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Abstract: While environmental epigenetics mainly focuses on xenobiotic endocrine disruptors, dietary
composition might be one of the most important environmental exposures for epigenetic modifications,
perhaps even for offspring generations. We performed a large-scale rat study on key phenotypic
consequences from parental (F0) high-caloric, high-fat diet (HFD) food intake, precisely and specifically
at mating/conception, focusing on ‘diabesity’ risk in first- (F1) and second- (F2) generation offspring
of both sexes. F0 rats (maternal or paternal, respectively) received HFD overfeeding, starting six
weeks prior to mating with normally fed control rats. The maternal side F1 offspring of both sexes
developed a ‘diabesity’ predisposition throughout life (obesity, hyperleptinemia, hyperglycemia,
insulin resistance), while no respective alterations occurred in the paternal side F1 offspring, neither in
males nor in females. Mating the maternal side F1 females with control males under standard feeding
conditions led, again, to a ‘diabesity’ predisposition in the F2 generation, which, however, was less
pronounced than in the F1 generation. Our observations speak in favor of the critical impact of
maternal but not paternal metabolism around the time frame of reproduction for offspring metabolic
health over generations. Such fundamental phenotypic observations should be carefully considered
in front of detailed molecular epigenetic approaches on eventual mechanisms.

Keywords: developmental/perinatal programming; maternal and paternal overnutrition; high-fat diet;
intergenerational effects; obesity; diabetes

1. Introduction

Obesity and diabetes (‘diabesity’) are critical health challenges in westernized countries, globally,
while genuine and effective measures of primary prevention are rare. Beyond decreased physical
activity, high caloric food intake belongs to the key challenges for public health efforts related to diabetes
and overweight prevention [1]. Notably, overweight and overnutrition are the main diabetogenic risk
factors at reproductive age, in general, while gestational overweight/obesity (>30%) and gestational
diabetes mellitus (GDM; >10%) are reaching epidemic prevalence [2–4]. Interestingly, numbers of
clinical and experimental studies have shown that a predisposition to develop ‘diabesity’ may be
‘programed’ through exposure to diabetic and affluent developmental conditions already in utero
and early life [5–7]. In particular, maternal obesity and accompanying gestational diabetes have been
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identified as respective risk factors for the offspring [8–10], mechanistically realized through early
micro-structural and epigenetic ‘malconditioning’ [11,12].

Surprisingly, and widely reflected in recent years, is the observation of the offspring of obese
fathers with affluent eating patterns and overnutrition having an increased offspring ‘diabesity’
disposition [13–15]. Epigenetic mechanisms are suggested as causative and are a matter of intense
research efforts. In the maternal as well as the paternal side F2 offspring of the dietary-induced obese
F0 generation, an increased ‘diabesity’ predisposition was reported to occur [13,16–18], seemingly
speaking in favor for an epigenetic transgenerational transmission of acquired ‘diabesity’.

Meanwhile, it appears to be established that both maternal as well as paternal obesity, acquired
through affluent eating patterns at reproductive age, are epigenetic risk factors for the offspring.
This indicates a wide range of potential preventive measures and recommendations. Accordingly,
a number of narrative reviews and papers proposed epigenetic transmission of acquired ‘diabesity’
over generations in both lines (maternal and paternal) [19–22], and yet this fundamental suggestion
appears to be generally accepted.

However, in our opinion, various questions remain open here to primarily establish respective
phenotypic effects, before suggested epigenetic mechanisms can meaningfully be explored. Especially,
the time point and duration of high-fat diet (HFD) exposure, the quantity and quality of HFD
diet considering its translational validity, consideration of gestational aspects for inter- and/or
transgenerational consequences, and comparative estimation of sex differences in the offspring’s
vulnerability appear to need a distinct reflection.

In order to contribute to a better-differentiated picture of this highly important but complex issue,
we performed a large-scale approach in the rat on the phenotypic consequences of parental HFD
exposure, specifically at the reproductive period (including: pre-mating, mating, conception, gestation
and weaning). Our design aimed to explore whether or not key aspects of ‘diabesity’ disposition occur
in the maternal vs. paternal line offspring of HFD-exposed parent/grandparent generations, under
comparative consideration of the offspring’s sex.

2. Materials and Methods

2.1. Animal Model and Study Design

The experimental protocols were approved by the local animal welfare committee (G 0093/02;
Lageso Berlin, Germany) and performed in accordance with the European Communities Council
Directive (86/609/EEC). The animals used in these experiments were obtained from Charles River
Laboratories (Sulzfeld, Germany). Rats were housed under standard conditions at 22 ± 2 ◦C and
maintained on a 12/12 h inverse light–dark rhythm. Animals were given free access to water and food.

Effect of maternal HFD on F1 and F2 offspring. Female outbred Wistar rats aged 120–130 days
were randomly assigned to two groups paired for body weight and were exposed to either standard
chow diet (Controls, C; n = 7, 13.0 MJ/kg, energy 9% fat, 33% protein, 58% carbohydrates, ssniff R/M-H,
Soest, Germany, Code V1534-000) or high-fat diet (HFD; n = 5, 17.2 MJ/kg, energy 34% fat, 23% protein,
43% carbohydrates, specific diet, Code 132006; Altromin, Lage, Germany). HFD was a modified version
of the diet initially described by Levin et al. and has previously been shown as highly palatable [23,24].
F0 females were exposed to chow (F0c) or HFD (F0m) for six weeks before they were mated with
normally fed males aged 150 days from the same source in a 2 to 1 ratio. Control and HFD dams were
kept on their respective diets throughout gestation and lactation. Body weight was recorded weekly.
Dams were individually housed and allowed to deliver spontaneously. Litters of F1 offspring were
not culled or adjusted. At weaning (day 21 of life), half of the male and female pups from chow-fed
(F1c, n = 36) or HFD-fed (F1m, n = 35) dams were randomly selected for determination of metabolic
parameters and body fat. The remaining F1 pups (F1c, n = 44; F1m, n = 41) were weaned onto a
standard chow diet. At 3–5 months of life, half of the adult F1 offspring of both groups and sexes (F1c,
n = 26; F1m, n = 17) were sacrificed by rapid decapitation for phenotypical analyses. To generate an F2
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generation, the remaining F1 female offspring of the control (F1c, n = 7) and HFD groups (F1m, n = 12)
were mated with same-aged control males (F1c). All F1 dams were maintained on a standard chow
diet throughout mating, gestation and lactation. Following spontaneous delivery, newborn F2 litters
were not culled or adjusted. Exactly as for F1, half of the F2 offspring (F2c, n = 30; F2m, n = 73) were
randomly culled for metabolic investigations on day 21 of life. The remaining F2 pups of both groups
and sexes were weaned onto a standard chow diet and sacrificed at adulthood (3–5 months of age) by
rapid decapitation (F2c, n = 25; F2m, n = 27). Blood and tissues were collected and carcasses were kept
for body composition measurements. A schematic of the overall study design is shown in Figure 1.
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Figure 1. Schematic diagram of the experimental design. F0 female (F0m) and male (F0p) Wistar rats
fed a high-fat diet (HFD) for six weeks were mated with respective chow-fed (F0c) control rats to
generate F1 offspring. The resulting F1 progeny was fed a standard chow diet. Six-month-old female
control (F1c) and HFD offspring (F1m) were then mated with same-aged control F1c males, resulting in
an F2 generation (F2c, F2m).

Effect of paternal HFD diet on F1 offspring. Male outbred Wistar rats aged 100–130 days were
randomly divided into two groups of equal average body weight and fed either standard chow
(Controls, F0c, n = 7) or a high-fat diet (HFD, F0p, n = 10). F0 male founders were mated after six weeks
of diet with chow-fed, same-aged females from the same source (Figure 1). Each male rat was used
only once for mating. Throughout the mating, gestation and lactation period, rearing control females
were singly housed and consumed only a chow diet. The F1 pups were weaned from mothers at three
weeks of age onto standard chow. At weaning, half of the male and female pups from chow-fed (F1c,
n = 49) or HFD-fed (F1p, n = 47) fathers were sacrificed for metabolic testing and analyses of body
composition. At adult age (3–5 months), all F1 offspring were sacrificed by rapid decapitation and
blood samples and tissue samples were collected (F1c, n = 20; F1p, n = 20). Note that all animals except
F0 dams (F0m) and F0 male founders (F0p) were maintained on a standard chow diet for the period of
the experiment (Figure 1).
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2.2. Body Weight, Food Intake, and Body Composition

The body weight of F1 and F2 offspring was monitored and recorded throughout life. Mean
food intake (MFI) of standard laboratory chow was studied beginning around day 60 of life for
30 consecutive days, with individual housing. Finally, body fat content was evaluated after sacrifice
by drying the carcass mass (minus the stomach and intestine) to a constant weight, followed by a
whole-body chloroform extraction in a Soxhlet apparatus [25]. Body fat was calculated as percentage
of carcass mass.

2.3. Intraperitoneal Glucose Tolerance Test (IPGTT)

The IPGTT was performed in F0 dams and F0 male founders after five weeks on the respective
diets, i.e., before mating. IPGTT was also performed in all F1 and F2 offspring around the age of
two–three months. Following an overnight fasting period, blood was collected. Animals received an
intraperitoneal injection of a 20% glucose solution (1.5 g/kg body weight). Further blood samples were
taken at 15, 30, and 90 min after glucose load for determination of blood glucose levels. Using these
values, the area under the curve of glucose (AUC) against time was calculated for each animal [26].

2.4. Metabolic Parameters

Commercially available radioimmunoassay kits (rat insulin/leptin RIA kit, Linco, St. Charles,
MO, USA) were used to quantify plasma insulin and leptin concentrations. Recombinant rat insulin
and leptin (Linco) served as standard preparation. The intra- and inter-assay variations for insulin
were 1.4–4.6% and 8.5–9.4%, respectively, in a concentration range of 0.5–3.7 ng/mL. For leptin,
the intra- and interassay variations were 2.4–4.6% and 4.8–5.7%, respectively, in a concentration range
of 1.6–11.6 ng/mL. Blood glucose was measured photometrically using the glucose oxidase–peroxidase
(GOD-PAP) method (Dr Lange GmbH, Berlin, Germany). The assays were performed according to
manufacturer’s protocols. As an indicator of insulin resistance, the homeostatic model assessment of
insulin resistance (HOMA-IR) was calculated according to Matthews et al. [27,28].

2.5. Statistical Analyses

Data are expressed as means ± SEM. Group differences were analyzed by Student’s t-test
after verifying that the data were normally distributed. Otherwise, the Mann–Whitney U-test was
used. To compare frequencies (e.g., on fertility) between groups, the Chi-squared test was used.
Statistical analyses were calculated with GraphPad Prism Version 7.00 (GraphPad Software, Inc.,
San Diego, CA, USA) and SPSS 23.0 software (IBM, Munich, Germany). Statistical significance was set
at p < 0.05.

3. Results

3.1. Metabolic Profile of F0 Dams

Around conception, i.e., after six weeks on respective diets, HFD-overfed dams (F0m) showed
significantly higher weight gain than control dams (F0c) fed a chow diet (+92%, F0c: 16.5 ± 2.3 g
vs. F0m: 31.7 ± 2.9 g, p = 0.002, Figure 2A). Before mating, rats underwent an IPGTT. F0 females on
HFD showed markedly increased fasting glucose (F0c: 3.7 ± 0.1 mmol/L vs. F0m: 4.2 ± 0.2 mmol/L,
p = 0.039), AUC during IPGTT (F0c: 18.9 ± 0.6 mmol/L/h vs. F0m: 23.1 ± 1.4 mmol/L/h, p = 0.011),
plasma insulin (F0c: 0.2 ± 0.04 ng/mL vs. F0m: 1.0 ± 0.2 ng/mL, p = 0.003), and HOMA-IR (F0c: 0.7 ± 0.1
vs. F0m: 3.9 ± 0.8, p = 0.003) compared to chow-fed dams, indicating glucose intolerance and insulin
resistance in the overfed dams. In addition, the adiposity marker leptin was clearly increased in HFD
dams (F0c: 1.6 ± 0.2 ng/mL vs. F0m: 2.6 ± 0.3 ng/mL, p = 0.008; Figure 2A). High-fat diet consumption
during the premating period did not significantly affect fertility of dams (F0c: 88% (7 of 8), F0m: 50%
(5 of 10); p = 0.240).
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Figure 2. Phenotypic characteristics of HFD-overfed dams (F0m) around conception, and outcome of
their male and female offspring (F1m) at weaning and adult age. (A) Maternal (F0m) pre-gestational
weight (WT), HFD-related weight gain (WG), blood glucose (BG), plasma insulin (IRI), HOMA, area
under the curve of glucose (AUC) and plasma leptin (LEP) levels after six weeks of high-fat feeding,
as compared to control dams (F0c). (B) F1 male and (C) female body weight (WT), BG, IRI, HOMA,
LEP, percentage of body fat (BF) and mean food intake (MFI) in HFD offspring (F1m) at weaning
(day 21 of life) and at adult age, as compared to respective offspring of control dams (F1c). Data are
means ± SEM, shown as percentages of control levels. p values were calculated using Student’s t-test or
Mann–Whitney U-test (maternal IRI and HOMA; IRI and HOMA in male offspring, HOMA and leptin
in adult female offspring) when appropriate. * p < 0.05, ** p < 0.01.

3.2. Effect of Maternal HFD-Overfeeding on F1 Offspring

Maternal HFD overfeeding had no significant effect on the average litter size of the F1 generation
(F1c: 12.7 ± 2.6 vs. F1m: 15.4 ± 2.6, p = 0.111). Perinatal mortality (day 0–21 of life) was even higher in
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the offspring of control dams (F1c: 10.0% (9 of 89)) as compared to the offspring of HFD-overfed dams
(F1m: 1.3% (1 of 77), p = 0.040).

At weaning, the male and female offspring of dams fed an HFD showed no difference in absolute
body weight as compared to controls. However, body fat content had nearly doubled in the HFD
offspring (males: +95%, F1c: 6.4 ± 0.2% vs. F1m: 12.5 ± 0.2%, p < 0.001; females: +85% F1c: 7.1 ± 0.2%
vs. F1m: 13.1 ± 0.3%, p < 0.001) as compared to the offspring of control dams (Figure 2B,C). Obesity
of HFD offspring was associated with pronounced hyperleptinemia (males: F1c: 1.3 ± 0.1 ng/mL vs.
F1m: 4.8 ± 0.3 ng/mL, p < 0.001; females: F1c: 1.6 ± 0.1 ng/mL vs. F1m: 4.4 ± 0.3 ng/mL, p < 0.001)
and hyperinsulinemia (males: F1c: 0.6 ± 0.1 ng/mL vs. F1m: 0.8 ± 0.1 ng/mL, p = 0.042, females: F1c:
0.6 ± 0.1 ng/mL vs. F1m: 1.0 ± 0.1 ng/mL, p < 0.001). Furthermore, HFD offspring showed increased
HOMA-IR compared with their corresponding controls, indicating early-onset insulin resistance (males:
F1c: 4.2 ± 0.3 vs. F1m: 6.2 ± 0.8, p = 0.019; females: F1c: 3.9 ± 0.3 vs. F1m: 7.6 ± 0.5, p < 0.001,
Figure 2B,C).

The metabolic phenotype observed at weaning persisted into adulthood. Adult male and female
F1 offspring of HFD-exposed dams were clearly obese, characterized by increased body fat content
(males: F1c: 13.6 ± 0.8% vs. F1m: 19.3 ± 1.1%, p < 0.001; females: F1c: 10.6 ± 0.5% vs. F1m: 13.9 ± 0.7,
p = 0.001). Consistent with increased adiposity, HFD offspring presented higher plasma leptin levels as
compared to the offspring of the chow-fed dams (males: F1c: 8.8 ± 0.8 ng/mL vs. F1m: 14.7 ± 1.2 ng/mL,
p < 0.001; females: F1c: 3.4 ± 0.5 ng/mL vs. F1m: 5.4 ± 0.6 ng/mL, p = 0.010, Figure 2B,C). Remarkably,
as at weaning, throughout life, absolute body weight did not differ between groups. To evaluate the
impact of maternal high-fat overfeeding on glucose homeostasis in the offspring, IPGTT was performed
at adult age. In offspring born to HFD-fed dams, the glucose area under the curve was significantly
elevated (males: F1c: 16.5 ± 0.5 mmol/L/h vs. F1m: 18.8 ± 0.7 mmol/L/h, p = 0.006; females: F1c:
15.6 ± 0.5 mmol/L/h vs. F1m: 18.7 ± 0.6 mmol/L/h, p < 0.001), indicating reduced glucose uptake.
Accordingly, HFD offspring showed increased insulin resistance as reflected by increased HOMA-IR
(males: F1c: 15.9 ± 2.0 vs. F1m: 48.6 ± 10.4, p = 0.002; females: F1c: 5.9 ± 0.8 vs. F1m: 10.5 ± 1.4,
p = 0.002), and higher basal insulin levels as compared to offspring of the control group (males: F1c:
3.2 ± 0.4 ng/mL vs. F1m: 8.6 ± 1.7 ng/mL, p = 0.003; females: F1c: 1.3 ± 0.2 ng/mL vs. F1m: 2.2 ± 0.2,
p = 0.004); both alterations were more pronounced in males (Figure 2B,C). No significant differences
in mean food intake were observed among the groups, either in males (F1c: 30.2 ± 0.4 g/d vs. F1m:
29.9 ± 0.5 g/d, p = 0.656) or in females (F1c: 21.9 ± 0.3 g/d vs. F1m: 21.1 ± 0.3 g/d, p = 0.063; Figure 2B,C).

3.3. Metabolic Profile of F0 Male Founders

Over the six-week premating period, male rats on the HFD gained significantly more weight
than chow-fed control males (+41%; F0c: 74.8 ± 6.7 g vs. F0p: 105.4 ± 4.3 g, p = 0.001), resulting in
an increased body weight (+5%; F0c: 510 ± 6 g vs. F0p: 535 ± 4 g, p = 0.003; Figure 3A). This was
accompanied by elevated plasma leptin levels (+82%; F0c: 6.5 ± 0.6 ng/mL vs. F0p: 11.8 ± 1.0 ng/mL,
p = 0.001), as an index of increased adiposity. Furthermore, during IPGTT, male founders on the HFD
displayed increased blood glucose (+28%; F0c: 3.7 ± 0.1 mmol/L vs. F0p: 4.7 ± 0.1 mmol/L, p < 0.001),
HOMA-IR (+92%; F0c: 4.5 ± 1.2 vs. F0p: 8.6 ± 0.8, p = 0.011), AUC (+24%; F0c: 20.8 ± 0.3 mmol/L/h
vs. F0p: 25.7 ± 0.4 mmol/L/h, p < 0.001), and insulin levels (+55%; F0c: 1.3 ± 0.3 ng/mL vs. F0p:
2.0 ± 0.2 ng/mL, p = 0.062) as compared to control males (Figure 3A).

After the F0 male founders were exposed to an HFD for six weeks, they were mated with chow-fed
control females. To ensure that there were no differences between female dams, body weight and
metabolic parameters were evaluated and IPGTT was performed before mating. Females serving as
dams in both groups did not differ in body weight, plasma insulin, plasma leptin, blood glucose or
glucose tolerance (data not shown); i.e., mother rats of F1p were metabolically healthy. The HFD on F0
founders did not affect fertility, as it was 100% in both groups (F0c: 7 of 7, F0p: 10 of 10; p = 1.000).



Int. J. Environ. Res. Public Health 2020, 17, 4229 7 of 15

Int. J. Environ. Res. Public Health 2020, 17, x 7 of 14 

 

(males: F1c: 9.5 ± 0.2 mmol/L/h vs. F1p: 10.2 ± 0.4 mmol/L/h, p = 0.154; females: F1c: 9.4 ± 0.3 vs. F1p: 
9.3 ± 0.2, p = 0.832), as were HOMA levels (males: F1c: 20.9 ± 2.6 vs. F1p: 18.7 ± 2.5, p = 0.544; females: 
F1c: 10.2 ± 1.7 vs. F1p: 8.4 ± 0.9, p = 0.529), showing that paternal HFD exposure did not affect glucose 
tolerance or insulin sensitivity in the later life of offspring (Figure 3B,C). 

 
Figure 3. Phenotypic characteristics of HFD-overfed male founders (F0p) and outcomes of their male 
and female offspring (F1p) at weaning and adult age. (A) Paternal (F0p) pre-mating weight (WT), 
HFD-related weight gain (WG), blood glucose (BG), plasma insulin (IRI), HOMA, area under the 
curve of glucose (AUC) and plasma leptin (LEP) levels after six weeks of high-fat feeding, as 
compared to control founders (F0c). (B) F1 male and (C) female body weight (WT), BG, IRI, HOMA, 
LEP, percentage of body fat (BF) and mean food intake (MFI) in HFD offspring (F1p) at weaning (day 
21 of life) and at adult age, as compared to respective offspring of control rats (F1c). Data are means 
± SEM, shown as percentages of control-levels. p values were calculated using Student’s t-test or 
Mann–Whitney U-test (paternal leptin) when appropriate. * p < 0.05, ** p < 0.01. 

  

Figure 3. Phenotypic characteristics of HFD-overfed male founders (F0p) and outcomes of their male
and female offspring (F1p) at weaning and adult age. (A) Paternal (F0p) pre-mating weight (WT),
HFD-related weight gain (WG), blood glucose (BG), plasma insulin (IRI), HOMA, area under the curve
of glucose (AUC) and plasma leptin (LEP) levels after six weeks of high-fat feeding, as compared to
control founders (F0c). (B) F1 male and (C) female body weight (WT), BG, IRI, HOMA, LEP, percentage
of body fat (BF) and mean food intake (MFI) in HFD offspring (F1p) at weaning (day 21 of life) and at
adult age, as compared to respective offspring of control rats (F1c). Data are means ± SEM, shown as
percentages of control-levels. p values were calculated using Student’s t-test or Mann–Whitney U-test
(paternal leptin) when appropriate. * p < 0.05, ** p < 0.01.

3.4. Effect of Paternal HFD-Overfeeding on F1 Offspring

There were no significant differences in the average litter size at birth (F1c: 11.6 ± 5.1, vs. F1p:
12.4 ± 3.6; p = 0.664) or perinatal mortality (day 0–21 of life) between the offspring of chow-fed founders
(F1c: 0.8% (1 of 127)) and the offspring of HFD-overfed founders (F1p: 1.6% (2 of 124) p = 0.983).
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Paternal HFD exposure had no effect on offspring’s body weight, body fat or metabolic parameters
at weaning, either in males or in females (Figure 3B,C). Remarkably, also in adulthood, male and female
offspring showed no differences in absolute body weight (males: F1c: 477 ± 10 g vs. F1p: 488 ± 17g,
p = 0.560; females: F1c: 271 ± 5 g vs. F1p: 280 ± 7 g; p = 0.285) and body fat (males: F1c: 13.1 ± 0.6 g vs.
F1p: 13.1 ± 0.9 g, p = 0.985; females: F1c: 12.8 ± 0.8 g vs. F1p: 12.9 ± 0.6 g; p = 0.946). The offspring of
both groups and sexes did not differ in any of the metabolic parameters investigated, nor in mean
food intake. Furthermore, during IPGTT at three months of age, AUC were unchanged (males: F1c:
9.5 ± 0.2 mmol/L/h vs. F1p: 10.2 ± 0.4 mmol/L/h, p = 0.154; females: F1c: 9.4 ± 0.3 vs. F1p: 9.3 ± 0.2,
p = 0.832), as were HOMA levels (males: F1c: 20.9 ± 2.6 vs. F1p: 18.7 ± 2.5, p = 0.544; females: F1c:
10.2 ± 1.7 vs. F1p: 8.4 ± 0.9, p = 0.529), showing that paternal HFD exposure did not affect glucose
tolerance or insulin sensitivity in the later life of offspring (Figure 3B,C).

3.5. Metabolic Profile of F1 Dams

At the age of three months, F1 female offspring of the control (F1c) and HFD group (F1m)
were mated with control males to produce F2 offspring. Around conception, no differences in
body weight were observed between F1c and F1m females but adiposity marker plasma leptin was
significantly increased in F1m females compared with their counterparts (F1c: 2.1 ± 0.1 ng/mL vs. F1m:
3.8 ± 0.3 ng/mL, p < 0.001, Figure 4A).

Although there was no significant difference in basal blood glucose level between F1c and F1m
females (F1c: 3.8 ± 0.1 mmol/L vs. F1m: 3.7 ± 0.1 mmol/L, p = 0.510), F1m dams were glucose intolerant,
showing higher AUC after glucose challenge than F1c dams (F1c: 15.7 ± 0.8 mmol/L/h vs. F1m:
18.8 ± 0.7 mmol/L/h, p = 0.010). Moreover, levels of insulin were significantly higher in F1m dams
(F1c: 0.2 ± 0.04 ng/mL vs. F1m: 0.4 ± 0.1 ng/mL, p = 0.012), accompanied by elevated HOMA-IR (F1c:
0.6 ± 0.1 vs. F1m: 1.3 ± 0.2, p = 0.013), indicating a state of insulin resistance (Figure 4A). Fertility of F1
dams did not significantly differ between groups (F1c: 70% (7 of 10), F1m: 92% (12 of 13), p = 0.399).

3.6. Effect of Maternal HFD-Overfeeding on F2 Offspring

In the maternal-side F2 offspring of F0 dams, no significant differences in average litter size at
birth (F2c: 11.6 ± 3.8 vs. F2m: 13.0 ± 5.4; p = 0.545) or perinatal mortality (day 0–21 of life) between the
offspring of the control group (F2c: 16% (13 of 81) and HFD offspring (F2m: 11.5% (18 of 156), p = 0.439)
were observed.

At weaning on day 21 of life, offspring of both groups and sexes did not differ in body weight,
but male F2m offspring showed obesity, characterized by increased body fat content (+11%; F2c:
8.7 ± 0.3% vs. F2m: 9.6 ± 0.3%, p = 0.034) and elevated plasma leptin levels (+27%; F2c: 2.6 ± 0.2 ng/mL
vs. F2m: 3.3 ± 0.2 ng/mL, p = 0.043) as compared to controls. The phenotype observed in the F2m
males continued into adulthood, with adiposity and hyperleptinemia even more pronounced in later
life (body fat: +24%; F2c: 13.4 ± 0.8% vs. F2m: 16.6 ± 0.6%; p = 0.003; plasma leptin: +40%; F2c:
7.5 ± 0.7 ng/mL vs. F2m: 10.5 ± 0.6 ng/mL; p = 0.002, Figure 4B).

Female F2m offspring also showed increased leptin levels at weaning as compared with the
corresponding controls (+25%; F2c: 2.9 ± 0.2 ng/mL vs. F2m: 3.7 ± 0.2 ng/mL, p = 0.014). This was
accompanied with weak but significant hyperglycemia (F2c: 7.3 ± 0.1 ng/mL vs. F2m: 7.6 ± 0.1 ng/mL,
p = 0.034). However, in females, no group differences were observed in adulthood (Figure 4C).
Furthermore, no effects were observed regarding glucose tolerance (AUC) and insulin sensitivity
(HOMA) at weaning or in adulthood, either in the males or in the females (Figure 4B,C).
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Figure 4. Phenotypic characteristics of F1m dams and outcome of their male and female offspring
(F2m) at weaning and adult age. (A) Maternal (F1m) pre-gestational weight (WT), HFD-related weight
gain (WG), blood glucose (BG), plasma insulin (IRI), HOMA, area under the curve of glucose (AUC)
and plasma leptin (LEP) as compared to control dams (F1c). (B) F2 male and (C) female body weight
(WT), BG, IRI, HOMA, LEP, percentage of body fat (BF), mean food intake (MFI) in HFD-offspring
(F2m) at weaning (day 21 of life) and at adult age, as compared to respective offspring of control dams
(F2c). Data are means ± SEM, shown as percentages of control-levels. p values were calculated using
Student’s t-test or Mann–Whitney U-test (maternal HOMA) when appropriate. * p < 0.05, ** p < 0.01.

4. Discussion

Focusing on the essential outcome, namely, the overall phenotype, we proved in a large-scale
inter- and transgenerational rat study the widely reflected hypothesis of perinatally acquired ‘diabesity’
predisposition in the offspring generations after parental (maternal vs. paternal) high-caloric, high-fat
diet (HFD) exposure at reproduction. In essence, maternal HFD exposure gave rise to increased risk in
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offspring generations while, in contrast, no increased ‘diabesity’ risk was observed in the offspring due
to paternal HFD exposure.

HFD exposure starting six weeks before mating, i.e., around conception, did lead immediately to
pronounced weight gain in F0 dams/mother rats, accompanied by hyperleptinemia, hyperinsulinemia,
insulin resistance, and hyperglycemia at mating. In consequence, F1m offspring developed a clear
disposition to ‘diabesity’, with increased body fat, hyperleptinemia, hyperinsulinemia, insulin
resistance, and hyperglycemia both at weaning and in later life, affecting both male and female
offspring. Male F1 offspring appeared to be more affected than the females. Data complement
and add precision to some comparable observations [29–35]. It is important to note that our
periconceptional investigations clearly indicate metabolic alterations in HFD-exposed F0 mothers in
terms of gestational diabetes. Therefore, data appear to support, from a mechanistically different point
of view, a variety of studies reporting increased ‘diabesity’ disposition resulting from in-utero exposure
to GDM [36,37]. GDM is a critical consequence of overnutrition and overweight, respectively, both
clinically and experimentally [8,10,38,39]. However, it remains open whether HFD exposure itself
and/or the resulting GDM are responsible for offspring alterations. Respective gestational data and/or
differentiated interpretations have rarely been considered in experimental studies on parental HFD
effects. Interestingly, however, even recent clinical data appear to speak in favor of the critical impact
of gestational hyperglycemia here [40], instead of overnutrition/overweight per se. Accordingly, this
remains to be established, with priority both clinically and in experimental designs, since the practical
implications would be important.

In analogy to the F0/F1m approach, HFD exposure at mating of F0 males/founders led
to hyperleptinemia, hyperinsulinemia, insulin resistance, and hyperglycemia. Here, respective
control mothers were normal weight and metabolically healthy around conception and in gestation.
Accordingly, but in clear contrast to F1m offspring, no obesity and/or diabetic alterations were observed
in the F1p offspring, neither in early nor later life, and neither in male nor female offspring. This contrasts
with observations and wide reflections on epigenetic ‘diabesity’ transmission through the paternal
line [13–15]. Similarly, in contrast to the aforementioned studies and a variety of rather narrative
reviews [20,41,42], some other similar approaches also did not confirm respective ‘diabesogenic’
alterations in the paternal line F1 offspring after HFD exposure [35,43,44]. Accordingly, data and
interpretations of paternal/epigenetic ‘diabesity’ transmission appear to remain inconclusive and need
further distinct exploration, as provided here. Clear characterization of the phenotypic effects appears
to remain a serious prerequisite for respective epigenetic studies on eventual mechanisms.

Considering that no effect on offspring resulted from paternal, but clearly was from maternal, HFD
exposure at mating, we finally focused on exploring potential effects on the maternal-side F2 offspring.
Female F1m rats, shown to be affected in terms of ‘diabesity’ pre-disposition, were mated under
standard conditions and with free access to normal standard chow diet with normal control males.
They showed, spontaneously, hyperleptinemia, hyperinsulinemia, insulin resistance and reduced
glucose tolerance around gestation. However, this was not as pronounced as in their HFD-exposed
F0 mothers, as similarly described in one comparable study [17]. In consequence, few significant
‘diabesogenic’ alterations were observed in the resulting F2 (obesity, hyperleptinemia, hyperglycemia);
these were more pronounced in male as compared to female offspring, with less persistence into later
life than in F1m offspring. This observation appears principally to be in line with some former studies
on maternal-side F2 offspring in the HFD approach [13,16–18], and in GDM offspring [36]. Considering
the latter, especially, decreased altered gestational metabolic alterations of F1 dams as compared to
their F0 mothers might provide a critical explanation for the reduced affected outcome in F2 offspring.

As customary, limitations of our approach and specific explanatory aspects must be critically
discussed here, especially concerning the rather unexpected results obtained for the F1p generation.

Firstly, we applied a clear high-caloric/high-fat diet, which, when compared to most other
experimental studies, is a rather moderate HFD. In various comparable investigations, a much more
experimental than translationally relevant 60% high-fat diet was provided, corresponding to a 6–10-fold
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fat increase as compared to controls [33,45–47]. This appears very artificial, especially in relation
to the human situation, and therefore was critically discussed recently [48]. In our study, the HFD
group diet was just 3–4 times higher than the required nutritional sustenance that is standard for rat
health and development (applied here to controls). This is in line with critical discussions on the
necessary improvement of respective rodent HFD models, to enable a closer translational validity [48].
Interestingly, however, even this rather moderate experimental HFD exposure in F0 dams gave rise to
the above-described alterations in the maternal-side offspring, but not in offspring on the paternal side.

Secondly, HFD diet overfeeding was applied here just to the F0 generations, and, most notably,
in a narrow time frame at/around reproduction, i.e., not for a longer lifespan period. Especially
in a translational sense, this appears mandatory to consider. While the important pioneer data
on paternal-side effects in humans [49,50] dealt with exposures in rather early developmental life
periods (esp. around puberty/adolescence) and/or even for a longer life span, the question of
immediate effects at/around reproduction/conception appears to be of particular translational and
clinical importance. Respective human data, however, are missing, as are respective animal data
on paternal- vs. maternal-side effects in direct comparison and considering sex-specific offspring
effects. Moreover, in the majority of experimental studies on paternal-side effects, accompanying
maternal/gestational data, i.e., in terms of gestational metabolism, have hardly been documented.
Therefore, it appears important to note that, in our study, a pre-mating short-term (six weeks) HFD
exposure on the paternal side led to paternal ‘diabesity’ at mating but was not accompanied by
increased ‘diabesity’ risk in the offspring. It should be considered, however, that our data do not
exclude paternal effects if HFD exposure occurs at earlier ages, i.e., during critical developmental
stages (gametogenesis/adolescence) and/or for a longer time period [49,50]. Therefore, principal
avoidance of parental high-caloric HFD overnutrition around conception appears to remain a safe and
recommendable preventive measure for the offspring.

Thirdly, F1m females did show ‘diabesity’ when mated with normal control males; however, in
turn, the F2m generation alterations were rather weak and not as pronounced as in the F1m generation.
It must be considered here that mating in the F1m was under a standard chow diet and, in turn, F1m
dams’ metabolic alterations in terms of GDM were not as pronounced as observed in F0 dams under
HFD exposure. Therefore, observations might point to the particular mechanistic impact of altered
gestational metabolism/diabetes in terms of a dose–response effect. Interestingly, this appears to be
in line with clinical observations, indicating the critical mechanistic impact of gestational diabetic
alterations in both normal-weight and overweight pregnant women [40]. Interpreted integratively,
data therefore seem to indicate that the occurrence and degree of the offspring alterations decisively
depend on the degree of maternal metabolic alterations in terms of GDM, even irrespective of the
quantity and/or quality of maternal food intake.

Finally, in both F1m and F2m, male offspring were observed to be more affected in terms of
acquired ‘diabesity’ disposition than females. Similar has been observed in earlier studies [13,29–35].
Reasons for this sex-specific divergence are unclear [51] and remain to be explored with priority. Future
studies should therefore include both sexes in a comparative design.

5. Conclusions

In summary and conclusion, maternal high-caloric HFD overnutrition during the time frame
around reproduction is a risk factor for ‘diabesity’ predisposition in the F1 as well as maternal-side
F2 generations of both sexes, with male offspring more affected than females. In contrast, paternal
HFD exposure at reproduction/mating could not be identified as a respective risk factor for the
offspring. The data suggest alterations of maternal metabolism (adipogenic, diabetogenic) as the
decisive mechanistic aspect for acquired offspring phenotypes. Interpreted translationally, preventive
dietary and metabolic measures (avoidance of overnutrition/overweight around reproduction; adequate
screening for/treatment of gestational diabetes) appear to remain key to the issue. Future research
priorities in the epigenetic field should carefully consider sex-specific phenotypic effects from distinct
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dietary compounds during distinct time windows of early/perinatal development. From a wider
perspective, principal public health recommendations, however, already seem important at this
stage: general avoidance of affluent eating patterns around reproduction and in pregnancy, universal
screening for gestational diabetes in all pregnant women, and optimal treatment of GDM to strictly
ensure normoglycemia. These measures appear to have a public health preventive impact, potentially
for generations.

Author Contributions: Conceptualization, A.P.; methodology, K.M. and T.Z.; formal analysis, K.S. and A.P.;
investigation, K.S., K.M. and T.Z.; data curation, K.S., K.M., T.Z. and R.C.R.; writing—original draft preparation,
K.S. and A.P.; writing—review and editing, K.S., K.M., T.Z., R.C.R., W.H. and A.P.; supervision, W.H. and A.P.;
funding acquisition, A.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by grants of the German Research Foundation (DFG: PL241/4-2, PL241/5-1).

Acknowledgments: The authors would like to thank Thomas Harder, MD, for assistance in managing
the initial parts of the experiments. We acknowledge support from the Open Access Publication Fund of
Charité-Universitätsmedizin Berlin.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. World Health Organization. Political Declaration of the High-Level Meeting of the General Assembly
on the Prevention and Control of Non-Communicable Diseases. WHO. 2012. Available online: https:
//www.who.int/nmh/events/un_ncd_summit2011/political_declaration_en.pdf (accessed on 9 June 2020).

2. Hales, C.M.; Carroll, M.D.; Fryar, C.D.; Ogden, C.L. Prevalence of Obesity among Adults and Youth: United States,
2015–2016; NCHS Data Brief, no 288; National Center for Health Statistics: Hyattsville, MD, USA, 2017.

3. Sacks, D.A.; Hadden, D.R.; Maresh, M.; Deerochanawong, C.; Dyer, A.R.; Metzger, B.E.; Lowe, L.P.;
Coustan, D.R.; Hod, M.; Oats, J.J.N.; et al. Frequency of gestational diabetes mellitus at collaborating centers
based on IADPSG consensus panel-recommended criteria: The hyperglycemia and adverse pregnancy
outcome (HAPO) study. Diabetes Care 2012, 35, 526–528. [CrossRef] [PubMed]

4. Melchior, H.; Kurch-Bek, D.; Mund, M. Population-based analysis of a nationwide screening program.
Dtsch. Arztebl. Int. 2017, 114, 412–418. [PubMed]

5. Fernandez-Twinn, D.S.; Hjort, L.; Novakovic, B.; Ozanne, S.E.; Saffery, R. Intrauterine programming of
obesity and type 2 diabetes. Diabetologia 2019, 62, 1789–1801. [CrossRef] [PubMed]

6. Perng, W.; Oken, E.; Dabelea, D. Developmental overnutrition and obesity and type 2 diabetes in offspring.
Diabetologia 2019, 62, 1779–1788. [CrossRef]

7. Plagemann, A.; Harder, T.; Schellong, K.; Schulz, S.; Stupin, J.H. Early postnatal life as a critical time window
for determination of long-term metabolic health. Best Pract. Res. Clin. Endocrinol. Metab. 2012, 26, 641–653.
[CrossRef]

8. Catalano, P.M.; McIntyre, H.D.; Cruickshank, J.K.; McCance, D.R.; Dyer, A.R.; Metzger, B.E.; Lowe, L.P.;
Trimble, E.R.; Coustan, D.R.; Hadden, D.R.; et al. The hyperglycemia and adverse pregnancy outcome study:
Associations of GDM and obesity with pregnancy outcomes. Diabetes Care 2012, 35, 780–786. [CrossRef]

9. Kawasaki, M.; Arata, N.; Miyazaki, C.; Mori, R.; Kikuchi, T.; Ogawa, Y.; Ota, E. Obesity and abnormal glucose
tolerance in offspring of diabetic mothers: A systematic review and meta-analysis. PLoS ONE 2018, 13,
e0190676. [CrossRef]

10. Plagemann, A. Maternal diabetes and perinatal programming. Early Hum. Dev. 2011, 87, 743–747. [CrossRef]
11. Plagemann, A. A matter of insulin: Developmental programming of body weight regulation. J. Matern. Fetal

Neonatal. Med. 2008, 21, 143–148. [CrossRef]
12. Van Assche, F.A.; Holemans, K.; Aerts, L. Long-term consequences for offspring of diabetes during pregnancy.

Br. Med. Bull. 2001, 60, 173–182. [CrossRef]
13. Fullston, T.; Ohlsson Teague, E.M.C.; Palmer, N.O.; DeBlasio, M.J.; Mitchell, M.; Corbett, M.; Print, C.G.;

Owens, J.A. Paternal obesity initiates metabolic disturbances in two generations of mice with incomplete
penetrance to the F2 generation and alters the transcriptional profile of testis and sperm microRNA content.
FASEB J. 2013, 27, 4226–4243. [CrossRef] [PubMed]

https://www.who.int/nmh/events/un_ncd_summit2011/political_declaration_en.pdf
https://www.who.int/nmh/events/un_ncd_summit2011/political_declaration_en.pdf
http://dx.doi.org/10.2337/dc11-1641
http://www.ncbi.nlm.nih.gov/pubmed/22355019
http://www.ncbi.nlm.nih.gov/pubmed/28669379
http://dx.doi.org/10.1007/s00125-019-4951-9
http://www.ncbi.nlm.nih.gov/pubmed/31451874
http://dx.doi.org/10.1007/s00125-019-4914-1
http://dx.doi.org/10.1016/j.beem.2012.03.008
http://dx.doi.org/10.2337/dc11-1790
http://dx.doi.org/10.1371/journal.pone.0190676
http://dx.doi.org/10.1016/j.earlhumdev.2011.08.018
http://dx.doi.org/10.1080/14767050801929869
http://dx.doi.org/10.1093/bmb/60.1.173
http://dx.doi.org/10.1096/fj.12-224048
http://www.ncbi.nlm.nih.gov/pubmed/23845863


Int. J. Environ. Res. Public Health 2020, 17, 4229 13 of 15

14. Ng, S.F.; Lin, R.C.Y.; Laybutt, D.R.; Barres, R.; Owens, J.A.; Morris, M.J. Chronic high-fat diet in fathers
programs ß-cell dysfunction in female rat offspring. Nature 2010, 467, 963–966. [CrossRef] [PubMed]

15. Masuyama, H.; Mitsui, T.; Eguchi, T.; Tamada, S.; Hiramatsu, Y. The effects of paternal high-fat diet exposure
on offspring metabolism with epigenetic changes in the mouse adiponectin and leptin gene promoters. Am. J.
Physiol. Endocrinol. Metab. 2016, 311, E236–E245. [CrossRef] [PubMed]

16. Dunn, G.A.; Bale, T.L. Maternal high-fat diet promotes body length increases and insulin insensitivity in
second-generation mice. Endocrinology 2009, 150, 4999–5009. [CrossRef]

17. Graus-Nunes, F.; Dalla Corte Frantz, E.; Lannes, W.R.; da Silva Menezes, M.C.; Mandarim-de-Lacerda, C.A.;
Souza-Mello, V. Pregestational maternal obesity impairs endocrine pancreas in male F1 and F2 progeny.
Nutrition 2015, 31, 380–387. [CrossRef]

18. Huang, Y.H.; Ye, T.T.; Liu, C.X.; Wang, L.; Chen, Y.W.; Dong, Y. Maternal high-fat diet impairs glucose
metabolism, ß-cell function and proliferation in the second generation of offspring rats. Nutr. Metab. 2017,
14, 67. [CrossRef]

19. Aiken, C.E.; Ozanne, S.E. Transgenerational developmental programming. Hum. Reprod. Update 2014, 20,
63–75. [CrossRef]

20. Su, L.; Patti, M.E. Paternal nongenetic intergenerational transmission of metabolic disease risk. Curr. Diab. Rep.
2019, 19, 38. [CrossRef]

21. Sales, V.M.; Ferguson-Smith, A.C.; Patti, M.E. Epigenetic Mechanisms of Transmission of Metabolic Disease
across Generations. Cell Metab. 2017, 25, 559–571. [CrossRef]

22. Dunford, A.R.; Sangster, J.M. Maternal and paternal periconceptional nutrition as an indicator of offspring
metabolic syndrome risk in later life through epigenetic imprinting: A systematic review. Diabetes Metab. Syndr.
2017, 11, S655–S662. [CrossRef]

23. Levin, B.E.; Hogan, S.; Sullivan, A.C. Initiation and perpetuation of obesity and obesity resistance in rats.
Am. J. Physiol. 1989, 256, R766–R771. [CrossRef] [PubMed]

24. Schellong, K.; Neumann, U.; Rancourt, R.C.; Plagemann, A. Increase of long-term ‘diabesity’ risk, hyperphagia,
and altered hypothalamic neuropeptide expression in neonatally overnourished ‘small-for-gestational-age’
(SGA) rats. PLoS ONE 2013, 8, e78799. [CrossRef] [PubMed]

25. Schmidt, I.; Schoelch, C.; Ziska, T.; Schneider, D.; Simon, E.; Plagemann, A. Interaction of genetic and
environmental programming of the leptin system and of obesity disposition. Physiol. Genomics 2000, 3,
113–120. [CrossRef] [PubMed]

26. Plagemann, A.; Harder, T.; Rake, A.; Voits, M.; Fink, H.; Rohde, W.; Dörner, G. Perinatal increase of
hypothalamic insulin, acquired malformation of hypothalamic galaninergic neurons, and syndrome X-like
alterations in adulthood of neonatally overfed rats. Brain Res. 1999, 836, 146–155. [CrossRef]

27. Matthews, D.R.; Hosker, J.P.; Rudenski, A.S.; Naylor, B.A.; Treacher, D.F.; Turner, R.C. Homeostasis model
assessment: Insulin resistance and b-cell function from fasting plasma glucose and insulin concentrations
in man. Diabetologia 1985, 28, 412–419. [CrossRef]

28. Schaalan, M.; El-Abhar, H.S.; Barakat, M.; El-Denshary, E.S. Westernized-like-diet-fed rats: Effect on glucose
homeostasis, lipid profile, and adipocyte hormones and their modulation by rosiglitazone and glimepiride.
J. Diabetes Complications 2009, 23, 199–208. [CrossRef]

29. Dias-Rocha, C.P.; Almeida, M.M.; Santana, E.M.; Costa, J.C.B.; Franco, J.G.; Pazos-Moura, C.C.; Trevenzoli, I.H.
Maternal high-fat diet induces sex-specific endocannabinoid system changes in newborn rats and programs
adiposity, energy expenditure and food preference in adulthood. J. Nutr. Biochem. 2018, 51, 56–68. [CrossRef]

30. Nivoit, P.; Morens, C.; Van Assche, F.A.; Jansen, E.; Poston, L.; Remacle, C.; Reusens, B. Established
diet-induced obesity in female rats leads to offspring hyperphagia, adiposity and insulin resistance.
Diabetologia 2009, 52, 1133–1142. [CrossRef]

31. Schellong, K.; Melchior, K.; Ziska, T.; Ott, R.; Henrich, W.; Rancourt, R.C.; Plagemann, A. Hypothalamic
insulin receptor expression and DNA promoter methylation are sex-specifically altered in adult offspring of
high-fat diet (HFD)-overfed mother rats. J. Nutr. Biochem. 2019, 67, 28–35. [CrossRef]

32. Schellong, K.; Melchior, K.; Ziska, T.; Henrich, W.; Rancourt, R.C.; Plagemann, A. Sex-specific epigenetic
alterations of the hypothalamic Agrp-Pomc system do not explain ‘diabesity’ in offspring of high-fat diet
(HFD) overfed mother rats. J. Nutr. Biochem. 2020, 75, 108257. [CrossRef]

http://dx.doi.org/10.1038/nature09491
http://www.ncbi.nlm.nih.gov/pubmed/20962845
http://dx.doi.org/10.1152/ajpendo.00095.2016
http://www.ncbi.nlm.nih.gov/pubmed/27245335
http://dx.doi.org/10.1210/en.2009-0500
http://dx.doi.org/10.1016/j.nut.2014.08.002
http://dx.doi.org/10.1186/s12986-017-0222-2
http://dx.doi.org/10.1093/humupd/dmt043
http://dx.doi.org/10.1007/s11892-019-1163-0
http://dx.doi.org/10.1016/j.cmet.2017.02.016
http://dx.doi.org/10.1016/j.dsx.2017.04.021
http://dx.doi.org/10.1152/ajpregu.1989.256.3.R766
http://www.ncbi.nlm.nih.gov/pubmed/2646957
http://dx.doi.org/10.1371/journal.pone.0078799
http://www.ncbi.nlm.nih.gov/pubmed/24265718
http://dx.doi.org/10.1152/physiolgenomics.2000.3.2.113
http://www.ncbi.nlm.nih.gov/pubmed/11015606
http://dx.doi.org/10.1016/S0006-8993(99)01662-5
http://dx.doi.org/10.1007/BF00280883
http://dx.doi.org/10.1016/j.jdiacomp.2008.02.003
http://dx.doi.org/10.1016/j.jnutbio.2017.09.019
http://dx.doi.org/10.1007/s00125-009-1316-9
http://dx.doi.org/10.1016/j.jnutbio.2019.01.014
http://dx.doi.org/10.1016/j.jnutbio.2019.108257


Int. J. Environ. Res. Public Health 2020, 17, 4229 14 of 15

33. Sun, B.; Purcell, R.H.; Terrillion, C.E.; Yan, J.; Moran, T.H.; Tamashiro, K.L.K. Maternal high-fat diet during
gestation or suckling differentially affects offspring leptin sensitivity and obesity. Diabetes 2012, 61, 2833–2841.
[CrossRef] [PubMed]

34. Vogt, M.C.; Paeger, L.; Hess, S.; Steculorum, S.M.; Awazawa, M.; Hampel, B.; Neupert, S.; Nicholls, H.T.;
Mauer, J.; Hausen, A.C.; et al. Neonatal insulin action impairs hypothalamic neurocircuit formation in
response to maternal high-fat feeding. Cell 2014, 156, 495–509. [CrossRef] [PubMed]

35. Chambers, T.J.G.; Morgan, M.D.; Heger, A.H.; Sharpe, R.M.; Drake, A.J. High-fat diet disrupts metabolism in
two generations of rats in a parent-of-origin specific manner. Sci. Rep. 2016, 6, 31857. [CrossRef] [PubMed]

36. Aerts, L.; Holemans, K.; Van Assche, F.A. Maternal diabetes during pregnancy: Consequences for the
offspring. Diabetes Metab. Rev. 1990, 6, 147–167. [CrossRef] [PubMed]

37. Franke, K.; Harder, T.; Aerts, L.; Melchior, K.; Fahrenkrog, S.; Rodekamp, E.; Ziska, T.; Van Assche, F.A.;
Dudenhausen, J.W.; Plagemann, A. ’Programming’ of orexigenic and anorexigenic hypothalamic neurons in
offspring of treated and untreated diabetic mother rats. Brain Res. 2005, 1031, 276–283. [CrossRef] [PubMed]

38. Plagemann, A.; Harder, T.; Kohlhoff, R.; Rohde, W.; Dörner, G. Glucose tolerance and insulin secretion
in children of mothers with pregestational insulin-dependent diabetes mellitus or gestational diabetes.
Diabetologia 1997, 40, 1094–1100. [CrossRef]

39. Reece, E.A. The fetal and maternal consequences of gestational diabetes mellitus. J. Matern. Fetal Neonatal Med.
2010, 23, 199–203. [CrossRef]

40. Ott, R.; Stupin, J.H.; Loui, A.; Eilers, E.; Melchior, K.; Rancourt, R.C.; Schellong, K.; Ziska, T.;
Dudenhausen, J.W.; Henrich, W.; et al. Maternal overweight is not an independent risk factor for increased
birth weight, leptin and insulin in newborns of gestational diabetic women: Observations from the prospective
‘EaCH’ cohort study. BMC Pregnancy Childbirth 2018, 18, 250. [CrossRef]

41. Ornellas, F.; Carapeto, P.V.; Mandarim-de-Lacerda, C.A.; Aguila, M.B. Obese fathers lead to an altered
metabolism and obesity in their children in adulthood: Review of experimental and human studies. J. Pediatr.
2017, 93, 551–559. [CrossRef]

42. Sharp, G.C.; Lawlor, D.A. Paternal impact on the life course development of obesity and type 2 diabetes in
the offspring. Diabetologia 2019, 62, 1802–1810. [CrossRef]

43. de Castro Barbosa, T.; Ingerslev, L.R.; Alm, P.S.; Versteyhe, S.; Massart, J.; Rasmussen, M.; Donkin, I.;
Sjögren, R.; Mudry, J.M.; Vetterli, L.; et al. High-fat diet reprograms the epigenome of rat spermatozoa and
transgenerationally affects metabolism of the offspring. Mol. Metab. 2016, 5, 184–197. [CrossRef] [PubMed]

44. Lecomte, V.; Maloney, C.A.; Wang, K.W.; Morris, M.J. Effects of paternal obesity on growth and adiposity of
male rat offspring. Am. J. Physiol. Endocrinol. Metab. 2017, 312, E117–E125. [CrossRef] [PubMed]

45. Desai, M.; Han, G.; Ross, M.G. Programmed hyperphagia in offspring of obese dams: Altered expression of
hypothalamic nutrient sensors, neurogenic factors and epigenetic modulators. Appetite 2016, 99, 193–199.
[CrossRef] [PubMed]

46. Marco, A.; Kisliouk, T.; Tabachnik, T.; Meiri, N.; Weller, A. Overweight and CpG methylation of the Pomc
promoter on offspring of high-fat-diet-fed dams are not “reprogrammed” by regular chow diets in rats.
FASEB J. 2014, 28, 4148–4157. [CrossRef] [PubMed]

47. Ramamoorthy, T.G.; Allen, T.J.; Davies, A.; Harno, E.; Sefton, C.; Murgatroyd, C.; White, A. Maternal
overnutrition programs epigenetic changes in the regulatory regions of hypothalamic Pomc in the offspring
of rats. Int. J. Obes. 2018, 42, 1431–1444. [CrossRef]

48. Speakman, J.R. Use of high-fat diets to study rodent obesity as a model of human obesity. Int. J. Obes. 2019,
43, 1491–1492. [CrossRef]

49. Kaati, G.; Bygren, L.O.; Edvinsson, S. Cardiovascular and diabetes mortality determined by nutrition during
parents’ and grandparents’ slow growth period. Eur. J. Hum. Genet. 2002, 10, 682–688. [CrossRef]

http://dx.doi.org/10.2337/db11-0957
http://www.ncbi.nlm.nih.gov/pubmed/22751689
http://dx.doi.org/10.1016/j.cell.2014.01.008
http://www.ncbi.nlm.nih.gov/pubmed/24462248
http://dx.doi.org/10.1038/srep31857
http://www.ncbi.nlm.nih.gov/pubmed/27550193
http://dx.doi.org/10.1002/dmr.5610060303
http://www.ncbi.nlm.nih.gov/pubmed/2091909
http://dx.doi.org/10.1016/j.brainres.2004.11.006
http://www.ncbi.nlm.nih.gov/pubmed/15649453
http://dx.doi.org/10.1007/s001250050792
http://dx.doi.org/10.3109/14767050903550659
http://dx.doi.org/10.1186/s12884-018-1889-8
http://dx.doi.org/10.1016/j.jped.2017.02.004
http://dx.doi.org/10.1007/s00125-019-4919-9
http://dx.doi.org/10.1016/j.molmet.2015.12.002
http://www.ncbi.nlm.nih.gov/pubmed/26977389
http://dx.doi.org/10.1152/ajpendo.00262.2016
http://www.ncbi.nlm.nih.gov/pubmed/27965204
http://dx.doi.org/10.1016/j.appet.2016.01.023
http://www.ncbi.nlm.nih.gov/pubmed/26785315
http://dx.doi.org/10.1096/fj.14-255620
http://www.ncbi.nlm.nih.gov/pubmed/24928196
http://dx.doi.org/10.1038/s41366-018-0094-1
http://dx.doi.org/10.1038/s41366-019-0363-7
http://dx.doi.org/10.1038/sj.ejhg.5200859


Int. J. Environ. Res. Public Health 2020, 17, 4229 15 of 15

50. Kaati, G.; Bygren, L.O.; Pembrey, M.; Sjöström, M. Transgenerational response to nutrition, early life
circumstances and longevity. Eur. J. Hum. Genet. 2007, 15, 784–790. [CrossRef] [PubMed]

51. Portha, B.; Grandjean, V.; Movassat, J. Mother or father: Who is in the front line? Mechanisms underlying the
non-genomic transmission of obesity/diabetes via the maternal or the paternal line. Nutrients 2019, 11, 233.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/sj.ejhg.5201832
http://www.ncbi.nlm.nih.gov/pubmed/17457370
http://dx.doi.org/10.3390/nu11020233
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Animal Model and Study Design 
	Body Weight, Food Intake, and Body Composition 
	Intraperitoneal Glucose Tolerance Test (IPGTT) 
	Metabolic Parameters 
	Statistical Analyses 

	Results 
	Metabolic Profile of F0 Dams 
	Effect of Maternal HFD-Overfeeding on F1 Offspring 
	Metabolic Profile of F0 Male Founders 
	Effect of Paternal HFD-Overfeeding on F1 Offspring 
	Metabolic Profile of F1 Dams 
	Effect of Maternal HFD-Overfeeding on F2 Offspring 

	Discussion 
	Conclusions 
	References

