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Introduction. Analytical methods development and validation play important roles in the discovery, development
and manufacture of pharmaceuticals. Method development is the process of proving that an analytical method is
acceptable for use to measure the concentration of an API in a specific compounded dosage form which allow
simplified procedures to be employed to verify that an analysis procedure, accurately and consistently will deliver a
reliable measurement of an active ingredient in a compounded preparation. The analytical method validation is es-
sential for analytical method development and tested extensively for specificity, linearity, accuracy, precision, range,
detection limit, quantization limit, and robustness. In summary, analytical method development and validation allows
to confirm that an accurate and reliable potency measurement of a pharmaceutical preparation can be performed.
Search criteria was method development of meldonium. Literature survey has been done in range of years 1990-2019
to make the review updated and comprehensive and to show the new approaches to the development of the methods
of analysis of meldonium. The sources were world recognized journals and key words used as filter were meldo-
nium, spectrophotometric method, high-performance liquid chromatography, quantitative analysis, method develop-
ment, validation.

The aim of the study — to analyze the approaches of the development and validation of the methods of analysis
of meldonium in drugs and biological liquids.

Conclusions. In light of the benefits discussed in this review, we can conclude that analysts are constantly
working on developing new methods of analysis of meldonium in drugs and biological liquids and on their optimization
in order to save time and consumables, which also ensures the efficiency of the developed methodology. Literature
survey revealed that a number of methods have been reported for estimation of meldonium individually. However,
there is no analytical methods reported for the simultaneous analysis of these drugs in a combined dosage formulation.

KEY WORDS: meldonium; spectrophotometric method; high-performance liquid chromatography;
quantitative analysis; method development; validation.

Nowadays, metabolic therapy is an important
component of the treatment of virtually any disease
of the internal organs. Drugs affecting the meta-
bolic processes in the heart, brain, liver, muscles,
are widely prescribed by general practitioners and
narrow specialists. A special place among them
take cardioprotectors — a group of drugs that im-
proves metabolic processes in ischemic myocar-
dium, increase resistance to hypoxia, eliminate
cellular metabolism disorders. To the well-known
and recognized by clinicians cardioprotectors also
belongs meldonium, sold under the brand name
Mildronate, is a performance-enhancing drug that
is the source of much debate in the world of sports
doping. Initially designed in Latvia for use in animals,
the World Anti-Doping Agency (WADA) has indi-
cated that this drug is banned in Olympic sports.
Meldonium is primarily manufactured by a Latvian
© M. M. Horyn, L. S. Logoyda, 2019.

drug company called Grindeks. It is also known as
Mildronats, Quaterine, trimethylhydrazinium pro-
pionate, and 3-(2,2,2-trimethylhydraziniumyl)pro-
pionate (Fig.). The pharmaceutical company Gren-
diks, based in Latvia, produced meldonium. With
sales of the drug reaching 56 million euros in 2013,
it is one of Latvia's biggest medical exports. Accor-
ding to the designer of the drug, Ivar Kalvins, chair
of the scientific board of the Latvian Institute of
Organic Synthesis, meldonium was created to in-
crease the capacity of the body to carry oxygen.
Prior to the use of meldonium for cardiac health
issues, the company shipped large quantities of the
drug to Soviet troops in Afghanistan between 1979
and 1989. Due to the mountainous terrain of
Afghanistan, Soviet soldiers would take meldonium
to increase their endurance in the oxygen-reduced
air while carrying large backpacks [1-4].
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Fig. The chemical structure of meldonium.

It is licensed throughout Eastern Europe and
Central Asia for a number of conditions, including
cardiac complaints. Meldonium remains on the
WADA list of banned drugs in sports. A number of
athletes from the United States, Russia, and Europe
are currently facing bans for using meldonium. Most
recently, this includes Alexander Krushelnitsky, who
won medals in curling for Russia at the most recent
Winter Olympics. The Olympic committee stripped
him of his medals and banned him from patrticipation
in his sport for 2 years. WADA added meldonium
to their list of banned substances in 2016 because
of “evidence of its use by athletes with the intention
of enhancing performance”. They class meldonium
as a metabolic modulator in the same bracket
as insulin. Meldonium is a fatty acid oxidation in-
hibitor, and it is now principally used for heart con-
ditions, such as angina, heart attack, heart failure,
and others. A study in 2005 found that meldonium,
in combination with an angiotensin-converting
enzyme inhibitor called lisinopril, improved exercise
capability and peripheral circulation for individuals
with chronic heart failure. A Chinese study group
tested meldonium for its efficacy in treating acute
ischemic stroke, finding it to be as effective as
cinepazide, a vasodilator that people in China
commonly use to treat stroke. In some countries,
people use meldonium to treat problems with
circulation in the brain.

Meldonium is a structural analogue of gamma-
butyrobetamine. At the heart of the mechanism of
action of the drug is the reduction in the amount of
carnitine in the body, which in the conditions of
oxygen insufficiency leads to inhibition of oxidation
of fatty acids. Meldonium induces biosynthesis of
nitric oxide, which promotes relaxation of smooth
muscle of vessels, improves microcirculation and
endothelial function. The therapeutic effect of the
drug is due to the variety of its pharmacological
effects. Meldonium is used in the treatment of va-
rious chronic cardio-vascular diseases and disor-
ders of the cerebral circulation, as well as to improve
mental and physical capacity. Pharmaceuticals
based on it are manufactured by leading domestic
and foreign pharmaceutical companies in the form
of tablets, capsules and injection solutions. Con-
sequently, there is a need to ensure the control of
their quality by developing reliable and affordable
methods of pharmaceutical analysis of meldonium
in medicinal forms.

Search criteria was analytical method deve-
lopment for medicines containing meldonium.
Literature survey war done in range of years
1990-2019 to make the review updated and
comprehensive and to show the new approacheches
to the development of the methods of analysis of
meldonium. The sources were world recognized
journals and key words used as filter were mel-
donium, method development, spectrophotometry,
high performance liquid chromatography, validation.

Meldonium has been classified as a hydrazi-
nium base of low molecular weight, and its deter-
mination is rather difficult. The State Pharmacopoeia
of Ukraine (SPhU) does not have a monograph on
the substance of meldonium dihydrate or on the
prepared medical form. However, the substance
meldonium dihydrate is described in the European
Pharmacopoeia and the State Pharmacopoeia of
the Russian Federation (SPRF). Thus, the SPRF
Xl recommends the quantitative determination of
meldonium dihydrate by the acidimetry method in
a non-aqueous medium with a potentiometric
fixation of the end point of titration.

Historical development of methods for the
guantitative determination of meldonium in sub-
stances and drugs is closely related to the de-
velopment of analytical methods themselves and
pharmaceutical analysis in general. Nowadays, the
literature contains a large number of scientific
papers devoted to the quantitative determination of
meldonium in medical form [5-14].

Spectrophotometric method is widely used in
the analysis of meldonium in substance and in
mono- and combined drugs. Donchenko et al.
proposed the spectrophotometric method of
guantitative determination of meldonium dihydrate
by the reaction with p-chloranil. During the deve-
lopment of the method, the study of the interaction
of meldonium dihydrate with p-chloranil was carried
out. The factors that could influence the speed and
completeness of the reaction, namely the nature
and composition of the solvent, the concentration
of the reagent, the temperature and stability of the
reaction products in time, were studied. It was ex-
perimentally established that meldonium dihydrate
reacts with p-chloranil in DMF medium to form the
coloured reaction product with absorption maximum
at556 nm. The proposed method was subjected to
validation tests.

The method was validated for the parameters
like linearity, precision, accuracy, robustness and
range of application. Beer’s law was performed at
the concentration range of 8.00-20.00 mg/100 ml
with correlation coefficient 0.9995. The requirements
for linear dependence parameters are met, that is,
the linearity of the method of quantitative
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determination of meldonium dihydrate is confirmed
throughout the range of concentrations (60—140 %).
Proposed method is suitable for use in laboratories
for quality control of drugs and technical control
departments of chemical and pharmaceutical
enterprises. Gorgens C et al. developed the method
for monitoring doping control urine samples using
hydrophilic interaction liquid chromatography — high
resolution/high accuracy mass spectrometry. Here,
according to applicable regulations in sports drug
testing, a full qualitative validation was conducted.
The assay demonstrated good specificity, robustness
(rRT=0.3 %), precision (intra-day: 7.0-8.4 %; inter-
day: 9.9-12.9 %), excellent linearity (R>0.99) and
an adequate lower limit of detection (<10 ng/mL).
Azaryan et al. proposed the method for
determining meldonium in human urine, including
sample preparation to analysis and analyte deter-
mination by HPLC with tandem mass spectrometric
detection. For sample preparation, the procedure
of “dilute-and-shoot” was used. The lower limit of
the analytical range is 10 ng/mL; the limit of detec-
tion is 7.5 ng/mL; and the linearity range is 10—
250 ng/mL. The proposed procedure is tested on
real samples obtained from volunteers. A possibility
of the direct analysis of urine samples after dilution
is demonstrated; the limit of detection is 20 ng/mL.
The high sensitivity of the procedure ensures its
use for the determination of meldonium in clinical
diagnosis and doping control. A rapid and simple
method based on ultra-performance liquid chro-
matography on a hydrophilic interaction chroma-
tography column with tandem mass-selective
detection (UPLC-MS/MS) to determine meldonium
in human plasma was developed by Pidpruzhnykov
et al. The calibration curve acquired in the range of
10-6000 ng/mL had quadratic form. Method vali-
dation proved the conformity of its properties
(selectivity, matrix effect, lower limit of quantification,
accuracy, precision and recovery) with the estab-
lished requirements. The stability tests necessary
for bioanalytical studies were performed. For the
first time, the method was successfully applied to
the bioequivalence studies of generic and brand
name oral drugs of meldonium in capsules.
Based on data from 24 volunteers, it was
determined that the mean pharmacokinetic curves
of the drugs are characterized by a double peak
profile. Zupanets et al. performed bioequivalence
research of drugs, which contain trimethylgydrazonii
propionatis — Vazonat and Mildronat. Results of the
carried out research allow confirming, that according
to the evidence medicine and a pharmacy, Vazonat
and Mildronat have the identical efficiency and
portability. Thus, itis possible to offer the specialists

of applied medicine (doctors) and specialists of
drugstores (managing drugstores, pharmaceutists
of the first table, pharmacists) to carry out generic
replacement Vazonat and Mildronat, based on the
basic positions of evidence medicine and pharmacy.
Juris Hmelnickis et al. developed the hydrophilic
interaction chromatography for simultaneous sepa-
ration of six impurities of mildronate substance. The
possibility of separating the impurities of mildronate,
an antiischemic drug, by hydrophilic interaction
chromatography (HILIC) was investigated on dif-
ferent polar stationary phases (silica, amino, cyano
and zwitterionic sulfobetaine).

The investigations have shown that HILIC is a
useful alternative to reversed phase and ion-pair
chromatography. The impact of HILIC separation
conditions (acetonitrile content, buffer pH in mobile
phase) on retention and selectivity has been sys-
tematically studied. Importance of these factors was
found to be dependent on the structural properties
of solutes. A HILIC method using a zwitterionic
sulfobetaine stationary phase was developed and
validated to determine six impurities in the drug
substance. The method was validated in terms of
specificity, limit of quantitation, limit of detection,
linearity, accuracy and precision. Visych et al. per-
formed the complex bioequivalence studies of
generic and reference drugs of meldonium in form
solid capsules of 250 mg and 500 mg by biowaiver
procedure. Investigation of meldonium solubility
and degree of penetration studies found that mel-
donium belongs to class | according to biophar-
maceutical classification system. It was defined,
that research objects belong to rapidly soluble drugs
in all recommended dissolution medium. The
similarity of dissolution profiles demonstrates the
equivalence of generic and reference drugs of
meldonium.

Prospects for further research. In light of the
benefits discussed in this review, we can conclude
that analysts are constantly working on developing
new methods of analysis of meldonium in drugs
and biological liquids and on their optimization in
order to save time and consumables, which also
ensures the efficiency of the developed methodology.
Literature survey revealed that a number of methods
have been reported for estimation of meldonium
individually. However, there is no analytical methods
reported for the simultaneous analysis of these
drugs in a combined dosage formulation. It has
been usefull in laboratories for quality control of
drugs and technical control departments of chemical
and pharmaceutical enterprises, laboratories for
study pharmacokinetics and departments for
registration of medicines by biowaiver procedure.
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M. M. lopuH, /1. C. Noroiipga

TEPHOIMI/IbCbKU HALIIOHA/IbHWIA MEAVNYHWA YHIBEPCUTET IMEHI I. S1. FOPBAYEBCHKOIMO

MO3 YKPAIHW

AHAJII3 MIAXO/AIB 10 PO3POBEKU TA BAJIIJAIII METO/IB AHAJTI3Y
MEJIBJOHIIO B JIIKAPCBKHNX 3ACOBAX I BIOJIOI'TYHUX PITVMHAX

Pestome

Bcmyn. Po3pobka i sanioayisi aHa/limu4HUx Memoois gsidieparoms Baxk/1usy poJib Yy CMBOPEHHI, po3pobyi ma
BUPOBGHUYMBI /lIKapCbKUX 3ac06i8. PO3po6ka MemoouKu aHaslisy — niomsepoXXeHHs1 MOo20, W0 aHa/limu4yHUt Memoo
npudamHuti 07151 BUKOpUCMAaHHSI 3 MEMOK BU3HAYEHHSI KOHYeHmpauii APl 8 Kom6iHOBaHiIl sikapcbkkili chopmi. Lle
dae MOoX/1uBicmb 3acmocosyBamu CripoweHi rpoyedypu 07151 Mepesipku moao, Wo Memoouka aHaslizy moyHo |
r1oc/1i008HO 3abe3nequms HadiliHe BU3HAYEHHST aKmUBHO20 hapMayesmuyo20 iHepedieHma B /liKapCbKoMy 3ac0obi.
Banidayisi aHasimu4Hoi MEMOOUKU Ma€ BaX/1UBe 3Ha4YE€HHs1 07151 PO3PO6KU aHa/limuYHUX Memoois, I if LuUupokKo rne-
pesipstomb Ha crieyucbidyHicms, MiHIGHICMb, Npasu/ibHICMb, NPeyusitiHicms, pobacHicms. TakuM YUHOM, pO3pobKa
ma sasidayisi aHa/limu4yHUX Memoois 003B80/151H0Mb MIOMBEPOUMU MOX/IUBICMb MOYHO20 | HA0itIHO20 BUSHAYEHHST
eghekmuBHOCMIi akmuBHO20 hapmMayesmuyHo20 iHepedieHma 8 /likapcbKux 3acobax ma 6i0/102iYHUX PiOUHaX.
Kpumepiem nowyky 6y8 aHa/imu4HUl Memoo po3pobKku MesibOoHito. O2/150 Aimepamypu nposoousiu 8 nepioo
1990-2019 pp., wjob 3pobumu lio2o OHOB/IEHUM ma BCEOCSDKHUM | [ToKazamu HOBi Mioxoou 00 pO3pobKU Memoodis
aHa/1izy Me/ibOOoHI0. [xepenamu 6y/iu BCeCBIMHLO BIOOMI XYpHa iU, a K/IHOBUMU C/108aMu B8 SIKOCMI ¢hiibmpa —
Me/ibOOHiIl, criekmpoghomomempuyHUl MEMOO, BUCOKOEheKMUBHA PIOUHHA xpomamozpadbisi, Ki/lbKiCHe BU3Ha-
YeHHS1, po3pobka MemMoOUKU, Baslioayisl.

Mema 0ocidXeHHs1 — rpoaHasiizysamu rnioxoou 00 po3pobku ma sasioayii Memoois aHaslizy Me/lbOOoHI B
JliKkapcbKux 3acobax i 6io/102iYHUX piOUHaXx.

BucHosku. Y csimii nepesaz, siki 062080pt0Ba/iu 8 UbOMY 02715101, MOXHa 3pobumu BUCHOBOK, WO XiMiKU-aHa-
JliMuKU MocmitiHO rpayrorme Had PO3PO6KOK HOBUX MemOodis aHasli3y Me/TbOOHIK0 B /liKkapCbKux 3acobax i 6ioso-
2IYHUX piduHax ma ix ornmumisayiero 3 MemoK eKOHOMII Yacy | sumpamHux Mamepiasis, Wo makox 3abesredye
eghekmusHicmb po3pobsieHoi Memodosioeil. JocnioxeHHs imepamypu rnokasaso, Wo 0718 aHasli3y Me/ibOOHIk iH-
ousidyasibHO abo B8 KoMbIHayii' 3 IHWUMU /liKkapCbKUMU 3acobamu iCHye psid Memoois. OOHaK HeMae aHa/limuyHuUX

E[ Memodig 07151 00HOYaCHO20 aHasli3y Yux npenapamis y KoM6iHoBaHil sikapchKili QhopMi.

E K/TIOHOBI C/TOBA: menbfoHiii; cnekTpodoToMeTPUYHUIA MeToA,; BUCOKOE(heKTUBHA PiAUHHA XpoMaTo-
5 rpacdis; KinbKicHUIA aHani3; po3po6ka MeTOAVKW; Basligavif.
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M. M. lopuH, 1. C. Noroiiga
TEPHOMO/IbCKU HALIMOHATbHBIV MEANUMHCKUA YHUBEPCUTET UMEHW U. . TOPBAYEBCKOIO
MO3 YKPAVIHbI

AHAJIN3 110AX040B K PABPABOTKE U BAJIMJAIINU METOJ0B AHAJIN3A
MEJ/IbAOHUA B IEKAPCTBEHHbBIX CPEJCTBAX 1 BUOJIOTUYECKHNX
KNUAKOCTAX

Pesiome

BcmynsieHue. Paspabomka u sasiudayusi aHa/lumu4yeckux MemoooB8 U2parom BaKHYH PO/ib B8 CO30aHUU,
paspabomke u rnpou3Boocmae siekapCmaeHHbIX cpedcms. Paspabomka MemoouKu aHasiusa — Moomsep)xoeHue
mo2ao, Ymo aHasiumu4eckuli Memoo s18/15emcsi MpueM/eMbIM 0/11 UCM0/1b30B8aHUsI C UE/Ibio 0rpedesieHUsT KOHYEH-
mpayuu APl 8 KOMbGUHUPOBaHHOU /iekapcmBseHHOU ghopme. Smo 10380/15em MPUMEeHSIMb YMPOWEHHbIE rpoyedyphb!
07151 POBEPKU MO20, YMO MemMoouKa aHaslu3a mMo4YHO U roc/1edosamesibHO obecriedyum HadexHoe ornpeodesieHue
aKmusHo20 chapmMayesmuyecko20 UHepedueHma 8 /iekapcmseHHOM cpedcmase. Basudayusi aHasiumuyeckol
MemoOoUKU UMeem BakKHOe 3Ha4YeHue 07151 paspabomku aHa/lumu4eckux Memoaoos, U ee WUPOKO MPoBePSIoM Ha
crieyughuyHoCmb, IUHEUHOCMb, NpPasu/IbHOCMb, NPEeYU3UOHHOCMb, pobacHoCMb. TakuM 06pa3om, paspabomka
U Ba/iudayusi aHa/iumu4eckux Memodoos 0380/15110m Mnoomasepoumb BO3MOXHOCMb MOYHO20 U HA0EXHO20 orpe-
oesieHus1 aghgheKmuBHOCMU akmuBHO20 (hapMayesmuyecko20 UHapedueHma 8 /1IeKapCmMBEHHbIX cpedcmsax U
buosio2uYeckux xuokocmsix. Kpumepuem rioucka 6bl/1 aHasiumuyeckuli Memoo paspabomku MesibOoHUsi. O630p
Jiumepamypsl NPoBoou/IU B8 nepuod 1990-2019 ee., ymobbl coeslamb €20 06HOB/IEHHbIM U BCEOOLEM/TIOWUM U
rokazamb HOBbIE M00X00bl K paspabomke Memooos aHa/iu3a MeslbOOHUS. VicmodYHukamu 6bl/iu BCEMUPHO U3-
BECMHbIE XYPHa/Ibl, & K/TIIOYEBbLIMU C/I0BaMU B8 Kayecmae ¢husibmpa — MesibOOHUU, criekmpoghomomempuyeckuli
Memoo, BbICOKO3GhghekmuBHasi XUOKOCMHasi xpoMamogzpadbusi, Ko/iudecmseHHoe orpedesieHue, paspabomka
MemoouKu, Basiudayusi.

Llesib uccedoBaHus — rpoaHasiu3uposamse ooxookl K paspabomke U sasudayuu Memooos aHa/u3a Me/lb-
O0O0HUST B /IeEKaPCMBEHHbIX cpedcmsaax U 6U0/102UHeCcKUX XUOKOCMSIX.

BbI1800bI. B cBeme npeumyujecms, Komopbie 06Ccyxoasiu 8 3moM 0630pe, MOXHO coeslamb BbIBOO, YMO XU-
MUKU-aHa/1uUmuKu rocmosiHHO pabomarom Hao paspabomkoli HOBbIX MEMOOOB aHa/lUu3a Me/IbOOHUSI B /IEKAPCMBEH-
HbIX cpedcmaax U buo/102UHeCcKUX XUOKOCMSIX U UX oimumu3ayuell ¢ yeslbHo 3KOHOMUU BPEMEHU U PacX00HbIX
Mamepuasios, 4mo makxe obecriequsaem 3ghghekmusHOCMb paspabomaHHolU Memodosioauu. ViccrnedosaHue
Jiumepamypsl MoKazasao, Ymo 07151 aHasiu3a Me/lbO0HUST UHOUBUGYa/IbHO U/IU B KOMBUHaUUU € OpyaumMu /iekap-
CMBEHHbIMU cpedcmsamu cywjecmsyem psio Memodos. OOHaKo omcymcmayrom aHaiumu4yeckue Memoob! 071
00HOBPEMEHHO020 aHa/lu3a amux rpernapamos 8 KOMOUHUPOBaHHOU siekapcmseHHOU ¢hopme.

KMHOUEBBIE C/TOBA: MenbaoHuii; cnekTpooToMeTpruyeckuii MeTos,; BbiCOKO3I(hheKTUBHAs XXUAKOCT-
Hasi Xxpomartorpadusi; KONMuecTBEHHbIV aHa/IM3; pa3paéoTka MeTOAVKN; BaiMpaums.
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