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Carnitine palmitoyltransferase II (CPTII) deficiency is the most frequent inherited
disorder regarding muscle fatty acid metabolism, resulting in a reduced mitochondrial
long-chain fatty acid oxidation during endurance exercise. This condition leads to
a clinical syndrome characterized by muscle fatigue and/or muscle pain with a
variable annual frequency of severe rhabdomyolytic episodes. While since the CPTII
deficiency discovery remarkable scientific advancements have been reached in genetic
analysis, pathophysiology and diagnoses, the same cannot be said for the methods of
treatments. The current recommendations remain those of following a carbohydrates-
rich diet with a limited fats intake and reducing, even excluding, physical activity,
without, however, taking into account the long-term consequences of this approach.
Suggestions to use carnitine and medium chain triglycerides remain controversial;
conversely, other potential dietary supplements able to sustain muscle metabolism and
recovery from exercise have never been taken into consideration. The aim of this review
is to clarify biochemical mechanisms related to nutrition and physiological aspects of
muscle metabolism related to exercise in order to propose new theoretical bases of
treatment which, if properly tested and validated by future trials, could be applied to
improve the quality of life of these patients.

Keywords: metabolic myopathies, long-chain fatty acids, muscle fatigue, mitochondria, peroxisome, resistance
exercise, dietary supplements, muscle pain and rhabdomyolysis

INTRODUCTION

Despite the advancement of knowledge on the pathophysiology of the carnitine
palmitoyltransferase II (CPTII) deficiency, the clinical approach to nutrition and exercise in
patients affected by this condition has remained unchanged since its beginning. In fact, since 1973,
when the first report of CPTII deficiency was published by DiMauro and DiMauro (1973), patients
have been advised to maintain a carbohydrates-rich diet (CHORD), reducing dietary fat, and to
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restrain from physical activities (rest) to prevent rhabdomyolysis
or other unfavorable muscle conditions (Joshi and Zierz, 2020).
In contrast to this classic therapeutic protocol (CHORD/rest),
only two pioneering studies with promising results are currently
available. In the first one, by Roe et al. (2008) seven patients
with CPTII deficiency were subjected to a dietary regimen
including carbohydrates reduction (37%) in favor to triheptanoin
and no episodes of rhabdomyolysis or major muscle complaints
were experienced, despite an overall increase in daily physical
activity. In the second, more recent study, a case report from
our lab (Parimbelli et al., 2021) showed that a high intensity/low
duration training program of 6 months was safe and effective
in improving body metabolism and aerobic fitness in a 14-
year-old CPTII-deficiency girl. From this point of view, it is
important to underline that the current recommendations for
CPTII deficiency are mainly aimed at reducing the severity
of the disease’s symptoms not taking into proper account the
long-term consequences of an approach based on CHORD and
muscle inactivity on the general health of the subjects. On this
topic, current evidence from a large cohort study (Seidelmann
et al., 2018) indicated that a high carbohydrates consumption
(>70% of energy) was related with a significantly higher risk
of all-cause mortality compared with moderate carbohydrates
intake (50–55%), and inactivity represents a primary cause that
strongly contributes to the onset of several chronic diseases,
such as type 2 diabetes, cardiovascular diseases, obesity, cancers,
depression, dementia and other neurodegenerative conditions
(Booth et al., 2012, 2017; Lavie et al., 2019; Patel et al., 2019).
The pathophysiological effects of a lifestyle based on CHORD
have been associated with a chronic high glycemic overload that
leads to harmful metabolic consequences over time (Augustin
et al., 2015; Giugliano et al., 2018). On the other hand, inactivity
generates significant adverse organ responses that impair whole-
body homeostasis (Schnyder and Handschin, 2015; Rezuş et al.,
2020; Romanello and Sandri, 2021).

Considering these important concerns, the aim of this review
is firstly to describe how the mitochondrial network and its
potential cellular interplay with peroxisomes, which are also
involved in the oxidation of fatty acids, may offer new theoretical
bases for the management of a CPTII deficiency. Secondly,
in order to preserve residual mitochondrial bioenergetics and
positively regulate the body homeostasis/adaptation capacities of
these patients, the manuscript will put forward an innovative
therapeutic view for the management of the disease, based on
a diet with a moderate intake of carbohydrates and enriched in
proteins, the practice of exercises of suitable type and intensity
and a potential use of dietary supplements (Table 1).

THE CPTII DEFICIENCY: UPDATE ON
PATHOPHYSIOLOGY AND CLINICAL
BACKGROUND

Among the long-chain fatty acids (LCFAs) utilization diseases,
CPTII deficiency is the most common inherited disorder.
The clinical importance of this condition is linked to the
metabolic role of LCFAs. LCFAs are prevalent substrates in the

myocardium at rest and during prolonged exercise in skeletal
muscle (Demaugre et al., 1990). LCFAs also provide precursors
to build up the membrane lipids and cellular signaling molecules
(Stubbs and Smith, 1984; Dutta-Roy et al., 1991; Dutta-Roy,
1994; Uauy et al., 1999). Additionally, LCFAs support the extra
energy required in strenuous conditions such as fasting, exposure
to cold, fever and emotional stress. As is well known, CPT
proteins (CPTI and CPTII) are involved in the transport of
LCFAs from the cytosol into the mitochondrial matrix, where
they are subsequently oxidized in the form of acyl-CoA esters
(Houten et al., 2016).

CPTII deficiency seems to be due to a loss of total
enzyme activity and/or an abnormal regulation of the CPTII
protein (Joshi and Zierz, 2020). Currently there are three
phenotypes of CPTII deficiency described in literature (Joshi
and Zierz, 2020): (1) the lethal neonatal form, characterized
by reduced CPTII enzyme activity in multiple organs, reduced
carnitine concentration, and increased concentrations of long-
chain acylcarnitine and lipids in serum; (2) the severe infantile
hepato-cardio-muscular form, characterized by liver failure and
cardiomyopathy; (3) the myopathic form, characterized by
recurrent episodes of muscle pain, weakness, and rhabdomyolysis
particularly after long periods of fasting, psychophysical stress or
prolonged exercise.

The myopathic form of CPTII deficiency is the most common
disorder of lipid metabolism affecting skeletal muscle, frequently
associated with myoglobinuria (Wieser et al., 2003). The
European prevalence of this condition is estimated at 1–9:100.000
with about 300 cases recognized (Wieser). The defective fatty
acids transport into the mitochondria of this form can be highly
variable, with a range of residual LCFAs oxidation capacity from
15 to 50% compared to normal subjects (Bonnefont et al., 2004).
This may explain, at least in part, why the myopathic form of
CPTII deficiency is less severe compared to the other two forms
mentioned above, in which the residual capacity to oxidize LCFAs
is usually lower. In the myopathic form there are different clinical
manifestations among subjects: some affected individuals do not
experience muscle weakness between rhabdomyolytic attacks,
being asymptomatic for most of time, while others have frequent
myalgia even after light to moderate physical activity related to
daily life. Despite the myopathic form being sometimes referred
to as an ‘adult form’, it can arise from infancy to adulthood (Joshi
and Zierz, 2020) and early childhood manifestations have also
been reported (Reuschenbach and Zierz, 1988; Bonnefont et al.,
1999; Gempel et al., 1999, 2001; Hurvitz et al., 2000; Orngreen
et al., 2003; Ørngreen et al., 2005; Anichini et al., 2011; Fanin
et al., 2012; Wieser, 2014). Even though there are concerns for
the development of kidney disease in CPTII patients due to the
high metabolic overload associated to rhabdomyolysis, end-stage
chronic renal insufficiency requiring dialysis is only occasionally
reported in these patients (Joshi and Zierz, 2020).

A Difficult Muscle Disease to Diagnose
CPTII muscle deficiency is not easily recognized and patients
may have to wait for decades just to get a proper diagnosis,
generally based on referred symptoms (Sigauke et al., 2003).
Molecular genetic investigation, regarded as the gold standard
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TABLE 1 | Summary of innovative potential treatments for CPTII deficiency
patients.

50–55%
Carbohydrates
A higher
carbohydrates
consumption (> 70%
of energy) was related
with a significantly
higher risk of all-cause
mortality

Exercise suggested
Personalized exercise
programs combining
HIIT or MIIT (≤70%
VO2 max) with RT
should be encouraged.
For beginners or unfit
categories, MIIT may
be preferred

Supplements to support
muscle bioenergetics,
adaptations and functions:
Creatine: 3–5 g/day for
3–4 weeks
whey proteins: 20–25 g
or EAAs: 10–12 g
Vitamin D: 2,000–4,000
IU/day

25–30% Proteins
High quality protein
sources are
recommended to
optimize muscle
recovery and stimulate
muscle protein
synthesis

Exercise to avoid
Traditional endurance
activities (e.g., running,
cycling, swimming)
(<65% VO2 max)
should be
avoided in most CPTII
deficiency patients

Supplements to attenuate
EIMD and related
inflammation:
Omega-3: 1.8–3.0 g/day
Beetroot juice:
125–500 mL/day
Pomegranate juice:
60–120 mL/day of
concentrated product
Tart cherries juice: 60 mL/day
of concentrated product

20% Fats
Considered the
minimum fats intake to
ensure adequacy for
essential FAs and
fat-soluble vitamins

Lifestyle to maintain
Physical inactivity
should be discouraged

Supplements for pain
management:
Curcumin:
150–2,000 mg/day
Ginger: 2,000 mg/day

for the diagnosis, is often performed only after several years
of clinical misunderstandings and attempts at treatment. The
muscle CPTII disease may be often confused with other, clinically
very similar myopathies, such as McArdle disease (MD). MD is
an autosomal recessive disorder resulting in myophosphorylase
deficiency leading to the inability to use glycogen storages
(McArdle, 1951; Llavero et al., 2019). This condition represents
the most common cause of acute exercise intolerance in young
adults; it is associated with muscle cramps, soreness and recurrent
myoglobinuria. However, CPTII deficiency and MD can be
functionally differentiated in relation to the onset of some
exercise-related signs and symptoms: (1) post-exercise lactate
levels are generally higher in CPTII deficiency (>2 mmol/L)
(Orngreen et al., 2003) than in MD (<1 mmol/L) (Godfrey
et al., 2009); (2) following exercise, muscle disorders appear
later in CPTII deficiency and very early in MD (Faigel, 1995);
(3) the so-called “second-wind” effect (i.e., an improvement in
exercise tolerance with a decrease in perceived exertion and
heart rate after 7–8 min of a constant-load exercise protocol)
is typically observed in MD patients (Vissing and Haller, 2003;
Santalla et al., 2014) and not in CPTII deficiency individuals
(Arélin et al., 2020).

An extensive description of the methods for diagnosing
CPTII deficiency (i.e., clinical presentation, pathobiochemical
characteristics, molecular genetic aspects, detectable biomarkers

and genotype-phenotype analysis) has been recently published by
Joshi and Zierz (2020). Other possible assessments may consider
the electromyography exam, able to demonstrate dysfunction
of myoelectric signals related to muscle damage (Sigauke et al.,
2003) or functional evaluations, able to show abnormalities
in lactate levels, VO2 max capacity and respiratory exchange
ratio (R) during an ergometric incremental test, which may
underline the defective mitochondrial oxidative functionality
(Tarnopolsky, 2016).

CPTII Deficiency and Its Most Dramatic
Clinical Syndrome: Rhabdomyolysis
Patients with CPTII deficiency experience recurrent episodes of
severe muscle pain associated with rhabdomyolysis (Joshi and
Zierz, 2020), in relation to the presence of triggering factors
which can produce dramatic and extensive muscle damage due
to the altered mitochondrial muscle lipid bioenergetics (Wieser
et al., 2003). In particular, these factors include endurance
exercise, fasting, exposure to cold and infections, as well
as low fluid intake, psychological stress and lack of sleep
(Joshi et al., 2019; Joshi and Zierz, 2020). Rhabdomyolysis
consists in the partial rupture of myocytes, followed by a
dramatic release of several muscle molecules (e.g., creatine
kinase (CK), lactate dehydrogenase (LDH), myoglobin (Mb),
aminotransferases) in the extra cellular space and then into the
blood stream. These molecules are used as blood biomarkers and
usually measured when rhabdomyolysis occurs (Bonnefont et al.,
1999), even though CK level is considered the most sensitive
biomarker (Kim et al., 2016). The normal level of CK is 22–
198 U/L. Depending on the degree of rhabdomyolysis, and in
relation to the muscle effort sustained and the extension of
muscle damage, the level of CK could increase up to 10,000–
200,000 U/L observed 24–48 h after the exercise (Criddle,
2003). In addition, muscle pain, electrolyte balance, urine
color, arterial blood gas examination, muscle biopsy, and/or
electrocardiogram may be used to complete the assessment
for the diagnosis of rhabdomyolysis (Kim et al., 2016). The
mechanisms involved in the progression of rhabdomyolytic
events were elucidated by several authors (Bagley et al., 2007;
Kim et al., 2016; Parimbelli et al., 2021). The most severe
potential complication of rhabdomyolysis is an acute renal
failure due to the dramatic release of Mb by the damaged
muscle, resulting in its precipitation and accumulation in
renal tubules with an impairment of the filtering efficiency
(Panizo et al., 2015).

EXERCISE-THERAPY IN CPTII
DEFICIENCY: A PROMISING
CHALLENGE FOR FUTURE
INVESTIGATIONS

Physical Inactivity, Exercise and
Mitochondrial Homeostasis
Physical inactivity is highly harmful and can negatively impair
whole-body homeostasis (Schnyder and Handschin, 2015;
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Booth et al., 2017; Rezuş et al., 2020; Romanello and Sandri,
2021): (1) by increasing chronic systemic inflammation and
oxidative stress, which are correlated with the development
of many degenerative diseases (e.g., atherosclerosis and
osteoarthritis); (2) by decreasing muscle protein synthesis and
neuromuscular remodeling, associated with age-related disabling
conditions (e.g., sarcopenia and frailty); (3) by compromising
the endocrine system and the immune response to infections,
thus leading to a decline of the capacity to sustain adequate
responses to stress (e.g., injury, acute phases of disease, etc.).
Furthermore, muscle disuse leads to a decline of the efficiency
of essential processes (i.e., mitochondrial biogenesis, fusion and
fission, degradation) necessary for the control of mitochondrial
homeostasis (number, morphology and distribution) (Romanello
and Sandri, 2021). A loss of mitochondrial homeostasis
impairs metabolic adaptation of the mitochondrial network to
the cellular bioenergetic requirements and negatively affects
skeletal muscle mass, quality and performance, representing
a critical factor in the pathophysiology of several muscle-
wasting conditions (e.g., aging, intensive care unit-acquired
weakness, diabetes, obesity, chronic obstructive pulmonary
disease (COPD), cancer cachexia and neuromuscular disorders)
(Romanello and Sandri, 2021).

Both inactivity on the one hand and exercise on the other
can impact on mitochondrial homeostasis and metabolism very
quickly, and this has been recently established comparing the
effects of muscle disuse with those of physical rehabilitation
on the expression of peroxisome proliferator-activated receptor
gamma coactivator-1alpha (PGC-1α) and Sirtuin 3 (SIRT
3) (Buso et al., 2019). PGC-1α is the key factor in the
control of mitochondrial biogenesis, morphological and
functional integrity, both in physiological conditions and
during pathophysiological processes of muscle atrophy and
aging (Finck, 2006). SIRT3 is recognized as one of the main
mitochondrial activity regulators, with a central role in skeletal
muscle (Jing et al., 2011, 2013; Vassilopoulos et al., 2014). In
the study by Buso et al. (2019), after 14 days of bed rest a
significant decrease in the expression of PGC-1α and SIRT3
was observed, both in the young and the elderly, with an
up-regulation of the glycolytic metabolism as a consequence of
the mitochondrial impairment. Conversely, in the subsequent
2 weeks of exercise rehabilitation program (3 sessions per
week of strength training and high-intensity interval training)
the levels of PGC-1α and SIRT3 protein expression showed
a remarkable increase in relation to the energy needs, with
PGC-1α levels higher than baseline (4.7 times and 2.6 times
for young and elderly, respectively) and a shift back to a
prevalent mitochondrial oxidative metabolism (Buso et al.,
2019). These data are particularly relevant considering that
PGC-1α stimulates not only the mitochondrial function but
also the peroxisomal biogenesis/activity (Bagattin et al., 2010;
Huang et al., 2017), and this effect may positively affect the
mitochondria-peroxisome biochemical interplay, a potential
alternative pathway to sustaining the energy requirements of
exercise in CPTII deficiency patients.

Mitochondria and Peroxisome Interplay:
An Unconsidered Mechanism to Support
Energy Production
Strong evidence supports a close functional crosstalk between
mitochondria and peroxisomes in the process of oxidation of
fatty acids (Delille et al., 2010; Dixit et al., 2010; Fransen
et al., 2012, 2017; Schrader et al., 2015; Islinger et al., 2018).
The β-oxidation (βOx) of fatty acids (FAs) takes place both
in mitochondria and peroxisomes, involving, however, different
substrates, respectively (Schrader et al., 2015; Wanders et al.,
2016): short, medium and long-chain fatty acids (SCFAs, MCFAs
and LCFAs) are mainly oxidized in mitochondria (Fransen
et al., 2017), whilst very-long-chain fatty acids (VLCFAs),
dicarboxylic acids (DCAs) and branched-chain fatty acids
(BCFAs) are typically oxidized in peroxisomes (Fransen et al.,
2017). Mitochondrial and peroxisomial βOx also lead to the
formation of different end-products with relative different
metabolic destiny: in the first case, acetyl-CoA is exclusively
produced and afterwards directly processed by the tricarboxylic
acid cycle (TCA); in the second case, besides acetyl-CoA,
other acyl-CoAs (i.e., propionil-CoA, 4,8-dimethylnonanoyl-
CoA, adipoyl-CoA, hexanoyl-CoA) are formed, converted in
carnitine molecules by carnitine octanoyltransferase (COT) and
carnitine acetyltransferase (CAT), then transported across the
inner mitochondrial membrane by the carnitine acylcarnitine
translocase (CACT) and reconverted in CoAs compounds by
a mitochondrial CAT before reaching their final biochemical
targets (i.e., mitochondrial βOx or TCA) (Figure 1).

Although less studied and known, the peroxisomial βOx seems
to be particularly important considering that its contribution to
the total cellular βOx was estimated in mammals from <5% to
up to 30% (Thomas et al., 1980; Kondrup and Lazarow, 1985)
allowing peroxisomes to perform a pivotal metabolic role in
the oxidation of a wide variety of specific FAs. Furthermore,
authors suggested that the peroxisome may also be able to
oxidize substrates that are typically handled by mitochondria
(Vamecq and Draye, 1989; Vamecq et al., 1989; Ferdinandusse
et al., 2004), especially when specific mitochondrial pathways are
inhibited (Violante et al., 2013, 2019). On this topic remarkable
studies have been carried out by Violante et al. (2013, 2019),
which demonstrated, in vitro and in vivo, that peroxisomes
can accept and oxidize MCFAs and LCFAs, typically oxidized
in mitochondria, becoming metabolically relevant in presence
of mitochondrial fatty acid oxidation disorders, including
CPTII deficiency.

An extensive description of the metabolic interactions
between mitochondria and peroxisomes in the management of
fatty acid oxidation has recently been published by Houten
et al. (2020). Although the magnitude of mitochondria-
peroxisomes interaction in the CPTII deficiency is yet to be
established in humans, we can speculate that this “unconsidered”
cooperative role of peroxisomal βOx may represent a key process
and be potentially trainable by an appropriate program of
physical exercise.
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FIGURE 1 | Schematic interaction that involves mitochondria and peroxisome during muscle cell fatty acids oxidation. The figure highlights the importance of
this interaction in the case of a CPTII deficiency: Acyl-carnitine accumulated in the cytosol (a), produced by LCFAs-CoA through the activity of CPTI, and coming
from the mitochondria (dashed arrow 1), is partially recycled by the peroxisome (dashed arrow 2), subjected to peroxisomal βOx to produce other Acyl-carnitine
compounds (e.g., Hexanoyl-carnitine) then reconveyed to mitochondria and reconverted into CoA forms (Acyl-CoA) before being processed in the mitochondrial
βOx. In the presence of a high concentration of Malonyl-CoA (b), due to a greater availability of glucose, CPTI and CPTII are both inhibited and LCFAs are mostly
deviated to muscle storage (pathways not shown in the figure) instead of being oxidized. ABCD1-3, ATP Binding Cassette subfamily D transporters 1-3; CAT,
carnitine acetyltransferase; CACT, carnitine-acylcarnitine translocase; COT, carnitine octanoyltransferase; CPTI, carnitine palmitoyl-transferase I; CPTII, carnitine
palmitoyl-transferase II; βOx, beta oxidation; BCFAs-CoA, branched-chain fatty acid-CoA; DCAs-CoA, dicarboxylic acids-CoA; LCFAs-CoA, long-chain fatty
acids-CoA; VLCFAs-CoA, very-long-chain fatty acids; TCA, tricarboxylic acid cycle; skull, indicates the CPTII deficiency; arrows and dashed arrows, indicate
processes or molecular movements; dashed T-bars, indicate inhibition.

No Rest: The Role of Intermittent
Training and Resistance Exercise in
CPTII Deficiency
Since patients carrying the myopathic form of CPTII deficiency
display normal fat turnover at rest (Orngreen et al., 2002) and
physical exercise was recognized as the most common trigger
factor involved in myalgia and/or rhabdomyolytic events, current
recommendations exclude the practice of all types of physical
activities, in particular prolonged and strenuous exercise, and
complete rest is still recommended (Joshi and Zierz, 2020).
However, this approach does not properly take into account the
variability of metabolic requests that occur in relation to different
exercise intensities and/or durations, and how these metabolic
requests can affect macronutrient utilization. Indeed, during
submaximal exercise intensities (<65% VO2 max), especially if
maintained beyond 90 min (Purdom et al., 2018), FAs are the
prevalent fuel source of muscle energy, with a maximal FAs
utilization (maximal fat oxidation, MFO) between 45 and 65%
of VO2 max. At these intensities, as in endurance activities,
the contribution of carbohydrates oxidation is relatively low.

On the other hand, for exercise intensities that exceed MFO,
with duration typically lower than 90 min (as in intermittent
training, stop-and-go activities and/or resistance exercise), the
utilization of carbohydrates is predominant, mainly as a muscle
glycogen (Purdom et al., 2018), phosphocreatine (PC) resynthesis
is involved for a rapid ATP regeneration (Hargreaves and
Spriet, 2020), and the use of FAs to maintain energy availability
is sharply reduced (Purdom et al., 2018). Considering this
physiological background, traditional endurance activities (e.g.,
running, cycling, swimming, etc.) should certainly be avoided
in most CPTII deficiency patients, especially if unconditioned
to exercise, as they are unable to properly satisfy the increase
of muscle energy demand from FAs oxidation. Conversely, high
intensity interval training (HIIT) or resistance training (RT) can
be safely performed in CPTII disorders because the ATP turnover
of these activities is mainly based on PC/glycogen pathways,
which are totally preserved and optimizable in these patients.

HIIT is commonly defined as relatively intense bouts of
exercise that elicit ≥80% of maximal heart rate (MHR),
interspersed by periods of lower intensity exercise or rest for
recovery (Weston et al., 2014). HIIT has received considerable
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attention in recent years for its metabolic effects, which are higher
than in aerobic continuous training, with clinical relevance
both in healthy and diseased subjects (Alkahtani et al., 2013;
Jiménez-Pavón and Lavie, 2017; Gibala, 2018). The capacity of
interval training to elicit greater health benefits than continuous
exercise, matched for duration and intensity, seems to be
related to the intrinsic nature of the intermittent mechanical
work (Jiménez-Pavón and Lavie, 2017; Gibala, 2018). Notably,
on this topic authors suggest that some cellular signaling
pathways that regulate skeletal muscle mitochondrial biogenesis
and function (i.e., AMPK, p38-MAPK, CaMKII and PGC-
1α) are activated to a greater extent after intermittent activity
compared with continuous exercise, even when relative intensity
is moderate (Combes et al., 2015). However, since HIIT exercise
mode can discourage physically inactive individuals and/or
can be inappropriate in certain conditions (e.g., untrained
obese), a moderate-intensity intermittent training (MIIT) may
be preferred. Furthermore, MIIT does not require supervision
and can generally be easier to put into practice for unfit
categories (Jiménez-Pavón and Lavie, 2017). Comparative studies
have shown that HIIT and MIIT have similar effects on
several metabolic outcomes, such as fats oxidation (Alkahtani
et al., 2013), vascular function (Rakobowchuk et al., 2012),
body composition, insulin resistance and low-density lipoprotein
cholesterol (LDL) (Racil et al., 2013).

Based on the specific involvement of type II muscle
fibers, RT plays a key role in the maintenance of adequate
muscle mass, strength and power, which are fundamental to
supporting movement control, walking speed and functional
independence (Westcott, 2012). RT has a strong clinical
background for the prevention and management of type 2
diabetes, improving visceral fat quantity, HbA1c blood levels,
glucose transporter type 4 distribution, and insulin sensitivity
(Westcott, 2012; Codella et al., 2018; Mcleod et al., 2019).
RT also produces cardiovascular benefits, by reducing resting
blood pressure, LDL and triglycerides, and increasing high-
density lipoprotein cholesterol (HDL). Furthermore, RT may
promote bone development and prevent muscle loss due to aging,
decreasing pain sensibility typically associated with arthritis or
other inflammatory diseases that can even affect CPTII deficiency
patients, especially during the advanced stage of life. Less clear
are the effects of RT on mitochondrial biogenesis or oxidative
capacity, with mixed results (Parry et al., 2020). However, given
that RT may increase VO2 max in untrained individuals, it
is plausible that some aspects of the mitochondrial function
may be enhanced with this paradigm of exercise (Parry et al.,
2020), even though this assertion is only speculative at this
stage and more investigation should be run in this area. No
information is available on the effect of HIIT/MIIT or RT
and peroxisomal biogenesis/oxidative capacity or mitochondria-
peroxisomes interaction.

The first trial that successfully applied MIIT and RT on
CPTII deficiency patients has recently been reported by our lab
(Parimbelli et al., 2021), with promising results. In the study,
a 14-year-old female with CPTII deficiency was involved in an
exercise program of 6-months (3-days per week, 1 h/session each)
based on MIIT at 70% VO2 max and resistance upper/lower

split workouts. After 6 months, indirect calorimetry revealed
improved resting metabolic rate (RMR) and reduced respiratory
quotient (RQ). Furthermore, the cardiopulmonary exercise test
(CPET) revealed remarkable increases in peak power output
and isocapnic buffering period. Importantly, this study also
showed that the training program was absolutely safe and
sustainable, with no significant post-exercise changes in blood
CK, and no muscle pain and/or rhabdomyolysis attacks were
experienced by the patient during the experimental protocol.
Improvement of cardiovascular and muscular adaptations
(including mitochondrial content and biogenesis) were only
speculated by the authors at this stage of knowledge, and this
requires further examination.

NUTRITIONAL THERAPY IN CPTII
DEFICIENCY: IS THE HIGH
CARBOHYDRATES DIET THE RIGHT
WAY?

The current nutritional approach for CPTII deficiency generally
consists of a CHORD (at least 65-70% of energy), with restricted
fats (no more than 20%) and a daily proteins intake of about
15%. This nutrition strategy was followed for 3 days by four
patients before an exercise test (cycle ergometer at 50% of
individual VO2 max until exhaustion) and turned out to be more
effective in reducing the rate of perceived exertion and increasing
muscle work duration compared to a control diet (60% fats,
15% proteins, and 25% carbohydrates) (Orngreen et al., 2003).
Although the CHORD can increase the short-term tolerance to
sub-maximal exercise intensity (Orngreen et al., 2003), it does
not seem to prevent recurrent muscle weakness, myalgia and
rhabdomyolysis attacks (Roe et al., 2008; Schnedl et al., 2020).
Furthermore, a CHORD could also be inadequate for a long-
term overall health management of these patients, considering
the possible negative effects on glucose homeostasis and fat
metabolism over time (Phillips et al., 2020).

As authors recently underlined, a chronic exposure
to CHORD promotes hyperglycemic stimulus with
hyperinsulinemic response (Phillips et al., 2020) and this
may reduce muscle fatty acid oxidation in humans (Rasmussen
et al., 2002). Hyperglycemia with hyperinsulinemia functionally
reduces the CPTI activity in muscle cell, involving the regulatory
role of malonyl-CoA which increases following a greater
availability of glucose (Rasmussen et al., 2002; Figure 1). In
addition, in CPTII deficiency, unlike the physiological condition
which CPTII enzyme is insensitive to changes in malonyl-CoA
concentration (Murthy and Pande, 1987; Woeltje et al., 1990), the
activity of CPTII can also be inhibited by malonyl-CoA (Motlagh
et al., 2016). The inhibitory effect is more pronounced in the
variant S113L than in the wild type of the disease, confirmed
by in-vitro results that clearly showed an enzymatic residual
activity of about 40 and 70%, respectively, after pre-incubation
with malonyl-CoA (Motlagh et al., 2016). The inhibition of CPTI
and CPTII by malonyl-CoA, taken together, may produce a
significant decrease in the transport of LCFAs from cytosol into

Frontiers in Physiology | www.frontiersin.org 6 August 2021 | Volume 12 | Article 704290

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-704290 July 27, 2021 Time: 12:10 # 7

Negro et al. No Rest and Less Carbohydrates in CPTII Deficiency?

the mitochondria, diverting the LCFAs metabolic fate toward
storage in the muscle as triglycerides (Rasmussen et al., 2002).
The final clinical impact of the process described is related to
the fact that elevated fat stores within the muscle cell play a
role in the development of insulin resistance (Storlien et al.,
1991; McGarry, 1992; Pan et al., 1997), with even more dramatic
consequences on glucose and fats metabolism when a CHORD
is combined with a lifestyle based on inactivity, as currently
suggested in CPTII deficiency.

Based on the above it should be necessary to consider that
for most CPTII deficiency patients the current guidelines on
carbohydrates intake may not be adequate for the prevention
of muscle conditions due to the disease, or for satisfying the
metabolic requests of fat oxidation, potentially decreasing the
already compromised mitochondrial transport capacity. Other
possible nutrient ratios need to be investigated, especially as
regards carbohydrates Vs proteins (e.g., 50–55% carbohydrates
and 25–30% proteins) as described by Scott et al. (1991),
maintaining fats intake at 20% of energy (considered the
minimum fats intake to ensure adequacy for essential FAs and fat-
soluble vitamins) (Harcombe, 2019). Reducing the carbohydrates
content of the diet, by replacing a part of carbohydrates with
proteins, may have several positive effects: (1) decreasing both
hyperglycemia and hyperinsulinemia, due to different glycemic
regulation of proteins compared to carbohydrates (Phillips et al.,
2020); (2) increasing fatty acid oxidation in skeletal muscle,
reducing muscle fat deposition and preventing insulin resistance
(Phillips et al., 2020); (3) stimulating muscle protein synthesis
(Phillips et al., 2020) to support muscle recovery after MIIT
and RT; (4) generating a part of glucose, via gluconeogenesis,
but in a slower way than directly from the carbohydrates
(Phillips et al., 2020). Recommendations to use carbohydrates-
concentrated foods, snacks, sports bars or liquid beverages should
remain limited to MIIT and/or RT sessions (before, during and
soon after), with the aim of supporting exercise time-related
energy delivery (Parimbelli et al., 2021).

POTENTIAL SUPPLEMENTS IN CPTII
DEFICIENCY

Apart from some attempts based on the use of fibrates (Djouadi
and Bastin, 2008; Bonnefont et al., 2010), at present there are
no approved drugs for the treatment of the disease. This has
led researchers to speculate on possible adjuvant approaches
based on the use of dietary supplements. Some compounds
have historically been suggested to support lipid metabolism
(i.e., carnitine, medium chain triglycerides), with the aim of
positively impacting on the frequency of muscle events, although
the literature shows concerns and/or conflicting positions on this
matter (Roe et al., 2008; Gnoni et al., 2020; Sawicka et al., 2020).
Other supplement categories (e.g., creatine, essential amino acids,
etc.) with strong evidence in muscle health/performance, but not
conventionally used in CPTII deficiency and only speculative
at this stage, could instead be potentially proposed to promote
muscle bioenergetics and remodeling and/or to manage clinical
symptoms in these patients (Table 1).

Supplements to Support Muscle Lipid
Metabolism (Carnitine, Medium Chain
Triglycerides)
Based on a biochemical background, the use of carnitine has been
speculated for CPTII deficiency by several authors in the past,
even though this practice has never been investigated in these
patients. However, considering that to date no scientific basis
supports significant improvement of muscle carnitine content
and/or performance in healthy subjects or athletes after a long
lasting supplementation (Gnoni et al., 2020) and that carnitine
can be partly degraded to trimethylamine-N-oxide (TMAO),
which is considered a novel risk factor for cardiovascular
diseases (Arsenian, 1997; Randrianarisoa et al., 2016; Tang and
Hazen, 2017; Ding et al., 2018; Gao et al., 2019), a chronic
supplementation of carnitine should be discouraged in these
patients. In addition, in muscle CPTII deficiency acyl-carnitine
is only partially transported across the inner mitochondrial
membrane and the conversion of acylcarnitine into acyl-CoA is
anyway insufficient to justify carnitine supplementation (Gnoni
et al., 2020; Figure 1).

Medium chain triglycerides (MCTs) are able to cross the
mitochondrial membranes independently of CPT transporters
and CAT (Jeukendrup et al., 1998), and this has led to speculation
on a possible use of MCTs in CPTII deficiency. Despite this
background, conflicting opinions emerge on this topic, with some
authors suggesting their use to sustain muscle bioenergetics and
reduce plasma triglycerides (Scott et al., 1991; Bonnefont, 2004;
Deschauer et al., 2005), while others do not consider MCTs
effective in controlling muscle pain, avoiding rhabdomyolysis, or
improving exercise performance and muscle recovery (Carroll
et al., 1978; Roe et al., 2008). An interesting contribution
on MCTs comes more recently from Violante et al. who, by
using CPTII- and CACT-deficient cell lines, demonstrated how
the majority of MCTs require carnitine shuttles to access the
mitochondrial matrix and only 25% may cross the mitochondrial
membranes by diffusion, underlining that when the CPTII
is defective MCTs can be partially oxidized in peroxisomes
(Violante et al., 2013). However, currently we don’t know how
the use of MCTs may modulate the mitochondria-peroxisome
interplay during different conditions of diet and exercise, and
how this may regulate muscle metabolism in CPTII deficiency
patients. At present, therefore, the potential use of MCTs to
counter oxidative requests and prevent muscle symptoms in these
subjects needs further evaluation.

Supplements to Support Muscle
Bioenergetics, Adaptations and
Functions (Creatine, Proteins/EAAs,
Vitamin D)
Creatine is one of the most popular nutritional ergogenic aids
for athletes (Kreider et al., 2017). Studies have consistently shown
that creatine supplementation can improve exercise performance,
through an increase of intramuscular PC concentration, and may
enhance training adaptation/muscle hypertrophy by controlling
molecular pathways (e.g., MRF-4, Myf-5, Myo-D, and myogenin)
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involved in muscle protein expression (Negro et al., 2019).
Furthermore, creatine supplementation might influence post-
exercise muscle recovery by enhancing muscle satellite cell
proliferation (Vierck et al., 2003; Olsen et al., 2006). Creatine
monohydrate (CM) is currently considered a safe and effective
supplement to support resistance activities in the healthy, and
several therapeutic benefits in diseased populations (ranging
from the young to the elderly) have been reported (Smith
et al., 2014; Candow et al., 2019; Stares and Bains, 2020; Jagim
and Kerksick, 2021; Kreider and Stout, 2021). Considering its
strong background, a periodical use of CM can be speculated
in CPTII deficiency patients with different aims (e.g., at the
beginning of a training program, to support muscle bioenergetics
or to reduce fatigue when muscle recovery/adaptation needs to
be boosted).

An important body of evidence suggests that a higher amount
of proteins is required by active individuals to optimize exercise
training adaptations and muscle remodeling (Cermak et al., 2012;
Devries and Phillips, 2015; Churchward-Venne et al., 2016; Jäger
et al., 2017; Morton et al., 2018). Dietary proteins and/or essential
amino acids (EAAs), positively acting on the balance between
protein synthesis and breakdown, can increase muscle mass or
attenuate muscle loss, even during immobilization and aging
(Cholewa et al., 2017). Furthermore, considering the capacity of
EAAs to regulate ATP production/utilization (Dioguardi, 2004;
Pasini et al., 2004) a possible role of these compounds in energy
delivery during fatiguing tasks has recently been speculated by
our lab (Negro et al., 2018). Based on the above, to satisfy the
daily proteins intake to partly sustain the energy cost of strength
activities and to promote muscle recovery after exercise sessions,
a periodical supplementation with protein powders (e.g., whey
proteins) or EAAs may be suggested in these subjects. This
recommendation could be even more important in the presence
of structural alteration of fibers as mirrored by increased blood
CK levels, to prevent possible progression to rhabdomyolysis.

There is a strong association between the nutritional status
of vitamin D and an optimal muscle function (Bhattoa et al.,
2017). Indeed, through its binding to muscle vitamin D receptors,
vitamin D mediates genomic and non-genomic effects in muscle
cells, promoting muscle contractility through calcium uptake,
myoblast differentiation, and the insulin sensitivity (Dirks-
Naylor and Lennon-Edwards, 2011; Christakos et al., 2016;
Bhattoa et al., 2017). Large cross-sectional studies underline a
relationship between an insufficient level of serum 25(OH)D
(<50 nmol/L) and low physical performance (Bischoff-Ferrari
et al., 2004; Houston et al., 2007, 2011, 2012; Dirks-Naylor
and Lennon-Edwards, 2011; Toffanello et al., 2012), mobility
(Bischoff-Ferrari et al., 2004; Houston et al., 2011, 2012;
Toffanello et al., 2012), muscle strength (Mowé et al., 1999;
Zamboni et al., 2002; Houston et al., 2007, 2011, 2012;
Toffanello et al., 2012), and greater disability (Zamboni et al.,
2002; Houston et al., 2011). The importance of considering
baseline serum 25(OH)D concentrations has been emphasized,
since individuals with vitamin D deficiency appear to be
more responsive to supplementation (Annweiler et al., 2009).
Considering these findings, CPTII deficiency patients need
to be screened to evaluate vitamin D blood levels, and in

relation to the concentration detected a dietary supplementation
should be suggested.

Supplements to Attenuate
Exercise-Induced Muscle Damage and
Related Inflammation (Omega3,
Polyphenols)
Exercise-induced muscle damage (EIMD) is a physiological
regulated process of degradation and repairing, closely related
to muscle adaptation and remodeling, characterized by muscle
soreness and transient lower muscle function, in which
several cell types are involved (i.e., neutrophils, macrophages,
lymphocytes) along with an increase of reactive oxygen spices
(ROS), the serum rise of various inflammatory cytokines (e.g.,
IL-1β, IL-6), and a release of intramuscular proteins (e.g., CK,
LDH) due to damage (Byrne et al., 2001; Marcora and Bosio,
2007). EIMD, within certain limits, must also take place in CPTII
deficiency subjects and is essential for their muscle recovery
and adaptation to mechanical work. However, since the muscle
bioenergetics is compromised in these patients, their degree of
EIMD can be greater than in normal subjects, with higher levels
of oxidative stress and inflammation, and this also results in a
longer muscle repair time. To reduce the impact of EIMD and
to favor faster muscle recovery, the use of anti-inflammatory
supplements, such as omega-3 polyunsaturated fatty acids
(PUFA), and/or functional foods rich in antioxidants (e.g.,
juices rich in polyphenols) can be beneficial in these patients.
PUFA have a well-established capacity to reduce markers of
EIMD (CK, LDH, IL-1β, IL-6) measured after high-damaging
protocols (eccentric exercise), and after different duration times
of supplementation, from 30 days (Tartibian et al., 2011) to
10 weeks (Ramos-Campo et al., 2020). Concentrated juices (e.g.,
red beetroot, pomegranate and tart “Montmorency” cherries) can
exert positive effects on the magnitude of EIMD and its resolution
(Owens et al., 2019; Bongiovanni et al., 2020) through several
mechanisms that involve polyphenols effects: (1) by lowering free
radical production and lipid peroxidation (Ammar et al., 2018);
(2) by reducing inflammation transcripts and molecules related to
perceived soreness after damage (e.g., NF-κB, TNF-α and cyclo-
oxygenase-2 (COX-2) (Ammar et al., 2018; Kashi et al., 2019);
(3) by improving muscle perfusion and oxygen extraction due to
their vascular function (Kashi et al., 2019).

Supplements for Pain Management
(Curcumin, Ginger)
Single or multiple attacks of mild to severe myalgia, even not
exercise-induced, are common symptoms in CPTII deficiency,
with at least 50 attacks per year (Joshi et al., 2019; Joshi
and Zierz, 2020). Based on this, pain management is another
important clinical target in these patients, with the aim to
improve the quality of their life. Nutritional compounds,
such as curcumin and ginger, may improve pain symptoms
through several mechanisms (Perna et al., 2020) and, therefore,
they may be potentially used in these patients if necessary.
Curcumin has a significant effect in reducing the production
of recognized algogenic substances, such as COX-2 molecules
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(Kang et al., 2004), prostaglandin E2 (Clutterbuck et al., 2013)
and histamine (Nugroho et al., 2009) and can decrease
pain sensitivity both by interacting with nociceptor response
(Yeon et al., 2010; Leamy et al., 2011), and by modulating
pro-inflammatory cytokines production, such as TNF-α, IL-
6, and IL-8 (Fernández-Lázaro et al., 2020). Likewise, ginger
can exhibit pain-reducing effects by interacting with COX-2
pathways, by inhibiting inflammatory cytokines transcripts (via
NF-κB), and by acting as an agonist of vanilloid nociceptors
(Rondanelli et al., 2020).

CONCLUSION

An impaired fats oxidation capacity in skeletal muscles defines
CPTII myopathy as a useful model of metabolic fatigue in
which intolerance to endurance exercise and the onset of muscle
symptoms are strictly interconnected. However, considering that
physical inactivity results in fat gain and muscle loss over
time, with dramatic metabolic consequences perhaps even more
serious than the disease itself, forms of physical exercise other
than endurance (i.e., intermittent and/or resistance) should
be necessarily considered in these patients to safely promote
health, fitness, and quality of life. Although a positive impact

of chronic metabolic adaptations induced by MIIT and/or
RT on muscle endurance capacity cannot be excluded in
these subjects, how these forms of exercise may improve the
residual mitochondrial functions and potentially promote the
mitochondria-peroxisomes interactions in a CPTII disorder
remains to be clarified. Future research efforts will certainly
have to focus on these topics, considering age, gender, different
carbohydrates/proteins intake and the metabolic responses to the
evidence-based supplements discussed.

AUTHOR CONTRIBUTIONS

All authors contributed to the article and approved the submitted
version. MN and GD’A conceived the original idea of the
manuscript. MN and GC contributed equally to this work
as main authors. AB, HC, and GD’A revised the manuscript
before submission.

ACKNOWLEDGMENTS

The authors thank Emily Riley for the English revision of the
manuscript.

REFERENCES
Alkahtani, S. A., King, N. A., Hills, A. P., and Byrne, N. M. (2013). Effect of interval

training intensity on fat oxidation, blood lactate and the rate of perceived
exertion in obese men. Springerplus 2:532. doi: 10.1186/2193-1801-2-532

Ammar, A., Bailey, S. J., Chtourou, H., Trabelsi, K., Turki, M., Hökelmann, A., et al.
(2018). Effects of pomegranate supplementation on exercise performance and
post-exercise recovery in healthy adults: a systematic review. Br. J. Nutr. 120,
1201–1216. doi: 10.1017/S0007114518002696

Anichini, A., Fanin, M., Vianey-Saban, C., Cassandrini, D., Fiorillo, C., Bruno,
C., et al. (2011). Genotype-phenotype correlations in a large series of patients
with muscle type CPT II deficiency. Neurol. Res. 33, 24–32. doi: 10.1179/
016164110X12767786356390

Annweiler, C., Schott, A.-M., Berrut, G., Fantino, B., and Beauchet, O. (2009).
Vitamin D-related changes in physical performance: a systematic review.
J. Nutr. Health Aging 13, 893–898. doi: 10.1007/s12603-009-0248-x

Arélin, M., Zierz, S., Ceglarek, U., Heinemann, M., Beblo, S., and Merkenschlager,
A. (2020). Recurrent myalgia since early infancy-misleading clinical course in
a child with carnitine palmitoyltransferase-II deficiency. Neuropediatrics 51,
53–56. doi: 10.1055/s-0039-1694977

Arsenian, M. A. (1997). Carnitine and its derivatives in cardiovascular disease.
Prog. Cardiovasc. Dis. 40, 265–286. doi: 10.1016/S0033-0620(97)80037-0

Augustin, L. S. A., Kendall, C. W. C., Jenkins, D. J. A., Willett, W. C., Astrup,
A., Barclay, A. W., et al. (2015). Glycemic index, glycemic load and glycemic
response: an international scientific consensus summit from the international
carbohydrate quality consortium (ICQC). Nutr. Metab. Cardiovasc. Dis. 25,
795–815. doi: 10.1016/j.numecd.2015.05.005

Bagattin, A., Hugendubler, L., and Mueller, E. (2010). Transcriptional coactivator
PGC-1 promotes peroxisomal remodeling and biogenesis. Proc. Natl. Acad. Sci.
U.S.A. 107, 20376–20381. doi: 10.1073/pnas.1009176107

Bagley, W. H., Yang, H., and Shah, K. H. (2007). Rhabdomyolysis. Intern. Emerg.
Med. 2, 210–218. doi: 10.1007/s11739-007-0060-8

Bhattoa, H. P., Konstantynowicz, J., Laszcz, N., Wojcik, M., and Pludowski, P.
(2017). Vitamin D: musculoskeletal health. Rev. Endocr. Metab. Disord. 18,
363–371. doi: 10.1007/s11154-016-9404-x

Bischoff-Ferrari, H. A., Dietrich, T., Orav, E. J., Hu, F. B., Zhang, Y., Karlson, E. W.,
et al. (2004). Higher 25-hydroxyvitamin D concentrations are associated with

better lower-extremity function in both active and inactive persons aged =60 y.
Am. J. Clin. Nutr. 80, 752–758. doi: 10.1093/ajcn/80.3.752

Bongiovanni, T., Genovesi, F., Nemmer, M., Carling, C., Alberti, G., and Howatson,
G. (2020). Nutritional interventions for reducing the signs and symptoms of
exercise-induced muscle damage and accelerate recovery in athletes: current
knowledge, practical application and future perspectives. Eur. J. Appl. Physiol.
120, 1965–1996. doi: 10.1007/s00421-020-04432-3

Bonnefont, J. (2004). Carnitine palmitoyltransferases 1 and 2: biochemical,
molecular and medical aspects. Mol. Aspects Med. 25, 495–520. doi:
10.1016/j.mam.2004.06.004

Bonnefont, J. P., Bastin, J., Laforêt, P., Aubey, F., Mogenet, A., Romano, S., et al.
(2010). Long-term follow-up of bezafibrate treatment in patients with the
myopathic form of carnitine palmitoyltransferase 2 deficiency. Clin. Pharmacol.
Ther. 88, 101–108. doi: 10.1038/clpt.2010.55

Bonnefont, J. P., Demaugre, F., Prip-Buus, C., Saudubray, J. M., Brivet, M., Abadi,
N., et al. (1999). Carnitine palmitoyltransferase deficiencies. Mol. Genet. Metab.
68, 424–440. doi: 10.1006/mgme.1999.2938

Bonnefont, J. P., Djouadi, F., Prip-Buus, C., Gobin, S., Munnich, A., and Bastin,
J. (2004). Carnitine palmitoyltransferases 1 and 2: biochemical, molecular and
medical aspects. Mol. Aspects Med. 25, 495–520. doi: 10.1016/j.mam.2004.06.
004

Booth, F. W., Roberts, C. K., and Laye, M. J. (2012). Lack of exercise is a major
cause of chronic diseases. Compr. Physiol. 2, 1143–1211. doi: 10.1002/cphy.
c110025

Booth, F. W., Roberts, C. K., Thyfault, J. P., Ruegsegger, G. N., and Toedebusch,
R. G. (2017). Role of inactivity in chronic diseases: evolutionary insight and
pathophysiological mechanisms. Physiol. Rev. 97, 1351–1402. doi: 10.1152/
physrev.00019.2016

Buso, A., Comelli, M., Picco, R., Isola, M., Magnesa, B., Pišot, R., et al. (2019).
Mitochondrial adaptations in elderly and young men skeletal muscle following
2 weeks of bed rest and rehabilitation. Front. Physiol. 10:474. doi: 10.3389/fphys.
2019.00474

Byrne, C., Eston, R. G., and Edwards, R. H. (2001). Characteristics of isometric
and dynamic strength loss following eccentric exercise-induced muscle damage.
Scand. J. Med. Sci. Sports 11, 134–140.

Candow, D. G., Forbes, S. C., Chilibeck, P. D., Cornish, S. M., Antonio, J., and
Kreider, R. B. (2019). Effectiveness of creatine supplementation on aging muscle

Frontiers in Physiology | www.frontiersin.org 9 August 2021 | Volume 12 | Article 704290

https://doi.org/10.1186/2193-1801-2-532
https://doi.org/10.1017/S0007114518002696
https://doi.org/10.1179/016164110X12767786356390
https://doi.org/10.1179/016164110X12767786356390
https://doi.org/10.1007/s12603-009-0248-x
https://doi.org/10.1055/s-0039-1694977
https://doi.org/10.1016/S0033-0620(97)80037-0
https://doi.org/10.1016/j.numecd.2015.05.005
https://doi.org/10.1073/pnas.1009176107
https://doi.org/10.1007/s11739-007-0060-8
https://doi.org/10.1007/s11154-016-9404-x
https://doi.org/10.1093/ajcn/80.3.752
https://doi.org/10.1007/s00421-020-04432-3
https://doi.org/10.1016/j.mam.2004.06.004
https://doi.org/10.1016/j.mam.2004.06.004
https://doi.org/10.1038/clpt.2010.55
https://doi.org/10.1006/mgme.1999.2938
https://doi.org/10.1016/j.mam.2004.06.004
https://doi.org/10.1016/j.mam.2004.06.004
https://doi.org/10.1002/cphy.c110025
https://doi.org/10.1002/cphy.c110025
https://doi.org/10.1152/physrev.00019.2016
https://doi.org/10.1152/physrev.00019.2016
https://doi.org/10.3389/fphys.2019.00474
https://doi.org/10.3389/fphys.2019.00474
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-704290 July 27, 2021 Time: 12:10 # 10

Negro et al. No Rest and Less Carbohydrates in CPTII Deficiency?

and bone: focus on falls prevention and inflammation. J. Clin. Med. 8:488.
doi: 10.3390/jcm8040488

Carroll, J. E., Brooke, M. H., DeVivo, D. C., Kaiser, K. K., and Hagberg, J. M. (1978).
Biochemical and physiologic consequences of carnitine palmityltransferase
deficiency. Muscle Nerve 1, 103–110. doi: 10.1002/mus.880010203

Cermak, N. M., Res, P. T., de Groot, L. C., Saris, W. H., and van Loon, L. J.
(2012). Protein supplementation augments the adaptive response of skeletal
muscle to resistance-type exercise training: a meta-analysis. Am. J. Clin. Nutr.
96, 1454–1464. doi: 10.3945/ajcn.112.037556

Cholewa, J. M., Dardevet, D., Lima-Soares, F., de Araújo Pessôa, K., Oliveira, P. H.,
dos Santos Pinho, J. R., et al. (2017). Dietary proteins and amino acids in the
control of the muscle mass during immobilization and aging: role of the MPS
response. Amino Acids 49, 811–820. doi: 10.1007/s00726-017-2390-9

Christakos, S., Dhawan, P., Verstuyf, A., Verlinden, L., and Carmeliet, G. (2016).
Vitamin D: metabolism, molecular mechanism of action, and pleiotropic effects.
Physiol. Rev. 96, 365–408. doi: 10.1152/physrev.00014.2015

Churchward-Venne, T. A., Holwerda, A. M., Phillips, S. M., and van Loon, L. J. C.
(2016). What is the optimal amount of protein to support post-exercise skeletal
muscle reconditioning in the older adult? Sport Med. 46, 1205–1212. doi: 10.
1007/s40279-016-0504-2

Clutterbuck, A. L., Allaway, D., Harris, P., and Mobasheri, A. (2013). Curcumin
reduces prostaglandin E2, matrix metalloproteinase-3 and proteoglycan release
in the secretome of interleukin 1β-treated articular cartilage. F1000Res. 2:147.
doi: 10.12688/f1000research.2-147.v2

Codella, R., Ialacqua, M., Terruzzi, I., and Luzi, L. (2018). May the force be with
you: why resistance training is essential for subjects with type 2 diabetes mellitus
without complications. Endocrine 62, 14–25. doi: 10.1007/s12020-018-1603-7

Combes, A., Dekerle, J., Webborn, N., Watt, P., Bougault, V., and Daussin, F. N.
(2015). Exercise-induced metabolic fluctuations influence AMPK, p38-MAPK
and CaMKII phosphorylation in human skeletal muscle. Physiol. Rep. 3:e12462.
doi: 10.14814/phy2.12462

Criddle, L. M. (2003). Rhabdomyolysis. Pathophysiology, recognition, and
management. Crit. Care Nurse 23, 14–22, 24–6, 28 passim; quiz 31–2.

Delille, H. K., Agricola, B., Guimaraes, S. C., Borta, H., Luers, G. H., Fransen, M.,
et al. (2010). Pex11p -mediated growth and division of mammalian peroxisomes
follows a maturation pathway. J. Cell Sci. 123, 2750–2762. doi: 10.1242/jcs.
062109

Demaugre, F., Bonnefont, J.-P., Cepanec, C., Scholte, J., Saudubray, J.-M.,
and Leroux, J.-P. (1990). Immunoquantitative analysis of human carnitine
palmitoyltransferase I and II defects. Pediatr. Res. 27, 497–500. doi: 10.1203/
00006450-199005000-00016

Deschauer, M., Wieser, T., and Zierz, S. (2005). Muscle carnitine
palmitoyltransferase II deficiency. Arch. Neurol. 62:37. doi: 10.1001/archneur.
62.1.37

Devries, M. C., and Phillips, S. M. (2015). Supplemental protein in support of
muscle mass and health: advantage whey. J. Food Sci. 80, A8–A15. doi: 10.1111/
1750-3841.12802

DiMauro, S., and DiMauro, P. M. M. (1973). Muscle carnitine palmityltransferase
deficiency and myoglobinuria. Science 182, 929–931. doi: 10.1126/science.182.
4115.929

Ding, L., Chang, M., Guo, Y., Zhang, L., Xue, C., Yanagita, T., et al. (2018).
Trimethylamine-N-oxide (TMAO)-induced atherosclerosis is associated with
bile acid metabolism. Lipids Health Dis. 17:286. doi: 10.1186/s12944-018-
0939-6

Dioguardi, F. S. (2004). Wasting and the substrate-to-energy controlled pathway:
a role for insulin resistance and amino acids. Am. J. Cardiol. 93, 6–12. doi:
10.1016/j.amjcard.2003.11.002

Dirks-Naylor, A. J., and Lennon-Edwards, S. (2011). The effects of vitamin D on
skeletal muscle function and cellular signaling. J. Steroid Biochem. Mol. Biol.
125, 159–168. doi: 10.1016/j.jsbmb.2011.03.003

Dixit, E., Boulant, S., Zhang, Y., Lee, A. S. Y., Odendall, C., Shum, B., et al. (2010).
Peroxisomes are signaling platforms for antiviral innate immunity. Cell 141,
668–681. doi: 10.1016/j.cell.2010.04.018

Djouadi, F., and Bastin, J. (2008). PPARs as therapeutic targets for correction of
inborn mitochondrial fatty acid oxidation disorders. J. Inherit. Metab. Dis. 31,
217–225. doi: 10.1007/s10545-008-0844-7

Dutta-Roy, A. K. (1994). Insulin mediated processes in platelets, erythrocytes
and monocytes/macrophages: effects of essential fatty acid metabolism.

Prostaglandins Leukot. Essent. Fatty Acids 51, 385–399. doi: 10.1016/0952-
3278(94)90054-X

Dutta-Roy, A. K., Kahn, N. N., and Kumar Sinha, A. (1991). Interaction of
receptors for prostaglandine E1/prostacyclin and insulin in human erythrocytes
and platelets. Life Sci. 49, 1129–1139. doi: 10.1016/0024-3205(91)90560-X

Faigel, H. C. (1995). Carnitine palmitoyltransferase deficiency in a college athlete:
a case report and literature review. J. Am. Coll. Health Assoc. 44, 51–54. doi:
10.1080/07448481.1995.9937511

Fanin, M., Anichini, A., Cassandrini, D., Fiorillo, C., Scapolan, S., Minetti, C.,
et al. (2012). Allelic and phenotypic heterogeneity in 49 Italian patients with
the muscle form of CPT-II deficiency. Clin. Genet. 82, 232–239. doi: 10.1111/j.
1399-0004.2011.01786.x

Ferdinandusse, S., Denis, S., van Roermund, C. W. T., Wanders, R. J. A., and
Dacremont, G. (2004). Identification of the peroxisomal β-oxidation enzymes
involved in the degradation of long-chain dicarboxylic acids. J. Lipid Res. 45,
1104–1111. doi: 10.1194/jlr.M300512-JLR200

Fernández-Lázaro, D., Mielgo-Ayuso, J., Seco Calvo, J., Córdova Martínez, A.,
Caballero García, A., and Fernandez-Lazaro, C. I. (2020). Modulation of
exercise-induced muscle damage, inflammation, and oxidative markers by
curcumin supplementation in a physically active population: a systematic
review. Nutrients 12:501. doi: 10.3390/nu12020501

Finck, B. N. (2006). PGC-1 coactivators: inducible regulators of energy metabolism
in health and disease. J. Clin. Invest. 116, 615–622. doi: 10.1172/JCI27794

Fransen, M., Lismont, C., and Walton, P. (2017). The peroxisome-mitochondria
connection: how and why? Int. J. Mol. Sci. 18:1126. doi: 10.3390/ijms18061126

Fransen, M., Nordgren, M., Wang, B., and Apanasets, O. (2012). Role of
peroxisomes in ROS/RNS-metabolism: implications for human disease.
Biochim. Biophys. Acta 1822, 1363–1373. doi: 10.1016/j.bbadis.2011.12.001

Gao, X., Tian, Y., Randell, E., Zhou, H., and Sun, G. (2019). Unfavorable
associations between serum trimethylamine N-oxide and L-carnitine levels with
components of metabolic syndrome in the newfoundland population. Front.
Endocrinol. 10:168. doi: 10.3389/fendo.2019.00168

Gempel, K., Kottlors, M., Jaksch, M., Gerbitz, K.-D., and Bauer, M. F. (1999).
Adult carnitine palmitoyltransferase II deficiency: detection of characteristic
carnitine esters in serum by tandem mass spectrometry. J. Inherit. Metab. Dis.
22, 941–942. doi: 10.1023/A:1005655927639

Gempel, K., von Praun, C., Baumkötter, J., Lehnert, W., Ensenauer, R., Gerbitz,
K.-D., et al. (2001). “Adult” form of muscular carnitine palmitoyltransferase II
deficiency: manifestation in a 2-year-old child. Eur. J. Pediatr. 160, 548–551.
doi: 10.1007/s004310100802

Gibala, M. J. (2018). Interval training for cardiometabolic health: why such a HIIT?
Curr. Sports Med. Rep. 17, 148–150. doi: 10.1249/JSR.0000000000000483

Giugliano, D., Maiorino, M. I., Bellastella, G., and Esposito, K. (2018). More sugar?
No, thank you! The elusive nature of low carbohydrate diets. Endocrine 61,
383–387. doi: 10.1007/s12020-018-1580-x

Gnoni, A., Longo, S., Gnoni, G. V., and Giudetti, A. M. (2020). Carnitine in human
muscle bioenergetics: can carnitine supplementation improve physical exercise?
Molecules 25:182. doi: 10.3390/molecules25010182

Godfrey, R. J., Whyte, G. P., Buckley, J., and Quinlivan, R. (2009). The role of
lactate in the exercise-induced human growth hormone response: evidence
from McArdle disease. Br. J. Sports Med. 43, 521–525. doi: 10.1136/bjsm.2007.
041970

Harcombe, Z. (2019). US dietary guidelines: is saturated fat a nutrient of concern?
Br. J. Sports Med. 53, 1393–1396. doi: 10.1136/bjsports-2018-099420

Hargreaves, M., and Spriet, L. L. (2020). Skeletal muscle energy metabolism during
exercise. Nat. Metab. 2, 817–828. doi: 10.1038/s42255-020-0251-4

Houston, D. K., Cesari, M., Ferrucci, L., Cherubini, A., Maggio, D., Bartali, B.,
et al. (2007). Association between vitamin D status and physical performance:
the InCHIANTI study. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 62, 440–446.
doi: 10.1093/gerona/62.4.440

Houston, D. K., Tooze, J. A., Davis, C. C., Chaves, P. H. M., Hirsch, C. H.,
Robbins, J. A., et al. (2011). Serum 25-hydroxyvitamin D and physical function
in older adults: the cardiovascular health study all stars. J. Am. Geriatr. Soc. 59,
1793–1801. doi: 10.1111/j.1532-5415.2011.03601.x

Houston, D. K., Tooze, J. A., Neiberg, R. H., Hausman, D. B., Johnson, M. A.,
Cauley, J. A., et al. (2012). 25-hydroxyvitamin D status and change in
physical performance and strength in older adults: the health, aging, and body
composition study. Am. J. Epidemiol. 176, 1025–1034. doi: 10.1093/aje/kws147

Frontiers in Physiology | www.frontiersin.org 10 August 2021 | Volume 12 | Article 704290

https://doi.org/10.3390/jcm8040488
https://doi.org/10.1002/mus.880010203
https://doi.org/10.3945/ajcn.112.037556
https://doi.org/10.1007/s00726-017-2390-9
https://doi.org/10.1152/physrev.00014.2015
https://doi.org/10.1007/s40279-016-0504-2
https://doi.org/10.1007/s40279-016-0504-2
https://doi.org/10.12688/f1000research.2-147.v2
https://doi.org/10.1007/s12020-018-1603-7
https://doi.org/10.14814/phy2.12462
https://doi.org/10.1242/jcs.062109
https://doi.org/10.1242/jcs.062109
https://doi.org/10.1203/00006450-199005000-00016
https://doi.org/10.1203/00006450-199005000-00016
https://doi.org/10.1001/archneur.62.1.37
https://doi.org/10.1001/archneur.62.1.37
https://doi.org/10.1111/1750-3841.12802
https://doi.org/10.1111/1750-3841.12802
https://doi.org/10.1126/science.182.4115.929
https://doi.org/10.1126/science.182.4115.929
https://doi.org/10.1186/s12944-018-0939-6
https://doi.org/10.1186/s12944-018-0939-6
https://doi.org/10.1016/j.amjcard.2003.11.002
https://doi.org/10.1016/j.amjcard.2003.11.002
https://doi.org/10.1016/j.jsbmb.2011.03.003
https://doi.org/10.1016/j.cell.2010.04.018
https://doi.org/10.1007/s10545-008-0844-7
https://doi.org/10.1016/0952-3278(94)90054-X
https://doi.org/10.1016/0952-3278(94)90054-X
https://doi.org/10.1016/0024-3205(91)90560-X
https://doi.org/10.1080/07448481.1995.9937511
https://doi.org/10.1080/07448481.1995.9937511
https://doi.org/10.1111/j.1399-0004.2011.01786.x
https://doi.org/10.1111/j.1399-0004.2011.01786.x
https://doi.org/10.1194/jlr.M300512-JLR200
https://doi.org/10.3390/nu12020501
https://doi.org/10.1172/JCI27794
https://doi.org/10.3390/ijms18061126
https://doi.org/10.1016/j.bbadis.2011.12.001
https://doi.org/10.3389/fendo.2019.00168
https://doi.org/10.1023/A:1005655927639
https://doi.org/10.1007/s004310100802
https://doi.org/10.1249/JSR.0000000000000483
https://doi.org/10.1007/s12020-018-1580-x
https://doi.org/10.3390/molecules25010182
https://doi.org/10.1136/bjsm.2007.041970
https://doi.org/10.1136/bjsm.2007.041970
https://doi.org/10.1136/bjsports-2018-099420
https://doi.org/10.1038/s42255-020-0251-4
https://doi.org/10.1093/gerona/62.4.440
https://doi.org/10.1111/j.1532-5415.2011.03601.x
https://doi.org/10.1093/aje/kws147
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-704290 July 27, 2021 Time: 12:10 # 11

Negro et al. No Rest and Less Carbohydrates in CPTII Deficiency?

Houten, S. M., Violante, S., Ventura, F. V., and Wanders, R. J. A. (2016). The
biochemistry and physiology of mitochondrial fatty acid β-oxidation and its
genetic disorders. Annu. Rev. Physiol. 78, 23–44. doi: 10.1146/annurev-physiol-
021115-105045

Houten, S. M., Wanders, R. J. A., and Ranea-Robles, P. (2020). Metabolic
interactions between peroxisomes and mitochondria with a special focus on
acylcarnitine metabolism. Biochim. Biophys. Acta 1866:165720. doi: 10.1016/j.
bbadis.2020.165720

Huang, T.-Y., Zheng, D., Houmard, J. A., Brault, J. J., Hickner, R. C., and Cortright,
R. N. (2017). Overexpression of PGC-1α increases peroxisomal activity and
mitochondrial fatty acid oxidation in human primary myotubes. Am. J. Physiol.
Metab. 312, E253–E263. doi: 10.1152/ajpendo.00331.2016

Hurvitz, H., Klar, A., Korn-Lubetzki, I., Wanders, R. J., and Elpeleg, O. N. (2000).
Muscular carnitine palmitoyltransferase II deficiency in infancy. Pediatr.
Neurol. 22, 148–150. doi: 10.1016/S0887-8994(99)00125-3

Islinger, M., Voelkl, A., Fahimi, H. D., and Schrader, M. (2018). The peroxisome:
an update on mysteries 2.0. Histochem. Cell Biol. 150, 443–471. doi: 10.1007/
s00418-018-1722-5

Jäger, R., Kerksick, C. M., Campbell, B. I., Cribb, P. J., Wells, S. D., Skwiat, T. M.,
et al. (2017). International society of sports nutrition position stand: protein and
exercise. J. Int. Soc. Sports Nutr. 14:20. doi: 10.1186/s12970-017-0177-8

Jagim, A. R., and Kerksick, C. M. (2021). Creatine supplementation in children and
adolescents. Nutrients 13:664. doi: 10.3390/nu13020664

Jeukendrup, A. E., Thielen, J. J., Wagenmakers, A. J., Brouns, F., and Saris, W. H.
(1998). Effect of medium-chain triacylglycerol and carbohydrate ingestion
during exercise on substrate utilization and subsequent cycling performance.
Am. J. Clin. Nutr. 67, 397–404. doi: 10.1093/ajcn/67.3.397

Jiménez-Pavón, D., and Lavie, C. J. (2017). High-intensity intermittent training
versus moderate-intensity intermittent training: is it a matter of intensity or
intermittent efforts? Br. J. Sports Med. 51, 1319–1320. doi: 10.1136/bjsports-
2016-097015

Jing, E., Emanuelli, B., Hirschey, M. D., Boucher, J., Lee, K. Y., Lombard, D.,
et al. (2011). Sirtuin-3 (Sirt3) regulates skeletal muscle metabolism and insulin
signaling via altered mitochondrial oxidation and reactive oxygen species
production. Proc. Natl. Acad. Sci. U.S.A. 108, 14608–14613. doi: 10.1073/pnas.
1111308108

Jing, E., O’Neill, B. T., Rardin, M. J., Kleinridders, A., Ilkeyeva, O. R., Ussar, S., et al.
(2013). Sirt3 regulates metabolic flexibility of skeletal muscle through reversible
enzymatic deacetylation. Diabetes 62, 3404–3417. doi: 10.2337/db12-1650

Joshi, P. R., and Zierz, S. (2020). Muscle carnitine palmitoyltransferase II
(CPT II) deficiency: a conceptual approach. Molecules 25:1784. doi: 10.3390/
molecules25081784

Joshi, P. R., Deschauer, M., and Zierz, S. (2019). Phenotype of carnitine
palmitoyltransferase II (CPT II) deficiency: a questionnaire-based survey.
J. Clin. Neurosci. 59, 32–36. doi: 10.1016/j.jocn.2018.11.023

Kang, G., Kong, P.-J., Yuh, Y.-J., Lim, S.-Y., Yim, S.-V., Chun, W., et al. (2004).
Curcumin suppresses lipopolysaccharide-induced cyclooxygenase-2 expression
by inhibiting activator protein 1 and nuclear factor κB bindings in BV2
microglial cells. J. Pharmacol. Sci. 94, 325–328. doi: 10.1254/jphs.94.325

Kashi, D. S., Shabir, A., Da Boit, M., Bailey, S. J., and Higgins, M. F.
(2019). The efficacy of administering fruit-derived polyphenols to improve
health biomarkers, exercise performance and related physiological responses.
Nutrients 11:2389. doi: 10.3390/nu11102389

Kim, J., Lee, J., Kim, S., Ryu, H. Y., Cha, K. S., and Sung, D. J. (2016). Exercise-
induced rhabdomyolysis mechanisms and prevention: a literature review.
J. Sport Heal. Sci. 5, 324–333. doi: 10.1016/j.jshs.2015.01.012

Kondrup, J., and Lazarow, P. B. (1985). Flux of palmitate through the peroxisomal
and mitochondrial β-oxidation systems in isolated rat hepatocytes. Biochim.
Biophys. Acta 835, 147–153. doi: 10.1016/0005-2760(85)90041-4

Kreider, R. B., and Stout, J. R. (2021). Creatine in health and disease. Nutrients
13:447. doi: 10.3390/nu13020447

Kreider, R. B., Kalman, D. S., Antonio, J., Ziegenfuss, T. N., Wildman, R., Collins,
R., et al. (2017). International society of sports nutrition position stand: safety
and efficacy of creatine supplementation in exercise, sport, and medicine. J. Int.
Soc. Sports Nutr. 14:18. doi: 10.1186/s12970-017-0173-z

Lavie, C. J., Ozemek, C., Carbone, S., Katzmarzyk, P. T., and Blair, S. N. (2019).
Sedentary behavior, exercise, and cardiovascular health. Circ. Res. 124, 799–815.
doi: 10.1161/CIRCRESAHA.118.312669

Leamy, A. W., Shukla, P., McAlexander, M. A., Carr, M. J., and Ghatta, S. (2011).
Curcumin ((E,E)-1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-
dione) activates and desensitizes the nociceptor ion channel TRPA1. Neurosci.
Lett. 503, 157–162. doi: 10.1016/j.neulet.2011.07.054

Llavero, F., Sastre, A., Montoro, L., Gálvez, P., Lacerda, H. M., Parada, L. A.,
et al. (2019). McArdle disease: new insights into its underlying molecular
mechanisms. Int. J. Mol. Sci. 20:5919. doi: 10.3390/ijms20235919

Marcora, S. M., and Bosio, A. (2007). Effect of exercise-induced muscle damage
on endurance running performance in humans. Scand. J. Med. Sci. Sports 17,
662–671. doi: 10.1111/j.1600-0838.2006.00627.x

McArdle, B. (1951). Myopathy due to a defect in muscle glycogen breakdown. Clin.
Sci. 10, 13–35.

McGarry, J. (1992). What if Minkowski had been ageusic? An alternative angle on
diabetes. Science 258, 766–770. doi: 10.1126/science.1439783

Mcleod, J. C., Stokes, T., and Phillips, S. M. (2019). Resistance exercise training as a
primary countermeasure to age-related chronic disease. Front. Physiol. 10:645.
doi: 10.3389/fphys.2019.00645

Morton, R. W., Murphy, K. T., McKellar, S. R., Schoenfeld, B. J., Henselmans, M.,
Helms, E., et al. (2018). A systematic review, meta-analysis and meta-regression
of the effect of protein supplementation on resistance training-induced gains
in muscle mass and strength in healthy adults. Br. J. Sports Med. 52, 376–384.
doi: 10.1136/bjsports-2017-097608

Motlagh, L., Golbik, R., Sippl, W., and Zierz, S. (2016). Malony-CoA inhibits the
S113L variant of carnitine-palmitoyltransferase II. Biochim. Biophys. Acta 1861,
34–40. doi: 10.1016/j.bbalip.2015.10.005

Mowé, M., Haug, E., and Bøhmer, T. (1999). Low serum calcidiol concentration in
older adults with reduced muscular function. J. Am. Geriatr. Soc. 47, 220–226.
doi: 10.1111/j.1532-5415.1999.tb04581.x

Murthy, M. S., and Pande, S. V. (1987). Some differences in the properties of
carnitine palmitoyltransferase activities of the mitochondrial outer and inner
membranes. Biochem. J. 248, 727–733. doi: 10.1042/bj2480727

Negro, M., Avanzato, I., and D’Antona, G. (2019). “Creatine in skeletal muscle
physiology,” in Nonvitamin and Nonmineral Nutritional Supplements, eds S. M.
Nabavi and A. S. Silva (Amsterdam: Elsevier), 59–68. doi: 10.1016/B978-0-12-
812491-8.00008-4

Negro, M., Segreto, V., Barbero, M., Cescon, C., Castelli, L., Calanni, L., et al.
(2018). Essential amino acids (EAA) mixture supplementation: effects of an
acute administration protocol on myoelectric manifestations of fatigue in the
biceps brachii after resistance exercise. Front. Physiol. 9:1140. doi: 10.3389/
fphys.2018.01140

Nugroho, A. E., Ikawati, Z., and Maeyama, K. (2009). Effects of
benzylidenecyclopentanone analogues of curcumin on histamine release
from mast cells. Biol. Pharm. Bull. 32, 842–849. doi: 10.1248/bpb.
32.842

Olsen, S., Aagaard, P., Kadi, F., Tufekovic, G., Verney, J., Olesen, J. L., et al. (2006).
Creatine supplementation augments the increase in satellite cell and myonuclei
number in human skeletal muscle induced by strength training. J. Physiol. 573,
525–534. doi: 10.1113/jphysiol.2006.107359

Ørngreen, M. C., Dunø, M., Ejstrup, R., Christensen, E., Schwartz, M., Sacchetti,
M., et al. (2005). Fuel utilization in subjects with carnitine palmitoyltransferase
2 gene mutations. Ann. Neurol. 57, 60–66. doi: 10.1002/ana.20320

Orngreen, M. C., Ejstrup, R., and Vissing, J. (2003). Effect of diet on exercise
tolerance in carnitine palmitoyltransferase II deficiency. Neurology 61, 559–561.
doi: 10.1212/01.WNL.0000078195.05396.20

Orngreen, M. C., Olsen, D. B., and Vissing, J. (2002). Exercise tolerance in carnitine
palmitoyltransferase II deficiency with IV and oral glucose. Neurology 59,
1046–1051. doi: 10.1212/WNL.59.7.1046

Owens, D. J., Twist, C., Cobley, J. N., Howatson, G., and Close, G. L. (2019).
Exercise-induced muscle damage: what is it, what causes it and what are the
nutritional solutions? Eur. J. Sport Sci. 19, 71–85. doi: 10.1080/17461391.2018.
1505957

Pan, D. A., Lillioja, S., Kriketos, A. D., Milner, M. R., Baur, L. A., Bogardus, C., et al.
(1997). Skeletal muscle triglyceride levels are inversely related to insulin action.
Diabetes 46, 983–988. doi: 10.2337/diab.46.6.983

Panizo, N., Rubio-Navarro, A., Amaro-Villalobos, J. M., Egido, J., and Moreno,
J. A. (2015). Molecular mechanisms and novel therapeutic approaches to
rhabdomyolysis-induced acute kidney injury. Kidney Blood Press. Res. 40,
520–532. doi: 10.1159/000368528

Frontiers in Physiology | www.frontiersin.org 11 August 2021 | Volume 12 | Article 704290

https://doi.org/10.1146/annurev-physiol-021115-105045
https://doi.org/10.1146/annurev-physiol-021115-105045
https://doi.org/10.1016/j.bbadis.2020.165720
https://doi.org/10.1016/j.bbadis.2020.165720
https://doi.org/10.1152/ajpendo.00331.2016
https://doi.org/10.1016/S0887-8994(99)00125-3
https://doi.org/10.1007/s00418-018-1722-5
https://doi.org/10.1007/s00418-018-1722-5
https://doi.org/10.1186/s12970-017-0177-8
https://doi.org/10.3390/nu13020664
https://doi.org/10.1093/ajcn/67.3.397
https://doi.org/10.1136/bjsports-2016-097015
https://doi.org/10.1136/bjsports-2016-097015
https://doi.org/10.1073/pnas.1111308108
https://doi.org/10.1073/pnas.1111308108
https://doi.org/10.2337/db12-1650
https://doi.org/10.3390/molecules25081784
https://doi.org/10.3390/molecules25081784
https://doi.org/10.1016/j.jocn.2018.11.023
https://doi.org/10.1254/jphs.94.325
https://doi.org/10.3390/nu11102389
https://doi.org/10.1016/j.jshs.2015.01.012
https://doi.org/10.1016/0005-2760(85)90041-4
https://doi.org/10.3390/nu13020447
https://doi.org/10.1186/s12970-017-0173-z
https://doi.org/10.1161/CIRCRESAHA.118.312669
https://doi.org/10.1016/j.neulet.2011.07.054
https://doi.org/10.3390/ijms20235919
https://doi.org/10.1111/j.1600-0838.2006.00627.x
https://doi.org/10.1126/science.1439783
https://doi.org/10.3389/fphys.2019.00645
https://doi.org/10.1136/bjsports-2017-097608
https://doi.org/10.1016/j.bbalip.2015.10.005
https://doi.org/10.1111/j.1532-5415.1999.tb04581.x
https://doi.org/10.1042/bj2480727
https://doi.org/10.1016/B978-0-12-812491-8.00008-4
https://doi.org/10.1016/B978-0-12-812491-8.00008-4
https://doi.org/10.3389/fphys.2018.01140
https://doi.org/10.3389/fphys.2018.01140
https://doi.org/10.1248/bpb.32.842
https://doi.org/10.1248/bpb.32.842
https://doi.org/10.1113/jphysiol.2006.107359
https://doi.org/10.1002/ana.20320
https://doi.org/10.1212/01.WNL.0000078195.05396.20
https://doi.org/10.1212/WNL.59.7.1046
https://doi.org/10.1080/17461391.2018.1505957
https://doi.org/10.1080/17461391.2018.1505957
https://doi.org/10.2337/diab.46.6.983
https://doi.org/10.1159/000368528
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-704290 July 27, 2021 Time: 12:10 # 12

Negro et al. No Rest and Less Carbohydrates in CPTII Deficiency?

Parimbelli, M., Pezzotti, E., Negro, M., Calanni, L., Allemano, S., Bernardi, M.,
et al. (2021). Nutrition and exercise in a case of carnitine palmitoyl-transferase
II deficiency. Front. Physiol. 12:637406. doi: 10.3389/fphys.2021.637406

Parry, H. A., Roberts, M. D., and Kavazis, A. N. (2020). Human skeletal muscle
mitochondrial adaptations following resistance exercise training. Int. J. Sports
Med. 41, 349–359. doi: 10.1055/a-1121-7851

Pasini, E., Aquilani, R., and Dioguardi, F. S. (2004). Amino acids: chemistry and
metabolism in normal and hypercatabolic states. Am. J. Cardiol. 93, 3–5. doi:
10.1016/j.amjcard.2003.11.001

Patel, A. V., Friedenreich, C. M., Moore, S. C., Hayes, S. C., Silver, J. K.,
Campbell, K. L., et al. (2019). American college of sports medicine roundtable
report on physical activity, sedentary behavior, and cancer prevention and
control. Med. Sci. Sport. Exerc. 51, 2391–2402. doi: 10.1249/MSS.00000000000
02117

Perna, S., Alalwan, T. A., Al-Thawadi, S., Negro, M., Parimbelli, M., Cerullo, G.,
et al. (2020). Evidence-based role of nutrients and antioxidants for chronic pain
management in musculoskeletal frailty and sarcopenia in aging. Geriatrics 5:16.
doi: 10.3390/geriatrics5010016

Phillips, S. M., Paddon-Jones, D., and Layman, D. K. (2020). Optimizing adult
protein intake during catabolic health conditions. Adv. Nutr. 11, S1058–S1069.
doi: 10.1093/advances/nmaa047

Purdom, T., Kravitz, L., Dokladny, K., and Mermier, C. (2018). Understanding
the factors that effect maximal fat oxidation. J. Int. Soc. Sports Nutr. 15:3.
doi: 10.1186/s12970-018-0207-1

Racil, G., Ben Ounis, O., Hammouda, O., Kallel, A., Zouhal, H., Chamari, K., et al.
(2013). Effects of high vs. moderate exercise intensity during interval training
on lipids and adiponectin levels in obese young females. Eur. J. Appl. Physiol.
113, 2531–2540. doi: 10.1007/s00421-013-2689-5

Rakobowchuk, M., Harris, E., Taylor, A., Baliga, V., Cubbon, R. M., Rossiter,
H. B., et al. (2012). Heavy and moderate interval exercise training alters low-
flow-mediated constriction but does not increase circulating progenitor cells
in healthy humans. Exp. Physiol. 97, 375–385. doi: 10.1113/expphysiol.2011.
062836

Ramos-Campo, D. J., Ávila-Gandía, V., López-Román, F. J., Miñarro, J.,
Contreras, C., Soto-Méndez, F., et al. (2020). Supplementation of re-esterified
docosahexaenoic and eicosapentaenoic acids reduce inflammatory and muscle
damage markers after exercise in endurance athletes: a randomized, controlled
crossover trial. Nutrients 12:719. doi: 10.3390/nu12030719

Randrianarisoa, E., Lehn-Stefan, A., Wang, X., Hoene, M., Peter, A., Heinzmann,
S. S., et al. (2016). Relationship of serum trimethylamine N-oxide (TMAO)
levels with early atherosclerosis in humans. Sci. Rep. 6:26745. doi: 10.1038/
srep26745

Rasmussen, B. B., Holmbäck, U. C., Volpi, E., Morio-Liondore, B., Paddon-
Jones, D., and Wolfe, R. R. (2002). Malonyl coenzyme A and the regulation
of functional carnitine palmitoyltransferase-1 activity and fat oxidation in
human skeletal muscle. J. Clin. Invest. 110, 1687–1693. doi: 10.1172/JCI2002
15715

Reuschenbach, C., and Zierz, S. (1988). Mutant carnitine palmitoyltransferase
associated with myoadenylate deaminase deficiency in skeletal muscle.
J. Pediatr. 112, 600–603. doi: 10.1016/S0022-3476(88)80180-X
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