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Alternate-day fasting delays pubertal development in normal-
weight mice but prevents high-fat diet-induced obesity and
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BACKGROUND/OBJECTIVES: Childhood obesity, particularly in girls, is linked to early puberty onset, heightening risks for adult-
onset diseases. Addressing childhood obesity and precocious puberty is vital to mitigate societal burdens. Despite existing costly
and invasive medical interventions, introducing lifestyle-based alternatives is essential. Our study investigates alternate-day
fasting’s (ADF) impact on pubertal development in normal-weight and high-fat diet (HFD)-induced obese female mice.
METHODS: Four groups of female mice were utilized, with dams initially fed control chow during and before pregnancy. Post-
parturition, two groups continued on control chow, while two switched to an HFD. Offspring diets mirrored maternal exposure. One
control and one HFD group were subjected to ADF. Morphometry and hormone analyses at various time points were performed.
RESULTS: Our findings demonstrate that ADF in normal-weight mice led to reduced body length, weight, uterine, and ovarian
weights, accompanied by delayed puberty and lower levels of sex hormones and growth hormone (GH). Remarkably, GH treatment
effectively prevented ADF-induced growth reduction but did not prevent delayed puberty. Conversely, an HFD increased body
length, induced obesity and precocious puberty, and altered sex hormones and leptin levels, which were counteracted by ADF
regimen. Our data indicate ADF’s potential in managing childhood obesity and precocious puberty.
CONCLUSIONS: ADF reduced GH and sex hormone levels, contributing to reduced growth and delayed puberty, respectively.
Therefore, parents of normal-weight children should be cautious about prolonged overnight fasting. ADF prevented HFD-induced
obesity and precocious puberty, offering an alternative to medical approaches; nevertheless, further studies are needed for
translation into clinical practice.
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INTRODUCTION
Precocious puberty stands as a prominent global issue in the 21st
century, with contributing factors such as overnutrition and
childhood overweight leading to its prevalence. Both childhood
obesity and precocious puberty are risk factors for health issues in
childhood and adulthood [1, 2]. Precocious puberty occurs due to
the early activation of the hypothalamic-pituitary-gonadal axis,
leading to the premature development of secondary sexual
characteristics [3]. We recently defined precocious puberty in the
Chinese population, setting the onset before 7.5 and 9 years of
age for girls and boys, respectively [4]. Additionally, childhood
overweight and obesity are associated with an increased risk of
precocious puberty in China [4]. Similarly, our animal studies
demonstrated that postnatal overfeeding of an HFD induces both

obesity and precocious puberty in mice [5, 6]. While perinatal
undernutrition reduces body weight and delays puberty [7], these
findings underscore the crucial role of perinatal nutrition in
regulating pubertal development, emphasizing that an imbal-
anced diet during this critical window results in earlier or delayed
pubertal development.
We have previously reported that the prevalence of both

childhood obesity and precocious puberty is increasing in China
[4, 8], necessitating effective control measures. Traditional
treatment protocols, although effective [9–13], often involve
invasive, costly approaches with potential side effects. For
instance, Gonadotropin-releasing hormone agonist treatment
efficiently controls precocious puberty but comes with various
health risks [14–19]. Hence, there is a critical need to introduce
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an alternative, safe method for managing both childhood
obesity and precocious puberty. Intermittent fasting, known to
inhibit the hypothalamic-pituitary-gonadal axis in rats [20], and
improve body weight and fat in obese subjects [21–25], is
hypothesized to be effective in controlling both childhood
obesity and precocious puberty. Intermittent fasting involves
eating and restricting feeding during specific times of the day or
week; for details, interested readers can refer to [24]. In our
study, we applied ADF, a type of intermittent fasting, after
lactation (postnatal day 21) and observed reduced body growth
and delayed puberty onset in mice fed on control chow.
Intriguingly, ADF prevented accelerated body growth and
precocious puberty in mice feeding on HFD. This study presents
the pioneering role of ADF in controlling HFD-induced child-
hood obesity and accelerated pubertal development, with the
potential to translate into clinical practice.

MATERIALS AND METHODS
Animals
C57BL/6J mice were employed for this study. The mice were purchased
from GEMPHARMATECH in Shanghai, China, and housed in the animal
facility at Zhejiang University. Standard conditions were maintained for air
quality, humidity, and temperature, following a 12 h light:12 h dark cycle
(lights on at 6:00 A.M.). Mice had ad libitum access to food and water
throughout the study. Breeding pairs were established at 12 weeks of age,
with daily checks on pregnant dams. The discovery of new pups marked
postnatal day 1 (P1), and only female pups were included in the
experiment. This study adhered to the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals and received
approval from the Animal Advisory Committee at Zhejiang University.

Diets
Two diets were employed in the study: an HFD (60 kcal% fat, 20 kcal%
protein, and 20 kcal% carbohydrates, D12492, Research Diets) and
standard control chow (15 kcal% fat, 24 kcal% protein, and 61 kcal%
carbohydrates, 1010097 Jiangsu Xietong Pharmaceutical Bio-engineering
Co., Ltd).

Experimental design
The dams were maintained on a standard control chow diet before and
during pregnancy. At parturition, dams were exposed to either control
chow or HFD. Post-weaning at P21, the offspring continued their
respective diets. ADF was implemented following the protocol described
by [20, 24] with minor adjustments. The animals experienced 24 h of
fasting starting at 5 P.M., or an 18 h overnight fast from 5 P.M. to 11 A.M. on
alternate days. Offspring fed on control chow or HFD without ADF were
designated as the control group (Cntrl) or HFD group, respectively. It is
important to note that for the HFD group with ADF, food removal occurred
at 5 P.M. for a regular 24 h fasting cycle; however, for experiments
requiring blood collection at 11 A.M. on P34, food removal was adjusted to
11 A.M. on the day before the scheduled blood collection. On average,
vaginal opening (VO) occurs at approximately P33 in control mice, whereas
18 h ADF delays it, typically around P40. Consequently, two specific time
points, P34 and P40, were selected for a range of analyses in mice fed with
chow. The litter size ranged from 6 to 7 pups. We measured various
parameters, and the number of mice used for each parameter varied. The
number of mice per group ranged from 6 to 20, depending on the specific
parameter being analyzed. Each data point in the bar graphs corresponds
to an individual mouse, so the number of data points within each graph
represents the number of mice used for the analyses. Mice that were weak,
sick, or had haemolyzed samples were excluded from the experiment. The
experimental design is illustrated in Supplementary Fig. 1.

Measurement of body weight, body length, and puberty onset
assessment
Body weight and body length, serving as indices for obesity and overall
body growth, were measured. Puberty onset was assessed using vaginal
canalization, a recognized marker in rodent studies [5, 6, 26–29]. Pups were
consistently monitored for VO from the weaning stage (P21) until puberty
onset across all experimental groups.

Blood hormones assays
Blood samples were collected from the heart and centrifuged at 3000 × g
for 15 min. The plasma, obtained at 11 A.M., was stored at −80 °C until
analyses. Various hormonal levels were determined using commercial
ELISA kits from HAKATA, China. Plasma LH levels were assessed with a kit
(HZ-030192) featuring a sensitivity of 1 mIU/ml. Plasma FSH levels were
measured using a kit (HZ-030195) with a sensitivity of 1 mIU/ml. Plasma
estradiol (E2) levels were determined with a kit (HZ-030188) offering a
sensitivity of 1 pmol/ml. Plasma insulin levels were quantified with a kit
(HZ-030681) having a sensitivity of 1 mIU/L. Leptin levels were assessed
using a kit (HZ-030555) with a sensitivity of 1 ng/ml. Plasma GH levels were
measured with a kit (HZ-030777) featuring a sensitivity of 1 ng/ml. Plasma
IGF-1 levels were determined using a kit (HR-010992) with a sensitivity of
1 ng/ml. All assays were conducted following the manufacturer’s protocols.

Growth hormone treatment
Mice under ADF regimen with a control chow diet were stratified into two
groups for recombinant human growth hormone (rhGH) treatment. The
rhGH, dissolved in saline, was dosed based on prior studies [30, 31]. Huh
et al. used both 1 and 2 IU/kg/day [30], Lama et al. used 1 IU/kg/day [31],
and to ensure efficacy, we opted for 2 IU/kg/day. One group received daily
subcutaneous injections of 2 IU/kg in the afternoon (3–4 P.M.), while the
other group received subcutaneous injections of saline. The dosage was
formulated to deliver 10 μL of saline with or without GH per gram of body
weight. Additionally, a higher subcutaneous dose of 4 IU/kg/day was
explored to evaluate potential increased effectiveness. The rhGH was
purchased from GenSci in Changchun, Jilin Province, China.

Statistical analyses
Data are presented as mean ± SEM. Outliers were excluded using the
Iterative Grubbs test. To assess Gaussian distribution, normality tests
(Kolmogorov–Smirnov test, Shapiro–Wilk test) were conducted. Two
populations with normal distributions were compared using unpaired
two-tailed t-tests. For datasets with non-Gaussian distributions or
significantly different variances (indicated by a significant P value in the
F test), unpaired two-tailed Mann–Whitney tests were applied. One-way
ANOVA, followed by Tukey’s post hoc multiple-comparison test, was
employed for populations with Gaussian distribution. In cases of non-
Gaussian distributions or populations with significantly different standard
deviations (indicated by a significant P value after the Brown–Forsythe test
or Bartlett’s test), Kruskal–Wallis tests were performed, followed by Dunn’s
post hoc test for multiple comparisons. Data analyses were carried out
using GraphPad Prism Software v.8, and a p-value < 0.05 was considered
significant.

RESULTS
18 h ADF reduces body growth and delays puberty onset in
normal-weight mice
While ADF’s impact on reproduction in female rats is documented
[20], it has not been studied whether it affects the onset of
puberty in mice. To address this question, we exposed postwean-
ing female mice fed a control chow diet to an 18 h ADF paradigm
and examined its effect on puberty onset. Interestingly, ADF
delayed puberty onset (Fig. 1a, b, P < 0.0001) and reduced body
weight (Fig. 1c, P < 0.0001 & Fig. 1d, P < 0.0001) and body length
(Fig. 1f, P < 0.0001, & Fig. 1g, P < 0.0001). Furthermore, ADF-treated
mice also showed reduced uterine (Fig. 1i, P= 0.0006, & Fig. 1j,
P < 0.0001) and ovarian (Fig. 1l, P= 0.0224 & Fig. 1m, P < 0.0001)
weight compared to the Cntrl group. Interestingly, body weight
(Fig. 1e, P= 0.0005), body length (Fig. 1h, P= 0.0006), and uterine
weight (Fig. 1k, P= 0.0028) increased from P34 toward P40 in Cntrl
group but, did not change in mice exposed to ADF. Our results
demonstrate that the peripubertal period is very sensitive towards
body energy status; therefore, food restriction during this period
delays pubertal development.

18 h ADF reduces reproductive hormone levels in normal-
weight mice
To unravel the mechanistic underpinnings of delayed puberty
in our animal model, we scrutinized the plasma levels of
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Fig. 1 Effects of 18 h ADF on pubertal development in normal weight mice. a Cumulative percentage of VO; b Average age at puberty onset
(indicated by VO); c–e Body weight at P34 and P40; f–h Body length at P34 and P40; i–k Uterine weight at P34 and P40; l–n Ovarian weight at
P34 and P40. Data are presented as mean ± SEM, and p-values were calculated using the unpaired Student’s t test and the Mann–Whitney test.
Each data point corresponds to an individual mouse. PND Postnatal days. The data represent three separate experiments.
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reproductive hormones LH, FSH, and E2, which are key
regulators of female pubertal development [32]. Comparing
the ADF group to the Cntrl, plasma LH levels were similar at P34
(Fig. 2a, P= 0.6053). However, the ADF group exhibited
elevated plasma LH levels at P40 (Fig. 2b, P= 0.0053) compared
to the Cntrl group. Intriguingly, the ADF group demonstrated
an increase in plasma LH levels from P34 to P40 (Fig. 2c,
P= 0.0296). Conversely, significant reductions were observed in
plasma FSH (Fig. 2d, P= 0.0059) and E2 levels (Fig. 2g,
P < 0.0001) in the ADF group compared to the Cntrl group at
P34, while no substantial differences were noted at P40 (Fig. 2e,
P= 0.4479 & Fig. 2h, P= 0.1262). Notably, in the Cntrl group,
FSH and E2 levels decreased from P34 to P40 (Fig. 2f,
P= 0.0147 & Fig. 2i, P < 0.0001), whereas ADF group maintained
comparable levels between P34 and P40 (Fig. 2f, P= 0.2077 &
Fig. 2i, P= 0.8665). Our findings suggest that ADF-induced
reduction in plasma FSH and E2 levels may contribute to the
delayed onset of puberty.

Effects of 18 h ADF on peripheral hormones regulating body
metabolism and growth in normal-weight mice
Leptin and insulin, key peripheral metabolic hormones linked to
nutritional status, play roles in regulating reproduction [33–36].
Investigating the impact of 18 h ADF on these hormones provides
insights into the mechanism behind 18 h ADF-induced delayed
puberty. Plasma leptin levels showed no significant difference
between the Cntrl and ADF groups at P34 (Fig. 3a, P= 0.7546) and
P40 (Fig. 3b, P= 0.3824). However, both groups exhibited a
reduction in plasma leptin levels from P34 to P40 (Fig. 3c,
P < 0.0001 & P= 0.0004). Similarly, no significant difference was
observed between the Cntrl and ADF groups in plasma insulin
levels at P34 (Fig. 3d, P= 0.6038) and P40 (Fig. 3e, P= 0.2343).
Additionally, plasma insulin levels remained unchanged from P34
to P40 within both groups (Fig. 3f, P= 0.8404 & 0.4698). Given that
ADF influenced body growth, we explored plasma levels of GH
and IGF-1. ADF group showed reduced GH at P34 (Fig. 3g,
P= 0.0317) but increased GH at P40 (Fig. 3h, P= 0.0075).
Compared to the control group, IGF-1 levels in the ADF group
were reduced at P34, although not significantly (Fig. 3j,
P= 0.0939). However, by P40, IGF-1 levels were comparable
between the groups (Fig. 3k, P= 0.2523). GH levels decreased
from P34 to P40 in the Cntrl group but remained consistent
between the time points in the ADF group (Fig. 3i, P < 0.0001 &
P= 0.8479). Conversely, plasma IGF-1 levels decreased from P34
to P40 in both the Cntrl and ADF groups (Fig. 3l, P= 0.0013 &
P < 0.0001). Our results suggest that reduced plasma levels of FSH,
E2, and GH/IGF-1 may contribute to delayed pubertal
development.

18 h ADF paradigm prevents HFD-induced obesity but does
not prevent precocious puberty
Our previous findings demonstrated that postnatal HFD feeding
induces obesity and precocious puberty in female mice [5, 6].
Given the observed effects of 18 h ADF in reducing body weight
and length and delaying puberty onset in normal-weight female
mice, we hypothesized that 18 h ADF could prevent HFD-induced
accelerated body growth and precocious puberty. To test this
hypothesis, we exposed HFD-fed mice to 18 h ADF. We found that
18 h ADF did not prevent HFD-induced precocious puberty (Fig.
4a, b, P= 0.2398); however, it did prevent changes in body weight
(Fig. 4d, P= 0.0408), and body length (Fig. 4e, P= 0.0477) but not
uterine weight (Fig. 4f, P= 0.9550) in HFD-fed mice. Intriguingly,
18 h ADF did not prevent changes in plasma LH levels (Fig. 4h,
P= 0.8541), but it did prevent changes in the plasma levels of FSH
(Fig. 4i, P= 0.0132) and E2 (Fig. 4j, P= 0.0777). On the other hand,
compared to HFD, 18 h ADF did not change plasma levels of GH
(Fig. 4k, P= 0.2622) and IGF-1 (Fig. 4l, P= 0.1534). Our results
suggest that while 18 h ADF may effectively counteract HFD-

induced obesity, it might not be sufficient to prevent precocious
puberty.

24 h ADF paradigm prevents HFD-induced obesity and
precocious puberty
In the preceding data, 18 h ADF prevented changes in E2 and
FSH plasma levels but did not prevent precocious puberty in
HFD-fed mice. This finding prompted us to explore the potential
of a prolonged fasting duration in preventing HFD-induced
precocious puberty. Consequently, we exposed female mice fed
with HFD to a 24 h ADF paradigm. Intriguingly, the 24 h ADF
paradigm successfully prevented HFD-induced precocious
puberty (Fig. 5a, b, P < 0.0001) and counteracted changes
in body weight (Fig. 5c, P= 0.0005) and length (Fig. 5d,
P= < 0.0001). To decipher the underlying mechanism, we
assessed reproductive organs and plasma levels of reproductive
hormones. The 24 h ADF paradigm prevented HFD-induced
increased uterine weight (Fig. 5e, P= 0.0003); however, neither
HFD nor 24 h ADF had any effect on ovarian weight (Fig. 5f,
P > 0.9999). Furthermore, 24 h ADF had no effects on plasma LH
levels (Fig. 5g, P= 0.9927); however, it reinstated HFD-induced
alterations in plasma levels of FSH (Fig. 5h, P < 0.0001) and E2
(Fig. 5i, P < 0.0001). We also assessed plasma levels of GH, IGF-1,
insulin, and leptin, which are known to play significant roles in
body growth, obesity, and reproduction [1, 37, 38]. Interest-
ingly, neither HFD nor 24 h ADF altered plasma levels of GH (Fig.
5j, P= 0.5386 & 0.2181), IGF-1 (Fig. 5k, P= 0.8099 & 0.9045), and
insulin (Fig. 5l, P= 0.6981 & >0.9999); however, 24 h ADF
prevented HFD-induced elevated levels of leptin (Fig. 5m,
P= 0.0020). These data suggest the roles of E2, FSH, and leptin
in HFD-induced obesity and precocious puberty, as well as
accelerated body growth.
To investigate why 24 h ADF effectively prevents HFD-induced

precocious puberty while 18 h ADF does not, we compared
various parameters related to puberty onset between the two
paradigms. Our results showed that, compared to HFD, 24 h ADF
significantly reduced uterine weight (Supplementary Fig. 4c,
P= 0.0005) and plasma LH levels (Supplementary Fig. 4e,
P < 0.0001), and increased plasma levels of FSH (Supplementary
Fig. 4f, P= 0.0001) and E2 (Supplementary Fig. 4g, P < 0.0001). In
contrast, 18 h ADF did not significantly change these parameters
(Supplementary Fig. 4c, P > 0.9999; Fig. 4e, P= 0.9349; Fig. 4g,
P= 0.7227), except for a modest increase in plasma FSH levels
(Supplementary Fig. 4f, P= 0.0433). Furthermore, 24 h ADF was
more potent than 18 h ADF in increasing plasma FSH levels
(Supplementary Fig. 4f, P= 0.0825). However, neither HFD
(compared to control), nor 18 h or 24 h ADF (compared to HFD)
had any significant effects on plasma levels of GH (Supplementary
Fig. 4h, P= 0.7288, 0.2622, & 0.9967) or IGF-1 (Supplementary Fig.
4i, P= 0.9041, 0.1534, & 0.9656). These data indicate that the more
potent effects of 24 h ADF on uterine weight and plasma levels of
LH, FSH, and E2 contribute to the prevention of precocious
puberty in HFD feeding mice.

18 h ADF-induced reduced GH levels contribute to reduced
body growth but not delayed puberty in normal-weight mice
We observed that neither HFD altered GH/IGF-1 levels, nor did
24 h ADF have any effects on them in HFD-fed mice (Fig. 5j, k). In
contrast, HFD increased plasma leptin levels and accelerated
pubertal development, and 24 h ADF counteracted all these
changes (Fig. 5a, b, m). Given leptin’s well-known role in puberty,
our results suggest that, instead of GH/IGF-1, leptin is the principal
mediator of HFD-induced precocious puberty. However, 18 h ADF
had no effect on plasma leptin levels; rather, it reduced plasma
GH/IGF-1 levels and delayed pubertal development in normal
weight mice. This implies that, instead of leptin, GH/IGF-1 may
contribute to the delayed pubertal development induced by 18 h
ADF in normal weight mice. As IGF-1 is the downstream signaling
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Fig. 2 Effects of 18 h ADF on plasma levels of sex hormones in normal weight mice. a–c Plasma levels of LH at P34 and P40; d–f Plasma
levels of FSH at P34 and P40; g–i Plasma levels of E2 at P34 and P40. Data are presented as mean ± SEM, and p-values were calculated using
the unpaired Student’s t test and the Mann–Whitney test. Each data point corresponds to an individual mouse. The data represent two
separate experiments.
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mediator of GH, we injected GH into control female mice exposed
to 18 h ADF to investigate the role of the GH/IGF-1 axis in
contributing to delayed puberty. GH treatment did not prevent
18 h ADF-induced delayed puberty (Fig. 6a, b, P= 0.7446 &
P > 0.9999) and reduced uterine weight (Fig. 6e, P > 0.9999) and
ovarian weight (Fig. 6f, P > 0.9999); however, it improved 18 h
ADF-induced reduced body weight (Fig. 6c, P= 0.0053) and body
length (Fig. 6d, P= 0.0008 & P < 0.0001). Since the 2IU dosage of
GH was sufficient to improve body growth but not delayed
puberty, we also used the higher dose of 4IU. However, 4IU also
improved body growth but did not prevent delayed pubertal
onset. Therefore, our results demonstrate that the 18 h ADF-
induced reduced levels of GH contribute to reduced body growth;
however, reduced levels of sex hormones contribute to delayed
puberty.

DISCUSSION
Childhood obesity poses a dual challenge, affecting immediate
health in children and imprinting lasting changes that amplify
susceptibility to adult diseases [39]. Additionally, childhood
obesity is linked to precocious puberty, particularly in girls [40],
posing as a risk factor for angina, type 2 diabetes, hypertension
[41], other cardiovascular diseases [2], various cancers [42, 43],
short adult height [44, 45], psychological maturation, and reduced
overall life expectancy [2]. Consequently, the imperative arises to
effectively manage childhood obesity and precocious puberty.
While medicine-based protocols exist, they carry side effects and
may lead to complications. For example, Gonadotropin-releasing
hormone agonist treatment, effective in controlling central
precocious puberty, has controversial effects on body weight,
fat, muscles, bone, insulin signaling, and androgen levels [14–19],

Fig. 3 Effects of 18 h ADF on plasma levels of metabolic hormones and growth factors in normal weight mice. a–c Plasma levels of leptin
at P34 and P40; d–f Plasma levels of insulin at P34 and P40; g–i Plasma levels of GH at P34 and P40; j–l Plasma levels of IGF-1 at P34 and P40.
Data are presented as mean ± SEM, and p-values were calculated using the unpaired Student’s t test and the Mann–Whitney test. Each data
point corresponds to an individual mouse. The data represent two separate experiments.
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Fig. 4 Effects of 18 h ADF on pubertal development in HFD-induced obese mice. a Cumulative percentage of VO; b Average age at puberty
onset; c Body weight at P21; d Body weight at P34; e Body length at P34; f Uterine weight at P34; g Ovarian weight at P34; h Plasma levels of
LH at P34; i Plasma levels of FSH at P34; j Plasma levels of E2 at P34; k Plasma levels of GH at P34; l Plasma levels of IGF-1 at P34. Data are
presented as mean ± SEM, and p-values were calculated using one-way ANOVA and the Kruskal–Wallis test. Each data point corresponds to an
individual mouse. PND Postnatal days. The data represent two separate experiments.
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Fig. 5 Effects of 24 h ADF on pubertal development in HFD-induced obese mice. a Cumulative percentage of VO; b Average age at puberty
onset; c Body weight at P34; d Body length at P34; e Uterine weight at P34; f Ovarian weight at P34; g Plasma levels of LH at P34; h Plasma
levels of FSH at P34; i Plasma levels of E2 at P34; j Plasma levels of GH at P34; k Plasma levels of IGF-1 at P34; l Plasma levels of insulin at P34;
m Plasma levels of leptin at P34. Data are presented as mean ± SEM, and p-values were calculated using the one-way ANOVA and the
Kruskal–Wallis test. Due to differences in variance, the Kruskal–Wallis test did not indicate a significant difference in uterine weight between
the Cntrl and HFD groups, but the Mann–Whitney test did (Supplementary Fig. 2). Each data point corresponds to an individual mouse. PND
Postnatal days. The data represent three separate experiments.
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Fig. 6 GH administration prevents reduced body growth induced by 18 h ADF. a Cumulative percentage of VO; b Average age at puberty
onset; c Body weight at P40; d Body length at P40; e Uterine weight at P40; f Ovarian weight at P40. Data are presented as mean ± SEM, and p-
values were calculated using the Kruskal–Wallis test. Due to variance differences, the Kruskal–Wallis test did not indicate significance for nose-
to-anus length, uterine weight, and ovarian weight between the Cntrl and HFD groups. However, the Mann–Whitney and unpaired t-tests did
show significance (Supplementary Fig. 3). Each data point corresponds to an individual mouse. PND Postnatal days. The data represent three
separate experiments.
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posing potential risk factors for complications. There is a pressing
need for alternative, cost-effective, and health-friendly approaches
to address childhood obesity and precocious puberty. Weight loss
has been linked to reduced obesity-related health risks, with
maximum benefits observed when weight loss occurs before
puberty onset [39]. Our study demonstrates that ADF effectively
prevents HFD-induced accelerated body growth and precocious
puberty in female mice, suggesting it as a safe alternative for
managing both obesity and obesity-associated earlier pubertal
development.
ADF has demonstrated reproductive inhibition and reduced

body weight [20]. However, the impact of ADF on pubertal
development in immature normal-weight and diet-induced obese
female mice remains unknown. Intriguingly, our data revealed that
an 18 h ADF in immature normal-weight female mice led to
delayed puberty and reduced ovarian and uterine weight.
Consistent with studies in immature rats subjected to under-
nutrition [46–48] and 72 h fasting [49], we observed decreased
plasma levels of gonadotropins and E2 in normal-weight female
mice exposed to 18 h ADF. Since E2 mediates vaginal canalization
through apoptosis [50], the reduced FSH and E2 levels in normal-
weight mice exposed to 18 h ADF provide an explanation for the
observed delayed puberty. Interestingly, ADF did not alter plasma
leptin and insulin levels, metabolic hormones governing metabo-
lism and reproduction [1, 37]. Our findings propose that, rather
than metabolic hormones, ADF specifically reduces plasma levels
of sex hormones, contributing to delayed pubertal development.
As plasma sex hormone levels rise towards puberty and decline
afterward [51], the observed reduction in FSH and E2 at P40 in our
control mice aligns with normal physiological changes. The
increasing trend of FSH and elevated LH levels in the ADF group
at P40 may be attributed to pubertal onset. Additionally, in line
with undernutrition paradigms [52], we noted reduced body
weight and length, and lower plasma levels of GH and IGF-1 in
normal-weight mice exposed to ADF. The observed decrease in
GH levels from P34 to P40 in control mice aligns with a previous
study indicating declining GH levels post-puberty onset [51]. GH
regulates metabolism and somatic development, stimulating IGF-1
synthesis, crucial for various functions, including bone growth
[38, 53, 54]. Genetic models of GH and GH receptor knockout mice
exhibited impaired growth and metabolism [55, 56]. Similarly,
subnutrition has been associated with reduced plasma GH levels
in rodents [52]. These collective findings suggest that ADF reduces
plasma GH levels, contributing to impaired body growth.
In line with our prior research [5, 6], postnatal HFD feeding

consistently accelerated body growth, induced precocious pub-
erty, and led to reduced plasma levels of FSH and E2. Sex hormone
levels typically rise leading up to puberty and decline afterward
[51]. Our earlier study noted upregulated sex hormone levels pre-
puberty, followed by unchanged levels at puberty in HFD-fed mice
[5]. Collectively, these findings imply that HFD activates an early
surge of sex hormones, triggering precocious puberty, with levels
returning to baseline once puberty is established. Given that
puberty occurs around P29 in HFD-fed and P33 in control mice
[5, 6], and sex hormone levels decrease post-puberty onset [51],
the observed reduction in sex hormone levels at P34 in HFD-fed
mice aligns with this pattern. Notably, our data showed no
alterations in plasma levels of GH and IGF-1, indicating that HFD
feeding accelerates body growth independently of GH and IGF-1.
The 18 h ADF paradigm effectively counteracts body weight and
length in HFD-fed mice but did not prevent HFD-induced
precocious puberty. Although the reducing trend in uterine
weight and sex hormones suggests potential, extending fasting
duration may be necessary for preventing HFD-induced preco-
cious puberty.
To counter HFD-induced precocious puberty, we employed the

24 h ADF paradigm, a well-established protocol for managing
obesity and related metabolic issues [57–59]. Intriguingly, the 24 h

ADF paradigm not only successfully prevented HFD-induced
accelerated body growth but also precocious puberty. It
effectively countered the HFD-induced increase in uterine weight
while normalizing levels of FSH and E2. These findings suggest
that the 24 h ADF paradigm prevents the premature activation of
sex hormones, contributing to the prevention of precocious
puberty in HFD-fed mice. Leptin levels are intricately linked to
body mass index [60], circulating in accordance with body fat
stores [61]. Adequate body fat is pivotal for puberty initiation
[62–64] with leptin acting as a permissive factor for puberty onset
[65]. Our data revealed elevated leptin levels in HFD-fed mice,
which were prevented by the 24 h ADF paradigm. Notably, neither
HFD nor 24 h ADF affected plasma levels of insulin, GH, and IGF-1.
This suggests that HFD induces obesity and elevated leptin,
potentially contributing to precocious puberty. Our findings align
with studies associating higher body fat and leptin levels with
earlier menarche [66]. Leptin, known to influence bone develop-
ment [67], may also play a role in accelerated growth in HFD-
fed mice.
HFD feeding induces elevated plasma leptin levels, alters

gonadotropin levels, and triggers obesity and precocious puberty.
These effects are successfully prevented by the 24 h ADF
paradigm. Neither HFD alone nor HFD with ADF induces changes
in GH and IGF-1, indicating that leptin, rather than GH/IGF-1,
contributes to HFD-induced accelerated body growth and
precocious puberty. In contrast, the 18 h ADF paradigm results
in reduced body weight and length, delayed puberty onset, and
lowered plasma levels of GH and IGF-1 in mice fed a control chow
diet. While GH/IGF-1 are known to mediate nutrition-related
effects on linear growth [reviewed in ref. [68]], their role in puberty
is less understood. To explore the role of GH in puberty, we
administered GH to normal-weight mice exposed to 18 h ADF. GH
treatment successfully prevented the 18 h ADF-induced reduced
body growth, but it did not prevent the reduction in uterine
weight and delayed puberty. Our results are supported by
previous studies, where 6 h, 18 h, and 24 h fasting reduced plasma
GH levels and growth hormone-releasing hormone expression
within the hypothalamus in rodents [69–73]. Taken together, our
results suggest that reduced sex hormone levels contribute to
delayed puberty and reduced GH levels may contribute to
reduced body growth in control mice exposed to 18 h ADF.

CONCLUSION
In summary, our research indicates that ADF delays puberty in
normal-weight mice by influencing sex hormones and growth
factors. An HFD induces obesity and precocious puberty, but 24 h
ADF prevents these effects. Notably, an 18 h ADF counteracts
accelerated body growth caused by HFD but doesn’t prevent
precocious puberty. For obese children, starting an 18 h ADF
regimen before puberty onset may be a practical preventive
measure, considering the prolonged pubertal window in humans.
However, this approach also delays puberty and reduces growth
in normal-weight mice, prompting caution for parents of such
children. HFD-induced obesity triggers metabolic inflammation in
the hypothalamus, impacting feeding circuits and contributing to
hyperphagia and glucose intolerance. This study does not address
whether ADF effectively corrects these effects induced by HFD
feeding. However, we plan to investigate this aspect in future
studies. While promising for managing diet-induced childhood
obesity and precocious puberty, translating ADF to clinical
practice requires further research and clinical trials to ensure
safety and efficacy in humans.
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