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Abstract: Cytochrome P450 (CYP450) is the body's most important family of metabolic enzymes and plays
an important role in eicosanoid metabolism. High-altitude hypoxia affects the expression and activity of CYP450,
which further leads to changes in eicosanoid metabolism. The alteration of eicosanoid metabolites under hypoxia
may be an important mechanism for the development of high-altitude diseases and the body's adaptation to
hypoxia; however, the specific roles of CYP450 and eicosanoids in the pathophysiological processes of high-
altitude diseases, as well as the molecular mechanisms by which hypoxia regulates CYP450, are still unclear. In
this paper, we reviewed the changes of CYP450 and eicosanoid metabolites and the mechanisms of CYP450
regulation by cytokines, nuclear receptors, and epigenetic modifications under hypoxic environment and explored
the possible mechanisms by which CYP450 and eicosanoid metabolites are involved in the development of high-
altitude diseases through the pathways of vasoregulation, inflammation, and oxidative stress. This article aims to
provide a new theoretical basis and potential targets for the prevention and treatment of high-altitude diseases.
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KWK FEER R &AW IUER T2 R
GurE AR R, BAE IR RS R A RS L
RGN W R R, X0 R G A A
B3 B s R Bh ik = R (high-altitude pulmonary
hypertension, HAPH). /& Ji& fifi 7K it (high-altitude
pulmonary edema, HAPE). /& Ji fixi 7K Jif' (high-altitude
cerebral edema, HACE) 25 — R 5| =51 J5U5 7 1) & 9% K
12, 40 B £5 2 P450 (cytochrome P450, CYP450) &
B o 475 1) e B 22 f AU 8l 50k, 0 9 B v DR A1
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2 AEN ) R R AR AR B T 2 5 ANEIEY
AR A, CYP450 182 5 P TR BT i AQHE, fnde
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Z B SR W, R AR A CYPA50 Y A TR AR
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il CYP450 S AH AW 1 A2 46 7T DL S ) e 5L 5 0 1
RAE RN IX R B CYP450 2K = ke IR AR T
RE A2 1o JE P2 00 R A R e AR AR 0 o 1) o 2 L
RILEER T CYPA50 Je 2 — -+ he B AR B 7 w5 SR IR AR
IEE T AR AL S AR T 0 R 1 A% S AR R R WL A%
EAixs CYPAS0 (P HLA, FFHR T T CYP450 J 2K —
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i, LS 5 B AR v DI AR S0 1) A 903 L A 32
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CYP450 gt — RAEAL 2 M Ae & AR & i 20
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FHREEH. HP 1~ 4XRFES 540 A 5dR
AN IR IE B I A A, T S~51 X EES 5N
VAP 5T 00 A O AR . EARE R,
s By Ah U8 5T AR Zh BE 1 CYP450 M1 A 4
CYP2C.CYP2J.CYP3A Fil CYP4A %5 [F] i} 2 55 Py il
PEW BT AR R

K8 2 N E I (polyunsaturated fatty acids,
PUFAs) & A4 B Hof i J5E 11 25 240 4, AR 2 — 1> 0L
YL A7 & 7T 43 A n-3 PUFA Fll n-6 PUFA, — Bk 1.4
2 (eicosapentaenoic acid, EPA) Al — -+ — & /N ¥ TR
(docosahexaenoic acid, DHA) J& #L7Y [] n-3 PUFA, V.7
% (linoleic acid, LA) 1 4E 4= VU J#& 2 (arachidonic acid,
AA) J& B ) n-6 PUFA, X 26 PUFA QAR il i) 2
YREVENR B RRR A IR lR, LA RIS 2
H= AR AR . KP4 E

TEREN A S B (cyclooxygenase, COX). JI§ & &
(lipoxygenase, LOX) 1 CYP450 = Rl {1} i% 42, T
COX MILOX AR S AL %, 73 I A A2 T 21 i 2=
BEMEIRERN A = R ERN RS . EFK,
CYPA50 1842 1 A0 AR B 1) B S0 I R 45 2K — e R 5
) T, BRI 2 (1R 2R B e ATTHE 2 R 1
o B AR R b B S S AR S DR, R R AR
FHORPIRIE . CYPA50 IR G FI o F2 AL 2 CYP450
WA AU, H b P A 3 B A CYP2C AN
CYP2J, lb4F, CYP1IA.CYP2B.CYP2D %51 H A3 3 4
R T . A6 DI IR 2 fe FLURAIE 1 PUFA EH, £
240 M v, A S AR T8 A DY ) R 77 4R 5,6-EET . 8,9-
EET.11,12-EET Al 14,15-BET PYFf 32 2 1) 30 1 1 Bk
=Hil2 (epoxyeicosatrienoic acid, EET) [X 15 73 ¥y 1&, [t
Je 3 R ATV P A P K i (soluble epoxide hydro-
lase, SEH) AR A A8 B ) B A BUR AR 70 22 3 1 — 5%
# -+ B = M B (dihydroxyeicosatrienoic acid,
DHET). B A4 DU R A1, S R 42 CYP450 24 % I
R 72 42 9,10-EpOME ., 12, 13-EpOME %5 3£ 4 3 Jit R
(epoxyoctadecamonoenic acid, EpOME), 1t sEH ¥ {E H
TR RN 9,10- R B -12Z-F M TR (9, 10-
DiHOME) F1 12, 13- — ¥ % -9Z- °¢ 5t /& 1R (12, 13-
DiHOME). —+H LM R 48 CYP450 A v 7= AE 3R 4R
VISR (epoxyeicosatetraenoic acid, EEQ), -+
TRNIRIR 2 CYPASO AU AT A R T R T
12 (epoxydocosapentaenoic acid, EDP). o ¥ {LHf 1= 2
f45 CYP4A 1 CYPAF, 751 L4 L 1, o F2AL TG 3=
B ST A6 AR DU R 1 AR, AR K 19-81 2032k — Bk
M 4% (hydroxyeicosatetraenoic acid, HETE) (& 1).
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CYP450 1 T2 5 T ILAUE N 5 i J5 8 i K e i 7%,
FLAEAR AT 2R ANE M AR 4k T R 5 oA CYP450 /i
FE—EZES, W CYP2CS MR T B3R IE g 4 T+
Y, CYP2C19 T 2 B o 3% 08 A i 1 B KUY, T
CYP2CY TEAR SR AT T W R IL AR A, H Bl o3k
o Duan ZEPIF AR W, 24 SD KR B #2 7E 4 300 m &
SRR AR R, iR 2R R (24 h) & 2R 1R
# (30 K), HATHEAL 2L F CYP2C9 3R IA K-35 &5 2
BEAK . 2RBUT, Gola %5544 SD K B & T B4l 7 620 m
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Figure 1 Cytochrome P450-dependent pathways involved in the biological transformation of eicosanoid. PLA2: Phospholipase A2; AA:

Arachidonic acid; LA: Linoleic acid; EPA: Eicosapentaenoic acid; DHA: Docosahexaenoic acid; EET: Epoxyeicosatrienoic acid; DHET:

Dihydroxyeicosatrienoic acid; sEH: Soluble epoxide hydrolase; HETE: Hydroxyeicosatetraenoic acid; EpOME: Epoxyoctadecamonoenic

acid; DiHOME: Dihydroxyoctadecenoic acid; HODE: Hydroxyoctadecadienoic acid; EEQ: Epoxyeicosatetraenoic acid; HEPE:

Hydroxyeicosapentaenoic acid; EDP: Epoxydocosapentaenoic acid;
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24 h g, FFIE CYP2CY (¥ 22k i Hh B0 b 8 3 5
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HepG2 41 g 7, CYP2J2 ) mRNA T i & ¥ F 0 & 1)
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Table 1 Effects of hypoxia on CYP450 expression and activity. T : Increase; | : Decrease

Family CYP450 Endogenous substrate Species Effect Hypoxia model Ref
CYP1 CYPIA1 Steroid hormones, melatonin, AA, Rabbit Protein | Normobaric hypoxia chamber [16]
EPA (FiO, = 8%, 48 h)
CYP1A2 Hydrocarbons, steroids Rat Protein |, mRNA |, High-altitude hypoxic environment  [3,17]

CYPI1B1 Eicosanoids, fat-soluble, vitamins, Mouse
steroids, bile acids
CYP2 CYP2B6 AA, lauric acid, 17-estradiol,
estrone, ethinylestradiol,

Rabbit

testosterone
CYP2C8 AA, EPA, DHA

vein endothelial cells

CYP2C9 Steroids, melatonin, retinoids, AA  Rat

Rat
Rat
CYP2C19 AA Rabbit
Rat
CYP2D6 AA Human
Rat
CYP2El AA Rat
CYP3 CYP3A4 Steroids, bile acids, cholesterol, Rat
lipid, hormones, vitamin D
CYP4 CYP4All AA, fatty acid, lauric acid Endothelial

progenitor cells

Human umbilical

activity | (4 300 m/2 800 m, 24 h/30 d)

Protein T, mRNA T Hypobaric hypoxia chamber (10% [18,32]
0,,144d)

Protein | Normobaric hypoxia chamber [16]
(FiO, = 8%, 48 h)

Protein T, mRNA T 1% O, for 1,4, 12,and 24 h [21]

Protein | , activity | High-altitude hypoxic environment [22]
(4 300 m/2 800 m, 24 h/30 d)

Protein | Hypobaric hypoxia chamber [23]
(7 620 m, 6 h/24 h)

Protein 1 High-altitude hypoxic environment [24]
(4010 m, 24 h)

Protein | Normobaric hypoxia chamber [16]
(FiO, = 8%, 48 h)

Protein |, activity T High-altitude hypoxic environment [3]
(4 300 m/2 800 m, 24 h/30 d)

Activity | High-altitude hypoxic environment [33]

(4559 m,7d)
Protein T, mRNA T, High-altitude hypoxic environment [3]
activity 1 (4 300 m/2 800 m, 24 h/30 d)
Protein | , mRNA |, High-altitude hypoxic environment [18]

activity | (4 300 m/2 800 m, 24 h/30 d)

Protein | , mRNA |, High-altitude hypoxic environment  [18-20]
activity | (4 300 m/2 800 m, 24 h/30 d)

Protein T, mRNA T 2% O, for 2 and 6 h [31]

ST 29 FE AR R S P R A S AR RS
AR R R E AR

221 @RETF KERIAFEARERZ —, CHIEY
fit 983 PR LR F - (tumor necrosis factor-a, TNF-a)« [ 4
i/ % (interleukin, IL)-181L-6 & 4k 4= K PR - 2%
PE R F 43 B CYP450 (19 R I8 FNE M, 5 512 75—
U % SR Qe AL of ) CYP450 2 1 S mRNA [ 3£ ik
KT BEARESL 1 Ah, CYP450 (1 T 5 & B T «B
(nuclear factor-kappa B, NF-xB) F 1A it o< /P,
EH o PR R M R A S AT 1 A B M S, PR A TR
CYP450 2L I 2 24 WL . Fradette S35 i &bk o BE
B (FiO, N 8% PR B 4 48 h) 2 Ik CYPIATL.
CYPLA2 35 AR 1A, 380 CYP3A6 F ik Al 1, 1M
THE -y IL-18 A IL-2 Z5 (B JEUR B T CYP450 ) IX
AR f . B, K S B T (hypoxia inducible
factors, HIF) A] /5 CYP450 i 1 24 4% . HIF & 181t
AW S Sy A R A A R S N B 5 )
DA 0 480 A 92 sk 2 S0 ST R, AT I B LA X A1
BE R . E R KR, R R R L BS (proline

hydroxylase, PHD) 3%, HIF-1 #{ & (4 B /K f#, 1M 75 5t
AAT T, PHD 8, 4l HIF-1 18 AR B A7 70 . W5
W], HIF-1 1 CYP450 2 8] F AR ELAF F AT e 2 (K 40
5 CYP450 B4 1y EEEHLH . Liun S0 28 i 40
JfI7E 1% O, B2 NI & 1.3 M6 h, K CYP2C11
mRNA FIE KPR E . A&, B 70K 6k
%1 hJ5, 7/E CYP2C11 Rk N2 7, HIF-1a & H &L
¥, IF H CYP2C11 J5 3l 7 DNA Al HIF-1o 2 [H] /£ 7E
Pt HEERMEEER . 5 —Di ik kiE 7 HIF
AN CYP450 2 18] 47 1E [ 18] 55 38 5 15 F, B 78 3 5 B ik
ST HIF 5 5 M#0S S8 CYPTAL fu i 75 K 1 E4BP4
K2R IE BN, i S8 CYPTAL ik FiEH, ixsbss
BRI, BEE T CYP450 Fak K1) R £ | %
ik DA A HIF 7K IR AL R A S 1

222 BFRAR RSO TT CYP450 (¥ 2 A
T, R E &R 22 6t X %2 fK (pregnane X receptor,
PXR).4H il B i %2 A& (constitutive androstane receptor,
CAR). J5 & J& 5 & (aryl hydrocarbon receptor, AHR) Fll
JF#Z A F (hepatocyte nuclear factor, HNF) 25 1% %2k 2
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Regulatory network of cytochrome P450 under hypoxia. Four main mechanisms are involved: (D Hypoxia reduces the

expression of nuclear receptors such as PXR, CAR, AHR, and HNF, and further regulates the activity and expression of CYP450.

@ Hypoxia induces epigenetic changes, miRNA and IncRNA expression are suppressed under hypoxia, while hypoxia induces DNA

methylation and histone modification, which together regulate CYP450 expression. (3 High-altitude hypoxia activates inflammatory factors

and NF-«B signaling pathway to negatively regulate CYP450 expression; meanwhile, HIF-1 binds to hypoxia-responsive elements of

downstream genes under hypoxia to regulate CYP450 and nuclear receptor expression. @) High-altitude hypoxia alters the structure and

diversity of the gut microbiota, mediating changes in CYP450 expression through the release of extracellular vesicles. PXR: Pregnane X

receptor; CAR: Constitutive androstane receptor; AHR: Aryl hydrocarbon receptor; ARNT: Aryl hydrocarbon receptor nuclear translocator;

HNF: Hepatocyte nuclear factor; miRNAs: microRNAs; IncRNA: Long non-coding RNA; TNF- a: Tumor necrosis factor- a; IL-15:
Interleukin-14; IL-6: Interleukin-6; NF-xB: Nuclear factor-kappa B; HIF-1: Hypoxia inducible factor-1

L CYP450 RIE %

PXR Al CAR A2 ) L3244 M0 52 % 0 % 07, 76 40 i %
HE S DR, R AR e 2 R . BT R,
G4 B2 PXR A CAR 93K 3A5™, 1 PXR 5 CAR 7E ik
ST BIX TR AR AL TT B 2 A 5 B U [R] CYP4S0 A8 4k (1)
WAENLH] . Legendre 55™7E 1% O, B 4 55 1 F 1 9%
24 h 1 /& B4y A N 2R I 98 HepaRG 4H g & B
CAR. PXR fll AHR ] % i& '~ ¥, [[ B CYP3A4,
CYPI1A2.CYP2E1 1 CYP2C9 HI T M A% . AR 4
(R AIE 70 A 3 — 2 iE SR A 22 3 3 PXR AT CAR 15 1%
A # CYP1A2.CYP2C9. CYP2E! il CYP3A4 (1] %
P, AHR 2 — Ff T A4 4 8 AL 4 5 R+, CYPLAL AN
CYP1A2 /& AHR S8 U ¥ EL[R], AHR i) 5 ARNT 45 &

¥ i AHR/ARNT B &4, {23t CYPIA1 M CYPIA2 H]
5%, Zhang 2R PR 4 (1% 31 2.5% O,) &3 >
CYPIAI 1 AHR 1] mRNA, AHR siRNA 5 & % Ji /b
CYPIAI mRNA. A AHR siRNA [ 40 A b s
16T B AL/ CYPIAT mRNA, 1y /b g BE /N T 41 b,
X 3R B BRI AHR R = A BEE )8 /> CYP1AL ik J7
i HL A 3 A B & 42, T P & 42 1T R S T HIF /Y
FIEAH K . KN ARNT A2 AHR [ ECAR, HAE S
HIF-1a — 54k, Bk, B T{K% T HIF-1a 5 ARNT [#)
e PESE SN, /> T AHR 5 ARNT (454, S8
AHR X CYP450 [ [ 9 147

HNF 1o #1 HNF4o 72 [ IE o e 82 1) — RIS
LT, Z 55 AT K2 £ CYP450 5 K 1) 40
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B 29k, WE T K B HNF4o A HNF Lo B R AR 2028 1
CYP2B6. CYP2C8. CYP2C9. CYP2CI19. CYP2EI.
CYPIA2 A1 CYP3A44 ] mRNA 7K “FE541 - i 45 2= 411 4]
HNF FJ3R 15, Mazure ZEPR BG4 N T HepG2 411 g
1) HNF4 2 RT3 (R 3K 0K, Sato 2501 R LGk 4 2 BF
fIC Bt M T 1Y) HNF4o 85 R B AR E M. T B 5
T, HNFlo #1 HNF4a (1) 3215 78 4k 7] fe 2 1 #2 CYP450
FIAL W EH BN . Yang FE I8 1 I e w5 SR kA PR B
K B R Y HNF FITCYP450 [ 255 DL K A4 4 56 3IE S
4%, 1IF 52 HNF 1o f1 HNF4o 70 f1% 480 2% 4 T 38 i A7 540
H)5 H F R CYP1A2 IRIA .
223 FWMIEHEIEW DNA 3L A4 N RNA
(microRNA, miRNA) J& i 78 5 ) 12 13 W igt A& ML),
I8 A% I 45 1 25U R AR TE 2 R B I AR, TR AR
AT SRS AL B T B2 3% CYP45S0 RIA .

DNA H J AL /& 45 H 2L 1 DNA F 2 56 55 il i n
£ CpG A% TR N s g BRI CS 7 B ) ik 2. — ik
CYP450 fiff of &5 <8 11 CpG &, K Ik CYP450 [ 2R 1A
IKF- 52 B DNA FH A0 AS 1 () 8 B R 3251, DNA H
AR SRR R R AN W] B R TR S AL, A R R I
I FH AR B 2 [A] 1 22 S5 Y A BE DRI TE g b 2 TR A
Bl B 4, X 3 W DNA S0 [ S5O 7 i 13 o v ke
#HEAEH. Zhang FEF B 78 Xk — 2P IE LK
N DNA H 34k 5 2% 51184288 71 5 26028 K kS 22
PERIIE 58 ¢, CYP450 [ DNA FH 346 7RG A s B
] B B Jin Z500% o [ HAPE 58 3% #E 47 H 1k 4
#r, KILHAPE 35 CYP2S1 2N 3 21 7 X 1 £ 4> CpG
7 85 555 FR 4L, {H DNA HF AL TEARA R 2 Bl i s
HoAth CYP450 ik, 75 % 5 2 [ F R IIE

miRNA 2 i 70 5 N 32 AR N [ JE 40 7S RNA .
W5 R B, B AT _E A R U miRNA [ 32 38, i
miRNA F1[7] {877 CYP450 (1)K 1A, Krkoska 2 I7E N2
HF I HepaRG 40 i 1 &% ¥l miR-653 #1 miR-29¢ &
CYPIA2 R IL [ 2 M7 . Tantawy S5 F 42 3%
H miRNA 7 #fr K R 7l 5 CYP3A & i& A 5% 1)
miRNA, # & H % iE 7 miR-107 A1 miR-1260 5
CYP3A4. CYP3A5 Ml CYP3A43 ] % ik 2 ] M 5% .
miRNA %} CYP2C8.CYP2C9.CYP2E1 [& £ B A 17 i
FVE T, 5 B miRNA A& 88 A S /) CYP450
RIB A SRBE oy F AR AR AT AR I, 76
2% 0, FH57% 24 h Ji7 Caco-2 4l il H 1) miR-873-5p &t 3
AR, I AT 4% MDR1 #1 PXR ) % ik, #f — 2 Gk
AT AW s AR B Th BE AR I KT Y S AR, (H
miRNA Xf CYP450 /1] T fg fil K 18 & 75 B A R 52
W, AP R &R . IR, IR E R AR, HEE

BV S 5 B 1) 32 W 388 A% 18 2 ML), TR RE T DA 42
CYP450 (1R 1K1, [R5 22 5 S B AR 3
IR AR, IR R CYP450 1R AL 5 4
E A AR S R R R T ) ) — B Ty A .
3 CYPASOREZHHRBERBEMESEERRFHET
W R1ER
3.1 BrEMPIRBMZE ARG

ENAR T H A #2240 41 UK A T 52
BE 1 22, IR 8 B NI (5 R 2% A0 A4, (H L FE A
B A B 4 5 R R R 20%, BRI R Bk S 2 UK
e AR UL R S R AR A 2 5 R E R4
REMAS, 51 S e S S A g Lo AR v T i 7 e
LMY, WOk T AR, BUE S B
M) i 26 2 7 CY'P450 [ 3% 7K F, Jacob 2114 A i 1k
M P F 400 % (\(CMEC/D3) % 55 T 6 %65 T 6 h,
KILCYPIALFI CYPIBI [ FRIE B E K. 7 — Wit
FEEH, EIRARSE T, KTUEEAL AT ERNF
CYP19alb {3 P .CYP19al mRNA #1715 (5t % ik &
Y& R RETY . SR, JFHE BT A i CYP450 B # 6) st
SR I H AR R S RS R, 41 CYP46AT HI R IR A
ZAF T i B AT, X Se R R W, ik TR CYP450 7R
SRS T RIS B S R 2 R, H T B
Bify 52 P A2 S8 I 1 4% i R CYP450 1R IE K2R =+
BRI AV AR, NS 5 Ihae i 17 . A G S 4 s
i DIA W7 A B, e JE A AR PR B8 o K BRI 9 C Y P450
FIE R A, HIXFpAR 0] B 55 i 7 152 45 7 F0 2
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Possible mechanisms involving cytochrome P450 and eicosanoids metabolites in high-altitude diseases
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Possible mechanisms for the involvement of eicosanoids in the pathophysiological processes of high-altitude disease.

Cytochrome P450 and eicosanoid metabolites (mainly EETs and HETEs) may contribute to the body's response to hypoxia by altering

vascular tone, promoting angiogenesis, modulating inflammatory responses and oxidative stress. CRP: C reactive protein; LOX:

Lipoxygenase; COX: Cyclooxygenase; ROS: Reactive oxygen species; VEGF: Vascular endothelial growth factor; LXB: Lipoxin B; LTA:

Lipoteichoic acid; PGE2: Prostaglandin E2; TXA: Thromboxane A
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