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Pe3ome

Makpodaru  CEeKpeTUpPYIOT IIHPOKUA  CIEKTP  MPOBOCHATUTEIBHBIX
IUTOKMHOB, KOTOPbIE AKTUBHUPYIOT JApPYrU€ KJIETKM HWMMYHHOM CHCTEMBI U
CIIOCOOCTBYIOT Pa3BUTHIO BocHalieHUsI. DYHKITMOHAIBHOE COCTOSTHUE Makpodaros
HaIMpsIMyI0 3aBUCUT OT PaOOThI MHUTOXOHIPUH — HE TOJBKO KaK HCTOYHUKOB
SHEPrUM, HO U KaK KIIOYEBBIX YYAaCTHUKOB CUTHAJBHBIX IMyTEW, CBSI3aHHBIX C
NPOAYKIMEH aKTUBHBIX (opM Kuclopoda | peryjsuued HUHQIaMMacoMBbl.
Hapyiienus B MHUTOXOHJpUAIbHOW (DYHKIIMM MOTYT TMPUBECTH K UYpPE3MEpPHOUN
aKTUBAIIMM Makpo(}aroB U Pa3zBUTUIO XPOHUYECKOTO BOCHATICHHUS], YTO XapaKTEPHO
JUTSI MHOTHX MATOJIOTUM, BKITIOUYAsl aTEPOCKIIEPO3 U MeTaboIuvecKue 3a00JIeBaHuUs.
[Ipy  moBpexaeHuH  WIM  JUCHYHKIMM  MUTOXOHIPHM,  pa3iIUYHbIC
MUTOXOHJAPHUAIIBHBIE KOMIIOHEHTBI, Takue Kak kapauoisunud u MTIHK, moryr
BBICBOOOKIAThCSA B IIUTOIUIA3My KJIETKHU-XO3SMHA, TIOTEHIIMATLHO BBI3bIBAS
ayTOUMMYHHYIO peakiuto. JJisi mpeaoTBpaIieHus 3TOro B OpraHu3Me CyIIECTBYET
MeXaHU3M MUTO]arus, ¢ TOMOIIbI KOTOPOTo AUCHYHKIIMOHATBHBIE MUTOXOHIPUHU
pa3pylmialoTcsi  JIM30COMAJIbHBIM ~ myTeM.  M3BeCTHO, 4YTO  HEKOTOpbIC
MOJIMHEHACHIIIIEHHBIE KUPHBIE KUCIOTHl YYaCTBYIOT B BOCHAJIUTEIIBHOM OTBETE
MMMYHHBIX KJIETOK U MOJYJUPYIOT (PYHKIIMU MUTOXOHIPHI, BKIItOUasi MUTO(aruto.
ApaxuJoHOBasE KHUCJIOTAa SIBISICTCS MPEIICCTBEHHUKOM  JIGMKOTPUEHOB U
MpOCTarjaHJAMHOB, a €€ Jo0aBlieHHe B KYJIbTYpy KIETOK MOAYJIUPYET
BOCMAJIUTENIbHYIO peakunio. OIHAKO BIUSHUE AapaxUIOHOBOM KHCIOTHI Ha
MuTodaruio paHee He wu3ydanoch. llenpio wuccrnenoBanus OBUIO OIEHUTH
CIIOCOOHOCTh apaxUJOHOBOM KHCIIOTHl BIIUATH Ha MHUTO(arui Makpodaron
YEJIOBEKA U UX MPOBOCIAIUTENbHBIN OTBET. MBI BBIICISUIA IEPBUYHBIE MOHOLIUTHI
U3 LIEJIBHOW KPOBH 30POBBIX JTOHOPOB U KYJIbTUBUPOBAJIN KIIETKU B T€YEHUE 5 II.
3ateM Kk makpodaram Ha 1 cyTku no6aBiasiiiu 20 MKM apaxuaoHOBOM KHUCIIOTHI.
[Tocne storo k kynbrype nobabimsuiii 1 mxr/ma JIIIC na 1 nmens. Cekpenuto
uutoknHoB TNF, IL6, IL8, CCL2 B KyJIbTypaJbHOM CpEle OLEHUBAINA METOJIOM
NDA. IlapannenbHO MBI OLIEHUBaIUM MHUTO(]aruio B Makpodarax, o0OpabOoTaHHBIX
apaxuJoHOBOM  kucimoTo. st »Toro Obula  OIEHEHAa  KOJIOKAJTU3aIMs
MUTOXOHAPUAIIBHOTO U JIM30COMAIBLHOTO KpacuTesied B Makpodarax ¢ MOMOIIbIO
KOH(OKabHOW MHUKpockonuu. B pesynbrare oKa3aaoch, UYTO apaxuoHOBas
KHCIIOTa TOBBIIIANIAa YPOBEHbh MHUTO(aruu B Makpodarax M CHUXKajlda CEKpPELUIo
uutoknHoB IL6, TNF u CCL2 B otBer Ha crumyisinuio JIIIC. MoxkHo
MPEANOJIOKUTh, YTO aKTUBAIMS MUTO(Aruu MOXKET OBITh OJJHUM M3 MEXaHHU3MOB

MPOTUBOBOCHAIIUTEIIHOTO IEUCTBUS ApaXUJOHOBON KUCIIOTHI.

KiroueBble ciaoBa: makpodaru, apaxwaoHOBas KHCIOTa, MUTOdarus,
BOCTIAJICHUE, [INTOKWHBI, MUTOXOHIPHH.
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Abstract

Macrophages are actively involved in recognizing, capturing, and destroying
pathogens, as well as removing cellular debris. The most important role of
macrophages is to initiate and regulate the inflammatory response: they synthesize
and secrete a wide range of proinflammatory cytokines that activate other cells of
the immune system and promote the development of inflammation. The functional
state of macrophages directly depends on the work of mitochondria - not only as
energy sources, but also as key participants in signaling pathways associated with
the production of reactive oxygen species and regulation of the inflammasome. Their
functional state depends on mitochondria, which are not only energy producers but
also regulators of signaling pathways, including reactive oxygen species generation
and inflammasome activation. Mitochondrial dysfunction can lead to excessive
macrophage activation and chronic inflammation, typical of diseases like
atherosclerosis and metabolic disorders. Damaged mitochondria release components
such as mtDNA and cardiolipin, potentially triggering autoimmune responses. To
prevent this, cells utilize mitophagy, a selective autophagy process that removes
dysfunctional mitochondria via the lysosomal pathway. Polyunsaturated fatty acids
are known to influence inflammation and mitochondrial function, including
mitophagy. Arachidonic acid, a precursor of prostaglandins and leukotrienes,
modulates immune responses, but its role in mitophagy remains unclear. The aim of
this study was to investigate whether arachidonic acid affects mitophagy and the
proinflammatory response of human macrophages. Primary monocytes were
isolated from whole blood of healthy donors and differentiated into macrophages
over 5 days. Cells were treated with 20 uM arachidonic acid for 24 hours, followed
by 1 ug/ml LPS stimulation for another 24 hours. Cytokine secretion (TNF, IL6, IL8,
CCL2) was measured by ELISA. Mitophagy was assessed using confocal
microscopy by evaluating colocalization of mitochondrial and lysosomal dyes. The
results showed that arachidonic acid enhanced mitophagy and reduced secretion of
TNF, IL6, and CCL2 in response to LPS. These findings suggest that activation of
mitophagy may contribute to the anti-inflammatory effects of arachidonic acid in

macrophages.

Keywords: macrophage, arachidonic acid, mitophagy, inflammation,
cytokines, mitochondria.
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1 Beenenue

[Tpu moBpexaeHNN WK TUCHYHKIIMNA MUTOXOHIPHUHN B IUTOTUIA3MY KIIETKH-
X03fMHAa MOTYT TONajaTh MHUTOXOHAPUAILHBIE KOMIIOHEHTHI (KapIUOJIUIINH,
MTAHK 1 ap.), 4T0 MOXET NpUBOIUTH K ayTOUMMYHHOM peakuuu. J{is Toro 4To0Obl
3TOr0 HE MPOHUCXOAUJIO, CYIIECTBYET MHUTO(arusi — MexXaHHu3M, MpU KOTOPOM
TUCHYHKIIMOHATIBHBIE MUTOXOHIPUN TOJBEPraloTCs JIM30COMABHOM Jerpaganun
[1,2].

N3BecTHO, YTO HEKOTOpPHIE MOJIMHEHACHIIICHHBIC KUPHBIE KUCIOTHI, B TOM
yucie u apaxuaoHoBas kuciora (AK), oka3piBaloT BIMSHUE Ha BOCHAIUTEIIbHBIN
OTBET UMMYHHBIX KJIeTOK [3]. boJsiee Toro, HEKOTOpbIE U3 HUX CIIOCOOHBI OKA3bIBATh
BnusiHue Ha wMurodaruto [4]. Opnako, BiusHue AK nHa wmwutodaruio He
UCCJIEI0BAJIOCH.

[lenbto HacTosimiedt paboOThl ObUT OTBET Ha Bompoc, crnocodHa nu AK
MOJIyJIUPOBATh MUTO(ATUIO U BOCTIAIUTEIBHBINA OTBET MaKpO(Qaros.

2 MarepuaJjbl 1 MeTObI

[TepBuuHbIE MOHOIUTHI OBUTM BBIJCICHBI W3 IEIBHONH KPOBH 3T0POBBIX
JIOHOPOB MeToA0M aare3un. CHavana ueiabHyr KpoBb HeHTpu@yruposaiu 20 MUH
npu 800 g (6e3 Topmoskenus). 3atem otOupanu 2/3 mwiasmsl u gobasiasum PBS o
NEPBOHAYAIBHOTO 00BbEMa, TMepeMelrBald M HaclaWBadd Ha  (DUKOJIL
Hentpudyruposanu 20 mud npu 800 g (6e3 Topmoxkenus). [lepenocmnu KieTku
uHTep(ha3HOTO KOJIblla B HOBBIE MPOOMPKH W JBakIbl mpombiBanu PBS. Jlanee
KkiaeTkam o0asisuu cpeay RPMI-1640 ¢ L-rimroramuaom u 10% FBS L-glutamine
10% FBS u unkyOupoBamu 2 gaca B COz-unkyOatope mipu 37 °C, 5% CO; mus
MPUKPEIUICHUs MOHOLUTOB. [lanee, cCHUMaNIM KJIETKA MPU TMOMOIIU TPHUIHUCHH-
BEpCEeHa, JUIsl MHAKTUBAIMU TpHUIICMHA ucnoib3oBanu FBS. Tlocne uero kietku
nenTpudyrupoai 10 mun npu 300 g, 100aBIsIIN B KIETOYHOMY ocanky X-Vivo
¥ KyJIbTUBUPOBAJIM B KOHIICHTPAIIMH | MIIH KJIETOK/MJI B TeUeHHE 5 1.

[Tocne unkyOamnuu 5 11 K KyabType MakpodaroB gooasisuim 20 MmkM AK nHa 1
JIeHb. 3aTeM KIJIETKU mpoMbiBai PBS u 3ameHsm KynbTypalibHy0 cpeny. [locme
3TOT0 K KyibType nobasisii 1 Mkr/mn JIIIC eme nHa 24 yaca. IlomyueHHbIN
CyNepHATaHT OTOWpanu JUIS aHadu3a ypOBHEH CEKpeluH LUTOKWHOB TIOCTE
ctumyisiinn LPS. Hakonen, kornentpanuto IL6, IL8, CCL2 u TNF B o6pasmax
KYJIbTypalbHOU cpenbl olleHuBan MeTosioM NDA.

MuroxonapuansHbiii kKpacutenb MitoTracker Green (100 HM) mo6aBsH K
Makpodaram crycts 5 1 Ha 30 muH. lanee knetku npomeiBainu PBS u nobGasnsiu
20 MM AK Ha 1 x. [Tocne yero au3ocomanbHbIil kpacutesnb LysoTracker Deep Red
(50 HEM) nobGasnsinu B KyabTypy Ha 30 MmunyT. Hakoner, nmomgyyanu u3oOpaxeHus
npu oMoIy KoHdokanpHoro Mukpockona Leica DMI8 STELLARIS 5.

MuTtodaruto ompenensuii Kak KOJOKATH3AIMI0 MHUTOXOHIPHAIBHOTO |
JM30COMAIBHOTO KPacUTelIs ¢ TIOMOIIbI0 TiporpaMMHoro odecnieuenus: CellProfiler
4.2.4,

CraTucTHUeCKHid aHajdn3 MPOBOAMICA C HCIOJIB30BAaHHEM MPOTPaMMHOTO
obecrieuenns IBM SPSS Statistics. [laHHbIe MpecTaBIeHbI KaK CPEIHEe 3HAUYCHHE
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+ CcTaHJapTHOE OTKIOHEHHWE CpEeNHEero 3HaueHusd. MHauBHayanbHbIE MapHbIC
CpaBHEHMS TPOBOJAWIIUCH C UCIIOJIb30BaHUEM t-kpuTepusi CThIOJIEHTA.
3 Pe3yabTaThl U 00Cy:KIeHHE
Oxa3zanocs, yto AK noBsimana ypoeHb Mutodaruu B Makpodarax (Puc. 1).

Jnsa ouenkn BimsiHUSA AK Ha BOCHAIMTENBHYIO PEAKIUI0 B KIETOYHOU
KynbType nooasmsim 20 mkM AK Ha 24 yaca ¢ moclienyroiiei CMEHOU cpeibl U
nob6asnenuem 1 mxr/mu JITIC eme Ha oauH neHb. Cekpenuo nutokuHoB I1L6, 1L8,
CCL2 u TNF B kynbpTypanbHOU cpefie orieHuBaiu ¢ moMoisio MDA (Puc. 2A).

Okazanock, yto AK cHmxkana cekperuto nutokuHoB IL6, TNF u CCL2
Makpodaramu B oTBeT Ha ctumyssinuio LPS (Puc. 2B). Ilpu stom cekperus
xemokuHa |L8 ne mMeHsace.

N3BectHOo, yTo AK y4acTByeT B BOCHAIUTEIbHOM OTBETE, MOCKOJIBKY
ABJISIETCA TPEAINICCTBEHHUKOM ISl JIMIUJIHBIX MOJIYJISITOPOB BOcHajeHus [5].
Panee, O6b110 ipoaeMoHCTpUpOBaHO, uTo AK CHIKama cexkperuto MuToKuHOB |L6,
TNF, IL-1B muausmu kietok THP-1 u RAW264.7 npu ctumysiiuu LPS [5,6]. [pu
ncnoiipzoBanun AK B KadecTBe IMHMINEBOM J00AaBKM TakKe HAOIIOLAINCE
npoTuBoBocHanutenbuble dpdektsl [3]. B Hactosmem wuccinegoBanun AK
NpUBOAWIA K CHIKEHHIO cekperuu muTokuHOB IL6, TNF m CCL2 LPS-
CTUMYJIMPOBAHHBIMU MakpodaraMu 4ejaoBeKa.

OpnHako, HAaCKOJBKO HaM H3BECTHO, pe3ysbTaT o ToM, uTo AK crocoOHa
aKTUBHpPOBAaTb  MuTOdaruio, ObUT  TOJy4YyeH BHepBbie. Panee, ObLIO
MPOJEMOHCTPUPOBAHO,  YTO  JIMHOJEBas  KHUCJIOTa, KOTOpas  SABJISETCA
MeTabonnyeckuM mnpesnecTBeHHuKoM AK, up-perynupoBana CUTHajdbHBIE MYTH,
CBsI3aHHBIE ¢ ayTo(arueii, B renatonurax [4].

Hekoropsle aktuBaTOphl MHUTO(Aruu, Takue Kak YpOIUTHH A, aJUTMHH,
OepramnTteH, 00J1aJ1al0T MPOTUBOBOCTIAIMTENILHBIMU CBOMCcTBaMH [ 7,8,9]. InTepecHo,
YTO MPOBOCHANUTENbHAS CTUMYJsiLUA MakpodaroB ¢ nomoupto JIIIC cHuxkaer
mutodaruto B kiaetkax [10,11,12]. BriosiHe BeposiTHO, UTO BOCTIATUTENbHAS PEaKUs
MakpodaroB u Mutodarus SIBISIOTCS TECHO CBSI3aHHBIMHU mMpolieccaMu. MOKHO
MPENOJIOKUTh, YTO aKTUBAIUS MUTO(ArUU MOXET OBITh OJHUM M3 MEXaHHU3MOB
npoTuBoBocniauTeENbHOTO neictBust AK. OnHako ocCTaercsi HEU3BECTHBIM,
OTBETCTBEHHAa JM  MuTOodarusi, uHAyHupoBaHHas AK, 3a  CHIDKeHUE
BOCITAJIUTEJIBHOTO OTBETA B KIIETKAX.

B 3akmouenun, Mbl ipojieMoHCTpUpoBain, yto AK crmocoOHa akTUBUPOBATH
MuTodaruio B Makpodarax, 4ro COIMPOBOXKIAETCS CHUKCHHEM BOCIAIUTEIHLHOTO
OTBETA KJIETOK.

PaboTa Beimoninena npu noanepxkke Poccuiickoro Hayunoro ®onna (I'pant
Ne 22-15-00273-11).

Msb1 Onarogapum Llentp komnektuBHoro mnoss3oBanus WBIT PAH 3a
BO3MOYKHOCTh UCHIOJIb30BAHMS 000PYAOBaHMUS.
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PUCYHKHA

Pucynoxk 1. Biusiaune apaxunonoBoii kuciioTsl (AK) Ha MuTodaruio B Mmakpodarax.
Figure 1. Effect of arachidonic acid (AA) on mitophagy in macrophages.

A. KoHdokanbHas MUKpocKonus Mutodarum B Makpodarax B. 3ddekTuBHOCTL MUTOParum B Makpodparax
Confocal microscopy of mitophagy in macrophages Efficiency of mitophagy in macrophages
KoHTponb AK
Control ARA
15 *k
—T—
T
—
10 —
5
KoHTponb AK
Control ARA

MitoTracker Green (Mutoxonapuu / Mitochondria)
. LysoTracker Deep Red (/luzocombl / Lysosomes)

(A) Confocal images of macrophages, scale bar — 3 um. (B) Quantification of the
proportion of mitochondria localized in lysosomes. ** - p < 0.01 by t-test

(A) Koudokanpubsie uzo0pakenuss Makpodaros, macmrad — 3 Mrm. (B)
KomnuecTBeHHas OLCHKa J0JIN MI/ITOXOHI[pI/Iﬁ JJOKAJIN30BAHHBIX B JIN30COMaAx. **
p <0,01 mo pesynbraram t-tecra
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Pucynox 2. IIpoBocnmanmuTenbHbIi OTBET ¥ CHOCOOHOCTH (hOPMHPOBATH
TOJICPAHTHOCTDb I_II/I6pI/II[HI>IMI/I JIMHUAMMU.
Figure 2. Effect of arachidonic acid (AA) on the proinflammatory response of
macrophages.

A. Ou3aiiH aKcnepuMeHTa B. Cexpeuuns UUTOKMHOB, nr/Mn
Design of the experiment Evaluation of cytokine secretion, pg/ml
TNF oo L6
R —
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(A) Huzaiin skcniepumenta. (B) Biusaue AK Ha cexperuio

nutoknHoB IL6, CXCLS, CCL2, TNF nepBuunbiMu MakpodaramMmu B OTBET Ha
LPS. ** —p <0,01, *** — p <0,001 mo pe3ynbraram t-recta. NS — HET TOCTOBEPHOU
3HAYUMOCTHU

(B) (A) Experimental design. (B) Effect of AA on the secretion
of cytokines IL6, IL8, CCL2, TNF by primary macrophages in response to LPS. **
—p <0.01, *** —p <0.001 according to the results of t-test. Ns — not significant
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