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Abstract

The sum of endogenous and food-derived antioxidants provides an estimate of the total antioxidant capacity (TAC) of the extracellular
fluids, while corrected TAC (cTAC) is an estimation of the exogenously provided antioxidants. Similar values for TAC and cTAC were
observed between cancer free children and children with malignancy at diagnosis. Antineoplastic treatment induced a significant decrease
of TAC and cTAC during chemotherapy. Additionally to the dietary factors, this might be attributed to the antineoplastic drugs as shown
by the significant increase of ROS after administration of chemotherapeutic agents both in vitro and in vivo. According to our preliminary
results TAC and cTAC returned to normal after the end of therapy.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction a number of endogenous metabolites (uric acid, lipids,
albumin, bilirubin) possess antioxidant activities.

Antioxidants allow aerobic organisms to withstand daily =~ The sum of endogenous and food-derived antioxidants
episodes of oxidative stress by counteracting the adverse efrepresents the total antioxidant capacity (TAC) of extra-
fect of free radicals, which are produced by metabolic activi- cellular fluids, which can be assessed by various methods
ties within the body. In addition, antioxidants delay or inhibit [3-5]. TAC integrates the cumulative effect of all antioxi-
oxidation of molecules such as carbohydrates, fat, proteinsdants present in the plasma and body fluids and may give
and DNAT1]. The levels of antioxidants not only provide more relevant biological information as compared to that ob-
protection against oxidation but also reflect their consump- tained by the measurements of individual parameters. TAC
tion during acute oxidative stress. Whenever antioxidant ca- represents the number of moles of a given free radical scav-
pacity is outflanked by oxidative stress, tissue lesion may enged by a test solution and is independent of the capacity
occur[2]. of each and every antioxidant present.

Antioxidants constitute a highly heterogeneous group. Recently, we have introduced the concept of corrected
They include low molecular weight substances either total antioxidant capacity (cTAQB]. In the assay of cTAC,
water- (e.g. ascorbic acid) or lipid-soluble (e.g. Vitamin the effect of a number of endogenous metabolites such as
E), incorporated in the body through nutrition. In addition, uric acid, albumin and bilirubin which either interfere or

possess an intrinsic antioxidant activity, is subtracted from
the obtained value of TAC. Thus, the cTAC estimates the

Abbreviations: TAC, total antioxidant capacity; cTAC, corrected total ~exogenous part of the TAC in human plasma.
antioxidant capacity; ROS, reactive oxygen species; ALL, acute lym- Very few studies have assayed the antioxidant status

phoblagtlf: leukemia; CNS, central nervous system; AML, acute myeloid of children with malignancies. Senturker et %] and
leukemia; PMNs, polymorphonuclears
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to normal counterparts. Moreover, decreased levels of TAC, uric acid, bilirubin and albumin were determined with
alpha-tocopherol/cholesterol ratio in children with bone tu- commercial kits by Medicon/Olympus (Gerakas, Greece)
mors and of serum zinc in children with bone and central according to the manufacturer’s instructions. cTAC was cal-
nervous system malignancies during antineoplastic treat-culated according to Kampa et 8] using the equation
ment have been detectéd. In the same study an increase cTAC = TAC — (0.11x uric acid+ 0.14 x bilirubin + 0.01
of retinol and selenium was observed during the period of x albumin). All assays were performed at an Olympus
treatment in children with leukemia. AUB00 biochemical analyzer. TAC and cTAC are expressed
To our knowledge, no data exist up-to-date regarding TAC as equivalents of the water soluble Vitamin E analog Trolox
and cTAC in children with malignancies and their poten- C and expressed as mmol/L. Blood samples were identified
tial fluctuations during chemotherapy. The purpose of this by number only to ensure that evaluation was performed in
prospective study was to compare TAC and cTAC between a blind way in terms of disease status. All samples were
cancer free children and children with malignancy at the analyzed at the same period to avoid technical confounding
time of diagnosis and during chemotherapy while a mech- factors.
anism to elucidate the observed changes is proposed, based

upon the assessment of ROS production by human leuko-

cytes after incubation with chemotherapeutics.

2. Materials and methods
2.1. Patient population

Twenty children (13 males) who were diagnosed with var-
ious malignant diseases (ALk 15, CNS tumor= 3, AML
= 2) at the Department of Pediatric Hematology/Oncology,
University Hospital of Heraklion, from January 2000 to June
2002 were included in the study. As a control group, 80
cancer-free children (39 males), were also enrolled. All chil-
dren were under a free diet during the time of the study.
The age of children with malignancy was similar to that of
the control group (5.2 0.5 years versus 6.2 0.9 years,
respectively).

In children with malignancy TAC and cTAC were as-
sayed at the time of diagnosis and during the first three
monthly cycles of chemotherapy. During the three consec-

utive chemotherapy cycles, blood samples were withdrawn

and processed within 24 h following the completion of the

chemotherapy schedule. This consisted of dexamethasone

vincristin, doxorubicineL-asparaginase, methotrexate, cy-
tarabin, cyclophosphamide for leukemias, and vincristine,

etoposide, cyclophosphamide and cisplatin for brain tumors.

The current study was approved by the local ethics com-
mittee and an informed signed parental consent was obtaine
for each child.

2.2. Assay of antioxidant capacity

Blood samples were collected on K3-EDTA, and imme-

2.3. Determination of reactive oxygen species (ROS) by
flow cytometry

2.3.1. ROS release after in vitro incubation with
chemotherapeutics

Reactive oxygen species (ROS) production (oxidative
burst) was assayed in leukocytes from three healthy adult
donors by flow cytometry as described by Rothe and Valet
[8] before and after in vitro incubation with vincristine,
asparaginase and daunorubicin. More specifically undiluted
heparinized whole blood was layered over Ficoll-Hypaque
(1:1, density 1.077 g/ml). Erythrocytes aggregate at the in-
terface and sediment at room temperature. After letting the
tube to stand for 40 min, the upper 8@Dof supernatant
plasma were withdrawn, avoiding contact with the plasma
layer near the interface with the separation medium and
kept on ice. Cells, adjusted at8@ells/ml with Dulbecco’s
PBS, were incubated with @M dihydroxyrhodamine 123
(Sigma, St. Louis, MO) for 5min at 3T. Thereafter,
10pl of a solution of each 100nM phorbol-12 myris-
tate 13-acetate (PMA, Sigma, St. Louis, MO)ud/ml
vincristine, 1uM daunorubicin or 1 U/ml asparaginase in
Dulbecco’s PBS were added. The above concentrations of
vincristine, daunorubicin and asparaginase were selected, as
they are close to the expected concentrations in blood after
therapeutic administration of these agents. Cells whegd 10
Dulbecco’s PBS had been added were used as controls. In
the presence of intracellular ROS, dihydroxyrhodamine 123

d’s transformed to green-fluorescent rhodamine 123, trapped

intracellularly. After a 30 min incubation at°€, measure-
ments were conducted using a Coulter Epics flow cytometer
(Coulter Electronics, Lutton, Bedfordshire, UK) by acquisi-
tion of at least 3000 lymphocytes, 1000 monocytes and 5000
PMNs (polymorphonuclear cells) from each sample, gated
according to forward and side scatter. In all our samples the

diately centrifuged in a refrigerated centrifuge. Plasma was distinction of cell subpopulations was made by morphology

collected, aliquoted, and stored aB0°C until use. TAC
was assayed as previously descrilfgld using the TAC kit
from Medicon SA (Gerakas, Greece). Accuracy and valid-
ity of the test have been described previously. Inter- and

with light microscopy and immunophenotyping.

2.3.2. ROS release after in vivo administration of
chemotherapeutics

intraassay CVs were 3.4 and 2.4%, respectively. Corrected ROS release from PMNs and monocytes of two chil-

TAC (cTAC) was assayed with the same assay as follows:

dren with malignancy under chemotherapy before and
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30 min after iv administration of vincristine was assessed Table 1

as described above. TAC and cTAC in cancer free children according to age and sex

Age group (years), number of children TAC cTAC?
2.4. Statistical analysis 0-2, 20

Median 1.26 0.84
Normally distributed continuous variables (Kolmogorov—  (Range) (0.7-2.1) (0.3-1.3)

Smirnov test with Lilliefors correction) were tested with 2-4, 19
the T-test for independent samples, while not-normally  Median 1.18 0.69
distributed variables with the Mann-Whitney-test. (Range) (1.0-1.7) (05-1.1)
Kruskal-Wallis analysis of variance was used to assess4-9, 22
the effect of different regimens on the oxidative burst of =~ Median 1.26 0.75
human leukocytes. Post hoc comparisons were performed (R2"9®) (1.1-1.9) (0.6-1.1)
with Kruskal-WallisZ-test. Assessment of TAC and cTAC >9. 19
change during antineoplastic treatment was performed with ~ Median L.27 0.77
Friedman’s Test (non-parametric repeated measures com- (Range) (1.0-1.7) (05-1.2)
parisons). All tests were two-tailed with a confidence level Sex. number of children TAT CTAC
of 95% (P < 0.05). Values are expressed as meastan- Male, 39
dard error, unless stated otherwise. Statistical analysis was Median 121 0.75
performed using SPSS v.10 statistical software (SPSS Inc., (Range) (1.0-2.1) (0.5-1.2)
Chicago, IL, USA). Female, 41

Median 1.26 0.77

(Range) (0.7-1.9) (0.3-1.3)
3. Results aDifferences among age groups were not statistically significBnt (

=0.13 and 0.4 for TAC and cTAC, respectively, Kruskal-Wallis analysis

. . . of variance).
3.1. Comparison of TAC and cTAC between children with b Differences between male and female cancer free children were

malignancy and cancer free children not significant P = 0.2 and 0.6 for TAC and cTAC, respectively,
Mann-Whitney test).

3.1.1. At diagnosis

No differences were observed between children with ma-

lignancy at the time of diagnosis and cancer free children 3.2.2. Six months after completion of the chemotherapy

regarding TAC (median TAC: 1.27, range 0.6-3.1 versus me- protocol

dian TAC: 1.25, range 0.7-3.1, respectivedty= 0.8) and In two children with malignancy similar values of TAC

CcTAC (median cTAC: 0.77, range 0.3-2.1 versus median and cTAC to those observed before treatment initiation were

CTAC: 0.76, range 0.3-1.3, respectivaly= 0.6). TAC and recorded (median value for TAC: before treatment 1.19, after

CTAC assays were age- and sex-independeatblé J). treatment 1.25; median value for cTAC: before treatment
0.77, after treatment: 0.73).

3.1.2. Under chemotherapy

Treatment of children with malignancy with standard 3 3. variations of endogenous metabolites at diagnosis

chemotherapeutic protocols resulted in a significant de- gpq during consecutive chemotherapy cycles in children
crease of both TACR = 0.007) and cTAC R = 0.002) with malignancy

during three consecutive chemotherapy cycles performed
at monthly intervals Kig. 1) compared with the values at

X ; CcTAC determination is based upon the subtraction of the
diagnosis.

antioxidant capacity or interfering values of a number of en-
dogenous metabolites, namely uric acid, bilirubin and albu-
3.2. Preliminary results on TAC and cTAC in six of the min[3]. Variation of these parameters, during chemotherapy,
above children with malignancy after completion of could therefore influence drastically the obtained values of
chemotherapy cTAC. Mean values of uric acid, albumin and bilirubin, the
subtraction of which from TAC is used to determine cTAC,

3.2.1. One month after completion of the chemotherapy  were as follows at diagnosis and three times thereafter dur-
protocol ing chemotherapy treatment: uric acid (mg/dl) 0.1, 3.1

In four children with malignancy, lower values of TAC + 0.2, 3.4+ 0.2, 3.3+ 0.2; bilirubin (mg/dl) 0.374+ 0.1,
and cTAC were recorded as compared with those observed0.54+ 0.1, 0.56+ 0.1, 0.55+ 0.1 and albumin (mg/dl) 3.8
before treatment initiation (median value for TAC: before + 0.1, 3.6+ 0.1, 3.9+ 0.1, 4.1+ 0.1, respectively. The ob-
treatment 1.9, after treatment 0.9; median value for cTAC: served fluctuations of these parameters were not statistically
before treatment 0.9, after treatment: 0.4). significant.
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Fig. 1. TAC and cTAC in 20 children with malignancy at the time of diagnosis and during three consecutive chemotherapy cycles (performed at monthly
intervals). The decrease observed in both TAC and cTAC is statistically signififaat@.007 for TAC,P = 0.002 for cTAC). The “after treatment”
values refers to TAC and cTAC in two of the above children 6 months after completion of the chemotherapy protocol.

3.4. In vitro and in vivo production of ROS in the presence of the oxidative functions of the ce]9]. In order to verify

of chemotherapeutic agents whether the observed changes in TAC and cTAC during
chemotherapy might be partially attributed to this effect,

3.4.1. ROS release after in vitro incubation with we have assayed the oxidative reactive species generation

chemotherapeutics by the administered drugs of healthy donors’ leukocytes in

As mentioned earlier, one of the main effects of Vvitro. vincristine, daunorubicin and asparaginase induced
chemotherapeutics used in cancer therapy is the increaséncreased ROS production from PMNs of healthy adult

[ patients j [p—
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o
o
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Fig. 2. % ROS release from PMN cells of healthy donors (normal) after in vitro exposure to antineoplastic agents and children under chemotherapy
(patients) 30 min after IV (in vivo) administration of the same chemotherapeutic ageat]. Inset: % ROS positive cells assessment before (pre) and
30min after in vivo vincristine administration (post).
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individuals after 30 min incubation (2.93, 4.66 and 6.97%  Additionally it has been shown that during chemotherapy
positive cells, respectively, compared to 1.8% for controls). TAC as well as cTAC decrease progressively during the cy-
cles of chemotherapy. The observed decrease could be due
3.4.2. ROS release after in vivo administration of to the direct effect of chemotherapy. Indeed the chemother-
chemotherapeutics apeutics used throughout this study can induce an increased
As shown inFig. 2, ROS production by PMNs and mono-  production of ROS in vitro as well as in vivo which has been
cytes increased from 1.7 to 9.9% and from 2.1 to 9.5%, found in the few cases studied. This is directly reflected in
respectively, following administration of vincristine in two  biological fluids of children by a substantial decrease of both
children with malignancy. TAC and cTAC.
This is the first study in which TAC and cTAC are as-
sessed in children with cancer and their levels have been fol-
4. Discussion lowed during antineoplastic treatment. The only two studies
performed in children with acute lymphoblastic leukemia
Reactive oxidant species (ROS) are essential for life and before[6,7] refer to specific antioxidants and not to the to-
are involved in cell signaling. In addition, they are used as tal antioxidant capacity and in addition to limited evaluated
bactericidals by macrophages and they are a component osamples during the study period. The current study suggests
mitochondrial respiration. However, ROS may result in ox- that there is a decrease of TAC in children undergoing an-
idative stress in the cellular and extracellular environrnent tineoplastic treatment. This might be due to the tumorici-
and have been implicated in the etiology and progression of dal action of anti-cancer drugs which has been suggasted
many diseases mainly chronic. ROS are held under controlto be mediated through a free-radical dependent mechanism
by an elaborate antioxidant defense system, which may be-where it was shown that many anti-cancer drugs increase
come depleted in conditions of stress. In normal cellular mi- free radical generatiofil3]. This is further supported by
lieu, ROS are essential for life while in cases of antioxidant the results of the present study in which increased oxidative
exhaustion they may become detrimental. burst was observed following incubation of human leuko-
Aggressive chemotherapy is the cornerstone of cancercyte populations with chemotherapeutic agents in vitro.
therapy and extensive research is carried out on the de- The decrease of TAC in children undergoing antineo-
velopment of more specific and less toxic antineoplastic plastic treatment could be also attributed to insufficient di-
agents. Some reports suggest that endogenous antioxidantstary intake of exogenous antioxidants during the treatment
are reduced in children with cancer while others show period.
that administration of antineoplastic agents during cancer Under chemotherapy, there is increase of lipid peroxidation
chemotherapy results in a much greater degree of oxida-products and marked reduction of specific antioxidant
tive stress than is induced by cancer it48lf. It has been plasma levels of substances such as Vitamin E, Vitamin
postulated that chemotherapeutic agents may increase ROE and carotene§l4]. The high level of oxidative stress
generation by affecting mitochondrial respiration chain during chemotherapy may overcome the oxidative defense
[10,11] It could therefore be considered that nutritional mechanisms of the cancer cell which has specific systems
factors could play a key role in enhancing the anti-cancer to reduce lipid peroxidation. Increased lipid peroxidation
effect of chemotherapy and reducing or preventing certain reduces or inhibits cancer cell proliferation and interferes
chemotherapy-induced side effects. with the activity of chemotherapy. This has important im-
Recently, an antioxidant “cascade” has been proposed inplications because the antioxidant status of cancer patients
order to explain the observed differences in antioxidant lev- may play an important role in response to chemotherapy.
els in human peripheral fluids based on the redox potential However, supportive nutritional therapy with antioxidants
of discrete antioxidant§5,12]. According to the authors,  during chemotherapy which reduces the generation of lipid
all exogenous antioxidants are continuously distributed be- peroxides, may overcome the inhibition effects of oxidative
tween the water- and lipid-soluble fractions, as a result of stress and maintain response to chemothejbfly Further-
their specific redox potentials. If this theory also applies in more, it is how recognized that chemotherapy kills tumor
vivo, it could explain the lack of variation of TAC values in  cells not by damaging essential biological functions but by
children, with neoplastic diseases at diagnosis. initiating programmed cellular deafl9,15]. On the other
The results of the present study provide some new insightshand, mutations that interfere with apoptosis may produce
in cancer chemotherapy, in children with malignancies. TAC tumor chemotherapy resistan@15].
and a number of endogenous metabolites (albumin, uric acid, The progressive decrease of TAC and cTAC during the
bilirubin), as an integrated measurement of the redox statefirst three cycles indicate that the effect of these agents might
of the patients were found normal in children with malig- be additive during the study period. While at the completion
nancies prior to the initiation of therapy. According to these of chemotherapy the TAC and cTAC levels continued to be
results the major metabolic burst due to the expected in- low, this finding has been reversed by the 6th month off
creased metabolism of cancer cells is not reflected in bio- treatment. Further studies evaluating many chemotherapy
logical fluids. courses may be necessary for precise determination of the
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fluctuations of the antioxidant capacity and their correlation [10] Carew JS, Zhou Y, Albitar M, Carew JD, Keating MJ, Huang
with the kind and aggressiveness of treatment protocols. P. Mitochondrial DNA mutations in primary leukemia cells
The above results provide another insight in the possible afterchemotherapy: clinical significance and therapeutic implications.
.. . . Leukemia 2003;17:1437-47.
_role of antioxidants in ch|ldhoo.d.canc.er .b.ut further study [11] Pelicano H, Feng L, Zhou Y, Carew JS, Hileman EO, Plunkett
is necessary to elucidate the clinical significance of the: ob- W, et al. Inhibition of mitochondrial respiration: a novel strategy
served decrease in total antioxidant capacity. It also remains  to enhance drug-induced apoptosis in human leukemia cells by a
to be shown if a dietary intervention aiming to increase the ;i%c?fi;/egoxygen species-mediated mechanism. J Biol Chem 2003;26:
eXOge.nous.(.:omponent O.f total antioxidant capacity is .related [12] Malliaraki N, Mpliamplias D, Kampa M, Perakis K, Margioris AN,
to an identifiable effec_t in serum levels of TAC and In re- Castanas E. Total and corrected antioxidant capacity in hemodialyzed
sponse to treatment, disease course and prognosis. Although  patients. BMC Nephrol 2003;4:4-11.
it is known that antioxidants are useful in the reduction of [13] Sangeetha P, Das UN, Koratkar R, Suryaprabha P. Increase in free
adverse effects of chemotherapy, there is a reluctance in their faot'_icai ger_‘tifation a”?:'ipidRPeJPXE_atli?\;‘ fg”fg‘;"gggsclhsergomefapy in
. . atients with cancer. Free Radic Blo e ,0:10-9.
wider use Smc? they can r.educe the effect of FhemOtherapy[M] S)eanne A, Drisko JA, Chapman J, Hunter VJ. The use of antioxidant
[16—20] There is a theoretical concern that antioxidant ther- therapies during chemotherapy. Gynecol Oncol 2003:88:434-9.
apies interfere with chemotherapy and radiation by lowering [15] Schmitt CA, Lowe SW. Apoptosis and therapy. J Pathol
oxidative damage. Evidence though supporting this mecha- ~ 1999;187:127-37.
nism is currently lacking21]. Despite these contradictory [16] Prasad KN, Hernandez C, Edwards-Prasad J, Nelson J, Borus T,

— : —— Robi WA. Modificati f the effect of t ifen, cisplatin,
data antioxidants may be a choice for therapeutic interven- opinson & odification of the: eliect o tamoxiien, cispiatin
DTIC and interferon-2b on human melanoma cells in culture by a

tipn along v_vith chemo_therapy with opvious benefit in tumor mixture of vitamins. Nutr Cancer 1994:22:233—45,
size reduction and/or increased survii8,20,22—29kince [17] Weijl NI, Cleton FJ, Osanto S. Free radicals and antioxidants in
they exert their action as biologic response modifiers induc- chemotherapy induced toxicity. Cancer Treat Rev 1997;23:209-40.

ing apoptosi§9,15,17,30,31hdditionally to their ability to ~ [18] Agus DB, Vera JC, Golde DW. Stomal cell oxidation: a
enhance antitumor effects of chemotherapy both in vitre and mechanism by which tumors obtain vitamin C. Cancer Res 1999;59:

— 4555-8.
in vivo [9,22,27,29,31] [19] Labriola D, Livingston R. Possible interactions between dietary
In conclusion, our results offer another insight in the pos- antioxidants and chemotherapy. Oncology 1999;13:1003-12.

sible role of antioxidants in childhood malignancies during [20] Salganik RI, Albright CD, Kim J, Zeisel SH, Sivashinskiy MS,
antineoplastic treatment. Further investigation is required ~ Ya" Dyke TA. Dietary antioxidant depletion: enhancement of tumor
. . . . apoptosis and inhibition of brain tumor growth in transgenic mice.
in oro!e_r to f_ully_elumdate the mechanism mvolvegl and Carcinogenesis 2000:21:909-14.

the clinical significance of the observed decrease in TAC [21] McCall MR, Frei B. Can antioxidant vitamins materially reduce
and determine a possible role of any supportive nutritional oxidative damage in humans? Free Radic Biol Med 1999;26:1034—

intervention. 53. . _
[22] Prasad KN, Kumar A, Kochupillai V, Cole WC. High doses of
multiple antioxidant vitamins: essential ingredients in improving

the efficacy of standard cancer therapy. Gynecologic Oncology
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IBM USER
adverse effects of chemotherapy,

IBM USER
Evidence though supporting this mechanism

IBM USER
currently lacking

IBM USER
is
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Despite these contradictory

IBM USER
data antioxidants may be a choice for therapeutic intervention

IBM USER
along with chemotherapy with obvious benefit in tumor

IBM USER
size reduction and/or increased survival [16,20,22–29] since

IBM USER
they exert their action as biologic response modifiers inducing

IBM USER
apoptosis

IBM USER
[9,15,17,30,31] additionally to their ability to

IBM USER
enhance antitumor effects of chemotherapy both in vitro and

IBM USER
in vivo [
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In conclusion, our results offer another insight in the possible

IBM USER
role of antioxidants in childhood malignancies during

IBM USER
antineoplastic treatment.
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