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A Performance-Enhancing Drug

During the recent Winter Olympics, a Russian figure skater
tested positive for the heart medication, trimetazidine (TMZ).
In February 2022, the Court of Arbitration for Sport ruled
that the athlete could nevertheless continue to compete in the
2022 Beijing Olympic Games. The court accepted her claim
that her grandfather uses TMZ, and that she inadvertently
ingested this drug.! Previously, a Chinese swimmer served a
three-month ban in 2014 and a Russian bobsledder was dis-
qualified from the 2018 Olympics and received an eight-
month ban after each tested positive for TMZ.2

TMZ was placed on the World Anti-Doping Agency
(WADA) banned list in 2014.3 However, a 2018 review of
WADA-prohibited substances identified no well-designed
studies of performance enhancement with athletes using
TMZ.*3 The only three studies in the literature related to per-
formance with the use of TMZ (compared with placebo)
include two studies demonstrating increasing exercise toler-
ance in a setting of peripheral artery disease®’ and one study
demonstrating improved psychomotor performance in
healthy subjects.® Although TMZ has been reported to
decrease lipid oxidation and to increase glucose oxidation,
this mechanism has not been shown to enhance striated (car-
diac and skeletal) muscle performance in athletes during
exercise.”

TMZ is used worldwide for the treatment of angina and
congestive heart failure and is manufactured in 53 countries
(Table 1). However, the drug has not been approved by the
US Food and Drug Administration (FDA). Meanwhile, in the
United States, the safety and efficacy of sodium-glucose
cotransporter-2 (SGLT2) inhibitors have also not been estab-
lished in patients with type 1 diabetes (T1D), and the FDA
has not approved them for use in these patients. With the
increased awareness of the benefits of SGLT2 inhibitors in

type 2 diabetes (T2D), especially in patients with established
cardiovascular and renal disease, there has been growing
interest in their use in patients with T1D. To date, use of
SGLT?2 inhibitors in T1D patients has been reported to be
associated with increased risk of euglycemic diabetic keto-
acidosis (DKA).'? In this article, we explore the question of
whether TMZ, which affects both fat and glucose metabo-
lism, and which has already been shown to improve glyce-
mia in T2D patients in some''""* but not all'*'* trials, may
have a role to play to prevent euglycemic ketoacidosis in
T1D patients treated with SGLT?2 inhibitors.

Cardiovascular Properties of TMZ

During ischemia, limitations in blood flow and oxygen
delivery result in myocardial acidosis that adversely affects
contractility.!® TMZ acts as an exercise mimetic through
inhibition of cardiac long-chain 3-ketoacyl coenzyme A
(CoA) thiolase (LC 3-KAT) and stimulation of pyruvate
dehydrogenase, an enzyme involved in regulation of glu-
cose oxidation, that together increase glucose and glyco-
gen oxidation and decrease fatty acid oxidation.!” These
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Table I. Countries Where Trimetazidine is Manufactured.

Argentina Lebanon
Austria Lithuania
Bangladesh Luxembourg
Bosnia and Herzegovina Macedonia
Brazil Malaysia
Bulgaria Malta

Chile Myanmar
China Oman
Croatia (Hrvatska) Pakistan
Cyprus Paraguay
Czech Republic Peru
Denmark Philippines
Ecuador Poland
Egypt Portugal
Estonia Romania
France Russian Federation
Georgia Serbia
Greece Slovakia
Hong Kong South Korea
Hungary Spain

India Thailand
Indonesia Tunisia
Ireland Turkey

Italy Uruguay
Japan Venezuela
Kuwait Vietnam
Latvia

two effects together appear to improve angina symptoms'8

(Figure 1).

Compared with glucose oxidation, the oxidation of fatty
acids produces more adenosine triphosphate (ATP) per gram;
however, in terms of ATP per oxygen molecule, glucose and lac-
tate yield more energy than ketone bodies or fatty acids. For
example, the oxidation of fatty acids, compared with glucose,
requires 11% to 12% more oxygen for a given amount of ATP
produced.” In a state of oxygen deficiency, such as myocardial
ischemia or perhaps in a state of extreme athletic activity, a
switch from metabolism of fatty acids to glucose and lactate® is
more oxygen-effective and can balance the mismatch between
oxygen requirements and oxygen supply. The switch in sub-
strate preference can theoretically protect an ischemic heart.

The effect on cardiac function is different for TMZ com-
pared with other antianginal drugs, which reduce demand for
oxygen and also have a cardiodepressive effect. TMZ has an
anti-ischemic effect without associated depression of heart
rate, blood pressure, coronary artery blood flow, or left ven-
tricular contractility. This effect occurs without increased
cardiac perfusion (Figure 2).

Use of SGLT2 Inhibitors in Addition to
Insulin Therapy in Type | Diabetes

SGLT2 inhibitors are approved by the FDA to improve
glycemic control in adults with T2D?? (Table 2). These drugs

may also be useful for heart failure?* and chronic kidney dis-
ease.?* SGLT2 inhibitors act by blocking SGLT2 transporters
in the proximal renal tubules, which are involved in the reab-
sorption of filtered glucose and sodium.? This results in gly-
cosuria and lower blood glucose concentrations. Three
mechanisms have been proposed to account for increased
ketone levels in the circulation with the use of SGLT?2 inhibi-
tors.? First, the metabolic response to the decreased avail-
ability of circulating glucose due to glycosuria can be similar
to that of starvation where there is a shift from carbohydrate
(glucose, glycogen, and lactate) metabolism to fat metabo-
lism associated with decreased insulin activity, which leads
to increased lipolysis and then increased ketone production.?’
In a similar sense, patients with T1D?*® and T2D* who use
insulin usually will decrease their dose when they use an
SGLT?2 inhibitor because glucose is being disposed of via
renal excretion, so less exogenous insulin is needed to trans-
fer glucose into cells. Second, along with decreased insulin
activity, SGLT2 inhibitor therapy results in increased gluca-
gon activity (although the exact mechanism is not under-
stood), which also stimulates lipolysis with increased
formation of ketone bodies.*® The third is a potential small
decrease in ketone excretion, although this has only been
reported in an animal model.?! The first mechanism is prob-
ably dominant, resulting in a decreased insulin concentration
with increased lipolysis and shifted substrate utilization from
glucose to free fatty acids (FFAs), in turn resulting in release
of FFAs followed by ketogenesis.?”

SGLT?2 inhibitor therapy has been proposed as adjuvant
therapy in addition to insulin in T1D patients. This combina-
tion of two drugs has been associated with improved glyce-
mic control, increased time in range, improved quality of life
measures, and weight loss.3* However, this combination is
associated with an increased risk of DKA. For this reason the
addition of an SGLT?2 inhibitor to insulin in T1D patients has
not been approved by the FDA, although this combination of
drugs has been approved in Europe for sotagliflozin, a dual
sodium-glucose cotransporter-1 (SGLT1) and SGLT2 inhibi-
tor,>* and dapagliflozin, a SGLT2 inhibitor.>> The manufac-
turer of the latter drug withdrew the drug for the indication of
T1D from the European market in 2021.3¢ The FDA has
required Warnings and Precautions to be added to the labels
of all SGLT?2 inhibitors to describe the risk of DKA.>” TMZ
for heart disease has also been associated with drug-induced
parkinsonism.®

Metabolic Properties of TMZ

In perfused rat hearts, TMZ has been shown to be an inhibi-
tor of FFA oxidation that increases the use of glucose as a
fuel'” (Figure 1). Therefore, one might hypothesize that a
blocker of fatty acid oxidation might lead to a decrease in the
amount of ketoacids produced through lipid oxidation. In
that case, TMZ might be a protective agent from ketoacido-
sis, where an absolute insulin deficiency is not the main
problem, such as euglycemic ketoacidosis in patients with
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Figure |. Effects of trimetazidine in perfused rat hearts on metabolic flux through (a) fatty acid oxidation and (b) glucose oxidation. In

both cases P < .05.

Source: Modified from Kantor et al.'”
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Figure 2. Effects of trimetazidine added to conventional therapy (a) compared with conventional therapy alone; (b) on left ventricular
ejection fraction (LVEF), at baseline, and at follow-up. Trimetazidine significantly improved LVEF, whereas a trend toward a decline in left
ventricular function was observed in patients treated with conventional therapy alone.

Source: Reproduced from Fragasso et al.!

T1D who are using an SGLT2 inhibitor. Could TMZ’s effect
of decreased lipid oxidation protect from formation of
ketoacids?

A drug that blocks FFA oxidation could have diverse
effects on ketoacid formation. Unless lipolysis is blocked so
that fatty acid production is limited, suppression of lipid oxi-
dation could result in backup of fatty acid carbon flux and
cause ketone formation through a mass action effect.®”
However, most of the research on the effects of TMZ has
been on cardiac muscle rather than skeletal muscle. TMZ’s
effect on skeletal muscle fatty acid oxidation appears to be
extremely mild.** If TMZ significantly prevented lipolysis in
white adipose tissue and skeletal muscle (which has not been
demonstrated), or significantly prevented lipid oxidation in
skeletal muscle (which has also not been shown), then there
would be a reasonable basis for optimism that TMZ could
block formation of ketoacids, which are derived from

nonoxidative disposal of fatty acids. However, the effect of
TMZ on cardiac muscle is probably not sufficient to block
systemic formation of ketoacids during states of insulin defi-
ciency. Likewise, it has not been shown that TMZ therapy
will prevent a clinically significant amount of ketone forma-
tion. It is probable that without a significant inhibition of
skeletal muscle FFA oxidation, TMZ’s intended effect (of
decreased FFA oxidation and associated decreased ketone
formation) would not substantially decrease total ketone pro-
duction in humans.

TMZ in Type | Diabetes Patients Using
Insulin Plus an SGLT?2 Inhibitor

If TMZ would decrease FFA oxidation and the development

of ketoacidosis, then one could hypothesize that this drug
might be an effective treatment to be used by T1D patients
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Table 2. Single-Ingredient SGLT?2 Inhibitors Approved by the FDA.

Generic name Brand name Manufacturer FDA approval year
Canagliflozin Invokana Janssen Pharmaceuticals 2013
Dapagliflozin Farxiga AstraZeneca 2014
Empagliflozin Jardiance Boehringer Ingelheim Pharmaceuticals and Eli Lilly 2014

and Company
Ertugliflozin Steglatro Merck & Co., Inc. 2017

Abbreviation: FDA, Food and Drug Administration.

who are also receiving an SGLT2 inhibitor off label. In that
case, the increased risk of ketoacidosis when SGLT2 inhibi-
tors are added to insulin therapy could perhaps be reduced by
adding this metabolic modulator, which would unlock the
possibility of safer SGLT2 inhibitor therapy for people with
T1D. However, in T1D patients receiving insulin and SGLT2
inhibitor therapy experiencing increased lipolysis and
impending ketoacidosis, there is insufficient clinical or basic
science evidence to expect that repurposing TMZ would
likely prevent ketoacidosis. In conclusion, the mechanism of
TMZ is unfavorable for preventing euglycemic ketoacidosis
in T1D patients using insulin plus an SGLT2 inhibitor.

Abbreviations

ATP, adenosine triphosphate; CoA, coenzyme A; DKA, diabetic
ketoacidosis; FDA, Food and Drug Administration; FFAs, free fatty
acids; LVEEF, left ventricular ejection fraction; LC 3-KAT, long-chain
3-ketoacyl coenzyme A thiolase; SGLT2, sodium-glucose cotrans-
porter-2; T1D, type 1 diabetes; T2D, type 2 diabetes; TMZ, trimeta-
zidine; US, United States; WADA, World Anti-Doping Agency.
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