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Meldonium  is a drug  exhibiting  cardioprotective  and  anti-ischemic  effects.  Due to  its  potential
performance-enhancing  benefit  in  sports,  meldonium  was  added  to the  World  Anti-Doping  Agency  list  of
prohibited  substances  in  2016.  Since  then,  a  high  number  of  adverse  analytical  findings  reported  on mel-
donium  has  questioned  meldonium‘s  detection  time  in urine.  Hence,  the  objective  of  the  current  study
was  to characterize  the  pharmacokinetic  urinary  excretion  pattern  of meldonium  when  administered  as
multiple intravenous  injections.  Three  injections  of  250  mg  meldonium  were  given  over  a time  period
of five  days  to six healthy  volunteers  and  urine  samples  were  collected  for eight months  after  the  last
injection  of  the  drug.  For  the  quantification  of  meldonium  in urine,  a  liquid  chromatography-tandem
mass  spectrometry  method  was  fully  validated  according  to the  World  Anti-Doping  Agency  guidelines
oping analysis in terms  of specificity,  matrix  interferences,  intra-  and  inter-day  precision,  accuracy,  carry-over,  robust-
ness,  linearity,  limit  of  detection,  and  limit  of  quantification.  The  assay  was  successfully  applied  to  the
pharmacokinetic  study.  A  three-compartment  model  was found  to best  describe  the  pharmacokinetics
of  meldonium  with  average  alpha,  beta,  and  gamma  half-lives  of 1.4 h,  9.4 h, and  655  h,  respectively.  The
detection  time  in  urine  varied  between  94 and  162  days.

©  2018  Published  by  Elsevier  B.V.
. Introduction

Meldonium, also known as mildronate, is manufactured in
atvia and primary distributed in the Baltic countries and Russia. It
s mainly used to treat cardiovascular disease including ischemia,
s well as neurodegenerative disorders and bronchopulmonary dis-
ases [1,2].

The mechanism of action involves a competitive inhibition
f the enzyme �-butyrobetaine hydroxylase, which converts �-
utyrobetaine in l-carnitine. Furthermore, the absorption and

ransport of l-carnitine is reduced by inhibition of the carnitine
ransporter carnitine/organic cation transporter type 2 (OCTN-2)
2,3]. The resulting decreased availability of carnitine in the cell

∗ Corresponding author at: Doping Control Laboratory, Seibersdorf Labor GmbH,
eibersdorf, Austria.

E-mail address: guro.forsdahl@uit.no (G. Forsdahl).

ttps://doi.org/10.1016/j.jpba.2018.08.053
731-7085/© 2018 Published by Elsevier B.V.
leads to a shift in energy metabolism from fatty acid oxidation to
increased glucose consumption, and as a consequence, ATP is gen-
erated more efficiently. This is beneficial in low oxygen conditions,
like for instance in heart conditions where the cardiac muscle is
deprived of oxygen [4]. For the same reason, meldonium might
have performance enhancing effects in sports. Suggested benefits
are amongst others a decrease in the production of lactic acid, the
prevention of oxidative stress, enhanced endurance, and increased
physical work capabilities [3]. Due to these effects, meldonium was
added to the World Anti-Doping Agency’s (WADA) prohibited list
in 2016 and is classified as a metabolic modulator under section
four [5].

In early 2016, meldonium produced a surprisingly high num-
ber of adverse analytical findings in doping control analysis, and

in many cases, the athlete claimed that the substance was taken
before the time of the ban. At this time point, the minimum
required performance level for meldonium as a non-threshold
substance was  20 ng/mL urine, based on WADAs technical docu-

https://doi.org/10.1016/j.jpba.2018.08.053
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpba.2018.08.053&domain=pdf
mailto:guro.forsdahl@uit.no
https://doi.org/10.1016/j.jpba.2018.08.053
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ents [6]. The high number of adverse analytical findings, however,
aised the question if there is sufficient knowledge on meldonium’s
limination in humans for an optimal interpretation of low urine
oncentrations. As a consequence, WADA gave instructions not to
eport cases with urine concentrations below 1 �g/mL as adverse
nalytical findings [7]. Today, meldonium should only be reported
bove a level of 100 ng/mL urine [8].

Pharmacokinetic data for meldonium in humans are limited to a
ew studies and previously reported data are not overall consistent.
vailable studies suggest both nonlinear pharmacokinetics, as well
s linear pharmacokinetic properties. Furthermore, there are con-
iderable variations in the reported half-life of meldonium, both in
ingle and multiple dose studies.

For single dose oral administration, Zhang et al. [9] reported pro-
ortionality between dose levels (250–1500 mg)  and the area under
he curve (AUC), as well as proportionality in maximum plasma
oncentrations (Cmax) to the administered dose. The half-life, on
he other hand, was dose dependent and ranged between 3.6 and
.6 h. Furthermore, a multiple oral dose study was conducted, in
hich volunteers received 500 mg  meldonium three times a day

or 13 days. Also here, non-linearities, in addition to accumulation,
ere observed. The half-life reported was 14 ± 2 h. In a different

tudy, Peng et al [10] investigated the meldonium pharmacokinet-
cs for 24 h after single intravenous administrations of 250, 500
nd 100 mg  meldonium. In contrast to Zhang et al., they reported
inear pharmacokinetics with a half-life ranging from 5.6 to 6.6 h.
hey also monitored pharmacokinetic parameters after multiple

ntravenous administrations of 500 mg  for 6 days, and like Zhang et
l, the observed half-life was longer (15 ± 3 h) compared to single-
ose administration. Hence, the authors suggested accumulation of
he compound. In a further study, Cai et al. [11] carried out analysis
f meldonium in plasma – and urine samples subsequent to intra-
enous administration of 250, 500 and 750 mg  of meldonium. The
stimated elimination half-life increased with increased adminis-
ered dose (reported half-lives were 2.7–5.2 h), and consequently,
he authors concluded that meldonium may  exert non-linear phar-

acokinetics in humans. Pidpruzhnykov et al. [12] investigated
harmacokinetic properties in a bioequivalence study. Plasma con-
entrations were monitored 24 h after single oral administrations
f two generic formulations of the drug, and the pharmacokinetic
limination profile was reported to be linear (half-life = 3.6–3.7 h).
hey also observed a double peak in the plasma concentration-time
rofile, which they suggested could be associated with two areas
f absorption in the gastrointestinal tract.

In the perspective of doping control analysis, one major limita-
ion of the studies above is the relatively short sample collection
ime subsequent to drug administration. A few available studies,
hough, deal with longer sample collection times. In 2011, Liepinsh
t al. [13,14] conducted a long-term study, in which they monitored
lasma, as well as urine concentrations of meldonium. Volunteers
ere treated orally with 500 mg  meldonium twice a day for a period

f 4 weeks and samples were collected weekly. In addition to the
reatment period, samples were collected during a washout period
f 4 weeks after the end of treatment. After the 4 week wash-out
eriod, meldonium was still present in both plasma and urine sam-
les, and the authors concluded that meldonium accumulates after

ong-term treatment, and that the elimination time is treatment
 and dose depended. In a recent investigation, Görgens et al. [15]
xamined urinary excretion profiles single-dose and multiple-dose
ral application. They found that the elimination of meldonium was
haracterized by two phases, in which the second phase is consid-
rably slower than the first one. The urinary detection windows

xpanded as much as 64 and 117 days, after single – and multi-
le dose administration, respectively. A further study performed by
retzel et al. [16], where meldonium was analysed in dried blood
pots, supports the presence of more than one elimination phase.
 Biomedical Analysis 161 (2018) 289–295

In recent years, a number of assays have been published on the
analysis of meldonium in human plasma and urine [11,12,17–21].
Taking into account the polar characteristics of meldonium, a
majority of the methods are based on hydrophilic interaction liq-
uid chromatography – tandem mass spectrometry (HILIC-MS/MS)
[11,12,17–19].

In this study, for the first time, the excretion of meldonium
after multiple parenteral administration in six healthy volunteers
was investigated. Urine samples were collected over a time period
of eight months, in order to characterize the long-term excretion
pattern of the drug.

2. Experimental

2.1. Design of the clinical study

Six volunteers (three male and three female) aged from 37 to
55 received three parenteral doses of Mildronates® (500 mg  mel-
donium/5 mL), Grindex, Latvia. All volunteers received 250 mg  of
meldonium in the morning on day 1 and the injection was repeated
on day 3 and 5. All urine samples were collected for nine consec-
utive days after the first administration. For the next five days,
urine samples were collected once (in the morning) every day.
Furthermore, one urine sample was  collected once a week for the
next eight months. All participants were non-athletes and on nor-
mal  diets. They were healthy, not taking any diuretic medications,
which could interfere with the excretion of meldonium [22].

The study was conducted in accordance with the International
Conference on Harmonization guidelines for Good Clinical Practice,
and was  compliant with the ethical principles described in the cur-
rent version of the Declaration of Helsinki. Prior to study initiation,
all protocols were approved by the local ethics committee of the
Sports Medicine Association of Serbia (Belgrade, Serbia).

2.2. Chemical and reagents

Meldonium dihydrate was purchased from Sigma (St Louis,
MO,  USA) and meldonium-d3 (internal standard) was provided by
TLC Pharmachem (Ontario, Canada). Methanol of HPLC grade was
obtained from Chem Lab (Zedelgan, Belgium) and water of HPLC
grade was provided by Merck (Darmstadt, Germany). Formic acid
(99%, ULC/MS-CC/SFC) was  purchased from Bisolve (Valkenswaard,
The Netherlands).

2.3. Sample preparation

To an aliquot of 100 �L urine, 50 �L of a meldonium d3 internal
standard solution (1 �g mL−1) and 300 �L of solvent were added.
The solvent was  a mixture of methanol and water in the ratio 90:10
(v/v) with 0.1% of formic acid. The sample was mixed and an aliquot
of 10 �L was injected into the LC/MS/MS instrument. Samples with
a meldonium concentration exceeding the highest point of the cal-
ibration curve were diluted to fall within the calibration range.

2.4. Liquid chromatography – mass spectrometry

The samples were analyzed using a CTC HTS PAL autosampler
(CTC Analytics, Zwingen, Switzerland) and an Aria Transcend TLX-1
LC system (Thermo, Austin, TX, USA) interfaced to a TSQ Vantage
triple quadrupole (Thermo, Austin, TX, USA). A silica precolumn
(4.0 × 2.0 mm,  particle size 5 �m)  (Phenomenex, Aschaffenburg,
Germany) was  used for sample clean-up and the analytical HPLC

column was  an Atlantis HILIC Silica (50 mm × 4.6 mm,  3 �m particle
size) (Waters, Milford, MA,  USA). Column selection was performed
by a Maylab Mistraswitch column selector (6 column selection
system) (Maylab Analytical Instruments, Vienna, Austria). Mobile
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Table 1
Validation data for meldonium.

Linearity (10–4000 ng/ml) R2 = 0.9971
Intra-day precision (RSD%)

100 ng/ml 4.7%
1000 ng/ml 3.3%

Inter-day precision (RSD%)
100 ng/ml 1.0%
1000 ng/ml 14.9%

Limit of quantification (LOQ) 10 ng/mL
Limit of detection (LOD) 3 ng/mL

Robustness (RSD%)
Retention time 0.9%
Area ratio 8.0%

Accuracy (%)
G. Forsdahl et al. / Journal of Pharmaceutic

hase A consisted of water with 0.2% of formic acid, and mobile
hase B consisted of methanol with 0.1% formic acid. A constant
ow rate of 0.4 mL  min−1 was applied with the following gradient:
00% B (0–1 min), 100–40% B (1–5 min), 40% B (5–7 min), 100% B
7–11 min). The column temperature was maintained at 25 ◦C and
he temperature in the autosampler was set to 4 ◦C.

The mass spectrometer was equipped with a heated elec-
rospray ionization (ESI) source and was operated in positive
onization mode with a spray voltage set at 3300 V. The capillary
emperature was adjusted to 270 ◦C. The sheath and auxiliary gas
nitrogen) flow rate was 35 and 10 arbitrary units, respectively. The
ystem was operated in selected ion monitoring (SRM) mode with
rgon as the collision gas at a pressure of 1.5 mTorr. Selected tran-
itions for meldonium were m/z 147 → m/z 42, m/z 147 → m/z 58
nd m/z 147 → m/z  59 and collision energies were 52 eV, 18 eV, and
7 eV, respectively. For quantitative determination, the transition
/z 147 → m/z 58 was selected. The selected transition for meldo-

ium d3 (internal standard) was m/z 150 → m/z  61 with a collision
nergy of 18 eV.

.5. Validation

The analytical method was validated according to current WADA
uidelines [23,24]. Investigated parameters included specificity,
atrix interferences, intra- and inter-day precision, accuracy,

arry-over, robustness, linearity, limit of detection (LOD) and limit
f quantification (LOQ).

Specificity and matrix interferences were investigated by com-
aring the chromatograms of blank urine samples from six
olunteers (three female, three male) with the corresponding
piked urine samples. The samples were spiked with meldonium
t a concentration of 100 ng mL−1.

Carry-over from sample to sample during instrumental analysis
as evaluated by injecting a high concentrated spiked urine sam-

le (4000 ng mL−1) prior to the injection of two consecutive blank
ater samples.

Linearity of the method was tested in the range 10 ng mL−1 -
000 ng mL−1 (10 ng mL−1, 50 ng mL−1, 100 ng mL−1, 500 ng mL−1,
000 ng mL−1, 2000 ng mL−1 and 4000 ng mL−1). For all calibration

evels, four replicates were prepared. The calibration samples were
repared by spiking blank urine samples.

Limit of quantification (LOQ) was determined as the lowest con-
entration level with a signal to noise ratio > 10:1 and RSD% for
ve repetitions less than 20%. Limit of detection (LOD) was defined
s the lowest concentration level at which meldonium could be
etected and identified with a signal to noise ratio > 3:1 for two ion
ransitions (limit of identification).

Intra-day precision was evaluated at two different concentra-
ion levels (100 ng mL−1 and 1000 ng mL−1) with 10 independent
piked urine samples on each level. The analysis was  performed on
he same day. Inter-day precision was assessed by repeating the
xperiment on three consecutive days.

Accuracy was determined in spiked urine samples at two dif-
erent concentration levels (100 ng mL−1 and 1000 ng mL−1) The
alculated theoretical amount of analyte was compared to the actu-
lly quantified value in the intra-assay studies.

To demonstrate robustness of the assay, one qualitative and one
uantitative factor were probed. As a qualitative factor, six differ-
nt urine samples were selected (3 male and 3 female), and as a
uantitative factor, the content of water (with 0.1% formic acid) in
he solvent for sample preparation was evaluated. Four levels were

ested (10%, 15%, 20% and 30% water with 0.1% formic acid). The
amples were spiked with 100 ng of meldonium per mL  of urine. In
otal, 24 experiments were performed and RSD values for retention
ime and the meldonium concentration were calculated.
100 ng/ml 103.6 ± 5.4%
1000 ng/ml 106.2 ± 3.5%

2.6. Pharmacokinetics

For the estimation of elimination half-lives, urinary excretion
rate data was  plotted against the midpoint of the urine collection
interval in a semilogaritmic plot. The elimination rate constant, k,
was determined from the slope of the plot, and elimination half-
lives were calculated from k. For the last phase of the study, the
collection time interval was  estimated based on previous collection
patterns for each volunteer.

3. Results and discussion

The presented study was conducted in two  parts. In the first
part, a full validation of the LC/MS/MS procedure was performed
according to current WADA guidelines [23,24]. In the second part,
the validated method was applied for the determination of the con-
centration of meldonium in urine samples from six volunteers after
multidose parenteral application of meldonium injections. On the
basis of the obtained results, pharmacokinetic parameters were
calculated.

3.1. Method validation

The results of the method validation are summarized in Table 1.
By analysing six different blank urine samples, a satisfactory speci-
ficity was  demonstrated with no interfering signals observed at the
meldonium retention time. Furthermore, meldonium could easily
be detected in the same six samples spiked with the analyte. In
these samples, stable product ion ratios were observed according
to WADA criteria [25]. The method proved to be linear over the
concentration range studied with a determination coefficient (R2)
above 0.99. The LOQ was 10 ng mL−1 (RSD value lower than 20%
for n = 10) and the LOD and limit of identification was  3 ng mL−1,
which is considered to be sensitive enough for both doping analy-
sis and the pharmacokinetic study. The calculated values for intra
- and inter-assay precision, summarized in Table 1, are also within
an acceptable range. Furthermore, the method demonstrated suf-
ficient accuracy, robustness, and no sample carry-over. In Fig. 1,
extracted ion chromatograms generated during the validation pro-
cedure are shown, representing a spiked urine sample at LOQ, a
urine sample from the clinical study, and a blank urine sample. In
conclusion, the analytical assay proved to be fit for purpose.

3.2. Clinical study
In this study, all pharmacokinetic parameters were estimated
from urine data. Urine samples are highly relevant for doping
analysis representing a non-invasive sample collection. For the
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Fig. 1. Extracted ion chromatograms of meldonium (m/z 147 → m/z 58) and meldonium-d3 (m/z 150→ m/z 61) of a spiked urine sample at 10 ng/mL (LOQ), a urine sample
from  the clinical study (963 ng/ml), and a blank urine sample.

F dmin
d

c
c
i
e
b
fi

ig. 2. Urinary meldonium concentration profile for one volunteer obtained after a
ays.  Data up to 280 h are shown.

alculation of pharmacokinetic data, however, the uncertainty of
omplete bladder emptying and need to collect urine over short

ntervals might represent some limitations on the accuracy of the
xcretion rate data. Nevertheless, such data can provide a good
asis for the estimation of half-lives, detection times and identi-
cation of excretion patterns.
istration of three injections of 250 mg meldonium given over a time period of five

Obtained urine concentrations of meldonium were corrected for
specific gravity and urinary excretion rates were calculated and

graphically displayed. Maximum meldonium urine concentrations
were observed shortly after injection of the drug. For all volun-
teers, the highest urine concentrations were observed in the first
urine sample collected after administration of meldonium. Max-
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Fig. 3. Urinary excretion rate of meldonium for volunteer 1. Three disposition phases can be identified: alpha (�)-phase, beta (�)-phase and gamma (�) –phase. Data up to
1000  h are shown.

Table 2
Pharmacokinetic data for meldonium.

t1/2 alpha (hr) t1/2 beta (hr) t1/2 gamma (hr) Detection time

Volunteer 1 1. administration 1.3 6.3
2.  administration 1.4 8.6
3.  administration 1.4 6.4 630
Average 1.3 7.1 630 > 94 Days

Volunteer 2 1. administration 1.3 11.6
2.  administration 0.6 10.9
3.  administration 1.0 9.2 866
Average 0.9 10.6 866 > 142 Days

Volunteer 3 1. administration 1.3 9.6
2.  administration 1.3 10.3
3.  administration 1.5 9.2 630
Average 1.4 9.7 630 > 149 Days

Volunteer 4 1. administration 1.2 12.7
2.  administration 1.5 9.6
3.  administration 1.0 11.1 533
Average 1.2 11.1 533 > 130 Days

Volunteer 5 1. administration 1.1 8.2
2.  administration 1.6 7.9
3.  administration 1.7 15.4 693
Average 1.4 10.5 693 > 157 Days

Volunteer 6 1. administration 2.3 7.4
2.  administration 2.6 6.8

i
a
e
d
s
s

3.  administration 1.8 

Average 2.2 

Average all 1.4 

mum concentrations ranged between 21 and 348 �g ml−1 urine
nd was followed by a rapid decrease within the first hours. As an

xample, the meldonium concentration profile for volunteer 1 is
isplayed in Fig. 2. In Fig. 3, the excretion rate for meldonium is
hown for volunteer 1 in a semilogaritmic plot. The results clearly
uggest a three-compartment model for meldonium with three dis-
8.0 578
7.4 578 > 162 Days
9.4 655 139 Days

position phases: alpha, beta and gamma. This pattern was seen for
all six volunteers.
The three-compartment model has two  peripheral com-
partments; a shallow tissue compartment and a deep tissue
compartment. The deep tissue compartment may  contain poorly
perfused tissue or it may  represent the binding of a drug in certain
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ig. 4. Urinary excretion of meldonium for volunteer 3 after the 3. injection of m
isposition phase.

issues. In the case of meldonium, the drug is an inhibitor of OCTN-
, which main task is to preserve high tissue contents of organic

ations like carnitine. By being substrate for the same transporter
s carnitine, meldonium is effectively transported and preserved in
issues [2]. Hence, this accumulation of meldonium in tissues may
ium on day 5. The semilogaritmic plots and calculations are illustrated for each

contribute to a tri-exponential disposition and subsequently a long
elimination time. An incorporation of meldonium into erythrocytes

has also been suggested as explanation for a slow elimination phase
[16].
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Identity of Analytes for Doping Control Purposes, 2015 (Accessed 22
July.2018) https://www.wada-ama.org/sites/default/files/resources/files/
td2015idcr - eng.pdf.

[26] A.M. Evans, G. Fornasini, Pharmacokinetics of l-carnitine, Clin.
Pharmacokinet. 42 (11) (2003) 941–967.
G. Forsdahl et al. / Journal of Pharmaceutic

In any case, the three-compartment model is in accordance with
he distribution model previously described for L-carnitine, which
s substrate for OCTN-2 and structurally resembles meldonium. In
he case of l-carnitine, the following three compartments have
een suggested: Extracellular fluid including plasma as the central
ompartment, fast equilibrating tissues such as liver and kidneys,
nd finally slow equilibrating tissues such as skeletal and cardiac
uscle [26].

For meldonium, elimination half-lives were calculated based on
rinary excretion rates. In Fig. 4, the meldonium urinary excretions
ates and calculation plots are illustrated for volunteer 3 (3. injec-
ion). Calculations for all volunteers are summarised in Table 2.
he terminal meldonium half-life (representing the gamma-phase
f the disposition) was  estimated to be as long as 24–36 days in
he six volunteers. This explains the long detection time for mel-
onium in urine. In all volunteers, meldonium was  detectable for
ore than three months, and in some cases, meldonium could be

etected for more than 5 months (volunteer 5 and 6). No major
ifferences in pharmacokinetics were observed between male and

emale volunteers.
Estimates of half-lives of meldonium seem consistent across the

ix volunteers for the dose levels included in this study, indicat-
ng linear pharmacokinetics. However, blood sample values and

 broader dosing range should be investigated in order to inves-
igate dose proportionality in derived pharmacokinetic values, as
ell as consistency in both secondary and primary pharmacoki-

etic parameters.

. Conclusion

In this study, the urinary excretion pattern of meldonium in
ix healthy volunteers was characterized after multiple parenteral
pplication of the drug. A terminal half-life of 22–36 days was
emonstrated, allowing meldonium to be detected in urine for sev-
ral months after administration. It was shown, for the first time,
hat the observed excretion profiles of meldonium in urine can be
dequately described by a three-compartment model.
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