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ABSTRACT. ICH S7B and E14 guidelines, which were first released in 2005, are focused on hERG blockade
and QT prolongation by drugs. However, cumulated evidences on some pitfalls of the guidelines resulted in the
initiation of the comprehensive in vitro proarrhythmia assay (CiPA) project. Results of the CiPA are expected to
change global regulatory environment on the cardiac safety of drugs. In this study, we reproduced two
components of the CiPA to assess the performance of their in silico biomarker using in vitro ion channel assay
data. The process to obtain gNET, a biomarker proposed by CiPA, was fully reproduced through in vitro and in
silico studies in selected three drugs (verapamil, ranolazine, moxifloxacin). Throughout the reproducing research,
we obtained many practical experiences not included in publications by the CiPA. For further understanding of
this new regulatory paradigm, clinical ECG in human and another in silico method are to be performed.
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Materials and Methods
1. Ngiotg M3

CiPA TR AEO] in vitro ion channel group©f Al
AA3E 307HA9] H7F & & (Crumb WJ Jr. et
al,, 2016) 9% 7+ Y5 Sl dAIF] oln| 4
Pl ol Ca®'AY (Cavl.2) AAAQ] verapamil,
Na*Zld (Navl.5) oA A¢ ranolazined A&
hERG A€ (Human ether—a—go—go—related gene,
Kvil,1l) AAZ &7 moxifloxacing FAATRT
o2 MYl A% BEASC] A 2H o]
9 hERG, Navl,5 fast U late, Cavl. 2¢f tjst <3fF
B7ke Agsi

A8 eFE-9Ql verapamil, ranolazine % moxifloxacin
£ Sigma—Aldrich Co, (Sigma—Aldrich, St. Louis,
MO, USA)oA 483t o5 9F=& dimethyl
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sulfoxide (DMSO)o] £3A]#A stock solutiond W&
oAth. o] stocke AEFt] AME AZHA] WE B3E}
goun Als tdof =] bath solutiono] F7}2 3
Yspol HAT oFE RS 2L HF DR 4
(final perfusion solutions)S %WHEQIth & #F
2o Y DMSO ¥t 0.1%8 W39tk A3 e
o] A EF(Crumb WJ Jr. et al, 2016)01] o=
21 o W Ag EFEE(free Cha)oll 7123 4 7h
A AgolRt skoll M ARSI

2. OI2M2 &8 MEF

A 7fH(Voltage—gated) fast sodium current (Ay),
the late sodium current (/aiae), L—type calcium
channel current (Z.)¥ the rapid component of
the outward rectifier potassium current (/i Zerc)
of tjgt verapamil, ranolazine % moxifloxacin?]
932 ChanTest (Cleveland, USA) AMiit)Ql
Navl 5-CHO A% (hNavl 5 g 2d), Cavl 2
—CHO A (hCavl.2 / B2 / a 26 Ad ¥d) 4
B’SYS GmbH(Witterswil, AHGit) 2]
hERG-CHO M| Z(Q17F Navl.5, Cavl.2 @ Kvil1 &
g8 77t IYst= 27F SCNSA, CACNAIC W
KCNH2 477} o] or UdE AE)es &8
stof 715}t

Navl, 59} hERGAE F4A= CHO Af|szute] 2|<
oz o] Eol 9= ¥, Cavl2 A4 A
A&AR o w7 dds =W Ao 54 YeHE=E,
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o, Iajate, Jca, here G TS 715317] 14l
patch clamp ABHS olg3fe], 2t olexjo] Ty
3l = -/F Q= A TE EZ(voltage protocol)S
e
t}. Late Navl 5 AHF9 AL, 50 x4 M9 veratridine
= A5t Navl, 5«1 W fast peak AF & =
2xo eysEE ARE BHs,
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ho®t Ralate s éxéé} 19 external solution<
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NaCl 50, CsCl 110, HEPES 10, MgCl2 1, glucose 5
9 CaCl2 1.8(in mM)E& 385} CsOHE pH 7.4%
ZAEAY. L ¥ hmeE A7) Y3 AR &
2 NaCl 145, KCl 5.4, HEPES 10, MgCl2 1,
glucose 5, CaCly 1,8 (in mM)S 393l NaOH=
pH 742 ZAEUY ha 2 L. 715E 3 X
13l (patch pipettes)2 CsCl 20, Cs—Asp 120, NaCl
5, TEA-Cl 10, EGTA 10, HEPES 10, Mg—-ATP 5
(in mM)E 3933, CsOHZ pH 7.22 ZA3TH
E3F, here 7122 98t internal solution2 KCl 20,
K—Asp 120, NaCl 5, CaCl 2 2, EGTA 5 HEPES
10, Mg—ATP 5 (in mM)E &35} KOHE pH
742 23EY,
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A|ZE Nikon? = aﬂlﬁ(inverted microscope)
gl o] A stage)_J Awol] Yl 37C bath solution®
Aoz IEAAT (3 mL / min), o] AF
ZW = 7|H(patch clamp technique)2 AF&
A A3 FA(whole—cell configuration) o 2
H ATt Na, Ivajate, Joa T Leres AAZSH7] 98l
H At ZZE FZ(voltage protocols)S Figure 1
E/\lﬂ- o]-fﬂ]:}- /\]TF] 01:‘:’ %_01—]0

]—0:] ]Na, ]Na,lates)’}' ]Ca Oﬂ/\-] ﬁ%

7} ‘%*Xﬂ%l Ja‘i}% o 744 7)1 55Tk, fere A
Foll digt of=9 9IS BHriskrl e, HHE
hERG AEE 3} z

H3 2, 7 AlEZe 3 7HA] kY
of=wt Hfsigitt, 71 =79 WPE Milnes ZE
EZS AHBSH ofE AY jﬂ}”]ﬂ(drug—binding
parameters) @ ¢FEof 93] F=H ]hERG Oqzﬂe =
Ayt (Li et al, 2017), AY
clamp) Z2EF 444 4 folg —’F@f_’_ A/D #%H7]
9 Digidatal440 2 pClamp AZEo] WA 10,2
(Molecular Devices, USA)7} A2} H HIE 2 3
E9itt, #x] T3 (patch pipettes)S T3 =

e



28 - Journal of Alternatives to Animal Experiments

(pipette puller) PP—830 (Narishige, Japan)< AF&3}
o] 8¢ ZAT (Clark Electromedical Instruments,
UROE WEGL A wRe Age wm gl
(pipette solution)2 2 YL W 3-5 M= A
5 AEE 510 ko] AED SE2 Be Ht

5. HI°IH SHANS

Clamfit (Molecular Devices, USA), GraphPad
Prism version 5 (GraphPad Software Inc,, USA) ¥
Excel (Microsoft, USA)% &-83lo] golgE 24519
t} glojg = Hi + EF2XHStandard Error of the
Mean, S.EM)Z Uehi, ne Age W 5o
2 Uehiey,
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ORd(O’Hara—Rudy dynamic) 24L& A7}st A
o 44 pEdme) Amuse A4S HE
08 AHa] e A AR, A4 ATAE
of IdH 7 8 ol (s, aiate, Lo, LoaL,
Ie, Tks, Jki, Inaca, Dvaw) 3919 FOE A 919
gtog FAELE =79 (Action potentia)S A&
glojdsto], 54 oFel oaf 7t xjdo] A= S o
Ao BE HAE o3ttt (O’Hara et al, 2011),
CiPA ZRAE|A AlE3d}= k—dynamic ORd 29
2 7]£9 ORd X4l MarkovEEz A=
hERG Ad ()2t OF&Eo] Jozrgol s of&o
trappingEli HAAFS wrdst wmdo|th(Li et al,
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(ngh Intermediate, Low) ®Z Z EExL= A
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t} (Dutta et al, 2017),

2 AFolA= CiPA Z2HEo|A A3k 287) oF
5 Fo|A verapamilE A3t in silico HHE &
f3lo]  FEsIct, CiPA ZZAEO  Resources
page (https://github.com/FDA/CiPA)E X ¥ Z7)=
in silico 9 ALL ¢35t F= (hERG fitting,
AP simulation)E &X3}1 3435}t R3S code
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Results

1. MFE oIEe| ot oM FFE

verapamil, ranolazine ¥ moxifloxacin®| A% 0]
£ A ARel WAL YFe Uohesl 919 CHO
Mol A Ld H I, Natate, Lo D Inpres A Al
Z iz Z¥=Z  7|¥H(whole—cell patch clamp
technique)& ARESt] EAHATE (Figure 1 ¥
Figure 2). verapamil, ranolazine 2 moxifloxacin
9| Cpur= ZFZF 45 nM, 1.95 4 M, 3.56 4 MO.& o}
HA Qo (Crumb WJ Jr, et al, 2016). verapamil
o 5 50, 150 @ 500 nM9] HwoA] L, AEL 7}
7b —2.0, 4.1, 13.7. 21.6 % U2AZAL (0 = 4,
Figure 1B ¥ Figure 3A), Naae JNES 212} -0.7,
5.9, 13.4, 18.7 % A=A}t (n = 3, Figure 1IF ¥
Figure 3A), E3t verapamilo] &3] L, Z=Z& z+7+
4.9,10.8, 18,4, 35.4 = 82 JE2H o7 oA E 9]
1 (n = 3, Figure 1J 9 Figure 3A), hgre 75_]—'_-,58
747k 8.2, 98.8, AL1, T44 % ZAHATG (0 = 3,
Figure 2B 9 Figure 3A). ranolazine2 0.6, 2, 6,
20 p M9| FEolA k. FHFE 747 4.1, 0.4, 8.1,
16.2 % (n = 3; Figure 1C ¥ Figure 3B) AAF
I Y KNatae AE2 21ZF 3.8, 9.6, 24,5, 31.6 %
Zﬂﬂ‘}{il:} (n = 3, Figure 1G 9 Figure 3B), ZE3l
ranolazine®| 9|3} .= &% 9EHOoE 77} 10.8,
18.1, 20.5, 24.4 % 7AE1 (n = 3, Figure 1K
9 Figure 3B), hrro= 217} 31,6, 40.3, 50.3, 74.6
% AA=E Ut (n = 3, Figure 2C U Figure 3B).
moxifloxacine 7, 21, 70, 350 y M9 TXoA K.
AZ2 -0,04, 1.5, 11.8, 35.6 % (n = 3, Figure 1D
4 Figure 3C)2 AAANFHIL, Mape HNEFZ 27}
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40 mVv = nJ E
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| K L
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s
500 nM 20 uMm Y - 350 uM
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.80 mV - 150 nM 20 ms 0.6 UM S = A 21 pMm o
50 ms ms
control control B 7 uM 30 ms

control

The voltage protocol used to elicit Ina. (A), Peak inward current at beginning of the step to -15 mV
was measured (red arrow). (B), Representative traces for the dose-dependent effects of verapamil (B),
ranolazine (C), and moxifloxacin (D), on Ine. (E). The voltage protocol used to elicit Ingate. Currents
were measured at the end of the step to -15 mV (red arrow). The Ingiate Were induced by the
application of 50 yM veratridine to the bath solution. Representative traces for the dose-dependent
effects of verapamil (F), ranolazine (G), and moxifloxacin (H), on INaate- (I). The voltage protocol used
to elicit Icq. Peak inward current at beginning of the step to 0 mV was measured (red arrow).

Representative traces for the dose-dependent effects of verapamil (J), ranolazine (K), and
moxifloxacin (L), on lca.
Figure 1. Effects of verapamil, ranolazine and moxifloxacin on Ina, Inajate, AN lcq.
A OmVv, 10 s
-80 mV -80 mVv -80 mV -80 mVv
200 ms 100 ms 2B0mV, 14 s 800 ms 24.1s
-590 MV, 10Q ms -90 mV, 100 ms
B . - conerel | control control control
N »
5 o r—— « A—— s
1 verapamil s 50 nM ;jT Tl s 150 M =l ‘ ;—\7
s verapamil pm al * —
'—]'\ verapami _T 500 nM .
verapami
C control control control Ir control
m’ m‘ = - =
- 3L = sl ]glr al_
0.6 pM 2s 2 um Zs * . * 20 umt 5
—T ranolazine| "‘I ranolazine 7 um M —
ranolazine T ranolazine
control control
D control | o ool A
”~
S—— = Z = =
I e R 5 C::gl_
moxifloxacin | ._T moxifloxacin | N———" moxiflexacin ?s v 250 LM 2s
B — T e T

(A), The voltage protocol used to study drug-binding parameters and drug-induced inhibition of Inerc.
Left, The voltage steps of one episode; 10 such episodes are applied consecutively for control (before
drug wash-in) and drug-treated (after drug wash-in) conditions, respectively. Right, The no-pulse protocol
applied during drug wash-in. (B), Representatfive current traces obtained before (confrol) and after
application of 5, 50, 150 or 500 nM verapamil, respectively. (C), Representative current traces show
before (control) and after applying 0.6, 2, 6 or 20 uM ranolazine, respectively. (B) Representative current
traces obtained before (control) and after tfreatment of 7, 21, 70 or 350 yM moxifloxacin, respectively.

Figure 2. Effects of verapamil, ranolazine and moxifloxacin on lxere.
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A Q00— c e averrrrrrrnr et
@ INa
E INa,late
5 B lca
B |
i D 'here
£
£
B
5 50 150 500
Verapamil (nM)
B 101 N
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E INa,late
g g ICa
B |
E D 'here
=
c
§
@ INa
E INa,late
g % ICa
B |
5 D 'hero
£
£
R

Moxifloxacin (pM)

Bar graphs demonstrate the average inhibition ratfes
of Inas INajate: lca. @Nd  Ihere recorded with  various
concenfration of verapamil (A), ranolazine (B), and
moxifloxacin (C), Each n = 3~4.

Figure 3. Effects of verapamil, ranolazine and
moxifloxacin on cardiac ionic currents, Ina. INajates lca,
and IherG.-
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Figure 4. Results of in silico model simulation

estimates

Density

Density

12.6, 20.9, 36.2. 75.4 % A=A} (o = 3,
Figure 1H 2 Figure 3C). moxifloxacin®|| & I,
“ 747+ 5.9, 9.5, 19.1, 37.7 % 745191 (0 = 3,
Figure 1L 9 Figure 3C), hrre® Z+Z} 16,5, 31.8,
52,4, 85.2 % &3Sttt (n = 3, Figure 2C 4
Figure 3B).

hERGAE O] Ao o2 AUET e modified
Milnes’protocolS &85l 0 mV, 10% =9 84 =
Agel WSl WHE AR GEL control

B (fraction) Fr o] in silico 40| o]&3}

At

2. In sifico translation

£ in silico Wo| A&

ki3

Ion channel assay 42X

2%

7] 93 action potential (AP) simulation<

Ztu|E] & %38ttt hERG channelo| tfsho] whé
3k IC505 F3FA] 93l CiPA ZRAEO HRAt|R

~

oFE 9| trapping A4S ¥HIsh] Y%t =l (Li e
al., 2011)% ARgstglen I 2d dejuje s &
327} Figure 49 YeRY It} verapamil9] o
o7l & ol Aztel wet Frtete AlEe; st
AzESo] folAl trapping RHO| =hw]EQl Ku

alf k9] BX oJA| dichotomous 3}A ZahA
Fohs AiE Yerd Ao o,
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Line graph demonstrates gNET (Net amount of electronic charges carried by Inet, which is
sum of select inward and outward) at various concentrations (Cpox X1 to x4) of verapamil.
Upper and lower limits of 95% confidence interval of gNet are represented as margins of

the yellow polygon.

Figure 5. The gNET with one fo four times of Cna of Verapamil

A8l Iy,—dynamic O-R modelZ APE A|EHo|Aa}
qrk. o] AlEH oA F AP tate] CiPA ZEAE
oA MZ-E& biomarkerd} FA3dt= qNETS 2|11 o
W H| A% EF5%(free Chan 2 1H|~48]7F2] 2]

$JellA Fshlct. (Figure 5) o] wf dojzl oNET2
EX = CiPA A%l oe HuE Bxol FARSE ¥
flell A5k

Discussion
CiPA ZRAEQ ALREL 7|20 Z3] ALLH
st= o] 7|uke] A EEL TdP Lo AFEH =

A B3 AL FAsHH RS AL R gNETS A
&t9l=tl, qNETo] th2 ZHEHT} CiPA ZEA EofA
AAIRE A= (hERG Ad oA oFE)& A9E
Su o, nogRY AuwEE Y Sae)
235t= AoR Ueryth (Dutta et al, 2017), &
o] A+ 7 F=nith Bootstrap AlEE oA
20003] 35t AZo]| A verapamil®] X il thdi H]
1ejoll A 4uf7bA]  F7kgtoll  whet
fashs e CiPA ZRAES A%l
3 ulel 2ol STt
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