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ABSTRACT

The effect of dietary fat concentration and saturation on high energy
phosphate metabolites and phospholipid turnover in transplanted line
168 murine mammary tumors was studied using surface coil "I'-mielear

magnetic resonance spectroscopy. Female BALB/c mice were fed one of
five diets each containing at least the minimum of essential fatty acids
(EFA). Four diets contained additional safflower or palm oil for a total
fat concentration of 5 or 20% by weight. The growth rate of tumors from
mice fed the high safflower oil diet was significantly greater than the
growth rate of tumors for mice fed all the other diets including the one
which contained the minimal EFA. 3lP-nuclear magnetic resonance-
observable phosphate metabolite ratios, ATP/Ph ATP/phosphomonoes-
ter (ATP/PME), and I'MK/1'Â¡,and tumor pH of line 168 tumors de

creased with increasing tumor volume, indicating a shift from active to
inactive tumor metabolism. The rates of those decreases with progressive
tumor growth differed significantly among tumors of mice fed the different
diets. Decreases in ATP/Ph ATP/PME, and pH were the most rapid in
the tumors of mice fed the high safflower oil diet and significantly faster
than tumors of mice fed the diet containing minimum EFA. In addition,
the decrease in the I'MK/l'i ratio of tumors was significantly greater in

mice fed the high fat (high palm oil and high safflower oil) diets than
mice fed the diet containing the minimum of EFA. The rate of decline of
ATP/Pi and ATP/PME with progressive tumor growth was directly
correlated with levels of linoleic acid as well as total unsaturated fat.
High levels of a polyunsaturated fat had a significant effect on mammary
tumor metabolism particularly during early stages of tumor growth.
Differences in high energy phosphate metabolite dynamics relative to
dietary fat were present in tumors of equal volume. Thus, dietary fat
influences on mammary tumorigenesis may be related to high energy
phosphate metabolites.

INTRODUCTION

When rodents are fed high fat diets, mammary tumor inci
dence and growth rate usually increase, and the latency of
mammary tumor appearance decreases when compared to the
same parameters in animals fed a low or moderate level of
dietary fat. Studies from several laboratories have shown that a
high concentration of polyunsaturated fat in the diet and spe
cifically linoleic acid (18:2)' was associated with enhanced

tumor growth (1-4). Correspondingly, in vivo development of
the normal murine mammary gland as well as some mammary
tumors appeared to have a specific requirement for 18:2 (5).
Mammary tumor tissue, when compared in vitro to normal or
lactating mammary tissue, exhibited several alterations in fatty
acid metabolism (6, 7). In addition, normal mammary tissue
possesses, but does not normally utilize, a high capacity for
fatty acid oxidation (8), a capacity that could be used by
transformed mammary tissue. Thus, it is important to assess
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how increasing levels of dietary fat affect the physiological
status of tumor tissue.

ATP levels are often used as an estimate of the metabolic
status of a tissue. However, ATP has been shown to be highly
labile in several tumor types. One way to avoid this problem is
the use of in vivo 3IP-NMR.4 It is an established technique for

monitoring the relative concentration and turnover of high
energy phosphorous containing metabolites which are indica
tive of the metabolic state of a tissue (9-13). The surface coil
NMR technique allows high resolution spectra to be obtained
from a relatively localized volume of tissue in juxtaposition to
the surface coil. This technique provides a noninvasive method
for continuous monitoring and localization of metabolites in
tumors implanted s.c. The effect of nutritional or physiological
perturbations on tissue energy status of tumors in vivo (14-19),
perfused heart (20), and liver in vivo (21, 22); glycolytic cycle
phosphors lateci intermediates in isolated diaphragm muscle
(23) and in vivo liver (24); and phospholipid turnover in excised
tumors (25) have been studied using 3IP-NMR. These reports
indicate that 3lP-NMR-observable phosphorus metabolites

could be used as an indicator to study dietary fat modulations
of the physiological status of tumor tissue.

Despite an extensive number of studies which confirm that
dietary fat can have an influence on mammary tumorigenesis,
the biological mechanism(s) of that phenomenon remains illu
sive. To understand the mechanism(s), we have chosen to
examine the modulation by dietary fat of tumor energy and
phospholipid metabolism. Although previous investigations
have examined energy metabolism in other tumor models, as
well as lipid metabolism in mammary tumors, to date the
influence of dietary fat on high energy phosphate metabolism
of mammary tumors remains unknown. Accordingly, we have
used 3IP-NMR to study the effect of the concentration and type

of dietary fat on the in vivo high energy phosphorus metabolites
of line 168 mouse mammary tumors as it increases in volume.
We report here that changes in high energy phosphate metab
olism of mammary tumors, as assessed completely in vivo, were
differentially influenced by dietary fat concentration and level
of saturation.

MATERIALS AND METHODS

Animals and Diets. I-Â¡vewk-old female BALB/cAnN mice (Charles

River Laboratories, Inc., Kingston, NY) previously maintained on a
stock diet (Purina Mouse Chow; Ralston Purina, St. Louis, MO) were
fed one of five semipurified diets for 4 wk before tumor transplantation
and continued on the same diets until termination of the experiment.
The diets consisted of a constant amount per kilocalorie of casein, salts,
vitamins, and fiber (26). Each diet contained a constant amount per
kilocalorie of corn oil to provide the minimum of EFA (27). The low
fat and high fat diets contained either additional safflower oil or
additional palm oil to bring the total fat in the diets to 5% (LSO or
LPO) or 20% (HSO or HPO) (Table 1). Palm oil was chosen for

4 The abbreviations used are: "P-NMR, J1P-nuclear magnetic resonance spec

troscopy; EFA, essential fatty acids(s); HPO, high palm oil; HSO, high safflower
oil; LPO, low palm oil; LSO, low safflower oil; PCr, phosphocreatine; PDE,
phosphodiester, PME, phosphomonoester.
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Table 1 Composition of experimental diets
Ingredient*CaseinSalt

mivVitamin
mi\'CelluloseCereloseCorn

oil'Safflower
oil*Palm

oil'EFA18.4*4.51.24.171.10.50.00.0LSO19.85.01.34.464.50.64.40.0LPO19.85.01.34.464.50.60.04.4HSO24.86.41.75.541.60.719.30.0HPO24.86.41.75.541.60.70.019.3

'Casein provided 28% energy; salt mix. vitamin mix. and cellulose were

provided at 1.3. 0.3, and 1.1 g/kcal of gross energy. Diets provided the following
amount <%)of total 18:2n6 by weight: EFA, 0.31; LSO, 3.78; HSO, 15.40; LPO,
0.79; and HPO, 2.29.

* g/100 g diet.
' See Erickson et al. (26) for composition.
* Provided at a constant level as an EFA source for all diets which was 1.4%

of the gross energy.
' See Hubbard and Erickson (28) for fatty acid analysis.
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Fig. 1. Mean body weights of mice fed 5 diets containing various amounts

and types of fat. All diets contained at least the minimum of EFA (0.5% corn oil)
(O O). Four diets contained a total of 5% or 20% fat. That was provided by
corn oil plus an additional 4.4% safflower oil (LSO) (O O), or palm oil (LPO)
(O- - - - -O), or an additional 19.3% safflower (HSO) (O O), or palm (HPO)
(O O), oil. SEs, omitted for clarity, were less than Â±1.5 g. No
significant differences ( /' > 0.05) existed among any of the groups.

comparison to safflower oil because palm oil is a natural fat which
contains fatty acids of comparable chain length (38% 16:0 and 45%
18:1) varying with respect to the amount of 18:2 (28). The animals
were fed ad libitum and maintained in a constant temperature environ
ment. Body weight gain of mice fed the experimental diets did not
differ significantly (P > 0.05) (Fig. 1).

Tumor Cells. Mammary tumor cell line 168 (29), derived from a
spontaneously arising tumor in a female BALB/cfC3H mouse, was
grown in Eagle's minimal essential medium and Earle's salts, 10% fetal

bovine serum, 2% essential vitamin mixture, 1% L-glutamine, 1%
nonessential amino acids, 1% sodium pyruvate, and 50 Â»nml genta-
micin. Tumor cells in the exponential growth phase were removed from
culture with 0.25% trypsin, centrifuged, and resuspended in Earle's

balanced salt solution. Mice were given injections s.c. into the left thigh
with 1 x IO5line 168 cells in 0.2 ml of Earle's balanced salt solution.

That number of tumor cells was chosen to yield 100% tumor frequency
with a minimum number of cells injected (26). For the growth study,
tumors were measured every other day in three directions with calipers.
The volumes were calculated by means of the formula for a hemiellip-
soid, the form most nearly approximating the shape of the tumors: V
= 0.5236 \wh (30).

NMR Spectroscopy. Phosphorus spectra were generated with a Ni-
colet Magnetics (now GE/NMR, Fremont, CA) NT-360 NMR spec
trometer system operating in the Fourier transform mode coupled with
a Nicolet 293 A' pulse programmer, a Nicolet 1280 computer, and an

Oxford Instruments 54-mm vertical bore 8.5 telsa superconducting
magnet. Typical acquisition parameters were as follows: 10 /is pulse
length; 6-KHz spectral width: 2K data points; 85-ms acquisition time;

1.1-s repetitions; and 800-2000 scans per spectrum. Free induction
decays were zero-filled once to 4K, and a line broadening of 25 Hz was
used before the Fourier transformation.

Mice were anesthetized with a single i.p. injection of a ketamine
hydrochloride (20 mg/ml) and acepromazine (1.5 mg/ml) solution. A
dose of 0.2 ml/20 g body weight maintained anesthesia during the
course of the experiment. The skin over the tumor was shaved, and a
copper Faraday shield was placed around the tumor to prevent possible
extraneous signals from the surrounding muscle tissue (31). Mice were
positioned in a plastic holder with the tumor centered directly beneath
a Teflon-covered 7 x 11-mm external diameter two-turn elliptical
surface coil. The mouse was inserted into the magnet with the tumor
in the homogeneous region of the magnetic field. Warm air was passed
over the mouse in order to maintain a constant body temperature of
37Â°C.The coil was tuned to 145.8 MHz with internal balanced circuitry

(32) and double tuned for protons at 360 MHz, employing circuitry
external to the probe for shimming purposes (33). The magnetic field
was adjusted to set the water resonance on the carrier frequency. The
chemical shift of the phosphorus spectra was referenced to 85% H3PO4
using water as an intermediate reference. Relative spectral peak areas
were determined using the Nicolet integration routine.

Peak assignments were made from previously published values for
murine tumors (34, 35). ATP is considered to be the major nucleoside
triphosphate component of each of the 3 nucleoside triphosphate
resonances. The /3-ATP resonance was used as the reference for spectral
metabolite values. We have observed, as has been demonstrated for
other tumors (36), that the PCr metabolite is absent or at relatively low
levels as compared to ATP levels in line 168 tumors. The PCr resonance
was absent in several spectra including those of small, presumably well
oxygenated, and nonnecrotic tumors as indicated by in vivo pH and PÂ¡
levels as well as subsequent histolÃ³gica!examination. Spectra of tumors
before and after placement of the Faraday shield supported the conclu
sion that very little, if any, PCr occurs in these tumors (data not shown).

pH Determination. Tumors were removed from 3 anesthetized mice,
cooled to 4Â°C,and homogenized undiluted in a Broeck tissue grinder.

The homogenate was passed through a fine mesh screen and frozen at
-10Â°C. To prepare the pH calibration curve, 2 ml of thawed tumor

homogenate were diluted with 1 ml 0.15 M KCI. This suspension was
passed first through an 18 gauge then a 23 gauge needle and transferred
to a 10 mm NMR tube. The initial pH was adjusted to 6.35 with 0.1 N
HC1 and increased in 0.1 pH increments with 0.1 N KOH to 7.10. The
pH was recorded before and after each NMR measurement using a pH
meter, and the average value of the two measurements was recorded.
All chemical shift and pH measurements were made at 37Â°C.In vivo

800 r

17 19 21 23 25

DAY AFTER INJECTION OF TUMOR

27

Fig. 2. Growth of line 168 after injection of 10*cells into mice fed semipurified
diets. Mice were fed the following diets: EFA (-- ); LSO (-â€¢-);LPO (---- );
HSO (- â€¢â€¢-); and HPO ( â€” ). Data presented as mean for n = 10 in each
group. For analysis, data were best fit to a logarithmic curve for which the
coefficients of determination (r2) were 0.8 1-0.95 (P < 0.05). Tumors of mice fed

the HSO diet grew more rapidly than tumors in mice fed the other diets.
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pH was calculated by converting the tumor inorganic phosphate chem
ical shift to pH using the regression equation derived from the above
determinations (37).

NMR Data Presentation. The data from surface coil NMR of 33
tumor-bearing mice are presented. All data are from spectra with a
signal/noise ratio greater than 10. Four spectra, one from each diet
group except the LSO, from tumors with volumes less than 300 mm3

were corrected for metabolite contributions from muscle. Corrections
for those four spectra resulted in an average reduction of less than 10%
for their metabolite ratios. Metabolite values are presented as ratios to
eliminate errors in absolute metabolite values caused by differing spin
lattice relaxation times ("/',) of the different ''!' metabolites. It was

assumed that the spin lattice relaxation times of the tumors were
invariant within the various size and diet groups studied, therefore,
making comparisons of the changing metabolite ratios due to increasing
tumor volume and differing diet valid.

3IP-NMR data for the tumors are plotted against the log of tumor

volume. The log of the volume is used because growth rate of the line
168 tumors may be best fit with a logarithmic curve (26). Excised
tumors were weighed, and the tumor volume was determined by im
mersion in 0.9% saline solution where weight in grams was equal to
the volume of the tumor in cm3 (38). As excision of larger tumors often

included nontumorous tissue, values for tumor volume used in data
analysis were derived from the regression equation of all tumor weights
on all the tumor volumes.

Statistical Analysis. Tumor growth data were best fit to a logarithmic
curve. Data were subjected to linear regression; significance was deter
mined by analysis of variance. "P-NMR data were analyzed using

linear regression analysis of the log of the tumor volume against tumor
"I1 metabolite ratio or tumor pH. A significant correlation is given as

P < 0.05. Differences between dietary groups were analyzed using the
/ test for equality of slopes (39).

RESULTS

Mammary Tumor Growth. In previous studies we have found
that dietary fat influenced the latency, the time between tumor
transplantation and the detection of a palpable tumor, of line
168 (40). In this study tumor latency, as determined by the
intercept of the regression line for mice fed the HSO, was
significantly less than for mice fed the other diets including the
control group which was fed a diet containing the minimum of
EFA. After a lag time the growth rates of tumors of mice fed
the HSO diet were significantly greater than growth rates of
line 168 for mice fed all other diets (Fig. 2). Thus, tumor growth
during the middle of the log phase, the time when most of the
3'P-NMR metabolic data were collected, appeared to be influ

enced by dietary fat. Because dietary fat may influence the
growth and volume of a tumor and because tumor metabolism
has been shown to change with tumor volume, comparison of
metabolism based on tumor age would automatically be differ
ent. In order to determine whether dietary fat had a direct effect
on metabolism independent of volume and age, comparisons of
tumor metabolism among dietary groups were based on volume
rather than on time after transplantation.

Progressive Changes in Tumor Phosphate Metabolites with
Tumor Growth. Because this tumor model has not been used in
previous NMR studies, changes in phosphate metabolism with
progressive tumor growth were assessed first. Regardless of the
dietary group, as tumor volume increased, detectable 3IP-NMR
phosphate metabolite levels changed relative to the 0-ATP
resonance and to each other. I', and PME increased relative to

ATP, and the PÂ¡increased relative to PME. The pH, as indi
cated by the chemical shift of the I", resonance, decreased.

Representative spectra from tumors of increasing size are
shown in Fig. 3. The ratio of ATP to PÂ¡decreased with increas
ing tumor size (3.97 to 0.34), indicating a shift from a moder-

-20 PPM

Fig. 3. In vivo 3IP-NMR spectra of line 168 murine mammary tumors of

increasing size. Each spectrum was obtained from a different animal. Volumes of
the tumors from A to E were: 370 mm3; 440 mm3; 590 mm3, 820 mm3; and 2850
mm3. Spectra Alo D are scaled with a-ATP as the highest peak, and Spectrum E

is drawn with Pi as the maximum.

ately active energetic state to a much less active tissue. The
ATP/Pi ratio of muscle measured in control non-tumor-bearing
mice was 8.0. Upon death, the tumor ATP resonances dropped
to almost zero accompanied by a large increase in PÂ¡and a
slightly smaller increase in PME. The PME increased in the
growing tumors in relation to ATP, resulting in decreased ATP/
PME ratios (1.61-0.79). But the PME accumulated at a slower
rate than the PÂ¡,resulting in a decreasing PME/PÂ¡ ratio with
tumor growth (2.45-0.92).

The combined results for all the tumors are presented in Fig.
4. When tumors reached approximately 790 mm3 in volume,

the ATP/Pi ratio (Fig. 4A) decreased more rapidly towards the
level of metabolically inactive tissue. A similar decrease in the
PME/Pj (Fig. 4C) ratio was observed at this volume, while the
ATP/PME (Fig. 4B) ratio and the pH (Fig. 4D) decreased
when the tumor volume was larger. Although in some spectra
there were two possible PÂ¡resonances (Fig. 3B) and, therefore,
two possible distinct tissue regions with differing pH values,
data in Fig. 4 are presented as the average of the two values
regardless of the relative area of each resonance. Thus, pH
decreased from 7.2 to 6.7 with the progression of tumor growth.
An increase in pH was observed in all diet groups when tumor
size was greater than 2.00 cm3.

Changes in Tumor Phosphate Metabolites with Changes in
Dietary Fat Concentration and Saturation. Although the phos
phate metabolites changed in a similar manner during tumor
growth in mice fed the different diets, the rates of change
differed among dietary groups. There was always a significant
difference between the fastest and the slowest rates of change.
Data for the change in the ATP/PÂ¡ratio in growing tumors are
shown in Fig. 5, and the calculated rates of decrease of ATP/PÂ¡,
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Fig. 4. Changes in 3>P-NMR-determined phosphate metabolite ratios with

increasing tumor volume. Columns, average of all tumors within that volume
range without regard to the diet of the animal; bars, SE.

ATP/PME, and PME/PÂ¡ ratios and pH with respect to tumor
volume are presented in Table 2. The most rapid decrease in
ATP/Pj and ATP/PME ratios and pH was found in the tumors
of mice fed the HSO diet. Lower rates of change in those
metabolites occurred in tumors of mice fed the other diets,
including the one which contained the minimum of EFA. The
decrease in PME/PÂ¡ and pH in mice fed either of the high fat
diets was also significantly greater than for mice fed the diet
containing the minimum of EFA. Correlations between the
slopes of the lines (Table 2) from the different dietary groups
and the most common fatty acids found in the tumors (28) and
the diets (Table 1), 18:2, oleic (18:1), stearic (18:0), or palmitic
(16:0) acids or combinations of those fatty acids, were assessed.
In addition, the correlations of polyenoic, monoenoic, or satu
rated fatty acid ratios with the rates of phosphate metabolite
change were determined. The levels of 18:2 and total unsatu-
rated fatty acids were directly related to the higher rate of
decline in ATP/PÂ¡ and ATP/PME with progressive tumor
growth. Greater rates of metabolite decline were associated

5.0
45
4.0
as
3.0

u
2.0

1.5
1.0
05
0.0

EFA

70 100 200 500 1000 2000 4000

a.
a.

5.0

4.5

4.0
3.5

3.0

Â¿5
2.0

1.5
1.0
0.5

0.0

5.0
4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

LSO HSO

70100200 500100020004000 70100200 500100020004000

LPO

i O i

HPO

70100200 50010002000400070100200 500100020004000

TUMOR VOLUME (mm3)
Fig. 5. The relationship of ATP/PÂ¡ ratio to tumor volume from mice fed

different concentrations and saturations of dietary fat. Each point represents one
animal. Data points were best fit to a logarithmic curve. Statistical data are given
with Table 2.

Table 2 Rate of change in the}>P-NMR-detected metabolites in mammary
tumors of mice fed diets varying in fat

Slope" (metabolite ratio/log tumor volume)

Diet ATP/Pj* ATP/PME PME/PÂ¡

EFA(IfLSO
(6)HSO
(7)LPO
(8)HPO

(5)-1.72-1.58-3.40-'-1.17-1.92-1.16-0.76-1.35"-0.73-1.31-0.56-0.68-1.23"-0.30-2.05"-0.17-0.26-0.59*-0.33-0.58'
" The negative slopes denote a decrease in the metabolite ratio with increasing

tumor volume. Data points were best fit to a logarithmic curve.
* The correlation coefficients (r) for the log tumor volume regressed against

the metabolite ratios or pH are: ATP/PÂ¡ratio: EFA (r = 0.88, P < 0.05); LSO (r
= 0.94, P = 0.01); HSO (r = 0.88, P < 0.01; LPO (r = 0.92, P < 0.01); HPO (r
= 0.84, P = 0.08). ATP/PME ratio: EFA (r = 0.96, P < 0.01); LSO (r = 0.64, P
< 0.20); HSO (r = 0.75, P < 0.05); LPO (r = 0.87, P < 0.05); HPO (r = 0.74, P
= 0.15). PME/F, ratio: EFA (r = 0.51, P = 0.24); LSO (r = 0.61, P < 0.20);
HSO (r = 0.83, P < 0.05); LPO (r = 0.65, P < 0.20); HPO (r = 0.90, P < 0.05).
pH: EFA (r = 0.42, P = 0.35); LSO (r = 0.61, P < 0.20); HSO (r = 0.91, P <
0.01 ); LPO (r = 0.87, P < 0.05); HPO (r = 0.91, P = 0.09).

c Numbers in parentheses, number of tumor-bearing mice in the group.
'Slopes that are significantly (P < 0.05) different than mice fed the diet

containing the minimum of EFA.

with increased dietary levels of either total unsaturated or 18:2
fatty acids.

Significant differences in the rate of the decrease of tumor
pH among the different dietary groups were also observed.
When more than one PÂ¡resonance was resolved in the spectrum,
the pH used was the average from both resonances. The reso
lution of the second, lower pH resonance usually occurred in

5634

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/21/5631/2428996/cr0470215631.pdf by guest on 19 M

ay 2023



"P-NMR SPECTROSCOPY OF MAMMARY TUMORS

tumors between 400 mm3 and 600 mm3 in volume. By 1300
mm3 only the lower pH resonance was resolved. The most likely

cause of this splitting of the PÂ¡resonance was the appearance
of lower pH necrotic foci. The detection of two resonances
would be an indication of the presence of both metabolically
competent tissue and a moderate level of necrosis.

DISCUSSION

In these experiments we have shown with in vivo 3IP-NMR

that the ATP/PÂ¡, ATP/PME, PME/PÂ¡ ratios, and pH of line
168 mouse mammary tumors progressively decreased as tumor
volume increased. These ratio changes, which resulted primarily
from major increases in PÂ¡and from smaller increases in PME
relative to /3-ATP, were dependent upon the size and stage of
tumor growth (12-15, 41, 42).

The decreasing ATP/PÂ¡ ratios and pH indicate a possible
increased level of ischemia or hypoxic cell population as tumor
volume increased. The tissue breakdown that this predicts was
indicated by the changes in the PME resonance. We observed
changes in the levels of the PDE resonance, as reported by
others (12, 42), but because of low resolution were unable to
make any significant correlation between PDE and tumor
growth. Since PME are involved in phospholipid synthesis and
the PDE resonance may result from phospholipid catabolites,
the flux through these metabolite pools may reflect membrane
synthesis or breakdown (12, 42). That change could relate to
cell turnover. At approximately 500 mm3 the PME resonance

appeared to increase. This change, which correlated with the
appearance of the second lower pH resonance, may be associ
ated with cell death and the appearance of necrotic foci within
the tumor tissue. Line 168 mammary tumors with a volume
greater than 500 mm3 had some necrosis and less than 4% host
cell infiltrate, while tumors of less than 100 mm3 exhibited no

necrosis and had about 4% host cell infiltrate (28). Other
investigators have reported that metabolic changes were corre
lated with both decreased vascularization and increased necrosis
of tumor tissue (35,41,42). We observed no significant change
in the amount of host-cell infiltrate or the relative volume
occupied by tumor microvasculature in 100-600 mm3 tumors

(28). That was seen concurrently with the observed increased
tumor necrosis and metabolite changes indicative of increased
cell turnover. This suggests that the appearance of necrosis with
tumor growth was related more closely to the metabolic dynam
ics of the tumor than to the host response to the tumor. This
may be a partial consequence of the weak immunogenicity of
line 168 tumors (43).

There was no correlation between the time of appearance of
the second pH peak and the fat content of the diet. This would
suggest that the decreased pH, a possible indicator of necrosis,
was related to tumor size and possibly vascularization, inde
pendent of the diet. Tumors over 1.0 cm3 were usually frankly

necrotic but with a cortex of viable cells. Tumors allowed to
grow beyond 1.0 cm3 often had foci of new growth which overlay
the existing tumor. Those larger than 2.0 cm3 had an increase
in pH. Since the same 3IP-NMR parameters and coil size were

used for the acquisition of the spectra of the larger tumors, we
were probably detecting pH from a larger proportion of new,
more active tumor growth and not from the dead necrotic core
of the original tumor.

If a diet containing high levels of polyunsaturated fat results
in a decreased tumor cell loss, as has been demonstrated for
one mammary tumor line (44), then that decreased cell loss
might be reflected as a reduced level of necrosis. A less necrotic

tumor would have a higher pH and a more active metabolism.
In these experiments the highest level and the most rapid
decrease in tumor metabolic activity were in the highest poly
unsaturated fat diet. The rapidly decreasing ratios of ATP/PÂ¡
and ATP/PME and pH in the tumors of mice fed the HSO diet
may also indicate an increased dependence on anaerobic metab
olism in an otherwise fairly healthy tissue. These metabolic
changes may not reflect an increase in necrosis but may be the
result of the abnormal utilization of energy substrates as has
frequently been shown for other tumor tissue (45). We have
observed no difference in the level of necrosis in the tumors of
mice fed the HSO diet compared to mice fed the diets contain
ing minimum EFA (28). The higher rate of the decrease of
metabolic activity in tumors of mice fed the HSO diet can also
be partially explained by an initially higher metabolic activity
in smaller tumors which decreased in larger tumors to approx
imately the same level as found in tumors of mice fed the other
four diets.

From the regression lines the largest dietary differences in
ATP/Pj ratios were found in the smaller tumors. Spectra from
several additional small tumors were not included because of
contamination due to PCr from underlying muscle, but those
data also indicated this trend in A I'l'/l', ratios. Thus, it is

during promotion and early stages of tumor growth that dietary
fat appears to have its greatest effect on energy metabolism. If
malignancy alters the normal controls of lipid metabolism in
the mammary gland, then increased fat availability may result
in increased cell metabolism and in an increased growth rate.
As tumors become larger and necrotic, the effects of the dietary
fat on energy metabolism become negligible. The changes we
observed were due to differences in dietary fat among the
experimental groups and not due to differences in calorie intake.
It has been shown that tumor incidence increases with increas
ing caloric intake and body weight over a wide range of intakes.
Body weight may be a more sensitive indicator for this effect
than calorie intake alone (46). Because we observed no differ
ences in body weight among the groups, we conclude that
changes in energy metabolism are due to the fat itself. Differ
ences in 3lP-NMR-observable phosphate metabolite levels in

tumors of mice fed the HSO diet were directly related to the
level of unsaturated fatty acids or to the 18:2 content as opposed
to the level of total fats in the diet. The NMR techniques used
allowed for a better understanding of the effects of nutrient
intake on tumor metabolism in vivo than previously available.
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