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ABSTRACT
Background: We previously reported that skipping breakfast is associated with menstrual
disorders of female college students during postadolescent maturation.

Objective: In this study, we investigated the effects of meal timing during circadian cycle on the
ovarian function using young female rats.

Methods: Considering that rats are nocturnally active, 8-wk-old female Wistar rats were classified
into 3 groups: fed during the daytime only (nonactive phase), night-time only (active phase), or
control group I (without time or calorie restriction, free access to a standard caloric diet, 20.0%
protein, 62.9% carbohydrate, and 7.0% fat, 3.95 kcal/g) for 4 wk. The changes in body weight
and frequency of ovulation in each group were evaluated by a weight scale and a vaginal smear,
respectively. At the end of the period of dietary restriction, ovaries were removed, and the
numbers of growing follicles (mean diameter >250 µm) and corpora lutea (>600 µm) were
examined using hematoxylin-eosin-stained tissue sections. In addition, 8-wk-old female rats were
fed only during the night-time for 4 wk under a 20%-reduced food supply of the control group II
(without any restriction).

Results: In the daytime-fed group, the frequency and number of ovulations were significantly
decreased compared with those in the control group I (P < 0.05), with a reduced body weight
gain concomitant with about 20% of reduction in the daily food intake. In contrast, in the
night-time-fed group, even when a 20% reduction in the daily food intake was loaded, their
estrus cyclicity did not change despite significant reductions in weight gain and food intake
compared with control group II.

Conclusion: These findings indicate that restricting food intake to the inactive phase impairs
ovarian function in postadolescent female rats, suggesting that the timing of food intake during
circadian cycle is one of the crucial factors interfering with the reproductive function. Curr Dev
Nutr 2019;3:nzy093.

Introduction

One of the most common nutritional issues among young women is insufficient energy intake
and/or inappropriate food selection due to dietary limitations for cosmetic reasons and so on
(1, 2). Although accumulating data indicate that adequate calorie restriction improves human
health (3, 4), it is also well accepted that excess dieting can induce several menstrual disorders
(5). Furthermore, because meal-skipping rates are high during young adulthood, an increase in
the future risk of chronic diseases caused by these dietary behaviors has become a critical issue
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FIGURE 1 Evaluation of estrus cycle by a vaginal smear method. (A–C) Results in graphic form showing vaginal smear method and the
estrus cycle. In (A), the stage of the estrus cycle was classified into 5 phases: I, proestrus; II, estrus; III, metestrus-1; IV, metestrus-2; V,
diestrus using Giemsa staining. In (B) and (C), the transition from the proestrus phase (I) to estrus phase (II) or metestrus phase (III and IV)
(gray arrows) was considered to be evidence of the occurrence of ovulation during the estrus cycle. In (C), the metestrus phase (III) on day
0 was not counted (white arrowhead), whereas the metestrus phase on day 28 was evaluated as evidence of ovulation (black arrowhead).
Bars show 25 µm. (D) Experimental strategy for Experiment I. (E) Experimental strategy for Experiment II. Night-fed, night-time-fed group;
Day-fed, daytime-fed group; W, weeks.

for young people (6). Over the last few decades, we have reported
that young women who skip breakfast showed a significantly higher
incidence of dysmenorrhea than those who eat breakfast (7). Similar
findings were generated by a longitudinal questionnaire-based inves-
tigation, warning of the harmful effects of skipping breakfast on the
reproductive function of female college students who are undergoing
postadolescent maturation processes (8). Very recently, it was reported
that skipping breakfast was the strongest predictor for moderate/severe
dysmenorrhea among Palestinian female university students (9).

A subsequent study showed a significantly higher incidence of
irregular menstruation in a group that skipped breakfast, suggesting
that skipping breakfast can adversely affect the ovarian function in
youngwomen (10).However, therewas no reduction inBMI, suggesting
that breakfast skipping did not reduce the total supply of energy (7, 11).
From these findings, we speculate that skipping breakfast interferes with
the start of the active phase during circadian rhythms, and hypothesized
that skipping meals at the active phase affects female reproductive
functions.

In this study, to investigate the above hypothesis, we performed
animal experiments using young female rats whose food intake was

restricted during active and nonactive phases, and observed the effects
of the timing of food intake during the circadian cycle on the
reproductive function.

Methods

Animals
Six-week-old female Wistar rats (n = 41) were purchased from Japan
SLC Ltd, and all rats were housed individually in stainless cages
(W150 × L210 × H170 mm) on a normal 12-h light/dark schedule.
The rats were acclimated for 1 wk, during which time they were
fed a commercial laboratory diet (Certified Diet MF, Oriental Yeast
Co. Ltd). During the following week, the rats were fed a standard
caloric diet (AIN93-G, 20.0%protein, 62.9% carbohydrate, and 7.0% fat,
3.95 kcal/g), and the stability of their estrus cycle, which corresponds to
the postadolescent stage, was confirmed as described below. Food and
water were available ad libitum (12).

All experimental procedures and housing conditions were approved
by Nara Women’s University Animal Care Committee, and all animals
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Dietary restriction in circadian cycle 3

FIGURE 2 Morphological evaluation of follicles and corpora lutea of the control ovary. (A) Healthy follicles no less than 250 µm in mean
diameter (red asterisks) and corpora lutea no less than 600 µm in mean diameter (black asterisks). (B) Magnified image of the corpus
luteum (dotted line). Vascular network within the corpus luteum was observed (white arrows). (C) Preovulatory follicle containing an oocyte
and cumulus (black arrowhead). CL, corpus luteum; GC, granulosa cells; Oc, oocyte. Bars: 200 µm.

were treated in accordance with the Institutional Guidelines for
Experiments Using Animals.

Timing and calorie restriction of of food intake
Experiment I.
After the prebreeding period of 2 wk, 8-wk-old female rats were
classified into 3 groups: 1) a control group that was fed without time
restriction (control group I, n = 11, free access to a standard caloric
diet), 2) a daytime-fed group that was fed only during the daytime
(0800–2000, restriction of the timing of food intake during active phase
to standard caloric diet, n= 10), and 3) a night-time-fed group that was
fed only during the night-time (2000–0800, restriction of the timing of
food intake during nonactive phase to standard caloric diet, n = 10)
for 4 wk (Figure 1D). Throughout the experimental period, the body
weight and amount of food ingested by each rat were measured daily
using a scale balance (GF-6100, A&D Company, Ltd).

Experiment II.
To evaluate the possible involvement of calorie reduction in reproduc-
tive dysfunction observed in the daytime-fed group in Experiment 1,
which showed approximately 20% reduction in food intake, we further
loaded a 20%-reduced daily food supply on the night-time-fed group.
As a control, 8-wk-old female rats (n = 5) were fed without time or
calorie restriction for 4 wk (control group II, free access to a standard
caloric diet). On the other hand, as a night-time-fed group, 8-wk-old
female rats (n = 4) were fed only during the night-time (2000–0800)
for 4 wk under a 20%-reduced food supply of the control group II
(Figure 1E). The 20%-reduced feed dosage in the night-time-fed group

was calculated based on the total food intake of the day before in the
control group II.

Evaluation of estrus cycle
The stage of the estrus cycle was evaluated every day by a vaginal
smear method (13). Using Giemsa staining, the stage was classified
into 5 phases: I, proestrus; II, estrus; III, metestrus-1; IV, metestrus-
2; V, diestrus (Figure 1A). The transition from the proestrus phase
(I) or estrus phase (II) to metestrus phase (III and IV) (Figure 1B
and C, arrows) was considered to be evidence of the occurrence of
ovulation during the estrus cycle. In Experiment I, the differences in
the frequency of ovulation between early (9–10-wk-old) and late (11–
12-wk-old) phases were further evaluated.

Evaluation of healthy growing follicles and postovulatory
corpora lutea
After the 4-wk restriction of food intake, the rats were killed under
anesthesia, and the bilateral ovaries were removed and fixed by 10%
formalin. Ovaries were embedded in paraffin in parallel to their long
axis. Four-micrometer-thick tissue slides containing the broadest
ovarian tissue section were prepared from paraffin-embedded ovary
block and stained by hematoxylin-eosin staining. Images were captured
using an Olympus BX50 microscope, a DP72 Olympus digital camera,
and CellSens standard 1.5 software (Olympus). Initial selections of
follicles (mean diameter, >250 µm) and corpora lutea (>600 µm)
were performed based on their sizes using low-magnification digital
photographs and the corresponding scale bars (Figure 2A). Next,
the healthy growing follicles and corpora lutea were independently
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FIGURE 3 Gain in body weight and amount of food intake during
dietary restriction. (A) Daily changes in body weight of the control I,
night-time-fed, and daytime-fed groups during dietary restriction.
The gain in body weight of the daytime-fed group was significantly
reduced compared with the control I and night-time-fed groups.
∗∗P < 0.01; ∗P < 0.05 (control group I compared with daytime-fed
group); #P < 0.05 (control group I compared with night-time-fed
group). (B) Weekly amount of food intake also decreased in the
daytime-fed group. ∗∗P < 0.01; ∗P < 0.05.

evaluated under a microscope by 3 gynecologic endocrinologists (14)
without any information about the origin of each slide (Figure 2B
and C), and then their numbers were finally determined (Figure 2A,
asterisks). If the judgment of health conditions differed, the less
favorable evaluation was selected, as reported previously (15, 16).

Statistical analysis
Differences in the body weight and weight gain among the 3 groups
(Experiment I) were analyzed by ANOVA, followed by a Scheffé test,
and those between 2 groups (Experiment II) were evaluated by the
t-test. The data are shown as the mean ± SD. Differences in numbers
of ovulations, follicles, and corpora lutea were analyzed by the Kruskal–
Wallis andMann–Whitney test. P values less than 0.05 were considered

to be significant. The data are shown as the median and interquartile
range.

Results

Body weight gain
In Experiment I, although the body weight of the rats was gradually
increased during the 4-wk period of food intake restriction in all 3
groups (Figure 3A), the gain of body weight in the daytime-fed group
was significantly lower than in the control I and night-time-fed groups
(Table 1). Consistent with this reduction, the weekly amount of food
intake in the daytime-fed group was significantly lower than those
in the control I and night-time-fed groups (Figure 3B). The mean
food intake in the daytime-fed group was 78.2% of that in the control
group I.

Frequency of ovulation
In Experiment I, the frequency of ovulation during time restriction of
food intake was evaluated by a vaginal smear method. The frequency
of ovulation in the daytime-fed group was significantly lower than
those in the control I and night-time-fed groups (Table 1). When the
restriction period was divided into early and late phases, the frequency
of ovulation in the night-time-fed group was significantly increased
in the second half of the restriction period, whereas no difference
was observed in either the control group I or daytime-fed group
(Table 1).

Evaluation of healthy growing follicles and postovulatory
corpora lutea
In Experiment I, there were no significant differences in the numbers of
healthy follicles of no less than 250 µm in diameter among the 3 groups
(Table 2). When the cytological or layerlike morphology of granulosa
cells and/or oocytes was abnormal, these follicles were omitted from
the group of healthy follicles (17). In contrast, the number of corpora
lutea in the daytime-fed group was significantly lower than the control
I group (Table 2).

Effects of calorie restriction on frequency of ovulation in
the night-time-fed rats
In Experiment II, the gain of body weight in the 20%-reduced night-
time-fed group (25.6 ± 3.24 g) was significantly lower than that in
the control group II (65.2 ± 5.59 g) (Figure 4A). In accordance with
the above results, the weekly amount of food intake in the night-time-
fed group was significantly lower than that in the control group II
(Figure 4B). Themean final food intake in the night-time-fed groupwas

TABLE 1 Effects of time restriction of food intake on body weight gain and frequency of ovulation1

Frequency of ovulation, n
Group Weight gain, g Total Early period Late period

Control I (n=11) 58.2 ± 9.8∗∗ 6 (6–7)∗ 3 (3–3) 3 (3–4)
Night-time-fed (n=10) 56.6 ± 11.6∗,∗∗ 6 (6–6)∗,∗∗ 3 (3–3)∗ 3 (3–4)
Daytime-fed (n= 10) 44.6 ± 10.0∗,∗∗ 5 (5–6)∗,∗∗ 3 (2–3) 3 (2–3)
1The restriction period was divided into early (9–10-wk-old) and late phases (11–12-wk-old). Weight gain and frequency of ovulation are expressed as mean ± SD and
the median and interquartile range, respectively. ∗∗P < 0.01; ∗P < 0.05.
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Dietary restriction in circadian cycle 5

72.4% of that in the control group II. Despite marked reductions in the
calorie intake and subsequent body weight gain, there was no difference
in estrus cyclicity between the 2 groups (Figure 4C, shown as themedian
and interquartile range).

Discussion

In this study, we examined the relation between the timing of food
intake during the circadian cycle and reproductive function during the
estrus cycle by animal experiments. There were no differences in the
frequency of ovulation between the control I and night-time-fed groups
(Table 1), indicating that restriction of the timing of food intake in
the nonactive phase did not affect the estrus cycle. However, when we
limited the timing of food intake to the daytime (restricted food intake
during nonactive phase), the frequency of ovulation in the daytime-fed
group was significantly reduced compared with those in the control I
and night-time-fed groups (Table 1). This study also demonstrated that
the number of corpora lutea, the size of which was over 600 µm, was
significantly decreased in the daytime-fed group among the 3 groups
(Table 2). Because these mature healthy corpora lutea are considered
to be derived from the follicles that were freshly ovulated during the
near estrus cycles, we deduced that the number of ovulating follicles
per cycle had declined in the daytime-fed group. From these findings,
we conclude that the difference in timing of food intake during the
active or nonactive phase is a crucial factor that influences the female
reproductive function.

In Experiment I, the night-time-fed group showed compensation
for the reduction in food intake and thereby normalized the gain in
body weight. Because the amount of food intake in the night-time-fed
group gradually increased during the restricted time (Figure 3B), the
increase in food intake may be one of the main factors that improved
body weight gain. In contrast, there was a significant reduction in the
gain in bodyweight and amount of food intake in the daytime-fed group
(Figure 3). Therefore, it is possible that a reduction in calorie intake
induces reproductive dysfunction in the daytime-fed group. The mean
total reduction in food intake in the daytime-fed group was 21.8%
compared with that of the control group I (Figure 3). Accordingly, to
evaluate the possible involvement of caloric limitation in the reproduc-
tive dysfunction observed in our animal models, we further observed
the effects of equivalent caloric restriction on the frequency of ovulation
using night-time-fed rats under more than 25% caloric reduction.
Notably, no significant change in estrus cyclicity was observed despite
the reduction in the amount of food intake and gain in body weight.
These findings indicate that reproductive dysfunction was mainly

TABLE 2 Effects of time restriction of food intake on numbers
of follicles and corpora lutea1

Group Follicles, n Corpora lutea, n

Control I (n=11) 11 (9–13) 11 (9–12)∗
Night-time-fed (n=10) 11 (10–14) 9.5 (8.5–11.5)∗
Daytime-fed (n=10) 10 (8–12) 8.5 (7–9.5)∗

1Numbers of follicles and corpora lutea were expressed as the median and
interquartile range. ∗P < 0.05.

induced not by an insufficient calorie intake, but by the differences in
the timing of food intake during the daytime or night-time.

In general, either the reduction in numbers of ovulated follicles
or a decreased frequency of ovulation represents a disorder of the
hypothalamic–pituitary–ovarian axis (18, 19). Recently, attention has
focused on the relation between the circadian rhythm and reproductive
function (20). Circadian rhythms are created by a synchronized
transcriptional oscillators ormolecular clocks that are encoded by clock
genes such as brain andmuscle ARNT-like 1 (Bmal1),Clock, Period, and
Cryptochrome (21). The hypothalamic suprachiasmatic nucleus, which
is mainly entrained by light/dark cycles, acts as a master pacemaker
for circadian behavioral rhythms in mammals (22), whereas peripheral
oscillators, which can be affected by daily feeding cycles, are present in
most body cells (23). The deficiency of clock genes inmice was reported
to attenuate reproductive functions such as ovarian steroidogenesis,
estrous cyclicity, and themaintenance of pregnancy (24, 25). Deletion of
the Bmal1 gene showed a reduction in progesterone production, result-
ing in complete implantation failure in female mice (26, 27). This gene
was also reported to regulate the timing of ovulation by controlling the
phasic sensitivity of follicles to gonadotropins (28). On the other hand,
a recent study showed that feeding at an unusual time of day (inactive
phase) desynchronizes peripheral clocks, causing obesity andmetabolic
disorders in adult mice (29). Accordingly, we should consider the
possibility that the differences between daytime-fed and night-time-fed
groups are partially derived from disturbance of the clock gene system.

To support the above speculation, shift-workers were reported to be
at risk of reproductive disorders such as irregular menses, endometrio-
sis, infertility, miscarriage, low birth weight or preterm delivery, and
reduced incidence of breastfeeding (30, 31). It should be noted that food
intake is another important stimulator that can reset the central circa-
dian rhythm in the brain and peripheral clocks in the digestive organs
(23, 32). Actually, shift work is associatedwith increased risks of obesity,
diabetes, and cardiovascular diseases as a result of unusual eating time
and disruption of the circadian rhythm (33). Although the day andnight
are reversed in shift-workers, the timing of food intake is synchronous
with their active behaviors. In contrast, the phase of food intake dose
not coincide with active behaviors in skipping breakfast and our animal
experiments. Consequently, the constant asynchrony between light
stimulation and food intake during active behaviors may chronically
affect the central and/or peripheral clock systems. In this study, the re-
duction in ovulatory frequencywas continuouslymanifested even in the
second half of the dietary restriction period in the daytime-fed group
(Table 1), suggesting that daytime-feeding is a constant stress on the
hypothalamic–pituitary–ovarian axis. On the other hand, although
there was no difference in the total frequency of ovulation between
the control I and night-time-fed groups, ovulation increased from early
to late period in the night-time-fed group (Table 1), suggesting the
recovery from the initial stress of dietary restriction in the night-
time-fed group. Furthermore, this group showed no change in estrus
cyclicity despite a considerable reduction in calorie intake (Figure 4C),
demonstrating amarked difference between the daytime-fed and night-
time-fed groups. It may be because food intake during the night-time
only is compatible with the normal behavior of rats, which are active at
night in the natural world.

Importantly, this study also demonstrates apparent differences in
the amount of food intake between the daytime- and night-time-fed
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FIGURE 4 Effects of calorie restriction in the night-time-fed rats. To evaluate the possible involvement of calorie restriction in
reproductive dysfunction, a 20% reduction in daily food supply was loaded on the night-time-fed group. (A) Growing curve of body
weight. Gain in body weight of the 20%-reduced night-time-fed group was significantly lower than that in the control group II. (B) Amount
of food intake. In accordance with A, weekly amount of food intake in the night-time-fed group was significantly lower than that in the
control group II. The mean final food intake in the night-time-fed group was 72.4% of that in the control group II. (C) Ovulation numbers
shown as the median and interquartile range in the 2 groups. Despite marked reductions in calorie intake and body weight gain, there was
no difference in estrus cyclicity between the 2 groups. ∗∗P < 0.01; ∗P < 0.05; n.s.: not significant.

groups, with a>20% reduction in food intake in the daytime-fed group
as compared with the control group I. This reduction was considered to
interfere with physiological growth during the postadolescent stage and
resulted in a significant reduction in body weight gain. Because appetite
loss during adolescent and postadolescent phases is physiopathologi-
cally important in young women (34, 35), the precise relations among
appetite loss, reproductive dysfunction, and clock gene systems should
be clarified from a comprehensive perspective in the future.

Conclusions

This study demonstrated that the frequency of ovulation and number
of ovulating follicles declined in the daytime-fed young female rats,
indicating that the difference in timing of food intake during the
active or nonactive phase is a crucial factor that influences the female
reproductive function during the postadolescent stage in rats. To our

knowledge, this is the first study to experimentally confirm the adverse
effect of feeding at an unusual time during the circadian cycle on
the female reproductive function during the estrus cycle. Although
we should not apply these findings directly to humans, this model
can provide valuable information to clarify the mechanisms explaining
why female young students who skip breakfast show reproductive
dysfunction. Because the constant conflict of light stimulation and food
intake during the active phasemay chronically affect circadian rhythms,
the differences between daytime- and night-time-fed groups should be
analyzed from the perspective of clock gene systems using conditional
gene-deleted mice (36, 37). This study also suggests that feeding at
an unusual time induces appetite loss in postadolescent female rats.
Recently, factors inducing chronic environmental circadian disruption
have become social targets to prevent adverse health outcomes
(20, 38). In this regard, the adverse influence of dietary habits during the
postadolescent phase on the future fertility and appetite-related adult
diseases is also a critical issue that should be elucidated.
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