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ABSTRACT

Biotransformation and metabolism of immunotoxicants is a complex and multi-stage process. This part of the review is devoted to the
second and third stages of biotransformation of immunotoxicants, which are classified as ecotoxicants and are drugs. In second phase,
partially transformed xenobiotic molecules are conjugated with certain intracellular compounds, such as glutathione, and converted
into relatively safe hydrophilic metabolites of the original xenobiotic. The review describes in detail the enzyme systems that carry out
biotransformation reactions of second phase. The enzymes of this biotransformation phase ultimately allow for a significant increase
in the hydrophilicity of biotransformed metabolites for their subsequent excretion from the body and carry out the final detoxification of
xenobiotics, including those with immunotoxicity. The known data on the localization of various isoforms of enzymes and their substrate
specificity are summarized. Some reactive products of the second phase of xenobiotic biotransformation, which may be toxic to cells,
are presented.

The third phase of biotransformation is the active secretion of immunotoxicants and their metabolites into urine or bile, which is
carried out by proteins belonging to the superfamily of secondary membrane-bound MFS (Major Facilitator Superfamily) transporters.
Transporters of the third phase are present in many tissues, including the liver, intestines, kidneys and brain, where a barrier is provided
against the penetration of xenobiotics into the body. These biomolecules play an important role in regulating the absorption, distribution
and excretion of many drugs and immunotoxic xenobiotics, as well as participate in the removal of newly formed products of the second
phase of biotransformation from cells.
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PE3IOME

BuoTtpaHcdopmaLms 1 MeTabonmnam MMYHOTOKCUKAHTOB — COXHBIA 1 MHOrOCTaauiiHbIA npoLecc. [JaHHas yacTb o63opa noces-
LeHa BTOPOA M TpeTben CTagusiM GroTpaHcopMaLmy MMMYHOTOKCHKAHTOB, SBMSIOLLMXCS SKOTOKCHUKAHTAMM 1 JTeKapCTBEHHbLIMM
BeLlecTBamu. Bo BTOpOi (hase YacT4HO TpaHC(OPMUPOBaHHbLIE MOMEKYIbl KCEHOBMOTIKA KOHBIOTUPYIOTCS C HEKOTOPLIMU BHYTpU-
KNETOYHbIMM COEAMHEHUSIMM, TaKUMIW KaK TMyTaTUOH, 1 MPEBPaLLaloTCa B OTHOCUTENLHO Oe3onacHble rmapodmibHble MeTabonnThl
MCXOLHOro kceHobnoTuka. B 0630pe nogpobHO onncaHbl hepMeHTHbIE CUCTEMBI, OCYLLECTBNSIOLLME peaKLyv BTOPOr (hasbl buoTpaH-
cchopmanmu. GepmeHTbl 3TON hasbl GroTpaHchopMaLy B KOHEYHOM UTOre MO3BOMSIHOT 3HAYUTENBHO YBENUYUTL MAPOUIIBHOCTL
B1oTpaHcthopMMPOBaHHLIX METabOoNMMTOB A/151 UX AANbHELLEN IKCKPELMM 13 OpraHn3ma W OCYLLECTBSIOT OKOHYATENbHYH AeTOKCHKa-
LMK0 KCEHOOMOTHKOB, B TOM Yncne obnagatlimx MMMyHOTOKCUYHOCTbH. O600LLEHbI M3BECTHBIE AAHHBIE MO NOKANN3aLMN Pa3fnYHbIX
130hopM hepMEHTOB 1 X cybcTpaTHO cneuuduiHocTy. MpeacTaBneHbl HEKOTOPbIE PeaKTUBHbIE MPOAYKTLI BTOPOK hadbl GuoTpaH-
cchopmaLmm KCEHOBMOTHKOB, KOTOPbIE MOTYT ObITb TOKCUYHbI A4S KMETOK.

TpeTbst (hasa BruoTpaHcopmaLmm npeacTaBnseT cobor akTUBHYKO CEKpELMI0 UMMYHOTOKCUKAHTOB M UX MeTaboNNTOB B MOYY Wi
XENYb, KOTOPAs OCyLUECTBNSETCS Denkam, OTHOCALLMMMUCS K CynepceMencTBy BTOPUYHbIX MeMOpPaHOCBA3aHHbIX nepeHocumkos MFS
(Major Facilitator Superfamily). TpaHcnopTepbl TpeTbeil asbl MPUCYTCTBYIOT BO MHOTMX TKaHsIX, BKITOYash NEYEHb, KMLLEYHWK, MOYK U
Mo3r, rae obecneynBaeTcs Hanmume bapbepa NpOTHUB MPOHYKHOBEHWS B OPraHinaM KCEHOOMOTIKOB. DT BUOMONEKYMbI UrPAKOT BaXHYH
porb B perynsyum abcopbumm, pacnpeaenermns 1 3KCKpeL MHOTX NIEKApCTB 1 IMMYHOTOKCUYHBIX KCEHOOMOTHKOB, a Takke y4acTBy-
10T B BbIBEJIEHI 113 KITETOK BHOBb 00pa3oBaHHbIX MPOAYKTOB BTOPOM hasbl BroTpaHcopmaLmm.

KntoyeBble cnoBa: KCeHOBMOTUKM, IMMYHOTOKCHKaHTbI, BTOpas (hasa bruotpaHcdopmaLmum, Tpetbst hasa bruotpaHcopmawmm
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INTRODUCTION

After completion of phase | biotransformation of
chemical compounds, their metabolites that were not
included in the metabolic pathways of oxidation or bio-
synthesis may undergo phase Il biotransformation re-
actions and then excreted as conjugates into the GIT
and urine [9].

The mechanisms, chemical and enzymatic reac-
tions of phase Il xenobiotic biotransformation are asso-
ciated with the covalent binding of xenobiotic metabo-
lites formed during phase | biotransformation to endo-
genous molecules specialized for their elimination. The
result is a hydrophilic conjugate that is excreted from
the body. Phase Il reactions are called derivatization or
conjugation reactions.

Phase |l biotransformation of xenobiotics includes
glucuronidation, sulfation, acetylation, methylation, glu-
tathionylation, and binding with amino acids such as
glycine, taurine, glutamic acid, as well as the transfor-
mation of epoxides into dihydriols with the participation
of epoxide hydrolases. The cofactors involved in these
reactions are generated during phase | metabolism,
with the exception of methylation and acetylation reac-
tions. A general overview of phase Il reactions is pre-
sented in Table 1.

The main organ where the second phase of xenobi-
otic metabolism occurs (as in the first phase) is the liver,

but the levels of some enzymes involved in biotransfor-
mation are quite high in the GIT, gonads, lungs, brain,
and kidneys [10]. Phase Il reactions usually proceed
much faster than phase | reactions, so the total rate of
transformation and elimination of a xenobiotic depends
largely on the rate at which the phase | reaction proceeds.

ENZYMATIC SYSTEMS OF THE SECOND
PHASE OF BIOTRANSFORMATION OF
XENOBIOTICS AND THEIR FUNCTIONAL
SPECIALIZATION

Enzymes involved in the second phase of biotrans-
formation include: uridine diphosphate glucuronyltrans-
ferase (UGT), sulfotransferase, N-acetyltransferases,
glutathione-S-transferases, quinone reductases, cyste-
ine conjugating lyases, and other enzymes.

The enzymes of this phase of biotransformation
ultimately significantly increase the hydrophilicity of
biotransformed metabolites for their further excretion
from the body and carry out the final detoxification of
xenobiotics, including immunotoxicants [4]. Most of the
enzymes of the second phase of biotransformation are
localized in the cytosol of cells, except for UGT, which
is microsomal enzyme.

Table 2 presents the functional characteristics of
the main enzymes of the second phase of xenobiotic
biotransformation.

Table 1. Characteristics of the main conjugation reactions of xenobiotics [13]
Tabnuua 1. XapakTepncTika OCHOBHbIX peakLmii KOHborawuy KceHoomoTrkoB [13]

Peakuus / Reaction

MpucoeamHsemblii areHT /
Attachment agent

®yHKLMOHaMbHas rpynna
kceHobnoTuka /
Functional group of xenobiotic

A. Peakuuu, npoTekatoLLye npy y4acTun akTMBMPOBaHHbIX (POPM MPUCOEANHSIEMbIX areHTOB/
A. Reactions occurring with the participation of activated forms of attached agents

KoHbloravus ¢ rnokypoHoBOiA kncnoTon /
Conjugation with glucuronic acid

YpuaungudocdorntokypoHosas kucrnota/
Uridyl diphosphoglucuronic acid

OH; -COOH; NH,; -NR,;
-SH; -CH

KoHbtorauus ¢ rnoko3oi /
Conjugation with glucose

Ypuaunaudocdo-rnokosa /
Uridyl diphospho-glucose

—OH; —=SH; COOH; =NH

Cyanide detoxification

CynbtaTuposanue / Sulfation 3-thocdoaneHosnH-5-doc- hocynbdar (PAPC) /| —OH; -NH,; -SH
3'-phosphoadenosine-5'-phosphosulfate (PAPS)

MeTtunuposanue / Methylation S-ageHo3nnmeTnoHuH / S-adenosylmethionine -OH; -NH,

Auetunuposatme / Acetylation Auetun KoA / Acetyl CoA -OH; -NH,

[eTokcvkaums ynanuaa / CynboH-cynbdug / Sulfone sulfide -CN

B. Peakuuu, npoTekaroLLme npu y4acTum aktm
B. Reactions involving activated forms of xenobiotics

BMPOBaHHbIX HOPM KCEHOBMOTHKOB /

KoHbtorauus ¢ rnytaTnoHom /
Conjugation with glutathione

nytatuox / Glutathione

ApeHoKeuabl; anoKcuapl;
rasioreHMPoOBaHHbIe ankurbHble

1 apunbHble yrnesogoposs! /

Arene oxides; epoxides; halogenated alky!
and aryl hydrocarbons

KoHbtorauus ¢ amuHokucnoToi /
Conjugation with an amino acid

T TIALYH; TIYTaMUH; OPHUTUH; TaypuH; LMCTEWH /

Glycine; glutamine; ornithine; taurine; cysteine

—-COOH
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Table 2. Characteristics of the main enzymes of the second phase of xenobiotic biotransformation [11, 57]
Tabnuua 2. XapakTepncTika 0CHOBHbIX hepMeHTOB BTOpOit chasbl GruoTpaHctopmaLmm kceHobuoTukos [11, 57]

®epmeHT / Enzyme

Nokanuaaums / Localization

®yHkups / Function

YO®-rniokyporunTpaHcdepass /
UDP-glucuronyl transferases

Mwkpocombl renatouuTos /
Hepatocyte microsomes

['ntoKypoHupoBaHue bunupybuHa 1 kceHobroTnkos /
Glucuronidation of bilirubin and xenobiotics

[nyTaTnoH-S-TpaHcdepass! /
Glutathione-S-transferases

LInTo30r1b M MUKPOCOMbI renaToLuMToB /
Cytosol and microsomes of hepatocytes

KoHbtorauus ¢ rnytaTmoHoM /
Conjugation with glutathione

N-aueTtunTpaHccepasa /
N-acetyltransferase

LinTosonb renatoumtos / Hepatocyte cytosol

AueTtunupoBaHue kceHobroTukos / Acetylation of
xenobiotics

CynbhoHTpaHchepasbl /
Sulfone transferases

LinTosonk rematouutos / Hepatocyte cytosol

CynbhaTpoBaH1e ropMoHOB (TUPEOUAHbIE W CTEPOUA-
Hble FOPMOHbI, KaTeX0MaMuHbI) 1 KCeHOBMOTMKOB /
Sulfation of hormones (thyroid and steroid hormones,
catecholamines) and xenobiotics

ENZYMATIC GLUCURONIDATION
REACTIONS: FUNCTIONAL SPECIALIZATION
OF ENZYMES, INTERMEDIATE PRODUCTS
(METABOLITES) OF REACTIONS

AND THEIR ACTIVITY

The enzymatic reactions of glucuronidation are
carried out by a group of enzymes known as glucuro-
nyltransferases. Glucuronyltransferases catalyze the
conjugation of xenobiotics or their metabolites with
glucuronic acid via UDP-glucuronyltransferase (UGT)
[10, 30]. This is the main route of biotransformation of
xenobiotics in many mammalian species, with the ex-
ception of the cat family. Uridine diphosphoglucuronic
acid participates as a cofactor in this reaction. UGT
has been identified in the endoplasmic reticulum of
liver cells and other tissues (kidneys, small intestine,
spleen, skin, brain, etc.).

Glucuronidation typically occurs at electron-rich nu-
cleophilic atoms of oxygen, nitrogen, or sulfur. The sub-
strates for UGT are molecules of chemical compounds
that have carboxylic, alcohol, or phenolic functional
groups (the reaction produces the corresponding O-
glucuronic esters), primary or secondary amino groups
(N-glucuronides are formed) or a free sulfhydryl group
(S-glucuronides are formed). Glucuronic conjugates
are polar compounds that are soluble in water and are
readily excreted in urine or bile.

The glucuronidation of xenobiotics by liver micro-
somes can be stimulated by detergents, which disrupt
the lipid bilayer, allowing UGT greater access to uridine
diphosphate glucuronic acid. However, high detergent
concentrations may inhibit UGT activity by preventing
the enzyme from interacting with phospholipids.

UGT catalyzes the glucuronidation of various xe-
nobiotics, including immunotoxicants. Chemical com-
pounds that undergo glucuronidation include: simple
and complex esters; alcohols; substances containing
carboxyl, carbamoyl, thiol, carbonyl, and nitro groups.
The glucuronidation of toxicants in the body is usu-
ally a component of the metabolic transformations of

xenobiotics that ensure their detoxification. However,
endogenous compounds such as bilirubin, steroid and
thyroid hormones can also be substrates for UGT.

In rare cases, glucuronidation can increase the
toxicity of a xenobiotic. For example, aromatic amines
such as 2-aminonaphthalene and 4-aminobiphenyl un-
dergo N-hydroxylation in the liver, followed by N-glu-
curonidation of the N-hydroxy metabolite. N-glucuro-
nides pass through the renal filter into the bladder cavity
and are hydrolyzed to the corresponding carcinogenic
N-hydroxyarylamines at acidic urine pH values. In this
case, the increase in xenobiotic toxicity is secondary,
and the activation of the xenobiotic glucuronidation
reaction may contribute to the development of bladder
cancer [14].

Glucuronidation of certain chemical compounds
leads to the bioactivation of carcinogens. Glucuronides
with procarcinogenic properties include N-glucuronide
4-aminobiphenyl, N-glucuronide N-acetylbenzidine,
O-glucuronide-4-([hydroxymethyl]-nitrosamino)-1-(3-
pyridyl)-1-butanone. During the first phase of biotrans-
formation, oxidation occurs at the nitrogen atom, followed
by conversion to N-glucuronides. Once in the intestine
with bile, the conjugates are broken down by gluc-
uronidase in the microflora and ultimately converted into
highly reactive electrophiles — N-acetoxyarylamines.
These compounds are thought to play a significant role
in the development of colon cancer in humans [2].

FERMENTATIVE SULFATION REACTIONS:
FUNCTIONAL SPECIALIZATION OF ENZYMES,
INTERMEDIATE PRODUCTS (METABOLITES)
OF REACTIONS AND THEIR ACTIVITY

Along with glucuronidation reactions, the metabo-
lites of many xenobiotics undergo biotransformation
through sulfate conjugation [1]. Sulfotransferases are
responsible for this stage of biotransformation and
metabolism of xenobiotics. Enzymes of this group
have been identified in the cells of the liver, kidneys,
intestines, lungs, and brain. The cofactor for sulfate




conjugation reactions is the active form of sulfuric
acid, 3'-phosphoadenosine-5-phosphosulfate (PAPS),
which is synthesized in the body from adenosine tri-
phosphate (ATP) and inorganic sulfate. A deficiency of
PAPS due to a lack of sulfate or genetic defects leading
to insufficient activity of the enzymes that catalyze its
formation can disrupt the processes of detoxification of
both xenobiotics and the degradation of endogenous
compounds [15].

Sulfate conjugation involves the transfer of a sul-
fate group (SO*) from PAPS to a biotransformable xe-
nobiotic [1]. The substrates of this reaction are alcohols
and phenols, which are often the products of phase |
biotransformation and metabolism of xenobiotics and
drugs. Xenobiotics that do not require prior activation
by first-phase enzymes for their effective metabolism
include primary and secondary alcohols, bile acids, ca-
techols, and some aromatic amines (e.g., aniline and
2-aminonaphthalene). Such chemical compounds are
conjugated with PAPS to form the corresponding sul-
famates.

N-hydroxyarylamines are also substrates for sul-
fotransferases. In all cases, the reaction involves a
nucleophilic attack of oxygen or nitrogen atoms on the
sulfur atom in PAPS with cleavage of the phosphosul-
fate bond. Sulfate conjugates are highly water-soluble
esters of sulfuric acid, which are excreted mainly in the
urine. Metabolites excreted in bile can be hydrolyzed by
arylsulfatases present in the intestinal microflora, which
contributes to their enterohepatic circulation.

Sulfotransferases are divided into two large groups
depending on their localization: membrane-associated
and cytosolic. Membrane-associated sulfotransfe-
rases are present in both the endoplasmic reticulum
and lysosomes, where they are mainly involved in the
metabolism of endogenous peptides, proteins, glycos-
aminoglycans, and lipids, but are not involved in the
biotransformation of xenobiotics. Cytosolic sulfotrans-
ferases are involved in the metabolism of a large num-
ber of different xenobiotics, including drugs, as well as
endogenous substrates (steroid hormones, catecho-
lamines, eicosanoids, vitamins A and D, etc.). Some
sulfate conjugates undergo further biotransformation.
Sulfation promotes the catabolism of thyroxine and tri-
iodothyronine and may determine the rate of elimina-
tion of thyroid hormones. During intrauterine develop-
ment, sulfotransferases are one of the main pathways
of biotransformation, since UDP-glucuronyltransferase
is still inactive in the fetus until the 20" week [15].

In general, this biotransformation pathway is highly
specific but metabolically low-capacity. The relatively
low concentration of PAPS in the cell (about 75 uM,
compared to a concentration of UDP-glucuronic acid of
about 350 uM) limits the ability to sulfate xenobiotics.

Some xenobiotics are substrates for both sulfo-
transferases and UDP-glucuronosyltransferases. Sub-
strate concentration, cofactor availability, and certain
other conditions influence the choice of the preferred
metabolic pathway for a particular chemical compound.
For example, the relative content of paracetamol bio-
transformation products during its metabolism depends
on the dose of the administered drug: at low doses, sul-
fate conjugates predominate in the metabolic products,
and as the dose increases, this metabolic pathway be-
comes saturated and, possibly due to the inhibition of
sulfotransferase activity, the relative amount of sulfate
conjugates in the metabolic products decreases com-
pared to glucuronic conjugates [16].

Four families of sulfotransferases (SULT1, SULT2,
SULT4, and SULT6) and about 40 isoenzymes encoded
by 10 genes have been identified in the human body
[15]. Based on data on the homology of amino acid se-
quences of specific isoenzymes and their groups, the
sulfotransferase superfamily is divided into a number
of subfamilies: 1A, 1B, 1C, 1E, 2A, 2B, etc. (Table 3).

Taking into account substrate specificity, sulfotrans-
ferases are divided into the following classes:

+ arylsulfotransferases are capable of sulfating many
xenobiotics with a phenolic residue;

+ alcohol sulfotransferases are capable of metaboli-
zing primary and secondary alcohols, including
nonaromatic hydroxysteroids;

+ estrogen sulfotransferases are capable of metabo-
lizing aromatic hydroxysteroids;

+ tyrosine sulfotransferases are capable of metabo-
lizing tyrosine, methyl esters, and bile acids.

Three types of sulfotransferases have been found
in the cytosolic fraction of human hepatocytes: one ste-
roid/bile sulfotransferase, or dehydroepiandrosterone
sulfotransferase (DHEA-ST), and two isoenzymes of
phenolic sulfotransferase. Phenolic sulfotransferases
differ from each other in terms of thermostability — one
form of the enzyme is thermostable, while the other is
thermolabile. A study of the role of sulfotransferases
in the bioactivation of 4-aminobiphenyl showed that
N-OH-aminobipheny! sulfotransferase activity in liver
and intestinal cells correlated with the activity of the
thermostable form of sulfotransferase, but not with the
activity of the thermolabile DHEA-ST form [16].

The isoenzymes of the SULT1 subgroup play the
most important role in the sulfation of drugs and their
metabolites, with SULT1A1 and SULT1A3 being con-
sidered particularly important. The marker substrate for
isoenzymes belonging to the SULT1 subgroup is 4-ni-
trophenol.

Endogenous substrates of SULT1A1 include
17B-estradiol, while exogenous substrates include
drugs such as minoxidil, acetaminophen, morphine,
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Table 3. Isoforms of the sulfotransferase family and the drugs they metabolize [15]
Tabnuua 3. M3ocopmbl cemeiicTBa cynbdoTpaHchepas 1 MeTabonuanpyemble MU NekapcTBeHHbIe cpeacTsa [15]

XpomocomHas
CewmericTao / . nokanuaauus /
Family en/ Gene ®yHkyws / Function Chromosomal Cybctpatbl / Substrates
localization
SULT1 SULT1A1 CynbgmpoBaHue KaTexonamnHOB W Opyrux Hepo- 16p11.2 MapaueTamon, M1Hokeuaun /
TPaHCMUTTEPOB, (DEHOMOB, CMIMPTOB W aMUHOB / Paracetamol, minoxidil
Sulfation of catecholamines and other .
SULT1AZ neurotransmitters, phenols, alcohols and amines Mpemapu / Premarin
SULT1A3 MapaueTamon, MopcuH, TaneHTagorn,
Tpamagon /
Paracetamol, morphine, tapentadol,
tramadol
SULT1A4 MapaueTamon, MopdmH/
Paracetamol, morphine
SULT1B1 KoHbtormpoBaHye TMpeonaHbIX FTOPMOHOB, (PEHOIOB, 4q13.3 TwupokewH / Thyroxine
GeH3unoBbIX cnupToB /
Conjugation of thyroid hormones, phenols, benzyl
alcohols
SULT1C2 MeTabonuam cheHonos / Metabolism of phenols 2q12.3 MapaueTamon, MOpguH /
Paracetamol, morphine
SULT1C3 MeTtabonuam gochamuHa, gpyrix KaTexonammHoB AppeHanuH / Adrenaline
11 BMOTEHHBIX aMWHOB /
SULT1C4 Metabolism of dopamine, other catecholamines and Rouerakcen / Docetaxel
biogenic amines
SULT1E1 MeTabonuam actporeHos / Estrogen metabolism 4q13.3 Octpwon / Estriol
SULT2 SULT2A1 CynbdmpoBaHue CTeponaoB 1 KemYHbIX KNCMOT 19913.33 YpcocaH / Ursosan
B MEYEHN W HafnoYeyHukax /
Sulfation of steroids and bile acids in the liver
and adrenal glands
SULT2B1 KoHbrormpoBaHvie femapoanvangpoctepona (AF3A) / LnTopabuH, dnynapabuH, rem-
Conjugation of dehydroepiandrosterone (DHEA) Ty3ymab, o3oramuuuH, ngapyouuuH /
Cytorabine, fludarabine,
gemtuzumab, ozogamicin, idarubicin
SULT4 SULT4A1 Vi3odbopma, cnelmudHas Ans LeHTpanbHom 22q13.31 AnpeHanuH / Adrenaline
HEepBHON cucTeMbl, 0becneumBaeT MeTabonnam
HepoTpaHCMUTTEPOB/
The central nervous system specific isoform medi-
ates the metabolism of neurotransmitters
SULT6 SULT6B1 MeTabonuam TpokeuHa / Thyroxine metabolism 2p22.2 TwupokewH / Thyroxine

salicylamide, isadrine, and others. SULT1A3 catalyzes
the sulfation reactions of monoamines with phenolic
radicals: dopamine, serotonin, norepinephrine [17].

In general, sulfation as a biotransformation path-
way is usually effectively accompanied by a decrease
in the pharmacological activity and toxicity of xenobio-
tics. However, in some cases, when foreign compounds
are metabolized by enzymatic sulfation, the toxicity of
the metabolites exceeds that of the original xenobiotic,
since some sulfate conjugates are chemically unstable
and degrade, forming strong electrophilic derivatives
with high reactivity. Thus, sulfo-conjugation is a ne-
cessary step in the activation of many chemical com-
pounds that are procarcinogens (acetylaminofluorene,
arylamines, and other procarcinogens). The metabo-
lites of many N-hydroxyarylamines and hydroxamic

acids formed in the sulfo-conjugation reaction also
have a mutagenic effect [17].

ENZYMATIC ACETYLATION REACTIONS:
FUNCTIONAL SPECIALIZATION
OF ENZYMES, NTERMEDIATE PRODUCTS
(METABOLITES) OF REACTIONS
AND THEIR ACTIVITY

The acetylation reaction, or conjugation with acetic acid,
which is considered one of the most evolutionarily ancient
reactions of biotransformation of chemical compounds, is
catalyzed by the enzyme N-acetyltransferase. In addition
to N-acetyltransferase, coenzyme A also participates in the
enzymatic acetylation reactions of chemical compounds. In
the human body, the intensity of acetylation reactions is influ-
enced by biochemical processes involving pantothenic acid,




pyridoxine, thiamine, lipoic acid, as well as processes asso-
ciated with the activation of B,-adrenoreceptors. Acetylation
depends on the functional state of the liver and other organs
whose tissue cells contain N-acetyltransferase.

Two isoenzymes of N-acetyltransferase have been
identified and isolated — NAT1 and NAT2, which carry
out N- and O-acetylation of aromatic and heterocyclic
amines and hydrazines, including many carcinogens
[24, 57]. NAT1 and NAT2 are similar in structure (de-
pending on the species of the isoenzymes, 79-95%
homology of amino acids in the structure of the mo-
lecules of these isoenzymes has been found), but they
have substrate specificity and different levels of activity
in different tissues.

NAT isoenzymes are cytosolic enzymes found in
hepatocytes and cells of many other tissues in most
mammalian species (except for foxes and dogs, which
are incapable of N-acetylation of xenobiotics). NAT1 in
adults is found in the liver, gallbladder, GIT, blood cells,
placenta, skin, skeletal muscle, mammary gland, pros-
tate, and lungs. NAT2 is mainly present in the liver and
small intestine. In addition, NAT1 is found in newborns
in the lungs, liver, and adrenal glands, while NAT2 ac-
tivity only becomes apparent by the end of the first year
of life [13].

N-acetylation is the main route of biotransformation
of aromatic amines, including drugs containing a hyd-
razine group (R-N-NH,). In the N-acetylation reaction,
aromatic amines are converted to aromatic amides
(R-NH-COCHj,) or hydrazides (R-NH-NH-COCH,), re-
spectively [13]. Primary aliphatic amines rarely under-
go N-acetylation. An exception is the sequence of bio-
chemical transformations in which cysteine conjugates
are formed from glutathione conjugates, from which, in
turn, mercapturic acid is formed by N-acetylation in the
kidneys.

Many N-acetylated metabolites are less soluble in
water than the parent compounds. However, in some
cases, such as the metabolism of isoniazid, N-acetyla-
tion prior to excretion facilitates the elimination of iso-
niazid metabolites in the urine (Fig. 1).

More than 20 allelic variants of the NAT2 and NAT1
genes are known, which differ in activity by a factor of
ten. Mutations in the N-acetyltransferase loci result in
either a slow acetylation phenotype (decreased en-
zyme activity or stability) or a rapid acetylation pheno-
type (increased enzyme activity) [2].

Slow acetylators are characterized by an increase
in the toxic effect of xenobiotics metabolized with the
participation of the enzyme, in particular carcinogenic
substances contained in tobacco smoke, exhaust ga-
ses, etc., which can contribute to a varying predispo-
sition to malignant neoplasms. Inactivating mutations
in the NAT2 gene are associated with susceptibility
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Isoniazid N-acetyl-isoniazid
Fig.1. Isoniazid acetylation scheme [15]

Puc. 1. Cxema auetunupoBaHns n3oHuasmaa [15]

to bladder cancer (the risk of developing it increases
3-fold). In rapid acetylators, occupational bladder can-
cer induced by 2-naphthylamine and benzidine deve-
lops significantly less frequently than in slow acety-
lators [15].

ENZYMATIC METHYLATION REACTIONS:
FUNCTIONAL SPECIALIZATION

OF ENZYMES, INTERMEDIATE
PRODUCTS (METABOLITES)

OF REACTIONS AND THEIR ACTIVITY

In the metabolism of xenobiotics, enzymatic me-
thylation reactions are mediated by the activity of me-
thyltransferases. Methyltransferases participate in the
methylation of chemical compounds whose molecules
contain hydroxyl, sulfhydryl, and amino groups [10, 18].
Thus, phenols, amines, sulfur-containing compounds,
thiol poisons (mercury, lead, arsenic, tin, etc.) and
some endogenous substances undergo methylation.
As a result of methylation, the corresponding O-, N- and
S-methyl conjugates are formed. S-adenosylmethio-
nine, which is formed by the interaction of methionine
with ATP and is a substrate for about 50 methyltransfe-
rases, acts as a methyl group donor.

Compounds containing phenolic groups under-
go O-methylation. Under the influence of enzymes
(O-methyltransferases), the methyl group attaches to
the oxygen atoms of phenolic hydroxyls. In addition
to the coenzyme, the presence of magnesium ions or
other divalent metals is required for the methylation re-
action of phenols. Compounds containing a single phe-
nolic group are not methylated, even in the presence of
these enzymes.

During N-methylation, under the influence of
N-methyltransferase, a methyl group attaches to the
nitrogen atoms of endogenous metabolites or metabo-
lites of foreign compounds. Some foreign compounds
containing thiol groups are also methylated in the body.
In this case, in the presence of enzymes (S-methyl-
transferases), the methyl group is transferred to sulfur
atoms undergoing biotransformation of metabolites,
with the formation of the corresponding S-methyl de-
rivatives of these compounds.

Methylation of xenobiotics, compared to other
conjugation reactions, has one feature, which is that
the addition of a methyl group does not result in the
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Fig. 2. 6-Mercaptopurine methylation catalysis [15]
Puc. 2. Katanna metunupoBanus 6-mepkantonypuna [15]

formation of polar metabolites, but instead eliminates
the extremely reactive SH and NH groups of the pre-
ceding participants in biotransformation, which neu-
tralizes their high reactivity. Thus, thiopurine methyl-
transferase catalyzes S-methylation in the metabolism
of cytostatics (6-mercaptopurine, azathioprine, and
thioguanine) (Fig. 2), preventing the formation of ac-
tive metabolites — thioguanine nucleotides. Thiopurine
methyltransferase deficiency leads to an increase in
the concentration of these active metabolites, causing
life-threatening myelo- and immunosuppression, which
requires a several-fold reduction in the dose of these
cytostatics during chemotherapy [34].

Among endogenous substances, the following are
metabolized with the participation of the enzyme cate-
chol-O-methyltransferase: adrenaline, noradrenaline,
dopamine; phenol-O-methyltransferase — tyrosine,
and S-adenosyl-methyltransferase — histamine [15].

ENZYMATIC GLUTATHIONYLATION
REACTIONS: FUNCTIONAL SPECIALIZATION
OF ENZYMES, INTERMEDIATE PRODUCTS
(METABOLITES) OF REACTIONS

AND THEIR ACTIVITY

Glutathione S-transferases (GSTs) are involved in
glutathionylation enzymatic reactions. These enzymes
catalyze the conjugation of xenobiotics with glutathione
[5, 12]. Glutathione is a tripeptide consisting of glycine,
cysteine, and glutamic acid, which is linked to cysteine
via a y-carboxyl group (Fig. 3). As a result of an enzy-
matic reaction involving GST, a thioester of the com-
pounds participating in the reaction is formed.

There are three superfamilies of glutathione-
S-transferases: cytosolic, mitochondrial, and micro-
somal. Cytosolic glutathione-S-transferases are divided
into 13 classes (alpha, beta, delta, epsilon, zeta, theta,
mu, nu, pi, sigma, tau, phi, and omega). Mitochondrial
glutathione-S-transferases belong to the kappa class
(GSTK). Microsomal glutathione S-transferases are

a By
H,N-CH~-CH,~CH,~CO-NH-CH-CO-NH-CH,~COOH
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Fig. 3. Structure of glutathione (picture from the Internet)
Puc. 3. CtpykTypa rnytatnoHa (pucyHok u3 ViHTepHeTa)

also known as MAPEG (membrane-associated pro-
teins of eicosanoid and glutathione metabolism). The
highest GST activity is observed in the liver, kidneys,
brain, heart, lungs, and GIT [7]. 95% of the total en-
zyme content is localized in the cytoplasm and about
5% in the endoplasmic reticulum of cells.

The substrates for GST are usually hydrophobic
compounds containing an electrophilic atom. Sub-
strates for glutathione conjugation can be divided into
two groups: 1) sufficiently electrophilic chemical com-
pounds that are capable of direct conjugation with glu-
tathione; 2) chemical compounds that require activation
before the conjugation reaction can begin. The second
group of compounds includes oxiarenes, alkene epo-
xides, nitronium ions, carbocation ions, and free radi-
cals [14].

Conformationally, all GSTs have a similar structure
and are dimers composed of a combination of two iden-
tical or non-identical subunits. GSTs form a superfamily
of multifunctional isoenzymes that contribute to detoxi-
fication processes. Various mechanisms are involved
in the detoxification process, including: 1) non-catalytic
binding of certain reactive xenobiotics to glutathione;
2) catalytic inactivation of a wide range of xenobiotics
through conjugation with reduced glutathione (GSH);
3) glutathione peroxidase activity, which restores lipid
and DNA hydroperoxides [17].

The most important for the metabolism of immu-
notoxincants are GST isoenzymes belonging to the
alpha, theta, mu, and pi classes (Table 4), encoded by
GST genes, among which the GSTM1 gene plays an
important role in the inactivation of carcinogens. All five
genes, GSTM1, GSTM2, GSTM3, GSTM4, and GSTMS
are located on 1p13.3 [15].

GST isoenzymes play an important role in the me-
tabolism of carcinogens, lipids, free radical oxidation
products, catecholestrogen metabolism, and detoxifi-
cation of aflatoxin B1-8,9-epoxide. Human liver GST
has catalytic activity toward the reactive metabolite of
benz(a)pyrene, benz(a)pyrene-4,5-oxide. In addition
to the metabolism of carcinogens and other xenobiot-
ics, GST isoenzymes are involved in the biosynthesis
of biologically active molecules, including leukotrienes
and prostaglandins, as well as in the binding and bio-
transformation of bilirubin and steroid hormones (in par-
ticular, in vivo, GST isoenzymes ensure the transport of
these endogenous compounds). GST isoenzymes in-
hibit the activity of lipid peroxidation (LPO) products and




Table 4. Isoforms of the glutathione-S-transferase family and the substrates they metabolize [15]
Tabnuua 4. N30copmbl cemeiicTBa rnyTaToH-S-TpaHcdepas n meTabonuaupyemble umm cybetpatbl [15]

XpomMocomHas
. nokanusauus /
len / Gene ®yHKus / Function Chromosomal Cyberpatbl / Substrates
localization
GSTA1 MeTab0on13m SHAOTEHHbIX NPO- 6p12.2 LincnnatuH, unknodocdamng, LOKCOpyOULMH, puTykcumat, BUHKPUCTYH,
BYKTOB OKUCIIUTENBHOrO CTPec- BucynbaH, NpeaHn30soH /
Ca 1 3K30reHHbIX COeUHEHUN, Cisplatin, cyclophosphamide, doxorubicin, rituximab, vincristine, bisulfan,
Bkntovast J1C, kaHLeporeHs!, prednisolone
GSTT1 ?gﬂK“;ﬁ:le?KCMKaHTH W Apyrme 22q11.23 KnosanuH, umatunmG, umcnnaTuH, M3oHuasma, atambyTon, nupasuHamug,
Metabolism of endogenous gTq)aM.”MH./ finib. cisplatin. isoniazid. ethambutol inamide. rifamoi
oxidative stress products ozapine, imatinib, cisplatin, isoniazid, ethambutol, pyrazinamide, rifampin
GSTM1 gnd exogenous compounds, 1p13.3 LincnnatuH, okcanunnatuH, 6r1eoM1LyuH, [OKCOPYOULIMH, BUHONACTUH,
!ncludlng dr_ugs, carcinogens, OucynbaH, HeBMUpanuH, cynbhaMeToKcason, TPUMETONPUM, KNo3ankH,
ImmunotOXIcantS and other aTambyTon, nupasnHamug, pudamnux /
toxins Cisplatin, oxaliplatin, bleomycin, doxorubicin, vinblastine, bisulfan, nevirapine,
sulfamethoxazole, trimethoprim, clozapine, ethambutol, pyrazinamide,
rifampin
GSTM3 OnaHsanuH, uicnnatuH, uuknogocdammg /
Olanzapine, cisplatin, cyclophosphamide
GSTP1 11g13.2 Linknodbocdamua, annpybuuyH, dhTopypaumn, okcanuniaTiH, LMCnnaTyH,
MeTOTpeKcaT, JOKCOPYOMLH, 6GreOMULIMH, 3TONO3WA, M3OHWUa3WA, pyucamnuH /
Cyclophosphamide, epirubicin, fluorouracil, oxaliplatin, cisplatin,
methotrexate, doxorubicin, bleomycin, etoposide, isoniazid, rifampin

also contribute to the resistance of proteins and nucleic
acids to the alkylating effects of the corresponding toxi-
cants [8]. However, the conjugation of phase | biotrans-
formation products with glutathione can also result in
the formation of metabolites with higher toxicity than
their precursors.

THIRD PHASE OF XENOBIOTICS
BIOTRANSFORMATION: MOLECULES-
BIOTRANSPORTERS, THEIR FUNCTIONAL
SPECIALIZATION

Currently, the third phase of biotransformation
is particularly emphasized — the active secretion
of xenobiotics and/or their metabolites into urine or
bile, which is carried out by proteins belonging to the
superfamily of secondary membrane-bound trans-
porters MFS (Major Facilitator Superfamily) [6, 36]
and the superfamily of ATP-binding cassette trans-
porters (ABC transporters) [19]. The MFS includes
solute carrier family (SLC) proteins (carriers) of the
SLC22 [20] and SLC21 (OATP) [21], which carry out
the transmembrane transport of “organic electro-
lytes” — structurally different compounds that have
a negative, positive, or both charges (zwitterions) at
physiological pH values. These include endogenous
substrates of physiological significance, as well as
pharmacologically and toxicologically significant xe-
nobiotics [49, 51]. In addition to organic anion trans-
porters (OAT), the SLC22 family includes organic
cation transporters (OCT) and carnitine/zwitterion
transporters (OCTN).

The ABC transporter superfamily currently compri-
ses approximately 300 eukaryotic proteins that trans-
port a wide variety of compounds [23]. These proteins
use ATP energy to move various substrates across the
cell membrane. Among ABC transporters, one can dis-
tinguish exporters, which transport toxins, drugs, and
lipids out of the cell, and importers, which transport nu-
trients and other molecules into the intracellular space
[19, 26, 35].

Phase Il transporters are present in many tissues,
including the liver, intestines, kidneys, and brain, where
they form a barrier against the entry of xenobiotics into
the body. These biomolecules play an important role
in regulating the absorption, distribution, and excretion
of many drugs and toxic xenobiotics, and are also in-
volved in the efflux from cells of newly formed products
of the second phase of biotransformation.

ORGANIC ANION TRANSPORTERS:
STRUCTURE, TISSUE LOCALIZATION,
AND MECHANISM OF TRANSPORT
FUNCTIONS

Organic anion transporters play a significant role
in the distribution and excretion of an exceptionally
wide range of compounds, including endogenous me-
tabolites (hormones, nutrients) and exogenous organic
anions. Large hydrophobic organic anions, including a
wide range of drugs, serve as OAT substrates. Trans-
membrane transport mediated by OAT occurs in nume-
rous organs, including the kidneys, liver, brain, retina,
adrenal glands, pancreas, intestines, and placenta [55].
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The localization, substrate specificity, and ligands of
the main OATs are presented in Table 5.

All members of the OAT family are characterized
by a similar structure, a high level of genetic se-
quence conservation, and transport a wide range of
weakly acidic drugs, such as loop and thiazide diure-
tics, nonsteroidal anti-inflammatory drugs (NSAIDs),
angiotensin-converting enzyme inhibitors, beta-lac-
tam antibiotics, sulfonamides, and antivirals.

The OAT polypeptide chain, consisting of 536-556
amino acid residues, penetrates the cell membrane
12 times and forms a pore. Characteristic of this protein
is the intracellular localization of the N- and C-terminal
regions of the molecule and two large connecting loops
between helices 1-2 and helices 6-7. Two domains con-
taining ATP binding sites are located in the intracellular
space of the cell.

The primary function of OAT is to transport one
organic anion into the cell in exchange for another or-
ganic anion out of the cell. Although most OATs are

Na-independent anion exchangers [49], their function
is indirectly linked to the Na+ gradient through tertiary
active transport, which involves Na,K-ATPase and Na-
dependent dicarboxylic acid transport [53]. The uptake
of organic anions into the cell occurs in exchange for
intracellular a-ketoglutarate, which is a metabolite of the
Krebs cycle and the preferred physiological counterion
exiting the cell. Na-dependent a-ketoglutarate transport
is maintained by the Na+ gradient created by NaK-
ATPase.

With broad substrate specificity, OATs can interact
with a wide variety of compounds and transport not only
small amphiphilic organic anions and uncharged mo-
lecules, but also xenobiotics and their metabolites, which
are ionized during metabolism.

OATs function in interaction with enzymes of the
first and second phases of biotransformation, actively
participating in the distribution and elimination of me-
tabolites [58]. OAT-3 is better adapted to the transfer of
glucuronidated and sulfated xenobiotics than unmodified

Table 5. Transporters of organic anions of the organic anion transporters (OAT) subfamily [48]
Tabnuua 5. TpaHcnopTepbl OpraHN4eCKMX aHNOHOB NOACEMENCTBA TPAHCMOPTEPOB OpraHnyeckux aHnoHoB (OAT) [48]

TpaHcnoptep / - Cy6cTpaTthl NekapcTBeHHbIX CpeacTs /
Transporter Fen/ Gene Tlokanwsau  localization Substrates-therapeutic agents
Moykm, cocyancToe cnneTexne AHTUINEPTEH3NBHbIE CPEACTBA, TWa3NaHbIE AUYPETUKN, CTaTUHbI,
Mo3ra, nnaueHTa / aHTMOVMOTHKM, NPOTUBOBUPYCHbIE CPELCTBA, HECTEPOUAHbIE
Kidneys, choroid plexus of the brain, | npoTuBoBocnanuTenbHble Npenaparbl, COEANHERNS PTYTH,
OAT-1 SLC22A6 placenta HU3KOMOSIEKYNSPHbIE KCEHOBMOTWKM, aHTArOHUCTbI FTMCTaMUHOBbIX
peLenTopoB /
Antihypertensives, thiazide diuretics, statins, antibiotics, antivirals,
nonsteroidal anti-inflammatory drugs, mercury compounds, low
molecular weight xenobiotics, histamine receptor antagonists
MeyeHb, noykw / Liver, kidneys AHTUOMOTIKM, ANYPETUKMA, QHTATOHWCTbI TMCTAMUHOBbIX PeLenTo-
pOB, NPOTUBOBMPYCHbIE CPELCTBA, HECTEPOUAHbIE NPOTUBOBOCNA-
OAT-2 SLC22A7 nuTenbHbIe NpenapaTsl, NPOTMBOONYXoMNEeBble CpeacTsa /
Antibiotics, diuretics, histamine receptor antagonists, antiviral
agents, nonsteroidal anti-inflammatory drugs, antineoplastic agents
MMouku, aHgoTenuii rematosHueda- | [uypeTukn, aHTOMOTIKM, NPOTUBOBUPYCHbIE CPEACTBA, aHTaroHU-
nmnyeckoro 6apbepa, cocyanctoe CTbl TUCTaMWUHOBbIX PELIENTOPOB, HECTEPOMAHbIE NPOTUBOBOCHA-
CMMeTeHNe Mo3ra, ceTyaTka rnasa, NMTENbHbIE CPEACTBA, HU3KOMOMEKYNAPHbIE KCEHOOMOTHKM /
OAT-3 SLC22A8 CEeMEHHUKN / Diuretics, antibiotics, antivirals, histamine receptor antagonists,
Kidneys, endothelium of the blood- nonsteroidal anti-inflammatory drugs, low molecular weight
brain barrier, choroid plexus of the xenobiotics
brain, retina, testes
lMoyky, NnaLeHTa, HaaNOYEYHUKN | [nypeTvkn, aHTMOMOTUKM, HECTEPOMAHBIE MPOTUBOBOCNANUTENb-
OAT-4 SLC22A11 Kidneys, placenta, adrenal glands Hble npenapats /
Diuretics, antibiotics, nonsteroidal anti-inflammatory drugs
HasanbHas cnusuctasl, ceMeHHukM, | OcTpoHa cynbdaT, ogopaHThl / Estrone sulfate, odorants
OAT-6 SLC22A20 neyeHsb /
Nasal mucosa, testes, liver
OAT-7 SLC22A9 MeyeHs / Liver OcTpoHa cynbhat, AermapoanuaHapocTepoHa cynbart /
Estrone sulfate, dehydroepiandrosterone sulfate
lMoyku, Mo3r, cepaLe, TOHkMA M Ton- | HukoTuH, ypatbl / Nicotine, urates
CTbIA KULLEYHMK /
OAT-10 SLC22A13 Kidneys, brain, heart, small and
large intestines




organic anions [48]. Thus, the interaction between OATs
and enzymes of the first and second phases of biotrans-
formation is aimed at the inactivation of xenobiotics, the
immunotoxicity of which may increase during their me-
tabolism. This interaction also ensures the maintenance
of homeostasis in terms of the formation and inactivation
of signaling molecules involved in long-distance commu-
nication between various tissues and organs.

POLYPEPTIDE TRANSPORTERS
OF ORGANIC ANIONS: STRUCTURE,
TISSUE LOCALIZATION, AND MECHANISM
OF TRANSPORT FUNCTIONS

Organic anion transporting polypeptides (OATPs)
are members of the Na-independent transport system
that transport numerous endogenous and exogenous
amphiphilic organic anions with molecular masses
greater than 350 Da across plasma membranes at
physiological pH values [50]. These transporters
transport bilirubin and various drugs (e.g., angioten-
sin-converting enzyme inhibitors, angiotensin recep-
tor blockers, statins, antihistamines, and antitumor
agents) [39]. In addition, they are key players in the

Table 6. Human organic anion transporter proteins (OATP) [39]

redistribution and elimination of various xenobiotics,
including immunotoxicants, from cells [52].

OATPs contain 643-722 amino acids. Depending
on the degree of glycosylation, the molecular mass va-
ries from 65 to 120 kDa [38]. The transport channel is
formed by a polypeptide chain that spans the cytoplas-
mic membrane 12 times and has six extracellular loops
[56]. Glycosylation occurs actively on loops 2 and 5,
where carbohydrate attachment sites are located [59].
Within the site, a pore-like space generates a posi-
tive charge due to the exposure of positively charged
amino acids to the interior, resulting in the binding and
transport of negatively charged molecules, which rep-
resent the bulk of OATP substrates, into the cell.

OATP is expressed in various epithelial cells (Tab-
le 6) [37]. In humans, OATP is divided into six families
(OATP1-OATP®6), which are further grouped into sub-
families based on the location of the gene encoding
the protein. The mechanism of transport of various
molecules by OATP has not yet been fully elucidated
[37]. Itis known that many OATPs are antiporters, i.e.,
they simultaneously transport anions across the mem-
brane in opposite directions. In the proposed models,

Tabnuua 6. Benku-TpaHcnopTepbl opraHnyeckux aHnoHoB (OATP) yenoseka [39]

CewmeiictBo/ | Mopacemeiictso / -
Family Subfamily Jlokanusauws / localization MepeHocumble cybeTpatsl / Transferable substrates
OATP-1 OATP1A2 Moar, noYku, neYeHb, Nerkne, CeMeHHIKM, Xonarbl, opraHnyeckue aHuoHbl / Cholates, organic anions
nnaveHta /
Brain, kidneys, liver, lungs, testes, placenta
OATP1B1 [Mevensb / Liver Xonartbl, bunupybuH / Cholates, bilirubin
OATP1B3 [NeyeHb, 3noka4ecTBEHHbIE OnyXonu / Xonatbl, BUAMPYBUH, rMyTaTUOH, NPOCTarnaHAMHbI, NEKoT-
Liver, malignant tumors PUEHbI, TPUAOATUPOHMH, TUPOKCUH /
Cholates, bilirubin, glutathione, prostaglandins, leukotrienes,
triodothyronine, thyroxine
OATP1C1 [nuaneHble KneTki runoTanamyca, cocyan- Xonatbl, TPUMOLTUPOHWH, TUPOKCUH, 3CTPOH-3-Cynbeat /
CTbl€ CMNIETEHMS reMaTo3HLehanyeckoro Cholates, triiodothyronine, thyroxine, estrone-3-sulfate
Gapbepa, knetku Jleiigura /
Hypothalamic glial cells, choroid plexuses
of the blood- brain barrier, Leydig cells
OATP-2 OATP2A1 Bo Bcex TkaHsx / In numerous tissues lMpocTarnaHauHbl, TPOMOOKCAH /
Prostaglandins, thromboxane
OATP2B1 TPHK HalimeHa Bo MHOrVX opraHax / BpomcynbthadTanenH / bromosulfophthalein
tRNA is found in many organs
OATP-3 OATP3A1 Bo Bcex TkaHsix / In numerous tissues OcTpoH-3-cynbaat, npocTarnaHanHs /
Estrone-3-sulfate, prostaglandins
OATP-4 OATP4A1 Bo Bcex TkaHsix / In numerous tissues Taypoxonart, TpuiofaTMpOHWH / taurocholate, triiodothyronine
OATP4C1 TNokanusauns HenssecTHa / TpuiogTvpoHuH / triiodothyronine
Unknown localization
OATP-5 OATP5A1 OnuUTenui NpoTOKOB MOMOYHON Xenesb! / Het pganHbix / No data
Epithelium of the mammary gland ducts
OATP-6 OATP6A1 CeMeHHMKH, Mo3r, nnaueHTa / Het naHHbIx / No data
Testicles, brain, placenta
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the largest pore diameter is observed on the cytoplas-
mic side. Conformational changes in the transporter
molecule can cause the pore to open toward the ex-
tracellular space. Intracellular ions can act as energy
sources for transporting other anions into the cell. It
is assumed that one of these intracellular substrates
is reduced glutathione (GSH), which can act as an
energy donor when OATPs perform their functions of
transporting substances into the cell [43]. The intracel-
lular concentration of GSH, which is 1000 times hig-
her than its content outside the cell, and its negative
charge at physiological pH values can provide energy
to OATP1 when performing its transport functions [27].
Moreover, it is the intracellular level of GSH, and not its
transmembrane gradient, that plays a decisive role in
implementing the OATP transport function [44].

OATPs play an active role in the functioning of the
xenobiotic biotransformation system. Due to their ex-
pression in most tissues, OATPs play a major role in the
transport of many endo- and exogenous compounds
into virtually all cell types and associated tissues and
organs [52].

A number of drug-drug interactions (DDlIs) disco-
vered in recent years have demonstrated the impossi-
bility of explaining the biotransformation of drugs solely
by the activity of phase | and phase Il enzymes of xeno-
biotic metabolism. It has been shown that the interac-
tion between cytochromes P450 (CYP) and transpor-
ters plays a key role in these processes [60], which can
be mediated through altered metabolic pathways due to
simultaneous changes in enzyme and transporter acti-
vity. Drugs targeting phase | and phase Il enzymes can
often be substrates or inhibitors of transporters. When
using OATP inhibitors, plasma drug concentrations may
increase and the risk of developing side effects such as
hepatotoxicity, nephrotoxicity, and immunotoxicity may
increase [47]. When both inhibitors are used concomi-
tantly, the CYP-OATP interaction may result in a syner-
gistic rather than additive effect. This interaction may
be determined through co-regulation of protein expres-
sion. The expression of both components is believed to
be regulated by a family of transcription factors known
as nuclear receptors, such as PXR (pregnane X re-
ceptor), CAR (constitutive androstane receptor), FXR
(farnesoid X receptor), and LXR (liver X receptor).

ORGANIC CATION TRANSPORT PROTEINS
(OCAT) AND CARNITINE/ZWITTER-
ION TRANSPORT PROTEINS (OCTN):
STRUCTURE, TISSUE LOCALIZATION,
AND MECHANISM OF TRANSPORT
FUNCTIONS

Organic cation transporters (OCT) and carnitine/
zwitterion transporters (OCTN) participate in the trans-

port of organic cations across the cell membrane exclu-
sively in the direction of their electrochemical gradient.
Their molecular diversity is significantly lower than that
of other transporters: three organic cation transporters
are known — OCT1, OCT2, OCT3 — and three carni-
tine/zwitterion transporters — OCTN1, OCTN2, OCT6
(49, 61].

OCT and OCTN are present in many tissues, which
indicates their active participation in tissue and organ
metabolism (Table 7). They are particularly abundant
in the liver, kidneys, brain, and intestines, where they
participate in the absorption, distribution, and excre-
tion of xenobiotics and endogenous metabolites. In the
proximal renal tubules, OCT transporters are involved
in the active secretion of hydrophilic endogenous and
exogenous compounds into the urine.

They are structurally similar to other proteins of the
MFS superfamily and consist of 543-557 amino acids
forming 12 transmembrane helices (domains). Three N-
glycosylation sites are located on a large extracellular
loop between the first and second transmembrane do-
mains, ensuring accurate folding and positioning in the
cell membrane [29]. Phosphorylation sites are located
on a large intracellular loop connecting the 6 and 7'
helices. Protein kinases A (PKA), C (PKC), G (PKG)
and calcium/calmodulin-dependent protein kinase |I
(CaMIl) are involved in phosphorylation reactions [31].
The N- and C-terminal halves of the transporter form
a cleft, and binding to ligands and substrate transport
presumably occurs through interaction with amino acid
residues facing the interior of the cleft [22].

The main substrates of these transporters are or-
ganic compounds of endogenous and exogenous ori-
gin, structurally unrelated to each other and carrying
a positive charge at physiological pH. For transmem-
brane transport of organic cations, transporters use
the negative charge existing on the inner surface of
cell membranes [40]. Passive diffusion of cations oc-
curs along the electrochemical gradient, causing the
corresponding substrates to accumulate inside the cell
in concentrations significantly higher (up to 10 times)
than outside [32]. The higher the degree of ionisa-
tion of the substrates, the higher their affinity for the
transporter and the rate of their transport as the pH
decreases [28].

ATP-BINDING CASSETTE TRANSPORTERS
OF THE ABC FAMILY: STRUCTURE, TISSUE
LOCALISATION, MECHANISM
OF TRANSPORT FUNCTIONS

ATP-binding cassette transporters (ABC) are
the largest class of membrane-bound proteins that
transport metabolic products across both the plasma
membrane and the intracellular membranes of various




Table 7. Tissue distribution and substrate specificity of OCT/OCTN transporters [41]
Tabnuua 7. TkaHeBoe pacnpeaenerue u cybetpatHas cneundmyHocTs TpaHcnoptepos OCT/OCTN [41]

TpaHcnoptep / TkaHeBoe pacnpegenexue / OCHOBH%'e SHHOF?HHb'e OcHOBHble 3K30reHHble cybeTpaThl /
Transporter Tissue distribution . cyverparbl Main exogenous substrates
Main endogenous substrates
OCT-1 [NeyeHb, NOYKM, TOHKAs KULLKA, NErkue, ckenet- [MyTpecuuH, ructugun-nponun- | MeTdopMuH, auuKnoBmp, NeHTamu-
Hasi MyckynaTypa, rofoBHOI MO3r, XMpoBast AMKETONMNEpasyH, canconu- OVH, hypaMuamH, okeunnaTtuH, adna-
TKaHb, UMMYHHbIe KneTku / Hon, armaTuH / TOKCUH B1, aTupnymbpomua u ap. /
Liver, small intestine, kidney, lung, skeletal Putrescine, hys-pro- Metformin, acyclovir, pentamidine,
muscle, brain, adipose tissue, immune cells diketopiperazine, salsolinol, furamidine, oxaliplatin, aflatoxin B1,
agmatine ethidiumbromide, etc.
OCT-2 [Mouku, TOHKas KuLLKa, nerkue, NnaleHTa, TMMyc, | ALETUNXONWH, AothaMuH, AMaHTUANH, UscnnaTH, adnaTokeuH
FONMOBHOIA MO3T, KNETKW BHYTPEHHErO yxa / 3MMHePUH, HOpPaNUHEPUH, B1, aTuamymbpomug, napakeart v gp. /
Kidney, small intestine, lung, placenta, thymus, CEpOTOHWH, rMcTamuH, nyTpec- | Amantadine, cisplatin, aflatoxin B1,
brain, inner ear cells LVH, XOMWH, canconuyon / ethidiumbromide, paraquat, etc.
Acetylcholine, dopamine,
epinephrine, norepinephrine,
serotonin, histamine,
putrescine, choline, salsolinol
OCT-3 Cepaue, ckeneTHas Myckynarypa, ronoBHom OnunHedpuH, HOPaNUHeDPWH, JngokanH, MeTOPMMH, OKCUMATHH,
MO3r, TOHKas KULLKa, NeYeHb, Nerkue, NoYKu, TUCTAMWH, arMaTuH, TMCTUANA- | KBUHWAWH, 3TUnadpuH v ap. /
MOYEBOM My3blpb, MOMOYHAS XeNe3a, KPOBEHOC- | MPONWI-AUKETONNNEPA3H, Lidocaine, metformin, oxaliplatin,
Hble cocy/ibl KOXu / canconuHon / quinidine, etilefrine, etc.
Heart, skeletal muscle, brain, small intestine, Epinephrine, norepinephrine,
liver, lung, kidney, urinary bladder, mammary histamine, agmatine, cyclo(His-
gland, skin blood vessels Pro), salsolinol
OCTN-1 [Mouku, KMLLEYHWK, Bpbhxelika, cepaLe, ckeneT- ALETUNXONWH, 3PrOTUOHEMH, KBWHMAWH, Bepanamun, unparponu-
Hasi MycKynaTypa, rofoBHOI MO3r, MOMOYHast ruynn-6eTanH, L-kapHuTuH / YM, MUTOKCAHTPOH, AOKCOPYOULH,
Xenesa, TUMYC, NpocTaTta, CEMEHHUKI, rnas, acetylcholine, ergothioneine, 6eToHMLMH 1 ap. /
cnepma, UMMYHHbIE KneTku / glycinebetaine, L-carnitine Quinidine, verapamil, ipratropium,
Kidney, intestine, mesentery, heart, skeletal mitoxantrone, doxorubicine,
muscle, brain, mammary gland, thymus, pros- betonicine, etc.
tate, testis, eye, sperm, immune cells
OCTN-2 CkeneTHas MyckynaTypa, noyku, npoctata, ner- | L-kapHUTUH, XOnuH / MungpoHart, uedanopuanH, SMeTuH,
Kue, neveHb, NogxxenygoyHas xenesa, cepaLe, L-carnitine, choline Bepanamusl, LWNUPOHOMAKTOH, OKCK-
TOHKas KULLKA, HAZAMOYEYHNKY, WUTOBUAHAS nnatuH u ap. /
xenesa / Mildronate, cephaloridine, emetine,
Skeletal muscle, kidney, prostate, lung, verapamil, spironolactone, oxaliplatin,
pancreas, heart, small intestine, adrenal gland, etc.
thyroid gland, liver
OCT-6 CeMmeHHuKN (kneTk CepTonu 1 ceMeHHOro L-kapHWTUH, cnepmMuauH / [JokcopybuumH, 6neommuunH A5 /
NpOTOKa), MOYKM, NENKOLMTBI, KOCTHBIA MO3T / L-carnitine, spermidine Doxorubicin, bleomycin A5
Testis (Sertoli cells and epididymal duct cells),
kidney, leukocytes, bone marrow

organelles: the endoplasmic reticulum, peroxisomes,
and mitochondria [33]. These proteins are named for
their use of ATP as an energy source to transport vari-
ous molecules. It has been found that ABC transpor-
ters are involved in many pathological processes: in the
development of multiple drug resistance, oncogenesis,
autoimmune reactions, and degenerative protein me-
tabolism pathology [19, 25].

ABC transporters differ in amino acid sequence,
structural and domain structure and are divided into
7 subfamilies: ABCA, ABCB, ABCC, ABCD, ABCE,
ABCF and ABCG. All ABC transporters can also be
divided into complete transporters, which have four
domains (2 transmembrane domains (TMD1, TMD2)
and 2 nucleotide-binding domains (NBD1, NBD2)) and

incomplete transporters, which have one TMD and
one NBD in their structure [3, 26]. Incomplete trans-
porters are located in the intracellular membranes of
organelles and usually assemble into hetero- or ho-
modimers. TMDs penetrate the membrane and have
ligand binding sites on their intracellular side. NBD
domains, located in the cytoplasm, have binding sites
for two ATP molecules and possess ATPase activity.
The energy of ATP hydrolysis is used to transport the
substrate [45].

ABC transporters are located in virtually all tis-
sues of internal organs, as well as in tumour cells. The
most important for the transport of drugs, xenobiotics,
including immunotropic substances, are represen-
tatives of the ABCB, ABCC and ABCG subfamilies
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Table 8. Tissue distribution and substrate specificity of human ABC transporters [54]
Tabnuua 8. TkaHeBoe pacnpeaenexune u cybetpatHas cneumrdmyiHocTs ABC-TpaHcnopTepbl Yenoseka [54]

Tpancnoptep /
Transporter

TkaHeBoe pacnpegeneHue /
Tissue distribution

OcHosHble cybetpathl / Main substrates

ABCB1 (Pgp)

'emaTtoaHLedannyeckmir bapbep,
neyeHb, KULLEYHUK, NOYKK, nna-
LieHTa, CTBOMOBbIE KIETKM /
Blood-brain barrier, liver, intes-
tine, kidney, placenta, stem cells

[MpoTuBOONYXONeEBble Npenapatsl (AOKCOPYOULIMH, BUHONACTMH, 3TONO3KE, NaknuTak-
cer, METOTpeKcar), aHanbreTukn (MopdmH), MHMbUTOpBLI NpoTteassl BAY (amnpeHa-
BUP, MHAWHABUP), UnToKMHbI (IL-2, IL-4), aHTuanapenHsie npenapatbl (nonepamug),
aHTUrenbMUHTUKN (MBEPMEKTIH, abaMeKTVH), IPOTUBOPBOTHbIE NpenapaTbl (AoMnepy-
[OH, OHACETPOH), CepAeyHbIe rNKO3nab! (BUIOKCUH), aHTUAENPecCcaHTbI (aMuTpun-
TUMUH, NaPOKCETWH), aHTUBMOTMKY (SPUTPOMULIMH, TETPALMKINHBI), CPEACTBa NPOTUB
noparpb! (KOMXWULWH, MMCTaMMUH), aHTaroHUCTbl Hy-pelientopa (LymetnauH), 6nokaropsl
kanbLi®eBbIX KaHanoB (Bepanamui), NpoTMBO3NMNEeNTUYeCkve npenapatbl (kapbamase-
MWH, NaMOTpUriH, eHobapbuTan, rabaneHTuH) /

Anticancer drugs (doxorubicine, vinblastine, etoposide, paclitaxel, methotrexate),
analgesics (morphine), HIV protease inhibitors (amprenavir, indinavir), cytokinese
(IL-2, IL-4), antidiarrheal agents (loperamide), anthelminthic agents (ivermectin,
abamectin), antiemetics (domperidone, ondansetron), cardiac glycosides (digoxin),
antidepressants (amitryptiline, paroxetine), antibiotics (erythromycin, tetracyclines),
anti-gout agents (colchicines, histamine), H,-receptor antagonists (cimetidine), calcium
channel blocker (verapamil), antiepileptic drugs (carbamazepine, lamotrigine, phenobar-
bital, gabapentin)

ABCC1 (MRP1)

Nerkue, ceMEHHKM, NOYKM, CKe-
NEeTHas 1 cepaeyHas Myckynary-
pa, nnaueHTa /

Lung, testes, kidney, skeletal and
cardiac muscle, placenta

lMpoTuBOONYXONEBLIE NPEnapaThl: 3TON03M, TEHUNO3U, BUHKPUCTMH, NEAKOTPUEHDI
C4 (LTC4), D4, E4, pa3nuyHble rnyTaToH-, IMIOKYPOHWA- U CynbhaT-KoHboraThl,

a TakKe HEKOHBIOTMPOBAHHbIE COeMVNHEHMS ((hyopecLiemnH) /

Anticancer drugs: etoposide, teniposide, vincristine, leukotriene C4 (LTC4), D4, E4,
various glutathione, glucuronide, and sulfate conjugates, but also unconjugated com-
pounds (fluorescein)

nnaweHTa, NeYeHb, KMLLEYHVK,
MOJIOYHas! Xerneaa, CTBOIOBbIe
KneTku /

Blood-brain barrier, placenta,
liver, intestine, breast, stem cells

ABCC2 (MRP2) 'emaToaHuedannyeckmii 6apbep, | MpoTBOOMYXONeBbIE NpenapaTbl: 3TON03K, TEHUNO3WE, BUHKPUCTIH, NEAKOTPUEHDI
MeYeHb, KULLEYHWK, NOYKK, nna- C4 (LTC4), D4, E4, pa3nuyHble rmyTaTUOH-, MIOKYPOHUA- U CyMbghaT-KOHboraThl,
LieHTa, nerkve / a TaKkKe HEKOHBIOTVPOBaHHbIE COeMNHEHMS ((hryopecLiemnH) /
Blood-brain barrier, liver, Anticancer drugs: etoposide, teniposide, vincristine, leukotriene C4 (LTC4), D4, E4,
intestine, kidney, placenta, lung various glutathione, glucuronide, and sulfate conjugates, but also unconjugated com-

pounds (fluorescein)

ABCC3 (MRP3) HagnoyeyHmky, KULWeYHWK, Noa- | TpaHCropTep OpraHuYeckuX aHNOHOB CO 3HAYNTENbHBIM CXOACTBOM CybCTpaTHON
KENMyLoYHas Kenesa, KenyHbln cneumdvkn ¢ MRP1 m MRP2 /
My3blpb, MALEHTA, NeYeHb, Organic anion transporter with considerable overlap in drug substrates with MRP1
noykw, npocrara / and MRP2
Adrenal gland, intestine, pan-
creas, gallbladder, placenta, liver,
kidney, prostate

ABCC4 (MRP4) ANYHUKN, CEMEHHUKM, MOYKK, IMpoTuBoONyXOneBble Npenapathbl, Takue kak METOTPEKCAT, 6-MepKanTonypyH, TUOTyaHuH /
nerkue, npocrata / Anticancer drugs such as methotrexate, 6-mercaptopurine, thioguanine
Ovary, testes, kidney, lung,
prostate

ABCC5 (MRP5) [NeyeHb, CEMEHHUKM, CKeneTHas BQ-123 (@HWOHHbII LiKIONeHTanenTua, aHTaroHUCT peLenTopa aHaoTenumHa) /
1 ceppeyHas myckynarypa, moar / | BQ-123 (an anionic cyclopentapeptide and endothelin receptor antagonist)
Liver, testes, skeletal and cardiac
muscle, brain

ABCG2/BCRP l'emaTo3HUedanmnyeckuir 6apbep, | MpoTMBOOMYXONEBbIE NPenapaThl, 3HauuTeNnbHOe CyoCTpaTHOE nepekpbiBanmne ¢ Pgp,

MRP1 1 MRP2, aHTpauuKnnHbl, MUTOKCAHTPOH, OUCAHTPEH, Npa3onuH /
Several anticancer drugs; considerable substrate overlap with Pgp, MRP1, and MRP2,
anthracyclines, mitoxantrone, bisantrene, prazolin

(Table 8). In addition to the drugs themselves, these
proteins transport their sulphated, glutathionylated
and glucuronidated metabolites. The most studied
representative of the ABC family in humans is the
ABCB1 transporter (P-glycoprotein, Pgp, MDR1).
This transporter is highly expressed in cells of the

blood-brain barrier, liver, intestine, kidneys, placenta,
and stem cells [19].

P-glycoprotein works as a transmembrane pump
that removes drugs and other xenobiotics from cells,
increasing the excretion of drugs or toxins in bile and
urine. The apical (or luminal) location of P-glycoprotein




in the epithelium of the intestinal mucosa leads to a
decrease in drug absorption from the gastrointestinal
tract. When the functioning of this mechanism of trans-
port of xenobiotic metabolites, which is provided by
P-glycoprotein, is disrupted under conditions of severe
oxidative stress, other metabolite elimination systems
become inadequate or insufficient. These metabolites
begin to accumulate in tissue structures, where they
exert their toxic effects.

The development of multidrug resistance (MDR)
is associated with high activity of the ABCC2 trans-
porter, which is involved in the transport of conju-
gated drugs and toxins into bile and urine [42]. By
removing anticancer drugs from cells and reducing
their intracellular concentration, ABC transporters
play a key role in the development of tumour MDR,
which negatively affects the effectiveness of chemo-
therapy.

Breast cancer resistance protein (BCRP, ABCG2)
is a semi-transporter and functions as a homodimer,
actively removing anthracyclines, DNA topoisomerase
[ inhibitors, and tyrosine kinases from tumour cells [46].

CONCLUSION

Phase Il biotransformation reactions are traditio-
nally regarded as detoxification processes. However,
there are examples of chemical compounds that, in
second-phase metabolism reactions, are converted
into active electrophilic metabolites capable of co-
valent interactions with macromolecules in the bodly,
including proteins, by binding to nucleophilic sites of
these macromolecules. As a result of such interactions,
reactive metabolites modify the antigenic specificity
of these macromolecules as autoantigens and induce
autosensitisation of the body, which can contribute to
the development of allergic and autoimmune diseases,
as well as increase the procarcinogenic activity of
chemical carcinogens.
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