregulation of mitochondrial
transcription factor A, nuclear respiratory factor-1, and cyto-
chrome C oxidase (35). However, it is important to note that
there have been contrasting reports of p53 and its influence
on mitochondrial content and enzymatic activity. Specifically,
in 2017, Stocks et al. (36) used a muscle-specific knockout of p53
to show that p53 was not required for mitochondrial biogenesis,
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morphology, or enzymatic activity. These data suggest that a KD
has multiple, possibly redundant ways, through which it can in-
crease mitochondrial mass and activity in skeletal muscle.

Within the realm of mitochondrial quality control, there is
still much to be investigated concerning the effect of a KD on
skeletal muscle. A progressive decline in muscle function and
quality is hypothesized to result from an accumulation of dam-
aged or dysfunctional mitochondria in humans (6,37). The
accumulation of damaged or dysfunctional mitochondria is
prevented through mitochondrial-specific autophagy (mitoph-
agy). As mitophagy is increased when AMPK is activated and
mechanistic target of rapamycin complex 1 (mTORC1) activity
is inhibited (38), similar to what is observed in muscle after a KD
(9,21), there is support for the hypothesis that a KD increases
mitophagy in skeletal muscle. However, to date, there is little
published evidence showing the effects of a KD on in skeletal
muscle mitophagy. Understanding how this important aspect
of mitochondrial quality control is modulated in response to a
KD will provide key insight to the field.

To maintain a healthy mitochondrial network and popula-
tion in rodents, mitochondria must also undergo continuous
cycles of fission and fusion (39). Although exercise can pro-
mote mitochondrial fission and fusion in humans (40), there
is limited evidence in the literature as to whether a KD might
cause similar effects. In 2012, Sebastian et al. (41) demon-
strated that expression of mitochondrial fusion protein 2,
Mitofusin 2 (Mfn2) was required for adaptation to a high-fat
diet in mice. Subsequently in 2015, Mishra et al. (42) showed
that mitochondrial dynamics in mice were regulated in a
fiber-type—specific manner; with type Ila fibers requiring both
Mitofusinl (Mfnl) and Mfn2 for mitochondrial elongation
and fusion. With a preferential preservation of type Ila fibers
on a KD (21), this preservation may be dependent on the
maintenance of healthy skeletal muscle mitochondria. In cul-
tured cells, BHB stimulates mitochondrial elongation (43)
and dampens irregularities in mitochondrial morphology in
skeletal muscle (21). Together, these data indicate that in re-
sponse to a KD, there is an increase in fatty acid mobilization,
mitochondrial biogenesis, and activity that is accompanied by
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improved mitochondrial dynamics in skeletal muscle. Al-
though this has yet to be verified in humans, evidence from an-
imal models suggest a potential benefit of a KD on mitochon-
drial dynamics sufficient to preserve mitochondrial viability
when compared with those on a control diet.

Muscle Mass, Function, and Fiber Type

The importance of maintaining skeletal muscle mass and
function through age is paramount in humans because it is a
strong predictor of mortality and of our ability to respond/
receiveftolerate disease burden or standard of care therapies
(1). One study suggested that a KD can drive severe skeletal
muscle atrophy in female mice (44), suggesting that a KD may
not be effective in women. However, it is important to note
that the KD feed used in the study by Nakao et al. was either un-
palatable or methionine deficient, resulting in a starvation phe-
notype. When a palatable KD has been used in rodents, muscle
mass and function are preserved or improved depending on the
length of the study (9,22,45). In our hands, we have demon-
strated that a KD results in a protective effect on skeletal muscle
in an aged mouse model and significantly increases measures of
strength (grip strength) and endurance (4-limb wire hang) late
in life when compared with their control diet-fed counterparts
(9). One reason for this is the preservation of type Ila (fast-
oxidative) fibers at the expense of IIb (fast-glycolytic) fibers
(Fig. 2). This shift in fiber type has been theorized to take place
because of 1) the shift in metabolism leading to a preferential
atrophy of fibers that can’t generate sufficient energy aerobically
(IIb (fast-glycolytic) fibers); 2) improved protein quality con-
trol; or 3) the ability of a KD to increase the rate of reinnerva-
tion through axonal sprouting of Ila nerves, because reinnerva-
tion normally diminishes with aging (21,46). The preservation
of type Ila fibers with a KD is important because type Ila fibers
are preferentially lost with advanced age, resulting in loss of lean
body mass and skeletal muscle function in humans (3). Beyond
aging, in a rat model of Duchenne muscular dystrophy, a
medium-chain, triglyceride-based KD showed impressive bene-
fits on skeletal muscle quality, mass, and grip strength (45). A
possible explanation for these beneficial changes in muscle func-
tion is the approximately six-fold increase in acetylation of his-
tone acetyltransferase p300 in KD-fed mice (9). Acetylation of

p300 on the 17 lysine residues within its regulatory domain
stimulates acetyltransferase activity and interaction with
other proteins (47). A skeletal muscle-specific knockout of
p300 in mice results in rapid decreases in grip strength and
rotarod performance, leading to death, even with minimal
changes in fiber cross sectional area CSA (48), making p300
an attractive candidate for future studies regarding the KD
and muscle function.

The cellular basis for changes in muscle fiber cross sectional
area is more than just a shift in balance between muscle protein
synthesis and muscle protein breakdown. A KD does little to al-
ter the increase in skeletal muscle mass in response to resistance
exercise in men (49). This can potentially be explained by the
fact that a KD causes a decrease in myofibrillar fractional syn-
thetic rates — in male mice (21). The impaired rate of protein
synthesis in mouse skeletal muscle can be explained in part by
an approximately three-fold increase in phosphorylation of
elF2a™!, which more than 30 years ago was shown to inhibit
the initiation of translation (50). This decrease in translation
initiation would be expected to dramatically slow protein syn-
thesis rates which, while bad for muscle hypertrophy, could pro-
mote better protein quality control, decreasing misfolding and
ER stress. It is also possible that the decrease in translation ini-
tiation can be partially overcome by an increase in acetylation
of the ribosome. Acetylation of ribosomes effectively stabilizes
them, increasing their translational efficiency and improving
protein quality control, at least in rat liver (51).

Because muscle mass reflects the balance between myofi-
brillar protein synthesis and degradation and a KD decreases
myofibrillar protein synthesis, it is important to understand
how a KD affects breakdown. In 2018, Thomsen et al. (52)
demonstrated that BHB induces anticatabolic effects during
lipopolysaccharide-induced weight loss, resulting in a 70% re-
duction in phenylalanine efflux from muscle in 10 healthy
men. This, coupled with blunted proteosome activity seen
on a KD in mice (21), suggests that there is less protein degra-
dation in muscle on a KD. However, in our studies, the de-
crease in degradation on a KD is only observed in older ani-
mals, suggesting that a KD may have a bigger effect on degra-
dation when breakdown is increased by age or disease rather
than in young healthy muscle.

Figure 2.  Skeletal muscle morphology in mice after 14 months on a control (CON) or ketogenic (KETO) diet. Muscle sections from 26-month-old mice were
stained for type | (blue), lla (red), lIx (black), and Ilb (green) myosin heavy chain. Note the increase in oxidative (blue and red) fiber number and size and the con-
comitant decrease in glycolytic (green) fibers. [Adapted from (21). © 2021 The Authors. CC BY. Used with permission.]
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Altogether, a KD presents a promising strategy to mitigate
the age- or disease-related decline in skeletal muscle mass and
function through increases in mitochondrial mass and function,
the preservation of type lla fibers, increased quality control of
protein synthesis, and anticatabolic effects.

Effect of KD on Elite Athletic Performance

As described in the preceding section, a KD can improve
muscle size, strength, and mitochondrial mass and activity in
old mice. Because muscle strength and endurance are essential
components of athletic performance, many athletes, coaches,
and sports scientists have hypothesized that a KD would in-
crease performance in human athletes. Because the primary
benefit of a KD is to enhance mitochondrial mass and function,
we will focus our discussion on endurance performance because
mitochondria play a greater role in this type of sport. The data
to date in this area indicates that there is either no additional
benefit or an impairment in elite performance when athletes
train on a KD (10). Chief among these studies are Burke et al.’s
Supernova studies, which demonstrated that a KD impairs elite
athletic endurance performance. In this outstanding series of
studies, the authors found an 8.5% decrease in race walking per-
formance ((10), and references within). To put this into per-
spective, an 8.5% reduction in performance in the 2020 Olym-
pic 20-km or 50-km race walk final would result in a last place
finish when compared with the top time. These performance
deficiencies can be explained by the long-standing concept of
substrate usage efficiency (53). This shift in metabolism is
potentially driven by the decrease in PDH activity after fat
adaptation (20). As discussed previously, fat adaptation, or a
long-term KD, leads to the activation of PPARs and the subse-
quent increase in PDK4 (19). The rise in PDK4 results in the
phosphorylation and inhibition of PDH, decreasing the capac-
ity to oxidize CHO and increasing the reliance on fat as a fuel.
The generation of ATP from fat oxidation normally declines as
exercise intensity increases (53), and this has been attributed to
the inability to efficiently transport fatty acids into the mito-
chondria during higher levels of exercise intensity (greater than
~65% VOsma)- Even if fatty acid transport was not limiting,
endurance athletes on a KD would require significantly more
oxygen to perform at the same power or velocity when com-
pared with athletes on a CHO-based diet (10). Because econ-
omy, the volume of oxygen needed to maintain a specific power
or speed, is directly related to performance, this would suggest
that a KD would limit high-end performance. However, this is
not to say that a KD cannot be useful to the elite athletic pop-
ulation. There have been reports that submaximal exercise
performance (<60% VO;may) can be improved in runners
on a KD (54). Separately, semiprofessional soccer players
who adhered to a 30-d KD benefited from a significant de-
crease in body fat, visceral adipose tissue, and waist circumfer-
ence without changes in muscle strength (55). This implies
that athletes who would like to lose weight without losing
muscle strength may benefit from adopting a KD during the
offseason to improve lean mass:body weight ratio before
building their aerobic fitness.

Another rapidly developing area is the use of ketone esters
such as 1,3-butanediol AcAc diester; (R)-3-hydroxybutyl (R)-
3-hydroxybutyl; and (R)-1,3-hydroxybutyl (R)-3-hydroxybutyrate
as well as ketone salts like BHB-mineral salts to improve
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performance (56-59). Currently, the suitability of ketone
supplements for elite athletes on a high-CHO diet is equivocal.
Cox et al. (56) reported that supplementation with (R)-1,3-
hydroxybutyl (R)-3-hydroxybutyrate, together with CHO in-
gestion, increased cycling time trial performance after 1 h of fa-
tiguing exercise, although studies by Rodger et al. and Leckey
et al. contradict this report (58,59). It is important to note that
the contradicting studies used a PHB-mineral salt and 1,3-
butanediol AcAc diester, respectively. This indicates that dif-
ferent forms of dietary ketone may modulate their effectiveness
as a performance enhancer in athletes, and this is an area of
study that has yet to be properly explored.

CONCLUSION

With limited strategies to mitigate the age-related loss of
skeletal muscle in humans, a KD and its concomitant increase
in fatty acid uptake and oxidation as well as acetylation levels
remains an exciting area of research, with much of the exciting
data to date coming from rodent studies needing to be trans-
lated into humans. With the potential to maintain muscle mass
and function and mitochondrial biogenesis and quality control
as we age, it will be important to elucidate further the mecha-
nisms of action driving these beneficial changes seen in rodents.
Because the behavioral change necessitated by a KD is signifi-
cant, the role of other agents (KEs or HDAC inhibitor drugs)
that can mimic a KD without the need for drastic changes in be-
havior must also be explored. However, even though it is al-
ready clear that KDs have been successful at improving muscle
size and function in disease and aging animal models, a KD fails
to improve elite athletic performance likely because one of the
key molecular changes that underlies the muscle adaptation to
the diet (PPAR activation) is the same thing that decreases
high-intensity performance. Until this paradox is addressed,
we are unlikely to see KDs in elite athletes during competition,
but supplemental KE may gain in popularity with athletes if
they can provide supplemental fuel to power long-term endur-
ance performance without slowing CHO oxidation.
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