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Abstract: The aim of this study was to evaluate the effects of being overweight on the ability to
conceive, fertilization rate, and in vivo development of embryos in regularly cycling, spontaneously
ovulating, and naturally mated female mice. The study was based on statistical analysis of data
collected during 14 experiments with identical design, performed on 319 control and 327 obese mice,
developed in an intergenerational model of obesity induction which eliminates the impact of aging
and high-fat feeding. Six-week-old mice with a vaginal sperm plug were slaughtered on embryonic
days 2, 3, or 4, and the flushed contents of the oviducts and uteri were assessed by stereomicroscopy.
The results showed no association between being overweight and the proportion of ovulating or
fertilized females. On the other hand, a strong association was found between being overweight
and ovulation yield. On embryonic day 2, significantly higher numbers of eggs were recovered from
the oviducts of fertilized obese mice. Maternal overweight status was also associated with higher
developmental capacities of preimplantation embryos. In conclusion, contrary to studies based on
the high-fat-diet model, in female mice fed regular chow, being overweight was associated with an
increased ovulation quota and higher developmental rate of fertilized oocytes. Being overweight did
not impact ability to conceive. On the other hand, as documented in our previous studies, the quality
of oocytes and blastocysts recovered from overweight mice developed in an intergenerational model
of obesity was low.

Keywords: overweight; female mouse; ovulation yield; fertilization rate; preimplantation
development

1. Introduction

Assessment of the impact of being overweight on the ability to conceive and early
development of conceptus in women has been carried out in numerous systematic studies.
However, many of these have produced conflicting outcomes, documenting no or a negative
effect of being overweight on particular reproductive parameters (reviewed in [1–4]). To
minimize the impact of variable factors on the results, researchers have turned to animal
models. Experimental studies on mice with diet-induced obesity have confirmed an
association between female obesity and reproductive disorders in the peri-conception
period [5–10]. However, some of these studies produced inconsistent results as well.

To respect specifics of reproductive research, an intergenerational model of diet-
induced obesity was established for the production of outbred mice that are overweight [11].
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Mice developed in this intergenerational model do not show the same massive fat accu-
mulation as genetically modified obese mice or obese mice produced by means of the
standard high-fat-diet model [12]; however, they are able to develop a somatic condition
characterized by significantly higher body weight and body fat and increased plasma
glucose, insulin, and leptin levels at the age of 35 days [13–16], i.e., at the time characterized
by the highest ability to conceive in selected strain [17,18]. Furthermore, the acquired
characteristics of body condition show long-lasting stability, i.e., there is no decrease in
body weight which usually accompanies the removal of the high-fat diet. Additionally,
since both control and overweight females are fed the same type of diet during mating
and conceptus development (the only difference is in their caloric intake [13]), this model
enables researchers to differentiate the impact of body condition and actual nutrition on
reproductive parameters.

So far, the intergenerational model of diet-induced obesity has been used to evalu-
ate the effect of female overweight status on various qualitative parameters of ovarian
cells, oocytes, and early embryos, such us lipid deposition, metabolic activity, hormonal
activity, apoptosis incidence, gene expression, and DNA methylation [11,14–16,19–22]. The
results have helped to clarify some of the unknown aspects of this relationship. How-
ever, the impact of being overweight on quantitative reproductive parameters remains to
be evaluated.

In general, quantitative reproductive parameters are characterized by high individual
variability in females. Furthermore, they might be influenced by a number of external
factors, such us season, health, stress, libido, or quality of sperm. Not all of these factors
can be eliminated when planning experiments on living animals; however, their impact on
results can be minimized through the use of a large sample size.

The aim of the current study was to evaluate the effects of female overweight status on
the ability to conceive, ovulation quota, fertilization rate, and in vivo development of preim-
plantation embryos by means of statistical analysis of data collected during 14 experiments
with identical design performed between the years 2011 and 2020 on control and obese
mice using an intergenerational obesity model.

2. Materials and Methods
2.1. Experimental Design
2.1.1. Production of Overweight Female Mice

The experiments were performed on mice (Mus musculus) of the outbred ICR (CD-1
IGS) strain (Velaz, Prague, Czech Republic). Overweight females were produced using
a breeding protocol based on over-nutrition of animals during intrauterine and early
postnatal development (Figure 1). Briefly, hormonally synchronized female mice of the
parental generation were mated with males of the same strain and then randomly divided
into two groups: Dams in the control group were fed a standard pellet diet (M1, Ricmanice,
Czech Republic, 3.2 kcal/g) ad libitum, and dams in the experimental group were fed
a standard pellet diet (M1) and Ensure Plus high-energy nutritional product (Abbott
Laboratories, Lake Bluff, IL, USA, 1.5 kcal/mL), also ad libitum. To provide adequate
nutrition to the delivered pups, the litter size was adjusted on the eighth day after birth
to up to 10 pups per nest. After weaning, all female mice of the filial generation were fed
the standard pellet diet only (M1). All animals were kept at 22 ± 1 ◦C on a 12 h light/dark
cycle (6 am to 6 pm) with free access to food and water.
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protocol. P, parental generation; F1, filial generation; eCG, pregnant mare’s serum gonadotropin (5 

IU ip); hCG, human chorionic gonadotropin (4 IU ip); EchoMRI, non-invasive nuclear magnetic 

resonance instrument; BW, body weight; ED2, ED3, ED4, embryonic day 2, 3, and 4. Standard pellet 

diet: 225 g/kg of crude protein, 27 g/kg of crude fat, 30 g/kg of crude fiber, 61 g/kg of ash, and 58 

g/kg of saccharides (M1, 3.2 kcal/g). Ensure Plus: high-energy nutritional product (Abbot Labora-

tories, 1.5 kcal/mL). 

On day 34, females of the filial generation were individually scanned using 

EchoMRI (Whole Body Composition Analyser, Echo Medical System, Houston, TX, USA) 

and allocated into four groups: females delivered from control dams were classified as 

normal controls with physiological body weight (±20 g) and body fat (7–8%) or lean 

controls spontaneously displaying decreased body weight and body fat (<7%); females 

delivered from experimental dams were classified as obese mice with significantly ele-

vated body weight (±24 g) and fat (>11%), or obesity-induction resistant experimental 

mice with physiological body weight and slightly elevated body fat (8–11%). In the fol-

lowing reproductive experiments, only control mice with physiological body weights 

and body fat and obese experimental mice with significantly elevated body weight and 

body fat were used. 

2.1.2. Mating of Female Mice 

At day 35, spontaneously ovulating control and obese female mice were mated with 

males of the same strain (Velaz, 10 to 16 weeks old) for one or more nights. In each ex-

periment, a cohort of 50 males with inbreeding-excluding origin and previously proven 

fertility was used for mating purposes. To minimize the impact of paternal obesity or 

stress, males were fed the standard pellet diet only and housed individually. Successful 

mating was confirmed by the identification of a vaginal sperm plug every morning. 

2.1.3. Recovery of Ova and Embryos 

Mated dams from both groups were sacrificed using cervical dislocation and were 

subjected to ova/embryo isolation on embryonic day 2 of pregnancy (ED2, approx. 32 h 

after presumed ovulation [15,20]), on embryonic day 3 of pregnancy (ED3, approx. 56 h 

after presumed ovulation [16]), and on day 4 of pregnancy (ED4, approx. 80 h after pre-

sumed ovulation [11,15,16]). Recovery was performed by flushing oviducts and uteri 

using a flushing-holding medium [23] containing 1% bovine serum albumin (BSA, Sig-

ma-Aldrich, St. Louis, MO, USA). Immediately after isolation, the collected material was 

subjected to stereomicroscopic classification (Nikon SMZ 745T, Nikon, Tokyo, Japan), 

and the numbers of isolated ova/embryos were determined. Data gathering was per-

Figure 1. Mouse intergenerational model of diet-induced obesity: Schematic overview of breeding
protocol. P, parental generation; F1, filial generation; eCG, pregnant mare’s serum gonadotropin
(5 IU ip); hCG, human chorionic gonadotropin (4 IU ip); EchoMRI, non-invasive nuclear magnetic
resonance instrument; BW, body weight; ED2, ED3, ED4, embryonic day 2, 3, and 4. Standard
pellet diet: 225 g/kg of crude protein, 27 g/kg of crude fat, 30 g/kg of crude fiber, 61 g/kg of ash,
and 58 g/kg of saccharides (M1, 3.2 kcal/g). Ensure Plus: high-energy nutritional product (Abbot
Laboratories, 1.5 kcal/mL).

On day 34, females of the filial generation were individually scanned using EchoMRI
(Whole Body Composition Analyser, Echo Medical System, Houston, TX, USA) and allo-
cated into four groups: females delivered from control dams were classified as normal
controls with physiological body weight (±20 g) and body fat (7–8%) or lean controls
spontaneously displaying decreased body weight and body fat (<7%); females delivered
from experimental dams were classified as obese mice with significantly elevated body
weight (±24 g) and fat (>11%), or obesity-induction resistant experimental mice with physi-
ological body weight and slightly elevated body fat (8–11%). In the following reproductive
experiments, only control mice with physiological body weights and body fat and obese
experimental mice with significantly elevated body weight and body fat were used.

2.1.2. Mating of Female Mice

At day 35, spontaneously ovulating control and obese female mice were mated with
males of the same strain (Velaz, 10 to 16 weeks old) for one or more nights. In each
experiment, a cohort of 50 males with inbreeding-excluding origin and previously proven
fertility was used for mating purposes. To minimize the impact of paternal obesity or stress,
males were fed the standard pellet diet only and housed individually. Successful mating
was confirmed by the identification of a vaginal sperm plug every morning.

2.1.3. Recovery of Ova and Embryos

Mated dams from both groups were sacrificed using cervical dislocation and were
subjected to ova/embryo isolation on embryonic day 2 of pregnancy (ED2, approx. 32 h
after presumed ovulation [15,20]), on embryonic day 3 of pregnancy (ED3, approx. 56 h
after presumed ovulation [16]), and on day 4 of pregnancy (ED4, approx. 80 h after
presumed ovulation [11,15,16]). Recovery was performed by flushing oviducts and uteri
using a flushing-holding medium [23] containing 1% bovine serum albumin (BSA, Sigma-
Aldrich, St. Louis, MO, USA). Immediately after isolation, the collected material was
subjected to stereomicroscopic classification (Nikon SMZ 745T, Nikon, Tokyo, Japan), and
the numbers of isolated ova/embryos were determined. Data gathering was performed
between the years 2011 and 2020. During this period, ova/embryo isolation was performed
eight times on ED2, three times on ED3, and five times on ED4.
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2.1.4. Classification of Female Mice

Female mice with a vaginal sperm plug were classified as “mated females”. Female
mice with developing corpora lutea and at least one ova or embryo in the reproductive
tract were classified as “ovulated females”. Female mice with at least one ≥2 cell embryo
in the reproductive tract were classified as “fertilized females”.

2.1.5. Classification of Ova and Embryos

Successful fertilization was confirmed by the presence of ≥2 cell embryos in the mater-
nal reproductive tract. Flushed ova with normal morphology were classified as unfertilized
oocytes. Ova showing abnormal morphology (e.g., absent polar body, highly translucent
cytoplasm with non-homogenous structure, cytoplasmic autolysis or fragmentation) were
classified as unfertilized and degenerated oocytes. Embryos displaying 2 to 16 cells were
classified as cleaving-stage embryos, embryos displaying >16 cells were classified as moru-
las, and embryos displaying a blastocoele cavity were classified as blastocysts. Embryos
with abnormal morphology (showing cytoplasmic fragmentation, autolysis, or containing
remnants of degraded biological material only) were classified as degenerates.

2.2. Statistical Analysis

Statistical analysis was performed using StatsDirect 3.2.8 software (StatsDirect Ltd.,
Cheshire, UK).

Categorical variables are presented as counts and relative frequencies. Data showing
departures from normality are presented as medians with the interquartile range (IQR).
Descriptive and univariate analyses were performed in order to identify important repro-
ductive characteristics associated with maternal obesity.

Fisher’s exact test was conducted to test for an association between maternal over-
weight status and proportion of ovulating and fertilized females on day 2, 3, and 4 after
mating. Variables are quoted with the corresponding odds ratio (OR) along with the
respective 95% confidence interval (CI).

Poisson regression models were fitted for the outcomes of the number of recovered ova
and embryos on embryonic day 2, 3, and 4; and for the outcomes of the number of recovered
fertilized ova (≥2 cell embryos) and unfertilized ova (oocytes and degenerates) on ED
2, the number of quickly developing embryos (≥8 cell) and slowly developing embryos
(<8 cell) and ova on ED 3, and the number of blastocysts and slowly developing embryos
(morulas and <16 cell embryos). The outcomes were regressed against the presence of
maternal overweight status in donor mouse females. The selected model variables are
quoted with the corresponding regression coefficient (B), along with the respective 95%
confidence intervals (CI).

The significance level was set at p < 0.05.

3. Results

This study was performed on 319 control and 327 obese female mice showing the
presence of a vaginal sperm plug after spontaneous ovulation and overnight mating with
the males (Figure 2).

The results of Fisher’s exact test showed no association between maternal overweight
status and the proportion of ovulating females or between maternal overweight status
and the proportion of fertilized females on any day of early pregnancy (Table 1). Inde-
pendently of maternal body condition, ova or embryos were recovered from approximately
90% of the mated females (Table 1). On embryonic day 2, the proportion of fertilized
females (i.e., females containing at least one cleaving embryo) in the group of obese mice
tended to be lower than in the control group (odds ratio 0.57); however, the difference was
not significant (p = 0.153).
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Figure 2. Photographs of control (left) and obese mouse females (right) developed in an inter-
generational obesity model at the age of 39 days. (A) Mice sacrificed by cervical dislocation; (B)
post-mortally dissected mice. Control mice (n = 319), derived from dams fed a standard diet, showed
physiological body weight (20.47 ± 0.13) and body fat (7.48 ± 0.03). Obese mice (n = 327), derived
from dams fed a high-energy diet, showed significantly elevated body weight (24.38 ± 0.13) and
body fat (12.33 ± 0.09), with massive fat deposits in the abdominal and peri-renal areas (arrowhead).
Statistical analysis: p < 0.001 for all cases; Student’s t test for body weight, Mann–Whitney test for
body fat.

Table 1. Effect of female overweight status on ovulation and fertilization rate.

Day Variable Control Mice Obese Mice OR 95% CI p Value

Number (%) Number (%)

ED2

Mated females 176 (100%) 201 (100%) n.a. n.a. n.a.

Ovulated females 156 (88.64%) 180 (89.55% 1.10 0.54 to 2.22 0.8686

Fertilized females 144 (92.31%) 157 (87.22% 0.57 0.25 to 1.24 0.1530

ED3

Mated females 50 (100%) 44 (100%) n.a. n.a. n.a.

Ovulated females 42 (84.00%) 39 (88.64%) 1.49 0.39 to 6.26 0.5638

Fertilized females 36 (85.71%) 36 (92.31%) 2.00 0.39 to 13.20 0.4848

ED4

Mated females 93 (100%) 82 (100%) n.a. n.a. n.a.

Ovulated females 89 (95.70%) 78 (95.12%) 0.88 0.16 to 4.88 >0.9999

Fertilized females 79 (88.76%) 68 (87.18%) 0.86 0.30 to 2.46 0.8139

Data were analyzed by Fisher’s exact test; Abbreviations: ED, embryonic day; OR, odds ratio; 95% CI, confidence
interval; p, probability; n.a., not available.

The results of the Poisson regression model indicated a strong association between ma-
ternal overweight status and total number of ova recovered from fertilized mice (Table 2):
On embryonic day 2, a significantly higher number of ovulated ova was isolated from
obese females than from control females (95% CI 1.05–1.21; p = 0.0008). Further analysis of
ovulated ova showed that maternal obesity was also associated with a significant increase
in the number of fertilized ova (≥2 cell embryos; 95% CI 1.04–1.20; p = 0.0026) and a
non-significant increase in the number of unfertilized ova (oocytes and degenerates; 95% CI
0.98–1.77; p = 0.062) (Table 3). On embryonic day 3, higher numbers of ova/embryos were
flushed from the obese mice too; however, in this case, the difference between obese mice
and the control group did not reach statistical significance (p = 0.13; Table 2). On embryonic
day 4, no difference in the numbers of recovered embryos was recorded between groups
(p = 0.17 for ED4; Table 2).
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Table 2. Univariate Poisson regression for the number of recovered ova and embryos on embryonic
day 2, 3, and 4 in fertilized female mice (with at least one embryo in the reproductive tract).

Day Variable Median (IQR) B SE 95% CI p Value

ED2
(Intercept) 10.5 (4) 2.316 0.026 9.63 to 10.67 n.a.

Overweight 12 (3) 0.118 0.035 1.05 to 1.21 0.0008

ED3
(Intercept) 10 (2.5) 2.321 0.052 9.20 to 11.29 n.a.

Overweight 11 (3) 0.108 0.071 0.97 to 1.28 0.1315

ED4
(Intercept) 11 (3) 2.344 0.034 9.74 to 11.17 n.a.

Overweight 11 (3) 0.069 0.050 0.97 to 1.18 0.1698

Abbreviations: ED, embryonic day; IQR, interquartile range; B, regression coefficient; SE, Standard Error; 95% CI,
95% confidence interval; p, probability; n.a., not available.

Table 3. Univariate Poisson regression for the number of recovered ≥2 cell embryos and for the
number of recovered ova (oocytes & degenerates) on embryonic day 2 in fertilized female mice (i.e.,
mated and ovulating females with at least one embryo in the reproductive tract).

Number of
Recovered Variable Median (IQR) B SE 95% CI p Value

≥2 cell embryos
(Intercept) 10 (4.5) 2.263 0.026 9.12 to 10.14 n.a.

Overweight 11 (3) 0.109 0.036 1.04 to 1.20 0.0026

Ova
(Intercept) 0 (0) −0.652 0.115 0.42 to 0.65 n.a.

Overweight 0 (0) 0.278 0.150 0.98 to 1.77 0.0624

Abbreviations: IQR, interquartile range; B, regression coefficient; SE, Standard Error; 95% CI, 95% confidence
interval; p, probability; n.a., not available.

The results of the Poisson regression model indicated an association between maternal
overweight status and developmental capacities of embryos recovered from fertilized
mice (Tables 4 and 5): Oviducts/uteri of obese female mice contained significantly higher
numbers of embryos with ≥8 cells on ED3 (95% CI 1.16–1.76; p = 0.0007) and a significantly
higher number of blastocysts on ED4 (95% CI 1.06–1.32; p = 0.0027). In counterpart, maternal
obesity was associated with a non-significantly decreased number of slowly developing
embryos on ED3 (<8 cell embryos, oocytes, and degenerates; p = 0.255) and a significantly
decreased number of slowly developing embryos on ED4 (morulas, 16 cell embryos, and
degenerates; p = 0.0014).

Table 4. Univariate Poisson regression for the number of recovered ≥8 cell embryos and for the
number of recovered <8 cell embryos & ova on embryonic day 3 in fertilized female mice (i.e., mated
and ovulating females with at least one embryo in the reproductive tract).

Number of
Recovered Variable Median (IQR) B SE 95% CI p Value

≥8 cell embryos
(Intercept) 4 (4) 1.433 0.081 3.58 to 4.92 n.a.

Overweight 5.5 (5.5) 0.357 0.106 1.16 to 1.76 0.0007

<8 cell embryos &
ova

(Intercept) 6 (3.5) 1.791 0.068 5.25 to 6.86 n.a.

Overweight 5.5 (6.5) −0.112 0.099 0.74 to 1.08 0.2553

Abbreviations: IQR, interquartile range; B, regression coefficient; SE, Standard Error; 95% CI, 95% confidence
interval; p, probability.
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Table 5. Univariate Poisson regression for the number of recovered blastocysts and for the number of
recovered morulas & ≤16 cell embryos & degenerates on embryonic day 4 in fertilized female mice
(i.e., mated and ovulating females with at least one embryo in the reproductive tract).

Number of
Recovered Variable Median (IQR) B SE 95% CI p Value

Blastocysts
(Intercept) 8 (5) 2.096 0.039 7.53 to 8.79 n.a.

Overweight 10 (3) 0.166 0.055 1.06 to 1.32 0.0027

Morulas & ≤16
cells

(Intercept) 2 (3) 0.829 0.074 1.98 to 2.65 n.a.

Overweight 1 (2) −0.385 0.122 0.54 to 0.86 0.0014

Abbreviations: IQR, interquartile range; B, regression coefficient; SE, Standard Error; 95% CI, 95% confidence
interval; p, probability; n.a., not available.

In fertilized female mice, the majority of oocytes recovered on ED2 and ED3 showed
normal morphology. The occurrence of degenerated oocytes was very rare (control group:
0.013% on ED2, 0.008% on ED3; overweight group: 0.008% on ED2, 0.005% on ED3). On
ED4, the proportion of degenerated oocytes/embryos reached 0.047% in the control group
and 0.042% in the overweight group. No statistical difference between the groups was
detected on any embryonic day.

4. Discussion
4.1. Ovulation Yield

Analysis of data collected from 14 independent experiments showed that being over-
weight, in spontaneously ovulating six-week-old female mice, might have a positive effect
on their ovulation rate (Table 2).

Similarly, significantly increased numbers of ovulated oocytes have been previously
documented in female mice fed a high-fat diet and displaying elevated body weight, higher
amounts of abdominal fat, and insulin resistance at the age of 21 weeks [8]. On the other
hand, in that study, a higher number of obese mice were classified as anovulatory (6 from
15, i.e., 40%). Although the proportion of mated female mice with empty oviducts varied
between particular experiments in our study, the overall statistical analysis of our data
revealed no difference in their frequency between obese and control mice (it did not exceed
9% in either group; Table 1). The contradiction in these findings might be explained by
dissimilarities in animal numbers or in animal age, which would potentiate the negative
effect of obesity on ovarian function. On the other hand, since the highest number of
“empty” females was recorded after the first night of mating, we might hypothesize that
the absence of embryonic material in the oviducts more likely resulted from copulation
with females in the non-ovulation phase of the estrous cycle rather than from ovarian dys-
function. Naturally, the occasional occurrence of anovulation or fallopian tube obstruction
cannot be excluded even in six-week-old mice; however, this ethology was not evaluated.

Our observations contradict the results of population-based studies in humans. In
women, the association between obesity and anovulatory infertility has been documented
several times (reviewed in [24]). However, much of this ovulatory dysfunction is likely
confounded by a diagnosis of polycystic ovary syndrome. The distribution of body fat
is also important, because not the intraabdominal fat but the subcutaneous fat has been
shown to be associated with anovulation [25]. Nevertheless, to identify specific factors
explaining contradictions between findings in mice and humans is very difficult, because
of numerous differences in both reproductive physiology (length of estrous cycle, number
of ovulated eggs, etc.) and the methodological approach (contrary to the experimental
animals, in women, the heterogeneity of studied groups is usually very high: they differ in
age, genetic background, dietary habits, healthcare, lifestyle, exercise, etc.). Furthermore, in
both species, the continuous monitoring of ovulation activity is technically very demanding.

The majority of other previous experimental studies showed no effect of female
obesity on ovulation rate: 7- to 20-week-old mice with diet-induced obesity showed similar
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numbers of recovered oocytes [10,26,27], zygotes [28], or 2 cell embryos, on average [7], as
controls. However, in all of these studies, female mice were subjected to ovarian stimulation
with gonadotropins before ova/embryo recovery, and such treatment would overlap with
the effects of obesity. In contrast, a positive relationship between obesity and follicular
activity has been reported in 34-week-old overfed gilts displaying increased body weight
and back fat [29].

The mechanism of the positive effect of being overweight on the ovulation rate was
not evaluated in our study. However, based on previous findings, we can hypothesize
that positive energetic balance accompanied by increased endocrine activity of pancreas
and adipose tissue probably influences gonadotropin secretion in the pituitary gland and
subsequently stimulates the development and ovulation of a higher number of follicles in
the ovaries of obese mice. It has been shown that increased circulating insulin levels are
associated with increased luteinizing hormone (LH) secretion through elevated expression
and secretion of gonadotropin-releasing hormone (GnRH) in mice [30,31]. Furthermore,
studies on obese mice have shown that leptin increases hypothalamic insulin sensitivity [32]
and potentiates the effect of insulin on GnRH secretion [30]. The requirement of endogenous
leptin for activation of hypothalamic GnRH secretion and physiological GnRH pulse
generation through kisspeptin or glutamate has been described as well [33].

4.2. Fertilization Rate

On the other hand, it has been proposed that due to LH hypersecretion and an
increased LH:FSH ratio, the resumption of oocyte maturation in developing follicles is
frequently impaired by obesity in women [1,3]. Oocytes retrieved from women with
BMI >25 are usually of lower quality than those retrieved from women with a BMI of 20–25;
i.e., the percentage of oocytes at germinal stages, postmature oocytes, and oocytes with
fractured zona is significantly higher in the former [34]. Improvement in the pregnancy
failure rate after the use of donor oocytes instead of autologous oocytes also indicates
compromised oocyte quality in obese women [35].

Similar findings have been documented in animal experimental studies: mice with diet-
induced obesity showed increased occurrence of abnormal morphology of mitochondria, el-
evated levels of reactive oxygen species, and epigenetic modifications in GV oocytes [7,12]; a
lower percentage of mature germinal vesicle breakdown (GVBD) oocytes in follicles [12,36];
and a higher incidence of spindle and chromosome alignment defects in matured MI and
MII oocytes [7,12]. Moreover, significantly higher rates of meiotic spindle and mitochon-
drial defects were found in oocytes of “diet reversal mice” exhibiting normalization of
weight, glucose utilization, and cholesterol levels eight weeks after switching from a high-
fat diet to regular chow [9]. Finally, matured oocytes recovered from obese mice developed
in an intergenerational model showed significantly lowered deposits of neutral lipids in the
cytoplasm [19], higher DNA methylation in the nuclear area [16], and significantly lower
expression of Glutathione Peroxidase 8 [37].

Interestingly, the above stated facts did not affect the overall incidence of fertilization
in overweight female mice in the current study: There was no difference in the average
percentage of ≥2 cell embryos flushed from the oviducts of obese (93.36 ± 1.25%) and
control dams (94.22 ± 1.23%) on embryonic day 2 (p > 0.05, chi-square test). These results
are in accordance with previously published findings recorded on day 1 of pregnancy: At
11 h after supposed spontaneous ovulation, successful fertilization was confirmed in 70.34%
and 79.84% of oocytes recovered from obese and control females, respectively [19]. On the
other hand, obese mice developed in an intergenerational model produced a higher number
of ovulated oocytes with abnormal morphology (i.e., with absent polar body, cytoplasmic
autolysis, or fragmentation, etc.).

Our findings contradict the outcomes of other in vivo studies documenting decreased
fertilization rate of oocytes originating from mice fed a high-fat diet [7,26] and rabbits
fed with a hyperlipidic hypercholesterolemic diet [38]. This suggests that fertilization
disorders are more likely to be connected to diet alterations than obesity phenotype [39]
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(i.e., consumption of a diet with elevated fat vs. standard diet during the peri-conception
period). An obesity-independent negative effect of elevated dietary fat on fertilization rate
has been documented previously [40]. Furthermore, in later studies, a negative effect of diet
could be potentiated by hormonal treatment: It has been shown that ovarian stimulation
with gonadotropins decreases the fertilization abilities of mouse oocytes as well [41].

In humans, in vitro fertilization rates have been inconsistently linked to maternal BMI
too (reviewed in [42]).

4.3. Developmental Rate

The results of the current study showed that the cleavage rate for preimplantation
embryos developing in the reproductive tract of obese dams was significantly higher than
that in controls (Tables 4 and 5). A shorter time post-insemination for the morula stage
to be reached was also documented in embryos from women with a BMI > 25 [43] and
over-conditioned cows with body condition score (BCS) > 4 [44].

Based on these observations, we might hypothesize that the oviducts of obese females
probably provide a beneficial microenvironment for embryonic cell growth. Unfortunately,
there are limited data on the composition of oviductal fluid in obese women or overweight
animals to directly support this hypothesis [28,45,46]. However, the significantly elevated
secretion of progesterone, a critical hormone for the development of mouse embryos [47],
from in vitro cultured post-ovulatory ovaries of obese mice documented in our recent
study [22] corresponds with this hypothesis.

On the other hand, the quality of such “quickly derived” embryos is disputable. As
shown in our previous studies, blastocysts recovered from obese mice displayed signif-
icantly elevated incidence of apoptotic cell death [11], altered gene expression (higher
BAX/BCL2L2 ratio, higher expression of insulin receptor [16], and higher expression of
GLUT4, an insulin-responsive glucose transporter [15]), and development of insulin resis-
tance [16]. Furthermore, the origin of embryos (from obese vs. control dams) significantly
altered their overall metabolic activity in vitro, i.e., their metabolomic profile assessed by
means of Raman spectroscopy [20], their response to leptin and insulin during development
in vitro [15,16], and their sensitivity to oxidative stress during development in vitro [37].
Similarly, in human in vitro developed blastocysts, fewer cells in the trophectoderm and
poor glucose uptake were demonstrated in a group of obese women [43]. Blastocysts
recovered from over-conditioned cows also displayed a higher dead cell index, lower cell
numbers, lower number of transcriptionally active nucleoli, and elevated incidence of
mitochondrial vacuolization [44,48].

Lower quality of blastocysts may not necessarily lead to implantation failure; however,
an altered genomic or metabolic profile would have a significant impact on the further
development of the conceptus or growth of the offspring. The documented fetal growth
retardation [7,27] and decrease in body weight and fat in newborn mice [19] delivered from
obese dams might result from such changes. Epidemiology studies in humans also suggest
that maternal obesity increases the tendency among offspring to develop obesity and insulin
resistance later in life, as a result of “nutritional programming” during gestation [49–51].

Nevertheless, our finding of a positive effect of maternal overweight status on the
cleavage rate of preimplantation embryos in vivo contradicts the outcome of two previous
studies on 12- and 19-week-old mice showing no differences, or even a slight decrease, in
developmental capacities of growing embryos recovered from dams with diet-induced
obesity [27,28]. Once again, the discrepancy might be explained by the use of a high-fat diet,
older animals, and gonadotropins in the experimental design of previous research. Since
there are data documenting a significant delay in morula formation, blastocoele formation,
or zona pellucida lysis in mice of various strains after ovarian stimulation [21,52], we
suppose that gonadotropin treatment per se could obscure the beneficial impact of obesity.

Published data on the effect of being overweight on the developmental dynamics
of recovered zygotes or 2 cell embryos in vitro are controversial as well: some authors
have documented no effect [20,26], whereas others have documented reduced ability of
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ova originating in obese animals to reach higher stages of development [8]. In humans,
similar contradictory findings have been reported [43,53]. Still, these findings indicate
the disappearance of any supporting effect of the maternal environment on embryonic
development after the transfer of zygotes/embryos to equivalent artificial conditions
in vitro.

5. Conclusions

The results of this “population study” performed on pubertal mice developed in an
intergenerational model of obesity showed no impact of female overweight status on the
frequency of spontaneous ovulation or natural fertilization. On the other hand, female
overweight status was strongly associated with elevated ovulation quota. Furthermore,
data on the proportion of fertilized and unfertilized ova recovered from fertilized dams
suggest that when negative effects of superovulation, aging, and high-fat consumption are
eliminated, obesity-induced alterations in qualitative parameters of matured oocytes do not
necessarily have to be linked to fertilization disorder. However, a higher ovulation yield
did not result in higher embryo recovery on day 4 of pregnancy (current study) or in higher
litter size on day of delivery (previous study [19]). This suggests that some fertilized ova
were lost during the preimplantation period in obese dams. On the other hand, survivor
embryos developing in the reproductive tract of obese females showed significantly higher
cleavage rates. Still, blastocysts derived from such embryos showed an elevated incidence
of apoptotic cell death [11], altered gene expression [15], and development of insulin
resistance [16].

Limitations of the study: Since reproductive physiology and the overweight scoring
system (% of body fat vs. BMI) differ between rodents and human, inter-species extrapola-
tions are limited. Since sperm quality analysis was not performed during selection of male
mice, the impact of male subfertility on the results cannot be excluded.
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22. Sirotkin, A.V.; Fabian, D.; Babel’ová (Kubandová), J.; Vlčková, R.; Alwasel, S.; Harrath, A.H. Body fat affects mouse reproduction,
ovarian hormone release, and response to follicular stimulating hormone. Reprod. Biol. 2018, 18, 5–11. [CrossRef] [PubMed]

23. Lawits, J.A.; Biggers, J.D. Culture of preimplantation embryos. In Guide to Techniques in Mouse Development, Methods in Enzymology;
Wassarman, P.M., DePhamphilis, M.L., Eds.; Academic Press: San Diego, CA, USA, 1993; pp. 153–164.

24. Mahutte, N.; Kamga-Ngande, C.; Sharma, A.; Sylvestre, C. Obesity and Reproduction. J. Obstet. Gynaecol. Can. 2018, 40, 950–966.
[CrossRef] [PubMed]

25. Kuchenbecker, W.K.H.; Groen, H.; Zijlstra, T.M.; Bolster, J.H.T.; Slart, R.H.J.; Van Der Jagt, E.J.; Muller Kobold, A.C.; Wolffenbuttel,
B.H.R.; Land, J.A.; Hoek, A. The subcutaneous abdominal fat and not the intraabdominal fat compartment is associated with
anovulation in women with obesity and infertility. J. Clin. Endocrinol. Metab. 2010, 95, 2107–2112. [CrossRef] [PubMed]

26. Wu, L.L.-Y.; Dunning, K.R.; Yang, X.; Russell, D.L.; Lane, M.; Norman, R.J.; Robker, R.L. High-fat diet causes lipotoxicity responses
in cumulus-oocyte complexes and decreased fertilization rates. Endocrinology 2010, 151, 5438–5445. [CrossRef]

27. Han, L.; Ren, C.; Li, L.; Li, X.; Ge, J.; Wang, H.; Miao, Y.L.; Guo, X.; Moley, K.H.; Shu, W.; et al. Embryonic defects induced by
maternal obesity in mice derive from Stella insufficiency in oocytes. Nat. Genet. 2018, 50, 432–442. [CrossRef]

28. Igosheva, N.; Abramov, A.Y.; Poston, L.; Eckert, J.J.; Fleming, T.P.; Duchen, M.R.; McConnell, J. Maternal diet-induced obesity
alters mitochondrial activity and redox status in mouse oocytes and zygotes. PLoS ONE 2010, 5, e10074. [CrossRef]

http://doi.org/10.1530/REP-09-0568
http://www.ncbi.nlm.nih.gov/pubmed/20395425
http://doi.org/10.23736/S0031-0808.18.03490-0
http://www.ncbi.nlm.nih.gov/pubmed/29962181
http://doi.org/10.1071/RD20112
http://doi.org/10.1038/s41598-022-11251-3
http://doi.org/10.1371/journal.pone.0049217
http://doi.org/10.1210/en.2007-1570
http://doi.org/10.1071/RD14251
http://doi.org/10.1210/en.2003-1406
http://doi.org/10.1016/j.theriogenology.2013.10.014
http://www.ncbi.nlm.nih.gov/pubmed/24238400
http://doi.org/10.1038/srep18858
http://www.ncbi.nlm.nih.gov/pubmed/26732298
http://doi.org/10.33549/physiolres.932547
http://doi.org/10.4149/gpb_2016019
http://www.ncbi.nlm.nih.gov/pubmed/27447403
http://doi.org/10.3389/fendo.2017.00233
http://doi.org/10.1262/jrd.2020-096
http://doi.org/10.1016/j.theriogenology.2017.12.018
http://doi.org/10.1016/j.theriogenology.2014.10.025
http://doi.org/10.1016/j.repbio.2016.02.002
http://doi.org/10.1017/S0967199417000648
http://www.ncbi.nlm.nih.gov/pubmed/29173240
http://doi.org/10.1016/j.repbio.2017.12.002
http://www.ncbi.nlm.nih.gov/pubmed/29233485
http://doi.org/10.1016/j.jogc.2018.04.030
http://www.ncbi.nlm.nih.gov/pubmed/29921431
http://doi.org/10.1210/jc.2009-1915
http://www.ncbi.nlm.nih.gov/pubmed/20200335
http://doi.org/10.1210/en.2010-0551
http://doi.org/10.1038/s41588-018-0055-6
http://doi.org/10.1371/journal.pone.0010074


Int. J. Environ. Res. Public Health 2022, 19, 7918 12 of 12

29. Ferguson, E.M.; Ashworth, C.J.; Edwards, S.A.; Hawkins, N.; Hepburn, N.; Hunter, M.G. Effect of different nutritional regimens
before ovulation on plasma concentrations of metabolic and reproductive hormones and oocyte maturation in gilts. Reproduction
2003, 126, 61–71. [CrossRef]

30. Burcelin, R.; Thorens, B.; Glauser, M.; Gaillard, R.C.; Pralong, F.P. Gonadotropin-releasing hormone secretion from hypothalamic
neurons: Stimulation by insulin and potentiation by leptin. Endocrinology 2003, 144, 4484–4491. [CrossRef]

31. Kim, H.H.; DiVall, S.A.; Deneau, R.M.; Wolfe, A. Insulin regulation of GnRH gene expression through MAP kinase signaling
pathways. Mol. Cell. Endocrinol. 2005, 242, 42–49. [CrossRef]

32. Koch, C.; Augustine, R.A.; Steger, J.; Ganjam, G.K.; Benzler, J.; Pracht, C.; Lowe, C.; Schwartz, M.W.; Shepherd, P.R.; Anderson,
G.M.; et al. Leptin Rapidly Improves Glucose Homeostasis in Obese Mice by Increasing Hypothalamic Insulin Sensitivity. J.
Neurosci. 2010, 30, 16180–16187. [CrossRef] [PubMed]

33. Comninos, A.N.; Jayasena, C.N.; Dhillo, W.S. The relationship between gut and adipose hormones, and reproduction. Hum.
Reprod. Update 2014, 20, 153–174. [CrossRef] [PubMed]

34. Wittemer, C.; Ohl, J.; Bailly, M.; Bettahar-Lebugle, K.; Nisand, I. Does body mass index of infertile women have an impact on IVF
procedure and outcome? J. Assist. Reprod. Genet. 2000, 17, 547–552. [CrossRef] [PubMed]

35. Luke, B.; Brown, M.B.; Stern, J.E.; Missmer, S.A.; Fujimoto, V.Y.; Leach, R.; A SART Writing Group. Female obesity adversely
affects assisted reproductive technology (ART) pregnancy and live birth rates. Hum. Reprod. 2011, 26, 245–252. [CrossRef]
[PubMed]

36. Jungheim, E.S.; Schoeller, E.L.; Marquard, K.L.; Louden, E.D.; Schaffer, J.E.; Moley, K.H. Diet-induced obesity model: Abnormal
oocytes and persistent growth abnormalities in the offspring. Endocrinology 2010, 151, 4039–4046. [CrossRef] [PubMed]
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44. Makarevich, A.V.; Stádník, L.; Kubovičová, E.; Hegedüšová, Z.; Holásek, R.; Louda, F.; Beran, J.; Nejdlová, M. Quality of
preimplantation embryos recovered in vivo from dairy cows in relation to their body condition. Zygote 2016, 24, 378–388.
[CrossRef] [PubMed]

45. Bermejo-Alvarez, P.; Rosenfeld, C.S.; Roberts, R.M. Effect of maternal obesity on estrous cyclicity, embryo development and
blastocyst gene expression in a mouse model. Hum. Reprod. 2012, 27, 3513–3522. [CrossRef]

46. Velazquez, M.A. Impact of maternal malnutrition during the periconceptional period on mammalian preimplantation embryo
development. Domest. Anim. Endocrinol. 2015, 51, 27–45. [CrossRef]

47. Zhang, C.; Murphy, B.D. Progesterone is critical for the development of mouse embryos. Endocrine 2014, 46, 615–623. [CrossRef]
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