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Review Article

The anti-wasting effects of L-carnitine supplementation
on cancer: experimental data and clinical studies
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Background and Objectives: Cachexia is a paraneoplastic syndrome that affects the large majority of patients
with end-stage cancer. No known therapy exists to effectively overcome the severe symptoms of cachexia, which
include anorexia, weight loss and fatigue. This study considered the results of both experimental and clinical
studies to evaluate the suitability of L-carnitine and its derivatives as potential therapies for cachexia in patients
with cancer. Methods and Study Design: All available English-language papers on the use of L-carnitine in pa-
tients with cachexia related to cancer, including reviews, case reports, case series, and clinical trials, were ob-
tained by searching multiple databases, including all Elsevier publications, Web of Knowledge, PubMed, Scopus,
clinical trials, and the Cochrane database of systematic reviews. Results: The protective effects of L-carnitine
were extracted from the literature review based on critical mechanisms involved in skeletal muscle loss, including
increased proteolysis, impaired protein synthesis, myonuclear apoptosis, oxidative stress, and mitochondrial dys-
function. The results of this process favored L-carnitine supplementation in patients with cancer-related cachexia.
Nitrogen balance was improved either through the increase of protein synthesis or by reduction in proteolysis, in-
hibiting apoptosis or reversing inflammatory processes. Conclusions: Although clinical studies are inconclusive,
studies in animal models support L-carnitine administration to prevent oxidative stress and ameliorate mitochon-
drial function. L-carnitine supplementation leads to beneficial effects on several critical mechanisms involved in
pathologic skeletal muscle loss and improved fatigue-related parameters in patients with cancer. However, more
well-designed, double-blinded, randomized clinical trials are necessary to establish L-carnitine supplementation

as a therapeutic strategy for cachexia.
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INTRODUCTION

L-carnitine and derivatives

L-carnitine (LC; y-trimethylamino-B-hydroxybutyrate) is
a naturally endogenous quaternary amine that is essential
for normal function of mammalian cells. This water solu-
ble substance has several well-known derivative esters,
including acetyl-L-carnitine (ALC), propionyl-L-carnitine
(PLC), and palmitoyl-L-carnitine." The main sources of
LC and its derivatives are dietary, especially meat and
dairy products, and to a lesser extent, endogenous biosyn-
thesis,” which is performed mainly in the liver and kid-
neys.>* A low-level of exogenous LC intake occurs in
strict vegetarians and has minor effects on plasma be-
cause of the efficient compensation of renal reabsorp-
tion.” Consumption of high doses of LC supplements in-
hibits the activity of c-butyrobetaine dioxygenase, which
catalyzes during the last phase of the LC biosynthesis
cascade. However, this inhibition does not interfere with
endogenous carnitine synthesis because the activity of c-
butyrobetaine dioxygenase is not rate-limiting for endog-
enous synthesis.*” The most important function of LC
and its derivatives is the importation of long-chain fatty

acids from cytosol into mitochondria to facilitate [-
oxidation and acetyl Coenzyme (CO) A production dur-
ing the tricarboxylic acid cycle.® LC also plays a role in
the efflux of accumulating acyl groups, such as acyl-
carnitines, outside of mitochondria and cells. During the
regulation of free CoA, LC regulates the activity of the
pyruvate dehydrogenase complex, which is a key meta-
bolic enzyme;’ LC deficiency is associated with impaired
fatty acid and glucose utilization as well as insulin sensi-
tivity. '

LC potentiates the activity of antioxidant enzymes, in-
cluding glutathione peroxidase, catalase, and superoxide
dismutase (SOD), and chelates with metal ions during
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reactive oxygen species (ROS) generation. Antioxidant
effects of LC are comparable to other antioxidant agents,
such as alpha-tocopherol.'" LC deficiency is diagnosed
based on plasma levels, although these may not accurate-
ly reflect tissue concentrations. In clinical settings, a
plasma-free LC of 201 mol/L or less indicates deficiency,
while an acyl-free LC ratio of 0.4 or greater represents
depletion of free LC due to increased acyl CoA deriva-
tives.'' Several studies have found that clinical conditions
of LC deficiency, such as cardiomyopathy or skeletal
myopathy, occur when tissue LC are 10-20% lower than
normal values,'? and deficiency itself is defined as a de-
crease of intracellular LC that causes acetyl CoA ester
accumulation and mitochondrial inner transporter inhibi-
tion. When LC is not present during mitochondrial oxida-
tion of fatty acids, liver and heart failure may occur."

For example, LC deficiency may induce cardiomyopa-
thy due to failure of mitochondrial dysfunction and acetyl
CoA metabolism. Cardiomyopathy is treatable by dietary
supplementation. While the cause of cardiomyopathy is
still unclear, determination of plasma carnitine and car-
nitine supplementation of hypocarnitinemic patients is of
great therapeutic modalities.'* Primary LC deficiency is a
rare condition characterized as a genetic abnormality in
the transport or biosynthesis of LC. But secondary LC
deficiency is inducible by viral attack or drug consump-
tion."

Past studies have shown that administration of LC sup-
plements improves several health indicators in patients
with chronic diseases such as cancer,” chronic kidney
disease (CKD),'*"” human immunodeficiency virus (HIV),
hepatitis C,'"® or hepatic encephalopathy.'” These im-
provements are seen in quality of life indices, nutrition
and condition of the body, symptoms related to fatigue,
and oxidative stress and inflammation. Recently, an ani-
mal study has shown that LC improves proteolysis in
skeletal muscles, enhances muscle weight, and increases
physical performance parameters in rats with induced
tumors.”® Reduction in plasma LC has been reported in
chronic diseases such as cancer, HIV, and CKD.*'**

Plasma deficiency in chronic disease is due to food in-
take restriction, which is accompanied by decreases in
dietary uptake of LC and certain micronutrients (vitamin
C, vitamin B-6, and iron), which are consumed as cofac-
tors for LC synthesis. During chemotherapy regimens, LC
deficiency will be induced, because of failure in LC ab-
sorption and synthesis and/or increase in urinary LC ex-
cretion by chemotherapy agents.”** This review summa-
rizes the results from experimental and clinical studies
that examined the effects of supplements of LC or its de-
rivatives on pathologic skeletal muscle loss (cachexia)
and related complications in cancer patients. We focused
on evidence that exists in either patients with cancer or
animal models, excluding the effects of LC and its deriva-
tives on other pathological conditions such as hemodialy-
sis, hepatitis, and HIV.

L-carnitine and cancer cachexia

Cancer cachexia, or severe loss of skeletal muscle mass,
is a severe inflammatory metabolic syndrome. This syn-
drome is characterized by extensive loss of adipose tissue
and skeletal muscle. Fatigue and impairment of normal

activities or quality of life are common complications of
muscle wasting, and can eventually progress to death.
Cancer cachexia occurs in more than half of patients with
cancer.”® The loss of muscle mass associated with loss in
body weight is the main feature of this syndrome.?’**

The pathogenesis of muscle wasting is not completely
understood; however, an imbalance between protein ca-
tabolism and protein anabolism in muscles has been sug-
gested. Several mechanisms underlying skeletal muscle
loss under pathologic conditions have been postulated,
including stimulation of protein degradation, impairment
of protein synthesis, induction of myonuclear apoptosis or
inflammation, and oxidative stress and impairment of
mitochondrial function.”

Multiple pro-inflammatory factors, such as interleukin
(IL)-6, IL-8, tumor necrosis factor (TNF)-a, c-reactive
protein (CRP), and proteolysis inducing factor (PIF), pro-
tein catabolic pathways, particularly the ubiquitin-
proteasome system (UPS), are systemically activated dur-
ing the muscle-wasting process.’>*' Because ROS are
potent inducers of the UPS, oxidative stress induced by
decreased antioxidant capacity plays an important role in
the development of muscle wasting.** During inflamma-
tory conditions, generation of ROS or pro-inflammatory
mediators leads to skeletal muscle apoptosis (myonuclear
apoptosis) and muscle atrophy. Protein anabolism is dis-
turbed during muscle wasting, either due to decline in the
level of anabolic hormones, such as growth factor-1 and
testosterone or tissue sensitivity reduction to anabolic
hormones (e.g., insulin resistance). Also the negative ef-
fects of PIF and other cytokines on protein translation are
initiated.”** The degenerative impact of muscle loss on
cancer can affect patient prognosis and quality of life;
thus, the development of efficacious treatment modalities
to overcome muscle wasting is important. To combat this,
LC can be used as a suitable supplement for anti-wasting
therapies in cancer patients.”” Additionally, the majority
of LC quantities are primarily in skeletal muscles.” It has
been suggested that LC and its derivatives can be used to
prevent skeletal muscle loss in cancer patients.

The proposed mechanisms underlying the beneficial ef-
fects of LC and its derivatives on mitochondrial function
are based on stabilization of mitochondrial membrane by
lipids/phospholipids synthesis and reduction in the
amount of free long-chain fatty acids;’*™® in addition,
preserving the activities of key mitochondrial enzymes in
energy metabolism and oxidative phosphorylation and
also anti-inflammatory and anti-oxidative properties have
been reported.”!

As summarized in Figure 1, LC supplementation under
pathologic conditions has several protective effects
against mechanisms involved in skeletal muscle loss.
These mechanisms can account for the anti-catabolic ef-
fects (increases in body mass index (BMI) and lean body
mass) and the improvement of fatigue-related parameters
following LC supplementation in patients with chronic
diseases, such as CKD due to cancer,* hepatitis C, and
hepatic encephalopathy.'®"

L-carnitine and inhibition of protein degradation and
apoptosis in muscles
A recent animal study suggested that LC supplementation
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Figure 1. The protective mechanisms of LC in skeletal muscles

may be an efficient modality for a multi-targeted therapy
to treat cancer-related cachexia.”” The authors showed
that LC administration (1 g/kg body weight per day, for 6
days) in rats bearing AH-130 Yoshida ascites hepatoma,
which is a highly cachectic rat tumor cell, resulted in sig-
nificant improvement of food intake (a 15% increase) and
increased skeletal muscle weight, including the gas-
trocnemius, extensor digitorum longus (EDL), and soleus.
The treatment protocol led to a down-regulation of
atrogin-1 and Muscle Ring-finger protein-1 (MuRF1),
both are two gene productions, and other components,
such as ubiquitin, which is a C8 proteasome subunit of
the UPS. In vitro evaluations found that proteasome activ-
ity and the proteolytic rate were reduced in gastrocnemius
muscles and in isolated EDL muscles, respectively, and
LC administration decreased the pro-apoptotic marker,
caspase-3, in the skeletal muscles of tumor-bearing rats.
Caspase-3 is a protein that interacts with caspase 8 and
casg)oase 9; all caspases play a primary role in cell apopto-
sis.

In addition, physical performance (including total phys-
ical activity, mean movement velocity, and total travelled
distance in a given time period) improved with LC sup-
plementation in rats. This study suggested that LC treat-
ment has positive effects when used to address muscle
wasting not only by reducing the activity of the UPS but
also by inhibiting the degradation of actomyosin com-
plexes and muscle integrity.

Ultimately, LC treatment resulted in a significant de-
crease in proteasome activity by ameliorating the muscle
mRNA content for ubiquitin (28%), C8 proteasome subu-
nit (28%), and MuRF-1 (46%). No effects on other prote-
olytic systems (such as calcium-dependent or lysosomal
protease systems) were observed.”’ Data currently are
lacking concerning the effect of LC on proteolytic path-
ways in those with cancer; its anti-proteolytic and anti-
apoptotic properties remain to be proven in well-designed
clinical trials.

L-carnitine and inhibition of inflammation in muscles
Several studies have shown the anti-inflammatory effects
of LC supplementation in pathologic conditions. For ex-
ample, LC administration (500 mg/kg for five consecu-
tive days) prevented methotrexate-induced serum TNF-a
in a rat model.* Sener et al induced sarcoma by implant-
ing methylcholanthrene in rats and found that LC sup-
plementation (200 mg/kg per day) decreased the plasma
cytokines (IL-1pB, IL-6, and TNF-a) and ameliorated can-
cer cachexia by attenuating cytokine production and in-
creasing the clearance of cytokines.* In an in vivo study
using an methylcholanthrene (MCA)-sarcoma-bearing rat
model for cancer cachexia, administration of PLC (250
mg/kg per day) attenuated the plasma inflammatory cyto-
kines, such as IL-1 and IL-6, compared to a control.*’ In a
similar manner, Liu et al. demonstrated that LC supple-
mentation (18 mg/kg per day, orally) ameliorated the
plasma inflammatory cytokines, such as IL-6 and TNF-
0, and attenuated serum carnitine and expression of car-
nitine palmitoyltransferase, which is the main enzyme in
fatty acid production, in cancer cachectic mice.

Cytokines play a key role in cancer cachexia and pro-
tein catabolism by modifying cytokine action using
agents that may inhibit protein wasting in skeletal mus-
cles.” In an interim analysis of a phase III randomized
study that assessed the most effective treatments for can-
cer-related anorexia, cachexia syndrome, and oxidative
stress, LC administration did not provide significant im-
provements based on the plasma levels of identified pro-
inflammatory cytokines (IL-6, TNF-a, and IL-1). In this
study, 125 advanced-stage cancer patients received poly-
phenols and antioxidant agents, such as o-lipoic acid,
carbocysteine, and vitamins A, C, and E, at the beginning
of the trial, before randomization into five groups: 1)
medroxyprogesterone acetate/megestrol acetate; 2) phar-
macologic nutritional support containing eicosapentae-
noic acid; 3) LC ad a dose of 4 g/d; 4) thalidomide; and 5)
medroxyprogesterone acetate/megestrol acetate, pharma-
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cologic nutritional support, LC, and thalidomide for four
months. Primary endpoints of the study were increase in
lean body mass, decrease in resting energy expenditure,
increase in total daily physical activity, decrease in levels
of IL-6 and TNF-q, and improve in fatigue. The results
showed that despite a lack of anti-inflammatory effects,
LC supplementation provided significant improvements
in nutritional variables and fatigue symptoms. "’

In 2010, a combination regimen was found to be the
most effective treatment for all primary efficacy and sec-
ondary endpoints, such as appetite, levels of IL-6, Glas-
gow prognostic scores, and eastern cooperative oncology
group performance status scores.®® A similar study inves-
tigated the efficacy and safety of LC supplementation (6
g/day for four weeks) in patients who had advanced can-

cer for reported fatigue, high blood levels of ROS, or both.

Patients’ fatigue and quality of life were measured using
standard questionnaires, and oxidative stress, nutritional
status, and laboratory variables, including ROS, glutathi-
one peroxidase, and pro-inflammatory cytokines, were
measured as the primary endpoints. The results supported
LC treatment because fatigue, measured using the multi-
dimensional fatigue symptom inventory, decreased signif-
icantly, and quality of life and nutritional variables, such
as lean body mass and appetite, improved. However, sig-
nificant improvement in the levels of ROS, glutathione
peroxidase, or other pro-inflammatory cytokines was not
substantiated.*

Madeddu et al (2011) designed a phase III, randomized
trial to compare a two-drug combination including LC (4
g/day) with celecoxib (300 mg/day) or LC (4 g/day) with
celecoxib (300 mg/day) and megestrol acetate (320
mg/day) to treat cancer-related cachexia. Sixty patients
were eligible and pretreated with polyphenols and vitamin
E, A, and C. The results showed a significant improve-
ment in lean body mass, total daily physical activity, and
physical performance, which was tested based on grip
strength and a six-minute walking test. The researchers
also assessed inflammatory factors, including fatigue,
resting energy expenditure, body weight, and appetite,
and all parameters were ameliorated in both treatment
groups without any inferiority.*

L-carnitine and prevention of oxidative stress in muscles
Evidence has been obtained in several animal models
related to the preventive effects of LC supplementation in
oxidative stress under pathological conditions.”™' In a
review published by Moghaddas et al, the beneficial ef-
fects of LC and its derivatives against ische-
mia/reperfusion (I/R) injury and oxidative stress were
comprehensively assessed.'

Breitkreutz et al performed a randomized, double-
blinded clinical trial to evaluate the effects of 2-g daily
oral LC on mitochondrial integrity and function, gluta-
mate transport, and plasma glutamate in patients with
cancer. To evaluate changes in the intracellular glutathi-
one (GSH) and glutamate levels of the skeletal muscle
tissue, part of the study was conducted in tumor-bearing
mice. In the mouse model, LC administration (i.p. 1
mg/day for 28 days) led to reductions in glutamate and
GSH levels in muscles as well as an increase in plasma
glutamate. Clinically, the group given LC supplements

exhibited a significant reduction in plasma glutamate,
with an insignificant increase in glutamate uptake in the
lower extremities. The effects of LC on intramuscular
GSH levels are potentially useful in clinical therapy.

The potential therapeutic effects of LC (especially over
longer treatment periods) merit further investigation.
However, due to the substantial decrease in intramuscular
glutamate and GSH muscle tissue of tumor-bearing mice,
the authors of this paper asserted that higher doses of LC
(i.e., 250 mg/kg/day) do not provide additional therapeu-
tic benefit.*’

On the other hand, PLC inhibited cisplatin-induced
cardiomyopathy in a rat model.” As noted previously, in
two clinical studies in patients with advanced cancer and
severe cachexia, LC oral administration (either 2 or 4 g
for 4 weeks and 4 months, respectively'>**®) failed to
reduce blood levels of ROS, in spite of amelioration in
fatigue symptoms and improved nutritional parameters
(such as lean body mass and appetite).

L-carnitine and cancer-related fatigue

The National Comprehensive Cancer Network (NCCN)
defined the cancer-related fatigue (CRF) as “an unusual,
persistent, subjective sense of tiredness related to cancer
or cancer treatment that interferes with usual function-
ing.”> Fatigue is a highly prevalent condition among
cancer patients that severely affects patient’s quality of
life. Generally, around 50% to 100% of cancer patients
experience fatigue. One of the important outcome of can-
cer related cachexia is fatigue.

Although, the underlying pathophysiology of CRF is
unclear and very complex, an effective management of
CRF can significantly reduce the cancer complications.
Numerous pharmacological and non-pharmacological,
exercise and psychosocial interventions have been used to
reduce the burden of CRF. Among pharmacological mo-
dalities, several drugs, such as psychostimulants
methylphenidate,”> dexamphetamines™® and modafinil*’
antidepressants,58'60 corticosteroids,®' %> donepezil63 and
guarana® have been studied. The most promising results
were reported by methylphenidate, modafinil and guara-
na.®’

LC supplementation is commonly used by cancer pa-
tients to treat CRF because patients with advanced cancer
are at risk for LC deficiency due to decreased gastrointes-
tinal intake and increased renal loss. Some chemotherapy
drugs interfere with the carnitine network. Some data for
a negative relationship between plasma LC and fatigue in
children and adolescents with cancer have been pub-
lished.”® However, Hook et al failed to find evidence sup-
porting a significant difference between LC levels and
fatigue in a study of 58 patients between the ages of three
and 18 years.®® In a small, open-label trial including 50
patients with cancer who have not exhibited significant
anemia or other conditions associated with asthenia, LC
was administrated in doses of 4 g per day for one week.
This treatment increased plasma-free carnitine concentra-
tions and significantly improved fatigue, which was as-
sessed using the functional assessment of cancer therapy,
fatigue, and quality of life questionnaire, as well as quali-
ty-of-life measures.®’

Cruciani et al designed a phase III, randomized, doub-
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le-blinded, placebo-controlled trial, in which 2 g per day
of LC was administrated orally for four weeks among
eligible patients.® The primary endpoint was a change in
average daily fatigue based on a baseline established us-
ing the brief fatigue inventory. LC supplementation re-
sulted in a significant increase in the plasma LC, although
no significant improvement was reported for fatigue, de-
pression, or pain. A preliminary analysis of this study was
published in 2004, which reported improvements in end-
points compared to baselines.®’

A prospective, multi-centre, placebo-controlled, ran-
domized, and double-blinded trial conducted by Kraf et al
provided encouraging clinical data for the beneficial ef-
fects of LC on cancer.”’ In this study, 72 patients with
advanced pancreatic cancer received either LC (4 g/day
orally) or a placebo for 12 weeks. The results showed that
body mass index, nutritional status (body cell mass and
body fat), and quality-of-life parameters increased signif-
icantly in patients who received LC compared to the pla-
cebo group. There was an insignificant increase in overall
survival, a decline in length of hospital stays, and de-
crease in fatigue among the LC-treated patients. Thus, LC
may be an inexpensive and well-tolerated oral supple-
mentation for patients with cancer.

Finally, in a recently published randomized study, the
CRF ameliorating efficacy of the amino acid jelly, Inner
Power®, which is a semi-solid, orally administered die-
tary supplement containing the coenzyme Q10 and LC,
was assessed among breast cancer patients in Japan. Dur-
ing a 21-day follow up, the primary endpoint was the lev-
el of fatigue, which was measured using the brief fatigue
inventory as well as changes from baseline were evaluat-
ed. The secondary endpoints, including global fatigue
score, anxiety, depression, quality of life, and adverse
events, were also assessed. Changes in the level of fatigue,
global fatigue score, and current feelings of fatigue were
significantly positive between the intervention and con-
trol groups, while changes in average feelings of fatigue
were not significantly different between groups. Thus,
this combination of supplements can control moderate to
severe CRF in breast cancer patients.”’

Taken together, according to controversy results, fur-
ther future large and well-designed researches are needed
to confirm the protective effects of LC on CRF.

Table 1 summarized the clinical studies regarding the
possible effects of LC and its esters on cancer induced
fatigue or cachexia syndrome.

Other possible nutritional strategies

Recently, data from pilot and primarily studies proposed
that specific branched-chain amino acids such as leucine,
arginine, and glutamine may potentially be effective for
attenuating muscle loss. They also have positive effects
on cancer cachexia and can potentiate muscle anabo-
lism.”* However; no data exist to our knowledge compar-
ing the efficacy of LC against that of amino acids or other
possible nutritional modalities. Amino-acid supplementa-
tion has yet to be tested for efficacy or safety in clinical
trials.

Conclusions and future perspectives
Comprehensive assessments of both animal and clinical

studies of LC supplementation have shown that several
protective mechanisms are involved in LC prevention of
skeletal muscle loss in cancer conditions. Many non-
human studies demonstrated that LC supplementation
improved nitrogen balance in skeletal muscles, either
because of increased protein synthesis or reduced protein
degradation. Other proposed mechanisms include inhibi-
tion of apoptosis, inflammatory processes, oxidative
stress, and amelioration of mitochondrial functions under
pathologic conditions, such as cancer. However, there is
insufficient evidence for the protective effects of LC sup-
plementation on mitochondrial restoration during cancer,
but several animal”*” and clinical studies of other patho-
logic conditions, such as traumatic spinal cord injury,’®
hemodialysis’” and HIV’® have confirmed these mecha-
nisms. These results can be extrapolated to other patho-
logic conditions, such as cancer, and future studies should
be conducted to verify that these results are similar in
cancer condition. Despite the promising results from ani-
mal studies, the protective effects of LC on muscle loss
from the majority of clinical studies were inconsistent and
require further research.

It is worth mentioning that administration of different
dietary regimens in control groups resulted in inconsist-
encies with respect to how the studies were designed. For
instance, some dietary factors, such as food intake re-
striction and intake of LC and certain micronutrients (vit-
amin C, vitamin B6, and iron, which are required as co-
factors for endogenous LC biosynthesis) may have some
effects on the efficacy of LC supplementation and subse-
quently on the outcomes of the studies.

Diet macronutrients may effect plasma LC concentra-
tions and urinary LC excretion in humans.” The rate of
LC excretion increases after a high-protein diet and high-
fat diet compared with a high carbohydrate diet and/or
low-protein diet. In many of the published clinical studies,
the composition of dietary regimens or the dietary macro-
nutrient conditions are not clearly described. Further
evaluation is needed of this topic in the form of clinical
studies before conclusions can be drawn.

Recently, the large phase III study conducted by Man-
tovani et al provided encouraging results by demonstrat-
ing the efficacy of an LC in counteracting the clinical
symptoms of cachexia.48 Similarly, Gramignano et al
confirmed the significant improvement of fatigue and
quality of life as well as nutritional variables by LC ad-
ministration.*” However, some clinical trials failed to
show any significant improvement of cachexia symptoms,
probably due to the low dose or sample size limitation.*’

In general, the number of clinical studies exploring the
effect of LC supplementation on mechanisms involved in
muscle wasting is rather small. The small sample size and
different patient populations used across the studies com-
prising this review is another limitation. Therefore, the
efficacy of LC supplementation as a supplement for anti-
wasting therapy remains to be proven with a greater num-
ber of double-blinded, randomized, placebo-controlled
trials. Irrespective of its efficacy, it is worth mentioning
that none of the clinical studies examining LC supple-
mentation reported any adverse effects even at very high
dosages (e.g., 4 g per day, oral). Safety concerns with LC
supplementation appear to be unfounded.
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Table 1. Clinical studies regarding the effect of LC and its derivatives on cancer induced fatigue or cachexia syndrome.

Study Design Subjects 'fmd Dose/route of administration Treatment Results
characteristics duration
Breitkreutz R etal,  double-blinded RCT' 28 cancer patients (10 2 g/day LC orally 5 days Decrease in the plasma glutamate, not significant increase in the rela-
2000 M/4 W), aged 64.0+£9.9 tive glutamate uptake.
years
Graziano F et al, Open-labeled trial 50 cancer patients (30 4 g/day LC orally 1 week Amelioration in fatigue and the mean functional assessment of cancer
200297 M /20 W), aged 45-70 therapy-fatigue score.
years
Gramignano G et al, RCT, unblended 12 cancer patients (2 M 2 g/day LC orally 4 weeks No change in serum-TNFo?, IL-6%, and IL-1p*. Fatigue symptom, nutri-
2006* /10 W), aged 60+9 tional variables, and levels of ROS® decreased. Glutathione peroxidase
years level increased.
Mantovoni G etal, RCT 125 cancer patients (74 4 g/day LC orally 4 months  No change in serum-TNFa, IL-6, levels of ROS, improvements of nu-
2008 M /51 W), aged 35-81 tritional variables and fatigue symptoms.
years
Cruciani RA et al, Double-blinded, 376 cancer patients (157 2 g/day LC orally 4 week No significant change in fatigue and fatigue score.
2011 placebo-controlled, M /219 W)
RCT
Madeddu C et al, Phase III, RCT Patients (17 M /12 W) LC 4 g/day + celecoxib 300 mg/day+ 4 months Improve in lean body mass, Physical performance and serum levels of
2012% (aged 18-85 years) megestrol acetate 320 mg/day orally IL-6, TNF-a and CRP", Drug combinations were safe and effective.
Kraft M et al, A randomized 72 patients suffering Oral liquid formulation of LC (4 g/d) 12 weeks  Improvement in body cell mass, body fat and nutritional status and
2012 multicenter trial, RCT  from advanced pancre- quality of life.
atic cancer. (43 M /29 No significant benefit in reduction of hospital stay, fatigue and survival.
W)
Iwase S et al, RCT 59 cancer patients aged  Branched-chain amino (2500 mg), 21 days Improve in level of fatigue, global fatigue score, and current feeling.

2016

29-70 years

coenzyme Q10 (30 mg), and LC (50

mg) orally

M: men; W: women.

TRandomized Controlled Trial (RCT) is a study in which people are allocated randomly to receive one of several clinical interventions.
l_Tumor Necrosis Factor (TNF) and interleukins (IL), are cell signalling protein (cytokine) involved in systemic inflammation and acute phase reaction.
YReactive Oxygen Species (ROS) are chemically reactive chemical species containing oxygen.

7C - reactive protein (CRP) is a blood test marker for inflammation in the body.



L-carnitine’s anti-wasting effects on cancer

509

AUTHOR DISCLOSURES
No author has any potential conflict of interest.

REFERENCES

1.

.Pons R, Darryl

Moghaddas A, Dashti-Khavidaki S. Potential protective
effects of L-carnitine against neuromuscular ischemia-
reperfusion injury: from experimental data to potential
clinical applications. Clin Nutr. 2016;35:783-90. doi: 10.
1016/j.clnu.2015.07.001.

. Rebouche CJ, Seim H. Carnitine metabolism and its

regulation in microorganisms and mammals. Ann Rev Nutr.
1998;18:39-61. doi: 10.1146/annurev.nutr.18.1.39.

. Rebouche C. Carnitine function and requirements during the

life cycle. FASEB J. 1992;6:3379-86.
Wanders RJ. Carnitine biosynthesis in
Biochemical Journal. 2002;361:417-29.

mammals.

. Rebouche CJ, Lombard KA, Chenard CA. Renal adaptation

to dietary carnitine in humans. Am J Clin Nutr. 1993;58:
660-5.

Rebouche CJ. Effect of dietary carnitine isomers and
gamma-butyrobetaine on L-carnitine biosynthesis and
metabolism in the rat. J Nutr. 1983;113:1906-13. doi: 10.
1093/jn/113.10.1906.

. Olson AL, Rebouche CJ. gamma-Butyrobetaine hydroxylase

activity is not rate limiting for carnitine biosynthesis in the
human infant. J Nutr. 1987;117:1024-31. doi: 10.1093/jn/
117.6.1024.

. Kerner J, Hoppel C. Fatty acid import into mitochondria.

Biochim Biophys Acta. 2000;1486:1-17. doi: 10.1016/S138
8-1981(00)00044-5.

. Uziel G, Garavaglia B, Di Donato S. Carnitine stimulation

of pyruvate dehydrogenase complex (PDHC) in isolated
human skeletal muscle mitochondria. Muscle Nerve. 1988;
11:720-4.

.Ringseis R, Keller J, Eder K. Role of carnitine in the

regulation of glucose homeostasis and insulin sensitivity:
evidence from in vivo and in vitro studies with carnitine
supplementation and carnitine deficiency. Eur J Nutr. 2012;
51:1-18. doi: 10.1007/s00394-011-0284-2.

. Winter SC, Buist NR. Cardiomyopathy in childhood,

mitochondrial dysfunction, and the role of L-carnitine. Am
Heart J. 2000;139:563-s9. doi: 10.1067/mh;j.2000.103935.
C. Primary and secondary carnitine
deficiency syndromes. J Child Neurol. 1995;10:2S8-2524.

.Scholte HR, Rodrigues Pereira R, de Jonge PC, Luyt-

Houwen IE, Hedwig M, Verduin M, Ross JD. Primary
carnitine deficiency. J Clin Chem Clin Biochem. 1990;28:
351-7.

. Scholte HR, Luyt-Houwen IE, Vaandrager-Verduin MH.

The role of the carnitine system in myocardial fatty acid
oxidation: carnitine deficiency, failing mitochondria and
cardiomyopathy. Basic Res Cardiol. 1987;82:63-73. doi: 10.
1007/978-3-662-08390-1_8.

. Mantovani G, Maccio A, Madeddu C, Gramignano G, Serpe

R, Massa E et al. Randomized phase III clinical trial of five

different arms of treatment for patients with cancer cachexia:

interim results. Nutrition. 2008;24:305-13. doi: 10.1634/
theoncologist.2009-0153.

. Duranay M, Akay H, Yilmaz FM, Senes M, Tekeli N, Yiicel

D. Effects of L-carnitine infusions on inflammatory and
nutritional markers in haemodialysis patients. Nephrol Dial
Transplant. 2006;21:3211-4. doi: 10.1093/ndt/gfl356.

.Steiber AL, Davis AT, Spry L, Strong J, Buss ML,

Ratkiewicz MM, Weatherspoon LJ. Carnitine treatment
improved quality-of-life measure in a sample of Midwestern
hemodialysis patients. JPEN J Parenter Enteral Nutr. 2006;
30:10-5. doi: 10.1177/014860710603000110.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Malaguarnera M, Vacante M, Bertino G, Neri S,
Malaguarnera M, Gargante MP et al. The supplementation
of acetyl-L-carnitine decreases fatigue and increases quality
of life in patients with hepatitis C treated with pegylated
interferon-o. 2b plus ribavirin. J Interferon Cytokine Res.
2011;31:653-9. doi: 10.1089/ir.2011.0010.

Malaguarnera M, Bella R, Vacante M, Giordano M,
Malaguarnera G, Gargante MP, Motta M, Mistretta A,
Rampello L, Pennisi G. Acetyl-L-carnitine reduces
depression and improves quality of life in patients with
minimal hepatic encephalopathy. Scand J Gastroenterol.
2011;46:750-9. doi: 10.3109/00365521.2011.565067.
Busquets S, Serpe R, Toledo M, Betancourt A, Marmonti E,
Orpi M et al. L-Carnitine: an adequate supplement for a
multi-targeted anti-wasting therapy in cancer. Clin Nutr.
2012;31:889-95. doi: 10.1016/j.clnu.2012.03.005.

Winter SC, Szabo-Aczel S, Curry CJ, Hutchinson HT,
Hogue R, Shug A. Plasma carnitine deficiency: clinical
observations in 51 pediatric patients. Am J Dis Child. 1987;
141:660-5. doi: 10.1001/archpedi.1987.04460060076039.
Vinci E, Rampello E, Zanoli L, Oreste G, Pistone G,
Malaguarnera M. Serum carnitine levels in patients with
tumoral cachexia. Eur J Intern Med. 2005;16:419-23.
doi :10.1016/j.€jim.2005.02.014.

Hockenberry MJ, Hooke MC, Gregurich M, McCarthy K.
Carnitine plasma levels and fatigue in children/adolescents
receiving cisplatin, ifosfamide, or doxorubicin. J Pediatr
Hematol Oncol. 2009;31:664-9. doi: 10.1097/MPH.0b013
€3181b259a7.

Visarius TM, Stucki JW, Lauterburg BH. Inhibition and
stimulation of long-chain fatty acid oxidation by
chloroacetaldehyde and methylene blue in rats. J Pharmacol
Exp Ther. 1999;289:820-4.

Lancaster CS, Hu C, Franke RM, Filipski KK, Orwick SJ,
Chen Z, Zuo Z, Loos WJ, Sparreboom A. Cisplatin-induced
downregulation of OCTN2 affects carnitine wasting. Clin
Cancer Res. 2010;16:4789-99. doi: 10.1158/1078-0432.CC
R-10-1239.

Lenk K, Schuler G, Adams V. Skeletal muscle wasting in
cachexia and sarcopenia: molecular pathophysiology and
impact of exercise training. J Cachexia Sarcopenia Muscle.
2010;1:9-21.

Madeddu C, Mantovani G, Gramignano G, Maccio A.
Advances in pharmacologic strategies for cancer cachexia.
Expert Opin Pharmacother. 2015;16:2163-77. doi: 10.1517/
14656566.2015.1079621.

Tisdale MJ. Pathogenesis of cancer cachexia. J Support
Oncol. 2003;1:159-68.

Ringseis R, Keller J, Eder K. Mechanisms underlying the
anti-wasting effect of L-carnitine supplementation under
pathologic conditions: evidence from experimental and
clinical studies. Eur J Nutr. 2013;52:1421-42. doi: 10.1007/
$00394-013-0511-0.

Tisdale MJ. Catabolic mediators of cancer cachexia. Curr
Opin Support Palliat Care. 2008;2:256-61. doi: 10.1097/SPC.
0b013e328319d7fa.

Durham W]J, Dillon EL, Sheffield-Moore M. Inflammatory
burden and amino acid metabolism in cancer cachexia. Curr
Opin Clin Nutr Metab Care. 2009;12:72. doi: 10.1097/MCO.
0b013e32831cef6l.

Powers SK, Kavazis AN, McClung JM. Oxidative stress and
disuse muscle atrophy. J Appl Physiol. 2007;102:2389-97.
doi: 10.1152/japplphysiol.01202.2006.

Eley HL, Tisdale MJ. Skeletal muscle atrophy, a link
between depression of protein synthesis and increase in
degradation. J Biol Chem. 2007;282:7087-97. doi: 10.1074/
jbc.M610378200.



510

M Esfahani, S Sahafi, A Derakhshandeh and A Moghaddas

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Pajak B, Orzechowska S, Pijet B, Pijet M, Pogorzelska A,
Gajkowska B, Orzechowski A. Crossroads of cytokine
signaling—the chase to stop muscle cachexia. J Physiol
Pharmacol. 2008;59:251-64.

Brass EP. Pharmacokinetic considerations for the
therapeutic use of carnitine in hemodialysis patients. Clin
Ther. 1995;17:176-85. doi: 10.1016/0149-2918(95)80017-4.

Aureli T, Di Cocco ME, Capuani G, Ricciolini R, Manetti C,
Miccheli A, Conti F. Effect of long-term feeding with
acetyl-L-carnitine on the age-related changes in rat brain
lipid composition: a study by 31P NMR spectroscopy.
Neurochem Res. 2000;25:395-9. doi: 10.1023/A:10075013
06623.

Hao J, Shen W, Sun L, Long J, Sharman E, Shi X, Liu J.
Mitochondrial dysfunction in the liver of type 2 diabetic
Goto-Kakizaki rats: improvement by a combination of
nutrients. Br J Nutr. 2011;106:648-55. doi: 10.1017/S0007
114511000493.

Chang B, Nishikawa M, Sato E, Utsumi K, Inoue M. L-
Carnitine inhibits cisplatin-induced injury of the kidney and
small intestine. Arch Biochem Biophys. 2002;405:55-64. doi:
10.1016/S0003-9861(02)00342-9.

Arafa HM, Hemeida RA, Hassan MI, Abdel-Wahab MH,
Badary OA, Hamada F. Acetyl-I-carnitine ameliorates
caerulein-induced acute pancreatitis in rats. Basic Clin
Pharmacol Toxicol. 2009;105:30-6. doi: 10.1111/j.1742-78
43.2009.00399.x.

Tufekei O, Gunes D, Ozogul C, Kolatan E, Altun Z, Yilmaz
O et al. Evaluation of the effect of acetyl L-carnitine on
experimental cisplatin nephrotoxicity. Chemotherapy. 2009;
55:451-9. doi: 10.1159/000240020.

Hota KB, Hota SK, Chaurasia OP, Singh SB. Acetyl-L-
carnitine-mediated neuroprotection during hypoxia is
attributed to ERKI1/2-Nrf2-regulated  mitochondrial
biosynthesis. Hippocampus. 2012;22:723-36.

Gramignano G, Lusso MR, Madeddu C, Massa E, Serpe R,
Deiana L et al. Efficacy of l-carnitine administration on
fatigue, nutritional status, oxidative stress, and related
quality of life in 12 advanced cancer patients undergoing
anticancer therapy. Nutrition. 2006;22:136-45. doi: 10.1016/
j.nut.2005.06.003.

Sener G, Eksioglu-Demiralp E, Cetiner M, Ercan F, Sirvanci
S, Gedik N, Yegen B. L-Carnitine ameliorates methotrexate-
induced oxidative organ injury and inhibits leukocyte death.
Cell Biol Toxicol. 2006;22:47-60. doi: 10.1007/s10565-00
6-0025-0.

Winter BK, Fiskum G, Gallo LL. Effects of L-carnitine on
serum triglyceride and cytokine levels in rat models of
cachexia and septic shock. Br J Cancer. 1995;72:1173-9. doi:
10.1038/bjc.1995.482.

Laviano A, Molfino A, Seelaender M, Frascaria T, Bertini G,
Ramaccini C, Bollea MR, Citro G, Fanelli FR. Carnitine
administration reduces cytokine levels, improves food intake,
and ameliorates body composition in tumor-bearing rats.
Cancer Invest. 2011;29: 696-700. doi: 10.3109/07357907.2
011.626476.

Liu S, Wu HJ, Zhang ZQ, Chen Q, Liu B, Wu JP, Zhu L. L-
carnitine ameliorates cancer cachexia in mice by regulating
the expression and activity of carnitine palmityl transferase.
Cancer Biol Ther. 2011;12:125-30. doi: 10.4161/cbt.12.2.
15717.

Argiles JM, Busquets S, Toledo M, Lopez-Soriano FJ. The
role of cytokines in cancer cachexia. Curr Opin Support
Palliat Care. 2009;3:263-8. doi: 10.1097/SPC.0b013¢328331
1d09.

Mantovani G, Maccio A, Madeddu C, Serpe R, Massa E,
Dessi M, Panzone F, Contu P. Randomized phase III clinical

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

trial of five different arms of treatment in 332 patients with
cancer cachexia. Oncologist. 2010;15:200-11. doi: 10.1634/
theoncologist.2009-0153.

Madeddu C, Dessi M, Panzone F, Serpe R, Antoni G, Cau
MC et al. Randomized phase III clinical trial of a combined
treatment with carnitinet+ celecoxib+megestrol acetate for
patients with cancer-related anorexia/cachexia syndrome.
Clin Nutr. 2012;31:176-82. doi: 10.1016/j.clnu.2011.10.005.

Breitkreutz R, Babylon A, Hack V, Schuster K, Tokus M,
Bohles H, Hagmiiller E, Edler L, Holm E, Droge W. Effect
of carnitine on muscular glutamate uptake and intramuscular
glutathione in malignant diseases. Br J Cancer. 2000;82:
399-403. doi: 10.1054/bjoc.1999.0933.

Kira Y, Nishikawa M, Ochi A, Sato E, Inoue M. L-carnitine
suppresses the onset of neuromuscular degeneration and
increases the life span of mice with familial amyotrophic
lateral sclerosis. Brain Res. 2006;1070:206-14. doi: 10.1016/
j-brainres.2005.11.052.

Al-Majed AA, Sayed-Ahmed MM, Al-Yahya AA, Aleisa
AM, Al-Rejaie SS, Al-Shabanah OA. Propionyl-L-carnitine
prevents  the  progression of  cisplatin-induced
cardiomyopathy in a carnitine-depleted rat model.
Pharmacol Res. 2006;53:278-86. doi: 10.1016/j.phrs.2005.
12.005.

Mock V, Atkinson A, Barsevick A, Cella D, Cimprich B et
al. NCCN Practice Guidelines for Cancer-Related Fatigue.
Oncology (Williston Park). 2000;14:151-61.

Bruera E, Valero V, Driver L, Shen L, Willey J, Zhang T,
Palmer JL. Patient-controlled methylphenidate for cancer
fatigue: a double-blind, randomized, placebo-controlled trial.
J Clin Oncol. 2006;24:2073-8. doi: 10.1200/JC0O.2005.02.
8506.

Lower EE, Fleishman S, Cooper A, Zeldis J, Faleck H, Yu Z,
Mamning D. Efficacy of dexmethylphenidate for the
treatment of fatigue after cancer chemotherapy: a
randomized clinical trial. J Pain Symptom Manage. 2009;38:
650-62. doi: 10.1016/j.jpainsymman.2009.03.011.

Auret KA, Schug SA, Bremner AP, Bulsara M. A
randomized, double-blind, placebo-controlled trial assessing
the impact of dexamphetamine on fatigue in patients with
advanced cancer. J Pain Symptom Manage. 2009;37:613-21.
doi: 10.1016/j.jpainsymman.2008.03.016.

Jean-Pierre P, Morrow GR, Roscoe JA, Heckler C, Mohile S,
Janelsins M, Peppone L, Hemstad A, Esparaz BT, Hopkins
JO. A phase 3 randomized, placebo-controlled, double-blind,
clinical trial of the effect of modafinil on cancer-related
fatigue among 631 patients receiving chemotherapy. Cancer.
2010;116:3513-20. doi: 10.1002/cncr.25083.

Morrlow GR, Hickok JT, Roscoe JA, Raubertas RF,
Andrews PL, Flynn PJ, Hynes HE, Banerjee TK, Kirshner JJ,
King DK. Differential effects of paroxetine on fatigue and
depression: a randomized, double-blind trial from the
University of Rochester Cancer Center Community Clinical
Oncology Program. J Clin Oncol. 2003;21:4635-41. doi: 10.
1200/JC0.2003.04.070.

Roscoe JA, Morrow GR, Hickok JT, Mustian KM, Griggs JJ,
Matteson SE, Bushunow P, Qazi R, Smith B. Effect of
paroxetine hydrochloride (Paxil®) on fatigue and depression
in breast cancer patients receiving chemotherapy. Breast
Cancer Res Treat. 2005;89:243-9.

Stockler MR, O'Connell R, Nowak AK, Goldstein D, Turner
J, Wilcken NR et al. Effect of sertraline on symptoms and
survival in patients with advanced cancer, but without major
depression: a placebo-controlled double-blind randomised
trial. Lancet Oncol. 2007;8:603-12.



L-carnitine’s anti-wasting effects on cancer

511

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Moertel C, Schutt A, Reitemeier R, Hahn R. Corticosteroid
therapy of preterminal gastrointestinal cancer. Cancer. 1974;
33:1607-9.

Tannock I, Gospodarowicz M, Meakin W, Panzarella T,
Stewart L, Rider W. Treatment of metastatic prostatic cancer
with low-dose prednisone: evaluation of pain and quality of
life as pragmatic indices of response. J Clin Oncol. 1989;7:
590-7. doi: 10.1200/JCO.1989.7.5.590.

Bruera E, El Osta B, Valero V, Driver LC, Pei B-L, Shen L,
Poulter VA, Palmer JL. Donepezil for cancer fatigue: a
double-blind, randomized, placebo-controlled trial. J Clin
Oncol. 2007;25:3475-81. doi: 10.1200/JC0O.2007.10.9231.
Campos M, Riechelmann R, Martins L, Hassan B, Casa F,
Del Giglio A, editors. Effect of guarana (Paullinia cupana)
on fatigue in breast cancer patients undergoing systemic
chemotherapy. ASCO Annual Meeting Proceedings; 2010.
De Waele S, Van Belle S. Cancer-related fatigue. Acta
Clinica Belgica. 2010;65:378-85.

Hooke MC, McCarthy K, Taylor O, Hockenberry MJ.
Fatigue and carnitine levels over multiple cycles of

chemotherapy in children and adolescents. Eur J Oncol Nurs.

2015;19:7-12. doi: 10.1016/j.ejon.2014.07.015.

Graziano F, Bisonni R, Catalano V, Silva R, Rovidati S,
Mencarini E et al. Potential role of levocarnitine
supplementation for the treatment of chemotherapy-induced
fatigue in non-anaemic cancer patients. Br J Cancer. 2002;
86:1854-7. doi: 10.1038/5j.bjc.6600413.

Cruciani RA, Zhang JJ, Manola J, Cella D, Ansari B, Fisch
MIJ. L-carnitine supplementation for the management of
fatigue in patients with cancer: an eastern cooperative
oncology group phase III, randomized, double-blind,
placebo-controlled trial. J Clin Oncol. 2011;30:3864-9.
Cruciani R, Dvorkin E, Homel P, Culliney B, Malamud S,
Shaiova L et al. L-carnitine supple-mentation for the
treatment of fatigue and depressed mood in cancer patients
with carnitine deficiency: a preliminary analysis. Ann N'Y
Acad Sci. 2004;1033:168-76. doi: 10. 1196/annals.1320.016.
Kraft M, Kraft K, Gértner S, Mayerle J, Simon P, Weber E
et al. L-Carnitine-supplementation in advanced pancreatic
cancer (CARPAN)-a randomized multicentre trial. Nutr J.

71.

72.

73.

74.

75.

76.

71.

78.

79.

2012;11:1.

Iwase S, Kawaguchi T, Yotsumoto D, Doi T, Miyara K,
Odagiri H et al . Efficacy and safety of an amino acid jelly
containing coenzyme Q10 and L-carnitine in controlling
fatigue in breast cancer patients receiving chemotherapy: a
multi-institutional, randomized, exploratory trial (JORTC-
CAMO1). Support Care Cancer. 2016;24:637-46.

Chevalier S, Winter A. Do patients with advanced cancer
have any potential for protein anabolism in response to
amino acid therapy? Curr Opin Clin Nutr Metabol Care.
2014;17:213-8. doi: 10.1097/MCO.0000000000000047.
Paradies G, Ruggiero FM, Gadaleta MN, Quagliariello E.
The effect of aging and acetyl-L-carnitine on the activity of
the phosphate carrier and on the phospholipid composition
in rat heart mitochondria. Biochim Biophys Acta. 1992;1103:
324-6.

Gadaleta MN, Petruzzella V, Renis M, Fracasso F,
Cantatore P. Reduced transcription of mitochondrial DNA in
the senescent rat. Tissue dependence and effect of L-
carnitine. Eur J Biochem. 1990;187:501-6. 75.

Dowson JH, Wilton-Cox H, Cairns MR, Ramacci MT. The
morphology of lipopigment in rat Purkinje neurons after
chronic acetyl-L-carnitine administration: a reduction in
aging-related changes. Biol Psychiatry. 1992;32:179-87.
Rabchevsky AG, Patel SP, Springer JE. Pharmacological
interventions for spinal cord injury: where do we stand?
How might we step forward? Pharmacol Ther. 2011;132:15-
29. doi: 10.1016/j.pharmthera.2011.05.001.

Thompson C, Irish A, Kemp G, Taylor D, Radda G. The
effect of propionyl L-carnitine on skeletal muscle
metabolism in renal failure. Clin Nephrol. 1997;47:372-8.
Milazzo L, Menzaghi B, Caramma I, Nasi M, Sangaletti O,
Cesari M et al. Effect of antioxidants on mitochondrial
function in HIV-1-related lipoatrophy: a pilot study. AIDS
Res Hum Retroviruses. 2010;26:1207-14. doi: 10.1089/aid.
2010.0024

Stadler DD, Chenard CA, Rebouche CJ. Effect of dietary
macronutrient content on carnitine excretion and efficiency
of carnitine reabsorption. Am J Clin Nutr. 1993;58:868-7.



