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Abstract: The function of the central nervous system was significantly altered under high-altitude hypoxia,
and these changes lead to central nervous system disease and affected the metabolism of drugs in vivo. The blood-
brain barrier is essential for maintaining central nervous system stability and plays a key role in the regulation of
drug metabolism, and barrier structure and dysfunction affect drug transport to the brain. Changes in the structure
and function of the blood-brain barrier and the transport of drugs across the blood-brain barrier under high-altitude
hypoxia are regulated by changes in brain microvascular endothelial cells, astrocytes and pericytes, and are
regulated by drug metabolism factors such as drug transporters and drug metabolizing enzymes. This article
reviews the effects of high-altitude hypoxia on the structure and function of the blood-brain barrier and the effects
of changes in the blood-brain barrier on drug metabolism. We investigate the regulatory effects and underlying
mechanisms of the blood-brain barrier and related pathways such as transcription factors, inflammatory factors and
nuclear receptors on drug transport under high-altitude hypoxia.
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Figure 1 Schematic representation of molecules of the blood-brain barrier. The properties of the blood-brain barrier are determined prima-

rily by endothelial cells, astrocytes and pericytes, both the endothelial cells and the pericytes are enclosed by, the local basement membrane

which forms a distinct perivascular extracellular matrix. Endothelial cells are the core of the neurovascular units and their physical, transport

and metabolic properties play an important role in maintaining the proper structure and function of the blood-brain barrier. The presence of

tight junctions at the edges of endothelial cells, in which proteins such as ZO-1/-2/-3, claudins-5, occludin and cadherin create a virtually

impermeable physical barrier, and drug transporters and drug metabolizing enzymes in endothelial cells act as transport and metabolic barriers

at the blood-brain barrier, limiting or facilitating the penetration of various substances into the central nervous system. ZO-1/-2/-3: Zonula

occludens-1/-2/-3
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Figure 2 Transport mechanism across the blood-brain barrier. The transport mechanism of the blood-brain barrier is divided into passive

diffusion and active transport. Passive diffusion is the main way in which O,, CO, and specific lipid-soluble, small molecular weight

substances (< 400-500 Da) across the blood-brain barrier. Active transport includes the active efflux of ABC transporters promotes the excre-

tion of toxic metabolites and xenobiotics. SLC transporters facilitate the uptake of specific substrates, such as carbohydrate, glucose and

amino acid transport, and the binding of Mfsd2a to liposomes to facilitate the transport of drugs across the blood-brain barrier. ABC: ATP-

binding cassette; SLC: Solute carrier; Mfsd2a: Major facilitator superfamily domain-containing protein 2a
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Table 1

Effect of common central nervous system diseases on blood-brain barrier and drug transporters and associated drug metabolizing

enzymes. ZO-1: Zonula occludens-1; P-gp: P-glycoprotein; BCRP: Breast cancer resistance protein; MRP: Multidrug resistance-associated

protein; Mfsd2a: Major facilitator superfamily domain-containing protein 2a; OATP: Organic anion-transporting polypeptide; CYP: Cyto-

chrome P. Protein expression, 1 : Increase; | : Decrease

Disease Blood-brain barrier Drug transporter Drug metabolizing enzyme Ref.
Multiple sclerosis Tight junctions related protein P-gp, | CYP2B6 [13-16]
expression changed BCRP, | CYP2C9
MRPI, | CYP27B1
CYP2R1
Traumatic brain injury Claudin-5, | P-gp, | CYPIBI [17-21]
Caveolin-1, 1 Mfsd2a CYP1A21
(possible), | CYP2BI
CYP2D1
CYP3A2
Parkinson's disease ZO0-1, | P-gp, | CYP2D6 [22-27]
Occludin, | MRP2, 1 CYP2C19
CYP2B6
CYP1A2
Alzheimer's disease Tight junctions abnormal P-gp, | CYP3A [17,28-33]
MRPI, | CYP2D6
BCRP, 1
MRP4, 1
OATP2BI, |
Mfsd2a
(possible), |
Epilepsy Tight junctions related protein P-gp, 1 CYP3A4 [16, 17, 34-37]
expression changed BCRP, 1 CYP3AS
MRPI, 1 CYP2B6
MRP2, 1 CYP2D6
Stroke Claudin-5, | P-gp, T CYP2C19 [34, 38-43]
z0-1, | MRP4, 1
Caveolin-1, 1 BCRP, 1
MRP1, |
OATP1A2, T
Mfsd2a
(possible), |
Brain tumor Z0-1, | P-gp, 1 CYP46A1 [17, 44-47]
Claudin-5, | BCRP, 1 CYPIBI
Mfsd2a CYP3A4

(possible), |
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Figure 3 Changes of the structural and functional of blood-brain barrier under hypoxia. Under the condition of high-altitude hypoxia, Ca

2+

influx, ATP content decreased, NO release increased, the expression of the tight junction proteins ZO-1 and claudin-5 was decreased in endo-

thelial cells. The expression of IL-1f, TNF-a, MCP-1, VEGF increased, and the activity of MMP increased in astrocytes. Secretion cyto-
kines of VEGF, Ang, TGF-f, EPO in pericytes. IL-1£: Interleukin-18; TNF-a: Tumor necrosis factor-a; MCP-1: Monocyte chemotactic pro-

tein-1; VEGF: Vascular endothelial growth factor; MMP: Matrix metalloproteinase; Ang: Angiopoietin; TGF- f: Transforming growth

factor-f; EPO: Erythropoietin
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Table 2 Changes in the blood-brain barrier and drug transporters and drug metabolizing enzymes under hypoxia. OAT: Organic anion

transporters; OCT: Organic cation transporter; GLUT1: Glucose transporter 1; UGT: UDP-glucuronosyl transferase; GST: Glutathione S-

transferase. Protein expression, 1 : Increase; | : Decrease

Blood-brain barrier Drug transporter Drug metabolizing enzyme Ref.

ZO-1, | Mfsd2a (possible), | CYPIAL, | [49-51]
Claudin-5, | P-gp, 1 CYPIBI, | [66, 69-71, 73, 74]
Occludin, | BCRP, | cypr2Cit, 1 [79-81, 84, 85]
Caveolin-1, — MRP-1, 1 CYP46A1, 1
Increased permeability OATP1A4, 1 UGTI1A1, —

OAT, — GST, 1

OCT, —

GLUTI, T
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Fiki B¢ 55 Hp A7 7 K 5 25 0 ARG, R B 20 R Tt AT
RS 5 U8 4 I B e 25 AR TR 1 3R 0L . Han 550K
I Mfsd2a J& Rl i 5 /) BREL A o P I i o o % 1z .,
H TGF-g I bFGF ik & & £ 4k, 3w i i BE [ o
Mfsd2a 2% 1% 5% TGF-S F1 bFGF 15 5 3 % (1) By 7] 1 4% .
A 95 2 B, (K488 TGF-B F1 bFGF %3k T &P, (B
& 75 25l it TGF-B fll bEGF & ik Tt 5 S B Mfsd2a /K 1
S, BN E o5 i A 5 R S T, R 259
IR T it — S TR IR

323 B AR EEAYEER 2 is
A ) B B R, B FE A b X 32 AR (pregnane X
receptor, PXR) 120 ki 2 1 4t 52 /& (constitutive andro-
stane receptor, CAR) %5 . Ifil o 5 [ =F PXR A1 CAR #% ¥
% YR RO AR A 5 O, TR YR Ui 2 AR 1
FiL 5%, W CYPIAL.CYP2B6.CYP2D6.CYP3A4
FICYP2E1 26", R4 2 3 P& K PXR FIl CAR R i,
BF 58 BV S 388 o o fi o 65 38325 2 51 R PRI 5 R
N i i BR 1k A1 K% K] T «B (nuclear factor-kappa B,
NF-«B) 0 o 15 1M fixi 57 5 PXR F1 CAR [ 3R 1A, 1
NF-«B BL# 5] 422 1 15 25 ) AR Bl 2 s[RI, I
i bt B 1 PXR A CAR .2 5 P-gp Fl BCRP %5 24 ¥ 5%
BRI R LR, i AR DL R R R
B, A% S8 PR 5% AT g 38 Ik 1 i Ao B R E O 1 A S
NF-«B {5 5 1l B ) ] B A% 2 AR I R IA, I 5 241
AR5 Bl R0 24 0 % s M AH ELAE R T 2 9 s i ik g 5%
iz,

3.24 miRNA miRNA 2 55 N 90 A4k, Ik
I Y B 41 i R A 166 Ff miRNA, JL # miR-34a.
miR-99b.miR-20b Al miR-337-3p 7E N ¢ 41 g v % ik &
vy, ELAE IR BE R Y T R R T AR Ok 1 B B P AE
FHU, Bukeirat 251 Bl miR-34a 22 filt & 100 i Bt i
IhReRERg, kb 2 R E AL BERR AL, PR (e R C K
-, SN IRV T S I 12 AR AL, R W miR-34a i@ it
R 2 0L S B 375 1 N 2R R AR T, R M R AR A 4 R
G ieis . Wang S5O ST 2 B G R o s S ASE I G
J5# B miR-337-3p 7KVt i, K BB F Ik 45 T 0 =42 1
f miR-337 $ 55, L AT 5 1 v 57 Beig i, 51K miR-
337-3p T~ A ek sl L R A 51 D PR P 453 45 R 2 T
B . AU @ 4L 78 5 7R Caco-2 41 g 1 miRNA-873-
Sp A FAREIA B X MDR1 A1 PXR £k, KIE T4
AR, 3 RS IA 52 miRNA 4% 25156 38 7R fn

W% AR IR MR DL R, R SR A SR A B A
% miRNA J& 15 2 5 25 1) 3 R 52 7k 38 T 42,
S 245 1) 5 I 57 B 5 32 08 75 3k — 2B 0T 7 6, B
S PR 5 v I i 5 B miRNA A28 1k J2 2 5 25 4Rt
] (R Bk 3R A EE B 2 I R A 28 3R 05 T T A s o
3.2.5 FAEEEE W RS R 2R N AR AL
MEERE, RS RBEREES S SRR -2
BT BB L e AL SR REG L LIE 3R
R PR B R S, 1 L84 20 35 P 43 1 R JORE IR 7 3 3ok i
HEN LN B B, 2 5 i i 48 & G0 25 AR AR,
Li 2510 i B AR 1 A T T8 1 /0 B 5% T M %
A A, i B I PR A . Welcome!"'V R B
T A T 2R LA AR T AT T 5 B0 B A0 ik B R RN SR
DRl 7= 2 3t i B B i, S0 i 42 R 4, 5l i
¥ b T fie 35 LN I i B % Th BE RS, 51 R HH AR AR 4 R
B8 R IER L. Yang MR R MR AE L FE S G Y
G3F-, 10 0 P e B AR S sk, {8 1 A R LA R AR R
GLIh Rl S, 2 W R i il 55RT RRCA R ) L G JF 5 e s
PAJE PR ) 5 ) B . AL T R B R AR R
i v JELBE T 6] B 2 R R LA T A R BRI T 4
R Tl AN 24 B 3 A 3, e 2 AR Lk
W on, MiE W R LA EE RS S5 H
HX P08 22 G0 11 5 S DR 2, A1 B0 B 5% R 10 A A
2L AT 30 3 A g il 3 A T 4 5 i R 5 485 A
Thae ARk, 25 29 ARG A 25 ) 12 A 1 YT, e o
WA E RF LIS .

o JER A SR PR A i i 5 i 4 ) AN T R AR A
JE I A SR PR L JORE TR B% 2 AR - miRNA Fi g 18 1A B
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B Ak, 5 % I 106 57 (5% 25 A6 RN Th RE B, 25905 12 1R 24
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KT SR, 18 o R PR RN o i o 5 1, B 259
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Figure 4 A hypothetical network view on the regulation of blood-brain barrier and drug transport in the central nervous system under

hypoxia. The network contains of the five regulatory mechanisms of drug transport across the blood-brain barrier under high-altitude
hypoxia. @ The high-altitude hypoxic environment activates transcription factors and inflammatory factors, rearrangement and phosphoryla-
tion of tight junction-associated proteins, inducing structural and functional disorders of the blood-brain barrier, and changes in the function
and expression of drug transporters and drug metabolizing enzymes. @ Hypoxia causes imbalance of Mfsd2a levels, increases endocytosis
and blood-brain barrier permeability, alters the function and expression of drug transporters and drug metabolizing enzymes, and affects
drug metabolism. 3 High-altitude hypoxic increases blood-brain barrier permeability and induces NF-xB signaling pathway, regulates
nuclear receptor expression, transcriptional regulation of drug transporters and drug metabolizing enzymes, and affects drug transport. @
High-altitude hypoxic up or down-regulates critical miRNA expression in the blood-brain barrier, and involved in drug transporter or nuclear
receptor regulation, resulting in changes of drug transport across the barrier. ) Characteristic microbiota disorders cause intestinal epithelial
cells to transmit signals to the central nervous system via the enteric nervous system under high-altitude hypoxia, it leads to brain-gut axis
and barrier dysfunction, indirectly involved in the regulation of drug metabolizing enzymes and drug transporters, affecting central nervous
system drug transport. HIF-1a: Hypoxia inducible factor-1a; ARNT: Aryl hydrocarbon receptor nuclear translocator; HRE: Hypoxia respon-
sive element; PKC: Protein kinase C; bFGF: Basic fibroblast growth factor; NF-xB: Nuclear factor-kappa B; PXR: Pregnane X receptor;
CAR: Constitutive androstane receptor; miRNA: microRNA
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