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Abstract

Purpose: Numerous dietary factors elevate serum levels of insulin and insulin-like growth
factor I (IGF-I), both potent prostate cancer mitogens. We tested whether varying dietary
carbohydrate and fat, without energy restriction relative to comparison diets, would slow
tumor growth and reduce serum insulin, IGF-I, and other molecular mediators of prostate
cancer in a xenograft model.
Experimental Design: Individually caged male severe combined immunodeficient mice
(n = 130) were randomly assigned to one of three diets (described as percent total calories):
very high-fat/no-carbohydrate ketogenic diet (NCKD: 83% fat, 0% carbohydrate, 17% protein), low-fat/high-carbohydrate diet (LFD: 12% fat, 71% carbohydrate, 17% protein), or
high-fat/moderate-carbohydrate diet (MCD: 40% fat, 43% carbohydrate, 17% protein). Mice
were fed to maintain similar average body weights among groups. Following a preliminary
feeding period, mice were injected with 1 × 106 LNCaP cells (day 0) and sacrificed when
tumors were ≥1,000 mm3.
Results: Two days before tumor injection, median NCKD body weight was 2.4 g (10%)
and 2.1 g (8%) greater than the LFD and MCD groups, respectively (P < 0.0001). Diet was
significantly associated with overall survival (log-rank P = 0.004). Relative to MCD, survival
was significantly prolonged for the LFD (hazard ratio, 0.49; 95% confidence interval, 0.290.79; P = 0.004) and NCKD groups (hazard ratio, 0.59; 95% confidence interval, 0.37-0.93;
P = 0.02). Median serum insulin, IGF-I, IGF-I/IGF binding protein-1 ratio, and IGF-I/IGF binding protein-3 ratio were significantly reduced in NCKD relative to MCD mice. Phospho-AKT/
total AKT ratio and pathways associated with antiapoptosis, inflammation, insulin resistance, and obesity were also significantly reduced in NCKD relative to MCD tumors.
Conclusions: These results support further preclinical exploration of carbohydrate restriction in prostate cancer and possibly warrant pilot or feasibility testing in humans.

Insulin and insulin-like growth factor I (IGF-I) are potent mitogens for prostate cancer that exert pleiotropic effects including increase in proliferation, promotion of androgen
independence, and prevention of apoptosis (1, 2). Epidemiologic studies support these observations by showing that elevated levels of serum insulin (3) and IGF-I (4) are associated
with increased prostate cancer risk. Thus, strategies aimed at

reducing serum levels of these hormones may be therapeutic
and merit critical investigation.
Dietary carbohydrate restriction is one approach to reduce
serum insulin and IGF-I levels (5–8). We previously tested
whether a diet devoid of carbohydrates [i.e., a no-carbohydrate ketogenic diet (NCKD)] would extend survival in a
prostate cancer xenograft model when compared with a
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weights similar to ad libitum fed LFD mice. We observed that NCKD
mice consuming 12.5% extra calories relative to ad libitum fed LFD
mice exhibited similar body weights (data not shown). Such an excess
calorie intake is less than the natural proclivity of these mice to overeat and thus forced feeding was not necessary.
For the xenograft experiment, 41/41/48 mice were randomized to
LFD/MCD/NCKD groups, respectively. All mice were initially fed
ad libitum for 8 d on their respective diets to ensure diet tolerability.
After this time, LFD mice were fed ad libitum and the other groups
were fed by a modified paired-feeding protocol to maintain isocaloric
feeding conditions between the LFD and MCD groups and 12.5% extra calorie intake for the NCKD group relative to the LFD group. Such
a protocol has been used in previous studies to implement precise
feeding schedules (9). The overall macronutrient composition of each
diet, expressed as a percentage total calories, was as follows (Table 1):
LFD (kcal: 12% fat, 71% carbohydrate, 17% protein), MCD (kcal: 40%
fat, 43% carbohydrate, 17% protein), and NCKD (kcal: 83% fat, 0%
carbohydrate, 17% protein).
After 34 d of modified paired feeding, all mice were injected s.c. in
the right flank with 1 × 106 LNCaP tumor cells in 0.1 mL of Matrigel
(Becton Dickinson). When tumors became palpable, tumor dimensions were measured with a digital caliper and tumor volume was
calculated using a standard formula: width (mm) × height (mm) ×
length (mm) × 0.5236 (10). Fifteen days before and 13 d after tumor
injection, all mice were bled via the facial vein to measure 4-h fasting
glucose in whole blood using a handheld Ascensia Contour glucometer (Bayer Healthcare), and urine was obtained via gentle suprapubic pressure to measure urinary ketosis (acetoacetate) using
semiquantitative urine strips (Ketostix, Bayer Healthcare). When tumor volume was ≥1,000 mm3, mice were sacrificed by CO2 asphyxiation; serum was obtained via a cardiac puncture; and sections were
taken from the liver, prostate, and kidney for either snap freezing or
overnight fixation in 10% neutral-buffered formalin, embedded in paraffin, and stained with H&E. Serum samples were snap frozen at
−80°C for further analysis. Immediately before sacrifice, all mice were
fasted for at least 4 h and then assessed for urinary ketone and fasting
glucose levels. Liver sections from the median surviving 11 mice per
group were independently scored for fatty infiltration by a boardcertified pathologist (S.V.P.) blinded to dietary assignment using a previously validated 0 to 4 scoring system, with severity of fatty infiltration
increasing with higher score (11). All surviving mice were sacrificed
92 d after tumor injection, and mice with tumor volumes <1,000 mm3
were censored as alive at last follow-up. Subsequent to randomization,
but before tumor injection, two mice died from dehydration (one LFD
and one NCKD), two mice died during blood aspiration (one LFD and
one NCKD), and one mouse died due to unexplained causes (one
MCD). Overall, 125 mice were used for survival analyses.

high-fat/moderate-carbohydrate diet (MCD; previously
named a Western diet; ref. 5). We also included a low-fat/
high-carbohydrate diet (LFD) in our prior study to compare
our intervention to the clinical standard of care for prostate
cancer patients. Ultimately, we found that a NCKD slowed
prostate tumor growth and prolonged overall survival relative
to a MCD, and was at least equal to a LFD in these parameters. In particular, our study showed a NCKD reduced serum insulin and the IGF-I/IGF binding protein (IGFBP)-3
ratio, results predictive of increased survival. However, mice
fed the NCKD lost weight before tumor injection, and thus
whether prolonged survival was driven by energy restriction
or carbohydrate restriction was unclear. Similar results have
been reported by others, including a recent study investigating carbohydrate restriction in prostate cancer xenografts that
revealed a positive association between carbohydrate intake
and serum insulin levels (6). In that study, mice consuming
a low-carbohydrate diet experienced slower tumor growth,
although these mice consumed fewer calories and had lower
average body weights than mice fed a high-carbohydrate/
high-fat diet. Similarly, carbohydrate restriction in the context
of overall calorie restriction also slows prostate cancer xenograft growth (8). Finally, carbohydrate restriction in a murine
syngeneic model of brain cancer also reduces serum insulin
and IGF-I levels and slows tumor growth although, again, in
the setting of calorie restriction and/or weight loss (7).
To date, no study has shown whether carbohydrate restriction, without weight loss, reduces serum insulin and IGF-I levels and whether such changes slow tumor growth and
extend overall survival relative to a MCD and/or a LFD. We
therefore sought to test the generalizability and robustness of
a NCKD to slow tumor growth in the absence of energy restriction in a prostate cancer xenograft model and to assess a
broad array of molecular pathways that may mediate alterations of tumor growth as a function of varying carbohydrate
intake.

Materials and Methods
Cell culture
LNCaP human prostate cancer cells were obtained from American
Type Culture Collection. Cells were maintained in modified RPMI
1640 with 10% fetal bovine serum. Cells were incubated in 5% CO2
at 37°C and harvested by trypsinization at 70% to 80% confluence
in log-phase growth on the day of tumor injection (day 0).

Serum analysis
Serum from the median surviving 11 mice per group (total 33 mice)
was assayed for hormone levels. The levels of fasting IGF-I, IGFBP-1,
IGFBP-2, and IGFBP-3 were measured using a mouse-specific inhouse ELISA described previously (12, 13). Fasting serum levels of insulin, receptor activator of nuclear factor-κB (NF-κB) ligand, leptin,
adrenocorticorticotropic hormone, interleukin-6, and tumor necrosis
factor-α were assayed using a murine multiplex ELISA kit from Millipore Life Sciences Research, Inc.

Animal studies
After obtaining approval from the Duke University Institutional
Animal Care and Use Committee, 130 eight-week-old, male, Fox
Chase severe combined immunodeficient (SCID) mice were obtained
from Taconic Farms. Mice were housed individually to permit maintenance of precise feeding schedules. All diets were prepared by TestDiet. No antioxidants were used to stabilize the fat content in any of
the diets. Diets were stored at 4°C and fresh food was added to cages
thrice weekly. Assessment of energy intake and feeding of all groups
was done thrice weekly. Measurement of body weight and tumor volume was done twice per week. We previously observed that mice on a
NCKD tend to overeat and gain weight when fed ad libitum relative to
mice fed either a MCD or LFD. Similarly, isocaloric feeding for all
three diet groups leads to weight loss in the NCKD group (5). Based
on these observations, we performed an initial 8-wk pilot feeding
study (without tumor injection) to determine the precise amount of
excess calories NCKD-fed mice must consume to maintain body
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Tumor assays
AKT analysis. Tumor samples from the median five surviving mice
per group were analyzed for intracellular content of the Ser473 phosphorylated form of AKT (phospho-AKT or p-AKT), total AKT
(t-AKT), and β-actin as described previously (8). Briefly, LNCaP tumor
lysates were prepared as follows: 1 mL of lysis buffer [2% Triton X-100,
300 mmol/L sodium chloride, 20 mmol/L Tris (pH 7.4), 2 mmol/L
EDTA, 0.5 mmol/L sodium orthovanadate, 1% NP40, Protease inhibitor cocktail (Complete tablets, Roche Applied Sciences)] was added to
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Table 1. Ingredients of experimental diets
LFD

Fat—total
Corn oil
Milk fat
Lard
Protein
casein
DL-Methionine
Carbohydrate
Dextrin
Maltodextrin 10
Sucrose
Cholesterol
AIN-76 mineral mix
AIN-76 vitamin mix
Cellulose
Calcium carbonate
Choline bitartrate
Total grams

MCD

NCKD

Grams

% of energy

Grams

% of energy

Grams

% of energy

61.2
3.0
29.1
29.1
197.1
194.1
3.0
812.6
81.3
162.5
568.8
1.5
35.0
10.0
50.0
4.0
2.0
1,173.4

12.0
0.6
5.7
5.7
17.2
16.9
0.3
70.8
7.1
14.2
49.5
0.0
0.0
0.0
0.0
0.0
0.0
100.0

204.0
9.8
97.1
97.1
197.1
194.1
3.0
491.7
49.2
98.3
344.2
1.5
35.0
10.0
50.0
4.0
2.0
995.3

40.0
2.0
19.0
19.0
17.2
16.9
0.3
42.8
4.3
8.6
29.9
0.0
0.0
0.0
0.0
0.0
0.0
100.0

422.5
20.1
201.2
201.2
197.1
194.1
3.0
0.0
0.0
0.0
0.0
1.5
35.0
10.0
50.0
4.0
2.0
722.1

82.8
4.0
39.4
39.4
17.2
16.9
0.3
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
100.0

NOTE: Based on the amount of food needed to deliver 4,591.1 kcal of energy.

thawed tissue samples (∼10 mg). Samples were homogenized for 10 s
on ice and centrifuged at 14,000 × g for 50 min at 4°C. Protein concentration in the supernatant fraction was determined and extracts were
stored at −80°C. Protein bands were resolved by SDS-PAGE and immunoblots were developed with enhanced chemiluminescence plus
reagent (Amersham Pharmacia). Antibodies to p-AKT, t-AKT, and βactin were obtained from Cell Signaling Technology. Protein bands
were quantified by densitometric analysis.
RNA isolation. RNA was extracted from 0.05 μg of tumor tissue
from the median 11 surviving mice per group using the mirVana
mRNA Isolation Kit (Ambion) and assessed for integrity (RNA 6000
Nano assay Kit, Agilent Technologies) and quantified (NanoDrop,
Thermal Fisher Scientific). The targets for Affymetrix DNA microarray
analysis were prepared according to the manufacturer's instructions
(Affymetrix). Biotin-labeled cRNA was produced by in vitro transcription, fragmented, and subsequently hybridized to the Affymetrix
High Throughput Human Genome U133A array. All subsequent analyses were done in a MIAME (minimal information about a microarray
experiment)-compliant fashion, as defined in the guidelines established by MGED.11 Two mice in the LFD and one mouse in the NCKD
group had unusable RNA resulting in a total examination of 30 tumor
samples.
Gene set enrichment analysis. Gene set enrichment analysis (GSEA,
v2.0)12 was done for each xenograft sample based on prespecified diet
phenotype and previously published methods (14). Gene sets were
preprocessed to exclude gene sets with <10 and >500 genes, and
1,000 iterations were done per analysis with a signal-to-noise metric
used to rank genes based on their differential expression across
groups. As a hypothesis-generating experiment, gene sets with a nominal P < 0.05 were considered to be statistically significant (15).

11
12

Statistical analysis
Differences across diet groups were tested with the Kruskal-Wallis
test for continuous variables and the χ2 test for categorical variables.
Pairwise comparisons between groups were tested with the rank sum
test or the χ2 test. Differences in survival among and between groups
from time of tumor injection (day 0) to day of sacrifice were tested
with the proportional hazards model and log-rank test. All statistical
analyses were done using STATA 9.2 (Stata Corp.) with an α of 0.05.
The α level was not adjusted for multiple comparisons.

Results
Calorie intake and body weight
Applying the results of our pilot feeding study, we fed mice
on the NCKD an extra 12.5% calories relative to ad libitum fed
mice on the LFD to maintain equal body weights among
groups (Fig. 1A). However, after 12 days (day −30), NCKD
mice became heavier than LFD mice (P < 0.03; Fig. 1B). Therefore, on day −24, modified paired feeding was adjusted to
supply NCKD mice with only 10% extra calories relative to
LFD mice. This feeding schedule was maintained throughout
the remaining study period. At 2 days before tumor injection,
median NCKD body weight was 2.4 g (10%) and 2.1 g (8%)
greater than the LFD and MCD groups, respectively (P <
0.0001). After day 19, despite being fed 10% extra calories,
NCKD mice lost weight such that by day 33 (3 days before
first day of sacrifice), body weights were similar among
groups (P = 0.26). After day 47, NCKD mice began to lose
weight such that by day 54 there was a nonsignificant trend
of NCKD mice being the lightest group (P = 0.09). However,
this difference was not statistically significant and, by day 70,
weights were equal among diet groups.

http://www.mged.org
http://www.broad.mit.edu/gsea

www.aacrjournals.org

559

Cancer Prev Res 2009;2(6) June 2009

Cancer Prevention Research

Glucose and ketone measurements
There were no significant differences in glucose levels
among diet groups before tumor injection (day −15; P =
0.70) or after tumor injection (day 13; P = 0.14). Similarly, all
paired comparisons showed no significant differences between groups. Median levels of nonfasting urinary ketones
were significantly higher at day 19 in the NCKD group (median, 5 mg/dL) relative to LFD (median, 0 mg/dL) and MCD
(median, 0 mg/dL) groups (P < 0.0001).

respectively. In addition, the IGF-I/IGFBP-1 ratio, a measure
of IGF-I activity under fasting conditions, differed significantly among groups (P = 0.004), with the LFD group having the
highest median value by 17-fold (P = 0.01) and 3-fold (P =
0.004) relative to the NCKD and MCD groups, respectively
(Fig. 4B). There was a trend, which did not reach statistical
significance, for the NCKD group to have a lower IGF-I/
IGFBP-1 ratio than the MCD group (P = 0.08). Similarly, serum IGFBP-2 levels differed significantly among groups (P
= 0.004; Fig. 4C), with the highest median levels in the NCKD
group by 25% and 14% relative to the LFD and MCD groups,
respectively. A summary of all graphical data in Figs. 3 and 4
is provided in Table 2. There were no significant differences
among groups in serum levels of receptor activator of NFκB ligand, leptin, adrenocorticorticotropic hormone, interleukin-6, and tumor necrosis factor-α (data not shown).

Tumor growth
After 92 days postinjection, overall tumor take was 94%
with no significant differences among diet groups. Seven mice
failed to develop tumors (three LFD, one MCD, and three
NCKD). Time to tumor palpability (median, 20 days; P =
0.93) and tumor volumes at the time of initial palpability
(P = 0.98) were similar across groups. By day 35, median tumor volumes for LFD/MCD/NCKD groups were 0 mm3/530
mm3/146 mm3, respectively (LFD versus MCD, P = 0.001;
NCKD versus MCD, P = 0.04; Fig. 2A). Tumor volumes in
the MCD group remained significantly larger than tumor volumes in the LFD and NCKD groups for the remainder of the
study. Aside from day 39, when tumor volumes of the LFD
group were significantly smaller than those of the NCKD
group (P = 0.03), there were no significant differences in tumor
volumes between the LFD and NCKD groups.

Tumor analysis
Western blot analysis of tumor extracts revealed significant
differences in the p-AKT/t-AKT ratio (P = 0.04). In two-way
comparisons, NCKD mice had significantly lower p-AKT/
t-AKT levels than MCD mice (P = 0.009), but similar to LFD
mice (P = 0.60). There was a trend, which did not reach statistical significance, for LFD mice to have lower p-AKT/t-AKT
levels than MCD mice (P = 0.08). Data from pooled tumor extracts (n = 5 per group) are shown in Fig. 5 for illustrative purposes. Across all groups, a higher IGF-I/IGFBP-3 ratio was

Mouse survival
Diet group was significantly associated with overall survival (log-rank P = 0.004; Fig. 2B). Relative to the MCD group,
survival was significantly prolonged for both the LFD (hazard
ratio, 0.50; 95% confidence interval, 0.29-0.79; P = 0.005) and
NCKD groups (hazard ratio, 0.59; 95% confidence interval,
0.37-0.93; P = 0.02). There was no significant difference in survival between the LFD and NCKD groups (P = 0.46). At the
time of sacrifice, tumor volumes were similar across all groups
(P = 0.74) and no gross metastases were identified in any mice.
Given the nonsignificant weight loss in the NCKD group after
day 45, we evaluated whether this accounted for overall differences in survival among groups at the conclusion of the
study. Our analyses reveal that, had the study ended on day
45, diet would have remained significantly associated with
overall survival (log-rank P = 0.002; Fig. 2B).
Serum insulin and IGF axis hormone levels
Overall, serum insulin levels differed significantly among
diet groups (P = 0.002; Fig. 3A). The MCD group had the highest median insulin level, by 85% and 52% relative to the LFD
and NCKD groups, respectively. Serum IGF-I levels also differed significantly among diet groups (P = 0.02; Fig. 3B), with
the highest median levels in the LFD group by 25% and 67%
relative to the MCD and NCKD groups, respectively. Although median serum levels of IGFBP-3 did not differ significantly among groups (P = 0.06; Fig. 3C), the IGF-I/IGFBP-3
ratio, a measure of “free” or bioactive IGF-I, was significantly
different among groups (P = 0.02; Fig. 3D). The NCKD group
had the lowest median IGF-I/IGFBP-3 ratio, which was nearly
25% lower than either the LFD or MCD group. Serum IGFBP-1
levels also differed significantly among groups (P = 0.004;
Fig. 4A), with the NKCD group having the highest median
levels by 16- and 4-fold relative to the LFD and MCD groups,
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Fig. 1. Mouse energy intake and body weights. One hundred thirty 8-wk-old
male SCID mice were fed a LFD, MCD, or NCKD for 42 d and then injected
s.c. in the flank with 1 × 106 LNCaP tumor cells in 0.1 mL of Matrigel. Mice
were weighed twice per week from the start of the experiment. Values are
expressed as the median of each group. A, energy intake was measured for
each mouse thrice per week by subtracting the weight of uneaten food from
the weight of the food placed into the feeding receptacles at the start of
each feeding period. B, mice were weighed twice per week from the start of the
experiment. Values are expressed as the median of each group.
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assessed for histologic evidence of fatty liver among the median 11 surviving mice from all groups. Overall, diet was significantly associated with extent of hepatic steatosis, with mice
consuming the NCKD (median score = 1.5) having the least
amount of fatty infiltration by a median score of 1.5 points
lower than mice consuming either the LFD or MCD
(P = 0.0006).

Discussion
Prior studies found that carbohydrate restriction slows
prostate tumor growth in murine xenograft models relative

Fig. 2. A, LNCaP xenograft tumor growth in SCID mice. Mice were injected s.c.
on day 0 in the flank with 1 × 106 LNCaP tumor cells in 0.1 mL of Matrigel. Once
the tumors became palpable, tumor volume was measured twice per week.
Values are expressed as the median of each group. Curves only extend up to
the point at which ≥50% of the mice in the respective group had been
sacrificed, and therefore median tumor volume is not meaningful. B, KaplanMeier survival plot of overall mouse survival by diet group on days 45 and 92.

significantly correlated with higher p-AKT/t-AKT expression
(Spearman r = 0.60, P = 0.03). There was no significant correlation between p-AKT/t-AKT expression and insulin (r = 0.40, P
= 0.17), IGF-I (r = 0.37, P = 0.21), IGFBP-1 (r = −0.20, P = 0.51),
IGFBP-2 (r = −0.02, P = 0.94), IGFBP-3 (r = 0.10, P = 0.73), or
IGF-I/IGFBP-1 (r = 0.19, P = 0.53).
Gene expression analysis
Gene set enrichment analysis revealed a diverse group of
pathways significantly enriched across different diets (Supplementary Data). A comparison between the MCD and NCKD
groups revealed that 26 gene sets were significantly enriched
in the MCD group, and 67 in the NCKD group. Eleven gene
sets were significantly enriched in the MCD group relative to
the LFD group, and 74 pathways were enriched in the LFD
group. Comparison of the LFD and NCKD groups revealed
35 pathways significantly enriched in the LFD group, and 14
in the NCKD group. Pathway analysis revealed greater activation of inflammatory pathways with greater carbohydrate intake. In addition, gene pathways implicated in obesity, insulin
resistance, and inflammation were significantly enriched in
the MCD group relative to the NCKD group, whereas pathways implicated in the mitogen-activated protein (MAP) kinase cascade and NF-κB activation were enriched in the
MCD group relative to the LFD group.

Fig. 3. Box-plot expression of fasting serum hormone concentrations at the
time of sacrifice across all dietary groups. A, insulin; B, IGF-I; C, IGFBP-3; D,
ratio of IGF-I/IGFBP-3. Upper and lower box borders represent 25th and 75th
percentile values, respectively. Horizontal line within the box represents the
median value. Upper and lower whiskers correspond to 95th and 5th percentile
values, respectively.

Hepatic steatosis
Given the concerns that very high intake of fat associated
with a NCKD may result in fatty infiltration of the liver, we
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to high-fat/high-carbohydrate diets (5–8). Moreover, carbohydrate restriction resulted in marked reductions in serum insulin and/or IGF-I, potentially mediating tumor growth delay.
However, all previous studies were done in the context of calorie restriction and/or weight loss, and thus whether results
were due to either overall energy restriction or specifically carbohydrate restriction remained unclear. We therefore sought
to test carbohydrate restriction without energy restriction to
clarify whether carbohydrate restriction alone results in tumor
growth delay. Furthermore, our study addressed the concern
that carbohydrate-restricted diets contain excessive fat, which
may stimulate tumor growth (9, 10, 16). This concern was particularly relevant to our formulation of a NCKD because it
was largely composed of saturated fats from milk and lard
for an overall caloric composition of 83% from fat. Our study
also provided the opportunity to further elucidate the molecular mechanisms through which variations in dietary carbohydrate may influence prostate tumor growth.
We compared the effects of NCKD, LFD, and MCD on the
growth of the commonly used prostate cancer cell line LNCaP.
This cell line offers several advantages when testing the role of
a NCKD on prostate tumor growth. First, LNCaP is a commonly used model of hormone-responsive prostate cancer, potentially broadening the applicability of our results to
previous and future studies. Second, LNCaP exhibits stimulated growth in response to increased dietary fat consumption
and thus is a reasonable model to test whether the effects of
carbohydrate restriction outweigh the effects of high fat intake
on tumor growth (16). In addition, LNCaP undergoes increased cell proliferation in vitro in response to insulin (17)
and IGF-I (2), further supporting the use of this cell line as
an appropriate model to examine whether alterations of IGF
axis hormones mediated by diet can modulate prostate tumor
growth.
Before conducting the present study, we conducted a pilot
feeding study (without tumor injection) to determine the calorie intake level necessary to maintain similar body weights
among diet groups. Previous observations revealed that
NCKD mice consumed more calories than LFD-fed mice in
ad libitum settings (5), consistent with our pilot study that revealed that NCKD mice required 12.5% more calories relative
to LFD mice to maintain similar body weights. Despite using
this information to guide our feeding protocol, we nonetheless
observed that the NCKD group remained consistently heavier
than the other two groups, even after reducing the daily calorie supplement early in the study from 12.5% to 10%. Prior
studies using isocaloric feeding reported weight loss for mice
on carbohydrate-restricted diets relative to comparison diets
(5, 6). As such, this weight loss in previous studies may have
biased findings in favor of carbohydrate restriction. Conversely, in the current study, weight gain among NCKD mice may
have biased the findings against the NCKD. Overall, our experience highlights the complexities of replicating animal
feeding behaviors, which may be dependent on genetic
and/or environmental factors difficult to control in successive
experiments. This is particularly challenging when testing
more than two diets because the potential for intergroup variation is greater than in studies involving only two groups (6, 7).
Diet group was significantly associated with overall survival, with both the LFD and NCKD groups experiencing significantly longer survival than the MCD group. The survival
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benefit in the NCKD group was accompanied by favorable
changes in both serum levels of key IGF axis hormones and
in IGF axis signaling within the tumor as measured by the
downstream marker p-AKT. This suggests that reduced IGF
axis signaling may underscore the observed survival benefit
of a NCKD. Although survival was similarly prolonged in
the LFD group, there were fewer significant changes in serum
IGF axis hormones and less reduction in p-AKT levels in this
diet group, suggesting the LFD may have growth inhibitory
effects that are less strongly mediated by IGF signaling.
Our results are consistent with prior studies that examined
carbohydrate-restricted diets in the context of energy restriction. In particular, our finding that carbohydrate restriction
is associated with the lowest serum levels of IGF-I is consistent
with previous investigations (5–8). However, in contrast to
previous studies (6–8), we further clarified this finding by
measuring serum levels of IGFBP-1 and IGFBP−3 to assess
the fraction of free or bioactive hormone reflected by the values of IGF-I/IGFBP-1 and IGF-I/IGFBP-3 ratios. Ultimately,
we found the NCKD led to significant reductions in the

Fig. 4. Box-plot expression of fasting serum hormone concentrations at
the time of sacrifice across all dietary groups. A, IGFBP-1; B, ratio of IGF-I/
IGFBP-1; C, IGFBP-2. Upper and lower box borders represent 25th and 75th
percentile values, respectively. Horizontal line within the box represents the
median value. Upper and lower whiskers correspond to 95th and 5th percentile
values, respectively.
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Table 2. Insulin and IGF axis hormones
LFD
Insulin (pg/mL)
IGF-I (ng/mL)
IGFBP-3 (ng/mL)
IGF-I/BP-3 ratio
IGFBP-1 (ng/mL)
IGF-I/BP-1 ratio
IGFBP-2 (mg/mL)

515
507
1,131
0.38
6.3
63.5
199

[273;635]
[431;563]
[1,083;1,427]
[0.36;0.47]
[4.1;13.0]
[42.5;107.6]
[157;235]

MCD

NCKD

P

948 [739;1,337]
412 [330;506]
1,010 [779;1,166]
0.42 [0.35;0.47]
23.0 [13.0;32.5]
18.8 [12.7;23.5]
218 [180;258]

623 [531;771]
301 [260;413]
948 [764;1,342]
0.29 [0.28;0.40]
103.0 [6.7;170.0]
3.7 [1.8;66.6]
254 [249;352]

0.002
0.02
0.06
0.02
0.004
0.004
0.004

NOTE: Row parameters correspond to fasting serum values at time of sacrifice for the median 11 surviving mice per diet group. Values in
each cell are expressed as median and bracketed interquartile range. Columns 1 to 3 represent diet groups (LFD: low-fat/high-carbohydrate
diet; MCD: high-fat/moderate carbohydrate diet; NCKD: very high-fat/no-carbohydrate diet). Column 4 represents P values for three-way
comparisons (Kruskal-Wallis tests) among diet groups for each row parameter.

IGF-I/IGFBP-3 ratio relative to the MCD. We also observed
that IGFBP-1 was significantly higher in the NKCD group relative to both the LFD and MCD groups. In addition, the IGFI/IGFBP-1 ratio, a marker of fasting IGF axis activity that has
not previously been measured in studies of carbohydrate restriction, was lowest in the NCKD group. We also observed
that the NCKD led to the highest serum levels of IGFBP-2,
which may further reduce circulating free IGF-I. Together,
these findings provide the strongest evidence to date that a
NCKD is associated with beneficial changes across multiple
parameters of the IGF axis to slow prostate tumor growth.
Consistent with the observed IGF axis measurements, AKT
signaling in tumor tissue revealed favorable changes for the
NCKD, in line with previous results (6). In particular, both intracellular levels of p-AKT and percent activated AKT, as measured by the p-AKT/t-AKT ratio, were lowest in the NKCD
group relative to the MCD and LFD groups. When analyzing
these findings in the context of IGF axis hormones, we observed a novel correlation between the serum IGF-I/IGFBP3 ratio and tumor p-AKT/t-AKT expression. This result has
not previously been reported in the context of xenograft studies of carbohydrate restriction and may further underscore the
importance of IGF-I to AKT signaling and overall tumor
growth in dietary strategies modulating carbohydrate intake.
In the current study, serum insulin levels were lowest for
the LFD group and were significantly lower in both the LFD
and NCKD groups relative to the MCD group. However, serum IGF-I was highest in the LFD group, which approached
statistical significance relative to the MCD group (P = 0.07)
and was significantly higher than the NCKD group (P =
0.01). Thus, the benefits of a LFD on the IGF axis seems to
be less pronounced in the current study compared with clearer
benefits observed previously (5, 9).
Our prior study comparing these same three diets (5) suggested that a NCKD prolonged survival relative to a LFD, although this did not reach statistical significance (hazard ratio,
0.71; P = 0.24). Therefore, we powered the current study to detect a 29% prolongation of survival, which required 50% more
mice than our prior study. Ultimately, we observed no significant difference in survival between the LFD and NCKD
groups although the NCKD was associated with several metabolic changes suggestive of more favorable outcomes than
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the LFD. Of note, NCKD mice were significantly heavier than
LFD mice during the majority of the experiment. Given that
lower body weight may slow tumor growth (8, 18), this may
have biased our results against the NCKD, potentially explaining the lack of difference in tumor growth and/or survival between the LFD and NCKD groups. Alternatively, it is possible
that dietary fat may stimulate LNCaP xenograft growth to a
greater degree than other cell lines, partially negating the superior benefits of the NCKD on IGF-I signaling. Ultimately, we
found no evidence that a LFD, the current recommended diet
for cancer patients, was superior to a NCKD. However, it
should be noted that the LFD had a higher level of simple carbohydrates in the form of sucrose than what is recommended
in humans (19). However, a similar LFD with high sucrose
content was used in prior preclinical studies and led to slower
tumor growth and delayed development of androgen resistance relative to a MCD (9, 10). Ultimately, whether similar
results would be obtained by alternative formulations of carbohydrate composition in a LFD remains unknown.
To further explore the complex molecular mechanisms
through which dietary carbohydrate variation may affect cancer growth, we performed gene expression analysis of tumor
tissue. Our expression analysis showed that pathways related
to insulin resistance, obesity, and anti-apoptosis were upregulated in tumors from MCD mice relative to tumors from
NCKD and LFD mice. In particular, NF-κB and MAP kinase

Fig. 5. Western blot analysis of p-AKT, t-AKT, and β-actin in pooled tumor
lysates for each diet group (n = 5 per group). Total AKT levels reflect
phosphorylated and unphosphorylated forms, whereas p-AKT reflects levels of
the Ser473 phosphoform. β-Actin was used as an internal control for protein
loading and transfer.
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pathways were up-regulated in MCD tumors. Although NFκB is normally expressed at low levels in LNCaP cells (19), increased NF-κB levels would promote anti-apoptotic pathways
(19). In addition, higher serum insulin levels may stimulate tumor growth by activating MAP kinase pathways (20). Further
increases in MAP kinase signaling by elevated serum IGF-I
may synergize with insulin signaling through the MAP kinase
pathway to further promote tumor growth (21) in the MCD
group relative to the NCKD and LFD groups.
Assessment of liver histology revealed that the NCKD
group had the least fatty infiltration. Similar benefits from carbohydrate restriction were previously observed in patients
with nonalcoholic fatty liver disease (22). In that study, four
of five patients showed histologic improvements in fatty infiltration, inflammation, and fibrosis after 6 months of dietary
carbohydrate restriction. Further benefits for these patients included marked weight loss and favorable changes in highdensity lipoprotein, low-density lipoprotein, and triglycerides,
trends indicating reduced cardiovascular risk. Indeed, numerous clinical trials show that carbohydrate restriction leads to
sustained weight loss for up to 1 year with beneficial changes
in serum lipoproteins such as high-density lipoprotein, total
cholesterol, and triglycerides, suggesting that carbohydraterestricted diets may have cardiac benefits (23–28). These benefits are important given that cardiovascular morbidity is a
major cause of mortality among prostate cancer patients (29).
One primary limitation of the present study was that mice
were randomized before tumor injection, whereas previous investigations randomized mice after tumor injection or palpability (6–8). Typically, lifestyle modifications, including dietary
changes, are used after cancer diagnosis. We used the current
model to maximize the time mice consumed their respective
diets to show proof of concept before conducting a postinjection study. A second limitation is that a diet devoid of carbohydrates may not be feasible in a clinical setting. Alternatively,
further research may determine an upper limit of carbohydrate intake that preserves tumor inhibitory effects. In addition, our formulation of a NCKD may pose practical
challenges given its high saturated fat content primarily from
milk and lard. Although we purposefully formulated the
NCKD in this manner to test whether benefits of carbohydrate
restriction were sufficiently robust to be observed with a diet
composed mostly of saturated fat, future studies should be
aimed at testing NCKDs composed of mixtures of other types
of fats (e.g., mono- and poly-unsaturates) that may extend survival beyond that observed in this study. Finally, we cannot be

certain that removing dietary carbohydrate via a NCKD was
responsible for the tumor growth delay observed in our study.
For example, it is possible that fat intake may have a biphasic
effect on tumor growth and that extremely high fat intake may
slow growth. Alternatively, the high fat content of the NCKD
may have facilitated uptake of fat-soluble vitamins, which
themselves exert anti-tumor effects. Moreover, it is possible
that changes in serum levels of androgen and/or prostate-specific antigen in response to fat intake may account for at least
some of the differential effects on growth kinetics of tumors.
However, previous studies have argued against such an effect
(9, 10). Similarly, whereas it remains possible that alterations
in serum levels of angiogenic factors may have played a role
in our observations, the gene expression data did not reveal
such changes between diet groups. Lastly, it is possible that
ketone bodies themselves are toxic to tumors. Thus, whereas
we clearly show significant changes in the IGF axis associated
with a NCKD, other mechanisms unrelated to dietary carbohydrate intake per se may have contributed to tumor growth
delay.
Overall, our current findings extend observations from previous preclinical studies to show that varying dietary carbohydrate intake is associated with benefits independent from
those of energy restriction. As such, it remains plausible that
clinical studies may reveal that a carbohydrate-restricted diet
coupled with significant weight loss may result in additive
benefits to further slow tumor growth than either carbohydrate or energy restriction alone, as revealed in preclinical
studies to date.

Conclusion
This study shows a NCKD, without energy restriction, slowed tumor growth and significantly prolonged survival relative to a MCD. In addition, survival in the NCKD group was
similar to the LFD group despite greater average body weight
in the NCKD group. Furthermore, the NCKD resulted in favorable changes in serum IGF axis proteins, p-AKT/t-AKT expression, and reduced expression of inflammatory pathway
genes. Despite its very high fat content, the NCKD was well
tolerated and did not cause toxicity. These results provide further support for pursuing clinical trials to test whether dietary
carbohydrate restriction slows prostate cancer growth.
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