A tennis lesson: sharp practice in the
science behind the Sharapova case
Arduino Arduini,1 Victor A Zammit2
Maria Sharapova (and hundreds of other
elite athletes) took meldonium, a drug
developed at the time of the USSR for the
treatment of heart attack and stroke,
though it has never been approved for use
anywhere outside of the former Soviet
Union. Meldonium is an inhibitor of
γ-butyrobetaine hydroxylase, an enzyme
involved in the carnitine biosynthetic
pathway.1 Intake results in a reduction of
tissue carnitine content, including the
heart and skeletal muscles. Carnitine plays
a critical role in transferring long-chain
fatty acids across mitochondrial inner
membrane into the mitochondrial matrix,
to enable entry of the fatty acid moiety
into the oxidation pathway, to synthesise
ATP aerobically.2 In cases when intracellular carnitine availability is compromised,
such as in neonatal primary carnitine
deﬁciency,3 those affected experience
hypoglycaemia, fatigue, seizures and cardiomyopathy.3 Carnitine-deﬁcient individuals are sensitive to prodrugs containing
the pivaloyl moiety, as pivalic acid is a
prodrug able to induce carnitine deﬁciency (like meldonium); this results in
lethal cardiac arrhythmias.4 Meldonium
administered orally at ‘recommended’
doses (500 mg, twice daily)5 would not
have such a drastic effect. However, even
a moderate reduction of muscle carnitine
content in healthy volunteers treated with
pivaloyl-conjugated antibiotics for 54 days
reduces work at maximal oxygen uptake
(VO2max), maximal heart rate,6 reduced
interventricular septum thickness and left
ventricular mass.7 The oral administration
of meldonium to healthy volunteers
(500 mg, twice daily) for 4 weeks leads to
a signiﬁcant 18% reduction of plasma carnitine.5 Even though we are not aware of
the meldonium dosage prescribed to Ms
Sharapova, it is safe to assume that, in the
absence of oral carnitine supplementation,
her muscle carnitine content would have
been, at most, only modestly decreased,
and would have resulted in a minimal
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impact on her muscle oxidative capacity,
as evidenced by her continued performance at the highest levels in her sport. The
medical team looking after Ms Sharapova
appears to have confounded the tangible
beneﬁcial effects of depressing acylcarnitine formation in ischaemic heart (which
may improve glucose use, eg, during
ischaemia–reperfusion) with the requirement of normal cardiac muscle for high
rates of carnitine-dependent fatty acid oxidation. A recent study in rodents has
shown that even a moderate, silent
carnitine-deﬁcient phenotype may reveal
its fragility when subjected to strong
adrenergic stress.8 Therefore, unless meldonium has unidentiﬁed off-target
pharmacological effects, one has to be
thankful that it was not administered in
high enough doses so as to damage the
athletes who continued to take it.
Another aspect of meldonium pharmacology is the inhibition of carnitine acetyltransferase (CAT) activity,9 an enzyme that
reversibly transfers the acetyl moiety of
acetyl coenzyme A to carnitine in mitochondria and peroxisomes. Due to its capacity to buffer mitochondrial acetyl
coenzyme A levels, CAT plays a prominent role in intermediary metabolism and
muscle bioenergetics.2 As expected, in
rodent models, a lowered muscle CAT
activity results in muscle fatigue and exercise intolerance.10 This would again
strongly argue against the use of meldonium as a performance-enhancing drug,
particularly if such CAT-inhibitory activity
is combined with carnitine depletion.
The World Anti-Doping Agency (WADA)
may have decided to add meldonium to the
Prohibited List, not necessarily because of
any illusory performance-enhancing action
in healthy athletes, but because of the real
danger that it carries for the overenthusiastic
athlete who may overdose on it and lower
intracellular carnitine to pathological levels.
A comprehensive literature search of several
databases failed to unearth any cogent evidence of the potential meldonium effect in
enhancing physical performance in healthy
subjects, with only one clinical trial conducted on a small cohort of old (average
>60 year) patients with angina pectoris, to
evaluate exercise tolerance. On such
minimal ﬁndings is the dangerous extrapolation to an assumed performance-enhancing

effect of meldonium in healthy elite athletes
based. It is not an overstatement to
emphasise that the understanding of metabolism is a postmodernist discipline in which
neither the inadequately trained scientists
(Metabolism is a Cinderella subject in most
universities) nor the editors of journals or
the clinicians who peruse their publications
know how to interpret the intricacies of
control in metabolism. This is an era in
which metabolic science is overrun by overemphasis on gross changes in gene expression, and too little on the reductionist
discipline of the study of the function of
proteins, their interactions, and their effects
on metabolic ﬂuxes. Athletes chasing the
shadows of marginal gains are the unwitting
victims. Hats off to WADA who may have
recognised that, even in the absence of any
performance-enhancing properties of meldonium, they should ban it for health
reasons. If anything, Ms Sharapova and
other ill-advised athletes may not have
attained their true athletic potential as a
result of having taken meldonium.
Contributors AA contributed to the idea of
publishing an Editorial and to the writing of the text.
VAZ contributed to the idea of publishing an Editorial
and to the writing of the text.
Competing interests None declared.
Provenance and peer review Not commissioned;
externally peer reviewed.

Open Access This is an Open Access article
distributed in accordance with the terms of the Creative
Commons Attribution (CC BY 4.0) license, which
permits others to distribute, remix, adapt and build
upon this work, for commercial use, provided the
original work is properly cited. See: http://
creativecommons.org/licenses/by/4.0/

To cite Arduini A, Zammit VA. Postgrad Med J
2016;92:429–430.
Received 29 March 2016
Accepted 18 April 2016
Published Online First 1 June 2016
Postgrad Med J 2016;92:429–430.
doi:10.1136/postgradmedj-2016-134124

REFERENCES
1

2

Arduini A, Zammit VA. Postgrad Med J August 2016 Vol 92 No 1090

Simkhovich BZ, Shutenko ZV, Meirēna DV, et al.
3-(2,2,2 Trimethylhydrazinium)propionate (THP)—a
novel γ-butyrobetaine hydroxylase inhibitor with
cardioprotective properties. Biochem Pharmacol
1988;37:195–202.
Zammit VA, Ramsay RR, Bonomini M, et al.
Carnitine, mitochondrial function and

429

Postgrad Med J: first published as 10.1136/postgradmedj-2016-134124 on 1 June 2016. Downloaded from http://pmj.bmj.com/ on September 27, 2020 by guest. Protected by copyright.

Editorial

3

4

5

430

therapy. Adv Drug Deliv Rev 2009;61:
1353–62.
Longo N, Amat di San Filippo C, Pasquali M.
Disorders of carnitine transport and the carnitine
cycle. Am J Med Genet C Semin Med Genet
2006;142C:77–85.
Rasmussen J, Nielsen OW, Lund AM, et al. Primary
carnitine deﬁciency and pivalic acid exposure causing
encephalopathy and fatal cardiac events. J Inherit
Metab Dis 2013;36:35–41.
Liepinsh E, Konrade I, Skapare E, et al. Mildronate
treatment alters γ-butyrobetaine and l-carnitine

6

7

8

concentrations in healthy volunteers. J Pharm
Pharmacol 2011;63:1195–201.
Abrahamsson K, Eriksson BO, Holme E, et al. Pivalic
acid-induced carnitine deﬁciency and physical exercise
in humans. Metab Clin Exp 1996;45:1501–7.
Abrahamsson K, Mellander M, Eriksson BO, et al.
Transient reduction of human left ventricular
mass in carnitine depletion induced by antibiotics
containing pivalic acid. Br Heart J 1995;74:
656–9.
Giudice PL, Bonomini M, Arduini A. A moderate
carnitine deﬁciency exacerbates isoproterenol-induced

9

10

myocardial injury in rats. Cardiovasc Drugs Ther
2016;30:119–27.
Jaudzems K, Kuka J, Gutsaits A, et al. Inhibition of
carnitine acetyltransferase by mildronate, a regulator
of energy metabolism. J Enzyme Inhib Med Chem
2009;24:1269–75.
Seiler SE, Koves TR, Gooding JR, et al. Carnitine
Acetyltransferase Mitigates Metabolic Inertia and
Muscle Fatigue during Exercise. Cell Metab
2015;22:65–76.

Arduini A, Zammit VA. Postgrad Med J August 2016 Vol 92 No 1090

Postgrad Med J: first published as 10.1136/postgradmedj-2016-134124 on 1 June 2016. Downloaded from http://pmj.bmj.com/ on September 27, 2020 by guest. Protected by copyright.

Editorial

