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Fig. 1 The World Health Organization ( WHO ) three-step analgesic ladder for managing cancer pain in adults "’
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Fig.2 Schematic diagram of VGSC and TTX binding sites
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B (1~6) ZHAY, XuE R Bl oM AN N BRI R . TTXISS G (7m0 T4 88 7380 PN B AR SF I AL IX B (P-loop) , TTX 5 P-loop

(4MEEDD; NDEKA) ik sftid i dsst &, EEDDITSIFIDEKAJTFI50 i e mereiifos, MaEsck [13] B, &8 THmiidlss
4% (CCBY) ¥7] (http://creativecommons.org/licenses/by/3.0/) 5K &% B FF LRI
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Navl.9 TTX-R SMEG R G P P SO PR 4




2023; 50 (7)

KEE, & AHEE——MNEFEREEEREENNEY

+1587-

TE X BB Al 1l 1A R, R R
(Nociceptor) FEi#ikANavl.7 (ESeRIAT IR H
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WA B B[R B) Navl.7 38 16 7E 175 29
LRIk, A NN . AR . FLAR
FEANML . AN MG, 8T ] Nav1.7 38 38 ] DL

— ALV Ik RO AR M T 1 2

A WFITIEN , REBR Navl.7 2 H B ™ & AY %
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Fig. 3 Interaction between TTX and Nav1.7 channel
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W5 TIEMmEER . BN, —BOT AU
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AT MRS B T A ST TR R T
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Table 2 Contribution of Nav1l.7, Navl.8, Navl.9 to action potentials
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TTX 4 . REEN FHAESY, S EZR = A1E,
FFRTTXIRYY IR APAWFIE, i, bus.
PR . ORRIR . RS RO RTIERRLOT Y, S ERE
b IR IF S T S0, SRR 25t 2 i
PRTHS, A SR NYZYO1, JFE TTX

B A2 T IR IS, WD 45 SR B P R BRUR K
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ZE LT, KERFEE TTX GBS A 20 BH KT
VGSCs 1 9AMERIR) 64>, JEIRIT 2R A 1IE
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2 TTXBTFEEERENIREHR

A28 BE R 2 W) T R S A 5 T
VGSCs WUFRFEBRAR, BIINTTX, pFIREGR. A
PriG R R M) o X S EE R R IR 5| T R
PRV e BE 25, B TR R I TTX AH &I AR
WA RN, HARIRY TR 2 H e PR ) T 1Y)
ARk, dit—2 BoR H TTX R I R A B K
Wi
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A TTX TEFRAE 5 S IR A1 R T A2 g %
R, 2015 0 —I R RAFFE R, B o
TTX 23 I 25 el i PR R 485 B M Ak 7 25 4 S v 4
SR PR 2R Y KB A2 R Dk S B VD )
FJE S5 4 KA 15 RFI R ZU NIRRT &
B 45 min 3 H0 B — UG8 8 0.03, 0.1, 0.3 8
1.0 g20 LI TTX M R, 554K, 4570.1g20L
Sl R R TTX, KRR 1 LA 4
(RS S5 BTN, 7E e R i 1.0 /20 LA 34 m s SR fc
Ko T4 15 KA, 1.0 g/20 L F & 4k2k i E 3l
T T (N R C N A D Y N 2N G S 1
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AT LA R AT 255 S A2 B R M PR, T
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P SCBURAE o 55 — Tl R 90 = OC T L
TTX VA7 ™ H I 1) Ha WO 28 . 27189731
Mo =Y, 24 2 BE IR HAZ 31 AT,
F 5 BN 15~90 pg/d, 2%/d (b.id.) 553 ¥%/d
(tid) #4525, A4 d. X3 MLm s b 17
iR, TTX AT DL 2 BRI R B, Frek 22 i
PRRRIB 2 IR B E A, 765K 30 pg b.id i TTX
i N AR Az RO o2 A RA R
(Wex Pharmaceuticals Inc.) ABFZE A G138 i —I00HL
B ZHuls . BEAL. XUH . R 2250 ot
HRAR S, HE— 25004k T TTX e B 2 5
PR B, Z R A 82 A4 B BE ML A i TTX
(n=41) LR (n=41) 41, DUKTRREZES N
FEA SN RN, TTX A (f FiES TTX,
30 pg b.id.) XF42% M EHE AR, BEET
LRI ([L31%) o #F— Dl G A i
CELFEPIRKT R sl By 25 25500 & T B LA SR
TGP ) FERR LS5 o Hr 4 2R I R AR
TR 5 — GRS B 5 0 — 25
£ B2 F TTXIR)T (30 pgb.id.) 7EFEARE M iR
FEJ K e R A s, IRHHZE T 454
B, HA 47% 55 G N A A AR (RIEC ™ &
TR HOF Y RELRFRAIG 30 %ol F 2 1% ik E ), K
K VAELL B SHEYT AN, — BB e 2 i
i, I HREWERREETE A 452 i

Wex Pharmaceutical Inc. i 76 — 51 11 1 6 #1L .
WE . R Z i e il T TTX
AT T R AR, DESEAE 125 74 SR
KRG YPGB PR 0 5
R T, B ERRRESE 4 KR Z A TTX R
AN [R) & 24 [0 B 1 2 Pk A R0k s 4 i 5 A4~
25605 (7.5 pgb.id.. 15 pgb.id.. 30 pg/d—IK

(q.d.). 30 ugb.id., ZEFNU) HZILHETF R
IR R, 1A 4 RS R, AR
P35 FE LA HE AR A B K & TTX 30 pg q.d. A
30 ug bid.. AN, TTX 30 ug b.i.d. 5 ZEAEAT ]
T (RS AR  H H KBCR E . 5 2 AT I
PRIREZE R —5, Wl TTX BA Rt 52 v
KTz e etk JEEWL, v YRSt R
B B OB B I AR, A AT TTX
TRYTEAE R AT T 5 SR AR

R T 25 B0 TTX 7R U i M IR )y T A
LA F 5714, Wex Pharmaceutical Inc. 47 T
— IR ILARERL . XUE . 2R BRI AR,
FARITASZ G e P XTI ST A 2008
ETFIRRREE S| 2012 4F, MINEEK L MR FE AHT
PE2Ag 194 P HEBE T 165 S, HP TTX 4
77 %5 HE VR ER AL 88 44 F s Y R TR
R, TTX A5 22 BRI A e B 835 10 I IR 25 4k
(TTXZ1A7 50.8 %W B H R FIE &, MR
1034.5 % BFH NNEE) . IFH, WESPrddk
WA VR, TTX BUR VR A7 ¥ RS a | oy
56.7d, MZEFNHENA.9d. B, XFHREIRR
IR R T, REFEZ ZRFNGIT R H
(63.1%) KA MR, MEZ TTXIHITH
BRI (55.4%) ST B — e B
s, I HRZHERAS AN B S8 w2 8,
JRERRE R R

SLZ, TN T 0 i PR IS 2 6 TTX 2% fiff i
FEPCIRIEAT TIPS, B03E T HZ8 i mi e A O 1Y
LAEVERARE (£3), JFHAARRMH TTXAE
R PR IR YT AL T A —FUEYE . TTX 55 w]
PLikd SO A B RIVER . AEA A RAT 2N
B 225 PR IR T RO %6

Table 3 Summary of clinical trials of TTX in cancer pain

R3 TTXEREAREERRE DS

BEH S AlEg Pl SRS TEEA RS =%
SCHR
24 FCRUEST 1590 EERMEUTBORERT  31KIGITH, 1TIRIMBL T A IRARE SR el A A e [51]

PO IRIL IR, IF HLIR M RS
T S A T

82 B TFESS 30 Fp ER I 9 O 1Y) 2 TR 0T R

45 JRIESS 30 AL P T IOPR 28 F 9T

TTXA N 42% 1) B #H AT BRSO, B
R TR (N31%)

4T%IFE R I bR ifE

T JE R R R (52)
i Bk, SRR
SR

S0 R A . A8 (53]
L ik
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SCHik

125 % R

Hof R
165 J RSt 30

7.5 15. TSRS MERINN BT IR N R BORA SR BT R Sh B O I

30 IABENL. WE « 2B NS IR, PRSI (29.6%) F1 I i Jg 5L ok 18
2 A Gt R
O SRR IO BE N . SE TR S, TTIXAANDS T2l 2% B B 048 2 1 %0 . [55]

[54]

(24.8%)

XUE 2R B R I PR 25 A B AT 16. 2% IR I PR 2 3 A Sk A I R A S
R BN (P=0.046 0)

3 TTX{EAZERBENERAYVHIHRER

3.1 TTXHYHER

R TTX ) A FIRIRIGYT, e Je b
Hyeht, M2 EL R = AR, P2 23~
67 LA ML, SAFRMALUH 0.34%~1.82%, J7 i
e AR Ho A% & 5t . 2022 4F 7 H (FBE2E)
(Science) Z+iE KR T —FHEA KM, N
HAIRERT R A O TTX A B0 2 22 4, H.
RORPER B 1% 57 Fah, o E A Y R
(L) Bedn A BRA R AR o RE AR, 5 B
TTX M. srEsaifth, H T2 HEMR, K
HFEARE TEWEARRZN:, HPRAER L
FIFERL (LHS . 5069953), Uy, wE—E5¢
B TTX W& Tk . k™ S b = 4 75 B4k
LB I . A5 TTX BE A St 3k A 2 25
YR KRR B AT T2y e — 20t &
32 TTXAZHAR

B X TTX RIS 1Al PReds 25308
ZREAMRZ R, RO ARIRE, ERTT
WRIE S G M R T, IR TTX SOL LA
FFHAAT L, WITHREGE TSR . fERsk
KRB FR S FHUARGS T, XA E RS B TTX
WOLHE T R BURAE IR, 457 20~80 pg/kg TTX
REFAEBURSCR, HAZHEHF2E1.5~9.0 h, HIRAL
NiTE3~6 h2Z[8] =, SHLAESAHEL, TTX MR
YR DT RHAR HE AR R T A

TTX FEI LA SRR I 1 A 300 AR AR R B
P H B M 2NN RS SRRV, a4
Bl Jo 0 e 2 6 R4, EE X RIERIG T AT L b
TTX 256, HEK AU SORRBEVE AIET ],
U TTX R IT 48 80 o k2= 8 & 2 i 7
(chemical permeation enhancers, CPE) BEI4 /Ny
TXIAEYIBERRRNBE R, A — LR mE A FEE
FMEEER (A GEE . Z2ooEE . JRIER . EEM

i), BEWS AT 3 Mo AE A B BT, = BUR R B 1k 1Y
Y. Melnikova &5 R B, 5 MU AR L )R
HISJBR e ) A AL 22 8 2 (R R 2 [R) 25 25 1), TTX Y
SRR E R . HOKRFNAUK 254k R m s I A $
BT DI 2 s A AR RO PSS, [RI
PR¥E TR a2 e . Dby X 2 fis i
TTX, TEREE AP BHORARNGY T LRI
VR, DN SEBRAE iR oy, (R R A 4 5 3
PR S TTX FHRCRCFIRR BUA 5 S 90K B ES A0,
BB B K2 25T A% o S AL REG AR T
BT AR B e, WIS BN TTX Fr2L 2/ 1Y
Bffa) o) (EAS BRI, BRARI T LAY
ZINZT AT AR, LSOO i 4 KO %) 1
BT AL 7

KIEHETF TTX 2520 1 F ZEPRERTE T kgl
FRoEtE . Bt IR Y BRI RE T, S5 L,
RCAE TTX P ik ik, 2 H A A=
BERMEIMAYIAE, I, AR5 difa]
R AR &8 A7 B 8 = 09 TTX A4 9 F) B2
(bioavailability) AT & (e Bt A1 2e

4 REE5RE

PR RE 2R TTX o i P R 55 1 s BH B 2 59K
T fr o 2 VGSCs IURE 1 51 BT FE N B3 e BE T
A, RIS TTX AR T8 T At S I RR I 24
Yoy, Raptse 8 R W, TTX 7522 s 1k
PR AR BIRTRCR . A RSz, L
KTz i . Bedlt, Wex Pharmaceutical Inc.
HEAT I — T REATLOUS 22t R0 BRI 98 i — 974G 1T
TTX FE G R SE g6 v i e | i FH M Fn 25 38 51 7
L, BUGIEY TTXOMUZ 4 2k RAf, WA
x5 RIGIRE WS T DR L . WATE R
JUL PR 5 P10 2R 0 A A AT i DR AT 0 S 462 45 %, R
W BE A RSP EAR RN, W, 3
AT PRI AN 0



+1592- EMUEEEYIEER

Prog. Biochem. Biophys. 2023; 50 ()

h T IR AR 2, ATT—EAETK
BT, AEIE DA KRN Y [R] RS 5 2549 1 SR sk
TR — MO R RS T IR EIRIT I
IR RIS AR B ), i i —A
e AP X 245 49 0 1) BT - 2 250 R i e JOAC Tl 9 ) 5510 127
9T s, 785 Navl.7 555848 (1) CIP /N R A ZE
PSR TCIRIRAS T, BT 22y (55l B &
AR T, WA R LB, Navl.7 ik R H5"
Az B Uk R 1 14 Penk mRNA 1R 22 19 i 1 ik 2
H R, UER]CIP BT A5 S35 m 7 M4 TR A
FEPUF IS TR, s 1 X558 05 3 M A R
A, IR FEW T Navl.7 Bl gk 58728 /8 B9 B .
ISR PR, 3K Na' 7K -5 Penk mRNA ik |-
PHA T, R TR REAE CIP H /R A
FREENLH . R R IS, Navl.7 #6575
/NGRS PR A MU BT 215 225 ) M ORI 7 700 10K 15
il R P A 3 PR ARCR, , IXCRPRILN, B 28 7E RAEPE
FIR 2 PRI 1) h PR R AR BE S 77 B,
TTX &5 G HAVBEUR 25, 2 250 vl DLk 5] 5 4y
M IETRRCR, AR B PRt T — SR e il A
B

HE— BRI I B SR RL LIS, 400
BT ST T A L et RA R, #E
TTX X NE B A BAGIT % Db, Wiz £
RS TTX 2838 ML B B A0 BE 77, B AR 25 o i i
BB 2R VE A RIS, BRI S

AR K W R N 28 SE B IE 58, Navl.7,
Nav1.8 F1 Nav1.9 % VGSCs . J&- T 7E iR 167
BB AL, VGSCs W ALTE N 3 M2 g ik B2 2 Ay iy ok
PR R IERLDAER], B VGSCs 2 5 98 M0 1995
FA: F AR P R A TR A A S A AR, SOrE
S 2T RO TR RIS B R A
FPERG i JE R AT BE R DL R LS a. sh RIS 2
VS ATE—E R, Hikz A VGSCs 4
FBCHE o b 24 W 6 S Ok B N
VGSCs f: ] LAE R 67 9 20 M55 7% B e iR )7
R B LA TN I 25 A R PRI T
WA T R 2E G B TR R R 25 )
V1, TR BSR4 S IX (1% 388 1 L
W, HLAUIER 79 i B AR . 55 B 2 A B )
(food and drug administration, FDA) & 24t #EH)
YY) TRIHIRE . FIZRE L P R R 2 S
] SRR A, 2 S AL — LTS, A
RS G X, X AEEA X ™ F R T X e 254

SRR BEPEFNG IR o e B2 Al i AR
PR IAIG RAT R (40 R i FE A 2tk bt
1y T P DN S s S A o W R 2 B W 1) S S A T
J, MIA—ERYUEEIT N BFh, M ET:
PIRBAI TR S SR (2914 d) AR S Rt
NZRH LI BRI . A A G R, 2
VIR TAERAZ BIRHAG, AR 28Ut 297
Il PRI B LB R AP IR, AR
B, ABFENE RS b A R TR R R ROR .
KL, 38 Y)F5 2410 A PR TR AR

Genentech %5 il 24 /8 5] K 1 FF & 1 %) Navl.7 )
INFFAEIR, GX-936 % /N5 Navl. 7 i A&
WM = AE S5 C 25 8T . A e &g
T — R VGSCs W = 7 Brp gy, IF R ATl it
RS S AT KA RS AR A T R 2%, B
B E M AR B Zh W) R SRR S E I — K
FM RV T I £ W) K 3 - 25 W TE VGSCs 7 A
R Y, A mARTE, BEE AT
Vs R . TR 2 it A5t aE R
AR eI FROR N, 38 5 X VGSCs =43
PR A WA BN, RO s 7+
Feny, VR SR B T S R N TR R
SEMPARREURALE, AWOLLVE R, AR
S R 22 R ) R 25 B 1) IR, iR K
FEPEPIR IR .

& %X x

[1]  Bruera E, Kim H N. Cancer pain. JAMA, 2003, 290(18): 2476-
2479

[2]  Reid C, Davies A. The World Health Organization three-step
analgesic ladder comes of age. Palliat Med, 2004, 18(3): 175-176

[3]  SerlinR C, Mendoza T R, Nakamura Y, et al. When is cancer pain
mild, moderate or severe? Grading pain severity by its interference
with function. Pain, 1995, 61(2): 277-284

[4] Bennett M I, Kaasa S, Barke A, ef al. The IASP classification of
chronic pain for ICD-11: chronic cancer-related pain. Pain, 2019,
160(1):38-44

[5] Prommer E E. Pharmacological management of cancer-related
pain. Cancer Control, 2015, 22(4): 412-425

[6] Jamison R N, Mao J. Opioid analgesics. Mayo Clin Proc, 2015,
90(7): 957-968

[7]  Minett M S, Pereira V, Sikandar S, et al. Endogenous opioids
contribute to insensitivity to pain in humans and mice lacking
sodium channel Nav1.7. Nat Commun, 2015, 6: 8967

[8] Duran-Riveroll L M, Cembella A D. Guanidinium toxins and their
interactions with voltage-gated sodium ion channels. Mar Drugs,
2017,15(10):303



2023; 50 (7D WKEME, & MEEE——MEFEREERREE NGY 1593
9] Shen H, Li Z, Jiang Y, et al. Structural basis for the modulation of [26] BlackJ A, Nikolajsen L, Kroner K, et al. Multiple sodium channel
voltage-gated sodium channels by animal toxins. Science, 2018, isoforms and mitogen-activated protein kinases are present in
362(6412): caau2596 painful human neuromas. Ann Neurol, 2008, 64(6): 644-653
[10] CardosoF C, Lewis R J. Sodium channels and pain: from toxins to [27] MacDonald D1, Sikandar S, Weiss J, et al. A central mechanism of
therapies. BrJ Pharmacol, 2018, 175(12):2138-2157 analgesia in mice and humans lacking the sodium channel NaV1.7.
[11] Gonzalez-Cano R, Ruiz-Cantero M C, Santos-Caballero M, et al. Neuron, 2021,109(9): 1497-1512
Tetrodotoxin, a potential drug for neuropathic and cancer pain [28] ShenH, LiuD, WuK, et al. Structures of human Nav1.7 channel in
relief?. Toxins (Basel), 2021, 13(7): 483 complex with auxiliary subunits and animal toxins. Science, 2019,
[12] deLeraR M, Kraus R L. Voltage-gated sodium channels: structure, 363(6433):1303-1308
function, pharmacology, and clinical indications. J] Med Chem, [29] Mackieh R, Abou-Nader R, Wehbe R, et al. Voltage-gated sodium
2015,58(18):7093-7118 channels: a prominent target of marine toxins. Mar Drugs, 2021,
[13] Nieto F R, Cobos E J, Tejada M A, et al. Tetrodotoxin (TTX) as a 19(10): 562
therapeutic agent for pain. Mar Drugs, 2012, 10(2): 281-305 [30] Akopian A N, Sivilotti L, Wood J N. A tetrodotoxin-resistant
[14] Fozzard HA, Lipkind G M. The tetrodotoxin binding site is within voltage-gated sodium channel expressed by sensory neurons.
the outer vestibule of the sodium channel. Mar Drugs, 2010, 8(2): Nature, 1996,379(6562):257-262
219-234 [31] Dib-Hajj S D, Tyrrell L, Cummins T R, et al. Two tetrodotoxin-
[15] Bucciarelli G M, Lechner M, Fontes A, et al. From poison to resistant sodium channels in human dorsal root ganglion neurons.
promise: the evolution of tetrodotoxin and its potential as a FEBS Lett, 1999,462(1-2): 117-120
therapeutic. Toxins (Basel),2021,13(8): 517 [32] Qiu F, Jiang Y, Zhang H, et al. Increased expression of
[16] Dib-Hajj S D, Cummins T R, Black J A, et al. Sodium channels in tetrodotoxin-resistant sodium channels Nav1.8 and Nav1.9 within
normal and pathological pain. Annu Rev Neurosci, 2010, dorsal root ganglia in a rat model of bone cancer pain. Neurosci
33:325-347 Lett,2012,512(2): 61-66
[17] CoxJJ,ReimannF, Nicholas AK, et al. An SCN9A channelopathy [33] Hillsley K, Lin J H, Stanisz A, et al. Dissecting the role of sodium
causes congenital inability to experience pain. Nature, 2006, currents in visceral sensory neurons in a model of chronic
444(7121): 894-898 hyperexcitability using Nav1.8 and Nav1.9 null mice. J Physiol,
[18] Isensee J, Krahe L, Moeller K, ef al. Synergistic regulation of 2006,576(Pt 1): 257-267
serotonin and opioid signaling contributes to pain insensitivity in [34] ChoiJ S, Waxman S G. Physiological interactions between Na(v)
Nav1.7 knockout mice. Sci Signal, 2017,10(461): eaah4874 1.7 and Na(v)1.8 sodium channels: a computer simulation study. J
[19] HanC, HuangJ, Waxman S G. Sodium channel Nav1.8: emerging Neurophysiol, 2011,106(6): 3173-3184
links to human disease. Neurology, 2016, 86(5): 473-483 [35] SunL, Xia R, Jiang J, et al. MicroRNA-96 is required to prevent
[20] Cummins T R, Howe J R, Waxman S G. Slow closed-state allodynia by repressing voltage-gated sodium channels in spinal
inactivation: a novel mechanism underlying ramp currents in cells cord. Prog Neurobiol, 2021,202: 102024
expressing the hNE/PN1 sodium channel. J Neurosci, 1998, [36] Bennett D L, Clark A J, Huang J, et al. The role of voltage-gated
18(23):9607-9619 sodium channels in pain signaling. Physiol Rev, 2019, 99(2): 1079-
[21] Herzog R I, Cummins T R, Ghassemi F, et al. Distinct repriming 1151
and closed-state inactivation kinetics of Navl.6 and Navl.7 [37] HerzogRI, Cummins T R, Waxman S G. Persistent TTX-resistant
sodium channels in mouse spinal sensory neurons. J Physiol, 2003, Na' current affects resting potential and response to depolarization
551(Pt3): 741-750 in simulated spinal sensory neurons. J Neurophysiol, 2001, 86(3):
[22] Toledo-Aral J J, Moss B L, He Z J, et al. Identification of PN1, a 1351-1364
predominant voltage-dependent sodium channel expressed [38] RushAM, Cummins T R, Waxman S G. Multiple sodium channels
principally in peripheral neurons. Proc Natl Acad Sci USA, 1997, and their roles in electrogenesis within dorsal root ganglion
94(4):1527-1532 neurons. J Physiol, 2007,579(Pt1): 1-14
[23] Kretschmer T, Happel L T, England J D, et al. Accumulation of [39] Renganathan M, Cummins T R, Waxman S G. Contribution of Na
PN1 and PN3 sodium channels in painful human neuroma- (v)1.8 sodium channels to action potential electrogenesis in DRG
evidence from immunocytochemistry. Acta Neurochir (Wien), neurons. J Neurophysiol, 2001, 86(2): 629-640
2002, 144(8): 803-810 [40] Blair N T, Bean B P. Roles of tetrodotoxin (TTX)-sensitive Na*
[24] LiuJ, Tan H, Yang W, et al. The voltage-gated sodium channel current, TTX-resistant Na' current, and Ca?" current in the action
Navl.7 associated with endometrial cancer. J Cancer, 2019, potentials of nociceptive sensory neurons. J Neurosci, 2002,
10(20): 4954-4960 22(23):10277-10290
[25] Weiss J, Pyrski M, Jacobi E, et al. Loss-of-function mutations in [41] Priest B T, Murphy B A, Lindia J A, et al. Contribution of the

sodium channel Nav1.7 cause anosmia. Nature, 2011, 472(7342):
186-190

tetrodotoxin-resistant voltage-gated sodium channel Nav1.9 to

sensory transmission and nociceptive behavior. Proc Natl Acad Sci



<1594

EMUFESEYIRHR

Prog. Biochem. Biophys.

2023; 50 (7D

[42]

[43]

[44]

[43]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

USA,2005,102(26): 9382-9387

Zhou X, Ma T, Yang L, et al. Spider venom-derived peptide
induces hyperalgesia in Navl.7 knockout mice by activating
Nav1.9 channels. Nat Commun, 2020, 11(1): 2293

Alexandrou A J, Brown A R, Chapman M L, ef al. Subtype-
selective small molecule inhibitors reveal a fundamental role for
Navl.7 in nociceptor electrogenesis, axonal conduction and
presynaptic release. PLoS One, 2016, 11(4): 152405

Eberhardt E, Havlicek S, Schmidt D, et al. Pattern of functional
TTX-resistant sodium channels reveals a developmental stage of
human iPSC- and ESC-Derived nociceptors. Stem Cell Reports,
2015,5(3):305-313

Liang J, Liu X, Zheng J, et al. Effect of amitriptyline on
tetrodotoxin-resistant Nav1.9 currents in nociceptive trigeminal
neurons. Mol Pain, 2013,9:31

Azahar I I, Sharudin N A, Noor D A, et al. nNav1.5 expression is
associated with glutamate level in breast cancer cells. Biol Res,
2022,55(1): 18

Ransdell J L, Moreno J D, Bhagavan D, et al. Intrinsic mechanisms
in the gating of resurgent Na' currents. Elife, 2022, 11: €70173
Xiao Y, Theile J W, Zybura A, et al. A-type FHFs mediate resurgent
currents through TTX-resistant voltage-gated sodium channels.
Elife, 2022, 11: ¢77558

Alvarez P, Levine J D. Antihyperalgesic effect of tetrodotoxin in
rat models of persistent muscle pain. Neuroscience, 2015,
311:499-507

Nieto F R, Entrena J M, Cendan C M, et al. Tetrodotoxin inhibits
the development and expression of neuropathic pain induced by
paclitaxel in mice. Pain, 2008, 137(3): 520-531

Hagen N A, Fisher K M, Lapointe B, et al. An open-label, multi-
dose efficacy and safety study of intramuscular tetrodotoxin in
patients with severe cancer-related pain. J Pain Symptom Manage,
2007,34(2): 171-182

Hagen N A, du Souich P, Lapointe B, et al. Tetrodotoxin for
moderate to severe cancer pain: a randomized, double blind,
parallel design multicenter study. J Pain Symptom Manage, 2008,
35(4):420-429

Hagen N A, Lapointe B, Ong-Lam M, et a/. A multicentre open-
label safety and efficacy study of tetrodotoxin for cancer pain. Curr
Oncol,2011,18(3):e109-e116

Goldlust S A, Kavoosi M, Nezzer J, et al. Tetrodotoxin for
chemotherapy-induced neuropathic pain: a randomized, double-
blind, placebo-controlled, parallel-dose finding trial. Toxins
(Basel),2021,13(4):235

Hagen N A, Cantin L, Constant J, et al. Tetrodotoxin for moderate
to severe cancer-related pain: a multicentre, randomized, double-
blind, placebo-controlled, parallel-design trial. Pain Res Manag,
2017,2017:7212713

Ohyabu N, Nishikawa T, Isobe M. First asymmetric total synthesis
oftetrodotoxin. J Am Chem Soc, 2003, 125(29): 8798-8805
Konrad D B, Ruhmann K P, Ando H, et al. A concise synthesis of
tetrodotoxin. Science, 2022,377(6604): 411-415

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

(721

(73]

[74]

Hong B, SunJ, Zheng H, et al. Effect of tetrodotoxin pellets in a rat
model of postherpetic neuralgia. Mar Drugs, 2018, 16(6): 195
Hong B, He J, Sun J, et al. Analgesia effect of enteric sustained-
release tetrodotoxin pellets in the rat. Pharmaceutics, 2020,
12(1):32

A AR B, BRI, A5 . I RE N 2 A T el R A
JRITRIRRIZG AR LS . LR A" S E MW BRI 1, 2021, 48(9):
1031-1041

LiH D, Chu Z Y, Qian X M, et al. Prog Biochem Biophys, 2021,
48(9): 1031-1041

Kovacik A, Kopecna M, Vavrova K. Permeation enhancers in
transdermal drug delivery: benefits and limitations. Expert Opin
Drug Deliv,2020,17(2): 145-155

Melnikova D I, Khotimchenko Y S, Magarlamov T Y. Addressing
the issue of tetrodotoxin targeting. Mar Drugs, 2018, 16(10): 352
Milan A, Mioc A, Prodea A, et al. The optimized delivery of
triterpenes by liposomal nanoformulations: overcoming the
challenges. IntJ Mol Sci, 2022, 23(3): 1140

Kohane D S, Smith S E, Louis D N, e# al. Prolonged duration local
anesthesia from tetrodotoxin-enhanced local anesthetic
microspheres. Pain, 2003, 104(1-2): 415-421

Liu Q, Santamaria C M, Wei T, et al. Hollow silica nanoparticles
penetrate the peripheral nerve and enhance the nerve blockade
from tetrodotoxin. Nano Lett, 2018, 18(1): 32-37

Zhan C, Wang W, McAlvin J B, et al. Phototriggered local
anesthesia. Nano Lett,2016,16(1): 177-181

Kohane D S. Microparticles and nanoparticles for drug delivery.
Biotechnol Bioeng, 2007, 96(2): 203-209

Kavoosi M, O'Reilly T E, Kavoosi M, et al. Safety, tolerability,
pharmacokinetics, and concentration-QTc  analysis  of
tetrodotoxin: a randomized, dose escalation study in healthy
adults. Toxins (Basel), 2020, 12(8): 511

Emery E C, Luiz A P, Wood J N. Nav1.7 and other voltage-gated
sodium channels as drug targets for pain relief. Expert Opin Ther
Targets, 2016,20(8): 975-983

Minett M S, Falk S, Santana-Varela S, et al. Pain without
nociceptors? Navl.7-independent pain mechanisms. Cell Rep,
2014,6(2):301-312

Minett M S, Eijkelkamp N, Wood J N. Correction: significant
determinants of mouse pain behaviour. PLoS One, 2021, 16(1):
€245813

Horne J, Mansur S, Bao Y. Sodium ion channels as potential
therapeutic targets for cancer metastasis. Drug Discov Today,
2021,26(5): 1136-1147

Ahuja S, Mukund S, Deng L, et al. Structural basis of Nav1.7
inhibition by an isoform-selective small-molecule antagonist.
Science,2015,350(6267): aac5464

Yang S, Xiao Y, Kang D, et al. Discovery of a selective Nav1.7
inhibitor from centipede venom with analgesic efficacy exceeding
morphine in rodent pain models. Proc Natl Acad Sci USA, 2013,

110(43): 17534-17539



2023; 50 (7) KEE, & AHEE——MNEFEREEEREENNEY 1595+

Tetrodotoxin —— a Promising Drug to Relieve Cancer Pain

ZHANG Meng-Qian"?, CHU Zhi-Yong”, QIAN Xiao-Ming”, WANG Zi-Han", LIU De-Xiang",
LONG Cheng"?™

(VGuangzhou Panyu Central Hospital, South China Normal University—Panyu Central Hospital Joint Laboratory of Basic and Translational Medical
Research,Guangzhou 511400, China;
ISchool of Life Sciences, South China Normal University, Guangzhou 510631, China;
9 Zhongyang Biotechnology (Shanghai) Co. Lid, Shanghai 200002, China;
9School of Life Sciences, Xuzhou Medical University, Xuzhou 221004, China)

Graphical abstract

B Subunit o Subunit
—

“Domain I Domain 1T Domain I1T Domain IV
+— P-loop

~— Potential pain treatment targets

! =

& L
O OH [©) G i
@A@g fNHZ Cancer pain |:> m M : A promising drug
to relieve cancer pain
Ho TS * & ?é%"ﬁ
OH =

Tetrodotoxin

Abstract Tetrodotoxin (TTX) is a highly toxic alkaloid natural neurotoxin that selectively blocks sodium ion
channels. As a poison, TTX has lethal effects when ingested in humans, with lethal doses ranging from 1.5 mg to
2.0 mg (9 pg/L in plasma). However, when TTX is administered to patients at levels well below its median lethal
dose (LDs,), it can treat a variety of medical diseases, including heroin and cocaine withdrawal symptoms, spinal
cord injury, traumatic brain injury, tumor, neuropathic pain, and visceral pain. Cancer pain is generally treated

with opioids, but it has certain dependence and addiction. After decades of unremitting exploration, researchers
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have made gratifying progress in the application of TTX in the field of biomedicine, especially in the treatment of
cancer-related pain. Here we first review voltage-gated sodium channels (VGSCs), which are transmembrane
proteins composed of a large a subunit and one or more B subunits. VGSCs play an important role in pain and are
typically classified as TTX-sensitive or TTX-resistant channels. Furthermore, we focus on roles of three VGSC
subtypes Nav1.7, Nav1.8 and Nav1.9, and present the current status of research progress in the field of cancer-
related pain. We also discuss the binding sites, tolerability, delivery and supply of TTX. Finally, we summarize the
most relevant recent advances in the clinical development, efficacy and safety of TTX as a drug for relieving
cancer pain, showing the promise of TTX in cancer pain relief. On this basis, the limitations of existing research
are pointed out, and the research directions of TTX in relieving cancer pain and the development of targeted
analgesic drugs in the future are prospected.
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