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Effect of hypoxia on drug metabolizing enzymes and transporters
and the role of microRNA
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Abstract: The function of circulatory system, nervous system and endocrine system is significantly changed
in hypoxic environments. These changes affect the absorption, distribution, metabolism, and excretion of drugs in
the body. Drug metabolizing enzymes and transporters are the main factors affecting drug metabolism; microRNA
(miRNA) can act directly on drug metabolizing enzymes and transporters and can regulate their genes through
hypoxia-inducible factor, inflammatory cytokines, and nuclear receptors. This article reviews the effect of hypoxia
on drug metabolizing enzymes and transporters and the mechanisms by which miRNA modulates these proteins

and their expression during hypoxia.
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I P R AR 3 AR A2 AL S AR A TR T SOE R T
B4 % S AT (hypoxia inducible factors, HIF) Al 4% 5%
38 5 it — 20 R 2 AR R AN i s AR (1 B R R A
ARS8, miRNA J2 B A 4% D RE 1) JE 40 i RNA, 1K
AS T mIRNA 3858 & A4 2 3 4k, 7 H miRNA
() A8 Ak 5 25 W) AR Ut B RN % 08 R B — e 1A o6
PERTI8 A AN 1 FE LR R T miIRNA TER &1 T
o 25 AR W AN B B R R T AR VR
1 RS FE miRNA BIRIA

MiRNA & —J/NrTHEgm i RNA, K5 218 19~
25 M H R . mIRNA T 5§ JE K] mRNA 3'%% | 4
fig [X (3-untranslated region, 3'-UTR) %5 5& /5 41 i) il J&
FEAEUAN R AT HAMEL XS, 5142 mRINA B f ol B 1 410 1
o R 3 B0 L IR 1) 2298002, miIRNA FEAR 2 4= W 2 it
P B EE PR ATER, 1025875 41 M 36 56 L 1k
ST MR R AR S R R R SRAR U | G S S R AR Ay
G B, j2 ANk, NREFR A H 04 K2 500 £
Fh R MIRNA, 10 =43 2 — LA 1 N8 (A gm s 34 K]
H A& miRNA [ £ 57 $E 56 [K], & 0] miRNA 78 5 [K] i #
HOR Y EAE RS, i R 2R 2 AR
Ut HEE A B 2R R mIRNA L 2594 i A0 B s 44 )
AT ARE S T IX S 2188 B R 1 mIRNA &
ERAEREBL.
1.1 REIFITAFELA T mIRNARRIE HFIFEZL 2459
AR 1) B AR R, A7 E K i 2 W AR B RN A s k.
MIRNA-122 J2 Wi 3. 2h W0 4540 1) — Fh A S A s &
W, W 5 R AR A AR I miRNA-122-5p (13K 1A, #E
MRS 2508 2216 5 miRNA A 5 11 1 IiE
IhRE i AR A 92728, ZhulP e IR A2 5 7T 8 3 BRI
JHHE miRNA-27 [R50k o AR SEUBER 55 v (1 83 240 P A
FUR A, 5155 AT 40 EE 5, miIRNA-375 Al miRNA-
196-5p 7E JH-Jit 41 M = [ 3218 35 2 3 PR AR IOSY . Ak A 1F
FLR I, 7F 13.6% O, ¥ &, K BT IE miRNA-92a-2-
5p. miRNA-378a-3p Al miRNA-1224 % ix 15 & % (&
B2, DL 9 45 SR S 7 AR AUk g 24 ok R A 2
1) miRNA B A & 2 8 55 /E 1, miRNA-92. miRNA-
122 .miRNA-196 .miRNA-375 Al miRNA-378 1] £ ik %)
TN R
1.2 REEIEHAELST mMRNANRIE HiELHY
WL P 2 LR AL, L0 A7 TR 24 W %% 18 ot 25 W I S o
OREZEMMER, KA KM T AL B miRNA K4
REAA. Nijhuis %658 7 DLD-1.HCT116 F1HT29
25 6 o i 9 4 i 2 ' miRNA 7£ 20.9%. 1.0% #1 0.2%
O, ¥ H I R IA T O, K I miIRNA-210.miRNA-30d.
miRNA-320b. miRNA-320c. miRNA-320a. miRNA-21 .

miRNA-141 fil miRNA-147 (] £ & & & T, H
MiRNA-210 iz A o = JRAR A A 58 7 miRNA [ 3%
TEARAHIE T A, BF TR I e b X DR N R
JE L A miIRNA-210-3p i B i 2 & 1 JE b X 7L
B, 5 SRR 7T 45 R — 2 PR SRR E AR T,
MIRNA-210 Fik & 2 T 5y R R S PO 358 R0 S BRIk
FINEAFAE— E ZE R, Toshihiro ZEBKE I miRNA-320a.
miRNA-320b. miRNA-320c. miRNA-320d 7 45 B /% il
AR AR B 1) R 08 B3 BRAR, 5 AT A 7 45 A
o LA ERFFEE BN, RAKM T AL miIRNA
AR ANAFAE — 52 Gl FE AR (b b 35 02 i o M1 SR A B8
HHRIA R 3 BRI, TR SEPRMR A SR R RIS B e .
1.3 REFEBALAFmMRNAWRIE B L4Y
HEHE ) B BEAR B, B A A A A Ak P AN A R
VIR e A E O A EEAE A . Liu SR G
JE SR B AL 7 500 miRESR F19.0% O, i JR 3R ES, MlsE T
K BRUG  Mii oCa B RTEFJIE R miRNA-210 [ 3R 0L, R I
ANFH 2 miIRNA-210 ()R8 1) 2 35 s, oS ik
W Tt I 5 A, B FT A RS AR 4 2 miRNA-210
AR — 3. Wu 2B /N BRBEAT 24%~T7% O, Fil J 1A
60 s [y [ &1 ik LI AR, R I T H miRNA-155 1) 3%
R E TR T 25%.  Xu SRR /N BB A S PR
J& 51k 1) B A B 07 58 9% B B T = miRNA-21 [ 3R I8,
FIAME 1% O, 9K B, N ik P9 52 41 g H miRNA-21
()220 AR I 25 T s

RS T B AR L2 rR B miRNA 31 1 3 1E H,
oo FF B P miRNA-92a. miRNA-122, miRNA-375.
miRNA-378 1 miRNA-1224 % ik & 2 B, a4l 4
miRNA-21. miRNA-30d. miRNA-141. miRNA-147.
MiRNA-210 1 miRNA-320 [ 3R 1A i 3 7t i, B2 40
miRNA-21.miRNA-155 f1 miRNA-210 % ik & % 7 =,
D3 11283436381 miRNA-320 475k miRNA, L 7E s
IO 58 R A BEA, 5 S B S R 8 AT 70 45 SR 1
UM o A A B2 0T P 2E 2R A0 i e 98 40 B o miRNA-
320 VI 7R A ek — 2P UE S
2 REXHMR G SENER
21 RESHYRSEEOEZR  4WREE S N
K, AR 3 2 5 5 S Ak i JR L K 3 55 S B, TIAH
AR il 3 T A A T W R R AL VB RR AL SR SR R
o 4 il 5 K P450 (cytochrome P450, CYP450) £ i
EER VAU, B Ar 2w 7 A2E57 4 CYP450 5
IR, AR5 2 51 A ARALL I 43 A 18 AN S, 42 AN W 5% P,
CYP1A2. CYP2C9. CYP2C19. CYP2D6. CYP2E1 Al
CYP3A4 X 90% LA 254, o CYP3A4 2 N1k
Hh s B 250 AU B, AR 50% LA B 250, 1
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Table 1 Changes in the expression of miRNA at hypoxia. 1 :
Increase; | : Decrease

Species Object miRNA mRNA Reference
expression
Human  Huh7 miR-375 } [30]
Huh? miR-196-5p ! [31]
Hep3B miR-375 i} [30]
Hep3B miR-196-5p ! [31]
HCCLM3 miR-196-5p ! [31]
SMMC7721  miR-196-5p ! [31]
HepG2 miR-196-5p ! [31]
DLD-1 miR-210 1 [33]
DLD-1 miR-320 1 [33]
HCT116 miR-210 1 [33]
HCT116 miR-320 1 [33]
HT29 miR-210 1 [33]
HT29 miR-320 1 [33]
HT29 miR-320 ! [34]
HT55 miR-210 1 [33]
HT55 miR-320 1 [33]
SW837 miR-210 1 [33]
SW837 miR-320 1 [33]
VACO4S miR-210 1 [33]
VACO4S miR-320 1 [33]
SW480 miR-320 ! [34]
HUVEC miR-21 1 [38]
Plasma miR-210 1 [36]
Rat Liver miR-122 i) [29]
Liver miR-27 ! [28]
Liver miR-92a-2-5p ! [32]
Liver miR-378a-3p i [32]
Liver miR-1224 i [32]
Liver miR-210 1 [36]
Brain miR-210 1 [36]
Heart miR-210 1 [36]
Renal miR-210 1 [36]
Mouse  Renal miR-155 1 [36]

AU 32 A N- B HE % # 1 (N-acetyltransferase,
NATs). 2+t H k5 5 % #2 8% (glutathione S-transferase,
GSTs) LA K 78] %) #li i FR 4% % ¥ (UDP-glucuronyl trans-
ferases, UGTs) %%,

W 90 CUUF S, K42 3 o2 245 70 AR 1 B CYP450
(G T RN ZRIAEY, Kurdi M0k B 2 BLa 5 2 IR
% CYPLAL F1 CYPL1A2 [¥) 3% 1 Fl & [ ik . Fradette
SR AR S K 2 PE B 48 h 5, CYP3AG Al
CYP3Al1l /] £ 15 & # F+ &, CYP1Al. CYP1A2,
CYP2B4.CYP2C5 M1 CYP2C16 (1) ik i 2 PR A% . 1A
LB 9 % I i SR AR B0 CYPAS0 A — & B2 i, KR
SLE 2 800 m = R A X 3 K f5, CYPLAZ 3 14 B
A1 mMRNA 2 ik 43 5] BF# 11 62.3%.60.4% F151.1%, 30 K
J& 43 ) P A% 60.8%.62.0% A132.9%. K B &3 4 300 m
m E X 3K S5, CYPLA2 {35 4 L B8 A A1 mRNA % 1A
73 5 B& A 60.8%- 65.8% F1 37.2%, 30 K Ji& 43 5 P& A
53.8%-64.8% #130.7%12, 7E 44 2 800 m A4 300 m

i SR X, 48 1 B E CYP2D (3 1 AR ik B 3 T
e, T M B T B R S A,y SR S A X
CYP3AL F1 CYP2EL ¥ i 4 Al ikt Jo BH 2. 52, {H
15 v JFS M B 2618 N CYP3AL AT CYP2EL F 3 14 AN
Fk 2 PEARS, gy AR A A6 1 T IUAE 24 ) AR U g
R A — 2 ARk, 0K R N- 2Bk 52 5 R B 1L 5 P 7
4600 m = R H [X I 3 PA A% 38.79%140

DA BB 0 25 R R W, AN R S0 07 % 3h ik A
CYP450 fify 5% mi ) &5 R &~ — 3, H 1 CYP1AL,
CYP1A2.CYP2E1 Ml CYP3AL ()i 1 Al & ik F& 1K,
CYP3A6 fll CYP2D1 [ iif ¥ F1 & ik 7+ &, W &
M2.13.40-42) | b P R SR A L, 18 PR R SR X Bh A Ak N 24
VARG (1 5E A K

Table 2 Changes in the activity and expression of drug metabo-
lizing enzymes at hypoxia. 1 : Increase; | : Decrease

Drug metabolizing

Species Effect Reference
enzyme

Rabbit CYP1A1 Protein expression, | [41]
CYP1A2 Protein expression, | [41]
CYP3A6 Protein expression, | [41]
CYP2B4 Protein expression, | [42]
CYP2C5 Protein expression, | [42]
CYP2C16 Protein expression, | [42]

Rat CYP1A2 l [12]
CYP2C11 — [12]
CYP2C22 Activity, i [12]
CYP2D1 1 [12]
CYP2E1 } [13]
CYP3A1 1 [13]
NAT2 Activity, | [12]
GST Activity, | [40]
UGT — [40]

Human CYP1A2 - [40]
CYP2C19 — [40]
CYP2D6 Activity, 1 [40]
CYP3A4 Activity, | [40]

22 REXNAMEBREENER Yk K
TEAE T A0 B8 1 1) 8 3 BT B 2 ik, S o6 25 M AE AR
IR 73 A AR AN HEME . 25 3% is 4k 3 IR, &R
— 2 ABC IR i B 1, X AR ATP 454 (ATP-binding
cassette, ABC) ¥ iz & 1, H1 ABC % [K| 4w fid, 41 ABCB1
4nf MDR1.ABCC2 4 fiy MRP2 %% . ABC %k £ E A
% 2451 2555 11 (multi-drug resistance protein, MDRs)
Fr P-¥E 25 19 (P-glycoprotein, P-gp). £ 4 i 24 # 55 &
(multidrug resistance-associated protein, MRPs) . . i &
fif 24 % 11 (breast cancer resistance protein, BCRP) 4%,
FLORH 73 B 1) Ty 66 2 4 TR 0 M4 T 1N 40 1 22 4
Gbo B RRETIEPESA (solute carrier, SLC) ¥ 12 &
A, SORRTAT ¥ M 34k, i SLC R M 4 fid, 1 SLCO1B1 4
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i OATP1B1.SLC15A1 4 fi3 PEPT1 %5, SLC KK
Sk # 15 & (oligopeptide transporter, PEPTS). 4 HL H
1 (organic anion transporter, OATS). fH & - 4 iz &
(organic cation transporter, OCTs) &, ¥ 1) it /& i iz
JEE AR N 4H 4344,

580 B 25 R 25 ) e a8 R R 3R I8, K TE 8% O,
W TR 48 h, R 2 Y MDRL F H R A B & T+
& 77%2, Dopp U IE ST TR & T & K B E
MDR1 mRNA X 2R IE o K FRTE i Ji (0 A8 S P A 358
& 72 h )5, MDR1 £ FH F1 mRNA ik 75 /N i o 43 51
NI T 71.3% A150.1%, FFZH 44305 1 1.33 fi11.15
3%, B LR 23 59) E i 1.83 1 0.49 {54647 Tff 5 45 L 3%
AR A 25 1 N MDRL [ R IATEAS R 2H 23 (1) AR b s 34
ANTA] o B R 55 B IR A A2 5 1R 24 ) 3 Ak 1Y) B A
&, B B AU TA] O SE K, MRP2 7 /)N iz AT i 4 27
MEOREER LARES, MEE AR, §H
24 h J5 MRP2 [ 15 15, B4 72 h 5 MRP2 [ £ 1A
AW, K RU/E AL 12 5 000 m I IR 48006 o 52 55
24hF172hJ5, PEPT1.0ATP1B1.0AT1.0CT1.MDR1
I MRP2 ) 38 5, H Bl 5 s 8B [R] PR e e, AN [R) 20
A O PAL /L2 R UNG E C = E  Nk S

DL B ST 45 R o, IR N Ak s iR 1) AR
15 WU AR 41 2R 28 20 FIMIG 48 2 e I R A 0%, R A
MDR1.MRP2.PEPT1.0ATP1B1.0AT1.0OCT1 [ #i%
23 TE i, OATP2 Al BCRP (1R IA LW B 481k . a4l
21 MRP2.PEPT1.0ATP1B1.0AT1.0CT1 [ % ik &
Tt T MDRL R IE B3 F K. F 4141+ MDR1.
PEPT1.0AT1.0CT1 ik & % F+ 5, MRP2 [f] 3 ik Fifi
I 46 5% 2 1) (8] S T i 5 FEAIG, OATPLBL 1 3% IA Bl 1% 44
T i B (8] e P AR 5 TE I R Ak . RS T 2Lz
AR AR A4 D, 2 31245481,
3 miRNABE AR ISERFNGE B 1
31 mIRNABE AR BEE miRNA AT £ [ %
CYP450 ) 2 1K 1950, 7 1 B miRNA-122 (1) /] B JH
JE R CYPLA2 1A B 35 B, $2 75 miRNA-122 X}
CYP1A2 f fifi ¥ /E FiBY, Chen 2024 ik H 62 4~ 5
CYP1A2 #H XK miRNA, i3t —E 5 miRNA-132-5p 1]
S 1A S CYPLA2 R 15 .« Wei 25530 [ X3¢ ' 2% il 52
B S2 T miRNA-320 A] #2115 CYPLA2 i) i1 Sk Hi i
PEIRFE . Wei ZEBIT 105 A miRNA 7] 58 X CYP3A4
B mRNA A # s i #4F 1, IF0F 52 7 miRNA-1.
miRNA-577. miRNA-532-3p Il miRNA-627 1] & % [%
i CYP3A4 )R ik o« SCHRBSSHIE SE T miRNA-103 Al
miRNA-107 X} CYP2C8 B4 fi i i 1F H, 1 CYP2C9
F1CYP2C19 1) 3-UTRs 1 & I T miRNA K. % Jt £

Table 3 Changes in the activity and expression of drug transporters
at hypoxia. 1 : Increase; | : Decrease

Object Drug Effect Reference
transporter
Liver MDR1 Protein expression, —  [42,45,47,48]
mRNA expression, T
BCRP mRNA expression, — [42]
MRP2 1 [47,48]
OATP1B1  mRNA expression, — [42]
OATP1B1  mRNA expression, T [48]
PEPT1 mRNA expression, T [48]
OCT1 mRNA expression, T [48]
OAT1 mRNA expression, T [48]
Intestine  MDR1 1 [46]
MDR1 1 [47]
MDR1 mRNA expression, T [48]
MRP2 1 [47.48]
PEPT1 mRNA expression, T [48]
OATP1B1  mRNA expression, T [48]
OAT1 mRNA expression, T [48]
OCT1 mRNA expression, T [48]
Kidney MDR1 1 [47,48]
MRP2 1 [47,48]
PEPT1 mRNA expression, T [48]
OATP1B1  mRNA expression, T [48]
(hypoxia for 24 h);
— (hypoxia for 72 h)
OAT1 mRNA expression, T [48]
OCT1 mRNA expression, T [48]
Heart MDR1 | [45]

(miRNA response element, MRE), 3 ] miRNA-103
H1 miRNA-107 7] § 7£ % 5% 5 7K °F i #2 CYP2C9 Al
CYP2C19f)#i%k. It4h, miRNA-128 4% CYP2CI 1]
7%, miRNA-130b F1 miRNA-155 A ifi # CYP2C9 Fll
CYP2C19 3 AL, Li Z00F 58 1 i 4141+ CYP2D
AL HLH], & B miIRNA-101 A1 miRNA-128-2 fit 5
CYP2D6 3'-UTRs 44 £, M B& ik CYP2D6 7t fixi 41 21
H ) % . miIRNA X CYP2EL [A] £ B A 703 15 16
fJF 7306162 % B CYP2EL ) 3'-UTRs W — AN i 7 1
miRNA-378 MRE 4 7l 7o A1, % 1iE T miRNA-378
CYP2EL (W #E a1 /E H, [R] I 78 N R 41 2URE A o i %% 3]
miRNA-378 5 CYP2E1 () i A e o

AR UGTs 2 5 1 ¥ £ W IR 5 (AR
HHE5 MM R RN % P)AH R, Dluzen ZEE45%
UGT1AL 3-UTRs #H 17 AW 15 B2 0 M, KB miRNA-

P AR 56 E T X UGTLIAL Y G i 454 F
Al BE 5T 2% B miRNA-548d F1 miRNA-217 43 5 i 4%
UGTI1AL FI NAT2 [ F ik 65661

R 25 W0 AR B A1, miRNA -t 7] 8 45 P 51 40 5k 1)
FRUHEG . JHFIE miRNA-122 41 i #% CYPTAL Rl 43 it H
3 S AL WO 7 (GPXT) I 3515790, Jiz 4 41 miRNA-
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19b f1 4% CYPL9AL (R IA, 7k R4 g v ik 304
miRNA-125b fi % 2 3 B % 23 bt H Bk & BB (gluta-
thione synthetase, GSS) )35 14, H L5 miRNA-125b
REfg S8 ) F T GSS ZE A 7 5,
32 mMIRNAFEAYEIEA  miRNA £ 15 ABC
iV iria k. MDRL AH I 78 & B, miRNA-298 &
Z AN 2520 M &= v B AE A T MDRL i 3'-UTR, i
KA, miRNA-331-5p AT #E A /E T MDR1 mRNA
1) 3-UTR, T~ il MDR1 [J % 1AU4, He Bk T
miRNA-7. miRNA-19. miRNA-27a. miRNA-145 .
miRNA-200c. miRNA-354 . miRNA-451 %} MDR1 ] #
MR EH . mIRNA-660 5 MRP2 R iA B A — &M%
PE, H 38 (B0 A B R AR UE 508, ekl oo, F
miRNA-379 8] UL ¥ % 4= HepG2 41 Jitl, & Bl 1L 411
MRP2 {1321k J¢ MRP2 AN [A] — 2% 45 #4 i) mRNA i@ it &5
mMIRNA A BLAF 6 & R 8 R B P2 AR o), RS T
THZ A AR [ AE . Guo ZE08 B miRNA-495 |
W T 25 25 K BCRP 1) % 1A, 7E miRNA-495-UBE2C-
BCRP/ERCCLil % i | B E MM . Li S e
7 BCRP mRNA 3-UTR — /™1 ] miRNA-519c i i 7
A, FFAIE SN FLE 5 20 B 5 miRNA-519¢ F1 miRNA-
520h F il BCRP [k . Jiao 25081k BLfiit 24 4 i #k o
T 35 B miRNA-181a %8 [51/F FI T BCRP mRNA
(1 3-UTR, #t— 35 BCRP [{1235, 1004 40 ju i 25 B
% . Kong 256 58 7 BCRP fE 1 25+ (94> FHLk, K&
L miRNA-145 i BCRP (1] 314 .

MIRNA X SLC 2449 i 4 1) 1 715 /E F i 72 4520,
H A 1% % 31 miRNA-511. miRNA-206 . miRNA-613 1
W ¥ OATP1B1 1) # A8 miRNA-92b. miRNA-
193a-3p f1 i 45 PEPTL [ 3 1882840, miRNA X i
SLC Zj# % 12 PR i 1 15 4 R WARIE .

PL_E W 78 2% B, miRNA X TR AR T /il CYP450. 11
AHAR AT N 5 PR 2 53 AR 41 S . ABC R SLC % 25 W %
E R B FOREE . miIRNA PS5 259 s 14 1
50 & BAE A ABC 255512 1k, SLC W) ia kit
AR —BEs.
4 miRNAEE HIF-1 R LA R 5 EE T

HIF-1 4% 52 1k DL K 98 0 R 7 A 18 428 24 1 4R 1 g
A% 38 R AR 5% fl 3 TR, X 4 356 K] 18 4 1 72 5
25 AR B R4 18 PR R 1A (1) F ML, R miRNA Xf
HIF-1 4% 524k DA K 98 RE DR 7 1R o 32 4 2 52 mm 250 4R
RGN 2 AR 1) Dhe ) 3Rk

HIF-1 2 20 g B 2 sk | M EZL R 7, B3R
W2 A5 EA G R 5. HEAG T, AR
$24L. /5 (proline hydroxylase, PHD) 0%, HIF-1 4 2 (4

Mg K. ARES&E T, PHD & T #0iR & 456 43 HIF-1
FasE 70, #— % CYP2C11.CYP3A4 X MDR1 1]
Fak, miRNA-18a (1) R A E AR 218 T 35 FR AR,
FEEE [ 5 HIF-1 /8 mRNA kB0, 54k #F 72t K&
I miRNA-135b. miRNA-155. miRNA-199a 1 miRNA-
424 7T HIF-1 [ k0790,

H 52 A 2 VR 1 245 D AR U Tl R 2 3 A ) B S A SR A
T, FEAASL S X 524K (pregnane X receptor, PXR)
4H Rk M HE ¢ % fK (constitutive androstane receptor,
CAR) ik % 4k ¥ Iy A< 38 5 14 J00% 52 44 (peroxisome
proliferator-activated receptor, PPAR). #fF7ixEmiRNA-
140-3p A F 61| e 40 i 7R PXR f 3R 1KY, Rao 2921
Ft 7 miRNA-148a /15 M 6 IH VI BRUE 1 15 A
H, RIE T REE S PXRESHEES S T MRS
S . Takwi 2503 % I miRNA %} CAR [& k¢ B A 7 15
YEH, A1) & CAR 1] 1A 1 i miRNA-137 1) £ ik,
& RBLIA) R 1T o A B TR IR 52 T CAR AT it it
7 miRNA f] % i5 . Xiao 2500 % Fjl HaCaT 21 g
mMiRNA-203 1] i PPAR 315, W42 140 40 i 385 4=

MIRNA 7 98 JiE ) B R #5546 B 24/E F, SOk
T8 miRNA-29¢ 7] FH i #ORE K 1 /1 32-6 (1L-6) Fl &
IFEIR F-o (TNF-a) 2 1 AT mRNA & JE . Marques-
Rocha Z59 % Il miRNA-126. miRNA-132. miRNA-
146 miRNA-155 1 miRNA-221 #] i #% TNF-a. IL-1.
IL-6 AT IL-18 1k . H & P 7 3 (1) miRNA X
RE N T A AR, TNF-a.IL-15. 1L-6 ¥ 7] #f
miRNA-10a. miRNA-23b. miRNA-155, miRNA-522 24
Z A~ miRNA B F ) 2 1§50,

25 b, miRNAXT HIF-1 A% 2 4 L J0E R 13 A 4%
YEFH. miRNA-18a.miRNA-135b.miRNA-155.miRNA-
199a.miRNA-424 1 i HIF-1 [ %% . miRNA-140-3p
1 miRNA-148a T~ il PXR 13145, miRNA-137 7] T 1
CAR 31X, miRNA-203 4% PPAR [ % ik . IL-6 il
TNF-a [R5 15 5 miRNA-29c.miRNA-10a.miRNA-
23b. miRNA-155 F1 miRNA-522 45 5%, IL-15 [ 3% i 4
% 5 miRNA-10a.miRNA-23b. miRNA-155 1 miRNA-
522 %‘9‘%’ m‘ﬁ 4[18,51-60,62,64-68,70,72,74,76-81,83‘84,86-93,96,97,99] R
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Table 4 Modulation of miRNA on genes involved in drug metabolism
Gene Classification miRNA Reference

CYP1A2 Phase I enzyme miR-122, -132-5p, -320 [51-53]
CYP2C9 Phase I enzyme miR-103, -107, -128-3p, -130b, -155-5p [55-59]
CYP2C19 Phase I enzyme miR-103, -107, -130b, -155-5p [55,56,58,59]
CYP2D6 Phase I enzyme miR-101, -128-2 [60]
CYP2E1 Phase I enzyme miR-378 [62]
CYP3A4 Phase I enzyme miR-577, -1, -532-3p, -627 [54]
CYP7A1 Phase I enzyme miR-122 [67]
GPX7 Phase I enzyme miR-122 [68]
GSS Phase I enzyme miR-125b [70]
UGT1A1 Phase II enzyme miR-491-3p, -548d-5p [64,65]
NAT2 Phase II enzyme miR-217 [66]
MDR1 Drug transporter miR-7, -19, -27a, -145, -200c, -298, -331-5p, -354, -451 [18,72]
MRP2 Drug transporter miR-379 [74]
BCRP Drug transporter miR-495, -519c, -520h, -181a, -145 [76-79]
OATP1B1 Drug transporter miR-511, -206, -613 [80,81]
PEPT1 Drug transporter miR-92b, -193a-3p [83,84]
HIF-1 Hypoxia inducible factor-1 miR-18a, -135b, -155, -199a, -424 [86-90]
PXR Nuclear receptor miR-140-3p, -148a [91,92]
CAR Nuclear receptor miR-137 [93]
PPAR Nuclear receptor miR-203 [96]
IL-6 Inflammatory cytokines miR-29c, -10a, -23b, -155, -522 [97,99]
TNF-a Inflammatory cytokines miR-29c, -10a, -23b, -155, -522 [97,99]
IL-18 Inflammatory cytokines miR-10a, -23b, -155, -522 [99]
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Figure 1 A hypothetical network view on the interactions between miRNA and drug metabolizing enzymes and transporters under hypoxia.

The network contains miRNA and its target genes. In normoxia condition HIF is inactivated by prolyl hydroxylase enzymes (EGLN 1-3,

also known as PHD 1-3) using oxygen as a substrate. Once hydroxylated it binds to a protein called Von Hippel Lindau protein (VHL) for its

degradation by proteasome, whereas in hypoxia condition stabilization and nuclear translocation occur, leading to HIF pathway activation.

Homeostatic response to hypoxia is primarily mediated by HIF-1 that elicits transcriptional activity through recruitment of the CREB binding

protein (CBP)/p300 coactivator. Hepatic nuclear factor receptor 4 (HNF4) is interacting with HIF-1 complex, to potentiate further the coop-

erative effect. Inflammation activates the family of transcription factor called nuclear factor-kappa B (NF-xB). The 1«xB kinase (IKK) com-

plex is the signal integration hub for NF-xB activation. IKB: NF-«B inhibitory protein; RISC: RNA-induced silencing complex
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