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In this review paper, metabolism of halogen derivatives of hydrocarbons (chloroform, polychlorinated biphenyls, 
freons) is shown. They are metabolized similar by mixed function oxidases (reductive or oxidative pathways). Their meta-
bolites are toxic.
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Ó îâîì ïðåãëåäíîì ðàäó ïðèêàçàí ¼å ìåòàáîëèçàì õàëîãåíèõ äåðèâàòà óãšîâîäîíèêà: õëîðîôîðìà, ïîëèõ-
ëîðîâàíèõ áèôåíèëà è ôðåîíà. Îíè ñå ìåòàáîëèøó ñëè÷íî îêñèäàçàìà ìåøîâèòèõ ôóíêöè¼à îêñèäàòèâíèì è ðå-
äóêòèâíèì ïóòåì. Ìåòàáîëèòè ñó èì íà¼÷åøžå òîêñè÷íè.

Êšó÷íå ðå÷è: õëîðîôîðì; ïîëèõëîðîâàíè áèôåíèëè; ôðåîíè; öèòîõðîì P450

Õëîðîôîðì, îðãàíñêè ðàñòâàðà÷, ¼åäàí îä ïð-
âèõ àíåñòåòèêà, ó îðãàíèçìó ñå ìåòàáîëèøå îêñèäàçàìà 
ìåøîâèòèõ ôóíêöè¼à (OMF, öèòîõðîì P450) áèëî îêñè-
äàòèâíèì (äîìèíàíòàí) èëè ðåäóêòèâíèì ïóòåì. Ó îáà 
ìåòàáîëè÷êà ïóòà íàñòà¼ó ðàäèêàëè è ðåàêòèâíè ìåòà-
áîëèòè (ñëèêà 1). Òîêñè÷íîñò è êàíöåðîãåíîñò õëîðî-
ôîðìà ïîâåçàíà ¼å ñà œåãîâèì îêñèäàòèâíèì ìåòàáî-
ëèçìîì ïóòåì, P450 2E1. Ó îêñèäàòèâíîì ìåòàáîëèçìó 
ïðâè ìåòàáîëèò ¼å òðèõëîðåòàíîë, êî¼è ñå ñïîíòàíî äåã-
ðàäèðà äî ôîçãåíà, êî¼è ðàçàðà ãëóòàòèîí, ôîðìèðà ðå-
àêòèâíè õëîðèä (êî¼è ñå èçëó÷ó¼å óðèíîì), CO  (êî¼è ñå 2

èçäèøå) è âåæå ñå êîâàëåíòíî çà ìíîãà ¼åäèœåœà ó ¼åò-
ðè. Ðåäóêòèâíè ìåòàáîëèçàì óêšó÷ó¼å íàñòà¼àœå ðàäè-
êàëà CCl  è CHCl  êî¼è èíäóêó¼ó ëèïèäíó ïåðîêñèäàöè-3 2

¼ó. Îáà ìåòàáîëè÷êà ïóòà ïðîäóêó¼ó öèòîòîêñè÷íå ìåòà-
áîëèòå.

Ïîëèõëîðîâàíè áèôåíèëè (PCBs) ñó êëàñà îðã-
àíñêèõ ¼åäèœåœà êî¼è ñàäðæå 1 äî 10 àòîìà õëîðà âåçà-
íèõ çà áèôåíèë. Õëîðîâàœåì áèôåíèëà ìîæå äà ñå ôîð-
ìèðà 209 êîíãåíåðà, êëàñèôèêîâàíèõ ïðåìà ñòåïåíó 
õëîðîâàœà ó 10 õîìîëîãèõ ðåäîâà. Ïîëèõëîðîâàíè áè-
ôåíèëè ñå êîðèñòå ó èíäóñòðè¼è àëè çáîã œèõîâå òîêñè-
÷íîñòè è äóãîòðà¼íå áèîðàñïîëîæèâîñòè (âåëèêà ñòà-
áèëíîñò) œèõîâà óïîòðåáà ¼å îãðàíè÷åíà. 

Ïîëèõëîðîâàíè áèôåíèëè ïîêàçó¼ó øèðîê 
ñïåêòàð òîêñè÷íèõ åôåêàòà. Ñìàòðà ñå äà ¼å òîêñè÷íîñò 
êîïëàíàðíèõ PCB-à è ìîíî-îðòî PCB-à, ïðå ñâåãà ïî-
ñðåäîâàíà âåçèâàœåì íà àðèë óãšîâîäîíè÷íå ðåöåïòî-
ðå (AHR). Ïîøòî ¼å AHR òðàíñêïðèöèîíè ôàêòîð, àá-
íîðìàëíà àêòèâàöè¼à ìîæå äà äîâåäå äî ïðåêèäà žåëè¼-
ñêå ôóíêöè¼å, ìåœà¼óžè òðàíñêðèïöè¼ó ãåíà. Ïîëèõëî-
ðîâàíè áèôåíèëè óòè÷ó íà íèâî è àêòèâíîñò âåëèêîã 
áðî¼à åíçèìà, ïîñåáíî P450 çàâèñíèõ åíçèìà.

Óòè÷ó è íà àêòèâíîñò àíòèîêñèäàòèâíèõ åíçè-
ìà è èçàçèâà¼ó îêñèäàòèâíè ñòðåñ. Ó âåžèíè ìåòàáîëè÷-
êèõ ïóòåâà ôîðìèðà ñå ïðâî õèäðîêñè ìåòàáîëèò (OH-
PCB) (ñëèêà 2). Àêî ¼å OH ãðóïà ó ïàðà- ïîëîæà¼ó è èìà 
ñóñåäíè àòîì õëîðà, ñòðóêòóðà ¼å ñëè÷íà ïðîõîðìîíó òè-
ðîêñèíó (Ò4), øòî îìîãóžàâà OH-PCB äà ñå âåæó âèñî-
êèì àôèíèòåòîì íà òðàíñòèòåðèí (TTR).

£åòðà ¼å ïðèìàðíè îðãàí ìåòàáîëèçìà PCB, ãäå 
äîëàçè äî œèõîâå õèäðîêñèëàöè¼å è êîœóãàöè¼å ñà ãëó-
êóðîíñêîì êèñåëèíîì è ñóëôàòèìà. Óêîëèêî ñàäðæå 
âèøå îä ïåò àòîìà õëîðà è àòîìå õëîðà ó ïàðà- ïîçèöè¼è 
ìàœå ñó ïîäëîæíè õèäðîêñèëàöè¼è è ïîêàçó¼ó íà¼äóæè 
ïîëó-æèâîò. Îâè PCB ìîãó ñå áèîàêóìóëèðàòè ó îðãà-
íèçìó. Õèäðîêñèëàöè¼à ñå äåøàâà íà íåñóïñòèòóèñàíèì 
ïàðà è ìåòà ïîçèöè¼àìà, ïðåêî èíòåðìåäè¼åðíîã åïîêñè-
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äà, ïîñðåäñòâîì öèòîõðîìà P450 (CYP450). Èíòåðìå-
äè¼åðíè åïîêñèä ñå ïîòîì ïðåâîäè ó OH ìåòàáîëèò, îò-
âàðàœåì åïîêñèäà è ôîðìèðàœåì OH ãðóïå (ñëèêà 3). 

Äàšîì õèäðîêñèëàöè¼îì, ìîíîõèäðîêñè PCB 
ïðåâîäå ñå ó äèõèäðîêñè PCB ìåòàáîëèòå, ÷è¼îì îêñè-
äàöè¼îì íàñòà¼ó õèíîíè. Ó òîêó ðåäîêñ öèêëóñà PCB õè-
íîíà òðîøè ñå êèñåîíèê è NADPH, è ôîðìèðà¼ó ñå ñó-
ïåðîêñèäàí¼îí ðàäèêàë è âîäîíèê-ïåðîêñèä (ðåàêòèâíå 
êèñåîíè÷íå âðñòå (ROS)) êî¼è ìîãó äîâåñòè äî îêñèäà-
òèâíîã ñòðåñà (ñëèêà 4).

Íåêè PCB ìåòàáîëèòè çàäðæàâà¼ó ñå ó îðãàíèç-
ìó, ìåòàáîëèøó ñå äàšå è èñïîšàâà¼ó òîêñè÷íå åôåêòå. 
Êîä šóäè èçëîæåíèõ âèñîêîì íèâîó PCB ¼àâšà¼ó ñå êîæ-
íà îáîšåœà (õëîðàêíå, îñèï, íåîáè÷íè ÷èðåâè íà êî-
æè); î÷íå ëåçè¼å, íåïðàâèëàí ìåíñòðóàëíè öèêëóñ, ñìà-

œåí èìóíèòåò, ïðîìåíå ó êðâè è óðèíó, êî¼å óêàçó¼ó íà 
îøòåžåœå ¼åòðå. Ïðè äóæåì èçëàãàœó PCB ìîæå äîžè 
äî êàíöåðà ¼åòðå, æó÷íèõ ïóòåâà è äî¼êå. 

Ïîëèõëîðîâàíè áèôåíèëè ñó èäåíòèôèêîâàíè 
êàî ïîòåíöè¼àëíè ðèçèê çà æèâîòíó ñðåäèíó è çäðàâšå 
æèâîòèœà è õóìàíå ïîïóëàöè¼å è çàòî ñå åëèìèíèøó èç 
óïîòðåáå.

Ôðåîíè, õàëîãåíîâàíè äåðèâàòè óãšîâîäîíè-
êà, êîðèñòå ñå ó ðàñõëàäíèì óðå�à¼èìà, êàî íîñà÷è ó àå-
ðîñîëèìà è êàî ðàñòâàðà÷è. Œèõîâà ïðîèçâîäàœà è óïî-
òðåáà ñå îãðàíè÷àâà çáîã îøòåžèâàœà îçîíñêîã îìîòà-
÷à. Ó îðãàíèçìó ñå ìåòàáîëèøó ïîñðåäñòâîì öèòîõðî-
ìà P450 2E1. Ìåòàáîëèçàì ìîæå áèòè îêñèäàòèâàí èëè 
ðåäóêòèâàí, øòî çàâèñè îä áðî¼à õàëîãåíà. Îáà ìåòàáî-
ëè÷êà ïóòà äîâîäå äî ñòâàðàœà ðåàêòèâíèõ ìåòàáîëèòà 
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ē

2HCl

CO2

H2O

COCl2

GSH

HCl GSH

GSHÎ

GS C Cl

HCl

HCl

Î

CÎ GSSG+

GS SGC

PL-PH; Ïðîòåèíè; Íóêëåèíñêå êèñåëèíå

Ëèïèä

Ïåðîêñèäàöè¼à

Êîâàëåíòíî âåçèâàœå
íà PL-FC

ÎÊÑÈÄÀÒÈÂÍÈ ÌÅÒÀÁÎËÈÇÀÌ

Ð
Å
Ä
Ó
Ê
Ò
È
Â
Í
È
 

Ì
Å
Ò
À
Á

Ë
È
Ç
À
Ì

Î

PL-FC = àäóêòè ñà àöèë îñòàöèìà ìàñíèõ êèñåëèíà ôîñôîëèïèäà
PL-PH = àäóêòè ñà ïîëàðíèì ôîñôîëèïèäèìà
GSH = ðåäóêîâàíè ãëóòàòèîí
GSSG = îêñèäîâàíè ãëóòàòèîí
CYP 2E1 = öèòîõðîì P450 2E1

Ñëèêà 1. Ìåòàáîëèçàì õëîðîôîðìà ïóòåì P450 2E1



145

Cl

Cl

Cl

Cl

Cl
CYP450

Cl

Cl

Cl

Cl

Cl

O

Cl

Cl

Cl

Cl

Cl

O

O

Cl

Cl

Cl

Cl

Cl

HO

Cl

Cl

Cl

Cl

Cl

HO

+

OH

Cl

Cl

Cl

Cl

Cl

OH

Cl

Cl

Cl

Cl

Cl

Îòâàðàœå åïîêñèäà

Äèðåêòíî îòâàðàœå

Îòâàðàœå åïîêñèäà

+

Ñëèêà 3. Õèäðîêñèëàöè¼à .PCB

1,2 ïðåìåøòàœå

Cu(II) + OH? + OH  ̄

OH

HO

SG

Cln
OH

HO

Cln

O?

Cln

O?

O

Cln

O

GSH +

H O   + Cu(I)2 2O ?̄2

O2

O ?̄2

O2 Cu (I)

Cu (II)

O ?̄2

O2

Îøòåžåœå DNK

Ïåðîêñèäàçå
Àóòîêñèäàöè¼à

Ñëè÷àí ïóò êàî
äèõèäðîêñè ìåòàáîëèò

1,4 -îâà
àäèöè¼à
Michail

Äèõèäðîêñè ìåòàáîëèòè PCB

Ñëèêà 4. Ïðîäóêöè¼à ROS  ó ìåòàáîëèçìó PCB

PREGLEDNI ÈLANCI - PROFESSIONAL REVIEWS 2011; 39 (1-2) 143-147PRAXIS MEDICA



PREGLEDNI ÈLANCI - PROFESSIONAL REVIEWS2011; 39 (1-2) 143-147 PRAXIS MEDICA

146

X C3 C R2

H

R1

X C3 C R2

OH

R1
P450

123
R =R =X1 2

-HR
X C3 C

X

O

H N-Lys2

-HX
X C3 C

NH-Lys

O

R =R =X1 2

-H  + H O2 2
141b

R =H1

R =X2

-HX

132b

-H2

-HX

-H O2

X C3 C
OH

O

X C3 C

OH

OH
H

X C3 CH O ãëóêîðîíèä2

X C3 CH O ñóëôàò2

êèñåëèíà

êîœóãàòè

êîœóãàöè¼à

X = õàëîãåí

R = âîäîíèê èëè õàëîãåí

àëäåõèä õèäðàò

àëêîõîë

Ñëèêà 5. Ìåòàáîëè÷êè ïóòåâè äåãðàäàöè¼å íåêèõ .ôðåîíà

ÎÊÑÈÄÀÒÈÂÍÈ ÌÅÒÀÁÎËÈÇÀÌ

ÐÅÄÓÊÒÈÂÍÈ ÌÅÒÀÁ ËÈÇÀÌÎ

HCFC123 Íåñòàáèëíè

èíòåðìåäè¼åð

Íåñòàáèëíè 
ñëîáîäíè ðàäèêàë

Äèíèòðîäèôëóðåòèëåí
( CDF)D

Õëîðîòðèôëóîðîìåòàí (CTF)

TFA

Õëîðîäèôëóîðîìåòàí 
(CDF)

F

F

F¯

Cl

H

e¯

H

+e, H 

F

F

F H

Cl

C C •

e¯

Cl¯

-HF

Cl

F

F

Cl

F

F

F H

Cl

C C Cl
P450

O2

F

F

F OH

Cl

C C Cl F

F

F O

Cl

C C

F

F

F O

OH

C C

F

F

F O

NH-ïðîòåèí

C C

-HCl

F

F

F H

Cl

C C

+H2O

-HCl

Ñëèêà 6. Ìåòàáîëèçàì  123 .HCFC ôðåîíà



147

êî¼è ñó òîêñè÷íè è êàíöåðîãåíè Œèõîâ ìåòàáîëèçàì ñëè-
÷àí ¼å ìåòàáîëèçìó îñòàëèõ õàëîãåíèõ äåðèâàòà óãšî-
âîäîíèêà.

Îêñèäàöè¼à è ðåäóêöè¼à HCFC-123 ôðåîíà êà-
òàëèçîâàíà ¼å öèòîõðîìîì P450 2E1 (ñëèêà 6).

Íà îñíîâó íàïðåä èçëîæåíîã ìåòàáîëèçàì õëî-
ðîôîðìà, PCBà è ôðåîíà, êàî è œèõîâà äåàêòèâàöè¼à, 
åëèìèíàöè¼à, ôèçèîëîøêè è òîêñè÷íè åôåêòè ìîãó ñå 
ïðèêàçàòè çà¼åäíè÷êîì øåìîì (Ñõåìà 1). Ó in vivo ñèñ-
òåìèìà ìåòàáîëèçàì êñåíîáèîòèêà, ó êî¼å ñïàäà¼ó è ¼å-
äèœåœà íàâåäåíà ó îâîì ðàäó, ¼å âåîìà êîìïëåêñàí, ¼åð ó 
œåìó ó÷åñòâó¼ó ðàçëè÷èòè èçîåíçèìè öèòîõðîìà P450 
êàî è ìíîãè äðóãè åíçèìè.

for induction of toxicity in the liver, kidney, and nose of male 
mice. Toxicol Appl Pharmacol., 1999, 160: 120-26.

2. Vittozzi L., Gemma S., Sbraccia M., Testai E.: Comparative 
characterization of chloroform metabolism and toxicokine-
tics in rodent strains differently susceptible to chloroform 
carcinogenicity. Environ Toxicol Pharmacol., 2000, 8: 103-
110.

3. Gemma S., Vittozzi L., Testai E.: Metabolism of Chloroform 
in the Human Liver and Identification of the Competent 
P450s. Drug metabolism and disposition, 2003, 31(3) 266-
27.

4. Safe S., Hutzinger O.: Polychlorinated biphenyls (PCBs) and 
polybrominated biphenyls (PBBs): biochemistry, toxicology, 
and mechanism of action. Crit. Rev. Toxicol., 1984, 13 (4): 
319-95.

5. Van den Berg M.: Toxic Equivalency Factors (TEFs) for 
PCBs, PCDDs, PCDFs for Humans and Wildlife. Environ 
Health Perspect, 1998, 106 (12): 775-792.

6. The handbook of environmental chemistry, (Otto Hutzinger 
and Jaakko Paasivirta, eds.) Vol. 3, Springer-Varlag, Berlin, 
Heidelberg, 2000.

7. Simon T., Britt J.K., James R.C. "Development of a neuroto-
xic equivalence scheme of relative potency for assessing the 
risk of PCB mixtures". Regulatory toxicology and pharmaco-
logy, 2007, 48 (2): 148-70.

8. Wang S.L., Chang Y.C., Chao H.R., Li C.M., Li L.A., Lin 
L.Y., Päpke O.: Body burdens of polychsslorinated dibenzo-
p-dioxins, dibenzofurans, and biphenyls and their relations to 
estrogen metabolism in pregnant women. Environ Health 
Perspect., 2006, 114 (5): 740-5.

9. Chauhan K.R., Kodavanti P.R., McKinney J.D.: Assessing 
the role of ortho-substitution on polychlorinated biphenyl bin-
ding to transthyretin, a thyroxine transport protein. Toxicol. 
Appl. Pharmacol., 2000, 162 (1): 10-21.

10. Woods S.L., Trobaugh D.J.: Polychlorinated Biphenyl Re-
ductive Dechlorination by Vitamin B12s: Thermodynamics 
and Regiospecificity. Environ. Sci. Technol., 1999, 33: 857-
863.

11. Miller-Perez, C. et al. The polychlorinated biphenyls (PCBS) 
environmental pollutants and their effects on the Nervous 
System and health. Salud Ment., 2009, 32(4), 335-346. 

12. Dekant W.: Toxicology of Chlorofiluorocarbon Replace-
ments. Environ Health Perspect. 1996 104(Suppl 1): 75-83.

13. http://www.inchem.org/documents/cicads/cicads/cicad23 
.htm

14. Cytochrome P450. Structure, Mechanism, and Biochemistry, 
Ortiz de Montellano, Paul R. (Ed.)., Kluwer Academic/Ple-
num Publishers, New York, London, 2004.

Õîðìîíè Íåêè àíòèáèîòèöè

PCB,
CHCl3

ôðåîíè

CYT P450 ↑↓

O , NADPH2

CYT ðåäóêòàçà

Òîêñè÷íè 
åôåêòè

Ïîëàðíè ìåòàáîëèòè

Áèîàêòèâàöè¼àÄåàêòèâàöè¼à

Åëèìèíàöè¼à Áèîõìè¼ñêè 
åôåêòè

Òîêñè÷íè 
åôåêòè

Çàõâàšó¼åìî ñå Ïîêðà¼èíñêîì ñåêðåòàðè¼àòó çà 
íàóêó è òåõíîëîøêè ðàçâî¼ êàî è Ðåïóáëè÷êîì ìèíèñ-
òàðñòâó çà íàóêó è òåõíîëîøêè ðàçâî¼ Ðåïóáëèêå Ñðáè-
¼å, êî¼è ñó îìîãóžèëè îâó ñòóäè¼ó.
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