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Abstract

Purpose Maternal nutrition during early development and paternal nutrition pre-conception can programme offspring health
status. Hypothalamus adipose axis is a target of developmental programming, and paternal and maternal high-fat, high-sugar
diet (HFS) may be an important factor that predisposes offspring to develop obesity later in life. This study aims to investigate
Wistar rats’ maternal and paternal HFS differential contribution on the development, adiposity, and hypothalamic inflam-
mation in male offspring from weaning until adulthood.

Methods Male progenitors were fed a control diet (CD) or HFS for 10 weeks before mating. After mating, dams were fed
CD or HFS only during pregnancy and lactation. Forming the following male offspring groups: CD—maternal and paternal
CD; MH—maternal HFS and paternal CD; PH—maternal CD and paternal HFS; PMH—maternal and paternal HFS. After
weaning, male offspring were fed CD until adulthood.

Results Maternal HFS diet increased weight, visceral adiposity, and serum total cholesterol levels, and decreased hypotha-
lamic weight in weanling male rats. In adult male offspring, maternal HFS increased weight, glucose levels, and hypothalamic
NFxBp65. Paternal HES diet lowered hypothalamic insulin receptor levels in weanling offspring and glucose and insulin
levels in adult offspring. The combined effects of maternal and paternal HFS diets increased triacylglycerol, leptin levels,
and hypothalamic inflammation in weanling rats, and increased visceral adiposity in adulthood.

Conclusion Male offspring intake of CD diet after weaning reversed part of the effects of parental HFS diet during the peri-
natal period. However, maternal and paternal HFS diet affected adiposity and hypothalamic inflammation, which remained
until adulthood.

Keywords Developmental programming - Hypothalamic inflammation - Adiposity - High-fat high-sugar diet - Low-grade
inflammation - Paternal diet

Introduction

Epidemiological studies have long demonstrated that an
adverse nutritional environment during the perinatal period
can cause alterations in organs during development, pro-
gramming a higher susceptibility to develop obesity and
metabolic diseases later in life [1-3]. Maternal modified diet
during pregnancy and lactation, the most important period of
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offspring, highlighting the importance of women’s diet and
health before pregnancy [12, 13]. A recent study has consid-
ered the impact of maternal HFS diet from pre-conception
to pregnancy. However, the effect of maternal HFS during
pregnancy seems to be more pronounced [14]. Moreover,
experimental studies that investigated paternal programming
focused on pre-mating HFD diets known to affect sperm
function [15]. Spermatogenesis disturbance by a paternal
high-fat diet in rats was shown to change paternal sperm
epigenetic profile, which can be transferred to offspring and
confer susceptibility to altered metabolic phenotype [16].
Maternal and paternal diets can influence the epigenome of
female and male mice offspring, which then determines their
phenotype [17, 18].

The hypothalamic pathway to control energy homeostasis
is one of the important targets of developmental program-
ming [19]. Hypothalamus adipose tissue axis is involved in
the maintenance of energy homeostasis by regulating energy
intake and adiposity levels. The hypothalamus is a region in
the brain that regulates hunger and satiety by communicating
with peripheral organs to control energy homeostasis [20].
Hypothalamic inflammation induced by a high-fat diet has
shown to disrupt normal regulatory mechanisms of energy
balance and lead to weight gain and increased adiposity in
male mice [21-23]. In female mice, high-fat diet intake dur-
ing pregnancy has been shown to alter hypothalamic neu-
rogenesis, with a preference for orexigenic neurons which
cause hyperphagia and predisposed male and female off-
spring to obesity and metabolic disorders [24, 25]. Male
rat offspring of dams fed a high-fat diet also showed lower
hypothalamic anorexigenic signalling and higher expres-
sion of the orexigenic neuropeptide Y (NPY) Y1 receptors,
resulting in hyperphagia that had long-lasting effects [26].
In male mice, a high-fat diet to induce obesity before mating
has been shown to influence hypothalamic inflammation, but
did not cause hyperphagia and weight gain in male offspring.
However, the induction of maternal and paternal obesity by
the consumption of 45% high-fat diet pre-mating showed
that the combined maternal and paternal effects exacerbated
the effect of each parent, leading to hypothalamic inflam-
mation and disturbed hypothalamic leptin signalling and
metabolic alterations in the offspring [27].

A study in humans found a stronger relationship between
paternal BMI and son rather than father—daughter relation-
ship [28]. Another study found that paternal BMI was a
predictor of offspring BMI independently of the offspring’s
gender [29]. An animal study in rats also associated paternal
HFD with male offspring obesity, but not female offspring
[30]. Paternal HFD seems to alter glucose homeostasis and
programme B-cell dysfunction in females, but not in male rat
offspring [31]. Some programming studies showed paternal
adverse effects on male offspring, especially the additive
negative impact of the paternal and maternal unbalanced
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diets on the offspring [32—34]. There are differences in the
programming effect of paternal and maternal modified diets
concerning offspring gender. However, our study objective
is to investigate parental high-fat, high-sugar diet effect on
development, adiposity, and hypothalamic inflammation of
offspring from an early age until adulthood, with a focus
on male offspring. We hypothesise that parental diet could
programme the hypothalamus adipose tissue axis and predis-
pose male offspring to develop obesity later in life.

Materials and methods
Animals and diet
Progenitors

Male Wistar rats (8-week-old) were treated with a modi-
fied diet prior to mating for 10 weeks, aiming to promote
weight gain and affect programming as previously shown
[31]. Female rats (10-week-old) were treated with a modi-
fied diet during gestation and lactation, a critical period of
growth and development, sensitive to environmental cues
such as maternal nutrition [35]. Males (n=23) and females
(n=23) were randomly allocated to CD (15.5% fat and 50%
carbohydrates from kcal, Nuvilab CR1, Quimtia®) or HFS
(32% and 50% carbohydrates from kcal of which 25% sugar).

Males after 10 weeks of treatment (CD n=12 and
HFS n=11) were kept with the females in the same cage
overnight to mate, and copulation was verified the follow-
ing morning by the presence of sperm in vaginal smears.
After the confirmation of copulation, females were fed HFS
(n=12) or CD diets (n=11) during gestation and lacta-
tion. Males were maintained in polythene cages in groups
of three, and females were individually housed. They were
obtained from Centro de Desenvolvimento de Modelos
Experimentais (CEDEME) of Universidade Federal de Sdo
Paulo (UNIFESP). Male progenitors were euthanised after
mating and female progenitors were euthanised on postnatal
day 21.

Male offspring

Male offspring groups were formed according to their pro-
genitors’ diets: CD—maternal and paternal CD diet (6 lit-
ters); MH—maternal HFS and paternal CD diet (6 litters);
PH-maternal CD and paternal HFS diet (5 litters); PMH—
maternal and paternal HFS (6 litters) (Fig. 1). On postnatal
day 1, litter size was adjusted to eight male pups for each
dam; when the dam did not produce eight males, the litter
size was completed with female offspring. On postnatal day
21, part of the group was euthanised, and another part was
fed a control diet until 90 days old. After weaning, male
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Fig.1 Schematic representation of the study design. Offspring
groups: CD—maternal and paternal CD diet (6 litters); MH—mater-
nal HFS and paternal CD diet (6 litters); PH-maternal CD and pater-

offspring were housed in polythene cages in groups of four
per cage.

Progenitors and offspring rats had food and water ad libi-
tum. Animal’s food intake was measured weekly. All ani-
mals were kept on a 12:12 h light/dark cycle and controlled
temperature (22 °C+2 °C). Animals were euthanised in
the morning with inhalation of the anaesthetic isoflurane
in a soaked pad, followed by decapitation as recommended
by the guidelines in the practice of euthanasia of Conselho
Nacional de Controle de Experimentagdo Animal CONCEA
(2015). Anaesthetic isoflurane was chosen for its lower inter-
ference with metabolic results.

The HFS diet was made with sweetened condensed milk
(Nestle®) that is the main source of sugar, and lard as the
main source of fat, adapted from Sferruzzi-Perri [10]. Addi-
tional micronutrients (vitamin and mineral mix, Rhoster®)
were added to avoid micronutrient deficiencies [36]. Addi-
tional choline bitartrate and L-cysteine were added to match
the amount in the CD diet, which are essential nutrients for
normal animal growth [37].

Centesimal diet composition

For the centesimal composition of each diet sample (HFS
and CD), the moisture, ashes, lipids, proteins, and fibre lev-
els were quantified. The total amount of carbohydrates was
determined from the difference.

(Gestation and Lactation)

- -

21 day-old offspring 90-day old offspring

(Control diet after weaning)

cD21 CD90
MH21 MH90
PH21 PH90

PMH21 PMHS0

nal HFS diet (5 litters); PMH—maternal and paternal HFS (6 litters).
The number of offspring per litter used in the experimental analyses
were 1-2 per litter

To determine moisture, 10 g of sample was heated in
a chamber for 2 h at 70 °C, cooled in a desiccator, and
weighed.

To obtain ashes, 3 g of sample was carbonised over a
Bunsen burner, placed in a muffle furnace, and heated to
500 °C for 5-6 h. Ash content was determined by weight
difference.

To quantify lipid content, the dried sample was placed on
a cellulose cartridge and transferred to the Soxhlet extrac-
tor with petroleum ether for 8 h. Reboiler glass was used
to retain the fat extracted and heated to 105 °C for 1 h. The
lipid content was calculated by the difference between the
initial and final weight of the reboiler glass.

Protein measurements were carried out with 70 mg of
sample, placed on vegetal paper and transferred to a Kjel-
dahl tube. An additional 5 mL of sulphuric acid and 0.2 g
of a catalytic mixture were added. Tubes were heated in
the digester to 375 °C for 3 h until the solution showed a
limpid, greenish-blue colour. Tubes containing the digested
sample were transferred to the Kjeldahl distillation system
and added 5 mL of distilled water and 20 mL of NaOH 40%.
The mixture was distilled and the distillate collected into
10 mL of 4% boric acid solution containing two to three
drops of an indicator mix. The distillate was titrated with a
solution of hydrochloric acid 0.02 M until the turning point
characterised by a pinkish colouration was reached.
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Soluble and insoluble fibres were determined with
1.000 £+ 0.005 mg of sample. This method is the combina-
tion of the enzymatic action and the separation of digestible
compounds under physical conditions (temperature and pH)
to achieve the fraction of the non-digested food (Table 1).

Ethical approval

None of the procedures in this experimental study caused
distress or suffering to the animals. All the animals were
maintained according to the Conselho Nacional de Controle
de Experimentacdo Animal CONCEA (2015). This research
was approved by the ethics committee of animals use of
UNIFESP, CEUA no. 822619057, which approved the use
and care of all the animals in the study.

Anthropometric analysis and adiposity

Individual animal body weight (BW) and naso-anal length
(NAL) were recorded weekly. Naso-anal length is a meas-
ure of the linear growth, and was measured using a ruler
to assess nasal to anal distance to the nearest 1.0 mm [38].
Weight gain was calculated by the final BW subtracted
from the initial BW. Metabolic efficiency was calculated by
weight gain (g)/food intake (g) [39]. Male and female pro-
genitors and 90-day-old offspring were fasted for 10—12 h
prior to euthanasia and the 21-day-old offspring were not
fasted to avoid weaning stress. The trunk blood was col-
lected after decapitation to obtain serum, centrifuged at
2500 rpm, 4 °C for 15 min, frozen (— 80 °C), and stored

Table 1 Nutritional composition of high-fat high-sugar diet (HFS)
and control diet (CD)

Nutritional composition CD HFS
Total protein (g/100 g) 20.97 14.05
Total fat (g/100 g) 4.44 11.2
Total carbohydrates (g/100 g) 32.96 39.7
Sucrose (g/100 g) 0 20
Ashes (g/100 g) 6.3 4.35
Fibre (g/100 g) 25.37 14.25
Protein (kcal/100 g) 83.86 56.19
Fat (kcal/100 g) 39.95 100.8
Total carbohydrates (kcal/100 g) 131.84 158.82
Sucrose (kcal/100 g) 0 80
Total kcal (kcal/100 g) 255.65 315.8
Total protein (% kcal) 32.8 17.79
Total fat (% kcal) 15.63 31.92
Total carbohydrates (% kcal) 51.57 50.29
Sugar (% kcal) 0 25.33

Values in bold highlight the differences in % of kcal between CD and
HFS
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for further analysis. Male and female progenitors’ visceral
adipose tissue, retroperitoneal (RET), mesenteric (MES) and
epididymal (EPI) tissue were dissected and frozen (— 80 °C)
for further analysis. The relative organ weights of 21- and
90-day-old offspring were assessed following dissection at
postmortem, for adipose depots (MES, RET and EPI), and
hypothalamus. The organs were frozen and stored (— 80 °C)
for further analysis.

Biochemical analysis

Serum glucose, total cholesterol and triacylglycerol (TAG)
levels were measured by an enzymatic colorimetric method,
using the commercial kits by following the manufacturer’s
instructions (Labtest®, Lagoa Santa, MG, Brazil).

ELISA immunoassay

To quantify tumour necrosis factor a (TNF-a), interleukin 6
(IL-6) and interleukin 10 (IL-10) cytokines in the hypothala-
mus, hypothalamic protein extracts from a whole hypothala-
mus were used to perform commercial kit ELISA immuno-
assay protocol according to the manufacturer’s instructions
(Duo Set ELISA, R&D Systems, Minneapolis, MN, USA).
To quantify serum leptin and insulin, the commercial kit
ELISA immunoassay (Millipore Corporation, St. Charles,
Missouri, USA) (insulin code EZRMI-13K and leptin code
EZRL-83K) were used according to the manufacturer’s
instructions.

Tissue protein extraction

Whole hypothalamic samples were homogenized in buffer
containing 100 mM Tris—HCI, 10% Triton X-100, 10%
sodium dodecyl sulphate (SDS), 100 mM EDTA, 100 mM
sodium fluoride, 10 mM sodium pyrophosphate, 10 mM
sodium orthovanadate, 2 mM phenylmethylsulphonyl fluo-
ride, and 0.1 mg/ml aprotinin. The homogenised samples
were centrifuged at 14,000 rpm for 40 min at 4 °C, and the
supernatant was obtained. The samples’ total protein was
measured using Bradford reagent by colorimetric assessment
at the wavelength of 595 nm.

Western blotting

Protein samples of whole hypothalamus were separated by
electrophoresis on a 10% SDS polyacrylamide gel and trans-
ferred to a nitrocellulose membrane. To block nonspecific
proteins, 5% dried skimmed milk solution was used for 1 h at
room temperature. The membrane was incubated overnight
with the primary antibodies MYD88 (1:10,000—Abcam,
Cambridge, UK), p-IKKa + B (Abcam-1:5000), p-NFxBp65
(Abcam-1:5000), B-actin (Abcam-1:10,000), Insulin R-beta
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(1:1000—St Cruz Biotechnology, Inc., Santa Cruz, CA,
USA), followed by incubation with horseradish peroxidase-
conjugated secondary antibodies Rabbit (Abcam-1:20,000)
for 1 h at room temperature. Enhanced chemiluminescence
images of the membrane after adding ECL reagent (Thermo
Fisher Scientific, Waltham, MA, USA) were developed
through UVITec (Cambridge, UK). Bands were assessed,
and their intensity was quantified by Scion Image software
(Scion Image-Release Beta 3b; NIH, Frederick, MD, USA).
Calculations of the target protein were normalised to B-actin
levels.

Statistical analysis

Data were expressed as mean and the standard error of
the mean (SEM). The normality test used was the Shap-
iro—Wilk test. Outliers were identified by rout test. Maternal
and paternal data were analysed by 7 test (parametric), or
by U Mann—Whitney test (non-parametric) or ANOVA for
repeated measures. Offspring data were assessed by two-
way ANOVA or for repeated measures for parametric data.
Non-parametric data were assessed by Scheirer—Ray—Hare
test. Post hoc test used was Bonferroni. Statistical analy-
sis was performed with the software JASP 0.12.1.0 with a
minimum significance level of p <0.05. Correlation analysis
was conducted using Pearson’s test. Sample size was cal-
culated using R version 3.5.0, statistical power considered
was 90% and two-sided level was 0.05. Calculations of sam-
ple size considered animal weight and adiposity previously
reported in Wistar rats on high-fat high-sugar and control
diets. Cohen’s test was also undertaken to check the effect
size. Sample size considering animal’s body weight was cal-
culated 11 per each group with a large effect size d=0.78.

Results
Paternal and maternal results
Paternal and maternal body parameters and diet intake

Our results showed that male progenitor fed a high-fat high-
sugar diet (HFS) had significantly higher body weight (BW),
compared to control (CD) group, from the second week to
the end of treatment (S1A). Weight gain in the HFS group
was significantly higher than that in the CD (S1B). Pater-
nal HFS diet intake in grams was lower compared to CD
(S1C). Female progenitor in the HFS group had higher body
weight compared to those in the CD group, from the first
week of gestation until the end of lactation (S2A). Weight
gain was higher in the HFS group only during pregnancy

(S2B). Maternal HFS diet intake in grams was not different
compared to that in CD (S2C).

Paternal and maternal metabolic efficiency and adiposity

As shown in S1 D, paternal metabolic efficiency was signifi-
cantly higher in the HFS group compared to CD, whereas
maternal metabolic efficiency was higher in the HFS during
pregnancy (S2 D). S1 E and F shows differences in the vis-
ceral adiposity between the paternal groups. Total visceral
adipose tissue (VAT) and retroperitoneal (RET) adipose
tissue depot were significantly higher in the HFS group
compared to CD (S1 E and F). Maternal adiposity showed
higher RET and VAT in the HFS compared to CD group
(S2 E and F).

Offspring results

Body parameters, adiposity and hypothalamus weight
of 21- and 90-day-old offspring, metabolic efficiency
and food intake after weaning until 90 days old

Investigating the effect of paternal and maternal diet on the
21- and 90-day-old offspring, our results showed that the
main effect on the body weight (BW) and naso-anal length
(NAL) progress was related to maternal HFS diet and time.
Offspring BW and NAL were increased by maternal HFS
diet on days 14 and 21 of life and remained until adulthood
(Fig. 2 A and B).

Maternal HFS diet also had a significant effect on weight
gain from birth until weaning (Fig. 2 C), but did not have a
significant effect on weight gain post-weaning until 90-day-
old (Fig. 2 D). Moreover, parental diet did not affect meta-
bolic efficiency or food intake from weaning until adulthood
(Fig. 2E, F, G, H and I).

Moreover, maternal HFS diet had a significant effect on
the accrued adipose depots of the 21-day-old offspring, such
as RET, EPI and total VAT. However, the main effect on
the adiposity observed on the 90-day-old offspring was the
combined maternal and paternal HFS diet effect on the RET,
EPI and total VAT. Parental diet did not show any significant
effect on MES of 21- and 90-day-old offspring. Maternal
HFS diet showed a reduction effect on the hypothalamic
weight of the 21-day-old offspring, which was reversed in
the 90-day-old offspring (Table 2).

Serum levels of glucose, total cholesterol
and triacylglycerol, and serum levels of leptin and insulin

As shown in Table 2, serum levels of glucose were not
affected by parental diet in 21-day-old offspring. How-
ever, serum triacylglycerol levels (TAG) were increased
when both parents were fed HFS. Serum cholesterol levels
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Fig.2 The effect of a paternal and maternal high-fat high-sugar
diet on the body parameters of the 21- and 90-day-old offspring,
food intake and metabolic efficiency of 90-day-old offspring. A
Body weight progress from birth until adulthood (g). B Naso-anal
length (NAL) (cm) from birth until adulthood. C Weight gain (final
weight—initial weight) (g) of 21-day-old offspring. D Weight gain
(final weight—initial weight) (g) of 90-day-old offspring. E Metabolic
efficiency, weight gain (g)/food intake (g) of 90-day-old offspring.

showed a significant isolated effect of maternal HFS diet.
On the other hand, isolated effects of maternal and pater-
nal diet showed a significant effect on serum levels of glu-
cose of 90-day-old offspring. However, serum TAG and
total cholesterol were not affected by parental diet after
weaning. Higher serum leptin levels in the 21-day-old
offspring were affected by the combined effects of mater-
nal and paternal HFS diet. In the 90-day-old offspring,
paternal HFS diet showed an influence on lower levels
of insulin. Leptin levels were shown to be rescued in the
90-day-old offspring (Table 2). The consumption of CD

@ Springer

528 European Journal of Nutrition (2022) 61:523-537
304 C
450 + +
‘ 60- +
400 /‘—74! ‘ I
— Y 1
5 L . B E
Faal 7 " 'éﬁ,ﬁiﬁ-‘ g’a _ -
;‘?’. £D
%.’,300 - CD (10) F Pa - CD (19 2 £ 407
a 250 =W 0 2 j = MH (10) £8
5 200 - PH (10) < - PH (10) Tz
2 150 == PMH (10) 104 / —= PMH(10) =P
3z 7L
8 1001 g/ b S
504
17 14 21 28 35 42 49 56 63 70 77 84 90 17 14 21 28 35 42 49 56 63 70 77 84 90 cD MH PH PMH
Days Days (10)  (10)  (10)  (10)
4004 0.25+ 250+
= -
jo =] Eo 20 2 __ 200
£ D300 £5 . - £3 — .
oc 85 oy
£ ® & E 015 £ < 150-
6 O 200 S W 6 £
T e Q =
55 2 5 010 2 5 1004
2 2 1004 38 38
& =3 g 0.05 S 504
0 T y 0.00- r r o- T :
cD MH PH PMH cD MH PH PMH cD MH PH PMH
(10) (1) (10)  (10) (10)  (10)  (10)  (10) (10)  (10)  (10)  (10)
H z 1
600 < $ 600
250 1
o= g -~ CD % =§ - CD
S - f— :
£3 T S 2004 = MH = S §‘ = VH
& X 400 5 : T i
&9 8 - PH £ 400 —-— PH
5 % 2 150 by
% £ % -- PVH % y == PVH
200 & 100 9
23 o 2. 200 ,/
88 s £ e o
£ 501 I
=t =
e T ™ - — S —
2 28 35 42 49 56 63 70 77 84 90 8 28 35 42 49 56 63 70 77 84 90
(10)  (10)  (10)  (10) fid

Days

F Food intake (g) of 90-day-old offspring. G Food intake (Kcal) of
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PMH—maternal and paternal HFS

after weaning may have reversed the parental diet effect
on the 21-day-old offspring’s serum TAG, total cholesterol
and leptin levels.

Hypothalamic protein levels of TNF-a, IL-6 and IL-10
and protein content of myeloid differentiation factor
(MYD88), p-IKKa + 3, NFxBp65 and INSULIN RECEPTOR
beta subunit (B-IR) of 21- and 90-day-old offspring

Hypothalamic cytokine levels in the 21-day-old offspring were
affected by parental diet (Fig. 3). Maternal HFS influenced
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Table 2 Tissue relative weights and serum parameters of 21-day and 90-day-old offspring
21-day-old CD MH PH PMH
RET (g/100 g BW) 0.115+0.007 (9) 0.337+0.032 *(8) 0.144+0.017 (10) 0.430+0.046™(10)
MES (g/100 g BW) 0.446+0.029 (10) 0.590+0.059 (8) 0.490+0.029 (10) 0.479+0.050 (10)
EPI (g/100 g BW) 0.126+0.016 (10) 0.179+0.017 *(9) 0.109 +0.009 (10) 0.165+0.024 *(10)
VAT (g/100 g BW) 0.703+0.047 (9) 1.109+0.069 *(8) 0.775+0.041 (10) 1.111+0.108*(10)
Hypothalamus (g/100 g BW) 0.130+0.015 (10) 0.107+0.013 *(10) 0.140+0.012 (10) 0.097+0.007*(10)
TAG (mg/dL) 134.000 +6.224 (10) 135.300+5.553 (10) 139.800+5.068 (9) 180.200 + 13.220%%%(10)
Glucose (mg/dL) 114.200+5.586 (10) 112.000+5.522 (10) 113.600+4.938 (7) 120.400+5.669 (10)
Total Cholesterol (mg/dL) 159.600+2.455 (10) 172.700 +7.532*(10) 163.900+5.692 (10) 173.100+4.971%(10)
Leptin (ng/mL) 1.766+0.440 (9) 1.998 +0.254* (10) 0.829+0.168 (9) 3.637 +0.383+%#+ (9)
Insulin (ng/mL) 0.649+0.129(8) 0.538+0.081 (10) 0.444+0.049 (8) 0.725+0.090 (10)
90-day-old
RET (g/100 g BW) 0.939+0.062 (10) 0.867+0.048 (10) 0.902+0.050 (10) 1.242 +0.069+% (10)
MES (g/100 g BW) 0.895+0.083 (10) 0.832+0.047 (10) 0.742+0.052 (10) 0.871+0.071 (10)
EPI (g/100 g BW) 0.853+0.015(10) 0.795+0.0137 (10) 0.874+0.012 3(10) 1.182 +0.007+%% (10)
VAT (g/100 g BW) 2.743 +0.219(10) 2.493+0.118 (10) 2.519+0.129(10) 3.229+0.234% (10)

Hypothalamus (g/100 g BW)

0.018+0.000 (10)

0.019+0.000 (10)

0.018+0.00 (10)

0.016+0.000 (10)

TAG (mg/dL) 106.400 +3.420 (10) 101.800+2.566 (10) 96.660+3.174 (10) 109.100+7.253 (10)
Glucose (mg/dL) 119.800+2.250 (10) 125.100+4.288*(10) 108.000+0.833% (9) 116.200+2.441%% (10)
Total Cholesterol (mg/dL) 136.300+7.038 (10) 145.500 + 12.340 (10) 124.200+3.839 (10) 128.700 +6.047 (10)
Leptin (ng/mL) 4.268+0.616 (8) 2.744+0.328 (8) 2.013+0.230 (8) 4.080+0.432(8)
Insulin (ng/mL) 0.916+0.079 (8) 0.954+0.087 (10) 0.755 +0.083% (10) 0.807+0.070% (9)

Retroperitoneal adipose tissue (RET), mesenteric adipose tissue (MES), epididymal adipose tissue (EPI), total visceral adipose tissue (VAT),
triacylglycerol (TAG). Data are expressed as mean+SEM and*p<0.05 was considered statistically significant for the effect of maternal diet;
$<0.05 was considered statistically significant for the effect of paternal diet. For the interaction effect between maternal and paternal diet,
#p<0.05 compared to CD; ¥p<0.05 compared to MH; #»p <0.05 compared to PH. Groups: CD—maternal and paternal CD diet; MH—maternal

HFS and paternal CD diet; PH—maternal CD and paternal HES diet; PMH—maternal and paternal HFS

higher hypothalamic interleukin 6 (IL-6) levels (Fig. 3 A).
The combined effects of maternal and paternal HES showed
increased levels of hypothalamic TNF-a (Fig. 3 B). Isolated
effects of paternal and maternal HFS diet showed higher hypo-
thalamic IL-10 levels in the 21-day-old offspring (Fig. 3 C).
However, hypothalamic cytokines (IL-6, TNF-a and IL-10)
did not show a significant parental diet effect on the 90-day-
old offspring (Fig. 3 D, E and F). The consumption of CD
after weaning may have reversed the parental diet effect on the
21-day-old offspring’s hypothalamic inflammation.

Protein expression of p-IKKa + 8, NFxBp65 and MYDS88
in the hypothalamus of 21-day-old offspring showed no
influence of parental diet (Fig. 4 A, C and E, respectively).
However, paternal HFS diet lowered the protein levels of
B-IR in the hypothalamus of 21-day-old offspring (Fig. 4
G). Protein levels of p-IKKa + 8, MYD88 and B-IR in the
hypothalamus of 90-day-old offspring showed no influence
of parental diet (Fig. 4 B, F and H, respectively). However,
the isolated effect of maternal HFS diet showed higher pro-
tein levels of NFxBp65 in the hypothalamus of 90-day-old
offspring (Fig. 4 D).

Correlations between parental and 21- and 90-day-old
offspring parameters

Maternal parameters such as adiposity, RET, MES, BW gain
and metabolic efficiency correlated with offspring parame-
ters such as BW gain, RET, EPI, VAT, hypothalamus weight,
hypothalamic IL-6 and TNF-a, serum TAG and total cho-
lesterol of 21-day-old offspring (Table 3). Moreover, mater-
nal parameters such as weight gain during pregnancy cor-
related with offspring VAT and hypothalamic weight, and
maternal metabolic efficiency during pregnancy correlated
with 90-day-old offspring adiposity (RET, MES and VAT)
(Table 3). Multiple regression analysis showed that mater-
nal metabolic efficiency during gestation is a dependent
predictor of the combined effect of maternal and paternal
diet on RET weight of the 90-day-old offspring (f=1.875;
p=0.048; 95% CI=0.021-3.729). Also, maternal weight
gain during gestation is a dependent predictor of the mater-
nal diet on total cholesterol levels of 21-day-old offspring
(#=0.361; p=0.049; 95% CI=0.001-0.721).
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Fig.3 The effect of paternal and maternal high-fat high-sugar diet
on the hypothalamic levels of cytokines in the 21- and 90-day-old
offspring. A Interleukin 6 (IL-6) (pg/mg) of 21-day-old offspring.
B Tumour necrosis factor a (TNF-a) (pg/mg) of 21day-old off-
spring. C Interleukin 10 (IL-10) (pg/mg) of 21-day-old offspring. D
IL-6 (pg/mg) of 90-day-old offspring. E TNF-a (pg/mg) of 90-day-
old offspring. F. IL-10 (pg/mg) of 90-day-old offspring. Data are
expressed as mean+SEM and+p<0.05 was considered statistically

Discussion

Only a few studies have discussed the role of both maternal
and paternal dietary effects on developmental programming.
However, the effect of both parents could modify the phe-
notype of the offspring [40]. This study is novel as it is the
first, to our knowledge, to discuss the effects of a parental
high-fat high-sugar diet on the development, adiposity, and
hypothalamic inflammation of male offspring from an early
age until adulthood.

Maternal and paternal parameters, besides diet itself,
could be a factor per se involved in the developmental pro-
gramming [41-43]. Our results showed that maternal and
paternal body parameters differed between groups; both
parents showed higher body weight progress and higher
adiposity during treatment with HFS diet, which could be
explained by the higher metabolic efficiency. Metabolic effi-
ciency is how efficiently the body gains weight per food
intake [39]. Higher metabolic efficiency means one stores
more substrates from the food consumed [44]. Higher meta-
bolic efficiency favours a thrifty phenotype and can be an
evolutionary advantage to aid survival over food shortage
periods. However, in western societies, food is easily acces-
sible, and higher metabolic efficiency raises the risk of
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significant for the effect of maternal diet; §p<0.05 was considered
statistically significant for the effect of paternal diet. For the interac-
tion effect between maternal and paternal diet, *p <0.05 compared to
CD; &p<0.05 compared to MH; #p <0.05 compared to PH. Groups:
CD—maternal and paternal CD diet; MH—maternal HFS and pater-
nal CD diet; PH—maternal CD and paternal HFS diet; PMH—mater-
nal and paternal HFS

developing obesity. Previous studies have also shown a rela-
tionship between fat intake and metabolic efficiency [45, 46].
Higher metabolic efficiency in adult rats fed HFD short term
was associated with impaired oxidative capacity in isolated
mitochondria [47]. Also, an increased metabolic efficiency
might be a result of suppression in the thermogenesis due
to the reduced intracellular activity of thyroid hormone trii-
odothyronine (T3) [48] or thyroid dysfunction induced by
a high-fat diet [49]. Thyroid hormones are involved in the
non-shivering thermogenesis, which involves mitochondrial
uncoupling of oxidation of substrates during ATP produc-
tion, dissipating energy as heat [50]. Mitochondrial respira-
tory efficiency is given by the coupling ratio between ATP
and oxygen (ATP/O) [51]. A pivotal protein involved in the
mitochondrial uncoupling of ATP/O is the uncoupling pro-
tein 1 (UCP1). The consumption of a high-fat diet showed
an inverse association with the UCP-1 expression in white
adipose tissue [52]. Moreover, UCP-1 deficiency has been
shown to induce de novo lipogenesis in white adipose tissue
[53], which could explain the increased adipose tissue in the
progenitors fed the HFS diet in our study.

Maternal parameters such as RET weight, body weight
gain during pregnancy and lactation, and metabolic effi-
ciency correlated with 21- and 90-day-old offspring
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Fig.4 The effect of paternal and maternal high-fat high-sugar diet on
the hypothalamic protein levels of the 21- and 90-day-old offspring.
A p-IKKa+p (% of CD) of 21-day-old offspring. B p-IKKa +f
(% of CD) of 90-day-old offspring. C Nuclear factor-xB subunit
65 (NFxBp65) (% of CD) of 21-day-old offspring. D NFxBp65 (%
of CD) of 90-day-old offspring. E Myeloid differentiation protein
(MYDS88) (% of CD) of 21-day-old offspring. F. MYDS88 (% of CD)
of 90-day-old offspring. G Insulin receptor subunit B (B-IR) (% of

parameters. However, multiple regression analysis showed
parental diet was an independent predictor of the offspring
parameters studied, except for maternal metabolic efficiency
and weight gain during gestation. Maternal metabolic effi-
ciency during gestation showed to be a dependent predictor
of the combined effects of maternal and paternal diet on
RET weight of the 90-day-old offspring. Moreover, maternal
body weight gain during gestation was a dependent predictor
of the maternal diet on the total cholesterol levels of 21-day-
old offspring.

Parental diet effect on offspring parameters showed that
only maternal HFS diet influenced offspring’s higher BW
progress, growth in length, and weight gain until wean-
ing. The impact of maternal nutrition on BW progress and
growth in length remained until young adulthood. Similar
to our results, maternal high-fat diet during pregnancy and
lactation has not been shown to affect offspring birth weight,

CD) of 21-day-old offspring. H B-IR (% of CD) of 90-day-old oft-
spring. Data are expressed as mean+ SEM and +p <0.05 was consid-
ered statistically significant for the effect of maternal diet; §p <0.05
was considered statistically significant for the effect of paternal diet.
Groups: CD—maternal and paternal CD diet; MH—maternal HFS
and paternal CD diet; PH—maternal CD and paternal HFS diet;
PMH—maternal and paternal HFS

but caused increased offspring body weight at weaning,
final body weight, and increased visceral adiposity. These
changes were associated especially with maternal high-fat
diet during lactation [54]. However, maternal diet did not
affect the offspring’s BW gain after weaning on a control
diet, showing that the maternal HFS diet effect on higher
BW progress after weaning could be due to an early in life
programming for a higher body weight set point. There is
evidence of a preset biological control of body weight to
maintain weight stability. Western diet could upregulate the
body weight set point, making it harder for the individual
to lose weight, even eating a healthy diet [55]. Perinatal
nutrition may be an important factor in the offspring’s body
weight set point [20, 56]. It seems that the hypothalamus
adipose axis has an essential role in maintaining body weight
and adiposity levels [20].
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Table 3 Correlations between 21- and 90-day-old offspring and maternal parameters

21-day-old offspring Maternal
RET MES Pregnancy Lactation Pregnancy
(g/100 g BW) (g/100 g BW) . . . .
Weight gain (g) Metabolic efficiency
BW gain (g/100 g BW) r 0.693* 0.388* 0.595* 0.509*
p 0.000 0.003 0.000 ns 0.001
RET (g/100 g BW) r 0.668* 0.500* 0.659*
P 0.000 ns 0.002 ns 0.000
VAT (g/100 g BW) r 0.420* 0.340* 0.498*
P 0.023 ns 0.034 ns 0.001
Hypothalamus (g/100 g BW) r - 0.376* — 0.449%* —0.475* —0.347* —0.450*
p 0.040 0.040 0.002 0.028 0.004
Hypothalamic IL-6 (pg/mg) r 0.390*
p ns ns ns ns 0.016
Hypothalamic TNF-a (pg/mg) r 0.383* 0.510%*
p 0.040 ns ns ns 0.001
Serum TAG (mg/dL) r 0.325%
P ns ns ns ns 0.050
Serum cholesterol (mg/dL) r 0.399* 0.415%
P 0.032 ns 0.009 ns ns
90-day-old offspring
RET (g/100 g BW) r 0.353*
P ns ns ns ns 0.025
MES (g/100 g BW) r 0.450*
)4 ns ns ns ns 0.004
VAT (g/100 g BW) r 0.391* 0.482*
)4 ns ns 0.013 ns 0.002
Hypothalamus (g/100 g BW) r — 0.400*
)4 ns ns 0.013 ns ns

Body weight (BW), retroperitoneal adipose tissue (RET), mesenteric adipose tissue (MES), total visceral adipose tissue (VAT), triacylglycerol

(TAG), not significant (ns)

*p<0.05 was considered statistically significant

Despite that offspring from dams fed HFS maintained a
higher BW progress until adulthood, weaning on a healthy
diet may have overridden the early effect of maternal HFS
diet on offspring BW gain, as after weaning, offspring
BW gain did not show any influence of maternal diet. Off-
spring food intake and metabolic efficiency after weaning
on the control diet were also not affected by parental diet.
Therefore, the maintenance of higher body weight after
weaning could be explained by an adjustment in energy
expenditure, as the animals did not consume more food
to maintain higher body weight. Individuals with a thrifty
phenotype have been shown to lose less weight when sub-
mitted to caloric restriction by a greater decrease in energy
expenditure [57].

Increased adipose tissue mass is a characteristic of
obesity and is associated with metabolic alterations and
predisposition to the development of metabolic diseases.

@ Springer

Adipocyte number (hyperplasia) is determined early in life
and tends to be stable during adulthood [58]. In our study,
maternal HFS diet influenced increased adipose accrual
of retroperitoneal and epididymal depots early in life. The
combined effects of maternal and paternal HES diet also
influenced the offspring increased adiposity at 90-day-old,
which could confer a higher predisposition to the develop-
ment of metabolic diseases, especially if challenged with
an obesogenic environment throughout their life.

High serum TAG levels were shown to be influenced by
the synergic effect of paternal and maternal HFS at wean-
ing. Maternal HFS diet also affected increased cholesterol
levels, but parental diet did not affect glycaemia of 21-day-
old offspring. However, in our study, dyslipidaemia was
reversed by the intake of a normal diet after weaning. The
control diet used is particularly high in fibre, which has
proven powerful effects on the improvement of lipaemia
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levels [59]. In fact, a strong negative correlation was found
between control diet intake after weaning and serum TAG
levels (r=—0.506, p=0.001). Therefore, the control diet
was possibly able to reverse the negative effects of parental
HFS on dyslipidaemia. However, serum glucose levels were
influenced by maternal and paternal HFS diets at 90-day-old,
indicating that the intake of a healthier diet after weaning
was able to reverse only part of the metabolic alterations.
Epigenetic alterations are a critical mechanism of program-
ming, and early-life nutrition may permanently set epige-
netic marks, such as DNA methylation, which can change
the gene expression of genes involved in cell differentiation
and glucose metabolism. Studies in rats and mice have pre-
viously shown maternal high-fat diet during pregnancy and
lactation and alterations in the DNA methylation in male
offspring. Paternal high-fat diet pre-conception has also
been shown to alter DNA methylation in genes involved in
glucose metabolism in female rat offspring. However, epige-
netic changes may also be reversible with interventions early
in life, and this may explain our results. The consumption
of a healthier diet soon after weaning might have been early
enough to reverse some of the alterations seen on the 21st
day of life [35].

Perinatal nutrition, during pregnancy and lactation, in
rodents is a critical period for the maturation of the hypo-
thalamic neurons and accrued adiposity [20]. The higher
adiposity found in the offspring may relate to the maternal
HFS diet effect on lower hypothalamic weight at 21 days of
age. Lower hypothalamic weight may be linked to apoptosis
of hypothalamic neurons caused by the maternal HFS diet
during pregnancy and lactation [22, 60]. However, a plau-
sible explanation may be one of the mechanisms of foetal
programming on changes in the organ development, struc-
ture, and tissue volume by a maternal HFS diet, which may,
in turn, change organ function permanently [61]. Moreover,
maternal high-fat diet during pregnancy and lactation has
shown to influence hypothalamic neurogenesis, favouring
orexigenic neurons, which could influence food intake and
the development of obesity [24]. Indeed, a negative correla-
tion between hypothalamic weight and weight gain has been
found in the 21-day-old offspring (r=— 0.535; p <0.001).

Dysfunction or loss of hypothalamic neurons in the arcu-
ate nucleus (ARH) is associated with the development of
obesity and metabolic disorders. Hypothalamic inflamma-
tion is a crucial mechanism linked to the overconsumption
of a fatty diet [62]. ARH is close to the median eminence,
a region where the blood—brain barrier is leaky, and cir-
culating nutrients are easily accessible. Buildup of exces-
sive amounts of fatty acids in the ARH generates microglia
inflammatory response and the release of pro-inflamma-
tory cytokines such as IL-6 and TNF-a [63]. Our results
showed maternal HFS diet led to increased hypothalamic
pro-inflammatory cytokine. IL-6 levels in the 21-day-old

offspring were positively correlated to the visceral adipos-
ity. In particular, a strong correlation has been found with
retroperitoneal adipose tissue (r=0.509; p=0.002). More-
over, maternal and paternal HFS diets showed synergic
effects on higher TNF-a levels in the 21-day-old offspring.
As with IL-6, the hypothalamic TNF-a showed a positive
relationship with visceral adiposity, particularly with RET
(r=0.483; p=0.003). Anti-inflammatory IL-10 was also
found to be higher in the offspring from the maternal and
paternal HFS diets. IL-6 and TNF-a are expressed by IKKp/
NFxB activation and antagonised by the co-expression of
IL-10, the primary inhibitor of IKKB/NFxB activation [40].
In vitro study showed that after macrophages were stimu-
lated with lipopolysaccharide (LPS), there was a surge in
TNF-a after 1 h followed by IL-10 after 10 h, demonstrat-
ing that during the inflammatory process, there is also an
increase in the anti-inflammatory cytokine IL-10, possibly to
minimise tissue damage caused by inflammation itself [64].
However, our results showed the consumption of a control
diet after weaning until young adulthood was able to reverse
the early life maternal and combined parental diet effects on
the hypothalamic weight and hypothalamic cytokine levels,
respectively.

Transmembrane receptor toll-like receptor 4 (TLR-4) is a
pattern recognition receptor (PRR) present in immune cells
and has been implicated in diet-induced inflammation. A
high-fat diet rich in saturated fatty acids (SFAs) may activate
TLR4 signalling indirectly by affecting their recruitment to
lipid rafts in the cell membrane [65]. Induction of TLR4
signalling has been implicated as one of the main pathways
leading to the activation of NFxB and the expression of
hypothalamic pro-inflammatory cytokines in response to a
high-fat diet [23]. However, hypothalamic proteins involved
in the TLR4 pathway (MYD88, NFxBp65 and IKKap) were
not affected by parental diet in the 21-day-old offspring.
Moreover, IL-10-dependent microRNA-146b is a negative
switch of TLR4 and adaptor proteins such as MYD88; there-
fore, it inhibits TLR4 signalling [66]. Considering increased
IL-10 has been found in the 21-day-old offspring when both
parents were fed HFS, this could explain the normal lev-
els of TLR4 pathway proteins in these animals. However,
higher protein levels of hypothalamic NFxBp65 were shown
to be influenced by maternal HFS diet in the 90-day-old
offspring, even though hypothalamic MYDS88, IKKa and
hypothalamic cytokine levels were not significantly differ-
ent. However, inflammation is a dynamic process, and higher
hypothalamic NFxBp65 may predispose the young adult off-
spring to a higher inflammatory response later in life.

Hypothalamic inflammation through the activation of
IKKB/NFxB and cytokines production has been shown
to cause insulin resistance in hypothalamic neurons [67].
TNF-a may inhibit insulin receptor signalling [68] and also
reduce insulin receptor expression [69]. Insulin receptors are
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expressed in hypothalamic neurons in the arcuate nucleus,
including orexigenic neurons neuropeptide Y (NPY) and
agouti-related peptide (AGRP), and anorexigenic neurons
proopiomelanocortin (POMC) and cocaine- and amphet-
amine-related transcript (CART). Insulin has a potent
anorectic action stimulating POMC/CART neuropeptides
expression, while it has an inhibitory effect on NPY/AGRP.
A reduction in the expression of insulin receptors has been
shown to increase visceral adiposity, leptinaemia, and insu-
linaemia, and cause insulin resistance [70]. Our results
showed that paternal HFS diet influenced lower hypotha-
lamic insulin receptor levels in the 21-day-old offspring,
suggesting the onset of hypothalamic insulin resistance.

Combined effects of maternal and paternal HFS diet
also showed hyperleptinaemia in the 21-day-old, suggest-
ing hypothalamic leptin resistance. Leptin has a similar
hypothalamic action as insulin to inhibit excess food intake
through the stimulation of POMC/CART and inhibition of
NPY/AGRP neurons. Leptin is an adipokine that reflects the
amount of adipose tissue and is implicated in the negative
feedback on the regulation of energy homeostasis [71]. Diet-
induced hypothalamic inflammation can cause central leptin
resistance, blunting leptin action [72]. Moreover, hyperlep-
tinaemia is observed in obesity and has been shown to be
deleterious as it per se can contribute to leptin resistance
both centrally and peripherally [73]. Leptin resistance by
high consumption of sugar increased the expression of the
orexigenic hypothalamic neuropeptide NPY and increased
the expression of adipogenic and lipogenic factors such
as peroxisome-proliferator-activated receptor y (PPARY),
sterol regulatory element-binding protein-1 (SREBP-1) and
lipin-1 in the visceral adipose tissue, increasing adiposity
[74]. Similarly, a study demonstrated that hyperleptinaemia
contributes to leptin resistance in rats fed a high-fat diet,
increasing the susceptibility to an exacerbated weight and
fat mass gain. This escalates the vicious cycle that hyper-
leptinaemia contributes to leptin resistance which causes
further weight gain and hyperleptinaemia, contributing to
the phenotype of obesity [75]. Early life paternal diet effect
on hypothalamic insulin receptor as well as the combined
parental diet effect on serum leptin levels were also reversed
by the consumption of a control diet after weaning until
young adulthood. It may be the reason why any effect on
weight gain was not found after weaning until adulthood in
the offspring. In revision, the consumption of an obesogenic
diet followed by a long-term healthier diet showed to res-
cue metabolic alterations, such as high levels of glycaemia,
lipaemia, insulin and leptin during adulthood [76].

After weaning, offspring consumption of a healthier diet
showed reprogramming part of the effects of parental high-
fat high-sugar diet during the perinatal period. However,
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we could still notice a programming effect especially on the
maintenance of a higher weight and adiposity, and altera-
tions in the expression of a hypothalamic protein involved in
the expression of pro-inflammatory cytokines. In this study,
we observed that the paternal HFS diet had a weaker effect
on the offspring than the maternal HFS diet alone, but had
an additive effect. A possible explanation could be related
to epigenetic changes in metabolic tissues of offspring trans-
mitted from paternal HFD diet that was blunted by the con-
sumption of CD diet post-weaning. A study showed that the
effect of paternal HFD was exacerbated when the offspring
were exposed to HES diet, promoting greater metabolic dis-
turbances [77]. Moreover, whether an obesogenic epigenetic
profile is transmitted from paternal HFS into male offspring
metabolic tissues and is further rescued by post-weaning
control diet or disrupted by post-weaning HFD remains to be
investigated. Our results may suggest higher susceptibility
to develop obesity and metabolic disorders in the long term.
The hypothalamus adipose axis seems to be involved in the
programming of adiposity and weight.

Conclusions

Parental high-fat high-sugar diet was shown to affect the
development, adiposity, hypothalamic inflammation and
lipid metabolism of male offspring at an early age. Con-
sumption of the control diet after weaning has managed
to protect in part the young adult offspring. However, they
may still have a higher susceptibility to develop obesity or
metabolic disease later on, especially if challenged with an
obesogenic diet. Hypothalamus adipose tissue axis may be
involved in the programming of obesity and metabolic dis-
orders. Not only the maternal and paternal diet effects alone,
but also the combined effects of parental diet showed poten-
tial programming effects in the male offspring.
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