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The aim of the review is to present principal approaches in studying cellular and
biochemical mechanisms of the action of highly toxic agents towards the mammalian cells.
The USA Environmental Protection Agency recognizes the existence of >4 million toxic
compounds. While the “exotoxins”, including the pharmaceutical drugs, originate mostly
from exposure to the environment, the “endotoxins” are produced as a response in the body-
to various stressesand appear as radical and non-radical reactive oxygen species, specific
hormones (ex. Estradiol), and toxins of the emotional stress and negative memories.Toxins
accumulate mostly in the adipose tissue of the body, however, they alsoare found in the um-
bilical cord and breast milk. In liver which is the main detoxification organ, toxins (usually
lipid-soluble) are converted by Cytochrom P450 enzymes to the intermediary metabolites
that are more water-soluble (Phase 1 of detoxification), and then conjugated in Phase II
detoxification pathways with different chemical groups (sulfation, acetylation, methylation)
or natural compounds (glucuronidation or conjugation with gluthatione or specific amino
acids, such as glycine, taurine, glutamine, ornithine, arginine). At the final stage of detoxifi-
cation, water-soluble derivatives of toxins are complexed with bile acids and excreted with
faeces, or transferred to blood serum and excreted via kidney in the form of urine. The main
methods used for evaluation of cytotoxic action of specific toxic agents, alkaloids, and anti-
cancer drugsare briefly described in the review. Changes in plasma membrane of the apop-
totic cells (membrane budding, externalization of phosphatidylserine, and redistribution
of membrane glycoconjugates) caused by toxic actions are characterized. These changes
recognized as “find me”, “eat me” and “don’t eat me” signals,are exposed by the apoptotic
cells for the phagocytes (ex. Macrophages). Biochemical mechanisms of the intracellular
pro-apoptotic signaling (caspase cascade, mitochondria-dependent processes, DNA splitting
in cell nucleus) are also described in regard of the cytotoxic actions. Thus, if not neutral-
ized in liver, toxic agents cause complicated and multi-level changes in cells of tissues and
organs, involving apoptosis pathways switched on cell surface and including mitochondria,
cytosol and nucleus.

Keywords: review, toxic agents, liver detoxification, mammalian cells, apoptosis,
biochemical mechanisms.

The USA Environmental Protection Agency (https://www.epa.gov) recognizes the exis-
tence of >4 million toxic compounds [12].They include two main types of toxins: 1) “exotoxins”
that originate mostly from exposure to the environment (industrial chemicals, pesticides, plastici-
sers, life style toxins (e.g. cigarettes, alcohol, recreational drugs, caffeine, sugar), heavy metals,
artificial food additives, pharmaceutical drugs, bacterial endotoxins); 2) “endotoxins” that are pro-
duced as a response of the body to various stresses (radical and non-radical reactive oxygen spe-
cies, specific hormones (ex. Estradiol), and toxins of the emotional stress and negative memories).

Toxins accumulate mostly in the adipose tissue of the body, however, they are alsofound
in the umbilical cord and breast milk. Liver is the main detoxification organ, and toxins (usually
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lipid-soluble) are converted there by Cytochrom P450 enzymes (CYP enzymes) to the interme-
diary metabolites that are more water-soluble (Phase 1 of detoxification). There is a big family
of genes coding for CYP enzymes that are involved in metabolism of xenobiotics, including
drugs and exogenous toxins [13]. In a result of the oxidation, reduction, hydrolysis, hydration,
dehalogenation reactions in Phase 1, superoxide and other reactive oxygen species are produced.
Besides specific enzymes, several co-factors (riboflavin (Vitamin B2), niacin (Vitamin B3), pyri-
doxine (Vitamin B6), folic acid, Vitamin B12) and other nutrients (glutathione, branched-chain
amino acids, flavonoids, phospholipids) take part in the transformation of toxin molecules.

The intermediary metabolites appearing in Phase 1 are conjugated in Phase II of the de-
toxification pathways with different chemical groups (sulfation, acetylation, methylation) or natu-
ral compounds (glucuronidation or conjugation with gluthatione or specific amino acids, such as
glycine, taurine, glutamine, ornithine, arginine). In order to avoid primary and secondary tissue
damage caused by the reactive oxygen species produced in Phase 1, several antioxidants and
other protective nutrients including plant derivatives are involved. These are: carotenes (Vitamin
A), ascorbic acid (Vitamin C), tocopherol (Vitamin E), Selenium, Copper, Zink, Manganese,
Coenzyme Q10, thiols found in garlic, onions and cruciferous vegetables), bio-flavonoids, soly-
marin, picnogenol). While the activity of CYP 1A1 and CYP 1A2 enzymes is increased in Phase
1, no substantial induction of these enzymes is observed in Phase 2 [13].

At the final stage of detoxification, water-soluble derivatives of toxins are complexed
with bile acids and excreted with faeces, or these derivatives are transferred to blood serum and
excreted via kidney in the form of urine.

Below, we willaddress negative consequences of the action of toxic agents that have not
been neutralized in liver by such detoxification mechanisms as cytochrome P450 oxidases, UDP-
glucuronosyltransferases, or glutathione S-transferases. These agents induce cell death mainly by
apoptosis or secondary necrosis (in case of long lasting action or high dose of toxicant). The main
methods used for evaluation of cytotoxic action of varioustoxic agents, including the anticancer
drugs,are: light and fluorescent microscopy, Western-blot analysis of the pro-apoptotic (ex. active
caspases, cytochrome C) and anti-apoptotic proteins (ex. Bcl-2, PARP-1), DNA comet or TUNEL
analyses, DNA fragmentation (laddering) analysis, others.

Plasma membrane of the apoptotic cells stays morphologically intact, however, membrane
budding, externalization of phosphatidylserine from the inner to outer layer of plasma membrane,
and redistribution of membrane glycoconjugates take place during apoptosis [9]. Membrane bud-
ding can be an ultra-rapid change at apoptosis.It was found that the microinjection of apoptosis
inducernodularin (protein phosphatase inhibitor) into the target cells (293 cells, Swiss-3T3 fibro-
blasts, promyelocytic IPC-81, NRK cells) caused budding of plasma membrane as soon as in 45
sec [10]. An exposure of phosphatidylserine on the outer layer of plasma membrane at apoptosis
was firstly detected in 1992 [8], and the developed method based on Annexin V assay stays one
of the most frequently used for apoptosis detection. Potential biological role of plasma membrane
glycoproteins in the apoptotic cells has been cleared up by[3, 11]. All listed changes in plasma
membrane of the apoptotic cells arerecognized by the phagocytes (ex. Macrophages) as “find
me”, “eat me” and “don’t eat me” signals [14]. The sialic acid of plasma membrane glyco-conju-
gates can be bound by the siglecs (sialic acid binding Ig-like lectin) [5]. It was demonstrated that
siglec-11 prevents of binding “eat me signals” by the complement factors C1q and C3b [7],and,
thus, stops clearance of the apoptotic cells.

We found that the 1% type vesiclesreleased by the apoptoticcellsand exposing “eatme”
signals are derived from the endoplasmic reticulcum and contain on their surface un-mature gly-
coepitopes, while the 2™ type apoptotic vesicles are derived by the budding of plasma membrane
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of the apoptotic cells [2]. The 1% type vesicles are preferentially recognized and engulfed by the
macrophages that provides clearance (elimination) of the apoptotic cells and vesicles. It was
demonstrated that the appearance of such “immunogenic” vesicles with changed glyco-epitopes
is caused by a complicated biochemical transformation that takes place on the surface of the
apoptotic cells under the action of either receptor-dependent (CD95) or receptor-independent
(UV-B) inducers of apoptosis [2].

It was found that sialidase activity is involved in changing glycosylation pattern of the
apoptotic cells, since inhibitor of neuraminidases — DANA (2-deoxy-2,3-dehydro-N-acetyl-neur-
aminicacid) — stops a decrease in the amount of sialyl-containing glycoconjugates of plasma
membrane of the apoptotic cells [4, 16]. These changes on the surface of the apoptotic cells can be
detected as a decrease in binding of the sialo-specific lectins — MAL I ma SNA[1]. Such characte-
ristics of the apoptotic cells was applied in the developed ,,ApoLect* Kit that was proposed Bilyy
et al. (personal communication) for conducting rapid diagnistics of the presence ofapoptotic cells
in whole blood samples (,,ApoLect® Kit is successfully used at the Department of Immunology
and Allergology of Danylo Halytsky National Medical University of Lviv, Ukraine).

At the apoptotic death,surface of dying cells and apoptotic bodies is modified due to pro-
duction of the reactive oxygen species leading to an appearance of immunologically new antigens
[5]. Non-effective clearance of dying cells can cause accumulation of remnants of the apoptotic
cells. This can be a serious defect inducing constant presence of cell remnants that are responsib-
le for initiation of systemic autoimmunity at such pathologies as the systemic lupus erymatosus
[14]. Below, a sequence of events that accompany clearance of the apoptotic cells is presented: 1)
under the effect of apoptosis inducer, intact cells transform into the early apoptotic cells; 2) due
to next changes in plasma membrane glyco-conjugates, these cells are changed to late apoptotic
cells; 3) normally, both early and late apoptotic cells are subjected to clearance by the macro-
phages; 4) if, for some reason, such clearance does not take place, the late apoptotic cells are
converted to secondary necrotic cells; 5) these necrotic cells and their remnants are recognized
by the dendritic cells, and such complexes are presented to the immune lymphocytes which under
such action are transformed into plasma cells; 6) the activated plasma cells produce autoanti-
bodies whose action leads to development of the autoimmune disease and inflammation process.

Thus, when viable cells are subjected to the action of some physiological stressing agent
(ex. hormone), reversible changes in cell morphology and metabolism take place. However,
when the apoptosis inducer (ex. anticancer drug, immune suppressor) affects target cells, the
non-reversible early/late apoptotic changes develop. When the action of the apoptosis inducer
is rather durable, the non-reversible apoptotic/secondary necrotic changes are observed in the
treated cells. Finally, when the necrosis inducer (ex. hyperthermia) is applied, the non-reversible
primary necrotic changes take places in the treated cells. For example, when the toxic heavy
metal (HgCl,, 10 microM) was applied30 mintowards human T-leukemia cells of Jurkat line,
there were no changes in cell morphology and functions, however, when this toxicant was used
in <100 microMdose for 20 min, apoptosis was induced, and if the action of >100 microM lasted
for 60-120 min,secondary necrosis has developed. Heat (<60 °C, 5 min) treatment of these cells
led to their primary necrosis [15]. Another example for time-dependency of Jurkat T-cell death
can be the consequences of their treatment with Etoposide, an antineoplastic agent that inhibits
DNA topoisomerase II, thereby ultimately blocking DNA synthesis. When it was acting towards
T-cells of Jurkat linefor 8 h in 5 microM concentration, 87 % of cells stayed viable. In 12 h of
such treatment, the amount of viable cells decreased to 81 %, while in 24 h, 65 % of cells were
viable and 16% - late apoptotic. In 32 h, 46 % of cells were viable, 22% — late apoptotic, and
11% — primary necrotic, while in 48 h, only 20% of cells stayed viable, 39 % were late apoptotic,
16% — secondary necrotic, and 18% — primary necrotic [15].
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Thus, “Poison is in everything, and no thing is without poison. The dosage makes it ei-
ther a poison or a remedy” (Paracelsus, 1493-1541). Here we presented a brief description of a
long chain of biochemical and physiological processes that leads to detoxification of poisonous
agentsin the organism. If this detoxification system does not function properly, then complicated
biochemical and cytomorphological processes are induced in the toxicant-targeted cells that leads
to their degradation (apoptosis/necrosis) and clearance by phagocytosis without inflammation.
An impairment of such elimination of dying cells can lead to development of the autoimmune
disease(s) accompanied by inflammationor totumor growth.
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MeToro 1hOTO OISy € TMPEICTaBUTH TOJOBHI MIIXOAW y BHBUCHHI KIITHHHHX 1
010XIMIYHMX MEXaHI3MiB il BHCOKOTOKCHYHNX YMHHUKIB Ha KJIITHHHU CCABIIB. 3a JaHUMH
Arenuii 3 oxoponu cepenopumia CIIA y cBiTi € moHan 4 MUTBHOHU TOKCHYHHX CITOTYK.
SIKmo “eK30TOKCHHH ™, BKIIFOYHO 13 (papMaleBTHYHUMHE TIperapaTaMu, JII0Th MepeBaKHO
BHACITIJIOK €KCIIO3UIIIT IO CePEeIOBHIIIA, TO “€HJOTOKCHHH  TIPOIYKYIOTHCS SIK BIATIOBIIb Tijla
Ha JIIF0 PI3HUX CTPECOBUX YNHHHUKIB 1 BUSBIIIOTHCSA SIK PAIHKaIbHI UM HepaIuKaIbHI aKTUBHI
CIIOJTYKH KUCHIO, OKpeMi TOPMOHH (HANlpHUKJIAJl, €CTPadioNl) 1 TOKCHHH, SIKi BUHHKAIOTh
YHACJIZIOK EMOLIHHOr0 cTpecy W HEeraTMBHHX HEPEKHBaHb. TOKCHHH aKyMYIFOIOTHCS
MEPEBAKHO Y JKUPOBIH TKaHWHI Tilla, IPOTE 1X TaKOX BUSBIIOTH y MYMOBUHHIA KPOBI Ta
TpyIHOMY MOJIOLi. Y TEYiHIl, SKa € TOJOBHHM JICTOKCH(]IKalifHUM OpraHOM, TOKCHHHU
(3a3BUUAIl KUPOPO3UHHHI) TIEPETBOPIOIOTHCS CH3MMaMH UTOXpoMmy P450 mo mpomMixHUX
MeTabomiTiB, ki € Oinpmr Bogopo3unHHMME (Pa3a 1 merokcuikamii). Omicnst ocraHHI
KOH'IOTYIOThCA i 4Yac JACTOKCH(iKamiiHNX NuiaxiB Pasuw 2 3 pi3HUMH XIMIYHHUMHU
rpynamu (cysbgarallis, aleTHIIOBAHHHS, METHIIOBAHHHS) UM 3 PUPOJTHUMH CIIOTYyKAMH
(TITFOKYpOHITyBaHHST YW KOH IOTYBaHHS 3 TIYTaTioHOM ab0 OKpEeMHUMH aMiHOKHCIOTaMH,
HATIPUKIIA, TIIWHOM, TAYPHHOM, TIIyTaMiHOM, OpPHITHHOM, apriHiHoMm). Ha 3aBepranbHiit
cranii geTokcudikamii BOJOPO3YMHHI MOXiTHI TOKCHHIB YTBOPIOIOTH KOMIUICKCH 13
JKOBYHHMH KHCJIOTAMH 1 BHIAISIOTHCS 3 KaJOM abo MOTPAIUISIOTh 10 CHPOBATKH KPOBi i
BHIAJSFOTHCS Yepe3 HUPKHU Y BHTIISAL cedi. B Orisiii KOPOTKO OMHMCaHi TOJOBHI METOIU
OIIHKA IUTOTOKCHYHOI il OKPEeMUX TOKCHYHUX YHHHHKIB, aJTKaJIOiIiB 1 TPOTUITY X THHHAX
nikiB. Takox oxapakTepw30BaHi 3MiHM B TUIa3MaTHYHIN MeMOpaHi alONTHYHUX KIITHH
(YyTBOpEHHS MEMOpaHHUX BE3WKYJI, eKCTEpHAIi3aIis (ochaTuamiceputy i Mepepo3nomia
MEMOpaHHHX TJIIKOKOH FOTaTiB), 3YMOBJCHI Ji€f0 TOKCHYHHUX YWHHHKIB. Lli 3MiHH
PO3MI3HAIOTHCS SIK CUTHAIIM «3HAMII MEHE», «3’ 1K MEHE» 1 «He 1)K MEHE», SIKi eKCIIOHYIOThCSI
ANONTHYHUMU KJIITHHAMU JUTA (DarouTiB (HanpuKiIam, Makpodaris). bioximMiuHi MeXxaHi3MU
BHYTPIIIHBOKJIITHHHOTO MPOANONTHYHOIO CHIHAIIOBaHHs (Kacla3HUH KacKai, MpOLECH,
3aJIeKHI BiJl MITOXOH/IpiH, posmieruieHHss JJHK B sapi KITiTHHH) TaKoXkK OIHCaHi 3 OISy Ha
OUTOTOKCHYHI Iii. OTKe, KO TOKCHYHI YNHHUKH HE HEUTPATi3yIOThCS B TICUiHIII, TO BOHU
BHKJIMKAIOTh CKJIA/IHI Ta 6araTopiBHEBI 3MiHH B KIIITHHAX TKAHHH 1 OPTaHiB, y SKUX 3aisH1
anoONTHYHI IPOIIECH Ha MOBEPXHI KIIITHHH, & TAKOXK Y MITOXOHAPISAX, UTO30II1 Ta SIIPi.

Kntouosi cnosa: orasn, TOKCHYHI YNHHUKH, NETOKCHU(IKalis B TEYiHI, KIITHHU
CCaBIIiB, allONTO3, O10XIMIYHI MEXaHI13MHU.
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enp 3TOrO 0030pa — MPEJCTAaBUTH OCHOBHBIC IMOAXOJBI B M3yYCHUU KICTOYHBIX
1 OMOXMMHMYECKHMX MEXAaHU3MOB JIEMCTBHS BBLICOKOTOKCHYHBLIX arcHTOB Ha KIETKH
miekonuratomux. [lo nanueiM Arenuuu no oxpane cpensl CILIA, B Mupe HacCUHUTBHIBAIOT
CBBINIC 4 MHJUIMOHOB TOKCHYHBIX cocAuHEHHH. Eciu “DK30TOKCHHBI’, BKIIOYHTCIHLHO
¢ (dapMareBTHYECKUMH TMperapaTaMy, JEHCTBYIOT IPEUMYIIECTBEHHO BCIEICTBUE
9KCIIO3UIMK K Cpefie, TO “OHAOTOKCHHBI” MNPOAYLUHUPYIOTCS KaK OTBET OpraHu3Ma Ha
JIEHCTBHE pa3IMYHBIX CTPECCOBBIX AareHTOB M BBIBISIOTCS Kak paJMKalbHbIE WIH
HepaJUKaJIbHbIC AKTHBHBIC COCIUHEHHS KHCIOPOJa, OTJACIBbHBIC TOPMOHBI (HANpHMED,
ICTPaIUoN) W TOKCHHBI, KOTOPBIC BO3HHKAIOT BCJIEICTBUE SMOIMOHAIBHOTO CTpecca U
HETaTHUBHBIX NepexuBaHUi. TOKCHHBI aKKyMYJIHPYIOTCS MPEUMYIIECTBEHHO B YKUPOBOM
TKaHU OpraHu3Ma, OJHAKO HX TAaKKe BBIABISIIOT B IYNOBUHHONH KPOBU U TPYJHOM
MoOJIOKe. B TieueHM, KOTOpas SIBISCTCS TJIABHBIM JETOKCH()UKAIIMOHHBIM OpPTaHOM,
TOKCHHBI (OOBIYHO YXKHPOPACTBOPUMBIC) MPEBpALIAIOTCS 3H3UMaMu Iuroxpoma P450 mo
MIPOMEKYTOUYHBIX META0OUTOB, KOTOPBIE SIBISIFOTCS Oosiee BomopactBopuMbiMu (Daza 1
nerokcudukamn). [To3xke mocnenrHrne KOHBIOTHPYIOTCS BO BPEMsl ETOKCH(DUKAIIHOHHBIX
myteit @a3bl 2 ¢ pa3InYHBIMU XUMHUYCCKUMH TPyIIaMi (CylbhaTaiys, aneTHINPOBaHIe,
METHJIMPOBAHKUE) WM C TPUPOMHBIMH COCTUHEHHUSIMHU (TIIOKYPOHUJAUPOBAHUE WITH
KOHBIOTHPOBaHME C TIIYTATHOHOM WJIM OTJAEIbHBIMH aMHHOKUCIIOTaMM, HampuMmep,
DIMIUHOM, TaypUHOM, TIyTaMHHOM, OPHUTHHOM, aprHHUHOM). Ha 3aBepmaronieid craanu
JNETOKCH(UKAIIMA BOJOPACTBOPUMBIC TIPOU3BOJHBIC TOKCHHOB OOPa3yHOT KOMILICKCHI
C JKEJIYHBIMU KHCJIOTAMH U BBIIEISIIOTCS C KajJOM WJIM TIOMaAaloT B CHIBOPOTKY KPOBU U
YAAJSIFOTCSL Yepe3 MOYKH B BUAEe MOYH. B 0030pe KpaTko OmucaHbl OCHOBHBIC METOIIBI
OLICHKH ILMTOTOKCUYHOTO JEUCTBUS OTACIBHBIX TOKCHYHEIX areHTOB, AalIKaJOUIOB U
MPOTUBOOIYXOJIEBBIX JIEKAPCTBEHHBIX TpenapaToB. Takxke oxapakTepu30BaHbl U3MEHEHHUS
B IUIa3MaTHYECKOW MeMOpaHe amoNTHYHBIX KIETOK (0Opa3oBaHHE MEMOpaHHBIX
BE3WKYJI, JKCTepHaIm3anus (ochaTumuicepua U mepepacripenesiecHne MeMOpaHHBIX
TIIMKOKOHBIOTATOB), OOYCIIOBIICHHBIC JEHCTBHEM TOKCHYHBIX arcHTOB. OJTH W3MEHCHUS
pacno3HalOTCs KaK CUTHANBI «HAWAM MEHS», «ChEUIb MEHs» U «HE ellb MEHs», KOTOpble
IKCHOHHUPYIOTCSI aNONTHYHBIMK KIETKaMU JIJIsl (paronuToB (HampuMep, Makpodaros).
buoxuMmuyeckne  MeXaHU3Mbl  BHYTPHUKJIETOYHOW  IMPOANONTUYHON  CUTHAIM3ALMU
(kacma3HBIN KackaJ, MPOIECChl, 3aBUCSIUE OT MUTOXOHIpHi, pacmemienne JJHK B sape
KJICTKH) TAK)KE€ OTMCAHBI C TOYKH 3PEHHS UX IIATOTOKCHYIECKOTO JieiicTBus. ClieIoBaTeIbHO,
€CJIM TOKCUYHBIE areHThl He HEHTPaJIM3YIOTCS B TEUEHH, TO OHHM BBI3BIBAIOT CIOXKHBIE U
MHOTOYPOBHEBbIE M3MEHEHHs B KJIETKaX TKAaHEH M OpraHoB, B KOTOPBIX 3aJI€HCTBOBAHBI
aroNTUYEeCKHe MPOLIECChl HAa MIOBEPXHOCTH KIIETOK, a TAKIKE B MUTOXOHJIPHSIX, IUTO30JIE U
szpe.

Knrouesvle cnosa: 0030p, TOKCUYHBIC areHTHI, ICTOKCU(PHUKALUS B TIEYCHU, KICTKH
MJIEKOITUTAIOIINX, allOITO3, OMOXMMHYECKHE MEXAHU3MBL.



