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Ãåìîêñèãåíàçà òà ìîíîîêñèä âóãëåöþ:
çàõèñò ÷è ïîøêîäæåííÿ êë³òèí?

Â îáçîðå ïðåäñòàâëåíû äàííûå î ñâîéñòâàõ è ìåõàíèçìàõ äåéñòâèÿ êîíñòèòóòèâíîé è èíäó-
öèáåëüíîé èçîôîðì êëþ÷åâîãî ôåðìåíòà äåãðàäàöèè ãåìà � ãåìîêñèãåíàçû è åå êàòàëèòè÷åñ-
êèõ ïðîäóêòîâ. Îáñóæäàåòñÿ èõ ó÷àñòèå â çàùèòå êëåòîê îò ïîâðåæäåíèÿ ïðè ðàçâèòèè
ïàòîëîãè÷åñêèõ ñîñòîÿíèé.

  Ò. Â. Êóêîáà,  Î. Î. Ìîéáåíêî

Îñòàíí³ äåñÿòèð³÷÷ÿ  ÕÕ ñòîð³÷÷ÿ õàðàêòåðè-
çóâàëèñÿ çíà÷íèì ðîçøèðåííÿì òà ïåðåãëÿ-
äîì óñòàëåíèõ óÿâëåíü ïðî ³íòèìí³ ìåõàí³ç-
ìè ðåãóëÿö³¿ ð³çíîìàí³òíèõ ôóíêö³é îðãàí³çìó
çà íîðìàëüíèõ òà ïàòîëîã³÷íèõ óìîâ. Ñàìå â
öåé ÷àñ ç�ÿâèëèñÿ òà ðîçøèðèëèñÿ â³äîìîñò³
ïðî òàê³ âàæëèâ³ ðåãóëÿòîðè ô³ç³îëîã³÷íèõ
ôóíêö³é ÿê ôîñôîë³ï³äí³ ïîõ³äí³, çîêðåìà
åéêîçàíî¿äè (ïðîñòàãëàíäèíè òà ëåéêîòðèº-
íè), ÷èñëåíí³ öèòîê³íè, ðåãóëÿòîðè ðîñòó,
îêñèä àçîòó (NO) òîùî. Ñåðåä íèõ âñå á³ëüø
çíà÷íå ì³ñöå çàéìàº ìîíîîêñèä âóãëåöþ (ÑÎ),
ÿêèé çäàâíà äîáðå â³äîìèé ÿê òîêñè÷íà ðå÷î-
âèíà, ùî ïîðóøóº òðàíñïîðò êèñíþ ó îðãàí³çì³
(÷åðåç óòâîðåííÿ êàðáîêñèãåìîãëîá³íó) òà ñïðè-
ÿº ðîçâèòêó çàõâîðþâàíü ñåðöÿ òà ëåãåíü [56,
85]. Ðàçîì ç òèì â îñòàíí³ ðîêè âñòàíîâëåíî,
ùî ÑÎ òà ³íø³ ïîõ³äí³ ôåðìåíòó ãåìîêñèãåíà-
çè (ÃÎ), çîêðåìà á³ë³ðóá³í, ìîæóòü áðàòè
ó÷àñòü ó ðåãóëÿö³¿ ô³ç³îëîã³÷íèõ ôóíêö³é òà
íàâ³òü âèÿâëÿòè ïðîòåêòîðíó ä³þ ïðè ð³çíî-
ìàí³òíèõ ïàòîëîã³÷íèõ ñòàíàõ [14, 45, 51, 60,
98, 99]. Çà äåÿêèìè ô³ç³îëîã³÷íèìè åôåêòà-
ìè (âàçîëèëàòàö³ÿ, ñèãíàëüí³ ôóíêö³¿ â öåíò-
ðàëüí³é íåðâîâ³é ñèñòåì³) ÑÎ ïîä³áíèé äî
îêñèäó àçîòó, îäíàê ðåàë³çàö³ÿ öèõ åôåêò³â,
íà â³äì³íó â³ä NO, íå çàëåæèòü â³ä åíäîòåë³þ
[30, 99]. Ö³ äàí³ ïîñèëèëè ³íòåðåñ äî äîñë³ä-
æåííÿ ô³ç³îëîã³÷íî¿ ðîë³ ïîõ³äíèõ ÃÎ ó ðåãó-
ëÿö³¿ òà çáåðåæåíí³ ôóíêö³é îðãàí³çìó.

Ôåðìåíò ãåìîêñèãåíàçà  (ÊÔ 1.14.99.3)
êàòàë³çóº ïåðøó ðåàêö³þ äåãðàäàö³¿ ãåìó.
Ñóáñòðàòîì äëÿ ÃÎ º ãåì (Fe-ïðîòîïîðô³ðèí
²Õ), ÿêèé òàêîæ âèñòóïàº ÿê êîôàêòîð äëÿ
öüîãî ôåðìåíòó. Â îðãàí³çì³ ññàâö³â ïåðåâàæ-
íà ÷àñòèíà (80-90 %) ãåìó óòâîðþºòüñÿ ç ãå-
ìîãëîá³íó òà ì³îãëîá³íó, ïðîòå äåÿêà éîãî
ê³ëüê³ñòü  (10-20 %) ìîæå óòâîðþâàòèñÿ ïðè
ðóéíóâàíí³ ³íøèõ ãåìîïðîòå¿í³â, òàêèõ ÿê
NO-ñèíòàçà, ãóàí³ëàòöèêëàçà, öèêëîîêñèãå-
íàçà, êàòàëàçà, ïåðîêñèäàçà, à òàêîæ ç ì³òî-
õîíäð³àëüíèõ òà ì³êðîñîìàëüíèõ öèòîõðîì³â
äëÿ ÿêèõ ãåì ñëóãóº ïðîñòåòè÷íîþ ãðóïîþ
[80]. Â ðåçóëüòàò³ ä³¿ ãåìîêñèãåíàçè óòâî-
ðþºòüñÿ â³äïîâ³äíà ê³ëüê³ñòü ÑÎ, ³îí³â â³ëüíî-
ãî çàë³çà ó äâîâàëåíòíîìó ñòàí³ (Fe2+) òà
á³ë³âåðäèíó íà êîæíó ìîëåêóëó ãåìó. Äàë³
çàë³çî çàïàñàºòüñÿ ó òðüîõâàëåíòíîìó ñòàí³
(Fe3+) ó âèãëÿä³ ôåðèòèíó, à á³ë³âåðäèí, çà
ó÷àñòþ ôåðìåíòó á³ë³âåðäèíðåäóêòàçè, øâèä-
êî ïåðåòâîðþºòüñÿ íà á³ë³ðóá³í, ïîòóæíèé
ô³ç³îëîã³÷íèé àíòèîêñèäàíò [43, 66, 88]. Êà-
òàáîë³çì ãåìó º ºäèíîþ ðåàêö³ºþ ó îðãàí³çì³,
ÿêó ìîæíà ïîáà÷èòè íåîçáðîºíèì îêîì. Çâ�ÿ-
çîê ì³æ ðîçïàäîì ãåìîãëîá³íó òà óòâîðåííÿì
á³ë³âåðäèíó áóëî âñòàíîâëåíî á³ëüø í³æ ï³âòî-
ðà ñòîð³÷÷ÿ òîìó, àëå ê³íöåâ³ ïðîäóêòè öüîãî
ïðîöåñó òà ðåàêö³¿, ùî ñóïðîâîäæóþòü ¿õ óò-
âîðåííÿ, ñïîñòåð³ãàëèñÿ ùå íà ñîòí³ ðîê³â
ðàí³øå. Â³äîìî, ùî ï³ñëÿ óäàðó íà ì³ñö³ ïî-
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øêîäæåííÿ ç�ÿâëÿºòüñÿ ñèíåöü, ÿêèé ìàº ÷îð-
íèé àáî ïóðïóðîâèé êîë³ð - öå êîë³ð ãåìó,
êîòðèé ïîòðàïëÿº äî øê³ðè ç ïîøêîäæåíèõ
åðèòðîöèò³â. ×îðíèé â³äò³íîê ãåìó ïîñòóïî-
âî çì³íþºòüñÿ íà çåëåíèé - êîë³ð á³ë³âåðäè-
íó, ÿêèé ïåðåõîäèòü ó æîâòèé êîë³ð, ùî
ñâ³ä÷èòü ïðî óòâîðåííÿ á³ë³ðóá³íó. Ñõåìàòè÷-
íî åòàïè ïåðåòâîðåííÿ ãåìó òà óòâîðåííÿ éîãî
ïîõ³äíèõ ïðåäñòàâëåíî íà ðèñ.1.

Íèí³ äîñë³äíèêè àêòèâíî âèâ÷àþòü ðîëü
ê³íöåâîãî ïðîäóêòó ãåìîêñèãåíàçíî¿ ðåàêö³¿ �
á³ë³ðóá³íó [14, 21, 43], à òàêîæ ôåðèòèíó �
á³ëêà, ÿêèé çáåð³ãàº çàë³çî ó êë³òèí³ òà ñòè-
ìóëþº éîãî âèâ³ëüíåííÿ [75]. Ñò³éêèé ³íòå-
ðåñ çáåð³ãàºòüñÿ ³ äî ÑÎ, ÿêèé ðîçãëÿäàºòüñÿ
ÿê á³îëîã³÷íèé ìåñåíäæåð òà ðåãóëÿòîð òîíó-
ñó ñóäèí [60, 82, 86, 94, 99]. Çà ô³ç³îëîã³÷-
íèõ óìîâ àêòèâí³ñòü ÃÎ íàéâèùà ó ñåëåç³íö³,
äå ñåêâåñòðóþòüñÿ òà ðóéíóþòüñÿ �ñòàð³þ÷³�
åðèòðîöèòè, ïðîòå ¿¿ àêòèâí³ñòü ñïîñòåð³ãàºòü-
ñÿ ³ â ³íøèõ îðãàíàõ  òà  ñèñòåìàõ. ² õî÷à
ðîëü ÃÎ â ð³çíèõ òêàíèíàõ âñå ùå ïîâí³ñòþ
íå âèâ÷åíà, ³ñíóº áàãàòî ïðèêëàä³â ¿¿ ó÷àñò³
ó ð³çíîìàí³òíèõ êë³òèííèõ ðåãóëÿòîðíèõ òà
çàõèñíèõ ìåõàí³çìàõ.

Âæå ³äåíòèô³êîâàíî òðè ³çîôîðìè ÃÎ,
ÿê³ êîäóþòüñÿ ð³çíèìè ãåíàìè òà ñóòòºâî â³ä-
ð³çíÿºòüñÿ çà ñâî¿ìè âëàñòèâîñòÿìè, ôóíêö³ÿ-
ìè òà ëîêàë³çàö³ºþ [5, 16, 46, 48]. Êîíñòè-
òóòèâíîþ ³çîôîðìîþ ôåðìåíòó º ÃÎ-2 (36 kDa),
ÿêà çà äàíèìè Baranano ëîêàë³çóºòüñÿ âèê-
ëþ÷íî â åíäîïëàçìàòè÷íîìó ðåòèêóëóì³ òà
àêòèâóºòüñÿ ïðîòå¿íê³íàçîþ Ñ [5, 61]. Ïîñè-
ëåííÿ ³íäóêö³¿ òà àêòèâíîñò³ ÃÎ-2 ïðîòå¿íê³-
íàçîþ Ñ òà ôîðáîëîâèì åô³ðîì (ôîðáîë 12-

ì³ðèñòàò 13-àöåòàòîì), ÿêèé ñòèìóëþº ïðî-
òå¿íê³íàçó Ñ, ïîêàçàíî Dore òà ñï³âàâ. íà
êóëüòóðàõ íåéðîí³â ã³ïïîêàìïà òà êîðè ìîç-
êó [21]. Îäíàê ñë³ä çàçíà÷èòè, ùî íåìàº ºäè-
íî¿ äóìêè ùîäî ³íäóêòîð³â ÃÎ-2. Òàê, çà äà-
íèìè Maines ÃÎ-2 ³íäóêóºòüñÿ òàêîæ ãëþ-
êîêîðòèêî¿äàìè [47]. ÃÎ-2 åêñïðåñóºòüñÿ ïî-
ñò³éíî òà ó âèñîêèõ êîíöåíòðàö³ÿõ íàÿâíà ó
ìîçêó òà ïå÷³íö³, äå, ÿê ââàæàþòü, áåðå ó÷àñòü
ó ðóéíóâàíí³, ³, ïåðåâàæíî, ó çâ�ÿçóâàíí³
â³ëüíîãî ãåìó [45]. Ó ïå÷³íö³ êîíöåíòðàö³ÿ
ÃÎ-2 óäâ³÷³ âèùà â³ä êîíöåíòðàö³¿ ÃÎ-1, ÿêà
º ³íäóöèáåëüíîþ ³çîôîðìîþ ôåðìåíòó. Íà
äóìêó Maines òà Panahian ÃÎ-2, êð³ì ï³äòðèì-
êè ãåìîâîãî ãîìåîñòàçó ó êë³òèí³, ìîæå ³íàê-
òèâóâàòè â³ëüí³ ðàäèêàëè, ÿê³ óòâîðþº îê-
ñèä àçîòó (NO). Öÿ ³çîôîðìà ÃÎ ìîæå çâ�ÿ-
çóâàòè ðàäèêàëè ó «ãåì-ðåãóëÿòîðíèõ ä³ëÿí-
êàõ» ³ ïðè öüîìó, çà âèñëîâîì àâòîð³â,  «ñó¿-
öèäíî» ³íàêòèâóºòüñÿ [46].  Äðóãà êîíñòèòó-
òèâíà ³çîôîðìà - ÃÎ-3 (33 kDa), íåùîäàâíî
êëîíîâàíèé ãåííèé ïðîäóêò, ùî íà 90 % ãî-
ìîëîã³÷íèé äî ÃÎ-2, òàêîæ êàòàë³çóº äåãðà-
äàö³þ ãåìó, õî÷à é íàáàãàòî ñëàáøå â³ä ÃÎ-2
[6, 54]. ÃÎ-3 âèÿâëåíà ó òêàíèíàõ áàãàòüîõ
îðãàí³â: ñåëåç³íö³, ïå÷³íö³, ñåðö³, ëåãåíÿõ òà
íåðâîâ³é òêàíèí³. ÃÎ-3 ñêëàäàºòüñÿ ç äâîõ
ðåãóëÿòîðíèõ îäèíèöü, ÿê³ áåðóòü ó÷àñòü ó
çâ�ÿçóâàíí³ ãåìó. Ââàæàþòü, ùî ÃÎ-3, ïî-
ðÿä ç ³íøèìè ³çîôîðìàìè ôåðìåíòó, òàêîæ
â³ä³ãðàº âàæëèâó ðåãóëÿòîðíó ðîëü ó êë³òèí-
íèõ ïðîöåñàõ, ÿê³ ïîâ�ÿçàí³ ç ìåòàáîë³çìîì
ãåìó [54]. Äåÿê³ àâòîðè ñõèëüí³ ðîçãëÿäàòè
êîíñòèòóòèâí³ ôîðìè ÃÎ, ÃÎ-3 òà îñîáëèâî
ÃÎ-2 ÿê ãîëîâí³ öèòîïðîòåêòèâí³ ìîëåêóëè ó
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Ðèñ. 1. Ôåðìåíòàòèâí³ ðåàêö³¿ êàòàáîë³çìó ãåìó [18]: ÃÎ � ãåìîêñèãåíàçà, ÑÎ � ìîíîîêñèä âóãëåöþ,
Ì � ìåòèë, V � â³í³ë, Ð � ïðîï³îíîâà êèñëîòà.
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íåðâîâ³é ñèñòåì³ [4, 21]. ²íäóöèáåëüíà ³çî-
ôîðìà ãåìîêñèãåíàçè - ÃÎ-1 (32 êÄà) øèðî-
êî ïðåäñòàâëåíà ó òêàíèíàõ îðãàí³â ññàâö³â,
à ¿¿ âì³ñò ó áàãàòüîõ êë³òèííèõ ñèñòåìàõ ðå-
ãóëþºòüñÿ ç íàäõîäæåííÿì â³äíîâëåíîãî ãåìó
[38]. ÃÎ-1 îáìåæåíî åêñïðåñóºòüñÿ çà óìîâ
íîðìè, àëå øâèäê³ñòü ¿¿ åêñïðåñ³¿ çíà÷íî ï³äâè-
ùóºòüñÿ ïðè ä³¿ òàêèõ àãåíò³â, ÿê ãåì [70],
ãåìîãëîá³í [58], â³ëüí³ ðàäèêàëè êèñíþ [28,
29], îêñèä àçîòó òà ïåðîêñèí³òðèò [23, 28,
29, 59], ìåòàëîïîðô³ðèíè, ³îíè âàæêèõ ìå-
òàë³â, öèòîê³íè [79], åíäîòîêñèíè [70], ï³ðî-
ãåíè, êñåíîá³îòèêè, äåÿê³ ãîðìîíè, óëüòðà-
ô³îëåòîâå âèïðîì³íþâàííÿ, àðñåí³ò íàòð³þ
[26, 40, 95], ã³ïîêñ³ÿ àáî ã³ïåðîêñ³ÿ [10, 23,
32, 43, 47, 57, 71]. Îñê³ëüêè ÃÎ-1 ìîæå áóòè
³íäóêîâàíà òåïëîâèì øîêîì, äåÿê³ àâòîðè
ââàæàþòü ¿¿ ñòðåñîâèì á³ëêîì òåïëîâîãî øî-
êó - HSP32 [7, 44, 47, 50, 83]. ² õî÷à ôóíêö³¿
ÃÎ-1 ÿê ñòðåñîâîãî á³ëêà-øàïåðîíà ùå íå âèâ-
÷åíî, âæå äîâåäåíî, ùî ¿¿ åêñïðåñ³ÿ çàõèùàº
êë³òèíè â³ä îêèñíîãî ñòðåñó [49, 100].

Ñâ³ä÷åííÿ ïðî òå, ùî ³íäóêö³ÿ ÃÎ-1 ó
ñòðåñîâèõ ñèòóàö³ÿõ â³ä³ãðàº ïîçèòèâíó ðîëü
íå º íîâèìè. Ùå ó 1992 ð. Nath òà ñï³âàâò.
äîâåëè, ùî ôàðìàêîëîã³÷íå ïðèãí³÷åííÿ àê-
òèâíîñò³ ÃÎ-1 ó ùóð³â ñïðè÷èíþº îáñòðóê-
ö³þ íèðêîâèõ êàíàëüö³â òà ðîçâèòîê ãîñòðî¿
íèðêîâî¿ íåäîñòàòíîñò³ ÷åðåç íàäëèøîê ãåìó
[62]. Âèêîðèñòîâóþ÷è äâ³ åêñïåðèìåíòàëüí³
ìîäåë³, àâòîðè îö³íþâàëè ðîëü ÃÎ-1 ïðè
ãîñòð³é íèðêîâ³é íåäîñòàòíîñò³, âèêëèêàí³é
íàäëèøêîì ãåìó àáî ãåìîïðîòå¿í³â [62, 64].
Âîíè äîâåëè, ùî ÷åðåç 15 ä³á ï³ñëÿ ³í�ºêö³¿
ã³ïåðòîí³÷íîãî ðîç÷èíó ãë³öåðîëó, ÿêèé âèê-
ëèêàº ðóéíóâàííÿ ì�ÿçîâèõ êë³òèí ç íàñòóï-
íèì âèâ³ëüíåííÿì ì³îãëîá³íó, à ïîò³ì ãåìó,
ó ãîìîçèãîòíèõ ìèøåé, ïîçáàâëåíèõ ãåíà
ÃÎ-1 (ÃÎ-1 -/-) ðîçâèâàëàñÿ ãîñòðà íèðêî-
âà íåäîñòàòí³ñòü ³ç 100 % ñìåðòí³ñòþ. Íà
â³äì³íó â³ä öüîãî ó ìèøåé, òàê çâàíîãî, �äè-
êîãî òèïó�, ó ÿêèõ ÃÎ-1 áóëà ïîïåðåäíüî
³íäóêîâàíà òà çäàòíà äî ðóéíóâàííÿ ãåìó, çà
òèõ æå óìîâ ðîçâèâàëàñÿ ãîñòðà íèðêîâà íå-
äîñòàòí³ñòü ñåðåäíüîãî ñòóïåíÿ òÿæêîñò³ áåç
ëåòàëüíîãî çàê³í÷åííÿ. Ö³ ñïîñòåðåæåííÿ ï³ä-
òâåðäèëèñÿ ïðè âèêîðèñòàíí³ ìåòîäó ïðÿìî¿

âíóòð³øíüîâåííî¿ ³íôóç³¿ ãåìîãëîá³íó. ² ó
öüîìó âèïàäêó â ìóòàíòíèõ ìèøåé, ïîçáàâ-
ëåíèõ ôóíêö³îíóþ÷îãî ãåíà ÃÎ-1, ðîçâèâà-
ëàñÿ ãîñòðà íèðêîâà íåäîñòàòí³ñòü òà ðåºñò-
ðóâàëàñÿ çíà÷íà ñìåðòí³ñòü, ó òîé ÷àñ, ÿê
ìèø³ �äèêîãî òèïó� áóëè òîëåðàíòíèìè äî
òèõ ñàìèõ äîç ãåìîãëîá³íó.

Âàæëèâ³ñòü á³îëîã³÷íî¿ àêòèâíîñò³ ÃÎ-1,
à òàêîæ ¿¿ ³íäóêö³¿ íàéá³ëüø ÷³òêî ïðîäåìîí-
ñòðîâàíà íà ïðèêëàä³ òàêèõ ïàòîëîã³÷íèõ
ñòàí³â, ÿê çàòðèìêà ðîñòó, àíåì³¿ òà íàêîïè-
÷åííÿ çàë³çà ó òêàíèíàõ, ùî ñïîñòåð³ãàþòüñÿ
ó ìèøåé ç äåô³öèòîì ÃÎ-1 [76]. Ó òîé ÷àñ
êîëè ìèø³, ïîçáàâëåí³ ãåíà ÃÎ-2 (ÃÎ-2 -/-),
øâèäêî ðîñòóòü òà ðîçâèâàþòüñÿ, á³ëüøà ÷à-
ñòèíà ìèøåé, ïîçáàâëåíèõ ôóíêö³îíóþ÷î-
ãî ãåíà ÃÎ-1, õàðàêòåðèçóºòüñÿ çàòðèìêîþ
ðîñòó, àíîìàë³ÿìè ðîçâèòêó òà íå äîæèâàº
äî äîðîñëîãî ñòàíó, à ò³, ùî âèæèëè, ãèíóòü
ïåðåâàæíî ó â³ö³ 40 òèæ [4]. Ó äîðîñëèõ ìè-
øåé öüîãî òèïó ïðè ñòàð³íí³ â íèðêàõ òà îñîá-
ëèâî ó ïå÷³íö³ ñïîñòåð³ãàºòüñÿ íàêîïè÷åííÿ
çàë³çà, ïîñèëåííÿ õðîí³÷íîãî çàïàëåííÿ, ÿêå
õàðàêòåðèçóòüñÿ ãåïàòîñïëåíîìåãàë³ºþ, ãëî-
ìåðóëîíåôðèòîì òà ïåðèòîí³òîì. Êë³òèíè
òêàíèí, îòðèìàí³ â³ä òàêèõ òâàðèí, á³ëüø
÷óòëèâ³ äî îêèñíîãî ñòðåñó, ³íäóêîâàíîãî åí-
äîòîêñèíîì. Íåùîäàâíî ç�ÿâèëîñÿ ïåðøå ïî-
â³äîìëåííÿ ïðî ïîä³áí³ àíîìàë³¿ ðîçâèòêó ó
6-ð³÷íîãî ïàö³ºíòà ç íåäîñòàòí³ñòþ ÃÎ-1 [102].
Ó õâîðîãî ðàçîì ³ç çíà÷íîþ çàòðèìêîþ ðîñ-
òó ñïîñòåð³ãàëàñÿ ïåðñèñòóþ÷à ãåìîë³òè÷íà
àíåì³ÿ, ÿêà õàðàêòåðèçóâàëàñÿ  âíóòð³øíüî-
ñóäèííèì ãåìîë³çîì ç ïàðàäîêñàëüíèì ï³äâè-
ùåííÿì ó ïëàçì³ êðîâ³ êîíöåíòðàö³¿ ãàïòîã-
ëîá³íó òà íèçüêèì âì³ñòîì á³ë³ðóá³íó, à òàêîæ
ïîðóøåííÿìè çãîðòàííÿ êðîâ³ òà ô³áðèíîë³çó.

Ó ë³òåðàòóð³ º â³äîìîñò³ ïðî òå, ùî ÃÎ-1
ìîæå ôóíêö³îíóâàòè ÿê âàæëèâà öèòîïðîòåê-
òèâíà ìîëåêóëà [13, 20, 68]. Ïîêàçàíî [105],
ùî ÃÎ-1 áåðå ó÷àñòü ó çàõèñò³ êë³òèí â³ä
ïîøêîäæåíü, âèêëèêàíèõ ³øåì³ºþ�ðåïåðôó-
ç³ºþ. Ï³ñëÿ 30-õâèëèííî¿ ³øåì³¿ òà íàñòóïíî¿
120-õâèëèííî¿ ðåïåðôóç³¿ â ³çîëüîâàíèõ ñåð-
öÿõ òðàíñãåííèõ ìèøåé ðåºñòðóâàëîñÿ ïî-
ã³ðøåííÿ â³äíîâëåííÿ ñåðöåâèõ ôóíêö³é òà
çá³ëüøåííÿ ðîçì³ðó ä³ëÿíêè ³íôàðêòó ïîð³âíÿ-
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íî ç êîíòðîëåì.  Ïðè âèêîðèñòàíí³ ìåòîäó
Western blot-àíàë³çó áóëî âèÿâëåíî 40 % çíè-
æåííÿ á³ëêà ÃÎ-1 ó ñåðöÿõ ãåòåðîçèãîòíèõ
òðàíñãåííèõ ìèøåé, ïîçáàâëåíèõ ãåíà ÃÎ-1
(ÃÎ-1 +/-) ïîð³âíÿíî ç êîíòðîëåì, ÿêèì áóëè
ìèø³ òàê çâàíîãî �äèêîãî òèïó�. Ïîïåðåäíº
çàñòîñóâàííÿ àíòèîêñèäàíò³â ïðèçâîäèëî ëèøå
äî ÷àñòêîâîãî â³äíîâëåííÿ ôóíêö³¿ ñåðäåöü
ï³ñëÿ ³øåì³¿ � ðåïåðôóç³¿. Íàâ³òü ïðåêîíäè-
ö³þâàííÿ, ÿêå ðîáèòü ñåðöÿ ñò³éêèìè äî íà-
ñòóïíî¿ ëåòàëüíî¿ ³øåì³¿, íå çìîãëî àäàïòó-
âàòè ñåðöÿ ìèøåé, ïîçáàâëåíèõ ÃÎ-1, äî óìîâ
³øåì³¿ - ðåïåðôóç³¿. Ó äîñë³äàõ ç âèêîðèñ-
òàííÿì ìîäåë³ ³øåì³¿ - ðåïåðôóç³¿ ³çîëüîâà-
íîãî ñåðöÿ, ïðîâåäåíèõ ó íàøîìó â³ää³ë³,
òàêîæ áóëî ïîêàçàíî, ùî ³íã³áóâàííÿ ÃÎ-1
ïîïåðåäí³ì çàñòîñóâàííÿì ñïåöèô³÷íîãî ³íã³-
á³òîðà  ÃÎ - öèíêó ïðîòîïîðô³ðèíó ²Õ, ïðè-
çâîäèòü äî çíèæåííÿ ÷àñòîòè ñåðöåâèõ ñêî-
ðî÷åíü, ïîã³ðøåííÿ ñêîðîòëèâî¿ ôóíêö³¿ ñåðöÿ,
ï³äâèùåííÿ òèñêó ó êîðîíàðíèõ ñóäèíàõ òà
çìåíøåííÿ âì³ñòó á³ë³ðóá³íó ó ïåðôóçàò³.
Ï³ñëÿ ³øåì³¿ - ðåïåðôóç³¿ ìàéæå ó âñ³õ ñåð-
öÿõ ñïîñòåð³ãàâñÿ ðîçâèòîê ô³áðèëÿö³¿ øëó-
íî÷ê³â (Êóêîáà Ò.Â. òà ñï³âàâò., íåîïóáë³êî-
âàí³ äàí³).  Csonka òà ñï³âàâ. [17]  íà ìîäåë³
³øåì³¿ - ðåïåðôóç³¿ ³çîëüîâàíèõ ñåðäåöü òâà-
ðèí ç ä³àáåòîì ïîêàçàëè, ùî ïðè ðåïåðôóç³¿
àäåêâàòíà åêñïðåñ³ÿ ÃÎ-1 ³ñíóº ëèøå â
ñåðöÿõ áåç ô³áðèëÿö³¿ øëóíî÷ê³â. Åêñïðåñ³ÿ
ìÐÍÊ ÃO-1 ó ñåðöÿõ ç ô³áðèëÿö³ºþ áóëà
ñóòòºâî çíèæåíà. Pataki òà ñï³âàâ. [72], âè-
êîðèñòîâóþ÷è ìåòîä Northern blot-àíàë³çó,
îö³íþâàëè çàëåæí³ñòü ô³áðèëÿö³¿ øëóíî÷-
ê³â, ³íäóêîâàíî¿ ðåïåðôóç³ºþ â³ä åêñïðåñ³ºþ
ìÐÍÊ ÃO-1. Ï³ñëÿ ³øåì³¿ - ðåïåðôóç³¿ ó ñåð-
öÿõ áåç ô³áðèëÿö³¿ øëóíî÷ê³â òàêîæ ñïîñòåð-
³ãàëàñÿ ìàéæå ÷îòèðèêðàòíà åêñïðåñ³ÿ ìÐÍÊ
ÃO-1  ïîð³âíÿíî ç íå³øåì³çîâàíèìè êîíò-
ðîëüíèìè ñåðöÿìè. Â ñåðöÿõ ç ô³áðèëÿö³ºþ
øëóíî÷ê³â åêñïåðåñ³ÿ ìÐÍÊ ÃO-1 íå ñïîñòå-
ð³ãàëàñÿ. Àâòîðè çðîáèëè ïðèïóùåííÿ, ùî
âòðó÷àííÿ, ÿêå çäàòíå ïîñèëþâàòè åêñïðåñ³þ
ìÐÍÊ ÃO-1 òà àêòèâí³ñòü ôåðìåíòó, ìîæå
ïîïåðåäæóâàòè ô³áðèëÿö³¿ øëóíî÷ê³â. Äî
àíàëîã³÷íèõ âèñíîâê³â ïðèéøëè Ndisang òà
ñï³âàâ. [65], ÿê³ ïîêàçàëè, ùî ïîïåðåäíº çàñ-

òîñóâàííÿ ñïåöèô³÷íîãî ³íäóêòîðà ÃÎ-1 - ãå-
ì³íó ïîñèëþº åêñïðåñ³þ é àêòèâí³ñòü ÃÎ-1 ³
âèÿâëÿº êàðä³îïðîòåêòèâíó ä³þ. Ó äîñë³äàõ
³n vitro àâòîðè äîâåëè, ùî îáðîáêà ñåðäåöü
ñïåöèô³÷íèì àíòèãåíîì âèêëèêàº ïîçèòèâíèé
³íîòðîïíèé òà õðîíîòðîïíèé åôåêòè, êîðî-
íàðîêîíñòðèêö³þ òà ï³äâèùåííÿ ê³ëüêîñò³
ã³ñòàì³íó â ïåðôóçàò³. Ïðè ïîïåðåäíüîìó âè-
êîðèñòàíí³ ãåì³íó  íàñòóïíå çàñòîñóâàííÿ
àíòèãåíà íå âïëèâàëî íà ÷àñòîòó òà ñèëó ñåð-
öåâèõ ñêîðî÷åíü, êîðîíàðíèé â³äò³ê çíà÷íî
ïîñèëþâàâñÿ, à âèâ³ëüíåííÿ  ã³ñòàì³íó çìåí-
øóâàëîñÿ. Çàñòîñóâàííÿ ³íã³á³òîðà ÃÎ-1 öèí-
êó ïðîòîïîðô³ðèíó ²Õ çà 6 ãîä äî ³í�ºêö³¿
ãåì³íó ïîâí³ñòþ áëîêóâàëî öåé çàõèñíèé
åôåêò. Ö³êàâ³ äàí³ îòðèìàëè Yet òà ñï³âàâ.
[104], ÿê³, âèêîðèñòîâóþ÷è ð³çí³ ð³âí³ åêñï-
ðåñ³¿ ÃÎ-1, ïîêàçàëè, ùî ó â³äïîâ³äü íà ä³þ
ã³ïîêñ³¿ ó òðàíñãåííèõ ìèøåé, ïîçáàâëåíèõ
ãåíà ÃÎ-1, ïðè ³øåì³¿ - ðåïåðôóç³¿ ðîçâèâà-
þòüñÿ ³íôàðêòè ó ïðàâîìó øëóíî÷êó ñåðöÿ,
³ ùî ¿õ êàðä³îì³îöèòè á³ëüøîþ ì³ðîþ ï³äëÿ-
ãàþòü âïëèâó îêèñíîãî ñòðåñó. Åêñïðåñ³ÿ ÃÎ-
1 ó êàðä³îì³îöèòàõ çàõèùàº ¿õ â³ä ³øåì³÷íèõ
òà ðåïåðôóç³éíèõ ïîøêîäæåíü, ïîë³ïøóþ÷è
â³äíîâëåííÿ ñåðöåâèõ ôóíêö³é. Ï³äòâåðäæåí-
íÿ öèõ äàíèõ îòðèìàíî ³ â õðîí³÷íèõ äîñë³-
äàõ ç ïåðåâ�ÿçêîþ êîðîíàðíèõ ñóäèí Han-
gaishi òà ñï³âàâ. [34], ÿê³  ïîêàçàëè ïîñèëåííÿ
åêñïðåñ³¿ ÃÎ-1 ÷åðåç 24 ãîä ï³ñëÿ ïî÷àòêó ðå-
ïåðôóç³¿. Çíà÷íå ïîñèëåííÿ åêñïðåñ³¿ áóëî
â³äì³÷åíî ó ìîíîöèòàõ/ìàêðîôàãàõ òà ô³áðî-
áëàñòàõ. Àâòîðè òàêîæ äîâåëè, ùî ïîïåðåä-
íÿ ³íäóêö³ÿ ÃÎ-1 ãåì³íîì çìåíøóº ïîøêîä-
æåííÿ ì³îêàðäà, ÿê³ âèíèêàþòü ïðè ³øåì³¿ -
ðåïåðôóç³¿. Âíóòð³øíüîî÷åðåâèííà ³í�ºêö³ÿ
ãåì³íó (30 ìã/êã) çà äâ³ äîáè äî îïåðàö³¿ ç
ïåðåâ�ÿçóâàííÿ ñóäèí âèêëèêàëà ïðèáëèçíî
òðèêðàòíå ïîñèëåííÿ åêñïðåñ³¿  ÃÎ-1 ó ñåð-
öÿõ òà  ñóòòºâî çíèæóâàëà ðîçì³ð ä³ëÿíêè
³íôàðêòó. ßê ³ â åêñïåðèìåíòàõ ³íøèõ äîñ-
ë³äíèê³â ö³ ïîçèòèâí³ çì³íè íå ñïîñòåð³ãàëè-
ñÿ ïðè  ïîïåðåäíüîìó çàñòîñóâàíí³ ³íã³á³òîðà
ÃÎ-1. Òàêèì ÷èíîì, ñë³ä ââàæàòè, ùî: ïî-ïåð-
øå, ïðè ³øåì³¿ - ðåïåðôóç³¿ ì³îêàðäà â³äáó-
âàºòüñÿ åêñïðåñ³ÿ  ³íäóöèáåëüíî¿ ³çîôîðìè ãå-
ìîêñèãåíàçè òà, î÷åâèäíî, ï³äñèëåííÿ óòâîðåííÿ

Ãåìîêñèãåíàçà òà ìîíîîêñèä âóãëåöþ



83ISSN 0201-8489    Ô³ç³îë. æóðí., 2002, Ò. 48, ¹ 5

¿¿ ïîõ³äíèõ; ïî-äðóãå, öåé ïðîöåñ, ïåâíîþ
ì³ðîþ, ïðèçâîäèòü äî çàõèñòó ñåðöÿ â³ä ïî-
øêîäæóâàëüíî¿ ä³¿ ³øåì³¿ òà ðåïåðôóç³¿. Çà-
õèñíó ä³þ ³íäóêö³¿ ÃÎ-1 ïîêàçàíî òàêîæ ïðè
³øåì³¿ - ðåïåðôóç³¿ íèðîê [44, 49]. Ó ë³òåðà-
òóð³ òàêîæ º â³äîìîñò³ ïðî ïðîòåêòèâíó ä³þ
ÃÎ-1 ó ëåãåíÿõ. ²íäóêö³ÿ ÃÎ-1 ïîêàçàíî ïðè
àñòì³, ãîñòðîìó çàïàëåíí³ ëåãåíü, õðîí³÷íèõ
îáñòðóêòèâíèõ çàõâîðþâàííÿõ ëåãåíü òà ïëåâ-
ðèò³ [36, 41, 69, 101, 102]. Á³ëüø³ñòü äîñë³ä-
íèê³â ó öèõ âèïàäêàõ íàñàìïåðåä ï³äêðåñ-
ëþþòü öèòîïðîòåêòèâí³ åôåêòè, ÿê³ ñóïðî-
âîäæóþòü ³íäóêö³þ ÃÎ-1. ²n vitro ïðè âèêî-
ðèñòàíí³ ìîäåëåé îêèñíîãî ñòðåñó ç³ ñò³éêîþ
åêñïðåñ³ºþ ÃÎ-1 â åï³òåë³àëüíèõ êë³òèíàõ
ëåãåíü, Lee òà ñï³âàâ. [41] äîâåëè ï³äâèùåí-
íÿ ðåçèñòåíòíîñò³ êë³òèí åï³òåë³þ ëåãåíü äî
ã³ïåðîêñè÷íèõ ïîøêîäæåíü. Íà ïîä³áíèé çà-
õèñíèé åôåêò âêàçóº Suttner òà ñï³âàâ. íà
êë³òèíàõ ëåãåíü åìáð³îí³â ùóð³â, ùî ï³ääà-
âàëèñÿ âëèâó ã³ïåðîêñ³¿ [91]. Yamada òà
ñï³âàâ. íà êóëüòóð³ åï³òåë³àëüíèõ êë³òèí òðà-
õå¿ ëþäèíè òàêîæ ïîêàçàëè, ùî ³íäóêö³ÿ ÃÎ-
1, ùî âèíèêàº ïðè çàñòîñóâàíí³ ãåì³íó, çà-
áåçïå÷óº çàõèñò êë³òèí â³ä îêèñíèõ ïîø-
êîäæåíü, âèêëèêàíèõ ïåðåêèñîì âîäíþ, â³ðî-
ã³äíî ÷åðåç ä³þ ïðîäóêòó ÃÎ - á³ë³ðóá³íó [100].

Ïðè ïîÿñíåíí³ çàõèñíî¿ ä³¿ åêñïðåñ³¿
ÃÎ-1 ðîçãëÿäàºòüñÿ äåê³ëüêà ìåõàí³çì³â:
1 - âèäàëåííÿ ãåìó, ÿêèé ìàº ïðîîêñèäàíòí³
âëàñòèâîñò³, ïðèçâîäèòü äî çìåíøåííÿ óòâîðåí-
íÿ ã³äðîêñèëüíîãî ðàäèêàëó  ³, òàêèì ÷èíîì,
çàáåçïå÷óº çìåíøåííÿ ïîøêîäæåííÿ êë³òèí;
2 - ìîíîîêñèä âóãëåöþ, ä³þ÷è ÿê âàçîäèëàòà-
òîð [30, 39, 92, 99], ìîæå â³ä³ãðàâàòè âàæëèâó
ðîëü ó ï³äòðèìàíí³ ö³ë³ñíîñò³ êë³òèí òà çáåðå-
æåíí³ ¿õ ôóíêö³é ïðè òàêèõ ïàòîëîã³÷íèõ ñòà-
íàõ, ÿê ³øåì³ÿ [47]; 3 - á³ë³âåðäèí òà á³ë³ðóá³í
ìàþòü àíòèîêñèäàíòí³ âëàñòèâîñò³ òà ä³þòü ÿê
åôåêòèâí³ ïàñòêè â³ëüíèõ ðàäèêàë³â [4, 88].

Ñòîñîâíî ïåðøîãî ìåõàí³çìó, â³äîìî, ùî
âèõ³ä ³îí³â â³ëüíîãî çàë³çà íà ïåðøîìó åòàï³
ðóéíóâàííÿ ãåìó ìîæå ïðèçâîäèòè äî ïîñè-
ëåííÿ ïðîöåñ³â ïåðåêèñíîãî îêèñíåííÿ ë³ï³ä³â
[71, 96]. Äâà â³ëüíèõ åëåêòðîíè Fe2+ ìàþòü
çäàòí³ñòü ñïðèÿòè óòâîðåííþ íàéá³ëüø ðåàê-
ö³éíîãî ã³äðîêñèëüíîãî ðàäèêàëó (ÍÎ.),

êàòàë³çóþ÷è ðåàêö³¿ Ôåíòîíà (1) òà Õàáåð -
Âàéñà (2):

   Fe2+

H2O2
.   HO. + OH- + Fe3+     (1)

                                  Fe2+

O2
-   + H2O2

.   O2 + HO. + OH-  (2)

²çîëÿö³ÿ Fe2+ ó çàë³çîçàïàñàþ÷îìó á³ëêó
ôåðèòèí³ äîçâîëÿº áåçïîñåðåäíüî çíèæóâàòè
ïðîîêñèäàíòíèé ñòàí êë³òèíè çà äîïîìîãîþ
øâèäêîãî âèäàëåííÿ ³îí³â â³ëüíîãî çàë³çà [3,
5]. Eisenstein òà ñï³âàâ. âèÿâèëè, ùî âì³ñò
ôåðèòèíó ï³äâèùóºòüñÿ ç ïîñèëåííÿì àêòèâ-
íîñò³ ÃÎ-1 òà çíèæóºòüñÿ ïðè ¿¿ ³íã³áóâàíí³
[25]. Vile òà Tyrrel [95] ïîêàçàëè, ùî ïðè
îêèñíîìó ñòðåñ³, ÿêèé âèêëèêàºòüñÿ óëüòðà-
ô³îëåòîâèì âèïðîì³íþâàííÿì, âì³ñò ôåðèòè-
íó ï³äâèùóºòüñÿ, à Balla ç³ ñï³âàâò. [3], òà-
êîæ íà ìîäåë³ îêèñíîãî ñòðåñó, ïîêàçàëè, ùî
³íäóêö³ÿ ñèíòåçó ôåðèòèíó ìàº öèòîïðîòåê-
òèâíèé õàðàêòåð. Otterbein òà ñï³âàâ. [70]
ç�ÿñóâàëè, ùî ïðè áëîêàä³ óòâîðåííÿ ôåðè-
òèíó åêçîãåííèì õåëàòîðîì çàë³çà - äåçôå-
ðîêñàì³íîì, çàõèñíîãî åôåêòó ïðè ³íäóêö³¿
ÃÎ-1 íå ñïîñòåð³ãàºòüñÿ. Ç ³íøèõ ïîâ³äîì-
ëåíü [4, 5] ä³çíàºìîñÿ, ùî åêñïðåñ³ÿ ÃÎ-1
òàêîæ ïîñèëþº ¿¿ âçàºìîä³þ ç òàê çâàíîþ �Fe-
ÀÒÔ-àçîþ� åíäîïëàçìàòè÷íîãî ðåòèêóëóìà.
Öåé íåäàâíî âèÿâëåíèé ñïåöèô³÷íèé ïåðåíîñ-
íèê çàë³çà, ùî, â³ðîã³äíî, íàëåæèòü äî Ð-
òèïó ÀÒÔ-àç, ëîêàë³çóºòüñÿ ðàçîì ç ÃÎ-1 òà,
ÿê ââàæàþòü, îáìåæóº âíóòð³øíüîêë³òèííèé
âì³ñò çàë³çà, ÿê ò³ëüêè ïîñèëþºòüñÿ àêòèâí³ñòü
ÃÎ-1. Òàêèé ë³ì³òóþ÷èé åôåêò ìîæå áóòè
îñîáëèâî âàæëèâèì ïðè ï³äâèùåíí³ âì³ñòó
ãåìó, ÿêèé, ó ñâîþ ÷åðãó, ïðèçâîäèòü äî ïî-
ñèëåííÿ àêòèâíîñò³ ÃÎ-1 ³, òàêèì ÷èíîì, - äî
ãåíåðàö³¿ âèñîêèõ êîíöåíòðàö³é âíóòð³øíüî-
êë³òèííîãî â³ëüíîãî çàë³çà. Çäàòí³ñòü êë³òèí
åêñïðåñóâàòè ÃÎ-1 òà ïîñèëþâàòè ¿¿ âçàºìî-
ä³þ ç �Fe-ÀÒÔ-àçîþ� äëÿ çíèæåííÿ âì³ñòó
çàë³çà íåùîäàâíî äîçâîëèëà äåÿêèì äîñë³ä-
íèêàì ïðèïóñòèòè ³ñíóâàííÿ âàæëèâîãî àí-
òèàïîïòîòè÷íîãî åôåêòó ÃÎ-1 [11, 74, 84].

²íøèé ïðîäóêò ÃÎ � ìîíîîêñèä âóãëå-
öþ (ÑÎ) çäàâíà ââàæàâñÿ òîêñè÷íèì àãåí-
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òîì, îñê³ëüêè â³í ïåðåøêîäæàº íàäõîäæåí-
íþ êèñíþ ó êë³òèíè òà òêàíèíè. Ùå ó 1857 ð.
Claude Bernard îïèñàâ ñïîð³äíåí³ñòü ÑÎ äî
ãåìîãëîá³íó ³, òàêèì ÷èíîì, ³í³ö³þâàâ äîñë³-
äæåííÿ, ÿê³ äàëè çìîãó â³äíåñòè ÑÎ äî êàòå-
ãîð³¿ îòðóò òà òîêñèí³â, êóäè ï³çí³øå áóëî
çàðàõîâàíî ìèø,ÿê, í³êîòèí òà îï³é. Ëèøå ó
1927 ð. Nicloux óñòàíîâèâ, ùî ÑÎ ìîæå óò-
âîðþâàòèñÿ â îðãàí³çì³. Ïåðø³ äîâåäåííÿ
âïëèâó ÑÎ íà ñóäèíè áóëî ïðåäñòàâëåíî
Duke òà Killick ùå ó 1952 ð. [24]. Àâòîðè
ïîêàçàëè ùî çà íàÿâíîñò³ ÑÎ ñïîñòåð³ãàºòüñÿ
çíèæåííÿ îïîðó ëåãåíåâèõ ñóäèí, îäíàê äî
ïî÷àòêó 90-õ ðîê³â ìèíóëîãî ñòîð³÷÷ÿ íå áóëî
â³äîìî, ùî ðîçøèðåííÿ ñóäèí, ³íäóêîâàíå
ÑÎ, ìîæå â³ä³ãðàâàòè ô³ç³îëîã³÷íó ðîëü. Ó
1970 ð. Íüþ-éîðêñüêà Àêàäåì³ÿ íàóê ïðîâå-
ëà ñèìïîç³óì, ÿêèé áóëî ïðèñâÿ÷åíî ô³ç³îëî-
ã³÷íèì åôåêòàì ÑÎ, îäíàê ³ òîä³ îñòàíí³é
ðîçãëÿäàâñÿ ïåðåâàæíî ÿê òîêñè÷íèé àãåíò. ²
ëèøå â îñòàíí³ ðîêè âèÿâëåíî âàæëèâ³ ô³ç³î-
ëîã³÷í³ âëàñòèâîñò³ ö³º¿ ñóáñòàíö³¿, ÿêà äîñèòü
äîâãî ðîçãëÿäàëàñÿ ëèøå ç íåãàòèâíîãî áîêó.
Ïðè âèñîêèõ êîíöåíòðàö³ÿõ ÑÎ º ñìåðòåëü-
íî òîêñè÷íèì. Îäíàê îñòàíí³ äîñë³äæåííÿ
[86] äîâåëè, ùî â äóæå íèçüêèõ êîíöåíòðà-
ö³ÿõ [89] ÑÎ ìàº ³íø³ âïëèâè íà ôóíêö³¿
êë³òèí, ùî ï³äêðåñëþº íåîáõ³äí³ñòü ïåðåãëÿ-
äó éîãî ðîë³.

Äåÿê³ àâòîðè çàñâ³ä÷óþòü, ùî àêòèâàö³ÿ
ÃÎ º îäíèì ³ç îñíîâíèõ øëÿõ³â óòâîðåííÿ
ÑÎ â îðãàí³çì³ òà ùî öÿ ñóáñòàíö³ÿ ìîæå ðå-
ãóëþâàòè ñóäèííèé òîíóñ, à òàêîæ  âèêîíó-
âàòè ðîëü íåéðîòðàíñì³òåðà [15, 30, 80, 82,
86, 94]. ª íîâ³ äîêàçè òîãî, ùî ÑÎ, ïî-
ä³áíî äî îêñèäó àçîòó (NO), êîòðèé ä³º ÿê
ñèãíàëüíà ìîëåêóëà, òàêîæ ìîæå âèêîíóâà-
òè âàæëèâ³ á³îëîã³÷í³ ôóíêö³¿ [15, 30, 82, 99].
Åôåêòè ÑÎ îïîñåðåäêîâóþòüñÿ ÷åðåç àêòè-
âàö³þ ðîç÷èííî¿ ãóàí³ëàòöèêëàçè çà äîïîìî-
ãîþ çâ�ÿçóâàííÿ ÑÎ ç ãåìîâîþ ÷àñòèíîþ öüîãî
ôåðìåíòó òà íàñòóïíèì óòâîðåííÿì öÃÌÔ,
ñòèìóëÿö³þ ð³çíèõ òèï³â êàë³ºâèõ êàíàë³â òà
³íã³áóâàííÿ öèòîõðîì Ð450-çàëåæíî¿ ñèñòåìè
ìîíîîêñèãåíàçè ó ãëàäåíüêîì�ÿçîâèõ êë³òè-
íàõ ñóäèí [9, 15, 30, 61; 99]. Îäíàê åôåêòè
ÑÎ íà ñóäèíè ó 50-100 ðàç³â ìåíø ïîòóæí³,

í³æ òàê³ ñàì³ ó NÎ, ùî òàêîæ ãðóíòóþòüñÿ
íà çäàòíîñò³ àêòèâóâàòè ðîç÷èííó ãóàí³ëàò-
öèêëàçó � ñï³ëüíîãî ìåä³àòîðà öèõ ìîëåêóë
ó ìîäóëÿö³¿ ðîçñëàáëåííÿ ãëàäåíüêîì�ÿçîâèõ
êë³òèí òà ðîçøèðåíí³ ñóäèí [4, 99]. Ïðîòå
ñë³ä çàçíà÷èòè, ùî â³äíîñíî ìåíøà çäàòí³ñòü
ÑÎ çâ�ÿçóâàòè ãóàí³ëàòöèêëàçó ìîæå áóòè
çíà÷íîþ ì³ðîþ êîìïåíñîâàíà, îñê³ëüêè NO
íàäçâè÷àéíî ðåàêòèâíèé òà ëàá³ëüíèé, à ÑÎ
õ³ì³÷íî á³ëüø ñòàá³ëüíèé. Íà â³äì³íó â³ä NO,
ÑÎ âçàºìîä³º âèêëþ÷íî ç ãåìîì ³, òàêèì ÷è-
íîì, ìîæå íàêîïè÷óâàòèñÿ ó êë³òèí³. Ñë³ä
òàêîæ âðàõîâóâàòè ³ âçàºìîä³þ NO òà ÑÎ,
ÿêà ìîæå äàâàòè ñâ³é âíåñîê ó ðåãóëÿö³þ òî-
íóñó ñóäèí.  Ïîêàçàíî, ùî NO àêòèâóº ÃÎ,
ñòèìóëþþ÷è óòâîðåííÿ ÑÎ. Îäíàê ÑÎ, ó
ñâîþ ÷åðãó, ìîæå ³íàêòèâóâàòè NO-ñèíòàçó,
âèêëèêàþ÷è çìåíøåííÿ óòâîðåííÿ NO [18,
92, 99]. Ó ðîáîò³ Xue òà ñï³âàâ. íà êë³òèíàõ
òðàíñãåííèõ ìèøåé, ïîçáàâëåíèõ ãåí³â íåé-
ðîíàëüíî¿ NO-ñèíòàçè òà ÃÎ-2 (nNOS(-/-)
òà ÃÎ-2(-/-)), ïîêàçàíî, ùî áåç óòâîðåííÿ
ÑÎ ñèñòåìà îêñèäó àçîòó íå ìîæå íîðìàëüíî
ôóíêö³îíóâàòè, òîä³ ÿê çàñòîñóâàííÿ åêçîãåí-
íîãî ÑÎ â³äíîâëþº ¿¿ ä³ÿëüí³ñòü [106]. ÑÎ
òàêîæ ìîæå ìàòè òàê³ ïðîòèçàïàëüí³ âëàñòè-
âîñò³, ÿê ïðèãí³÷åííÿ àêòèâíîñò³ òà àãðåãàö³¿
òðîìáîöèò³â ÷åðåç àêòèâàö³þ ãóàí³ëàòöèêëà-
çè òà óòâîðåííÿ öÃÌÔ. Êð³ì òîãî ïîêàçàíî,
ùî çàñòîñóâàííÿ åêçîãåííîãî ÑÎ ó äóæå íèçü-
êèõ êîíöåíòðàö³ÿõ ìîæå ïðîÿâëÿòè çàõèñíèé
âïëèâ ïðè ìîäåëþâàíí³ ïàòîëîã³÷íèõ ïðîöåñ³â
ó ëåãåíÿõ ìèøåé òà ùóð³â [67, 69]. Â îñòàíí³
ðîêè òàêîæ ç�ÿâèëèñÿ ïîâ³äîìëåííÿ, ùî àí-
òèàïîïòîòè÷íà ä³ÿ ÃÎ-1 òàêîæ ïîâ�ÿçàíà ç
åôåêòàìè ÑÎ [8, 73].

Ùå îäíèì øëÿõîì öèòîïðîòåêòèâíî¿ ä³¿
ÃÎ º óòâîðåííÿ òà âïëèâ á³ë³âåðäèíó òà á³ë³ðó-
á³íó. Ðåäîêñ-öèêëè á³ë³ðóá³íó ìîæóòü áóòè
ïàñòêàìè äëÿ ðåàêòèâíèõ âèä³â êèñíþ, çàõè-
ùàþ÷è êë³òèíè â³ä îêèñíîãî ñòðåñó. Á³ë³ðóá³í
- ïîòóæíèé àíòèîêñèäàíò, ÿêèé âçàºìîä³º ç
â³ëüíèìè ðàäèêàëàìè êèñíþ ç óòâîðåííÿì
á³ë³âåðäèíó. Ôåðìåíò á³ë³âåðäèíðåäóêòàçà
øâèäêî â³äíîâëþº éîãî äî á³ë³ðóá³íó, âèêî-
ðèñòîâóþ÷è ÍÀÄÍ àáî ÍÀÄÔÍ ÿê äîíîð
åëåêòðîí³â (ðèñ.2.). Á³ë³ðóá³í º íàéïîøèðå-
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í³øèì àíòèîêñèäàíòîì ó òêàíèíàõ ññàâö³â,
â³í ñêëàäàº íàéá³ëüøó ÷àñòèíó àíòèîêñèäàí-
òíî¿ àêòèâíîñò³ ïëàçìè êðîâ³ ëþäèíè [33].
Çà äàíèìè Stocker òà ñï³âàâò. öåé ïðîäóêò
ãåìîêñèãåíàçíî¿ ðåàêö³¿ ó ìîçêó ïðîÿâëÿº ïî-
òóæí³ àíòèîêñèäàíòí³ âëàñòèâîñò³, ä³þ÷è ÿê
ñêàâåíäæåð ðàäèêàë³â êèñíþ òà íå ïîñòóïà-
þ÷èñü çà åôåêòèâí³ñòþ α-òîêîôåðîëó [88].
Îäíàê á³ë³ðóá³í òàêîæ â³äîìèé ÿê ïîòåíö³é-
íî òîêñè÷íèé àãåíò, ÿêèé íàêîïè÷óþºòüñÿ ó
ïëàçì³ êðîâ³ íîâîíàðîäæåíèõ òà âèêëèêàº ó
íèõ öåðåáðîòîêñè÷íó ÿäåðíó æîâòÿíèöþ. Àëå
ç ³íøîãî áîêó, æîâòÿíèöÿ íîâîíàðîäæåíèõ
ìîæå ìàòè çàõèñíèé åôåêò ïðè ïåðøîìó êîí-
òàêò³ äèòèíè ç íåñòåðèëüíèì ñåðåäîâèùåì [33,
55]. Vachharajani òà ñï³âàâò. [93] â åêñïåðè-
ìåíòàõ ç ïîñèëåííÿì åêñïðåñ³¿ ÃÎ-1 ó ð³çíèõ
ñóäèíàõ ïðè âèêîðèñòàíí³ ë³ïîïîë³ñàõàðèäó
òà çàñòîñóâàíí³ á³ë³âåðäèíó äîâåëè, ùî ê³íöå-
âèé ïðîäóêò ïåðåòâîðåííÿ á³ë³âåðäèíó -  á³ë³-
ðóá³í ìîæå ìîäåëþâàòè çàïàëüíèé ïðîöåñ.
Ó ïðàö³ Clark òà ñï³âàâò. ïîêàçàíî, ùî ³íäóê-
ö³ÿ ÃÎ-1 òà ïîâ�ÿçàíå ç íåþ ï³äâèùåííÿ âì³ñòó

êàðä³àëüíîãî á³ë³ðóá³íó çàõèùàþòü ì³îêàðä
â³ä ³øåì³÷íî - ðåïåðôóç³éíèõ ïîøêîäæåíü,
çìåíøóþ÷è ðîçì³ð ³íôàðêòó òà ïîêðàùóþ÷è
â³äíîâëåííÿ ñåðöåâèõ ôóíêö³é. Êð³ì òîãî, åê-
çîãåííèé á³ë³ðóá³í ó êîíöåíòðàö³¿ 100 íìîëü/ë
ñóòòºâî ïîë³ïøóâàâ â³äíîâëåííÿ ñåðöåâèõ ôóíê-
ö³é, çìåíøóâàâ ðîçì³ð ³íôàðêòó òà ïîøêîä-
æåííÿ ì³òîõîíäð³é ïðè ðåïåðôóç³¿ [14]. Äàí³
öèõ àâòîð³â ïåðåêîíëèâî äîâîäÿòü âàæëèâ³ñòü
ðîë³ äåðèâàòó ÃÎ-1 - á³ë³ðóá³íó ó çàõèñò³ ì³î-
êàðäà â³ä ðåïåðôóç³éíèõ ïîøêîäæåíü. Çà
äàíèìè Baranano [4] á³ë³ðóá³í ó íàíîìî-
ëÿðí³é êîíöåíòðàö³¿ çàõèùàº íåðâîâ³ êë³òè-
íè â³ä îêèñíþâàëüíèõ ïîøêîäæåíü ïðè ¿õ
êóëüòèâóâàíí³ ç ì³êðîìîëÿðíèìè êîíöåíòðà-
ö³ÿìè ïåðåêèñó âîäíþ. Dore òà ñï³âàâ. òà-
êîæ ïîêàçàëè, ùî á³ë³ðóá³í ïðîÿâëÿº öèòîï-
ðîòåêòèâí³ âëàñòèâîñò³ ïðè âèêîðèñòàíí³ ìî-
äåë³ îêèñíîãî ïîøêîäæåííÿ íåéðîí³â ïåðå-
êèñîì âîäíþ [21].

Âîäíî÷àñ ñë³ä çàçíà÷èòè, ùî ìåõàí³çìè,
çà äîïîìîãîþ ÿêèõ àêòèâàö³ÿ ÃÎ-1 òà ¿¿ ïîõ³ä-
í³ ìîæóòü îïîñåðåäêîâóâàòè ñâî¿ öèòîïðîòåê-
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òèâí³ âëàñòèâîñò³, ïîêè ùî îñòàòî÷íî íå ç�ÿ-
ñîâàí³. Òîìó äîñë³äæåííÿ ðîë³ êàòàë³òè÷íèõ
ïðîäóêò³â ÃÎ, ÿê³ íàçâàíî âèùå, ìîæóòü áóòè
ïåðñïåêòèâíèìè.

Ñë³ä òàêîæ çàçíà÷èòè, ùî áóëî á ïî-
ìèëêîâèì ââàæàòè ùî åêñïðåñ³ÿ ÃÎ-1 ìàº
âèêëþ÷íî ïîçèòèâíå çíà÷åííÿ. ¯¿ ïîñèëåííÿ
ïðè ïàòîëîã³÷íèõ ñòàíàõ, ÿê³ ââàæàþòüñÿ ïî-
òåíö³éíî ïîøêîäæóâàëüíèìè, ëèøàº â³äêðè-
òèì ïèòàííÿ ïðî ôóíêö³îíàëüíó ðîëü öüîãî
ôåðìåíòó òà éîãî ó÷àñòü ó ðîçâèòêó çàõâî-
ðþâàíü [81]. Â³äîìî, ùî ïîñèëåííÿ ³íäóêö³¿
ÃÎ-1 ñóïðîâîäæóº ãîñòðó íèðêîâó íåäîñòàò-
í³ñòü [62, 63], àòåðîñêëåðîç [84, 97], ³øåì³þ
ì³îêàðäà òà çàõâîðþâàííÿ ñåðöåâî-ñóäèííî¿
ñèñòåìè [52], ã³ïåðòåíç³þ [37], ³øåì³þ - ðå-
ïåðôóç³þ òà â³äòîðãíåííÿ òðàíñïëàíòàòà [1,
87], ïîøêîäæåííÿ ñïèííîãî ìîçêó [53], õâî-
ðîáó Àëüöãåéìåðà [77, 85], ñåïñèñ òà åíäî-
òîêñåì³þ [22, 103], ãîñòðèé ïàíêðåàòèò [83],
ÑÍ²Ä [42], ã³ïåðîêñè÷í³ ïîøêîäæåííÿ ëåãåíü
[41], ã³ïîêñè÷í³ ïîøêîäæåííÿ [10], àñòìó
[36], õðîí³÷í³ îáñòðóêòèâí³ çàõâîðþâàííÿ
ëåãåíü [10], çàë³çîäåô³öèòíó àíåì³þ [76],
ïëåâðèò [102], ðåòèíîïàò³¿ [12], øëóíêîâî-
êèøêîâ³ çàõâîðþâàííÿ [35], ðàê [19] òà çàõ-
âîðþâàííÿ åíäîêðèííî¿ ñèñòåìè [35]. Geddes
òà ñï³âàâ. [31] íà íåéðîíàõ ã³ïïîêàìïà ïîêà-
çàëè, ùî åêñïðåñ³ÿ ìÐÍÊ ÃÎ-1 ïîñèëþºòüñÿ
ï³ñëÿ êîðîòêî¿ ãëîáàëüíî¿ ³øåì³¿, ó òîé ÷àñ,
ÿê ð³âåíü åêñïðåñ³¿ ÃÎ-2 íå çì³íþºòüñÿ íàâ³òü
ï³ñëÿ òðèâàëî¿ ³øåì³¿. Àâòîðè ïðèïóñêàþòü,
ùî ïîñèëåííÿ åêñïðåñ³¿  ÃÎ-1 ï³ñëÿ ³øåì³¿
ìîæå áðàòè ó÷àñòü íå ëèøå ó çàõèñò³ êë³òèí
â³ä îêèñíîãî ñòðåñó, àëå òàêîæ ñïðèÿòè íà-
ñòóïí³é äåãðàäàö³¿ íåéðîí³â. Îäí³ºþ ç âàæ-
ëèâèõ îñîáëèâîñòåé ä³¿ ÃÎ-1, áåçïåðå÷íî, º
âèäàëåííÿ íàäëèøêîâî¿ ê³ëüêîñò³ ãåìó, ÿêèé
âèâ³ëüíþºòüñÿ ç ãåìîïðîòå¿í³â ïðè ð³çíèõ ïàòî-
ëîã³÷íèõ ñòàíàõ. Îñê³ëüêè â³ëüíèé ãåì ìàº
ïîòóæí³ öèòîòîêñè÷í³ âëàñòèâîñò³ [2], ðóé-
íóâàííÿ ö³º¿ ìîëåêóëè ãåìîêñèãåíàçîþ º âàæ-
ëèâèì ô³ç³îëîã³÷íèì ïðîöåñîì, ÿêèé ñëóãóº
äëÿ éîãî äåòîêñèêàö³¿ ó êë³òèíàõ. Îäíàê ä³ÿ
ÃÎ-1, â³ðîã³äíî, öèì íå îáìåæóºòüñÿ. ̄ ¿ ñêëàä-
í³ñòü âèçíà÷àºòüñÿ äâîÿêèì åôåêòîì ê³íöå-
âèõ ïðîäóêò³â ðåàêö³é êàòàáîë³çìó ãåìó. Îê-

ð³ì íàâåäåíèõ ïîçèòèâíèõ åôåêò³â ÑÎ òà
á³ë³ðóá³íó, êîæíèé ³ç íèõ ìàº é ³íø³ âëàñòè-
âîñò³. ßê óæå çãàäóâàëîñÿ, ³îíè â³ëüíîãî çà-
ë³çà (Fe2+) íå ëèøå ³íäóêóþòü åêñïðåñ³þ ôå-
ðèòèíó, à é ïîòåíö³þþòü óòâîðåííÿ â³ëüíèõ
ðàäèêàë³â [96]. Àëå ÷è º âèâ³ëüíåííÿ Fe2+

øê³äëèâèì ÷è í³, â îñòàòî÷íîìó ï³äñóìêó,
çàëåæèòü â³ä íåñò³éêîãî áàëàíñó ì³æ äâîìà
ôàêòîðàìè � ê³ëüê³ñòþ Fe2+, ùî óòâîðþºòü-
ñÿ ïðè ðóéíóâàíí³ ãåìó, òà ³íäóêö³ºþ àïî-
ôåðèòèíó. Ìîíîîêñèä âóãëåöþ, ÿêèé º íå-
îáõ³äíèì ó÷àñíèêîì ñèãíàëüíî¿ òðàíñäóêö³¿
òà ïîòåíö³éíèì âàçîäèëàòàòîðîì, ç ³íøîãî
áîêó, ìîæå áëîêóâàòè ãåìîïðîòå¿íè [27]. Àíòè-
îêñèäàíò á³ë³ðóá³í çà äåÿêèõ îáñòàâèí ïîðó-
øóº ö³ë³ñí³ñòü á³îìåìáðàí òà ñòàº öèòîòîê-
ñè÷íèì [55]. ßê ñâ³ä÷àòü äàí³ ë³òåðàòóðè, òàêà
ïîäâ³éí³ñòü õàðàêòåðèçóº âñ³ ôóíêö³îíàëüí³
âëàñòèâîñò³ ÃÎ-1 (ðèñ. 3), òîìó äëÿ êîæíîãî
êîíêðåòíîãî âèïàäêó âàæêî ïðîãíîçóâàòè
ê³íöåâèé ðåçóëüòàò ïîñèëåííÿ åêñïðåñ³¿ òà
àêòèâíîñò³ ÃÎ-1.  Î÷åâèäíî, öå çàëåæèòü â³ä
ñòàíó êë³òèíè òà ð³âíÿ åêñïðåñ³¿ ÃÎ-1. Ï³ä-
òâåðäæåííÿì öüîãî ïðèïóùåííÿ ñëóãóþòü
åêñïåðèìåíòè Suttner òà Dennery [90], ÿê³
äîñë³äæóâàëè âïëèâ ð³çíèõ ð³âí³â åêñïðåñ³¿
ÃÎ-1. Âîíè ç�ÿñóâàëè, ùî íèçüê³ ¿¿ ð³âí³ (ó
2-5 ðàç³â âèù³ â³ä êîíòðîëþ) ìàþòü ïðîòåê-
òèâí³ íàñë³äêè; ïîì³ðíå ïîñèëåííÿ åêñïðåñ³¿
ôåðìåíòó (ó 10-15 ðàç³â) íå âïëèâàº íà ïî-
øêîäæåííÿ êë³òèí, ÿê³ ñïðè÷èíþþòüñÿ,
çîêðåìà ã³ïîêñ³ºþ, à íàäì³ðíå ¿¿ ïîñèëåííÿ
(á³ëüø í³æ ó 15 ðàç³â) ôàêòè÷íî çá³ëüøóº
ïîøêîäæåííÿ. Êð³ì òîãî, àâòîðè äîâåëè, ùî
íàäì³ðí³ ð³âí³ åêñïðåñ³¿ ÃÎ-1 º ïðè÷èíîþ
ñóïóòíüîãî çá³ëüøåííÿ ê³ëüêîñò³ âíóòð³øíüî-
êë³òèííîãî â³ëüíîãî çàë³çà. Òàêèì ÷èíîì,
ïîì³ðíà ³íäóêö³ÿ ÃÎ-1 ìîæå áóòè ïîçèòèâ-
íîþ äëÿ âèæèâàííÿ êë³òèíè, òîä³ ÿê íàä-
ì³ðíà ³íäóêö³ÿ ÃÎ-1, íàâïàêè, ìîæå çì³íþ-
âàòè ¿¿ åôåêòè íà ïðîòèëåæí³. Ïðè âè-
êîðèñòàíí³ åêñïåðèìåíòàëüíèõ ìîäåëåé ãîñ-
òðî¿ íèðêîâî¿ íåäîñòàòíîñò³ Nath òà ñï³âàâò.
[64] ïîêàçàëè, ùî ïîñèëåííÿ åêñïðåñ³¿ ÃÎ-1
â 2-4 ðàçè â³ä êîíòðîëþ º ä³àïàçîíîì çàõèñ-
íî¿ ä³¿. Îäíàê ÷è º ö³ ð³âí³ åêñïðåñ³¿ ÃÎ-1
ïðîòåêòèâíèìè ïðè ³íøèõ ïàòîëîã³÷íèõ ñòà-
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íàõ íåâ³äîìî. Ïîäâ³éí³ñòü ä³¿ ÃÎ-1 òà âàæ-
ëèâ³ñòü âèçíà÷åííÿ ä³àïàçîí³â ³íäóêö³¿ ôåðìåíòó
ç ïîçèòèâíèìè âïëèâàìè ïîòðåáóþòü ïîäàëü-
øèõ äîñë³äæåíü. ² õî÷à äîñÿãíóòî ïåâíîãî ïðî-
ãðåñó ó ðîçóì³íí³ ôóíêö³é ÃÎ-1, çîêðåìà ïðè
îêèñíîìó ñòðåñ³, íåîáõ³äíî ùå áàãàòî ÷àñó òà
äîñë³äæåíü äëÿ á³ëüø ÷³òêîãî âèçíà÷åííÿ ðîë³
³íäóêö³¿ ÃÎ-1 òà ¿¿ ïîõ³äíèõ ó íîðì³ òà ïàòî-
ëîã³¿. Âèçíà÷åííÿ ïîçèòèâíèõ òà ïîøêîäæó-
âàëüíèõ åôåêò³â ÃÎ-1 º âàæëèâèì ïåðñïåêòèâ-
íèì íàïðÿìêîì, îñê³ëüêè ìîæå äàòè ìîæëèâ³ñòü
âòðó÷àòèñÿ â ïàòîëîã³÷íèé ïðîöåñ çà äîïîìî-
ãîþ çì³í ð³âíÿ åêñïðåñ³¿ ÃÎ-1, âèêîðèñòîâóþ-
÷è ãåíåòè÷í³ àáî ôàðìàêîëîã³÷í³ ìåòîäè.

T.V.Kukoba, A.A.Moibenko

HEME OXYGENASE AND CARBON
MONOXIDE:  THE PROTECTION OR THE
INJURY OF THE CELLS?

Heme oxygenase (HO) catalyzes the conversion of heme
to carbon monoxide, iron, and biliverdin, which is

immediately reduced to bilirubin. Three HO active
isozymes exist: HO-1, an inducible heat shock protein
(HSP32), and HO-2 and HO-3, which are constitutive
and highly concentrated in neurons, spleen and liver.
Heme oxygenase-1 is an inducible enzyme that catalyzes
heme degradation and has been proposed to play a
role in protecting cells against oxidative stress-related
injury. The mechanism(s) of protection is not comp-
letely elucidated, although it is suggested that one or
more of the catalytic by-products provide antioxidant
functions either directly or indirectly. The role played
by heme oxygenase in tissue pathology is determined
by a delicate balance between the injurious and protec-
tive actions of heme, bilirubin, CO, and Fe2+. Autors
review the functional role of HO and its derivates in
cells biology and its real potential application to
pathological conditions.

A.A.Bogomoletz Institute of Physiology, National
Academy of Sciences of Ukraine, Kióv.

ÑÏÈÑÎÊ Ë²ÒÅÐÀÒÓÐÈ:

1. Agarwal A., Kim Y., Matas A.J. et al. Gas-gene-
rating systems in acute renal allograft rejection in
the rat: co-induction of heme oxygenase and nitric

Ðèñ. 3. Ìîæëèâ³ ìåõàí³çìè ó÷àñò³ ñèñòåìè ãåìîêñèãåíàçè (ÃÎ) ó ïîøêîäæåíí³ òà çàõèñò³ êë³òèí çà [20] :
ÑÎ � ìîíîîêñèä âóãëåöþ.

Ò. Â. Êóêîáà,  Î. Î. Ìîéáåíêî



88 ISSN 0201-8489    Ô³ç³îë. æóðí., 2002, Ò. 48, ¹ 5

oxide synthase // Transplantation. � 1996. �  61,
¹ 1. � P. 93-98.

2. Balla J., Jacob H.S., Balla G. et al. Endothelial-
cell heme uptake from heme proteins: induction
of sensitization and desensitization to oxidant
damage // Proc. Natl. Acad. Sci. USA � 1993. �
90, ¹ 20. � P. 9285-9289.

3. Balla G., Jacob H.S., Balla J. Induction of endo-
thelial ferritin: a cytoprotective antioxidant stra-
tagem of the vessel wall // J. Biol. Chem. � 1992. �
267, ¹ 25. � P.  18148-18153.

4. Barañano D.E., Snyder H.H. Neural roles for heme
oxygenase: Contrasts to nitric oxide synthase //
Proc. Natl. Acad. Sci. USA. � 2001. � 98, Issue
20, September 25. � P. 10996-11002.

5. Barañano D.E., Wolosker H., Bae B.-Il. et al.
Mammalian Iron ATPase Induced by Iron //
J. Biol. Chem. � 2000. �  275, Issue 20, May, 19. �
P. 15166-15173.

6. Battish R., Cao G-Y., Lynn R.B. et al. Heme
Oxygenase-2 distribution in anorectum: colocali-
sation with neuronal nitric oxide synthase //
Amer. J. Physiol. Gasterointest. Liver Prysiol. �
2000. � 278. � P.  G 148-G155.

7. Benjamin I.J., McMillan D.R. Stress (Heat Shock )
Proteins Molecular Chaperones in Cardiovascular
Biology and Disease // Circulat. Res. � 1998. �
83, ¹ 2. � P. 117�132.

8. Brouard S., Otterbein L.E., Anrather J. et al.
Carbon Monoxide Generated by Heme Oxygenase
1 Suppresses Endothelial Cell Apoptosis //
J. Exp. Med. � 2000. � 192, ¹ 7. � P. 1015�1026.

9. Cardell L.O., Lou Y.P., Takeyama K. et al. Carbon
monoxide, a cyclic GMP-related messenger, invol-
ved in hypoxic bronchodilation in vivo // Pulm.
Pharmacol. Therap. � 1998. � 11, ¹ 4. � P. 309-315.

10. Carraway M.S., Ghio A.J., Carter J.D. et al.
Expression of heme oxygenase-1 in the lung in
chronic hypoxia // Amer. J. Physiol. Lung.
Cell. Mol. Physiol. � 2000. �  278, ¹ 4. �
P. L806�L812.

11. Chen K., Gunter K., Maines M.D. Neurons over-
expressing heme oxygenase-1 resist oxidative stress-
mediated cell death // J. Neurochem. � 2000. �
75, ¹ 1. � P. 304�313.

12. Chen W., Hunt D.M., Lu H. et al. Expression of
antioxidant protective proteins in the rat retina
during prenatal and postnatal development //
Invest. Opthalmol. Vis. Sci. � 1999. �  40, ¹ 3. �
P. 744�751.

13. Choi, A. M.K. Heme Oxygenase-1 Protects the Heart
// Circulat.Res. � 2001. � 89, July,20. � P. 105�107.

14. Clark J.E., Foresti R.,  Sarathchandra P. et al.
Heme oxygenase-1-derived bilirubin ameliorates
postischemic myocardial dysfunction  // Amer.
J.Physiol. � 2000. �  278, Issue 2. � P. H643�H651.

15. Coceani F. Carbon Monoxide in Vasoregulation.
The Promise and the Challenge // Circulat. Res. �
2000. � 86, ¹ 12. � P. 1184 � 1186.

16. Cruse I., Maines M.D. Evidence suggesting that
the two forms of heme oxygenase are products of
different genes // J. Biol. Chem. � 1988. � 263,
¹ 7. � P.  3348-3353.

17. Csonka C., Varga E., Kovacs. P. et al. Heme
oxygenase and cardiac function in ischemic/reper-
fused rat hearts // Free Rad. Biol. Med. � 1999. �
27, ¹ 1�2. � P. 119�126.

18. Ding Y., McCoubrey W.K., Maines M.D. Interaction
of heme oxygenase-2 with nitric oxide donors // Eur.
J. Biochem. � 1999. � 264, ¹ 9. � P. 854�861.

19. Doi K., Akaike T., Fujii S. et al. Induction of
haem oxygenase-1 nitric oxide and ischaemia in
experimental solid tumours and implications for
tumour growth // Brit. J. Cancer. � 1999. �  80,
¹ 12. � P. 1945�1954.

20. Dong Z., Lavrovsky Y., Venkatachalam M.A. et
al. Heme Oxygenase-1 in Tissue Pathology // Amer.
J. Phatol. � 2000. � 156, ¹ 5. � P. 1485�1488.

21. Doré S., Takahashi M., Ferris C.D. et al.
Bilirubin, formed by activation of heme oxyge-
nase-2, protects neurons against oxidative stress
injury // Neurobiology. � 1999. � 96, Issue 5,
March 2. � P. 2445�2450.

22. Downard P.J., Wilson M.A., Spain D.A. et al.
Heme oxygenase-dependent carbon monoxide pro-
duction is a hepatic adaptive response to sepsis //
J. Surg. Res. � 1997. �  71, ¹ 1. � P. 7�12.

23. Durante W., Kroll M.H., Christodoulides N. et
al. Nitric Oxide Induces Heme Oxigenase-1 Gene
Expression and Carbon Monoxide Production in
Vascular Smooth Muscle Cells // Circulat. Res. �
1997 � 80, ¹ 4.  � P. 557-564.

24. Duke H.N., Killick E.M. Pulmonary vasomotor
responses of isolated perfused cat lungs to anoxia
// J. Physiol. � 1952. �  117. � P. 303�316.

25. Eisenstein R.S., Garcia-Mayol D., Pettingell W. et
al. Regulation of ferritin and heme oxygenase in rat
fibroblasts by different forms of iron // Proc. Natl.
Acad. Sci. USA. � 1991. -  88, ¹ 2. � P. 688-692.

26. Elbirt K.K., Whitmarsh A.J., Davis R.J. et al.
Mechanism of Sodium Arsenite-mediated Induction
of Heme Oxygenase-1 in Hepatoma Cells.  Role of
mitogen-activated protein kinases // J. Biol. Chem. �
1998. � 273, Issue 15, April 10. � P. 8922�8931.

27. Ernst A., Zibrak J.D. Carbon monoxide poisoning //
N. Engl. J. Med. � 1998. � 339, ¹ 22. � P. 1603�1608.

28. Foresti R., Clark J.E.,  Green C.J. et al. Thiol
compounds interact with nitric oxide in regulating
heme oxygenase-1 induction in endothelial cells.
Involvement of superoxide and peroxynitrite anions
// J. Biol. Chem. � 1997. �  272, Issue 7. �
P. 18411-18417.

Ãåìîêñèãåíàçà òà ìîíîîêñèä âóãëåöþ



89ISSN 0201-8489    Ô³ç³îë. æóðí., 2002, Ò. 48, ¹ 5

29. Foresti, R., Sarathchandra P., Clark J.E. et al.
Peroxynitrite induces haem oxygenase-1 in vascular
endothelial cells: a link to apoptosis // Biochem.
J. � 1999. �  339, May 1 (Pt 3). � P. 729�736.

30. Furchgott R.F., Jothianandan D. Endothelium-
dependent and independent vasodilation involving
cyclic GMP: relaxation induced by nitric oxide,
carbon monoxide and light // Blood. Vessels. �
1991. � 28, ¹ 1�3. � P. 52�61.

31. Geddes J.W., Pettigrew L.C., Holtz M.L. et al. Per-
manent focal and transient global cerebral ischemia
increase glial and neuronal expression of heme oxygenase-
1, but not heme oxygenase-2, protein in rat brain //
Neurosci. Lett. � 1996. � 210, ¹ 3. � P.205- 208.

32. Gong P., Hu B., Stewart D. et al. Cobalt induces
heme oxygenase-1 expression by a hypoxia-indu-
cible factor-independent mechanism in Chinese
hamster ovary cells: regulation by Nrf2 and MafG
transcription factors // J.Biol.Chem.�2001. � 276
(29), ¹ 8 � P. 27018�27025.

33. Gopinathan V., Miller N.J., Milner A.D. et al.
Bilirubin and ascorbate antioxidant activity in
neonatal plasma // FEBS Lett. � 1994. � 349,
¹ 2. � P. 197�200.

34. Hangaishi M, Ishizaka N, Aizawa T. et al. Induction
of heme oxygenase-1 can act protectively against
cardiac ischemia/reperfusion in vivo // Bio-
chem. and Biophys. Res. Commun. � 2000. � 279,
¹ 2. � P. 582�588.

35. Henningsson R., Alm P., Lundquist I. Occurrence
and putative hormone regulatory function of
a constitutive heme oxygenase in rat pancreatic
islets // Amer. J. Physiol. Cell. Physiol. � 1997. �
273, ¹ 2 (Pt 1). � P. C703-C709.

36. Horvath I., Donnelly L.E., Kiss A. et al. Raised
levels of exhaled carbon monoxide are associated
with an increased expression of heme oxygenase-1
in airway macrophages in asthma: a new marker
of oxidative stress // Thorax. � 1998. �  53,
¹ 8. � P. 668-672.

37. Ishizaka N., de Leon H., Laursen J.B. et al.
Angiotensin II-induced hypertension increases he-
me oxygenase-1 expression in rat aorta // Cir-
culation. � 1997. �  96, ¹ 6. � P. 1923�1929.

38. Jandl J.H. Physiology of red cells. � In:  Blood. �
textbook of hematology / Ed. J.H.Jandl. �  Boston:
Mass, 1987. � P. 89�92.

39. Johnson R.A., Lavesa M., Askari B. et al. A heme
oxygenase product, presumably carbon monoxide,
mediates a vasodepressor function in rats //
Hypertension. � 1995. � 25, ¹2. � P.166�169.

40. Keyse S.M. Tyrrell R.M. Heme oxygenase is the
major 32-KDA stress protein induced in human
skin fibroblasts by UVA radiation, hydrogen pero-
xide, and sodium arsenite // Proc. Natl. Acad.
Sci. USA. � 1989. � 86, ¹ 1. � P. 99�103.

41. Lee P.J., Alam J., Wiegand G.W. et al. Over-
expression of heme oxygenase-1 expression in human
pulmonary epithelial cells results in cell growth
arrest and increased resistance to hyperoxia //
Ibid. � 1996. � 93, ¹ 19. � P. 10393�10398.

42. Levere R.D., Staudinger R., Loewy G. et al. Elevated
levels of heme oxygenase activity and mRNA in
peripheral blood adherent cells of acquired immuno-
deficiency syndrome patients // Amer. J. Hematol. �
1993. �  43, ¹ 1. � P. 19�23.

43. Llesuy S.F., Tomaro M.L. Heme oxygenase and
oxidative stress. Evidence of involvement of biliru-
bin as physiological protector against oxidative
damage // Biochim. and  Biophys. Acta. �1994. �
1223, ¹ 1. � P. 9�14.

44. Maines M.D., Mayer R.D., Ewing J.F. et al.
Induction of kidney heme oxygenase-1 (HSP32)
mRNA and protein by ischemia/reperfusion: pos-
sible role of heme as both promotor of tissue damage
and regulator of HSP32 // J.Pharmacol. Exp.
Therap. 1993. � 264, ¹ 1. � P. 457�462.

45. Maines M.D. Heme Oxygenase: Clinical Appli-
cations and Functions. Inc. Boca Ration, FL:
Press CRC, � 1992. �  266 p.

46. Maines M.D., Panahian N. The heme oxygenase
system and cellular defense mechanisms. Do HO-1
and HO-2 have different functions? // Adv. Exp.
Med. Biol. � 2001. � 502, ¹ 2. � P. 49�72.

47. Maines M. D. The heme oxygenase system: a regulator
of second messenger gases // Ann. Rev. Pharmacol.
Toxicol. � 1997. � 37, ¹ 1. � P. 517�554.

48. Maines M.D., Trakshel G.M. Kutty R.K. Charac-
terization of two constitutive forms of rat liver
microsomal heme oxygenase: Only one molecular
species of the enzyme is inducible // J. Biol.
Chem. � 1986. � 261, ¹ 1. � P. 411�419.

49. Maines M.D., Raju V.S., Panahian N. Spin Trap
(N-t-butil-a-phenylnitrone)-Mediated Suprainduc-
tion of Heme Oxigenase-1 in Kidney Ischemia /
Reperfusion Model: Role of the Oxygenase in Pro-
tection against Oxidative Injury // Pharmaco-
logy. � 1999. �  291, ¹ 2. � P. 911�919.

50. Marber M. S., Latchman D. S., Walker J. M. et
al. Cardiac stress protein elevation 24 hours after
brief ischemia or heat stress is associated with
resistance to myocardial infarction // Circu-
lation. � 1993. � 88, ¹ 3. � P. 1264�1272.

51. Marks G.S. Heme oxygenase: the physiological role
of one of its metabolites, carbon monoxide and
interactions with zinc protoporphyrin, cobalt pro-
toporphyrin and other metalloporphyrins // Cell.
Mol. Biol. � 1994. �  40, ¹ 7. � P. 863�870.

52. Maulik N., Sharma H.S., Das D.K. Induction of
the haem oxygenase gene expression during the
reperfusion of ischemic rat myocardium  // J. Mol.
Cell. Cardiol. � 1996. �  28, ¹ 6. � P. 1261�1270.

Ò. Â. Êóêîáà,  Î. Î. Ìîéáåíêî



90 ISSN 0201-8489    Ô³ç³îë. æóðí., 2002, Ò. 48, ¹ 5

53. Mautes A.E., Kim D.H., Sharp F.R. et al. Induc-
tion of heme oxygenase-1 (HO-1) in the contused
spinal cord of the rat // Brain Res. � 1998. �
795, ¹ 1-2. � P. 17-24.

54. McCoubrey W.K., Huang T.J., Maines M.D.
Isolatoin and characterization of a cDNA from the
rat brain that encodes hemoprotein heme oxyge-
nase-3 // Eur. J. Biochem. � 1997. �  247, ¹ 2. �
P. 725-732.

55. Mireles L.C., Lum M.A., Dennery P.A. Anti-
oxidant and cytotoxic effects of bilirubin on neona-
tal erythrocytes // Pediatr. Res. 1999. �  45,
¹ 3. � P. 355�436.

56. Moray R. A relation of persons killed with subter-
raneous damps // Phil. Trans. Roy. Soc.   Lon-
don. -  1665. � 1. � P. 44-45.

57. Motterlini R., Foresti R., Bassi R. et al. Endo-
thelial Heme Oxygenase-1 Induction by Hypoxia
// J. Biol. Chem. � 2000.  -  275, Issue 18, ¹ 5. �
P. 13613�13620.

58. Motterlini R., Foresti R., Intaglietta M. et al.
Oxidative-stress response in vascular endothelial
cells exposed to acellular hemoglobin solutions //
Amer. J. Physiol. Heart Circulat. Physiol. � 1995. �
269, ¹ 2 (Pt 2). � P.  H648�H655.

59. Motterlini R., Foresti R, Intaglietta M. et al. NO-
mediated activation of heme oxygenase: endogenous
cytoprotection against oxidative stress to endo-
thelium // Ibid. � 1996 � 270, ¹ 1 (Pt 2). �
P.  H107�H114.

60. Motterlini R., Gonzales A., Foresti R. et al. Heme
oxygenase-1-derived carbon monoxide contributes
to the suppression of acute hypertensive responses
in vivo // Circulat. Res. � 1998. � 83, ¹ 9. �
P. 568�577.

61. Nathanson J.A., Scavone C., Scalon C. et al. The
cellular Na+ pump as a site of action for carbon
monoxide and glutamate: for long-term modulation
of cellular activity // Neuron.. � 1995.  � 14,
¹ 1. � P. 781�794.

62. Nath K.A., Balla G., Vercellotti G.M. et al.
Induction of heme oxygenase is a rapid protective
response in rhabdomyolysis in the rat // J. Clin.
Invest. � 1992. � 90, ¹ 1. � P. 267-270.

63. Nath K.A., Grande J.P., Croatt A.J. et al. Intra-
cellular targets in heme protein-induced renal
injury // Kidney Int. � 1998. �  53, ¹ 1. �
P. 100�111.

64. Nath K.A., Haggard J.J., Croatt A.J. et al. The
indispensability of heme oxygenase-1 (HO-1) in
protecting against acute protein-induced toxity in
vivo // Amer. Pathol. � 2000. � 156, ¹ 5  �
P. 1527�1535.

65. Ndisang J.F., Wang R., Vannacci A. et al. Haeme
oxygenase-1 and cardiac anaphylaxis // Brit. J.
Pharmacol. � 2001. � 134, ¹ 8. � P. 1689�1696.

66. Neuzil J.,  Stocker R. Free and albumin-bound
bilirubin are efficient co-antioxidants for alpha-
tocopherol, inhibiting plasma and low density
lipoprotein lipid peroxidation // J. Biol. Chem.
� 1994. � 269, ¹ 24. � P.  16712�16719.

67. Otterbein L.E., Bach F.H., Alam J. et al. Carbon
monoxide has anti-inflammatory effects involving
the mitogen-activated protein kinase pathway //
Natur. Med. � 2000. �  6, ¹ 4. � P.  422�428.

68. Otterbein L.E., Choi A.M.K. Heme oxygenase:
colors of defense against cellular stress // Amer.
J. Physiol. � 2000. - 279, Issue 6. �
P.  L1029�L1037.

69. Otterbein L.E., Kolls J.K., Mantell L.L. et al.
Exogenous administration of heme oxygenase-1 by
gene transfer provides protection against hyperoxia-
induced lung injury // J. Clin. Invest. � 1999. �
103, ¹ 7. � P. 1047�1054.

70. Otterbein L., Sylvester S.L., Choi A.M.K. Hemo-
globin provides protection against lethal endo-
toxemia in rats: the role of heme oxygenase-1 //
Amer. J.Respirat. Cell. Mol. Biol. � 1995. �  13,
¹ 5. � P.  595�601.

71. Panchenko M.V., Farber H.W., Korn J.H. Induc-
tion of heme oxygenase-1 by hypoxia and free radi-
cals in human dermal fibroblasts // Amer. J.
Physiol. � 2000. � 278, Issue 1. � P.  C92�C101.

72. Pataki T., Bak I., Csonka C. et al. Regulation of
ventricular fibrillation by heme oxygenase in ische-
mic/reperfused hearts // Antioxid. Redox. Sig-
nal. � 2001. � 3, ¹ 1. � P. 125�34.

73. Petrache I., Otterbein LE., Alam J. et al. Heme
oxygenase-1 inhibits TNF-a-induced apoptosis in
cultured fibroblast // Amer. J. Physiol. Lung Cell
Mol. Physiol. � 2000. �  278, Issue 2. � P. 312L-319.

74. Polte T., Abate A., Dennery P.A. et al. Heme
oxygenase-1 is a cGMP-inducible endothelial pro-
tein and mediates the cytoprotective action of nitric
oxide // Arterioscler. Thromb. Vascular. Biol. �
2000. �  20, ¹ 5. � P.  1209�1215.

75. Ponka P., Beaumont C., Richardson D.R. Function
and regulation of transferrin and ferritin // Semin.
Hematol. � 1998. � 35, ¹ 1. � P.  35�54.

76. Poss K.D., Tonegawa S. Reduced stress defense in
heme oxygenase-1 deficient cells // Proc. Natl. Acad.
Sci. USA. � 1997. �  94, ¹ 9. � P. 10925�10930.

77. Premkumar D.R., Smith M.A., Richey P.L. et al.
Induction of heme oxygenase-1 mRNA and protein
in neocortex and cerebral vessels in Alzheimer�s
disease // J. Neurochem. �  1995. �  65, ¹ 3 . �
P. 1399�1402.

78. Rattan S., Fan Y.P., Chakder S. Mechanism of
inhibition of VIP-induced LES relaxation by heme
oxygenase inhibitor zinc protoporphyrin IX //
Amer. J. Physiol. �  1999. �  276, ¹1 ( Pt 1). �
P. G138�45.

Ãåìîêñèãåíàçà òà ìîíîîêñèä âóãëåöþ



91ISSN 0201-8489    Ô³ç³îë. æóðí., 2002, Ò. 48, ¹ 5

79. Rizzardini M., Terao M., Falciani F. et al. Cytokine
induction of haem oxygenase mRNA in mouse li-
ver. Interleukin-1 transcriptionally activates the
haem oxygenase gene // Biochem. J.  �  1993. �
290, March 1(Pt 2). � P. 343�347.

80. Rotgers P.A., Vreman H.J., Dennery P.A. et al.
Sources of carbon monoxide (CO)  in biological
system  and applications of CO detection techno-
logies // Semin. Perinatol. � 1994. �  18, ¹ 1. �
P.  2�10.

81. Ryter S.W., Tyrrell R.M. The heme synthesis and
degradation pathways: role in oxidant sensitivity.
Heme oxygenase has both pro- and antioxidant
properties // Free Rad. Biol. Med. �  2000. � 28,
¹ 2. � P.  289�309.

82. Sammut I. A., Foresti R.,  Clark J.E. et al. Carbon
monoxide is a major contributor to the regulation
of vascular tone in aortas expressing high levels of
haeme oxygenase-1 // Brit. J. Pharmacol. �  1998. �
125, ¹ 7. � P.  1437�1444.

83. Sato H., Siow R.C., Bartlett S. et al. Expression
of stress proteins heme oxygenase-1 and -2 in acute
pancreatitis and pancreatic islet betaTC3 and
acinar AR42J cells // FEBS Lett. � 1997. �  405,
¹ 2. � P.  219�223.

84. Siow R.C.M., Sata H., Mann G.E. Heme oxygenase-
carbon monoxide signalling pathway in athero-
sclerosis: anti-atherogenic actions of bilirubin
and carbon monoxide? // Cardiovascular. Res. �
1999. � 41, ¹ 2. �  P. 385�394.

85. Smith M.A., Kutty R.K., Richey P.L.et al. Heme
oxygenase-1 is associated with the neurofibrillary
pathology of Alzheimer�s disease // Amer. J.
Pathol. � 1994. �  145, ¹ 1. � P.  42�47.

86. Snyder S.H., Jaffrey S.R., Zakhary R. Nitric oxide
and carbon monoxide: parallel roles as neural
messengers // Brain. Res. Rev. � 1998. � ¹ 2-3. �
P. 167-175.

87. Soares M.P., Lin Y., Anrather J. et al. Expression
of heme oxygenase-1 can determine cardiac xeno-
graft survival // Natur. Med. � 1998. -  4, ¹ 9. �
P. 1073�1077.

88. Stocker R., Yamamoto Y., McDonagh A.F. et al.
Bilirubin is an antioxidant of possible physio-
logical importance // Science. � 1987. �  235,
Feb. 27 (4792). � P. 1043�1046.

89. Stupfel M., Bouley G. Physiological and bioche-
mical effects on rats and mice exposed to small
concentrations of carbon monoxide for long periods
// Ann. NY Acad. Sci. � 1970. � 174, ¹ 1. �
P.  342�368.

90. Suttner D.M., Dennery P.A. Reversal of HO-1
related cytoprotection with increased expression
is due to reactive iron // FASEB J. � 1999. �  13,
¹ 13. � P. 1800�1809.

91. Suttner D.M., Sridhar K., Lee C.S. et al. P.A.
Protective effects of transient HO-1 overexpression

on susceptibility to oxygen toxicity in lung cells
// Amer. J. Physiol. Lung Cell. Mol. Physiol.  �
1999. � 276, ¹ 3 (Pt 1). � P.  L443�L451.

92. Thorup C., Jones S.L, Gross S.S. et al. Carbon
monoxide induces vasodilation and nitric oxide
release but suppresses endothelial NOS // Amer.
J. Physiol. � 1999. � 277, Issue 6. � P. F882�F889.

93. Vachharajani T.J., Work J., Sekutz A.C. et al.
Heme oxygenase modulates selectin expression in
different regional vascular beds // Amer. J. Phy-
siol. Heart Circulat. Physiol. � 2000. �  278, ¹ 5. �
P.  H1613�H1617.

94. Verma A., Hirsch D.J., Glatt C.E. et al. Carbon
monoxide: a putative neural messenger // Science. �
1993. � 259, Jan 15 (5093). � P.  381�384.

95. Vile G.F., Tyrrell R.M. Oxidative stress resulting
from ultraviolet A irradiation of human skin fibro-
blasts leads to a heme oxygenase-dependent incre-
ase in ferritin // J. Biol. Chem. � 1993. � 268,
¹ 2. � P. 14678�14681.

96. Vreman H.J., Wong R.J., Sanesi C.A. et al. Simultaneous
production of carbon monoxide and thiobarbituric
acid reactive substances in rat tissue preparations
by an iron-ascorbate system // Can. J. Physiol.
and Pharmacol. �  1998. �  76, ¹12. � P. 1057�1065.

97. Wang L.J., Lee T.S., Lee F.Y. et al. Expression of
heme oxygenase-1 in atherosclerotic lesions //
Amer. J. Pathol. � 1998. �  152, ¹ 3. � P. 711�720.

98. Wang R., Wang Z., Wu L. et al. Reduced Vaso-
relaxant Effect of Carbon Monoxide in Diabetes
and the Underlying Mechanisms // Diabetes. �
2001. � 50, ¹ 1. �  P. 166�174.

99. Wang R. Resurgence  of carbon monoxide: an
endogenous gaseous vasorelaxig factor // Can.
J. Pharmacol. � 1998. � 76, p.1. � P. 1�15.

100. Yamada N., Yamaya M., Okinaga S. et al. Pro-
tective Effects of Heme Oxygenase-1 against Oxi-
dant-Induced Injury in the Cultured Human Tra-
cheal Epithelium // Amer. J. Respirat. Cell. Mol.
Boil., � 1999. �  21, ¹ 3. � p. 428 �435.

101. Yamada N., Yamaya M., Okinaga S. et al. Micro-
satellite polymorphism in the heme oxygenase-1
gene promoter is associated with susceptibility to
emphysema // Amer. J. Hum. Genet. � 2000. �
66, ¹ 1. � P. 187�195.

102. Yachie A., Niida Y., Wada T. et al. Oxidative
stress causes enhanced endothelial cell injury in
human heme oxygenase-1 deficiency // J. Clin.
Invest. � 1999. �  103, ¹ 1. � P.  129�135.

103. Yet S.F., Pellacani A., Patterson C. et al. Induction
of heme oxygenase-1 expression in vascular smooth
muscle cells: a link to endotoxic shock // J. Biol.
Chem. -  1997. �  272, ¹ 7. � P. 4295�4301.

104. Yet S.F., Tian R., Layne M.D. et al. Cardiac-specific
expression of heme oxygenase-1 protects against
ischemia and reperfusion injury in trans-genic mice
// Circulat. Res. � 2001. �  89, ¹ 7. � P. 168�173.

Ò. Â. Êóêîáà,  Î. Î. Ìîéáåíêî



92 ISSN 0201-8489    Ô³ç³îë. æóðí., 2002, Ò. 48, ¹ 5

105. Yoshida T., Maulik N., Ho Y.S. et al. H(mox-1)
constitutes an adaptive response to effect anti-
oxidant cardioprotection: A study with transgenic
mice heterozygous for targeted disruption of the
Heme oxygenase-1 gene // Circulation. �  2001. �
103, ¹ 12. � P. 1695�1701.

106. Xue l., Farrugia G., Miller S.M. et al. Carbon
monoxide and nitric oxide as coneurotransmitters
in the enteric nervous system: evidence from geno-
mic deletion of biosynthetic enzymes // Proc.
Natl. Acad. Sci. U S A. � 2000. �  97, ¹ 4. �
P.1851�1855.

Ãåìîêñèãåíàçà òà ìîíîîêñèä âóãëåöþ

²íñòèòóò ô³ç³îëîã³¿ ³ì. Î.Î.Áîãîìîëüöÿ
ÍÀÍ Óêðà¿íè, Êè¿â

Ìàòåð³àë íàä³éøîâ äî
ðåäàêö³¿ 16.07.2002


