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1EN N T S L R{K DAMP 358X
R BRI E R R R

XoHD THE

(U UK T FBE, R 5180605 » AEARL AR F ERENET 518 3h T IBE R8s, R 200241)

TE  RRRRE R R CH I, BRI . SRR n] LUE 3 B 2 Fh R AR 1405 A0 26 40 T3 (damage-
associated molecular patterns, DAMPs) K& e RIE RPN %, WNZAADNA (mitochondrial DNA, mtDNA) . ZRHifA% %
A F A (mitochondrial transcription factor A, TFAM) . ZEAiAN-FHEEK (mitochondrial N-formyl peptides, F-MITs) . ATP
ARG, R AR R AL A i 2R R DAMPSs 175 5 A9 Je MO ie . AT JEL S0, 35 B 19328 B GBI G 2R 50 4 BU
TRFRASEN, MRS IZSIRZ . 18, B3 L GLRIRNSCREY) . Bitl, 12 5)1R ] G i b7k DAMPs [ REHOE I
FERPEGRPE . ASLLRIR T RKAK DAMPs 556 KMk R, IR T i8Sl FL b i 09 M (5, DU KR BLIR A
18 BN SE A e ) IR LT R R o R

KA mDNA, JeRPEGEE, TollFESZR9, LAMAIMERSAIRGT0, A STFRR-IR TR & il TR Z M 1, 4ok
WHOREEE A
FESES Q28 DOI: 10.16476/j.pibb.2020.0429

LRI AR JERUZ IS, B E LRRIARRE NS B Z R A A G 4> X (damage-
NZEAIE S A I AR, B, AN e AT associated molecular patterns, DAMPs), Hiliid 5
W, WEPESE (ROS) 7= FEF PRt . 555 PRRs Z IR G5 G0k 51 & Je RAEGRPENZ . LN, i
FARBLA R LR TR T A S IIRE . A, dikitk  ATRTINARIL, s EPGEEGRZ ]
SR AT R I L Ak AP TRIIMEOCR B, BRI T R Y is
& (pattern recognition receptors, PRRs) fEAZIR I il U‘i ﬁfﬂiﬁi £} T)‘T@E@E‘Ej} , T R BE 3z Bl
AH I 995 JEAAR AR 6 7 855X (pathogen-associated Z : H i ’ Ezﬁﬁﬂg}“ KL DAMPs XT%%@%E
molecular patterns, PAMPs) }J\ﬁ’ﬁ{%ﬁ{ﬁf’ﬁ%l‘iﬁﬁfé 1 U 45 A He E M, ARCLER T L *_\f MK
KA R 1 PAMPs S gy T < IR .
PGSR I T, EERREREDE 1 SRDAMPsS AR RS
¥, i DNA (KW E4L CpG IFal) . WLEE
RNA. THERNA 5B REE  E CL FERA S TR B A RO F | PRRs
TR ) Fi, B PRR Figgy  LIEI BRI DAMPS AR J2SE X el 2
e o S R EIERIER T, BRI AR R
Toll ££Z {4 (Toll-like receptors, TLRs). Nod ££5Z
& (Nod-like receptors, NLRs) . RIG-I ¥ & & * EHEARBIFES (31671241) MBI K212 a0 B P IH]

. HiF oy —f i 5 % 8.
(RIG-I-like receptor, RLRs) FlE {0 26> K1 ﬁu?ﬁi&gﬁfj‘ HFTEY
dk T RN

. F_‘z’ Y, Y ﬂ:b,fg,
2 (absent in melanoma 2, AIM2) XMS# » XESL Tel: 021-62232387, E-mail: szding@tyxx.ecnu.edu.cn
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20 i PN e AR [ ) 5 Ok kS DAMPs 1Y
TR HZRLA Wl il sl 3 32 B 4 iy e b AR AE
20 i P B SR DA R 2o 1 1 W T R 32 R R AR Y g
77, WEEHG3 0 B AR R — L4 o 3] 2 R 4
JashEI R &, FEZALHE mDNA . ATP., Zehifk
% 5% A ¥ A (mitochondrial transcription factor A,
TFAM) . % ki f& N- H [t ik (mitochondrial
N-formyl peptides, F-MITs) 5. X SRR 24
1) B TR 2 3 A 4 M 2% T P R K AZ K (formyl
peptide receptors, FPRs) FI4fffI A TLRY FI NLRP3
RN/ MRS Z IRV AR M e (5 m i,
PR R 71 7= A L Beah, RAPEN I A Y™
AR T — 0 PG AR i ZR e 2 (R AR A1 S [
By AR . GOk 7 W % A8 & 5 56 FH Lemasters
T2005 4E8E Y, B ARAE R REVEAN A ) W5 R A 2
UNiOEuY SN R UN SR G ER RN DX e ]
HHARL G, S D R O i R AR 4 Hr 20
IR R E .
1.1 ZAI{ADNA (mtDNA) 5%KXMERE
mtDNA H 54 KR AL 1Y CpG 741,
5541 DNA [ CpG [A] ¥ . TLRY & TLR S 51
—, SRR 34k CpG DNA Ay 25 IR )
1" mtDNA 5 TLRO 455 7] AP AE Sl i 2%, —
&M EOAE G G RE 4 4k B 88 (myeloid
differentiation factor 88, MyDS88) ¥ 1% # A T «B
(nuclear factor kappa-B, NF-xB) {5 5, Hn
{2 i St O P Rl =S PN 7 (1o 2 N T A R o
(tumor necrosis factor- o, TNF-a) . H I & -6
(interleukin 6, 1L-6) FMIHAZE-18 (IL-1B) . M4k,
AT BE NS T4 %= 8 9 I 7 (interferon
regulation factor 7, IRF7) {4 2R 4 it A1 HAth A
PE AN ML 7= AR T A T 48 &F (type [ interferon,
IEN-D) 7, 7 A g 2 P DR 7R IEN-T 3 5 0 8 58
SN TG 28 A 3 [ 70 WA B AR R AR A A
P DA YRR e L g AN, ZRORL IR ROS 1Y 7 A il
mtDNA F 1k, F Ak mtDNA 7] # NLRP3 48 7 /)
TR, SRJ5 NLRP3 518450 F I8 T AH ¢ sk
£ H  (apoptoticspeck-like protein containing a
caspase recruitment domain, ASC) FIFj R4
1 (protocaspase-1) AH H 1 F 3 1 > B K 4 i 1
(caspase 1), ‘FECIL-1B FIIL-18 A4 uh *' . SR 1M,
{5 FHVR AL 2B ARG 0 40 AR 1) mtDNA #5 DU
K B caspase-1 MY % A2 401 . Xt AR VL] T
mtDNA 7E NLRP3 15 5 9 3 i g & ¢ 3 1Y

e

E
<
<

ER .

547 12 - B 17 R & B (cyclic GMP-AMP
synthase, c¢GAS) & — Fi i 3% DNA &g 2% , LU
DNA & #i i) 77 284 ) 2'3'-cGAMP  (cyclic GMP-
AMP) . [Hitt, mtDNA ] DLt cGAS- T4t 2 5L A
Wi 9 (stimulator of interferon gene, STING)
& Z il B A RV e 2. BRI R, 4ok
TR B B mtDNA #E A LK 8 cGAS Hili 3k, SR )5
cGAS 11k ATP 1 GTP & h{ 2'3'-cGAMP HF 1fij 4 7%
STING, 1% J5 i STING M N Ji M 5% iz 3] fa /K ik
i, 35 4E TANK %5 & ¥ @ 1 (TANK-binding
kinase 1, TBK1) f#i IRF3 #fzfk, Em&1LIK) IRF3
BE J5 — R AL B 2 40 i &% P ] TEN-T Y %
ik S AN, EAR RN, MR A SRS
B cGAMP >k % T 4L = A5 5, i H 48 M Ah
cGAMP H%3Z fE NS STING 155 B9 . fsif
GERIN, B BRI A A M A2 ) cGAMP fig i
i A PEE R i (volume-regulated anion
channels, VRACs) #%iz B dE &Y 40 i A 25 306
STING {55 M T ZE M ERL, SR VRACs i
18 HE #% {1 SR 496 92 5 8 1 (Herpes simplex virus
type 1, HSV-1) XF 405 09 SO PR FEAR 2L ax s
W VRACs 78 STING T Ptis s TR G5
A SCHEMVER . DESE R, STING b figid 23 33
% NLRP3 % PE/IMAFI NF-«B {5 5 138 2 5k 11y
AR BORG, AR E ELRAE (CD11b+
CD14+. CDI163+) ', cGAS-STING {5 5 i 1% fE
18 1 A MO B 40 B 98 TS & 4% (lysosomal-
mediated cell death, LCD) 5|%& K44 M K
NLRP3 RMH/IMA, MRS R AR ) Afz . 4R
i, /N BMDM F1 MEFs # STING H9307% - A i
T LCD, Jf HARWEAY cGAMP Hili# STING figfig fdi
IL-1PB T TFN-T [ A B f ARG (). 53X 3R B STING 119
PR LCD I R AFAE — A T A B (R, 8 J A Je%
Jumlal, STING i B3 W51 & STING-LCD-K'4h
Jit-NLRP3 R ALMEGL . 1bAh, STING iffgif i kB
b (inhibitor of nuclear factor kappa-B kinase,
IKK) &4 WE0E NF-«xB, EARF K. STING i
WG IE, =45 32 (tripartite motif protein 32,
TRIM32) #1 TRIMS56 15 1z % fb4% {ff NF-xB 275
P89 1 (NF-kB-essential modulator, NEMO)
K63 iz £ 4k, B 5 # i IKKB 5 2 NF-«B 41 il
A ¥ o (inhibitor of NF-xB, IxBa) Mz 1k 5 #% %
i, DTS NF-«B. Jf H IKKP it BE TG TBKI,
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F2 it 3k TBK1 W RE LTS IKKB, T AR B 52 45k 7
PRI B, M58 cGAS-STING i 4 40 it [ 1 1 7= A=
FEMIE, NF-kB 155 B PE X IFN-1 A9 A i 2
REZE W (HERENE, cGAS TR KMk
P B AR PG SR . AT K], DNAYK
BRI YL cGAS JE R fl B3k 1) Heu 72 4 B AS fiE 7™ A TFN-I
A At B A T BR T b T R R
TLR9. NLRP3 L) & cGAS-STING 5 S g 41, i
A AIM2. AIM2 & T3 FE 5 5 19 HIN-200 5% 5% 51
Z —, mtDNA #{ AIM2 i 2K 5 #F 111 3 7% caspase-1
Z5, T FECIL-1p FIL-18 153 )

mtDNA i A] Ui 35 TLRO A2 4475 5 o Mok 41 g

/

mt DNA m

HE MBI (neutrophil extracellular traps, NETs) =
Az, NETs #5455 3 81 1 D i ke 1) B H2 R & A
R EARBIMER 17 AN, Bl fiE, Cc2%
CpG FEIE CpG T M S0 1 R 2 240 11 sl 2 0 2 114 /7]
DNA FBf, ZEHTHF, BIREME. T4 .
NK 4 . A2 40 i bR 40 ] LB o R i
mtDNA RURY) . HBE A mtDNA M GE AL fiff HoAth 41
JL 7 A= TEN-T, & 2] P o A i 0 28 /R, 3 il
mtDNA %5 NETs #5470 5 8 FH R SO 3 Y 7 A
HEARTR B 28 FRTIR, mtDNA A LU £
FRAHE SR N (E 1) .

TLR9 cGAS-cGAMP

MyD88

LCD
STING | = ASC

o
/=

l

praziliiS e

TBK1
RF3

et

‘ IL-1B W ‘ IL-ISW

Fig.1 Innate immune signaling pathway triggered by mitochondrial DNA
Bl ZREDNASIZHEREREZESEE

1.2 TFAM5%XM4RE

TFAM &2 5 mtDNA # S EZH T, EH
KL 4t , I H5 mtDNA B4 DUECAE TF A G
KFR 1 TFAM W RERIB S R Ak e ) e, B W9
T, AEREH MRS T, TFAM AR
ORI A MG E AN, S8 )5 TFAM {F 25 DAMP
SO I A0 7 2 AR R P 40 B P F- TNF-o0 1 TL-6.
IF HAEX K B bk 5 TFAM S, & BH g A

RUEAEAF L, 2D FEEERE L PR 2
i 92 Y R g B S ) A AL B s L R B
TFAM J& IR FE B 19 RAE (S 5 0T . FEIEH 15 10
T, TFAM 2454 mtDNA FfBH 11 mtDNA B 2]
e BRI, FEERE T AN M S SR AR
TFAM 5 44, mtDNA B 5 Bl 8 g b, 3l
& ¢GAS-STING & KM Gy i 2 1. 76 4i iR IR FE
MGG, TFAM AT AR ZE 40 i vh B ik . Jf B 78
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F-MITs 5 FPRs Z [AIAHEAE IR DL T, 2500
PARZANBEL AU IL-8, AR HEHLAAR SR i S 5 S v
J38h, SRBEANNEIA R ) TFAM 5 mtDNA 454
Y, KT =& 0l 53K A0 M AR A o8 R 4 il
(plasmacytoid dendritic cells, pDC) A9 i1 bE AL
Z 7= ¥ % 1K (receptor of advanced glycation
endproducts, RAGE) Fl1TLRO 32K %5 & I8 iz
M55 52 &Y, @i PI3K/AKT Hl ERK i i L K
TLR-9/NF-kB it #1755 IFN-T 1A A 2
13 LAk EMDAMPsS X MERE

B T mtDNA Al TFAM Z #b, £ ki (4 H b
DAMPs [F] B A1 B8 33007 56 R M gie O . X 4ok ik
P TRE R T, CoBERE INZRLIAR N REAS Bl 2151
B, 5 NLRP3 st A MR & % E X (leucine-rich
repeat, LRR) %54 5280 NLRP3 2P /M1 36 ,
fi¢ #F caspase-1 YJ #| IL-1B § 44 = A= Al 24 Y IL-
13120 HbAh, BEHIRR 5 Se KAk s i AE 7 % VI Y
KR, WRHNSZEGF LR R REAS 73 I BE AR 21 41 g
AR EIBR 2. FH R 22 W 5 s 240 0 o 248 e H
Rt fE, FEORHRAE NG L, RIFIRIIIR AT LA
ik M E B S W F 1o (hypoxia inducible
factor-lo,, HIF-la) R9ZIK, (Rfd IL-1B AYA: . IF:
H B W 20 M AE BE AR S MEAE T 15 &0 &, IL-1P
M A R R RESE 22 2 S S o 5 R B, 2RI
S UA R B ETR AT LA 38 38 R IL- 1B 9 2B BRI 1 5
RUEGIE . BRILZ AL, Zebifl ATP A% R 4H
A1 55 G4 BB B Tl 38 B A7 1K 7 (purinergic ligand-
gated ion channel 7 receptor, P2X7R) “Z{K%E &5
BOP2XT W IETFHL, AT 51 A R ) 0 88 A
F5 caspase-1 (YT T~ A IL-1B FITIL-18 227
I H 4141 ATP 38 E 5 30 NADPH 51k il 45 48 1)
ROS /=4, (R EEWEIAR R BHA R LG, e
PEARTR P A K SRR Lo h ik s TR B2 1) ATP S L
AR AN T 2. 54, B E R EORAR R L
F-MITs, Hik—25] % 1) RAE IOV fig 5 B2t it
10 2 X EEERR ], SRR 5 S B O
e 7he% . BEFAmR LA B ATP 25 (B AR 55 5 Kk
SEAETEREBUIN R,
14 ZREMEERSEXRERE

B T EMLAR DAMPs 5| & Se RYEGRBESL, Lobn
RYIRE R AW S5 S KA A AE B VIR EK & . RLRs
B8 P00 AR ) RNA,  H: AT 8 o 95 75 45 2 1Y
RNA J¥ 51 >k X 7 F & RNA FilJi # RNA ' 7F
RNA LS, e RIAEFHEN T (retinoic acid-

inducible gene I, RIG-1) Fl1EE {255 43 b AH OCHE [
(melanoma  differentiation-associated  gene 35,
MDAS) J3 5l AS [6] 26 BY 1) RNA #E K 51 & f09%
P& R 7ERIG-IABI K EERNA S, E31Z R4 4%
fiff TRIM25 3 1 K63 2 517 % 1k RIG-1 1) caspase 5%
£ 45 K 3 (caspase recruitment domains,
CARD) "V, HETfiffi RIG-17 1k . 7€ MDAS #3155
RNA J&, TRIM6S MIfE MDAS [ 202 743 {3 15 &
K63 ZHRZ FZ A L I B RIG-TFI MDAS HN
Uiy CARD 52 bR 2(5 5 &1 (mitochondrial
antiviral signaling protein, MAVS) HY N % CARD
Z A HAEFIE MAVS 0 , R )5 MAVS 1] LLi#E
1 IKK & A WE NF-«B (575 . Jf H MAVS if 5%
{7 B 2 R A4 B i 9 YR B8 PR 7 AR OC 52 4K T
(tumor necrosis factor receptor-associated factor,
TRAFs) AHEVEH], #EiMiE S TBKI Al IKKe ) 3%
4, M IE IRF3 F1IRF7 Bk, 3E M55 IFN-I 1Y
AR B STAN, E RNA R BEERYLRT, ZebifRah
fEE 2 v fiff 70 (translocases of outer membrane 70,
Tom70) 5 MAVS Z[HMAFTEAHE AR, SR)5 HE,
A AR 7S H H 90 (heat shock protein 90, Hsp90)
S£4E TBKI FIIRF3 BN Z0R0A, i IRF3 3#00% , R 4H
IFN-B A ) L X SepfF e 803 BERH 1A HUE Lok
DAMPs, HAMEACH 15 6 KA ey WA 2A
IR R .

1.5 RENEXRERERESHMEER

IR IR P 5 S TEIRF IR AR I 206

HEMAEN, R ERE L 2RI R LR AR
SRS RS SO . BN . EEE] DU G & E
1 B¢ %2 & 54 (G protein-coupled receptor 54,
GPR54) SEAMHISERIERIEFS . GPRS4ZEM A
Jik kisspeptin it JCEHEAZ A . 7E9 2 BRG], S 25
PO Fe i AR AR B kisspeptin ) 1ML 25, T
i GPRS54/45 JH B 2 (calcineurin) ffi il TBK1
EWEIR AL, I A IFN-T B 7= A= FN 40 9% 5% e
P B AN, BINHIEE 2 (B-arrestin 2) A DL
5 cGASHHE AT, 141 dsDNA 5 cGAS %54,
HETHE 58 cGAMP /3 () T i e RE %55 . K
TG RE L REIE A [ B-arrestin 2 11l Se KAk e e
55 BYTE AR S I AR kiR BT O Ho A L
fiE N4 IncRNA-GM Y 1k, 33 TBKI £9 S-45
HIRAACE T, SR TBK 3% Rk S 4
PRk Y Ah, SR BE I RE A 1S 35 4R
RN PPMIG ARG S RIS, INTE T PPMIG
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HE i STING 1 MAVS 2 i 16 % # #il IFN-I #
A EAR TR, IRTEIRRE R AORLAE
SR IFN-1/1- S 0975 F2 240 S Rk e

2 EEhiE & KEADAMPs & H X9 FiFE
SEXRMERE

2.1 EFETmtDNAFRERERE

mtDNA 8 B AR RS 55 40 AR I ) S 92 52
TREEG, BIURSERIESRIENE . mtDNA B AR
PL A TEAE, v R DL B Aok S
a. mtDNA Bt i i 2k K 58 38 GE P B e AL
(mitochondrial permeability transition pore, mPTP)
HEAMIHE 5 b, 2R A 7T LT 2 mtDNA RETiL
B IR AN AP RIBE T 7 e W J1iE ST LS
VRN ARG, BETTRHLARE A
A E AT . B s A e A A A 2
fik. mtDNA. miRNA FImRNA ' fotn] i, 4k
WMARRYBFTER AR A AR AT AR

mtDNA {f 4 —Fh DAMP, H:A] DL fiih % 61 &
SiE . TTSE B3 Bl % S R G A Z FE B R
Hrhig FEGURHOREN . Fln: B Em, €l
4 55 P HE K2 Bl 7R 2 RS I, I v v i
mtDNA L IEH AR, X W ERE AR E T
B 5 BRI F A AE 3R mtDNA A5G . IF HAE—IR
PARIZE) (FRERE R 60%) 54 min )& 90 min
Jer BRZ, Hafin 4 Ui B mtDNA K-35 1 SRR AR 7
1 24328 3R LR IE R mtDNA f9/> n] B 5 280k
TR H WS A G DFE R B, AT Az sk
B, Atkis s nr g e s Lok A& | e e H
WA K, EatEhSER B ROl , 2
R B BEIFARBEBOE U Bk, hEERR s A
LR A W BTSN A FHRR . IS, KRIA %
g ) T O N R S 8 8 H PN e v o L E
REEPIFIR I HHGE A 2R R LA R
vney/ & SRR 3 (N RUG R R 742 ol R el 2
IR 40 B TLRA SZ AR 1 2358 L) K A feff B LR
PRI 155 w0 550, X TARZER/N,
6 J 1) I M AC Iz Sl B BUIR DT 4R 2V 2R 1Y
SIUWARIE B #E (LepR+) B4/l CXCL12 55 A
T FRE, BEMRE I T H 4 (hematopoietic
stem and progenitor cells, LSKs) HJH4%H, MR
AR RVE AN A A B . S — o B, (e ek
1AM A T F AR BB /N U e ), ST 1

ANERAG BT GE E 0 AR U, ik sEZE I 5
W PR ACEIEER B mtDNA AIXT R, Ry HLAHEE 5
HIHTHAE ARG RE ) A B AL T AH N (R
s ANB A RIS B I ZRmT
DUEAME 1377 B mtDNA A& s34 B, R iR
HH— 2%

Kk B 1z 2 ) = ZE X AR e RAEH . 5T &
M, SEREEZ 2 A i (R EE Bl e B %)
BN mtDNA BRI >, HARER B e —k P
SUERSREEZBNE, ML U 25 A mtDNA 7KF i 2
T I H KRS SR, R
= i B R % & 1 Bl (high-mobility group box 1
protein, HMGBI1) #I mtDNA, &g 9% 43 7 il i
TLR4 F1 TLRO BTG SR SN . 3k LEpfFFE R
Kt 512 51 8O % L mDNA BB A L&
PEIR, SEMDREAAE RN . S5 41, IZLT 7142 5))
S REOTIGE R R, B ML
iz ) WG 75 328 Bl 51 AR 26 B X6 2 Wiy ) B Rk 3
s 5 A gl nT S I AN s
IRIIEERENT, IR T w38 hn e R A i T
1, X SRR B A B S A S AR
TR, KIREEIE 75 TR LR R e
G HRNE )y MG A AER] . AR A, KRRz T)
U aseen = VAN RN k3% R AL I V.5 TR LN EL 3T
PRzt w/ b2k R mtDNA B, 2
2% STING WUE M RAE(R 5 F T RG-S 7 . it
TCBEAFFE AT DL BB LZR R A PT REFE < Aot 18] K
JEiEg e thBL T R, BARZERLAR A Il 7
SrUE , AR mtDNA 558 UL PR BETBCHE A I
PEER, FEUMME D RAE M TIREZEEL, A MIBEHL
UNIOEZREDN
22 EFEEEMEREDAMPs UK %5 FiF
BREXRERE

iz BB T R mtDNA RN, B RERZ M L
ki iR DAMPs (3635 . BFo8 & B, KA 1
15 2 e 8 1l F 5 LA O B i 0 2 s m B
It H—JE 132 shif RefH L B L Sk (A DB IR 1Y
TN, AR T YRR R fE R L Ak,
K 732 St BE RS INZ kL & TFAM [ 3=R35 1.
UG AT, 3 M5 B (912 Bl A B TR Zobi ik R 4T
EBE) 1 NS AL % A % N 7 I A 11 RS TR N
DAMPs BT . SR, KR iz sl fig 5 b A8 R
FEiZ s AR, HE R 12 2 T s T B g
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A, FE S B F-MITs B9 B it . TFAM 5
mtDNA 25 & W B . 2R A U i RE 1 71 B0 DL K.

KGRI 5

BRI AN ATP A MISMEEIL S, AR 0 AN SAE S
Iz (E2) .

~

23 JRLS L]

KL
{ADAMPs

G

5 ),
RIS i

7

PN gz

Fig.2 Possible mechanism of regulation of innate immunity by mitochondria under exercise stress

B2 EEhN SLEREDAMPsEE X% & A AT AEHLE

BT SRR [, 21K TP 2k R DAMPs 1)
TR REIA S mPTP (PR A G (HAE RN
&, HE D138 8] LIREAE mPTP (IR, AR F
I S I UES 7 TR N TR VAR (2 YR L T
SR AR B T vz sl W B R AR 457, mPTP (1)
P A FE L, 3 AR R R A L R
R B, LRI R B A7 i T B4 ) RLR 3 fi
B TFN-T B 7= A 190 S B R 2 2 o 1 (Y38 3
A1 AT fE i 2k [ AR mPTP (1% JT ik o ok 2 26 ki 4
DAMPs RS, MR A . KR iz 20 )58
1 FF i mPTP i £k K7 1A DAMPs B il 38 £ i A
RAEH . 34, A58 132 shR 2k A 1E # B 7
(IZERF T REA AT RLR 38 A6 AL . SR 1M K a8 B iz
B3l 75 T 2R AR B L A R BRI RLR {5 %,
X A] BESE KR B B Bl B ) R Z — =
H AT R B, BARPURAS A ReiE— 2
HE.

AL, SR AH 543 F B R S RPE S s
fBlhn. LRifAR&E 2 (mitofusion2, Mfn2) fE
FPETE Y RLRGE S 7, 1 Mfnl J& Mfn2 f) [7) Y5 25
F, Mfnl o] DR 27 R ZE fh AR A 5 N 5 )
(V638 , 43R MAVS 5 STING 2 8l i AH B AE T,
B RLR A5 5 38 #% 0 G 5 B 228 10l el WL
Mifnl Fl Mfn2 —F7E RLR %2 {5 53l i b i1 £ (.02
XESTIR, SRz S RERZ I Mfn1 A Mfn2 19 %3k . A
FERM, — WA 2 g5 24 heE gL
Mfn1/2 ) mRNA 7K-F & 3 7 . If 5. 8 Jal i /1
MAEZEE, KE MMl mRNA B3 7HE K Mfn2
HARIKAKEA AR SR, T Ml
5 Mfn2 (R IA7E RLR {5538 #g R & F5 /e,
H 1 9 7 3 2 6 g M 5 0 8 i mT R ik S T
Mfnl1/2. 555k, FGEWFoE kB0, i ae s gy i fe i
YRS & NF-xB (PG, I S EUR HFRAH G

AR A AR ARG AE A Ul s 2, iF—
A AN P R RRERY, SR HaE T G A Ak
RH TR 32 /& (Takeda G protein coupled receptor-5,
TGR5) -G & [ i BX 52 /& ¥ ¥ (GPCR related-
kinase, GRK)-B-arrestin-3: 37 {4 fi% 2 2 4 i SRC 3
#% 9% RIG-1, MAVS., STING. TBKI LA & IRF3
BT S KA RE ) BRI BRI RR T Y T E A,
REHFR A RN 32 X6 S KA o (5 5l A T
WEEMBOSER . S b, ARERN, K
iz SN AR R A4 i A AE T R % i IR B B 1
1 5k B ) 32 2l 5 SO T R 4 W o 2 2 0
TAh, BAEWFIE R, 2R mE gL TGRS Y3
ik Y XSRS R T iz shAR v g i IR T R g
PR e Rk Sy, HBARHLRIME S — DR
ROEBEENE, REWRAMR, AREES
MAVS 5 B 25 #3245 5, BH 1R RLR 43 A9 MAVS
FETEAL, AE]IEN-TAE R 7 AT SN, R
iz )il o BRI AR AR A R LR AR A SR, AR
5 B T S RE R ECLER M A il 2 L B, X
WA T BIRIE 2450 3 102 3l T USSR AL ) Bk
Yefie )y, (A2 sh&S s MV 234 2 2L 7554 T BE
T T A S R 3 DA T 5 302 R 1) XU 48

3 IMNESRE

LORRTE S RN S i R P A B S Y
fate, BRI DAMPs 5 %6 K PE G 2 (1]
AR, T HZARAAH OG0 [RIRE R Se R Ak
TIEFAEM PN R AR RE R T, &
SiRREAB BT AR n] RE 2 DR O AR T ) s
VWIS E S € @ AL S TN A 1R 5 N e2 AL
DAMPs (BT, DA 51 A5 BU R RAE SN, X5
TP RE R RFARAT 5C . T rp 25 500 B2 ML 4912 2l T ik
DS B R mtDNA HE A, 2 I FEARALIA



2021; 48 (12

X, & BEHNEN SEREDAMPH £ XM RENIEARERARER

<1489

A RAEKF-, X5 D RERYHE AT 5% . BR mtDNA
Hb, iz AR AT AR A A LKL R DAMPs 520 55
KIEGPE, BOREAFEHWRIE. 755, MEpbhE
M 1 22 PR AR U 4 S R A AR T R S B A e b
R, A8 R BERL RN BE 11X SE R PR AR H
BISANTERE , X 2 R] ] JAyis sl aner s A A
BEFTHIBTTE ST ) REL G

z % x

[1]  Takeuchi O, Akira S. Innate immunity to virus infection. Immunol
Rev,2009,227(1):75-86

[2]  TangD, KangR, Coyne C B, et al. PAMPs and DAMPs: signal Os
that spur autophagy and immunity. Immunol Rev, 2012, 249(1):
158-175

[3] Nieman D C. Exercise, infection, and immunity. Int J Sports Med,
1994,15(Suppl 3):S131-S141

[4]  Nakahira K, Hisata S, Choi A M. The roles of mitochondrial
damage-associated molecular patterns in diseases. Antioxid
Redox Signal, 2015,23(17):1329-1350

[5]  Lemasters J J. Selective mitochondrial autophagy, or mitophagy,
as a targeted defense against oxidative stress, mitochondrial
dysfunction, and aging. Rejuvenation Res, 2005, 8(1):3-5

[6] Latz E, Schoenemeyer A, Visintin A, et al. TLR9 signals after
translocating from the ER to CpG DNA in the lysosome. Nat
Immunol, 2004,5(2):190-198

[71  West A P, Shadel G S. Mitochondrial DNA in innate immune
responses and inflammatory pathology. Nat Rev Immunol, 2017,
17(6):363-375

[8]  Fang C, Wei X, Wei Y. Mitochondrial DNA in the regulation of
innate immune responses. Protein Cell, 2016, 7(1):11-16

[9]  Nakahira K, Haspel J A, Rathinam V A, et al. Autophagy proteins
regulate innate immune responses by inhibiting the release of
mitochondrial DNA mediated by the NALP3 inflammasome. Nat
Immunol, 2011, 12(3):222-230

[10] West A P, Khoury-Hanold W, Staron M, et al. Mitochondrial DNA
stress primes the antiviral innate immune response. Nature, 2015,
520(7548):553-557

[11] CaiX, ChiuY H, Chen Z J. The cGAS-cGAMP-STING pathway
of cytosolic DNA sensing and signaling. Mol Cell, 2014, 54(2):
289-296

[12]  Zhou C, Chen X, Planells-Cases R, et al. Transfer of cGAMP into
bystander cells via LRRCS8 volume-regulated anion channels
augments STING-mediated interferon responses and anti-viral
immunity. Immunity, 2020, 52(5): 767-781

[13] GaidtM M, Ebert T S, Chauhan D, ef al. The DNA inflammasome
in human myeloid cells is initiated by a STING-cell death program
upstream of NLRP3. Cell,2017,171(5):1110-1124

[14] Fang R, Wang C, Jiang Q, et al. NEMO-IKKf are essential for
IRF3 and NF-kB activation in the ¢cGAS-STING pathway. J
Immunol,2017,199(9):3222

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

Li X D, Wu J, Gao D, et al. Pivotal roles of cGAS-cGAMP
signaling in antiviral defense and immune adjuvant effects.
Science,2013,341(6152):1390-1394

Fernandes-Alnemri T, Yu J W, Datta P, et al. AIM2 activates the
inflammasome and cell death in response to cytoplasmic DNA.
Nature, 2009, 458(7237):509-513

Itagaki K, Kaczmarek E, Lee Y T, et al. Mitochondrial DNA
released by trauma induces neutrophil extracellular traps. PLoS
One,2015,10(3):¢120549

Ingelsson B, Soderberg D, Strid T, et al. Lymphocytes eject
interferogenic mitochondrial DNA webs in response to CpG and
non-CpG oligodeoxynucleotides of class C. Proc Natl Acad Sci
USA, 2018, 115(3):E478-E487

Kanki T, Ohgaki K, Gaspari M, et al. Architectural role of
mitochondrial transcription factor a in maintenance of human
mitochondrial DNA. Mol Cell Biol, 2004, 24(22):9823-9834
Chaung WW, WuR, JiY, et al. Mitochondrial transcription factor a
is a proinflammatory mediator in hemorrhagic shock. Int J Mol
Med, 2012,30(1):199-203

Crouser E D, Shao G, Julian M W, ef al. Monocyte activation by
necrotic cells is promoted by mitochondrial proteins and formyl
peptide receptors. Crit Care Med, 2009, 37(6):2000-2009

Julian M W, Shao G, Bao S, et al. Mitochondrial transcription
factor a serves as a danger signal by augmenting plasmacytoid
dendritic cell responses to DNA. J Immunol, 2012, 189(1):
433-443

O'Neill LA. Cardiolipin and the Nlrp3 inflammasome. Cell Metab,
2013,18(5):610-612

Shaham O, Slate N G, Goldberger O, et al. A plasma signature of
human mitochondrial disease revealed through metabolic
profiling of spent media from cultured muscle cells. Proc Natl
AcadSciUSA,2010,107(4):1571-1575

Tannahill G M, Curtis A M, Adamik J, et al. Succinate is an
inflammatory signal that induces IL-1beta through HIF-lalpha.
Nature, 2013, 496(7444):238-242

Rathinam V A, Vanaja S K, Fitzgerald K A. Regulation of
inflammasome signaling. Nat Immunol, 2012, 13(4):333-342
Davis B K, Wen H, Ting J P. The inflammasome NLRs in
immunity, inflammation, and associated diseases. Annu Rev
Immunol, 2011,29:707-735

Hao F, Zhang N N, Zhang D M, et al. Chemokine fractalkine
attenuates overactivation and apoptosis of BV-2 microglial cells
induced by extracellular ATP. Neurochem Res, 2013, 38(5): 1002-
1012

Wenceslau C F, Szasz T, Mccarthy C G, et al. Mitochondrial N-
formyl peptides cause airway contraction and lung neutrophil
infiltration via formyl peptide receptor activation. Pulm
Pharmacol Ther, 2016,37:49-56

Runge S, Sparrer K M, Lassig C, et al. In vivo ligands of MDAS
and RIG-I in measles virus-infected cells. PLoS Pathog, 2014,
10(4):¢1004081

Lin H, Jiang M, Liu L, et al. The long noncoding RNA Lnczc3h7a



<1490

EMUFESEYWIRHR

Prog. Biochem. Biophys.

2021; 48 (12)

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[43]

[46]

[47]

[48]

promotes a TRIM25-mediated RIG-I antiviral innate immune
response. Nat Immunol, 2019, 20(7):812-823

Lang X, Tang T, Jin T, et al. TRIM65-catalized ubiquitination is
essential for MDAS-mediated antiviral innate immunity. J Exp
Med, 2017,214(2):459-473

Fang R, Jiang Q, Zhou X, et al. MAVS activates TBK1 and
IKKepsilon through TRAFs in NEMO dependent and independent
manner. PLoS Pathog,2017,13(11):e1006720

JinH S, Suh HW, Kim S J, et al. Mitochondrial control of innate
immunity and inflammation. Immune Netw, 2017, 17(2):77-88

Liu X Y, Wei B, Shi H X, et al. Tom70 mediates activation of
interferon regulatory factor 3 on mitochondria. Cell Res, 2010,
20(9):994-1011

Huang H, Xiong Q, Wang N, et al. Kisspeptin/GPR54 signaling
restricts antiviral innate immune response through regulating
calcineurin phosphatase activity. SciAdv, 2018, 4(8):s9784

Zhang Y, Li M, LiL, et al. Beta-arrestin 2 as an activator of cGAS-
STING signaling and target of viral immune evasion. Nat
Commun, 2020, 11(1):6000

Wang Y, Wang P, Zhang Y, ef al. Decreased expression of the host
long-noncoding RNA-GM facilitates viral escape by inhibiting the
kinase activity TBK1 via S-glutathionylation. Immunity, 2020,
53(6):1168-1181

Yu K, Tian H, Deng H. PPM1G restricts innate immune signaling
mediated by STING and MAVS and is hijacked by KSHV for
immune evasion. SciAdv, 2020, 6(47):eabd0276

Goswami R, Majumdar T, Dhar J, ef al. Viral degradasome hijacks
mitochondria to suppress innate immunity. Cell Res, 2013, 23(8):
1025-1042

Patrushev M, Kasymov V, Patrusheva V, et al. Mitochondrial
permeability transition triggers the release of mtDNA fragments.
Cell Mol Life Sci, 2004, 61(24):3100-3103

Safdar A, Tarnopolsky M A. Exosomes as mediators of the
systemic adaptations to endurance exercise. Cold Spring Harb
Perspect Med, 2018, 8(3):a029827

Nasi M, Cristani A, Pinti M, et al. Decreased circulating mtDNA
levels in professional male volleyball players. Int J Sports Physiol
Perform,2016,11(1):116-121

Shockett P E, Khanal J, Sitaula A, et al. Plasma cell-free
mitochondrial DNA declines in response to prolonged moderate
aerobic exercise. Physiol Rep, 2016,4(1):e12672

Brandt N, Gunnarsson T P, Bangsbo J, et al. Exercise and exercise
training-induced increase in autophagy markers in human skeletal
muscle. Physiol Rep,2018,6(7):e13651

Schwalm C, Deldicque L, Francaux M. Lack of activation of
mitophagy during endurance exercise in human. Med Sci Sports
Exerc,2017,49(8):1552-1561

Liu D, Wang R, Grant A R, et al. Immune adaptation to chronic
intense exercise training: new microarray evidence. BMC
Genomics, 2017,18(1):29

Iyalomhe O, Chen Y, Allard J, et al. A standardized randomized 6-
month  aerobic  exercise-training

down-regulated  pro-

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

inflammatory genes, but up-regulated anti-inflammatory, neuron
survival and axon growth-related genes. Exp Gerontol, 2015,
69:159-169

Gleeson M, Bishop N C, Stensel D J, et al. The anti-inflammatory
effects of exercise: mechanisms and implications for the
prevention and treatment of disease. Nat Rev Immunol, 2011,
11(9):607-615

Frodermann V, Rohde D, Courties G, et al. Exercise reduces
inflammatory cell production and cardiovascular inflammation via
instruction of hematopoietic progenitor cells. Nat Med, 2019,
25(11):1761-1771

Lim S, Kim S K, Park K S, et al. Effect of exercise on the
mitochondrial DNA content of peripheral blood in healthy women.
EurJ Appl Physiol, 2000, 82(5-6):407-412

Marcuello A, Gonzalez-Alonso J, CalbetJ A, et al. Skeletal muscle
mitochondrial DNA content in exercising humans. J Appl Physiol,
2005,99(4):1372-1377

Stawski R, Walczak K, Kosielski P, et al. Repeated bouts of
exhaustive exercise increase circulating cell free nuclear and
mitochondrial DNA without development of tolerance in healthy
men. PLoS One, 2017,12(5):e178216

Mccarthy C G, Webb R C. The toll of the gridiron: damage-
associated molecular patterns and hypertension in American
football. FASEB J,2016,30(1):34-40

Morici G, Gruttad'Auria C I, Baiamonte P, et al. Endurance
training: is it bad for you?. Breathe (Sheff), 2016, 12(2):140-147
Tuan T C, Hsu T G, Fong M C, et al. Deleterious effects of short-
term, high-intensity exercise on immune function: evidence from
leucocyte mitochondrial alterations and apoptosis. Br J Sports
Med, 2008, 42(1):11-15

Sliter D A, Martinez J, Hao L, et al. Parkin and PINK1 mitigate
STING-induced inflammation. Nature, 2018, 561(7722):258-262
Menshikova E V, Ritov V B, Dube J J, et al. Calorie restriction-
induced weight loss and exercise have differential effects on
skeletal muscle mitochondria despite similar effects on insulin
sensitivity. J Gerontol A Biol Sci Med Sci, 2017, 73(1):81-87

Faber C, Zhu Z J, Castellino S, et al. Cardiolipin profiles as a
potential biomarker of mitochondrial health in diet-induced obese
mice subjected to exercise, diet-restriction and ephedrine
treatment. J Appl Toxicol, 2014,34(11):1122-1129

Slocum N, Durrant J R, Bailey D, ef al. Responses of brown
adipose tissue to diet-induced obesity, exercise, dietary restriction
and ephedrine treatment. Exp Toxicol Pathol, 2013, 65(5):549-557
FAAERIL RS, TRET A SN 20 i 2l R R ki i 1
FIBALISEM . L P B 2 # B4k, 2015, 34(3):64-67

Hu Z G, Zhou L, Ding S Z. Journal of Shenyang Sport University,
2015,34(3):64-67

B XN AR B A S sxh s R RO, TR AR 0
T MAKLANFE AL S0 . PG 22K 27 B30, 2007(1):78-80
Huang Z H, Liu H, Li X H. Journal of Xi'an Institute of Physical
Education, 2007(1):78-80

Koshiba T, Yasukawa K, Yanagi Y, ef al. Mitochondrial membrane



2021; 48 (12

X, & BEHNEN SEREDAMPH £ XM RENIEARERARER

<1491

[64]

[65]

[66]

[67]

[68]

potential is required for MAVS-mediated antiviral signaling. Sci
Signal,2011,4(158):a7

Yasukawa K, Oshiumi H, Takeda M, et al. Mitofusin 2 inhibits
mitochondrial antiviral signaling. Sci Signal, 2009, 2(84):a47
Castanier C, Garcin D, Vazquez A, et al. Mitochondrial dynamics
regulate the RIG-I-like receptor antiviral pathway. EMBO Rep,
2010,11(2):133-138

Cartoni R, Leger B, Hock M B, et al. Mitofusins 1/2 and ERRalpha
expression are increased in human skeletal muscle after physical
exercise. J Physiol, 2005,567(Pt 1):349-358

R I AL SR 50 A5 AN IR)IE B 77 2O R LR AR
B BIEN Jemfn2 - drpl 8 I FIBREEIR . [E B BB 22
,2011,30(2):143-148

QiZT,Guo W, Zhang, et al. Chinese Journal of Sports Medicine,
2011,30(2):143-148

Hu M M, He W R, Gao P, et al. Virus-induced accumulation of

intracellular bile acids activates the TGR5-beta-arrestin-SRC axis

[69]

[70]

[71]

[72]

[73]

to enable innate antiviral immunity. Cell Res, 2019,29(3):193-205
Meissner M, Lombardo E, Havinga R, et al. Voluntary wheel
running increases bile acid as well as cholesterol excretion and
decreases atherosclerosis in  hypercholesterolemic  mice.
Atherosclerosis, 2011,218(2):323-329

Villa J G, Almar M M, Collado P S, et al. Impairment of bile
secretion induced by exhaustive exercise in the rat. Protective
effects of S-adenosyl-L-methionine. Int J Sports Med, 1993, 14(4):
179-184

Sasaki T, Kuboyama A, Mita M, et al. The exercise-inducible bile
acid receptor TgrS improves skeletal muscle function in mice. J
Biol Chem, 2018,293(26):10322-10332

Zhang W, Wang G, Xu Z G, et al. Lactate is a natural suppressor of
RLR signaling by targeting MAVS. Cell, 2019, 178(1):176-189
Stanley W C, Wisneski J A, Gertz E W, et al. Glucose and lactate

interrelations during moderate-intensity exercise in humans.

Metabolism, 1988,37(9):850-858



-1492- EMUFESEYYIEHRE  Prog. Biochem. Biophys. 2021; 48 (12)

Research Progress in The Regulation of Mitochondrial DAMPs Mediated by
Exercise Stress on Innate Immunity”

GE Zhe", DING Shu-Zhe”™
("School of Sport, Shenzhen University, Shenzhen 518060, China;
DKey Laboratory of Adolescent Health Assessment and Exercise Intervention of Ministry of Education,
East China Normal University, Shanghai 200241, China)

Abstract Mitochondria play a pivotal role in innate immunity. Specifically, mitochondria can trigger innate
immune response by releasing various damage associated molecular patterns (DAMPs), such as mitochondrial
DNA (mtDNA), mitochondrial transcription factor A (TFAM), mitochondrial N-formyl peptides (F-MITs).
However, the virus also uses a corresponding mechanism to suppress the innate immunity induced by
mitochondrial DAMPs. It is well known that moderate exercise has a positive and healthy effect on the immune
system, while high-intensity exercise has the opposite effect. Importantly, exercise is also intimately related to
mitochondria. Thus, exercise is likely to regulate innate immunity through the release of mitochondria DAMPs.
This paper reviews the link between mitochondrial DAMPs and innate immunity and explores the role of exercise
in it, so as to provide new research ideas for the regulation mechanism of exercise on innate immunity from the

perspective of mitochondria.
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