166

Preclinical and clinical study
Joknunuyeckue u KTUHUYecKue ucc1e008aHus

Research article / OpueuHaneHaa cmames

M) Check for updates (cc) BY 4.0

UDC 615.074
https://doi.org/10.33380/2305-2066-2024-13-3-1895

PRT to predict pharmacokinetic profiles as part
of a bioequivalence study of the drug deferasirox

Alexandra V. Suvorova'™?, Polina A. Losenkova'?, Yuri V. Medvedev'? Eugenia A. Malashenko??3,
Igor E. Makarenko®, Andrey M. Poluyanov'?, Igor E. Shohin?

! Limited Liability Company "Scientific Compliance". 1/2, 8, Simferopolsky bulvar, Moscow, 117246, Russia

2]. M. Sechenov First MSMU of the Ministry of Health of the Russian Federation (Sechenov University). 8/2, Trubetskaya str.,
Moscow, 119991, Russia

3 Limited Liability Company "Center of Pharmaceutical Analytics" (LLC "CPHA"). 8, Simferopolsky bulvar, Moscow, 117246, Russia

4 Federal State Budgetary Educational Institution of Higher Education "A.l. Yevdokimov Moscow State University of Medicine
and Dentistry" of the Ministry of Healthcare of the Russion Federation. 20/1, Delegatskaya str., Moscow, 127473, Russia

4 Corresponding author: Alexandra V. Suvorova. E-mail: info@scientific-compliance.ru

ORCID: Alexandra V. Suvorova - https://orcid.org/0000-0003-2611-501X;
Polina A. Losenkova - https://orcid.org/0009-0005-2391-5267;
Yuri V. Medvedev - https://orcid.org/0000-0001-6720-4954;
Eugenia A. Malashenko - https://orcid.org/0000-0002-4183-7822;
Igor E. Makarenko - https://orcid.org/0000-0003-2308-0608;
Andrey M. Poluyanov - https://orcid.org/0000-0002-9960-6699;
Igor E. Shohin - https://orcid.org/0000-0002-1185-8630.

Received: 08.07.2024 Accepted: 26.08.2024 Published: 27.08.2024

Abstract

Introduction. Deferasirox is a complexing drug and belongs to class Il according to the biopharmaceutical classification
system (BCS), has acidic properties and belongs to subclass “a” (acid). This class is characterized by high permeability and
low solubility, which limits the absorption of the active substance into the blood. As a result, the development of drugs with
an active substance that can be assigning BCS to this class is a difficult task, and for generic drugs it is also associated with
a high risk of obtaining unproven equivalence during clinical trials. To minimize the above risks, a physiologically relevant test
was carried out with further data processing and construction of putative pharmacokinetic profiles.

Aim. The aim of the study is to conduct a physiologically relevant test (PRT) to predict in vitro pharmacokinetic profiles
and compare them with in vivo data as part of a bioequivalence study of deferasirox.

Materials and methods. The objects of the study are "Deferasirox, film-coated tablets, 360 mg" of a domestic manufacturer
and "Jadenu®, film-coated tablets, 360 mg" (WTN22 series, expiration date until 10.2023, Novartis Pharma Stein AG,
Switzerland). A physiologically relevant test was performed on the device SC PRT-6, Scientific Compliance. Quantitative analysis
was carried out by HPLC-UV method. Pharmacokinetic profiles were modeled using PK-Sim® (Systems Biology Software
Suite 11.2, Bayer Technology Services GmbH, Germany) based on data obtained from physiologically relevant test.

Results and discussion. A physiologically relevant drug test for deferasirox was performed and release profiles were obtained,
which formed the basis of a physiologically based pharmacokinetic model together with data on the physicochemical properties
of the studied compound and literature data on the pharmacokinetics of deferasirox. The pharmacokinetic profiles obtained
as part of the simulation on a virtual population were compared with data obtained during clinical trials.

Conclusion. A physiologically relevant test for the drug deferasirox was carried out, assay was performed by HPLC
with UV detection. The test resulted in data that allowed prediction of pharmacokinetic profiles that reflected
the same differences observed in the profiles of the test and reference drug in the comparative pharmacokinetics and
bioequivalence study of deferasirox drugs.
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Peslome

BBepeHme. [ledpepasupoKkc ABNAETCA KOMMIEKCOOOpPa3yloWmmM nekapCcTBEHHbIM CPeACcTBOM M OTHocuTcA Ko Il knaccy no
6rodapmaveBTnyeckoin knaccndukaumoHHon cucteme (BKC), obnagaet KACNOTHbIMY CBONCTBAMM M OTHOCUTCA K NMOAKI/IACCY «a»
(acid). JaHHbI Knacc xapaKTepur3yeTcs BbICOKON NPOHNLAEMOCTbIO 1 HA3KOW PacTBOPMMOCTbIO, KOTOPas NMMUTUPYET BCacbiBaHKe
JecTBylolero BewecTsa B KpoBb. Bcnepctaue s1oro paspabotka npenapatoB € AeACTBYIOWMUM BELECTBOM, KOTOPOE MOXHO
OTHeCTV K AaHHomy Knaccy BKC, sBnaeTca cnoxHow 3apjaveil, a ANA BOCMPOM3BEAEHHbIX MpenapatoB elle 1 conpsXeHa
C BbICOK/M PUCKOM MONYyYEHUA HeAOKa3aHHOW >SKBMBANEHTHOCTW NpW MNPOBEAEHUMN KIAUHUYECKUX wuccnefoBaHuin. [na
MUHMMM3aLUMKM BbILLEONUCAHHBIX PUCKOB Obl1 NpoBeAeH Gr3NONOrNYECKN PeNieBaHTHbIN TECT C AanbHellwen 06paboTKON JaHHbIX
1 NOCTPOEHNEM Npeanosaraembix GapmakoKMHeTUYecKux npodunei.

Llenb. Llenbio nccneposaHna anaeTca nposefeHne ¢usmonormyeckn peneaHtHoro tecta (DPT) ana npepackasaHna no faHHbIM
in vitro apmMaKkoK/MHeTNYeCKMX Npodurein n ConocTaBeHre C AaHHbIMY in Vivo B paMKax ncciefoBaHna 61M03KBUBaNEHTHOCTY
npenapara gedepasmpokc.

MaTtepuanbl u metogbl. O6beKkTamn nccnegoBaHus asnaTcA «Jedepasnpokc, TabneTkn, NOKPbITbiE MIEHOYHON 060/10UKON,
360 Mr» oTe4yecTBEHHOro nNpounsBoauTena n «xageHy®, TabneTku, NOKpbITble NieHoUYHoW obonoukoin, 360 mr» (cepua WTN22,
cpok rogHoctu go 10.2023, Novartis Pharma Stein AG, LLiseiuapusn). ®usmonornyeckn peneBaHTHbIA TECT NPOBOAWN Ha Nprubope
CK OPT-6 (000 «CanHTnduk KomnnainHc», Poccus). KonmuuecTBeHHbI aHanmW3 npoBoaunyu metogom BIXKX-YO.
MapMakokuHeTuyeckne npodunu 6binnM cmopenupoBaHbl B nporpamme PK-Sim® (Systems Biology Software Suite 11.2,
Bayer Technology Services GmbH, lepmaHuna) Ha OCHOBaHWW faHHbIX, NOMlYYEHHbIX B paMKax npoBefdeHuUsa GU3NoNormyecku
peneBaHTHOro TecTa.
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PesynbTtaTbhl U ob6cyKAaeHme. bbin nposegeH ¢GU3MONOrMUYECKM pesieBaHTHbIA TeCcT AN JNIeKapCTBEHHbIX MpenapaTos
aedepasnpokca, nonydyeHbl Npoduan BbICBOOOXKAEHUS, KOTOpble fieriv B OCHOBY ¢u3Moniornyeckm o6OCHOBAHHOM
bapMaKoOKMHETNYECKON MOAENN COBMECTHO C AaHHbIMU O (GU3MKO-XMMUYECKMX CBOWCTBAX W3Yy4aeMoro COeAUHEHuA 1
NNTEPaTYPHbIMM AaHHBbIMU O hapMaKOKUHETHKe Aedepasnpokca. MonyueHHble B pamMKax CUMYALMN Ha BUPTYasibHOW NONynAUmm
bapmakokuHeTyeckre Npodusmn Gbir CONOCTaBeHbl C AaHHBIMM, NOAYYEHHBIMU MPU NPOBEAEHUN KINHNYECKUX UCTbITAHWA.
3aknoueHue. MpoBefeH GM3NONOrNYECKU peneBaHTHbIN TecT ANA npenapata gedepasnpokc, KonnyecTBeHHoe onpeaeneHue
B obpasuyax npoBoaunu meTtogom BIXKX-YO. B pesynbrate npoBefeHMs TecTa 6bUiM MosiydeHbl AaHHble, MO3BOAUBLIME
CMPOrHO3NpPoBaTh GapMakoKMHETMYECKUE MPOGUIM, KOTOPbIE OTPAXKAIOT Te e Pasnuuus, uto Habaancb B NPodUAx TeCToBOro
1 pedepeHTHOro npenapaTta npu MpPoBeAeHWN UCCNEeROBAHUA CPAaBHUTENbHON GapMaKOKMHETUKM W GMOIKBUBANEHTHOCTM
npenapaTos fedepasnpokca.

Kniouesble cnoBa: Deferasirox, HPLC, PBPK

KoHGNuKT nHTepecoB. ABTOPbI AEKNAPUPYIOT OTCYTCTBME SIBHbIX UM MOTEHUMANbHbIX KOHGIMKTOB VMHTEPECOB, CBA3AHHbIX C
nybnvKaLumen HacTosILLen CTaTbU.

Bknap aBTOpOB. 0. B. MegBeneB npuHuman yyactme B pa3paboTke aHaNnMTUYECKON METOAUKU KONTIMYEeCTBEHHOrO onpeaeneHuns
gedepasupokca. M. A. JloceHkoBa oOTBevana 3a MpPOBeAEHME aHanuUTUYecKoro 3Tana uccneposaHua. A.B. CyesopoBa u
E.A. ManaweHKo NpoBOAWIM CTAaTUCTUYECKYlD 0O6paboTKy aaHHbix. A.M. lMonyaHoB oTBeuyan 3a pa3paboOTKy U HayuyHoe
obocHoBaHue 3kcnepumeHTa. W.E. WoxuH n U.E. MakapeHKo OTBeuanu 3a OpraHM3aLMOHHYI0 4acTb uccsiefoBaHus. Bce
BbllLEYKa3aHHble aBTOPbI yYaCTBOBaV B 06CYKAeHUM MONyUYEHHbIX Pe3ybTaToB B popMe HayUHOW JNCKYCCUU.

Ana yntuposaHua: Cysoposa A.B., Jlocenkosa I. A, Measeges [0. B.,, ManaweHko E. A., MakapeHko W.E., MNMonyaHos A. M.,
WoxuH W. E. MprmeHeHne dusmonornyeckn peneBaHTHoro Tectepa (OPT) fna npefckasaHna papmakoKkMHeTUYeCcKUX npodunen
B paMKax wucciefoBaHuA OMO3KBMBAaNEHTHOCTU npenapata Aedepasmpokc. Pazpabomka u peucmpayus 1eKapcmeeHHbIX
cpedcma. 2024;13(3):166-175. https://doi.org/10.33380/2305-2066-2024-13-3-1895

INTRODUCTION

between all these sections is described by mass balan-
ce equations which, for instance, describe the blood
supply to the organs, passive transit or process of diffu-
sion through cellular membranes into the intracellular

The physiologically based pharmacokinetic (PBPK)
modeling is a method of mathematical modeling that
allows describing the pharmacokinetics of xenobiotics
based on their physicochemical properties and physio-
logy of humans or animals.

PBPK modeling is used in pharmaceutical research
and drug development, as well as in assessment of
health risks associated with the use of certain drugs.

space.

PBPK models are based on a number of information
blocks that are combined during the model construction
and can be used for implementation of various simula-
tions. These blocks can be divided into the following ma-

Most often, the basic elements for building a phy- Jorgroups:
. . — 1) properties of the organism;
siologically based pharmacokinetic model are sec- .
tions (vessels) simulating different organs or tissues (for 2)  properties of the drug;
example, adipose tissue, the brain, intestine, heart 3) mode of administration and properties of the dosa-
ge form [3].

kidneys, liver, lungs, muscles, skin, spleen, etc.); the tran-
sit of substances between the sections is maintained
by the flow of various physiological fluids (arterial and
venous blood, bile etc.) and diffusion [1, 2]. Schematic
view of such a model is shown in Figure 1.

The information blocks required for building a PBPK
model are graphically represented in the block diagram,
see Figure 2.

Relying upon a priori knowledge of partially inde-

Each of such sections is described by some phy-
siological parameters (based on literature data) that
will characterize it as a particular organ. Interaction

pendent physiological processes and information about
properties of the studied compound integrated into
the mechanistic structure, PBPK models make it possib-
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Figure 2. Blocks of a PBPK model

le to predict and describe the absorption, distribution,
metabolism and excretion (ADME) properties of a drug
and to describe its pharmacokinetic profile [4].

The model’s high flexibility and complexity allows it
to be used for various studies: study of drugs behavior

in children [5], study of pharmacokinetic parameters for

different dosages, study of drugs behavior in populations
with specific diseases [6, 7] or of a particular nationality
[8], animal studies [9], simulation of a drug behavior in
pregnant women [10], multi-drug interaction research
and modeling [11], and many other experiments. PBPK

models are also useful in the development of generic
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drugs at the stage of screening candidates for clinical
trials [12]. Such an approach reduces the risk of get-
ting unexpected research results, especially for drugs
requiring a particularly careful approach in developing
a finished dosage form, including the BCS Class Il or IV
drug substances.

One of the drugs belonging to the BCS Class Il is
Deferasirox (Figure 3) - a specific, highly selective iron
chelator that does not cause zinc or copper excre-
tion [13, 14]. It should be noted that this substance has
weakly acidic properties and falls into the Subclass "a"
(acid) which, in turn, implies poor solubility in compen-
dial media with pH value of 1.2.

OH

N—N OH

\

NS
N

OH

Figure 3. Chemical structure of deferasirox

MATERIALS AND METHODS

Objects of study

The objects of study were as follows: "Deferasirox,
film-coated tablets, 360 mg" (domestic production) and
"Jadenu®, film-coated tablets, 360 mg" (serial WTN22,
expiration date: 10.2023, Novartis Pharma Stein AG,
Switzerland).

Reagents and solutions

The following reagents were used in the study:
purified water, type [; concentrated hydrochloric acid
(HCl) (class "extra pure", produced by "Sigma Tec" LLC,
Russia); concentrated orthophosphoric acid (H,PO,) (class
"for HPLC", Scharlau, Spain); sodium hydroxide (NaOH)
(class "p.a.", "Component-Reaktiv" LLC, Russia); dehydrated
sodium dihydrogen phosphate (NaH,PO,-2H,0) (class

"extra pure", "Component-Reaktiv" LLC, Russia); sodium
chloride (NaCl) (class "extra pure", "Component-Reaktiv"
LLC, Russia); 3F Powder (Biorelevant, United Kingdom);
acetonitrile (ACN) (class "HPLC gradient grade", Biosolve,
France).

Equipment and software

The physiologically relevant test was conducted
using an SC PRT-6 unit ("Scientific Compliance" LLC,
Russia). Chromatographic separation was carried out
on a high-efficient liquid chromatograph "Khromatek-
Kristall HPLC 2014" (SKB "Khromatek" JSC, Russia) equip-
ped with a column thermostat, degasser, automatic
sampler, and a UV detector. Modeling of the pharma-
cokinetic profiles was carried out with the "PK-Sim®"
software (Systems Biology Software Suite 11.2, Bayer
Technology Services GmbH, Germany).

RESULTS AND DISCUSSION

Elaboration of the physiologically
relevant test procedure

An important feature of substances having aci-
dic properties (BCS Subclass "a") is their poor solubility
in acidic media, which in the case of Deferasirox has
been confirmed by literature and in vitro tests. There-
fore, the serial scheme for conducting the PRT is not
relevant because due to poor solubility the active
substance would not get into the subsequent sections
of the apparatus, and a distortion of results would
occur. That is why more physiologically relevant for

the BCS Class Il, Subclasses "a", "ac" and "c" substances
is the test scheme presented in Figure 4.

The first section of the apparatus simulates the sto-
mach. At the beginning of the test its content volume
was 0 ml. Further on, it was filled by way of the gastric
juice transit from the second section according to the
equation of first order kinetics, and by the 40th minute
its content volume reached 250 ml. This volume remai-
ned constant till the end of the test.

The second section simulates the drug transit from
the stomach into the duodenum. The transit mecha-
nism was implemented as follows: first, a mixture of
50 ml of FaSSGF (Fasted State Simulated Gastric Fluid)
with 250 ml of water (a glass of water used to wash
down a tablet) was placed into the section; pH value
of this mixture was about 2.84 (these starting condi-
tions simulated the stomach in fasted state after ta-
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Figure 4. Scheme of the PRT

king the drug). Then this section was emptied accor-
ding to the equation of first order kinetics; the emp-
tying time (down to residual volume of 50 ml) was
40 minutes [15].

From the 40th to 55th minute, FaSSIF (Fasted
State Simulated Intestinal Fluid) was being secreted
into this section until its volume reached 75 ml,
which simulated the transit from the stomach into
the duodenum. This volume remained constant throug-
hout the test because such a volume is known as
physiologically relevant, which has been depicted in
publications [16].

The third section of the apparatus simulates the
intestine and serves for collecting the secretion from
the second section. Its volume was increasing from
the 40th minute to the end of the test. The initial volu-

me of this section was 0 ml.
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300
_ 250 > @@
€ O
-~ 200 - ©
g ©
5 150 ©
2 100 ©
50 © ©
0d o—0%
0 20 40 60 80
Time, min

First chamber

©

Figure 5. Diagram of the volume in different time point
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Figure 5 shows the volumes of the sections at
different time points.

The quantification of Deferasirox content in samp-
les obtained during the PRT was carried out by HPLC-UV
method. Based on the data obtained, averaged diag-
rams "drug release percentage - time" were plotted
(Figures 6 and 7).

Plotting the pharmacokinetic profiles
on the basis of in vitro testing results

There are many programs designed for PBPK mo-
deling; in our work the PK-Sim® software was used (Sys-
tems Biology Software Suite 11.2, Bayer Technology
Services GmbH, Germany).

The software is based on a structure comprising
18 organs and tissues, which allows to simulate the
ADME processes for different administration routes [17].

In the PK-Sim® software, oral administration is
implemented by means of a model that incorporates
the small intestine as a single continuous section
with spatially varying properties. The transit of the
administered dose of a drug substance is described
by the function of emptying the stomach dependent
on food intake and the transit function describing the
transfer of the drug through the intestine. At each ti-
me point, the amount of substance sucked into the
portal vein is calculated. For solid dosage forms, the
substance release into the solution is either assumed
to be instantaneous (for immediate release dosage
forms) or can be described according to the dissolution
models pre-set in the program, or can be specified by
the user-defined release functions [18].

8

2

®

100 120 140 160

> Third chamber

®
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4
Jadenu®, 360 mg, first chamber
3.5 1
—+— Jadenu®, 360 mg, second chamber
3
—e— Jadenu®, 360 mg, third chamber

Drug dissolved, %
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Figure 6. Average dissolution profiles of deferasirox in "Jadenu®, film-coated tablets, 360 mg" (batch WTN22) in three
chambers
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Figure 7. Average dissolution profiles of deferasirox in "Deferasirox, film-coated tablets, 360 mg" in three chambers

Developing the PBPK model of Deferasirox, we
used data on the drug release rate obtained in the
conducted PRT, literature data on physicochemical and
biological properties of the compound under study
(Table 1), and data on the pharmacokinetics of Defera-
sirox in the human organism.

As the aim of our work was to carry out an in vitro
comparative pharmacokinetic and bioequivalence study
of Deferasirox, the pharmacokinetics curves were not

built for one virtual subject, but for a whole virtual po-
pulation, which maximizes the model's relevance to re-
al clinical trials. The virtual population consisted of
white individuals aged 18 to 50, with height of 168 to
190 cm and weight from 55 to 85 kg; half of the po-
pulation were women. The virtual mode of administ-
ration of the drug was as follows: a single administra-
tion of one 360 mg tablet of Deferasirox in the fasted
state.



Table 1. Summary of parameters used in PBPK model

Parametr Value
MW 373.362 g/mol
Log P 3,52
Fraction unbound 1%
pKa 4,57
Dissolution at pH = 6.8 0.04 mg/ml
Metabolizing enzyme UGT1A1
Transport protein BCRP, cMOAT

1000

900

800

700

600

500

400

Concentration

300

200

100

Figure 8. Modeled pharmacokinetic profiles for study drugs
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After entering all the necessary data into the
program, we obtained the pharmacokinetic profiles
as shown in Figure 8. The black line in the figure shows
the geometric mean concentration values for the drug
"Jadenu®, film-coated tablets, 360 mg» (Novartis Phar-
ma Stein AG, Switzerland), and the red line represents
the corresponding values for the drug "Deferasirox,
film-coated tablets, 360 mg" of domestic origin. The
pharmacokinetic profiles obtained in clinical trials are
shown in Figure 9.

Table 2 shows the ratios of the geometric mean
values of pharmacokinetic parameters for the drug
under study to the corresponding values for the refe-
rence drug, and the calculated prediction error.

A Deferasirox-Peripheral Venous Blood-Plasma-Concentration-Range 5% to 95%-DEF_R
A Deferasirox-Peripheral Venous Blood-Plasma-Concentration-Range 5% to 95%-DEF-T
— D« Peripheral Venous Blood-Pl C i ic Mean-DEF_R

— Deferasirox-Peripheral Venous Blood-Plasma-Concentration-Geometric Mean-DEF-T

24 27 30 33 36 39 42 45 48 51

Time, h
-=- Deferasirox®
-= Jadenu®
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48
Time, h

Figure 9. Pharmacokinetic profiles for the study drugs obtained in the context of clinical trials
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The pattern of pharmacokinetic profiles of the drugs
Jadenu and Deferasirox is the same in both the graphs
obtained during clinical trials and the graphs obtained
in the modeling.

Of further interest is the refinement of the PRT study
methodology to reduce the prediction error in pharma-

cokinetic profiles modeling.

Table 2. Values of the ratio of the geometric mean values
of the pharmacokinetic parameters of the test drug
to the reference drug

" s .0
g gt
s | 3| it
=} M £ ]
1] ‘e @ = Ee
€ - [} vy °
[ v = c Tt
- - O w ~
o £ s o
o e § Y E
s - T9
g -g a?
a 8
AUC,, 0,85 0,63 -349
C. 0,74 0,60 233
CONCLUSION

A procedure for a physiologically relevant test
of a drug with an active substance of BCS Class Il
was developed. The quantification of Deferasirox con-
tent in the samples was carried out by HPLC-UV me-
thod. The profiles of dissolution of Deferasirox we-
re obtained which, in combination with data on the
physicochemical properties of the compound under
investigation and literature data on the pharmacoki-
netics of Deferasirox, provided the basis for a physio-
logically based pharmacokinetic model. The pharma-
cokinetic profiles obtained in simulation tests on a vir-
tual population are similar to the data obtained in cli-
nical studies.
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