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We recently demonstrated that both murine and human carcino-
mas grow significantly slower in mice on low carbohydrate (CHO), 
high protein diets than on isocaloric Western diets and that a fur-
ther reduction in tumor growth rates occur when the low CHO 
diets are combined with the cyclooxygenase-2 inhibitor, celecoxib. 
Following upon these studies, we asked herein what effect low CHO, 
high protein diets, with or without celecoxib, might have on tumor 
metastasis. In the highly metastatic 4T1 mouse mammary tumor 
model, a 15% CHO, high protein diet supplemented with celecoxib 
(1 g/kg chow) markedly reduced lung metastases. Moreover, in 
longer-term studies using male Transgenic Adenocarcinoma of the 
Mouse Prostate mice, which are predisposed to metastatic prostate 
cancer, the 15% CHO diet, with and without celecoxib (0.3 g/kg 
chow), gave the lowest incidence of metastases, but a more moder-
ate 25% CHO diet containing celecoxib led to the best survival. 
Metabolic studies with 4T1 tumors suggested that the low CHO, 
high protein diets may be forcing tumors to become dependent on 
amino acid catabolism for survival/growth. Taken together, our 
results suggest that a combination of a low CHO, high protein diet 
with celecoxib substantially reduces metastasis.

Introduction

Because rapidly growing tumors rely heavily on glycolysis, they 
may require higher than normal blood glucose (BG) levels to gen-
erate sufficient adenosine triphosphate (ATP) and macromolecules 
for growth and survival. In an attempt to exploit this, we recently 
designed low carbohydrate (CHO), high protein diets that were 
isocaloric with Western diets to see whether we could limit BG 
sufficiently to slow tumor growth. High protein was chosen rather 
than high fat because of the reported tumor-promoting effects of 
high fat (1,2) and the reported benefits of amino acid supplemen-
tation on immune (3,4) and BG homeostasis (5). We found that 
subcutaneously injected rapidly growing murine and human carci-
nomas grew significantly slower in mice on 15% CHO diets than 
on a Western diet, with little to no effect on mouse weights (6). 
Moreover, in long-term studies with these diets in mice genetically 
predisposed to breast cancer, almost half of the mice on a Western 
diet developed mammary tumors by 1 year of age, whereas none 
of the mice on the 15% CHO diet, which weighed on average 15% 
less at this age, developed cancer. Importantly, the low CHO, high 
protein diets did not induce ketosis, consistent with recent stud-
ies showing that ketosis requires high dietary fat (7). Thus, the 
reduced tumor growth rates and tumor incidence we observed (6) 

likely reflect reduced insulin and BG levels rather than direct inhi-
bition by ketone bodies (8). Consistent with this, we found that 
tumor-bearing mice on these low CHO diets exhibited lower BG 
and lower blood insulin levels, an effect presumably mediated by 
the higher protein content of the low CHO diet, and also observed 
by Gunnerud et  al in healthy human volunteers consuming high 
protein diets (5). Taken together, these results suggested that 
insulin and BG levels could be lowered sufficiently via diet alone 
(without caloric restriction) to significantly impact both tumor cell 
growth and tumor incidence.

We also found that these low CHO diets were additive with the 
cyclooxygenase (COX)-2 inhibitor, celecoxib (brand name, Celebrex) 
(6). Related to this, it has been shown that COX-2 is overexpressed 
in many human cancers and that COX-2 inhibitors may be beneficial 
in preventing/slowing colon, breast (9), and prostate cancers (10,11) 
by blocking both the metabolism of proinflammatory, omega 6 fatty 
acids (10) and tumor-induced angiogenesis (12).

These low CHO diets also lowered blood lactate levels, suggesting 
that these diets, by reducing BG levels, may be causing the primary 
tumor cells to switch to some extent from glycolysis to oxidative 
phosphorylation (OXPHOS). This is important because glycolysis 
leads to the secretion of lactic acid and this can lower the local extra-
cellular pH, from 7.4 to 6.0 within a poorly perfused tumor. This in 
turn promotes metastasis by inducing normal cell death, angiogenesis, 
extracellular matrix degradation, and inhibition of tumor antigen-spe-
cific immune responses (13).

Because metastasis is the primary cause of cancer-related mortal-
ity, we asked herein if low CHO diets, with or without celecoxib, 
could significantly reduce the metastatic potential of primary tumors. 
Similar to our previous studies, we wanted to test the effect of low 
CHO, high protein diets on both injected and spontaneously aris-
ing models of cancer. To do so, we used the 4T1 mammary carci-
noma and the TRAMP (Transgenic Adenocarcinoma of the Mouse 
Prostate) mouse as our short- and long-term models, respectively. 
The 4T1 mammary carcinoma model is a well-established model of 
metastatic breast cancer that resembles the histopathology and natu-
ral history of triple-negative human breast cancer by spontaneously 
metastasizing to the lung, liver, bone, and brain via the bloodstream 
(14). The TRAMP model recapitulates the pathological stages of 
human prostate cancer, at the onset of puberty, through the expres-
sion of the SV40 T antigen under the control of an androgen-respon-
sive prostate-specific promoter (14,15) Our results suggest that low 
CHO, high protein diets coupled with celecoxib indeed markedly 
lower the levels of metastasis.

Materials and methods

Mice and tumor cell injections
Mice were housed in the Animal Resource Centre of the British Columbia 
Cancer Research Centre under specific pathogen-free conditions and accord-
ing to approved and ethical treatment of animal standards of the University of 
British Columbia. Animals were euthanized by CO2 asphyxiation. Nine- to 
10-week-old BALB/c mice, from Simonsen Laboratories (Gilroy, CA), were 
housed three or four mice/cage in high-top Allentown cages on static racks, 
with twice/week bedding changes. Unless otherwise stated, 105 4T1 mouse 
mammary tumor cells (American Type Culture Collection) in 50 μl phosphate-
buffered saline were implanted orthotopically into the mammary fat pads of 
female BALB/c mice. These cells were cultured in vitro in RPMI + 10% fetal 
calf serum + N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid (2.38 g/l) + 
d-glucose (2.5 g/l) + 0.05% 1 N HCl + 1 mM sodium pyruvate. The mice were 
fed 5053 chow (TestDiet, St Louis, MO) from weaning until tumor cell injec-
tions. Immediately after 4T1 cell injections, the mice were put on the different 
diets (typically 6–8 mice/diet). Tumors were measured 2–3 times/week using 
manual calipers, and their volumes determined using the formula: (Length × 
Width × Height) × π/6.

Abbreviations:  ATP, adenosine triphosphate; BG, blood glucose; CHO, car-
bohydrate; COX-2, cyclooxygenase-2; OXPHOS, oxidative phosphorylation; 
TRAMP, Transgenic Adenocarcinoma of the Mouse Prostate.
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Measurement of 4T1 lung metastases
Lungs from each of the six female BALB/c mice/diet were finely minced 
with crossed scalpels before agitation for 40 min at 37°C with 5 ml of 0.5% 
trypsin and 0.08% collagenase in phosphate-buffered saline. DNase (0.06%) 
was then added and the cell suspension gently vortexed and filtered through 
40-µm nylon mesh. Cell suspensions were treated with NH4Cl to lyse eryth-
rocytes. For clonogenic assays, cells derived from lung tissue were washed in 
phosphate-buffered saline, resuspended in RPMI 1640 medium, and aliquots 
of 3 × 103 to 106 cells plated in triplicate in tissue culture plates in 10 ml 
RPMI 1640 + 10% fetal calf serum + 60 μM 6-thioguanine (to select for 4T1 
cells). After 10 days at 37°C, the medium was removed and the cells stained 
with malachite green for 10 min. The plates were then rinsed 2–3 times with 
4°C distilled water and left to dry overnight. Macroscopic green colonies (≥50 
cells) were counted.

For histology, lungs from six replicate mice were formalin fixed, paraffin-
embedded and then H&E-stained step (100 μm steps) sections were examined 
for metastatic foci.

TRAMP model
Heterozygous TRAMP male mice from Jackson Laboratories (Bar Harbor, 
MN) were housed with wild-type C57B/6 mice (8/cage) in a rat cage enriched 
with an exercise wheel and given water and food ad libitum. Mice were fed 
5053 diet before changing to their target diets at 8 weeks of age. Weights 
were measured weekly, and the development of abdominal distension was 
monitored daily. TRAMP mice were euthanized when abdominal distension 
impeded movement and was firm upon palpation (assessed by a person unfa-
miliar with the different mouse groups, i.e. in a blind fashion). Mortality as 
a result of abdominal distension was classified as tumor-related mortality. 
Animals were examined, postmortem, for lung and liver metastases. Visible 
nodules on either organ were scored as a metastatic event.

Measurement of BG, lactate and insulin
BG was measured via tail vein using a OneTouch Ultraglucose meter and 
LifeScan test strips. Insulin and lactate levels were determined by enzyme-
linked immunosorbent assay (Mercodia, Uppsala, Sweden, #10-1247-01) and 
Lactate Assay Kits (BioVision, Mountain View, CA, #K607-100), respectively, 
using plasma from CO2-euthanized mice.

Measurement of primary tumor metabolites
4T1 tumors were excised and flash frozen on dry ice immediately after mice 
were euthanized. Tumors were kept at -80°C before gas chromatography–mass 
spectrometry analysis. Equal amounts of tumor tissue were taken for analysis, 
as per Ref. (16) to obtain tumor metabolite levels.

Measurement of plasma celecoxib levels
Frozen plasma samples were thawed and 10 µl transferred to individual 
Eppendorf tubes. Internal standard, 4 µl of 0.5 µM enzalutamide was added 
followed by 4 µl methanol (MeOH) and 22 µl of acetonitrile. Samples were 
vortexed 5–10 s and centrifuged for 5 min at 20 000g to sediment precipi-
tated protein. The supernatant was transferred to LC vials for analysis. 
Standards were prepared in a similar fashion using mouse plasma from mice 
on celecoxib-free chows and also in parallel using 50% methanol to charac-
terize any matrix effects. Optima grade (Fisher) solvents and 18 MΩ water 
(Millipore) were used for sample preparation and subsequent liquid chroma-
tography–mass spectrometry analysis.

Analysis was performed with an Acquity UPLC coupled to a Quattro 
Premier (Waters). A 100-mm BEH C18, 1.7 µ column (Waters) was used for 
separations with a 60–100% acetonitrile gradient from 0.2 to 2 min (0.3 ml/
min) followed by a 1-min acetonitrile flush and a 2-min re-equilibration for a 
5-min run length (0.1% formic acid present throughout). All mass spectrom-
etry data were collected in ES+ at unit resolution with the following instrument 
parameters: capillary, 3.5 kV; extractor and RF lens, 5 and 0.1 V; source and 
desolvation temperatures, 120 and 350ºC; desolvation and cone (N2) flow, 900 
and 50 l/h; collision gas (Ar) flow, 0.15 ml/min (7.3 e-3 m bar). Compounds 
were detected using multiple reaction monitoring with m/z 382.2 > 362.2 for 
celecoxib and m/z 465.3 > 209.1 for enzalutamide (40 V/27 V cone/colli-
sion volt combinations for both) with 0.1 s dwell each. Retention times for 
celecoxib and enzalutamide were 1.85 min and 1.5 min, respectively.

Quanlynx (Waters) was used for analysis of data using celecoxib/enzalutamide 
AUC ratio for quantification. Calibration standards ranged from 0.004 to 8 µM 
(6 points, serum equivalent level) with R2 > 0.99 with all % deviation from 
nominal <15%. Comparisons with spiked plasma using neat standards indi-
cated suppression of about 10% and extraction efficiencies of >85%.

Reagents
All the diets were isocaloric, given ad libitum and prepared by TestDiet (St 
Louis, MO) (see Supplementary Table 1, available at Carcinogenesis Online, 

for details). Celecoxib (Pfizer) was formulated into the chows by TestDiet. All 
other reagents were from Sigma Chemical Co (St Louis, MO), unless other-
wise stated.

Statistical analyses
GraphPad Prism (GraphPad Software) was used for statistical analyses. In 
brief, differences in tumor sizes and metastases were tested for statistical sig-
nificance using a one-tailed t-test. Log-rank and Fisher’s exact were also used 
in determining differences in cancer-induced mortality rates and metastatic 
incidence among diet groups for the TRAMP study.

Results

4T1 primary tumors grow slower in mice treated with celecoxib
We first compared the primary tumor growth rate of orthotopically 
injected 4T1 tumor cells into 9- to 10-week-old female BALB/c mice 
fed a Western versus a 15% CHO, high protein diet (Figure  1A). 
Although the 15% CHO chow slightly reduced the growth rate of 
these primary tumors, the difference was not statistically significant 
and not as pronounced as that obtained in our previous studies with 
male mice (6). This is consistent with our finding that female mice do 
not lower their BG as markedly as male mice on low CHO diets (6), 
and the reported BG buffering effects of estrogen (17). However, the 
addition of 1 g of celecoxib/kg chow significantly (P < 0.05) reduced 
the growth rate of 4T1 primary tumors on both diets (Figure 1A), and 
the combination of celecoxib with the low CHO diet resulted in the 
lowest primary tumor growth rate, which was significantly (P < 0.01) 
slower than the Western diet with celecoxib. We next examined 
pooled data from three independent studies and compared primary 
tumor sizes of mice on the four different diets after 3 weeks. With an 
increased sample size, we found that the 4T1 primary tumors grew 
statistically slower (P  <  0.05) in the 15% CHO group than in the 
Western group and the addition of celecoxib further reduced tumor 
growth rates (Figure 1B). Of note, there was no significant difference 
in the weights of these mice over the course of the study (Figure 1C), 
thus ruling out that differences in tumor growth rates were due to 
caloric restriction. This is important because caloric restriction, which 
causes cancer cells to switch, via AMPK activation, to OXPHOS to 
generate more ATP for survival (18), has been shown to slow tumor 
growth (19). As reported earlier for male mice, mean BG levels were 
higher in the Western diet group than the low CHO group (Figure 1D), 
although, as expected, this was less pronounced than that seen with 
male mice (6). The addition of celecoxib to the chows had no effect 
on BG levels (Figure 1D).

4T1 lung metastases are markedly reduced when mice are fed 15% 
CHO diets containing celecoxib
To assess the ability of the 4T1 primary tumors to metastasize, we sec-
tioned formalin-fixed lungs from tumor-bearing mice and quantitated 
metastatic foci after H&E staining. Normal lung cells were distin-
guishable from metastatic 4T1 cells by their smaller size, orderly tis-
sue structure, and cytoplasmic eosin staining (Figure 2A, left panel). 
Metastatic 4T1 tumor cells, on the other hand, exhibited a disordered, 
hyperplastic tissue morphology and a characteristic hematoxylin 
staining of both the cytoplasm and nuclei (Figure 2A, right panel).

We found that although the 15% CHO diet alone did not have a sig-
nificant impact on metastasis, the addition of celecoxib (1 g/kg chow) 
to the low CHO chow markedly reduced the number of animals that 
developed metastases from 100 to 33% (P < 0.05 in a Fisher’s exact 
test) (Figure  2B, left panel), the number of metastatic foci/mouse 
from 3.00 to 0.83 (Figure 2B, right panel), and the number of total 
metastatic foci (pooled by treatment group) by 72% (data not shown). 
In contrast, the addition of celecoxib to the Western diet only caused a 
modest reduction in the number of animals that developed metastases 
and had an insignificant effect on the number of metastatic foci/mouse 
or the total number of metastatic foci (Figure 2B, left and right panels, 
and data not shown).

Interestingly, the combination of the 15% CHO chow with celecoxib 
reduced by more than 80% the number of colony-forming pulmo-
nary metastatic clones, in agreement with the H&E staining results 
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(Figure  2C). In contrast, the number of colony-forming metastatic 
cells was not significantly reduced by adding celecoxib to the Western 
diet or by feeding the mice the 15% CHO alone. These results suggest 
that celecoxib in combination with low CHO diets targets metastatic 
progenitor cells.

Because celecoxib had such a profound effect at reducing metas-
tasis in mice on a 15% CHO but not a Western diet, it was impor-
tant to determine whether this was simply because the different diets 
affected the levels of celecoxib in the plasma of these mice. We there-
fore tested the plasma levels of celecoxib in BalbC mice fed Western 
+ celecoxib (1 g/kg) versus 15% CHO + celecoxib (1 g/kg) chow. 
As shown in Supplementary Figure 1A, available at Carcinogenesis 
Online, there was no statistically significant difference in their 
celecoxib levels.

Metastatic incidents and cancer-related mortality in TRAMP mice 
are markedly delayed with low CHO diets containing celecoxib
Having demonstrated that a low CHO diet containing celecoxib was 
capable of reducing the metastasis of primary 4T1 mammary tumors 
in short-term studies, we asked what effects these same diets would 
have, long term, on the incidence and spread of a spontaneous model 
of metastatic cancer. For this, we used male TRAMP mice which are 
genetically predisposed to spontaneously developing metastatic pros-
tate cancer (15). Because male mice exhibit a more marked reduction 
in BG levels in response to low CHO diets than female mice (6,17), 
we not only compared the effects of the Western and 15% CHO diets 
used in our short-term 4T1 cell studies, but added a 25% CHO diet 
(± celecoxib) (Supplementary Table  1, available at Carcinogenesis 
Online) to assess the efficacy of this more moderate diet. As well, 
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Fig. 1.  Low CHO, high protein diets containing celecoxib reduce the growth rate of primary 4T1 Tumors. (A) Growth curve (mean tumor volume ± SEM) of 
injected 4T1 tumors in BALB/c mice (6 mice/group) on Western or 15% CHO chows (± 0.1% wt/wt celecoxib in the chow). (B) Size of 4T1 tumors 3 weeks 
postimplantation. Pooled results of three independent studies (mean indicated by line) totaling 18 mice on the Western, 12 on the 15% CHO, 12 on the Western + 
0.1% celecoxib and 18 on the 15% CHO + 0.1% celecoxib chow. (C) Mean weights of 4T1 tumor-bearing mice shown in panel (A). (D) Non-fasting BG readings 
of ad libitum-fed mice. Pooled results from three independent studies. *P ≤ 0.05 in a t-test comparing the two indicated groups; **P ≤ 0.01 in a t-test comparing 
the two indicated groups; #P ≤ 0.05 in a t-test against any other group; @P ≤ 0.06 in a t-test comparing the two indicated groups.
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given that high celecoxib levels can lead to cardiovascular events (20), 
we used 0.03% rather than 0.1% celecoxib in the chows for these 
long-term TRAMP studies.

We first examined cancer-related mortality, defined herein as severe 
abdominal distension requiring euthanasia and deaths associated with 
metastatic events. We found that the combination of the 25% CHO 
diet with +0.03% celecoxib markedly reduced cancer-related mortal-
ity when measured up to 420 days on the diets (P < 0.05 for both 
the log-rank and Fisher’s exact tests) from 75% in the Western diet 
to 0% in the 25% CHO + celecoxib diet (Figure 3A). Nonetheless, 
the mice on the 25% CHO + celecoxib diet eventually succumbed 
but there was a significant delay (Gehan Breslow Wilcoxon P < 0.05) 
in their cancer-related mortality compared with that of the Western 
diet group. Of interest, all the mice eventually died of cancer-related 
causes except two of the eight mice in the 15% CHO group, which 
died without abdominal distension or evidence of metastasis. This 

may suggest that severe CHO restriction may be deleterious to long-
term health.

Similar to the 4T1 study, we compared the plasma levels of 
celecoxib in the TRAMP mice on the three different celecoxib-con-
taining chows and found no statistically significant difference in their 
levels (Supplementary Figure 1B, available at Carcinogenesis Online).

We also examined the long-term impact of these diets on mouse 
weights and found that Western diet–fed mice were significantly (P < 
0.05) heavier than mice in any other diet group (Figure 3B).

To rule out that the 25% CHO + celecoxib diet was reducing tumor-
related deaths by simply improving the overall health of these mice, 
we put wild-type C57B/6 male littermates on a Western versus 25% 
CHO + celecoxib diet. As shown in Supplementary Figure 2, available 
at Carcinogenesis Online, there was no discernible difference in the 
overall health or mortality of these mice for up to 2 years of age, at 
which time they were euthanized.
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Fig. 2.  Low CHO, high protein diets containing celecoxib reduce 4T1 breast cancer metastasis. (A) Representative H&E-stained images of normal lung tissue (left 
panel) and a metastatic focus (right panel) from 4T1 tumor-bearing BALB/c mice at ×100 magnification. A metastatic focus is demarcated with a red outline in 
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As with the female 4T1 mouse model, the male TRAMP mice 
had lower BG levels on the 15% CHO diet than on the Western diet, 
and the addition of celecoxib had no significant effect on BG lev-
els (Figure 4A). However, the drop in BG levels in these male mice 
was far more pronounced, with a mean average reduction of 2.5 mM, 
compared with 0.6 mM in the female 4T1 mice. Interestingly, mice 
on the 25% CHO diets, with or without celecoxib, had BG levels 
similar to those on the 15% CHO diet, suggesting this more moderate 
diet may be as effective at lowering BG levels, at least in these mice. 
Importantly, although it was difficult to assess primary tumor sizes 
with this TRAMP model, the low CHO diets significantly reduced 
the number of metastatic animals (i.e. animals that bore either lung 
or liver tumor nodules), with the 15% diet being most effective. 
Interestingly, although the number of absolute metastatic incidents 
(i.e. the presence (+ or -) of tumor nodules in either the lungs or 
the liver) was also reduced with the low CHO diets, this reduction 
was far greater with celecoxib (assessed using a Fisher’s exact test 
of pooled data) (Figure  4B). Specifically, although the addition of 
celecoxib to any of the diets did not reduce the number of metastatic 
animals, it had an additive effect with the low CHO diets in reducing 
metastatic incidents (Figure 4B). Also of note is a proportional rela-
tionship between dietary CHO levels and metastatic incidents, with 

the 25% CHO diet and the 15% CHO diet reducing metastatic inci-
dents by more than 30 and 50%, respectively, compared to mice fed a 
Western diet (Figure 4C). The 25% CHO diet with celecoxib and the 
15% CHO diet with celecoxib reduced metastatic incidents by 60 and 
70%, respectively, compared with the Western-fed mice (Figure 4C). 
A  similar dose–dependent reduction in the number of metastasis-
bearing mice was observed with the low CHO diets alone, but, unlike 
our results with metastatic incidents, celecoxib did not further reduce 
the number of mice that developed metastases (Figure 4D).

Low CHO diets and celecoxib alter 4T1 primary tumor metabolism
To gain some insight into the mechanisms responsible for the lower 
levels of metastases in mice on low CHO diets, with and without 
celecoxib, we monitored insulin and various metabolite levels in our 
4T1 tumor-bearing BALB/c mice (Figure  5). All the values shown 
are expressed relative to those obtained with mice on a Western diet, 
which have been given a value of zero in these log plots. Interestingly, 
mice on the 15% CHO diet, particularly with celecoxib, had slightly 
increased, albeit not statistically significant, insulin levels (Figure 5A, 
left panel). We also assayed blood lactate levels to gain some insight 
into whether the 15% CHO diet, with or without celecoxib, was 
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skewing glucose metabolism away from glycolysis toward OXPHOS. 
However, unlike in previous studies with squamous cell carcinoma 
VII cells injected into male C3H mice, we did not see a drop in blood 
lactate and, in fact, low CHO + celecoxib may have caused a slight 
increase (Figure 5A, right panel).

A more thorough examination of glycolysis, using gas chromatogra-
phy and mass spectroscopy, revealed that at 3 weeks postimplantation, 
the glycolytic intermediates phosphoenol pyruvate, 2-phosphoglyc-
erate, and pyruvate were all lowered in the tumors of low CHO-fed 
mice (Figure 5B). Downstream of glycolysis, we found that levels of 
α-ketoglutarate were similarly lowered, whereas those of other TCA 
cycle intermediates examined (i.e. succinate, fumarate, malate) did not 
change with the different diet groups (Figure 5B and data not shown).

Next, we analyzed protein, nucleic acid and lipid building blocks, 
because of their requirement for rapid cell division, and because 

they would likely be affected by diet changes (21–23). As shown in 
Figure 5C, a number of amino acids were lower in tumors from mice 
fed a 15% CHO diet. Specifically, glutamine, tyrosine, alanine, serine, 
glycine and glutamic acid were significantly lower in tumors within 
mice fed the 15% CHO diet, with or without celecoxib, whereas, in 
contrast, urea levels were increased (Figure 5C). Celecoxib treatment, 
on the other hand, did not alter the levels of the above-mentioned 
amino acids or urea but did profoundly reduce phenylalanine lev-
els (Figure 5C). In terms of nucleic acid metabolism, we found that 
adenosine monophosphate was significantly decreased with low CHO 
feeding, as was uric acid, a byproduct and indicator of nucleotide 
turnover (Figure 5D).

We also examined the lipid synthesis precursors glycerol-3-phos-
phate and citrate and found that glycerol-3-phosphate was lower on 
a 15% CHO diet, with or without celecoxib, than on a Western diet 

Diet/Treatment Metastatic Animals Metastatic Incidents

Western 50.00% 43.75%

Western + Cel 50.00% 37.50%

25% CHO 37.50% 31.25%

25% CHO + Cel 33.33% 16.67%

15% CHO 25.00% 18.75%

15% CHO + Cel 25.00% 12.50%
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Fig. 4.  Metastasis of prostate cancer in the TRAMP mouse model is reduced with low CHO, high protein diets containing celecoxib. (A) Non-fasting BG 
readings of ad libitum-fed mice. (B) Percent of mice in each diet group that develop metastases, and the percent of potential metastatic sites that develop 
metastasis (2 incidents/mouse, i.e.—in the liver and in the lungs) in each group. (C) Metastatic incidence, normalized to that of the Western diet group as a 
function of dietary CHO content (± 0.03% wt/wt celecoxib). (D) Number of mice on the low CHO diets that develop metastases, normalized to the Western diet 
group (± 0.03% wt/wt celecoxib).
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(with or without celecoxib) (Figure 5E). In contrast, intratumoral cit-
rate levels in mice fed a 15% CHO diet alone were not significantly 
lower than in mice fed a Western diet but celecoxib treatment alone 
(i.e. added to the Western diet) or added to the 15% CHO chow signif-
icantly decreased it (Figure 5E). Thus, of the metabolites examined, 
citrate was the only one affected by celecoxib alone. Taken together, 
our data suggest that mice given 15% CHO diets significantly affect 
metabolic intermediates in 4T1 primary tumors.

Discussion

Over 80  years ago, Otto Warburg found that rapidly dividing can-
cer cells, unlike normal cells, rely more heavily on glycolysis than 
OXPHOS, even under normoxic conditions, to meet their metabolic 
needs (24). This is likely because glycolysis does not catabolize glu-
cose completely to CO2 for ATP but instead uses the carbon skele-
tons as building blocks for nucleic acid (i.e. ribose) and protein (i.e. 

alanine, etc.) synthesis, which are essential for cell proliferation (25). 
However, because glycolysis is far less efficient at generating ATP, 
most cancer cells require higher levels of glucose than normal cells to 
proliferate and survive. Therefore, as long as cancer cells can obtain 
high levels of glucose, a high glycolytic rate provides both sufficient 
ATP and glucose-derived carbons, even under hypoxic conditions, for 
tumor cell survival and proliferation (26). In earlier studies, we dem-
onstrated that we could lower BG, insulin and lactate levels with iso-
caloric low CHO, high protein diets and that these diets both slowed 
tumor growth and reduced cancer incidence and this effect was addi-
tive with the COX-2 inhibitor, celecoxib (6).

A major novel finding in the current work is that the combination of 
these low CHO diets with celecoxib markedly reduces metastatic progres-
sion in both injected and spontaneous cancer models. Specifically, low 
CHO diets containing celecoxib reduce both pulmonary metastatic foci 
and, significantly, the number of colony-forming 4T1 cells in the lungs. 
The latter result suggests that low CHO diets may act synergistically with 

Fig. 5.  Primary 4T1 tumor metabolite analysis. (A) Relative levels of insulin and lactate in the plasma of 4T1-tumor bearing BALB/c mice fed a Western diet 
+ 0.1% (wt/wt) celecoxib (A), a 15% CHO diet (B) or a 15% CHO + 0.1% (wt/wt) celecoxib diet (C), expressed as a ratio over levels detected in the plasma of 
Western diet-fed 4T1 tumor-bearing mice [Log 2 of (mean of experimental group/mean of Western diet group) ± SD of 6 individual mice/group]. (B) Relative 
abundance of glycolysis and TCA cycle intermediates within the tumors. (C) Relative abundance of amino acids within the tumors. (D) Nucleic acid synthesis 
intermediates within the tumors and (E) lipid synthesis intermediates within the tumors, as assessed by GC-MS. Levels are expressed as a ratio over levels 
detected in tumors in Western diet-fed mice. All GC-MS data are expressed as Log 2 of (mean of experimental group/mean of Western diet group) ± SEM of 
triplicate determinations from six independent mice.*P ≤ 0.05 in a t-test against the Western diet group; #P ≤ 0.06 in a t-test against the Western diet group. 
GC-MS, gas chromatography–mass spectrometry.
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celecoxib to restrain the generation of colony-forming metastatic cells. 
Moreover, the TRAMP mouse results suggest that low CHO diets con-
taining celecoxib are also beneficial in models that recapitulate human 
cancer progression. Because these are two independent models of can-
cer with different etiologies, these results suggest that the antimetastasis 
effect of low CHO + celecoxib may be broadly applicable.

The effectiveness of the moderate (25%) CHO diet also suggests that 
a less extreme level of CHO restriction can achieve beneficial results 
on both BG and metastasis. Thus, extremely low CHO interventions 
(i.e. ketogenic or 10–15% CHO diets) may not be required to achieve 
an antitumor effect, making this approach a more realistic option for 
clinical application. The data also suggest that moderate, low CHO 
diets may be superior to lower CHO diets in terms of overall health, 
at least in the TRAMP model. In fact, the unexpected deterioration of 
the TRAMP mice on the 15% diet cautions that long-term, severe CHO 
restriction may be deleterious, despite its efficacy in limiting metastasis.

Celecoxib is a COX-2 inhibitor that inhibits the prostaglandin syn-
thesis pathway and slows cancer progression, at least in part by reducing 
the immunosuppressive and angiogenic properties of PGE2 (27–29). In 
addition to these properties, PGE2 can directly stimulate cancer cell 
survival/metastasis pathways (i.e. PI3K, Ras, Wnt/β-catenin) by acting 
directly on cancer cells, or indirectly via aromatase in breast cancer 
(30,31). Our findings suggest that celecoxib may also have an impact 
on tumor metabolism, and may be limiting tumor growth, in part, by 
reducing intracellular citrate. Although low CHO and celecoxib addi-
tively slowed primary 4T1 tumor growth, neither alone was sufficient 
to limit metastasis. Similarly, in the TRAMP model, both low CHO 
and celecoxib lowered metastatic incidents, but only the combination 
of the two markedly slowed the onset of cancer-induced mortality.

CHO reduction alters primary tumor metabolism
We demonstrate herein that low CHO diets decrease intratumoral 
amino acid and increase urea levels, indicating an increase in amino 
acid catabolism. This suggests that tumors may be switching from 
glucose to amino acids as a carbon source (i.e. for biosynthesis 
and ATP generation; Figure  6). Furthermore, intratumoral adeno-
sine monophosphate and uric acid levels—substrate and byproduct, 
respectively, of nucleotide metabolism—are also lower in low CHO-
fed mice, suggesting that amino acid carbon skeleton catabolism 
depletes multiple substrates needed for tumor nucleotide synthesis.

Thus, the metabolic data presented herein suggest that low CHO 
feeding causes a metabolic shift from glucose catabolism (reduc-
ing biosynthesis of lipids, proteins and nucleic acids) to utilization 

of amino acid carbon skeletons and an increase in byproducts of 
this catabolism (e.g. urea; see Figure  6). We also demonstrate that 
celecoxib alone can reduce intratumoral citrate levels—a required 
intermediate for the de novo synthesis of fatty acids—suggesting that 
the observed synergy between low CHO and celecoxib in reducing 
metastatic progression may be due to compounding effects on lipid 
metabolism. Together, the above results support recent findings impli-
cating fatty acid synthesis in the progression of a variety of cancers, 
including prostate, breast and bone cancer (32–35).

In conclusion, the demonstration herein that low CHO diets con-
taining celecoxib markedly reduce metastasis is a significant step for-
ward in metabolism-based cancer therapeutics and suggests that the 
sensitization of tumors to therapy through diet manipulation may be 
a viable therapeutic approach. Given that the anticancer benefits of 
high-dose celecoxib are offset by its cardiovascular side effects (20), 
combining it with low CHO diets might allow for a lower, safer dose 
of celecoxib to be used as an anticancer agent in the clinic.
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Supplementary Table 1 and Figures 1 and 2 can be found at http://
carcin.oxfordjournals.org/
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