S IR 2020,32(11) 15046-5052
Chinese Journal of Animal Nutrition

doi: 10.3969/j.issn.1006-267x.2020.11.009

0 (R SR 3 5 S AL 4K T BE AL

i % %R

EES iR (I :y T

(AT R“Z SR 22 B, Wb BT B, BUM 310029)

W OE. KAAIDBERE AR RBEROEZERRZ—, TFHEIA O HEBESL
Br i, ZRERZERBEAATNR FAFRA(ROS) W REZHMLE BEHEMNLEE
Folk TR RMAE AR, IREKRS THEKRAFFH F-1(HIF-1) &5 E#HEAKRAMEM
#), AR ROS A R 09 20 JAR F ; B BT AR A M A s 38 e | T 4652 &b AR S BT AR B 3 4R B A
PRIE ML BT Rk . R SRR T SR AR A o K VA BN ta AR o F R it iE T AR R R
W HIF-1 69 3& B L) A R E K 2 e 69 AL

KR ARE L HIF-1; LR KR £ WA %

HESES:S811.2 MREARIRED . A

AR N Y A A i B A
8, A AENLAR N R A = P B T 3 3 A R A
IK AT 1% ~ 3% Al 33 H 515 5 e 78 Sl S0 A i ik
FICTE AT A W, BV I 1 4R (reactive oxygen spe-
cies,ROS) , AHLRAE T, [ o131 ™= 24 15 ¥ B &b
Tl Y A S A LAE B N AR BEAEAE Y
AR A BUARLE TR IR R B, ROS i &
PR A SRR A A, S R AR N, AR
RAHAREA N S 5 A B R AR, 3 PR 3%
A0 3 25 1) BRBEARAR, BRI P R B R
& AU RESEIBUE % 480 LA 2 15 1E A0 A B B
2) R B, R e 55 o | R Bt s A SRR 1| 3158
YIRS a8 B A2 AR 2 1 LA R
5805, 518 LR 412040 F AR AR 3) 1R I
S IR P AT 20 5 e A= i 1 B0 BT R AR
UM I R A B Sh B RE T, LR 20
b FARACIRA

I 480 PT 3E AIK 4015 = 1 ( hypoxia-inducible
factor, HIF) -1 f) 261k, HIF-1 J&H o 1 B A4
B S IR AR S TR, W A 2 A G B A
IRV AR AR WA T RE B AE R B, AR A Bk

%5 B #8:2020-04-02

X EHRE.1006-267X(2020) 11-5046-07

B4R 25 1T HIF-1 11 HIF &2 & 9 %8 5, 34l
HIF 54590 5 07 3 40 i 2% v DLUJR sl A 06 8 3 [ 3%
B AR ECR A AU E IR H, fl il
Ji 348 5 T AR BRI R R R A ) A

TREFREE T AL B9 22 Bl A BB AT 2 £ 40 i
FEIE FEAE B AR A, dEH5E A LR S, okiih 2
A EEEAEE, WIS RN R TR, K
AR, NS BB 8 1 P A 1 AN [R] 1 3 3%
P T AT PR, 38 AR 2 A e e AT
(1 A AN AR T 51 HIF-1 30 2 5 R AR ks
1N OIS Pala SR 7 AES Y R NCERE i U TS 7 IR U NA 7|
AR 1IN AT RE e 2k A R ARG S N Y BT R
Mg LT A S 3 BE N HIE-1 38 o7 M 2 sk 5 Aok
TR REAS 1b Ff1 B, 2534 2 ) i A 4800 0 S HEAE
BL

1 REMHHTE

QAR , B 0 AR SO BT 0 PR AR
o BEARG SE R QAR 4 3 AP TR

WER AR S AL T8 5 A 2R 5
(B BB X M A4 ) TGk R U A8 1 R

EE&WH . HEARPEIEETH (31930107) 5 BRI b F AR & (CARS-36)
EEE N i R (1997—) , L& VLo A IR A N S 05 AR R O 5Y . E-mail : 21917023 @ zju.edu.cn

« BASVERE X a0, #0821 +/E 50, E-mail; liujx @ zju.edu.cn



11 4] Bl 345 SRR B SR R T RERIL 5047

DA /2 OE# ARG S e . R R B, Ak T R
RO T VLR O BB u N L P b A VA @
JFRE X 32 (LXR) /289 i X 32 M6 (RXR) Ak
JEBERTE W) X 324K (FXR)/RXR {5 5 i j& , T
P SR R A, LS B AR b TR
PR X P35 v A FEBIE 5T & B, A I A A% A
fH HIF-1 K 8 s 56 P4, R 4 B 7% iz R A
(GLUT) 1 M5 N Bz A PR 7 R AR 38 il 5 3 1k
BN, $R 7R 3K B3 I 1 R YT A R I A R K e
Aefpan i S E B R R, AT
o JAE X1 4 2R HC A A RN 4 B A P HIF-1a A
HIF-20c mRNA 357K 1 15 T AR 44 b X R 24
T T ML 4 2 9 5 Ty i B A b 3 N 5 TR
WARE AL,

S ERIRA T, B TANRRA AR B
DAL ) I R SR AN A, DT s o JUE A il 1 I 12 2R
45 55 B S E R Bl =, 7 T IR AT e AR AR RO I, B
PGS, AR g L i B A
R ERZH 20 PR T a0 R vT 5k 0l 4 BH 2, 4 21 K R
B0 | A A ol 2H 2 40 i R i 4 TR
SERARAE, AIZUIK AU H i K R g
A X A A s ) B 2 A A R R 4 1
S I AL B S R S I VRO B A 2
R %, P B SR, X P IC A B4 7 3l ik
SRRERE Ak i 50 bk 5 TR RO 7 3 o 450 I A
HR 2 e At AN, RS 2 T IR A A IR R
AR R 2 E AR, AT R 0 40 A S O
)RR KRN

g Y it s ) sl R Z AR LR BLA
JIT 5 #E S R 3k A B Bl B RE 7, i ARt 4 A
AR I A 2V el AR | 7T 2% A AR I 4
filan , FIZL32 3l i s WL AR 35 L 9 i 7 4 2
I FL I LR AE 7 E IR AR T R S K sh W A
WFoE 2 12 shad 72 op A1 B LR S 38 n , &5 i
6 HIF-1 335, W5 5 2 5 10098 A 5 RURE B A
(LR Rk . HIF-1 7] B 917 il 20 i #E 4 2 £k
WA AR A, B LS N K B A Rig
Bl IS AT B A RE R 4 B o 40 4 e
AT, B0 5 2 1 A 40 B BE T, 12 R BE 7 40
T S A 07 R, I 7 A A R R A TR R
B, 7E LR J B R0 0 3Lk AR v T R 1 0 i ]
| JR) 02 AR AR, A WA LB 5 AR i 3R A
Jf, AT 38 5 39 0 GLUTY 36 3% Al HIF-1oc 40 85 12 £

R 2 B e BB g 7 T A B A G AR At mT
73 HIF-1o MCHYE () GLUTS 26 3k v 42 i 13 L 1
AIRECIRAS Y BAh, FRATT R IR 55 2 3R, 24 3 10
S FUMR 0 1 2 W AL 25 O R B, LB P I AR
Al HE miR-19 P43 , U1 H B ROS K= L R AN FL AR
AT X S ARG A A A R
VAR S 7 AL ) 5 7 2 A A I A X e A A G B 4
SR ST s gl gL R SR B R LR K
BRI LI T R TR T DR

2 REMN#S HIF-1 HRiA

(SE=0AT CIRP I A ) IR RS N S 1
IS, (AR B 2 A G 20 i (4N ks {4 Fn Py Jt
W% 18455 BFSE & B, HIF-1a AT fil 38 o £ oF
P2 TCAN A F W R RO 5 B SR B il | il
P05 s HIF-1oo (138 4 3255 AT LA /b 5 10 SEUAR G
(1 /1N B 55 40 L 1 s 2 B T T G HIF -1 7T
3L 5% F—«B (NF-xB) % 3 Lk #0 H
1 oA AR v R R e B e = o= 22
RS T 1 A 22 o0 U8 T2 2 i 8 HIF-1a 2E
e 30 P I TR 7 SRR T T R T e R S P R R
Wt S HIF-1 W5 AT P 20 RS T AL 335 5
HIF- Lo 75 AT 8 1fiL/-75- 8 13 400 10 1 402 2 A 2 A
PR B ok AT o B 5T 45 AL R, HIF-1
e LA SO0 R B OCHE 1

HIF-1 j& Semenza %> B 5% 12 21 240 ifg AF i
(EPO) W A BH) —ME AR E &Y, ) ZHF1ET
PPN, 456 S 02T EPO 1Y 37 I 35 58 1
551 BB, i 50 A R H TRAL AL, A2 20 M A K4
FAF N RYOCH S B BT, HIF-1 i1 2 R4
Ji AU HIF-1a0 5 41 8L M HIF-18[ 32
Bl v B AN AR O 05 B I 2 AR 5 8E 1 (aryl hy-
drocarbon receptor nuclear translocator, ARNT) ],
HIF-1 §if ¥ 2 2O T 240 i N HIF-1a (985 11 BTk
K R AR LT L 1 R, SR
I (HEARAS) B HIF-1a W 3E7E N 8B T
(Fe") 7 76 i B0 T ¢ I 2 Bt 5% Ak B 48 ( prolyl
hydroxylase domain, PHD) 25 H %1k, I 4% E3 12
3% W A il /R —#K 1 2 1 ( Von Hippel-Lindau
protein, VHL ) 5 # 4w it , T 20O 59 7 Bz £ 1k,
W J5 AR 1 AR A 5 24 SO 2 (IREDIR ) 1
PHD 7% 4k B %, VHL JG 3% 35 51 K ¥ % 1k 5
HIF-la, M HIF-1a $ERE TR -5 40



5048 o ¥ B F

% i 324

) ARNT &/ES5 Rk, ¥R HIF Z 59,05
FEPR 20 i) 5k 4 S Y T A4 (hypoxia response ele-
ments, HRE) &5 &, B 5 7% S 3L 3006 W7 [ DL E1A
A2 300 ku 2 F (p300 ) /AW R IR T 5 v e
45651 (CREB) 1454 H H (CBP) i il ] M1 &
VTR, (o 05 9% 366 R R A2 2 SR 16 P 98T A1 AR 3
S HH S R B e k2 HIF-1 g9 %0 5L 8 i3 EPO
P AR OFE SO A i P N (1 = S o NS R a7 ol 1
L B, AT I A8 i 5 308 2 3G i GLUT A
WA I 208, TEAR OIS F Rl 81T ae ™ |

R =
T E| Fe2*
oD OHOH E4Shg
0. - o
HIF-1a ;2._ HIF-1aVHL ot~

o=

p300/CBP

HIF-1a ARNT
SINNNNNNLS

; \ HRE
ROS
e

SR
& %
@f\;&y/ \g}@é
SR A N Sk B MR

Fe’ . /M 8kB 1 divalent iron ion; PHD . il 2 Bt 72 1L B
Ik prolyl hydroxylase domain; O, ;% < oxygen; HIF-1a: 1k
15 5 F-1a hypoxia-inducible factor-la; VHL : 7 il /K —
FRIEFE 1 Von Hippel-Lindau protein; ARNT ; 7% 7 4 52 (A #%
% iz  H aryl hydrocarbon receptor nuclear translocator;
HRE . #l 48 J2 W JG 1 hypoxia response elements; p300; E1A
A 300 ku 2 11 E1A related 300 ku protein; CBP; ¥R
i B SR JG /4R 45 & 8 1 (CREB) (945 & 8 1 cAMP re-
sponse element binding protein ( CREB) binding protein;
ROS ;i 1 4 reactive oxygen species; mtHIF-1a ; ik & i 5
A F-1a W hypoxia-inducible factor-1a subgroup,

E1 HIF-1 BAMESURFAEZNEEYERTRE

Fig.1 Processes for HIF-1 to sense oxygen and to regulate

mitochondrial biosynthesis

3 REMHSLAIEIIEE

LML 2 20 i T RE AR B R A 2, 2 A
JRE 7= A 1 B0 7 R, SR AR B s R SR ROV Y
HESHHE IR AT Y A 4R R Y SRR
PEARGR . CA PR LR A L ROS 1Y &

TR LRI ROS A= i 3 8 & A 7E AL
(e f RO RE VA RS YR N B S = SRR (0
TAERBEAEE A 1 ME AW Ak 7 it s 5
BRI JFIE B A e, BE S, A
o SRR I T T R S B Al 2 ROk (AR g
[ B 1 Rk i o AL 1 TR T Ak ok 3 AR A
A A A E R AE R TR R K, fEX AN
R Hp = A )R AR AL W RN R AR SR R 4Rk A
ROS, #8 A b Py B Ak il A S Ak S S5 P A AL R
TFHURBEEDT SRR G —EB 0 AR BN
T, ROS {977 A= 5 15 bk B 1 3R 4o b T 20 2557 Al Ik
A 351 ROS AR EIME 514 5 I 40 i D se S
A FRAEF ;24 ROS A& W8 I v bR B A8 R S it , AL
) ROS S# A g G ARG B R T,
AR A0 A A0 T S R T R A T BR Y L BFSR
RPN, A0 A e I A, 2ok R i T e 5 A7
AR T 25 A, PRI A% v Y SRS T O 2 TR R
TP, B0 R R It U R B A AR B A R A
PUET =Ry o N e ey AL A5 R
ROS A il ad /1, 6 ik # K st 3 Bk, AT S5 8040 i
DNA fii {3 2 b4 B it it Ak 45 2 TR S i I L
T SRR B 25 W Ak 55 1 40 i T BB A B A L
%th: .

T8/ ROS R 4540 , 2 44k 3= B3 1ok
A ANy 24 | AR I AR Sl NG AR DA R AR
A, WEFEA B, ROS 35N AT 3 5 20 i 715 5 8 45
M (ERK) FIB% RS BELES 3-8 ( PIBK) /2K
FIE B (AKT) BIM5 542, I & p70 2% 0%
I H So F 1 (p70S6K1) | HAZ 1% i A 1
AE 45457 1 1 (4BE-BP1) .Racl (417 [ % 2 Wik
fitt (HDAC) 10 3L 20 ¥ B 0 8 2 #8551 ( mTOR)
ST N TS HIF-1 & A AR, HIF-1 0] %
15 B 40 A bk 983 -2/ iR s B¢ E1B AH BAE IR M 3
( BNIP3) & 1 %35, [A] I Beclin-1 FIE 40 A F A%
WEAH DG 1 5 (Atg5) 85 1 DA T HIF-1 97
S ua v o R NS IR R R T R S ISy A
&, B ROS 4kgir=A: 1Y [alA HIF-1 ] 38 i B
TR St LR 0 T A P TR O R R 1
BNIP3 2l 4 % C AL 5L 4-2 SRR 2R 11 il
LON F miR-210 8 3 A 1) 5% 5% , 98 15 2 A6 AR )
T T it ) ) -, B IR ROS P2 A" Li 4T
FER IR HIF-1 X2k A D) RE IR 15 0 58 2 KT
fESIN A HIF-1 ¥ 5 i, —/N&B 43 HIF-1a W AE



11 4] Bl 345 SRR B SR R T RERIL 5049

(FxA mtHIF-1a) B8 L & B 0l 3 & 19 7 L% 2 )
GRS T ) A% 1) e as i kA N T B SR
W PE $2 78 mtHIF-1oc 7T B 2 PR A B 23 1 200 346
FEAIL ] B BB, B HIF-1o THAEIF AN A2 o0 X
W SRIEVE , TTRE A A TE AN AZ AN ) S A1

WEFE K B, 1) SR A TE 4 i 53 24 2 i 6 i
FHVIEUR B B W 3 Bk 19 22 B0 ol 5 b AR, axX —
SUN -4 7\ > A NG 7/ R AN BV € R S AN
PR T | L FNEICE | 2 5 RE 1t A Qs A Uk 8 i
N A, AE JRE AR IR R SASE R AR 2R
KLY & B2 3, — T T A2 g i AR R 1 T
R, B— I /D i ROS B R IEL0 i T gk
FE AERFAN AR B AR IR R R AT it A
KBRS SS (CoCly ) BEAT R S AL H, R 36 i
AL Y B B — AL A A L (eNOS ) 35 Fil—
S ™ AR R T T B AR Ak ) T R R A ) T
ZAK v R A F - 1o ( PGC-1a) £ 35 3 i,
PGC-1o R P £ ¢ &R0 AR A 9 5 B 1% 3 B, 348
H B L 2R A A= il A 28 0 £ ORI AT 4R I 5
AR, T S O s MR BLAE T A AR
R AEARMWRL G A rh | JR FRAR SR B A A 1 4t
A=, 3 3 ol A8 R AR | R RN S £ kL {& DNA
5 ULRC I ZR R A W A 1, DAAME IR EUIR S
FERBEMLA T, PR T i i PGC-1o/ M 38 K 32 14
K AZR a( ERRa) /S RLA Rl & 55 K] 2 ( Mfn2 ) %l
JEAT, BN 2k Ik DNA $5 DU %, 48 i ok ik A 1k
W2 Ak 7K S, 34 28 R0 AR A= W & B, DAIE B IR
A MR R R A RS SRR S AR
HENLZRLAR B 0 A 50T B 32 AR A 2 i 2k
PR B, 77 A B RS 2 7 b A B [
E AT ARG, 48 S LIRSS B A1 i BRI U, Zehr
PR A4 BT REE A2 118 ROS 15 BR R 48 (Lki ik
AR AR 11 88 AL B A Tl 2 RN b K 4
PR 1), 436 58 X dofe ot 1 9405 A 0 R TR A2 ¢
WA BRI, 3P ab T4 0™ F I A 1 B
BRI B 26 R A W A RIRE R T R 4
J1, 00 B HIF {5 5 1% 5 3l 5 & B AR 4R IR 2
o',

Rabinovitch %2 & 3 £ ki & ROS J2 W 2 if
T Ak 25 1 G ( AMPK) 1Y A= BT 77, AMPK
W 23 fil & PGC-Lo MM A SR A= ) 5 L3S
MATHT R 2 bz & ROS 7= /E X Se % df & B, 6 4%
LRMLAR AW A 1 2 1 SR ATL AR TS 32 I 4040 4 1)

AIRESAEMS , (HH S LORD A [ 2 8] AR 1 1 A 9
HLAATIA 15

4 I %

ISR S T i PR 45 2 AR A L Y B 22
MR AT IR B b SRR A R IR B, B
PUARE R 5 F5 162 AT A28 EY
RES — R0 M aUR B AR fb , HIF-1 J& 2 5K A 4h
PERL 19 O Bl A 53 TR 7 OB 1R 2 40 it J8% 7 4
ST ERR R OCEE Y BT, LT BE AR R PR E A A
iz, RSN 3T S B kiR H ROS 34, it
EANALIIRE , 1T HIF-1 A4 005 18 1 Z2 AL e s 26
oz 1) i 0 AR K OF, BRAIK ROS 7= AR DU AR
PERLR T RE [R5 2k iR AR WA ] e
S SRR SR A G S0 3 v AL AR T N M )
U

AR AE 2491k 35 i AR 1 T & AR 7 i 4
SIRRERCRS D R I &N A DA &AW
9a , 90 4 s 2L e S0 ) A A LR v I ARG AR K 46
F AR G 25 LA — R 0 R XU i A AR
WA R — A E AR E W AT T W0, 4 Xt
ISR B2 I 7T R F T A0 A 2SR AR SRR B A O [
T T 22 5 A5 A S0 800 B (40 ) |
R S4B BsF 18] (47 2 B i) 0/ ) B sF (] ) 45 #60
A I E X, OB B 2 R R s i AR
Y5 0 A 358 B AR Tl PR D AE L SR
T, P05 35 J5 19 o0 T LRI SR AR 0, BR AT
FUARSAN B A E T HIF A8 5 Zbi iR 454 530
ReAR Ak B R By 16 v D S oL A AR A o o 4 1 v
TEHE A

SE

(1] e, BssE, SR A AR E SR M] duat.
Bl ikt ,2019.:20-30

(2] JRAEARA S HEBAT T[], B LAl 7, 2003
(5):20-25.

[ 3] SCHOEPFLIN Z R, SHAPIRO I M, RISBUD M V.
Class I and I a HDACs mediate HIF-1la stability
through PHD2-dependent mechanism while HDAC6,a
class I b member, promotes HIF-la transcriptional
activity in nucleus pulposus cells of the intervertebral
disc[ J].Journal of Bone and Mineral Research,2016,
31(6) :1287-1299.

[ 4] SHAO Y,ZHAO F Q.Emerging evidence of the phys-



5050 o oE R o R 32 &
iological role of hypoxia in mammary development progression ; novel insights. A review [ J ]. Current Mo-
and lactation[ J ].Journal of Animal Science and Bio- lecular Medicine ,2018,18(6) :343-351.
technology,2014,5.9. [17] LINDHOLM M E, RUNDQVIST H. Skeletal muscle

[ 5] PRABHAKAR N R, SEMENZA G L. Adaptive and hypoxia-inducible factor-1 and exercise [ J ]. Experi-
maladaptive cardiorespiratory responses to continuous mental Physiology,2015,101(1) :28-32.
and intermittent hypoxia mediated by hypoxia-induc- [18] YINJ,GAO Z G,HE Q,et al.Role of hypoxia in obe-
ible factors 1 and 2[ J ].Physiological Reviews,2012, sity-induced disorders of glucose and lipid metabolism
92(3) :967-1003. in adipose tissue[ J].American Journal of Physiology :

[ 6] FUHRMANN D C,BRUNE B.Mitochondrial compo- Endocrinology and Metabolism ,2008,296(2) :E333—
sition and function under the control of hypoxia[ J]. E342.

Redox Biology,2017,12.208-215. [19] CAIJ,WANG D M,LIANG S L, et al.Excessive sup-

[ 7] THOMAS L W,ASHCROFT M.Exploring the molec- ply of glucose elicits an NF-kB2-dependent glycolysis
ular interface between hypoxia-inducible factor signal- in lactating goat mammary glands [ J]. FASEB Jour-
ling and mitochondria[ J].Cellular and Molecular Life nal, 2020 ,doi:10.1096/1j.201903088R.
Sciences,2019,76(9) :1759-1777. [20] DING D,LIU G J,HOU L,et al.Genetic variation in

[ 8] KONG Z W,ZHOU C S,CHEN L, et al. Multi-omics PTPN1 contributes to metabolic adaptation to high-al-
analysis reveals up-regulation of APR signaling, LXR/ titude hypoxia in Tibetan migratory locusts[ J].Nature
RXR and FXR/RXR activation pathways in Holstein Communications ,2018,9:4991.
dairy cows exposed to high-altitude hypoxia[ J]. Ani- [21] JIN X L,WANG K,LIU H Y, et al.Protection of bo-
mals,2019,9(7) :406. vine mammary epithelial cells from hydrogen perox-

[ 9] VERMA P, SHARMA A, SODHI M, et al. Overex- ide-induced oxidative cell damage by resveratrol [ J ].
pression of genes associated with hypoxia in cattle a- Oxidative Medicine and Cellular Longevity, 2016,
dapted to trans Himalayan region of Ladakh[]J].Cell 2016:2572175.

Biology International ,2018,42(9) ;1141-1148. [22] NIU G H,ZHU D N,ZHANG X L, et al.Role of hy-

[10] HE X D,XIA Y,JIGE M T, et al. Adaptive response poxia-inducible factors 1o ( HIF1la) in SH-SY5Y cell
of reproduction to high-altitude hypoxic stress by alte- autophagy induced by oxygen-glucose deprivation[ J].
ring mRNA expression of hypoxia-inducible factors in Medical Science Monitor,2018,24:2758—-2766.
female yaks ( Bos grunniens) [ J].Animal Biotechnol- [23] WANG X T,MA J,FU Q, et al.Role of hypoxia-in-
ogy,2019,5.1-3. ducible factor-la in autophagic cell death in microglial

[11] ELTZSCHIG H K, CARMELIET P.Hypoxia and in- cells induced by hypoxia[ J].Molecular Medicine Re-
flammation [ J ]. New England Journal of Medicine, ports,2017,15(4) :2097-2105.

2011,364(7) :656—665. [24] D’IGNAZIO L, BANDARRA D, ROCHA S.NF-«kB

[12] HEDDLESTON J M, LI Z,LATHIA J D, et al. Hy- and HIF crosstalk in immune responses [ J ]. FEBS
poxia inducible factors in cancer stem cells[ J].British Journal, 2016,283(3) :413-424.

Journal of Cancer,2010,102(5) :789-795. [25] LOPEZ-HERNANDEZ B L, CENA V,POSADAS 1.

[13] SAVLA JJ,LEVINE B D,SADEK H A.The effect of The endoplasmic reticulum stress and the HIF-1 signa-
hypoxia on cardiovascular disease ; friend or foe? [J]. ling pathways are involved in the neuronal damage
High Altitude Medicine & Biology, 2018, 19 (2) caused by chemical hypoxia [ J]. British Journal of
124-130. Pharmacology,2015,172(11) ;2838-2851.

[14] IKEDA E.Cellular response to tissue hypoxia and its [26] BELAIDI E,THOMAS A ,BOURDIER G, et al.Endo-
involvement in disease progression[ J].Pathology In- plasmic reticulum stress as a novel inducer of hypoxia
ternational ,2005,55(10) :603-610. inducible factor-1 activity : its role in the susceptibility

[15] ABE H,SEMBA H,TAKEDA N.The roles of hypoxi- to myocardial ischemia-reperfusion induced by chronic
a signaling in the pathogenesis of cardiovascular disea- intermittent hypoxia[ J ] .International Journal of Cardi-
ses[ J].Journal of Atherosclerosis and Thrombosis, ology,2016,210:45-53.

2017,24(9) .884—894. [27] ZHUANG Z N,SEN G,JI Z P, et al.Hypoxia precon-

[16] PEZZUTO A, CARICO E.Role of HIF-1 in cancer ditioning induced HIF-la promotes glucose metabo-



11 3

Bl 345 SRR B SR R T RERIL

5051

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

lism and protects mitochondria in liver I/R injury[ J].
Clinics and Research in Hepatology and Gastroenterol-
0gy,2015,39(5) :610-619.

SEMENZA G L, WANG G L. A nuclear factor in-
duced by hypoxia via de novo protein synthesis binds
to the human erythropoietin gene enhancer at a site re-
quired for transcriptional activation[ J].Molecular and
Cellular Biology,1992,12(12) :5447-5454.
JAAKKOLA P,MOLE D R,TIAN Y M, et al.Targe-
ting of HIF-a to the von Hippel-Lindau Ubiquitylation
complex by O,-regulated prolyl hydroxylation[ J].Sci-
ence,2001,292(5516) :463—472.

KUMAR H, CHOI D K. Hypoxia inducible factor
pathway and physiological adaptation: a cell survival
pathway? [ J ]. Mediators of Inflammation, 2015,
2015:584758.

LI X Y,FANG P,MAI J T,et al.Targeting mitochon-
drial reactive oxygen species as novel therapy for in-
flammatory diseases and cancers[ J].Journal of Hema-
tology & Oncology,2013,6:9.

LI H S,ZHOU Y N, LI L, et al. HIF-1a protects a-
gainst oxidative stress by directly targeting mitochon-
dria[ J].Redox Biology,2019,25.:101109
MOVAFAGH S,CROOK S, VO K.Regulation of hy-
poxia-inducible factor-la by reactive oxygen species:
new developments in an old debate[ J ].Journal of Cel-
lular Biochemistry,2015,116(5) ;696—703.

ZHANG H F,BOSCH-MARCE M, SHIMODA L A,
et al. Mitochondrial autophagy is an HIF-1-dependent
adaptive metabolic response to hypoxia[ J].Journal of
Biological Chemistry,2008,283(16) :10892-10803.
SEMENZA G L.Hypoxia-inducible factor 1 : regulator

of mitochondrial metabolism and mediator of ischemic

[36]

[37]

[38]

[39]

[40]

[41]

[42]

preconditioning [ J ]. Biochimica et Biophysica Acta:
Molecular Cell Research,2011,1813(7) :1263—-1268.
WENZ T.Regulation of mitochondrial biogenesis and
PGC-1a under cellular stress [ J ]. Mitochondrion,
2013,13(2) :134—-142.

SAXENA S,SHUKLA D,BANSAL A.Augmentation
of aerobic respiration and mitochondrial biogenesis in
skeletal muscle by hypoxia preconditioning with cobalt
chloride [ J ] . Toxicology and Applied Pharmacology,
2012,264(3) :324-334.

LAUBENTHAL L, RUDA L, SULTANA N, et al.
Effect of increasing body condition on oxidative stress
and mitochondrial biogenesis in subcutaneous adipose
tissue depot of nonlactating dairy cows[ J].Journal of
Dairy Science,2016,100(6) ;4976-4986.

CHITRA L,BOOPATHY R.Altered mitochondrial bi-
ogenesis and its fusion gene expression is involved in
the high-altitude adaptation of rat lung[ J].Respiratory
Physiology & Neurobiology,2014,192.74—84.

ZHAO Y J,XIE C C,LI X H,et al.Effects of hypoxic
exercise on skeletal muscle mitochondrial autophagy in
obese rats [ J ]. Investigacion Clinica, 2019, 60 (1) :
20-26.

MCLEOD C J,PAGEL I,SACK M N.The mitochon-
drial biogenesis regulatory program in cardiac adapta-
tion to ischemia-a putative target for therapeutic inter-
vention[ J ] .Trends in Cardiovascular Medicine , 2005,
15(3) :118-123.

RABINOVITCH R C, SAMBORSKA B, FAUBERT
B, et al. AMPK maintains cellular metabolic homeosta-
sis through regulation of mitochondrial reactive oxygen
species[ J].Cell Reports,2017,21(1) ;1-9.



5052 SR

Ut
=
i

Eitd 32 %

Hypoxic Stress and Mitochondrial Function Mechanism in Animals

LU Yi CAIlJie WANG Diming LIU Jianxin"
(Institute of Dairy Science, College of Animal Science, Zhejiang University, Hangzhou 310029, China)

Abstract; Hypoxia is one of the important stress sources that animals face with changes in environment, dis-
ease, and metabolism, which can lead to the imbalance of free radical homeostasis and damage to cells. Mito-
chondria are the most important organelles that sense changes in oxygen and produce reactive oxygen species
(ROS) , and adapt to hypoxia through mass control and changes in energy metabolism. Hypoxia can activate
hypoxia-inducible factor-1 ( HIF-1) to participate in the regulation of hypoxia compensation mechanism and re-
duce cellular damage caused by reactive oxygen species. Meanwhile, the increase in mitochondrial biosynthesis
may be a new strategy for mitochondria to resist against hypoxic stress and improve the adaptability of the body.
This article reviewed the classification of hypoxic stress in animals and focused on the adaptive regulatory
mechanism of HIF-1 and changes in mitochondrial function at the cellular and molecular levels.[ Chinese Jour-
nal of Animal Nutrition, 2020, 32(11) :5046-5052 ]
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