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ABSTRACT

3RO\SKHQROV KDYH EHHQ SUHYLRXVO\ VKRHQYNWHR MHEOMDWLPHQHV WR
WRSRLVRPHUDVH LQKLELWRUV +HUH ZH BYVNWVSWRMHSKHERWV ZKHQ XVHG
DORQH DQG LQ FRPELQDWLRQ ZLWK DQWLPHWMBER ®HWMHAD S WHR\S K B IWQHH [DA\G

AXRURXUDFLO LQ O\PSKRLG DQG P\HORL G QHVX NNHPE IQ RBOOXPRU FRQWURO

FHOOV 7KH HIIHFWV Rl FRPELQHG WUHDWRBDWWNGZROH IR PG JOXWDWKLRQH
OHYHOV FHOO F\FOH SURJUHVVLRQ '1$ GDPDJH DQG DSRSWRVLYV

3RO\SKHQROV DQWDJRQL]JHG PHWKRWUH[DWH D QL3 G RAME DFHDROS K \FLOGHH
DUUHVW DQG DSRSWRVLV LQ PRVW OHXN HM\D AH\CRF IODVQHE ZAKNK UHGXFHG
'1$ GDPDJH DQG LQFUHDVHG JOXWDWKLRQH OHWKDW VHHQWROOREDQJ
LQGLYLGXDO WUHDWPHQWY DORQH

,Q FRQWUDVW AXRURXUDFLO ZKHQ FRPELQHDBSZLW R LTX BQEHWKHHLQ
FDXVHG VIQHUJLVWLF GHFUHDVH LQ $73 RIHFYH®Y FLRGK PWUREW DQG DSRSWRVL
LQ VRPH OHXNHPLD FHOO OLQHV +RZHYHUFNYWHMRQRENVHUYHG ZKHQ

AXRURXUDFLO ZDV FRPELQHG ZL WK \WKHQBDHMGIGLQ P\HORLG FHOO OLQHV 7

HITHFWV ZHUH GHSHQGDQW RQ SRO\SKHQROHWISH D QIEQFK HBRWKWLIJDWHG DQG
FHOO W\SH WUHDWHG ,QWHUHVWLQJO\ WUHRQRHIR® FHORY WIXWPR SRO\SKHQRO
SURWHFWHG FHOOV IURP DQWLPHWDEROLWH WUHDWPHQWYV

7KLV VXJIJHVWY WKDW SRO\SKHQROV PRGXDQW IHPWW B EDRFOVLWVRK) TRIH QW V
PRUH LPSRUWDQWO\ WKH\ DQWDJRQL]HG PHWKRWURI$XWHQBHQIF WRIRQFD VK X V
VXJIJHVWLQJ WKH UHTXLUHPHQW RI SRO\SKHIQRIOWHK A DX KIVRQ G X

INTRODUCTION Methotrexate is used in the treatment of all types of leukemia;
and commonly used in the treatment of childhood acute

The mortality of leukemia is still high despite lymphoid leukemia [1, 4-6]. 6-Mercaptopurine is approved
FRQVLGHUDEOH LPSURYHPHQWYV LQ YWR®ie ymahaeyic Buesnia:ichilghogd\ackte lymphoid
chemotherapeutic agents [1]. Antimetabolite agents such as leukemia, as well as acute and chronic myeloid leukemia
PHWKRWUH[DWH PHUFDSWRSXULQH DQG * AXRIRXUDODWLO BYRUWRUDFLO LV X
of the most commonly used chemotherapy agents used to treatment of acute myeloid leukemia [7-8]. However, these
treat leukemia [1]. They have National Institute for Health and DOWLPHWDEROLWHY DUH QRQ VSHFL¢F
Care Excellence and Food and Drug Administration approval  malignant cells. As a consequence, these drugs are associated
for their therapeutic and maintenance use in leukemia [2, 3].  with severe side-effects and drug resistance [1-5, 9].
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Epidemiological data has shown that diets rich in DIHQWY UHTXLULQJ WUHDWPHQW GRVH
polyphenols particularly from fruits and vegetables [10] 0 WR VLIQL,FDQWO\ UHGXFH $73 OHYH
VLIQL,;FDQWO\ LPSURYH TXDOLW)\ Hhe Gidhelt dosesausdd @&3e i &A1Y EeDline which
rates of patients with chronic diseases, including cancer UHTXLUHG D 0 PHUFDSWRSXULQH V
[12]. Polyphenols possess a broad range of biological WR VLIJQL;FDQWO\ UHGXFH $73 OHYHO
properties in cancer cells and have been shown to inhibit for the induction of caspase 3 activity for methotrexate,
cell proliferation; arrest cell-cycle and inhibit several PHUFDSWRSXULQH DQG AXRURXUDFL
protein kinases and induce apoptosis [13, 14]. Our earlier SDWWHUQ WR WKH /6'V IRU $73 OHYHOV
work demonstrated that polyphenols reduced ATP levels, the lymphoid leukemia cells and non-tumor control cells
caused cell-cycle arrest and induced apoptosis, particularly were more sensitive to antimetabolite treatments, whilst
in lymphoid leukemia cells; with limited effects seen in the myeloid cells, particularly the KG1la cells were more
non-tumor hematopoietic control cells [15]. UHVLVWDQW 7KH /6'V IRU FDVSDVH |

In solid tumors polyphenols such as quercetin,have WR EH WKH VDPH RU VOLJKWO\ KLJKHU
been shown to synergistically induce apoptosis when OHYHOV DV D UHAHFWLRQ Rl WKH SUR
used in combination with chemotherapy agents such RI FHOO YLDELOLW\ PHDVXUHG DV $73
DV FLVSODWLQ GR[RUXELFLQ DQG®SRSX\WWUIRXUDBEOH> *7KHVH /6'V ZHUH
Similarly, our work in leukemia cell lines showed that the effects of combination treatments and establish whether
quercetin, apigenin, emodin, ani$-stilbene, enhanced polyphenols have synergistic or antagonistic effects on
the action of topoisomerase inhibitors: etoposide and antimetabolite agents.
doxorubicin; synergistically enhancing their pro-
apoptotic effects; whilst protecting non-tumor control Combination effects of antimetabolites and

cells [20-21]. These polyphenols are representative of  polyphenols on ATP levels in leukemia cell lines
the major polyphenol groups and are commonly found in 5344 non-tumor cells at 24 hrs

GLHW 4XHUFHWLQ D ADYRQRO DQG DSLJHQLQ D ADYRQH DUH
FODVVL{;HG DV ADYRQRLGV DQG FRPPR@@entR} QB le@kemihX talV Mines with
DSSOHVY DQG EOXHEHUULHV YHIHMVDERORIW U RDIWRQ YV BPUHRAFROWRSXULQF
SDUVOH\ FHOHU\ DQG UKXEDUE QXWORGHHENX¥KRZHDV \DIQ® WHDWOW GHF!
> + @ (PRGLQ DQG UKHLQ DUH FODVWIXiSESDOBP DQWBUD TXLRQRPHY +RZHYHU
DQG IRXQG LQ UKXEDUE > @ KHUEYV chéh@QHeapygedtd Wl Yredtly &fdetodruy the action
peas, cabbage, lettuce and beans [25]; whilst, cis-stilbene of polyphenols during combination treatment. Most
LV FODVVL;HG DV D VWLOEHQH DQG IndtabliRd&HR)Enid WasIshoind @ haQe dntdysnishic effects
peanuts [11] and rhubarb [23]. R PHUFDSWRSXULQH DQG PHWKRWU'
2XU HDUOLHU ¢QGLQJV KDYH @pitenin Was coivbineld waHeHert&oWpurine; it caused
LQYHVWLIJDWLRQ H[DPLQLQJ WKH HIVHBQYV; FROQWKIHYHU HIDXHH LQ $73 OH’
polyphenols (quercetin, apigenin, emodin, rhein, and FHOO OLQHV DQG RQH P\HORLG FHOC
cs VWLOEHQH RQ WKH DFWLRQ RI RQXWMLHPHWIOLPRODR CGUXKMQ FRPELQHC
PHWKRWUH[DWH PHUFDSWRSXULQMV DQGUHMAXRIGRNBIDFHOHOY LQ RQH O\

leukemia cell lines. P\HORLG 7+3 FHOO OLQH 3”7 ,
DSLJHQLQ ZDV FRPELQHG ZLWK AXR

RESULTS a synergistic effect and a decrease in ATP levels in all
OHXNHPLD FHOOV OLQHV 3”7

Effects of antimetabolite agents alone on ATP Rhein was also shown to antagonize the action of

levels and caspase 3 activity in leukemia cell lines PHUFDSWRSXULQH DQG PHWKRWUHIL

when used in combination with 6-mercaptopurine, induced
an increase in ATP levels in one lymphoid cell line (CCRF-
OHWKRWUH[DWH PHUFDSWRSXU&QH PQE ERMRFURXWORES FHOO OLQHV
induced a dose dependant decrease in ATP levels antagonistic effect was seen when rhein was combined
YLIXUH 7KH ORZHVW VLJIQLFDQW R IPHWERWBIE[DAVH ZKHUH D VLJIQI
GRVHV IRU PHWKRWUH[DWH PHUFDSWREXOMADPYQGHHRXRYARQUDHOIBSKRLG FH
alone, which reduced ATP levels in comparison to the P\HORLG FHOO OLQHV 3~ JLIXUH
vehicle control, varied depending on the cell lineage, and UKHLQ ZDV XVHG LQ FRPELQDWLRQ ZL
are summarised in Table 1. Treatment doses between 0.01 Was a synergistic decrease in ATP levels in the lymphoid
0 DQG 0 ZHUH VKRZQ WR VLJQL ¢ el tngsoput erHaptrgopistiszedfect in the myeloid cell
levels after 24 hrs treatment in lymphoid leukemia cell OLQHV 37
OLQHV DQG QRQ WXPRU FRQWURO FH 0 dwtagenistic effectsivere plseisog when emodin was
leukemia cell lines were more resistant to antimetabolite ~ combined with methotrexate in the Jurkat lymphoid cell line

following 24 hrs treatment
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DQG ERWK P\HORLG FHOO OLQHV 3~
combined with 6-mercaptopurine in both lymphoid cell lines
P\HORLG FHOO OLQH ahtimetabolées IiSaBtayBriiz€MhB &ktion of methotrexate
7KH RQO\ LOQWHUDFWLRQVindtrkatand THPKL CEIKIIHES; FBHnéfdaQtopgiidng  Jurkat,
&&5) &(0 DQG 7+3

DQG WKH 7+3
YLIXUH

in the KG1a cell line, where methotrexate was antagonized

OHMHEGOGWKBQ HPREXSDIHWP HQWeBU\ )LIXL
stilbene was shown to antagonize the action of all three

FHOO OLQHV DQG

E\ TXHUFHWLQ DQG $73 OHYHOV ZHUH+BQRUHDVH® RBHOO OL@HV 3”7

contrast when quercetin was used in combination with

In  non-tumor

control

cells (CD34SC and

AXRURXUDFLO WKHUH ZDV D V\QHIDL3BWEE UBPGXOFW WG LHGSBRO\VSKHQRO

+ CCRF 4 Jurkat #KG1a ¢ THP-1 ® CD34 + HSC & CD133+ HSC|
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Figure 1: (I !1HFW Rl PHWKRWUH[DWH

HSCand CD34 +6& 7TKH ORZHVW VLIQL¢{¢FDQW GRVHV /6"’

PHUFDSWRSXUL@H ®Q &nd cASiaR&RXIVITDFE OFDORQH R (
LQ WZR O\PSKRLG &&5) &(0 DQG -XUNDW WZR P\HQRVGDR=3WDR) Q@RQ I/ XORXNHPQLW L

ZROFE7 BIOAHO B DRI L QBIXEGW LL

DFWLYLW\ ZKHQ FRPSDUHG WR WKH YHKLFRHWIREROWR® DHH I VG HW HHIPAKQ ABO® W HQ

in each cell line.
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7DEOH 7KH ORZHVW VLJQL ¢ Dol oGrethetrexaie YW TR)(BEner&aptopurine (6-MP) and
AXRURXUDFLO )/I8 ZKLFK UHGXFHG $73 OHYHOV DQZ KRG URHRPSDA RO WBR

YHKLFOH FRQWURO 3~ LQ WZR O\PSKRLG -XUNDW DQG &&5) &(0 DQG WZ

cell lines; and two non-tumor control hematopoietic stem cells (CD34+6 &V DQG*&*6&YV 7KH /6'V IRU

ATP levels where used in subsequent investigation of combination treatments on celtle progression, ATP and

glutathione levels and DNA damage. The LSDs for caspase 3 activity were used for further istigation of apoptosis.

Cell Type Doses MTX 6-MP 5-FLU
ATP CASP 3 ATP CASP 3 ATP CASP 3
/6" 0 0 0 0
Jurkat
C,, 10 ! 0 0 10 o !
I\PSKRLG &HOOV
6’ 0 0 0 0 0 0
CCRF-CEM
C,, 10 ! 0 1 0o ! 0 ! 0
6' 0 0 0 0 0
THP1
) IC,, ! 0 ! 0 ! 0 ! 0 ! 0
Myeloid Cells
/6" 0 0 0 0 0 0
KGla
IC,, ! 0 ! 0 ! 0 ! 0 ! 0 ! 0
6' 0 0 0 0 0 0
CD34 HSCs
Non-Tumor Control IC,, ! 0 ! 0 0 ! 0 ! 0 ! 0
Cells CD133 /6" 0 0 0 0 0 0
HSCs IC ! 0o ! 0o ! 0 ! 0o ! 0o | 0

50

combination with each of the three antimetabolite agents in the lymphoid cell lines there was a synergistic increase
DQWDJRQL]JHG WKHLU HIITHFWV VLIQL,/FQGWYSDYHUHDRMWQY I$W3 O3HYHOV)LIXUH

DQG FHOO vXUYLYDO 3" 6 X S S OH P H QA\sIndrgisticIntrease in caspase 3 activity was also
VHHQ ZKHQ TXHUFHWLQ ZDV FRPELQH

Combination effects of antimetabolites and LQ . D FHOOV 37 6XSSOHPHQW!|

polyphenols on apoptosis Emodin however was shown to antagonize the pro-

apoptotic effect of methotrexate and 6-mercaptopurine
$00 WKUHH DQWLPHWDEROLWH DIMQWMUVHHIRXWQWIONRRGXBHENHPLD
FDVSDVH DFWLYLW\ LQ DOO OHXNGERSESOHKPGQ WDaistiheh® Bnithgonized the
JLIXUH &RQVLVWHQW ZLWK R ¥ro-apdptdtid éfietr \6f LaR fDrée Rutitiétabolite agents;
levels; apigenin was shown once again to antagonize the however, its effect was dependent on cell line#zjs.
action of methotrexate and 6-mercaptopurine. Apigenin  stilbene antagonized 6-mercaptopurine induced caspase
ZKHQ XVHG LQ FRPELQDWLRQ ZLWK RBHagfiWiR W bhoth [InHdidvdell iheg, dnD @éthOtkexate
GHFUHDVHG FDVSDVH DFWLYLW\ LD ERIOFHOG\PBKKRDGH - XUANDW LW\ LQ RQH
DQG RQH P\HORLG 7+3 FHOO OLQHK” 3”7 6 X BISIXHWPHQWDU\ )LIJXUH , Q
Apigenin also antagonized the action of 6-mercaptopurine lines, cis-stilbene antagonized the pro-apoptotic effect
LQ ERWK O\PSKRLG DQG RQH P\HO & lalGthregadtimetdbblie @Qgedts, @dtreasing caspase 3
UHVXOWLQJ LQ D GHFUHDVH LQ FDMNBWYMLWDFMKISYSOHPRBOWDU\ )LIJXUH
JLIXUH $ VIQHUJILVWLF HIIHFW Zdall, &l ekl ahtinietabdlitd Qyeht® wer®dntagonized by
leukemia cell lines, when apigenin was combined with DOO ¢YH SRO\SKHQROV GHFUHDVLQJ C
AXRURXUDFLO KHUH FDVSDVH DRWEDMWEDYABY VIJIQL,FEXGWOMHMPHQWDU\
LQFUHDVHG 3”7 JLIXUH HITHFWV ZHUH FRQ¢{UPHG E\ PRUSKROI
Rhein was also shown to antagonize the pro- DSRSWRVLYVY 6XSSOHPHQWDU\ )LJXUH
apoptotic effect of 6-mercaptopurine in all leukemia cell
OLQHV VLIJQL{¢FDQWON GHFUHDVLQJThE affeé ¥ittompbifatioh Xredkmenss' on cell-
JLIXUH ILNHZLVH ZKHQ UKHLQ gy@|yp,5 &&EibRHG ZLWK
PHWKRWUH[DWH RU AXRURXUDFLO LQ WKH P\HORLG FHOO OLQHV
FDVSDVH DFWLYLW\ ZzDV DOVR DQW D JNéthotexate arid 6-mergaploplriHe alone caused
+RZHYHU ZKHQ UKHLQ ZDV FRPEL GHBaseLalK cyck XaResR ¥ Udl Adukemia cell lines
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D OHXNHPLD FHOO OLQHV HYDQXOOWHEBHEM &HIGIO WIHW HZU WR R3; D VI

PHUFDSY® RBKHWQQH HGORQ

RQ $73 OHEBH)O& (0L D YWERVEZRPBKHRABL G X
KWRVHYKXKMKEZLWIOBRZYNMNLNVOHQER K
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&8Py 18(DW D QLG WZZR RO HRCSR

PHUFDSIBR ZKWHI@QMNHVHG3LQ
D O H XN H PHisDvas ¢ddu@eddy KUENEW caspase 3 activity assay. Cells were trithtddTX,

07;

PHWKRWUH[DWH

*

7KH HIIHFW RI
)/8 DQG DSLJHQLQ DORQH DQG LQ FRPELQDW IGRRY HR/U /6 ' K UNMRWIIHAIK\M K HALUV @ RD

$00 GDWD ZDV QRUPDOLVHG WR WKH YHKLEOIH FRRW GRW 2 KAD-K HIBW BYWVHGQBNG PHDB
(I'THFWV Rl FRPELQDWLRQ WUHDWPY QWQHIKH UHMWALW D W LRDXIVREO D F OQNFVHHPRE DQ FDV S

causing an decrease in caspase 3 activity; when compared to vehicle control, drugs aloneeattivepes of combination treatments.

6WDWLVWLFDO VLIQL,FDQW ZDV VHW DW 3”

DQG

03 RU

FRPELQDWLRQ ZLWK DSLJHQLQ $3 RQ FDVSDVH
7+3

YLIXUH
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JLIXUH 7KH HIIHFW RI PHWKRWUH[DWH 07; PHUFDSIMR ZXKWHIQMHVHG3LQ
FRPELQDWLRQ ZLWK UKHLQ 5+ RQ FDVSDVH REBILE(ONDQRQ WZR PA\ROGRRGG

DQG .* D OHXNH PThD wkd+@I0at€d byNHicView caspase 3 activity assay. Cellsneated with MTX, 6-MP or

)/8 DQG UKHLQ DORQH DQG LQ FRPELQDWLRQ IRU6' KWMRXWMQAIHW KH MIK COR ¥ HYKWFDIHJ (
ZDV QRUPDOLVHG WR WKH YHKLFOH FRQWURMDZKDLV KHZDWHNVHIGI QN G H CALPRSMWIRYE W [
FRPELQDWLRQ WUHDWPHQWY ZHUHL¥WDWDWXWLRD @@ EQPYVNDYHG QW INVVEBDVH.LV\DFWL
an decrease in caspase 3 activity; when compared to vehicle control, drugs alone and expestefdcashbination treatments. Statistical
VLIQL¢FDQW ZDV VHW DW 3"

www.impactjournals.com/oncotarget 8 Oncotarget



3" 7KLV ZDV DQWDJRQL]HG E\ Dhe @ffatldHcomBinativiK re@Rents on cell

GDWD QRW VKRZQ WKH PRVW Vglidthiohdd&¥s HITHFWV ZHUH
seen following combination with apigenin (Figure 6

6XSSOHPHQWDU\ )LJXUH DQG UK H L Wethptrgxate And 6-me@amopusine alone caused
OHXNHPLD FHOO OLQHV 3~ A X R derease MLgut@imRreQlevels Dix aliHeikemia cell
S-phase arrest in lymphoid cell lines angsGarrest in OLQHV 3~ J)LIXUH +RZHYHU W
WKH P\HORLG FHOOV 3”7 ) LJ X U Mere angagenizgdly gorrlnation treatment with each
FRPELQHG AXRURXUDFLO FD XV H G paypheng;esultingimen pverathgtayatian \niglutathione
in cells accumulating in S-phase in both lymphoid cell  levels which were comparable, or higher than untreated
OLQHV 3" G, ®KQB/H LQ P\HORLG FHOBXYNHPLD FHOOV RU QRQ WXPRU FRQW
JLIXUH DQG 6XSSOHPHQWDU)\ )LIJXUH 7KHWHH UG \DOOMVDEMAHG FRQ¢(UPHG X\
VIQHUJLVWLFDOO\ ZLWK AXRURXUDBXS FOKRHQWBE WKDVKXWHUHWDVWRG ZHUH
LQ WKH O\PSKRLG FHOO OLQHV FHO Game¥ends shoyn bxthieHGSH-Glo™ glutathione assay.

J)LIXUH 7KH HIITHFW RI PHWKRWUH[DWH 07; PHUFD %8 RRSX FHQHD F\FD
SURJUHVVLRQ ZKHQ XVHG LQ FRPELQDWLR®@ LA VWK XONSHBH LFH O3 O LLGH V
&&5) &(0 DQG WZR P\HORLG OHXNHPLD FHXQVOAMWWHEYQIGWH®D QGARZ BD\WRF
SURSLGLXP LRGLGH VWDLQLQJ &HOOV ZHUH WUHDWRGHZDWK 0Q, FRCPEIRYDWLRQ
WKHLU ORZHVW VLJQL,{FDQW GRVHV /6'\ DWNRGHWHKUHPLODIHEKED FHEOFOW HR ®OVRJ B
LQ HDFK SKDVH ZDV DQDO\VHG ZLWK )ORZ-RGHRI W7ZHU B DXW D QZID A\D W\ VSRUH B UID G PIMWV
Q 6WDWLVWLFDO VLIJQL{FDQFH RI FRPEGQHERPIS®Q H\GU A DWK MQWVY HHKW A OGH WRIQ
treatments alone. The green asterisk ( UHSUHVHQWY VLIJQL,{FDQW LQFUHDVHFHD 6 HR B OMF FZKPLXAOM

EODFN DVWHULVN LQGLFDWHY D VLBRQLIE®DDQ BWKOGMHRURMIDWK H. @ HHGH® © \ B @FX RBX\CED/
3
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7KH HIITHFW RI FRPELQDWLRQ W U rm@hafrPxet€awd B-niRiGapteputine, which are commonly
foci formation used in the treatment of leukemia [1-6]. Methotrexate
and 6-mercaptopurine antagonize folate acid metabolism
Combination treatments with all studied polyphenols  resulting in inhibition of DNA and RNA synthesis and cell
DQWDJRQL]JHG WKH IRUPDWLRQ RI GH$LVRRD LO® XFKHIGO¥W AXRURXUDFL
methotrexate and 6-mercaptopurine treatments alone, in  RNA base uracil, and is a potential inhibitor of thymidylate
DOO WKH OHXNHPLD FHOO OLQHYV 3"synthase,lalkeY &€hzyme required for the conversion of
GHR[\ XULGLQH PRQRSKRVSKDWH G803
DISCUSSION PRQRSKRVSKDWH G703 ZLWKLQ WKH IF
inhibition causes an imbalance of deoxynucleotides and
This study investigated the hypothesis that LQFUHDVHG OHYHOV RI G803 ZKLFK FD
polyphenols could modulate the response of leukemia folate cycle and results in DNA damage and cell death
FHOOV WR WKH DQWLPHWDEROLWZ2§. DIJHQWYV AXRURXUDFLO

JLIXUH 7KH HIIHFW RI PHWKRWUH[DWH 07; PHUFDSWR SXQ LIFHHD O BBF OC
SURJUHVVLRQ ZKHQ XVHG LQ FRPELQDWLR® ZHWKHPKBLRH®® OLQHWNZRXW\N
&(0 DQG WZR P\HORLG OHXNHPLD FHOXIOL MW D@BB®\VBD® G\.ARD F\WRPHWU\ |
LRGLGH VWDLQLQJ &HOOV ZHUH WUHDWHG Q2GWMKQOFRPEQLR RWLRQ3IRQG WKHHLRYVRLQR QN
GRVHV /6' DV GHWHUPLQHG E\ &HOO7LWH B RQW WDR/AY DY KW FSHUNFKIKW R 0 W KR ID FHHKOL\F @
ZLWK )J)ORZ-R VRIWZDUH XVLQJ :DVWRQ SUDJPWYWHK PRR@GWHZLWKHUGRQWBDVZ )V H[6WBWL
combination treatments were determined and compared with the vehicle control and tHaahtiatments alone. The green astefisk (

UHSUHVHQWYV VLIQL,FDQW LQFUHDVHHQOFARC-@IBDFEXPEOWWLRH HQDF NS O NWHDBAHNNK H
LQ FHOO DFFXPXODWLRQ LQ D SKDVH RI WWHDMH®O F\FOH 6WDWLVWLFDO VLJQL¢FD!
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+HUH ZH GHPRQVWUDWHG WKDW AXRURRKQWBDYWRREUMHGAXRURXUDFLC
with polyphenols induced differential effects which were rhein in myeloid cells, and bgis-stilbene in all leukemia
dependant on the cell lineage, and the polyphenol used. cells. Similarly, methotrexate and 6-mercaptopurine
Synergistic pro-apoptotic effects were observed following  were antagonized by all polyphenols in the majority
WUHDWPHQW ZLWK AXURXUDFLO BRISENRHE lidds\iekted X ekadt\Whedanism of
apigenin and rhein. These synergistic effects are consistent these antagonistic effects is currently unclear, however
with work in other tumour types, where apigenin enhanced antagonistic effects correlated with increased glutathione
WKH DFWLYLW\ RI AXRURXUDFLO LlevelsHbiGa BeQuGio i FONAVJEXEDE &l \dpoptosis.
FHOO FDUFLQRPD FHOO OLQHV 6&& MethokexateO \ahd Qakmei@adioQuring) Falome D dekereased
in reactive oxygen species, correlating with a reduction ~ATP and glutathione levels, increased DNA damage,
LQ JOXWDWKLRQH OHYHOV > @ /L Nabgas®/ Hactviy Hutdl Fapbidsi® THe3K dnifolateGinhibit
AXRURXUDFLO DFWLYLW\ LQ FR O RdihyFoil@e redudase and Setrayxifdlar Heductase,
33& > @ DQG RYDULDQ FHOO OLwhith subse@entlyXrgpacts knetiidRibleHmetabolism and
HPRGLQ HQKDQFHG AXRURXUDFLO B#&uses YlutithioneQevalR[26] VHoWeDeD theserDibitory
lung cancer cell lines [29]. effects were reversed by polyphenols, leading to the

Figure 8: The effect of methotrexate (MTX) and 6-mercaptopurine (6-MP) when used in combinain with quercetin

48 ( DSLIJHQLQ $3 HPRGLQ (02 UKHLQ 5W RWMKEIRQMWALEHE FHDHH H&O,¥ RQ
-XUNDW DQG &&5) &(0 DQG WZR P\HORLG 7+3 DG3Kb levéls vidre evddustdtiHbyPthed FH O
GSH-Glo™ Glutathione. Cells were treated with MTX or 6-MP and polyphenols alone amehliination for 24 hrs using their lowest-
VLIQL¢(¢FDQW GRVHV /6 'DWD ZDV QRUPRDYVIHVGY MIR) MK H Y HRH L*Fe@ HOHR' QI VY R DK HKG B K
PHGLDQV DQG UDQJHV Q (I'THFWV RI FRPE\LROM\RLQ MU BYWRE QWM ZWUH V WHDAKML\G
RU DQWDJRQLVWLF FDXVLQJ DQ LQFUHDNGHLBRGW ORY HOVX 2K IDQ FE@ R TOUH 6 [B/IRFY
WUHDWPHQWY 6WDWLVWLFDO VLIQL{FDQW ZDV VHW DW 3”
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suggestion that polyphenols antagonize the antifolate effect
of methotrexate and 6-mercaptopurine, resulting in folate
and methionine metabolism continuing unabated, with the
subsequent increase in glutathione being anti-apoptotic. It
is well established that polyphenols act as antioxidants, but
they can also have a pro-oxidant effect when used at high
concentrations, or when used under certain experimental
conditions [30—33]. The differential effect of polyphenols is

The structural similarity between antimetabolite
agents and polyphenols and their metabolites may explain
the antagonistic effects observed. Cangpal
suggested that polyphenols such as epigallocatechin
gallate, epicatechin gallate, and quercetin-3-D-xyloside
were structurally similar to methotrexate, and could
inhibit dihydrofolate reductase activity within the
folate cycle and hence inhibit DNA synthesis, and drive

VXJIHVWLYH RI D VSHFL¢{F GUXJ SDW K Apoptsds@B43. KiQdrl @ th@dlgdesioR Wkat Radyphenols
rather than a generalised pro-oxidant activity, which could could be used as antifolates and replace drugs such as
deplete glutathione where synergistic responses are observed. methotrexate [34]. Therefore, the use of polyphenols in

Figure 9: The effect of methotrexate (MTX) and 6-mercaptopurine (6-MP) when used in combinati with quercetin
48 ( DSLIJHQLQ $3 HPRGLQ (02 UKHLQ 5+ RUFRRLY NRWPORH R &16 GOJ
PDUNHU LQ WZR O\PSKRLG -XUNDW DQG &&5) &(0 DQ®NWZPRRDP FHHB®EOL G L @ H3
ZDV HYDOXDWHG E\ WKH LPPXQRAXRUHVFHQW VWDBLQBEGJ XV&BO GV H[HDUH WRIHD W H G|
03 DQG SRO\SKHQROV DORQH DQG LQ FRPELQDWLR/Q NRU 7KKUS DWD@DW KHE U HOR/ZH
DQG UDQJHV Q 'DWD ZDV QRUPDOLVHG W& WKH YHKL F®HLFRQUWDRQ ZE L FIK$ DWW D
(IITHFWV RI FRPELQDWLRQ WUHDWPWY QWQYHIH UHWAW D W LIRDXIVERA M FOQNVHPNE DQ WKH
IRFL RU DOQWDJRQLVWLF FDXVLQJ DQ GH¥ $HDRMLLQZKMIQHFRIPSPHOWDWR RH K HOMHY |
DQG H[SHFWHG YDOXHV RI FRPELQDWLRQ WUHDWPHQWY 6WDWLVWLFDO VLIJQL¢{FDQ

www.impactjournals.com/oncotarget 12 Oncotarget



combination with antimetabolites such as methotrexate HI¢,FDF\ Rl WKH SURWHDVRPH LQKLE
and 6-mercaptopurine; could competitively antagonize  chronic lymphocytic leukaemia cells [47]. Suggesting
each other, as they target the same pathway. that the concentrations of polyphenols shown here, which

Our previous work on polyphenol-induced were antagonistic to methotrexate and 6-mecaptopurine;
sensitization to topoisomerase Il inhibitors (doxorubicin  are likely to be achievable via dietary sources alone [44].
DQG HWRSRVLGH VKRZHG WKDW JO X ThBs¢/studRr e rédareIlentb ke trafRe@ha® polgbenelgvHa e
VIQHUJLVWLF LQWHUDFWLRQV DQ G thetpdiential ta bof@d enWdnBeandikhibié Bhemotherapy
HITHFWV ZKHQ FRPELQHG ZLWK AXRipehxed DoRdwihgLdietatyKintakeV WhiXsG k may be
:KHWKHU GHSOHWLRQ RI JOXWDW KL Rs3¢ntidl @Gdditoi/oed Bw$d® polyphenols during
foci is simply a proxy for apoptosis; or due to pro-oxidant  chemotherapy treatments.
polyphenol activity is unclear. However it is noteworthy
that glutathione levels were increased where polyphenols (0 $7 (5,$/6 $1' 0(7+2'6
antagonized methotrexate and 6-mercaptopurine,
FRUUHODWLQJ ZLWK D ODFN RI + SukdialcelliRde LFDWLQJ WKH
absence of DNA damage in both lymphoid and myeloid
FHOO OLQHV )UDQFR DQG &LGORZVNLFour humdhH& IR 1deB liKds Mvfere used for
levels of glutathione were strongly correlated with over-  this study: Two lymphoid leukemia cell lines (Jurkat
expression of the anti-apoptotic protein Bcl-2, and the SHULSKHUDO EORRG 7 FHOO OHXNHF
inhibition of mitochondrial-induced apoptosis [35]. This OLGGOHVH|[] 8. DQG &&5) &(0 DFXWH
supports the notion that elevated glutathione levels oppose OHXNHPLD $7&& &&/ OLGGOHVH][ 8.
the pro-apoptotic chemotherapy responses [32, 35-37]. been previously shown to be sensitivity to polyphenols

Interestingly, polyphenols have a biphasic effect on  treatments [15]; together with two myeloid leukemia cell
chemotherapy responses, whereby low levels of quercetin, OLQHV 7+3 DFXWH PRQRF\WLF OHXN
LQ FRPELQDWLRQ ZLWK AXRURXUDFLOLGGOSOBWLEY) WOQERO* RO DFXWH
pirarubicin induced an antagonistic effect inhibiting OHXNHPLD $7&& &&/ ZKLFK KDG El
apoptosis, correlating with reduced intracellular ROS  shown to be resistance to polyphenol treatment [15]. Non-
levels and increased expression of endogenous antioxidant tumor control hematopoietic stem cells from cord blood
enzymes, suggesting that low levels of quercetin could (CD34HSC and CD133+6& 6WHP FHOO 7HFKQF
act as cytoprotective for cancer cells when combined *UHQREOH )JUDQFH ZHUH DOVR LQFO]
with these chemotherapy drugs [28]. Conversely, higher cells were tested for mycoplasma contamination using the
GRVHYV 0 LQGXFHG V\QHUJOWRISEO HWUHW SBPXARSODVPD GHWHFWLF
which correlated with an elevation of intracellular ROS 86 DQG ZHUH QHJIJDWLYH WKURXJKRXW
> @ 7KHVH ¢QGLQJYV DUH H[WUHPHO\ LPSRUWDQW DV WKH\
suggest that polyphenols commonly found in the diet  Culture conditions
have the potential to modulate anti-tumor activity of

these antimetabolite agents, either acting synergistically Cells were maintained in Roswell Park Memorial
enhancing their pro-apoptotic effects or more importanty, ,QVWLWXWH 530, PHGLXP ,QYLWU
having an antagonistic effect inhibiting their function. VXSSOHPHQWHG ZLWK Y Y IHWDO E

Previous studies suggest that the activity of / JOXWDPLQH DQG J PO SHQLFLOOLQ
chemotherapeutic agents can be enhanced by polyphenols with 5% CQ.
[16-18, 20-21, 38]. However, importantly, polyphenols
have also been shown to inhibit the response to Treatment regimes
chemotherapeutic agents in leukemia cell lines and
other cancers [39-43]. It is noteworthy that quercetin Two lymphoid leukemia cell lines (Jurkat and
and apigenin are readily detectable in serum following &&5) &(0 WZR P\HORLG OHXNHPLD FH
dietary intake in both humans [44], and rat studies [45]. DQG .* D DQG WZR QRQ WXPRU FRQWU
Furthermore, pharmacokinetic studies have shown that DQG &' +6& ZHUH WUHDWHG ZLWK HD
dietary intake of polyphenols, including quercetin, each antimegabolite agent: methotrexate, 6-mercaptopurine
UHVXOWHG LQ D SODVPD FRQFHQWUDPWOGRQ RXRURXPDOFLO@ 6LKPY 3RROH
LV HTXLYDOHQW WR D 0 SO DV P DcenmbnatienQalgng wig @ rehiclezqontokfon 24 hrs. All
FRPSDUDEOH WR WKH OHYHOV XV H G tregmepis were\pgyfraed intrigligate. vH RUDO
administration of apigenin has also been shown to alter the AXHUFHWLQ (Q]JR /LIH 6FLHQFHYV
bioavailability of paclitaxel in rats, which demonstrates ~ apigenin, emodin, rhein ancis-stilbene (Sigma,
apigenin can alter systemic effects of chemotherapeutcs 3RROH 8. ZHUH SUHSDUHG DV GHYV
[46]. Finally, plasma-levels of quercetin, derived from > @ OHWKRWUH[DWH 07; DQG PHUFI
dietary sources, have also been shown to inhibit the were dissolved in 0.1M of NaOH alkylating solution;
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DQG AXRURXUDFLO )/8 ZDV G LAPYPROSIY &h@lysisQ ZDWHU
6WRFN VROXWLRQV PO RI HDFK SRO\SKHQRO ZHUH

SUHSDUHG ZLWK Y Y HWKDQRO 16<1F3{FLEP12LFQJW$I|DJ\X+H> I@HWLYLW\ DVVD\ E\
PHGLD ,QYLWURJHQ 3DLVOH\ 8. J%—i%HUD \g)ylé QVVY 12
FRQFHQWUDWLRQV EHWZHHQ DQG ” A t :j et mtb-lt
ZHUH +3/& DQDO\WLFDO JUDGH DQ?;‘?PS% \R,rreaegi? n&i?to?eé?ei%w?hlg

0 1D2+ DQG HWKDQRO YHKLF @e ﬁﬁ\ﬁ QG D 0 1D2+ YF

repared for each treatment in all cell lines. o
prep Following treatments, the NucV|eW caspase 3 activity

Dose response curves were generated for each 0
antimetabolite agent. These were used to determine the DVVD\ &DPEULGJH %LRVFLHQFH &DPE!

IC, GRVH ZKLFK VWDWLFDOO\ UHG xﬁ‘—’ﬂ“?{f‘s&!”r?a?ﬁ?ev%“\/”yé‘? an indicator of early stage

o4c onzruw vioLcrbow Srvn IEIASEEYNIETRAFSANT S0t o,

reduced ATP levels and induced caspase 3 activity
ZKHQ FRPSDUHG WR WKH YHKLFOH Eﬂ@?ﬁﬁlﬁeépoﬂ UVEY "Y?re eﬂfor each
6LIQL.,FDQFH ZDV GHWHUPLQHG ﬁ%"' gt? T;Q {? etermlnethe
ZLWK D &RQRYHU ,QPDQ 3RVW KRF Q VH /6" ZKLFK
polyphenol was determined in our previous study [15] aspase 3 aCt' ity compare o the vehicle control at 24

7KHVH /6' GRVHV ZHUH XVHG IRU vxlé&&%%@% %\mvg'g\bgKfRF:’g\fzKFHDPV;
chemotherapy combination work. # ¢ or I9 sessment o?apoptoss

/KH 76'V GHWHUPLQHG TURP HII f&‘ﬁ? ?@ ?2% @tg) %Fg&s DFWLYLW\ IRU |
were used in combination studies investigating their det di tudv 115
effects on ATP levels and cell viability, cell-cycle etermined in our previous study [15].
SURJUHVVLRQ '1%$ GDPDJH DQG JOX QH OHYHOV KLOVW
WKH /6'V GHWHUPLQHG IURP WKH LW@%@%‘E%%?S%WEBW%@@QPPPS'S
activity, were used in combination studies investigating
effects on apoptosis.

The effects of the combination treatments of

M de of cell ATP level I antimetabolite agents and polyphenols were further
easurements were made of ce evels, cell- investigated on the apoptotic nuclear morphological

cycle progression and apoptosis in each leukemia cell line changes following Hoechst 33342 and propidium iodide

andhnonl-turr?ourI cor;jtrol gells fgII?wing treatrlnent wi;h. VWDLQLQJ DQG AXRUHVFHQFH PLFUR
€ach polyphenol an antimetabolite agent alone an mf were at 0.5 x 10cells seeded in 12-well plates per ml
combination. Subsequent measurements were made o and treated for 24 hrs with each antimetabolite and

glutathione levels and DNA damage in all cells following SRO\SKHQRO DORQH DQG LQ FRPELQDW!|

treatment with methotrexate or mercaptopurine alone or in Y Y HWKDQRO DQG D 0 1D2+ YHKL

combination each polyphenol. DOVR LQFOXGHG )ROORZLQJ KUV RI
FHOOV ZHUH WUDQVIHUUHG WR D ZH

CellTiter-glo luminescent cell ATP viability assay Hoechst 33342 dye was added to each well and incubated

. . IRU PLQ LQ WKH GDUN $ IXUWKHU C
The CellTiter-Glo luminescent assay measure ATP  jqgide dye was added and incubated for 15 min in the
levels and is indicative of cell V|ab|I|ty and prollferatlon GDUN 3ODWHV ZHUH H [ DPLQHG XVLQJ

Cellswereseededat25x3I@3IIsperweIIofaWhlte PLFURVFRSH 7ZR KXQGUHG FHOOV OL

ZHOO SODWHV )LVKHU 6FLHQWL @(funtdd?aﬁ&éﬁgpﬁ)%%%@(detémmed for each sample
and treated with each polyphenols and anti-metabolite 5,4 expressed as a percentage. The Cell-F software

agent alone and in combination for 24 hrs, together with 20\PSXV ZDV XVHG WR EFEDSWXUH AXEF
D YY HWKDQRO DQG D 0 1D2-Fna\6&KLFOH FRQWURO

Following treatments, the CellTiter-Glo luminescent cell

YLDELOLW\ DVVD\ 3URPHJD ZDV XVHﬁ]aYV& 8f'éal\é§;clfé'_br§5r§sgd'll}YHov

as per manufacturer’s instructions. Dose response curves

were generated for each antimetabolite agent. These Cells were seeded at 0.5 x51@lls per ml in 12-

ZHUH XVHG WR GHWHUPLQH WKH OR §Hl\bites/dnd Rdaied Witk ¥ckdiividtabdiite agent and

which statistically reduced ATP levels when compared SRO\SKHQROV DORQH RU LQ FRPELQDW
WR WKH YHKLFOH FRQWURO DW KUYV IVERQHWKHK VWK IRUY Y HWKDQ
$73 ZHUH XVHG IRU VXEVHTXHQW SR\ SKRAR FofovindtRMMent BelsSiere harvested
combination work on cell viability, cell-cycle progression,  and centrifuged at 400 g for 5 min. The supernatant was

DNA damage and glutathione levels. The dose responses UHPRYHG DQG FHOOV ZHUH ZDVKHG V
FXUYHV DQG FDOFXODWLRQV RI /6'V FRAHRROSRIWKH QRIPGZEVUBGGLQJ (
determined in our previous study [15]. H,2 Y Y DQG VWRUHG RYHUQLJKW DW
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ZDVKHG WZLFH ZLWK FROG 3%6 SULRNAddRagb GeeinedRIQades were c&ptured using an

R J P/ 3, 6LJPD 3RROH 8. DQG L@Q'RUWHKRQLVMRUHVFHQFH PLFURVFRS\ D

P/ 51DVH 6LJPD 3RROH 8. 6DPSOHYVY ZHUH 3, VWDLQHG

RYHUQLJKW DW 72& DQG DQDO\]HG Retd»tis&dalé\rﬁlgst\WRPHWHU ZLWK

BD FACS Calibur instrument. Ten thousand events were

acquired per sample and the DNA histogram of cell cycle The median with range was calculated for each

SKDVH ZDV DQDO\]HG ZLWK )ORZ-R VRPWVYBYHEXWOA\EY WKH FOWWRQNVZDUH 6WDW

SUDJPDWLF HTXDWLRQ 7UHH 6WDU &VKODOQEVHE 868 WHVW ZKHWKHU GD\
GLVWULEXWLRQ XVLQJ D 6KDSLUR :LON

OHDVXUHPHQW RI FHOO *6+ OH Y H© determine whether the data was parametric or non-
parametric. As the data was non-parametric, a Kruskal-

Cells were seeded at 2.5 x31&lls per well into :DOOLV DQG &RQRYHU ,QPDQ SRVW KF
white 96-well plates and treated with methotrexate GHWHUPLQH VWDWLVWLFDO VLJQL¢{(FDQ
or6-mercaptopurine alone or in combination with each FRQVLGHUHG VWDWLVWLFDOO\ VLJQLF
SRO\SKHQROV DW WKHLU /6" IRU KUV WireJ effécKk l6fU cgrhbvatidd ¥Heatire@ady and
control. Following treatment, glutathione levels were polyphenol treatment on ATP levels, apoptosis, glutathione
measured using the GSH-Glo glutathione luminescent OHYHOV DQG '1$ GDPDJRyneHjistidoFODV VL
DVVD\ DV SHU PDQXIDFWXUHU TV LQ V stdgomaticafRdeacribed previoksly [E5). @l0esuts\Wire
ZDVKHG LQ 3%6 DQG UHVXVSHQGHG LRRQVOGH W3NG VO MWEOMDLEGD OO\ VLIQLF
ZKLWH ZHOO SODWH )LVKHU 6FLHQW LGel-cyclelanslysiB wad) gei@tnwdH iy \defRimining
GSH-GId" UHDJHQW FRQWDLQLQJ /XFL I Htbel igrcefitageX & \eallsUiD ¥é¢h ph@se using the FlowJo
glutathione S-transferase (diluted 1:50 in GSH-Glo TM VRIWZDUH XVLQJ WKH :DWVRQ SUDJPDW
UHDFWLRQ EXIIHU BURPHJD ZDV DK[GHBVWRGHDVWVKPHBQDQVKH WK UDQJHV
content was gently mixed using a shaker for 2 minutesand VLJQL¢,(FDQFH RI LQGLYLGXDO GUXJV Z
then further incubated at room temperature for 15 minutes. in comparison to the vehicle control using a Kruskal-
7TKH OXPLQHVFHQW VLIJQDO ZDV PHDWOUNGDRAEULRORY.BO OQOFDQ SRVW KRF
Victor 2 1420 and normalised to the vehicle control. VLIQL{FDQFH RI FRPELQHG SRO\SKHQRC

was determined in comparison to the vehicle control and
OHDVXUHPHQW RI '1$ GDPDJH E\ the gdividraFtreatments alone. The effect of combination
detection WUHDWPHQWYV RQ FHOO F\R®@réctiZd)V FODV\
non-interactive or antagonisticusing the method outline in

7KH IRUPDWLRQ RI + $; IRFL LWahb@h&aFDWBWHDWIVWLFDO VLIQL¢FDQFH
'l$ GDPDJH 7KH $OH[D )OXRU ORXVH DQWL + $;

S6 %' 3KDUPLQJHQ 2[IRUG 8. AbNrSuitfidnsFD OO\
targets phosphorylation of Ser-139 at the C-terminal

UHJLRQ RI + $; HQDEOLQJ WKH YLVXDMI¥p MWethRiexatg; 6-MR ; 6-Mercaptopurine;

E\ LPPXQRAXRUHVFHQFH &HOOV ZHUBR/&HHGPBXRYWXUDFLO 48( 4XHUFHWL
cells per well into a BD Falcon 96-well imaging plate ~ EMO - Emodin; RH - Rhein; CISGis-Stilbene.

%' 3KDUPLQJHQ DQG WUHDWHG ZLWK PHWKRWUH[DWH DQG

6-mercaptopurine alone and in combination with each  Authors contrubutions

SRO\SKHQRO DW WKHLU /6" IRU KUV WRJHWKHU ZLWK D YHKLFQOH

control. Following treatments, cells were centrifuged All"authors developed the program of research,

DW + JIRU PLQ WKHQ ZDVKHG Ecgkge_%@thp @Iygf,qréi_lri_t pretatlon.ofthedataand

%' &\WR:[ ¢[DWLRQ EXIIHU IRU  PLQ"® %itingqh the meyseept. The practical work was

Cells were washed twice in PBS and permeabilized in 90% Ccompleted by Dr. Mahbub
PHWKDQRO 6LJPD IRU PLQ )ROORZLQJ ZDVKHVY FHOOV ZHUH

LQFXEDWHG LQ O $OH[D )OXRU $&rRAH/O'SW(LL %:63:

S6 YY DW URRP WHPSHUDWXUH IRU KU LQ WKH GDUN

Cells were washed 3 times in PBS and counter-stained in This work was supported by a grant from the

ORI PJPO +RHFKVW VWDLQOWRRQULVWRI\RI&HIONWU (GXFDWLRQ RI 8PP
ZHUH YLVXDOLVHG XVLQJ LQYHUWHGSAXIR@RA FHQFH PLFURVFRS\
20\PSXV [ 8&% &HOOV ZLWK JUHDWHU WKDQ VL[ + $;
foci were considered as having DNA damage. The number CONFLICTS OF INTEREST
Rl FHOOV ZLWK '1$ GDPDJH ! IRFL RU ZLWKRXW '1$%

GDPDJH IRFL ZHUH FRXQWHG FHORN BXWKRUNDGHHIDNWH QR FRQALF
were counted and percentage of cells with substantial submission.
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