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Abstract
The global consumption of highly processed, calorie-dense foods has contributed 
to an epidemic of overweight and obesity, along with negative consequences for 
metabolic dysfunction and disease susceptibility. As it becomes apparent that 
overweight and obesity have ripple effects through generations, understanding 
of the processes involved is required, in both maternal and paternal epigenetic 
inheritance. We focused on the patrilineal effects of a Western-style high-fat 
(21%) and high-sugar (34%) diet (WD) compared to control diet (CD) during 
adolescence and investigated F0 and F1 mice for physiological and behavioral 
changes. F0 males (fathers) showed increased body weight, impaired glycemic 
control, and decreased attractiveness to females. Paternal WD caused significant 
phenotypic changes in F1 offspring, including higher body weights of pups, in-
creased Actinobacteria abundance in the gut microbiota (ascertained using 16S 
microbiome profiling), a food preference for WD pellets, increased male domi-
nance and attractiveness to females, as well as decreased behavioral despair. 
These results collectively demonstrate the long-term intergenerational effects of a 
Western-style diet during paternal adolescence. The behavioral and physiological 
alterations in F1 offspring provide evidence of adaptive paternal programming 
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1   |   INTRODUCTION

In evolutionary terms, the overconsumption of energy-
dense foods as well as a sedentary lifestyle are very recent 
problems of our modern society.1,2 Epidemiological studies 
have shown that ultra-processed, calorie-dense foods pro-
mote the development of overweight and obesity – defined 
as abnormal or excessive fat accumulation that may im-
pair health.1,3 Alarmingly, the prevalence rate of obesity in 
adults increased substantially over the past three decades 
and has reached epidemic proportions.4 Hence, the health-
care system and society face an enormous clinical and eco-
nomic burden as overweight and obesity promote negative 
health consequences, such as cardiovascular disease, type 2 
diabetes, several cancers, and a diminished life expectancy.5

Although the adverse effects of a Western-style diet 
on the body, including brain function, have been studied 
closely in recent years, there are numerous remaining 
questions. One reason is the fact that human studies are 
confounded by additional factors, such as genetic predispo-
sition, exercise6 and smoking,7 rendering the relationship 
between diet and health effects more complicated. To un-
derstand how specific nutritional factors can impact on an 
individual's physical and mental health, other parameters 
need to be controlled. Animal models provide the oppor-
tunity to rigorously control for genetic as well as environ-
mental factors, including nutritional factors. The shorter 
lifespan of mice, for example, also brings about numer-
ous advantages compared to long-lived organisms. Long-
term effects can be observed sooner and nutritional effects 
during particular life stages can be studied more easily. The 
short generation time furthermore renders the possibility 
to look at intergenerational and transgenerational effects.

Since there is evidence for generation-spanning effects 
of Western diets, rodent studies provide an excellent basis 
for the study of these effects.8 Inter- and transgenerational 
inheritance are mediated via epigenetic modifications of 
the germ cells. This phenomenon, encapsulated in the 
Developmental Origins of Health and Disease (DOHaD) 
research framework, assumes that early-life environmen-
tal factors, such as parental diet, can increase the sus-
ceptibly of the offspring to diseases, such as metabolic 

disturbances, later in life.9 Maternal ‘programming’ has 
already been studied intensively, whereas the influence of 
paternal programming has received relatively little atten-
tion. Yet, recent evidence demonstrates that diet-induced 
alterations in epigenetic markers in sperm can influence 
the offspring phenotype.8,10 It remains unclear the extent 
to which various aspects of offspring phenotypes can be 
modified by diet, and whether sperm modifications are 
acutely or permanently influenced by diet.

Males start to produce spermatozoa around the onset 
of adolescence. Children and adolescents are particularly 
prone to consume unhealthy diets, which has contributed 
to a tenfold increase of obesity in children over the past four 
decades.1 That the developing brain is plastic and can be in-
fluenced by nutritional factors is well acknowledged11 and 
recent work shows that one week of an acute high-sugar 
intake is sufficient to negatively affect sperm quality,12 in-
dicating a high susceptibility to environmental influences. 
Therefore, the question arises as to whether an unhealthy 
diet around the onset of spermatogenesis can lead to even 
more deleterious, potentially permanent effects? In this re-
gard, most research has focused on the consequences of obe-
sity, however, our understanding of the effects of unhealthy 
eating, prior to induction of obesity or diabetes, is limited. 
In rats, feeding a high-fat diet during the peri-pubertal pe-
riod was linked to long-term effects on metabolism and the 
reproductive system.13 Specifically, high-fat diet fed rats dis-
played glucose intolerance, increased fat tissue deposition, 
reduced energy expenditure, an increase in the number of 
abnormal seminiferous tubules and a reduction in seminif-
erous epithelium height and seminiferous tubular diameter, 
and a decreased number of spermatozoa.13 The finding that 
diet can influence testis physiology and sperm count sug-
gests an increased sensitivity of the reproductive organs in-
cluding germ cells to environmental factors. This sensitivity 
could offer an evolutionary advantage by providing a mech-
anism whereby information about the current environmen-
tal exposures can be transferred to the offspring through 
paternal programming. More precisely, in the event of 
food abundance or food scarcity, the next generation could 
greatly benefit from potential adaptive processes that might 
provide a survival advantage in the prevailing environment.

via epigenetic inheritance. These findings have important implications for under-
standing paternally mediated intergenerational inheritance, and its relevance to 
offspring health and disease susceptibility.
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Understanding the consequences of an unhealthy diet 
during sensitive phases of life, including the intergener-
ational impacts, is of utmost importance for the compre-
hensive understanding and prevention of nutrition-related 
diseases. Hence, the main aim of this study was to eluci-
date the intergenerational effects of a paternal Western-
style diet during adolescence on physiology and behavior 
of F1 males and females. For a comprehensive analysis, 
we additionally investigated the influence of an adoles-
cent Western diet on physiology and behavior of F0 males.

2   |   MATERIALS AND METHODS

2.1  |  Aims

The main aim of this study was to elucidate the intergen-
erational effects of a paternal Western-style diet during 
adolescence on physiology and behavior of F1 males and 
females. For a comprehensive analysis, we additionally in-
vestigated the influence of an adolescent Western diet on 
physiology and behavior of F0 males.

2.2  |  Animals and housing conditions

C57BL/6J breeder mice were purchased from the Animal 
Resources Centre (Murdoch, WA, Australia) and arrived 

at the Florey Institute at 4 weeks of age, when they were 
randomly assigned to one of two experimental groups: 
Western-style diet (WD; #SF00-219, Specialty Feeds, Glen 
Forrest, WA, Australia) or control diet (CD; #AIN93G, 
Specialty Feeds, Glen Forrest, WA, Australia). WD or CD 
exposure started on the day of arrival (Figure  1). Male 
mice were housed in groups of 2–5 animals until postnatal 
day (PND) 70, when they were pair-mated with nullipa-
rous female C57BL/6J mice for 5 days. The females were 
previously group-housed in same-sex cages and fed stand-
ard chow (#102108, Barastoc, Ridley, VIC, Australia). 
Afterwards, males were individually housed and reintro-
duced to their respective diet. Another subgroup of F0 
males was not mated but instead tested for differences in 
glucose tolerance and their behavioral and physiological 
phenotype at 10 weeks of age. F1 Offspring were weaned 
at 4 weeks of age and housed in same-sex groups of 2 to 5 
animals from the same paternal treatment (paternal CD, 
PatCD or paternal WD, PatWD).

All animals were group-housed (up to five per cage) in 
standard open-top mouse cages (15 cm × 30 cm × 12 cm) 
with food and filtered tap water ad libitum. Cages were 
equipped with wood chip bedding and two tissues as nest-
ing materials and were cleaned on a weekly basis. Mice 
were housed in the Florey Institute animal facility in a 
room maintained at a temperature of 22–25°C and 55% 
humidity on a 12:12 h light–dark cycle (with lights on at 
7 a.m.).

F I G U R E  1   Experimental design. Male C57BL/6J mice were fed either a control (CD) or a Western-style diet (WD) from 4 weeks of age 
onwards. These F0 males were mated with standard-fed female C57BL/6J mice. F0 males and F1 offspring were assessed for behavioral, 
physiological, and endocrinological changes
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2.3  |  Experimental design

2.3.1  |  Paternal diet

Diet manipulation of male F0 mice commenced at 
4  weeks of age (postnatal day 28) and continued for 
6–10  weeks (depending on experimental subgroup), 
which encompassed adolescence and puberty.14 
According to the latest recommendations,15 commer-
cial WD and CD chows were acquired and used to en-
sure comparability with other studies (eg, Ref. [16–18]). 
WD (#SF00-219, Specialty Feeds, Glen Forrest, WA, 
Australia; Harlan Teklad TD 88137 equivalent, intended 
to mimic a Western-style fast-food diet) comprised of 
21% by weight saturated fat (clarified ghee) and 34% su-
crose (digestible energy: 19.4 MJ/kg). The CD (#AIN93G, 
Specialty Feeds, Glen Forrest, WA, Australia) contained 
7% fat and 10% sugar (digestible energy: 16.1  MJ/kg). 
Protein (19%) and vitamin contents were comparable in 
both diets.

2.3.2  |  Breeding

At 10 weeks of age, male F0 mice were pair-mated with 
nulliparous females for 5  days. During the mating pe-
riod, all mice were fed standard chow. Afterwards, fe-
male mice were separated to litter down undisturbed 
in single-housing cages. Non-pregnant females and 
females who lost their litters were excluded from the 
study. Litter size was not adjusted. At 4 weeks of age, F1 
offspring were weaned and housed in same-sex groups 
of 2–5 animals from the same paternal treatment (PatCD 
or PatWD).

2.3.3  |  Maternal behavior

Maternal care in the home cage was observed daily 
starting at birth (PND 0) until PND 10. All behavior 
observations were performed by an experienced ob-
server (CB) using instantaneous sampling, which refers 
to the recording of an individual's behavior at sequen-
tial, predetermined points in time (20 s intervals). Two 
observation sessions were conducted per day, one be-
tween 10:00 and 11:00 a.m. and one between 3:00 and 
4:00 p.m. 30 scans were performed for each animal in 
one observation session; therefore 60 scans were con-
ducted per day per animal. The order of animals was 
randomized but was the same for each observation 
session. For data analysis, the percentage of inter-
vals, in which each behavior occurred was calculated. 

(Descriptions of maternal behaviors are summarized in 
Table S1).

2.3.4  |  Pup retrieval

One randomly selected pup was carefully removed from 
the nest in its home cage and placed in the corner oppo-
site of the nest. The time until the dam reached the pup 
and picked it up was considered the latency to retrieve the 
pup. This procedure was repeated five times with different 
pups and the mean time to retrieve pups was calculated.

2.4  |  Physiological parameters

2.4.1  |  Body weight

Body weights of male F0 breeders and F1 offspring were 
monitored weekly using a digital scale.

2.4.2  |  Glucose tolerance test

A glucose tolerance test (GTT) was performed in F0 males 
at the age of 10 weeks. Mice were fasted for 14 h overnight. 
Body weight and fasting glucose levels were determined 
by placing each mouse into a restrainer, puncturing a 
tail vein and collecting blood directly into the glucom-
eter (Accu-Chek, Roche). Subsequently, a sterile glucose 
solution (10% [w/v] in PBS) was administered by intra-
peritoneal injection at a concentration of 1 g/kg (glucose/
body weight). Blood samples were taken at 15, 30, 60, and 
90  min thereafter. In between blood collections, mice 
were released into their home cages.

2.4.3  |  Metabolic testing

For metabolic testing, a subgroup of F1 animals (N = 6– 10) 
was transferred to the Melbourne Mouse Metabolic 
Phenotyping Platform (MMMPP, Department of 
Physiology, University of Melbourne) and allowed to ha-
bituate for at least 7 days prior to testing.

Metabolic cages
The Promethion Metabolic System (Sable, Nevada, USA) 
was used to measure food intake, water intake, activity, 
oxygen consumption and carbon dioxide production in in-
dividual mice over 48 h, following an acclimatization pe-
riod of 12 h. The metabolic cages were approximately the 
same size as the normal home cages and were equipped 
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with food, water, and bedding. Subsequently, mice were 
returned to their original home cages for 7 days prior to 
tissue collection/endpoint.

Body composition
Body composition (fat mass, lean mass, and free fluid) 
was measured by the Bruker LF50 MiniSpec (Billerica, 
Massachusetts, USA), which uses Time Domain Nuclear 
Magnetic Resonance (TD-NMR) in conscious mice with-
out the need for anesthesia. Scans were completed in ap-
proximately 2 min after which mice were released to their 
home cage.

2.4.4  |  Blood, tissue, and sperm collection

Plasma collection
Mice were deeply anesthetized using isoflurane (4%–5% 
in O2) for blood collection through cardiac puncture, im-
mediately followed by cervical dislocation. Blood was col-
lected in EDTA-coated tubes (Sarstedt) before separation 
of plasma by centrifugation at 1100 g for 10 min. Plasma 
was then stored at −20°C until subsequent analyses.

Tissue collection
Testes, liver, posterior subcutaneous, and epididymal fat 
were removed and weighed.

Sperm collection
As described previously,19 cauda epididymides were sepa-
rated from the corpus segment and the epididymal fat pad 
was removed, leaving only the vas deferens attached. The 
cauda epididymides were bisected with a single incision, 
then immersed into 1 ml of pre-warmed (37°C) M2 me-
dium (M7167, Sigma-Aldrich, NSW, Australia). After an 
incubation phase of at least 30 min at 37°C, tissue was dis-
carded, and spermatozoa were resuspended. An aliquot 
was removed and stained with Trypan Blue for the pur-
pose of cell counting.

2.4.5  |  Histological analysis

Testes, liver, and posterior subcutaneous fat
Tissues were formalin-fixed (10%), dehydrated, paraffin 
embedded, sectioned at 4 μm, and stained with hematox-
ylin and eosin (H&E). Six randomly selected sections per 
mouse were examined under a light microscope (#BX61, 
Olympus, Tokyo, Japan), and photomicrographs were 
captured with Image-Pro Plus 6.0 (Media Cybernetics, 
Rockville, MD, USA). The histological analysis was per-
formed using the ImageJ software (National Institutes 

of Health, Bethesda, MD, USA). Lipid droplet area and 
adipocyte size were quantified using the automatic 
particle counting plugin of ImageJ to avoid a user bias. 
Manual counts were performed to verify the accuracy of 
the automatic analysis. Testis parameters (see Figure 4I) 
were manually assessed by an experimenter blind to 
experimental groups. The volumetric density of testes 
was determined according to the protocol published 
previously.20

2.4.6  |  Testosterone and corticosterone

Testosterone analysis
Plasma samples were diluted to 1:30 and assayed using a 
testosterone ELISA according to the manufacturer's in-
structions (#582701, Cayman Chemical, Ann Arbor, MI, 
USA). For measurements of testicular testosterone lev-
els, one testis per mouse was lysed in 600 μl 10 mM PBS, 
sonicated (4°C for 2 × 20 s) and centrifuged (10 000 g at 
4°C for 10 min). A small aliquot of the supernatant (10 μl) 
was then purified from 2  ml diethyl ether under a gen-
tle stream of nitrogen gas. Pellets were reconstituted with 
50 μl assay buffer and further diluted to 1:25 and 1:100 for 
the testosterone ELISA.

Corticosterone analysis
Plasma samples were diluted 1:10 for control (unstressed) 
mice and 1:500 for stressed mice (15 min after the Porsolt 
swim test). Corticosterone was assessed using an EIA 
as per manufacturer's instructions (#501320, Cayman 
Chemical, Ann Arbor, MI, USA).

2.4.7  |  MUPs quantification

Urine sampling
Urine was collected in 1.5 ml tubes directly from the mice 
as they were tail and scruff handled. Samples were imme-
diately frozen on dry ice and stored at –80°C.

Protein quantification
Protein concentration of urine samples was measured ac-
cording to a standard Bradford assay on a 96-well micro-
plate. Total (MUP concentration, see below) and relative 
(protein/creatinine ratio) urinary protein concentration 
was evaluated, corrected for urine dilution by measur-
ing creatinine (Creatinine urinary colorimetric assay kit, 
Cayman Chemical, Ann Arbor, MI, USA). Since the vast 
majority of urinary proteins are MUPs (up to 99%; Ref. 
[21,22]), total urinary protein concentration was used to 
estimate MUP concentration.
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2.5  |  Gut microbiome analysis

2.5.1  |  Fecal collection

When F1 offspring were 28 postnatal days of age (4 weeks 
old), each was put into a new clean cage (wiped with 80% 
ethanol) until at least two fecal pellets were excreted. 
Fresh pellets were collected, frozen immediately on dry 
ice (–80°C) and transported to the Peter Doherty Institute 
for Infection and Immunity (University of Melbourne, 
Melbourne, Australia) on dry ice for microbiome analysis.

2.5.2  |  Microbiome analysis

Briefly, genomic DNA of fecal pellets was extracted using 
the Qiagen Powersoil Kit (Qiagen, Germantown, MD, 
USA). The bacterial V4 16S ribosomal RNA gene was am-
plified using 515 forward barcoded and 806 reverse primers 
following the Earth Microbiome Project.23 Next, ampli-
cons were sequenced using Illumina MiSeq (Illumina, 
Inc, San Diego, CA, USA). Raw FASTQ sequences were 
processed using Qiita, including sequence quality con-
trol, demultiplexing, trimming and resolving amplicon 
sequence variants (ASVs) with Deblur.24 The representa-
tive sequences were mapped onto the Greengenes refer-
ence database (gg-13-8-99-515-806-nb-classifier) to obtain 
the taxonomic identity of ASVs. The count table consist-
ing of 759 ASVs were further analyzed for their biodiver-
sity using QIIME2-2019.7.25 For the subsequent analysis, 
the data was first stratified by sex to examine sex-specific 
effects on microbiome. As there were no differences be-
tween the sexes, they were combined to examine the over-
all effect of paternal diet on the microbiome.

2.6  |  Behavioral testing

If not stated differently, behavioral tests were performed 
between the age of 7 to 12 weeks of age, with a recovery 
time of at least 24 h between each test. Behavioral testing 
was conducted in a room separate from the housing room. 
All mice were allowed to acclimatize to the testing room 
for at least 30  min prior to commencement of each test. 
Testing was conducted between 8:00 a.m. and 4:00 p.m. 
under dimmed lighting of 25–50 lx. Animals were tested in 
a randomized order with the experimenter blind to the pa-
ternal condition of F1 mice. The sequence of tests was the 
same for all mice. Testing arenas were thoroughly cleaned 
with 80% ethanol between tests. An overhead video cam-
era was used to record the animals’ movements. Behaviors 
were analyzed using the CleverSys TopScan tracking 

software (Reston, VA, USA). (Behavioral tests conducted 
in F0 and F1 generations are summarized in Table S2.)

2.6.1  |  Neonatal testing

Surface righting
On PND 7, F1 pups were tested for motor function, where 
they were placed on their back on an even surface, held 
in that position for 5 s and then the time they needed to 
independently turn over and stand upright on their feet 
was assessed (max. 60 s).

Ultrasonic vocalization recording
On PND 8, F1 pups were carefully removed from the 
home cage and individually placed into a small open top 
container for 2 min. An ultrasound Microphone (Avisoft 
UltraSoundGate condenser microphone capsule CM16, 
Avisoft Bioacoustics, Berlin, Germany) sensitive to fre-
quencies between 10 and 180 kHz was situated approxi-
mately 20 cm above the center of the container to measure 
any ultrasonic vocalizations (USVs) emitted by the pup 
during testing. USVs were subsequently recorded using 
Avisoft Recorder software (Version 3.2). Settings included 
a sampling rate of 250  kHz and a resolution of 16 bits. 
For the analysis, recordings were transferred to Avisoft 
SASLab Pro (Version 5.2.07) and a fast Fourier transfor-
mation (FFT) was conducted. Spectrograms were gen-
erated with an FFT-length of 512 points and a temporal 
window overlap of 50% (100% Frame, FlatTop window). 
The spectrogram was produced at a frequency resolution 
of 488 Hz and a temporal resolution of 1 msec. A lower 
cut-off frequency of 20 kHz was used to remove all audi-
ble background noise. Spectrograms were visualized up to 
125 kHz. The latency to call and the call frequency were 
assessed.

2.6.2  |  Anxiety-like and exploratory behavior

Elevated-plus maze
The test was performed to assess anxiety-like and ex-
ploratory behavior as previously described.26 Briefly, the 
apparatus consisted of a plus-shaped maze, with 4 arms 
extending from the center (5  cm  ×  5  cm). Arms were 
30 cm in length and 5 cm in width and the closed arms 
had surrounding walls of 14  cm height. Mice were al-
lowed to freely explore the maze for 5 min. The time spent 
on the open arms was expressed as percentage of the sum 
of the time on open and closed arms. Furthermore, un-
protected and protected head dips were assessed manually 
from video recordings as a measure of risk assessment.
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Light-dark box
The test was used as another assessment of anxiety-like 
and exploratory behavior and performed as previously de-
scribed.26 Briefly, the test was conducted using the Med 
Associates ENV-510/511 open-field arenas (Fairfax, VT, 
USA). The light compartment was illuminated with over-
head LED lamps to 750  lx. Mice started the 10 min test 
session in the dark insert. Time spent in each half of the 
arena was automatically tabulated by the proprietary ac-
tivity monitor software and expressed as a percentage of 
the test duration.

2.6.3  |  Learning and memory

Novel object recognition
The test was performed to assess object memory and was 
adapted from Leger and colleagues.27 Mice were habitu-
ated to the empty testing arena (50 cm × 50 cm) for 10 min. 
On the next day, the mice were individually placed in the 
same testing arena, in which two novel but identical ob-
jects (transparent plastic flasks filled with sand or color-
ful plastic Lego towers of approximately same size but 
different shape and color) and allowed to freely explore 
for 10  min. Both objects and location were counterbal-
anced to avoid any effect of object and/or location pref-
erence. After an inter-trial interval of 1 h, animals were 
placed back into the testing area that now contained one 
novel object as well as one familiar object. Animals were 
allowed to explore the arena for 10 min. The arena and 
objects were cleaned with 10% ethanol between trials to 
remove odor cues.

Y-maze
The apparatus consisted of symmetrical arms (each 30 cm 
in length) with 14 cm high walls. The mouse was placed 
at the end of the ‘home arm’ and allowed to explore 2 of 
the 3 arms for 15 min. A partition blocking off the novel 
arm of the maze was in place during this initial trial. Each 
of the three arms was marked by a unique cue for spatial 
orientation. The second test trial was performed after an 
inter-trial interval of 1 h. During the 5 min test trial the 
partition was removed so that all arms were available for 
exploration.

2.6.4  |  Social interest, social recognition, and 
mate preference

Social interest and social recognition test
Mice were habituated to the three-chamber-arena con-
taining two empty mesh wire cages for 10  min. In the 

following social interaction trial, one unfamiliar, same-
sex, same-age animal was placed under one of the cages. 
The mouse was reintroduced to the testing arena and 
allowed to move freely and interact with the ‘stimulus 
mouse’ for 10 min. In the subsequent social recognition 
trial, a second unfamiliar same-sex, same-age mouse was 
placed under the second cage and the test subject was 
again allowed to explore to arena for 10 min.

Female preference
Female mice were assessed for the stage of their estrous 
cycle in the morning. Briefly, a small droplet of saline 
(around 20 µl) was gently inserted into the vagina with a 
P20 pipette and the lavage liquid was mounted on a slide 
for observation on a microscope under 10X magnifica-
tion. The different cell type populations were analyzed 
to determine the estrous cycle stage (Byers et al, 2012). 
Females in estrous were transferred to a behavioral testing 
room for acclimatization of at least 30 min before testing 
commenced. The choice apparatus consisted of a three-
chamber test with a middle chamber with access to two 
lateral chambers, both comprising a wire-mesh cage. In 
the habituation trial, the female was allowed to explore 
the three chambers with empty wire cages for 5  min. 
Afterwards, the female was removed, and the stimuli were 
placed inside the wire cages. These stimuli consisted of 
either (a) male mice from different experimental groups 
(PatCD and PatWD) or (b) a small amount of soiled bed-
ding from the males’ original cage (bedding was consid-
ered soiled after at least 3 days after cleaning cages28) or 
(c) both male mice and bedding. The female was then re-
introduced to the apparatus and allowed to explore the ap-
paratus for 10 min. The percentage of time spent in each 
lateral chamber (preference) is considered as a measure 
of attractiveness.29 To avoid a side bias, the position of the 
wire cages and experimental groups was randomized.

2.6.5  |  Depression-like behavior

Saccharin preference
Mice were habituated to two water bottles filled with fil-
tered tap water in their home cages one day before the 
test. During the test, mice had access to two bottles, one 
containing water and the other containing a saccharin so-
lution (0.01%, diluted in filtered tap water). The position 
of the bottles was randomized to avoid a side bias. Fluid 
consumption was assessed by weighing both tubes at the 
beginning of the test and after 24 h. Saccharin intake and 
water intake were recorded for each cage. A saccharin 
preference index was calculated as saccharin solution in-
take/(saccharin solution intake + water intake).
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Porsolt swim test
Mice were placed into a Perspex beaker (2.5 L) – filled 
to 1.7 L mark with water (23–25°C). After 5 min, mice 
were removed from the water tank and placed back 
into their home cages. Videos were captured from the 
side and were used to assess the time that the animals 
spent swimming versus being immobile (floating) as a 
measure of depressive-like behavior and/or behavioral 
despair.

2.6.6  |  Food-motivated behavior and 
olfactory abilities

Novelty-suppressed feeding
Before testing, mice were deprived of food for 24 h. The 
test was conducted under dimmed lighting of 25  lx in 
a novel arena (30  cm  ×  30  cm  ×  30  cm) with both a 
CD and a WD food pellet in the center. The latency for 
the mouse to assume a stationary posture while feed-
ing on either pellet was recorded (max. 10 min) as was 
the choice of the pellet. When this occurred, the mouse 
was removed and returned to their original caging 
conditions.

Olfactory discrimination
This test was conducted to determine the ability of mice 
to discriminate between and habituate to different odor 
types. Mice were habituated to a room devoid of strong 
smells for a minimum of 30 min prior to testing. Testing 
occurred separately for each mouse in a standard cage 
with fresh bedding and a metal lid. The odors were pre-
sented on top of the metal lid in sequential order: water, 
vanilla, almond (cooking essence). Each odor was pre-
sented for a period of 2 min, repeated over 3 trials, with 
an inter-trial interval of 1 min. All odors were diluted at 
1:4 in distilled water. At the beginning of every trial, 10 μl 
of the odor were pipetted onto a fresh piece of paper. The 
mouse stayed in the cage for the whole sequence of test-
ing. Recorded video files were manually assessed for the 
time the mouse spent sniffing the odor source during each 
odor presentation by an observer blinded to the experi-
mental groups. Sniffing was scored when the animal was 
orienting towards the odor source with its nose within 
2 cm distance.

Food taste preference
Mice were provided with both WD and CD pellets in the 
food rack of their home cage for 48 h. Pellets were weighed 
before and after the test to assess a food preference. The 
higher porosity of WD pellets was associated with some 
food being dispersed in the bedding, requiring a thorough 
collection procedure.

Food smell preference
Two tea strainers were secured on either side of the metal 
lid of a standard cage. One strainer contained CD pellets, 
the other WD pellets. Sides were randomized between tri-
als. Mice were individually placed into the cages and al-
lowed to freely explore the strainers for 5 min. Using video 
files, the experimenter manually assessed how long the 
mice sniffed at each side. The experimenter was blinded 
to the type of diet and the experimental groups. Sniffing 
was defined as the nose being within the radius of 2 cm 
around the tea strainer.

Buried food test
Animals were habituated to cereals (Crunch®, Nestlé) on 
three consecutive days before the actual test. On test day, 
animals were fasted for 5 h. Testing occurred in 2 consecu-
tive trials separated by a 3-min rest time. During the first 
trial, a piece of cereal was placed on the surface bedding 
at one randomly chosen location (out of 8), and the mouse 
was introduced in the center of the cage. The time to reach 
and start eating the cereal was measured with a manual 
timer and used to assess mice motivation to reach a food 
item. Mice were prevented from eating the entire piece of 
cereal to avoid satiation. The second trial was performed 
the same way, except that the cereal was buried beneath 
2 cm of bedding. The test ended once either the animal 
found the cereal or did not find it within 10 min.

2.7  |  Statistics

General linear models were used for data analysis. To 
meet the assumptions of parametric analysis, residu-
als were graphically examined for normal distribution, 
homoscedasticity and outliers, and the Shapiro-Wilk 
test was applied. When necessary, raw data were trans-
formed using square root, logarithmic, or inverse trans-
formations. Specifically, linear models were used to 
analyze dependent variables with fixed between-subject 
factors ‘paternal diet’ and ‘sex’. Main effects and interac-
tion terms were tested on local significance level alpha 
(α) = 0.05. Post-hoc t-tests were applied, and Bonferroni-
Holm corrected. F0 data was analyzed by t-tests. Since 
not all data were normally distributed and could not 
be transformed adequately, non-parametric statistics 
were applied. Specifically, the Mann-Whitney U test for 
between-group comparisons with Bonferroni-Holm cor-
rection was performed.

A statistical power analysis for sample size estimation 
was performed using G*Power.30 Taking into account all 
parameters that yielded large effect sizes, we could ensure 
that the total sample size could detect biologically rele-
vant differences with a power of 80%.31 Statistical analyses 



      |  9 of 22BODDEN et al.

were conducted using the statistical software IBM SPSS 
Statistics (IBM Version 26, Release 26.0.0.0). Graphs were 
created using the software GraphPad Prism (Version 
8.3.0 (538) for Windows, GraphPad Software, San Diego, 
California USA).

3   |   RESULTS

3.1  |  F0 generation

F0 male breeders were tested for differences in weight 
gain, anxiety-like behavior and locomotor activity, spatial 
learning, anhedonia, and female preference.

3.1.1  |  Physiologic parameters

There was a significant main effect of diet (F(1,48) = 67.117, 
p < .001) and time (F(2.2,103.5) = 886.423, p < .001) on body 
weight (Figure 2A). Furthermore, a significant interaction 
between diet and time (F(2.2,103.6) = 36.351, p < .001) was 
detected. Body weight was significantly higher in males 
fed WD compared with CD. Furthermore, WD mice gained 
more weight over time than CD mice. Food consumption 
was significantly higher in WD compared to CD mice when 
assessed total mass (t = −6.756, p < .001; Figure 2B) or total 
energy intake (t = −11.490, p < .001; Figure 2C). In the GTT, 
a significant main effect of diet (F(1,8) = 132.8, p < .001) and 
time (F(1.873,14.98) = 36.54, p < .001) as well as a diet × time 
interaction (F(4,32)  =  7.349, p  <  .001) was detected, with 
mice fed the WD having an increased fasting blood glucose 
compared with mice fed the CD (t0: t = −8.816, p < .001; 
t15: t = −11.578, p < .001; t30: t = −4.535, p < .002, t60: 
t = −3.789, p = .005; Figure 2D). However, there was no 
evidence for impaired glucose tolerance. WD males had 
a significantly higher epididymal fat mass (t  =  −3.109, 
p  =  .016; Figure  2E), higher posterior subcutaneous fat 
mass (t = −10.036, p < .001; Figure 2F) and greater adipo-
cyte cell area (t = 4.983, p < .001; Figure 2G,H) compared 
to CD males. Liver weight was significantly increased in 
WD compared to CD (t = −4.216, p < .001; Figure 2I) and 
there was a clear evidence of hepatic steatosis in the WD 
group as indicated by a markedly increased total size of he-
patic lipid droplets (t = 2.797, p = .042; Figure 2J,K) as well 
as percent coverage of sections (t = 2.467, p = .039).

3.1.2  |  Behavioral tests

Saccharin preference was significantly lower in WD com-
pared to CD mice (t = 3.58, p =  .002; Figure S1). In the 
mate-preference test, females did not show a preference 

when males were presented without soiled bedding in the 
wire-mesh cages (Figure 3A). However, when males were 
presented along with soiled bedding, females preferred 
the chamber of the CD males over the chamber of the WD 
males (t = 3.019, p = .005; Figure 3B). When only soiled 
bedding was provided in the cages, females still preferred 
the side of CD males over WD males (t = 4.907, p < .001; 
Figure 3C). CD compared to WD males showed more suc-
cessful mountings during the mating session (U = 11.000, 
p = .003; Figure 3D).

There were no significant differences between CD and 
WD males in tests for anxiety-like behavior, locomotor ac-
tivity, spatial and object learning as well as social interest 
and social recognition in the elevated-plus maze, light-
dark box, Y-maze, novel object recognition (NOR), and 
three-chamber test (Table S3; Figure S1).

3.1.3  |  Male attractiveness and reproductive 
tract parameters

Absolute testis weight was higher in WD compared to 
CD males (t  =  −2.956, p  =  .005; Figure  3E), however, 
relative testis weight (testis/body weight ratio) was lower 
(t = 3.045, p = .004). There was a trend for increased sperm 
numbers in WD males (t = −1.851, p = .077; Figure 3F), 
but lower testosterone levels (F(1,2.511) = 49.831, p = .010; 
Figure  3G) compared to CD males. WD males had sig-
nificantly lower total MUP concentration compared to 
CD males (t = 2.746, p =  .025; Figure 3H), however, no 
relationship between body weight and MUP concentra-
tion or between body weight and protein/creatinine ratio 
was detected. Regarding testes morphological measures, 
no significant differences were detected (Figure  3I–L), 
but there was a trend for greater epithelium height in WD 
compared to CD males (t = 1.912, p = .092; Figure 3J).

3.1.4  |  Reproductive success, offspring sex 
ratio, and maternal care

There was no significant difference in reproductive success 
between groups as assessed by impregnated females or lit-
ter size (average litter sizes: WD = 6.1; CD =6.5). However, 
the number of F1 males sired by WD males was signifi-
cantly lower compared to CD males (t = 2.342, p = .025; 
Figure 4D). Maternal care differed between dams raising 
offspring from WD compared to CD males. The relative 
frequency of arched-back nursing (F(1,18) = 6.270, p = .022; 
Figure  4A) and licking and grooming (F(1,18)  =  6.436, 
p  =  .021, Figure  4B) was lower in mothers of PatWD 
compared to mothers of PatCD offspring. Passive nurs-
ing occurred tentatively more often in mothers of PatWD 
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F I G U R E  2   Physiological parameters of F0 males. (A) Body weight development of F0 males fed either WD or CD (N = 25) as well as (B) 
daily food consumption (N = 13), (C) daily energy intake (N = 13), (D) blood glucose level (N = 5)s, (E) epididymal fat mass (N = 7–8), (F) 
posterior subcutaneous fat mass (N = 21), (G) adipocyte cell size (N = 5), (H) adipocytes (H&E stained), (I) liver mass (N = 21), (J) hepatic 
lipid droplet size (N = 5), (K) hepatic lipid droplets (H&E stained). Graphs show individual values where possible and means ± SEM. 
Statistics: General linear models (A, D), t-test (B, C, E, F, I, and J). *p < .05; **p < .01; ***p < .001
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compared to PatCD offspring (F(1,19)  =  3.459, p  =  .079, 
Figure 4C). The relative frequency of the dam not being 
on the nest was higher in mothers of PatWD compared 
to mothers of PatCD offspring (F(1,18) = 4.611, p = .046). 
However, the total amount of nursing did not differ be-
tween groups. There was a trend for mothers of PatWD 
pups to have higher retrieving latencies than mothers of 
PatCD pups (t = 2.049; p = .080; Figure 4E).

3.2  |  F1 generation

3.2.1  |  Neonatal testing

On PND 7, PatWD pups emitted USV calls after a sig-
nificantly longer period of isolation from the mother 
(t  =  2.868, p  =  .006; Figure  4F) and made significantly 
fewer calls (t = 2.278, p = .027) compared to PatCD pups 

F I G U R E  3   Attractiveness of F0 males and reproductive tract parameters. Results of female preference tests (A) with CD and WD 
males without soiled bedding (N = 15), (B) with CD and WD males with soiled bedding (N = 20), (C) without CD and WD males but with 
soiled bedding (N = 12). (D) Frequency of successful mounting in first hour of co-housing F0 males fed CD or WD with nulliparous females 
(N = 10). (E) Sperm count (N = 13), (F) Total testis weight (N = 20), (G) plasma testosterone levels (N = 8), (H) MUP concentration (N = 5), 
(I) Tubular radius (N = 5) and (J) epithelium height (N = 5). Volumetric density of (K) seminiferous epithelium (N = 5) and (L) tubular 
lumen (N = 5). (M) depicts an example of an H&E stained testicular tubule including definitions of terms used. Graphs show individual 
values and means ± SEM. Statistics: t-test. *p < .05; **p < .01; ***p < .001. Dotted lines indicate chance level
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(Figure 4G). The surface righting test did not reveal a dif-
ference between groups.

3.2.2  |  Physiologic parameters

Regarding body weight development (Figure 5A), the first 
body weight of F1 animals was assessed on PND 7. Taking 
into account the weekly body weights from week 1 to week 6, 
there was a significant effect of time (F(2.6,528.3) = 7828.770, 
p  <  .001), a significant time  ×  paternal diet interaction 

(F(2.628,528.3) = 3.266, p = .026) and time × sex interaction 
(F(2.628,528.3) = 125.705, p < .001). The analysis furthermore 
revealed a main effect of paternal diet (F(1,201)  =  7.540, 
p = .007), with PatWD mice weighing more than PatCD 
mice, and a significant main effect of sex (F(1,201) = 71.403, 
p <  .001), with males weighing more than females. Post 
hoc testing demonstrated that PatWD animals weighed 
significantly more compared to PatCD mice on PND 7 
(F(1,201) = 6.943, p = .009), 14 (F(1,201) = 23.257, p < .001), 
and 21 (F(1,201) = 20.924, p < .001; Figure 5A). From PND 28 
on, PatCD and PatWD animals no longer differed in their 

F I G U R E  4   Maternal behavior of dams mated with F0 males, F1 offspring sex ratio, and F1 pup behavior. Maternal behavior as 
measured by (A) arched-back nursing (N = 10–11), (B) licking and grooming (N = 10–11), and (C) passive nursing (N = 10–11). (D) 
Offspring sex ratio (N = 16–19), (E) mean latency of mothers to retrieve pups (N = 4–5), and pup behavior as reflected by (F) latency to emit 
isolation-induced USV (N = 26–31) calls as well as (G) number of USV calls (N = 26–31), and (H) latency to flip over in surface righting test 
(N = 60–61). Graphs show group means ± SEM and, where possible, individual values. Statistics: General linear models (A–D), t-test (E–H). 
*p < .05; **p < .01
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body weights. Metabolic parameters measured by respira-
tory quotient (Figure 5B), energy expenditure (Figure 5C), 
food (Figure 5D) and water consumption (Figure 5E) as 
well as body composition assessed as fat mass (Figure 5F), 

water (Figure  5G), and lean mass (Figure  5H) did not 
differ between PatWD and PatCD mice. There was no 
significant effect of paternal diet on either baseline corti-
costerone or stress response levels (Table S4).

F I G U R E  5   Body weights and metabolic parameters of F1 animals. (A) Body weight development of male and female offspring, 
including a more detailed graph on the first three weeks. No differences were detected with regard to metabolic parameters gathered by 
the Promethion metabolic cage system, shown by (B) mean respiratory quotient (N = 6–10) and (C) mean energy expenditure during day 
and night (N = 6–10), (D) food (N = 6–10), and (E) water consumption (N = 6–10). Minispec measurements revealed that there were no 
differences in (F) fat mass (N = 6–10), (G) fluids (N = 6–10), and (H) lean mass (N = 6–10) between PatWD and PatCD mice. Graphs show 
group means (± SEM) and individual values where possible. Statistics: General linear models, post hoc t-tests. *p < .05; **p < .01
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3.2.3  |  Gut microbiome

To evaluate the α-diversity of the microbiome in F1 mice, 
the Observed index (Figure 6A), Shannon's diversity index 
(Figure 6B), and the inverse Simpson index (Figure 6C) 
were computed. No significant difference was found be-
tween paternal diet groups or sex. PCoA visualization of 
microbial β-diversity using the Bray–Curtis dissimilar-
ity did not show clear clustering of the samples accord-
ing to either paternal diet groups or sex (Figure  6D). 
PERMANOVA testing demonstrated that the microbial 
composition between the F1 mice of different paternal diet 
did not differ significantly. On the phylum level, ANCOM 
revealed that the abundance of Actinobacteria was sig-
nificantly influenced by paternal diet, with PatWD mice 
having markedly lower proportions of Actinobacteria 
compared to PatCD mice (W-stat; Figure  6E). Further 
analysis revealed that Actinobacteria were mainly rep-
resented by the genus Bifidobacterium (Figure 6F), with 
their relative abundance being distinctly increased in 
PatWD compared to PatCD mice (W-stat; Figure 6G). No 
differences between groups were detected regarding other 
phyla or genuses.

3.2.4  |  Behavioral tests

There were no significant differences between PatWD 
and PatCD regarding anxiety-like behavior (Figure 7A,B), 
exploratory locomotion (Figure  7C), risk assessment 
(Figure 7D), object recognition (Figure 7F), social interest 
(Figure 7G), social recognition (Figure 7H). With regard 
to spatial memory, as measured by the path covered and 
the time spent in the novel arm of the Y-maze, there was 
a significant difference regarding the distance in the novel 
arm (F(1,47) = 4.225, p = .045) and a trend regarding the 
time in the novel arm (F(1,47) = 3.654, p = .062; Figure 7E), 
with PatWD animals travelling significantly further in the 
novel arm and tending to spend more time in the novel 
arm compared to PatCD animals. The latency to immo-
bility in the Porsolt swim test was significantly higher in 
PatWD compared to PatCD mice (F(1,55) = 23.215, p < .001; 
Figure 7I), in both males (t = 3.423, p = .002) and females 
(t = 3.137, p = .006).

To examine consummatory behavior, an novelty-
suppressed feeding (NSF) test was conducted where F1 
mice were given a choice between an unfamiliar WD 
and a CD pellet. There was no difference in the latency 
to start eating (Figure 7J), however, the pellet choice sig-
nificantly differed between male PatWD and male PatCD 
mice as significantly more PatWD mice started to eat the 
WD pellet compared to PatCD mice (χ² = 12.208, p < .001; 
Figure 7K). There was no difference between PatWD and 

PatCD mice in the food taste (both diets available ad libi-
tum) and food smell preference tests (both diets presented 
in tea strainers; Figure 7L). Mice of both groups neither 
differed in the olfactory discrimination test (Figure S2A) 
nor in the buried food test (Figure S2B).

3.2.5  |  Parameters of mate attractiveness in 
male offspring

A significant main effect of paternal diet was found on 
male attractiveness, with PatWD males being preferred 
over PatCD males, in both the test with males and bed-
ding (t = −5.563, p < .001; Figure 8A) and with bedding 
but without males (t  =  −5.597, p  <  .001; Figure  8B). 
PatWD males also won significantly more encounters in 
the dominance tube test (t = −5.134, p < .001; Figure 8C). 
While there was no difference in testes weight (Figure 8D) 
and sperm count (Figure 8E) between PatWD and PatCD 
males, they differed in their plasma testosterone levels. 
Specifically, PatWD males had lower levels of testoster-
one (t = −3.129, p = .006; Figure 8F). Neither total MUP 
concentration (Figure  8G) nor MUP/creatinine ratio 
(Figure 8H) differed between PatWD and PatCD males.

4   |   DISCUSSION

An unhealthy lifestyle may not only affect the individual, 
but also their progeny. It is becoming increasingly ac-
knowledged that fathers can affect their offspring's phe-
notype via epigenetic information, in addition to their 
genetic contribution.8 In this study, we investigated the 
influence of a Western-style diet (WD) during adolescence 
on male breeders and their offspring. By measuring both 
behavioral and physiological parameters in WD-fed males 
and their offspring, we were able to elucidate multiple as-
pects of paternal programming.

In F0 males, WD consumption during adolescence was 
reliably associated with increased body weight, food and 
calorie consumption, as well as increased fasting glucose 
levels compared to CD, which is in line with previous 
studies.16,32–37 After only 6  weeks of WD consumption, 
mice showed metabolic changes indicative of a predi-
abetic state, reflected by the markedly increased body 
weight, fasting glucose levels, and fat pad mass with hy-
pertrophied adipocytes. Histological analyses also con-
firmed that consumption of WD significantly increased 
liver mass, hepatic lipid droplet size and absolute testes 
mass, in accordance with previous studies.34–36,38–40 In 
the present study, F0 mice were provided the WD only 
for 6 weeks, whereas other studies used longer periods of 
diet exposure and higher proportions of fat and/or sugar 
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F I G U R E  6   16S RNA analysis from feces samples of F1 offspring. The α-diversity metric was calculated using the (A) Observed index, 
(B) Shannon's diversity index, and the (C) Inverse Simpson index and did not show significant differences between groups. (D) NMDS 
plot demonstrating Bray-Curtis dissimilarity. (E) ANCOM revealed a significant effect of paternal diet on Actinobacteria abundance 
at the phylum level. (F) Further analysis of the Actinobacteria phylum showed that this phylum was mainly represented by the genus 
Bifidobacterium, with a (G) distinctly increased relative abundance of Bifidobacterium in PatWD mice. Graphs show individual values and 
group means ± SEM. Statistics: t-test (A–C) or ANCOM (E and F); Sample size: N = 12. #Marked difference in ANCOM W-stat
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(eg, Ref. [10,33]). As such, we show that already moder-
ately increased amounts of fat and sugar over shorter pe-
riods of time during adolescence have significant effects 
on the body.

We also observed a decreased saccharin preference in 
WD compared to CD F0 males, a phenomenon that has 

been described previously (eg, Ref. [41]). The decreased 
saccharin preference following WD in F0 males could 
be explained by either anhedonia or by a devaluation of 
sweet tastes due to the abundance of sugar in the WD, 
which can lead to alterations or dysfunction of the brain's 
reward systems.42 In contrast to previous studies,38,43,44 
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our results did not indicate increased anxiety-like behav-
ior, decreased locomotor activity or impaired memory in 
WD compared to CD F0 males. The absence of these dif-
ferences can likely be explained by lower fat and sugar 
proportions in the WD in comparison to other high-fat 
diets that used 60%-80% fat, rapidly leading to obesity and 
impaired blood glucose control and insulin resistance, 
together with increased inactivity and learning impair-
ments.33,36,45 However, it has recently been recommended 
to use a fat proportion between 30% and 50% when using 
a HFD as higher values could induce metabolic abnor-
malities.15 Interestingly, attractiveness towards females 
was decreased compared to control animals in WD males 
in the present study. Similar results have previously been 
reported for HFD-fed males.46 There is growing evidence 
that attractiveness is linked to the quantity of MUPs, with 
a higher concentration of MUPs acting as an attractant to 
females.46 MUPs are multiple proteins that are expressed 
in combinatorial patterns, differing between individuals, 
sex, and age.47 WD-fed F0 males in the present study had 
lower total MUP concentrations compared to CD males 
as a result of the diet intervention. This result corrobo-
rates previous findings that diet, such as HFD48 or also 
dietary restriction,49 can influence MUP levels. As such, 
diet-induced differences in MUP levels most likely con-
tributed to the observed difference in female preference.

Despite the decreased preference for WD males and 
less successful mountings compared to CD males, there 
was no difference in reproductive success, as reflected 
by percentage of pregnancies and offspring numbers. 
Hence, fertility was not significantly affected, which was 
confirmed by the sperm count that did not differ between 
experimental groups. Yet, there was a distinct difference 
in the sex ratio of offspring, with significantly fewer male 
offspring born to WD compared to CD fathers. It is cur-
rently unclear how and at what point in time (preconcep-
tion, conception, prepartum) the sex ratio was potentially 
influenced, but there is increasing evidence that environ-
mental factors, such as pollution and food scarcity, can 

modulate sex allocation in mammals.9,50–54 In this study, 
a paternal WD resulted in female offspring favored over 
male offspring. Female offspring are generally considered 
more costly, and the sex ratio in mammals has been found 
to be skewed towards males under adverse environmen-
tal conditions and towards females under beneficial con-
ditions.52 It was previously demonstrated that maternal 
diet, or more specifically, the proportion of saturated fats 
and carbohydrates in the diet of mothers, appears to be 
one cause for sex ratio distortion.50,51 While traditionally 
the ability of fathers to bias offspring sex ratios has been 
dismissed, recent research has identified a male sperm 
morphological marker – the nucleus size – as a potential 
mechanism leading to sex ratio bias, explaining 22% vari-
ation in litter sex ratio.54 Future research could investigate 
whether the present sex-ratio bias associated with pater-
nal WD can be traced back to sperm nucleus size.

There were also significant differences in maternal 
behavior towards offspring sired by WD or CD males. 
Mothers of PatCD offspring showed more high-quality 
maternal care, including arched-back nursing and lick-
ing and grooming, compared to mothers of PatWD off-
spring. This finding is in line with previously published 
data on decreased maternal care towards offspring from 
HFD compared to CD males.38 Korgan and colleagues38 
additionally found increased anxiety-like behavior in 
the offspring that received lower quality maternal care. 
It is well-acknowledged that variations in maternal 
care can cause behavioral changes in the offspring, es-
pecially regarding anxiety and fearfulness.55 The ques-
tion remains why mothers of PatWD pups show lower 
quality maternal care compared to mothers of PatCD 
pups and whether this behavior reflects maternal pro-
gramming. We furthermore detected fewer USV isola-
tion calls emitted by PatWD offspring in comparison to 
PatCD offspring during the suckling period. Isolation 
calls are a common type of USVs that are produced by 
the pups upon isolation from their mother during the 
first two weeks of life.56 There might be a link between 

F I G U R E  7   Anxiety, locomotion, learning, sociability, and food preference of F1 animals. No differences between PatWD and PatCD 
animals were detected regarding anxiety-like behavior as measured by (A) time on open arms in the EPM (N = 12–20) and (B) time spent in 
the light zone of the light-dark box (22–32) differed between PatWD and PatCD. Exploratory locomotion as reflected by the (C) total distance 
travelled in the light-dark box (N = 22–32) and risk assessment assessed by (D) protected head dips on the EPM (N = 9–16) did not differ 
between groups. There was a trend for PatWD mice to spend more (E) time in the novel compared to all other arms in the Y-maze (9–16), 
reflecting spatial memory. Object memory was assessed by (F) the recognition index in the novel object recognition (NOR) test (N = 9–16) 
and did not reveal a difference between groups. There were also no differences in (G) sociability (N = 8–11) and (H) social recognition in 
the three-chamber test (N = 8–11). (I) The latency to become immobile in the Porsolt swim test differed significantly between paternal diet 
groups, with PatWD mice becoming immobile markedly later compared to PatCD mice (N = 13–17). (J) Latency to start eating (N = 12–16) 
did not differ, but (K) choice of food pellet (N = 12–16) differed between PatCD and PatWD mice in the novelty-suppressed feeding (NSF) 
paradigm. (L) Smell preference of WD over CD pellet in a test based solely on olfactory cues of the pellets showed no difference between 
groups (N = 8–11). Graphs show individual values as well as group means ± SEM. Statistics: General linear models or χ2 test (K), post hoc 
t-test. **p < .01
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fewer pup vocalizations and lower quality of mater-
nal care as it has been shown that the number of calls 
emitted by pups can reflect maternal responsiveness.57 
Since mouse USV features are known to be highly con-
sistent within the C57BL/6J strain, they represent a ro-
bust assay to test and demonstrate treatment effects.56 
There is, however, a dispute as to whether pup isola-
tion calls represent a negative affective state or whether 
they are simply the by-product of a thermoregulation 
process.58 Despite the differences in pup calls and ma-
ternal care, the total amount of nursing did not differ 
between groups. Nevertheless, there was a significant 
difference in offspring body weight, with PatWD mice 
weighing significantly more than PatCD mice on PND 7, 
14, and 21, indicating that during early life when mice 
were housed with their mothers, PatWD pups had accel-
erated growth. Body weights of offspring no longer dif-
fered from PND 28 onward, when the young mice were 
weaned from their mothers. This observation might sug-
gest that when a high energy food is available (ie, the 
mother's milk during nursing) the F1 PatWD offspring 

consumed more energy resulting in greater body weights 
compared to PatCD offspring. Future studies should ex-
amine how exposure to high energy diets during juve-
nile, adolescence and adult age groups physiologically 
impact offspring of PatWD and PatCD mice.

Gut microbiota analysis of F1 mice revealed a differ-
ential abundance of Actinobacteria in PatWD compared 
to PatCD animals on PND 28, with higher proportions of 
this phylum in PatWD mice. Previous research has shown 
that the relative proportion of the phylum Actinobacteria 
was elevated as a result of a HFD (45% fat) consumption in 
male mice and was positively associated with body weight 
and proinflammatory cytokines.59 In the present study, 
we demonstrate that the abundance of Actinobacteria 
was altered in the offspring of WD males. An increase in 
the relative proportion of Actinobacteria –  as we found 
in PatWD offspring – has been linked to psychoactive or 
‘psychobiotic’ effects, and to increased depressive-like 
behaviors.60–62 The phylum of Actinobacteria is mainly 
represented by the Bifidobacterium genus63 –  a finding 
that was supported by the present data. Bifidobacterium 

F I G U R E  8   Female preference and parameters of reproductive fitness for F1 males. Female preference was assessed using (A) both male 
mice and their soiled bedding in the three-chamber test (N = 14–16) and (B) with male soiled bedding but without male mice (N = 14–16). 
Reproductive fitness was measured by means of (C) the dominance tube test (N = 10–11), (D) testis weight (N = 12–15), (E) sperm count 
(N = 11–14), (F) plasma testosterone levels (N = 15–16), (G) total urinary MUP concentration (N = 6–9), and (H) MUP/creatinine ratio 
(N = 6–9). Graphs show individual values and means ± SEM. Statistics: t-test. **p < .01; ***p < .001
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species are typically commensal bacteria that are known 
to have beneficial effects for health. Bifidobacterium 
abundance is typically decreased in diseases, however, 
increases have been reported in inflammatory bowel dis-
ease and allergies.64,65 Given its role in gut health and im-
munomodulation, altered levels of Bifidobacterium could 
have influenced the offspring's immune homeostasis. In 
humans, Bifidobacterium longum has been shown to be 
a modulator of stress responsiveness and cognition.60 As 
such, the present differences in Actinobacteria could have – 	
in part – contributed to the F1 behavioral phenotype we 
observed, with enhanced spatial learning and decreased 
behavioral despair. While it is well acknowledged that 
mothers can influence their new-born's gut microbiota 
(eg, Ref. [66]) less is known about the potential influence 
of the father.67 Here, we show that the relative abundance 
of the phylum of Actinobacteria in the offspring was asso-
ciated with paternal diet, which could have major impacts 
on the offspring phenotype, as the microbiota can com-
municate with almost every other organ, including the 
brain.68,69 Future studies are required to unravel potential 
mechanisms underpinning this change and whether a 
change of this phylum is causative for metabolic and/or 
psychological effects in the offspring.

Despite the observed changes in gut microbiota, there 
were no detectable differences in offspring metabolism, 
including energy expenditure, substrate oxidation (ie, fatty 
acid and carbohydrate) and food intake. Furthermore, 
overall body composition did not differ between adult 
PatWD and PatCD mice. The finding that paternal diet 
did not impact metabolism is important, because previous 
studies have shown marked effects of paternal diet on off-
spring body weight development and metabolism.17,36,38,70 
The differences between this and previous studies might 
be explained by differences in diet composition, where 
we employed a 21% saturated fat WD for 6  weeks com-
pared to others that employed more extreme diets con-
sisting of >60% fat content and/or longer durations of up 
to 6 months.17,33,36 The diet employed herein more accu-
rately represents a common WD and for this reason our 
findings are of broad translational relevance.71 It is also 
possible that a ‘second hit’,72,73 such as a genetic or envi-
ronmental factor, might be required to induce metabolic 
consequences for PatWD compared to PatCD offspring.

Behavioral testing of offspring revealed no difference 
in anxiety-like behavior, exploratory locomotion, spatial 
learning, object learning, social interaction and social rec-
ognition, and risk assessment between PatWD and PatCD 
animals. However, the latency to immobility in the Porsolt 
test was significantly longer in PatWD animals compared 
to PatCD mice, suggesting reduced susceptibility to behav-
ioral despair, or resilience to stress in this environment. As 
opposed to studies proposing that a maternal unhealthy 

diet promotes anxiogenic and depression-like behaviors in 
the progeny,74,75 a paternal WD therefore rather predicts 
reduced behavioral despair. These findings stand in con-
trast to observations in prior paternal HFD studies.

In order to elucidate a potentially inherited preference 
of PatWD mice for WD, several tests were performed that 
assessed food preference based on taste and smell or smell 
alone. The finding that PatWD males initially chose to 
eat the WD over the CD pellet in the NSF, while PatCD 
males initially preferred to eat the CD pellet, is indicative 
of adaptive paternal programming. The follow-up exper-
iments examined olfactory impairments or lack of moti-
vation to eat and showed no differences between groups. 
However, we demonstrated that the food preference was 
absent when mice could only perceive olfactory cues but 
were not allowed to lick and taste them. The senses of 
both taste and smell play a key role in the sensory effects 
on food choice and intake.76 Here, only taste, but not smell 
alone was linked to a preference, and thus seemed to be a 
rewarding stimulus. While the sense of smell has a prim-
ing role in eating behavior, taste plays a role as (macro)
nutrient sensing system during consumption. It has been 
shown that odor exposure can induce appetite specifically 
for the cued food. If and how odors modulate food choice 
and intake is less clear.76

The female preference test revealed both a preference 
for PatWD over PatCD males, and their soiled bedding, 
respectively. This preference cannot be explained by com-
monly discussed attractiveness parameters, such as the 
body size of the males or their testes (which did not differ 
between groups), or higher testosterone levels, as PatWD 
animals had significantly lower values compared to PatCD 
males. However, the dominance tube test revealed that 
PatWD males were dominant over PatCD males, demon-
strating a behavioral phenotype of dominance in PatWD 
males, despite no body weight differences. Previously, it 
has been shown that male major urinary protein (MUP) 
levels are associated with social status in mouse social hi-
erarchies, with dominant males producing more MUPs 
than subordinates.77 However, we did not detect differen-
tial MUP concentrations between PatWD and PatCD mice.

Altogether, several distinct phenotypic effects were ob-
served, resulting from either acute or paternal WD. While 
we could not recapitulate some of the phenotypic obser-
vations made in prior studies using higher proportions of 
fat or sugar (eg, Ref. [10,33]), the present study aimed for a 
comprehensive picture of the intergenerational effects of 
paternal WD. The different outcomes are most likely the 
result of multifactorial causes, including different propor-
tions of fat and sugar in the diet, the duration of the diet 
manipulation, the timing of mating, whether in vitro fer-
tilization was performed or natural conception occurred, 
the species, strain, and origin of the animals, and the 
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timing and performance of the respective test itself, relat-
ing to the current debate about the ‘reproducibility crisis’ 
and going far beyond the scope of this article.78 However, 
future experiments with higher proportions of fat and/or 
sugar in the paternal diet would be interesting to find out 
whether endophenotypes are exacerbated in this way.

5   |   CONCLUSIONS

In summary, a Western-style diet consumed across pu-
berty and adolescence was associated with increased F0 
body weight, decreased attractiveness of F0 male mice, 
and lower quality of maternal care. Furthermore, we dis-
covered striking intergenerational impacts of paternal 
WD, including higher body weights of F1 pups during 
the suckling period, increased Actinobacteria abundance 
in the gut, increased attractiveness, and dominance of 
male offspring, and decreased behavioral despair. These 
findings indicate a potential ‘resiliency’ phenotype in the 
PatWD offspring. Our observations seemingly suggest 
beneficial effects of a paternal WD on male F1 offspring 
reproductive parameters, although this specific change in 
the gut microbiota could have deleterious consequences. 
A paternally mediated intergenerational impact on gut mi-
crobiota has not been described and could have major im-
pacts on the offspring phenotype. In light of the evidence 
that WD and related dietary exposures can alter human 
sperm epigenetics, and that gut microbiota changes have 
been associated with many different disorders, the present 
findings have significant public health implications.
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