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Àêòóàëüíîñòü. Îäíèì èç êëþ÷åâûõ êîìïîíåíòîâ â ðàçâèòèè àòåðîñêëåðîçà ÿâëÿåòñÿ íàðóøåíèå ëèïèäíîãî îáìåíà. Îäíà-
êî ðîëü ýïèãåíåòè÷åñêèõ ìåõàíèçìîâ â äàííîì ïðîöåññå èçó÷åíà íåäîñòàòî÷íî. Öåëü. Õàðàêòåðèñòèêà âàðèàáåëüíîñòè ìåòè-
ëèðîâàíèÿ ãåíà ëèïàçû PNPLA2 â êëåòêàõ àðòåðèé ðàçëè÷íîé ëîêàëèçàöèè è ëåéêîöèòàõ ïåðèôåðè÷åñêîé êðîâè ïðè àòåðîñê-
ëåðîçå. Ìàòåðèàëû è ìåòîäû. Îöåíêà óðîâíÿ ìåòèëèðîâàíèÿ ÄÍÊ â àòåðîñêëåðîòè÷åñêèõ áëÿøêàõ êîðîíàðíûõ è ñîííûõ àð-
òåðèé, à òàêæå ñòåíêå íåïîðàæåííûõ âíóòðåííèõ ãðóäíûõ àðòåðèé è ëåéêîöèòàõ ïåðèôåðè÷åñêîé êðîâè âûïîëíåíà ìåòîäîì
áèñóëüôèòíîãî ïèðîñåêâåíèðîâàíèÿ. Ñòàòèñòè÷åñêèé àíàëèç ïîëó÷åííûõ äàííûõ âûïîëíåí â ïðîãðàììíîé ñðåäå R. Ðåçóëü-
òàòû è âûâîäû. Äëÿ êëåòîê àðòåðèàëüíîé ñòåíêè èç îáëàñòè àòåðîñêëåðîòè÷åñêèõ áëÿøåê êîðîíàðíûõ àðòåðèé õàðàêòåðíû
áîëåå âûñîêèå óðîâíè ìåòèëèðîâàíèÿ â ïðîìîòîðíîì ðåãèîíå ãåíà PNPLA2 ïî ñðàâíåíèþ ñ íåïîðàæåííîé ñòåíêîé âíóòðåí-
íèõ ãðóäíûõ àðòåðèé. Óðîâåíü ìåòèëèðîâàíèÿ àíàëèçèðóåìîé îáëàñòè ãåíà â ëåéêîöèòàõ áîëüíûõ àòåðîñêëåðîçîì àññîöèè-
ðîâàí ñ êóðåíèåì è ïðèåìîì ñòàòèíîâ.
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One of the key components in the development of atherosclerosis is the metabolic imbalance of lipids. However, the role of
epigenetic mechanisms in this process is studied insufficiently. The aim of our study was to characterize variability of the PNPLA2
lipase gene methylation in the cells of differently localized arteries and peripheral blood leukocytes in atherosclerosis. Materials and
methods. Using bisulfite pyrosequencing, we performed the assessment of DNA methylation level in atherosclerotic plaques of coro-
nary and carotid arteries, and in the wall of unaffected internal thoracic arteries, and in peripheral blood leukocytes of patients with
atherosclerosis. Statistical data analysis was performed in R software environment. Results and conclusions. Cells of coronary
atherosclerotic plaques were found to have higher levels of methylation in the promoter of PNPLA2 gene compared to unaffected wall
of internal thoracic arteries. Methylation level of analyzed gene region in leukocytes of patients with atherosclerosis was associated
with smoking and statins.
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Àêòóàëüíîñòü

Íàðóøåíèå ìåòàáîëèçìà ëèïèäîâ ÿâëÿåòñÿ îäíèì èç
êëþ÷åâûõ ïðîöåññîâ â ðàçâèòèè àòåðîñêëåðîçà. Îíî
ïðîÿâëÿåòñÿ â ïîâûøåíèè óðîâíÿ õîëåñòåðîëà ëèïîïðî-
òåèäîâ íèçêîé ïëîòíîñòè (ËÏÍÏ), ãèïåðòðèãëèöåðèäå-
ìèè èëè íåäîñòàòî÷íîé êîíöåíòðàöèè â êðîâè àíòèàòå-
ðîãåííîãî õîëåñòåðîëà ëèïîïðîòåèäîâ âûñîêîé ïëîòíî-
ñòè, ñîïðîâîæäàþùèõ ïîñòåïåííóþ èíôèëüòðàöèþ èí-
òèìû àðòåðèé. Ñîãëàñíî ñîâðåìåííûì ïðåäñòàâëåíèÿì,
ïîâðåæäåíèå ýíäîòåëèàëüíûõ êëåòîê èíèöèèðóåò ìàê-
ðîôàãàëüíûé çàõâàò ëèïîïðîòåèäîâ êðîâè è ïåðåìåùå-
íèå èõ â ñóáýíäîòåëèàëüíîå ïðîñòðàíñòâî. Â ñòåíêå ñî-

ñóäà ëèïîïðîòåèäû èçîëèðîâàíû îò àíòèîêñèäàíòíûõ

ôàêòîðîâ ïëàçìû êðîâè, ïîýòîìó ïîäâåðæåíû èçìåíå-

íèÿì ïðîäóêòàìè ïåðåêèñíîãî îêèñëåíèÿ ëèïèäîâ.

Ìàêðîôàãè ôàãîöèòèðóþò ïðåèìóùåñòâåííî ìîäèôè-

öèðîâàííûå ËÏÍÏ è ïðåâðàùàþòñÿ â ïåíèñòûå êëåòêè

[1, 2]. Â ïîñëåäíåå âðåìÿ îáñóæäàåòñÿ ðîëü ýïèãåíåòè÷å-

ñêèõ ìåõàíèçìîâ â ðåãóëÿöèè ýòèõ ïðîöåññîâ è ïàòîãå-

íåçå ñåðäå÷íî-ñîñóäèñòûõ çàáîëåâàíèé, ñâÿçàííûõ

ñ àòåðîñêëåðîòè÷åñêèì ïîðàæåíèåì àðòåðèé [3]. Íå-

ñìîòðÿ íà óñïåõè â èçó÷åíèè ìåòèëèðîâàíèÿ íåêîòîðûõ

ãåíîâ ìåòàáîëèçìà ëèïèäîâ, âîïðîñ îá èõ ýïèãåíåòè÷å-



ñêîé âàðèàáåëüíîñòè ïðè àòåðîñêëåðîçå îñòàåòñÿ îòêðû-
òûì [4].

Îäíèì èç êëþ÷åâûõ ôåðìåíòîâ âíóòðèêëåòî÷íîãî
ëèïîëèçà ÿâëÿåòñÿ òðèãëèöåðèäãèäðîëàçà (ëèïàçà
PNPLA2). Ýòîò ôåðìåíò ó÷àñòâóåò â íà÷àëüíûõ ýòàïàõ
äåãðàäàöèè òðèãëèöåðèäîâ ñ âûäåëåíèåì æèðíûõ êèñ-
ëîò, íåîáõîäèìûõ äëÿ ñèíòåçà êëåòî÷íûõ ìåìáðàí, ñèã-
íàëüíûõ ìåäèàòîðîâ èëè ýíåðãåòè÷åñêîãî ñóáñòðàòà äëÿ
ìèòîõîíäðèé [5]. Ó ÷åëîâåêà ìóòàöèè â ãåíå PNPLA2
ñâÿçàíû ñ ìàññèâíîé àêêóìóëÿöèåé íåéòðàëüíûõ ëèïè-
äîâ â êîðîíàðíûõ àðòåðèÿõ è ìèîêàðäå, ÷òî ïðèâîäèò
ê ðàçâèòèþ õðîíè÷åñêîé ñåðäå÷íîé íåäîñòàòî÷íîñòè [6].
Â íåäàâíåé ðàáîòå áûëî ïîêàçàíî èçìåíåíèå â óðîâíå
ìåòèëèðîâàíèÿ ïðîìîòîðà äàííîãî ãåíà â àòåðîñêëåðî-
òè÷åñêèõ áëÿøêàõ ïî ñðàâíåíèþ ñ íåïîðàæåííûìè àð-
òåðèÿìè [7].

Öåëü íàñòîÿùåãî èññëåäîâàíèÿ çàêëþ÷àëàñü â õàðàêòå-
ðèñòèêå âàðèàáåëüíîñòè ìåòèëèðîâàíèÿ ãåíà PNPLA2
â êëåòêàõ àðòåðèé ðàçëè÷íîé ëîêàëèçàöèè è ëåéêîöèòàõ
ïåðèôåðè÷åñêîé êðîâè ïðè àòåðîñêëåðîçå.

Ìàòåðèàëû è ìåòîäû

Ìàòåðèàë äëÿ èññëåäîâàíèÿ áûë ïîëó÷åí îò 76 ðóñ-
ñêèõ ìóæ÷èí â âîçðàñòå 61 ± 7 ëåò, ïðîõîäèâøèõ ïëàíî-
âîå õèðóðãè÷åñêîå ëå÷åíèå. Âûáîðêà áîëüíûõ áûëà îõà-
ðàêòåðèçîâàíà â îòíîøåíèè êëèíèêî-àíàìíåñòè÷åñêèõ
äàííûõ (êóðåíèå, ñòåíîêàðäèÿ, ÕÑÍ, äèàáåò, îñòðàÿ ñî-
ñóäèñòàÿ íåäîñòàòî÷íîñòü, ïðèåì ëåêàðñòâ) è ðåçóëüòà-
òîâ ëàáîðàòîðíî-äèàãíîñòè÷åñêîãî èññëåäîâàíèÿ (ãëþ-
êîçà, ëèïèäíûé ïðîôèëü). Áàíê òêàíåé, ïîëó÷åííûõ îò
ïàöèåíòîâ, âêëþ÷àë îáðàçöû àòåðîñêëåðîòè÷åñêèõ áëÿ-
øåê èç îáëàñòè ïðàâûõ êîðîíàðíûõ (n = 22) è ñîííûõ
àðòåðèé (n = 54), à òàêæå áèîïòàòû íå ïîðàæåííûõ àòå-
ðîñêëåðîçîì âíóòðåííèõ ãðóäíûõ àðòåðèé (n = 22) è îá-
ðàçöû ëåéêîöèòîâ ïåðèôåðè÷åñêîé êðîâè (n = 76).

Òêàíè àðòåðèàëüíîé ñòåíêè áûëè îòìûòû â èçîòîíè-
÷åñêîì ðàñòâîðå è îáðàáîòàíû ïðîòåèíàçîé Ê â òå÷åíèå
íî÷è ïðè 37°Ñ. Èç îáðàçöîâ áûëà âûäåëåíà ãåíîìíàÿ ÄÍÊ
ñòàíäàðòíûì ìåòîäîì ôåíîë-õëîðîôîðìíîé ýêñòðàêöèè.
Îöåíêà ìåòèëèðîâàíèÿ ÄÍÊ áûëà ïðîâåäåíà ìåòîäîì áè-
ñóëüôèòíîãî ïèðîñåêâåíèðîâàíèÿ íà ïðèáîðå PyroMark
Q24 System (Qiagen, ÑØÀ). Äëÿ ýòîãî ÄÍÊ ïîäâåðãàëàñü
áèñóëüôèòíîé ìîäèôèêàöèè ñ èñïîëüçîâàíèåì íàáîðà EZ

DNA Methylation Kit (Zymo Research, ÑØÀ) è àìïëèôè-
êàöèè ñ ïîìîùüþ ÏÖÐ (ñòðóêòóðà ïðàéìåðîâ: ïðÿìîé —
5’-GAAAAGGGGTGAAAGGGTGATA-3’ è îáðàòíûé —
áèîòèí-5’-TTCTTACCTAAATCTAACCCTACC-3’). Ïèðî-
ñåêâåíèðîâàíèå áûëî ïðîâåäåíî ïî ïðîòîêîëó ïðîèçâîäè-
òåëÿ ïðèáîðà ñ èñïîëüçîâàíèåì ïðàéìåðà
5’-GGATTGTTTTATTTTTGGGGTA-3’, â äâóõ ïîâòîðàõ
äëÿ êàæäîãî îáðàçöà. Óðîâåíü ìåòèëèðîâàíèÿ îòäåëüíûõ
CpG-ñàéòîâ áûë ðàññ÷èòàí ñ ïîìîùüþ ïðîãðàììû Pyro-
Mark Q24 Software 2.0.6 (Qiagen, ÑØÀ).

Ñòàòèñòè÷åñêàÿ îáðàáîòêà ðåçóëüòàòîâ ïðîâåäåíà
â ïðîãðàììíîé ñðåäå R [8]. Cðàâíåíèå óðîâíåé ìåòèëè-
ðîâàíèÿ â ãðóïïàõ èññëåäîâàíèÿ ïðîâîäèëîñü ñ èñïîëü-
çîâàíèåì êðèòåðèåâ Âèëêîêñîíà—Ìàííà—Óèòíè è
Âèëêîêñîíà äëÿ ñâÿçíûõ âûáîðîê, êîððåëÿöèîííûé
àíàëèç — ñ ïîìîùüþ êîýôôèöèåíòà êîððåëÿöèè Ïèð-
ñîíà [9].

Ðåçóëüòàòû è îáñóæäåíèå

Â êëåòêàõ àòåðîñêëåðîòè÷åñêè èçìåíåííûõ ïðàâûõ
êîðîíàðíûõ àðòåðèé, íî íå ñîííûõ àðòåðèé, âûÿâëåíî
ñòàòèñòè÷åñêè çíà÷èìîå óâåëè÷åíèå óðîâíÿ ìåòèëèðî-
âàíèÿ îòäåëüíûõ CpG-ñàéòîâ â ïðîìîòîðíîì ðåãèîíå
ãåíà PNPLA2 ïî ñðàâíåíèþ ñ íåèçìåíåííûìè âíóòðåí-
íèìè ãðóäíûìè àðòåðèÿìè (p<0,05; òàáëèöà). Â ñðåäíåì
ïî àíàëèçèðóåìîìó ðåãèîíó óðîâåíü ìåòèëèðîâàíèÿ ñî-
ñòàâèë 57,1 ± 4,1% è 48,8 ± 4,2% â êëåòêàõ êîðîíàðíûõ è
ñîííûõ àðòåðèé, ñîîòâåòñòâåííî, è 48,6 ± 4,2% âî âíóò-
ðåííèõ ãðóäíûõ àðòåðèÿõ. Â ëåéêîöèòàõ îáíàðóæåí íèç-
êèé óðîâåíü ìåòèëèðîâàíèÿ êàê îòäåëüíûõ CpG-ñàéòîâ,
òàê è â öåëîì ïî ðåãèîíó â ïðåäåëàõ 29,8 ± 6,7%, ÷òî áû-
ëî çíà÷èìî íèæå óðîâíÿ ìåòèëèðîâàíèÿ â êëåòêàõ àðòå-
ðèé (p<0,01). Òàêèì îáðàçîì, äëÿ èññëåäîâàííîãî ðåãè-
îíà ãåíà PNPLA2 áûëà õàðàêòåðíà òêàíåâàÿ ñïåöèôè÷-
íîñòü óðîâíÿ ìåòèëèðîâàíèÿ â êëåòêàõ àðòåðèé è ëåéêî-
öèòàõ.

Óðîâíè ìåòèëèðîâàíèÿ îòäåëüíûõ CpG-ñàéòîâ êîð-
ðåëèðîâàëè ìåæäó ñîáîé â ïðåäåëàõ îäíîãî òèïà òêàíè,
äîñòèãàÿ ìàêñèìàëüíûõ çíà÷åíèé â ãðóïïå ëåéêîöèòîâ
(êîýôôèöèåíò êîððåëÿöèè r = 0,96—0,99; p<0,01). Îä-
íàêî ïðè ñîïîñòàâëåíèè óðîâíÿ ìåòèëèðîâàíèÿ îòäåëü-
íûõ CpG-ñàéòîâ ãåíà PNPLA2 â êëåòêàõ àòåðîñêëåðîòè-
÷åñêè èçìåíåííûõ àðòåðèé ñ ëåéêîöèòàìè ñòàòèñòè÷å-
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Òàáëèöà
Óðîâíè ìåòèëèðîâàíèÿ (m ± SD %) îòäåëüíûõ CpG-ñàéòîâ ãåíà PNPLA2

â êëåòêàõ àðòåðèé è ëåéêîöèòàõ ïàöèåíòîâ ñ àòåðîñêëåðîçîì

CpG-ñàéò* Àòåðîñêëåðîòè÷åñêèå áëÿøêè Âíóòðåííèå ãðóäíûå
àðòåðèè

Ëåéêîöèòû
ïåðèôåðè÷åñêîé êðîâè

êîðîíàðíîé àðòåðèè ñîííîé àðòåðèè

chr11:818892-818893 60,9 ± 4,8 51,3 ± 5,4 48,2 ± 4,3 33,3 ± 7,63

chr11:818903-818904 76,9 ± 5,1 68,3 ± 6,0 72,9 ± 6,1 35,7 ± 7,8

chr11:818917-818918 33,5 ± 3,1 26,8 ± 4,5 24,7 ± 3,4 20,3 ± 5,0

Ïðèìå÷àíèå. * — ëîêàëèçàöèÿ ñàéòîâ óêàçàíà ïî ñáîðêå ãåíîìà GRCh/hg 38



ñêè çíà÷èìîé êîððåëÿöèè íå âûÿâëåíî. Êðîìå òîãî,
ñðåäíèé óðîâåíü ìåòèëèðîâàíèÿ ãåíà PNPLA2 â ëåéêî-
öèòàõ áûë ñòàòèñòè÷åñêè çíà÷èìî âûøå ó ïàöèåíòîâ
ñ àòåðîñêëåðîçîì, êîòîðûå êóðÿò, à òàêæå ïðèíèìàþò
ñòàòèíû (ðèñóíîê), ÷òî ñòîèò ó÷èòûâàòü ïðè ïëàíèðîâà-
íèè äàëüíåéøèõ èññëåäîâàíèé.

Ãåí PNPLA2 êàðòèðîâàí â ëîêóñå 11p15.5 è ñîäåðæèò
9 ýêçîíîâ [5]. Ôóíêöèîíàëüíûå ïîñëåäñòâèÿ èçìåíåíèÿ
óðîâíÿ ìåòèëèðîâàíèÿ â èññëåäîâàííîì ó÷àñòêå ãåíà
PNPLA2 ìîãóò áûòü ñâÿçàíû ñ åãî ýêñïðåññèåé â ìàêðî-
ôàãàõ è ïåíèñòûõ êëåòêàõ. Ó÷èòûâàÿ äàííûå ëèòåðàòó-
ðû, ìîæíî ïðåäïîëîæèòü, ÷òî íà ïîçäíèõ ñòàäèÿõ àòåðî-
ñêëåðîòè÷åñêîãî ïîðàæåíèÿ ãèïåðìåòèëèðîâàíèå ïðî-
ìîòîðà ãåíà òðèãëèöåðèä ãèäðîëàçû â êëåòêàõ àðòåðèé
ïðèâîäèò ê óìåíüøåíèþ ïðîäóêöèè äàííîãî ôåðìåíòà,
âñëåäñòâèå ÷åãî ïðîèñõîäèò íàêîïëåíèå òðèãëèöåðèäîâ
â öèòîïëàçìå, âîçíèêàåò äèñôóíêöèÿ ìèòîõîíäðèé,
óìåíüøàåòñÿ ôàãîöèòîç ëèïîïðîòåèíîâ, è óâåëè÷èâàåò-
ñÿ êîëè÷åñòâî êëåòîê, âñòóïèâøèõ â àïîïòîç [10].

Çàêëþ÷åíèå

Â ðåçóëüòàòå âûïîëíåííîãî èññëåäîâàíèÿ âûÿâëåíà
òêàíåâàÿ ñïåöèôè÷íîñòü óðîâíÿ ìåòèëèðîâàíèÿ ïðîìî-
òîðíîé îáëàñòè ãåíà PNPLA2 â êëåòêàõ àðòåðèàëüíîé
ñòåíêè è ëåéêîöèòàõ ó ïàöèåíòîâ ñ àòåðîñêëåðîçîì.
Óñòàíîâëåíî, ÷òî äàííûé ïîêàçàòåëü â ëåéêîöèòàõ áîëü-
íûõ àòåðîñêëåðîçîì ñâÿçàí ñ êóðåíèåì è ïðèåìîì ñòà-
òèíîâ.

Àâòîðû äåêëàðèðóþò îòñóòñòâèå êîíôëèêòà èíòåðåñîâ.

Èññëåäîâàíèå áûëî ïðîâåäåíî ïðè ïîääåðæêå ãðàíòà
Ðîññèéñêîãî íàó÷íîãî ôîíäà ¹16-15-10150.
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