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The regulation mechanism of the arsenical uptake

LEI Mengjin' LONG Yanmin' ** HU Ligang"* YIN Yongguang'?
LIU Guangliang' CAI Yong'?

(1. Hubei Key Laboratory of Environmental and Health Effects of Persistent Toxic Substances, School of Environment and
Health, Jianghan University, Wuhan, 430056, China; 2. State Key Laboratory of Environmental Chemistry and Ecotoxicology,

Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing, 100085, China)

Abstract The epidemiological results demonstrate that chronic exposure to inorganic arsenic is
closely associated with the malignant diseases of skin, bladder and lung cancer, however, the
molecular toxicity mechanism has not been clarified. The related studies mainly focus on the
interaction of arsenicals inside cells, while the transmembrane transport of arsenicals has been
overlooked. Some arsenicals can enter into cells by the transporters specific for the natural substrates
of phosphate, glucose and glycerol, because of their similar structure under the physiological
conditions. Furthermore, the transport pathway and efficiency are significantly dependent on the
arsenic species. Meanwhile, the toxic effects upon arsenic exposure vary a lot with different species.
Thus, it is speculated that the regulation of arsenical uptake plays an important role in the
toxicological/carcinogenic effects. Herein, we reviewed the transporters and their regulation signaling
in mammalian system for transmembrane transport of different arsenic species. And the uptake
efficiency, distribution, and resultant toxicity of arsenicals in terms of species has also been
summarized. In this term, the uptake regulation of arsenicals has been emphasized in the research of
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the toxicological/carcinogenic mechanism upon arsenic exposure. Nevertheless, several key steps in
the course of arsenic uptake, like the patterns for uptake initiation and regulation are scarcely studied,
which deserve further investigation in detail. This review provides new insights into the toxicity
mechanism for arsenic exposure.

Keywords  arsenical, toxicity/carcinogenesis mechanism, cellular uptake, transporter,

regulation signaling.
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Table 1 Names and structures of typical arsenicals

ARG BEM KA R
Typical arsenicals Names and structures
i ] I I
HO— As— OH HO— /|xs— CH, H,C—As— CH, H,C— As— CH,
OH OH oH CH,
R —F R LR = AR
(Ar senic acid) (Monomethylarsonic acid) (Dimethylarsinic acid) (Trimethylarsine oxide)
T iAsY MMAV DMAV TMAOY
Pentavalent arsenic S| S Sl
HO—/Ls— CH, H,C—As— CH, H3C—A|s—CH3
OH SH OH
— AR | R et Ll
(Monomethylmonothioarsonic acid) (Dimethyldithioarsinic acid) (Dimethylmonothioarsinic acid)
MMMTAV DMDTAV DMMTAV
OH OH OH
. As As As
= 7N PN
. =i . o on HO CH, H,C CH;
Trivalent arsenic
TERHER* — F B R R AR
(Arsenious acid) (Monomethylarsonous acid) (Dimethylarsinous acid)
iAsIl MMATL DMAT

E: R IE S BA ML A, HhiAs"B51 28— (Group DEUEY).

*The arsenicals exhibit similar toxicity. Among them, iAs™ has been classified as the “carcinogenic to humans” (Group 1).
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BRI S AAE B R — 2, GRS | BRI S B R A AL A5 0 TE D 1 R R AR AIE
OB 2070 WBE ), 52 M 9 09 28 AR A /OG5 55— T, A SCHRHR B 38 43 6 25 40 DMMTAY,
DMA"H MMA"MEE A | 2045 5 H g3 IR 5608 9, n] WL, Bt il 20 T A i 40 B AT 25/ B 1) 4
P ML L BRI ELAT T B MR (R, A SO AR ) B 25 A AT (R BRI | 38R )8
R TR AR ) N M sk R AT 9 285 SR A T U AN, R PR PR B A B R AR B A 2R AU E— E IS
MR, T iAsY 32 B B AR R E B R 5 iz 2B (1 NaPi-TIb HE A 40, 117 iAs" 1 MMA ™25 0 3= %51 52 /K
W IE R 1 AQPs A5 AL A 5 28R A % 8 458 D) 3 5 o AR AR AR 2 R K R R B R SR, A G I
P 0 05 S AN MO BA5E . onAk . PR TR Ak B TRIASE, A0 M ERE AR A4 R B KK | 23 18 0 A K BRSO
A7 AR — S0t AR SCHR IR T e 5 AN 2 8 SR e 0 T B, R R S EE A ML A g Bt TR Y
T A R0 SIS, RIS B A R AL RR i o8 1 N ARt T E R LA

1 WS YR BARKEREGE (Transporters of arsenicals and related regulation signaling)

AR R &R BA RS, A EBRMET, F 0 ib A Y45 SHEmAR | A5 25 0% A H Jh 45 K
SRICAIAE T, DRI PTAE F ORI P 5 38 8 Ao 240 R R A2 8% BTG, e B 55 Ak B 0 3 A AH DG ) 804K 32
AR BE IR AR s A K E T R L AR s B A LB S s R A D R R, BT
X AR 0 0 7 3 2 B LR T A MO A R L A, 3 AR A 0 A0 1A R = A — H AR B 45 b T KR
4 IMMA™(GS),] &5 B T A7 $ i 1 B-7K 53 Be 2R BORTAR -7K 43 Bid %2 410(0.04—0.13), #3 b Al iE i
] B BN, (AAH CRIF e 4/, T T 5 22 S0 I K0l < 7122,

1.1 LS P A SR
111 AN TEHLE GAsY) I EE A 2Rk

fift CAs) FBE (P) &2 50 L F 1 T, HA IR 5 AR 1 — 90 85 - o B0 #20k, fe A 3
pH (T, P& EZ UL SRR A — SR AR IR A T A, RSS2, B TR B A B A7 —
() 41224 e AR TIE B BRI e 1k R G, KB T S AT iAsY HEAH B RR th 2 1
%1, B NaPi- T a, NaPi- [ b, NaPi- ¢, PiT1 Fl PiT2. 7EiZ E ik &G d, W E/NE . K. A#Y NaPi-
b WA iAsY F P o HAHUE Y25 F 7, SR K, (643908 57 . 51, 9.7 pmol- L") YE figy - {7 i fifd
FIkRZA P, NG5 W IR Caco-2 41l 2 &% iAsY 24 h 1 48 h J5, NaPi- Il b f) mRNA .3 I 4 (NaPi-
b % NaPi- Ma & 2 £%) 29, #275% NaPi- 1 b 8 1] fg J& A A TCHLA 4 T 2515,

1.1.2 =M IEHLEGAs"™) B Az ik

HRTEMZL s © %8 13 Fhokis 1 & 11 (AQPs ), Hii AQP3, AQP7. AQP9 F11 AQP10 #% 14
SR 7K H Y T AR L BRIK A3 A6, e AT AT B AR B e as T L R ER S /N o Y. A2 B pH (H
T, iAs" EZ DA E A thPE As(OH); 43 FIEAFTER, Bk, 38 E T i AQPs -S4 21 L 4% A
TEARMTE F2 340k & b, AU /K H i i 2 11 AQP3(hAQP3) . hAQP7 Fll hAQP9 Xif iAs" 41835 3 2 4%
BRI SrF 19 2 45 . 5 A5 25 F500 3k, 26 N R4k Z0vk (i HL-60 400 A8 B 6 1 1 10
K562 4 it AT Stk T 98k B 40 A 11 0995 Jurkat 20 B A 10 AR 28 11 10995 F0 9K B 3R 1 10905 40 i v % 30,
AQP9 ik 5 iAs™iF T 00 40 M B 1 52 E AR e, Hodb Jurkat AT HL-60 41 HF AQP9 /i) mRNA F14E
IKFARXT AR, [R] B A i A2 PR R Y. XY AQP9 % YL 3] A" N BUB Y K562 i it Al A JITF9E Hep3B 4l it
HE, 1As"F S Y 40 i E 4 BG5BT, R AQPY #1145 1AS" 4R A MM S YA 5. 75 AQPT I
AQP9 K FILHARZR T, AQP3 TE/ T iAs"HE AL /20 2% rp J 4% S B4R . i an A\ s e i BJ-1 4 f A0
N B R g A431 4B R 3235 AQPT A AQPY, 1H A431 41 i & 35 6 15 AQP3, & iAs"AH [F] 5% 14 7% 75
T, XF A431 G A R R DL R 4 R R B, AQP3. AQP7 Fl AQPY S /Kl i B (1 Rl 1E N
IAS" 638 3R, R HEAS IR R X = A TCHLAH 58 ACS), 35 i () SRR AR

Bk AQPs 5k, A LI & 5% iz 8 1 (OATPs) U g 4k 1 5 TCHLA (19 7% 12 47 5¢. OATPs J& SLCO [
2R B (1R % JoR 28 MAOHB 7 15 (SLC) JL B B9, AR IN B L BRI OATPs A 11 Fh, EZ TN AMBUE % 5 il
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ZLER . RIFIIRE . B 25955 0B, Fas B o v BE RS B i g shis ™. A X T OATPs 25
T 56 38 f0) I T8 AH G 420, WF 9% 45 SR 3 7% OATPIBI1 A1 OATP2BI A g 76 fifi 1T £% 1k F2 v A, Hep
OATPIB1 FZ 5 iAs"Hl iAsY %247 CP, i OATP2B1 W25 iAs" iy iz ™),

) %9 Bl % 12 /R (GLUTSs) o 8% 4 18 5 = 4 JCHLA A9 $8 A AH PO GLUTS J2& SLC24 FE A 4 i 11
SLC FKIEML 5L, EE M TSGR A 22U R s A . & &k B A2 GLUTSs WY
LA 14 5, B HMIT/SLC2A13 Ak, ¥ R 42 ik 1 % 42 2044, T A 5:98 35 9 0k J38 66 B2 A M2 B7. GLUT1
GLUT2 Ml GLUTS iX 3 #3F # S5 ik & 90 0 2 W8 AHH G, Hih GLUT2 I GLUTS 5 =4 TCALAf (155
A A" ] 5 S Caco-2 40 il 1 9 GLUT2 Hl GLUTS $23k b, MU ER GLUTS K& K Al {410 i 4% A
A" [ RSRE AR LY 2.5 A5,

1.1.3 =M a WLa A AR A

A E R W~ AQP9 X — A A AILAH Y H5 A S H AR . 7R ERIP AL AR R b, i FL s W R
AQP9 Xf = Hr A5 HLEH MMA" B 32 508 T-2 1As" 1Y 3 £50%. 7535 hAQP9 (3 FE Vi JTCHE I RF 41 g v,
AQPs #I57 Hg> Al Al i #0 #1 1As"F1 MMA"JETF AQP9 A/ AR,

GLUTs W #% 4238 5 = 4 A LA G B AR 5190 78 75 e 36 35 KR GLUT1(+GLUT1) 1 B 5 15
iAs" B 7 BB AT BT BN 1.7 4%, KB rGLUT1 X MMA" (%412 7K L 1As" 25 40 /%, Heas 2k
75N AR, rtGLUTL 3 MMA" (K, = 1.2 mmol-L™) i35 Al 1 55 H KSR JFE ) 75 454 (K, = 3 mmol- L)
FRARL, HLPI# 3T GLUT1 BY5%ia R AR S 4 P R 9 RRAE, 3278 MMARIH T 5 4 2 B[R] 199
U 25 G 1 BRUG 32 AR AR A N TOE B B 41 i 32 34 4R R P, rGLUT X MMA" (1) %32 7K SF- 2 S NI
GLUT1(hGLUT1) 4 4 1%, Ut IR AR AT GLUT1 X T MMA 4458 308 22 R K.

1.1.4  HMA VLA A

7K I & AQPs L A %1z AL AT HLARC, JE I TCHE B R4 g %2 35 hAQP9 J&, XF MMAY A1 DMAY
ST A AL FE B pH RIS (1445 A4T K. pH (B TE 5.5—7.5 JEFI N, MMAY #l DMAY (120 i 5 A 850%
B pH {EL T = 10 B, EAN, AQP9 i AT 415 MMAY A1 DMAY [ 4 I HE H B B /i 5 T F AN s A C b 458
RURIE 25 AR ARG AR D, W5 B B4 N B AR 2 70 ot N T 1

THERE A AR ) A DG A 5 32 B3 2 % 48R [R) SRk R R P i ik & WA 5 R R B R 2R (1 3R 3R 1 AR
I FR, DT AN [ A T2 285 ) 48 A 2 A I AR AR 7 3 AR, [T, DA it b B 1 3 ok Ak i 4
FRAREE K AT ATEAR KARBE b o028 /A S S IR ARCR | HURARALTA.

1.2 AR

90 0 XS 114 0 A AR T 8 o R e AR AR R Tk e R 17 OO R A A ok S B, IR A
% T BEPG S HETH | A AR T LA SR L RE T A A L R AR R A BB R R R AR
.

1.2.1 AQPs ¥ H MM

AQP3 [z 4y A TR ME ., Rk HREERE, B, B . B, PPIRGER" SR8 B A4 . AQPT W) F: BLAFAE
T WEA A5 22T (WAT) . KEV/N B WAT FiEE @IS 221 (BAT) FP 1 AQPY [ 38 ik k=,
FEFEYFP 22 52, K B AQPY =5 %243 A7 78 AN FNS2 AL 8] 5 40 i 9, A2 AQPY 7776 T A1 JE] IfiL 14 240 fifd
DA R 240 5 A A A A R RE T, AQPO TEH A Zh W By I IE L B2 L R RS E TP A
FIRET,

HAZAEY) ELE A DIT 3 R AQPs ¥4 is. 54—, 7E mRNA FIE /K PR AQPs 3R
K. AR B A KR T (BGF) 38 # B A 2R 4 o AQP3 1 i %3k A IR 2 [H 719, Fe 45 EL i Ja w7, B
LS R S RS B, EGF X AQP3 1Y 1 1175 5 522 B0 s 1sf (i) AN 551 i A58 A R AIE . B EGF 41, e
PR AT 3 2 OE AOP3 FE R ) i e E R G4 (ERE) L3 AQP3 (1) mRNA 7K -0 55—,
i I AE AQPs K G2 Bl 14540 T LA R s L M. B0 ME A AN ) AQPs A AH SEHRIE K IH, AQPs 1]
DL3E 2o 13 AL HEA T 3 My, A 5 b 2 B0 AT T sOC P B [RPIR 2, 40 g S /G 38 2 11 s 1R
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6. pH Fl Ca> T 145 73 FHILHI Y, LA S Rk /G 18 2 L Aqy 1 LA BUER B 25 187 ] SE BN AQPs /i
PG a . 5 =, B IR AQPs H5 35 -t A A IS ) ) 1 B2, 4R AQPs 1A T AJALRE L A 2
G AR AZ /4 (GPCRs) # sl ¥ an ' I IR 2R A2 1K (o-AR) #8715 1 iR 28 nl (i 2 (3 C(PKC) B
iz ik, M3 N Caco-2 454 H AQP3 AR 5 i, 4% AQP3 W% iz . GPCR [ T Ui#(5 i % 73+
WRR T PR IME R (AC) . FRBEFR IR T (cAMP) | 3t S AL Y A 185 58 0 06 32 AR (PPAR-y ) | Wl 1R B 17 IR 0
b8 P (AMPK) | 22 24 R -7 24 TR 85 11 P ( AkY/PKB) 45 AT DL 15 AQPs 1Y i = B, il 4nifs =
AQP3 Fil AQP7 7£ A I ¥ HuH7 41 ff v I 8 3 3K %), I 45 AQPs ) At 7 ¥% iz . 5 R b AMPK FI
Akt/PKB 534 o] 1 il A FEE 40 98 HepG2 41 e H 1) AQP9 FE PRI 2 385, A L, GPCR W] 3 o 8 4% T i
155 10 A5 AQPs $%512 55 [ 1Y 218 K e (O RAS, 4878 B8 T BE 2 ad T 4 2B o1

1.2.2  GLUTs ¥z 8 I #

N GLUTs — it H 500 224~ 2 36 R 5% JE 4 A, HLag 12 /B R, 1 /> B — 1) N-3% M Ak or
ST SRR A K ) F e 4 TR 8, B Y N R C S T A SR B AR S S R 3. 11 Rl GLUTS 7 Al
YIfeS 5 Az, Kb, GLUT1 78/ . B IR 8L — o ik, 27 5T R T2 ; GLUT2 0 A
FERF RS . . B IAFA Y, SoUT A A . R FLRE . OB HEE Y 2 ; GLUTS W = 22 4% 52 Lk,
Gy AR AE /N R HEET.

5 AQPs /- iz i JS L, GLUTSs [ 4 5% iz ] 3 2 7 717 DNA F 55 3¢ 18wl H AR 3= R A 4%
GLUT! 7E55 5% /K- 152 3 Z2 FhbL ] A I 4 , (50 an 2% S DR 7B 45 440 0 e 5 98 3L P (e-Moye) A ) 1 5 764
HE L PR (SIXT) i) B HE G S T GLUTI AHOCHEPRST 89 AT A 28 440 i i) W e i B2 L4, GLUTL %iz
B F A FEE LI W] 32 5 GPCRs A2 4K i 22 IR Tt (RTK s ) 45 532 A RH OC 147 538 1%, ANl g Tk
JUL s 3-38 i ( PI3K) /35 WA 25 25 #7511 ( mTOR) /Akt, cAMP, AMPK 25 () 3 455 B9 - %1 3 43 RTKs 40
EGFR flJik 2 K 32 /R (IR) 1] 2 5 GLUT!1 5 =F J& A4 8 #3500 78 EGFR 2878 1% fi i o 4t B o, 100 i
PI3K/mTOR i fi, 11T 4% ATROHE e foe ARIT SO B8 2 Ak 442 1) et 1O 1350 7 2 M -6 T2 A1 -l 2 0 A0 1R 1) 7K
FELAS GLUT! [ 24 Jfd JEE % 58 FRSEE 517, PIBK. S T U7 = B 48 1 Akt X815 GLUT1 648 . 3Rk K
WP E L ERRE A, A2 3(IL-3) AT G PI3K 417 GLUTI 2 (A % % 2 40 it i 35 1,
Akt [ 35 Ak ) 0] ST 42 BE GLUTL B9 A6 28 22 36 P, 40 GLUT1 Y AL ©0. Bt 4h, TR /9 38 3% o7 i 1F
AMPK FI Akt 75 5 S04 2 1 BAE R 1 (TXNIP) B9 8§21k, 9 GLUTI B9 mRNA 3Rk, [A] B 2 45
4 GLUTI, % i GLUTI1 B4 5 5 437, £ J7 A2 #F GLUTIL (94 538 5 . [ RTKs Z 4b, #64> A2
GPCR ki A lig 421 1 By B LR ZEREZ AR (B5-AR) Rl a3 I 15 F 715 540 F cAMP TE K, %
GLUT1 % 564 5, DT 34 IR 244 43 0 4802,

123 HALBA B 7o is & A i s

SLC ZIGHE s e M (A, ol A A R B KM R NG T /N 70T 30 57 28 2o 40 it o B 5 1 i85 i iz
i, Forb, A AL B 25 ) 558 B 11 OATPs e8P . ANIE M 245 1 Jr I e 38 224 A Y. ABC 8 &%
(ABC) 8, SLC M Z I %t 245 4 i i 1 Dy fig 2 B - o B 4R 3 1 1y R . B 1 REAE A B 19 7 i
BMAD, iz M0 23 32 BB 5 B 0 52 M, DT (58 288 1A 28 11 18 e A7 R 1 e A R 1), LA Y 3%
B, A4 S A9 OATPIB1 Al OATP1B3 FiAZ 4% N1 1o(HNF-1a) 72 4. 7 A HCCLM3
Y fifarh, OATP1B3 F kK FFEAK, OATPIBI () mRNA FikIEH , (L 1K T A FRAK. 7628 Rk i 20
Jifi A% K ¥ 3(HNE-3B) ity HCCLM3 40 ifl 7, OATP1B3 %% 5 63532 23l , (H A0 OATPIBI # 5t %
ik, Ui B HNF-3B 0] 78 HCCLM3 Ff & £ 14 4 #2 OATPIB3 (1) % 15 . 1t 4b, OATP2BI (¥ I RE if %
GPCR T {5 518 i PKC A S8, #15 PKC ¥ 520 OATP2B1 B iR fL 3% Jin, I %X OATP2B1 1
iz Re 71,

Zr b, AR AT A | A4k JR T AR AR O IE BOR R T B R AR 4N AQPs, GLUT Hl OATPs 3£
RE ) 7, ELARME B EE N 2.
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K2 LSRR BIARS SBRAE R BRI

Table 2 Transporters of typical arsenicals and related regulation signaling

BRI S LA TR LGP AR e R AT
Transporter category and name Arsenic species Regulation signaling Regulation fashion
MRt s A NaPi-lb AV

EGF¥ %1 EREPF”, AC. cAMP, . .
N mRNA ., 1%k

AQP3 iAgl03032] PPAR-y. AMPK, Akt/PKBP!
PKCP 272
AQPs AC. cAMP, PPAR-y
H 111[30] N N . N ‘j:
AQP7 iAs AMPK . Akt/PKBI* mRNAZ L
iASHI[30.31.33]\ MMAm[zx—JO] . N
AQP9 MMA®. DMAY AMPK , Akt/PKBE mRNA ik
R Fo-Myc, SIX1B) mRNAZA
GLUT GLUTI MMATE PI3K/mTOR/Ak(™, cAMP, mRNA , 2 [1 &A1
s AMPK, Akt &G
GLUT2, GLUTS iAshe
. . RNA# A,
OATP1BI iAs" | iAs'E HNF-10/*, HNF-3p( mﬁ 3 %fg
OATPs
OATP2BI iAs"E PKC™ B

SR, Aif 0 T A AR 4 1 DO AT R WL AR E, FLATR P A i AN TR . A, A A TR A e A o
(O A B BB, AN R A 25 RO RE 705 S 1 07 3, R AR 2 R0 T iR B AT O B I 4
WA Rt — L R G (K 1).

BN AERRE
The pathway of uptake regulation

iAST MMAT

iAsT MMAT,
MMAY DMAV

-
~~~~~~~~~

N o
0z, o
Crs o 5 >
PI3K,PPAR-y,Akt... iAsTiAsY
217
U Pwke initial egu 7a ’1’01’1) signaling \3(0‘6\\\@

AT -
n
Target molecule RUL

iAsV

1 e S P a A AL

Fig.1 The regulation mechanism of arsenical uptake

2 TS YRIBEA .. D53 (The uptake, distribution and toxicity of arsenicals)

LA PIRSEA o3 AT S BEPERON B 8 2 B SO M. 72 B S, IAS" B0 R A
B e ERKIIES, N EAY I iAsY . MMAY #l DMAY (43 8 38T = Mtk & 49 1 iAs™
MMA "1 DMA" . T4 G A A HLER P, FA— B — AU R (MMMTAY) 5 iAsY #L, — 5 6
fUAfR (DMDTAY) 5 DMAY AU, 78 H AR A 4 g #4101, DMMTAY 5 iAs", DMA"AM, 52
F 5T P R i I A R A i SR A 0, R G 25 B T RE R 1, BRI, P R B R,
2.1 BEEWIRITEARSEA | o3 Rk

T FR A PR A R0 e o B O T B Ak 27 B 25 S S 3 W A S TR sk iAs ™ i 2 URE AN TR], R
B 7N B R B B A5 X i 78 SR ARG A . /N BRUA 2 2 R AR B A e 5 R A R R, A R 18 1
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LU R ik, X 5 5 R 0 A SR 2 B A — 20 JEHLE iAsY A 1AM £ 38 i g il i, i i RV
PR U N DR AsY 2R ER 24 h 5, L B iAsY IR e Y, A A P IE K H MMAT
MMA", DMA", DMAY ZE L 25, fe 2 32 L) DMAY 2 JRGHE AR SN 48 MRk 2258 [PAs] R £
9dJm, LA IERIE AL, AN BUFIE SR T TMAOY JE A, i FAFIE N & & B 3L AHA SR
H B 2 2 (SAM) | Tt I L5 75 il ( AS3MT) 2 F1 2 B A Ak ik S il , TCHILAR AT 78 JFE N & A — R 51 g
AU TR, I A0 A A R 2517, 45 JFE A %) 32 AR . K BRI R 28 7 Dk 7 S DMMTAY Al
DMDTA" J&7, DMMTA" 5 DMA"BIFMb & 1) o0 A RR RS, 32 280 B IR L4, JF K BT B
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