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AGRICULTURAL AND
FOOD CHEMISTRY

Antiproliferative Activity of Apples Is Not Due to
Phenolic-Induced Hydrogen Peroxide Formation

Rul Hal Liu*t# anD JE SunT

Department of Food Science and Institute of Comparative and Environmental Toxicology,
Cornell University, Ithaca, New York 14853-7201

Anticancer compound screening of natural products using tumor cell lines has been commonly used
to identify anticancer drugs. Two highly significant anticancer drugs, paclitaxel (Taxol) and camp-
tothecin, were discovered using tumor cell lines by the U.S. National Cancer Institute (NCI) screening
program of plants. It has been recently reported that the inhibition of cancer cell proliferation by fruit
extracts was indirectly caused by phenolic-induced H,O, production in the cell culture media,
suggesting that many previously reported effects of flavonoids and phenolic compounds on cultured
cells might be from an artifact of H,O,-induced oxidative stress. The objective of the present study
was to determine if apple extracts induced H,O, formation in common cell culture media and to
investigate if the antiproliferative activity of apple extracts was due to phenolic-induced H,O, formation.
It is reported here that apple extracts did not induce H,O, formation in WME, DMEM, or DMEM/Ham
F12 media with the cell culture conditions tested. These same extracts inhibited proliferation of HepG
and Caco-2 cells. Therefore, antiproliferative activity of apple extracts was not due to the phenolic-
induced H,O, production in cell culture media. In addition, H,O, added to the culture medium at 100
uM did not cause inhibition of cell proliferation in either HepG, liver cancer cells or Caco-2 colon
cancer cells in vitro.
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INTRODUCTION chronic diseases, including cancer and cardiovascular disease
(4). We have reported that phytochemical extracts from fruits
and vegetables have strong antioxidant and antiproliferative
activities and proposed that the natural combination of phy-
tochemicals in fruits and vegetables is responsible for the potent
antioxidant and antiproliferative activities in those foo8s-(

Approximately 60% of all drugs in clinical trials for cancer
treatment are either natural compounds or derivatives thereof
(1). Two highly significant anticancer drugs, paclitaxel (Taxol)
and camptothecin, were discovered using tumor cell lines by
the U.S. National Cancer Institute (NCI) screening program of )
Compounds rom natural proclucis cannot be overesimated. Due, RECent, Lapidot etal. reported that nhiiton of cancer cel
to the high costs and time-consuming nature of animal (:ancer.pm“fer"Jltlcm by fruit extracts was caused indirectly by. phenolic-

. o . ; induced HO, production in the cell culture medium and
model studies, the initial screening of anticancer compounds . .
from natural products is best accomplished using in vitro cancer concluded that many previously reported effects of flavonoids

cell methods. On the basis of the successes from 1955 to 1984‘3"“.j phenolic cpmpounds on .cultured cells mlght b? from an
and the heavy demand for screening, the NCI has developedart'fad of HO,-induced oxidative stres8). The objectives of

an anticancer drug-screening program since 1985 using 60the present study were to (1) determine if apple extracts induce

- . O, formation in common cell culture media and (2) inves-
cultured human cancer cell lines to screen chemicals and natura(—.|2 2 (2)

product extracts in vitro to speed the discovery of new anticancer Igate '.f gntlprollferatlve aCt'Y'ty of apple extracts was due to
drugs (1.2). phenolic-induced kD, formation.

Regular consumption of fruits and vegetables is associated
with a reduced risk for canceB8). Bioactive non-nutrient plant
compounds in fruits, vegetables, and grains, known as phy- Chemicals and ReagentdMethanol, acetone, and sodium hydroxide

tochemicals, have been linked to the reduced risk for major We'e purchased from Fisher Scientific (Pittsburgh, PA). Gallic acid
J was obtained from ICN Biomedical Inc. (Costa Mesa, CA). Felin
Ciocalteu reagent, hydrochloric acid, catalase, phenol red, and horserad-

S _*AddresS;? ca_rrespﬁnltljeréce tollthliJS 'auth'cir atmt]he DeﬁirtT2§é3°f72F§fd ish peroxidase were purchased from Sigma Chemical Co. (St. Louis,
cience, Stocking Hall, Cornell University, Ithaca, : - :
[telephone (607) 255-6235; fax (607) 254-4868; e-mail RL23@cornell.edu]. MO)H Al reaghe”ts “Sl?d in the St“dﬁ’ Wege of a”g'?]’“ca' gra‘:e-

* Department of Food Science, Cornell University. The HepG human liver cancer cells and Caco-2 human colon cancer

# Institute of Comparative and Environmental Toxicology. cells were from the American Type Culture Collection (ATCC)
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(Rockville, MD), and the MTS-based cell titer 96 non-radioactive cell Statistical Analysis. Statistical analysis was conducted using Sig-
proliferation assay was from Promega (Madison, WI). Williams’ maStat version 8.0 (Jandel Corp., San Rapheal, CA). Differences among
medium E (WME), Dulbecco’s modified Eagle medium (DMEM), treatments were determined usihgests. Means were considered to
Ham’s nutrient mixture F-12 medium (Ham F12), and fetal bovine be significantly different ifp values were<0.05.

serum (FBS) were purchased from Gibco Life Technologies (Grand

Island, NY). All cell culture media used forJ®, production contained RESULTS AND DISCUSSION

5% FBS, 10 mM Hepes, 50 units/mL penicillin, B8/mL streptomycin, .

and 100ug/mL gentamicin. WME contained an additionajg/mL H20. production was not detected when apple extracts at
insulin, 2g/mL glucagon, and 0.06g/mL hydrocortisone. doses of 0—50 mg/mL (the highest concentration we used in

Sample Preparation and Extraction. Red Delicious apples were  the previous cell culture work) were added to three different
obtained from Cornell Orchards (Ithaca, NY). The phenolic compounds cell culture media, WME, DMEM, and DMEM/Ham F12 (1:
of apples were extracted using 80% acetone according to the samel), respectively, using the same conditions as reported previously
method reported previously by our laboratoBy 9). The extract was (5). The HO, assay we used is specific forEh. It is based
frozen at—40°C until analysis. All data collected are reported as means on the HRPO-mediated oxidation of phenol red Dy which
+ SD for at least three replications. _ results in a linear formation of a stable purple compound at pH
Determination of Total Phenolic Content. The total phenolic 12.5 with an absorbance at 610 nm (11). The detection limits
content of apple extracts was measured using a modified colorimetric of ihis assay for KD, were 1uM in WME With a linear range

Folin—Ciocalteu method9; 10). The measurement was compared to - . .
a standard curve of gallic acid concentrations. The results were obtained®f 1—804M, 5 uM in DMEM/Ham F12 with a linear range of

for triplicate extract samples and expressed as milligrams of gallic acid 5—80;¢M,.and 20,uM.|n DMEM with a Ilnlear range of 46
equivalents per 100 g of fresh weight of apples. 100uM (Figure 1). This assay has been widely used to measure
Determination of H.O, in Cell Culture Media. The content of  the HO, content of cell culture media and tissud$17).
H.0; in cell culture medium was determined according to a modification ~ When apple extracts at doses of 0, 5, 10, 20, 30, 40, and 50
of the method of Pick and Keisarl{). Briefly, 0.5 mL of each cell mg/mL were added to the WME or DMEM/Ham F12 (1:1) and
culture medium was thoroughly mixed with 0.5 mL of phenol red/ incubated for 45 min at 37C, there was no b, production
horseradish peroxidase solution (PR/HRPO solution, final concentration detected at the detection limits of:aM for WME and 5uM
= 25 ug of PRImL and 50ug of HRPO/mL). The mixture was  for pMEM/Ham F12. Although the detection limit for 48 in
g‘;ﬂgﬁfdtﬁ; Szctofi;‘?bm'gagﬂd iﬁrgfitﬁ”NvggsHte;bménﬁgg by DMEM is 20 uM, no H,0, was detected when compared to
) g D = Y 9 e the control medium. In addition, there was no indication of

measured at 610 nm by absorbance of a stable purple color linearly

formed. The recoveries of a known amount ofCd added to each ~ d0S€—response changes when apple extracts at doses of 0, 5,

medium were 105.6% 0.97% (n= 5) in WME, 96.2+ 3.46% (n= 10, 20, 30, 40, and 50 mg/mL were added to the DMEM and

5) in DMEM/Ham F12 (1:1), and 91.44 3.21% (n= 5) in DMEM. incubated at 37C for 45 min. When 47 mg/mL of apple extracts

The final HO, concentrations were calculated using a standard curve (the value of EGy, a median effective dose, of apple extracts

of Hz0O, (micromolar) versus absorbance (610 nm) prepared for each in antiproliferative activity) was added to the WME, DMEM/

medium. Decomposition of D, added to each culture medium was  Ham F12, and DMEM, respectively, there was noOpl

measured over a 120 min period at pH 7.4 andG7The results were  production detected at any time tested after incubation at 37

expressed as time (ml_n_u_tes) vgrs_@Hconcentrann (pgrcer_\t). °C for 0, 15, 30, 45, 60, and 120 min.

e i g Lapidot et al. reporte that apple extractscould prockee

10 mM He mL insuli ’ uM H>0; (significantly above our minimum detection limits)
pes, 5ug/mL insulin, 2 ug/mL glucagon, 0.05:g/mL . : . . .

hydrocortisone, 5% FBS, 50 units/mL penicillin, 5@/mL strepto- 'n, their HepG medium |ncubated at 37C for 30 min (8). The

mycin, and 10Q«g/mL gentamicin {2, 13). Caco-2 human colon cancer difference between their results and the results reported here

cells were maintained in DMEM, containing 10 mM Hepes, 5% FBS, Might be due to the different methods used to measure 10g H

50 units/mL penicillin, 50ug/mL streptomycin, and 10@«g/mL content. Lapidot et al. used the ferrous oxidatiaglenol orange
gentamicin. Both Hepgand Caco-2 cells were maintained in a 5% (FOX2) assay to determine the;® content (8). The FOX2
CO,/37 °C incubator. assay was originally designed to measure lipid hydroperoxides

Antiproliferative activities of apple extracts were measured by the (ROOHSs) (18). The principle of the FOX2 is based on the
MTS-based cell titer 96 non-radioactive cell proliferation assay oxjdation of ferrous (F&) to ferric ions (F&") by ROOHSs (eq
described previouslyld). Cell proliferation was measured by the ability 1), and subsequently, Fereacted with xylenol orange to form

of viable cells to reduce 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymeth- : ) :
oxyphenyl)-2-(4-sulfenyl)-2H-tetrazolium (MTS) to formazan, which a complex with a blue-purple color with an absorbance at 560

absorbs light at 490 nm. The absorbance was measured at 490 nm usiné1m (€q 2).

a MRX Il DYNEX spectrophotometer (Dynex Technologies, Inc., + 3+ _ .

Chantilly, VA). Briefly, 2.5 x 10* HepG or Caco-2 cells in growth ROOH+ F&¢" —Fe’" + OH + RO 1)
medium were placed in each well of a 96-well flat-bottom plate. After 34 n

4 h of incubation at 37C in 5% CQ, the growth medium was replaced Fe™" + xylenol orange— Fe —xylenol orange complex

by medium containing apple extracts in concentrations of 0, 5, 10, 20, (2)

30, 40, and 50 mg/mL with or without added catalase (1 Sigma unit/

mL). Control cultures received the extraction solution minus the apple H,O, is used to calibrate the ROOH content in the FOX2 assay.
extracts, and blank wells contained 10D of growth medium alone  The FOX2 assay is specific for Febut is not specific for HO,.

with no cells. After 96 h of incubation, cell proliferation was determined The increased absorbance is reflective of changes #t Fe
by the colorimetric MTS assay and results were compared to the control. concentrations, not #D, concentrations. It is reasonable to use
The effect of added #D, (0—1004M) with or without catalase (1 5, a5 a reference standard to calibrate the ROOH content in
Sigma unit/mL) on the antiproliferative activity was measured as the FOX2 assayl8—21). However, it is incorrect to interpret

described above for both Hep@nd Caco-2 cancer cell lines. Catalase . .
was also added (1 Sigma unit/mL) to each apple extract treatment tothe FOX2 assay results as reflecting thgyicontent in cell

assess antiproliferative activity. At least three replications for each Culture media with numerous components (8).

sample were used to determine the inhibitory activity of cell prolifera- e did not detect any increased absorbance using the FOX2
tion. The effective median dose (Effwas determined and expressed ~assay {8) when 47 mg/mL of apple extracts (the value ofggC

as milligrams of apples per millilitet= SD. of apple extracts in antiproliferative activity) was added to the
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Figure 1. Standard curve for the estimation of H,O, in different cell culture media: (a) WME; (b) DMEM/Ham F12; (c) DMEM (mean + SD, n = 3).
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Figure 2. Inhibition of proliferation of HepG, human liver cancer cells by
apple extracts and added H,O, with or without catalase (mean + SD, n
=3).

WME, DMEM/Ham F12 (1:1), or DMEM cell cultures,
respectively, at any time tested, after incubation at@G7or 0,

15, 30, 60, 90, and 120 min. When BM gallic acid was added

to the WME, DMEM, or DMEM/Ham F12 (1:1) and incubated
at 37 °C for 0, 15, 30, 60, 90, and 120 min, there was no
increased absorbance detected in DMEM or DMEM/Ham F12
using the FOX2 assay, but there was a dassponse increase
in WME medium. However, we did not detect any.®3
production in gallic acid-added WME medium using the assay

based on the HRPO-mediated oxidation of phenol red at the

detection limit of 1uM. Long et al. (22) reported that addition
of (—)-epigallocatechin, «)-epigallocatechin gallate,+)-
catechin, and gallic acid to cell culture media resulted }H
production using the FOX2 assay, but their media did not

contain FBS. Why gallic acid induces an increased absorbance

in WME medium using the FOX2 assay is currently under
investigation in our laboratory.

Antiproliferative activities of apple extracts and addegDhl
with or without catalase on the growth of Hep@uman liver
cancer cells in vitro are summarizedhigure 2. Apple extracts
showed a strong antiproliferative activity toward Hep®er
cancer cells when compared with the control cultyre: (0.05).
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Figure 3. Inhibition of proliferation of Caco-2 human colon cancer cells
by apple extracts and added H,0, with or without catalase (mean + SD,
n = 3).
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Figure 4. Decomposition kinetics of added H,0, in cell culture media
(pH 7.4) at 37 °C (mean £ SD, n = 3).

colon cancer cells in vitroRigure 3), and results similar to
those obtained with HepGells were observed. Apple extract
showed antiproliferative activities on Caco-2 human cancer cell
growth in a dose-dependent manner starting at concentrations

Cell proliferation was inhibited in a dose-dependent manner after >10 mg/mL with a median effective dose (EfLof 42.5 +

exposure to apple extract concentration80 mg/mL with a
median effective dose Eg of 56.6 £ 0.29 mg/mL. No
cytotoxicity of the apple extracts was seen at any of the
concentrations tested. Addition of catalase (1 Sigma unit/mL)
did not block the antiproliferative activity when compared to
the apple extracts and gave andgGf 48.7+ 0.45 mg/mL (p

> 0.05). These results further indicate thatGd was not
involved in the antiproliferative activity in the cell culture
systems tested.

Neither antiproliferative activity nor toxicity was detected
when 0—100uM H,0, was added to the cell culture systems
of human liver cancer cells={gure 2). Addition of catalase
with H,O, did not change the response of cell proliferation.
This further suggested that,&, was not responsible for the
apple extract-induced antiproliferative activity in the cell culture
systems. Interestingly, Lapidot et al. did not report if chemically
added HO; inhibited cell proliferation (8).

We also tested the effect of apple extracts and add#ab H
with or without catalase on the proliferation of Caco-2 human

2.64 mg/mL. Addition of catalase (1 Sigma unit/mL) did not
block the antiproliferative activity when compared to the non-
catalase-treated apple extracts with ansg=@@alue of 39.2+
1.13 (p> 0.05). Neither was antiproliferative activity detected
when 0—100uM H,0, was added to the cell culture medium
for Caco-2 colon cancer cell§igure 3). Addition of catalase
with H,O, did not change the response of cell proliferation or
have any significant differences when compared {0Hreated
samples and the control (g 0.05).

The decomposition kinetics of &, in WME, DMEM, and
DMEM/Ham F12 (1:1) are shown iRigure 4. When 80uM
H20O, was added to the WME and incubated for 120 min at 37
°C, a slight decomposition was observed. However, when 80
uM H>0, was added to the DMEM and DMEM/Ham F12 and
incubated at 37C, a more rapid decomposition curve was
observed in both media. The time for a 50%0 loss (/2)
was 14.0 min for DMEM and 12.9 min for DMEM/Ham F12
(Figure 4). The cause of the decomposition 0f®4 in both
DMEM and DMEM/Ham F12 is not clear, but it is worth further
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Figure 5. Relationship between total antioxidant activity (A), antiproliferative activity (B), and total phenolic content in selected common fruits (mean +
SD, n = 3).

investigation. Although Caco-2 cells were not exposed to the between phenolic content and antioxidant activity in common
full amounts of HO, added due to the quick loss 0LE; in fruits (r2 = 0.9788,p < 0.05) (Figure 5a) ). However, there
the media, Hep&liver cancer cells were exposed to®} for is no relationship between phenolic content and antiproliferative
periods long enough to potentially affect the system iDk activity (r? = 0.4655,p > 0.05) (Figure 5b). If antiproliferative
was reactive in the system. Therefore, it is reasonable to activity resulted from phenolic-induced,8, production, we
conclude that KO, at the level of 10Q«M did not affect the would expect a correlation between phenolic content and
proliferation of HepG liver cancer cells in the cell culture  antiproliferative activity. In addition, the inhibition of cancer
systems as shown iRigure 2. cell proliferation by fruit extracts cannot be explained by the

Antioxidant activity and the inhibition of tumor cell prolifera-  total phenolic contents of the fruits testef).(This suggests
tion are two different concepts. The phytochemicals in apples that a specific phenolic compound or a class of phenolics in
other than ascorbic acid seem to significantly enhance their fruits are responsible for their antiproliferative activities.
antioxidant properties and their capacity to inhibit the prolifera- Therefore, further identification of specific phytochemicals for
tion of tumor cells in vitro §). There is a direct relationship  their antiproliferative activities is needed.
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The antiproliferative activities of some fruits and vegetables  (4) Block, G.; Patterson, B.; Subar, A. Fruit, vegetables, and cancer
are significantly different in Hepgiver cancer cells and Caco-2 prevention: a review of the epidemiological evidenbitr.
colon cancer cells. For example, plum extract has a strong Cancer1992,18 (1), 1-29. o N
activity against Hep@ liver cancer cells but a low activity (5) Eberhardt, M. V.; Lee, C. ¥.; Liu, R. H. Antioxidant activity of
against Caco-2 colon cancer cells (23). This suggests that the fresh applesNature 2000,405, 903-904.

tati fi d ds in ol . (6) Chu, Y.-F.; Sun, J.; Wu, X.; Liu, R. H. Antioxidant and
putalive anticancer compound or compounas in piums require antiproliferative activities of common vegetabldsAgric. Food

hepatic activation to have anticancer activity. If antiproliferative Chem.2002,50, 6910—6916.

activity resulted from phenolic-induced.8, production as (7) Sun, J.: Chu, Y.-F.; Wu, X.; Liu, R. H. Antioxidant and
Lapidot et al. suggested (8), we should expect the plum extract antiproliferative activities of common fruitsl. Agric. Food

to have similar activity against both liver cancer cells and colon Chem.2002,50, 7449—7454.

cancer cells. The plum results also suggest that different (8) Lapidot, T.; Walker, M. D.; Kanner, J. Can apple antioxidants
bioactive compounds are present in various foods and that they inhibit tumor cell proliferation? Generation of ;B during

interaction of phenolic compounds with cell culture media.
Agric. Food Chem?2002,50, 3156—3160.
(9) Dewanto, V.; Wu, X. Z.; Liu, R. H. Processed sweet corn has

may act at different locations. We are currently following up
on these preliminary results.

Raspberries were shown to have potent inhibitory activity higher antioxidant activity.J. Agric. Food Chem2002, 50,
against the proliferation of Hep@®uman liver cancer celld4). 4959—4964.
Kiwigold and Goldie raspberry varieties are genetically identical (10) Singleton, V. L.; Orthofer, R.; Lamuela-Raventos, R. M. Analysis
to the Heritage raspberry variety except for a single-point of total phenols and other oxidation substrates and antioxidants
mutation that affects anthocyanin synthesis. The Heritage by means of FolirCiocalteu reagenMethods EnzymoL999,

299, 152—-178.
(11) Pick, E.; Keisari, Y. A simple colorimetric method for the
measurement of hydrogen peroxide produced by cells in culture.

raspberry has a higher phenolic content and a higher antioxidant
activity than the lighter colored Kiwigold and Goldie varieties.

Antiproliferative activities were the same for all three varieties. J. Immnol. Method4 980,38, 161—170.

Pigment content is a factor affecting antioxidant activity and (1) Ljy, R. H.; Jacob, J. R.; Tennant, B. C.; Hotchkiss, J. H. Nitrite
phenolic content but is not a factor in the inhibition of cell and nitrosamine synthesis by hepatocytes isolated from normal
proliferation. The raspberry results also do not support the results woodchucks (Marmota monax) and woodchucks chronically
of Lapidot et al. If antiproliferative activity resulted from infected with woodchuck hepatitis viru€ancer Res1992,52,
phenolic-induced kD, production as Lapidot et al. suggested, 4139-4143.

we would expect the three raspberry varieties to have different (13) Liu, R. H.; Jacob, J. R.; Hotchkiss, J. H.; Tennant, B. C. Synthesis
antiproliferative activities. Therefore, we hypothesize that in ﬁf n|ttr|c ?xg::e and n|tros§1im£;g§ EZ 'gggr_t"igzlzd woodchuck
raspberries other phytochemicals, not anthocyanins, are respon- epatocy’esl.arcinogenesi N .

) Lo . ; (14) Liu, M.; Li, X. Q.; Weber, C.; Lee, C. Y.; Brown, J.; Liu, R. H.
sible for the inhibition of tumor cell proliferation. We have Antioxidant and antiproliferative activities of raspberriek.

ongoing experiments to identify the individual chemical com- Agric. Food Chem2002,50, 2926—2930.

pounds that inhibit proliferation. (15) Wei, H.; Frenkel, K. In vivo formation of oxidized DNA bases
In summary, cell proliferation assays have been widely and in tumor promoter-treated mouse ski@ancer Res1991,51,

successfully used to screen anticancer compounds in conjunction 4443-4449.

with cytotoxicity assays1| 2, 5, 6) and will continue to serve (16) Wei, H.; Frenkel, K. Sarcophytol A suppresses the oxidative
L events and DNA damage in vivo: a possible mechnism of anti-

as an important model for initial anticancer drug screening from tumor promotion Cancer Res1992,52, 2298—2303
natural products. The key is to separate the effective dosg)EC (17) Frenkel, K. Wei. H- Ye. J- HlYJaan M. T Cénney A

from the cytotoxicity dose. Apple extracts did not inducgop Greenberger. Inhibition of tumor promoter-mediated oxidative
formation in WME, DMEM, and DMEM/Ham F12 with the processes by caffeic acid phenethyl ester (CARENcer Res.
cell culture conditions tested. Antiproliferative activity of apple 1993,53, 1255—1261.

extracts was not due to the phenolic-inducefkproduction (18) Nourooz-Zadeh, J.; Tajaddini-Sarmadi, J.; Wolff, S. Measurement
in cell culture media as Lapidot et al. reporté). (In addition, of plasma hydroperoxide concentrations by the ferrous oxida-
H,0, at 100uM did not cause inhibition of cell proliferation in tion—xylenol orange assay in conjunction with triphenylphos-

phine.Anal. Biochem1994,33, 403—409.
(19) Nourooz-Zadeh, J.; Tajaddini-Sarmadi, J.; McCarthy, S.; Bet-
teridge, J.; Wolff, S. Elevated levels of authentic plasma

HepG liver cancer cells in vitro. These data confirm our original
conclusion ) that apple extracts exhibit strong antiproliferative

activity. This activity could be due to the inherent combination hydroperoxides in NIDDMDiabetes1995,44, 1054—1058.
and complex interaction of phytochemicals in apples, not due (20) Nourooz-zadeh, J.; Tajaddini-Sarmadi, J.; Ling, E.; Wolff, S.
to phenolic-induced kO, production as indicated by Lapidot Low-density lipoprotein is the major carrier of lipid hydroper-
et al. (8). oxides in plasmal. Biochem1996,35, 781—786.

(21) Nourooz-Zadeh, J. Ferrous ion oxidation in the presence of
xylenol orange for detection of lipid hydroperoxides in plasma.
Methods Enzymoll999, 300, 58-62.
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