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Abstract

Objectives. Emidonol®is a veterinary drug used to treat pathological conditions associated with hypoxia in cattle. In addition to meldonium,
which is included in the Prohibited List of the World Anti-Doping Agency, the biotransformation product of Emidonol® in animals is the
antioxidant and antihypoxant emoxypine, which can act as a marker of contamination of food products with the above-mentioned widely
known metabolic modulator. The study set out to semiquantitatively determine emoxypine and meldonium levels, as well as to compare
the excretion profiles of these substances by high-performance liquid chromatography—tandem mass spectrometry (HPLC-MS/MS)
in urine samples of volunteers after receiving a single oral administration of a therapeutic dose of Brainmax® and after consuming a large
amount of milk from cows that had received a prophylactic course of Emidonol®.

Methods. Sample preparation of urine samples for the determination of meldonium was carried out using the “dilute and shoot”
approach. Enzymatic hydrolysis with B-glucuronidase followed by purification by solid-phase extraction was used to determine
emoxypine. Identification of meldonium and emoxypine was carried out by HPLC-MS/MS under conditions of electrospray ionization
with registration of positively charged ions in the selective reaction monitoring (SRM) mode for the following transitions and collision
energies: for meldonium, 147.1 > 147.1 (15), 147.1 > 132.1 (17), 147.1 > 58.1 (17), 147.1 > 59.1 (17), 147.1 > 42.1 (60); for emoxypine,
138.1>138.1 (7), 138.1 > 123.1 (15), 138.1 > 110.1 (20), 138.1 > 95.1 (20).

Results. The possibility of simultaneous identifying meldonium and emoxypine obtained after enzymatic hydrolysis with B-glucuronidase
in urine samples of volunteers after oral intake of single dose of Brainmax® and consuming a large amount of Emidonol®-contaminated milk
using the HPLC-MS/MS method with different numbers and variants of SRM transitions was demonstrated. Differences in the excretion
profiles of these substances were found after ingestion of large amounts of contaminated milk and a single oral dose of Brainmax® 15-18 h
later and further. After taking contaminated milk 12 h or more later, emoxypine is detected in concentrations 5 or more times higher than
meldonium concentrations and is excreted for a longer period of time. Conversely, after taking a single dose of Brainmax®, which contains both
substances, the content of meldonium in urine samples of volunteers 15-18 h after taking it is several times higher in relation to emoxypine.
The constant ratio of estimated concentrations of meldonium and emoxypine in Emidonol® was found to be approximately 1 : 2.

Conclusions. Identification of meldonium in the presence of emoxypine in urine under certain conditions can be used to distinguish
contamination of food products with a prohibited metabolic modulator from intentional ingestion of real doping.
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AHHOTaUuAa

Ilesn. DMunoHON™ — TeKapCTBEHHBIH MPENapar BeTePUHAPHOTO HA3HAYEHHS, IPHMEHSEMBIH ISl IEUeH s Y KPYTTHOTO POTATOrO CKOTA MaTo-

JIOTHHECKHUX COCTOSTHHH, CBA3AHHBIX C THTIOKCHeit. [TpomykTom GroTparcdopmammi IMuaoH0ma® B opraHu3Me KUBOTHBIX TOMUMO MEJThI0-
HHS, BXOJSIIETO B 3alpelieHHbIi CUCcOK BceMUpHOro aHTHIOMMHIOBOTO areHTCTBA, SIBJIAETCS AHTUOKCHIAHT U AaHTUTHIIOKCAHT SMOKCHITHH,
KOTOPBII MOXKET BBICTYTIaTh B KAYECTBE MapKepa KOHTAMMHAIIMK MPOIYKTOB ITUTAHKS BbIIIEyKa3aHHBIM MOTYYHUBIINM IIUPOKYIO H3BECTHOCTD
MozyATOpoM MeTabonn3ma. Lenb uccnenoBanus 3aKio4anach B MOITYKOIMYECTBEHHOM ONPE/CICHUN SMOKCUITMHA U MEJIb/IOHHS U CPaB-
HEeHHH MPOQuIIell BBIBEACHUS THX BELIECTB METOJOM BBICOKOA(D(HEKTUBHON KUIKOCTHON XpoMarorpadui—TaHIEeMHON Macc-CIeKTpOMe-
pun (BOXXX-MC/MC) B 0bpasiiax Mo4ur T0OPOBOIIBLIEB MOCIE OIHOKPATHOIO IIEPOPATHLHOIO MpHeMa TepareBTHISCKON /1036l Mperapara

Bpeitamaxc® 1 607IBIIOT0 KOMMYECTBA MOJIOKA KOPOB, MOTY4aBIIMX TIPOMITAKTIYECKHH KypC BETIPENapaToM IMHI0HO®.

MeTonpl. [IpoOomoaroToBKy 00pa3ioB MOUH ISl OMPEACICHHST MENbIOHUS MPOBOIMIN TocpeacTBoM mnoaxona «dilute and shooty, mst
orpe/iesIeHNs] SMOKCUITMHA CIIOIb30BAH (pepMEHTaTHBHBINA I'HAPOIN3 C B-IIIFOKYPOHHU/a301 U MOCIIEAYIOIIeH OYNCTKOW METOIOM TBEP/IO-
(azHoit oxcTpakiuy. MaeHTiduKays MelbI0HNS 1 SMOKCHITHHA OCyIiecTBIsuIach MetogoM BOXKX-MC/MC B ycrioBHSIX ANEKTPOpaCIIbI-
JIUTETEHOM HOHN3ALMH C PETUCTpALUei TO0KUTEIILHO-3apsHKEHHBIX HOHOB B PEXKMME MOHUTOPUHTI'A CEIEKTUBHBIX (BEIOPAHHBIX) peaKInii
(SRM) mo cieyronmm nepexoaam 1 sHeprusiM coyaapenust: 147.1 > 147.1 (15), 147.1 > 132.1 (17), 147.1 > 58.1 (17), 147.1 > 59.1 (17),
147.1 > 42.1 (60) mns menbaonunst u 138.1 > 138.1 (7), 138.1 > 123.1 (15), 138.1 > 110.1 (20), 138.1 > 95.1 (20) st SMOKCHIIHHA.

Pe3yabrarsl. [Tokazana BO3MOXXHOCTh OJHOBPEMCHHON MICHTU(HKAIIMU MEIbJIOHHS, ONPEACICHHOTO MPSMbBIM Pa30aBICHUEM, H 3MOK-
CHUIMHA, MOJYYCHHOTO 1ociie ()epMEHTATUBHOIO THIPONIK3a P-IIIFOKYPOHUIa30HM, B 00pa3ax MO4M JOOPOBOIIBIIEB MMOCIE TIEPOPATHHOTO
HpHeMa OIHOKPATHOI 1036l mpenapara bpeitamaxc® 1 ymorpeGienus GONbIIOro KoMMIecTBa MOJIOKA, 3aTPA3HEHHOI0 DMIIOHOIOM®, Me-
ToztoM BOXKX-MC/MC ¢ ncnonbp30BaHHEM Pa3IndHOrO KOJIMYECTBa U BapraHTOB SRM-1iepexo1oB. YCTaHOBIICHBI Pa3IMuusl B TPOMIIIIX
BBIBC/ICHUS JIAHHBIX BCIECTB TOCIE MpHUeMa OOJBIIMX KOJIUYECTB KOHTAMHUHHPOBAHHOTO MOJIOKA M OJJHOKPATHOTO TEPOPAILHOTO MPH-
€Ma mpenapara EpeﬁHMaKc® ciyctst 15-18 u u nozxe. [Tocne npuema KOHTAaMUHUPOBAHHOTO MOJIOKA CITYCTSl 12 U M M03Ke SMOKCUITHH
OIPE/ICISETCS. B KOHIICHTPALMSIX B 5 M OoJiee pa3 MPEBBINIAIONINX KOHICHTPAIIMHA MEJBJIOHUS W BBIBOAUTCS OOJee JUTUTEIBHOE BPEMSI.
IIpu omHOKpaTHOM IIpHeMe mpernapara bpeitamaxc®, conepsxamero 06a BelecTBa, HAIPOTHB, COACPKAHIE MEJILIOHHS B 00pa3IaX MOUH
JI0OPOBOIBIEB cirycTst 15—18 1 1 o3Hee Moclie MprueMa B HECKOJIBKO Pa3 BBIIIIEC 10 OTHONICHUEO K AMOKCHITHHY. Tak:ke 0OHApy»KEHO, 4TO
HOCTOSIHHOE COOTHOLICHHE OICHOUHBIX KOHIIGHTPALIHIT MEJIbIOHMS M AMOKCHITIHA B YICTOM IIpenapare IMunoHon® coorserctnyer 1 : 2.

BbiBOabI. I/I,Z[eHTI/I(bI/IKaL[I/IH MEJIBAOHUA B IPUCYTCTBUU ODMOKCUIIMHA B MOY€ NIPU ONPEACITICHHBIX YyCIIOBUAX MOXKET OBITH MCIIOJIb30BaHA
JUISL OTIIMYUS KOHTAMHUHAIWU MIPOAYKTOB MUTAHUA 3aIPEUICHHBIM MOAYJIATOPOM MeTabosm3Ma OT HaAMEPEHHOI'0 MprueMa pe€ajibHOTO J10-
TIMHTa.
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DMuoHoN”, IMOKCHIIMH, MeNbI0HHiT, Bpeitamakc®, BHICOKOA((EKTHBHAS KHIKOCTHAS
xpomarorpadusi—TaHAEeMHAs] MacC-CIIEKTPOMETPHSI

Anga uMTupoBaHus

[Moctuuxos I1.B., AckpetrkoB A.Jl., ITonocun A.B., Epumona F0.A., Mouanosa E.C. IlomykonnuecTBeHHOE ONpEAEICHUE MEIbIOHUS
M DMOKCHIIMHA B Mode MeTomoM BOXKX-MC/MC nocre mpueMa OIHOKpAaTHOI TepareBTHUeCKO# 1036l mpenapara Bpeitamakc® u mo-
JIOKa KOPOB, MOMy4aBmMX npodumaxtuueckuii kype Ivumonona®. Touxue xumuueckue mexnonoeuu. 2025;20(4):382-398. https:/doi.

0rg/10.32362/2410-6593-2025-20-4-382-398

INTRODUCTION

The antihypoxic, antioxidant, and membrane-protective
effects of veterinary drug Emidonol® (3-(2,2,2,2-tri-
methylhydrazinium) propionate-2-ethyl-6-methyl-3-
hydroxy-pyridine disuccinate) are due to its components [ 1]
(Fig. 1). Its use in cattle is authorized by the Federal
Service for Veterinary and Phytosanitary Surveillance
(Rosselkhoznadzor) for various pathologies accompanied
by hypoxia in the form of 5 and 10% solutions.
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‘ Fig. 1. Structural formula of Emidonol®

In animals, Emidonol® undergoes biotransformation
to form trimethylhydrazinium propionate (meldonium)
and emoxypine succinate, which is known in Russia as
Mexidol®. The former is a metabolic modulator on the
World Anti-Doping Agency (WADA) List of Prohibited
Substances? [2]. The effect of the latter, which has
been recently described by a number of authors as an
antioxidant and antihypoxant, can also lead to an increase
in performance, and is comparable to the effect of doping

substances [2], but it has not yet been included in the
WADA monitoring program? as a hypoxen [3].

The problem of contamination of foodstuffs with
meldonium is extremely relevant for athletes due to the
real risk of positive doping tests, given that it has been
the most used doping substance for more than 15 years®.
Earlier studies were published on the determination of
the banned metabolic agent both in food [4] and in the
urine of volunteers after consumption of milk from cows
treated with the veterinary drug Emidonol® [5] or spiked
with meldonium [6].

Our study proposes the use of emoxypine as an
additional marker of Emidonol® degradation in urine
biosamples simultaneously with the identification of
meldonium. Of course, the simultaneous use of these two
drugs to improve athletic performance is not excluded,
given that emoxypine succinate (Mexidol®) is not
prohibited and is often used to correct functional status
in sports, but such a coincidence may be accidental and
occur under conditions other than food contamination.
Preparations containing meldonium and emoxypine
succinate in one tablet (e.g., Brainmax®), which have
recently appeared on the Russian pharmaceutical market,
show a slightly different pattern of excretion with urine
than contaminated milk consumption.

In this study, we conducted pilot studies comparing
the excretion profiles of these two substances following
a single oral administration of Brainmax® and ingestion
of a large amount of milk from cows receiving a
prophylactic course of Emidonol®. The proposed
approaches for identifying biotransformation products
of veterinary drugs meldonium and emoxypine using

State Register of Medicines for Veterinary Use (list of medicines that have undergone state registration). URL: https:/fsvps.gov.ru/

files/gosudarstvennyj-reestr-lekarstvennyh-sredstv-dlja-veterinarnogo-primenenija-perechen-lekarstvennyh-preparatov-proshedshih-

gosudarstvennuju-registraciju/. Accessed February 17, 2025.

2 International Standard Prohibited List 2025. URL: https:/www.wada-ama.org/sites/default/files/2024-09/2025list_en_final clean 12

september_2024.pdf. Accessed March 10, 2025.

3 WADA 2025 Monitoring Program. URL: https://www.wada-ama.org/sites/default/files/2024-09/2025 list_monitoring_program_en_final _

clean 11 september 2024.pdf. Accessed December 15, 2024.

4 RUSADA: the number of positive samples for meldonium in 2024 has decreased. URL: https://rsport.ria.ru/20240522/rusada-1947725070.

html. Accessed December 17, 2024.
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the method of high-performance liquid chromatography—
tandem mass spectrometry (HPLC-MS/MS) in the
selective reaction monitoring (SRM) mode can be varied
by using a different number of transitions. This approach
can potentially be used to differentiate between the
real ingestion of a prohibited metabolic modulator and
contamination of foodstuffs by it when using a veterinary
drug in farm animals.

MATERIALS AND METHODS
Analysis samples and reagents

The study was based on urine samples provided by
volunteers (n = 3) before and after a single morning
intake of three glasses (900 mL) of fresh milk of cows
treated with the veterinary drug Emidonol® 10%
(AVZ Animal Health, Russia) collected within 60 h.
Dosages of Emidonol® were administered to animals
for 15 days daily in the morning depending on animal
weight according to the drug instructions. Milk samples
were collected on the 15th (last) day of the course in
plastic sterile bottles of 1 L.

Urine samples of other volunteers (n = 3) collected
during 14-16 days were also used for experiments before
and after a single intake of 1 tablet of the combination
comparison drug Brainmax® containing 250 mg of
meldonium and 250 mg of emoxypine succinate
(Mexidol®), which is available in pharmacy chains
without a prescription.

Volunteers (n = 3; age 35-52 years; body weight
60-92 kg; gender was not considered) had not previously
taken any meldonium or mexidol preparations, nor
had they consumed dietary supplements, milk or meat
products 1-2 days before the urine specimen collection.
Urine samples were collected in sterile 100 mL medical
containers, which were labeled with the date and time of
collection and stored at +4°C or frozen at —20°C before
sample preparation.

The study follows the principles of the Declaration
of Helsinki®. Written permission was obtained from the
volunteers to use their biological material for research
purposes.

A solution with a concentration of 1 mg/mL was
prepared from deuterated meldonium (meldonium-d,,
certified standard) (7LC PharmaChem Inc., Canada)
used as an internal standard for the determination
of meldonium. For preparation of positive urine
control samples with meldonium content of 10, 100, and
1000 ng/mL, a stock solution of meldonium dihydrate
reference standard (European Pharmacopoeia, Meldonium
Dihydrate CRS, batch 1, European Directorate

5
February 17, 2025.

for the Quality of Medicines and HealthCare, France)
having a concentration of 1 mg/mL was used.

A solution with a concentration of 1 mg/mL
was prepared from Bupranolol (certified standard,
Clearsynth Labs, 500 mg, India) used as an internal
standard for the determination of emoxypine. To
prepare positive control urine samples and solutions
with concentrations of 10, 100, and 1000 ng/mL,
a stock solution of the reference standard
ethylmethylhydroxypyridine (emoxypine) succinate
(MEZ-096, GEO 12209-2023, MCO 2931:2023
produced by the Moscow Endocrine Plant, Russia)
having a concentration of 1 mg/mL was used. To estimate
the concentrations of substances, calibration graphs were
plotted for 3 solutions of standards in urine with the
above concentrations.

The following substances were used for the study:
methanol for chromatography (purity not less than
99.8%); acetonitrile; acetic acid (high-performance liquid
chromatography (HPLC) grade, JT Baker, Netherlands);
water (HPLC grade, Thermo Scientific Chemical,
USA); sodium azide; ammonium acetate (purity not
less than 99.9%, Sigma-Aldrich, USA); potassium
carbonate; potassium hydrogen carbonate; potassium
dihydrophosphate; sodium phosphate bivalent dihydrate
(purity not less than 99%); PB-glucuronidase from
E. Coli K12 (Roche, Germany); compressed argon 5.0
with purity not less than 99.999%. To prepare buffer
solutions, deionized water having resistivity of
18.2 mOsm-cm (Millipore, USA) was used.

Auxiliary equipment and materials

Crimper, decapper, 1.5 mL glass vials (Macherey-
Nagel GmbH & Co, Diren, Germany); 0.3 mL
polypropylene vials (Macherey-Nagel GmbH & Co,
Diiren, Germany); automatic variable volume
pipettes 0.5-10 pL, 20-200 pL, 100-1000 pL,
500-5000 pL (Eppendorf, Germany) and their tips;
liquid temperature thermostat (—30 + 5°C), automatic
orbital shaker, benchtop centrifuge with horizontal rotor
for 16 x 125 mm tubes, incubator thermostat for glass
tubes, Centrifuge 5430 benchtop centrifuge with rotor
for 1.5-2 mL (Eppendorf, Germany); polypropylene test
tubes 1.5 mL (Eppendorf, Germany); 15 mL and 50 mL
Falcon tubes (Greiner Bio-One, Austria); Oasis HLB
solid-phase extraction cartridges (60 mg, 3 mL) (Waters,
USA); 16 x 125 mm glass tubes with screw cap;
Ohaus Discovery DV215CD analytical scale (5-digit
accuracy) (OHAUS CORPORATION, USA); Vortex
liquid shaking apparatus.

World Medical Association. Declaration of Helsinki. URL: https://asmu.ru/upload/iblock/067/Xenscunkckas%20nexinapanus.pdf. Accessed
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Sample preparation

For the determination of meldonium, 100 pL of urine
samples were collected from volunteers before (blank)
and after milk intake, as well as before and after taking
1 tablet of Brainmax®. 100 pL of negative and positive
(10, 100, and 1000 ng/mL) control urine samples were
also taken into 1.5 mL Eppendorftubes. 900 uL of diluent
was added (to prepare the diluent, 22 pL of 0.1 mg/mL
internal standard solution (meldonium-d,) was added
to a 100 mL volumetric flask and brought to the mark
with methanol). After shaking, this was centrifuged
for 10 min at 14000g. Then 800 pL of supernatant was
collected into glass vials and covered with lids.

For the determination of emoxypine, 1 mL of blank
urine, 1 mL of positive control urine samples with
different emoxypine content (10, 100, and 1000 ng/mL)
and 1 mL of the analyzed samples were collected into
16 mL tubes with screw cap. 1 mL of hydrolysis buffer
mixture was added to each tube (the contents of 2 vials
of B-glucuronidase (15 mL) were brought to 1000 mL
in a measuring flask with freshly prepared phosphate
buffer solution (54 g Na,HPO,-2H,0, 68 g K,HPO,,
0.5 g sodium azide was brought to 1000 mL with
deionized water, pH 6.2-6.5), stirred and incubated at
55 £ 3°C for 60 = 10 min. After incubation, 50 pL each
of the internal standard (15 ng/mL bupranolol solution
in methanol) was added to the tubes and mixed. 1 mL of
the contents was then applied to Oasis HLB solid phase
extraction cartridges (60 mg, 3 mL) preconditioned with
3 mL of methanol and then 3 mL of purified water. The
cartridges were washed with 3 mL of 20% methanol
solution in water and the contents eluted into clean tubes
with 2 mL of 70% methanol solution in water. 800 uL of
the eluate was placed in glass vials and sealed with lids.

For the determination of meldonium for the
preparation of mobile phase A, 15 mL was removed from
a 2.5 L water bottle and then 2.5 mL of concentrated
acetic acid and 12.5 mL of 2 M ammonium acetate
solution were added.

The mobile phase B was acetonitrile. For the
determination of emoxypine, the mobile phase B consisted
of acetonitrile/methanol mixture in the ratio 3 : 1.

The concentration of the determined substances was
evaluated by selective SRM transitions: 147.1 > 58.1
for meldonium and 138.1 > 123.1 for emoxypine,
respectively.

Parameters of instrumental analysis
by HPLC-MS/MS method

For the determination of meldonium and emoxypine in
urine samples of volunteers, HPLC—MS/MS analysis was
performed using an Ultimate 3000 liquid chromatograph

coupled to a TSQ Vantage model triple quadrupole
mass spectrometer (Thermo Fisher Scientific, USA)
with an electrospray ionization source with a heated
spray gas stream in positive ion detection (ESI+)
mode. Acquity UPLC® BEH HILIC 3.0 x 100 mm
HPLC column with 1.7 upum particle size and
Acquity UPLC® BEH HILIC 2.1 x 5 mm HPLC pre-
column with 1.7 um VanGuard™ particle size (Waters,
USA) were used for analysis.

The following parameters were selected for the
determination of meldonium: flow rate, 0.3 mL/min;
sample injection volume, 10 pL; column temperature
40°C. The gradient elution program is shown in Table 1.

Table 1. Gradient elution program for the determination
of meldonium

Time, min Mobile phase A Mobile phase B
0.0 5 95
0.5 5 95
4.0 95 5
5.5 95 5
5.51 5 95
9.0 5 95

The parameters for the determination of emoxypine
are as follows: flow rate 0.5 mL/min; sample injection
volume 10 pL; column temperature 40°C; gradient
elution program is given in Table 2.

Table 2. Gradient elution program for the determination
of emoxypine

Time, min Mobile phase A Mobile phase B
0.0 10 90
0.5 10 90
29 80 20
3.5 80 20
3.51 10 90
5.0 10 90

Positive ions were registered in SRM mode: MS run
time, 9 min; collision gas pressure, 1.5 mTorr; full width
at half maximum (FWHM) Q1 — 1.0, Q3 — 1.0; direct
current voltage (DCV), 5 V; capillary temperature, 300°C;
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evaporator temperature, 370°C; time of one complete
cycle, 0.3 s; capillary voltage (ESI+), 4000 V; sheath gas
pressure, 50.0; auxiliary atomizing gas flow, 20.0; ion
sweep gas pressure, 0.0.

Evaluation of meldonium and emoxypine
in the veterinary drug Emidonol®

In order to evaluate the content of the determined substances
in the veterinary preparation Emidonol®, two solutions of
the preparation in water (samples were diluted 5 - 10* times)
were prepared. Solutions of meldonium and emoxypine in
deionized water with concentrations of 10, 100, 250, and
1000 ng/mL were used as comparison solutions. To 100 uL
of each of two samples of Emidonol® solution, in one of
which meldonium was determined, while the other contained
emoxypine, 900 pL of diluent containing meldonium-d;
and bupranolol, respectively, were added. The assays were
performed according to the programs for the determination
of mexidol and meldonium described above.

RESULTS AND DISCUSSION

There are practically no data on the pharmacokinetics
of Emidonol® in the literature. However, meldonium is
known to be a biotransformation product of the veterinary
drug in animals [4, 5]. Based on the structure of the drug,
emoxypine in the form of succinate (mexidol) represents
an additional metabolite. Meldonium, being an analog
of gamma-butyrobetaine, contributes to the restoration
of equilibrium of the processes of oxygen delivery and
consumption in cells under conditions of ischemia, where
glycolysis occurs without additional oxygen consumption
to affect the key enzyme phosphofructokinase, which
contributes to the reduction of mitochondrial damage
and oxidative stress under hypoxia. In previously
published studies on model experiments, we have shown
the possibility of obtaining a positive doping test for
meldonium after consumption of milk and meat of cows,
which were administered Emidonol® veterinary drug for
veterinary indications [4—6].

According to some authors, emoxypine succinate (the
second component of Emidonol®) has similar biological
effects to meldonium and trimetazidine included in
the WADA Prohibited List and therefore should be
considered as a candidate for inclusion in the monitoring
program [2]. Jedrejko et al state that combining
emoxypine (a synthetic pyridoxine analog) with
succinate in drugs increases their therapeutic efficacy.
The authors claim that combinations of 3-oxypyridine

6
Moscow: 2009. 155 p.

derivatives with succinic acid salts can improve the
performance of athletes due to their metabotropic and
antihypoxic effects [2]. Lukyanova et al. have noted
that hypoxia-induced expression of HIF-1a transcription
factor is regulated by succinate and induced by succinate-
containing drugs [7]. Succinate itself acts as a signaling
molecule involved in the molecular adaptation of the
organism to oxygen deficiency. In normoxia, succinate
is rapidly eliminated with the formation of carbon
dioxide and water; since its half-life is about 45 min, it is
impossible to determine its content in the body.

In a study by Voronina et al. [8], it was found that
emoxypine succinate (Mexidol®) at single and sub-chronic
intraperitoneal administration at doses of 50 and
100 mg/kg significantly increased the physical performance
of mice in the swimming test with load. Mildronate®,
being the comparison drug in this study, increased the
physical performance of animals when administered at a
dose of 100 mg/kg. The authors concluded that the effect
of mexidol at doses of 50 and 100 mg/kg was comparable
to that of Mildronate® at a dose of 100 mg/kg.

According to the data of P.A. Baranov’s dissertation
work® and experimental studies [9], emoxypine
succinate (mexidol) is metabolized with the formation
of two products of phase I (2,6-dimethyl-3-oxypyridine
and 6-methyl-3-oxypyridine) and three conjugated
products of metabolism phase II mainly comprised of
glucuronoconjugate and small amounts of phosphate.
It is noted that the unchanged substance can be
detected in urine in insignificant amounts within 2 days
following drug administration. Baranov also noted that
0.39 + 0.02% of the unchanged drug, 20.71 + 4.18%
of the glucurono-conjugated derivative, 30.15 + 4.27%
of the sulfoconjugated forms, and 15.56 + 1.54% of
other forms of conjugated products are excreted with
urine during the first 24 h after emoxypine succinate
administration. Since 20% of emoxypine is excreted in
the urine as glucurono-conjugate, its determination in
urine samples was performed by enzymatic hydrolysis
with B-glucuronidase followed by purification of the
hydrolysate by solid-phase extraction, which minimized
the matrix effect. Here, the degree of extraction of
emoxypine was 97.5%. Determination of emoxypine
in urine samples of volunteers without solid-phase
extraction and hydrolysis by the “dilute and shoot”
method was difficult due to interfering peaks of matrix
components complicating identification.

In an earlier study [5], the possibility in principle
to determine meldonium by HPLC-MS/MS
in the SRM mode using five SRM transitions

Baranov P.A. Investigation of glucuronoconjugation processes based on pharmacokinetic and biochemical studies: Cand. Sci. Thesis (Biol.).
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HO

Fig. 2. Proposed fragmentation scheme of meldonium [6]

(147.1 > 147.1 (15), 147.1 > 132.1 (17),
147.1>59.1 (17), 147.1 > 58.1 (17), 147.1 > 42.1 (60))
after ingestion of large amounts of milk from cows
(900 mL) having received a prophylactic course of the
veterinary drug Emidonol® 4-12 h after consumption
and 40-42 h later using the two longest-lived
SRM transitions (147.1 > 59.1 (17), 147.1 > 58.1 (17))
was demonstrated. The fragmentation scheme of
meldonium is shown in Fig. 2.

According to available data, meldonium is
practically not metabolized and its significant part is
excreted from the body in an unaltered form [10]; for
this reason, the “dilute and shoot” approach was used
for sample preparation. In this case, the maximum
estimated concentrations of meldonium in analyzed
urine samples of volunteers (taking into account
10-fold dilution according to the sample preparation
method) of up to 400 ng/mL, which is higher than
the minimum required performance level of WADA
(Minimum Required Performance Level, MRPL’, for
meldonium—100 ng/mL), are reached after 5-10 h
(when using morning milk samples) [5]. After 40—42 h,
the concentrations of the metabolic modulator fell to
5 ng/mL (limit of detection) and below, and then its
identification becomes difficult (Fig. 3) [5].

In the experiments performed, along with
meldonium, emoxypine obtained during the hydrolysis
of its glucurono-conjugated form is identified in the

m/z 132.1

urine samples of all volunteers who consumed milk
samples by HPLC-MS/MS using four SRM transitions
(138.1>138.1(7),138.1>123.1(15),138.1>110.1 (20),
138.1 > 95.1 (20)). Emoxypine is identified at 32-34 h
from hydrolysis of its glucurono-conjugated form; up to
50-52 h, it is identified using three SRM transitions
(138.1>138.1(7),138.1>123.1(15),138.1>110.1(20))
(see Appendix 1). Its maximum urinary concentrations
in volunteers were 1250, 1400, and 1430 ng/mL
(1360 = 239.6 ng/mL, p = 0.95), reached 5-8 h after

1400

1200 —@— Meldonium

1000 —®— Emoxypine
800

600
400

Concentration C, ng/mL

200

0 10 20 30 40 50
Time, h

Fig. 3. Graph of meldonium and emoxypine excretion in urine
for 54 h after a single consumption of a milk sample (900 mL)
(volunteer sample). Estimated emoxypine concentrations are
5 or more times higher than meldonium concentrations 12 h
and further after ingestion of contaminated milk

7 WADA Technical Document — TD2022MRPL. URL: https://www.wada-ama.org/sites/default/files/2022-01/td2022mrpl_v1.1_eng_0.pdf.

Accessed March 10, 2025.

388 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(4):382-398


https://www.wada-ama.org/sites/default/files/2022-01/td2022mrpl_v1.1_eng_0.pdf

Semiquantitative determination of meldonium and emoxypine in human urine by HPLC-MS/MS after receiving

a single therapeutic dose of Brainmax® and milk from cows receiving a preventive course of Emidonol®

Pavel V. Postnikov,

etal.

m/z 123.1

OH OH
m \\ |
—_—
7 CH Z
HsC N ° H4C N

— +

m/z 138.1 m/z 110.1

+

AN OH,

P
N

m/z 95.1

m/z 77.1

|
X
N/

4

HC
N
+.

H,N

m/z 53.1

‘ Fig. 4. Proposed fragmentation scheme of the protonated precursor ion of 2-ethyl-6-methyl-3-oxypyridine (emoxypine)®

administration, and fell to 5 ng/mL or lower by 52-54 h.
The limit of detection of emoxypine was about 5 ng/mL.
Figure 4 shows its putative fragmentation pattern.

Although the present study evaluated emoxypine
released following enzymatic hydrolysis of its
glucurono-conjugated form and unchanged during
metabolism, the estimated concentrations in all
volunteers are 3—4 times higher at the peak of excretion
and 5-10 times higher at 12 h and later as compared with
meldonium concentrations. This pattern of excretion is
observed when analyzing urine samples from all three
volunteers collected following ingestion of large doses
of contaminated milk at up to 40-42 h when detection
of meldonium becomes problematic due to the presence
of extraneous interfering peaks of matrix components.
Of course, urinary excretion depends on many factors,
such as fluid intake, renal function, differences in
glucuronoconjugation of emoxypine among volunteers,
etc., and may vary slightly.

A different picture is observed with a single oral
administration of the only combined drug Brainmax®,
which contains both meldonium and mexidol and is
included in the State Register of Medicinal Products of
the Russian Federation. We would like to draw attention to
the fact that the recommended daily dosage of meldonium
is about 250-500 mg/day, while that of mexidol is
250-375 mg/day. The description of the drug states that
its antioxidant, anti-ischemic, anxiolytic, nootropic,
antihypoxic and membrane-protective effect exceeds the

pharmacological effect of each of the components when
used separately. It is also widely used for the treatment
of post-coital asthenic syndrome in patients following
viral infection, for complex therapy of acute and chronic
cerebral circulatory disorders, as well as to improve
cognitive functions and increase work capacity.

When analyzing urine samples of volunteers
by HPLC-MS/MS in SRM mode, meldonium was
reliably detected after a single oral administration of
1 tablet of Brainmax® using all five SRM transitions
(147.1>147.1(15),147.1>132.1(17),147.1>59.1(17),
147.1 > 58.1 (17), 147.1 > 42.1 (60)) for longer times,
after 80—85 h; after 140—150 husing four SRM transitions
(except 147.1 > 132.1 (17)); after 200-220 h using three
SRM transitions (147.1 > 59.1 (17), 147.1 > 59.1 (17),
147.1 > 58.1 (17), 147.1 > 42.1 (60)) (Appendices 3d,
3e, 3f, respectively); up to 360-380 h using the two
longest-lived SRM transitions (147.1 > 59.1 (17),
147.1 > 58.1 (17), data not shown). In this case,
the maximum concentrations of meldonium in the
urine samples of volunteers of 14070, 15280, and
15890 ng/mL (mean value 15080 + 926.3 ng/mL)
were reached 5-10 h after administration (Fig. 5).
These figures take into account dilution according
to the sample preparation technique. After 90-92 h,
estimated metabolic modulator concentrations fell
to 98, 105, and 110 ng/mL, respectively (mean
104.3 = 15.0 ng/mL is at the MRPL level) (see Fig. 6);
after 220 h, the respective concentrations fell to 18, 23,
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and 20 ng/mL (20.3 + 6.3 ng/mL). After 15-16 days
(more than 360-380 h), the identification of meldonium
from the above two SRM transitions became difficult
(around 5 ng/mL and below) due to interfering peaks
of matrix components; nevertheless, its trace amounts
were still present in urine (data not shown).

Emoxypine after Brainmax® administration was
significantly determined by HPLC-MS/MS using four
SRM transitions (138.1 > 138.1 (7), 138. 1 > 123.1 (15),
138.1 > 110.1 (20), 138.1 > 95.1 (20)) over 50-55 h
and using three SRM transitions (138.1 > 138.1 (7),
138.1 > 123.1 (15), 138.1 > 110.1 (20)) after
80-85 h (see Appendix 2). Its maximum urinary
concentrations, which reached 59, 67, and 71 pg/mL
(65.7 £ 15.2 pg/mL) 4-9 h after administration, were
approximately 3-4 times higher than meldonium
concentrations. However, 15—-18 h later, concentrations
fell to 690, 805, and 760 ng/mL (751.7 £ 144.0 ng/mL)

80000
70000
60000
50000
40000
30000
20000
10000

Concentration C, ng/mL

Fig. 5. Graph of meldonium and emoxypine excretion in urine during the first 25 h after oral administration of 1 tablet of Brainmax

and were then significantly lower than meldonium
concentrations throughout the elimination time. After
90 h or more, emoxypine concentrations were below the
established detection limit of 5 ng/mL; thereafter, the
drug no longer detectable.

In a study of the veterinary drug Emidonol®, the
ratio of estimated concentrations of meldonium to
mexidol was found to be about 1 : 2, i.e., there are two
molecules of emoxypine per molecule of the prohibited
metabolic modulator (see Appendix 4). In general, while
the maximum concentrations of emoxypine in both cases
(milk consumption/single tablet administration) exceed
meldonium concentrations after approximately the same
time 4-10 h and up to 42 h after milk consumption,
meldonium  concentrations  significantly  exceed
emoxypine concentrations 15-18 h after Brainmax®
administration to reveal the opposite pattern. At the same
time, as noted above, the study evaluated the content of

—@— Meldonium

—®— Emoxypine

15 20 25

Time, h

®

(volunteer sample). Estimated emoxypine concentrations during the first 15 h exceed meldonium concentrations;

however, the opposite scenario is observed after 15-18 h (see Fig. 6)

2000
1800
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1400
1200
1000 | ¢
800
600

—@— Meldonium
—@®— Emoxypine

Concentration C, ng/mL

400
200

Fig. 6. Graph of meldonium and emoxypine excretion with urine during the following 15-120 h following oral administration
of 1 tablet of Brainmax® (volunteer sample). After 18-20 h, the estimated concentrations of meldonium significantly exceed
the concentrations of emoxypine. The red line highlights the maximum estimated concentration of meldonium in urine obtained
after consumption of contaminated milk, while the arrow shows the impossibility of simultaneous determination of meldonium

and emoxypine by the developed method after 90 h or more
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emoxypine in urine samples released after enzymatic
hydrolysis of its glucurono-conjugated form.

Similar results can be obtained after separate
administration of Mildronate® and Mexidol®; however,
emoxypine is evidently excreted faster, and the detection
ofhigher concentrations of meldonium on the background
of its presence in smaller amounts may indicate the same

administration pattern as in the case of Brainmax®.

CONCLUSIONS

As a result of the undertaken pilot studies, it has been
shown that the excretion profiles of meldonium and
emoxypine are different when contaminated milk is
consumed and 1 tablet of Brainmax® is taken orally.
The possibility of identification of these substances in
urine samples of volunteers by HPLC-MS/MS using
different number and variants of SRM transitions was
demonstrated.

In case of simultaneous detection of meldonium and
emoxypine in a urine sample, attention should be paid
to the ratio of their estimated concentrations. It appears
that, in order to definitively resolve the problem of trace

amounts of meldonium in urine, the two substances
should be quantified: the content of emoxypine should
be taken into account along with the different excretion
patterns following consumption of contaminated milk
and deliberate ingestion of illicit drugs. The veterinary
drug Emidonol® has also been found to contain 2 times
more emoxypine than meldonium, which may also be
useful for identification purposes.

When its concentration exceeds several times
in relation to meldonium, emoxypine can act as an
additional marker of food contamination since also
representing a biodegradation product of the veterinary
drug Emidonol®. At the same time, even when large
amounts of contaminated milk (900 mL) are consumed,
meldonium concentrations do not exceed 320-400 ng/mL
(within a few hours after consumption). Conversely,
when taking 1 tablet of Brainmax®, meldonium is
detected up to 8085 h by all five SRM transitions, while
emoxypine is almost undetectable. In our opinion, this
approach can be used for differentiating between actual
doping with products containing meldonium and the
contamination of foodstuffs with meldonium due to the
use of the veterinary drug Emidonol® in farm animals.
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