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ABSTRACT
Omega 3 polyunsaturated fatty acids (the type of fat

found in fish oil) have been used to kill or slow the growth of
cancer cells in culture and in animal models and to increase
the effectiveness of cancer chemotherapeutic drugs. An
AIN-76 diet containing 5% corn oil (CO) was modified to
contain 3% w/w fish oil concentrate (FOC) and 2% CO to
test whether a clinically applicable amount of FOC is ben-
eficial during doxorubicin (DOX) treatment of cancer xe-
nografts in mice. Compared with the diet containing 5%
CO, consumption of FOC increased omega 3 polyunsatu-
rated fatty acids and lipid peroxidation in tumor and liver,
significantly decreased the ratio of glutathione peroxidase
activity to superoxide dismutase activity (a putative indica-
tor of increased oxidative stress) in tumor but not in the
liver, and significantly decreased the tumor-growth rate.
The decreased glutathione peroxidase:superoxide dismutase
ratio, indicating an altered redox state, in the tumor of
FOC-fed mice was significantly correlated with decreased
tumor-growth rate. Assay of the body weight change, blood
cell counts, and number of micronuclei in peripheral eryth-
rocytes indicated that the toxicity of DOX to the host mouse
was not increased in mice fed FOC. Thus, a small amount of
FOC increased the effectiveness of DOX but did not increase
the toxicity of DOX to the host mouse. These positive results
justify clinical testing of FOC in conjunction with cancer
chemotherapy.

INTRODUCTION
There is increasing interest in the use of n-33 PUFAs of the

type found in fish oil as an agent to retard the growth of
tumorigenic cells or xenografts (reviewed in Refs. 1–3). Other
reported benefits of n-3 PUFA dietary supplements given before
or during cancer therapy include reversing tumor cell drug
resistance (4); reducing the gastrointestinal, hematological, or
cardiac side effects of various chemotherapeutic treatments (5–
7); decreasing cancer cachexia (8–10); and protecting from
alopecia (11). The formation of cytostatic and cytotoxic com-
pounds after peroxidation of long chain PUFAs has been pro-
posed as the primary mechanism for the activity of n-3 PUFAs
against cancers (12–14), but other mechanisms have also been
proposed including the alteration in prostaglandin synthesis
(15), alteration in gene transcription (16), suppression of n-6
fatty acid transport (17), and modulation of AOEs and of apo-
ptosis (18). The addition of fish oil to the diet of nude mice
bearing human tumor xenografts increased the efficacy of the
cancer chemotherapy drugs including edelfosine against
MDA-MB 231 human breast cancer tumors (19), irinotecan
(CPT-11) against MCF-7 human breast tumors (5), DOX against
A-549 human lung tumors (20), epirubicin against rat mammary
tumors (6), and cyclophosphamide or mitomycin against MX-1
human mammary tumors (Refs. 7 and 21, respectively). The
results ofin vitro studies have shown that a small amount of
either EPA or of DHA (the major long chain PUFAs found in
fish oil) added to cell culture medium can cause tumor cell death
but not kill cultured normal cells (22–25). Thus, it is thought
that one or both of these n-3 fatty acids is responsible for the
beneficial effects of fish oil against tumor growth.

This report deals with the effects of incorporating a rela-
tively low level (3% w/w) of a FOC in the diet of nude mice
bearing an MDA-MB 231 human breast cancer. FOC containing
34% EPA, 24% DHA, and 10% other n-3 fatty acids, mostly
a-linolenic acid, was used in this study instead of fish oil
because supplementing the diet with the FOC allowed incorpo-
ration of a larger amount of EPA and DHA in a smaller volume
than if fish oil was added to the diet. In most of the rodent
studies cited above, the volume of fish oil incorporated in the
diet was 10–23% w/w of the diet. It has been reported that
humans can readily consume from 12 (26) to 21 g (27) of fish
oil per day. Incorporation of 3% w/w FOC in the diet was
selected because in a 3% FOC diet, 7% of the calories consumed
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by the mice came from the FOC, which equates to 14 g FOC/day
for a human consuming 1800 calories/day.

The aims of our continuing studies on the effects of FOC
are to determine: (a) if a small amount (3% w/w of the diet) of
FOC can be an effective adjuvant for chemotherapy; (b) if
consumption of FOC to increase the toxicity of the drug against
the tumor does or does not also increase the toxicity of the drug
to the host (or patient); and (c) to increase understanding of the
mechanisms of action of FOC in tumor and normal tissues.

MATERIALS AND METHODS
Preparation of Cells. MDA-MB 231 cancer cells were

used in this study because past studies (19, 28) have demon-
strated that their growth is suppressed by high doses of n-3
PUFA, and it has been reported that n-3 PUFAs increased the
efficacy of DOX against MDA-MB 231 cells in culture (29).
The effect of DOX and clinically relevant doses of n-3 PUFAs
on the growth of MDA-MB 231 xenograftsin vivo needed to be
tested. MDA-MB 231 cells are estrogen independent and, in
nude mice, form solid tumors that grow at a moderate rate.
Cultured MDA-MB 231 human breast cancer cells (American
Type Culture Collection, Rockville, MD) were trypsinized, har-
vested, rinsed, then suspended in serum-free M3D base culture
medium (INCELL Corporation, LLC, San Antonio, TX). Cells
in suspension were counted using a hemocytometer, and the cell
count was adjusted to 203 106/ml. The suspension was kept
well mixed during the time of injection. MDA-MB 231 cells
(1 3 106 cells in 0.05 ml of serum-free medium) were injected
s.c. between the scapulae of each mouse.

Dietary Fatty Acids. CO contains;50% linoleic acid,
23% oleic acid, and 10% C16 fatty acids and contains,0.6%
n-3 PUFAs. The n-3 ethyl ester FOC contained 34% EPA, 24%
DHA, and ;10% of other n-3 fatty acids (mostlya-linolenic
acid) and was supplied antioxidant-free (Pronova, Lysaker, Nor-
way). This oil is made in accordance with Good Manufacturing
Practice and is approved as a food additive for humans. A
Certificate of Analyses is supplied with each batch of concen-
trate. The oil is saturated with nitrogen to prevent oxidation
during shipping and storage.

Animals and Diet. One hundred twenty 3-month-old
female athymicnu/numice (Harlan Sprague Dawley Inc., Mad-
ison, WI) received tumor cells. The mice were housed under
aseptic conditions in a temperature- (24°C) and light-controlled
(12 h/day) room. All of the animal use and handling was
approved by the University of Texas Health Science Center at
San Antonio Institutional Animal Care and Use Committee.

The AIN-76 semipurified diet (30) containing 5% CO was
used as the basal diet or was modified to contain 2% CO plus
3% FOC.

Diet Components and Chemicals. Purified high nitro-
gen casein, pure corn starch, Alphacel (non-nutritive bulk cel-
lulose), AIN-76 vitamin mixture, AIN-76 mineral mixture, and
choline bitartrate (99% pure) were obtained from ICN Nutri-
tional Biochemicals, Cleveland, Ohio. Imperial brand (Sugar-
land, TX) extra fine pure cane sugar and 100% pure CO (Wes-
son) were purchased locally.DL-methionine (cell culture, MW
149.2) was obtained from Sigma Chemical Co. (St. Louis, MO).

Antioxidant-free FOC (.33% EPA and.24% DHA) was pur-
chased from Pronova.

The tumor cell-bearing mice were fed the AIN-76 semipu-
rified diet containing 5% CO from receipt until 3 weeks after
injection of cells to allow the tumor to become established.
Nude mice bearing growing MDA-MB-231 human breast car-
cinoma xenografts were then divided into two dietary groups
such that the mean tumor size was not different between groups.
One group received the standard AIN-76 diet containing 5% CO
(the CO diet) and the other received the AIN-76 diet modified to
contain 3% FOC and 2% CO (the FOC diet). Diets were
prepared weekly, and daily portions were individually packaged
and stored at220°C in sealed containers with nitrogen gas
atmosphere to prevent lipid peroxidation. Mice were fed a
measured amount of fresh food each day, and food remaining in
the cage was discarded.

Tumor and Body Weight Measurements. Lengths and
widths of tumors and body weights were measured three times
weekly. Tumor sizes were calculated using the formula for the
volume of a prolate spheroid: volume5 4/3 3 3.143 (length/
2) 3 (width/2) 3 (depth/2). The width measurement was used
as the depth of the tumor.

DOX Therapy. After 2 weeks of consumption of the
diets, mice from each dietary group were randomly selected for
initiation of DOX therapy, 5 mg/kg body weight every 4 days,
i.v. in a lateral tail vein, as used in a past study (31). Mice in this
past study (31) lost weight suggesting that this dose is at or
slightly more than the maximum tolerated dose. Some mice
were killed after one dose of DOX to obtain sufficient tumor
tissue for lipid analyses and for determination of the acute
effects of DOX on induction of lipid peroxidation. The remain-
der of the mice received DOX treatment for a total of 5 weeks
to allow time to generate tumor-growth curves and to determine
the longer-term effects of FOC consumption and/or DOX treat-
ment. After 2 weeks of DOX treatment every 4 days, the weight
loss of most CO-fed mice was approaching 10% of their initial
(about 25 g) body weight indicating that the maximum tolerated
dose of DOX was met or exceeded. Therefore, to decrease the
dosage of DOX, the spacing of injections was increased to every
7 days for the next 3 weeks, and mouse weight stabilized. Thus,
if day 0 was the day of the first injection, mice received DOX
injections on days 0, 4, 8, 12, 19, 26, and 33 and were sacrificed
on day 34. Groups of mice will be referred to as: CO5CO diet,
no DOX; CO/DOX5CO diet, DOX treated; FOC5FOC diet, no
DOX; FOC/DOX5FOC diet, DOX treated.

Necropsy and Tissue Processing.Mice were deeply
anesthetized using a ketamine/Rompun solution prepared by the
University of Texas Health Science Center at San Antonio
veterinarian. Blood samples for serum analyses were collected
via cardiac puncture into anticoagulant (EDTA)-containing
tubes. The tumor and liver were removed at necropsy. Portions
of each tissue were placed in individually labeled vials and flash
frozen in liquid nitrogen. At a later date, frozen tissues were
thawed and homogenized individually in 280 mM of mannitol
with 10 mM HEPES buffer with 0.01% butylated hydroxytolu-
ene at 4°C using a Polytron homogenizer then divided into
aliquots and frozen at270°C until subsequent analyses.
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Products of Lipid Peroxidation in Tumor and Liver.
An aliquot of each whole tissue homogenate was assayed for
lipid peroxidation. The total protein content of each specimen
was analyzed by the method of Bradford (32) using the Bio-Rad
protein assay (micro-method). The TBARS assay was used to
estimate lipid peroxidation (33) on the remainder of the homo-
genate. The absorbance at 535 nm was compared against a
standard curve of known concentrations of malondialdehyde
and normalized to the protein content of the specimen. The
results were reported as nmol of TBARS per mg of protein.

Gas Chromatography. The incorporation of diet-
specific fatty acids into the mitochondria and microsomes of
liver and tumor was determined in mice that consumed each
diet. An aliquot of each homogenized specimen was centrifuged
at 600 3 g for 10 min to remove large debris and nuclei.
Supernatants were successively centrifuged at 15,0003 g for 5
min to pellet the mitochondrial fraction then at 100,000 for 1 h
to pellet the microsomal fraction. Chloroform:methanol was
used for extraction of lipids from each fraction, and lipids were
esterified in acetyl chloride-methanol as described (34). Gas
chromatography was performed using a Hewlett Packard 5890
Series 11 Gas Chromatograph (Palo Alto, CA) with a fused
silica capillary column (DB-225; 30 m3 0.25 mm; J & W
Scientific, Folsom, CA) and oven conditions from 170°C at
5°C/min gradient to 220°C, injector temperature at 225°C,
flame-ionization detector temperature at 250°C, and helium-
carrier gas at 400 Kpa. Fatty acid methyl ester standards (Nu-
Chek-Prep; Elysian, MN) were used for peak identification. The
EPA and DHA content are reported as the percentage of the total
fatty acids (area under the curve).

Enzyme Assays. All of the assays were prepared in trip-
licate. Standards with known enzyme activity (CAT, C-3515;
Sigma Chemical Co.; GPX control, 27617; Oxis; Portland,
Oregon; and SOD standard, 27619; Oxis) were used to prepare
standard curves for determining specific enzyme activities of the
specimens. A Perkin-Elmer Corp. HTS 7000 bioassay reader
was used for all of the assays. Flat areas at the beginning
(indicating a lag in initiation of the reaction) or end (indicating
that all of the substrate was consumed) of all of the reaction
curves were removed before linear regression analyses to deter-
mine the rate of the reaction (slope of the linear regression) of
each well. The activity of each unknown was determined from
the standard curve. CAT activity in the tissue homogenates was
assayed using a microplate adaptation of the method of Aebi
(35). SOD activity of tissue homogenates was determined using
a microplate adaptation of the ferricytochrome C reduction
assay of Flohe´ and Ötting (36). GPX activity of tissue homo-
genates was determined using a microplate adaptation of the
GPX assay of Paglia and Valentine (37).

Blood Counts. Our Laboratory Animal Resources divi-
sion performed complete blood counts using a Cell-Dyn 3500R
blood analyzer with veterinary pack.

MN. MN were identified in acridine orange-stained
smears of peripheral blood as described previously (38). Fields
containing a single layer of erythrocytes were identified, and the
number of erythrocytes and MN were counted and recorded.

Statistical Analyses. SAS and PRISM (GraphPad Soft-
ware; San Diego, CA) software were used for statistical analy-
ses. Tests for normality (basic statistics) were used on each data

set. Two-way ANOVA was used to determine whether, across
all of the groups, either consumption of FOC or DOX treatment
significantly changed the parameter. One-way ANOVA fol-
lowed by SNK multiple-range tests were used to determine
statistically significant (P # 0.05) differences between the four
groups. The mean tumor size of each group at each time was
used to calculate the linear regression of tumor size over time.
The slope (6 SE) of this linear regression is the tumor-growth
rate. ANOVA was used to test for differences between the
tumor-growth rates.

Multiple linear regression analysis with forward selection
was used to test for correlations in the data between the inde-
pendent variables (SOD, CAT, and GPX activity or TBARS)
and the dependent variable [the tumor-growth rate expressed as
the logarithm (tumor-growth rate1 1)]. An independent vari-
able was entered into the equation if theP for the correlation
was#0.10 and if adding the variable to the equation added to
the explanation of the variation in the dependent variable. The
logarithmic transformation of the tumor-growth rate1 1 was
used because: (a) logarithmic transformations are frequently
useful for problems concerning growth (39); (b) adding 1 to the
tumor-growth rate was necessary and appropriate to correct the
technical problem of finding the logarithm of a negative growth
rate (39); and (c) a plot of tumor-growth rateversusTBARS
indicated the relationship was logarithmic rather than linear.

Fisher’s exact test was used to compare the proportions of
mice with tumors,3.5 mm diameter in CO/DOX and FOC/
DOX groups.

RESULTS
A Relatively Low Level (3% w/w) of FOC in the Diet

Increased the Fraction of EPA in Tumor and in Host Liver.
To determine that EPA was incorporated into tumor and host
cellular membranes, the fatty acid compositions of the mito-
chondrial and microsomal fractions of the liver and tumor of
mice fed the CO or the FOC diet for 2 weeks before sacrifices
were analyzed by gas chromatography. There were no signifi-
cant differences in the lipid compositions of mitochondrial and
microsomal fractions of each specimen; thus, only the results
from the microsomal fractions are reported (percentage of total
fatty acids):

Liver: (a) CO diet:EPA, 0.076 0.4 andDHA, 0.86 0.5;
and (b) FOC diet:EPA, 2.4 6 0.9 andDHA, 2.5 6 1.2

Tumor: (a) CO diet:EPA, 0.06 0.0 andDHA, 0.36 0.2;
and (b) FOC diet:EPA, 1.3 6 0.5 andDHA, 0.026 0.02

The EPA was significantly higher in the liver and tumor,
and DHA was higher in the liver of the FOC mice than in CO
mice, demonstrating that even this low level of FOC in the diet
was sufficient to increase EPA in the phospholipids of liver and
tumor cell membranes.

Effect of FOC and DOX on Lipid Peroxidation in the
Tumor and Liver. Assay of TBARS was used as an indicator
of lipid peroxidation. The results of two-way and one-way
ANOVA of TBARS in the human breast cancer xenograft and in
the liver of mice killed 24 h after one injection of DOX (to
assess the effects of DOX on lipid peroxidation) are presented in
Fig. 1.

Two-way ANOVA revealed that either the 3% FOC diet or
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treatment with DOX significantly increased TBARS in the
tumor. One-way ANOVA followed by an SNK test revealed that
TBARS in the tumors of the FOC/DOX mice were significantly
greater than TBARS in the tumors of the CO mice.

Two-way ANOVA revealed that TBARS in the livers of
FOC mice were significantly higher than TBARS in the livers of
CO mice (significant main effect); however, DOX treatment did
not significantly increase TBARS in the liver. One-way
ANOVA followed by SNK revealed that TBARS in the liver of
both FOC and FOC/DOX mice were significantly higher than in
the CO and CO/DOX mice.

Alteration in the Activity of AOEs in Tumor and Host
Liver and Host Liver following FOC in the Diet and/or
Treatment with DOX. The activities of SOD, CAT, and GPX
in the tumor and liver were assayed to determine whether the
activities of these AOEs were altered by the consumption of
FOC or by 5 weeks of DOX treatment. The results are summa-
rized in Fig. 2. Because of tumor-growth suppression and tumor
regression, there was not sufficient tumor tissue remaining in the
FOC/DOX mice for enzyme analyses.

Oxidative Stress in the Tumor and Liver after Con-
sumption of the FOC Diet or DOX Treatment. A decrease
in the GPX:SOD ratio has been used as a putative index of a
relative increase in oxidative stress in tissues (40). As illustrated
in Fig. 3, either treatment with DOX or FOC in the diet de-
creased the GPX:SOD ratio in the tumor. However, the GPX:
SOD ratio in the liver of FOC mice was increased indicating that
the tumor and liver responded differently to dietary FOC.

Tumor Growth after Dietary FOC and/or DOX Treat-
ment. To determine the effects of FOC consumption and
DOX treatment on tumor growth, the mean volume of the
tumors of each group of mice, as calculated at each measure-
ment during the 5 weeks of DOX treatment, was subjected to
linear regression analyses. A plot of tumor growth and the mean
tumor-growth rate (slope6 SE of the linear regression analysis)
for each group of mice is presented in Fig. 4.

Comparison of the tumor size after 5 weeks of DOX
treatment revealed that none of the 13 mice fed the 5% CO diet
and treated with DOX had tumors,3.5 mm in diameter (most
were.8 mm), whereas 8 of 10 mice fed the 3% FOC diet and

treated with DOX had tumors,3.5 mm in diameter (signifi-
cantly different by Fisher’s exact test,P , 0.01). This demon-
strates that DOX treatment was much more effective in inhib-
iting tumor growth in mice fed the 3% FOC diet than in mice fed
the 5% CO diet.

Relationship between Lipid Peroxidation and AOE
Activities in the Tumor and the Tumor-growth Rate after
Treatment with FOC and DOX. To help determine the
quantitative relationship between changes in AOE activity or

Fig. 1 TBARS (nmols/mg protein) in the tumor and liver in groups of
mice fed diets containing either 5% CO or 3% FOC and 2% CO and that
were or were not treated 24 h previously with DOX at 5 mg/kg body
weight. One-way ANOVA1 SNK indicated that TBARS of groups on
each graph that do not share a superscript letter were significantly (P ,
0.05) different;bars,SD.

Fig. 2 Activity of SOD (units/mg protein), CAT (mmol H2O2 decom-
posed/min/mg protein), and GPX (mmol b-NADP oxidized/g protein) in
tumors and livers in groups of mice fed diets containing either 5% CO
or 3% FOC and 2% CO and that were or were not treated with DOX for
5 weeks (see “Materials and Methods” for dose). Two-way ANOVA
could not be performed for tumor tissues because there were no results
for the FOC/DOX mice. One-way ANOVA before SNK showed that
either DOX treatment in CO mice or FOC alone significantly increased
SOD in the tumor but that GPX and CAT activities in the tumors were
not significantly different between groups. However, two-way ANOVA
revealed that SOD activity in the liver was not significantly altered by
dietary fat or by DOX treatment but that consumption of the FOC diet
significantly increased CAT and GPX activity. DOX treatment did not
significantly increase GPX or CAT activity in the liver. Groups on each
graph that do not share a superscript are significantly different;6 SD.
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lipid peroxidation and the variation in tumor-growth rate, mul-
tiple regression analyses were performed. The results of these
regression analyses are presented in Table 1. The correlation
coefficients between the log (tumor-growth rate1 1) and each
of the independent variables are listed at the bottom of Table 1.
SOD activity was the first variable entered into the multiple
regression equation and “explains” 61% of the variation in
tumor-growth rate. Next, CAT activity was added for an addi-
tional 29% explanation, and GPX activity added an additional
6% explanation for a total cumulative explanation of 96% of the
variation in tumor growth. These results indicate that the vari-
ation in AOE activity provides an excellent correlation with the
variation in tumor growth.

Regression analyses between the GPX:SOD ratio in the
tumor and the log (tumor-growth rate1 1) revealed that the
GPX:SOD ratio was positively correlated with tumor-growth
rate and explained 85.5% of the tumor-growth rate. Therefore,
the decreased GPX:SOD ratio, an indicator of altered redox
status in cells (40), significantly correlated with decreased tu-
mor-growth rate and provided a better explanation for the var-
iation in tumor-growth rate than TBARS (which assays only the
products of lipid peroxidation) in the tumor.

FOC in the Diet and the Toxicity of DOX to the Host
Mouse: Hematology. Complete blood counts of peripheral
blood specimens were used to assay the effects of FOC and of
DOX treatment. Two-way ANOVA of the hematology data
presented in Table 2 revealed significant main effects attribut-
able both to DOX treatment and to FOC consumption.

The number of peripheral erythrocytes containing one or
more MN was scored as an assay for chromosomal breakage
because of dietary FOC or DOX treatment (38). As summarized
in Table 2, two-way ANOVA revealed that DOX treatment for
5 weeks caused a significant increase in the number of MN

found in peripheral erythrocytes. In other words, DOX treatment
cause a significant increase in chromosomal breakage. How-
ever, the number of MN was not significantly altered by dietary
fat. One-way ANOVA revealed no significant differences be-
tween the four individual group means.

Body Weight Change. Results of two-way ANOVA re-
vealed a significant main effect attributable to DOX treatment,
i.e., 5 weeks of DOX treatment caused a significant decrease in
body weight (i.e., mean body weight change without DOX5
0.12 gversuswith DOX 5 21.82 g). There was not a signifi-
cant main effect attributable to type of dietary fat (FOC5
20.47 gversus5% CO5 21.04 g); however, FOC/DOX mice
lost less weight than CO/DOX mice (FOC/DOX,21.566 0.43;
CO/DOX, 22.086 0.56). There was not a significant interac-
tion between the effects of dietary fat and of DOX treatment.

Overall, these toxicity data indicate that, compared with
consumption of the CO diet, consumption of the FOC diet
before and during DOX treatment did not increase DOX-
induced toxicity to the host mouse although the efficacy of DOX
against the tumor was increased.

DISCUSSION
The experimental results demonstrate that 3% w/w FOC in

the diet was sufficient to: (a) increase the amount of n-3 PUFA
in the cellular membranes of tumor and liver; and (b) increase
the efficacy of DOX therapy against the tumor-growth rate.
Dietary FOC did not increase the toxicity of DOX to the host
mouse. The mean tumor-growth rate of FOC mice was not

Fig. 3 Ratio of GPX activity to SOD activity in the tumors and livers
in the groups of mice fed diets containing either 5% CO or 3% FOC and
2% CO and that were or were not treated with DOX for 5 weeks (see
“Materials and Methods” for dose). There was not sufficient tumor
tissue from the FOC/DOX mice for enzyme analyses. One-way
ANOVA 1 SNK showed that in the tumor either DOX treatment to
CO-fed mice or consumption of FOC significantly decreased the GPX:
SOD ratio indicating that oxidative stress was significantly increased.
However, in the liver, two-way ANOVA indicated that FOC signifi-
cantly increased the GPX:SOD ratio, indicating that oxidative stress was
significantly less than in the mice fed CO. DOX treatment did not
significantly change the GPX:SOD ratio in the liver. Groups that do not
share a superscript are significantly different;bars,SD.

Fig. 4 Tumor growth after initiation of DOX treatment. Mice were
divided into groups such that the mean tumor size at the beginning of the
diet change was not different. The small difference in mean tumor size
at initiation of DOX treatment (day 0) indicates that FOC consumption
during the 2-week run-in period was already decreasing the tumor-
growth rate. Mean of the tumor-growth rate of each group (n 5 9 or 10
per group) is indicated, and rates that do not share a superscript are
significantly different;bars,SE. One-way ANOVA before SNK of the
mean tumor-growth rates revealed that: (a) the mean tumor-growth rate
of the group of mice fed 5% CO but not treated with DOX was
significantly higher than the tumor-growth rate of the other three groups;
(b) the mean tumor-growth rates of the CO/DOX mice and the FOC
mice were not significantly different from each other indicating that
FOC consumption was as effective as DOX at slowing tumor growth;
and (c) the tumor-growth rate of the group of mice fed FOC and treated
with DOX was significantly less than the tumor-growth rates of all of
the other groups.
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significantly different from the mean tumor-growth rate of the
CO/DOX mice; thus, consumption of the 3% FOC alone was as
effective against the growth of the MDA-MB 231 human breast
carcinoma as was DOX chemotherapy in conjunction with the
standard AIN-76 diet containing 5% CO.

In the experimental design, the CO was decreased as FOC
was added so that the total fat in the diet remained constant.
Diets containing high levels of CO have been shown to increase
tumor growth (12, 28). Although 5% CO is generally considered
to be a low level of fat, there is the possibility that decreasing the
CO from 5% to 2% of the diet contributed to the reduction in the
tumor-growth rate.

Hypothesis to Explain the Differential Effects of Die-
tary n-3 PUFA on the Tumor and on Normal Host Tissues.
Incorporation of FOC in the diet resulted in increased EPA in
the membrane phospholipids of the tumor and liver. Because
EPA was increased in membrane phospholipids of FOC-fed
mice and because EPA is very susceptible to spontaneous lipid
peroxidation, the increase in the products of lipid peroxidation
in the tissues of FOC-fed mice was expected. In addition,
consumption of FOC altered AOE balance in the tumor. SOD
was increased in the tumor, but the tumor did not (or could not)
increase the activity of GPX or CAT following consumption of
FOC. Because GPX and/or CAT neutralize the H2O2 produced
by SOD, increased SOD in the absence of increased GPX and/or
CAT could result in an accumulation of H2O2 and an increase in
oxidative stress in tumor cells. Thus, the decreased GPX:SOD
ratio and increased lipid peroxidation in the tumor provides
evidence that the redox status within the tumor cells was altered
by consumption of FOC in a manner that would be expected to
increase oxidative stress. The loss of the ability to produce

protective AOEs seems to be a characteristic of tumor cells (41)
and in the present study was associated with the decreased
tumor-growth rate. However, the normal liver seems to be able
to adapt to the FOC diet by increasing the production of GPX
and CAT resulting in an increased GPX:SOD ratio (indicating
decreased oxidative stress).

Oxidative stress in the tumors of FOC-fed mice was addi-
tionally increased by DOX treatment, as evidenced by the in-
creased TBARS and by the decreased GPX:SOD ratio, resulting
in a significantly decreased tumor-growth rate. This decreased
tumor-growth rate could have been attributable to decreased
proliferation and/or to increased apoptosis induced by oxidative
damage (18, 42, 43). The combined effect of FOC/DOX would
be expected to result in the lowest GPX:SOD ratio and did result
in the highest tumor lipid peroxidation and the lowest tumor-
growth rate in the group of FOC/DOX mice.

Vankatramanet al.(44) reported that CAT, GPX, and SOD
activities were significantly increased in the livers of mice fed
19% w/w fish oil for 6 months. Our results demonstrate that a
smaller amount of FOC (3% w/w) fed for 7 weeks was sufficient
to significantly increase CAT and GPX in the liver. Thus, the
results presented here demonstrate that consumption of smaller
amounts of FOC for a shorter time than tested previously is
adequate to alter AOE activities in the liver in a manner that
would be expected to protect the liver from oxidative damage.

Consumption of FOC before and during DOX Treat-
ment on Side Effects. Analyses of blood counts and body
weight changes indicated that consumption of FOC before and
during DOX treatment did not increase DOX toxicity compared
with the DOX toxicity in mice that consumed the CO diet. RBC
counts and LYM counts were higher in the peripheral blood of

Table 1 Summaries of regression analyses between biochemical assays of individual tumor variables and the logarithm [tumor growth rate
(mm3/day) 1 1]a

A. Multiple regression analysis between the measured independent variables: SOD, CAT, and GPX activities and TBARS and the
dependent variable, logarithmb

Variable entered into
equation

Parameter
estimate

Partial r2 contribution each
variable

Cumulative r2 cumulative
contribution

Intercept 1.89
SOD 20.12 0.61 0.61
CAT 0.05 0.29 0.90
GPX 21.71 0.06 0.96c

B. Results of regression analysis between GPX:SOD (independent variable) and the dependent variable, logarithmd

Variable entered into equation
Parameter
estimate r2 (contribution %)

Intercept 0.56
GPX:SOD 6.53 0.855e

C. Correlation coefficients (r)f

SOD CAT GPX TBARS GPX:SOD

Logarithm 20.78 0.29 0.74 0.18 0.92
a Values for each available tumor (n 5 10) were entered into the regression analyses.
b P # 0.10 was used for entry of a variable into the calculation.
c 96% of the variation in tumor-growth rate is explained by the three variables entered into the equation. Thus, the equation for tumor-growth

rate with a correlation of 0.98 is: logarithm5 1.892 0.12(SOD)1 0.05(CAT)2 1.71(GPX).
d Since GPX:SOD is not independent of GPX or SOD activity, this variable cannot be included in the same regression with GPX and SOD.
e 85.5% of variation in tumor-growth rate is explained by the ratio of GPX:SOD (an indicator of oxidative stress).
f Correlation coefficients. 6 0.63 are significant atP , 0.05.
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FOC mice than in mice that consumed the CO diet. Atkinsonet
al. (45) reported that the cellularity and the number of granu-
locyte-macrophage colony-forming units were higher in bone
marrow of rats fed DHA than in rats fed a CO diet and that
analysis of fatty acid composition of the liver indicated that
some of the DHA had been retroconverted to EPA (45). It seems
likely that the EPA and DHA in the FOC consumed by mice in
the present study should have a similar effect to purified DHA
on the bone marrow and that increased bone marrow cellularity
would result in higher peripheral blood counts as was observed
(Table 2).

Decreased osmotic fragility of the RBCs because of
incorporation of n-3 fatty acids in the RBC membrane could
be another explanation for the higher RBC counts and the
smaller MCV. Fischer and Black (46) reported that the eryth-
rocytes of mice fed 12% fish oil had higher levels of n-3 fatty
acids and were less osmotically fragile than the erythrocytes
of mice fed CO. Frenouxet al. (47) report that a diet rich in
g-linolenic acid (18:3n-6), EPA, and DHA increased the
antioxidant status of rats, defined as the ability of RBC to
withstand free radical-induced hemolysis. This could result in
a longer life span for individual erythrocytes, a reduced need
for new erythrocytes, and a reduced need for proliferation of
erythroblasts to maintain RBC counts in the peripheral blood.
Release of fewer new, larger, immature erythrocytes from the
bone marrow would result in a smaller MCV in the peripheral
blood. Thus, one possibility for the beneficial effect of FOC
on RBC counts is a longer mean life span attributable to
decreased fragility of the erythrocyte membrane and reduced
hemolysis upon exposure to the oxidative stress of DOX
treatment.

In this study, the FOC/DOX mice lost less weight than
CO/DOX mice. Saueret al. (17) have reported that the release
of fatty acids from inguinal fat pads was suppressed when rats

were fed EPA, which may explain the reduced weight loss in
FOC fed mice. It has also been reported that body weight loss
was stopped, lean body mass was preserved, and the perform-
ance status was improved in pancreatic cancer patients who
consumed a nutritional supplement containing;600 additional
calories and 3 g of n-3fatty acids/day (9, 10). Burnset al. (27)
have reported use of an n-3 PUFA supplement in a Phase-I
(dose-finding) clinical study in cancer patients with cachexia but
have not completed the cachexia-reducing portion of the study.4

Supplementing the diet with a FOC that contains a high
level of EPA and DHA has proved a safe diet supplement for
humans (27), and dietary n-3 PUFAs have been shown to
increase the efficacy of various chemotherapeutic agents against
different tumor types in preclinical studies (5–7, 19–21). The
small volume of FOC demonstrated to be beneficial against
MDA-MB 231 xenografts in the athymic mouse model (this
report) was equivalent to an amount that humans can easily and
safely consume (26). Although the mechanisms of action of
FOC are yet to be established, clinical trials with cancer patients
seem justified at this time based on current and past reports that
dietary supplementation with FOC is a safe and beneficial
adjuvant to cancer chemotherapy. A clinical trial to determine
the ability of FOC dietary supplements to reduce the side effects
of commonly used cancer chemotherapy drugs (such as DOX,
5-FU, or CPT-11) in humans could be performed in,1 year.
Determining the effect of dietary FOC on tumor growth in
humans will require a longer-term trial using matched cases and
control patients.

In the present study, incorporation of 3% FOC in the diet,
even without DOX chemotherapy, was as effective at suppress-

4 W. E. Hardman, personal communication.

Table 2 Statistical analyses of peripheral blood cell counts of nude mice bearing an MDA-MB 231 human breast carcinoma following
consumption of a diet containing either 5% CO or 3% FOC with 2% CO for 7 weeks and treatment with or without DOX for the last 5 weeks.

Diet (Mean6 SE)a n RBC (m/ml) MCV (f/l) LYM (k/ml) RBC with MNb (n)

5% CO
without DOX 7 8.616 0.10b 46.76 0.75c 0.486 0.24b 12.86 2.1 (5)
with DOX 12 7.786 0.13c 50.36 0.48a 0.296 0.08b 17.56 2.7 (6)

3% FOC
without DOX 11 9.436 0.16a 46.36 0.51c 1.816 0.50a 11.06 1.4 (7)
with DOX 9 8.236 0.12b 48.66 0.41b 0.526 0.13b 20.06 3.8 (6)

Results of two-way ANOVAc

Main Effects
Dietary fat

CO 19 8.086 0.13b 49.06 0.57b 0.366 0.10b 15.46 2.4a
FOC 20 8.936 0.17a 47.36 0.43a 1.236 0.31a 15.26 2.5a

DOX
without DOX 18 9.116 0.14a 46.76 0.41a 1.306 0.35a 11.86 1.7a
with DOX 21 7.966 0.10b 49.66 0.37b 0.396 0.07b 18.86 3.3b

Interactions Fat X DOX nsd ns ns ns
a Means (6 SE) with different letters are significantly different (P , 0.05).
b MN are expressed as total number of MN identified in 2000 RBC.
c The results of two-way ANOVAs revealed that: RBC and LYM counts were significantly higher and MCV was significantly lower in mice that

consumed FOC than in mice that consumed CO, and treatment with DOX significantly decreased RBC and LYM counts but significantly increased
MCV and MN.

d ns, not significant. Significant differences between individual groups were determined by one-way ANOVA followed by SNK multiple
comparison tests.
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ing tumor growth as was a course of DOX chemotherapy in
mice that were consuming the 5% CO diet. Thus, continued
consumption of nontoxic FOC between cycles of toxic chemo-
therapy may slow growth of residual tumor. The higher blood
cell counts and the reduced weight loss of the mice that con-
sumed FOC provide support for the idea that FOC supplements
will aid patient recovery between cycles of chemotherapy.
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