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Abstract

Disruption of circadian rhythms has detrimental host consequences. Indeed, both clinical and 

foundational science demonstrate a clear relationship between disruption of circadian rhythms 

and cancer initiation and progression. Because timing of food intake can act as a zeitgeber (i.e., 

entrainment signal) for the circadian clock, and most individuals in the developed world have 

access to food at all times of the day in a “24/7” society, we sought to determine the effects of 

timing of food intake on mammary tumor growth. We hypothesized that restricting access to food 

to during the inactive phase would accelerate tumor growth. Adult female Balb/C mice received 

a unilateral orthotopic injection of murine mammary carcinoma 4T1 cells into the ninth inguinal 

mammary gland. Beginning on the day of tumor injection and continuing until the end of the 

experiment, mice were food restricted to their active phase (ZT12 (lights off)- ZT0 (lights on), 

inactive phase (ZT0 - ZT12), or had ad libitum access to food. Mice that were food restricted 

to their inactive phase displayed a significant increase in body mass on days 7 and 14 of tumor 

growth relative to active phase or ad libitum fed mice. Additionally, mice fed during their inactive 

phase demonstrated a 20% reduction in food consumption relative to mice fed during their active 

phase and a 17% reduction in food consumption relative to ab libitum fed mice. Tumor volume 

was not significantly different between groups. However, food restricting mice to their inactive 

phase increased mammary tumor growth efficiency (i.e., mg of tumor mass per gram of food 

intake) relative to mice fed during the active phase and approached significance (p=0.06) relative 

to ad libitum fed mice. To determine a potential explanation for the increased tumor growth 

efficiency, we examined rhythms of activity and body temperature. Mice fed during the inactive 

phase displayed significantly disrupted daily activity and body temperature rhythms relative to 

both other feeding regimens. Together, these data demonstrate that improperly timed food intake 
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can have detrimental consequences on mammary tumor growth likely via disrupted circadian 

rhythms.
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1 Introduction

Circadian rhythms are endogenous, self-generating rhythms that allow for optimal 

synchronization of biological and behavioral processes to the external temporal 

environment. These internal rhythms are set precisely to 24 hours each day via exposure to 

light-dark cues. In mammals, the suprachiasmatic nucleus (SCN) of the hypothalamus is the 

master circadian clock. Light entrains the SCN by activating the intrinsically photosensitive 

melanopsin-containing retinal ganglion cells (ipRGC) in the eye, which signal via the 

retinohypothalamic tract to the SCN (1). In addition, the SCN also receives input from 

rods and cones and indirect input from ipRGCs via the intergeniculate leaflet (2–4). In turn, 

the SCN coveys this timing information via autonomic and humoral pathways to peripheral 

clocks, which maintain synchronization of local biological processes (5–8).

Physiology and behavior are optimally regulated via circadian rhythms; disruptions of 

circadian rhythms have detrimental host consequences. Persistent circadian disruption is 

associated with mental health disorders, metabolic disorders, cardiovascular dysfunction, 

immune dysregulation, reproductive problems, and most notably, cancer (9–11). There is a 

clear relationship between disruption of circadian rhythms and cancer in both clinical and 

foundational science. The WHO classifies night shift work, a form of circadian disruption, 

as a probable carcinogen to humans (12). Indeed, shiftwork is associated with increased 

risk of developing breast, colorectal, prostate, and endometrial cancer (13–18). Furthermore, 

prior night shiftwork is also associated with reduced survival following cancer diagnosis 

(19). Cancer patients frequently demonstrate altered cortisol patterns and rest/activity states, 

which independent of other factors is associated with poorer survival as compared with 

patients with standard circadian patterns (20–22). Additionally, numerous clinical studies 

demonstrate a relationship between core clock genes and multiple cancer types, including 

breast, colorectal, endometrial, lung, prostate, pancreatic, and multiple lymphomas and 

leukemias (9). For example, breast cancer patients frequently display reduced expression 

of the core clock genes, periods and cryptochromes, and increased methylation of gene 

promoters and mutations in Per 1 and Per 2 within breast tumors relative to surrounding 

normal breast tissue (23–28). A similar relationship between disruption of circadian rhythms 

and oncogenesis have been demonstrated in foundational science. Indeed, exposure to light 

at night, chronic alternating light/dark cycles, sleep deprivation, and chronic jet lag, all 

of which are forms of circadian disruption, increase cancer development and progression 

(29–32). Furthermore, mutations or loss of the core clock genes BMAL1 or Per 2 accelerates 

tumorigenesis in mice (33,34). Taken together, there are substantial data to support a 

relationship between disruption of circadian rhythms and oncogenesis.
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As mentioned, light is a powerful zeitgeber (“time giver”), which is responsible for 

entraining endogenous circadian rhythms to the solar day among humans and other animals. 

However, light is not the only zeitgeber, as rhythms can also be entrained to timing of 

food intake, social interaction, and temperature (35). Indeed, timed feeding can restore 

rhythmicity in activity rhythms and clock gene expression within the SCN in mice housed 

in constant darkness or constant light (36,37). Time-restricted feeding mice can shift clock 

gene expression within the liver and gastrointestinal track independent of the SCN (38,39). 

Similar to disrupted circadian rhythms, improperly timed feeding has detrimental metabolic 

consequences (40,41). Given that timing of food intake can act as a zeitgeber for the 

circadian clock, and most individuals in the developed world have access to food at all times 

of the day in a “24/7” society, we sought to determine the effects on timing of food intake on 

tumor growth. We hypothesized that time-restricted feeding would alter tumor growth and 

predicted that improperly timed feeding (i.e., food restricting mice to their inactive phase) 

would accelerate tumor growth likely via circadian disruption.

2 Materials and Methods

Mice and Experimental Outline

Forty-five adult (>8 weeks) female Balb/C mice were obtained from Charles River 

Laboratories (Wilmington, MA) and acclimated for one week prior to any experimental 

manipulation. Mice were singly housed on a 12:12 LD cycle (lights on at 0500 and off 

at 1700 h) and provided ad libitum access to food (Envigo Teklad #2018) and reverse 

osmosis purified water. Following the acclimation period, a subset of mice were implanted 

with a wireless telemetry device (G2 E-Mitter; Star Life Science, Oakmont, PA) to assess 

activity and body temperature rhythms throughout the experiment. Assessment of activity 

and body temperature rhythms commenced three days after E-mitter implantation. Prior to 

the initiation of E-mitter recordings, five mice displayed an adverse reaction to the E-mitters 

and were subsequently euthanized. One week after E-mitter implantation all mice were 

randomly assigned to experimental groups based on feeding schedule (see below), and 

received a 100 μl orthotopic injection of murine mammary carcinoma 4T1 cells (1 × 105 

per injection; Barbara Ann Karmanos Cancer Institute, Detroit, MI) into the ninth inguinal 

mammary gland (42,43). Prior to injections cells underwent mycoplasma testing using the 

PlasmoTest kit (InvivoGen, San Diego, CA) and were verified to be free of any mycoplasma 

contamination. Beginning on the day of tumor injection (Day 0) and continuing until the end 

of the experiment (Day 23), mice were food restricted to their active phase (ZT12 (lights 

off)- ZT0 (lights on); n=13), inactive phase (ZT0 (lights on)- ZT12 (lights off); n=14), or ad 
libitum (n=13). To prevent food hoarding, mice underwent twice daily cage changes at 05:00 

h (ZT0) and 17:00 h (ZT12). Body mass and tumor measurements were obtained weekly. 

As tumors became palpable, tumor volumes were obtained using sliding calipers. Tumor 

volume was calculated using the following formula: tumor volume = (length × width2)/2 

(44). To determine food intake, food mass was obtained at 0500 h (ZT0) and 1700 h 

(ZT12) and this amount was subtracted from the previous day’s value. Food measurements 

continued until day 22 of the study. Tumors developed for 23 days from injection until 

euthanasia. At euthanasia, a submandibular blood sample was collected and tumors were 

extracted, measured, and weighed. All experiments were performed in accordance with NIH 
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Animal Welfare guidelines and were approved by the West Virginia University Institutional 

Animal Care and Use Committee.

Telemetry Implantation

Telemetry implantation followed a previously described protocol (45). Mice were deeply 

anesthetized and a small incision (~8 mm) was made in the abdominal flank and peritoneum 

to allow for insertion of the E-Mitter into the abdominal cavity (G2 E-Mitter; Star 

Life Science, Oakmont, PA). The peritoneum and skin were sutured to ensure E-mitter 

containment within the abdominal cavity. After surgery mice were allowed one week to 

recover before initiation of appropriately timed food restriction and tumor injections. To 

assess body temperature and activity counts, mouse cages were placed on top of receiver 

boards (ER-4000) on static racks. Receiver boards relayed the data to a computer running 

VitalView Telemetry Software version 5.1 (Star Life Science, Oakmont, PA). Recording 

began at ZT4 on day −4 and concluded at ZT0 on day 23 of the experiment. Activity 

and body temperature measurements were taken every minute. However, for ease of data 

visualization, measurements were binned to 2 hour periods (45,46).

Statistical Analysis

Outliers were detected using the Grubb’s test and removed prior to any other statistical 

analysis (42,48). At most one data point per group was identified with this test as an outlier. 

Body mass was analyzed using a two-way repeated measures ANOVA. Tumor volumes 

and daily food intake were analyzed using a mixed effect analysis. Post-hoc analyses were 

performed within days using Fisher’s LSD test. Total food consumption and tumor growth 

efficiency were analyzed via a one-way ANOVA. Post-hoc analyses were performed using 

Fisher’s LSD test. All activity and body temperature data were analyzed using a two-way 

repeated measures ANOVA. Post-hoc analyses were performed within days using Fisher’s 

LSD test. P < 0.05 was considered statistically significant for all data. All statistical analyses 

were performed using GraphPad Prism 9.0 software.

3 Results

Time-Restricted Feeding Alters Body Mass without Altering Tumor Volume

We previously reported that mistimed eating (i.e. eating during the inactive phase) increased 

body mass (49); thus, we first sought to assess whether time-restricted feeding altered 

body mass throughout the experiment. Indeed, there was a main effect of timing of 

food administration on the percentage of body mass increase throughout the study (Fig. 

1A; F2,37=4.23; p<0.05). Mice that were food restricted to their inactive phase gained 

significantly more mass on days 7 and 14 relative to ad libitum or active phase fed mice 

(p<0.001 for all comparisons). However, during the third week of tumor growth, inactive 

phase fed mice lost weight resulting in no differences in the percentage change in body mass 

on day 23 (p>0.05). To determine whether time-restricted feeding altered tumor growth, 

tumor volume measurements were taken once a week using sliding calipers. Time-restricted 

feeding did not alter tumor volume (Fig 1B; F2,37=0.05; p>0.05) or tumor mass (Fig 1C; 

F2,36=0.07; p>0.05).
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Time-Restricted Feeding Alters Food Consumption and Tumor Growth Efficiency

Because of the reported beneficial effects of caloric restriction on slowing tumor growth 

(50–52), it was important to assess daily food intake in all groups. Notably, there was a main 

effect of timing of food administration on daily food consumption (Fig. 2A; F2,37=31.17; 

p<0.0001). Food restricting mice to their inactive phase significantly reduced food intake 

on days 0–2, 6–7, and 11–21 relative to ad libitum or active phase fed mice (p<0.05 for 

all comparisons). However, mice that were food restricted to their inactive phase consumed 

significantly more food on days 8 and 9 relative to active phase fed mice and day 9 relative 

to ad libitum fed mice (p<0.05). Food consumption differed only on day 12 when comparing 

food intake between ad libitum and mice fed during their active phase. The significant 

reduction in food intake, primarily days 11–21, likely explains the sudden loss in body 

mass increase in week three of tumor growth for inactive phase fed mice. Indeed, when 

examining total food intake throughout the experiment, mice food restricted to their inactive 

phase consumed significantly less food relative to all other groups (Fig. 2B; F2,36=29.40; 

p<0.0001). Specifically, inactive phase fed mice demonstrated a 20% reduction in food 

consumption relative to active phase fed mice and a 17% reduction in food consumption 

relative to ab lib fed mice (p<0.0001 for all comparisons). Initially, these data seemed 

at odds with previous data examining tumor volume, as caloric restriction from 12–20% 

has demonstrated antioncogenic effects (51,53,54). Therefore, we sought to examine tumor 

growth efficiency in each group (i.e., mg of tumor mass per gram of food intake). There 

was a main effect of timing of food administration on tumor growth efficiency (Fig. 2C; 

F2,33=4.46; p<0.05). Food restricting mice to their inactive phase significantly increased 

tumor growth efficiency relative to active (p<0.05) and approached statistical significance 

relative to ad libitum (p=0.06) fed mice.

Time-Restricted Feeding Disrupts Activity and Body Temperature Rhythms

Next, we sought to determine a potential cause for the increased tumor growth efficiency 

demonstrated in inactive phase fed mice. Given the previously described relationship among 

circadian rhythms, clock genes, and oncogenesis, we examined rhythms of activity and 

body temperature. Baseline (i.e., day −4 to −1 prior to tumor injection) activity rhythms 

and body temperature rhythms remained relatively unchanged among groups (Fig. 3A 

and B; F2,16=0.04 and F2,15=0.83; p>0.05). There was a significant interaction in both 

initial activity rhythms (i.e., day 1 to 3 after to tumor injection) (Fig. 3C; F70,525=3.44; 

p<0.05) and body temperature rhythms (Fig. 3D; F70,490=9.91; p<0.05) and a main effect of 

timing of food administration on body temperature rhythms (Fig. 3D; F2,14=3.91; p<0.05). 

Specifically, food restricting mice to their inactive phase increased their activity, particularly 

at activity onset, relative to ad libitum (day 1 ZT12-16, day 3 ZT10 and ZT14) and active 

phase (day 1 ZT10-16, day 2 ZT 14, and day 3 ZT8 and ZT14) fed mice (p<0.05 for 

all comparisons). A significant reduction in activity was demonstrated in inactive phase 

fed mice relative to the active phase at day 1 ZT10, day 2 ZT2 and ZT20, and day 3 

ZT20 (p<0.05 for all comparisons). Additionally, food restricting mice to their inactive 

phase reduced their initial body temperature, particularly during the end of the active phase, 

relative to ad libitum and active phase fed mice (day 1 ZT18-22, day 2 ZT 18–20, and 

day 3 ZT18-22; p<0.05 for all comparisons). Examining activity rhythms on days 20–22 

after tumor injection demonstrated a clear disruption of activity rhythms in mice fed during 
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their inactive phase (Fig. 4). There was an interaction (Fig. 4A; F70,490=8.50; p<0.0001) 

and main effect of timing of food administration on activity rhythms during days 20–22 

(Fig. 4A; F2,14=2.62; p<0.0001). Inactive phase fed mice demonstrated a significant increase 

in activity immediately prior to lights off, and a significant reduction in activity during 

the latter half of the dark phase relative to active phase and ad libitum fed mice (p<0.05 

for all comparisons). Examining body temperature rhythms on days 20–22 demonstrated 

a similar disruption in mice fed during their inactive phase (Fig. 5). Inactive phase fed 

mice demonstrated a significant increase in body temperature rhythms immediately prior to 

lights off, and a significant reduction during most of the dark phase relative to both groups 

(p<0.05 for all comparisons). Notably, coupling activity and body temperature rhythms on 

days 20–22 likely demonstrated a food restricted-induced hypothermia phenomenon during 

the majority of the dark phase in mice that were food restricted to their inactive phase. This 

phenomenon, which has been demonstrated in numerous mammalian species (70), explains 

the increase in body temperature range reported in mice that were restricted to eating during 

the inactive phase (Fig. 5B; p<0.05).

4 Discussion

Light is a powerful zeitgeber that is responsible for entraining endogenous circadian rhythms 

to the solar day. However, light is not the only zeitgeber, as rhythms can also be entrained 

to timing of food intake. Because (1) timing of food intake can act as a zeitgeber for the 

circadian clock, (2) there is a clear relationship between disruption of circadian rhythms 

and cancer in both clinical and foundational science, (3) most individuals in the developed 

world have access to food at all times of the day in a “24/7” society, we sought to determine 

the effects on improperly timed food intake on tumor growth. We first assessed the effects 

of time-restricted feeding on body mass. Similar to previously reported detrimental effects 

of mistimed eating (i.e., eating during the inactive phase) on body mass (49,56), food 

restricting mice to their inactive phase increased body mass during early (day 7) and 

middle tumor development (day 14) relative to other groups (Fig. 1A). However, because 

of a sudden loss in body mass increase in inactive phase fed mice during week three of 

tumor growth, body mass was not significantly different among groups during late tumor 

development (day 23). This is likely due to a significant reduction in food intake, primarily 

on days 11–21 (Fig. 2A). Furthermore, when examining total food intake throughout the 

experiment, mice restricted to eating during their inactive phase consumed significantly 

less food relative to all other groups. Indeed, inactive phase fed mice demonstrated a 20% 

reduction in food consumption relative to mice fed during the active phase and a 17% 

reduction in food consumption relative to ab lib fed mice (Fig. 2B). Studies examining 

food intake in daytime fed mice relative to night-time or ad libitum fed mice report 

conflicting results. In C57BL/6J mice, short term (i.e., one week) feeding at the ‘wrong’ 

time of day (ZT2-10) induced hyperphagia and body mass gain (56). Whereas, other studies 

have reported no change in food intake or a transient reduction in food intake when food 

availability is restricted to 4 hours during the day (57,58). The present study restricted food 

intake to 12 hours to try to prevent a reduction in food intake due to a shortened time 

of food availability. However, this strategy was not successful in preventing reduced food 

intake. This could reflect a strain specific effect, as previous studies have demonstrated that 
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C3H mice do not adjust to food restricting 4 hours during the day resulting in reduced 

food intake, reduced body mass, and increased mortality (58). In contrast, C57BL/6 mice 

display a transient reduction in food intake when food is only presented during the light 

phase, but quickly normalize (~ 8 days) to ad libitum levels (57,58). Additionally, this may 

reflect an interaction between timing of food intake and presence of a mammary tumor, as 

previous studies examining the effects of meal timing on osteosarcoma progression in mice 

demonstrate an ~20% reduction in body mass in daytime fed mice. Although the authors did 

not measure food intake throughout the entirety of the study, they do suggest that this effect 

is likely due to pronounced underfeeding (59).

In the present study, timed feeding did not alter mammary tumor volume (Fig.1B) or 

mammary tumor mass (Fig. 1C). However, there was a main effect of timing of food 

administration on mammary tumor growth efficiency (Fig. 2C). Specifically, food restricting 

mice to their inactive phase significantly increased tumor growth efficiency relative to mice 

fed during their active phase (p<0.05) and approached significance relative to ad libitum 
fed mice (p=0.06; Fig. 2C). In contrast, previous studies have reported beneficial effects of 

time-restricted feeding on tumor growth (59,60). Specifically, restricting food intake to the 

daytime results in reduced tumor growth relative to ad libitum fed mice, in both a Glasgow 

osteosarcoma and pancreatic adenocarcinoma mouse model (59,60); the authors concluded 

that meal timing during the day reduced tumor progression due to internal desynchronization 

between the SCN and peripheral clocks (59) and/or altered tumor circadian clocks (60). 

The differences in the effect of meal timing on tumor growth between the present 

study and previous studies could reflect differences in mouse tumor models (mammary 

adenocarcinoma versus a Glasgow osteosarcoma and pancreatic adenocarcinoma), timing of 

food restriction (12 vs 4 hours), or differences between mouse strains (Balb/c vs B6D2F). 

Previous studies examining the effects of meal timing on tumor progression (Glasgow 

osteosarcoma or pancreatic adenocarcinoma) did not assess food intake throughout the 

entirety of the study (59,60). Thus, it is possible that the reported beneficial effects of 

restricting food intake to a 4 hour period during the daytime were a consequence of reduced 

food intake (i.e., caloric restriction) and not internal desynchronization and/or altered tumor 

clocks. Indeed, osteosarcoma bearing mice demonstrated an ~20% reduction in body mass 

in mice fed during the daytime relative to ad libitum fed mice (59). It is clear that caloric 

restriction alone has beneficial effects in slowing tumor growth in rodents (50,51,53,54,61). 

Caloric restriction, even only 12–20%, has demonstrated antioncogenic effects in rodent 

models of mammary carcinogenesis (51,53,54,61). In the present study, mice fed during the 

inactive phase demonstrated a 17–20% reduction food intake with no reduction in mammary 

tumor volume or mass, due to the increased tumor growth efficiency.

The increased mammary tumor growth efficiency demonstrated in mice fed during their 

inactive phase is likely due to circadian disruption. Indeed, late in tumor development (days 

20–22), inactive phase fed mice displayed significantly disrupted daily activity and body 

temperature rhythms (Fig. 4 and 5). Specifically, inactive phase fed mice demonstrated a 

significant increase in activity and body temperature immediately prior to lights off, and a 

significant reduction in activity and body temperature during the latter half of the dark phase 

relative to active phase and ad libitum fed mice. Additionally, mice food restricted to the 

inactive phase displayed an increase in their range of body temperature (Fig. 5B). This was 

Walker et al. Page 7

Chronobiol Int. Author manuscript; available in PMC 2023 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



due to a decrease in body temperature during the latter half of the dark phase (ZT18-22) and 

may be related to the reduction in mean food intake by this group; a similar temperature 

phenomenon, termed starvation-induced hypothermia, has been described in numerous 

mammalian species (70). A similar drop in body temperature also was demonstrated in 

a mouse model of pancreatic adenocarcinoma by time restricting feeding to 4 hrs during 

the inactive phase (60). The authors hypothesize that time restricted feeding during the 

inactive phase had beneficial effects on tumor growth via increased amplitude of the 

circadian rhythm in core body temperature acting as an entrainment signal of cell cycle 

and metabolism genes within the tumor. However, the drop in body temperature was not 

specifically addressed. In our view, the sudden drop in body temperature demonstrated in 

the current study and previous studies (60) likely represents reduced metabolic activity 

and energy conservation due to caloric restriction. Data from mice food restricted during 

the active phase provide further support for this hypothesis as these mice are not under 

caloric restriction and do not display a significantly reduced body temperature anytime 

throughout the day or night. In line with our perspective, previous studies have demonstrated 

starvation-induced hypothermia in numerous mammalian species (70). Due to the reliance of 

tachymetabolism by homeotherms, a reduction in metabolic rate is followed by reduction of 

body temperature (70).

The detrimental effects of circadian disruption are likely not due to alterations in clock 

gene expression within the tumor, as previous studies have demonstrated that clock gene 

expression within the tumor remains arrhythmic irrespective of meal timing (60). However, 

circadian disruption via improperly timed-feeding likely lead to a desynchronization of 

peripheral clocks and increase of pro-oncogenic hormones within peripheral circulation, 

which may explain the increased tumor growth efficiency in inactive phase fed mice. Indeed, 

food restricting mice to their inactive phase results in an altered acrophase of plasma insulin, 

corticosterone, glucagon-like peptide-1, and glucose-dependent insulinotropic polypeptide 

and increase in plasma concentrations of corticosterone, insulin, leptin, and total cholesterol 

(56,60,62,63). Insulin and leptin can increase breast cancer cell proliferation and function 

as anti-apoptotic survival factors (64). Furthermore, corticosterone can have both direct 

and indirect effects on oncogenesis; corticosterone can act as an anti-apoptotic factor and 

suppress immune function which in turn can lead to increase mammary tumor growth 

(65,66). Time-restricted feeding alone can alter innate immune function. Indeed, food 

restricting mice to their inactive phase results in a reduced immune response in the presence 

of an immune stimulus (67). However, the effects of time-restricted feeding on immune 

function have not been assessed in mammary tumor bearing animals.

Future studies should expand on these data to further elucidate the role of improperly timed 

eating on mammary tumor growth. Specifically, future studies should take care to try to 

equalize caloric intake between groups. This could be accomplished by restricting food 

intake to oral gavage in all groups or including active and ad libitum fed groups under 

20% caloric restriction, which would allow for comparison of groups with similar caloric 

intake. Additionally, to better model western high-fat diets and the ability of high-fat diets 

to increase mammary tumor progression (68,69), subsequent studies should examine the 

dual effects of high-fat diet and time-restricted feeding on mammary tumor growth. Future 

studies should also expand into spontaneous models of oncogenesis, as these models allow 
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for significantly longer tumor development. This would allow determination of the effects 

of improperly timed feeding on spontaneous tumor development as well as long term effects 

of time-restricted feeding on tumor growth. Finally, future studies should examine these 

reported effects in constant darkness, as light exposure may have masked the effects of timed 

feeding. However, due to the continuous development of a mammary tumor without daily 

oversight, this would likely be difficult to receive regulatory approval.

Conclusions

In summary, these data demonstrate increased weight gain in mice that were food restricted 

to their inactive phase during early-middle tumor growth (day 7–14). Food restricting 

mice during the inactive phase did not increase body mass late in mammary tumor 

development (day 23). Notably, even under caloric restriction, mammary tumor volumes 

did not significantly differ between groups. However, food restricting mice to their inactive 

phase resulted in an increase in mammary tumor growth efficiency (i.e., mg of tumor mass 

per gram of food intake) relative to active phase fed mice and approached significance 

(p=0.06) relative to ad libitum mice. This phenomenon is likely due to disrupted circadian 

rhythms in mice fed during the inactive phase. Mice fed during their inactive phase 

demonstrated significantly activity and body temperature rhythms relative to both groups. 

Together, these data provide evidence that improperly timed feeding can have detrimental 

consequences on mammary tumor growth.
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Figure 1. 
Time-Restricted Feeding Alters Body Mass without Altering Tumor Volume. (A) Mice that 

were food restricted to their inactive phase demonstrated a significant increase in body mass 

on day 7 and 14 relative to active phase and ad libitum fed mice. There was no difference 

in body mass among groups on day 23. (B). Tumor volume among groups was unaltered 

throughout the study. (C). Tumor mass among groups did not significantly differ at the time 

of tissue collection. Error bars represent SEM; @ main effect of day, & main effect of timing 

of food intake, $ timing of food intake by day interaction; (A) two-way RM ANOVA (B) 

mixed effect analysis (C) one -way ANOVA; Fisher’s LSD multiple comparisons test. # 

inactive phase vs active phase at p < 0.05. * ad libitum vs inactive phase at p<0.05. n=12–14 

per group.
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Figure 2. 
Time-Restricted Feeding Alters Food Consumption and Tumor Growth Efficiency. (A) Food 

restricting mice to their inactive phase significantly reduced food intake on days 0–2, 6–7, 

and 11–21 relative to ad libitum or active phase fed mice. However, inactive phase fed 

mice consumed more food on days 8–9 relative to active phase fed and day 9 relative ad 
libitum mice. (B) Total food consumption was significantly reduced in inactive phase fed 

mice relative to both groups. (C). Tumor growth efficiency (i.e., mg of tumor mass/g of 

food intake) was significantly increased in inactive phase fed mice relative to active phase 

and approached significance relative to ad libitum fed mice. Error bars represent SEM; @ 

main effect of day, & main effect of timing of food intake, $ timing of food intake by 

day interaction; (A) mixed effect analysis (B-C) one-way ANOVA; Fisher’s LSD multiple 

comparisons test. # inactive phase vs active phase at p < 0.05. * ad libitum vs inactive phase 

at p<0.05. Graph bars that do not share a letter are statistically significant different at p < 

0.05. n=11–14 per group.
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Figure 3. 
Baseline and Initial Activity and Body Temperature Rhythms. Baseline (i.e., day −4 to −1 

prior to tumor injection) (A) activity rhythms and (B) body temperature rhythms remained 

relatively unchanged between groups. Initial (i.e., day 1 to 3 after to tumor injection) activity 

and body Temperature rhythms were significantly altered; (C) inactive phase fed mice 

increased their activity, particularly at activity onset, relative to ad libitum and active phase 

fed mice. A significant reduction in activity was demonstrated in inactive phase fed mice 

relative to the active phase at day 1 ZT10, day 2 ZT2 and ZT20, and day 3 ZT20. (D) Food 

restricting mice to their inactive phase reduced their initial body temperature, particularly 

during the end of the active phase, relative to ad libitum and active phase fed mice. Error 

bars represent SEM; @ main effect of day, & main effect of timing of food intake, $ timing 

of food intake by day interaction; (A-D) two-way RM ANOVA; Fisher’s LSD multiple 

comparisons test. # inactive phase vs active phase at p < 0.05. * ad libitum vs inactive phase 

at p<0.05. ~ ad libitum vs active phase at p<0.05. n=5–7 per group.
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Figure 4. 
Time-Restricted Feeding Disrupts Activity Rhythms. (A) Inactive phase fed mice 

demonstrated a significant increase in activity immediately prior to lights off, and a 

significant reduction in activity during the latter half of the dark phase relative to active 

phase and ad libitum fed mice. Error bars represent SEM; @ main effect of day, & main 

effect of timing of food intake, $ timing of food intake by day interaction; (A) two-way 

RM ANOVA; Fisher’s LSD multiple comparisons test. # inactive phase vs active phase at 

p < 0.05. * ad libitum vs inactive phase at p<0.05. Graph bars that do not share a letter are 

statistically significant different at p < 0.05. n=4–6 per group.
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Figure 5. 
Time-Restricted Feeding Disrupts Body Temperature Rhythms. (A) Inactive phase fed mice 

demonstrated a significant increase in body temperature rhythms immediately prior to lights 

off, and a significant reduction in activity during most of the dark phase relative to both 

groups. (B) Inactive phase fed mice displayed increased body temperature range relative to 

all other groups. Error bars represent SEM; @ main effect of day, & main effect of timing 

of food intake, $ timing of food intake by day interaction; (A) two-way RM ANOVA (B) 

one-way ANOVA; Fisher’s LSD multiple comparisons test. # inactive phase vs active phase 

at p < 0.05. * ad libitum vs inactive phase at p<0.05. ~ ad libitum vs active phase at p<0.05. 

Graph bars that do not share a letter are statistically significant different at p < 0.05. n=5–6 

per group.
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