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ORIGINAL ARTICLE

Effect of intermittent fasting on prostate cancer tumor growth in a
mouse model
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Caloric restriction (CR) has been shown to have anti-cancer properties. However, CR may be
difficult to apply in humans secondary to compliance and potentially deleterious effects. An
alternative is intermittent CR, or in the extreme case intermittent fasting (IF). In a previous small
pilot study, we found 2 days per week of IF with ad libitum feeding on the other days resulted in
trends toward prolonged survival of mice bearing prostate cancer xenografts. We sought to confirm
these findings in a larger study. A total of 100 (7- to 8-week-old) male severe combined
immunodeficiency mice were injected subcutaneously with 1  105 LAPC-4 prostate cancer cells.
Mice were randomized to either ad libitum Western Diet (44% carbohydrates, 40% fat and 16%
protein) or ad libitum Western Diet with twice-weekly 24 h fasts (IF). Tumor volumes and mouse
bodyweights were measured twice weekly. Mice were killed when tumor volumes reached
1000 mm3. Serum and tumor were collected for analysis of the insulin/insulin-like growth factor 1
(IGF-1) hormonal axis. Overall, there was no difference in mouse survival (P ¼ 0.37) or tumor
volumes (PX0.10) between groups. Mouse body weights were similar between arms (P ¼ 0.84). IF
mice had significantly higher serum IGF-1 levels and IGF-1/IGFBP-3 ratios at killing (Po0.001).
However, no difference was observed in serum insulin, IGFBP-3 or tumor phospho-Akt levels
(PX0.39). IF did not improve mouse survival nor did it delay prostate tumor growth. This may be
secondary to metabolic adaptations to the 24 h fasting periods. Future studies are required to
optimize CR for application in humans.
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Introduction
Caloric restriction (CR), undernutrition without malnutrition, is the only experimental approach consistently
shown to prolong survival in animal models.1–7 In
addition, CR delays the development of age-associated,
pathological sequalae and may not only prolong life, but
enhance quality of life.8–11 In small limited natural
experiments in humans and epidemiological studies,
short-term CR may reduce the incidence of age-related
diseases including cardiovascular disease and
cancer.12–16 Although these observations provide a
rationale for trials using CR to prevent diseases among
older people, classic CR is difficult to implement on a
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large scale due to poor adherence.17,18 Furthermore,
extreme long-term CR may lead to other health complications including excessive loss of muscle and fat
mass.19,20 Therefore, alternative strategies are needed to
mimic the health benefits of classic CR regimens but that
are tolerable and easily adopted by older people.
An alternative to what may be described as chronic CR
is intermittent caloric restriction (ICR). We previously
hypothesized that ICR may have some, if not all of the
health benefits of classic CR. To test this, we previously
conducted a pilot study in which 15 mice per group were
subcutaneously injected with LAPC-4 prostate cancer
tumor cells and fed either ad libitum, according to two
classic CR regimens or one of four ICR regimens.21
Specifically, the ICR regimen that we tested was a proofof-principle extreme form of ICR: intermittent fasting
(IF). Although several of the IF and classic CR regimens
were associated with trends toward prolonged survival,
none reached significance in that limited pilot study.
However, the most promising regimen was feeding mice
ad libitum 5 days per week with two separate 24 h periods
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of fasting per week. Interestingly, mice in that group had
trends toward delayed tumor growth with no differences
in body weight, suggesting that the benefits of IF may
differ from those of classic CR. In this study, we sought to
specifically test this IF regimen relative to ad libitum
feeding in a larger and more adequately powered study
to investigate IF, as a model of ICR, as a potential dietary
intervention in prostate cancer.

Materials and methods
Cell culture
LAPC-4, an androgen-sensitive human prostate cancer
cell line, was a gift from William J Aronson, UCLA
School of Medicine. Cells were maintained in Iscove’s
modified medium with 10% fetal bovine serum and
supplemented with synthetic androgen R1881 at 1 nM.
Cells were grown in 5% CO2 at 37 1C and collected by
trypsinization at 70–80% confluence during log phase
growth.

Animal study
After obtaining approval from the Duke University
Institutional Animal Care and Use Committees, we
obtained 100 male CB-17 severe combined immunodeficiency 7- to 8-week-old (Taconic Labs, Research Triangle
Park, NC, USA) mice and housed 5 mice per cage. At 1
week before injection, all mice were fed ad libitum
Western Diet (40% fat, 44% carbohydrates and 16%
protein) prepared by TestDiet (Indianapolis, IN, USA).
Mice were injected subcutaneously in the right flank
with 1  105 LAPC-4 tumor cells in 0.1 ml of Matrigel (BD
Biosciences, San Jose, CA, USA). When tumors became
palpable, tumor dimensions were measured with the use
of calipers. Tumor volumes were calculated using the
formula: length  width  height  0.5236. Both body
weights and tumor volumes were measured twice
weekly. When tumor volumes reached 200 mm3, mice
were randomized to one of two study arms: ad libitum
Western Diet (no intervention) or ad libitum Western Diet
with twice weekly 24 h fasting periods (IF; fasted
Monday and Thursday). After each fasting period,
urinary ketones of mice in both study arms were
obtained using gentle suprapubic pressure and measured using semiquantitative urine ketone strips (Ketostix; Bayer Corporation, Elkhart, IN, USA). When tumors
volumes reached 1000 mm3 or mouse health appeared to
be compromised, mice were fasted for 3 h then anesthetized and underwent necropsy. At the time of killing, the
liver, prostate and xenograft tumor were collected. Liver
and prostate were snap frozen at 80 1C for future
analyses. Tumors were bisected with half being snap
frozen at 80 1C and the remainder fixed in 10% neutralbuffer formalin overnight and then embedded in
paraffin. Mouse serum was obtained by cardiac puncture
and stored at 80 1C until analyzed. Serum from the
median surviving 12 mice in each group was analyzed
for murine insulin, insulin-like growth factor 1 (IGF-1)
and IGFBP-3 levels using enzyme-linked immunoassays
(insulin assay, Millipore Corporation, Billireca, MA,
USA; IGF-1 assay, Diagnostics Systems Laboratory of
Prostate Cancer and Prostatic Diseases

Beckman Coulter, Webster, TX, USA; IGFBP-3 assay,
ALPCO Diagnostics, Salem, NH, USA).

AKT analysis
Tumor samples from the median surviving 12 mice per
group were analyzed for intracellular content of phospho-AKT (p-AKT), total AKT (t-AKT) and b-actin.
LAPC-4 tumor lysates were prepared using the Qproteome Mammalian Protein Preparation kit (Qiagen,
Valencia, CA, USA). Samples were homogenized for
10 s in ice and centrifuged at 14 000 g for 30 min at 4 1C.
Protein concentration in the supernatant fraction was
determined and extracts were stored at 80 1C. Protein
bands were resolved by sodium dodecyl sulfate–polyacrylamide gel electrophoresis and immunoblots were
developed with ECL Plus reagent (Amersham Pharmacia, Piscataway, NJ, USA). Antibodies to p-AKT, t-AKT
and b-actin were obtained from Cell Signaling Technology (Danvers, MA, USA). Protein bands were quantified
by densitometric analysis using ImageJ (NIH).
Statistical analyses
Comparisons of tumor volumes, body weights and
serum hormone levels between groups were performed
using Wilcoxon’s rank-sum test. Mouse survival was
compared between arms using the log-rank test and Cox
proportional hazards model. Survival was graphically
illustrated using Kaplan–Meier curves. All statistical
analyses were performed using STATA 10.2 (Stata Corp.,
College Station, TX, USA) with an a p0.05 cutoff for
statistical significance.

Results
Mice body weights
As both groups were ad libitum fed when not fasting, no
attempt to measure caloric intake was made. However,
despite the IF group only having access to food 5 days
per week, we noted no significant differences in mice
body weights between the two arms at any time point
(P40.84, Figure 1).

Figure 1 Mouse body weights. Mice were weighed twice weekly.
Values expressed as median body weights over the course of the
study for each group. IF, intermittent fasting.
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Figure 2 LAPC-4 xenograft tumor growth in severe combined
immunodeficiency mice. Mice were injected subcutaneously with
1  105 LAPC-4 tumor cells. When tumors reached 200 mm3 (day 0),
mice were randomized to the two study arms. Tumor volumes were
measured twice weekly. Values are expressed as median tumor
volume of each group. Curves end on day 35, the median survival
time for intermittent fasting (IF) mice.

Figure 4 Median urinary ketone levels per fasting episode.
Urinary ketones were collected twice weekly after each fasting
period and measured using semiquantitative urinary ketones strips.
IF, intermittent fasting.

time of killing, ad libitum mice had a significantly higher
fasting serum glucose levels (174.5 mg per 100 ml) in
comparison to IF mice (145 mg per 100 ml, P ¼ 0.04).

Serum IGF axis hormone levels
Serum insulin (rank sum, P ¼ 0.62, Figure 5a) and IGFBP3 levels (rank sum, P ¼ 0.39, Figure 5b) were similar
between study groups. In contrast, IF mice had an
approximately 48% higher median level of IGF-1 than ad
libitum mice (rank sum, Po0.001, Figure 5c). Similarly,
median IGF-1/IGFBP-3 ratio levels were also significantly higher in the IF arm relative to those in the ad
libitum group (rank sum, Po0.001, Figure 5d).
Figure 3 Kaplan-Meier survival plot of overall mouse survival by
dietary intervention. IF, intermittent fasting.

Tumor growth and mouse survival
Overall, there were no significant differences between
groups in tumor volume at any time point (Figure 2).
At the time of randomization (day 0), tumor volumes in
the ad libitum fed group were similar to those in the IF
group (rank sum, P ¼ 0.58). At the later time points, there
was a suggestion of larger tumors in the IF group, but
this did not reach statistical significance (all P’s40.10).
At the time of killing, final tumor volumes were found to
be similar between study arms (rank sum, P ¼ 0.22).
Similarly, overall survival defined as time from randomization to killing was not different between arms (log
rank, P ¼ 0.37, Figure 3).
Serum glucose and urinary ketones
IF mice had significantly higher urinary ketone levels
compared with the ad libitum group after the first fasting
periods (Po0.05, Figure 4). However, although ketone
levels remained higher in the IF group for the first six
fasting cycles (all P’so0.05), they gradually declined in
the IF group such that by the seventh and beyond fasting
episodes, there were no significant differences between
the groups in urinary ketone levels (rank sum, all
P’s40.14, Figure 4). Urinary ketone levels at the time
of killing were similar between groups (P ¼ 0.62). At the

Activated and total AKT
Phosphorylated, or activated, AKT is a downstream
molecular marker of IGF-1 hormone activity in addition
to being an independent predictor of prostate cancer
progression and recurrence.22 As such, we sought to
quantify the relative levels of AKT activation in tumor
cell lysate by western blot (data not shown). There
was no differences between the groups in the levels of
activated (P ¼ 0.67) or t-AKT (P ¼ 0.96) or in the ratio of
activated/t-AKT (P ¼ 0.79).

Discussion
Diet is likely an important factor in both cancer
development and progression. Specifically, increased
caloric intake stimulates tumor growth whereas CR
reduces both the incidence of cancer and its progression
across multiple animal models.1–7 However secondary to
poor compliance17,18 and deleterious side effects from
extreme CR (that is, loss of muscle mass and weight),19,20
human trials may not reflect the promising results
observed in animal studies. To overcome these potential
limitations, we21 and others23 have proposed ICR as a
means to obtain the health benefits of CR that would
potentially be more acceptable to patients. Previously in
a pilot study,21 we found a suggestion that IF (twice
weekly 24 h fasting periods with ad libitum feeding on
refed days) as a proof of principle regarding ICR may
Prostate Cancer and Prostatic Diseases
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Figure 5 Box-plot expression of fasting serum hormone concentrations at time of killing between groups. (a) Insulin, (b) IGF-1, (c) IGFBP-3,
(d) ratio of IGF-1/IGFBP-3. Upper and lower borders represent 25th and 75th percentile values, respectively. Horizontal line represents the
median value. Upper and lower whiskers correspond to 5th and 95th percentile values, respectively. IF, intermittent fasting; IGF-1, insulinlike growth factor 1.

delay prostate tumor growth without reductions in body
weight. Herein, we sought to validate this IF strategy as a
dietary intervention to delay tumor growth and progression in a larger, well-powered study. We found that
relative to ad libitum feeding, IF through twice-weekly
24 h fasting periods with ad libitum feeding on refed days
did not delay tumor growth nor did it confer a survival
advantage to mice implanted with LAPC-4 xenografts.
Also, IF was ineffective in downregulating the insulin/
IGF-1 axis, a key mechanism through which CR slows
tumor growth. These findings suggest that twice weekly
IF does not modulate tumor biology sufficiently to
inhibit tumor growth.
CR has been shown to improve the duration and
quality of life of vertebrate1,24 and invertebrate organisms alike.25,26 More recently, CR has shown anticancer
properties in various cancer models.27–30 It is thought
that CR manifests this anticancer effect through a
multitude of pathways including reduction of body fat
and/or weight, decreased generation of free radicals and
modulation of key cellular pathways.31,32 Specifically,
one pathway favorably altered by CR is the insulin/IGF1 hormonal axis.32,33 This axis has been both epidemiologically and experimentally linked to the development
and progression of prostate cancer.34–37 Despite the
promise of CR, there are certain obstacles that potentially
interfere with its applicability in humans. As most
chronic CR regimens require reduction of caloric intake
for extended periods of time, compliance remains an
issue. Loss of body fat and/or weight is commonly seen
as one of the benefits to CR. However, for men with late
stage disease in whom prevention of cachexia is a key
goal, weight loss may not be desirable.
To make CR more palatable, investigators have
attempted to capture all the benefits of reduced caloric
intake while minimizing its negative effects. One
proposed way of accomplishing this may be ICR.
Prostate Cancer and Prostatic Diseases

Bonorden et al.23 found that subjecting mice to 2-week
alternating periods of 50% CR followed by allowing
the mice to eat 100% of the calories consumed by
age-matched control mice resulted in delayed prostate
tumor detection and improved survival relative to
both ad libitum feeding and continuous CR. In a later
cross-sectional study by the same group, there was a
suggestion that the same 2-week alternating ICR
approach was superior to 25% chronic CR in its ability
to delay prostate tumor detection.38 In our own previous
experience we took a different approach and rather than
using 2 weeks of 50% CR followed by refeeding at 100%,
we focused on very short intense periods of extreme CR
(that is, fasting) and then allowed for either ad libitum or
isocaloric intake on refed days. Trends were seen for an
approximate 40% improvement in survival in mice that
were fasted twice weekly and allowed unrestricted
access to feed on refed days.21 In addition, this
suggestion that twice weekly fasting decreased mortality
was done in the absence of weight loss. However, this
previous study was a pilot study and the results were not
statistically significant (P ¼ 0.18) with only 15 mice per
arm, and thus, these findings required validation in a
larger study before human trials.
Overall, we found no difference in mouse survival.
This contrasts with the findings of Bonorden et al.
wherein ICR, albeit delivered using a different protocol,
did significantly prolong survival. It is noteworthy that,
consistent with our pilot data and in contrast to the data
of Bonorden et al.,23,38 there was no weight loss among
the IF mice in this study. This is due to the fact that on
nonfasting days, mice were fed ad libitum, allowing them
to overeat, counteracting the fasting, and resulting in no
net body weight change. This is a key point of distinction
between our study and that of Bonorden et al., wherein
in the latter study ICR was delivered in 2-week periods
of 50% CR followed by refeeding, but limiting intake to
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100% of age-matched mice in the ad libitum arm, thus
preventing overfeeding.23 Taken together, these data
seem to suggest that ICR without weight loss has no
benefit. Alternatively, in the presence of weight loss, ICR
does appear to have benefits above and beyond those of
chronic CR.15,29 Ultimately, whether the differences
between the current and previous ICR studies are related
to the presence or absence of weight loss, and/or the
duration/severity of CR in the ICR regimens (that is, 24 h
fast vs 2-week 50% CR) or some other factor remains to
be determined.
Bonorden et al.23 also found IF effectively lowered
expression of the insulin/IGF-1 hormonal axis. However
in this study, both IGF-1 levels and IGF-1/IGFBP-3 ratios
were significantly increased in ICR mice compared with
ad libitum mice, whereas serum insulin and IGFBP-3
levels were similar. It may be possible that elevated IGF-1
levels in IF mice are the consequence of overfeeding on
refed days. In a recent commentary, Pollak32 highlights
several studies that associate excessive caloric intake
with elevations in IGF-1. However, Pollak cautions that
at this time the data do not completely show to what
degree key hormonal axes are modulated by overfeeding
secondary to potential inter- and intraspecies differences
in endocrine response to excess calories.32 When we
examined p-AKT, t-AKT and p-AKT/t-AKT ratios, a
marker of downstream IGF-1 activity, no difference was
found between groups. We propose this lack of increased
downstream activity despite elevated IGF-1 levels can be
explained by the effect of fasting on other IGFBPs aside
from IGFBP-3. Specifically, IGFBP-1 and IGFBP-2 have
been proposed to be inhibitors of IGF-1 and are found to
be increased during times of prolonged fasts.39,40 Thus
we speculate that despite elevations IGF-1 in IF, potential
increases in inhibitory IGFBPs may have muted the
impact of the elevated serum IGF-1 on tumor biology.
Alternatively, the slight differences in IGF-1 may not
have been large enough to overcome other factors such
as the similar body weights and insulin levels.
We examined urinary ketones to measure energy
substrate use in the absence of dietary glucose (that is,
when fasted). We found that though IF mice initially had
significantly higher ketone levels than ad libitum mice,
with each successive fast, IF mice became progressively
less ketotic ultimately approaching urinary ketone levels
observed in ad libitum mice. IGF-1 has been proposed to
positively impact serum glucose control.41–43 We hypothesize that increased levels of IGF-1 in IF mice served
to facilitate improved glucose uptake. This gradual
improvement in glucose uptake could be reflected by
decreased urinary ketone levels, as seen in this study.
This ‘normalization’ of urinary ketone levels could reflect
improved glucose use by the host and possibly the
tumor. As such, it remains possible the negative findings
from this study stem from the mouse’s ability to adapt to
24 h fasting periods by regulating its metabolism, though
this requires further study. Whether longer fasting
periods with nominal food intake would have benefits
in the absence of weight loss remains to be determined.
One limitation to our study is the use of a murine
prostate cancer model. As these animals have relatively
higher metabolisms compared to humans, we thought
the impact of the 24 h fasts would be more pronounced.
However, our data suggest that the mice metabolisms
were more than adequate to overcome brief fasting

periods. Moreover, to what degree this proof-of-principle
approach to extreme ICR (that is, IF) would be achievable
in humans is unknown. However, the negative data from
this study do not support further testing and ultimately
further studies are needed to better refine CR and ICR
protocols to slow prostate cancer growth.

5

Conclusions
A twice-weekly IF protocol neither delayed prostate
tumor growth nor confered a survival advantage to mice
undergoing this type of CR. This may have resulted from
progressive metabolic adaptation to successive fasting
episodes. CR remains a viable option as a dietary
intervention in prostate cancer. However, further investigation is required so that its anticancer benefits may be
captured while minimizing its potential side effects.
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