RJVR

Korean Journal of Veterinary Research

Original Article

pISSN 2466-1384 - elSSN 2466-1392
Korean J Vet Res 2022;62(1):e3
https://doi.org/10.14405/kjvr.20210040

*Corresponding author:

Hong-Gu Joo

Laboratory of Veterinary Pharmacology,
College of Veterinary Medicine and
Veterinary Medical Research Institute, Jeju

National University, 102 Jejudaehak-ro, Jeju

63243, Korea

Tel: +82-64-754-3379
Fax: 82-64-756-3354
E-mail: jooh@jejunu.ac.kr

ORCID:
https://orcid.org/0000-0002-1505-8761

Conflict of interest:
The authors declare no conflict of interest.

Received: Oct 5, 2021
Revised: Nov 15, 2021
Accepted: Nov 29, 2021

© 2022 The Korean Society of Veterinary Science.

€ This is an open-access article distributed under
the terms of the Creative Commons Attribution
Non-Commercial license (http://creativecommons.
org/licenses/by-nc/4.0/), which permits unrestrict-
ed non-commercial use, distribution, and repro-
duction in any medium, provided the original work
is properly cited.

www.kjvr.org

OfRA ZITEM| 0| CHSH disulfiram/copper?]
4 ki

Synergistic anticancer activity of disulfiram/
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Abstract

Disulfiram (DSF) is a marketed drug to treat patients with alcohol dependence by
inhibiting aldehyde dehydrogenase. Over the last few decades, DSF has been shown
to have anticancer effects through different mechanisms. Moreover, this effect can
be elevated when used with copper (Cu). Subsequent studies have been conducted
on various cancers, but few on lymphoma. This study investigated the anticancer
effects of DSF on lymphoma and how this effect changed when treated with Cu.
DSF synergistically decreased the metabolic activity of EL4 lymphoma cells when
combined with Cu. At 1 uM of DSF alone, the metabolic activity of EL4 cells de-
creased by 49% compared to the control, whereas it decreased by 87% with a DSF +
CuCl, treatment. Rhodamine 123 and 2}7’-dichlorofluorescein diacetate staining
showed that DSF induced the reduction of the mitochondrial membrane potential
and promoted the production of reactive oxygen species. In particular, the com-
bined treatment of DSF + Cu induced cell death based on multiple assays, including
annexin V-fluorescein isothiocyanate/propidium iodide staining. Overall, DSF has
anticancer effects on lymphoma cells and exhibits synergistic effects when com-
bined with Cu. This study provides some valuable information to broaden the use
of DSF in clinics and basic research.
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=

Disulfiram (DSF)}< 604 o ¥F-E&9)EF A BAE AMGEUCHI]L. E2-E AHF
F, ofl&t=2 alcohol dehydrogenase©ll ©J3fl acetaldehyde® #2H=|11, aldehyde de-
hydrogenase (ALDH)®l| 93] acetate® tHAFE . DSF= ALDHS| 4 &4 A4
5to] Aol Al acetaldehydes %3 A1711, ol F5, olAHR, T2 59 & &
S ot Eae AHE AAZITH2]. 2HH 2ol DSFE FAAIR &8-517]
A% A7 g Aol A JE I QB

DSFO] gtayh= eH4-6l, HH7], FRAEZER], HFLH6]l Sl A=A

1/7



Korean J Vet Res 2022;62(1):e3 ® Haebeen Jung, et al.

Korean Journal of Veterinary Research KJ VR

Om, reactive oxygen species (ROS) A3/3[4], proteasome &4 I
A[5], nuclear factor-kappa B [6]-} mitogen-activated protein ki-
nase [9]1¢} 22 A3AG AAE 2Eok= 59 T T V1A
o] &#FTt. E3] copper (Cu)2t 2= S W= DSF] Az}
= SHAIZTHG,8,9].

ot ollA DSFE Fadrt A7E Y U 7R, HEF
of I3t A obd FEsirt & Ao, EL4 AlZE o]&5t
o] T FZZol tiek DSFO| A a7} 2-871E Lotk gttt o
£ 9I8l, EL4 A% DSFE &% 22 AT $ Axd o Jes
WAL, EL4 Al AR, n]EZE 2ol 2 A 9(mito-
chondria membrane potential, MMP), ROS &34 5-& &7t
St Egh, DSF3t Cus @74 A=3te] Cut DSF] 25 wlA|
£ ¥ Lot

= 2 U

Mot AloF

EL4 A|lZF(mouse lymphoma cell line)= A ZF23(Ko-
rean Cell Line Bank)°ollAl 9]ttt DSF&= Sigma-Aldrich
(USA)NIA +9J5t3 2m, dimethyl sulfoxide (DMSO; Sigma-Al-
drich)°ll =<1 % ARg-519t. DMSO AH-5=+= DSF 10 uMe] 73
T 1% v/v)E ARgsERen, YA BE DSF AZZolA= 0.1%
(v/v) o182 AHE-3IF ). Cu™ A E 913 CuCl, (Sigma-Aldrich)
£ 2 75l =0 AR

MIZEH 2} SR

EL4 A& 10% fetal bovine serum, 100 U/mL penicillin/
streptomycin, 2 mM L-glutamine Z33F RPMI 1640 HZ]of|A]
37°C, 5% CO,9 =70 & HjYs}oirt. 6-, 24- = 96-well cul-
ture plate (ThermoFisher Scientific, USA)ll #53t ¥, DSFZ+
CuCLE 5%k ¥& A s}o] vt & A5

EL4 MIZQ| HAIZEE £H

1 x 10° cells/mL ‘F%=°] EL4 A2 DSFE 5% & At
3, CuCl, 1 uM= 715199, 96-well culture plate A 34 &<t
vistaet. v & Ao AR E S42 98] 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT,
Sigma-Aldrich) 895 0.5 mg/mL TE& Y11 4A|7F 5% 37°C,
5% CO,°lA A5k}, A|3zof o] 2H¥E formazan product
(crystal violety& &-3lA1717] {15l 10% sodium dodecyl sulfate
|HE Yol 247 Bt ¥HSAIFH T I ¥ microplate reader
(ThermoFisher Scientific/E °|-85t% F2%E(570 nm)E 545}

At
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Hoechst 33342 GMS 0|2¢H EL4 MIZE & 2

Al 3 meFo] S Bl A EARS ERlst] 915 EL4 A2
S FABIATE 2 x 107 cells/mL %E9] EL4 A X DSFE &
T R A2kl CuCl, 1 pM= 571519, 24-well culture plate]]
A 29 B2t HiFstSiTt. MEo Hoechst 33342 (Sigma-Aldrich)
SAZ 2.5 pg/mL FEE A5t 37°CollA 10&7 AT
1 % F3AvB(ZOE Fluorescent Cell Imager; BIO-RAD,
USA)S o3l &astgit.

MZEALSH

Az O] M ZAF £74& 150 annexin V-fluorescein isothiocya-
nate (FITC)?} propidium iodide (PI) -§H0 2 FAIGTt. 2 x
10° cells/mL 5=9] EL4 A|%o] DSFE 5= ¥ & A 2|5} CuCl,
1 uMZ F7}5}9, 24-well culture plateoll A 28 &<t Hi st
Hj¥o] 19 annexin V binding buffer (ThermoFisher Scientif-
io)= A& £ annexin V-FITC (BD Bioscience, USA)E 2 pg/mL
FER AR o A2, YA 2004 1083 HHEAIFH. PI
|42 24 58 A 0.1 pg/mL =2 A5ttt LSRFortessa
flow cytometer@} FlowJo software (BD Bioscience)E ©]-85+] &
Az EA s

ROS #ad &4

1 x 10° cells/mL %%=2] EL4 A% DSFZ 3 mM N-ace-
tyl-L-cysteine (NAC, Sigma-Aldrich)& A 2|3F & 96-well cul-
ture plateo] A 39 St BiFSHHT. NACE ROSY inhibitor®,
ROSY| AR E4Z fI3 ARGt Bl & diA = 4%
HO® MTT assays °l&3siA 439 CuCl,7F ROS9| 4374
o BX]= FES Fotr 7] Y3 2',7'-dichlorofluorescin diacetate
(DCFDA; Sigma-Adrich)E ©|-&3to FAZE4S sHA.
DCFDA+ ROSO] 9J3] 2',7" -dichlorofluorescin (DCF) 2.2 Ats}
Ho] 239t 2 x 10° cells/mL %%=2] EL4 Al Z0] DSF# CuCl,
£ Agste] 29 St vt wigo] v itgsdoR
A|H& ¥ DCFDAE 10 yuM F%2 A5}t 37T oA 3083t
HRSAIR & FAIZEA dAGHo R A3 F BAsHAT /A
32542 LSRFortessa flow cytometer®t FlowJo softwareE ©|-&

st

MMP &3

2 % 10° cells/mL 5%=9] EL4 A0 DSFE 5= E& Aot
CuCl, 1 uM= F7}519, 6-well culture plate®l| 4] 2 <t ¥ Y5}
%t MMP 5732 915 Rhodamine 123 (Sigma-Aldrich) §%4-<
0.1 pg/mL TEE Azet & A2, A9 27004 30& 7t 5HS
AFt}. LSRFortessa flow cytometer2t FlowJo softwareE ©]-8-5}

of FAIEZEASHAT
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SHEA

MTT assay°ll gt o= B+t + EEHAE UECH, ordi-
nary two-way ANOVA (GraphPad Prism; GraphPad Software,
USAYE 33l #9425 FUAsHAT. nse Fol4d0] 852, *, ™,
ek = Zk2F )23 Bl wste] p < 0.05, 0.01, 0.001, 0.0001
A& UERdch #2 22 DSF 5004 NAC A2] -5l w2 A2
F 749) pRS UERe, Aol the ol AR 9ol SUsict.

EL4 MIZZ0fl CiSt DSF2} CuCl,2| CHAMRMEE 24 S3}

DSF &5 F= DSF + CuCl, (1 uM) A 2Zol|A EL4 Al 2] of
A= WSS gotR 7] 8] MTT assays Al &sHAtH(Fig. 1).
B4 A3} DSFO 2E 5%(0.01-10 uM)°IA DSF =0 ]3]
DSF + CuCl, A2J2o] W2 AR =S Yttt £3] DSF 1
uMollA 23k ¥ 23S o) DSF ©5-2 49%, DSF + CuCl, A
22 87%9] AR E ZAE Bt DSF 95A 2] 3¢
0.01 uMollA AR E7L ot ZHAStEANE R-ofotA] Fetar,
10 pMoflAl= AR o] A9 KolA] gttt ol:= DSF7F 0.01
UM ©J5te] FIEoA = sub-cytotoxicotthe A& UERAT). Half
maximal inhibitory concentration (IC50)< Al4tet A3} DSF &
52 1.02 uM, DSF + CuCl, &+ 0.25 yM2 &, DSF &=0]|
I3 CuCLet A A& o AE=/go] oF 48 S71stia<=
&5 AN

1.5+ —e— DSF
= DSF+Cu

£ 1.0

<

14

n

©

a

S 05

0.0 T T T T T
0 0.01 0.1 1 10
DSF (uM)

Fig. 1. Effect of disulfiram (DSF) and CuCl, on the metabolic ac-
tivity of EL4 cells. EL4 cells (1 x 10° cells/mL) were cultured in 96-
well culture plates with 0 to 10 pM of DSF with or without 1 uM
of CuCl,. A MTT assay was performed 3 days after treatment. The
optical density (OD) was measured at 570 nm using a microplate
reader. The results are presented as the mean + standard devia-
tion, and the statistical significance was performed by ordinary
two-way ANOVA. *, ™ *** indicate p < 0.05, 0.01, and 0.0001 re-
spectively compared to control EL4 (DSF 0 pM). ns, not significant.

https://doi.org/10.14405/kjvr.20210040

DSF2} CuCl, 0l 2f8t MIZAL 57t

Az sl o] Fejets] #E2 S MEAEAE dofu=4] gelst
7] 9130l Hoechst 333423+ PIZ NZE BMSFATHEig. 2A). Ao}
W= AZEH)S} 52 AZGE2AS 284S 2R 725t
o] BA513t. DSF 95422 t 223 F2 A9 71 vl
51931, CuClLet 37 A3 wi= DSF 0.1 uM + CuCLolA @
AstHA F2 A2 H&o] Edth(Fig. 2B). E3F annexin
V-FITC/PI A ¥ RAIZEAS HAISto] AZAE DAEE &
A5l tH(Fig. 2C). Necrosis (annexin V-/PI+), early apoptosis
(annexin V+/PI-), late apoptosis (annexin V+/PI+)Z 55}
t}. DSF 0.1 uMe]l H]5f DSF 0.1 uM + CuCLPllA] early apoptosis
2} late apoptosis”t B 57+t £3] DSF 0.1 uM + CuCL A
<= A A7ZolA viable cell (annexin V-/PI-)9] H]&0] 71 Sk
t}. o] B3l DSF= CuCLell 93 EL4 Al 29 N ZALE H& F4

AN $ IS L S I

d
(]
(o}
)
C
\
o)
9,

DSFoil 2|5t EL4 MIZ2| MMP &4

MMP+= P EZEE0}L] 7]5-& fAI57] 913t BeRAolt &
R ZEBHJA forward scatter/side scatter®] <#5%] debrisZ 3
BEAY & Al wiARE § Aolles NEZES gatingsto]
MMP #& &3 ch(Fig. 3). DSF 0.1 uM + CuCl, (1 pM)OlIA]
fluorescence intensity B4 7P @A) Fk=d], iRl
H]3f 48% ottt DSF 0.02 uM 5%} 0.1 pM SE EFo]A
CuCl, 1 uM)}E 3 A 3E w7t DSF S5 2Rt F+gt
0] 40% R9kth. DSFE CuCLe}t 3 AHEE 7% EL4 Al Z9] n|E
2o} 7|52 BH O R AT 4 93-S RIFTh

DSFO|| ot St S oA ROSS| &

DSF9| a4 ROS7} o] BA FAEEA] gotir] 93]
ROS9| inhibitor % 31491 NACE ARE319tt DSF] A2 Bk
H91(0-10 uM)°ll A DSF F=A] 2| E ek DSFF NACE 3 A2
Fe o AlE] ATt 2 A0 R Hol ROS7F DSFE A
25 EL4 AZ9] qAZAHES Y3 S € 5 Ath(Fig.
4A). SHATE DSF + CuCl, (1 pM) A Zoll NACE B3l §H-5-A17]
H DSFO| HE S04 A9 tiA/d =7} v BojFh(Fig.
4B). DSF + CuCl, A 2]:%9] ROS A4 HS gotr 7] 93] DCFDA
£ o839t DSF & CuCl, A&t ti2o]| =3 ROS A4
Zo] 37HHFig. 5).

k)

DSF+= 604 o)y EF-&0)EF A w5AR AMGE O] HrH1l. o]%
DSF7} §3-&9EF ABAR AME= 7R OE 7|7eR
PGS et A APEUcH4-6]. EZF I EE 4,9105
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DSF 0 uM DSF 0.02 uM DSF 0.1 uM

DSF 0 pM + CuCl, 1 uM DSF 0.02 pM + CuCl, 1 uM DSF 0.1 pM + CuCl, 1 uM

100 B Necrotic

M Normal
M Apoptotic

80
60
40
20

0
9 DSFOuM DSF0.02uM DSFO.1uM  DSFO MM + DSF0.02 uM DSF 0.1 uM +

CuCl, 1 uM  + CuCl, 1 uM  CuCl, 1 uM

DSF 0 pM DSF 0.02 pM DSF 0.1 pM

14.6 %

Fig. 2. Disulfiram (DSF) induces the apopto-
sis and necrosis of EL4 cells and is enhanced
when treated with CuCl,. EL4 (2 x 10° cells/
— e e e et mL) were cultured in 24-well culture plates
s with 0, 0.02, and 0.1 pM of DSF with or with-
DSF 0 uM DSF 0.02 pM DSF 0.1 pM out 1 uM of CuCl, for 2 days. (A) The cells
+CuCl, 1 pM +CuCl, 1 pM +CuCl, 1 pM were double-stained with Hoechst 33342 and
propidium iodide (PI), and the images were
captured using a fluorescence microscope.
Scale bar: 50 pm. (B) All cells were sorted by
their color and converted to a percentage. (C)
Annexin V-FITC/PI staining was performed.
The quadrants of the dot plot indicate live
. cells (annexin V-/PI-), cells in early apoptosis
s S : (annexin V+/Pl-), late apoptosis (annexin V+/

G Pl+), and necrosis (annexin V-/Pl+).

AnnexinV-FITC ——»

Comp-PE-£
Comp-PE-A
Comp-PE-2,

1w’ 185 % o’ 15.6 %

Comp-pE-A
Comp-PE-A
Comp-pE-A

PI

4/7 https://doi.org/10.14405/kjvr.20210040



Anticancer activity of disulfiram/Cu on lymphoma

Korean Journal of Veterinary Research KJ VR

DSF 0 uM DSF 0.02 pM DSF 0.1 pM
=1 29710 139674 =125796
DSF 0 pM DSF 0.02 pM DSF 0.1 pM
=1 26071 =123798 =1 15462
Rhodamine123

Fig. 3. Disulfiram (DSF) treated with CuCl, reduces the mitochondria membrane potential of EL4 cells. EL4 cells (2 x 10° cells/mL) were
cultured in 6-well culture plates and treated as described in Fig. 2. The cells were stained with a Rhodamine123 solution and analyzed by
flow cytometry on the FL1 channel. The number in histograms indicates the mean fluorescence intensity.

OD at 570 nm

A

:| HitH

OD at 570 nm

-~ DSF

2.0 - DSF+NAC
1.5
1.0
0.5
0.0 T T T T T

0 0.01 0.1 1 10

DSF (uM)

B/

0.8 -e- DSF+Cu
s -+ DSF+Cu+NAC

0.6 HHHH
0.4+ #H#
0.2 ns ns

» L o -— —i
0.0 T T T T T

0 001 01 1 10

DSF (uM)

Fig. 4. Involvement of reactive oxygen species generation in the effect of disulfiram (DSF). EL4 cells (1 x 10° cells/mL) were cultured in
96-well culture plates with 3 mM NAC and the following treatments: (A) O to 10 uM of DSF. (B) O to 10 uM of DSF with 1 uM of CuCl,.
A MTT assay was performed after 3 days of incubation. The optical density (OD) was measured at 570 nm using a microplate reader. The

results are presented as the mean + standard deviation, and the statistical significance was analyzed by ordinary two-way ANOVA. **
indicate p < 0.01 and 0.0001, respectively, compared to the groups with and without NAC in each DSF concentration.

#H###

o ok
s
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DSF 0 pM DSF 0.02 pM DSF 0.1 pM
1588 12538 12087
DSF 0 pM DSF 0.02 pM DSF 0.1 pM
+ CuCl, 1 pM + CuCl, 1 pM +CuCl, 1 pM
12619 12660 11883
DCFDA

Fig. 5. Disulfiram (DSF) and CuCl, enhance ROS generation. EL4 cells (2 x 10° cells/mL) were cultured and treated as described in Fig. 2.
The cells were then treated with10 uM DCFDA for 30 minutes and analyzed by flow cytometry on the FL1 channel. The number in the

histograms indicates mean fluorescence intensity.

Ayt o]#gk DSFY A= Cudt A AFE o 6 & 5
=, thgst oA DSFEF Cufl Ftavtol digt d4L7} o] F
oJFTHS, 9. B A7olA = A T HEFoj|A o]E Astirt.
DSF9| BE 5%(0.01-10 uM)°IlAl DSF @50l H3| DSF +
CuCl, Hgto] ¥ ¥ gAY =S B YrkFig. 1). CuCLe] &
5ol w2 2to]= DSF 1 uMellA 7 Fek. DSF + CuCl2] A=
S = Asto] gt 2871 BA45H7] Aol AEAL o H|EE
Ego} 7% 52 B354tk Hoechst 33342% A7 Al ZukS
35to] DNAE st o2 ARt 1] §Hd Pl A4 A2
93 SA6A] Zokal £4E Ao QAAIE WMo R Mg
t}. Hoechst 33342/P1 845 33l DSF& CuCLE &7 A2 3
o) AZAL 7P S7F (Fig. 2). B3 Annexin V/PI 842
S AlZARE DA SR o] 423} Jlow, DSF 0.1 uM +
CuCLOlIA Aotgle M 71 7Hg W2 AMLS 150t}
NZALS] 7102 MMPE ROS9O ##A S gotr e},
Rhodamine 123 H|EZEZo}o] Al ZutS 56t FFERE,
IR 2o A= v EZE oL Yo FAF AT &% MMPE 7t
A A 2oAE A E A 9F=tH12]. ROSE UEZEg|olo] AxA
AN FFH o2 A=l Bt (peroxide) 5 TokH, S

P

ofl o

6/7

7Hel ROS= Al ZAEAL 27 & A (apoptosis regulatory protein)
o] o] fosto] NZARS doIHI3]. F 7HA 71AAFE &
o DSF7F MMP9] 749} ROS9 A4S FE5191, CuCLE
A A= HE d AZAE 571’ Ao& Kol A5aizt ke A
AS & 4 AU EZE NACE 183 ROS BA T 49l 4 DSF
+ CuCl, A 29| AR/ =7} DSFO| HE =04 v Boj3
£, °l= CuCl, + NACTHA| 25/ 282 vehd 202 widts
tH14]. B Z5FAENA DSF &5 Hl3) DSFS} Cus 37
AREE W INK Aledgo] /43t=SUeHIl. FF EL4 Al Z oA
= Cud Foane #Ad Aedgo] tigk A7t 2 esi)

£ A4 DSF + Cufl FARIE SRIFSl%, DSF7F 3%
A= 7= golls 2 7HA ©50] Aok DSF= @ (pH 7.4) W
oA Wz717F 1-1.58 2.2 wi-- FoH15], @A tiAtE= 3
oA FesEo] Eold 4 AUt ThgRt AolA FAATE A7
of axxor JEsty 2 HEA 7] A nanoparticle®
packagingdto] o] 2-§-5h= WHHo] A= 1L AtHle,17]. w2t
Al DSFE @5 E+= DSF + Cug ME& drug delivery system
(D)o e Eart k. o] @7olA DSF T HZZ]
W FARIT} in vitrool A SFAEHF LR, FF DSFY in vivo

https://doi.org/10.14405/kjvr.20210040
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oA ga o] thet A9t FxFo| DSF EE DSF + Cus &
FH oz Agd 4 9= DDS A7t Easith
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