Review Article

Carnitine and its derivatives as a potential option for
cardiovascular, neurologic, and metabolic
complications of COVID-19

ABSTRACT

As a multisystem disease, COVID-19 and its treatment demonstrate a wide variety of complications.
Carnitine is a non-essential amino acid derivative that plays an essential role in the metabolism of fatty
acids and alleviates inflammation and oxidative stress. A thorough literature search was performed
using the keywords and their synonym words including COVID-19, SARS-CoV-2, SARS, MERS,
Carnitine, and L-Carnitine. Non-English literature and conference abstracts were not included. Animal
experiments were excluded unless supporting the basic evidence for carnitine efficacy. We investigated
the possible role of carnitine and its derivatives in COVID-19-induced fatigue, cardiovascular,
neurological, and reproductive system complications. Oxidative stress and Inflammatory factors are vital
in cellular injury pathways caused by COVID-19. Carnitine and SARS-Cov-2 followed common cytokine
and stress oxidative-related cellular pathways. Carnitine may act as a protective antioxidant against
SARS-Cov-2 infection by modulating proinflammatory cytokines. Considering the safety profile of
carnitine, it may have promising clinical results in alleviating COVID-19 severity and its complications.
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INTRODUCTION

Since the initial reports of COVID-19 in China, the virus has infected almost 190 million people,

l [1

claiming over 4 million deaths[. . While COVID-19 is primarily a respiratory illness, its complications

impact various body systems[.] B4 1t s speculated that the severity of the infection, and cytokine storm,

might play a significant role in disease complications ™.

Warious groups of medications that target different pathways of virus function were examined for the

treatment or alleviating the symptoms of COVID-19 infection. There has been growing interest in using
drugs that act on inflammatory factors in patients with hyperinflammatory states, including corticosteroids
and Interleukin-6 inhibitors .

2]

|carnitine is an essential amino acid derivative @ and a water-soluble micronutrient that may have a

promising effect on COVID-19  The human body can obtain carnitine either through food or endogenous
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resources®. It is synthesized from trimethyl-lysine in the kidney, liver, and brain ! and is found abundantly

B9 The beneficial effect of carnitine and its active

in the heart, kidney, liver, and skeletal muscle
stereoisomer, acetyl L-Carnitine, on some body systems that are insulted with COVID-19 has been
demonstrated in other settings in various clinical studies (Table 1) . This micronutrient plays a vital role
in the metabolism of fatty acids in cells and has protective effects on cell membrane structure n2a ).
Carnitine controls neurotransmitter regulationm], decreases proinflammatory cytokines like TNF-c, IL-1,
and IL6™**! and reduces oxidative stress and inflammation . A significant number of patients with
COVID-19 suffer from its sequels on cardiovascular, neurologic, fertility systems, and the chronic fatigue

syndrome that may persist for months after the infection.

HNevertheIess, no particular treatment has been found. At the same time, many clinical trials have shown

the effectiveness of I-carnitine in relieving fatigue caused by treating diseases such as cancer, MS, and
many other diseases. Considering the beneficial effects of L-Carnitine in settings other than COVID-19,

this study aimed to review the potential benefits of L-Carnitine supplementation in patients with COVID-19.
METHODS

We performed a thorough literature search using the keywords and synonym words, including
COVID-19, SARS-CoV-2, SARS, MERS, Carnitine, and L-Carnitine. PubMed, Google Scholar, BioRxiv,
Clinical Trials in NIH (National Institute of Health) were used as electronic databases to retrieve all the
studies about the use or effect of carnitine supplementation in COVID-19. No time limitation was applied,
and a bibliographical search was done to retrieve all the current basic and clinical evidence related to the
symptoms of COVID-19, for which efficacy of carnitine has been discussed or proposed. We did not
include non-English literature and conference abstracts. Animal experiments were excluded unless

supporting the basic evidence for carnitine efficacy.
CARNITINE AND COVID-19

Currently, three clinical trials have been registered regarding the efficacy of Carnitine in COVID-19
patients [16-18] Altay et al. found that carnitine significantly decreases the recovery time in mild to moderate
COVID-19 patients 9 Another research published in The Lancet journal revealed that higher serum
acetyl-Carnitine and Carnitine concentrations protect against severe COVID-19 and associated
hospitalization. This study showed the highest protective effect in hospitalized compared to non-

hospitalized COVID-19 patients using mendelian randomization analyses 20

A recent randomized placebo-controlled clinical trial concluded that combined metabolic cofactors,
including L-carnitine, significantly accelerate recovery in the mild-moderate COVID-19 patients than
placebo (6.6 days vs. 9.3 days). They used 7.46 g daily L-Carnitine (combined with L-serine, N-acetyl-L-
cysteine, and nicotinamide riboside) and hydroxychloroquine for 14 days. Hydroxychloroquine treatment

duration was five days. Moreover, a significant decrease in the AST, ALT, and LDH levels has been noted
[19]

after 14 days. There were just a few minor side effects that did not need medical attention[.
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CARNITINE AND COVID-19-TREATMENT-INDUCED ADVERSE EFFECTS

L-Carnitine is transported to the mitochondria via organic cation transporters (OCTs) for
long-chain fatty acid oxidation. OCTs have broad overlapping substrate selectivities = Organic Cation

Transporter Novel 2 (OCTN2) has a critical role in the cellular uptake of carnitine in most tissues.

The imbalance in Carnitine levels induced by some medications can negatively affect various
organs' function and lead to cardiovascular diseases. Diseases such as rheumatoid arthritis, Crohn's

disease, and asthma have been seen in OCTN gene variations “Z,

R&din et al. in 2020 showed that the majority of COVID-19 drugs in clinical trials could inhibit this

[23]

transporter “~. Notably, remdesivir has a 63% inhibitory effect on this transporter, which can cause

Carnitine deficiency and further complications 23]

. Considering the inhibitory effects induced by the
medications used in various clinical trials, the probability of Carnitine deficiency in COVID-19 survivors and

carnitine's use would be important.

CARNITINE AND COVID-19-INDUCED CARDIOVASCULAR COMPLICATIONS

Studies demonstrated an increased risk of cardiovascular complications in COVID-19 survivorsH [Comment [u7]: Without spsce

24 cardiovascular complications are the second leading cause of death after respiratory failure in patients
with COVID-19 infection and occur in almost 30% of hospitalized patients ?>?°, Patients with a history of
cardiovascular diseases or risk factors, including hypertension or diabetes, are more likely to develop such

complications ..

The oxidative stress and inflammation in SARS-CoV-2 infection have been demonstrated by
tracking hallmarks of apoptosis, overexpression of mitochondrial genes, and upregulation of oxidative
stress responding genes . Angiotensin-converting enzyme 2 (ACE2) receptors are highly expressed in
myocytes. Similar to SARS and MERS, the COVID-19 virus attacks the myocardium through these
receptors, disturbs the balance in the renin-angiotensin system, and infects the target cells (24261 The
generated angiotensin Il induces the formation of reactive oxidative species (ROS), including superoxide
anion, hydrogen peroxide, and nitrotyrosine. Simultaneously pro-oxidant enzymes (NADPH oxidase) 1
and subsequent translocation of the Nuclear Factor Kappa B (NF-kB) to the nucleus initiate harmful
responses leading to exacerbation of oxidative stress and inflammation 14271 Inhibiting the Nuclear Factor
2(Nrf2) pathway that deactivates the antioxidant responses is another proposed mechanism for viral
infection . SARS-CoV-2 may intensify the inflammatory responses through the aforementioned oxidative
stress pathway as well as NF-kB - toll-like receptor (mainly TL4) signaling pathway that oxidizes the

phospholipids and enhances cytokine overproduction TLR4-TRIF-TRAF6 signaling “,

COVID-19-induced Heart failure is assumed to be the consequence of increased levels of
angiotensin Il due to increased inflammatory mediators and the cytokine storm, and it is described as a

predicting factor of mortality in this population 2 The higher affinity of the virus to the myocardium tissue



can be an underlying reason for cardiogenic shock in this population 21 various reports of cardiovascular
complications and death due to heart failure and cardiomyopathy have been reported so far in COVID-19
patients 241, Tachyarrhythmia is among the symptoms commonly seen in COVID-19 patients. Moreover,

the virus can increase the possibility of thrombosis and coagulation, leading to acute coronary syndromes
25]

Carnitine supplementation can neutralize the angiotensin ll-induced oxidative activity, inhibit the
generation of reactive oxygen species (ROS), inhibits the oxidative activity of the NADPH oxidase
enzyme, and translocation of NF-kB to the nucleus, and the consequent oxidative and harmful
inflammatory responses "%, In a small clinical study, a single dose of 2g Carnitine in healthy participants
demonstrated short-term antioxidant benefits by boosting the levels of superoxide dismutase, glutathione

peroxidase, catalase, and total antioxidative capacity after the first 3.5 hours (291,

Two systematic reviews of randomized clinical studies concluded that supplementation with 0.2-4
g/day L-Carnitine for various durations ranging from 5 days to 48 weeks might significantly lower the levels
of inflammation-associated biomarkers, including C-reactive protein (CRP), interleukin 6 (IL-6), tumor
necrosis factor-a (TNF-a), and malondialdehyde (MDA) 31 The effect of carnitine on inflammatory
mediators may be significant in immune- system-compromising diseases ***!. A Meta-analysis found that
1.5 — 6 gram daily L-carnitine with follow-up periods of 7 days to 3 years can improve the clinical

symptoms of chronic heart failure®?.

28]

L-Carnitine can reduce oxidative stress ® and inflammation by regulating fatty acid transport and

metabolism in mitochondria of cardiac cells .

Carnitine deficiency is strongly associated with
cardiomyopathy and cardiac arrhythmia, similar to the patients with primary Carnitine deficiency. Primary
Carnitine deficiency, if not treated, can lead to sudden death, especially in women below the age of 45 3],
Some evidence suggested that organic cation transporter2 (OCT2) gene mutation or inhibition by some
COVID-19 medications, including remdesivir, can result in cardiovascular diseases such as

[7,23]

cardiomyopathy and heart failure via endogenous Carnitine depletion , which might be alleviated by

Carnitine  supplementation. Carnitine  supplementation improves dilated cardiomyopathy B4
hyperlipidemia, hyperglycemia, and hypertension 28 Carnitine may be an attractive supplement option
for prevention and mortality reduction endpoints considering metabolic abnormalities such as

hypertension, dyslipidemia, and obesity as a risk factor for severe COVID-19 |[19], [7]|_ Studies have shown

that lower HDL levels and LDL are associated with more severity in COVID-19, but triglyceride levels show
controversial results ®°. In a study by Altay et al., administration of L-Carnitine (as part of a combinatory
supplemental formula) in COVID-19 patients showed a minor increase in triglycerides in the treatment
group compared to placebo Y systematic review of randomized clinical trials has reported that oral
carnitine has been used in doses between 1-6 g/day in adult dilated cardiomyopathy for up to 6 months.

However, it was used for a shorter duration via the intravenous route 2%,
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CARNITINE AND COVID-19-INDUCED FATIGUE

Physical or mental exhaustion occurs during or after a wide range of medical conditions, even

without other accompanying mental problems =6l

. Acute or persistent fatigue following SARS-CoV-2
infection is seen among more than 40% of patients and is considered one of the most common symptoms
after fever ©?*% Fatigue may be influenced by central, environmental, or psychological factors,
conditional dependence (the type of the performing task, the environmental conditions, and the mental and

physical capacity of the individual).

The exact pathophysiology and etiology of COVID-19-induced fatigue have not been well

Higher IL-6 and IL-2 and the presence of single nucleotide polymorphisms in cytokine genes of IL-
6, TNF-a, interferon-y, and IL-10 in COVID-19 can affect the occurrence of complications, including fatigue
and pain . Several studies showed that carnitine could decrease the level of IL-6 B°*. On the other
hand, considering the role of carnitine as a micronutrient in lipid metabolism, decreased levels of carnitine
are speculated to disturb the metabolism of long-chain fatty acids and result in low energy levels and

fatigue 47,

There have been numerous clinical studies on the efficacy of carnitine in patients with fatigue as a
secondary complication of their underlying disease. In a controlled clinical trial by Cruciani et al.,
administration of L-Carnitine for two weeks in 29 patients with various types of advanced cancer and
Carnitine deficiency state has shown positive effects on improvement of fatigue as well as increasing the
blood Carnitine level. Oral carnitine was used in a three-step regimen to reduce possible nausea and
vomiting (0.5 g/day for two days, then 1 g/day for two days, and 2 g/day for the last 10 days) ®*%. In a
randomized controlled clinical trial, Brass et al. showed that administering 10-40 mg/kg intravenous
Carnitine three times per week in 183 end-stage renal disease patients for 24 weeks reduced fatigue
significantly without showing any adverse effects. It was assumed that the effect of carnitine on

metabolism in muscle cells might be the reason for this improvement Y.

In another trial, significant
physical and mental fatigue improvement without any adverse effects was seen in patients older than 70
years after using 2g L-acetylcarnitine twice a day for six months 2 The same effect was observed with
the administration of 2 gram once daily L-carnitine for six months in centenarianst*®. Using carnitine to
improve the lack of energy in COVID-19 survivors who experience chronic fatigue can be a safe and
cheap choice. To the best of our knowledge, no clinical trials have been carried out to investigate the
effect of L-carnitine on patients with COVID-19 experiencing fatigue. It is recommended to consider L-

carnitine as a treatment option for covid-19-induced fatigue.
CARNITINE AND MENTAL HEALTH IN COVID-19 PATIENTS

Recovered patients from COVID-19 infection might suffer from insomnia, depression, post-

traumatic stress disorder (PTSD), concentration and memory problems, and anxiety as long-term
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[24] [44]

complications Some case reports of cognitive impairment among recovered patients . Impaired
mental health in COVID-19 patients can be due to direct damage caused by the virus, indirect immune
response, or adverse effects of immunotherapy 4 Moreover, single nucleotide polymorphisms in IL-6,

TNF-a, interferon-y, and IL-10 genes can also affect the occurrence of neurocognitive complications Bl

Carnitine has been studied in several settings of mental disturbances, including cognitive
impairment and depression. Preclinical research in cells and animal models has demonstrated
neurotransmitter regulation, neuroplasticity induction, and membrane modulation as possible mechanisms

for carnitine's anti-depressive effects ™2,

L-acetylcarnitine is proposed as a possible biomarker for
diagnosing and severity of major depressive disorder in humans 1“3 Females and patients with childhood

trauma or emotional negligence tend to have lower levels of L-acetylcarnitine .

Several studies have assessed the effect of L-acetylcarnitine in improving cognitive impairment !
and its anti-depressive effects .. Few randomized clinical trials have studied comparative anti-depressive
effects of 1-3g/day acetyl L-Carnitine against placebo, fluoxetine, or amisulpride for 40 to 84 days as the
shortest and most prolonged period of studies. These studies suggest better effects and fewer adverse
effects of carnitine than fluoxetine and amisulpride, making it a suitable choice, especially for older people

with higher sensitivity to fluoxetine's adverse effects 3.

Carnitine may improve cognitive ability by reestablishing the synaptic function, improving
cholinergic activity and mitochondrial metabolism and, protecting against oxidative stress 7 The use of L-
acetylcarnitine 2g per day for three months had shown significant improvements in the cognitive ability
assessment tests of patients with mild cognitive impairment. This double-blind study verified positive
results in verbal, memory, attention, and behavioral tests 1“8l A meta-analysis of clinical trials concluded
that L-acetylcarnitine might help patients with cognitive impairment. The included studies had a duration of
3-12 months and used 1.5-3.0 g/day of L-acetylcarnitine in their studies 461 A blinded placebo-controlled
clinical trial showed that 250 mg carnitine for 12 weeks could significantly improve the mental health
parameters[49]; While the evidence of the effect of carnitine in cognitive impairment may not be enough to

make firm conclusions, it can be a pretty safe supplement to be recommended in COVID-19 patients.
CARNITINE AND MALE REPRODUCTIVE SYSTEM IN COVID-19

There have been reports of orchitis and testicular pain in patients with COVID-19 . Although no
microscopical autopsy was performed on the patients' testicles, considering the similarity of COVID-19 to
SARS and MERS on signs and infection patterns, it assumes possible testicular and germ cells damage
% studies showed an association between orchitis and male infertility viral infections, including human
immunodeficiency virus, hepatitis B virus, and mumps virus 9 ACE2 receptors are highly expressed in

testicular tissue’™

1 Binding the SARS-CoV-2 to these receptors initiates an inflammatory cytokine cascade
that affects germ cells responsible for regulating spermatogenesis and steroidogenesis. Interestingly,

lower levels of ACE2 have been detected in infertile men ®*. The effect of ACE2 in ROS overproduction



may also lead to injury of the male reproductive system, but since no virus was detected in testes by RT-
PCR, the mechanism of direct injury by virus remains unclear s, Reports of detecting the RNA of the

virus in semen are rare, leaving the probability of spermatozoa injury by SARS-CoV-2 controversial 1,

Various clinical trials have studied the effects of L-Carnitine and L-acetylcarnitine on semen
parameters. A systematic review of randomized clinical trials demonstrated that the use of L-Carnitine and

L-acetylcarnitine significantly increases sperm motility in patients  with idiopathic

[52]

oligoasthenoteratozoospermia ~“. Although the exact etiology of oligoasthenoteratozoospermia stays

unclear, oxidative stress seems to play an essential role in its incidence 52 Antioxidant and protective

effects of carnitine in mitochondria appear to be a possible explanation for its efficacy in these patients 52

CONCLUSION

Although carnitine has shown beneficial effects on cardiovascular, neurologic, and reproductive
systems and disease-induced fatigue in non-COVID-19 settings, there is scarce evidence regarding its
efficacy in various complications of COVID-19 infection. Carnitine and SARS-Cov-2 followed in common
cytokine and stress oxidative-related cellular pathways. Considering that no serious adverse effect is
reported with carnitine, measurement of plasma levels of carnitine to identify Carnitine deficient patients
and supplementation with carnitine could be recommended for COVID-19 patients and survivors to
alleviate COVID-19 symptoms and complications. However, more clinical studies are needed to make a

firm conclusion or recommendation.

Many uncertainties regarding the precise beneficial effects of pharmacologic treatments for

[53-56]

CcoVID-19® and the concerns on possible virus mutations as well as vaccination hesitancy &7 more

clinical research is needed to uncover the hidden aspects of this disease and its management.
COMPETING INTERESTS DISCLAIMER:

Authors have declared that no competing interests exist. The products used for this research are
commonly and predominantly use products in our area of research and country. There is
absolutely no conflict of interest between the authors and producers of the products because we
do not intend to use these products as an avenue for any litigation but for the advancement of
knowledge. Also, the research was not funded by the producing company rather it was funded
by personal efforts of the authors.

REFERENCES

. WHO Coronavirus Disease (COVID-19) Dashboard | WHO Coronavirus Disease (COVID-19)
Dashboard.
2. Pagano G, Manfredi C, Pallardé F V, Lyakhovich A, Tiano L, Trifuoggi M. Potential roles of

mitochondrial cofactors in the adjuvant mitigation of proinflammatory acute infections , as in the

( comment [u10]: concLUsIONs




10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

case of sepsis and COVID - 19 pneumonia. Inflamm Res 2020;

Wiersinga WJ, Rhodes A, Cheng AC, Peacock SJ, Prescott HC. Pathophysiology, Transmission,
Diagnosis, and Treatment of Coronavirus Disease 2019 (COVID-19): A Review. JAMA - J. Am.
Med. Assoc. 2020;324(8):782-93.

Delgado-roche L, Mesta F. Oxidative Stress as Key Player in Severe Acute Respiratory Syndrome
Coronavirus ( SARS-CoV ) Infection. Arch Med Res 2020;51(5):384-7.

Islam MF, Cotler J, Jason LA. Post-viral fatigue and COVID-19: lessons from past epidemics.
Fatigue Biomed Heal Behav 2020;8(2):61-9.

Jiang F, Deng L, Zhang L, Cai Y, Cheung CW, Xia Z. Review of the Clinical Characteristics of
Coronavirus Disease 2019 (COVID-19). J. Gen. Intern. Med. 2020;35(5):1545-9.

Wang ZY, Liu YY, Liu GH, Lu H Bin, Mao CY. L-Carnitine and heart disease. Life Sci.
2018;194:88-97.

Hatamkhani S, Khalili H, Karimzadeh |, Dashti-Khavidaki S, Abdollahi A, Jafari S. Carnitine for
prevention of antituberculosis drug-induced hepatotoxicity: A randomized, clinical trial. J
Gastroenterol Hepatol 2014;29(5):997—-1004.

Adeva-Andany MM, Calvo-Castro |, Fernandez-Fernandez C, Donapetry-Garcia C, Pedre-Pifieiro
AM. Significance of <scp>I</scp> -carnitine for human health. IUBMB Life 2017;69(8):578-94.
Hatamkhani S, Khalili H, Karimzadeh |, Abdollahi A, Jafari S, Khazaeipour Z. Carnitine deficiency
and its possible risk factors in TB patients: first report. Immunotherapy 2013;5(9):945-53.
Hatamkhani S, Karimzadeh |, Elyasi S, Farsaei S, Khalili H. Carnitine and sepsis: A review of an
old clinical dilemma. J. Pharm. Pharm. Sci. 2013;16(3):414—23.

Matera M, Bellinghieri G, Costantino G, Santoro D, Calvani M, Savica V. History of L-carnitine:
Implications for renal disease. J Ren Nutr 2003;13(1):2—14.

Wang SM, Han C, Lee SJ, Patkar AA, Masand PS, Pae CU. A review of current evidence for
acetyl-l-carnitine in the treatment of depression. J. Psychiatr. Res. 2014;53(1):30-7.

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(5):1173-9.

Ruggiero V, Urso CMD, Campo S, Foresta P. LPS-induced serum TNF production and lethality in
mice : effect of L-carnitine and some acyl-derivatives. 1993;50:43-50.

Talebi S. Evaluation of the Effects of L-carnitine Supplementation on Clinical Outcomes in
Hospitalized Patients with COVID-19 [Internet]. Available from: https://www.irct.ir/trial/51120

Cascio A. Efficacy and Safety of Acetyl L-Carnitine in COVID-19 Patients With Mild-to-Moderate
Disease [Internet]. Available from: https:/clinicaltrials.gov/ct2/show/NCT04623619

DOGANAY L. Metabolic Cofactor Supplementation and Hydroxychloroquine Combination in Covid-
19 Patients [Internet]. Available from: https://clinicaltrials.gov/ct2/show/NCT04573153

Altay O, Yang H, Aydin M, et al. Combined metabolic cofactor supplementation accelerates
recovery in mild-to-moderate COVID-19 Running title: Metabolic cofactor supplementation in
COVID-19. medRxiv 2020;2020.10.02.20202614.



20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Kazmi N, George DS, J LS. Mendelian randomization analyses show that higher acetyl-carnitine
and carnitine levels in blood protect against severe Covid19.

Koepsell H. Organic cation transporters in health and disease. Pharmacol Rev 2020;

Tamai |. Pharmacological and pathophysiological roles of carnitine/organic cation transporters
(OCTNSs: SLC22A4, SLC22A5 and SIc22a21). Biopharm Drug Dispos 2013;34(1):29-44.

Rodin M. Characterization of the Carnitine Transporter, OCTN2: Functional Impact of Mutations
and Its Role in COVID-19 Treatment Related Drug-Drug-Interactions. 2020.

Leung TYM, Chan AYL, Chan EW, et al. Short- and potential long-term adverse health outcomes
of COVID-19: a rapid review. Emerg. Microbes Infect. 2020;9(1):2190-9.

Shafi AMA, Shaikh SA, Shirke MM, Iddawela S, Harky A. Cardiac manifestations in COVID-19
patients—A systematic review. J Card Surg 2020;35(8):1988—2008.

Mitrani RD, Dabas N, Goldberger JJ. COVID-19 cardiac injury: Implications for long-term
surveillance and outcomes in survivors. Hear Rhythm 2020;17(11):1984-90.

St. Paul A, Corbett CB, Okune R, Autieri M V. Angiotensin Il, hypercholesterolemia, and vascular
smooth muscle cells: A perfect trio for vascular pathology. Int. J. Mol. Sci. 2020;21(12):1-16.
Blanca AJ, Ruiz-Armenta M V., Zambrano S, et al. L-Carnitine ameliorates the oxidative stress
response to angiotensin Il by modulating NADPH oxidase through a reduction in protein kinase c
activity and NF-kB translocation to the nucleus. Food Chem 2017;228:356-66.

Cao Y, Qu H, Li P, Wang C, Wang L, Han Z. Single Dose Administration of L-Carnitine Improves
Antioxidant Activities in Healthy Subjects. Tohoku J Exp Med 2011;224(3):209-13.

Fathizadeh H, Milajerdi A, Reiner Z, et al. The effects of L-carnitine supplementation on indicators
of inflammation and oxidative stress: a systematic review and meta-analysis of randomized
controlled trials. J. Diabetes Metab. Disord. 2020;1-16.

Haghighatdoost F, Jabbari M, Hariri M. The effect of L-carnitine on inflammatory mediators: a
systematic review and meta-analysis of randomized clinical trials. Eur J Clin Pharmacol 2019 758
2019;75(8):1037-46.

Song X, Qu H, Yang Z, Rong J, Cai W, Zhou H. Efficacy and Safety of L-Carnitine Treatment for
Chronic Heart Failure: A Meta-Analysis of Randomized Controlled Trials. Biomed Res Int
2017;2017.

Rasmussen J, Dung M, Lund AM, et al. Increased risk of sudden death in untreated primary
carnitine deficiency. J Inherit Metab Dis 2020;43(2):290-6.

Weng Y, Zhang S, Huang W, Xie X, Ma Z, Fan Q. Efficacy of L-Carnitine for Dilated
Cardiomyopathy: A Meta-Analysis of Randomized Controlled Trials. Biomed Res Int 2021;2021:1—
11.

Feingold KR. Lipid and Lipoprotein Levels in Patients with COVID-19 Infections. MDText.com, Inc.;
2000.

Harvey SB, Wessely S, Kuh D, Hotopf M. The relationship between fatigue and psychiatric
disorders: Evidence for the concept of neurasthenia. J Psychosom Res 2009;66(5):445-54.



37.

38.

89:

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Zhu J, Ji P, Pang J, et al. Clinical characteristics of 3062 COVID-19 patients: A meta-analysis. J
Med Virol 2020;92(10):1902-14.

Vaziri-harami R, Delkash P. Can I-carnitine reduce post-COVID-19 fatigue? Ann Med Surg
[Internet] 2022;73(November 2021):103145. Available from:
https://doi.org/10.1016/j.amsu.2021.103145

Cruciani RA, Dvorkin E, Homel P, et al. L-Carnitine Supplementation in Patients with Advanced
Cancer and Carnitine Deficiency: A Double-Blind, Placebo-Controlled Study. J Pain Symptom
Manage 2009;37(4):622-31.

Cruciani RA, Dvorkin E, Homel P, et al. L-carnitine supplementation for the treatment of fatigue and
depressed mood in cancer patients with carnitine deficiency: A preliminary analysis. Ann N Y Acad
Sci 2004;1033(1):168-76.

Brass EP, Adler S, Sietsema KE, Hiatt WR, Orlando AM, Amato A. Intravenous L-carnitine
increases plasma carnitine, reduces fatigue, and may preserve exercise capacity in hemodialysis
patients. Am J Kidney Dis 2001;37(5):1018-28.

Malaguarnera M, Gargante MP, Cristaldi E, et al. Acetyl I-carnitine (ALC) treatment in elderly
patients with fatigue. Arch Gerontol Geriatr 2008;46(2):181-90.

Malaguarnera M, Cammalleri L, Gargante MP, Vacante M, Colonna V, Motta M. L-Carnitine
treatment reduces severity of physical and mental fatigue and increases cognitive functions in
centenarians: a randomized and controlled clinical trial 1-3 [Internet]. 2007. Available from:
https://academic.oup.com/ajcn/article/86/6/1738/5064838

Whiteside DM, Oleynick V, Holker E, Waldron EJ, Porter J, Kasprzak M. Neurocognitive deficits in
severe COVID-19 infection: Case series and proposed model. Clin Neuropsychol 2021;1-20.
Nasca C, Bigio B, Lee FS, et al. Acetyl-L-carnitine deficiency in patients with major depressive
disorder. Proc Natl Acad Sci U S A 2018;115(34):8627-32.

Montgomery SA, Thal LJ, Amrein R. Meta-analysis of double blind randomized controlled clinical
trials of acetyl-L-carnitine versus placebo in the treatment of mild cognitive impairment and mild
Alzheimer’s disease. Int Clin Psychopharmacol 2003;18(2):61-71.

Pennisi M, Lanza G, Cantone M, et al. Acetyl-L-Carnitine in Dementia and Other Cognitive
Disorders: A Critical Update. Nutrients 2020;12:1389.

Passeri M, Cucinotta D, Bonati PA, lannuccelli M, Parnetti L, Senin U. Acetyl-L-carnitine in the
treatment of mildly demented elderly patients. In: International Journal of Clinical Pharmacology
Research. 1990. p. 75-9.

Jamilian H, Jamilian M, Samimi M, et al. Oral carnitine supplementation influences mental health
parameters and biomarkers of oxidative stress in women with polycystic ovary syndrome: a
randomized, double-blind, placebo-controlled trial. Gynecol Endocrinol 2017;33(6):442—7.

La Marca A, Busani S, Donno V, Guaraldi G, Ligabue G, Girardis M. Testicular pain as an unusual
presentation of COVID-19: a brief review of SARS-CoV-2 and the testis. Reprod Biomed Online
2020;41(5):903-6.



51.

52.

53.

54.

55.

56.

57.

Hallak J, Teixeira TA, Bernardes FS, et al. SARS-CoV-2 and its relationship with the genitourinary
tract: Implications for male reproductive health in the context of COVID-19 pandemic. Andrology
2021;9(1):73-9.

Zhang X, Cui Y, Dong L, Sun M, Zhang Y. The efficacy of combined <scp>I</scp> -carnitine and
<scp>I</scp> -acetyl carnitine in men with idiopathic oligoasthenoteratozoospermia: A systematic
review and meta-analysis. Andrologia 2020;52(2).

Law S, Leung AW, Xu C. COVID-19 mutation in the United Kingdom. Microbes Infect Dis
2021;0(0):0-0.

Sallam M, Ababneh NA, Dababseh D, Bakri FG, Mahafzah A. Temporal increase in D614G
mutation of SARS-CoV-2 in the Middle East and North Africa. Heliyon 2021;7(1):e06035.

Saha P, Banerjee AK, Tripathi PP, Srivastava AK, Ray U. A virus that has gone viral: Amino acid
mutation in S protein of Indian isolate of Coronavirus COVID-19 might impact receptor binding, and
thus, infectivity. Biosci Rep 2020;40(5):20201312.

Zolfaghari Emameh R, Eftekhari M, Nosrati H, Heshmatnia J, Falak R. Identification and
characterization of a silent mutation in RNA binding domain of N protein coding gene from SARS-
CoV-2. BMC Res Notes 2021;14(1):10.

Krishnan A, Hamilton JP, Algahtani SA, Woreta TA. COVID-19: An overview and a clinical update.
World J Clin Cases 2021;9(1):8-23.

Tablel. Some clinical studies conducted on the use of L-Carnitine on shared clinical
manifestations with COVID-19

Comment [ull]: There is some thing wrong
in [9] and [52]

Authors Shared clinical Type of study Dose and a Main findings
manifestation Number of patients follow-up
period of LC
Xiaolong Song, et Cardiovascular Meta-analysis 1.5 to 6 g/day LC is effective
al.F? and follow-up  in improving the

periods from 7 clinical
days to 3 years symptoms of

heart failure

Hamidreza Mental health A randomized, double- 250 mg carnitine use for
Jamilian, et. blind, placebo- carnitine 12 weeks in
al., " controlled trial supplements or  patients with
placebo for 12 PCOS
weeks improved

mental health

parameters.

Mariano Fatigue A randomized and 29 Use of



Malaguarnera, et.
al. [43]

Xuebao Zhang,
etal.,

Reproductive system

controlled clinical trial

A systematic review

and meta-analysis

levocarnitine
once daily for 6

months

3-50 g/day
LC+LAC for 12-

24 weeks

Carnitine shows
improvement of
physical and
mental fatigue
and cognitive
function

Use of
Carnitine shows
improvement of
some infertility
parameters in

males

LC: L-carnitine
PCOS: polycystic ovary syndrome
LAC: L-acetyl carnitine



