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Verapamil inhibits hepatitis C virus infection via down-regulating thioredoxin-interacting protein expression
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[ Abstract| Objective To investigate whether antihypertensive agent verapamil can inhibit hepatitis C virus
(HCV) infection via reducing the expression of thioredoxin-interacting protein ( TXNIP) in hepatocytes of the host.
Methods Human hepatocellular carcinoma Huh?7. 5. 1 cells were treated with different concentrations of verapamil, and
then the mRNA and protein expressions of TXNIP were detected by qPCR and Western blotting, respectively. The HCV
infection level of Huh7. 5. 1 cells was determined 48 h after treatment with verapamil and cell culture-derived HCV
(HCVce). We observed the effect of verapamil on the Huh?7. 5. 1 cells with TXNIP silenced by siRNA after infected by
HCVce. Huh7. 5. 1 cells were transfected with expression plasmid of enhanced green fluorescent protein (EGFP)
controlled by TXNIP promoter (pTXNIP-EGFP), and then the effect of verapamil on transcriptional activity TXNIP
promoter was analyzed. Results Compared with the control group, verapamil (100, 200, 400 pmol/L) significantly
inhibited TXNIP expression and HCV infection in Huh7. 5. 1 cells in a dose-dependent manner (P < 0. 05).
Furthermore, verapamil reduced EGFP expression in Huh7. 5. 1 cells transfected with pTXNIP-EGFP in comparison

with the control group (P<C0. 05). Conclusion Verapamil can inhibit HCV infection via reducing TXNIP expression,

(YR EEA] 2017-02-09 [(#ZEHP] 2017-05-04

(E€TB] EEKAARARER(31570170) . Rl AL T A = 4E1T 3R F R 2 RHd B H (15GWZK0103). Supported by National Natural
Science Foundation of China (31570170 ) and Key Discipline Construction Program of Shanghai Public Health 3-Year Action Plan
(15GWZK0103).

[EERN] FHEAB4A. Email: 15026921726@163. com; ik 1.5 “FEEKFFBEESFL 2014 5. Email: 1195717690@qq. com
& e [E 5 —A4F # (Co-first authors).

* W {EVEE (Corresponding author). Tel: 021-81870998, E-mail: pnzhao@163. com



555 1. AR A5, HERIMAKIE T R SR SR 10 AR AR 1 A2 0 P BT 5 7 g

¢ 549 -

which may be associated with the inhibition of TXNIP promotor transcriptional activity.

[Key words | verapamil; hepatitis C virus; thioredoxin-interacting protein; transcription initiation site
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Tab 1 Primer sequences of qPCR

Target gene Forward Reverse
TXNIP 5'-TCA TGC CAC CAC CGA CTT-3' 5'-CCC ATC CAA CAA ACA CCC-3'
GAPDH 5'-TCT CTG CTC CTC CTG TTC GAC-3' 5'-CGG ATT TGG TCG TAT TGG G-3'
HCV 5'-TCT GCG GAA CCG GTG AGT A-3' 5'-TCA GGC AGT ACC ACA AGG C-3'

TXNIP: Thioredoxin-interacting protein; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; HCV; Hepatitis C virus

L6 EZaRywEEasHE parRRLEN M HREZRI 258 (oneway ANOVA), K5 557K i
RIPA iR 24 A0, s i S B B A (028 0. 05,

E[5 5 A I 40 g o TXNIP,GAPDH #1 HCV #% 0>

EHRIE, —PON HinE AR R Ry, i

HRP #ric 3L Rkt 1eG, Fifba ZOtEREE 2.1 T TXNIP & 4p4) HCV s+ Huh7.5. 1 #m

2 & R
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fitd 48 h JiT , D e 4n e i) HCV 3B H . — KR, # Y TXNIP siRNA 48 h 5., TXNIP £ H

Bk HCV Fiik YRR IR M5 — 31 Alexa  Fl mRNA ki Yy NC siRNA (40 i1 e 24 F
Fluor® 488 #Ricd W F 4T A 1gG, F DAPL Z 4L 4y JH(P<<0.05, & 1A~1C), HGRZEZFOLKIN HCV
#%. JH Bioteck 4l 55 F Gei 80O G A AL . JERTL 1) FH M 28 B (1] 1D), TXNIP siRNA % 4y ()
1.7 %itsa A GraphPad Prism 5. 0 % Huh7.5. 1 4ifs HCV FHM: s pE %k NC siRNA #%
P TR A BN G2 . SCR R DL x5 38 Yy 7. 320 (P<C0. 05), 5 TXNIP mRNA i F#A%
7R PRI L8R ] Student”s ¢ K36, S FLECR IEEEAIRL.

NCsiRNA ~ TXNIP siRNA

TXNIP _
(46 000)
GAPDH _
(36 000)

TXNIP/GAPDH

( C
NC siRNA TXNIP siRNA NC siRNA TXNIP siRNA

1 T TXNIP RiEX% HCV B 220
Fig 1 Effect of down-regulating TXNIP expression on HCV infection

A, B: Western blotting analysis of TXNIP protein expression; C: qPCR analysis of TXNIP mRNA expression; D: Immunofluorescence staining of HCV

infection. TXNIP: Thioredoxin-interacting protein; HCV; Hepatitis C virus; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase. * P<C0. 05. n=3,

T+s.. Original magnification: X400 (D)
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J& F CCK-8 120 @A I 40 e H5 S 1 O . 4 2R s
55 Mock ZHAH L » 4EH7 WA K Ik B <400 pmol /L 1, %
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B (36 000) c

200,400 pmol/L 4 Hr WK 4L B Huh?. 5. 1 46 iy
* *
2.5 I ! 1.5 *
2.0 5 —
15 10
g 1. R}
o O
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48 h, fill TXNIP i 3Rik, gPCR 253 s, 4Ehiif
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RO (P<<0. 05, 18] 2B) . 8 [ B ENST A3 Hr 4
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& 2C.2D),

- *

15 -
o r—|
Verapamil E
_— < 1.0
Mock 100 200 400 @)
(46 000) Z 0.5 m
g )

0 Mock 100 200 400

Verap " Verapamil

B2 ZEHEKE (pmol/L) FiF Huh7. 5. 1 fAff 5 TXNIP §95ki%
Fig 2 Verapamil (pmol/L) down-regulated TXNIP expression in Huh7. 5. 1 cells

A: Proliferation ability of Huh?7. 5.

1 cells treated with verapamil using CCK-8 assay; B: qPCR analysis of TXNIP mRNA expression; C,D:

Western blotting analysis of TXNIP protein expression. TXNIP. Thioredoxin-interacting protein; GAPDH: Glyceraldehyde-3-phosphate

dehydrogenase. * P<(0.05. n=3, 7+t

2.3 fEwmRaea s HCV &% pols T
Huh?. 5. 1 4 100,200,400 pmol/L 47 fif > b 3
48 h J5  FHGREE ORI HCV B i BP0 . 25
RN ERWREAERIR AL BES  HCV G Y BH 1
AR Mock 20 24 WY S 980 20, 45 ) J2 24 ¥k 32 3k 3
400 pmol/L B}, HCV Jg&

e 1) 240 M B I 2= Mock 41

Verapamil

Mock 200

JFH-1 RNA level

0
Mock 100 200 400
Verapamil

E3

Mock 100 200 400
HCYV core
(21 000)
GAPDH
(36 000)
> D

HE4I PR K (nmol/L) #H] HCV &3 Huh7. 5. 1 £ 58

i 0. 85% (P<<0. 05,8 3A.3B), qPCR 5% iR, 41
HI ) JEH-T RNA ZKSP- Bl AERLMAK A RE 35 i
FEMR(P<<0. 05, &1 3C) . 28 F BB A 45 2R W n 4
IR RSN 4 HCV %088 19 4R34 (K] 3D). gPCR
KM 4npERE IR F3 b i JFHED RNA, 4558 B R 4Ehi
KA BT B B HCVee 19774 (P<<0. 05, & 3E),

) -
Mock 100 200 400

Verapamil

Verapamil

—_

9

(fold change)

JFH-1 RNA level

Mock 100 200 400
Verapamil

Fig 3 Verapamil (pmol/L) inhibited HCV infection in Huh7. 5. 1 cells

A': Immunofluorescence staining of HCV infection in Huh?7. 5. 1 cells treated with different concentrations of verapamil; B:
count relative to Mock group; C: JFH-1 RNA levels relative to Mock group in Huh?7.
protein expression; E: JFH-1 RNA levels relative to Mock group in cell culture supernatants.

Glyceraldehyde-3-phosphate dehydrogenase. Original magnification: X400 (A).

2.4 it kidar TR TXNIP & ik #94) HCV
B JHTXNIP 157 Y Huh?. 5. 1 40t %1k
TXNIP, fifif5 H 400 pmol/L 4EHifr K b ¥ HCVee
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HCV positive cells
D: Western blotting analysis of HCV core
HCV.: Hepatitis C virus; GAPDH;
* P<<0.05. n=3, Tt

5.1 cells;

mRNA Fl JFH-1 RNA, 2538 57, 4ERLA K b 2 X
31 # 5 TXNIP [ Huh7. 5. 1 40 jfg (Huh?7. 5. 1-
TXNIP) Bt TXNIP () mRNA 215 760 1 52 i (&

4A) X HCV RSt I B3 (& 4B)
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Fig 4 Effect of TXNIP over-expression on
verapamil (400 pmol/L) inhibiting HCV infection

A The expression of TXNIP mRNA; B: JFH-1 RNA level. TXNIP;
Thioredoxin-interacting protein; HCV: Hepatitis C virus; GAPDH.
Glyceraldehyde-3-phosphate dehydrogenase. * P<C0. 05. n=3, x=*s;
2.5 e kst TXNIP B3 F oy %k
Fh O TP AERLIOR R AP TXNIP
JA B F I B SR s A AT & TXNIP J5 3 1Y
EGFP #f 45 5 I 3R 3k ok p TXNIP-EGFP #1 {5 A
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IRTCH (& 5)

[ Blank
Hl Verapamil

i
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Fig 5 Verapamil (400 pmol/L) inhibited transcriptional
activity of TXNIP promoter
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Fluorescence intensity
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(=}

TXNIP: Thioredoxin-interacting protein; CMV: Cytomegalovirus;

EGFP: Enhanced green fluorescent protein. * P<C0. 05. n=3, x=%s;

3 it i

HCV Jge 2 4 BR3E Fl 1) 7™ 5 28 4 DA ), R
EUTAERHT—1C DAA i LT P9 B 4 B 36 97 B
13 E Rk A0 AR 2 B 25 4 AR HLA A5 3500 F
W& 5 T8 B T aaifi vl A R /N4 HCV 24
Y FEPUR R 25T R T S 3 2 AT AR R
ZHE H W el 22 HE 7R 28 R0 55 24 W 0 %
THAS LI . NE BT i 254 rh i ik o R e
BRI e AN RN 2R B T A A R R W
i, HC RS Kb i A ™, R I, 2 24 7 T g R
13 B R AN B BURE 8 259, T8 0 BLR 5 i e it
FOBTIBUE R 2 Y AH LL LA i

FRAT T 30 3 R RS R DR 0 B R S
HCV BYLA S 4 Bl TXNIP (3557, %5
B TE 20 A 5 AR AR A B R T A A Ak
IR JFRC A0 T X6 A0 W L R T L RE /MR
T BRGSO 55 4 A s /R o et
HCV B VLA Tt — 280, Ao,
JH siRNA F% Huh7. 5. 1 Ziiffirh TXNIP 33k,
SRIE A HCVee B4y, 25 1] I HCV &L /K - bifi
TXNIP B 7KV B R AT BA 2 T B, =38 Z [h) S R
ALY T 38 EE 3], 7% HCV et TXNIP 4371
e AR

ARG K B TXNIP (4 3235 L/ nT 5 209 i
B AR T, S5 0E PR & A % Y1) AH 5, 1 5 3 1 B
FIAEhr A K e A TXNIP f928 35 AR 2 B 20 ity
FEIE S FE/INERUSE RS rp R Bl 1k 41 DR AA B 28 05 I 1 IR
A TR R RS IR
L 9 25 W e A TG 9T N B R FRAT LA
Huh7. 5. 1 4 B8RS T 4E i oK i 5t HCV
TEPE . G5 R TIR PR A A 0 B 1 Wk B Y N
YRR T BE AR T IR TXINIP ) 2 328 A4 il
HCV J&y, ] TXNIP 1845 3% &Y Huh7. 5. 1 41
J I RIR TXNIP, AERIK X TXNIP Rkl
HCV Jge i 41 75 B S 5 5 BE DR 180 7% 2k 1A
TXNIP JE8h¥ 2 N CMV J5 8+, 4Ehi ik xF iz 05
SFRYEE M ER . F G 3 F-EGFP #8556
JERLE AT S D 1 — A GF S 2 B0 K 2 58 A 1
TXNIP Ja 8l 0 E T T IRz 3k .

K 7R, TXNIP (/5 R85 2 BURE IR
I3 I T 1) 2 A i B AR OGS T i HOV e
51X PR S DRI » R A KA S — R AR B
Pt HCV 254, AL AL T 9 TXNIP ) 22 3540
HCV By, b vl figfy B T2 HCV &g | & ryft
ARG . 28R T I IE A T B R R



555 1. AR A5, HERIMAKIE T R SR SR 10 AR AR 1 A2 0 P BT 5 7 g

* 553

HERLIAKRIA Y o1 22 5 DAL » 75 5 [ EE L

AWFTEEEA L s HERLIA K Al A R — b A E A BT

HCV 258, 2% HETN R RI6)T & T 2575
2L BATT 2D EHERLA K 55 ] B 5 bRk IR

gl R 250 13 0L

HHEAPEEM, i —

ARGTAERLIAK BT T N BRI ARG 7 (L
(£ % 3 #K]

[1]

[2]

(3]

(4]

(6]

7]

(8]

(9]

[10]

ROSEN H R. Clinical practice. Chronic hepatitis C
infection[ ] ]. New Engl J Med, 2011, 364. 2429-
2438.

LAU J Y, TAM R C, LIANG T J, HONG Z.
Mechanism of action of ribavirin in the combination
treatment of chronic HCV infection[ J]. Hepatology.,
2002, 35; 1002-1009.

DAVIS G L, ESTEBAN-MUR R, RUSTGI V,
HOEFS J, GORDON S C, TREPO C,

Interferon alfa-2b alone or in combination with ribavirin

et al.

for the treatment of relapse of chronic hepatitis C.
International Hepatitis Interventional Therapy Group
[J]. N Engl ] Med, 1998, 339 1493-1499.
CHARLTON M, EVERSON G T, FLAMM S L,
KUMAR P, LANDIS C, BROWN R S Jr, et al
Ledipasvir and sofosbuvir plus ribavirin for treatment
of HCV infection in patients with advanced liver
disease[ J ]. Gastroenterology, 2015, 149: 649-659.
NKUIZE M, SERSTE T, BUSET M, MULKAY ] P.
Combination ledipasvir-sofosbuvir for the treatment of
chronic hepatitis C virus infection; a review and clinical
perspective[ ] |. Ther Clin Risk Manag, 2016, 12; 861-
872.

KAWAGISHI N, SUDA G, ONOZAWA M,
KIMURA M, MAEHARA O, ITO J, et al. Hepatitis
B virus reactivation during hepatitis C direct-acting
antiviral therapy in patients HBV
infection[ J/OL]. J Hepatol, 2017. doi: 10. 1016/].
jhep. 2017. 04, 008. [ Epub ahead of print |

B A, 3O X F b L g T 40 4R
A EAEHR S YRS 15 B AR ELAE RS
(1], et ez, 2016, 34 597-602.

XU G, CHEN ], JING G, SHALEV A. Preventing -
cell loss and diabetes with calcium channel blockers
[J]. Diabetes, 2012, 61 848-856.

LEDWITCH K V, BARNES R W, ROBERTS A G.

Unravelling the complex drug-drug interactions of the

with previous

cardiovascular drugs, verapamil and digoxin, with P-
glycoprotein[ J/OL]. Biosci Rep, 2016, 36 (2). pii:
€00309. doi: 10. 1042/BSR20150317.

GUAN M, WANG W, LIUX, TONG Y, LIU Y, REN
H, et al. Three different functional microdomains in the
hepatitis C virus hypervariable region 1 (HVR1) mediate
entry and immune evasion[ ] |. ] Biol Chem, 2012, 287:

[11]

[12]

[13]

35631-35645.

SACRAMENTO C Q, DE MELO G R, DE FREITAS
C S, ROCHA N, HOELZ L V, MIRANDA M, et al.
The clinically
inhibits Zika virus replication[ J/OL]. Sci Rep, 2017,
7: 40920. doi: 10. 1038/srep40920.

ZHOU H, WANG F, WANG H, CHEN C, ZHANG
T, HAN X, et al. The conformational changes of Zika
virus methyltransferase upon converting SAM to SAH
[J]. Oncotarget, 2017, 8: 14830-14834.

HWANG J, SUH H W, JEON Y H, HWANG E,
NGUYEN L T, YEOM J, et al. The structural basis
for the

approved antiviral drug sofosbuvir

negative regulation of thioredoxin by
thioredoxin-interacting protein[ J/OL]. Nat Commun,

2014, 5; 2958. doi: 10. 1038/ncomms3958.

[14] HANSCHMANN E M, GODOY J R, BERNDT C,

HUDEMANN C, LILLIG C H. Thioredoxins,
glutaredoxins, and peroxiredoxins-molecular mechanisms
and health significance: from cofactors to antioxidants to
redox signaling[ J ]. Antioxid Redox Signal, 2013, 19:
1539-1605.

LEE S, KIM S M, LEE R T. Thioredoxin and
thioredoxin target proteins: {from molecular mechanisms to
functional significance[ J|. Antioxid Redox Signal, 2013,
18: 1165-1207.

[16] BOMPADA P, ATAC D, LUAN C, ANDERSSON R,

[17]

(18]

[19]

[20]

[21]

OMELLA ] D, LAAKSO E O, et al. Histone acetylation
of glucose-induced thioredoxin-interacting protein gene
expression in pancreatic islets[ J ]. Int J Biochem Cell Biol,
2016, 81(Pt A). 82-91.

MANDAILA A, DAS N, BHATTACHARJEE S,
MUKHERJEE B, MUKHOPADHYAY S, ROY S S.
Thioredoxin interacting protein mediates lipid-induced
impairment of glucose uptake in skeletal muscle[ J].
Biochem Biophys Res Commun, 2016, 479. 933-939.
SINGH L P. Thioredoxin interacting protein ( TXNIP)
and pathogenesis of diabetic retinopathy[ J/OL]. J Clin
Exp Ophthalmol, 2013, 4. doi: 10. 4172/2155-9570.
1000287.

FORRED B J, NEUHARTH S, KIM D I, AMOLINS
M W, MOTAMEDCHABOKI K, ROUX K J, et al.
Identification of redox and glucose-dependent Txnip
protein interactions[ J/OL]. Oxid Med Cell Longev,
2016, 2016 5829063. doi: 10. 1155/2016/5829063.
DOTIMAS ] R, LEE A W, SCHMIDER A B,
CARROLL S H, SHAH A, BILEN J, et al. Diabetes
regulates fructose absorption through thioredoxin-
interacting protein [ J/OL . Elife, 2016, 5. pii:
el18313. doi: 10. 7554/eLife. 18313.

MAHMOOD D F, ABDERRAZAK A, EL HADRIK,
SIMMET T, ROUIS M. The thioredoxin system as a
therapeutic target in human health and disease[ ] ].
Antioxid Redox Signal, 2013, 19 1266-1303.

(AxHmE\E] 7 A



