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Abstract

In vitro fertilization (IVF) exposes embryos to environmental stressors that can disrupt
early development and confer long-term health risks, though the mechanisms remain
poorly understood. Here, we tested the hypothesis that reducing incubation temperature
during the first zygotic cleavage would promote long-term developmental stability in
IVE-conceived offspring. Using a mouse model, we compared the long-term effects of
standard (37 °C) versus reduced (35 °C) IVF culture temperature on energy balance, cir-
cadian rhythms, sleep architecture, and brain histone modifications. Although offspring
from both IVF groups exhibited increased body mass without notable effects on glucose
metabolism, significant disruptions in circadian rhythms and sleep—wake patterns were
detected. The 37 °C group exhibited altered amplitudes in oxygen consumption rhythms
and respiratory exchange ratios, as well as pronounced alterations in sleep-wake patterns,
including reduced sleep duration and increased nighttime activity. The 35 °C group dis-
played intermediate phenotypes, substantiating the importance of optimizing embryo
incubation parameters. These metabolic and behavioral changes were paralleled by altered
histone modifications in the cerebral cortex of IVF offspring, suggesting an epigenetic basis
for circadian misalignment. Our results identify disrupted circadian rhythm and sleep
architecture as a novel mechanism contributing to metabolic dysfunction in IVF-conceived
offspring. The partial mitigation of these effects through reduced culture temperature
underscores the importance of optimizing IVF protocols to minimize long-term epigenetic
and metabolic risks.

Keywords: epigenetics; IVF incubation temperature; IVF-conceived offspring; energy
balance; circadian rhythms; sleep architecture; brain histone modifications

1. Introduction

The global incidence of metabolic diseases has risen markedly in recent decades,
reaching a pandemic scale; the WHO reports that over a third of adults are obese across
many Western nations. For children conceived via assisted reproductive technologies (ART),
the risk of such metabolic disorders is elevated even further [1]. This risk is associated
with alterations during prenatal development from ART procedures, which may program
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metabolic dysfunction later in life [2]. Although evidence confirms an increased risk of both
short- and long-term metabolic complications following ART, a consensus on the precise
causes is lacking [1,3-5].

The origin of metabolic complications in offspring conceived via assisted reproductive
technology (ART) is debated [6,7]. While some attribute these effects to parental health
factors, mouse studies demonstrate that the IVF (in vitro fertilization) procedure itself is
a direct cause. For instance, research indicates that IVF-conceived mice exhibit a higher
predisposition to metabolic syndrome, disrupted carbohydrate homeostasis, obesity, and
diabetes mellitus compared to those conceived naturally [4,8-10]. Although studies on
people conceived via ART are confounded by factors like parental health and young cohort
age, emerging evidence also suggests a link between ART and elevated risks of metabolic
alterations, such as increases in fasting glucose, insulin resistance, and accumulation of
peripheral body fat [11-13].

Visceral fat accumulation elevates the risk of developing metabolic syndrome [14,15],
primarily due to an imbalance between energy substrate consumption and energy ex-
penditure. Among other factors, disruption of circadian rhythms may cause such an
imbalance [16-19]. Supporting this idea, it has been shown that the diurnal rhythm of food
consumption was altered in the IVF-conceived male CD1 mice, and that these mice had
increased body mass compared to the naturally conceived ones, despite equivalent food
intake [4].

The circadian clock is based on transcriptional-translational feedback [20,21], and it
coordinates vital biological pathways, including the cell cycle, DNA replication/repair, and
energy metabolism [22-25]. Circadian and metabolic gene regulation is tightly controlled
by DNA and histone epigenetic marks [20,26-28]. Furthermore, a bidirectional relationship
exists between the circadian clock and metabolic regulation. The core clock machinery
directly regulates the expression of metabolic genes, while metabolic signals provide
feedback to the circadian clock. Thus, disruption of the circadian rhythm leads to conditions
such as obesity and metabolic syndrome, while metabolic dysregulation has an impact
on the circadian system [29-31]. Although evidence for a direct connection between ART
and circadian disruption is limited [4], it can be suggested that IVF-mediated epigenetic
alterations may lead to circadian misalignment, which in turn may contribute to the
metabolic disruptions observed in IVF-conceived offspring. This notion is supported by the
research showing that the IVF procedure in mice results in increased cell-to-cell variations
in DNA methylation (5mC) in early-stage blastomeres, indicating a destabilized epigenetic
landscape [32]. Likewise, in humans, ART induces epigenetic alterations, particularly
at imprinted genes, that persist from birth into later life. Consequently, this increases
susceptibility to a range of imprinting disorders, including metabolic and cardiovascular
diseases, as well as specific conditions such as Angelman Syndrome, which is linked
to a disrupted circadian rhythm [3,33-35]. Although the autonomous circadian clock
oscillations are activated only shortly before gastrulation [36], the expression of Clock
and Per1 genes starts immediately after the zygotic genome activation (ZGA), at two- and
four-cell stages for mice and humans, respectively [36,37]. This makes the period of
initial cleavage and ZGA a critically sensitive window for establishing robust epigenetic
regulation of circadian networks.

Temperature plays a crucial role in stabilizing epigenetic and transcriptional fluctua-
tions, and it helps synchronize the clock genes through the direct modulation of chemical
reaction rates [38,39]. Notably, in vivo fertilization and first zygotic cleavages occur 1-3 °C
below core body temperature, suggesting that standard IVF culture conditions at 37 °C may
represent a non-physiological thermal stress [40]. In mouse IVF embryos, intra-blastomere
variability in 5mC genomic methylation, a sign of epigenetic fluctuation, is minimized at
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lower incubation temperatures by the eight-cell blastomere stage compared to the normal
incubation conditions at 37 °C [32]. Likewise, lower incubation temperatures for IVF
embryos reduce transcriptional fluctuations, as indicated by decreased gene expression
fluctuating asymmetry in the resulting offspring [41,42]. The lowered incubation tem-
peratures of IVF embryos also increase newborns’ survival, despite increased embryo
losses [32]. These effects are consistent with broader mechanisms of temperature’s influ-
ence on chromatin, including the stabilization of MNase-sensitive nucleosomes [39] and
chromatin condensation driven by a temperature-induced influx of calcium [38,43]. This
temperature-sensitive chromatin remodeling provides a potential mechanism by which
thermal manipulation during early zygotic cleavage could alter developmental epigenetic
trajectory, potentially influencing the regulation of circadian rhythm and subsequently
metabolic processes throughout life.

Here, we sought to investigate the impact of IVF and incubation temperature during
initial cleavage on the circadian regulation of metabolism, behavior (including feeding,
activity, and sleep), and brain epigenetics in the CD1 male mouse offspring. We hypothe-
sized that IVF would cause lasting epigenetic alterations in offspring, which, in turn, could
disrupt their circadian rhythm and metabolic health. We further proposed that lowering
the incubation temperature to 35 °C during the first cleavage division would stabilize
the embryo’s epigenome, thereby alleviating these adverse phenotypes. We have demon-
strated that IVF conception leads to increased body mass associated with a disruption
of the sleep-wake cycle, which subsequently alters other metabolism-related parameters
such as spontaneous locomotor activity, food intake, and respiratory exchange ratio. Con-
comitantly, we observed alterations in cortical active and repressive histone methylation
marks (H3K27me3, H3K36me3, H3K9me2). The phenotypic and epigenetic deviations from
naturally conceived controls were mitigated by incubating embryos at 35 °C rather than
37 °C during the initial zygote cleavage stage.

2. Results
2.1. IVF Offspring Exhibit Increased Body Mass Without Glucose Intolerance

To assess the impact of IVF and embryo incubation temperature on offspring, we
fertilized CD1 mouse oocytes and incubated them at either 35 °C or 37 °C for 24 h. We
used the outbred CD1 mouse strain to minimize genetic bias and to extend our previous
investigations into the effects of IVF and incubation temperature on developmental, epige-
netic, and metabolic outcomes [32,41]. The resulting two-cell embryos were transferred to
pseudo-pregnant CD1 female mice. All subsequent experiments were conducted on the
male IVF offspring, using naturally conceived male CD1 offspring as controls.

Male offspring mass was assessed at 3 and 10 weeks of age (Figure 1). We compared
the groups using ANCOVA, treating the experimental group (control—CNT, and two IVF
groups—35 °C, 37 °C) as a categorical factor and the number of littermates as a confounding
variable. At 3 weeks, the effect of the group was not significant (Fy9 = 0.50, p = 0.61),
whereas the number of littermates had a highly significant effect (F; g9 = 21.6, p < 0.001).
However, Fisher’s LSD (least significant difference) post hoc test revealed that both the
35 °C and 37 °C groups were significantly heavier than controls (Figure 1A). By 10 weeks,
the effect of littermate number was no longer significant (F; g9 = 2.82, p = 0.098), but the
group effect became significant (F, 9 = 6.05, p < 0.01). Post hoc analysis confirmed that
both experimental groups remained significantly heavier than controls (Figure 1B).

For subsequent studies, we randomly selected one to two males from each litter. While
their initial weight at 3 weeks did not differ significantly between groups, by 10 weeks,
the animals from both the 35 °C and 37 °C groups were significantly heavier than the
controls (Figure S1). Glucose tolerance was assessed in this selected 10-week-old offspring
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cohort. Contrary to expectations based on the increased mass of male IVF offspring, these
groups displayed no significant differences in baseline glucose levels or glucose tolerance

compared to the control (Figure 2).
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Figure 1. Body mass of male offspring at (A) 3 weeks and (B) 10 weeks of age. *** p < 0.001 ANCOVA
Fisher LSD post hoc. The number of male offspring was 31 in the control (CNT) group, 28 in the
35 °C IVF group and 14 in the 37 °C IVF group.
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Figure 2. Glucose baseline level (A,B) area under the curve (AUC) in the glucose tolerance test.
AUC was calculated for the first 120 min after glucose administration using the trapezoidal rule. No
statistically significant differences were revealed (Mann—-Whitney U-test). The number of animals
was 7 in the control (CNT) group and 10 in the 35 °C and 37 °C IVF groups.

2.2. Metabolic and Behavioral Phenotyping of IVE-Conceived Offspring

To further characterize the offspring, we analyzed averaged metabolic and behav-
ioral time-series data collected using a Phenomaster system. We continuously monitored
10-week-old animals for 4 days (96 h), measuring oxygen consumption, respiratory ex-
change ratio (RER), food intake, and locomotor activity. The data were analyzed by first
calculating the average of the time-series parameters for each individual and then compar-
ing these averages across the different groups (Figure 3).



Int. J. Mol. Sci. 2025, 26, 10360

50f17

A * B 1.07 © C * k%
D 3.4 Y o
= , 8
= 1.0441 < 0.30 1
= 321 | —*— o o M0 >
£ 9 o) . ® 0,
S = 50| B g 4
=l < L
- 3.01 S 1.01- £ ®
o 4 x 7 0.25 1 b 4 >
o o < | °
£ > o o}
S 284 ® S Q ©
g © 0981 R 1§
O 26 @ §e £ 0.201
~ o |O
o 0.95 - °
2.4 ®
0.15
500
D * o E F
130 4 °
5 757 450 ©
< X
€ x o |
< 1101 S 707 £ 400 A
92 ‘ o = =
[) - o ™)
> = o
< O 651 L +« 3501
5 901 .Q’ E ol @ || &
[} [} o
3! —— e 2 * 8 300
IS g 601 * ) L 2
@ | ® S = =] IS ®
5 701 ()
| 8 1 250
—— o kel 5.5
l ° |
501 . . 5.0 . : . 2001 . °
CNT  35°C  37°C CNT  35°C  37°C CNT  35°C  37°C

Figure 3. Average metabolic and behavioral metrics. (A) Oxygen consumption (liters per hour per
kilogram of body weight, L/h/kg), (B) Respiratory exchange ratio (RER), (C) Food intake (grams
per hour, g/h), (D) Distance traveled (meters per hour, m/h), (E) Mass-specific food intake (g/h
per kilogram of body, g/h/kg), (F) Food-distance ratio (m/g). * p < 0.05, *** p < 0.001 Mann-Whitey
U-test IVF groups vs. control. The number of animals was 7 in the control (CNT) group and 10 in the
35 °C and 37 °C IVF groups.

The average oxygen consumption was significantly elevated in the 35 °C IVF group
compared to controls; in contrast, the 37 °C IVF group did not differ significantly from the
control (Figure 3A). The average RER did not differ significantly between groups (Figure 3B).
Food consumption was significantly greater in the 37 °C IVF group than in controls, while
the 35 °C IVF group food intake was intermediate to the 37 °C and control groups but not
statistically different from either (Figure 3C). Locomotor activity was significantly higher
in both the 35 °C and 37 °C IVF groups compared to the control group (Figure 3D). Food
consumption normalized to body weight did not differ between groups (Figure 3E), nor
did the distance traveled per gram of food consumed (Figure 3F). These results rule out
the possibility that the more active IVF mice compensated for their energy expenditure by
disproportionately increasing their food consumption, which could have explained their
increased mass gain. In summary, the observed mass gain in both cohorts of IVF-conceived
male mice was not attributable to averaged metabolic or behavioral parameters.

2.3. Impact of IVF and Incubation Temperature at the First Cleavage on Offspring
Circadian Phenotype

We next assessed whether the circadian rhythm, specifically the amplitude and phase
of oscillations, in metabolic and behavioral parameters differed between IVF and control
groups. This was achieved by fitting a cosinor regression model to individual animal
time series (Figure S2). The mesor values for each Phenomaster metabolic and behavioral
parameters were completely analogous to the differences observed in the time series aver-
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ages (Figure S3). Interestingly, we found group-specific differences in circadian amplitude:
oxygen consumption was increased in the 37 °C IVF group (Figure 4A), whereas RER
was decreased in the 37 °C IVF group compared to controls. For the 37 °C IVF group,
RER circadian amplitude was also lower compared to the 35 °C IVF group (Figure 4C).
Amplitudes for the 35 °C IVF group were intermediate and not significantly different from
controls for oxygen consumption and RER. No significant amplitude differences were
observed for locomotor activity (distance traveled) or feeding (Figure 4B,D). Acrophase did
not differ between groups for any parameter (Figure 4E-H). These amplitude changes in
key metabolic parameters indicate distinct circadian metabolic phenotypes.
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Figure 4. Cosinor analysis of circadian metabolic and behavioral parameters. Amplitude of
(A) oxygen consumption (L/h/kg), (B) food intake (g/h), (C) respiratory exchange ratio (RER),
and (D) distance traveled (m/h). Acrophase (time of daily peak, in hours) for (E) oxygen consump-
tion, (F) food intake, (G) RER, and (H) distance traveled. Significance vs. control: * p < 0.05 and
#p <0.05 for 35 °C vs. 37 °C groups (Mann—-Whitney U-test). The number of animals was 7 in the
control (CNT) group and 10 in the 35 °C and 37 °C IVF groups.

To determine the temporal distribution of the observed circadian metabolic and be-
havioral parameters, we averaged time series across experimental days to generate repre-
sentative 24 h profiles for each animal (Figure 54). Analysis of diurnal profiles revealed
distinct patterns for each group. The elevated average oxygen consumption in the 35 °C
IVF group (Figure 3A) resulted from a consistent, slight elevation across the entire day;,
becoming significant at specific time points (Figure S4A). Conversely, the significantly
larger amplitude in the 37 °C IVF group (Figure 4A) was not driven by differences at any
specific time point (Figure S4A) but rather through a cumulative effect. RER profiles exhib-
ited a distinct pattern (Figure S3B). The 37 °C IVF group showed a pronounced elevation
during the latter half of the light phase compared to controls, which explains its reduced
amplitude (Figure 4C). The 35 °C IVF group profile was intermediate between those of
the 37 °C and control groups. Food consumption was elevated in the 35 °C and 37 °C
IVF groups at several time points during the late light phase (Figure S4C). Locomotor
activity was significantly higher in both IVF groups at numerous points across the entire
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24 h cycle (Figure S4D), a pattern consistent with their elevated daily averages (Figure 3D).
In summary, IVF-induced differences in RER and feeding were predominantly confined to
the light phase, while alterations in oxygen consumption and locomotion manifested as
sustained, circadian-wide increases.

We next calculated the average values for each parameter during the light and dark
phases separately (Figure 5). The 35 °C IVF group exhibited significantly elevated oxygen
consumption during the dark phase, with a non-significant increase in the light phase
(Figure 5A,B). Despite significant differences at specific time points of the light phase
(Figure 54B), RER showed no significant differences between groups when averaged across
light and dark phases (Figure 5C,D). The 37 °C IVF group consumed significantly more
food during the light phase, and both IVF groups showed significantly greater locomotor
activity during the light phase compared to controls (Figure SE-H). Together, these find-
ings demonstrate that IVF-conceived offspring exhibited altered circadian rhythms, with
differences predominantly occurring during the diurnal rest (lights-on) phase.
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Figure 5. Average metabolic and behavioral parameters during light (lights-on) and dark (lights-off)
phases. (A,B) oxygen consumption (L/h/kg), (C,D) respiratory exchange ratio (RER), (EF) food
intake (g/h), (G,H) distance traveled (m/h). Significance vs. control: * p < 0.05, ** p < 0.01,
(Mann-Whitney U-test). The number of animals was 7 in the control (CNT) group and 10 in the 35 °C
and 37 °C IVF groups.

2.4. The Effects of IVF and First-Cleavage Incubation Temperature on Offspring Sleep

To assess sleep, we analyzed periods of inactivity logged by the Phenomaster system,
which can detect short sleep bouts of 2-5 min [44]. Sleep analysis revealed significant,
phase-specific alterations in both IVF groups. The percentage of total sleep time was
reduced in the 35 °C IVF group and further diminished in the 37 °C IVF group compared
to controls (Figure 6A). A similar progressive decrease in the percentage of total sleep
occurred during the light (rest) phase across the control, 35 °C, and 37 °C IVF groups.
(Figure 6B). During the dark (active) phase, sleep was significantly reduced only in the
37 °C IVF group relative to both controls and the 35 °C IVF group (Figure 6C). Furthermore,
sleep architecture was disrupted. The number of sleep episodes per hour and the average
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sleep bout length were lower in the 37 °C IVF group than in the 35 °C IVF group and

controls (Figure 6D,E).
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Figure 6. Sleep analysis. The percentage of total sleep time per 24 h circadian cycle (A), light phase
(B), and dark phase (C). Sleep episodes per hour (D), average time of sleep bout (E), and awakeness
episode (F). ** p < 0.01, ** p < 0.001 IVF groups vs. control; # p < 0.05, ## p < 0.01 37 °C vs. 35 °CIVF
group (Mann-Whitey U-test). The number of animals was 7 in the control (CNT) group and 10 in the
35 °C and 37 °C IVF groups.

Collectively, the sleep and circadian phenotyping data suggest that IVF conception
increases nervous system excitability, leading to reduced sleep, hyperlocomotion, and
consequently elevated food intake. These effects are most pronounced during the light
(rest) phase and likely contribute to the observed increase in offspring mass. Notably, the
intermediary phenotype of the 35 °C IVF group indicates that lowering the first-cleavage
embryo incubation temperature mitigates the impact of IVF on circadian phenotype and
sleep outcomes.

2.5. IVF Mice Have Altered Histone Modification

Although the mechanisms conferring IVF-associated phenotypes are poorly under-
stood, epigenetic instability during zygotic reprogramming, such as the destabilization of
5mC methylation [32], suggests a potential pathway. We therefore evaluated the effect of
IVF and incubation temperature on the epigenetic landscape in the somatosensory cortex of
27-28-week-old offspring from the control and IVF (35 °C, 37 °C) groups, focusing on key
histone modifications: the active mark H3K36me3 and the repressive marks H3K27me3 and
H3K9me2. Immunohistochemical analysis revealed significant, mark-specific alterations
in histone modifications, quantified as the mean fluorescence intensity divided by the
mean DAPI intensity for each nuclear area. Nuclear areas were automatically segmented
from the DAPI channel (Figure S5). The intensity of H3K36me3 fluorescent signal from
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nuclei areas was significantly decreased in the 35 °C and 37 °C IVF groups relative to
controls (Figure 7A). The H3K27me3 positive foci areas were not significantly different
between controls (Figure 7B). H3K9me?2 staining intensity was significantly lower in the
35 °C IVF group than in both the control and 37 °C IVF groups (Figure 7B). We conclude
that IVF and incubation temperature have a lasting impact on the offspring’s cortical
epigenetic landscape.

Intensity CNT 35°C 37°C

AZ-S' * %
Ce]

261
244

224

H3K36me3

204

H3K27me3
>

H3K9me2
~

CNT 35°C 37°C

Figure 7. Quantification of histone modification foci in the somatosensory cortex, along with rep-
resentative histological images for each group. (A) H3K36me3, (B) H3K27me3, and (C) H3K9me2.
Histone modification was measured as the mean fluorescence normalized by DAPI signal. * p < 0.05,
** p <0.01, IVF groups vs. control; # p < 0.05 37 °C vs. 35 °C IVF group (Mann-Whitey U-test).

3. Discussion

The IVF procedure subjects embryos to environmental stress due to in vitro culture
conditions and the elimination of endogenous signaling factors present in the seminal
fluid and oviduct. These stressors can disrupt early zygotic development, with potential
long-term consequences for implantation, fetal growth, and postnatal health [45-47]. For
instance, even short-term fluctuations in culture media pH and incubation temperature can
significantly impact embryo viability during ART and may have long-term effects on fetal
development [48]. Furthermore, the impact of incubation temperature on IVF-conceived
offspring is often overlooked, despite physiological evidence that in vivo fertilization and
initial zygotic cleavage occur 1-3 °C below core body temperature, i.e., below the standard
embryo incubation temperature of 37 °C [40,49].

Although the nature of how long-term effects from embryo culture conditions
are conferred to offspring remains largely unknown, it is likely to involve epigenetic
modifications [50-52]. Indeed, pH fluctuations in embryo culture can drive global changes
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in histone acetylation [53], while temperature shifts alter chromatin condensation [38,39].
Notably, spontaneous intra-blastomere variations in genomic 5mC DNA methylation and
gene expression variability are reduced by the eight-cell stage in mouse embryos cultured at
35 °C compared to 37 °C, reaching levels comparable to naturally conceived embryos [32].
We therefore hypothesized that lowering the incubation temperature during the first zy-
gotic cleavage would confer long-term developmental stability, thereby mitigating adverse
outcomes associated with IVE.

In this study, we compared the long-term effects of two IVF culture temperatures (35 °C
vs. standard 37 °C) on energy balance, circadian rhythms, and cerebral cortex histone modifi-
cations in outbred CD1 mouse offspring, using naturally conceived offspring as a control.

Body mass, an integral indicator of metabolic activity, is elevated in IVF-conceived
children [54-56]. Consistent with this, offspring in both IVF groups had increased body
mass compared to controls. At 3 weeks, this increase was attributable to smaller litter sizes,
whereas by 10 weeks, the effect was directly caused by IVF itself. However, incubation
temperature had no significant effect on body mass (Figure 1). Contrary to the findings
that IVF may impair glucose tolerance in male mouse offspring [57], baseline glucose
and glucose tolerance were comparable to controls in both studied IVF groups (Figure 2).
Consequently, we investigated the mechanisms by which IVF and its culture temperature
influence offspring energy metabolism in greater depth.

Besides glucose metabolism, body mass is governed by energy intake/expenditure bal-
ance, e.g., a positive energy balance, whether from increased food intake or reduced energy
expenditure, promotes increased body mass [58,59]. Thus, we tracked O, consumption,
CO; production, food intake, and spontaneous locomotor activity in 10-11 = week-old IVF
and control offspring (Figure 3). Food consumption was significantly increased in the 37 °C
IVF group and non-significantly in the 35 °C IVF group compared to controls. Although
locomotor activity (distance traveled) was higher in both IVF groups, the energy balance
(distance traveled to food consumption ratio) did not differ significantly from controls. This
prompted an investigation into the diurnal partitioning of energy intake and expenditure
to assess potential links to circadian rhythm disruption.

A misalignment between the circadian timing of energy consumption and expenditure
represents a significant risk factor for the development of obesity, type 2 diabetes, and
cardiovascular disease [60,61]. Cosinor analysis revealed significant circadian metabolic
alterations in the IVF groups (Figure 4). The 37 °C IVF group exhibited a significantly
increased amplitude of O, consumption and a decreased RER over the 24 h cycle compared
to controls. The 35 °C IVF group showed intermediate, but non-significant, changes in the
amplitude of these two parameters. During the rest (lights-on) phase, O, consumption
was significantly elevated in the 35 °C IVF group, though RER was unchanged. The 37 °C
IVF group showed O, consumption comparable to controls in both phases, with a non-
significant trend toward increased RER during the rest phase. These results indicate distinct
alterations in circadian energy metabolism patterns in IVF-conceived offspring.

Interestingly, we observed a concomitant increase in spontaneous locomotor activity
and food consumption during the rest phase (lights-on) in the IVF offspring, which was
most pronounced in the 37 °C IVF group (Figure 5). These behavioral alterations indicate a
disruption in circadian sleep—wake patterns. Indeed, analysis of sleep patterns revealed
that, compared to controls, the 37 °C IVF group had significantly reduced sleep time
(total and during the dark and light phases) and shorter sleep but longer awakeness
episode duration. The 35 °C group exhibited intermediate alterations in the sleep-wake
phenotype (Figure 6). Therefore, the observed disruptions in circadian energy metabolism
and sleep—-wake patterns may be key mechanisms driving the accumulation of mass in IVF
offspring, with potential implications for their long-term metabolic health. Interestingly,
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although our findings in mice do not necessarily directly translate to humans, it is notable
that IVF-conceived children have a significantly higher cumulative incidence of obstructive
sleep apnea [62].

Finally, the observed alterations in circadian rhythm and sleep—wake patterns could
be underpinned by epigenetic modifications conferred to offspring. Indeed, chromatin
and histone modification dynamics play a crucial role in regulating core circadian clock
genes [26,28,63,64]. Consequently, analysis of histone modifications in the somatosensory
cortex of IVF offspring supported this hypothesis (Figure 7). The cerebral somatosensory
cortex runs an autonomous circadian clock and exhibits diurnal rhythmicity in the activity
of excitatory and inhibitory synapses, and it is also implicated in resynchronization of the
master clock [65-67]. The gross epigenetic alterations in IVF-conceived offspring observed
in this study are likely to disrupt the expression of clock genes, which rely on the tight
orchestration of epigenetic marks to maintain synchronized oscillations. Clock genes are
activated by H3K36me3 and repressed by H3K9me2 and H3K27me3 [63,68-70]. A reduction
in the active H3K36me3 mark in both IVF groups could lead to a general downregulation
of clock genes. However, in the 35 °C IVF group, this could be compensated for by a
concurrent global decrease in the repressive H3K9me2 mark (Figure 7). While the direct
effects on circadian gene expression require further validation, our findings indicate that
IVF causes lasting epigenetic alterations in the offspring’s cerebral somatosensory cortex.
These alterations offer a plausible explanation for the dysregulation of circadian rhythms
and consequent wide-ranging effects on metabolic health.

Collectively, our results demonstrate that dysregulated sleep—wake Ok patterns and
circadian energy metabolism constitute a novel pathway contributing to elevated body
mass in IVF offspring. To the best of our knowledge, this is the first study to underscore the
IVF-mediated impact on circadian rhythms in offspring, which warrants deeper analysis of
circadian alterations in the IVF-conceived population and the implications of ART protocols
in driving circadian misalignment. Crucially, the partial amelioration of these phenotypes
through reduced incubation temperature underscores that modifying embryo culture
conditions in accordance with natural temperature gradients experienced by the zygote
during the first cleavages is a promising strategy to attenuate the long-term adverse effects
of IVF on offspring. Therefore, elucidating the precise molecular cascade, from temperature-
sensitive chromatin remodeling in the zygote to the dysregulation of the central circadian
clock in offspring, deserves future research for developing optimal ART/IVF strategies to
reduce metabolic and other health risks in ART/IVF-conceived offspring.

4. Materials and Methods
4.1. Animals

The study was performed on outbred CD1 mice maintained under specific pathogen-
free (SPF) conditions. Animals were housed in individually ventilated cages (OptiMice,
Centennial, CO, USA) under controlled conditions: a 14:10 h light-dark cycle, 22-24 °C,
and 40-50% humidity. Males were housed singly, and females were housed in groups
of five, with autoclaved feed and water provided ad libitum. All animal procedures
were conducted in compliance with the Standard Operating Procedures (SOP) of the
specific pathogen-free (SPF) facility and the Animal Care and Use Committee of the Federal
Research Center Institute of Cytology and Genetics (ICG) operating under regulatory
guidelines of the Federal Health Ministry (2010/708n/RF) and NRC. The study protocols
received approval from the Bioethics Commission of ICG SB RAS (approval No. 20,
3 November 2022).
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4.2. In Vitro Fertilization, Embryo Transfer, and Offspring Weaning

Virgin CD1 females were superovulated via intraperitoneal (i.p.) injection of 5 IU
pregnant mare serum gonadotropin (Folligon, MSD Animal Health, Boxmeer, Netherlands),
followed by 5 IU human chorionic gonadotropin (hCG; Horulon, MSD Animal Health,
Boxmeer, Netherlands) 48 h later. Cumulus-oocyte complexes (COCs) were collected from
the oviductal ampulla 15-17 h post-hCG injection and placed in a 200 pL droplet of human
tubal fluid (HTF) medium. For IVFE, sperm were collected from the caudal epididymis and
placed in a 100 uL HTF drop under mineral oil (Sigma—Aldrich, St. Louis, MO, USA) and
pre-incubated for one hour at 37 °C and 5% CO,. Then, 3-5 uL of this sperm suspension
was added to the fertilization drop containing COCs and incubated for 3—4 h. Fertilized
oocytes were washed with four drops of HTF and cultured in 80 uL HTF droplets under
mineral oil at 35 °C or 37 °C in 5% CO; for 24 h to the two-cell stage.

Following in vitro culture at 35 °C or 37 °C, two-cell embryos were transferred into
pseudopregnant CD1 recipient females under AERRANE anesthesia (Baxter Healthcare
Corp., Deerfield, IL, USA). The recipient females were produced by mating 23 CD1 females
(10-14 weeks old) with 10 vasectomized males. In total, 199 embryos from the 35 °C IVF
group were transferred to 13 females, and 151 embryos from the 37 °C IVF group were
transferred to 10 females. For the control, 8 CD1 females (10-14 weeks old) were mated
with CD1 males.

After the delivery, the number of newborns and subsequently weaned offspring was
counted. In total, 56 (31 males and 25 females) offspring were born and weaned in the
control group; 49 (28 males and 21 females) offspring were born and weaned in the 35 °C
IVF group; 25 (14 males and 11 females) offspring were born and 23 (14 males and 9 females)
were weaned in the 37 °C IVF group.

For further analysis, 1-2 male offspring from each litter were included in the experi-
mental groups, resulting in the following group sizes:

1.  control (CNT)—(n =7),
2. 35°CIVF group—(n = 10),
3. 37 °CIVF group—(n = 10).
Male offspring were weighed at the ages of 3 and 10 weeks.

4.3. Glucose Tolerance

A glucose tolerance test (GTT) was performed on 10-11-week-old male mice. After a
16 h fast, mice were i.p. injected with a 20% glucose solution (PanEco, Moscow, Russia) at a
dose of 10 pL per gram body weight. Blood was collected from the tail vein immediately
before the injection and at 15, 30, 60, and 120 min after the injection. Blood glucose levels
were measured using a Contour TS glucose meter (Bayer, Basel, Switzerland). The area
under the curve (AUC) was calculated relative to baseline using the trapezoid rule as an
integrated index of glucose tolerance.

4.4. Circadian Phenotyping

Circadian phenotyping was conducted on 10-week-old male offspring using a Phe-
nomaster system (TSE, Berlin, Germany). Each animal was housed in an individual
Phenomaster cage. Following a 2-day habituation period, data were recorded for 3 days.
Measured parameters included spontaneous locomotor activity (distance traveled), food
consumption, oxygen consumption (VO;), carbon dioxide production (VCO,), and sleep
episodes. The respiratory exchange ratio (RER) was calculated as the ratio of VCO; to
VO,. All recordings commenced at the onset of the dark phase (lights-off), designated as
Zeitgeber Time 0 (ZT0), and continued for approximately 100 h.
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Phenomaster time series data were processed and analyzed as follows. The raw data
were first aggregated into 30 min bins to create time series with uniform sampling frequency
and the same length. From these, overall and light-phase-specific (lights-on/lights-off)
averages were calculated. Circadian rhythms were assessed by fitting cosinor regression
models to estimate acrophase and amplitude. A classical cosinor model was applied to
oxygen consumption and respiratory exchange data (Figure S2A), whereas distance and
feed consumption were log-transformed before fitting (Figure S2B). The cosinor model is
parameterized by three variables: the mesor (constant term), the amplitude of oscillation,
and the acrophase. The acrophase is reported in hours for clarity. Finally, a periodic average
was generated to visualize the trend in average daily activity (Figure S4). All analyses were
performed using Python version 3.13 (library versions: numpy 2.2, pandas 2.3).

4.5. Immunofluorescent Analysis of Histone Modifications in the Somatosensory Cortex

Male offspring (27-28 weeks of age) from the above-described groups were deeply anes-
thetized at 19:00 ZT (5 h before artificial sunset) and transcardially perfused with phosphate-
buffered saline (PBS) followed by 10% neutral-buffered formalin. The brains were then
post-fixed in formalin, embedded in paraffin, and sectioned coronally at a thickness of 4 pm.
Sections were taken at —2.055 mm (minus 2.055 mm) from the bregma according to the Allen
Brain Institute’s mouse brain atlas (atlas.brain-map.org accessed on 1 January 2025).

Before staining, sections were deparaffinized in xylene and rehydrated through a graded
ethanol series. Antigen retrieval was performed by incubating slides in citrate buffer (pH 6.0,
0.05% Tween-20) at 97 °C for 30 min in a water bath. Sections were then permeabilized with
1% Triton X-100 in PBS for 30 min at room temperature and blocked in 5% BSA with 1%
Triton X-100 in PBS for 1 h. Sections were then incubated overnight at 4 °C in a humidified
chamber with primary antibodies against post-translational histone modifications (Table 1).
After three washes in PBS, sections were incubated with secondary antibodies (Table 1) for 2 h
at room temperature. Following three additional PBS washes, nuclei were counterstained with
DAPI for 5 min. Finally, slides were mounted with Shandon Immu-Mount (Thermo Scientific,
Waltham, MA, USA #9990402) and imaged on an upright epifluorescence microscope (Axio
Imager M2 Colibri 7, Carl Zeiss, Jena, Germany) using a 40x objective. For each animal,
ten non-overlapping fields of view were analyzed from both the left and the right somatosen-
sory cortex (20 fields total). Imaging parameters were kept constant across all samples. For
representative examples of stainings, see Figure S5.

Table 1. Primary and Secondary Antibodies Used.

Catalog No. Manufacturer Dilution Host Species Target
Millipore .
05-1951 (Waltham, MA, USA) 1:500 Mouse H3K27me3
Cell Signaling . .

4909 (Waltham, MA, USA) 1:200 Rabbit H3K36me3

ab1220 Abcam (Fremont, CA, USA) 1:200 Mouse H3K9me2
ab150077 Abcam (Fremont, CA, USA) 1:600 Goat Alexa Fluor 488 anti-rabbit IgG
2253917 Invitrogen (Carlsbad, CA, USA) 1:250 Goat Alexa Fluor 555 anti-mouse IgG

Cell nuclei were automatically detected by thresholding the DAPI channel, with the
threshold set to the local mean intensity (61 x 61 pixel area). We refined the shapes of the
nuclear contours by applying five iterations of morphological opening to the binary image.
The resulting nuclear contours are displayed on the DAPI channel in Figure S5. Histone
modification was quantified as a mean intensity for the respective channel, normalized by
DAPI channel intensity.
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4.6. Statistics

Analysis of covariance (ANCOVA) was used to compare animal body masses (Figure 1)
at different ages, treating groups (CNT, 35 °C, 37 °C) as a categorical factor and number of
littermates as a continuous factor. A post hoc Fisher’s LSD test was applied to determine the
statistical significance of inter-group differences. For the remaining statistical comparisons,
the Mann-Whitney U-test was used. Classical cosinor regression was used to determine
the acrophases and amplitudes of the behavioral time series. The data are presented as
the mean value =+ standard error of the mean (M £+ SEM). In the boxplots, the box extends
from the first quartile (Q1) to the third quartile (Q3) of the data, with a line at the median
and a thombus at the mean. The boxplot whiskers extend from the box to the farthest data
point lying within 1.5 times the inter-quartile range (IQR = Q3 — Q1) from the box. All
analyses were performed using Python.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms262110360/s1.

Author Contributions: D.Z.—statistics, data analysis, manuscript writing; A.S—IVFE, embryo transfer-
ence; G.K—IVE embryo transference; A.R—data, manuscript preparation; N.K.—Phenomaster data;
M.S.—histone modification staining; L.G.—experimental design, manuscript writing; M.M.—experimental
design, manuscript writing; Y.M.—experimental design, manuscript writing and editing. All authors
have read and agreed to the published version of the manuscript.

Funding: The research was supported by the Russian Science Foundation grant no Ne23-14-00179.

Institutional Review Board Statement: The study was conducted in accordance with the guidelines
of the Declaration of Helsinki and was approved by the Bioethics Review Committee and the Animal
Care and Use Committee of the Federal Research Center Institute of Cytology and Genetics. All animal
handling and experimental manipulations were conducted in accordance with the recommendations
of the Federal Ministry of Health RF (2010/708n/RF), NRC, and FELASA. The study protocols
received approval from the Bioethics Commission of ICG SB RAS (approval No. 20, 3 November 2022).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data and code that support the findings of this study are available
at https://doi.org/10.6084 /m9.figshare.30073087 accessed on 8 September 2025.

Acknowledgments: We are grateful to the Center for Genetic Resources of Laboratory Animals (CGR)
SPF Vivarium team for their support. Animal studies were supported by basic-research projects
FWNR-2025-0019 and FWNR-2022-0023.

Conlflicts of Interest: Author Alexander Romashchenko was employed by the company LIFT Center
LLC. The remaining authors declare that the research was conducted in the absence of any commercial
or financial relationships that could be construed as a potential conflict of interest.

Abbreviations
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H3K27me3 Tri-methylation at the 27th lysine residue of the histone H3 protein
H3K36me3 Tri-methylation at the 36th lysine residue of the histone H3 protein
RER Respiratory Exchange Ratio (the ratio of VCO, to VO;)

VCO, Volume carbon dioxide production

VO, Volume oxygen consumption
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Statistical abbreviations

ANCOVA Analysis of covariance
AUC Area Under the Curve
LSD Fisher’s Least Significant Difference test

References

1. Liu, Y,; Chen, X; Deng, X.; Yang, F; Zheng, J.; Zhou, T.; Xu, L.; Xie, X.; Ju, Z.; Wang, B.; et al. Association of NAD+ Levels with
Metabolic Disease in a Community-Based Study. Front. Endocrinol. 2023, 14, 1164788. [CrossRef]

2. Heber, M.E; Ptak, G.E. The Effects of Assisted Reproduction Technologies on Metabolic Health and Diseaset. Biol. Reprod. 2021,
104, 734-744. [CrossRef] [PubMed]

3. Ahmadi, H.; Aghebati-Maleki, L.; Rashidiani, S.; Csabai, T.; Nnaemeka, O.B.; Szekeres-Bartho, ]. Long-Term Effects of ART on the
Health of the Offspring. Int. J. Mol. Sci. 2023, 24, 13564. [CrossRef]

4. Anisimova, M.V.; Gon, Y.; Kontsevaya, G.V.; Romashchenko, A.V.; Khotskin, N.V; Stanova, A K.; Gerlinskaya, L.A.; Moshkin, M.P.
Body Composition as an Indicator of Metabolic Changes in Mice Obtained by in Vitro Fertilization. Vavilovskii Zhurnal Genet. Sel.
2023, 27, 357-365. [CrossRef]

5. Bokor, S.; Vass, R.A; Funke, S.; Ertl, T.; Molnar, D. Epigenetic Effect of Maternal Methyl-Group Donor Intake on Offspring’s
Health and Disease. Life 2022, 12, 609. [CrossRef]

6.  Takahashi, S.; Kyogoku, H.; Hayakawa, T.; Miura, H.; Oji, A.; Kondo, Y.; Takebayashi, S.; Kitajima, T.S.; Hiratani, I. Embryonic
Genome Instability upon DNA Replication Timing Program Emergence. Nature 2024, 633, 686—694. [CrossRef]

7. Miura, H.; Takahashi, S.; Poonperm, R.; Tanigawa, A.; Takebayashi, S.; Hiratani, I. Single-Cell DNA Replication Profiling Identifies
Spatiotemporal Developmental Dynamics of Chromosome Organization. Nat. Genet. 2019, 51, 1356-1368. [CrossRef] [PubMed]

8.  Sjoblom, C.; Roberts, C.T.; Wikland, M.; Robertson, S.A. Granulocyte-Macrophage Colony-Stimulating Factor Alleviates Adverse
Consequences of Embryo Culture on Fetal Growth Trajectory and Placental Morphogenesis. Endocrinology 2005, 146, 2142-2153.
[CrossRef]

9. Scott, K.A.; Yamazaki, Y.; Yamamoto, M.; Lin, Y.; Melhorn, S.J.; Krause, E.G.; Woods, S.C.; Yanagimachi, R.; Sakai, R.R,;
Tamashiro, K.L.K. Glucose Parameters Are Altered in Mouse Offspring Produced by Assisted Reproductive Technologies and
Somatic Cell Nuclear Transferl. Biol. Reprod. 2010, 83, 220-227. [CrossRef]

10. Feuer, S.K.; Donjacour, A.; Simbulan, R.K.; Lin, W.; Liu, X.; Maltepe, E.; Rinaudo, P.F. Sexually Dimorphic Effect of In Vitro
Fertilization (IVF) on Adult Mouse Fat and Liver Metabolomes. Endocrinology 2014, 155, 4554-4567. [CrossRef] [PubMed]

11. Ceelen, M.; Van Weissenbruch, M.M.; Roos, J.C.; Vermeiden, ].P.W.; Van Leeuwen, FE.; Delemarre-van De Waal, H.A. Body
Composition in Children and Adolescents Born after in Vitro Fertilization or Spontaneous Conception. J. Clin. Endocrinol. Metab.
2007, 92, 3417-3423. [CrossRef]

12.  Cui, L,; Zhou, W.; Xi, B.; Ma, J.; Hu, J.; Fang, M.; Hu, K,; Qin, Y.; You, L.; Cao, Y,; et al. Increased Risk of Metabolic Dysfunction in
Children Conceived by Assisted Reproductive Technology. Diabetologia 2020, 63, 2150-2157. [CrossRef]

13. Elhakeem, A ; Taylor, A.E.; Inskip, H.M.; Huang, J.Y.; Mansell, T.; Rodrigues, C.; Asta, F.; Blaauwendraad, S.M.; Haberg, S.E.;
Halliday, J.; et al. Long-Term Cardiometabolic Health in People Born after Assisted Reproductive Technology: A Multi-Cohort
Analysis. Eur. Heart ]. 2023, 44, 1464-1473. [CrossRef] [PubMed]

14.  Van Der Poorten, D.; Milner, K.; Hui, J.; Hodge, A.; Trenell, M.I.; Kench, J.G.; London, R.; Peduto, T.; Chisholm, D.J.; George, J.
Visceral Fat: A Key Mediator of Steatohepatitis in Metabolic Liver Diseaset. Hepatology 2008, 48, 449-457. [CrossRef] [PubMed]

15.  Mori, Y,; Hoshino, K.; Yokota, K.; Itoh, Y.; Tajima, N. Differences in the Pathology of the Metabolic Syndrome With or Without
Visceral Fat Accumulation. ENDO 2006, 29, 149-154. [CrossRef] [PubMed]

16. Covassin, N.; Singh, P.; McCrady-Spitzer, S.K.; St Louis, E.K.; Calvin, A.D.; Levine, ].A.; Somers, V.K. Effects of Experimental
Sleep Restriction on Energy Intake, Energy Expenditure, and Visceral Obesity. J. Am. Coll. Cardiol. 2022, 79, 1254-1265. [CrossRef]
[PubMed]

17. Gill, S.; Panda, S. A Smartphone App Reveals Erratic Diurnal Eating Patterns in Humans That Can Be Modulated for Health
Benefits. Cell Metab. 2015, 22, 789-798. [CrossRef]

18. Panda, S. Circadian Physiology of Metabolism. Science 2016, 354, 1008-1015. [CrossRef]

19.  Wilkinson, R.T. The Relationship Between Body Temperature and Performance Across Circadian Phase Shifts. In Rhythmic Aspects
of Behavior; Routledge: Abingdon, UK, 1982; ISBN 978-1-003-04615-8.

20. Takahashi, J.S. Transcriptional Architecture of the Mammalian Circadian Clock. Nat. Rev. Genet. 2017, 18, 164-179. [CrossRef]

21. Stanton, D.; Justin, H.S.; Reitzel, A.M. Step in Time: Conservation of Circadian Clock Genes in Animal Evolution. Integr. Comp. Biol.
2022, 62, 1503-1518. [CrossRef]

22.  Morris, A.R,; Stanton, D.L.; Roman, D.; Liu, A.C. Systems Level Understanding of Circadian Integration with Cell Physiology.

J. Mol. Biol. 2020, 432, 3547-3564. [CrossRef] [PubMed]


https://doi.org/10.3389/fendo.2023.1164788
https://doi.org/10.1093/biolre/ioaa224
https://www.ncbi.nlm.nih.gov/pubmed/33330924
https://doi.org/10.3390/ijms241713564
https://doi.org/10.18699/VJGB-23-43
https://doi.org/10.3390/life12050609
https://doi.org/10.1038/s41586-024-07841-y
https://doi.org/10.1038/s41588-019-0474-z
https://www.ncbi.nlm.nih.gov/pubmed/31406346
https://doi.org/10.1210/en.2004-1260
https://doi.org/10.1095/biolreprod.109.082826
https://doi.org/10.1210/en.2014-1465
https://www.ncbi.nlm.nih.gov/pubmed/25211591
https://doi.org/10.1210/jc.2006-2896
https://doi.org/10.1007/s00125-020-05241-1
https://doi.org/10.1093/eurheartj/ehac726
https://www.ncbi.nlm.nih.gov/pubmed/36740401
https://doi.org/10.1002/hep.22350
https://www.ncbi.nlm.nih.gov/pubmed/18627003
https://doi.org/10.1385/ENDO:29:1:149
https://www.ncbi.nlm.nih.gov/pubmed/16622304
https://doi.org/10.1016/j.jacc.2022.01.038
https://www.ncbi.nlm.nih.gov/pubmed/35361348
https://doi.org/10.1016/j.cmet.2015.09.005
https://doi.org/10.1126/science.aah4967
https://doi.org/10.1038/nrg.2016.150
https://doi.org/10.1093/icb/icac140
https://doi.org/10.1016/j.jmb.2020.02.002
https://www.ncbi.nlm.nih.gov/pubmed/32061938

Int. J. Mol. Sci. 2025, 26, 10360 16 of 17

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

Gaucher, J.; Montellier, E.; Sassone-Corsi, P. Molecular Cogs: Interplay between Circadian Clock and Cell Cycle. Trends Cell Biol.
2018, 28, 368-379. [CrossRef]

Leuck, M.; Levandovski, R.; Harb, A.; Quiles, C.; Hidalgo, M.P. Circadian Rhythm of Energy Expenditure and Oxygen Consump-
tion. J. Parenter. Enter. Nutr. 2014, 38, 263-268. [CrossRef] [PubMed]

Sancar, A.; Lindsey-Boltz, L.A.; Gaddameedhi, S.; Selby, C.P.; Ye, R.; Chiou, Y.-Y.,; Kemp, M.G.; Hu, J.; Lee, ] H.; Ozturk, N.
Circadian Clock, Cancer, and Chemotherapy. Biochemistry 2015, 54, 110-123. [CrossRef]

Zhu, Q.; Belden, W.J. Molecular Regulation of Circadian Chromatin. J. Mol. Biol. 2020, 432, 3466-3482. [CrossRef]

Reinke, H.; Asher, G. Crosstalk between Metabolism and Circadian Clocks. Nat. Rev. Mol. Cell Biol. 2019, 20, 227-241. [CrossRef]
Papazyan, R.; Zhang, Y.; Lazar, M.A. Genetic and Epigenomic Mechanisms of Mammalian Circadian Transcription. Nat. Struct.
Mol. Biol. 2016, 23, 1045-1052. [CrossRef]

Marcheva, B.; Ramsey, K.M.; Buhr, E.D.; Kobayashi, Y.; Su, H.; Ko, C.H.; Ivanova, G.; Omura, C.; Mo, S.; Vitaterna, M.H.; et al.
Disruption of the Clock Components CLOCK and BMALI Leads to Hypoinsulinaemia and Diabetes. Nature 2010, 466, 627-631.
[CrossRef]

Guan, D.; Lazar, M.A. Interconnections between Circadian Clocks and Metabolism. J. Clin. Investig. 2021, 131, €148278. [CrossRef]
[PubMed]

Gachon, F; Bugianesi, E.; Castelnuovo, G.; Oster, H.; Pendergast, ].S.; Montagnese, S. Potential Bidirectional Communication
between the Liver and the Central Circadian Clock in MASLD. npj Metab. Health Dis. 2025, 3, 15. [CrossRef]

Stanova, A.; Kontsevaya, G.; Romashchenko, A.; Zuev, D.; Silvanovich, E.; Moshkin, Y.; Gerlinskaya, L.; Moshkin, M. The
Temperature of the First Cleavage Impacts Preimplantation Development and Newborn Viability. Int. J. Mol. Sci. 2025, 26, 3745.
[CrossRef] [PubMed]

Cortessis, V.K.; Azadian, M.; Buxbaum, ].; Sanogo, F.; Song, A.Y.; Sriprasert, I.; Wei, P.C.; Yu, J.; Chung, K.; Siegmund, K.D. Com-
prehensive Meta-Analysis Reveals Association between Multiple Imprinting Disorders and Conception by Assisted Reproductive
Technology. J. Assist. Reprod. Genet. 2018, 35, 943-952. [CrossRef]

Buonfiglio, D.; Hummer, D.L.; Armstrong, A.; Christopher Ehlen, J.; DeBruyne, ].P. Angelman Syndrome and Melatonin: What
Can They Teach Us about Sleep Regulation. J. Pineal Res. 2020, 69, €12697. [CrossRef]

Yeung, E.H.; Mendola, P; Sundaram, R.; Zeng, X.,; Guan, W.; Tsai, M.Y.; Robinson, S.L.; Stern, ]J.E.; Ghassabian, A;
Lawrence, D.; et al. Conception by Fertility Treatment and Offspring Deoxyribonucleic Acid Methylation. Fertil. Steril. 2021,
116, 493-504. [CrossRef]

Stanton, D.L.; Graf, A; Maia, T.S.; Blum, H.; Jiang, Z.; Hansen, P.J. Absence of a Molecular Circadian Clock in the Preimplantation
Embryo Is a Conserved Characteristic in the Mammal. Reproduction 2023, 166, 199-207. [CrossRef]

Zeng, F,; Schultz, R.M. RNA Transcript Profiling during Zygotic Gene Activation in the Preimplantation Mouse Embryo. Dev. Biol.
2005, 283, 40-57. [CrossRef]

Fischl, H.; McManus, D.; Oldenkamp, R.; Schermelleh, L.; Mellor, J.; Jagannath, A.; Furger, A. Cold-induced Chromatin
Compaction and Nuclear Retention of Clock mRNAs Resets the Circadian Rhythm. EMBO ]. 2020, 39, e105604. [CrossRef]
[PubMed]

Chereji, R.V,; Kan, T.-W.; Grudniewska, M.K.; Romashchenko, A.V.; Berezikov, E.; Zhimulev, LE,; Guryev, V.; Morozov, A.V,;
Moshkin, Y.M. Genome-Wide Profiling of Nucleosome Sensitivity and Chromatin Accessibility in Drosophila Melanogaster. Nucleic
Acids Res. 2016, 44, 1036-1051. [CrossRef] [PubMed]

Hunter, R H.F. Temperature Gradients in Female Reproductive Tissues. Reprod. Biomed. Online 2012, 24, 377-380. [CrossRef]
Kontsevaya, G.; Romashchenko, A.; Babochkina, T.; Sugatova, D.; Shevelev, O.; Sharapova, M.; Moshkin, Y.; Moshkin, M.;
Gerlinskaya, L. Induction of Stress Granules and Developmental Instability of Offspring Phenotype Due to Hypothermia During
First Mouse Embryo Cleavage. Int. J. Mol. Sci. 2025, 26, 8060. [CrossRef]

Babochkina, T.I.; Gerlinskaya, L.A.; Anisimova, M.V.; Kontsevaya, G.V.; Feofanova, N.A.; Stanova, A K.; Moshkin, M.P;
Moshkin, Y.M. Mother-Fetus Immune Cross-Talk Coordinates “Extrinsic”/“Intrinsic” Embryo Gene Expression Noise and
Growth Stability. Int. J. Mol. Sci. 2022, 23, 12467. [CrossRef] [PubMed]

Phengchat, R.; Takata, H.; Morii, K.; Inada, N.; Murakoshi, H.; Uchiyama, S.; Fukui, K. Calcium Ions Function as a Booster of
Chromosome Condensation. Sci. Rep. 2016, 6, 38281. [CrossRef]

Radwan, B.; Jansen, G.; Chaudhury, D. Sleep-Wake Dynamics Pre- and Post-Exposure to Chronic Social Stress. iScience 2021,
24,103204. [CrossRef] [PubMed]

Kontsevaya, G.V,; Gerlinskaya, L.A.; Moshkin, Y.M.; Anisimova, M.V,; Stanova, A K.; Babochkina, T.I,; Moshkin, M.P. The Effects
of Sperm and Seminal Fluid of Immunized Male Mice on In Vitro Fertilization and Surrogate Mother-Embryo Interaction. Int. J.
Mol. Sci. 2021, 22, 10650. [CrossRef] [PubMed]

Castillo, C.M.; Harper, J.; Roberts, S.A.; O'Neill, H.C.; Johnstone, E.D.; Brison, D.R. The Impact of Selected Embryo Culture
Conditions on ART Treatment Cycle Outcomes: A UK National Study. Hum. Reprod. Open 2020, 2020, hoz031. [CrossRef]


https://doi.org/10.1016/j.tcb.2018.01.006
https://doi.org/10.1177/0148607113482331
https://www.ncbi.nlm.nih.gov/pubmed/23599248
https://doi.org/10.1021/bi5007354
https://doi.org/10.1016/j.jmb.2020.01.009
https://doi.org/10.1038/s41580-018-0096-9
https://doi.org/10.1038/nsmb.3324
https://doi.org/10.1038/nature09253
https://doi.org/10.1172/JCI148278
https://www.ncbi.nlm.nih.gov/pubmed/34338232
https://doi.org/10.1038/s44324-025-00058-1
https://doi.org/10.3390/ijms26083745
https://www.ncbi.nlm.nih.gov/pubmed/40332374
https://doi.org/10.1007/s10815-018-1173-x
https://doi.org/10.1111/jpi.12697
https://doi.org/10.1016/j.fertnstert.2021.03.011
https://doi.org/10.1530/REP-23-0104
https://doi.org/10.1016/j.ydbio.2005.03.038
https://doi.org/10.15252/embj.2020105604
https://www.ncbi.nlm.nih.gov/pubmed/33034091
https://doi.org/10.1093/nar/gkv978
https://www.ncbi.nlm.nih.gov/pubmed/26429969
https://doi.org/10.1016/j.rbmo.2011.12.007
https://doi.org/10.3390/ijms26168060
https://doi.org/10.3390/ijms232012467
https://www.ncbi.nlm.nih.gov/pubmed/36293324
https://doi.org/10.1038/srep38281
https://doi.org/10.1016/j.isci.2021.103204
https://www.ncbi.nlm.nih.gov/pubmed/34703999
https://doi.org/10.3390/ijms221910650
https://www.ncbi.nlm.nih.gov/pubmed/34638989
https://doi.org/10.1093/hropen/hoz031

Int. J. Mol. Sci. 2025, 26, 10360 17 of 17

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Dumoulin, J.C.; Land, J.A.; Van Montfoort, A.P.; Nelissen, E.C.; Coonen, E.; Derhaag, ].G.; Schreurs, I.L.; Dunselman, G.A;
Kester, A.D.; Geraedsts, ].P,; et al. Effect of in Vitro Culture of Human Embryos on Birthweight of Newborns. Hum. Reprod. 2010,
25, 605-612. [CrossRef]

Wale, P.L.; Gardner, D.K. The Effects of Chemical and Physical Factors on Mammalian Embryo Culture and Their Importance for
the Practice of Assisted Human Reproduction. Hum. Reprod. Update 2016, 22, 2-22. [CrossRef]

McEvoy, T.G.; Sinclair, K.D.; Young, L.E.; Wilmut, I.; Robinson, ]J.J. Large Offspring Syndrome and Other Consequences of
Ruminant Embryo Culture in Vitro: Relevance to Blastocyst Culture in Human ART. Hum. Fertil. 2000, 3, 238-246. [CrossRef]
Canovas, S.; Ross, PJ.; Kelsey, G.; Coy, P. DNA Methylation in Embryo Development: Epigenetic Impact of ART (Assisted
Reproductive Technologies). BioEssays 2017, 39, 1700106. [CrossRef]

Cagnone, G.; Sirard, M.-A. The Embryonic Stress Response to in Vitro Culture: Insight from Genomic Analysis. Reproduction 2016,
152, R247-R261. [CrossRef]

Chason, R.J.; Csokmay, J.; Segars, ].H.; DeCherney, A.H.; Armant, D.R. Environmental and Epigenetic Effects upon Preimplanta-
tion Embryo Metabolism and Development. Trends Endocrinol. Metab. 2011, 22, 412—420. [CrossRef]

McBrian, M.A; Behbahan, LS.; Ferrari, R.; Su, T.; Huang, T.-W.; Li, K.; Hong, C.S.; Christofk, H.R.; Vogelauer, M.; Seligson, D.B.; et al.
Histone Acetylation Regulates Intracellular pH. Mol. Cell 2013, 49, 310-321. [CrossRef]

Elhakeem, A.; Taylor, A.E.; Inskip, H.M.; Huang, J.; Tafflet, M.; Vinther, ].L.; Asta, F.; Erkamp, ].S.; Gagliardi, L.; Guerlich, K.; et al.
Association of Assisted Reproductive Technology With Offspring Growth and Adiposity From Infancy to Early Adulthood.
JAMA Netw. Open 2022, 5, €2222106. [CrossRef] [PubMed]

Van Montfoort, A.P.A.; Hanssen, L.L.P; De Sutter, P; Viville, S.; Geraedts, ] PM.; De Boer, P. Assisted Reproduction Treatment and
Epigenetic Inheritance. Hum. Reprod. Update 2012, 18, 171-197. [CrossRef]

Narapareddy, L.; Rhon-Calderon, E.A.; Vrooman, L.A.; Baeza, ].; Nguyen, D.K,; Mesaros, C.; Lan, Y.; Garcia, B.A.; Schultz, RM.;
Bartolomei, M.S. Sex-specific Effects of in Vitro Fertilization on Adult Metabolic Outcomes and Hepatic Transcriptome and
Proteome in Mouse. FASEB J. 2021, 35, €21523. [CrossRef] [PubMed]

Donjacour, A.; Liu, X.; Lin, W,; Simbulan, R.; Rinaudo, P.F. In Vitro Fertilization Affects Growth and Glucose Metabolism in a
Sex-Specific Manner in an Outbred Mouse Modell. Biol. Reprod. 2014, 90, 80-1. [CrossRef] [PubMed]

Hill, ].O.; Wyatt, H.R,; Peters, ].C. Energy Balance and Obesity. Circulation 2012, 126, 126-132. [CrossRef]

Santos-Pinto, J.; Luz, M.A.; Griggio, EN. Energy Expenditure of Rats Subjected to Long-Term Food Restriction. Int. |. Food
Sci. Nutr. 2001, 52, 193-200. [CrossRef]

Pickel, L.; Sung, H.-K. Feeding Rhythms and the Circadian Regulation of Metabolism. Front. Nutr. 2020, 7, 39. [CrossRef]
Challet, E. The Circadian Regulation of Food Intake. Nat. Rev. Endocrinol. 2019, 15, 393—405. [CrossRef]

Imterat, M.; Wainstock, T.; Sheiner, E.; Landau, D.; Walfisch, A.; Harlev, A. Fertility Treatments and the Risk of Pediatric
Obstructive Sleep Apnea in the Offspring—Results from a Population-based Cohort Study. Pediatr. Pulmonol. 2019, 54, 1534-1540.
[CrossRef] [PubMed]

Gonzélez-Sudrez, M.; Aguilar-Arnal, L. Histone Methylation: At the Crossroad between Circadian Rhythms in Transcription and
Metabolism. Front. Genet. 2024, 15, 1343030. [CrossRef]

Wei, Y,; Chen, ].; Xu, X; Li, E; Wu, K; Jiang, Y,; Rao, Y.; Zhao, C.; Chen, W.; Wang, X. Restoration of H3k27me3 Modification
Epigenetically Silences Cry1 Expression and Sensitizes Leptin Signaling to Reduce Obesity-Related Properties. Adv. Sci. 2021,
8,2004319. [CrossRef]

Jasinska, M.; Grzegorczyk, A.; Woznicka, O.; Jasek, E.; Kossut, M.; Barbacka-Surowiak, G.; Litwin, J.A.; Pyza, E. Circadian
Rhythmicity of Synapses in Mouse Somatosensory Cortex. Eur. J. Neurosci. 2015, 42, 2585-2594. [CrossRef]

Jasiniska, M.; Jasek-Gajda, E.; Ziaja, M.; Litwin, J.A.; Lis, G.J.; Pyza, E. Light-Modulated Circadian Synaptic Plasticity in the
Somatosensory Cortex: Link to Locomotor Activity. Int. J. Mol. Sci. 2024, 25, 12870. [CrossRef] [PubMed]

Bering, T.; Carstensen, M.B.; Wortwein, G.; Weikop, P.; Rath, M.F. The Circadian Oscillator of the Cerebral Cortex: Molecular,
Biochemical and Behavioral Effects of Deleting the Arntl Clock Gene in Cortical Neurons. Cereb. Cortex 2017, 28, 644—657.
[CrossRef]

Ripperger, J.A.; Schibler, U. Rhythmic CLOCK-BMALL1 Binding to Multiple E-Box Motifs Drives Circadian Dbp Transcription and
Chromatin Transitions. Nat. Genet. 2006, 38, 369-374. [CrossRef]

Koike, N.; Yoo, S.-H.; Huang, H.-C.; Kumar, V.; Lee, C.; Kim, T.-K,; Takahashi, J.S. Transcriptional Architecture and Chromatin
Landscape of the Core Circadian Clock in Mammals. Science 2012, 338, 349-354. [CrossRef]

Duong, H.A.; Weitz, C.J. Temporal Orchestration of Repressive Chromatin Modifiers by Circadian Clock Period Complexes.
Nat. Struct. Mol. Biol. 2014, 21, 126-132. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1093/humrep/dep456
https://doi.org/10.1093/humupd/dmv034
https://doi.org/10.1080/1464727002000199061
https://doi.org/10.1002/bies.201700106
https://doi.org/10.1530/REP-16-0391
https://doi.org/10.1016/j.tem.2011.05.005
https://doi.org/10.1016/j.molcel.2012.10.025
https://doi.org/10.1001/jamanetworkopen.2022.22106
https://www.ncbi.nlm.nih.gov/pubmed/35881399
https://doi.org/10.1093/humupd/dmr047
https://doi.org/10.1096/fj.202002744R
https://www.ncbi.nlm.nih.gov/pubmed/33734487
https://doi.org/10.1095/biolreprod.113.113134
https://www.ncbi.nlm.nih.gov/pubmed/24621920
https://doi.org/10.1161/CIRCULATIONAHA.111.087213
https://doi.org/10.1080/713671773
https://doi.org/10.3389/fnut.2020.00039
https://doi.org/10.1038/s41574-019-0210-x
https://doi.org/10.1002/ppul.24428
https://www.ncbi.nlm.nih.gov/pubmed/31264380
https://doi.org/10.3389/fgene.2024.1343030
https://doi.org/10.1002/advs.202004319
https://doi.org/10.1111/ejn.13045
https://doi.org/10.3390/ijms252312870
https://www.ncbi.nlm.nih.gov/pubmed/39684579
https://doi.org/10.1093/cercor/bhw406
https://doi.org/10.1038/ng1738
https://doi.org/10.1126/science.1226339
https://doi.org/10.1038/nsmb.2746
https://www.ncbi.nlm.nih.gov/pubmed/24413057

	Introduction 
	Results 
	IVF Offspring Exhibit Increased Body Mass Without Glucose Intolerance 
	Metabolic and Behavioral Phenotyping of IVF-Conceived Offspring 
	Impact of IVF and Incubation Temperature at the First Cleavage on Offspring Circadian Phenotype 
	The Effects of IVF and First-Cleavage Incubation Temperature on Offspring Sleep 
	IVF Mice Have Altered Histone Modification 

	Discussion 
	Materials and Methods 
	Animals 
	In Vitro Fertilization, Embryo Transfer, and Offspring Weaning 
	Glucose Tolerance 
	Circadian Phenotyping 
	Immunofluorescent Analysis of Histone Modifications in the Somatosensory Cortex 
	Statistics 

	References

