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ABSTRACT

The effects of ÃŒÃŒ-3polyunsaturated fatty acids (PUFAs) and Ã•1-6
PUFAs on the development of experimentally induced colon carcinoma
metastasis in rat liver were investigated quantitatively in vivo. Rats
were kept on either a low-fat diet or on a fish oil (Ã•1-3PUFAs) or
safflower oil (Ã•1-6PUFAs) diet for 3 weeks before the administration of
colon cancer cells to the portal vein, until they were sacrificed at 1 or
3 weeks after tumor transplantation. At 1 week after transplantation,
the fish oil diet had induced 7-fold more mÃ©tastases(in terms of
number and size) than had the low-fat diet, whereas the safflower oil
diet had not affected the number and total volume of mÃ©tastases.At 3
weeks after tumor transplantation, the fish oil diet and the safflower oil
diet had induced, respectively, 10- and 4-fold more mÃ©tastases(num
ber) and over 1000- and 500-fold more mÃ©tastases(size) than were
found in the livers of rats on the low-fat diet. These differences were
sex independent. Immunohistochemical analysis revealed that the im
mune system in the liver (Kupffer cells, pit cells, T cells, newly re
cruited macrophages, and the activation state of macrophages) did not
play a significant role in this diet-dependent outgrowth of tumors. In
conclusion, ÃŒÃŒ-3and 11-6 PUFAs promote colon cancer metastasis in
the liver without down-regulating the immune system. This finding has
serious implications for the treatment of cancer patients with fish oil
diet to fight cachexia.

INTRODUCTION

During the last 30 years, epidemiolÃ³gica! studies have focused on
the effects of dietary fats on tumorigenesis, demonstrating that high-
fat diets increase the incidence of primary tumors (1-3). It has been

suggested that this phenomenon is related to differences in caloric
consumption rather than in the fatty acid composition of the diet.
However, epidemiolÃ³gica! and experimental studies have shown that
fl-3 PUFAs4 that are found in fish oil not only prevent the develop

ment and progression of several types of cancer (4-9), especially
those of colorectal cancer (10), but also reduce tumor-induced ca
chexia (11-13). In contrast, fl-6 PUFAs that are present in corn oil

and safflower oil, for example, promote tumor growth (14, 15) and
increase carcinogenesis in animal models (16). The mechanisms of the
antiproliferative effects of fi-3 PUFAs as observed in humans (17, 18)

and animals (19, 20) are not clear yet. Begin et al. (21) suggested that
cancer cells are killed by lipid peroxidation products that damage
DNA, particularly when it is uncovered during the cell cycle. Lipid
peroxidation products are generated in large amounts in cells that
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contain high levels of PUFAs (22, 23). The antiproliferative effect of
lipid peroxidation products has been recently demonstrated in vivo
after a partial hepatectomy in rats on a fish oil diet (24). The different
effects of fl-3 and fl-6 PUFAs on PG synthesis have also been

suggested to be involved in the inhibition or stimulation of tumor
growth, respectively (25). PCs, especially of the E series, enhance cell
proliferation, and high levels of PGE2 have been found in patients
with cancer (25, 26). fl-3 PUFAs inhibit and fl-6 PUFAs stimulate

PGE2 synthesis (27). This hypothesis was confirmed recently by a cell
culture study (28).

The effects of fi-3 and fl-6 PUFAs on primary tumorigenesis

have been investigated frequently (18, 29), but little is known
about their effects on metastasis. A few studies that focused on the
effects of fÃ¬-3and fl-6 PUFAs on the development of lung mÃ©
tastases showed conflicting results, fl-3 PUFA diets either reduced
(9, 30-32) or increased (33, 34) the number of lung mÃ©tastasesor
had no effect at all (35-37). Recently, Coulombe et al. (38)
demonstrated that a fl-3 PUFA diet induced more hepatic mÃ©tas
tases from 3LL Lewis lung carcinoma than did a fl-6 PUFA diet or

a saturated fat diet. Because metastasis is the major cause of death
of cancer patients, and because of the increasing clinical applica
tion of fl-3 PUFA supplementation in the treatment of cancer
patients, we tested the effects of diets enriched with fl-3 PUFAs
and fl-6 PUFAs on the development of colon carcinoma metastasis

in rat liver in an in vivo model.
PUFAs are incorporated into the membranes of both cancer cells

and normal cells, altering their physical and functional properties (30,
39), which may interfere seriously with immunological surveillance
against cancer cells. Furthermore, fl-3 PUFA supplementation de

creases cytokine production (40) and MHC class II expression on the
cell surface of antigen-presenting macrophages (41, 42), thus inter

fering with the immune response (43, 44). Therefore, in the present
study, particular attention was given to the effects of different diets on
both interactions between cancer cells and immune cells in the liver
such as Kupffer cells, pit cells (natural killer cells), T cells, and newly
recruited macrophages and the activation state of macrophages in
terms of antigen presentation.

MATERIALS AND METHODS

Animals. Adult male and female Wag-Rij rats (3 months old at the start of

the experiments; Broekman. Someren. the Netherlands) were maintained for 2
weeks under constant environmental conditions with free access to food and
water. Afterwards, the animals were kept in one of three diet groups. One
group was kept on a low-fat diet; one group was kept on a fish oil diet, and one

group was kept on a safflower oil diet. Each group contained 17 female and 6
male rats. At first, we used female rats only, but to exclude sex-dependent

effects on the results, we also included small groups of male rats. The animals
were kept on the respective diets for 3 weeks before administration of the
cancer cells. The animals were housed individually at the Academic Medical
Center animal facility in accordance with the guidelines for animal care of the
University of Amsterdam. All animals were weighed once every 3 days during

the entire experiment.
Diets. Diets were prepared by Hope Farms (Woerden, the Netherlands).

Fish oil containing 70% fi-3 PUFAs (38% eicosapentaenoic acid. 22% doco-
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Table I Antibodies and leclin used for the identification of cancer cells, different types
of liver cells, and proliferating cells in rat liver containing colon cancer mÃ©tastases

AntibodyDilutionEDI"
:500ED2"
:500OX3*
:500OX8'
:1003.2.3d
UndilutedUEA-I''
:IOOBrdUr/

:10"
Ref.60.''Ref.

61.'
Ref.62.d
Ref.63.'
Ref.64.f
Ref. 65.Cell

type/antigenNewly

recruited macrophages and KupffercellsKupffer
cellsActivated
macrophagesCTLs/suppressor

T lymphocytesandLiver
natural killer cells (pitcells)Colon
cancercellsProliferating

cellsnatural

killer cells

sahexaenoic acid, and 10% other Ã•1-3PUFAs; Pronova Biocare, Sandefjord,

Norway) and safflower oil (Sigma Chemical Co., St. Louis, MO) were added
to the food each day immediately before it was given to the animals. Fish oil
and safflower oil were kept at 4Â°Cunder nitrogen to avoid autooxidation of

PUFAs. Vitamin E levels in the food were kept at a minimum of 35 mg/kg of
the low-fat diet [5% (v/w) soybean oil] and at 75 mg/kg of the Ã•1-3and fi-6

PUFA diets [20% (v/w) fish oil or safflower oil. respectively] to avoid vitamin
E deficiency. Other vitamins, minerals, essential fats, and proteins were
present at sufficiently high concentrations in the food to provide adequate
growth (45). Complete composition of the diets is presented in Van Noorden
(24).

Cancer Cells. An established colon carcinoma cell line (CC531) was
obtained from a moderately differentiated and weakly immunogenic colon
adenocarcinoma after experimental induction in Wag-Rij rats by treatment
with 1,2-dimethylhydrazine (46). Cells were cultured at 37Â°Cas monolayers in

DMEM (ICN Biomedicals. Irvine. Ayrshire, United Kingdom) supplemented
with 10% (v/v) fetal bovine serum, 2 mM glutamine. penicillin (100 lU/ml),
and streptomycin (100 mg/ml). Cells were washed with PBS. and after de
tachment with 0.05% trypsin in PBS and centrifugaron (250 X g, room
temperature, 10 min), a single-cell suspension of 1 X IO6 cancer cells in 0.05

ml of PBS was obtained with a viability of at least 95%.
Treatment. After 3 weeks on the respective diets, small midline inci

sions were made in the abdominal walls of the rats, and a suspension
containing 1 X IO6 cancer cells in 50 Â¡JL\of PBS was injected into the portal

vein while the animals were under sodium pentobarbital anesthesia, using
a 27-gauge needle as described previously in detail (47, 48). The portal vein

was closed by treating the incision with an aqueous solution of thrombine
(Central Laboratory of the Netherlands Red Cross Blood Transfusion
Service, Amsterdam, the Netherlands) using a cotton bud. The injection site
was covered by Spongostan (Medical Workshop. Groningen, the Nether
lands) to prevent peritoneal seeding. The rats were kept on the respective
diets until they were sacrificed. As controls, three female Wag-Rij rats

were used for each diet group to establish the effects of the diets on profiles
of immunocompetent cells in normal livers. These animals did not receive
cancer cells. After I week and 3 weeks, seven female and three male rats
from each group were sacrificed by an overdose of sodium pentobarbital,
and livers were immediately removed, separated into lobes, and cut into
small pieces (1-5-mm thick). The origin of all pieces of tissue was

registered. One part of the pieces was immediately frozen in liquid nitrogen
and stored at â€”¿�80Â°Cuntil used. The other part was chemically fixed for

ultrastructural procedures. One h before sacrifice, the animals received 50
mg of BrdUrd i.p. (Serva, Heidelberg, Germany) per kilogram of body
weight. All experiments were carried out in accordance with the guidelines
for animal care of the University of Amsterdam.

Immunohistochemistry. Immunohistochemical procedures were carried
out on 8-jum-thick cryostat sections as described previously (48). The follow

ing monoclonal antibodies and lectin were used (Table 1): (a) Ulex Europaeus
agglutinin-I (UEA-I; DAKO. Glostrup. Denmark): (b) OX8. OX3. ED2. and

EDI (all from Serotec, Oxford. United Kingdom): (c) 3.2.3 (kindly provided
by Dr. P. J. K. Kuppen, Laboratory of Pathology. University of Leiden, the
Netherlands); and (</) anti-BrdUrd (Eurodiagnostics. Apeldoorn, the Nether
lands). The following secondary antibodies conjugated with horseradish per-
oxidase (DAKO) were used: (a) rabbit anti-UEA-I diluted 1:50 in PBS con

taining 10% human AB serum; (b) rabbit antimouse IgG diluted 1:200 (OX3.
ED2, ED 1. and anti-BrdUrd) or 1:100 (OX8) in PBS containing 0.2% BSA and

2% normal rat serum. Between the different incubation steps, the sections were
rinsed three times in PBS. Peroxidase activity was visualized using a medium
containing 20 mg of 3-amino-9-ethylcarbazole (Sigma) dissolved in 5 ml of
/V./V-dimethylformamide and 95 ml of 50 mM acetate buffer (pH 4.9) and

Fig. I. Livers of rats on the low-fat diet (A}, the safflower oil diet (B). and the fish oil
diet (O in situ, showing tumor tissue (arrowheads). Bar. I cm.
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hydrogen peroxide in a final concentration of 0.01% (v/v). The nuclei were
counterstained with hematoxylin. Control incubations were performed in the
absence of primary antibodies (49). To detect proliferation of Kupffer cells,
an immunoenzyme double staining was performed using two complete
immunoenzymatic staining methods (48, 50) for ED2 and anti-BrdUrd,

respectively.
Morphometric Analysis. The amount and volume of mÃ©tastasesas de

tected with lectin UEA-I, a selective marker for colon cancer cells, were

analyzed quantitatively by morphometry in 22 cryostat sections of each liver
obtained from randomly selected sites in all lobes according to a rigid scheme
as described previously (51). The number of mÃ©tastaseswas expressed per unit
volume of liver tissue Â±SE. The volume of cancer cells in the tumors was
determined by measuring the areas in the sections occupied by the cancer cells.
Images of the sections were captured using an Olympus Vanox-T microscope
(Tokyo, Japan) at a magnification of X6.25 and X2.5 attached to a charge-
coupled-device camera with an 8-bit resolution (Cohu 4910: San Diego, CA),
a frame grabber (LG-3; Scion, Frederick, MD), and a Power Macintosh

8100/110 computer (Apple, Cupertino, CA) using the public domain NIH
Imaging software program (version 1.57; written by W. Rassband and avail
able via internet from http://rsb.info.nih.gov). Settings of the camera and frame
grabber were adjusted according to Jonker et al. (52). The percentage area of
cancer cells was expressed as the ratio of the area of cancer cells:total area of
liver tissue including cancer cells (X100) Â±SE. Significance of differences
between the diet groups was determined using ANOVA: P s 0.05 was
considered significant.

Cell Counting. For each liver lobe, eight sections were used after immu-

nohistochemical staining, and three periportal and three pericentral zones were
randomly selected in each section to determine the number of immunocom-
petent cells. EDI-, ED2-, OX3-, and OX8-positive cells and BrdUrd-positive

nuclei per unit area were quantified in a standardized microscopic field using

Table 2 Liver and body weight of rats on different diets as determined at 3 weeks after
administration ofCC53l colon cancer cells

DietLow

fat
Safflower oil
Fish oilBody

weight0263.0

Â±4.6
272.8 Â±6.6
238.8 Â±6.9Liver

weight" Ratio of livenbody weight (X100)8.0

Â±0.7
9.5 Â±0.5

12.9 Â±1.7*3.0

Â±0.3
3.5 Â±0.2
5.4 Â±0.8*

' Data are given in grams as mean Â±SE of seven female and three male rats.
' Significant difference with other diet groups.

Table 3 Number of mÃ©tastasesand volume (expressed as percentage area) of cancer
cells al 3 weeks after administration of CC531 colon cancer cells as detected with the

lectin UEA-I in livers of rats on different diets

Diet No. of mÃ©tastases" Percentage area

Low fat
Safflower oil
Fish oil

4.1 Â±4.6
18.4 Â±23.5e
49.7 Â±26.3e

0.01 Â±0.03
6.97 Â±9.30e

17.82 Â±16.09'

" Data are expressed as the number of metastases/unit volume of liver tissue Â±SE in

each of seven female and three male rats on the low-fat diet and on the diets containing

safflower oil and fish oil.
Percentage area is expressed as the ratio of the area of cancer cells:total area of liver

tissue sections including cancer cells Â±SE in each of seven female and three male rats on
the low-fat diet and on the diets containing safflower oil and fish oil.

' Significant difference with other diet groups.

Table 4 Number of mÃ©tastasesand volume (expressed as percentage area) of cancer
cells at 1 week after administration ofCC53l colon cancer cells as detected with the

lectin UEA-I in livers of rats on different diets

Diet No. of mÃ©tastases" Percentage area

Low fat
Safflower oil
Fish oil

46.5 Â±3.5
46.0 Â±64.2

324.0 Â±164.6''

0.44Â±0.17C
0.51 Â±0.43r
2.92 Â±1.58e'1'

" Data are expressed as the number of metastases/unit volume of liver tissue Â±SE in

each of seven female and three male rats on the low-fat diet and on the diets containing

safflower oil and fish oil.
* Percentage area is expressed as the ratio of the area of cancer cells:total area of liver

tissue sections including cancer cells Â±SE in each of seven female and three male rats on
the low-fat diet and on the diets containing safflower oil and fish oil.

1 These values should be divided by IO3.
d Significant difference with other diet groups.

Fig. 2. Semithin sections of the livers of rats on the low-fat diet (A) and the fish oil diet

(B) at 1 week after tumor transplantation. Note the high number of colon cancer cells (c)
in mitosis (arrowheads) in the livers of rats on the fish oil diet, h, hepatocytes; *, stroma.
Bar. 40 /im.

a Zeiss microscope and a Neofluar objective X40. Data were expressed as the

mean Â±SE of the number of cells or nuclei in the periportal and pericentral
zones. The significance of the differences was determined using ANOVA;
P ^ 0.05 was considered significant.

Semithin Sections. Small liver pieces (1-mm thick) were fixed in McDow

ell fixative containing 4% formaldehyde and 1% glutaraldehyde in 100 mM
cacodylate buffer (pH 7.4) and stored in this fixative for at least 24 h.
Postfixation was performed using 1% osmium tetroxide (Sigma). After dehy
dration, tissue blocks were embedded in LX 112 epoxy resin. Semithin
sections were stained with a solution of 0.1% (w/v) toluidine blue.

RESULTS

Effect of Diet on Cell Proliferation. Three weeks after trans
plantation, tumor mass in the liver was significantly larger in rats
of either sex on the fish oil diet and the safflower oil diet than in
rats on the low-fat diet (Fig. 1). Liver weight was increased in
animals on the fish oil diet; the ratio of livenbody weight increased
significantly (Table 2). Morphometric analysis showed that the
number of tumors was over 10-fold higher, and the volume of

3314

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/15/3312/2467124/cr0580153312.pdf by guest on 19 M

ay 2023



Ãl-3 FUFAS PROMOTE COLON CÃ•NCER METÃ•STASIS

Fig. 3. Double immunoslaining of Kupffer cells (ED2; brown) and BrdUrd (blue) in a
liver tissue section of a rat on the fish oil diet at I week M) and at 3 weeks (B) after tumor
transplantation. Proliferating Kupffer cells (arrows), hepatocytes (arrowheads), and can
cer cells (*) are present in the liver parenchyma (ÃŸ)and the tumor (A), respectively. Bar.
16 (im in A ana 20 firn in B.

cancer cells was over 1000-fold larger than those in animals on the
low-fat diet (Table 3). The number of tumors in animals on the
safflower oil diet was over 4-fold higher, and the volume of cancer
cells was over 500-fold larger than those in animals on the low-fat
diet (Table 3). MÃ©tastasesin livers of rats on the low-fat diet were
mainly located at the periphery of the liver lobes, as described
previously (53), whereas mÃ©tastasesin the livers of rats on the
safflower oil diet and on the fish oil diet were randomly distributed
all over the liver lobes. These tumor growth patterns were similar
in male and female rats.

Morphometric analysis showed that at 1 week after tumor trans
plantation, there was already a 7-fold increase in the number and size
of mÃ©tastasesin the livers of rats on the fish oil diet when compared
with that in the livers of rats on the safflower oil diet and on the
low-fat diet (Table 4). These differences were directly correlated with
the high proliferation rate of the cancer cells, because a distinctly
higher proportion of colon cancer cells in the livers of rats on the fish
oil diet were found to be in mitosis when compared with colon cancer
cells in the livers of rats kept on the other diets (Fig. 2). Furthermore,
the number of liver cells incorporating BrdUrd was elevated in rats on
the fish oil diet (Figs. 3 and 4). These numbers were significantly
higher than those in rats on the safflower oil and low-fat diets,
respectively (Fig. 4).

Distribution Patterns of Immunocompetent Cells. The different
diets did not affect the number or distribution patterns of ED1-
positive cells (newly recruited macrophages and Kupffer cells),
ED2-positive cells (Kupffer cells), and OX8-positive cells (natural

killer cells and CTLs/suppressor T lymphocytes) in the livers of
animals that did not receive cancer cells (Fig. 5/4). One week after
tumor transplantation, the number of newly recruited macrophages
and Kupffer cells was increased in a similar way in the livers of all
rats, irrespective of the diet (Fig. SB). The number of cytotoxic
OX8-positive cells was slightly increased, but the number of
OX3-positive cells (activated macrophages) remained unchanged
in comparison with those in livers without tumors. Distribution
patterns of immunocompetent cells infiltrating or surrounding the
tumors were not diet dependent. The immunocompetent cells in
filtrating tumors were mainly activated newly recruited macro
phages and, to a lesser extent, natural killer cells and CTLs/
suppressor T lymphocytes (Fig. 6). Sex-dependent differences in
the number or distribution patterns of immunocompetent cells were
not found.

Three weeks after tumor transplantation, the numbers of EDI-,

PERIPORTAL ZONE PERICENTRAL ZONE

Fig. 4. The number of cells incorporating BrdUrd in the periportal
and pericentral zones of the liver lobules of three male and three
female rats on different diets at 3 weeks after administration of
CC531 colon cancer cells. Rats were on the low-fat diet â€¢¿�the
safflower oil diet O), or the fish oil diet (â€¢).Data are expressed as
the mean numbers of cells/mm2 of tissue in the sections Â±SE
(n = 6).

sinusoidal
cells
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Fig. 5. Total population of Kupffer cells, newly recruited
macrophages, and monocytes as detected with EDI, the num
ber of Kupffer cells as demonstrated with ED2. the number of
activated macrophages as detected with OX3, and the total
population of CTLs/suppressor T lymphocytes and natural
killer cells as detected with OX8 in the periportal and pericen
tral zones of liver lobules of three male and three female rats on
different diets before administration of CC531 colon cancer
cells M) and at 1 week (B) and 3 weeks (C) after administra
tion. Rats were on low-fat diet {â€¢).the safflower oil diet (D),

or the fish oil diet (â€¢).Data are expressed as the mean numbers
of cells/mm2 of tissue in the sections Â± SE (n = 6); *,

statistically significant differences between the diet groups; + .
statistically significant differences between 0 and 1 week or 3
weeks of metastasis.

PERIPORTAL ZONE PERICENTRAL ZONE

EDI ED2 OX3 OX8

PERIPORTAL ZONE

EDI ED2 OX3 OX8

PERICENTRAL ZONE

flffl
EDI ED2 OX3 OX8 EDI ED2 OX3 OX8

â€¢¿�â€¢ti
Â«a

1

90

80

70

60

SO

40

30

20

10

0

PERIPORTAL ZONE PERICENTRAL ZONE

EDI ED2 OX3 OX8 EDI ED2 0X3 OX8

ED2-, and OX8-positive cells were increased significantly in all diet

groups when compared with those in livers without tumors (Fig. 5C).
The enlargement of the Kupffer cell population was partly due to
local proliferation, as demonstrated by ED2-positive cells incor
porating BrdUrd (Fig. 3). After 3 weeks, the numbers of EDI- and
ED2-positive cells were significantly higher in the livers of rats on

the fish oil diet than in those of rats on the other diets. The number
of OX3-positive cells (activated macrophages) increased only mar

ginally. This marginal increase was diet independent (Fig. 5C).
EDI- and ED2-positive cells were abundant in liver parenchyma

around mÃ©tastasesand at the edge of mÃ©tastases,where only few
OX3- and OX8-positive cells were detected (Fig. 7). Distribution
patterns of 3.2.3-positive pit cells were similar to those of OX8-

positive cells (data not shown).

DISCUSSION

The present study shows that diets enriched with fl-3 PUFAs (fish
oil) and fl-6 PUFAs (safflower oil) enhance the development of colon
carcinoma mÃ©tastasesin rat liver in comparison with a low-fat diet.
fi-3 PUFAs already affected both the number and size of the tumors

in the early stages of tumor development ( 1 week after transplanta
tion) whereas fl-6 PUFAs only affected the number and size of the

tumors in the late stages of tumor development (3 weeks after trans
plantation; Tables 3 and 4). The effects of fl-3 PUFAs on the

proliferation of colon cancer cells and on the growth of mÃ©tastasesin
the liver are stronger than the effects of fl-6 PUFAs. It should be

noted here that we studied only effects on the late stages of the
metastatic cascade in this animal model. Early stages in metastasis
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B

Fig. 6. Immunostaining for UEA-I (A}, newly
recruited macrophages (B), activated macrophages
(C), and natural killer cells and CTLs/suppressor T
lymphocytes (D) in the liver tissue sections of a rat
on the fish oil diet at 1week after transplantation of
colon cancer cells. *, tumors; i/rrow, inflammatory
cells infiltrating the tumor. Bar. 20 Â¿im.

m
e

â€¢¿�JÂ»

- t. 'â€¢
- s - â€¢¿�â€¢¿�

..-.r >â€¢¿�'>'-.,,
'â€¢;â€¢''â€¢

â€¢¿�Ã;}-,\,
x - "'^fcSs?: Jf . * - ' : -4

may well be affected differently by PUFAs. The proliferation of liver
cells was also positively and not negatively affected by O-3 PUFA, as

demonstrated by the large number of liver cells that incorporated
BrdUrd (Figs. 3 and 4). These data are in contrast with findings that
fl-3 PUFAs have antiproliferative effects on primary tumor growth
(17-20) and hepatocytes after partial hepatectomy (24), whereas Ã•Ã•-6
PUFAs promote tumor growth (14, 15). Therefore, the effects of Ã•1-3
PUFAs described here may well be liver-specific. In agreement with

our data are the findings of Young and Young (34) and Coloumbe et
al. (38) showing an increase in the number of mÃ©tastasesin the lung
and liver when using Lewis lung carcinoma cell lines in animals on
fish oil diets and on corn oil diets. On the basis of these consider

ations, we conclude that fl-3 inhibits the growth of primary tumors

and promotes the growth of colon cancer tumors in the liver. These
aspects have to be considered and investigated further, because of
direct implications for the treatment of patients with primary tumors,
such as colon cancer, with a fish oil diet. This treatment has been
introduced because of its antiproliferative effect on primary tumors,
and because of its efficacy in reducing tumor-induced cachexia (54,

55).
Dagnelie et al. (56) demonstrated that a fish oil-enriched diet

inhibited tumor-induced cachexia in rats with prostate tumors but did
not affect tumor growth. However, they used the MAT-LyLu variant

of Dunning prostate tumor that does not metastasize to the liver, so

Fig. 7. Immunostaining of Kupffer cells (A), newly
recruited macrophages (ÃŸ),activated macrophages
(O, and natural killer cells and CTLs/suppressor T
lymphocytes (D) in a liver tissue section of a rat on
the fish oil diet at 3 weeks after transplantation of
colon cancer cells. IP, liver parenchyma; m, tumor.
Bar. 20 firn.

IP

IP

m
m f .v
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any effects on metastasis could not be evaluated. Although the anti-

cachectic and antitumor effects of fish oil have been demonstrated in
mice bearing colon adenocarcinoma, no data were given with respect
to liver mÃ©tastasesin these experimental studies (11, 13). On the other
hand, Beck et al. (13) demonstrated in the same experimental model
that the anticachectic effect of fish oil was more pronounced than the
antitumor effect, because the initial reduction of the tumor growth rate
observed during the first 3 days of fish oil administration was imme
diately followed by enhanced growth of the tumors.

To explain our dramatic findings, we investigated whether the
overgrowth of mÃ©tastasesin the livers of rats on the fish oil diet was
dependent on suppression of the immune system by fi-3 PUFAs. It is

known that cytokine profiles are negatively affected by PUFAs (6, 40,
44, 57). Furthermore, fi-3 PUFAs decrease granulocyte-macrophage
colony-stimulating factor production (40), T-cell and B-cell prolifer

ation (44), natural killer cell activity (58), and the expression of MHC
class II antigen on macrophages (41, 42). However, diet did not affect
either the expression of MHC class II antigen on the surface of
macrophages that infiltrated the small mÃ©tastasesor the infiltration of
OX8-positive cells (Fig. 6). Three weeks after tumor transplantation,

the livers of rats on the fish oil diet contained not only the largest
number of mÃ©tastasesbut also the largest numbers of Kupffer cells
and newly recruited macrophages (Figs. 5 and 7), indicating that the
recruitment and proliferation of macrophages were not negatively
affected by fi-3 PUFA. The number of activated macrophages as
antigen-presenting cells was low, irrespective of the diet (Fig. 5), and

this fact also indicates that the activation state of these cells was not
affected by PUFAs. In a previous in vivo study using the same animal
model, we found that macrophages and natural killer cells do not play
a significant role in the defense against advanced stages of metastasis
(48). Therefore, we conclude that the enormous effect of fi-3 PUFA

on colon cancer metastasis in the liver is not mediated via alterations
of the immune system.

Thus far, we do not have an explanation for the effects of the fish
oil diet on metastasis, but it seems to be related to the proliferation and
aggressiveness of the colon cancer cells. In vitro studies showed that
treatment of cancer cells with fi-3 PUFA strongly increases the rate of

adenosine and guanosine uptake (59). Because both nucleosides are
nutrients required for proliferation, we suggest that an increase in
purine uptake may be partly responsible for the rapid growth of colon
cancer cells in the livers of rats on the fish oil diet.

In conclusion, a diet containing PUFAs such as the fish oil diet has
profound effects on the development of secondary tumors such as
colon cancer metastasis in the liver of the rat. This finding has serious
implications for the treatment of cancer patients with fish oil to fight
cachexia.
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