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Ôèáðîç � ëèìèòèðóþùåå äîçó îñëîæíåíèå
ëó÷åâîé òåðàïèè (ËÒ), ðàçâèâàþùååñÿ ïîñëå îá-
ëó÷åíèÿ îïóõîëè ïðàêòè÷åñêè ëþáîé ëîêàëèçà-
öèè. Ðàäèàöèîííûé îíêîëîã ÷àùå âñåãî âñòðå÷à-
åòñÿ ñ ðàäèîèíäóöèðîâàííûìè èçìåíåíèÿìè
êîæè è ïîäêîæíîé êëåò÷àòêè, êîòîðûå, íà ïåð-
âûé âçãëÿä, êðîìå êîñìåòè÷åñêèõ ïðîáëåì,
íå èìåþò âàæíîãî êëèíè÷åñêîãî çíà÷åíèÿ. Îäíà-
êî, íåñìîòðÿ íà «áåçîáèäíîñòü» ïîñòëó÷åâûõ
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Mechanisms of radiation fibrosis development
and possibility of  treatment

Changing in regulation of normal regenerative processes in
response to physical, chemical and biological effects of toxins
results in violation of  extracellular matrix synthesis  with
development of pathological fibrosis. The processes occurring
after irradiation have much in common with the mechanisms
of fibrotic diseases affecting the heart, skin, lungs, kidneys,
gastrointestinal tract and liver. Among the factors triggering
the mechanism of fibrosis, growth factor 1 (TGFb1), produced
by a variety of mesenchymal and epithelial cells and stimu-
lating transformation of fibroblasts and other types of cells
into myofibroblasts, has been most extensively investigated.
To initiate fibrosis, inflammation is necessary, but further
secretion of TGFb1 is irrelevant for fibrogenesis control. This
review features the role of inflammation as well as the origin
and mechanisms of activation of myofibroblasts. The contri-
bution of hypoxia and damage to the capillaries are considered
in the context of radiotherapy. A closer cooperation between
the  scientists investigating fibrosis and radiation oncologists
is promising for development and introduction of new thera-
peutic strategies for treatment and prevention of post-
radiation fibrosis.

Key words: radiation therapy, radiation damage, fibrosis,
pathogenesis.

Èçìåíåíèå ðåãóëèðîâàíèÿ íîðìàëüíûõ ðåãåíåðàòèâíûõ
ïðîöåññîâ â îòâåò íà äåéñòâèå ôèçè÷åñêèõ, õèìè÷åñêèõ è
áèîëîãè÷åñêèõ ïàòîãåííûõ ôàêòîðîâ ïðèâîäèò ê íàðóøå-
íèþ ñèíòåçà âíåêëåòî÷íîé ìàòðèöû ñ ðàçâèòèåì ïàòîëîãè-
÷åñêîãî ôèáðîçà. Ïðîöåññû, ïðîèñõîäÿùèå ïîñëå îáëó÷å-
íèÿ, èìåþò ìíîãî îáùåãî ñ ìåõàíèçìàìè ôèáðîçíûõ áîëåç-
íåé, çàòðàãèâàþùèõ ñåðäöå, êîæó, ëåãêèå, ïî÷êè, æåëóäî÷-
íî-êèøå÷íûé òðàêò è ïå÷åíü. Ñðåäè ôàêòîðîâ, çàïóñêàþ-
ùèõ ìåõàíèçì ôèáðîçà, íàèáîëåå èçó÷åííûì ÿâëÿåòñÿ ôàê-
òîð ðîñòà 1 (TGFb1), âûðàáàòûâàåìûé ðàçëè÷íûìè ìåçåí-
õèìàëüíûìè è ýïèòåëèàëüíûìè êëåòêàìè, ñòèìóëèðóþ-
ùèé òðàíñôîðìàöèþ ôèáðîáëàñòîâ è äðóãèõ òèïîâ êëåòîê
â ìèîôèáðîáëàñòû. Äëÿ èíèöèèðîâàíèÿ ôèáðîçà íåîáõîäè-
ìî âîñïàëåíèå, íî â äàëüíåéøåì ñåêðåöèÿ TGFb1 íå èìååò
çíà÷åíèÿ äëÿ ðåãóëèðîâàíèÿ ôèáðîãåíåçà. Â îáçîðå ðàññìîò-
ðåíà ðîëü âîñïàëåíèÿ, ïðîèñõîæäåíèå è ìåõàíèçìû àêòè-
âàöèè ìèîôèáðîáëàñòîâ, à òàêæå âêëàä ãèïîêñèè è ïîâðåæ-
äåíèÿ êàïèëëÿðîâ â êîíòåêñòå ðàäèîòåðàïèè. Áîëåå áëèç-
êîå âçàèìîäåéñòâèå ìåæäó ó÷åíûìè, èññëåäóþùèìè ôèáðîç,
è ëó÷åâûìè îíêîëîãàìè ÿâëÿåòñÿ ïåðñïåêòèâíûì äëÿ ðàç-
ðàáîòêè è âíåäðåíèÿ â ïðàêòèêó íîâûõ òåðàïåâòè÷åñêèõ
ñòðàòåãèé, íàïðàâëåííûõ íà ëå÷åíèå è ïðåäóïðåæäåíèå
ïîñòëó÷åâûõ ôèáðîçîâ.

Êëþ÷åâûå ñëîâà: ëó÷åâàÿ òåðàïèÿ, ëó÷åâûå ïîâðåæäåíèÿ,
ôèáðîç, ïàòîãåíåç.

Çì³íà ðåãóëþâàííÿ íîðìàëüíèõ ðåãåíåðàòèâíèõ ïðîöåñ³â ó â³äïîâ³äü íà ä³þ ô³çè÷íèõ, õ³ì³÷íèõ ³ á³îëîã³÷íèõ ïàòî-
ãåííèõ ôàêòîð³â ïðèçâîäèòü äî ïîðóøåííÿ ñèíòåçó ïîçàêë³òèííî¿ ìàòðèö³ ç ðîçâèòêîì ïàòîëîã³÷íîãî ô³áðîçó. Ïðîöåñè,
ùî â³äáóâàþòüñÿ ï³ñëÿ îïðîì³íåííÿ, ìàþòü áàãàòî ñï³ëüíîãî ç ìåõàí³çìàìè ô³áðîçíèõ õâîðîá, ùî ñòîñóþòüñÿ ñåðöÿ,
øê³ðè, ëåãåí³, íèðîê, øëóíêîâî-êèøêîâîãî òðàêòó ³ ïå÷³íêè. Ñåðåä ôàêòîð³â, ÿê³ çàïóñêàþòü ìåõàí³çì ô³áðîçó, íàéá³ëüø
âèâ÷åíèì º ôàêòîð ðîñòó 1 (TGFb1), ùî âèðîáëÿºòüñÿ ð³çíèìè ìåçåíõ³ìàëüíèìè ³ åï³òåë³àëüíèìè êë³òèíàìè ³ ñòèìóëþº
òðàíñôîðìàö³þ ô³áðîáëàñò³â òà ³íøèõ òèï³â êë³òèí ó ì³îô³áðîáëàñòè. Äëÿ ³í³ö³þâàííÿ ô³áðîçó íåîáõ³äíå çàïàëåííÿ, àëå
íàäàë³ ñåêðåö³ÿ TGFb1 íå ìàº çíà÷åííÿ äëÿ ðåãóëþâàííÿ ô³áðîãåíåçó. Â îãëÿä³ ðîçãëÿíóòà ðîëü çàïàëåííÿ, ïîõîäæåííÿ
³ ìåõàí³çìè àêòèâàö³¿ ì³îô³áðîáëàñò³â, à òàêîæ âíåñîê ã³ïîêñ³¿ òà óøêîäæåííÿ êàï³ëÿð³â ó êîíòåêñò³ ðàä³îòåðàï³¿. Á³ëüø
áëèçüêà âçàºìîä³ÿ ì³æ ó÷åíèìè, ÿê³ äîñë³äæóþòü ô³áðîç, ³ ïðîìåíåâèìè îíêîëîãàìè  º ïåðñïåêòèâíîþ äëÿ ðîçðîáêè ³ âïðî-
âàäæåííÿ â ïðàêòèêó íîâèõ òåðàïåâòè÷íèõ ñòðàòåã³é, ñïðÿìîâàíèõ íà ë³êóâàííÿ é çàïîá³ãàííÿ ï³ñëÿïðîìåíåâèì ô³áðîçàì.

Êëþ÷îâ³ ñëîâà: ïðîìåíåâà òåðàï³ÿ, ïðîìåíåâ³ óøêîäæåííÿ, ô³áðîç, ïàòîãåíåç.

ôèáðîçîâ (ÏËÔ), îíè ÿâëÿþòñÿ ïðè÷èíîé íàðó-
øåíèÿ ôóíêöèé ïàðåíõèìàòîçíûõ îðãàíîâ, èçìå-
íåíèÿ äèôôóçèè ìîëåêóë ÷åðåç ìåìáðàíû, ÷òî
ïðèâîäèò ê ñèíäðîìó ìàëüàáñîðáöèè, ñòðèêòóðàì
â ïîëûõ îðãàíàõ è äðóãèì ãðîçíûì îñëîæíåíèÿì
[1]. Òðàäèöèîííûå ðàäèîáèîëîãè÷åñêèå ìîäåëè,
îïèñûâàþùèå ðåàêöèè íîðìàëüíûõ òêàíåé, îñ-
íîâàíû íà àíàëèçå ëåòàëüíîñòè êëåòîê è ñâÿçûâà-
þò âðåìÿ ïîÿâëåíèÿ êëèíè÷åñêèõ ñèíäðîìîâ è
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ñòåïåíü èõ òÿæåñòè ñ ïðîëèôåðàòèâíîé êèíåòè-
êîé îïðåäåëåííûõ ñïåöèôè÷åñêèõ ãðóïï êëåòîê,
íî îíè íå îöåíèâàþò âåðîÿòíîñòü è ñòåïåíü òÿ-
æåñòè ðàçâèòèÿ ôèáðîçà â îðãàíàõ ðèñêà [2, 3].

Ôèáðîç ïðåäñòàâëÿåò ñîáîé ÷ðåçìåðíîå íà-
êîïëåíèå êîëëàãåíà è äðóãèõ êîìïîíåíòîâ âíå-
êëåòî÷íîé ìàòðèöû (ÂÊÌ) ïîñëå ïîëîìêè â íîð-
ìàëüíîì áàëàíñå åå ñèíòåçà è äåãðàäàöèè. Òêàíå-
âàÿ ÂÊÌ ñîñòîèò èç ñìåñè áåëêîâ (êîëëàãåí è ýëà-
ñòèí), ãëèêîïðîòåèäîâ è ïðîòåîãëèêàíîâ (ôèáðî-
íåêòèí, ëàìèíèí è òåíàñöèí), ãëèêîçàìèíîãëè-
êàíîâ (ãåïàðèí è õîíäðîèòèíñóëüôàò), ëåæàùèõ
â ãåëå ãèàëóðîíîâîé êèñëîòû, ñîñòîÿùåì èç
äëèííûõ öåïåé ïîëèñàõàðèäîâ. Ó ÷åëîâåêà èç-
âåñòíû 42 ãåíà, îòâå÷àþùèõ çà ñèíòåç êîëëàãåíà.
Íåêîòîðûå èç íèõ êîäèðóþò ñèíòåç ìîëåêóë ïðî-
êîëëàãåíà, äðóãèå îïðåäåëÿþò ñîåäèíåíèå ýòèõ
ìîëåêóë è ôîðìèðîâàíèå äëèííûõ ñïèðàëåé
êîëëàãåíà. Ñïèðàëè ôîðìèðóþò ðàçëè÷íûå ïðî-
ñòðàíñòâåííûå ñòðóêòóðû, êîòîðûå è ÿâëÿþòñÿ
ñîáñòâåííî ÂÊÌ. Íà ñåãîäíÿøíèé äåíü îïðåäå-
ëåíû ïðèáëèçèòåëüíî 40 òèïîâ êîëëàãåíà, èç íèõ
ñàìûìè ðàñïðîñòðàíåííûìè ó ÷åëîâåêà ÿâëÿþò-
ñÿ òèï I è òèï III [4]. Âûïîëíÿÿ îïîðíóþ ôóíêöèþ,
ÂÊÌ ÿâëÿåòñÿ ìåñòîì çàêðåïëåíèÿ êëåòîê òêàíåé
è ñðåäîé äëÿ äèôôóíäèðóþùèõ ñèãíàëüíûõ ìî-
ëåêóë, âêëþ÷àÿ ôåðìåíòû, ðåãóëèðóþùèå ñèíòåç
ÂÊÌ è åå ðàñïàä. Âíåêëåòî÷íàÿ ìàòðèöà � îñ-
íîâíîé ðåçåðâóàð äëÿ öèòîêèíîâ, îáëàäàþùèõ
ïëåéîòðîïíûì ýôôåêòîì [5]. Âîññòàíîâëåíèå
ÂÊÌ â ïðîöåññå íîðìàëüíîé ðåïàðàöèè ðàí ÿâ-
ëÿåòñÿ ðåçóëüòàòîì ñëîæíîãî ðåãóëèðîâàíèÿ è
âçàèìîäåéñòâèÿ áåëêîâ è ôåðìåíòîâ, îòâå÷àþ-
ùèõ çà ñèíòåç è ðàçðóøåíèå ÂÊÌ, âêëþ÷àÿ ñòðóê-
òóðíûå áåëêè, ïðîòåàçû, ðàñùåïëÿþùèå áåëêè è
èíãèáèòîðû ïðîòåàç.

Â ìíîãî÷èñëåííîé ëèòåðàòóðå ìîæíî íàéòè
îïèñàíèå è îöåíêó êëèíè÷åñêèõ è ïàòîëîãè÷å-
ñêèõ äàííûõ î ðàäèàöèîííîì ôèáðîçå, ÷òî çà
ïðîøåäøèå äåñÿòèëåòèÿ áûëî ñóììèðîâàíî â àâ-
òîðèòåòíûõ ó÷åáíèêàõ [6, 7]. Áîëüøèíñòâî ýêñïå-
ðèìåíòàëüíûõ äàííûõ ïîëó÷åíî íà æèâîòíûõ,
îäíàêî èõ áèîëîãèÿ îòëè÷àåòñÿ îò áèîëîãèè ÷å-
ëîâåêà. Äàííûå in vitro íà êóëüòóðàõ êëåòîê è
äðóãèõ ìîäåëÿõ òàêæå èíôîðìàòèâíû, íî îíè íå
ìîãóò îñâåòèòü ñëîæíûå ïðîöåññû, ïðîèñõîäÿ-
ùèå â òêàíè [8, 9]. Ñèñòåìíàÿ áèîëîãèÿ � íîâàÿ
äèñöèïëèíà, è â ýòîì êðàòêîì îáçîðå ëèòåðàòó-
ðû ìû íå ñòàâèëè çàäà÷ó ïîêàçàòü âñå åå ïðåèìó-

ùåñòâà. Ïåðâàÿ ïîëîâèíà äàííîé ñòàòüè îñâåùà-
åò ïðîöåññû, ïðîèñõîäÿùèå ïðè íåðàäèàöèîí-
íûõ çàáîëåâàíèÿõ, â îñíîâå êîòîðûõ ëåæàò ôèá-
ðîçíûå ïîðàæåíèÿ â òêàíÿõ íà óðîâíå êëåòêè, íå
ðàññìàòðèâàÿ ïîäðîáíî ìîëåêóëÿðíûå ìåõàíèç-
ìû ïàòîãåíåçà. Òàêàÿ ñòðóêòóðà èçëîæåíèÿ íå îò-
ðàæàåò âñå ïàòîôèçèîëîãè÷åñêèå ñîáûòèÿ, ïîòî-
ìó ÷òî èìåííî ìîëåêóëÿðíûå ïðîöåññû ÿâëÿþò-
ñÿ ïåðâè÷íûìè è èìåííî îíè àêòèâèçèðóþò èç-
ìåíåíèÿ íà óðîâíå êëåòêè. Íî àâòîðû îðèåíòè-
ðîâàëè äàííîå èññëåäîâàíèå íà ïðàêòè÷åñêèõ
âðà÷åé, à íå ïàòîôèçèîëîãîâ, è ïîñ÷èòàëè, ÷òî
÷ðåçìåðíîå óâëå÷åíèå îïèñàíèåì ìîëåêóëÿðíûõ
ìåõàíèçìîâ ïàòîãåíåçà íåöåëåñîîáðàçíî ïî
ïðàêòè÷åñêèì ñîîáðàæåíèÿì. Âòîðàÿ ïîëîâèíà
îáçîðà ïîñâÿùåíà îñîáåííîñòÿì ðàäèàöèîííîãî
ôèáðîçà ñ àêöåíòîì íà êëèíè÷åñêèé êîíòåêñò íà-
ñòîëüêî, íàñêîëüêî ïîçâîëèëà äîñòóïíàÿ íàì ëè-
òåðàòóðà.

Ïàòîãåíåç íåðàäèàöèîííûõ ôèáðîçíûõ
áîëåçíåé.

Ñâÿçü âîñïàëåíèÿ è ôèáðîçà
Ôèáðîç � ðàñïðîñòðàíåííûé è óíèâåðñàëü-

íûé îòâåò íà øèðîêèé äèàïàçîí ôèçè÷åñêèõ, õè-
ìè÷åñêèõ è áèîëîãè÷åñêèõ ïîâðåæäàþùèõ àãåí-
òîâ, âêëþ÷àÿ õèðóðãèþ, ðàçëè÷íûå ïðåïàðàòû,
âèðóñíûå èíôåêöèè, àóòîèììóííûå ðåàêöèè,
ñâÿçàííûå ñ âîñïàëåíèåì. Íåîáõîäèìî îòëè÷àòü
âðîæäåííûé èììóííûé îòâåò, â êîòîðîì íåéò-
ðîôèëû, ìàêðîôàãè, Ò-êèëëåðû è ñèñòåìà êîì-
ïëåìåíòà ðåàãèðóþò íà ÷óæåðîäíûå àíòèãåíû
áåç ïðåäøåñòâóþùåé ýêñïîçèöèè, ñ ðàçâèòèåì
àäàïòèâíîãî èììóííîãî îòâåòà, ðåçóëüòàòîì êî-
òîðîãî ÿâëÿåòñÿ ðàñïîçíàâàíèå ýòèõ àíòèãåíîâ
ëèìôîöèòàìè è äåíäðîöèòàìè. Êëàññè÷åñêèå
ñèìïòîìû îñòðîãî âîñïàëåíèÿ (ïîêðàñíåíèå,
òåìïåðàòóðà, áîëü è îòåê) â çîíå, íàïðèìåð,
õèðóðãè÷åñêîé ðàíû òàêæå îòðàæàþò âðîæäåí-
íûé èììóííûé îòâåò, êîòîðûé âûçûâàåò êîàãó-
ëÿöèþ, âàçîäèëàòàöèþ, óâåëè÷åíèå êàïèëëÿð-
íîé ïðîíèöàåìîñòè è ìèãðàöèþ íåéòðîôèëîâ è
ìàêðîôàãîâ â òå÷åíèå íåñêîëüêèõ ìèíóò. Ðàííÿÿ
âîñïàëèòåëüíàÿ ôàçà (íåñêîëüêî ÷àñîâ èëè äíåé)
ñìåíÿåòñÿ ôàçîé ðåãåíåðàöèè, ñ âîâëå÷åíèåì ýí-
äîòåëèàëüíûõ êëåòîê è ìèîôèáðîáëàñòîâ, êîòî-
ðûå ñòèìóëèðóþò àíãèîãåíåç è ôîðìèðîâàíèå
ÂÊÌ (ðèñóíîê 1).

Çàáåãàÿ âïåðåä, íåîáõîäèìî ïîä÷åðêíóòü, ÷òî
âàçîäèëàòàöèÿ è ïîâûøåííàÿ ïðîíèöàåìîñòü
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ñòåíîê ñîñóäîâ ÿâëÿþòñÿ ïðèçíàêàìè, êîòîðûå
òàêæå îáíàðóæèâàþòñÿ ÷åðåç íåñêîëüêî ìèíóò
ïîñëå ðàäèàöèîííîãî âîçäåéñòâèÿ, à îñòðûå âîñ-
ïàëèòåëüíûå ðåàêöèè â ýíäîòåëèè ÿâëÿþòñÿ
âàæíåéøèìè è îïðåäåëÿþùèìè ôàêòîðàìè ðà-
äèàöèîííîãî ôèáðîçà. Â ðóáöóþùèõñÿ ðàíàõ èì-
ìóíîöèòû (íåéòðîôèëû, ëèìôîöèòû, ìîíîöèòû
è ìàêðîôàãè) ñåêðåòèðóþò öèòîêèíû, êîòîðûå
ñòèìóëèðóþò ôèáðîáëàñòû è äðóãèå êëåòêè-ïðåä-
øåñòâåííèêè ñ èõ äèôôåðåíöèðîâêîé â ìèî-
ôèáðîáëàñòû, êîòîðûå ñèíòåçèðóþò êîëëàãåí è
ìåòàëëîïðîòåèíàçû. Â êîíå÷íîé ôàçå ðóáöåâà-
íèÿ ìèîôèáðîáëàñòû è êëåòêè âîñïàëåíèÿ ïîä-
âåðãàþòñÿ àïîïòîçó, â ðåçóëüòàòå ôîðìèðóåòñÿ
ãèïîöåëëþëÿðíàÿ ðóáöîâàÿ òêàíü [10, 11]. Â îò-
ëè÷èå îò ýòîãî, ïðè õðîíè÷åñêèõ çàáîëåâàíèÿõ, â
îñíîâå êîòîðûõ ëåæàò ôèáðîçíûå ïðîöåññû
(ôèáðîçíûå áîëåçíè � ÔÁ), êëåòêè õðîíè÷åñêî-
ãî âîñïàëåíèÿ (ìàêðîôàãè, ìîíîöèòû, ëèìôîöè-
òû è òó÷íûå êëåòêè) ÿâëÿþòñÿ õàðàêòåðíîé îñî-
áåííîñòüþ.

Âàæíûé âîïðîñ ñîñòîèò â òîì, ÿâëÿåòñÿ ëè âîñ-
ïàëåíèå óíèâåðñàëüíûì ìåõàíèçìîì èíèöèàëè-
çàöèè ôèáðîçà, è åñëè äà, òî ÿâëÿåòñÿ ëè âîñïàëå-
íèå ôàêòîðîì, ðåãóëèðóþùèì è ïîääåðæèâàþ-
ùèì åãî ðàçâèòèå? Ýòî îñîáåííî âàæíî, åñëè
âîñïàëåíèå ÿâëÿåòñÿ òåðàïåâòè÷åñêîé öåëüþ. Â
ïðîöåññå çàæèâëåíèÿ ðàíû íà÷èíàåò ñèíòåçèðî-
âàòüñÿ áåëîê, íàçâàííûé ñåðîëîãè÷åñêèì àìèëî-
èäíûì áåëêîì (serum amyloid protein � SAP), êî-
òîðûé, êàê è Ñ-ðåàêòèâíûé áåëîê, ñâÿçûâàÿñü ñ
ðåöåïòîðàìè íà ìåìáðàíå ïðåäøåñòâåííèêîâ
ôèáðîáëàñòîâ, áëîêèðóåò ôèáðîãåíåç [12],
à òàêæå âûçûâàåò ôàãîöèòîç ïîãèáøèõ êëåòîê
ìàêðîôàãàìè, óäàëÿÿ òåì ñàìûì èñòî÷íèêè ïðî-
ôèáðîçíûõ öèòîêèíîâ [13]. ×åëîâå÷åñêèé ðåêîì-
áèíàíòíûé áåëîê (human recombinant protein �
rhSAP), ïî äàííûì êëèíè÷åñêèõ èñïûòàíèé, èí-
ãèáèðóåò ôèáðîç ëåãêîãî ó ìûøåé, ïîëó÷àâøèõ
áëåîìèöèí, â êëàññè÷åñêîé ìîäåëè ôèáðîçà ëåã-
êîãî [14, 15]. Ýòîò ýôôåêò rhSAP äîêàçûâàåò âçà-
èìîñâÿçü ìåæäó âîñïàëåíèåì è ôèáðîçîì. Ëèçî-

Ðèñóíîê 1. Ñõåìà, äåìîíñòðèðóþùàÿ òèïû êëåòîê, âîâëå÷åííûõ â ðàçëè÷íûå ôàçû çàæèâëåíèÿ õèðóðãè÷åñêîé ðàíû.
Âàæíî îòìåòèòü, ÷òî íà÷àëüíûé ñèãíàë ìîæåò èñõîäèòü è îò ýïèòåëèàëüíûõ è îò ýíäîòåëèàëüíûõ êëåòîê.
(Thomas A.W. Fibrotic Disease and the TH1/TH2 Paradigm 4:583�594), copyright 2012) [22].

Fig. 1. Diagram showing cell types involved in various phases of  surgical wound healing. It is important that the initial signal
may originate from both epithelial cells and endothelial cells.
(Thomas A.W. Fibrotic Disease and the TH1/TH2 Paradigm 4:583�594), copyright 2012) [22].
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ôîñôàòèäèëîâàÿ êèñëîòà (lysophosphatidic acid �
LPA) ÿâëÿåòñÿ äðóãèì âàæíåéøèì ìåäèàòîðîì
âîñïàëåíèÿ. Ýòî ëèïèä, âûäåëÿþùèéñÿ ïðè ðàç-
ðóøåíèè êëåòîê, êîòîðûé äåéñòâóåò êàê õåìîàò-
òðàêòàíò äëÿ ôèáðîáëàñòîâ, ñòèìóëèðóÿ èõ äâè-
æåíèå ê ìåñòó äåôåêòà. Êîíöåíòðàöèÿ LPA ïîâû-
øåíà â ïðîìûâíîé æèäêîñòè áðîíõîâ ó ïàöèåí-
òîâ ñ èäèîïàòè÷åñêèì ôèáðîçîì ëåãêèõ, è ÿâëÿ-
åòñÿ àêòèâàòîðîì ïðîôèáðîçíûõ ìåõàíèçìîâ.
Ó ìûøåé, ñ íåäîñòàòêîì ðåöåïòîðîâ äëÿ LPA, íå
ðàçâèâàåòñÿ ôèáðîç ëåãêîãî ïîñëå ââåäåíèÿ áëå-
îìèöèíà, ÷òî åùå ðàç äîêàçûâàåò ñâÿçü ìåæäó
âîñïàëåíèåì è ôèáðîçîì [16]. Ïðîñòàãëàíäèí
F2a è ïðîñòàíîèä F (F prostanoid � FP) äåéñòâó-
þò êàê ìîùíûå ôèáðîãåííûå ìåäèàòîðû â ìîäå-
ëè áëåîìèöèíîâîãî ôèáðîçà ëåãêèõ [17, 18]. Íà-
êîíåö, ó ÷åëîâå÷åñêîãî ïëîäà îòñóòñòâóåò ñïî-
ñîáíîñòü ðàçâèâàòü âîñïàëèòåëüíóþ ðåàêöèþ âî
âðåìÿ âñåãî ãåñòàöèîííîãî ïåðèîäà, è ýòî, êàê
ïðåäïîëàãàþò, ïîÿñíÿåò îòñóòñòâèå ðóáöåâàíèÿ
â ïåðèîä ýìáðèîíàëüíîãî ðàçâèòèÿ [19].

Îäíàêî, ñ äðóãîé ñòîðîíû, ñòåðîèäû è íåñòå-
ðîèäíûå ïðîòèâîâîñïàëèòåëüíûå ñðåäñòâà íå â
ñîñòîÿíèè îñòàíîâèòü ÷åëîâå÷åñêèé èäèîïàòè-
÷åñêèé ïíåâìîíèò, âûçûâàþùèé ïðîãðåññèðóþ-
ùèé ôèáðîç. Ýòîò ôàêò ñâèäåòåëüñòâóåò î òîì, ÷òî
ñâÿçü ìåæäó âîñïàëåíèåì è ôèáðîçîì íå âñåãäà
ÿâëÿåòñÿ ïðè÷èííîé, èëè î òîì, ÷òî âîñïàëåíèå
íåîáõîäèìî òîëüêî äëÿ èíèöèàëèçàöèè ôèáðîçà.
Ôèáðîçû ëåãêèõ ïîñëå ïðèìåíåíèÿ áëåîìèöèíà
â ýòîì êîíòåêñòå ÿâëÿþòñÿ ìîäåëüþ èäèîïàòè-
÷åñêîãî ôèáðîçà ëåãêèõ ó ÷åëîâåêà. Áëåîìèöèí
âûçûâàåò âîñïàëèòåëüíóþ èíôèëüòðàöèþ ëåã-
êèõ, êîòîðàÿ çàêàí÷èâàåòñÿ íà 9-é äåíü, ïåðåõîäÿ
â ôàçó ôèáðîçà, êîòîðàÿ, â ñâîþ î÷åðåäü, ðåãóëè-
ðóåòñÿ ôàêòîðîì ðîñòà (transforming growth factor �
TGFp1) ñ ýêñïðåññèåé ãåíà ïðîêîëëàãåíà è ïîñëå-
äóþùèì ðàçâèòèåì ôèáðîçà ëåãêèõ [20]. Ïðåäíè-
çîëîí ýôôåêòèâåí òîëüêî âî âðåìÿ âîñïàëèòåëü-
íîé ôàçû ìåæäó 1�9-ì äíÿìè. Åñëè ëå÷åíèå íà-
÷èíàåòñÿ ïîçæå, òî ñòåðîèäû íå ïðåäîòâðàùàþò
ôèáðîç [21]. Ýòî ãîâîðèò î òîì, ÷òî âîñïàëåíèå
ÿâëÿåòñÿ òîëüêî ïóñêîâûì ôàêòîðîì, à äàëüíåé-
øåå ðàçâèòèå ôèáðîçà îïðåäåëÿåòñÿ äðóãèìè ìå-
õàíèçìàìè. Èíûì ýêñïåðèìåíòàëüíûì ïîäòâåð-
æäåíèåì ýòîãî ôàêòà ÿâëÿåòñÿ èìïëàíòàöèÿ ÿèö
øèñòîñîìîçà (êðîâÿíîãî ñîñàëüùèêà èç ðîäà
Schistosoma) â ìî÷åâîé ïóçûðü ìûøè. Â ðåçóëüòà-
òå ðàçâèâàþòñÿ õàðàêòåðíûå âîñïàëèòåëüíûå

ãðàíóëåìû, ïðåäñòàâëÿþùèå ñîáîé èíôèëüò-
ðàòû ìàêðîôàãîâ, ëèìôîöèòîâ, ýîçèíîôèëîâ è
ïëàçìàòè÷åñêèõ êëåòîê, òðàíñôîðìèðóþùèõñÿ â
äàëüíåéøåì â ôèáðîç ìî÷åâîãî ïóçûðÿ [22]. Ôèá-
ðîç ðåãóëèðóåòñÿ èíòåðëeéêèíîì-13 (interleukin �
IL-13), ìîùíûì ïðîôèáðîçíûì öèòîêèíîì, ñåê-
ðåòèðóåìûì Ò-ëèìôîöèòàìè. Ó ìûøåé, ó êîòî-
ðûõ îòñóòñòâóåò ²L-13, íå ðàçâèâàåòñÿ ôèáðîç
ìî÷åâîãî ïóçûðÿ â îòâåò íà øèñòîñîìàòîçíîå
âîñïàëåíèå. Òàêèì îáðàçîì, ýêñïåðèìåíòàëüíûå
äàííûå ñâèäåòåëüñòâóþò î òîì, ÷òî âîñïàëåíèå
èãðàåò ðîëü òîëüêî ïóñêîâîãî ìåõàíèçìà ôèáðî-
çà. Êëèíè÷åñêèé âûâîä, ó÷èòûâàÿ ýòîò ôàêò,
ñîñòîèò â òîì, ÷òî ïðîòèâîâîñïàëèòåëüíàÿ èëè
èììóííàÿ ñòðàòåãèÿ ëå÷åíèÿ äîëæíà ðàçðàáàòû-
âàòüñÿ êàê ìîæíî ðàíüøå [23].

Âåäóùàÿ ðîëü â ðàçâèòèè ðóáöåâàíèÿ è ôèáðî-
çà ïðèíàäëåæèò ìèîôèáðîáëàñòàì, ðàçâèâàþ-
ùèìñÿ èç ôèáðîáëàñòîâ [24]. Ïîñëåäíèå ïðåä-
ñòàâëÿþò ñîáîé ãåòåðîãåííóþ ãðóïïó êëåòîê ñî
ñïåöèàëèçèðîâàííûìè ôóíêöèÿìè. Â íîðìàëü-
íûõ óñëîâèÿõ ôèáðîáëàñòû îòâå÷àþò çà îáíîâëå-
íèå ÂÊÌ è ïîääåðæèâàþò ñåòü åå âîëîêîí. Ïðè
âûáðîñå öèòîêèíîâ âîñïàëèòåëüíûìè è äðóãè-
ìè òèïàìè êëåòîê ôèáðîáëàñòû äèôôåðåíöèðó-
þòñÿ â ìèîôèáðîáëàñòû. Ýòîò ïðîöåññ íàçûâà-
åòñÿ àêòèâàöèåé è ñâÿçàí îí ñ ñèíòåçèðîâàíèåì
èìè ñïåöèôè÷åñêîãî áåëêà, òàê íàçûâàåìîãî
«ãëàäêîìûøå÷íîãî àêòèíà» (a-smooth muscle
actin � aSMA), êîòîðûé èìååò âûðàæåííóþ ñïî-
ñîáíîñòü ê ñîêðàùåíèþ è ýòèì îïðåäåëÿåò íàçâà-
íèå ìèîôèáðîáëàñòîâ [25]. Ìèîôèáðîáëàñòû
ïðîèçâîäÿò êîëëàãåí (îñîáåííî òèï I è III), ôèá-
ðîíåêòèíû è äðóãèå ìîëåêóëû ÂÊÌ [26, 27]. Âî-
ëîêíà aSMA ñâÿçûâàþòñÿ ñ êëåòêàìè è ÂÊÌ, ñî-
êðàùàÿñü, ñäâèãàþò êðàÿ ðàíû äðóã ñ äðóãîì, êàê
áû ñêëåèâàÿ èõ. Ìåõàíè÷åñêàÿ òðàâìà � ñèëü-
íåéøèé ñòèìóë äëÿ àêòèâàöèè ôèáðîáëàñòà è åãî
òðàíñôîðìàöèè â ìèîôèáðîáëàñò. Ïîñëå çàæèâ-
ëåíèÿ ðàíû ìèîôèáðîáëàñòû ïîäâåðãàþòñÿ
àïîïòîçó [28], ïîýòîìó çðåëàÿ ðóáöîâàÿ òêàíü îò-
íîñèòåëüíî áåñêëåòî÷íàÿ, à ïîçäíèå êîíòðàêòó-
ðû è äåôîðìàöèè ðóáöîâ ïðîèñõîäÿò íå èç-çà ñî-
êðàùåíèÿ aSMA, à èç-çà ðåêîíñòðóêöèè óæå îáðà-
çîâàííîé âíåêëåòî÷íîé ìàòðèöû [29].

Ôèáðîáëàñòû íå åäèíñòâåííûå èñòî÷íèêè
ìèîôèáðîáëàñòîâ � ýïèòåëèàëüíûå, ýíäîòåëè-
àëüíûå è ãëàäêîìûøå÷íûå êëåòêè ÿâëÿþòñÿ èõ
àëüòåðíàòèâíûìè ïðàðîäèòåëÿìè, ñïîñîáíûìè
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ê ìèãðàöèè ÷åðåç áàçàëüíóþ ìåìáðàíó â ýêñïåðè-
ìåíòàëüíûõ ñèñòåìàõ [30]. Ìèîöèòû ñîñóäîâ ÿâ-
ëÿþòñÿ èñòî÷íèêàìè ìèîôèáðîáëàñòîâ ïðè àòå-
ðîñêëåðîçå [25] è, êàê áóäåò ïîêàçàíî íèæå, ïðè
ïîñòðàäèàöèîííîì ôèáðîçå â àðòåðèÿõ è æåëó-
äî÷íî-êèøå÷íîì òðàêòå ÷åëîâåêà [31]. Ó ìûøåé
ôèáðîç ëåãêîãî ïîñëå âíóòðèâåííîãî ââåäåíèÿ
áëåîìèöèíà íà 80 % ïðîâîöèðóþò ìåçåíõèìàëü-
íûå êëåòêè, à ôèáðîç ïîñëå ïîäêîæíîé èíúåêöèè
â òîì æå ñàìîì øòàììå ìûøåé âûçûâàåòñÿ ìèî-
ôèáðîáëàñòàìè, ðàçâèâàþùèìèñÿ èñêëþ÷èòåëü-
íî èç ôèáðîáëàñòîâ [32]. Ìîíîöèòû ÿâëÿþòñÿ
ïðåäøåñòâåííèêàìè ìèîôèáðîáëàñòîâ ïðè
ñèñòåìíîì ñêëåðîçå ó ÷åëîâåêà [33].

Àêòèâàöèÿ ïðåäøåñòâåííèêîâ ìèîôèáðîáëàñ-
òîâ ðåãóëèðóåòñÿ ñïåöèôè÷åñêèìè ìåäèàòîðàìè,
ñàìûì èçâåñòíûì èç êîòîðûõ ÿâëÿåòñÿ TGFp1,
ñèíòåçèðóåìûé ðàçëè÷íûìè êëåòêàìè [27, 34].
Íåïîñðåäñòâåííûé èñòî÷íèê TGFp1 � âíåêëå-
òî÷íûé ðåçåðâóàð, ãäå ìåäèàòîð õðàíèòñÿ â íåàê-
òèâíîé ôîðìå (LTGFp1), ñâÿçàííûé ñ ÂÊÌ. Àê-
òèâàöèÿ TGFp1 ïðîèñõîäèò ñ ïîìîùüþ ïðîòåàç
(ïëàçìèíà è òðîìáèíà), à òàêæå, âîçìîæíî, ñ ïî-
ìîùüþ èîíèçèðîâàííîãî êèñëîðîäà, îáðàçóþ-
ùåãîñÿ ïîä äåéñòâèåì èîíèçèðóþùåãî èçëó÷å-
íèÿ [5]. Àêòèâèðîâàííûé TGFp1 ñâÿçûâàåòñÿ ñ
ìåìáðàííûìè ðåöåïòîðàìè (êèíàçû ñåðèíà/òðå-
îíèíà òèïà I è II) ïðåäøåñòâåííèêîâ ìèîôèáðî-
áëàñòîâ [35, 36]. Ïóòè ïåðåäà÷è ñèãíàëà â ðàç-
ëè÷íûõ òêàíÿõ ìîãóò áûòü ðàçíûìè, íî ñàìîå
âàæíîå, ÷òî â ðåçóëüòàòå ïðîèñõîäèò àêòèâàöèÿ
ðàçëè÷íûõ ïðåäøåñòâåííèêîâ ìèîôèáðîáëàñòà
è çàïóñêàåòñÿ áèîõèìè÷åñêèé ïðîöåññ ñèíòåçà
ÂÊÌ [37�39].

TGFp1 íå åäèíñòâåííûé ôèáðîãåííûé öèòî-
êèí. Ïðè õðîíè÷åñêèõ âîñïàëèòåëüíûõ çàáîëåâà-
íèÿõ ôèáðîãåíåç êàê ÷àñòü àäàïòèâíîãî èììóí-
íîãî îòâåòà ñòèìóëèðóåòñÿ èíòåðëåéêèíàìè
²L-4 è ²L-13, ñåêðåòèðóåìûìè T-ëèìôîöèòàìè
[22, 40]. Áàëàíñ ìåæäó ²L-4 è ²L-13 îïðåäåëÿåò,
êàêèå ïðîöåññû áóäóò äîìèíèðîâàòü â ðàçâèòèè
ðåàêöèè îðãàíà íà ïîâðåæäåíèå: ôèáðîç, èëè ðå-
ïàðàöèÿ/ðåãåíåðàöèÿ [22, 41, 42]. Íàïðèìåð, óðî-
âåíü ²L-4 ïîâûøåí â ïðîìûâíîé æèäêîñòè áðîí-
õîâ ó ïàöèåíòîâ ñ èäèîïàòè÷åñêèì ôèáðîçîì
ëåãêîãî, è â òêàíè ëåãêîãî ó áîëüíûõ ôèáðîçèðó-
þùèì àëüâåîëèòîì [43, 44]. Ó êðûñ ñ ïîñòðàäèà-
öèîííûì ôèáðîçîì ëåãêèõ ïîñëå îáëó÷åíèÿ
åäèíñòâåííîé äîçîé 20 Ãð ²L-4 ðåçêî ïîâûøàåò-

ñÿ ñïóñòÿ ïðèáëèçèòåëüíî 80 äíåé, ÷òî ñîâïàäà-
åò ñî âðåìåíåì ôèáðîçíîé ôàçû [45]. Äîêàçàòåëü-
ñòâîì ýòîãî ÿâëÿåòñÿ è òî, ÷òî ó ìûøåé, ó êîòîðûõ
îòñóòñòâóåò IL-4, ôèáðîç ëåãêîãî ïîñëå ââåäåíèÿ
áëåîìèöèíà íå íà÷èíàåòñÿ, äàæå åñëè ó íèõ ðàç-
âèâàåòñÿ áîëåå òÿæåëîå âîñïàëåíèå [46].

Â äîïîëíåíèå ê TGFp1 è ëèìôîöèòàðíûì èí-
òåðëåéêèíàì, îñíîâíîé ôàêòîð ðîñòà ôèáðîáëàñ-
òîâ (fibroblast growth factor � bFGF), òðîìáîöè-
òàðíûé ôàêòîð ðîñòà (platelet-derived growth factor
� PDGF), èíñóëèíîïîäîáíûé ôàêòîð ðîñòà
(insulin growth factor �1GF), íåêîòîðûå õåìîêèíû,
íàïðèìåð, ýíäîòåëèí-1 (endothelin-1 � ET-1) è
ôàêòîð ðîñòà ñîåäèíèòåëüíîé òêàíè (connective
tissue growth factor � CTGF) òàêæå ÿâëÿþòñÿ ìîù-
íûìè ôèáðîãåííûìè ìåäèàòîðàìè [24, 47, 48].

Õîòÿ àêòèâàöèÿ ïðåäøåñòâåííèêîâ ìèîôèá-
ðîáëàñòîâ èíòåðëåéêèíàìè ²L-4 è ²L-13 ÿâëÿåò-
ñÿ âåäóùåé â ôèáðîãåíåçå ïðè àäàïòèâíîì èì-
ìóííîì îòâåòå íà ÷óæåðîäíûå èëè àóòîàíòèãå-
íû, àêòèâàöèÿ åãî ñ ïîìîùüþ TGFp1, âåðîÿòíî,
áîëåå õàðàêòåðíà äëÿ ðàäèàöèîííîãî ôèáðîçà,
ó÷èòûâàÿ, ÷òî ïðèñóòñòâèå ëèìôîöèòàðíûõ èí-
ôèëüòðàòîâ òêàíåé â çîíå ïîñòëó÷åâûõ èçìåíå-
íèé íå õàðàêòåðíî [6, 7]. Ôóíêöèè TGFp1 íàèáî-
ëåå èçó÷åíû è ÿâëÿþòñÿ îñíîâíîé öåïüþ ïåðåäà-
÷è ñèãíàëîâ, ñòèìóëèðóþùèõ ñèíòåç ôàêòîðà
ðîñòà ñîåäèíèòåëüíîé òêàíè (CTGF), êîòîðûé
âûçûâàåò ïðîëèôåðàöèþ ôèáðîáëàñòîâ è ïðîèç-
âîäñòâî ÂÊÌ [49]. CTGF ñèíòåçèðóåòñÿ ôèáðî-
áëàñòàìè è ñåêðåòèðóåòñÿ âî âíóòðèòêàíåâîå
ïðîñòðàíñòâî, ãäå ñâÿçûâàåòñÿ ñ ìîëåêóëàìè
ÂÊÌ. Â äàëüíåéøåì CTGF ñâÿçûâàåòñÿ ñ ìåì-
áðàííûìè ðåöåïòîðàìè êëåòîê è àêòèâèçèðóåò
êàñêàä áèîõèìè÷åñêèõ ðåàêöèé [50]. Ñðåäè øèðî-
êîãî äèàïàçîíà êëåòî÷íûõ ýôôåêòîâ in vitro, âêëþ-
÷àÿ ñòèìóëÿöèþ ìèãðàöèè ôèáðîáëàñòîâ è èõ
ïðîëèôåðàöèè, ïðè ôèáðîãåíåçå ýòîò ôàêòîð ðà-
áîòàåò ñîâìåñòíî ñ äðóãèìè ôàêòîðàìè ðîñòà, òà-
êèìè êàê bFGF, PDGF è TGFp1. Ýòîò ìåõàíèçì
íàèáîëåå èçó÷åí ïðè ñèñòåìíîì ñêëåðîçå, ãäå
ýôôåêòû, âûçûâàåìûå CTGF, ïîäîáíû îïèñàí-
íûì ïðè ðàäèàöèîííîì ôèáðîçå [37]. Â íîðìàëü-
íîé êîæå CTGF íå îïðåäåëÿåòñÿ, îäíàêî åãî êîí-
öåíòðàöèÿ âûñîêà â êóëüòóðàõ ôèáðîáëàñòîâ, àê-
òèâèçèðîâàííûõ TGFp1 è íåêîòîðûìè äðóãèìè
öèòîêèíàìè. Íåîáõîäèìî ïîä÷åðêíóòü, ÷òî ìåæ-
äó CTGF è TGFp1 èìååòñÿ ÷åòêî âûðàæåííàÿ îá-
ðàòíàÿ ñâÿçü: ñèíòåç CTGF, êîòîðûé ïåðâè÷íî
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ñòèìóëèðóåòñÿ TGFp1, â äàëüíåéøåì ïðîèñõîäèò
ïðè ÷ðåçâû÷àéíî íèçêèõ êîíöåíòðàöèÿõ TGFp1
[51]. Àóòîêðèííûé ìåõàíèçì îáðàòíîé ñâÿçè,
ïîääåðæèâàþùèé CTGF-óïðàâëÿåìûé ôèáðîãå-
íåç è ôàêòè÷åñêîå îòñóòñòâèå ïðè ýòîì TGFp1,
î÷åíü âàæåí äëÿ ïîñòðàäèàöèîííîãî ôèáðîçà.
Êðîìå ýòîãî, ñòèìóëÿöèÿ CTGF è äðóãèõ öèòîêè-
íîâ ìîæåò îáúÿñíèòü ðàçîáùåíèå âîñïàëåíèÿ è
ôèáðîçà � ïåðâè÷íî çàïóùåííûé TGFp1, â äàëü-
íåéøåì ôèáðîç ðàçâèâàåòñÿ íåçàâèñèìî îò âîñ-
ïàëåíèÿ.

Êðîìå îïèñàííîãî ìåõàíèçìà èìåþòñÿ äðóãèå
ïóòè ñòèìóëÿöèè ôèáðîãåíåçà, âêëþ÷àÿ PDGF
/PDGFR, 1GF/1GFR, EGF/EGFR, TNF-α è FGF-2
[52]. Òàê, PDGF (òðîìáîöèòàðíûé ôàêòîð ðîñòà)
ïðåäñòàâëÿåò ãðóïïó ñòðóêòóðíî è ôóíêöèîíàëü-
íî ñâÿçàííûõ ôàêòîðîâ ðîñòà, âêëþ÷àÿ PDGF-A,
-B, -C è -D, êîòîðûå ãëàâíûì îáðàçîì ïðåäíàçíà-
÷àþòñÿ äëÿ ìåçåíõèìàëüíûõ êëåòîê. Àêòèâàöèÿ
èõ ôèáðîãåííîãî äåéñòâèÿ ïðîèñõîäèò ïîñëå
ãîìîäèìåðèçàöèè ìîëåêóë ýòèõ ôàêòîðîâ, ïðè
ýòîì ñèíòåçèðóþòñÿ PDGF-AA, PDGF-BB, êîòî-
ðûå ñâÿçûâàþòñÿ ñ îïðåäåëåííûìè ìåìáðàííû-
ìè ðåöåïòîðàìè (PDGFR-a è PDGFR-p).

Ñ âûñîêèìè óðîâíÿìè PDGF/PDGFR êîððåëè-
ðóåò ðàçâèòèå ôèáðîçà ïðåæäå âñåãî â ëåãêîì,
ïå÷åíè, êîæå, à òàêæå ïðè ïî÷å÷íîì è ñåðäå÷íîì
ôèáðîçå [53, 54]. Äëÿ ýòèõ îðãàíîâ õàðàêòåðíà
âûñîêàÿ ýêñïðåññèÿ PDGF/PDGFR, âûçûâàþùàÿ
ïðîëèôåðàöèþ è äèôôåðåíöèðîâàíèå ìåçåíõè-
ìàëüíûõ êëåòîê â ìèîôèáðîáëàñòû, â êîíå÷íîì
èòîãå, ñåêðåòèðóþùèõ ÂÊÌ. Â ëåãêèõ, äåðìå è
ñåðäöå PDGF ñåêðåòèðóþòñÿ àêòèâèçèðîâàííû-
ìè ìåçåíõèìàëüíûìè êëåòêàìè (ôèáðîáëàñòû,
ìåçàíãèàëüíûå è çâåçäîîáðàçíûå êëåòêè), ìàêðî-
ôàãàìè è êëåòêàìè âîñïàëåíèÿ [53]. Â ýêñïåðè-
ìåíòàëüíûõ ìîäåëÿõ êîìáèíàöèÿ ãåíåòè÷åñêîãî
èëè ôàðìàêîëîãè÷åñêîãî ïîäàâëåíèÿ ñåêðåöèè
PDGF ïðåäñòàâëÿåòñÿ ïåðñïåêòèâíûì ïîäõîäîì
ïîäàâëåíèÿ ôèáðîçà [55]. Äîêàçàòåëüñòâî ýòîìó
ìîäåëü ðàäèîèíäóöèðîâàííîãî ôèáðîçà ëåãêîãî
ó ìûøåé ÷èñòîé ëèíèè C57BL/6, ó êîòîðûõ âñå
÷åòûðå èçîôîðìû PDGF òàê æå, êàê PDGFR, áûëè
áëîêèðîâàíû èíãèáèòîðîì òèìèäèíêèíàçû, ïðè
ýòîì ïîñòðàäèàöèîííûé ôèáðîç ëåãêîãî íå ðàç-
âèâàëñÿ [56]. Â êëèíèêå ýòîò ïîäõîä íå èñïîëüçó-
åòñÿ, íî îïèñàííûå ìåõàíèçìû ïðîëèôåðàöèè è
ôèáðîãåííîãî äèôôåðåíöèðîâàíèÿ, âûçâàííîãî
TGFp1 è CTGF, ïîäòâåðæäåíû ïðè ñèñòåìíîì

ñêëåðîçå [57] è èäèîïàòè÷åñêîì ôèáðîçå ëåãêîãî
[54].

Ðîëü ïîâðåæäåíèÿ êàïèëëÿðîâ
è õðîíè÷åñêîé ãèïîêñèè

Ïîâðåæäåíèå êàïèëëÿðîâ õàðàêòåðíî äëÿ
ñèñòåìíîãî ñêëåðîçà (ÑÑ) è äèàáåòà. Ñèñòåìíûé
ñêëåðîç � õðîíè÷åñêàÿ ôèáðîçíàÿ áîëåçíü íåèç-
âåñòíîé ýòèîëîãèè, õàðàêòåðèçóþùàÿñÿ ïåðèâàñ-
êóëÿðíûìè âîñïàëèòåëüíûìè èíôèëüòðàòàìè,
ñíèæåííîé êàïèëëÿðíîé ïðîíèöàåìîñòüþ è
ìàññèâíûì íàêîïëåíèåì ÂÊÌ â êîæå è âíóòðåí-
íèõ îðãàíàõ. Â ïàòîãåíåçå ýòîé áîëåçíè ïóñêîâûì
ìåõàíèçìîì ÿâëÿåòñÿ ïîâðåæäåíèå ýíäîòåëèÿ
ñîñóäîâ àóòîàíòèòåëàìè, ÷òî ñòèìóëèðóåò âû-
ïóñê õåìîêèíîâ è äðóãèõ ôàêòîðîâ, âêëþ÷àÿ ýí-
äîòåëèí-1, PDGF, bFGF è VEGF, âûçûâàùèå ìè-
ãðàöèþ è ïðîëèôåðàöèþ êëåòîê âîñïàëåíèÿ, êî-
òîðûå àêòèâèçèðóþò ôèáðîáëàñòû [48].

Âòîðè÷íàÿ ãèïîêñèÿ, îáû÷íî ðàçâèâàþùàÿñÿ
ïîñëå ïîâðåæäåíèÿ êàïèëëÿðîâ, ÿâëÿåòñÿ îäíèì
èç çâåíüåâ ìåõàíèçìà ôèáðîçà ïðè ÑÑ [58�60].
Ó áîëüíûõ ÑÑ, ÷ðåñêîæíûå èçìåðåíèÿ ïîäòâåð-
æäàþò íàëè÷èå ãèïîêñèè â ôèáðîçíî èçìåíåí-
íîé êîæå [61, 62]. Èññëåäîâàíèÿ â in vitro êóëüòóðû
ìèîôèáðîáëàñòà, âûäåëåííîé èç êîæè áîëüíîãî
ÑÑ, âûÿâèëè, ÷òî ãèïîêñèÿ ñòèìóëèðóåò
TGFp1-çàâèñèìûé ñèíòåç êîëëàãåíà è äðóãèõ
áåëêîâ ÂÊÌ [60].

Ðîëü ïåðåêèñíûõ ñâîáîäíûõ ðàäèêàëîâ
Ïåðåêèñíûå ñâîáîäíûå ðàäèêàëû (ÏÑÐ) òàêæå

ìîãóò áûòü ïóñêîâûì ìåõàíèçìîì ôèáðîãåíåçà.
Îíè ïîñòîÿííî îáðàçóþòñÿ â ìèòîõîíäðèÿõ âñåõ
òèïîâ êëåòîê îðãàíèçìà. Ñóïåðîêèñíûé àíèîí è
ïåðåêèñü âîäîðîäà â ïðîöåññå ðåàêöèè ñ ìîëåêó-
ëÿðíûì êèñëîðîäîì ìîãóò ñòàíîâèòüñÿ èñòî÷-
íèêàìè ñâîáîäíîãî ãèäðîêñèëüíîãî ðàäèêàëà
(-Î) � ñàìîãî ìîùíîãî áèîëîãè÷åñêîãî îêñè-
äàíòà. Â íîðìå ýòè ðàäèêàëû íåéòðàëèçóþòñÿ
ôåðìåíòíûìè àíòèîêñèäàíòàìè (ñóïåðîêèñíàÿ
äèñìóòàçà è êàòàëàçà). Ïåðåêèñíûå ñâîáîäíûå
ðàäèêàëû ïðîèçâîäÿòñÿ âñåìè êëåòêàìè è â îðãà-
íèçìå âûïîëíÿþò âàæíûå ôèçèîëîãè÷åñêèå
ôóíêöèè, ÿâëÿÿñü ÷àñòüþ ôàãîöèòàðíûõ îáîðîí-
íûõ ìåõàíèçìîâ. Â ñâÿçè ñ òåì, ÷òî ÏÑÐ ÿâëÿþò-
ñÿ î÷åíü êîðîòêîæèâóùèìè è èõ íåâîçìîæíî
íàáëþäàòü íåïîñðåäñòâåííî, íî ïðîäóêòû ðåàê-
öèé îêèñëåíèÿ èìè ÄÍÊ, ëèïèäîâ è áåëêîâ èñ-
ïîëüçóþòñÿ â êà÷åñòâå èíäèêàòîðà èõ äåéñòâèÿ.
Ïîòåíöèàëüíî âðåäíûå ýôôåêòû ÏÑÐ â íîðìå
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óðàâíîâåøèâàþòñÿ ýíäîãåííûìè ñèñòåìàìè
ôåðìåíòîâ àíòèîêñèäàíòîâ è ïèùåâûìè àíòè-
îêñèäàíòàìè, âïðî÷åì, ýòîò áàëàíñ íàðóøàåòñÿ
ïðè îïðåäåëåííûõ áîëåçíÿõ, ñîçäàâàÿ óñëîâèÿ
äëÿ ðàçâèòèÿ ñîñòîÿíèÿ, íàçûâàåìîãî «îêñèäàíò-
íûì ñòðåññîì» [63]. Íåîñðåäñòâåííàÿ õèìè÷å-
ñêàÿ ïðè÷èíà ýòîãî ñîñòîÿíèÿ � îêèñëèòåëüíîå
ïîâðåæäåíèå áåëêîâ, ëèïèäîâ è ÄÍÊ, ïîñëåä-
ñòâèÿìè êîòîðûõ ÿâëÿþòñÿ áëîêèðîâàíèå êëå-
òî÷íîãî öèêëà, íàðóøåíèå äèôôåðåíöèðîâêè
êëåòîê, èõ ñòàðåíèå è àïîïòîç. Îêñèäàíòíûé
ñòðåññ, êàê äîêàçàíî, èãðàåò âàæíóþ ðîëü â èíè-
öèèðîâàíèè è/èëè ïðîãðåññèðîâàíèè øèðîêîãî
äèàïàçîíà ôèáðîçíûõ áîëåçíåé, âêëþ÷àÿ àòåðî-
ñêëåðîç, êàðäèîñêëåðîç, èäèîïàòè÷åñêèé ôèáðîç
ëåãêîãî è ñèñòåìíûé ñêëåðîç ñ ïîëèîðãàííûì
ôèáðîçîì [64, 65].

Èñòî÷íèêè ÏÑÐ ìåíåå âàæíû, ÷åì ìåõàíèçìû
èõ ïðîôèáðîçíîãî äåéñòâèÿ. Íà ìîëåêóëÿðíîì
óðîâíå îíè ðåãóëèðóþò øèðîêèé äèàïàçîí êëå-
òî÷íûõ ôóíêöèé, äåéñòâóÿ êàê ìîëåêóëû-ïîñðåä-
íèêè â ýíäîïëàçìå êëåòîê è îáëàäàþò ñïîñîá-
íîñòüþ ïðÿìî âëèÿòü íà òðàíñêðèïöèþ ÄÍÊ
[66]. Ïðè îêñèäàíòíîì ñòðåññå, íåçàâèñèìî îò
óðîâíÿ ãèïîêñèè, ÏÑÐ àêòèâèðóþò ôàêòîð 1-àëü-
ôà (H1F1a) [67]. Â ñâîþ î÷åðåäü, H1F1a âûçûâà-
åò ýêñïðåññèþ íåñêîëüêèõ ôèáðîãåííûõ ãåíîâ
[60]. Èíûì äåéñòâèåì ÏÑÐ, êîòîðîå, êàê ïðåäïî-
ëàãàåòñÿ, èìååò ïðÿìîå îòíîøåíèå ê ôèáðîçó, ÿâ-
ëÿåòñÿ àêòèâàöèÿ âíåêëåòî÷íîãî TGFp1 [68].
Êðîìå òîãî, ÏÑÐ ñâÿçàíû ñ àäàïòèâíûì èììóí-
íûì îòâåòîì, îíè ðåãóëèðóþò äèôôåðåíöèðîâà-
íèå äâóõ ôåíîòèïîâ Ò-ëèìôîöèòîâ (CD4+ è
Thy-2), îòâåòñòâåííûõ çà ñåêðåöèþ öèòîêèíîâ
²L-4 è ²L-13 [69]. Ýòîò ìåõàíèçì ìîæåò ïðåâàëè-
ðîâàòü ïðè ðàçâèòèè àòåðîñêëåðîçà, êîãäà êëåòêè
õðîíè÷åñêîãî âîñïàëåíèÿ íàêàïëèâàþòñÿ â çîíå
ïîâðåæäåííîãî ýíäîòåëèÿ è ôàãîöèòèðóþò ÷àñ-
òèöû ëèïèäà èç êðîâîòîêà, êîòîðûå â äàëüíåé-
øåì îêèñëÿþòñÿ ïîä äåéñòâèåì ïåðåêèñíûõ ðà-
äèêàëîâ [70]. Ïðîäóêòû îêèñëåíèÿ ëèïèäîâ ñòè-
ìóëèðóþò ñåêðåöèþ ôèáðîãåííûõ öèòîêèíîâ,
äåéñòâóþùèõ êàê õåìîàòàêòàíòû è ìèòîãåíû,
ñòèìóëèðóþùèå äèôôåðåíöèðîâêó ãëàäêîìûøå÷-
íûõ êëåòîê â ñòåíêå ñîñóäà [71]. Êàê áûëî ïîêàçà-
íî âûøå, ãëàäêîìûøå÷íûå êëåòêè ìîãóò äèôôå-
ðåíöèðîâàòüñÿ â ìèîôèáðîáëàñòû, îòâåòñòâåí-
íûå çà ñåêðåöèþ ÂÊÌ ïðè àòåðîñêëåðîçå. Ïðîáëå-
ìà ñîñòîèò â òîì, ÷òîáû îïðåäåëèòü, êàêèå èç ýòèõ

ìåõàíèçìîâ äåéñòâèÿ ÏÑÐ ÿâëÿþòñÿ íàèáîëåå
âàæíûìè â ïàòîãåíåçå ðàäèàöèîííîãî ôèáðîçà.

Ïàòîãåíåç ðàäèàöèîííîãî ôèáðîçà
Ïðèðîäà è ïðè÷èíû, âûçûâàþùèå áîëåçíè ÷å-

ëîâåêà, â îñíîâå êîòîðûõ ëåæèò ôèáðîç, ñïîðíû,
íî îíè òî÷íî èçâåñòíû äëÿ ðàäèàöèîííîãî ôèá-
ðîçà. Ïðÿìîå ïîâðåæäåíèå ÄÍÊ, áåëêîâ è ëèïè-
äîâ ÿâëÿåòñÿ ïåðâûì äåéñòâèåì èîíèçèðóþùåãî
èçëó÷åíèÿ íà êëåòêè è òêàíè. Ïîñëåäóþùèé íå-
êðîç êëåòîê ÿâëÿåòñÿ áèîëîãè÷åñêîé ðåàêöèåé íà
ïåðâè÷íîå ðàäèàöèîííîå âîçäåéñòâèå, íî ñóáëå-
òàëüíûå ïîâðåæäåíèÿ êëåòîê òàêæå âàæíî ó÷è-
òûâàòü, ïîòîìó ÷òî äëÿ ôèáðîãåíåçà íåîáõîäèìû
ôóíêöèîíèðóþùèå êëåòêè. Ïðÿìîå äåéñòâèå
ÏÑÐ íà âíåêëåòî÷íóþ ìàòðèöó ÿâëÿåòñÿ ïðè÷è-
íîé ôèáðîãåíåçà, ïîñêîëüêó îíè ñïîñîáíû àêòè-
âèçèðîâàòü öèòîêèíû, äåïîíèðîâàííûå â ÂÊÌ.
Àðãóìåíòû, êàñàþùèåñÿ îòíîñèòåëüíîé âàæíîñ-
òè ïåðâè÷íîãî ïîâðåæäåíèÿ ýïèòåëèàëüíûõ èëè
ýíäîòåëèàëüíûõ êëåòîê, ëåòàëüíûõ èëè ñóáëå-
òàëüíûõ ïîâðåæäåíèé, àïîïòîòè÷åñêîé èëè ìè-
òîòè÷åñêîé ðàäèàöèîííîé ñìåðòè êëåòêè, ïîêà
îñòàþòñÿ ïðåäìåòîì äèñêóññèé. Íî âñå ýòè ïðè-
÷èíû è ñëåäñòâèÿ â ïðèíöèïå ñâîäÿòñÿ ê åäèíî-
ìó êëèíè÷åñêîìó ñèíäðîìó, ïàòîãåíåç êîòîðîãî
ñëåäóåò òåì æå îáùèì ìåõàíèçìàì ñèíòåçà è äå-
ãðàäàöèè ÂÊÌ. Ïîýòîìó ìîæíî îæèäàòü, ÷òî
ñòðàòåãèè ëå÷åíèÿ è ôàðìàöåâòè÷åñêèå ïðåïàðà-
òû, ýôôåêòèâíûå ïðè íåîíêîëîãè÷åñêèõ ôèáðîç-
íûõ áîëåçíÿõ, áóäóò ýôôåêòèâíû è ïðè ðàäèàöè-
îííîì ôèáðîçå (ÐÔ).

Ìîðôîëîãè÷åñêèå èçìåíåíèÿ
ïîñëå ëó÷åâîé òåðàïèè

Êëàññè÷åñêèå ïàòîãèñòîëîãè÷åñêèå äàííûå
ïîñëå îáëó÷åíèÿ îïèñûâàþò ôèáðîç âî ìíîãèõ
îðãàíàõ [6]. Êëèíè÷åñêèì ïîñëåäñòâèåì ýòîãî
ÿâëÿåòñÿ ñíèæåíèå ôóíêöèè îðãàíîâ (ìûøö, ëåã-
êîãî, ñåðäöà), ðàçâèòèå ñòðèêòóð (ïîëûõ îðãà-
íîâ), óõóäøåíèå ãàçîîáìåíà (àëüâåîëû, êàïèëëÿ-
ðû). Ê îðãàíàì, â êîòîðûõ íå ðàçâèâàåòñÿ ôèáðîç,
îòíîñÿòñÿ òîëüêî öåíòðàëüíàÿ íåðâíàÿ ñèñòåìà,
êîñòíûé ìîçã è êîñòè [72]. Ìèêðîñêîïè÷åñêè
ôèáðîç âûãëÿäèò êàê äèôôóçíîå ïîðàæåíèå, ñâÿ-
çàííîå ñ ðàçâèòèåì âíóòðèòêàíåâîé ñåòè ôèáðè-
íà, ñ ïîâðåæäåíèåì êàïèëëÿðîâ è íàðóøåíèåì
ìèêðîöèðêóëÿöèè, ïðè÷åì ýòè èçìåíåíèÿ îáíà-
ðóæèâàþòñÿ ÷åðåç ìíîãî ëåò ïîñëå îáëó÷åíèÿ è
ïðîãðåññèðóþò ñî âðåìåíåì. Ôèáðîç â èíòèìå è
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ìûøå÷íîì ñëîå àðòåðèé âûçûâàåò äåôîðìàöèþ
è ñóæåíèå ïðîñâåòà ñîñóäîâ, ÷òî äîïîëíèòåëüíî
ñïîñîáñòâóåò ôèáðîçó ïàðåíõèìû îðãàíà òàê æå,
êàê àòðîôèè ïðè èøåìè÷åñêîé ãèïîêñèè.

Èçó÷åíèå ìîðôîëîãè÷åñêèõ èçìåíåíèé ó ëþ-
äåé îãðàíè÷åíî äîñòóïíîñòüþ îáëó÷åííûõ òêà-
íåé è ÷àùå âñåãî âîçìîæíî ïðè àóòîïñèè èëè
ïîñëå õèðóðãè÷åñêîãî óäàëåíèÿ. Ïðè èçó÷åíèè â
ñâåòîâîì ìèêðîñêîïå îïèñàíû ñîñóäèñòûå èçìå-
íåíèÿ, ðàçâèâàþùèåñÿ â òå÷åíèå íåñêîëüêèõ íå-
äåëü ïîñëå îáëó÷åíèÿ, âêëþ÷àÿ ñóæåíèå è îáëè-
òåðàöèþ êàïèëëÿðîâ, íàáóõàíèå ýíäîòåëèÿ ñ î÷à-
ãàìè ôèáðèíà è ýíäîòåëèàëüíîé ãèïåðïëàçèåé.
Ðàííèå âîñïàëèòåëüíûå èçìåíåíèÿ â ñîñóäèñòîé
ñåòè, ïîääàþùèåñÿ îáíàðóæåíèþ â òå÷åíèå íå-
ñêîëüêèõ ìèíóò ïîñëå îáëó÷åíèÿ ó æèâîòíûõ,
áóäóò îáñóæäàòüñÿ íèæå. Ýíäîòåëèàëüíàÿ ãèïåð-
ïëàçèÿ çàìå÷åíà òàêæå â êðóïíûõ ñîñóäàõ, ïðè-
÷åì è â àðòåðèÿõ è â âåíàõ. Óìåíüøåíèå êîëè÷å-
ñòâà êàïèëëÿðîâ âûçûâàåò èøåìèþ òêàíè, ÷òî
òàêæå ÿâëÿåòñÿ îäíîé èç ïðè÷èí ðàçâèòèÿ è ïðî-
ãðåññèðîâàíèÿ ôèáðîçà. Íàêîïëåíèå ìàêðîôàãîâ
ïîä èíòèìîé îïèñûâàåòñÿ êàê òèïè÷íàÿ ìîðôî-
ëîãè÷åñêàÿ êàðòèíà õðîíè÷åñêîãî ðàäèàöèîí-
íîãî âàñêóëèòà, íàïîìèíàÿ ïðè ýòîì ìîðôîëîãè-
÷åñêèå îñîáåííîñòè àòåðîñêëåðîçà, â êîòîðîì
ìàêðîôàãè � îñíîâíîé èñòî÷íèê ñèíòåçà ôèáðî-
ãåííûõ öèòîêèíîâ [73, 74]. Ñðåäè êëåòîê â ôèá-
ðîçíîé òêàíè õàðàêòåðíû ôèáðîáëàñòû, êîòîðûå
ìîãóò âûãëÿäåòü àòèïè÷íûìè, ñ ïðè÷óäëèâûìè
ôîðìàìè, ðàçëè÷íûõ ðàçìåðîâ ñ ãèïåðõðîìíû-
ìè, ïîëèïëîèäíûìè ÿäðàìè. Õàðàêòåðíàÿ îñî-
áåííîñòü ïîçäíåãî ëó÷åâîãî ïîðàæåíèÿ � ýòî
îòñóòñòâèå êëåòî÷íîé âîñïàëèòåëüíîé ðåàêöèè,
÷òî ïîäâåðãàåò ñîìíåíèþ ðîëü àäàïòèâíûõ èì-
ìóííûõ îòâåòîâ [72]. Îñîáûé ñëó÷àé � âòîðè÷-
íûé ðàäèàöèîííûé ôèáðîç. Îí ñòèìóëèðóåòñÿ
ãèïîêñèåé è èíôåêöèåé â ýïèòåëèàëüíûõ ïî-
âåðõíîñòÿõ, âêëþ÷àÿ êîæó è ñëèçèñòóþ îáîëî÷êó
æåëóäî÷íî-êèøå÷íîãî òðàêòà (ÆÊÒ), è íàïîìè-
íàåò ðóáöåâàíèå õèðóðãè÷åñêèõ ðàí.

Ðåãóëÿöèÿ ñèíòåçà êîëëàãåíà
ïðè ðàäèàöèîííîì ôèáðîçå

Ñïóñòÿ 7�40 íåäåëü ïîñëå ïðåäîïåðàöèîííîé
ëó÷åâîé òåðàïèè â ñëèçèñòîé îáîëî÷êå ïðÿìîé
êèøêè ÷åëîâåêà îáíàðóæèâàåòñÿ óâåëè÷åíèå
óðîâíÿ TGFp1, êîòîðûé îòñóòñòâîâàë â íåîáëó-
÷åííîé òêàíè ó áîëüíûõ êîíòðîëüíîé ãðóïïû

[75]. Èññëåäîâàòåëè îáíàðóæèëè ïîâûøåííûé
óðîâåíü TGFp1, âêëþ÷àÿ íåàêòèâíûé öèòîêèí,
ñâÿçàííûé ñ ÂÊÌ êàê ñêðûòûé êîìïëåêñ
(LTGFp). Â äðóãîé ïóáëèêàöèè ïðè èññëåäîâà-
íèè îáëó÷åííîé ïîäâçäîøíîé è òîëñòîé êèøêè
ôèáðîç ïîäñëèçèñòîé è ñåðîçíîé îáîëî÷åê, ìû-
øå÷íîãî ñëîÿ, áûë ñâÿçàí ñ ïîâûøåííûì óðîâ-
íåì LTGFp è áåëêà CTGF, ÷òî áûëî îòìå÷åíî ïðè
èññëåäîâàíèè òêàíåé ó 16 ïàöèåíòîâ, îïåðèðî-
âàííûõ ïî ïîâîäó ñòåíîçà òîëñòîé êèøêè ïîñëå
îáëó÷åíèÿ òàçà [76, 77]. Ïðè ýòîì óðîâíè TGFp1
ñòàòèñòè÷åñêè çíà÷èìî íå îòëè÷àëèñü â îáëó÷åí-
íîé è íåîáëó÷åííîé êèøêå, à ôåíîòèï ôèáðîáëà-
ñòîâ íàïîìèíàë ôåíîòèï ïðè ñèñòåìíîì ñêëåðî-
çå, ïðè êîòîðîì òàêæå îòìå÷àþòñÿ âûñîêèå óðîâ-
íè ñèíòåçà êîëëàãåíà, íåñìîòðÿ íà íèçêèå óðîâ-
íè TGFp1 [51]. Ïîâûøåíèå ýêñïðåññèè CTGF îá-
íàðóæåíî â ìèîôèáðîáëàñòàõ îáëó÷åííîé êèø-
êè, ïðè ýòîì ñîõðàíÿþòñÿ íåêîòîðûå îñîáåííî-
ñòè èõ ãëàäêîìûøå÷íîãî ïðîèñõîæäåíèÿ, êàê
ïðè àòåðîñêëåðîçå [25, 76, 78]. Sassi M. et al. ïðè
èññëåäîâàíèè îáëó÷åííîãî æåëóäî÷íî-êèøå÷-
íîãî òðàêòà ó 22 ïàöèåíòîâ ÷åðåç 1�75 ìåñÿöåâ
ïîñëå ËÒ ñîîáùèëè î ïîâûøåííîì ñîäåðæàíèè
êîëëàãåíà â ñòåíêàõ òîíêîé êèøêè [79].

Benyahia B. è Magdelenat H. èíôîðìèðóþò î ìîð-
ôîëîãè÷åñêèõ ïðèçíàêàõ íàêîïëåíèÿ êîëëàãåíà â
êîæå ó 24 èç 30 ïàöèåíòîâ, ÷åðåç 3�11 ëåò ïîñëå
îáëó÷åíèÿ ìîëî÷íîé æåëåçû (ÌÆ) ñóììàðíîé
î÷àãîâîé äîçîé (ÑÎÄ) 55 Ãð çà 30 ôðàêöèé â òå-
÷åíèå 6 íåäåëü [80]. Áîëüøèíñòâî ôèáðîáëàñòîâ
ïîêàçàëî âíóòðèÿäåðíîå îêðàøèâàíèå íà TGFp1,
êîòîðîå îòñóòñòâîâàëî â íåîáëó÷åííîé êîæå.
Äîïîëíèòåëüíûå ñâèäåòåëüñòâà íàðóøåíèÿ
ìåòàáîëèçìà ÂÊÌ ïîñëå ËÒ áûëè ïîëó÷åíû ïðè
èññëåäîâàíèè óðîâíåé êîëëàãåíà è N- è C-êîí-
öåâûõ ïåïòèäîâ êîëëàãåíà (N- and C-terminal
collagen peptide � P1NP è P1CP) ïðè àíàëèçå òêà-
íåâîé æèäêîñòè, ïîëó÷åííîé èç êîæè ïàöèåíòîâ
ïîñëå ËÒ [81]. Ïðè ýòîì P1NP è P1CP ÿâëÿþòñÿ
êîíöåâûìè ìîëåêóëàìè ïðîòèâîïîëîæíûõ êîí-
öîâ ìîëåêóë ïðîêîëëàãåíà, è èõ íàëè÷èå ÿâëÿåòñÿ
íàäåæíûì èíäèêàòîðîì ñèíòåçà íîâîãî êîëëàãå-
íà. Ïðè èññëåäîâàíèè êîæè ÌÆ ÷åðåç 1�5 ëåò
ïîñëå îáëó÷åíèÿ â ÑÎÄ 50 Ãð çà 25 ôðàêöèé áûëî
îáíàðóæåíî äâóêðàòíîå óâåëè÷åíèå òåìïîâ ñèí-
òåçà êîëëàãåíà òèïîâ I è III â ïåðâûå ãîäû, òàê æå,
êàê è ïðèçíàêè äåãðàäàöèè êîëëàãåíà [82]. Ýòà æå
ãðóïïà èññëåäîâàòåëåé ñîîáùèëà îá óâåëè÷åíèè
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êîëè÷åñòâà ôèáðîáëàñòîâ è ÷èñëà òó÷íûõ êëåòîê
[83] â âåðõíåì ñëîå êîæè.

Ïîâûøåíèå òåìïîâ ðàñïàäà ÂÊÌ, êàê è åå ñèí-
òåçà, � îñîáåííîñòü õðîíè÷åñêîãî ôèáðîçà, êî-
òîðàÿ îáíàðóæèâàåòñÿ ñïóñòÿ  2 íåäåëè ïîñëå íà-
÷àëà ËÒ îáëàñòè òàçà, ñ óâåëè÷åííûì óðîâíåì
ìåòàëëîïðîòåèíàçû (metalloproteinase � MMP2),
÷òî ñâèäåòåëüñòâóåò î íà÷àëå ïåðåñòðîéêå ÂÊÌ
[79, 84]. Íàðóøåíèå ðåãóëÿöèè îáìåíà ÂÊÌ îá-
íàðóæåíî â êðîâåíîñíûõ ñîñóäàõ, î ÷åì ñîîáùà-
þò Milliat F. et al. ïðè èññëåäîâàíèè óäàëåííûõ
òêàíåé ïðÿìîé êèøêè  38 ïàöèåíòîâ ñ àäåíîêàð-
öèíîìîé [85]. Îïåðàöèÿ âûïîëíåíà ÷åðåç 5�7
íåäåëü ïîñëå ïðåäîïåðàöèîííîé ËÒ â ÑÎÄ 45 Ãð
ïðè ðàçîâîé î÷àãîâîé äîçå (ÐÎÄ) 1,8�2,0 çà ôðàê-
öèþ. Ñîñóäèñòûå èçìåíåíèÿ âêëþ÷àëè äèñòðî-
ôèþ ìûøå÷íîãî è ãèïåðïëàçèþ ñëèçèñòîãî
ñëîÿ, ñ èíòåíñèâíîé èììóíîãèñòîõèìè÷åñêîé
îêðàñêîé íà êîëëàãåí I è III òèïîâ è âèäèìîé ïðî-
ëèôåðàöèåé ãëàäêîìûøå÷íûõ êëåòîê. Ðàçâèâà-
þòñÿ ëè ñî âðåìåíèåì ýòè îñòðûå è ïîäîñòðûå
èçìåíåíèÿ â õðîíè÷åñêèé ôèáðîç, ïîêà íå óñòà-
íîâëåíî.

Â èòîãå ìîæíî ñäåëàòü âûâîä, ÷òî ïîñòëó÷åâîé
ôèáðîç ó ëþäåé òàêæå ñâÿçàí ñ óâåëè÷åííûì ñèí-
òåçîì êîëëàãåíà è ïîñëåäîâàòåëüíîé àêòèâàöè-
åé êëþ÷åâûõ ôèáðîãåííûõ ôàêòîðîâ ðîñòà è öè-
òîêèíîâ, âêëþ÷àÿ TGFp1 è CTGF. Õîòÿ íåëüçÿ
óòâåðæäàòü, ÷òî ïðîöåññû íàðóøåíèÿ ðåãóëÿöèè
îáìåíà ÂÊÌ, êîòîðûå âûÿâëÿþòñÿ â ïåðâûå
íåñêîëüêî íåäåëü ïîñëå ËÒ, îòâåòñòâåííû è çà
îñëîæíåíèÿ, âîçíèêàþùèå ñïóñòÿ íåñêîëüêî äå-
ñÿòèëåòèé, íî, âåðîÿòíî, ïàòîãåíåç ìîëåêóëÿð-
íûõ ïóòåé ïîñòëó÷åâîãî ôèáðîãåíåçà âî ìíîãîì
èäåíòè÷åí ôèáðîçíûì ðåàêöèÿì, îáñóæäàåìûì
âûøå.

Ðîëü ôèáðîáëàñòîâ
ïðè ðàäèàöèîííîì ôèáðîçå

Ôèáðîáëàñòû è ìèîôèáðîáëàñòû, âûäåëåí-
íûå èç çîí ôèáðîçà ó îáëó÷åííûõ ïàöèåíòîâ, ìî-
ãóò áûòü âûäåëåíû â êóëüòóðó òêàíåé, ãäå îáíàðó-
æåíû ñóùåñòâåííûå ðàçëè÷èÿ â èõ ôåíîòèïàõ.
Íàïðèìåð, ôèáðîáëàñòû êîæè îáëó÷åííûõ ïà-
öèåíòîâ ñëîæíî êóëüòèâèðîâàòü in vitro, îñîáåí-
íî ïîëó÷åííûå èç çîíû ïîçäíèõ ôèáðîçíûõ ïî-
ðàæåíèé. Îíè âåñüìà ãåòåðîãåííû, ÷àñòî ñ íèç-
êèì ïðîëèôåðàòèâíûì ïîòåíöèàëîì è îãðàíè-
÷åííîé ñïîñîáíîñòüþ ê ìèãðàöèè [86, 87]. Êðî-
ìå ýòîãî, îòìå÷åíû âûðàæåííûå ïîâðåæäåíèÿ

õðîìîñîì êîæíûõ ôèáðîáëàñòîâ, èçîëèðîâàí-
íûõ â òå÷åíèå ïåðâîãî ãîäà ïîñëå ëó÷åâîé òåðà-
ïèè ó áîëüíûõ, ïåðåíåñøèõ îáëó÷åíèå ãðóäíîé
ñòåíêè ïîñëå ìàñòýêòîìèè [88]. Òðóäíîñòü êóëü-
òèâèðîâàíèÿ ôèáðîáëàñòîâ èç îáëó÷åííîé êîæè
â êóëüòóðå òêàíè ñâÿçàíà ñ îñòàòî÷íûì ïîâðåæ-
äåíèåì ÄÍÊ è ïàòîìîðôîçîì â ðåçóëüòàòå âîç-
äåéñòâèÿ èîíèçèðóþùåé ðàäèàöèè, êîòîðûå
ïðèâîäÿò ê íàðóøåíèþ êëåòî÷íîãî öèêëà [89, 91,
92]. Ó ýòèõ ôèáðîáëàñòîâ òàêæå îáíàðóæåíû
ñåêðåòîðíûå ôóíêöèè, ñâÿçàííûå ñ èíäóêöèåé
TGFp1, ðåãóëèðóþùåãî ñèíòåç êîëëàãåíà. Hers-
kind C. et al. îáëó÷àëè in vitro êóëüòóðû êîæíûõ
ôèáðîáëàñòîâ, ïîëó÷åííûõ ïðè áèîïñèè íåîáëó-
÷åííîé êîæè [93]. Ó÷åíûå ñîîáùèëè î ñòàòèñ-
òè÷åñêè çíà÷èìîé ñâÿçè ìåæäó ìèòîòè÷åñêèì
èíäåêñîì ôèáðîáëàñòîâ ïåðåä îáëó÷åíèåì è ñòå-
ïåíüþ âûðàæåííîñòè ôèáðîçà ïîñëå ìàñòýêòî-
ìèè ó áîëüíûõ, êîòîðûå ïîäâåðãàëèñü ïîñëåîïå-
ðàöèîííîé ËÒ. Íî èññëåäîâàíèå Russell N. S. et al.,
ïðîâåäåííîå ñ 79 ïàöèåíòàìè, íå ïîäòâåðäèëî
ýòó ñâÿçü ïîñëå îäíîêðàòíîãî îáëó÷åíèÿ êóëüòó-
ðû ôèáðîáëàñòîâ ÑÎÄ 8 Ãð in vitro [94]. Îäíàêî ó
3 èç íèõ, ó êîãî âïîñëåäñòâèè íå áûë äèàãíîñòè-
ðîâàí ôèáðîç êîæè, íåñìîòðÿ íà âûñîêèå êëèíè-
÷åñêèå ôàêòîðû ðèñêà, áûë îáíàðóæåí íèçêèé
ìèòîòè÷åñêèé èíäåêñ ôèáðîáëàñòîâ, ïî ñðàâíå-
íèþ ñ 36 ïàöèåíòàìè ñ ôèáðîçîì êîæè 2�3-é ñòå-
ïåíè. Ó÷èòûâàÿ ýòè äàííûå, ìîæíî ïðåäïîëî-
æèòü, ÷òî ÷àñòîòà ìèòîçîâ ìîæåò èçìåíÿòüñÿ â
çàâèñèìîñòè îò ðàçíûõ äðóãèõ ôàêòîðîâ.

Â îòëè÷èå îò îáëó÷åííîé êîæè, êóëüòóðû ôèá-
ðîáëàñòà, âûðàùåííûå in vitro èç êëåòî÷íîãî ìà-
òåðèàëà ïîäâçäîøíîé êèøêè è òîëñòîé êèøêè ó
ëþäåé ñ ðàäèàöèîííûì ýíòåðèòîì (16 áîëüíûõ)
èëè áåç íåãî (6 áîëüíûõ), îáíàðóæåíû âûñîêèå
óðîâíè aSMA [95, 96]. Ìèîôèáðîáëàñòû òàêæå
ñåêðåòèðóþò òðîïîìèîçîí, õàðàêòåðíûé äëÿ
ãëàäêîìûøå÷íûõ êëåòîê. ßâëÿþòñÿ ëè ýòè êëåò-
êè ìèîôèáðîáëàñòàìè èëè òîëüêî ïîõîæè íà
íèõ, íå âûÿñíåíî è, âåðîÿòíî, íå èìååò çíà÷åíèÿ.
Èõ âàæíàÿ îñîáåííîñòü â òîì, ÷òî ïîâûøåííàÿ
ñåêðåöèÿ èìè CTGF è êîëëàãåíà òèïà I ïîäòâåðæ-
äåíà â êóëüòóðå òêàíè è ñîâïàäàåò ñ ðåçóëüòàòàìè
èììóíîãèñòîõèìè÷åñêîãî àíàëèçà îáðàçöîâ òêà-
íè òîíêîé êèøêè [76, 77]. Ïðè÷èíû òàêèõ ðàçëè-
÷èé ìåæäó ìèîôèáðîáëàñòàìè, ïîëó÷åííûìè èç
îáëó÷åííîé êèøêè è êîæè, íå èçâåñòíû.
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Ïîñòðàäèàöèîííûé ôåíîòèï ÷åëîâå÷åñêèõ
êèøå÷íûõ ìèîôèáðîáëàñòîâ èíòåðåñåí ïî òåðà-
ïåâòè÷åñêèì ïðè÷èíàì, òàê êàê îí ñâÿçàí ñ ïåðå-
äà÷åé ñèãíàëîâ ïîñðåäñòâîì êèíàç (ROCK �
ïóòü) [77], âàæíîé äëÿ ïàòîãåíåçà êàïèëëÿðíîãî
êàðäèàëüíîãî ñïàçìà è ëåãî÷íîé àðòåðèàëüíîé
ãèïåðòåíçèè [97�99]. Êàê ïîêàçàíî âûøå, óðî-
âåíü CTGF çàâèñèò îò TGFp1, ñåêðåòèðóåìîãî â
íîðìàëüíûõ ôèáðîáëàñòàõ êîæè, è îñòàåòñÿ âû-
ñîêèì, íåñìîòðÿ íà î÷åíü íèçêèå óðîâíè TGFp1
ïðè ñèñòåìíîì ñêëåðîçå è ðàäèàöèîííîì ýíòå-
ðèòå. Èíäóêöèÿ CTGF ìèîôèáðîáëàñòàìè, èçî-
ëèðîâàííûìè èç îáëó÷åííîé ÷åëîâå÷åñêîé êèø-
êè, íå çàâèñèò îò TGFp1, è îñóùåñòâëÿåòñÿ ïî-
ñðåäñòâîì ROCK ïóòè [76, 100]. Ýòî íåìíîãî îò-
ëè÷àåòñÿ îò ïóòè àêòèâàöèè ñèíòåçà CTGF ÷åðåç
TGFp1 ïðè ñèñòåìíîì ñêëåðîçå [39, 48]. Àêòèâà-
öèè ROCK ïóòè îáúÿñíÿåò òîðìîæåíèå ðàçâèòèÿ
ðàäèàöèîííîãî ôèáðîçà ó êðûñ ïðè èñïîëüçîâà-
íèè ñòàòèíîâ, ÷òî îòêðûâàåò âîçìîæíîñòè äëÿ
êëèíè÷åñêîãî èñïîëüçîâàíèÿ ýòèõ ïðåïàðàòîâ
[101, 102, 103].

TGFp1 � òîëüêî îäèí èç íåñêîëüêèõ ïðîôèá-
ðîçíûõ öèòîêèíîâ, êîòîðûå àêòèâèçèðóþò êëåò-
êè ïðåäøåñòâåííèêè ìèîôèáðîáëàñòîâ. ÂÊÌ
ÿâëÿåòñÿ ðåçåðâóàðîì íåàêòèâíîãî TGFp1. Ñâî-
áîäíûå ïåðåêèñíûå ðàäèêàëû, îáðàçóþùèåñÿ â
ðåçóëüòàòå ïðÿìîãî äåéñòâèÿ èîíèçèðóþùåé ðà-
äèàöèè, ÿâëÿþòñÿ íåïîñðåäñòâåííûìè àêòèâà-
òîðàìè TGFp1 [68, 104]. Ñîãëàñíî ýòîé ìîäåëè,
TGFp1, àêòèâèçèðîâàííûé äàæå ïðè íåáîëüøîé
äîçå îáëó÷åíèÿ, íà÷èíàåò ïðîöåññ ñèíòåçà êîë-
ëàãåíà, êîòîðûé óïðàâëÿåòñÿ àóòîêðèííîé èí-
äóêöèåé CTGF. Îäíàêî åñòü äðóãîé, íå ïðÿìîé
ìåõàíèçì àêòèâàöèè TGFp1. Òàê, òðàíñêðèïöèÿ
ãåíîâ, ðåãóëèðóþùèõ ñèíòåç TGFp, ìîæåò âûçû-
âàòüñÿ ðàäèàöèåé ÷åðåç èíäóêöèþ òðàíñêðèïöè-
îííûõ ôàêòîðîâ. Ïðè ýòîì àêòèâàöèÿ TGFp1 ÿâ-
ëÿåòñÿ ðåçóëüòàòîì ðåàêöèè íà ïîâðåæäåíèå
ÄÍÊ â êîæíûõ ôèáðîáëàñòàõ [91, 92]. Êàê ðàíî
ïðîèñõîäèò àêòèâàöèÿ TGFp1 ïðè êëèíè÷åñêîì
ðàçâèòèè ðàäèàöèîííîãî ôèáðîçà, îñòàåòñÿ íå
âûÿñíåííûì. Íî, âåðîÿòíî, ñóùåñòâóåò ïîðîã
àêòèâàöèè, ïîñêîëüêó ââåäåíèå äî îáëó÷åíèÿ
ðàñòâîðèìîãî ðåöåïòîðà TGFp1, ïîäàâëÿþùåãî
òðàíñêðèïöèþ ãåíîâ ðåãóëèðóþùèõ ñèíòåç
TGFp1, ÿâëÿåòñÿ îäíîé èç íåìíîãèõ ñòðàòåãèé,
ïîçâîëÿþùèõ ñòàòèñòè÷åñêè çíà÷èìî óìåíüøèòü
÷àñòîòó è ñòåïåíü òÿæåñòè ïîçäíèõ ïîñòðàäèà-

öèîííûõ ïîâðåæäåíèé ëåãêèõ è êîæè ó ìûøåé.
Ðåàëüíàÿ ïðîáëåìà ñîñòîèò â òîì, ÷òîáû òî÷íî
óñòàíîâèòü, ÷åðåç êàêîå âðåìÿ ïîñëå îáëó÷åíèÿ
ýòè ôèáðîãåííûå ñèãíàëû íà÷èíàþò äåéñòâî-
âàòü [105, 106].

Ðîëü ïîâðåæäåíèÿ ñîñóäîâ è ãèïîêñèè
Îäíà èç ñàìûõ ïåðâûõ ãèïîòåç â îáëàñòè ðàäè-

àöèîííîé ïàòîëîãèè ïîñòóëèðîâàëà ñîñóäèñòîå
ïîâðåæäåíèå êàê îñíîâíîé ïàòîãåííûé ñèãíàë,
êîòîðûé ïðåäøåñòâóåò ôèáðîçó. Ïîâðåæäåíèå
ýíäîòåëèÿ ñîñóäîâ � äåéñòâèòåëüíî õàðàêòåð-
íàÿ ÷åðòà ïåðâè÷íîãî äåéñòâèÿ ðàäèàöèè íà íîð-
ìàëüíûå òêàíè ó æèâîòíûõ è ëþäåé [6, 107�109].
Ó áîëüíûõ ðàêîì ïðÿìîé êèøêè, îñíîâíûå
ìîðôîëîãè÷åñêèå èçìåíåíèÿ â êðóïíûõ ñîñóäàõ,
âêëþ÷àÿ îêîëî- è âíóòðèñîñóäèñòûé ôèáðîç,
ãèïåðïëàçèþ èíòèìû ñ îáëèòåðàöèåé ñîñóäîâ,
áûëè îáíàðóæåíû âî âñåõ îáðàçöàõ óäàëåííûõ
òêàíåé ÷åðåç íåñêîëüêî íåäåëü ïîñëå ïðåä-
îïåðàöèîííîé ËÒ â ÑÎÄ = 45 Ãð ïðè
ÐÎÄ = 1,8�2,0 Ãð çà ôðàêöèþ [85]. Ïðè èññëåäî-
âàíèè òêàíè ëåãêèõ, óäàëåííûõ õèðóðãè÷åñêè
èëè ïðè àóòîïñèè ÷åðåç 4�12 íåäåëü ïîñëå ËÒ
òàêæå îáíàðóæåíû èäåíòè÷íûå èçìåíåíèÿ
[110]. Î÷åíü ðàííèå èçìåíåíèÿ â êàïèëëÿðíîé
ôóíêöèè áûëè èçó÷åíû ó ãðûçóíîâ ïðè âèòàëü-
íîé ìèêðîñêîïèè, ïîäòâåðäèâøåé ðàçâèòèå âîñ-
ïàëèòåëüíîé ðåàêöèè ñ èíôèëüòðàöèåé ëåéêî-
öèòàìè ïåðèâàñêóëÿðíûõ òêàíåé â òå÷åíèå íå-
ñêîëüêèõ ÷àñîâ ïîñëå îáëó÷åíèÿ [111, 112]. Èçìå-
íåíèÿ ñîñóäèñòîé ïðîíèöàåìîñòè áûëè ñâÿçàíû
ñ íàêîïëåíèåì ôèáðèíà â ìåæñîñóäèñòîì ïðî-
ñòðàíñòâå ïîñëå îäíîêðàòíîãî îáëó÷åíèÿ ó ìû-
øåé, íàïîìèíàÿ êëàññè÷åñêóþ êàðòèíó ôèáðîçà,
ðàçâèâàþùåãîñÿ ÷åðåç íåñêîëüêî ëåò â êîæå áîëü-
íûõ, ïîëó÷àâøèõ ËÒ [7, 113]. Êðîìå ìîðôîëîãè-
÷åñêèõ èçìåíåíèé, î êîòîðûõ ñîîáùàþò ïðè èñ-
ñëåäîâàíèè ðåçåöèðîâàííûõ ó÷àñòêîâ òîíêîé
êèøêè ó áîëüíûõ ñ ïîñòðàäèàöèîííûìè ñòðèê-
òóðàìè, â òêàíÿõ îáíàðóæåíî óìåíüøåíèå ýíäî-
òåëèàëüíîãî òðîìáîìîäóëèíà (thrombomodulin �
TM) è óâåëè÷åíèå èíãèáèòîðà àêòèâàòîðà ïëàç-
ìèíîãåíà I (plasminogen activator inhibitor-1 �
PA1-I) [114, 117].

ßâëÿþòñÿ ëè ýòè ðàííèå èçìåíåíèÿ òîëüêî íà-
÷àëüíîé ñòàäèåé õðîíè÷åñêîãî ôèáðîçà, íå ÿñíî.
Ó÷èòûâàÿ âåäóùóþ ðîëü ïðîöåññà êîàãóëÿöèè
ïðè ïîâðåæäåíèè ýíäîòåëèÿ ñîñóäîâ, Wang J.
et al. èñïîëüçîâàëè èíãèáèòîð àãðåãàöèè òðîì-
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áîöèòîâ (ïðåïàðàò êëîïèäîãðåë) ñ öåëüþ ïðå-
äóïðåæäåíèÿ ðàçâèòèÿ ýíòåðîïàòèè ïðè îáëó÷å-
íèè êðûñ [115]. Àâòîðû ñîîáùèëè îá óìåíüøå-
íèè ýêñïðåññèè TGFp1, ñèíòåçà êîëëàãåíà è áî-
ëåå áûñòðîì âîññòàíîâëåíèè îñòðûõ ëó÷åâûõ
ïîâðåæäåíèé îáëó÷åííûõ òêàíåé ÷åðåç 2 íåäåëè
ïîñëå îáëó÷åíèÿ, íî ÷åðåç 26 íåäåëü ïîÿâèëèñü
ïðèçíàêè ôèáðîçà òêàíåé. Òà æå ñàìàÿ ãðóïïà ó÷å-
íûõ èñïîëüçîâàëà àíòèêîàãóëÿíò ãèðóäèí, ñ
èäåíòè÷íûìè ðåçóëüòàòàìè [116]. Ïîçæå áûë èñ-
ñëåäîâàí èíãèáèòîð àêòèâàòîðà ïëàçìèíîãåíà-1
(PA1-1), êîòîðûé áëîêèðóåò àêòèâàöèþ ïëàçìè-
íîãåíà â ïëàçìèí. Õîòÿ ó ãåíåòè÷åñêè ìîäèôèöè-
ðîâàííûõ ìûøåé, ñ îòñóòñòâèåì áåëêà PA1-1,
íàáëþäàëîñü ñòàòèñòè÷åñêè çíà÷èìîå óìåíüøå-
íèå ÷àñòîòû è ñòåïåíè òÿæåñòè îñòðîãî ëó÷åâî-
ãî ýíòåðèòà ïîñëå îäíîêðàòíîãî îáëó÷åíèÿ â
ÑÎÄ 19 Ãð, èññëåäîâàòåëè íå âûÿâèëè ðàçíèöû
â ÷àñòîòå è òÿæåñòè ïîçäíèõ ëó÷åâûõ ïîâðåæäå-
íèé êèøå÷íèêà [118]. Â äîïîëíåíèå, ôàðìàêîëî-
ãè÷åñêîå òîðìîæåíèå PA1-1 ïîêàçàëî çàùèòíîå
äåéñòâèå òîëüêî âî âðåìÿ îñòðîé ôàçû ëó÷åâûõ
ðåàêöèé. Íåñìîòðÿ íà âûñîêèé ïîñòðàäèàöèîí-
íûé óðîâåíü TM-1, ðåãèñòðèðóåìûé â îáëó÷åí-
íîì ñåðäöå êðûñ ÷åðåç 1 íåäåëþ è ÷åðåç 3 ìåñÿöà,

áëîêèðîâàíèå ðåöåïòîðîâ TM-1 íå ïîêàçàëî àí-
òèôèáðîçíóþ ýôôåêòèâíîñòü â ñåðäöå è êèøêå
[99, 119] (ðèñóíîê 2).

Òàêèì îáðàçîì, ìåòîäû ëå÷åíèÿ, íàïðàâëåí-
íûå íà ïîïûòêó êîððåêöèè ñîñóäèñòûõ íàðóøå-
íèé, ïîêàçûâàþò ýôôåêòèâíîñòü çàùèòû òêàíåé
îò îñòðîãî, è ïîäîñòðîãî ëó÷åâîãî ïîðàæåíèÿ, íî
íå ïðåäóïðåæäàþò ïîçäíèé ëó÷åâîé ôèáðîç.
Åñëè èñïîëüçóåìûå ïðåïàðàòû íå ÿâëÿþòñÿ ðà-
äèîïðîòåêòîðàìè äëÿ îïóõîëåâûõ êëåòîê, òî ýòî
ëå÷åíèå ìîæåò áûòü ïîëåçíûì äëÿ ïðåäóïðåæäå-
íèÿ è/èëè îñëàáëåíèÿ îñòðîé ëó÷åâîé ðåàêöèè
(ÎËÐ), îñîáåííî ïðè ëå÷åíèè òåõ ëîêàëèçàöèé,
ãäå ÎËÐ ÿâëÿåòñÿ äîçîëèìèòèðóþùèì ôàêòîðîì,
íàïðèìåð, ïðè ðàêå â îáëàñòè ãîëîâû è øåè. Ïà-
òîãåíåç ïîçäíèõ ëó÷åâûõ ïîâðåæäåíèé ñîñóäîâ
íå èññëåäîâàí íè ó áîëüíûõ íå â ýêñïåðèìåí-
òàëüíûõ ìîäåëÿõ, õîòÿ â ïîñëåäíåå âðåìÿ ïîÿâëÿ-
þòñÿ èññëåäîâàíèÿ, çàòðàãèâàþùèå ýòè àñïåêòû
[78, 120, 121]. Ýòî � âàæíàÿ îáëàñòü ìîëåêóëÿð-
íîé áèîëîãèè è ðàäèîáèîëîãèè, â êîòîðîé ïðåä-
ñòîèò îïðåäåëèòü ðîëü ìèêðîöèðêóëÿöèè, ÂÊÌ,
îêñèäàíòíîãî ñòðåññà, ãèïîêñèè è âîñïàëåíèÿ.

Äåôèöèò òðîìáîìîäóëèíà ïîñëå îáëó÷åíèÿ
ïðèâîäèò ê íàêîïëåíèþ òðîìáèíà, ñèëüíîãî

Ðèñóíîê 2. Ñõåìà, ïîêàçûâàþùàÿ ðîëü ïîâðåæäåíèÿ ñîñóäîâ â ïàòîãåíåçå ôèáðîçà

Fig. 2. Diagram showing the role of vascular injury in the pathogenesis of fibrosis



465ÓÐÆ

ïðîêîàãóëÿíòà, âûçûâàÿ äåïîíèðîâàíèå ôèáðè-
íà â ìåæêàïèëëÿðíîì ïðîñòðàíñòâå è â ñòåíêàõ
àðòåðèé è âåí. Òðîìáèí òàêæå îáëàäàåò ñèëüíûì
âîñïàëèòåëüíûì, ìèòîòè÷åñêèì è ïðîôèáðîãåí-
íûì äåéñòâèåì ÷åðåç TGF-β-îïîñðåäîâàííóþ
àêòèâàöèþ ðåöåïòîðîâ PAR-1 íà ìåìáðàíàõ ôèá-
ðîáëàñòîâ è ñîñóäèñòûõ ãëàäêîìûøå÷íûõ êëåò-
êàõ, ÷òî âûçûâàåò èõ ïðîëèôåðàöèþ è ñèíòåç êîë-
ëàãåíà. Êàê ïðåäïîëàãàåòñÿ, äåôèöèò ÒÌ ïîääåð-
æèâàåòñÿ îáðàòíîé ñâÿçüþ, ïîä âîçäåéñòâèåì
âîñïàëèòåëüíûõ öèòîêèíîâ, âêëþ÷àÿ ²L-1 è
TGF-α.

Àòðîôèÿ êàïèëëÿðîâ è ñòåíîç êðóïíûõ ñîñóäîâ
íåèçáåæíî âûçûâàþò èøåìèþ òêàíè è ãèïî-
êñèþ. Ïðÿìîå èçìåðåíèå êèñëîðîäíîãî ïîòåí-
öèàëà ñ èñïîëüçîâàíèåì ïëàòèíîâûõ ýëåêòðîäîâ
ïîäòâåðäèëî ãèïîêñèþ òêàíåé ó áîëüíûõ ðàêîì
â îáëàñòè ãîëîâû è øåè ïîñëå ðàäèêàëüíîé ËÒ
[122, 123]. Êàê ïîêàçàíî âûøå, ãèïîêñèÿ ìîæåò
ïðèâîäèòü ê àêòèâàöèè íåêîòîðûõ ïðîôèáðîç-
íûõ ìåõàíèçìîâ, ïðèâîäÿùèõ ê ïîâûøåííîìó
ñèíòåçó êîëëàãåíà è äðóãèõ áåëêîâ ÂÊÌ. Â óñëî-
âèÿõ ãèïîêñèè in vitro ýòîò ôàêò äîêàçàí, è ïðåä-
ñòàâëÿåò îòíîñèòåëüíî íåñëîæíóþ ìîäåëü ðà-
äèàöèîííîãî ôèáðîçà. Óìåíüøåíèå ãèïîêñèè,
âîïðåêè íàäåæäàì, íå ïðåäóïðåæäàåò ðàçâèòèÿ
ôèáðîçà, íî ãèïåðáàðè÷åñêàÿ îêñèãåíàöèÿ èñ-
ïîëüçóåòñÿ óæå â òå÷åíèå ìíîãèõ äåñÿòèëåòèé,
äëÿ ëå÷åíèÿ øèðîêîãî äèàïàçîíà ëó÷åâûõ ïîðà-
æåíèé, âêëþ÷àÿ îñëîæíåíèÿ ñ âûðàæåííûì ôèá-
ðîçíûì êîìïîíåíòîì, íåñìîòðÿ íà íåáîëüøîå
÷èñëî äàííûõ, îñíîâàííûõ ãëàâíûì îáðàçîì íà
ìàëåíüêèõ íåðàíäîìèçèðîâàííûõ èññëåäîâàíè-
ÿõ [124]. Òîëüêî â åäèíñòâåííîì ðàíäîìèçèðî-
âàííîì èññëåäîâàíèè, ñîîáùåíî î ðåïàðàöèè
ÏËÏ ïðÿìîé êèøêè ïîñëå îáëó÷åíèÿ òàçà [125].
Åñëè ðåçóëüòàòû ýòîãî èññëåäîâàíèÿ ïîäòâåð-
äÿòñÿ äðóãèìè àâòîðàìè, òî ýòî îòêðîåò ðåàëüíûå
ïåðñïåêòèâû ðåãðåññà ïîñëåëó÷åâîãî ôèáðîçà.
Ïðåäïîëàãàåìûå ìåõàíèçìû äåéñòâèÿ ãèïåðáà-
ðè÷åñêîé îêñèãåíàöèè âêëþ÷àþò óìåíüøåíèå
ýíäîòåëèàëüíîé àäãåçèè, óñèëåíèå ýíäîòåëèàëü-
íîãî ôèáðèíîëèçà, à òàê æå ñòèìóëÿöèè àíãèîãå-
íåçà [126, 127, 128].

Ðîëü âîñïàëåíèÿ
Êàê ïîêàçàíî â ïåðâîé ïîëîâèíå îáçîðà, âîñ-

ïàëåíèå ÷àñòî íåîáõîäèìî äëÿ èíèöèèðîâàíèÿ
ôèáðîçà, à â äàëüíåéøåì ôèáðîãåíåç âîçìîæåí
áåç åãî ó÷àñòèÿ. Ïðè ãèñòîëîãè÷åñêîì èññëåäîâà-

íèè íåêðîç àëüâåîëÿðíûõ êëåòîê è íàëè÷èå ãèñ-
òèîöèòîâ (ìàêðîôàãîâ), êîòîðûå ÿâëÿþòñÿ èñ-
òî÷íèêàìè ïðîôèáðîçíûõ öèòîêèíîâ è ÏÑÐ, íà-
áëþäàåòñÿ â òå÷åíèå íåñêîëüêèõ íåäåëü ïîñëå
ëó÷åâîé òåðàïèè ëåãêîãî [129, 130]. Ðîëü ýòèõ
êëåòîê âîñïàëåíèÿ â ôèáðîçå íåÿñíà, íî íà îñíî-
âå äàííûõ ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé
ïðåäïîëàãàåòñÿ, ÷òî âîñïàëèòåëüíàÿ ôàçà, âîç-
ìîæíî, íå ñòîëü âàæíà ïðè ðàçâèòèè ïîñòðàäèà-
öèîííîãî ôèáðîçà [131, 132]. Îñîáåííîñòüþ
êëàññè÷åñêîé ãèñòîëîãè÷åñêîé êàðòèíû ðàäèà-
öèîííîãî ôèáðîçà ÿâëÿåòñÿ íåçíà÷èòåëüíîå êî-
ëè÷åñòâî êëåòîê âîñïàëåíèÿ ïðè îòñóòñòâèè èí-
ôåêöèè [72]. Ðîëü èíôåêöèè áîëåå çíà÷èìà ïðè
ðàçâèòèè ñòðèêòóð êèøå÷íèêà ó ÷åëîâåêà, â êîòî-
ðûõ îáíàðóæèâàþòñÿ êëåòêè âîñïàëåíèÿ, îêðó-
æàþùèå êàïèëëÿðû â ïîäñëèçèñòîì è ìûøå÷íîì
ñëîå, ñåðîçíîé îáîëî÷êå, êàê áûëî ïîêàçàíî íà
ïðèìåðå 16 ïàöèåíòîâ, îïåðèðîâàííûõ â ñðåä-
íåì ÷åðåç 8 ìåñÿöåâ (äèàïàçîí 1�52 ìåñÿöà) ïîñ-
ëå ËÒ [76]. Â çîíå ðàäèàöèîííîãî âîçäåéñòâèÿ â
àðòåðèîëàõ èìåëàñü ïðîëèôåðàöèÿ èíòèìû ñ íà-
ëè÷èåì ìàêðîôàãîâ ñ âêëþ÷åíèÿìè ëèïèäà, ÷òî
íàïîìèíàåò ãèñòîëîãè÷åñêóþ êàðòèíó àòåðî-
ñêëåðîçà [110]. Èíòåðâàë ïîñëå ËÒ ÿâëÿåòñÿ âàæ-
íûì ïðè îöåíêå ñòåïåíè êëåòî÷íîé èíôèëüòðà-
öèè, òàê êàê, íàïðèìåð, â õèðóðãè÷åñêèõ ðóáöàõ
êëåòêè âîñïàëåíèÿ ïîäâåðãàþòñÿ àïîïòîçó ïîñ-
ëå ðåêîíñòðóêöèè ÂÊÌ. Â ëþáîì ñëó÷àå, êëåòêè
âîñïàëåíèÿ íå åäèíñòâåííûå èñòî÷íèêè TGFp1
è âîñïàëèòåëüíûõ öèòîêèíîâ. Òðîìáèí òàêæå
âûçûâàåò âîñïàëåíèå, âíóòðèñîñóäèñòóþ êîàãó-
ëÿöèþ, èçìåíåíèÿ ñîñóäèñòîé ïðîíèöàåìîñòè è
ñòèìóëÿöèþ ñåêðåöèè öèòîêèíîâ. Ýòî âûçûâà-
åò ñîñóäèñòûé ñòàç è òðîìáîç êàïèëëÿðîâ ñãóñò-
êîì ôèáðèíà, êàê îïèñàíî â ñîîáùåíèè, îñíî-
âàííîì íà àóòîïñèè ëåãêîãî, âûïîëíåííîé â
ïðîìåæóòêå îò 30 äíåé äî 5 ëåò ïîñëå ËÒ [133].

Ðîëü îêñèäàíòíîãî ñòðåññà
Ðîëü îêèñëèòåëüíîãî ïîâðåæäåíèÿ â ðàçâèòèè

ðàäèàöèîííîãî ôèáðîçà, âûçûâàåìîãî ïåðåêèñ-
íûìè ñâîáîäíûìè ðàäèêàëàìè, áûëà äîêàçàíà â
ýêñïåðèìåíòå íà æèâîòíûõ, ãëàâíûì îáðàçîì íà
ìûøàõ, ïîäâåðãíóòûõ âîçäåéñòâèþ î÷åíü âûñî-
êèõ îäíîêðàòíûõ äîç èîíèçèðóþùåé ðàäèàöèè
[134, 135]. Ìåõàíèçìû äåéñòâèÿ îêñèäàíòíîãî
ñòðåññà è ïðè÷èííî-ñëåäñòâåííàÿ ñâÿçü åãî ñ
ôèáðîçîì äî êîíöà íå ïîíÿòíû [136]. Íî åñòü
óáåäèòåëüíîå äîêàçàòåëüñòâî, ÷òî àíòèîêñèäàíò-
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íàÿ òåðàïèÿ, ïîñëå îáëó÷åíèÿ îäíîêðàòíîé âûñî-
êîé äîçîé, çíà÷èòåëüíî óìåíüøàåò òÿæåñòü ïî-
ñëåäóþùåãî ôèáðîçà â ýêñïåðèìåíòå íà æèâîò-
íûõ [136, 137, 138]. Ãëàâíàÿ ïðîáëåìà äëÿ êëèíè-
÷åñêèõ âðà÷åé ñîñòîèò â òîì, êàê èñïîëüçîâàòü
ýòè äàííûå ïðè ôðàêöèîíèðîâàííîé ëó÷åâîé òå-
ðàïèè, ó÷èòûâàÿ, ÷òî ðåàêöèè êëåòîê è òêàíåé
ïîñëå îäíîêðàòíîãî âîçäåéñòâèÿ âûñîêîé äîçû
ñóùåñòâåííî îòëè÷àþòñÿ îò ýôôåêòîâ ïðè ôðàê-
öèîíèðîâàííîì îáëó÷åíèè. Êëèíè÷åñêèå ïðî-
ÿâëåíèÿ îêñèäàíòíîãî ñòðåññà ïðè ôðàêöèîíè-
ðóåìîé ëó÷åâîé òåðàïèè âêëþ÷àþò áîëüøîé äè-
àïàçîí îñëîæíåíèé, âêëþ÷àÿ ôèáðîç. Ïåðâûå èñ-
ñëåäîâàíèÿ áûëè îñíîâàíû íà èñïîëüçîâàíèè
áû÷üåé ëèïîñîìàëüíîé ñóïåðîêèñè Ìåäè/Öèí-
êà, à â áîëåå ïîçäíèõ èñïûòàíèÿõ îöåíèëè ýôôåêò
áîëüøèõ äîç α-òîêîôåðîëà â ñî÷åòàíèè ñ ïåíòî-
êñèôèëèíîì, õîòÿ íåêîòîðûå ìåõàíèçìû äåéñò-
âèÿ ýòèõ ïðåïàðàòîâ íå ñâÿçàíû ñ èõ àíòèîêñè-
äàíòíûìè ñâîéñòâàìè [139, 140, 141]. Â ëèòåðà-
òóðå èìåþòñÿ äàííûå òîëüêî äâóõ èññëåäîâàíèé,
îäíî âêëþ÷àëî 24 áîëüíûõ ñ ôèáðîçîì êîæè ÌÆ,
äðóãîå 68 � ñ âûðàæåííîé ëèìôåäåìîé ðóêè.
Ó âñåõ áîëüíûõ áûë ðàê ÌÆ I�II ñòàäèè è â îáî-
èõ èññëåäîâàíèÿõ îíè ïîëó÷èëè ïîñëåîïåðàöè-
îííóþ ËÒ â ÑÎÄ = 50 Ãð. Â ïåðâîì èññëåäîâàíèè
èìåë ìåñòî çíà÷èòåëüíûé òåðàïåâòè÷åñêèé ýô-
ôåêò, êîòîðûé âûðàæàëñÿ â óìåíüøåíèè ïëîùà-
äè ïîâåðõíîñòè ôèáðîçà êîæè. Ðåçóëüòàòû äðóãî-
ãî èññëåäîâàíèÿ íå âûÿâèëè ïîëîæèòåëüíîé
êëèíè÷åñêîé äèíàìèêè � îáúåêòèâíûìè ìåòî-
äàìè íå çàðåãèñòðèðîâàíî óìåíüøåíèå îáúåìà
ðóêè [142, 143]. Â äîïîëíåíèå, ñëåäóåò îòìåòèòü,
÷òî êëåòî÷íûå è ìîëåêóëÿðíûå ìåõàíèçìû ôèá-
ðîëèòè÷åñêîãî äåéñòâèÿ êîìáèíàöèè α-òîêîôå-
ðîëà ñ ïåíòîêñèôèëèíîì íå èçâåñòíû è íåñìîò-
ðÿ íà ìíîãî÷èñëåííóþ ëèòåðàòóðó, â êîòîðîé
îïèñàíà ýôôåêòèâíîñòü àíòèîêñèäàíòîâ â ýêñïå-
ðèìåíòå íà æèâîòíûõ, ðîëü îêñèäàíòíîãî ñòðåñ-
ñà ïðè ðàçâèòèè ðàäèîèíäóöèðîâàííîãî ôèáðî-
çà ó ÷åëîâåêà îñòàåòñÿ íå èçâåñòíîé.

Çàêëþ÷åíèå
Â äàííîì îáçîðå ìû íå ñòàâèëè ïåðåä ñîáîé

çàäà÷ó îïèñàòü åäèíñòâåííóþ, ïîñëåäîâàòåëü-
íóþ ìîäåëü ïîñòðàäèàöèîííîãî ôèáðîçà, è ýòî íå
óäèâèòåëüíî, òàê êàê ôèáðîç � ñëîæíûé ïðî-
öåññ, âêëþ÷àþùèé âçàèìîäåéñòâèå ìåæäó ìíî-
ãèìè òèïàìè êëåòîê â îòäåëüíî âçÿòîì îðãàíå.
Îäíàêî ïðîöåññû, ïðîèñõîäÿùèå ïðè ðàçâèòèè

áîëåçíåé, â îñíîâå êîòîðûõ ëåæèò ôèáðîç, íà ñå-
ãîäíÿøíèé äåíü áîëåå èëè ìåíåå ïîíÿòíû. Äàí-
íûå ñâèäåòåëüñòâóþò, ÷òî êîãäà-òî àêòèâèçèðî-
âàííûå ìèîôèáðîáëàñòû, âîçìîæíî, óæå íå òðå-
áóþò ïàðàêðèííîé ñòèìóëÿöèè ôèáðîãåííûìè
öèòîêèíàìè, ÷òî îáóñëîâëåíî ïîëîæèòåëüíîé
àóòîêðèííîé îáðàòíîé ñâÿçüþ. Åñëè àóòîêðèííàÿ
àêòèâàöèÿ TGFp1 è CTGF � îáùàÿ îñîáåííîñòü,
òî ýòî ãîâîðèò î òîì, ÷òî äàëüíåéøåå ðàçâèòèå
ôèáðîãåíåçà ïðîèñõîäèò óæå áåç âîñïàëåíèÿ èëè
äîïîëíèòåëüíûõ âíåøíèõ ñòèìóëîâ.

Âçàèìîñâÿçü ìåæäó ðåïàðàöèåé è ôèáðîçîì
ïðè çàæèâëåíèè ðàí, êàê áûëî ïîä÷åðêíóòî,
ïðåäñòàâëÿåò ïðèìåð ïëàñòè÷íîñòè è ñïîñîá-
íîñòè êëåòîê è òêàíåé èçìåíÿòü ñâîé ôåíîòèï
â çàâèñèìîñòè îò óñëîâèé [144]. Äåáàòû îòíîñè-
òåëüíî âàæíîñòè ïåðâè÷íîãî ïîâðåæäåíèÿ ýíäî-
òåëèàëüíûõ èëè ïàðåíõèìàòîçíûõ êëåòîê â ýòèî-
ëîãèè ðàäèàöèîííîãî ôèáðîçà íå èìåþò îïðåäå-
ëÿþùåãî çíà÷åíèÿ. Îáà òèïà ïîâðåæäåíèÿ, âåðî-
ÿòíî, îáåñïå÷èâàþò ôèáðîãåííûå ñòèìóëû, à èõ
ïðèîðèòåòíàÿ çíà÷èìîñòü îïðåäåëÿåòñÿ îðãàíîì.
Äîêàçàíî, ÷òî ñóáëåòàëüíûå ðàäèàöèîííûå
ïîâðåæäåíèÿ êëåòîê òàêæå î÷åíü âàæíû â ïàòî-
ãåíåçå ôèáðîçà. Î÷åíü ðàííèå èçìåíåíèÿ â ýíäî-
òåëèè, ïðèâîäÿùèå ê àäãåçèè ëåéêîöèòîâ è èçìå-
íåíèþ ñîñóäèñòîé ïðîíèöàåìîñòè, ìîãóò áûòü
õîðîøèìè ïðèìåðàìè ýòîãî, ó÷èòûâàÿ, ÷òî íàëè-
÷èå ôèáðèíà â ìåæêàïèëëÿðíîì ïðîñòðàíñòâå
ïðè ãèñòîëîãè÷åñêîì èññëåäîâàíèè òêàíåé ÷åðåç
ìíîãî ëåò ïîñëå ËÒ ÿâëÿåòñÿ ïðèçíàêîì ñîõðàíÿ-
þùåéñÿ ãèïåðêîàãóëÿöèè è ïîâûøåííîé ñîñóäè-
ñòîé ïðîíèöàåìîñòè.

Îäíà èç óäèâèòåëüíûõ îñîáåííîñòåé ìîäåëåé
ôèáðîçà ó æèâîòíûõ � íàëè÷èå ìíîæåñòâåííûõ
èñòî÷íèêîâ ïðîèñõîæäåíèÿ ìèîôèáðîáëàñòîâ.
Ó ÷åëîâåêà ïðè ðàäèàöèîííîì ôèáðîçå â àðòåðè-
ÿõ è êèøå÷íèêå èñòî÷íèêàìè ìèîôèáðîáëàñòîâ
ÿâëÿþòñÿ ãëàäêîìûøå÷íûå êëåòêè. Ñàìîå ïðî-
ñòîå îáúÿñíåíèå ýòîãî ñîñòîèò â òîì, ÷òî ãëàäêî-
ìûøå÷íûå êëåòêè ìûøå÷íîé îáîëî÷êè êèøå÷-
íèêà ìèãðèðóþò â ïîäñëèçèñòûé ñëîé, ãäå ïîä
äåéñòâèåì öèòîêèíîâ òðàíñôîðìèðóþòñÿ â ìèî-
ôèáðîáëàñòû. Òàêàÿ òðàíñôîðìàöèÿ â îáëó÷åí-
íûõ àðòåðèÿõ äîñòîâåðíî íå äîêàçàíà ó ÷åëîâåêà,
íî äîêàçàíà â ìîäåëÿõ ðàçâèòèÿ àòåðîñêëåðîçà
ó æèâîòíûõ.

Èäåíòèôèêàöèÿ áîëüøîãî êîëè÷åñòâà ìåõà-
íèçìîâ, íà÷èíàÿ îò íà÷àëüíîãî ñòèìóëà äî ñèí-
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òåçà êîëëàãåíà, ïðåäëàãàåò, êàçàëîñü áû, øèðîêèé
äèàïàçîí òåðàïåâòè÷åñêèõ ñòðàòåãèé. Íàïðèìåð,
â ýêñïåðèìåíòå èñïîëüçîâàíèå àìèëîèäíîãî
áåëêà (SAP) è íåéòðàëèçàöèÿ ëèçîôîñôàòèäèëî-
âîé êèñëîòû çàùèùàåò íà ñàìûõ ðàííèõ ýòàïàõ îò
áëåîìèöèíîâîãî ôèáðîçà. Ó ìûøåé ñ îòñóòñòâè-
åì ²L-4 íå ðàçâèâàåòñÿ ôèáðîç ëåãêîãî ïîñëå ââå-
äåíèÿ áëåîìèöèíà [46]. Àíòèòåëà ê TGFp1, êàê
ïîêàçàëè èññëåäîâàíèÿ, ïîçâîëÿþò óìåíüøèòü
÷àñòîòó è ñòåïåíü òÿæåñòè áëåîìèöèíîâîãî ôèá-
ðîçà ëåãêèõ, à óñòîé÷èâîñòü ìûøåé ê ôèáðîçó ëåã-
êîãî ïðè îòñóòñòâèè ó íèõ ãåíà Smad3 îïèñàíà
âûøå [145]. Åñòåñòâåííàÿ óñòîé÷èâîñòü ìûøåé
îïðåäåëåííîé ëèíèè ê ðàçâèòèþ áëåîìèöèíî-
âîãî ôèáðîçà ëåãêèõ ñâÿçàíà ñ íèçêèì óðîâíåì
ñåêðåöèè CTGF, êîòîðàÿ èñ÷åçàåò ïîñëå òðàíñ-
ôåêöèè âèðóñíîé ÄÍÊ, ñîäåðæàùåé ãåí CTGF
[146]. Íî, ê ñîæàëåíèþ, âñå ýòè ýêñïåðèìåíòàëü-
íûå ýôôåêòû äî ñèõ ïîð íå íàøëè òåðàïåâòè÷å-
ñêîãî ïðèìåíåíèÿ ïðè ëå÷åíèè èëè ïðîôèëàêòè-
êå ôèáðîçà, â òîì ÷èñëå è ïîñòðàäèàöèîííîãî
ó ÷åëîâåêà. Ïåðâîå ðàíäîìèçèðîâàííîå êëèíè-
÷åñêîå èñïûòàíèå ÷åëîâå÷åñêîãî ðåêîìáèíàíò-
íîãî àíòèòåëà TGFp1 (CAT-192) íå ïîêàçàëî êëè-
íè÷åñêîãî ýôôåêòà ó áîëüíûõ ñ ñèñòåìíûì ñêëå-
ðîçîì, áîëåå òîãî, êëèíè÷åñêèå ðåçóëüòàòû ó
áîëüíûõ, ïîëó÷àâøèõ CAT-192, îêàçàëèñü õóæå,
÷åì â êîíòðîëüíîé ãðóïïå [147].

Íåäîñòàòî÷íàÿ ýôôåêòèâíîñòü òåðàïèè àíòè-
òåëàìè ê TGFp1, âîçìîæíî, áûëà îáóñëîâëåíà
èñïîëüçîâàíèåì íåäîñòàòî÷íûõ äîç îáëó÷åíèÿ,
òàê êàê ïëåéîòðîïíûå ýôôåêòû TGFp1, ÿâëÿÿñü
îòðàæåíèåì åãî äåéñòâèÿ íà øèðîêèé äèàïàçîí
ðàçëè÷íûõ òèïîâ êëåòîê, âêëþ÷àÿ èììóíîöèòû è
ýïèòåëèàëüíûå êëåòêè, ñâÿçàíû ñ âûñîêîé òîê-
ñè÷íîñòüþ ïðåïàðàòà. Â òå÷åíèå áëèæàéøèõ ëåò,
âåðîÿòíî, ñòàíóò äîñòóïíûìè ïåðñïåêòèâíûå
ïðåïàðàòû è íàó÷íîå ñîîáùåñòâî äîëæíî áûòü
ãîòîâî ïðîâåðèòü èõ â õîðîøî îðãàíèçîâàííûõ
êëèíè÷åñêèõ èññëåäîâàíèÿõ. Êàê â ìåäèöèíå â
îáùåì, òàê è â îíêîëîãèè, â ÷àñòíîñòè, ïðèçíà-
íèå ýôôåêòèâíîñòè ðåçóëüòàòîâ ïðèìåíåíèÿ íî-
âûõ ïðåïàðàòîâ äîëæíî áûòü îñíîâàíî íà èñ-
ïîëüçîâàíèè áèîìàðêåðîâ, ÷òî ÿâëÿåòñÿ ïðîáëå-
ìîé, è ïîýòîìó, ïðåæäå âñåãî, íåîáõîäèìà ðàçðà-
áîòêà îáúåêòèâíûõ êëèíè÷åñêèõ ñèñòåì îöåíêè
[148].

Ëèòåðàòóðà
1. O�Sullivan B, Levin W. Late radiation-related fibrosis:

pathogenesis, manifestations, and current management
// Semin Radiat Oncol 2003; 13:274�89.

2. Travis EL, Terry NH. Cell depletion and initial and
chronic responses in normal tissues // Front Radiat Ther
Oncol 1989;23:41�59.

3. Rubin P, Johnston CJ, Williams JP, McDonald S, Fin-
kelstein JN. A perpetual cascade of cytokines postir-
radiation leads to pulmonary fibrosis // 1nt J Radiat
Oncol Biol Phys 1995;33:99�109.

4. Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Wal-
ter P. Molecular biology of the cell. New York: Garland
Science, Talyor and Frances Group; 2008.

5. Barcellos-Hoff MH. How do tissues respond to damage
at the cellular level? The role of cytokines in irradiated
tissues // Radiat Res 1998;150:S109�20.

6. Rubin P, Casarett GW. Clinical Radiation Pathology, vol.
1 and 11. Philadelphia: WB Saunders Company; 1968.

7. Fajardo L-GL, Berthrong M, Anderson RE. Radiation
pathology. New York: Oxford University Press; 2001.

8. Ahn AC, Tewari M, Poon CS, Phillips RS. The limits of
reductionism in medicine: could systems biology offer
an alternative // PLoS. Med 2006;3:Ð. 208.

9. Peterson RT. Chemical biology and the limits of reduc-
tionism // Nat Chem Biol 2008;4:635�8.

10. Gurtner GC, Werner S, Barrandon Y, Longaker MT.
Wound repair and regeneration // Nature 2008;
453:314�21.

11. Falanga V. Wound healing and its impairment in the
diabetic foot // Lancet 2005;366:1736�43.

12. Mantovani A, Garlanda C, Doni A, Bottazzi B. Pentra-
xins in innate immunity: from C-reactive protein to the
long pentraxin PTX3 // J Clin 1mmunol 2008;28:1�13.

13. Rovere P, Peri G, Fazzini F. et al. The long pentraxin
PTX3 binds to apoptotic cells and regulates their clea-
rance by antigen-presenting dendritic cells // Blood
2000;96:4300�4306.

14. Pilling D, Roife D, Wang M. et al. Reduction of bleo-
mycin-induced pulmonary fibrosis by serum amyloid P
// J 1mmunol 2007;179:4035�4044.

15. Moeller A, Ask K, Warburton D, Gauldie J, Kolb M. The
bleomycin animal model: a useful tool to investigate
treatment options for idiopathic pulmonary fibrosis?
// 1nt J Biochem Cell Biol 2008;40:362�382.

16. Tager AM, LaCamera P, Shea BS. et al. The lyso-
phosphatidic acid receptor LPA1 links pulmonary fibro-
sis to lung injury by mediating fibroblast recruitment
and vascular leak // Nat Med 2008;14:45�54.

17. Oga T, Matsuoka T, Yao C. et al. Prostaglandin F(2alp-
ha) receptor signaling facilitates bleomycin-induced
pulmonary fibrosis independently of transforming
growth factor-beta // Nat Med 2009;15:1426�1430.

18. Olman MA. Beyond TGF-beta: a prostaglandin pro-
motes fibrosis // Nat Med 2009;15:1360�1361.

19. Hantash BM, Zhao L, Knowles JA, Lorenz HP. Adult
and fetal wound healing // Front Biosci 2008;13:51�61.

20. Chaudhary N1, Schnapp A, Park JE. Pharmacologic
differentiation of inflammation and fibrosis in the rat
bleomycin model // Am J Respir Crit Care Med 2006;
173:769�776.

21. Gras MP, Verrecchia F, Uitto J, Mauviel A. Down-
regulation of human type V11 collagen (COL7A1) pro-
moter activity by dexamethasone. 1dentification of a
glucocorticoid receptor binding region // Exp Dermatol
2001;10:28�34.

22. Wynn TA. Fibrotic disease and the T(H)1/T(H)2 para-
digm // Nat Rev 1mmunol 2004;4:583�594.

23. Nathan SD. Therapeutic management of idiopathic
pulmonary fibrosis: an evidence-based approach // Clin
Chest Med 2006;27:S27�35.

24. Abraham DJ, Eckes B, Rajkumar V, Krieg T. New deve-
lopments in fibroblast and myofibroblast biology: impli-
cations for fibrosis and scleroderma // Curr Rheumatol
Rep 2007;9:136�143.

25. Hinz B, Phan SH, Thannickal VJ, Galli A, Bochaton-
Piallat ML, Gabbiani G. The myofibroblast: one func-



ÓÐÆ468

tion, multiple origins // Am J Pathol 2007;170:1807�
1816.

26. Sime PJ, O�Reilly KM. Fibrosis of the lung and other
tissues: new concepts in pathogenesis and treatment
// Clin 1mmunol 2001; 99:308�319.

27. Wynn TA. Cellular and molecular mechanisms of fib-
rosis // J Pathol 2008; 214:199�210.

28. Desmouliere A, Redard M, Darby 1, Gabbiani G. Apop-
tosis mediates the decrease in cellularity during the
transition between granulation tissue and scar // Am J
Pathol 1995; 146:56�66.

29. Tomasek JJ, Gabbiani G, Hinz B, Chaponnier C, Brown
RA. Myofibroblasts and mechano-regulation of con-
nective tissue remodelling // Nat Rev Mol Cell Biol
2002;3:349�363.

30. Willis BC, duBois RM, Borok Z. Epithelial origin of
myofibroblasts during fibrosis in the lung // Proc Am
Thorac Soc 2006;3:377�382.

31. Graham MF. Pathogenesis of intestinal strictures in
Crohn�s disease - an update // 1nflamm Bowel Dis 1995;
1:220�227.

32. Boban 1, Barisic-Dujmovic T, Clark SH. Parabiosis and
transplantation models show no evidence of circulating
dermal fibroblast progenitors in bleomycin- induced skin
fibrosis // J Cell Physiol 2008;214:230�237.

33. Postlethwaite AE, Shigemitsu H, Kanangat S. Cellular
origins of fibroblasts: possible implications for organ
fibrosis in systemic sclerosis // Curr Opin Rheumatol
2004;16:733�738.

34.Verrecchia F, Mauviel A. Transforming growth factor-
beta and fibrosis // World J Gastroenterol 2007;
13:3056�3062.

35. Anscher MS, Chen L, Rabbani Z. et al. Recent progress
in defining mechanisms and potential targets for pre-
vention of normal tissue injury after radiation therapy
// 1nt J Radiat Oncol Biol Phys 2005;62:255�259.

36. Verrecchia F, Mauviel A, Farge D. Transforming
growth factor-beta signaling through the Smad proteins:
role in systemic sclerosis // Autoimmun Rev 2006;
5:563�569.

37. Leask A, Denton CP, Abraham DJ. 1nsights into the
molecular mechanism of chronic fibrosis: the role of
connective tissue growth factor in scleroderma // J
1nvest Dermatol 2004;122:1�6.

38. Heusinger-Ribeiro J, Eberlein M, Wahab NA, Goppelt-
Struebe M. Expression of connective tissue growth
factor in human renal fibroblasts: regulatory roles of
RhoA and cAMP // J Am Soc Nephrol 2001;12:1853�
1861.

39. Akhmetshina A, Dees C, Pileckyte M. et al. Rho-asso-
ciated kinases are crucial for myofibroblast differen-
tiation and production of extracellular matrix in sclero-
derma fibroblasts // Arthritis Rheum 2008;58:2553�
2564.

40. Gordon S. Alternative activation of macrophages // Nat
Rev 1mmunol 2003;3:23�35.

41. Zhu Z, Homer RJ, Wang Z. et al. Pulmonary expression
of interleukin-13 causes inflammation, mucus hyper-
secretion, subepithelial fibrosis, physiologic abnorma-
lities, and eotaxin production // J Clin 1nvest 1999;
103:779�788.

42. Lee CG, Homer RJ, Zhu Z. et al. 1nterleukin-13 1nduces
Tissue Fibrosis by Selectively Stimulating and Acti-
vating Transforming Growth Factor {beta}1 // J. Exp.
Med. 2001;194:809�822.

43. Emura M, Nagai S, Takeuchi M, Kitaichi M, 1zumi T.
1n vitro production of B cell growth factor and B cell
differentiation factor by peripheral blood mononuclear
cells and bronchoalveolar lavage T lymphocytes from
patients with idiopathic pulmonary fibrosis // Clin Exp
1mmunol 1990;82:133�139.

44. Wallace WA, Ramage EA, Lamb D, Howie SE. A type
2 (Th2-like) pattern of immune response predominates
in the pulmonary interstitium of patients with crypto-
genic fibrosing alveolitis (CFA) // Clin Exp 1mmunol
1995;101:436�441.

45. Buttner C, Skupin A, Reimann T. et al. Local production
of interleukin-4 during radiation-induced pneumonitis

and pulmonary fibrosis in rats: macrophages as a promi-
nent source of interleukin-4 // Am J Respir Cell Mol Biol
1997;17:315�325.

46. Huaux F, Liu T, McGarry B, Ullenbruch M, Phan SH.
Dual roles of 1L-4 in lung injury and fibrosis // J 1mmu-
nol 2003;170:2083�2092.

47. Smith RE, Strieter RM, Phan SH. et al. Production and
function of murine macrophage inflammatory protein-
1 alpha in bleomycin-induced lung injury // J 1mmunol
1994;153:4704�4712.

48. Abraham D, Distler O. How does endothelial cell injury
start? The role of endothelin in systemic sclerosis
// Arthritis Res Ther 2007;9:S2.

49. Grotendorst GR, Okochi H, Hayashi N. A novel trans-
forming growth factor beta response element controls
the expression of the connective tissue growth factor
gene // Cell Growth Differ 1996;7:469�480.

50. Gressner OA, Gressner AM. Connective tissue growth
factor: a fibrogenic master switch in fibrotic liver
diseases // Liver 1nt 2008;28:1065�1079.

51. Holmes A, Abraham DJ, Sa S, Shiwen X, Black CM,
Leask A. CTGF and SMADs, maintenance of sclero-
derma phenotype is independent of SMAD signaling
// J Biol Chem 2001;276:10594�10601.

52. Andrae J, Gallini R, Betsholtz C. Role of platelet-
derived growth factors in physiology and medicine
// Genes Dev 2008;22:1276�1312.

53. Bonner JC. Regulation of PDGF and its receptors in
fibrotic diseases // Cytokine Growth Factor Rev 2004;
15:255�273.

54. 1ngram JL, Bonner JC. EGF and PDGF receptor tyrosi-
ne kinases as therapeutic targets for chronic lung dis-
eases // Curr Mol Med 2006;6:409�421.

55. Zhuo Y, Zhang J, Laboy M, Lasky JA. Modulation of
PDGF-C and PDGF-D expression during bleomycin-indu-
ced lung fibrosis // Am J Physiol Lung Cell Mol Physiol
2004;286:L182�188.

56. Abdollahi A, Li M, Ping G. et al. 1nhibition of platelet-
derived growth factor signaling attenuates pulmonary
fibrosis // J Exp Med 2005;201:925�935.

57. Grotendorst GR, Rahmanie H, Duncan MR. Combi-
natorial signaling pathways determine fibroblast proli-
feration and myofibroblast differentiation // FASEB J
2004;18:469�479.

58. Norman JT, Clark 1M, Garcia PL. Hypoxia promotes
fibrogenesis in human renal fibroblasts // Kidney 1nt
2000;58:2351�2366.

59. Fine LG, Bandyopadhay D, Norman JT. 1s there a
common mechanism for the progression of different
types of renal diseases other than proteinuria? Towards
the unifying theme of chronic hypoxia // Kidney 1nt
Suppl 2000;75:S22�26.

60. Distler JH, Jungel A, Pileckyte M. et al. Hypoxia-
induced increase in the production of extracellular
matrix proteins in systemic sclerosis // Arthritis Rheum
2007;56:4203�4215.

61. Silverstein JL, Steen VD, Medsger Jr TA, Falanga V.
Cutaneous hypoxia in patients with systemic sclerosis
(scleroderma) // Arch Dermatol 1988;124:1379�
1382.

62. Valentini G, Leonardo G, Moles DA. et al. Transcu-
taneous oxygen pressure in systemic sclerosis: evalua-
tion at different sensor temperatures and relationship
to skin perfusion // Arch Dermatol Res
1991;283:285�288.

63. Valko M, Leibfritz D, Moncol J, Cronin MT, Mazur M,
Telser J. Free radicals and antioxidants in normal
physiological functions and human disease // 1nt J
Biochem Cell Biol 2007;39:44�84.

64. Halliwell B. Free radicals, antioxidants, and human
disease: curiosity, cause, or consequence? // Lancet
1994;344:721�724.

65. Murrell DF. A radical proposal for the pathogenesis of
scleroderma // J Am Acad Dermatol 1993;28:78�85.

66. Bedard K, Krause KH. The NOX family of ROS-gene-
rating NADPH oxidases: physiology and pathophy-
siology // Physiol Rev 2007;87:245�313.



469ÓÐÆ

67. Dewhirst MW, Cao Y, Moeller B. Cycling hypoxia and
free radicals regulate angiogenesis and radiotherapy
response // Nat Rev Cancer 2008;8: 425�437.

68. Jobling MF, Mott JD, Finnegan MT. et al. 1soform-
specific activation of latent [97 transforming growth
factor beta (LTGF-beta) by reactive oxygen species
// Radiat Res 2006;166:839�848.

69. Gabrielli A, Svegliati S, Moroncini G, Pomponio G,
Santillo M, Avvedimento EV. Oxidative stress and the
pathogenesis of scleroderma: the Murrell�s hypothesis
revisited // Semin 1mmunopathol 2008;30:329�337.

70. Packard RR, Lichtman AH Libby P. 1nnate and adap-
tive immunity in [99 atherosclerosis // Semin 1mmuno-
pathol 2009.

71. Madamanchi NR, Hakim ZS, Runge MS. Oxidative
stress in atherogenesis and arterial thrombosis: the
disconnect between cellular studies and clinical out-
comes // J Thromb Haemost 2005;3:254�267.

72. Fajardo L-G. Morphological Patterns of Radiation
1njury. Basel: Karger; 1989.

73. Bennett DE, Million RR, Ackerman LV. Bilateral radia-
tion penumonitis, a complication of the radiotherapy of
bronchogenic carcinoma. (Report and analysis of seven
cases with autopsy) // Cancer 1969;23:1001�1018.

74. Margolis LW, Phillips TL. Whole-lung irradiation for
metastatic tumor // Radiology 1969; 93:1173�1179.

75. Canney PA, Dean S. Transforming growth factor beta:
a promotor of late connective tissue injury following
radiotherapy? // Br J Radiol 1990; 63:620�623.

76. Vozenin-Brotons MC, []Milliat F, Sabourin JC. et al.
Fibrogenic signals in patients with radiation enteritis
are associated with increased connective tissue growth
factor expression // 1nt J Radiat Oncol Biol Phys 2003;
56:561�572.

77. Bourgier C, Haydont V, Milliat F. et al. 1nhibition of
Rho kinase modulates radiation induced fibrogenic
phenotype in intestinal smooth muscle cells through
alteration of the cytoskeleton and connective tissue
growth factor expression // Gut 2005; 54:336�343.

78. Hoving S, Heeneman S, Gijbels MJ. et al. Single-dose
and fractionated irradiation promote initiation and
progression of atherosclerosis and induce an inflam-
matory plaque phenotype in ApoE(-/-) mice // 1nt J
Radiat Oncol Biol Phys 2008; 71:848�857.

79. Strup-Perrot C, Mathe D, Linard C. et al. Global gene
expression profiles reveal an increase in mRNA levels of
collagens, MMPs, and T1MPs in late radiation enteritis
// Am J Physiol Gastrointest Liver Physiol 2004;
287:G875�885.

80. Benyahia B Magdelenat H. Immunohistochemical
characterization of human gamma-irradiated skin
// Bull Cancer/Radiother 1993;80:126�134.

81. Autio P, Saarto T, Tenhunen M, Elomaa 1, Risteli J,
Lahtinen T. Demonstration of increased collagen syn-
thesis in irradiated human skin in vivo // Br J Cancer
1998; 77:2331�2335.

82. Sassi M, Jukkola A, Riekki R. et al. Type 1 collagen
turnover and cross-linking are increased in irradiated
skin of breast cancer patients // Radiother Oncol 110
2001;58:317�323.

83. Riekki R, Harvima 1T, Jukkola A, Risteli J, Oikari-
nen A. The production of [111 collagen and the activity
of mast-cell chymase increase in human skin after ir-
radiation therapy // Exp Dermatol 2004;13:364�371.

84. Hovdenak N, Wang J, Sung CC, Kelly T, Fajardo LF,
Hauer-Jensen M. Clinical significance of increased
gelatinolytic activity in the rectal mucosa during [112
external beam radiation therapy of prostate cancer // 1nt
J Radiat Oncol Biol Phys 2002;53:919�927.

85. Milliat F, Francois A, 1soir M. et al. 1nfluence of
endothelial cells on vascular smooth muscle cells pheno-
type after irradiation: implication in radiation- [114
induced vascular damages // Am J Pathol 2006;
169:1484�1495.

86. Rudolph R, Vande Berg J, Schneider JA, Fisher JC,
Poolman WL. Slowed growth of cultured fibroblasts from
human radiation wounds // Plast Reconstr Surg 1988;
82:669�677.

87. Delanian S, Martin MT, Bravard A, Luccioni C, Lefa-
ix JL. Abnormal phenotype of cultured fibroblasts in hu-
man skin with chronic radiotherapy damage // Radio-
ther Oncol 1997; 47:225�261.

88. Larramendy ML, Majander P, Saarto T. et al. Radia-
tion therapy for breast [116 cancer and clonal chromo-
some translocations: a fluorescence in situ hybridization
study // Cancer Genet Cytogenet 1998;100:57�62.

89. Di Leonardo A, Linke SP, Clarkin K, Wahl GM. DNA
damage triggers a prolonged p53-dependent G1 arrest
and long-term induction of Cip1 in normal human fibro-
blasts // Genes Dev 1994; 8:2540�2551.

90. DeSimone JN, Dolezalova H, Redpath JL, Stanbridge
EJ. Prolonged cell cycle arrest in irradiated human
diploid skin fibroblasts: the role of nutrient deprivation
// Radiat Res 2000; 153:131�143.

91. Rodemann HP, Peterson HP, Schwenke K, von Wan-
genheim KH. Terminal differentiation of human fibro-
blasts is induced by radiation // Scanning Microsc
1991; 5:1135�1142 [discussion 1142�1133].

92. Bumann J, Santo-Holtje L, Loffler H, Bamberg M,
Rodemann HP. Radiation-induced alterations of the
proliferation dynamics of human skin fibroblasts after
repeated irradiation in the subtherapeutic dose range /
/ Strahlenther Onkol 1995; 171:35�41.

93. Herskind C, Bentzen SM, Overgaard J, Overgaard M,
Bamberg M, Rodemann HP. Differentiation state of skin
fibroblast cultures versus risk of subcutaneous fibrosis
after radiotherapy // Radiother Oncol 1998; 47: 263�
269.

94. Russell NS, Lara PC, Grummels A. et al. 1n vitro dif-
ferentiation characteristics of human skin fibroblasts:
correlations with radiotherapy-induced breast fibrosis in
patients // 1nt J Radiat Biol 2000; 76:231�240.

95. Vozenin-Brotons MC, Milliat F, Linard C. et al. Gene
expression profile in human late radiation enteritis
obtained by high-density cDNA array [124 hybridization
// Radiat Res 2004;161:299�311.

96. Haydont V, Mathe D, Bourgier C. et al. 1nduction of
CTGF by TGF-beta1 in normal and radiation enteritis
human smooth muscle cells: Smad/Rho [125 balance
and therapeutic perspectives] // Radiother Oncol 2005;
76:219�225.

97. Shimokawa H Yasuda S. Myocardial ischemia: current
concepts and future perspectives // J Cardiol 2008;
52:67�78.

98. Jernigan NL, Walker BR, Resta TC. Reactive oxygen
species mediate RhoA/Rho kinase-induced Ca2+ sen-
sitization in pulmonary vascular smooth muscle fol-
lowing chronic hypoxia // Am J Physiol Lung Cell Mol
Physiol 2008; 295:Ð.515�529.

99. Jullien N, Blirando K, Milliat F, Sabourin JC, Ben-
deritter M, Francois A. Up- regulation of endothelin type
a receptor in human and rat radiation proctitis: pre-
clinical therapeutic approach with endothelin receptor
blockade // 1nt J Radiat Oncol Biol Phys 2009; 74:528�
538.

100. Haydont V, Riser BL, Aigueperse J, Vozenin-Bro-
tons MC. Specific signals involved in the long-term
maintenance of radiation-induced fibrogenic differen-
tiation: a role for CCN2 and low concentration of TGF-
beta1 // Am J Physiol Cell Physiol 2008; 294:C1332�
1341.

101. Gaugler MH, Vereycken-Holler V, Squiban C, Van-
damme M, Vozenin-Brotons MC, Benderitter M. Pra-
vastatin limits endothelial activation after irradiation
and decreases the resulting inflammatory and throm-
botic responses // Radiat Res 2005;163:479�487.

102 Haydont V, Bourgier C, Pocard M. et al. Pravastatin
inhibits the Rho/CCN2/extracellular matrix cascade
in human fibrosis explants and improves radiation-
induced intestinal fibrosis in rats // Clin Cancer Res
2007; 13:5331�5340.

103. Holler V, Buard V, Gaugler MH. et al. Pravastatin
limits radiation-induced vascular dysfunction in the
skin // J 1nvest Dermatol 2009;129:1280�1291.

104. Barcellos-Hoff MH, Dix TA. Redox-mediated acti-
vation of latent transforming growth factor-beta 1 //
Mol Endocrinol 1996;10:1077�1083.



ÓÐÆ470

105. Zheng H, Wang J, Koteliansky VE, Gotwals PJ, Hau-
er-Jensen M. Recombinant soluble transforming
growth factor beta type II receptor ameliorates ra-
diation enteropathy in mice // Gastroenterology 2000;
119:1286�1296.

106. Anscher MS, Thrasher B, Zgonjanin L. et al. Small
molecular inhibitor of transforming growth factor-beta
protects against development of radiationinduced lung
injury // 1nt J Radiat Oncol Biol Phys 2008;71:829�
837.

107. Fajardo LF. The unique physiology of endothelial cells
and its implications in radiobiology // Front Radiat
Ther Oncol 1989;23:96�112.

108. Hopewell JW, Young CM. Changes in the microcircu-
lation of normal tissues after irradiation // 1nt J
Radiat Oncol Biol Phys 1978;4:53�58.

109. Hopewell JW, Calvo W, Jaenke R, Reinhold HS, Rob-
bins ME, Whitehouse EM. Microvasculature and ra-
diation damage // Recent Results Cancer Res 1993;
130:1�16.

110. Gross NJ. Pulmonary effects of radiation therapy
// Ann 1ntern Med 1977;86:81�92.

111. Kimura H, Wu NZ, Dodge R. et al. 1nhibition of radia-
tion-induced up- regulation of leukocyte adhesion to
endothelial cells with the platelet- activating factor
inhibitor, BN52021 // 1nt J Radiat Oncol Biol Phys
1995;33:627�633.

112. Molla M, Panes J. Radiation-induced intestinal
inflammation // World J Gastroenterol 2007; 13:
3043�3046.

113. Law MP. Vascular permeability and late radiation
fibrosis in mouse lung // Radiat Res 1985;103:60�76.

114. Wang J, Zheng H, Ou X, Fink LM, Hauer-Jensen M.
Deficiency of microvascular thrombomodulin and up-
regulation of protease-activated receptor-1 in irra-
diated rat intestine: possible link between endothelial
dysfunction and chronic radiation fibrosis // Am J
Pathol 2002;160:2063�2072.

115. Wang J, Albertson CM, Zheng H, Fink LM, Her-
bert JM, Hauer-Jensen M. Short- term inhibition of
ADP-induced platelet aggregation by clopidogrel ame-
liorates radiation-induced toxicity in rat small intes-
tine // Thromb Haemost 2002;87:122�128.

116. Wang J, Zheng H, Ou X. et al. Hirudin ameliorates
intestinal radiation toxicity in the rat: support for
thrombin inhibition as strategy to minimize side- ef-
fects after radiation therapy and as countermeasure
against radiation exposure // J Thromb Haemost
2004;2:2027�2035.

117. Richter KK, Fink LM, Hughes BM, Sung CC, Hauer-
Jensen M. 1s the loss of endothelial thrombomodulin
involved in the mechanism of chronicity in late radia-
tion enteropathy? // Radiother Oncol 1997;44:65�71.

118. Milliat F, Sabourin JC, Tarlet G. et al. Essential role
of plasminogen activator inhibitor type-1 in radiation
enteropathy // Am J Pathol 2008;172:691�701.

119. Boerma M, Wang J, Kulkarni A. et al. 1nfluence of
endothelin 1 receptor inhibition on functional, struc-
tural and molecular changes in the rat heart after
irradiation // Radiat Res 2008;170:275�283.

120. Kruse JJ, Floot BG, te Poele JA, Russell NS, Ste-
wart FA. Radiation-induced activation of TGF-beta
signaling pathways in relation to vascular damage in
mouse kidneys // Radiat Res 2009;171:188�197.

121. Scharpfenecker M, Kruse JJ, Sprong D, Russell NS,
Ten Dijke P, Stewart FA. 1onizing radiation shifts the
PA1-1/1D-1 balance and activates notch signaling in
endothelial cells // 1ntJ Radiat Oncol Biol Phys 2009;
73:506�513.

122. Marx RE, Johnson RP, Kline SN. Prevention of osteo-
radionecrosis: a randomized prospective clinical trial
of hyperbaric oxygen versus penicillin // J Am Dent
Assoc 1985;111:49�54.

123. Westbury CB, Pearson A, Nerurkar A. et al. Hypoxia
can be detected in irradiated normal human tissue: a
study using the hypoxic marker pimonidazole hydro-
chloride // Br J Radiol 2007;80:934�938.

124. Bennett MH, Feldmeier J, Hampson N, Smee R,
Milross C. Hyperbaric oxygen therapy for late
radiation tissue injury // Cochrane Database Syst Rev
2005: CD005005.

125. Clarke RE, Tenorio LM, Hussey JR. et al. Hyperbaric
oxygen treatment of chronic refractory radiation proc-
titis: a randomized and controlled double- blind
crossover trial with long-term follow-up // 1nt J Radiat
Oncol Biol Phys 2008;72:134�143.

126. Buras J. Basic mechanisms of hyperbaric oxygen in
the treatment of ischemia-reperfusion injury // 1nt
Anesthesiol Clin 2000;38:91�109.

127. Radziwon P, Olszanski R, Tomaszewski R. et al.
Decreased levels of PA1-1 and alpha 2-antiplasmin
contribute to enhanced fibrinolytic activity in divers
// Thromb Res 2007;121:235�240.

128. Thom SR, Bhopale VM, Velazquez OC, Goldstein LJ,
Thom LH, Buerk DG. Stem cell mobilization by hyper-
baric oxygen // Am J Phsiol Heart Circ Physiol 2006;
290:H1378�1386.

129. Warren S, Spencer J. Radiation reaction in the lung
// Am J Roentgenol 1940; 43:682�701.

130. Margolis LW, Phillips TL. Whole-lung irradiation for
metastatic tumour // Radiology 1969;93:1173�1179.

131. Travis eL, Down JD. Repair in mouse lung after split
doses of X rays // Radiat Res 1981;87:166�74.

132. Morgan GW, Breit SN. Radiation and the lung:
a reevaluation of the mechanisms mediating pulmo-
nary injury // 1nt J Radiat Oncol Biol Phys 1995;
31:361�369.

133. Jennings FL, Arden A. Development of radiation pneu-
monitis // Arch Pathol 1962; 74:101�110.

134. Zhao W, Diz D1, Robbins ME. Oxidative damage
pathways in relation to normal tissue injury // Br J
Radiol 2007; 80:S23�31.

135. Fleckenstein K, Zgonjanin L, Chen L. et al. Temporal
onset of hypoxia and oxidative stress after pulmonary
irradiation // 1nt J Radiat OncolBiol Phys 2007;
68:196�204.

136. Jackson 1L, Chen L, Batinic-Haberle I^Vujaskovic Z.
Superoxide dismutase mimetic reduces hypoxia-
induced O2 -, TGF-beta, and VEGF production by
macrophages // Free Radic Res 2007; 41:8�14.

137. Lefaix Jl, Delanian S, Leplat JJ. et al. Successful
treatment of radiation-induced fibrosis using Cu/Zn-
SOD and Mn-SOD: an experimental study // 1nt J Ra-
diat Oncol Biol Phys 1996;35:305�312.

138. Lefaix JL, Delanian S, Vozenin MC, Leplat JJ, Tri-
caud Y, Martin M. Striking regression of subcutaneous
fibrosis induced by high doses of gamma rays using a
combination of pentoxifylline and alpha-tocopherol: an
experimental study // 1nt J Radiat Oncol Biol Phys
1999;43:839�847.

139. Delanian S, Baillet F, Huart J, Lefaix JL, Maulard C,
Housset M. Successful treatment of radiation-induced
fibrosis using liposomal Cu/Zn superoxide dismutase:
clinical trial // Radiother Oncol 1994;32:12�20.

140. Delanian S. Striking regression of radiation-induced
fibrosis by a combination of pentoxifylline and
tocopherol // Br J Radiol 1998;71:892�894.

141. Delanian S, Lefaix JL. Current management for late
normal tissue injury: radiation-induced fibrosis and
necrosis // Semin Radiat Oncol 2007;17:99�107.

142. Delanian S, Porcher R, Balla-Mekias S, Lefaix JL.
Randomized, placebo-controlled trial of combined
pentoxifylline and tocopherol for regression of
superficial radiation-induced fibrosis // J Clin Oncol
2003;21: 2545�2550.

143. Gothard L, Cornes P, Earl J. et al. Double-blind pla-
cebo-controlled randomised trial of vitamin E and
pentoxifylline in patients with chronic arm
lymphoedema and fibrosis after surgery and
radiotherapy for breast cancer // Radiother Oncol
2004;73:133�139.

144. Omenetti A, Porrello A, Jung Y. et al. Hedgehog sig-
naling regulates epithelial- mesenchymal transition
during biliary fibrosis in rodents and humans // J Clin
1nvest 2008;118:3331�3342.



471ÓÐÆ

145. Giri SN, Hyde DM, Hollinger MA. Effect of antibody
to transforming growth factor beta on bleomycin in-
duced accumulation of lung collagen in mice // Thorax
1993;48:959�966.

146. Bonniaud P, Martin G, Margetts PJ. et al. Connective
tissue growth factor is crucial to inducing a profibrotic
environment in «fibrosis-resistant» BALB/c mouse
lungs // Am J Respir Cell Mol Biol 2004;31:510�516.

147. Denton CP, Merkel PA, Furst DE. et al. Recombinant
human anti-transforming growth factor beta1 antibody
therapy in systemic sclerosis: a multicenter, rando-
mized, placebo-controlled phase 1/11 trial of CAT-192
// Arthritis Rheum 2007;56:323�333.

148. Kummar S., Kinders R, Rubinstein L. et al. Com-
pressing drug development timelines in oncology using
phase «0» trials // Nat Rev Cancer 2007;7:131�139.

Íàäõîäæåííÿ äî ðåäàêö³¿ 22.07.2013.

Ïðèéíÿòî 12.08.2013.

Àäðåñà äëÿ ëèñòóâàííÿ:
Îêóíöåâ Äìèòðî Â³òàë³éîâè÷,
âóë. Ìàçóðîâà, 67, êîðï. 2, êâ. 154, Ãîìåëü, 246012,
Á³ëîðóñ³ÿ.

Àäðåñ äëÿ ïåðåïèñêè:
Îêóíöåâ Äìèòðèé Âèòàëüåâè÷,
óë. Ìàçóðîâà, 67, êîðï. 2, êâ. 154, Ãîìåëü, 246012,
Áåëîðóññèÿ.
E-mail: dima@grcoc.gomel.by


