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Abstract:

Fatty acid oxidation is a major metabolic pathway for maintaining energy homeostasis. It is
especially important during fasting, but also supports the extra energy required in strenuous
conditions such as prolonged exercise, exposure to extreme temperatures, fever, iliness, and
even emotional stress.

Long-chain fatty acids (LCFA) are the most abundant fatty acids in the human diet and in body
stores and so their metabolism is of critical importance. Oxidation of fatty acids, including
LCFA, takes place predominantly in the mitochondria. While short and medium-chain fatty
acids can freely diffuse from the cytoplasm into the mitochondria, LCFA need a transport
system. Known as the carnitine shuttle, it is comprised of three enzymes: carnitine
palmitoyltransferase | and Il (CPT I and Il), and carnitine acylcarnitine translocase (CACT).
Pathogenic mutations in the genes encoding for these enzymes result in an impaired LCFA
transportation and so in a LCFA oxidation disorder in which the energy homeostasis is
compromised.

Among the rare LCFA oxidation defects, CPT Il deficiency is the most common inherited
disorder. Signs and symptoms can manifest as early as a few hours after birth, but may also
only appear during adulthood, with a great variation in clinical severity between patients. The
three clinical presentations are lethal neonatal form, severe infantile hepatocardiomuscular
form, and myopathic form. While the first two are severe multisystemic diseases characterized
by liver failure with hypoketotic hypoglycemia, cardiomyopathy, seizures, and early death, the
latter is characterized by exercise-induced muscle pain and weakness, sometimes associated
with myoglobinuria.

Classically, management of this disorder is based upon a high-carbohydrate/low-fat regimen,
supplemented with medium-chain triglycerides (MCT) and carnitine, as well as avoidance of
fasting and/or exercise.

The aim of this review is to contextualize the rationale behind the classic treatment for CPTII
deficiency, to bring focus on new treatments currently being proposed and implemented, and
to explore future research possibilities for treatment of this disease.
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INTRODUCTION

Fatty Acids (FA) as a source of energy

Fatty acid oxidation (FAO) is a key metabolic pathway in preserving energy homeostasis.

It is especially important during fasting when glucose and glycogen stores are low. Indeed, in this
situation, triglycerides are hydrolyzed in the adipose tissue and free fatty acids are released into the
blood circulation and become available for other tissues. Under this condition, fatty acid oxidation
becomes a significant source of energy provision in the form of adenosine triphosphate (ATP) [1, 2].

Other than in fasting, fatty acid oxidation also supports the extra energy required in strenuous
conditions such as prolonged exercise, exposure to extreme temperatures, fever, illness, and even
emotional stress [3, 4].

Fatty acids are particularly important sources of energy for the heart, liver, and muscles [1, 2, 5].
Skeletal muscle turns to FAO during prolonged exercise [5]. The heart mostly depends on FAO (60-
90%) for its energy expenditure, even at rest or when glucose levels are high [5, 6]. In contrast, the brain
mostly relies on the oxidation of glucose, but may also resort to ketone bodies [1].

In situations of glucose depletion, the liver oxidizes fatty acids to produce ketone bodies that serve as a
replacement for this sugar in the brain, as well as in other tissues. This mechanism ensures the
maintenance of a stable content of glucose in the blood. In addition, this supplementation with ketone
bodies through the oxidation of fatty acids prevents the breakdown of muscle protein for the purpose
of gluconeogenesis [5, 7].

Oxidation of Long-Chain Fatty Acids (LCFA)

Long-chain fatty acids are the most abundant type of fatty acids in the human diet and in adipose tissue,
in the form of long-chain triglycerides (LCT) [1].

Oxidation of fatty acids, including LCFA, takes place predominantly in the mitochondria [5]. Moreover,
LCFA and very long-chain fatty acids (VLCFA) can also be oxidized in peroxisomes [8, 9].

Transport of fatty acids from the cytosol into the mitochondria depends on their ability to cross
mitochondrial membranes, in particular the highly selective inner mitochondrial membrane [10]. While
short- and medium-chain fatty acids can freely diffuse into the mitochondria, LCFA cannot. In fact,
transport of LCFA from cytoplasm to mitochondria occurs through a transport system known as the
carnitine shuttle, described next [1, 5].

LCFA mitochondrial transport system: carnitine shuttle

In the cytosol, a long-chain acyl-CoA synthetase esterifies the long-chain fatty acids to long-chain acyl-
coenzyme A (-CoA), activating them for degradation [1, 11].

After activation, the fatty acids are then ready for transport and carnitine palmitoyltransferase I (CPT
I), at the outer mitochondrial membrane, catalyzes the first transport step. At this step, long-chain acyl-

CoA along with carnitine are converted into long-chain acyl-carnitine and coenzyme A [5, 12].

FAO is largely regulated at the CPTI reaction, as it is sensitive to inhibition by malonyl-CoA. Malonyl-



CoA is formed by carboxylation of acetyl-CoA, a compound that is a convergence point of various
metabolic pathways, namely it is a product of glycolysis and a precursor for FA synthesis / a product of
FA oxidation [1]. This entails that in the fed state, in a state of abundance of glucose and other substrates,
the metabolic homeostasis shifts towards the anabolic pathways of energy storage. It then makes sense
that carboxylation of acetyl-CoA into malonyl-CoA for the formation of fatty acids should inhibit the
opposite pathway of fatty acid degradation [9, 13, 14].

The long-chain acylcarnitines are then imported into the mitochondria by carnitine-acylcarnitine
translocase (CACT) in exchange for a free carnitine molecule [1].

Then, carnitine palmitoyltransferase II (CPT II) on the inner mitochondrial membrane, catalyzes the
reverse reaction by transferring back the acyl group from carnitine to coenzyme A, reassembling acyl-
CoA. The carnitine released in this step returns into the intermembrane space of the mitochondrion
through the CACT and is available for re-transporting fatty acids (Figure 1). Thus, produced acyl-CoA
is then available for f-oxidation [5, 12].

Acyl-CoA p-oxidation produces acetyl-CoAs that can enter the tricarboxylic acid (TCA) cycle where
production of reducing equivalents for oxidative phosphorylation later results in ATP production.
Alternatively, acetyl-CoA may be directed to the ketone body synthesis pathway in the liver [1].

OMM IMM

I carnitine

carnitine
acyl-CoA acyl-CoA
B-Oxidation
CPTI CPT Il
CoASH CoASH

acyl-carnitine acyl-carnitine

Figure 1. Transport system for long-chain fatty acids across the mitochondrial membranes (OMM: outer mitochondrial
membrane; IMM: inner mitochondrial membrane; CPT I & II: carnitine palmitoyltransferase I and II; CACT: carnitine-
acylcarnitine translocase; CoASH: free Coenzyme A). [5]

LCFA oxidation disorders

Pathogenic mutations in the genes encoding for the previously described enzymes result in an impaired
LCFA transportation. Carnitine shuttle disorders may be due to deficiencies in any of these transport
enzymes (CPT I, IT and CACT), but may also be due to a primary carnitine deficiency. LCFA oxidation
disorders may also be attributable to defects in any of the four steps of their p-oxidation in the
mitochondrial matrix. These disorders give rise to a variety of clinical features especially in organs that
rely on energy production by FAO, such as the heart, skeletal muscle, and liver [1, 15].

A characteristic feature of the signs and symptoms in LCFA oxidation disorders is the fact that they can
be provoked, or aggravated, by energy requiring states such as fasting, prolonged exercise, illness, fever,
or a combination of these factors [1].



CPT Il deficiency

Among the rare LCFA oxidation defects, CPTII deficiency is the most common inherited disorder [4,
5]. As with other in LCFAO disorders, CPTII symptoms arise or exacerbate during catabolic situations,
such as fasting, (endurance) exercise, extreme temperatures, illness, and stress [1, 3, 4].

CPTII deficiency is an autosomal recessive disorder. Because of deficient CPTII activity, this disease is
characterized by accumulation of long-chain acylcarnitines and depletion of carnitine in the serum [16,
17].

Signs and symptoms can manifest as early as a few hours after birth. The lethal neonatal form typically
presents within days after birth and the severe infantile form may present up to the first year of life.
These two phenotypes are multisystemic, so reduced CPTII enzyme activity is seen in multiple organs
(predominantly hepatocardiomuscular), and frequently lead to an early death. Major clinical
manifestations include liver failure, hypoketotic hypoglycemia, cardiomyopathy, cardiac arrythmias
and seizures [5, 13, 16, 17].

The lethal neonatal form may also be associated with facial abnormalities or structural malformations,
such as neuronal migration defects, liver calcifications and cystic dysplastic kidneys.

The severe infantile form may be accompanied by peripheral myopathy and the main cause of mortality
during infancy is reported to be cardiac arrhythmia [5, 13, 16, 17].

On the other end of the severity spectrum, is the mild myopathic form of CPTII deficiency. This
phenotype has a wide range of onset, 1 through to the 6™ decades of life.

It is characterized by recurrent attacks of myalgia, mostly exercise-induced, but can also be precipitated
by fasting, illness, extreme temperatures, and stress. The muscle pain may be associated with muscle
weakness, sometimes accompanied with myoglobinuria and in extremis rhabdomyolysis.

Affected individuals generally do not have any symptoms in between attacks and the frequency of
metabolic crises is highly variable with some patients being asymptomatic most of their lives, while
others having frequent myopathy even with moderate intensity daily activities.

The myopathic form is the most common CPTII deficiency form and the most common disorder of
lipid metabolism affecting skeletal muscle [5, 13, 16, 17].

What are the objectives of this review?

The aim of this review is to contextualize the rationale behind the classic treatment for CPTII deficiency,
to bring focus on new treatments currently being proposed and implemented, and to explore future
research possibilities for treatment of this disease.

CURRENT MANAGEMENT

Daily management

High-carbohydrate / low-fat regime; Medium chain triglyceride (MCT) supplementation

A high-carbohydrate/low-fat diet supplemented with medium-chain fatty acids (MCT) is traditionally
implemented in clinically ill individuals, and in asymptomatic newborns as well, to compensate for the
reduced capacity to oxidize dietary LCFA [1, 16-18].



Carbohydrates should make up 70% of total calorie consumption and long-chain dietary fats only up to
20%, while covering the need for essential fatty acids [16].

Management of patients is also based on prevention of catabolism: avoidance of fasting and limitation
of physical exercise and other situations which could increase the use of fatty acids as an energy substrate
1, 16-18].

Unfortunately, although a sound rationale, long-term dietary therapy, even with utilization of MCT,
has not been effective in preventing the appearance of manifestations of CPTII deficiency. Indeed,
exercise restriction continues to be required, muscle pain on exertion persists, and recurrent
hospitalizations continue to occur [18, 19].

Carnitine supplementation

The use of carnitine in LCFA oxidation disorders is controversial [20, 21]. Theoretically carnitine
supplementation should aid carnitine transport and subsequently improve FAO, but unfortunately,
evidence for the efficacy of carnitine supplementation to treat secondary carnitine deficiency is lacking
[22].

Furthermore, the application of carnitine for the clearance of potentially toxic compounds is debated.
On the one hand, carnitine may help in the clearance of potentially toxic long-chain acyl-CoAs by their
conversion to acylcarnitines [16].

On the other hand, concerns have been raised about the safety of carnitine supplementation because it
could also induce the accumulation of toxic intramitochondrial long-chain acyl-carnitines, and
supplementation has been associated with ventricular fibrillation and rhabdomyolysis [23-25].

Treatment of acute episodes

Patients with LCFAO disorders are incapable, or limited in their capacity, to utilize fatty acids as an
alternative resource of energy when glucose stores become depleted [1].

For this reason, in case of metabolic crisis, acute treatment should be based on full body rest and
supplementation with sufficient glucose to prevent cell damage, in particular in muscles.
Recommendations for the amount of glucose infusion vary widely because various factors such as
residual enzyme activity, age, and the level of stress due to anxiety or fever must be considered, and so
there is no clear consensus. Furthermore, normoglycemia is not a sign that a catabolic crisis is averted.
Even without hypoglycemia, patients may still develop rhabdomyolysis and so should still receive
glucose. Hyperglycemia should be prevented with an insulin drip [1, 3].

In rhabdomyolysis, acute renal failure is the main possible complication. Therefore, early, abundant
intravenous fluid resuscitation is the standard of care, improving hypovolemia, acute renal failure, and
clearance of myoglobin. Electrolyte disturbances should also be monitored and corrected to avoid life-
threatening arrythmias [3]. Intravenous sodium bicarbonate has been theorized to alkalinize urine,
resulting in a reduction of myoglobin precipitation, but previous studies have not demonstrated
significant benefit [26].

Other than in rhabdomyolysis, infusions of glucose are also recommended during intercurrent
infections for prevention of catabolism. Unfortunately, oral glucose cannot achieve this effect [16].



THERAPIES UNDER INVESTIGATION

Anaplerotics: triheptanoin

Supplementation with MCT oil for CPTII deficient patients was assumed to prevent clinical CPTII
deficiency symptoms, as the medium-chain fats it contains can completely bypass the carnitine shuttle
for entry into the mitochondria and follow through with 3-oxidation.

However, clinical symptoms persisted in these patients, and it is hypothesized to be due at least in part
to depletion of odd-chain fatty acid-derived TCA cycle intermediates, with a subsequent persistent
energy deficiency [1, 15].

In this context, the anaplerotic compound triheptanoin (heptanoyl-triglyceride), a triglyceride with odd
numbered fatty acids (C7), has been tested [27].

Upon ingestion, triheptanoin is rapidly digested to heptanoate in the small intestine. Its complete
oxidation in the mitochondria produces 2 acetyl-CoAs (C2) and a propionyl-CoA (C3). The 3-carbon
compound is further metabolized to succinyl-CoA and succinate, resupplying the TCA cycle
intermediates that are hypothesized to be deficient [15].

Early case reports on efficacy led to a significant compassionate-use experience with the medication.
Two retrospective studies demonstrated considerable improvement in treated patients, specifically
reductions in episodes and hospital days related to hypoglycemia, cardiomyopathy, and rhabdomyolysis
[28, 29].

This led to the development and FDA approval of pharmaceutical-grade triheptanoin. Triheptanoin is
available commercially as an oral liquid supplied in a 500-mL bottle (supplying 8.3 kcal/ mL). The target
daily dose is up to 35% of the patient’s total prescribed daily caloric intake divided into 4 or more doses
administered at mealtimes or with snacks [28].

A recent double-blind randomized controlled trial included 32 subjects with different LCFA oxidation
disorders and compared the effects of a 4-month diet containing 20% of total energy from triglycerides
containing either C8 or C7 fatty acids. Results seemed promising for cardiac symptoms as the left
ventricle wall mass decreased and an increase in ejection fraction was observed in patients in the C7
group, but it should be noted that all the included patients had normal cardiac function [30].
Beneficial effects of triheptanoin for cardiac symptoms have also been described in a few case studies
[29, 31].

Fibrates

The peroxisome proliferator-activated receptors (PPARs) are nuclear fatty acid receptors, that act as
transcription factors regulating gene expression of many cellular processes [15, 32].

The three PPAR subtypes, a, y, and §, have distinct tissue expression patterns, sense different
components of lipoproteins and regulate lipid homeostasis based on the need of the specific tissue, and
are targets for current drug therapies [15, 32].

PPAR a is primarily expressed in the liver. It upregulates genes involved in fatty acid oxidation in the
fasted state and is the molecular target of the lipid-lowering fibrates.

PPAR Y is highly expressed in adipose tissue and is essential for adipocyte differentiation and insulin
sensitivity. As so, it mediates the activity of the insulin-sensitizing thiazolidinediones.



PPAR & is the most abundant receptor in the muscle among the PPARs. Just as PPAR a in the liver, it
promotes fatty acid mobilization and oxidation in the muscle [15, 32].

Bezafibrate, a relatively broad-spectrum PPAR agonist has been investigated as a treatment for LCFA
oxidation disorders as stimulator of residual FAO enzymatic activity [15].

A complete restoration of palmitate oxidation accompanied with increased protein and mRNA levels
was achieved in CPTII-deficient fibroblasts, myoblasts, and myocytes of patients with considerable
residual enzyme activity [33, 34].

These promising findings led to the investigation of bezafibrates in clinical trials that however produced
contradictory findings.

The first trial, which was an open-label, 6-month pilot study with a 3-year extension, showed increased
level of whole-body fat oxidation, improved quality of life (QOL) scores, reduced creatinine kinase

levels, and diminished occurrence of rhabdomyolysis [35, 36].

Results of a double-blind, randomized, placebo-controlled study failed to demonstrate a benefit of
bezafibrate over placebo in clinical symptoms or FAO capacity during exercise [37].

Finally, frequency of myopathic attacks was not reduced in an open-label study; however, QOL scores
were improved [38].
Resveratrol

Polyphenol resveratrol is another compound that has been shown to increase residual LCFAO in
fibroblasts from CPTII-deficient patients [39, 40].

By activation of sirtuin 1 (SIRT1) and the ensuing effector peroxisome proliferator-activated receptor
gamma coactivator 1-a (PGCla), resveratrol promotes mitochondrial biogenesis.

It is possible that this mechanism may increase enzyme activity if the mutated enzyme has preserved
some residual activity [41].

Triheptanoin

Carnitine

Resveratrol

Medium chain
triglycerides

Bezafibrate

Figure 2. Compounds currently used for the management of CPTII deficiency.



DISCUSSION / CONCLUSION

Since the discovery of this disease by DiMauro and DiMauro in 1973, significant progress has been
made on the knowledge of its clinical manifestations, their subdivision in different phenotypes, the
increasing number of mutations and polymorphisms associated, and in some of its biochemical
consequences.

Unfortunately, a not so significant progress has been achieved in terms of the therapeutical management
of CPTII deficiency (as well as other LCFAO disorders). The same dietary regimen with MCT oil
supplementation is being used since its emergence. Supplementation with carnitine remains
controversial.

Based on the recognition that a high-carbohydrate diet and physical inactivity for controlling disease
symptoms may be more detrimental in the long term for these patients than its short-term benefits,
Negro et al. propose a new approach to this disease. Specifically, a no higher than 50-55% carbohydrate
consumption, 25-30% protein intake, and a maximum of 20% of fat ingestion, considered the minimum
to ensure adequacy for essential FA and fat-soluble vitamins, is proposed. Also, instead of a total
avoidance of exercise, the proposal is of personalized exercised programs focusing on medium intensity
and high intensity interval trainings for short periods of time [4].

More recently, new compounds such as triheptanoin, bezafibrate, and resveratrol seem promising in
their capacity to control disease manifestations, but unfortunately much remains to be done. Moreover,
a range of supplements with different objectives is also proposed by Negro et al. From creatine, whey
protein, and vitamin D for muscle bioenergetic performance; to omega-3, beetroot juice, pomegranate
juice, and tart cherries juice to attenuate exercise-induced muscle damage and inflammation; as well as
curcumin and ginger for the management of pain. Future research efforts will certainly have to focus
on these topics, considering age, gender, different carbohydrates/proteins intake and the metabolic
responses to the proposals discussed [4].
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Anexo 1. Reporting guidelines

Scale for the Assessment of Narrative Review Articles - SANRA

Please rate the quality of the narrative review article in question, using categories 0-2 on the following scale. For each aspect of
quality, please choose the option which best fits your evaluation, using categories 0 and 2 freely to imply general low and high quality.
These are not intended to imply the worst or best imaginable quality.

1) Justification of the article’s importance for the readership

The importance is not justified. 0
The importance is alluded to, but not explicitly justified. 1 2
The importance is explicitly justified. 2

Pégina 9: “What are the objectives of this review? The aim of this review is to contextualize the rationale behind the classic treatment for CPTII deficienc}, to bring
focus on new treatments currently being proposed and implemented, and to explore future research possibilities for treatment of this disease.”

2) Statement of concrete aims or formulation of questions
No aims or questions are formulated 0
Aims are formulated generally but not concretely or in terms of clear questions 1 2
One or more concrete aims or questions are formulated. 2

Pagina 9: “What are the objectives of this review? The aim of this review is to contextualize the rationale behind the classic treatment for CPTII deficienc}, to bring
focus on new treatments currently being proposed and implemented, and to explore future research possibilities for treatment of this disease.”

3) Description of the literature search
The search strategy is not presented. 0
The literature scarch is described briefly. 1 0
The literature search is described in detail, including search terms and inclusion criteria 2

4) Referencing

Key statements are not supported by reference 0
The referencing of key statements is inconsistent. 1 2
Key statements are supported by references 2

Por exemplo pagina 13: “Negro et al. propose a new approach to this disease. Specifically, a no higher than 50-55% carbohydrate consumption,
25-30% protein intake, and a maximum of 20% of fat ingestion (...)".

5) Scientific reasoning
(e.g., incorporation of appropriate evidence, such as RCT5 in clinical medicine)
The article’s point is not based on appropriate arguments. 0
Appropriate evidence is introduced selectively. 1 2
2

Appropriate evidence is generally present.

Por exemplo pagina 11: “A recent double-blind randomized controlled trial included 32 subjects with different LCFA oxidation disorders {...)

6) Appropriate presentation of data

(e.g., absolute vs relative risk; effect sizes without confidence intervals)

Data are presented inadequately. 0
Data are often not presented in the most appropriate way. 1 2
Relevant outcome data are generally presented appropriately. 2

Por exemplo pagina 11: “A recent double-blind randomized controlled trial included 32 subjects with different LCFA oxidation disorders (...)".

Sumscore 10

Fig. 1 SANRA - Scale
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