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Abstract

Calorie restriction (CR) and alternate-day fasting (ADF) reduce cancer risk and reduce cell
proliferation rates. Whether modified ADF regimens (i.e., allowing a portion of energy needs to be
consumed on the fast day) work, as well as true ADF or CR to reduce global cell proliferation rates,
remains unresolved. Here, we measured the effects of true ADF, modified ADF, and daily CR on
cell proliferation rates in mice. Thirty female C57BL/6J mice were randomized to one of five
interventions for 4 wk: 1) CR-25% (25% reduction in daily energy intake), 2) ADF-75% (75%
reduction on fast day), 3) ADF-85% (85% reduction on fast day), 4) ADF-100% (100% reduction
on fast day), and 5) control (ad libitum intake). Body weights of the ADF groups did not differ from
controls, whereas the CR-25% group weighed less than all other groups posttreatment. Epidermal
cell proliferation decreased (P<0.01) by 29, 20, and 31% in the CR-25%, ADF-85% and ADF-100%
groups, respectively, relative to controls. Proliferation rates of splenic T cells were reduced (P<0.01)
by 37, 32, and 31% in the CR-25%, ADF-85%, and ADF-100% groups, respectively, and mammary
epithelial cell proliferation was 70, 65, and 62% lower (P<0.01), compared with controls. Insulin-
like growth factor-1 levels were reduced (P<0.05) in the CR-25% and ADF-100% groups only. In
summary, modified ADF, allowing the consumption of 15% of energy needs on the restricted intake
day, decreases global cell proliferation similarly as true ADF and daily CR without reducing body
weight—Varady, K. A., Roohk, D. J., McEvay-Hein, B. K., Gaylinn, B. D., Thorner, M. O.,
Hellersteinm M. K. Modified alternate-day fasting regimens reduce cell proliferation rates to a similar
extent as daily calorie restriction in mice. FASEB J. 22, 2090-2096 (2008)
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Calorie restriction (CR), typically involving a 15— 40% reduction in daily energy intake, has
been shown to extend life span and prevent cancer (1). CR reduces experimentally induced
tumors of skin (2) and mammary tissue (2) and also decreases tumor burden, while prolonging
tumor latency in genetically altered mice (3). Epidemiological trials in humans demonstrate
an association between limited calorie intake and reduced incidence of breast and colon cancer
(1,4). The antiproliferative effects of CR may account for a considerable portion of the life
span extension in mice (1). However, the antiproliferative mechanisms of CR are not known
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with certainty. Reduced oxidative damage to DNA or other effects on the initiation phase of
carcinogenesis (mutagenesis) may be involved. Perhaps the most well-established mechanism
is on the promotional phase of carcinogenesis (mitogenesis; ref. 5). CR reduces proliferation
rates of several tissues, including breast, colon, prostate, lymphocytes, and liver (1), while
reducing levels of various growth factors (3). Since mitogenesis promotes cancer in a several
ways (5), global reduction in cell proliferation may represent a central element in the
anticarcinogenic actions of CR.

Alternate-day fasting (ADF) is another form of dietary restriction. ADF has also been shown
to reduce cell proliferation rates (6,7), inhibit hepatic preneo-plastic lesion development (8),
and increase survival rates after tumor inoculation in rodents (9). ADF regimens generally
comprise 24 h periods of fasting (fast day) alternating with 24 h periods of ad libitum feeding
(feed day). In a recent study, we (6) reported that mice undergoing 4 wk of ADF experienced
significant decreases in prostate and splenic T-cell proliferation. Similarly, Hsieh et al. (7)
showed that intermittent feeding in mice, with only a 5% reduction in total calorie intake,
reduced proliferation rates of several cell types, including mammary epithelial cells, epidermal
cells, and T cells.

An important unresolved question in the ADF field is whether 100% reduction in food intake
is required on the fast day (i.e., true ADF) or whether modified fasts that allow a portion of
energy needs to be consumed on the fast day can maintain benefits. We showed recently that
a 25% reduction in energy intake on the fast day had no effect on cell proliferation (6), whereas
a50% reduction had only a minimal effect on proliferation rates (6), although the latter regimen
altered adipose lipid metabolism (10). We concluded that >50% caloric reduction was required
on the fast day to reduce cell proliferation. The precise dose was not established, however, and
a fundamental question was not answered, namely, whether net negative energy balance
(e.g., weight loss and altered body composition) was required for the benefits of dietary
restriction regimens to occur.

A related issue is the effect of dietary restriction regimens on circulating growth factors.
Insulin-like growth factor-1 (IGF-1) plays a role in tumor growth by stimulating cell
proliferation and inhibiting apoptosis (5). Circulating concentrations of IGF-1 are mainly
determined by hepatic synthesis, which is regulated by growth hormone (GH) and nutritional
status (5). Insulin-like growth factor binding protein-3 (IGFBP-3) regulates IGF-1 availability
in the circulation (5). Ghrelin, a peptide produced in the stomach, is the endogenous ligand for
the GH secretagogue receptor (GHSR) and is a potent stimulator of GH secretion (11). CR
regimens reduce IGF-1 levels and stimulate ghrelin release (12,13), but the effects of ADF
regimens have not been established.

Accordingly, the objective of the present study was to compare the effects of true ADF,
modified ADF, and daily CR regimens on cell proliferation rates and on the relation between
proliferation rates and plasma IGF-1, IGFBP-3, and ghrelin concentrations. Because our
previous data (6) showed no effect on cell proliferation with 25% and a hint of an effect with
50% restriction during the modified fast day, we tested modified ADF regimes that restricted
intake by >50% on the fast day.

Materials and Methods

Mice and diets

Seven-week-old C57BL/6J female mice were obtained from Charles River Breeding

Laboratories (Wilmington, MA, USA), housed individually, and maintained under temperature
and light controlled conditions (12 h light/dark cycle: lights on at 7 AM and off at 7 PM) for
1 wk. During this acclimation period, mice were given free access to water and a semipurified

FASEB J. Author manuscript; available in PMC 2010 November 8.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Varady et al.

Page 3

AIN-93M diet (Bio-Serv, Frenchtown, NJ, USA), and the daily amount of food consumed by
each mouse was recorded.

At 8wk of age, mice were randomly assigned to one of five intervention groups (n=6 per group)
for 4 wk. Mice in the first intervention group (CR-25%) were food restricted daily by 25% of
their baseline dietary needs. Mice in the second group (ADF-75%) were fed the semipurified
AIN-93M diet ad libitum on the feed day and a 75% calorie-restricted diet on alternate days.

Mice in the third group (ADF-85%) were fed the AIN-93M diet ad libitum on the feed day and
an 85% calorie-restricted diet on the fast day. Mice in the fourth group (ADF-100%) were fed
the AIN-93M diet ad libitum on the feed day and underwent a complete fast on alternate days.
Mice in the fifth group served as controls and were fed the AIN-93M diet ad libitum each day.
The degree of caloric reduction was calculated based on mean daily food consumption during
the acclimation period for each mouse. Food was provided or taken away at 13 h each day and
was weighed daily. Body weight was assessed weekly on the same day and time. Mice were

sacrificed at 12 wk of age by cardiac puncture under isoflurane anesthesia, followed by cervical
dislocation. All procedures and protocols received approval from the University of California
Berkeley Animal Use Committee.

Blood collection and 2H,0 labeling protocol

Eight-hour fasting blood samples were collected on the last day of the trial (day 28), the morning
after a feed day. Mice were given heavy water (2H,0) as described elsewhere (7,14), starting
at the beginning of wk 3 (day 14) and continuing through the last 2 wk of the study (days
14-28). An intraperitoneal injection of isotonic 100% 2H,0 (0.18 ml/10 g body weight) was
administered on day 14 of the study to bring the 2H,0O content of body water up to ~5%.
Animals then received drinking water containing 8% 2H,0 ad libitum from days 14-28.

Epidermal cell isolation

Immediately after sacrifice, dorsal hair was removed by application of a hair removal lotion
(Nair; Carter Products, New York, NY, USA). The lotion was then cleaned off using an alcohol
swab, and a piece of the dorsal skin without hair was dissected (3 cm?2). The skin was rinsed
with phosphate buffer solution (PBS; Gibco, Grand Island, NY, USA), cut into three small
pieces, immersed in dispase 1l (Roche, Indianapolis, IN, USA), and incubated for 3.5 h at 37°
C on a shaker. The epidermis was then separated from the dermis, as described previously
(15).

Splenic T-cell isolation

After sacrifice, the spleen was removed, minced, and filtered through a 30 um nylon mesh. T
cells were then isolated from the spleen using anti-CD90 microbeads via a magnetic column
method (Miltenyi Biotec, Auburn, CA, USA).

Mammary epithelial cell isolation

Mammary fat pads were dissected, minced, and treated with collagenase (Worthington
Biochemical, Lakewood, NJ, USA), as described previously (16). Mammary epithelial cells
were then isolated by a magnetic column method, using goat anti-mouse 1gG microbeads
(Miltenyi Biotec, Auburn, CA, USA), as described elsewhere (5).

Bone marrow cell isolation

Bone marrow cells were collected from the femur. As described previously (17), marrow cells
were flushed out using a needle and syringe containing PBS (Gibco).
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Measurement of deuterium label enrichment in DNA

DNA was isolated from T cell and epidermal, mammary epithelial, and bone marrow cells
using Qiagen kits (Qiagen, Valencia, CA, USA) and then was hydrolyzed to
deoxyribonucleosides, as described elsewhere (18). Briefly, DNA was incubated overnight at
37°C with DNase, nuclease P1, snake venom phosphodiesterase, and alkaline phosphatase
(Sigma, St. Louis, MO, USA). The deoxyribose (dR) moiety of the released free
deoxyribonucleosides was then derivatized to pentane tetra-acetate (18). Positive chemical
ionization gas chromatography-mass spectrometry was used to analyze the pentane tetra-
acetate with a model 5973 mass spectrometer and a model 6890 gas chromatograph (Agilent,
Palo Alto, CA, USA). Selected ion monitoring was performed on mass-to-charge ratios (m/z)
of 245 and 246, representing the Mg and M, ions, respectively. Excess fractional M.
enrichment (EM,) of dR was calculated as:

_ (abundance m/2246) sample (abundance m/z246) standard
- (abundance m/z245+246) sample ~ (abundance m/2245+246) standard

1

where sample and standard represent the analyzed sample and unenriched standards,
respectively. Unlabeled standards of natural abundance pentane tetra-acetate were analyzed
concurrently with samples. Matching the abundance of samples to standards and other
corrections have been described in detail elsewhere (18). Fractional replacement (f) of cells
was calculated as described previously (14,19) by comparison to cells from the same animal
that were nearly fully turned over after 2 wk of labeling with 2H,0, i.e., bone marrow cells:

(EM; )sample

— x 100
(EMI )bone marrow

f(%)=

Circulating hormone level determinations

Plasma IGF-1 and IGFBP-3 concentrations were determined using an enzyme-linked
immunosorbent assay (ELISA) kit (Linco Research, St. Charles, MO, USA, and R&D Systems,
Minneapolis, MN, USA, respectively). Ghrelin levels were measured by sandwich ELISA, as
described previously (20).

Estrus cycle status

The presence or absence of estrus cycle was determined for all animals via vaginal smear and
analysis of cell morphology. Vaginal smears were taken during the last 8 consecutive days of
the study, and samples were fixed and stained on slides with Giemsa blood stain (Medical
Chemical Corp., Los Angeles, CA, USA), as described previously (21).

Statistical analysis

Differences between groups during the acclimation period and at each week during the study
were analyzed by a one-way ANOVA. When significant differences were noted between
groups, a Tukey's post hoc test was performed to determine significant differences between
group means. Changes within an intervention group throughout the study were measured using
repeated-measures ANOVA. Correlation analyses were also performed to evaluate the
relationship between cell proliferation rates and hormone levels. A value of P < 0.05 was used
as the criterion for statistical significance in all analyses. Data were analyzed by SPSS software
(version 11 for Mac OS X, SPSS Inc., Chicago, IL, USA).
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Mean body weight in each intervention group throughout the 4 wk study is displayed in Fig.
1. There were no differences in body weight between groups during the first week of the study.
However, by wk 2, the CR-25% group weighed less (P<0.05) than the ADF and control groups,
and this lower body weight persisted through the end of the study. Body weights of the ADF
groups did not differ significantly from that of controls. The ADF-75%, ADF-85%,
ADF-100%, and control groups all gained (P<0.05) weight from the beginning to the end of
the study, whereas the CR-25% lost (P<0.05) weight.

The daily amount of food consumed by each mouse was similar during the acclimation phase
(Fig. 2). During wk 1 and 2, mean daily food intake of the CR-25%, ADF-75%, ADF-85%,
and ADF-100% groups was less (P<0.0001) than that of controls. However, by wk 3, only the
CR-25% group was eating less (P<0.01) than the control group. During the last week of the
study (wk 4), all the intervention groups consumed less (P<0.0001) food than controls.

Hyperphagic response to food restriction

A hyperphagic response on the feed day to food restriction on the fast day (P<0.05) shows
significant differences between controls vs. ADF-75%, ADF-85%, and ADF-100% groups,
during wk 1-4 (Fig. 3). In general, the ADF-75% and ADF-85% groups consumed ~60 and
~70% more (P<0.05) food on feed days, respectively, than controls, whereas the ADF-100%
group ate ~85% more (P<0.05) food on feed days than controls.

In vivo proliferation of epidermal cells, splenic T cells, and mammary epithelial cells

Cell proliferation rates of various tissues after 4 wk of CR or ADF are shown in Fig. 4. At the
end of the study, epidermal cell (keratinocyte) proliferation rates decreased (P<0.01) by 29,
20, and 31% in the CR-25%, ADF-85% and ADF-100% groups, respectively, relative to
controls. Splenic T-cell proliferation was also reduced (P<0.01) by 37, 32, and 31% in the
CR-25%, ADF-85%, and ADF-100% groups, respectively, when compared with controls.
Mammary epithelial cell proliferation rates were 70, 65, and 62% lower (P<0.01) in the
CR-25%, ADF-85%, and ADF-100% groups, respectively, relative to controls. In contrast, no
significant effects of ADF-75% on cell proliferation rates were observed for any cell type.
Thus, restricting food by 85% on the calorie-restricted day (modified ADF), but not 75% on
the calorie-restricted day, resulted in comparable reductions in proliferation rates as restricting
food completely on the fast day (true ADF). Moreover, the effects of modified as well as true
ADF on cell proliferation rates were comparable to that of daily CR for all tissue types.

Plasma IGF-1 and IGFBP-3 concentrations

The effects of 4 wk of treatment on circulating hormonal mediators of cell proliferation are
displayed in Table 1. Circulating IGF-1 levels were lower (P<0.05) in the CR-25% (197+18
ng/ml, 45% lower than controls) and ADF-100% (190+19 ng/ml, 47% lower than controls)
groups, relative to the control group (359452 ng/ml), but were not significantly altered by any
of the modified ADF regimens. Circulating IGF-1 concentrations were positively correlated
with in vivo proliferation rates of epidermal cells (r=0.39; P=0.03) and mammary epithelial
cells (r=0.63; P=0.001). Circulating IGFBP-3 levels were not affected by any intervention. No
associations between posttreatment IGF-1 and IGFBP-3 concentrations were observed.
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Plasma ghrelin concentrations

Ghrelin is an endogenous ligand of the GHSR and thus acts to stimulate GH secretion. Ghrelin
exists in two major forms: n-octanoyl-modified ghrelin (oct ghrelin), which possesses an n-
octanoyl modification on serine-3; and des-acyl ghrelin (des ghrelin). The form of ghrelin
active at the GHSR (oct ghrelin) was significantly increased (P<0.05) in the ADF-100% group
(292+64 pg/ml) relative to controls (155+27pg/ml), although there were no significant
differences among any other groups (Table 1). Des and total ghrelin were not affected by any
treatment.

Estrus cycle

On the basis of morphological analysis of vaginal cytology, CR mice were anestrus (not

cycling), whereas the ADF-75%, ADF-85%, ADF-100%, and control mice were actively
cycling (i.e., there was no effect on the 4 day cycling period). The decrease in mammary
epithelial cell proliferation in the CR group but not the ADF groups might, therefore, be

influenced by a reduction in reproductive hormone levels (22).

Discussion

The question addressed in this study was whether modified ADF regimens, which allow some
caloric intake on the restricted day, can reproduce global reductions in cell proliferation rates
observed with true ADF and classic CR regimens. Our results document, for the first time, that
a modified ADF regimen, which allowed for the consumption of 15% of energy needs on the
fast day, produced essentially identical reductions in cell proliferation rates as true ADF.
Moreover, both true ADF and modified ADF regimens produced similar reductions as classic
25% CR for all cell types monitored (epidermal cells, splenic T cells, and mammary epithelial
cells). Interestingly, the modified ADF regimen, which allowed for consumption of 25% of
energy needs on the calorie-restricted day, did not result in such beneficial modulations. These
results suggest that a dose-response relationship of a nonlinear type exists between the extent
of calorie intake on the restricted day of an ADF regimen and the signals responsible for
reducing global cell proliferation and that this dose-response relationship may have a thresh-
hold character.

We investigated some of the circulating factors that might act as signals to reduce cell
proliferation. ADF-100% and CR-25%, but not modified ADF regimens, reduced circulating
IGF-1 levels, consistent with the proposed role of IGF-1 in the hypoproliferative response
induced by CR (23). The observation that equivalent reductions in cell proliferation were
observed in the ADF-85% regimen without any reduction in IGF-1 levels, however, calls into
question the uniqueness of IGF-1 in this regard. It is important to note that these
antiproliferative effects in both the true (ADF-100%) and modified ADF (ADF-85%) groups
occurred here in the absence of weight loss, suggesting that these outcomes occurred as a result
of an energy intake pattern rather than a net negative energy balance. We have previously
reported (6) that ADF-100% regimens result in weight loss, due to an inability of the
hyperphagic response to compensate fully for the complete absence of caloric intake on the
fast day. It has not previously been shown, however, that any regimen that allows energy intake
on the restricted day and no change in body weight could reproduce the effects of CR or true
ADF.

Cell proliferation plays a central role in the promotional phase of carcinogenesis (5). We
demonstrate here that modified ADF regimens work just as well as daily CR to reduce cell
proliferation rates in a variety of tissue types of both epithelial (mammary and skin) and
mesenchymal (lymphocyte) origin. Although the ability of classic CR to reduce cell turnover
is well documented (24-28), very few studies (6,7) have examined the effect of true and
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modified ADF regimens on this indicator of cancer risk. In our previous study (6), we showed
that modified ADF regimens that allow consumption of 50 and 75% of baseline energy needs
on the restricted day, alternating with ad libitum feeding on the feed day, had very little effect
on proliferation rates of prostate epithelial or splenic T cells, whereas the group undergoing a
complete 24-h fast (ADF-100%) exhibited markedly reduced proliferation rates (6). This led
us to test the hypothesis that a reduction in caloric intake on the fast day by >50 but <100%
could produce beneficial effects. The results here indicate that 15% of energy needs, but not
25%, can be consumed on the restricted day and achieve similar reductions in cell proliferation
rates as daily CR and true ADF. It will be important to confirm in longer term carcinogenesis
studies that the reductions in global cell proliferation rates shown here result in reduced cancer
rates. If this is confirmed, and data can be extrapolated to ADF in humans, it is possible that
subjects need not undergo a complete 24 h fast but may instead consume a portion of energy
needs on the restricted day and still achieve benefits such as a reduction in cancer risk. If the
results with modified ADF regimens shown here in rodents can be confirmed by studies in
man, the feasibility of ADF strategies would be considerably enhanced, as true ADF regimens
are generally not well tolerated in human subjects (29,30).

These antiproliferative effects occurred in the absence of weight loss in the ADF groups. Based
on the hyperphagic response observed on the ad libitum feeding day, the ADF groups were
able to maintain and gain body weight by compensating on the feed day for the degree of energy
restriction experienced on the fast day. More specifically, the mice in the ADF-75%,
ADF-85%, and ADF-100% groups ate 60, 70, and 85% more food on the feed days,
respectively, than control mice. Reduced activity levels or resting energy expenditure may also
contribute but was not evaluated here. The lack of a requirement for weight loss or changes in
body fat mass with ADF regimens makes this approach to dietary restriction potentially
attractive for normal weight and mildly overweight subjects. Individuals in higher weight
classes might be more appropriate for daily CR, as this diet regimen generally results in weight
loss.

Evidence has linked circulating IGF-1 concentrations to risk for cancer. Prospective studies
(31-33) in humans indicate that individuals with higher plasma IGF-1 concentrations have an
increased risk of colon, lung, breast, and prostate cancer. These findings are supported by
animal data, which indicate that IGF-1 functions as a mitogen and an antiapoptotic survival
factor (34). In the present study, we show that ADF-100% decreases circulating IGF-1
concentrations to an equal extent as daily 25% CR. These reductions in IGF-1 concentrations
showed significant, although modest, correlations with epidermal and mammary epithelial cell
proliferation rates. Similar associations between ADF-induced decreases in IGF-1 levels and
reduced cell turnover rates were observed previously (6). Classic CR has also been shown to
reduce plasma IGF-1 levels while decreasing tumorigenesis (12,13). Interestingly, the
decreases in cell proliferation rates observed in the ADF-85% group were not accompanied by
significant reductions in IGF-1 levels. Accordingly, the relation between circulating IGF-1
concentrations and the anti-proliferative effects of modified ADF regimens remains uncertain.

Plasma levels of ghrelin have been shown to increase in response to fasting (35) and prolonged
CR (36). During periods of starvation, ghrelin is thought to promote the resumption of feeding
by activating hypothalamic neurons (37,38). Ghrelin has also been shown to be a potent
stimulator of GH release (39). These actions are dependent on the octanoyl modification of the
third serine residue of ghrelin, which is the form of ghrelin active at the GHSR (39).
Accordingly, we quantified the circulating levels of oct ghrelin (active ghrelin) as well as
des ghrelin after an 8 h fast in all animals. We found that ADF-100%, but not modified ADF,
increased plasma levels of oct ghrelin, relative to controls. Interestingly, this effect on oct
ghrelin did not occur in the CR group. These preliminary findings suggest that true ADF is a
more potent stimulator of ghrelin release than CR during periods of fasting. It may be
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speculated that the cyclic intake of food in the ADF-100% animals induced patterned release
of ghrelin by the stomach in this group. It will be of interest in future studies to measure diurnal
changes in ghrelin levels after 24 h of feasting alternated with 24 h fasting.

In summary, our data demonstrate that a modified ADF regimen, consisting of ad libitum
feeding on the feed day alternated with the consumption of 15% of energy needs on the calorie-
restricted day, decreases global cell proliferation rates to a similar extent as true ADF and daily
CR. Over the course of the study, body weight within the ADF groups remained stable,
indicating that these antipromotional effects were mediated by signals other than weight
reduction or body fat stores. These effects may be mediated in part by decreases in circulating
levels of IGF-1, although IGF-1 levels were not reduced in the modified ADF group. Since
allowing some food intake on the calorie-restricted day could increase subject compliance and
tolerability of ADF regimens, these findings may have practical implications. Direct
confirmation of these observations in human subjects will be necessary before the implications
for human health or dietary practices can be judged.
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Mean body weight throughout the 4 wk study. Values are means + SE. Mean body weight in
each group was similar during wk 1 of the study. By wk 2, the CR-25% group weighed less

than all other groups, and this lower body weight persisted until the last day of the study. There
were no differences in body weight between the ADF and control groups throughout the 4 wk
study. One-way ANOVA with Tukey's post hoc test was used for all between-group analyses;

*P <0.05.
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Mean daily food intake throughout the 4 wk study. Values are means = SE. Each intervention
group ate less than control during wk 1, 2, and 4. During wk 3, the CR-25% group ate less than
all the other groups. One-way ANOVA with Tukey's post hoc test was used for all between-
group analyses; *P < 0.0001, **P < 0.01.
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Figure 3.

Hyperphagic response on the feed day to food restriction on the restricted (fast) day. Values
are means + SE. Means not sharing a common superscript letter are significantly different
(P<0.05). One-way ANOVA with Tukey's post hoc test was used for all between-group
analyses.
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Figure 4.

Effect of 4 wk of CR or ADF on epidermal cell, splenic T-cell, and mammary epithelial cell
proliferation. Values are means + SE. ADF-85% and ADF-100% produced similar reductions
(P<0.01) in epidermal cell, T cell, and mammary epithelial cell proliferation as CR-25%. One-
way ANOVA with Tukey's post hoc test was used for all between-group analyses; means not
sharing a common letter are significantly different (P<0.05).
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