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ARTICLE INFO ABSTRACT
Keywords: Background: Results from observational and experimental studies indicate that exposure to air pollutants during
Gestational exposure gestation reduces birth weight, whereas little is known on potential cardiometabolic consequences for the

Fetal programming
Rabbit biomedical model
Adult offspring
Intergenerational effect

offspring at adulthood.

Objectives: Our aim was to evaluate the long-term effects of gestational exposure to diesel engine exhaust (DE) on
adult offspring phenotype in a rabbit model.

Methods: The protocol was designed to mimic human exposure in large European cities. Females rabbits were
exposed to diluted (1 mg/ms) DE (exposed, n = 9) or clean air (controls, n = 7), from 3 days after mating, 2 h/
d and 5 d/wk in a nose-only inhalation system throughout gestation (gestation days 3-27). After birth and
weaning, 72 offspring (47 exposed and 25 controls) were raised until adulthood (7.5 months) to evaluate their
cardio-metabolic status, including the monitoring of body weight and food intake, fasting biochemistry, body
composition (iDXA), cardiovascular parameters and glucose tolerance. After a metabolic challenge (high fat diet
in males and gestation in females), animals were euthanized for postmortem phenotyping.

Results: Sex-specific responses to maternal exposure were observed in adult offspring. Age-related increases in
blood pressure (p = 0.058), glycaemia (p = 0.029), and perirenal fat mass (p = 0.026) as well as reductions in
HDL-cholesterol (p = 0.025) and fat-to-body weight ratio (p = 0.011) were observed in exposed males, sug-
gesting a metabolic syndrome. Almost only trends were observed in exposed females with higher triglycerides
and decreased bone density compared to control females. Metabolic challenges triggered or amplified some
biological responses, especially in females.

Conclusions: In utero exposure to air pollution predisposed rabbit offspring to cardiometabolic disorders in a sex-
specific manner.
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1. Introduction
1.1. Background

During pollution peaks, the most sensitive people, namely children
and the elderly, are invited to limit their exposure. The recommendation
for pregnant women to limit their exposure to air pollutants has been
widely discussed over the past 10 years (Pedersen et al., 2013). In
human cohorts, exposure to fine particles from diesel exhaust during
pregnancy was shown to increase risks of having a child with intra-
uterine  growth retardation (Pedersen et al, 2013) or
small-for-gestational age (Huang et al., 2019; Slama et al., 2010). Fine
particles are among the environmental factors that could disturb fetal
development via maternal exposure by deregulating placental function,
either through changes of intra-placental blood flow (Valentino et al.,
2016; Weldy et al., 2014) or through immuno-inflammatory reactions
and oxidative stress in placenta (Auten et al., 2012; Liu et al., 2016).
Indeed, both independent epidemiological (Huang et al., 2019; Slama
et al., 2010) and experimental studies, in different animal models (mice
(Bolton et al., 2012) and rabbits (Valentino et al., 2016), in particular)
demonstrated the fetal vulnerability to pollutants, including diesel en-
gine exhaust. Gestational exposure could induce adverse long term
consequences for the offspring, such as an increased risk of diabetes
(Thiering et al., 2013), overweight or even cardiac disorders (Adar et al.,
2013). These effects fall into the Developmental Origins of Health and
Disease (DOHaD) (Schug et al., 2013). Indeed, pollution has been pro-
posed as a new paradigm for the origin of metabolic disorders such as
diabetes and obesity (Nappi et al., 2016). In cohort studies, however, the
monitoring of individuals remains complicated over the long term and
there are still very few prospective studies. In addition, children are
often raised in the same polluted environment as their mothers, so these
studies take into account both indirect in utero exposures to air pollution
combined with direct postnatal exposure of these children. Thus, the use
of animal models appears essential to understand the effects of exposure
during in utero life.

1.2. Objectives

The primary objective of this study was to investigate the postnatal
consequences, in the first generation offspring (F1), of in utero exposure
to diesel exhaust focusing on the period from puberty to adulthood,
using a previously developed rabbit model (Valentino et al., 2016).
Physiological and biochemical approaches were used to evaluate
sex-specific predisposition to developing cardio-metabolic pathologies
at adulthood, such as hypertension, metabolic syndrome, cardiac hy-
pertrophy, and liver disease in F1 offspring. The secondary objective of
this study was to evaluate if in utero exposure to diesel engine exhaust
could modify the response to a metabolic challenge at adulthood.

2. Methods
2.1. Ethics

The work described in the present article has been carried out in
accordance with the relevant guidelines and regulations, EC Directive
86/609/EEC for animal experiments http://europa.eu.int/scadplus/le
g/en/s23000.htm. All experimental protocols were approved under
N°12/102 by the local ethical committee COMETHEA (“Comité d’Ethique
en Expérimentation Animale du Centre INRA de Jouy en Josas et Agro-
ParisTech”), referenced as N°C2EA-45 in the French National registry
CNREEA (“Comité National de Réflexion Ethique sur I’Expérimentation
Animale”).
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2.2. Experimental design: pregnant female rabbit exposure and F1
postnatal breeding

Sixteen pregnant New-Zealand white female rabbits (INRA1077 line,
1 year old), defined as FO, were exposed by nose-only inhalation in
custom-made Plexiglas tubes, to either diluted diesel engine exhaust
(DE) (1 rng/m3) (N =9, exposed group) or clean purified air (N = 7,
control group) for 2 h/day, 5 days/wk, from the 3rd to 27th day post-
conception (dpc) (20 days altogether over a 31-day gestation). Inhala-
tion exposure was performed 1 h in the morning and 1 h in the afternoon
to mimic the daily commuting between home and work. The rest of the
time, the rabbits were housed in their individual cage in a temperature,
light cycle, hygrometry and air renewal controlled atmosphere. Animals
had ad libitum access to water and food. DE exposure was performed
using a 25 KVA Loxam diesel engine (Loxam, Ridderkerk, Netherlands),
with a 500 nm particle filter; characteristics of the complex mixture of
DE have been published previously (Valentino et al., 2016).

After 31-32 days of gestation, FO females gave birth to 137 F1
offspring (N = 55 controls and N = 87 exposed). They were raised by
their own dams until weaning, when an outbreak of diarrhea occurred,
where 53% of the F1 population was lost. Some animals survived with
antibiotic treatment at weaning, others without; thus, the antibiotic
treatment was used as a cofactor in statistical analyzes. After weaning,
the surviving offspring were maintained in standard conditions until
puberty in individual cages. Play balls and toys were used to enrich their
environment. Animals were accustomed to experimental procedures by
everyday handling and contact with humans throughout the experi-
mental protocol. The present experimental study was conducted on the
remaining 72 pubertal animals distributed as follows: N = 12 control
males (CM) and N = 13 control females (CF), N = 17 exposed males (EM)
and N = 30 exposed females (EF), from 4.5 months to 7.5 months of age.
The experimental protocol is presented in Fig. 1.

2.3. In vivo phenotyping of young adults

Classical physiological follow-up was performed to phenotype the
animals in early adulthood after puberty from 4.5 to 5.5 months of age,
including weekly weighting and food consumption measurement,
together with fasting blood samplings in EDTA-coated tubes.

2.3.1. Analysis of insulin-glucose dynamics

2.3.1.1. Intravenous glucose tolerance test (ivGTT). After overnight
fasting, an ivGTT was performed to evaluate glucose homeostasis.
Briefly, after skin application of gaultheria oil for its analgesic and
vasodilatory properties, both the ear vein and artery were catheterized
(Introcan, BBraun, Germany) 30 min before the beginning of the test, to
be used respectively for infusion and sampling. Fasting blood glucose
was first determined in all groups using a glucometer (Freestyle optium,
Abbott, USA). Glucose tolerance tests were carried out using a glucose
load of 0.5 g/kg (30% glucose, Braun) injected over 1 min. Samples (1
ml in dry tubes) were collected 10 min before and 5, 15, 30, 45 and 120
min after glucose infusion (t0). Glycaemia was measured using an
automated analyzer (Medisense Optium Xceed). After 1 h coagulation at
room temperature, the serum was separated by a 10-min centrifugation
at 5500 rpm and stored at —20 °C for further insulin analyses.

2.3.1.2. Insulin assays. Plasma insulin concentrations were measured
using a human insulin AlphaLISA immunoassay kit (PerkinElmer, USA),
with standard samples of decreasing insulin concentrations prepared in
inactivated and insulin-free fetal bovine serum as described elsewhere
(Robles et al., 2017). Plasma samples were thawed and maintained at
4 °C during the time of assay. Four microliter samples were distributed
in duplicate in opaque 96 well plates (‘,AreaPlateTM, PerkinElmer,
USA). A 4-pL mixture of anti-insulin antibody (1 nM final concentration)
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Fig. 1. Experimental protocol. The study was designed to mimic a worst-case scenario of ambient air pollution using a well-controlled test atmosphere without
interfering with the normal gas exchange function of the rabbit lungs. Sixteen pregnant New Zealand white female rabbits (INRA1077 line, 1 year old), defined as FO
were exposed by nose-only inhalation in custom-made Plexiglas tubes to either diluted diesel exhaust (DE) (1 mg/m>) (N = 9, exposed group) or clean air (N = 7,
control group) for 2 h/day, 5 days/wk, from the 3rd to 27th day post-conception (dpc) (20 days altogether over a 31-day gestation). They gave birth to the F1
offspring that were raised by their own mothers until weaning, after which they were maintained in standard conditions until puberty. An epidemic of diarrhea in
young rabbits around weaning reduced the population of F1 offspring by 47%. This epidemic episode affected all the animals indifferently, whatever their exper-
imental group. This epidemic event occurred at the step of the food transition of young rabbits, mainly because of their proximity since the animals are reared under
the same conditions as in rabbit breeding farms, in long spans of contiguous cages. Through anatomo-pathological analyses, it was shown that these young animals
presented clinical signs of acute severe generalized necrotizing entero-typhlo-colitis induced by an infection by enteropathogenic E. coli. Three 3 waves of births were
carried out to allow the in vivo physiological investigations for all animals at the same age and in the same morning time slots. This epidemic episode mainly affected
the animals of the 1st wave of births in the fortnight surrounding their weaning. Once the bacteria identified and the right antibiotic treatment was administered
(BAYTRIL 10% oral solution, in case of symptoms) associated with the use of prebiotic as prophylaxis (Sodijet), the sick animals were saved and the others, from the
two last waves, protected. The present experimental study was conducted on the remaining 72 pubertal animals distributed as follows: N = 12 control males (CM)
and N = 13 control females (CF), N = 17 exposed males (EM) and N = 30 exposed females (EF), from 4.5 months to 7.5 months of age. A metabolic challenge was
performed in both control (C) and exposed (E) males from 5.5 to 7.5 month of age. The animals were randomly assigned to their challenge group. They were given
either an obesogenic diet (OD; N = 6 MCO and N = 6 MEO, respectively) or a standard diet (SD; N = 6 MCS, N = 10 MES, respectively) for two months. Two males (1
MCS, fed the Standard diet (S), and 1 MEO, fed the Obesogenic diet (O)) died during the experimental period. Females were kept on the control diet and were
challenged with a gestation. Altogether, 6.5-month-old F1 females (N = 11 control and N = 11 in utero exposed) were mated to control males. Only 5 out of 11
control females were diagnosed as pregnant, among which one died at mid-pregnancy and another aborted; in the exposed group, 10 out of 11 were pregnant, 1
female aborted at mid-pregnancy. All females that were still pregnant (N = 3 controls, FCP, and N = 9 exposed, FEP) were euthanized at 28 dpc to collect second
generation (F2) feto-placental units. The remaining non-pregnant females (N = 3 controls (FCN), N = 6 exposed (FEN) were maintained until 7.5 months in standard
dietary conditions.

and acceptor beads (10 pg/ml final concentration) was then added. After
1 h of incubation at room temperature in the dark, 32 pL of
streptavidin-coated donor beads (40 pg/ml final concentrations) was
added. Plates were analyzed after 30-min incubation in the dark at room
temperature, using the Enspirel reader and Manager Software (Perki-
nElmer, USA).

Area under the curve = (Concentration tn+ Concentration m+1) / (m+1 —m)

These AUC reflect the integrated plasma concentration after glucose
administration from 0 to 120 min above the pre-infusion baseline for all
positive values. Thus, the area under the glucose concentration curve
accounts for glucose clearance, while the area under the insulin con-

2.3.1.3. Post-assay ivGTT analyses. The blood glucose levels were then centration curve accounts for insulin production by the pancreas.

plotted against time as blood glucose tolerance curves. The first point
(zero) of these curves represents the fasting blood sugar level. Insulin
levels were also determined at each time interval using the method
described above from 1 mL blood samples collected on dry tubes prior to
glucose load and at each sampling point. The ivGTT were analyzed by
calculating the areas under the curves (AUC) for both glucose and in-
sulin concentration curves over time. The base values was subtracted
from the result values before calculating the areas under the glucose and
insulin response curves (AUC) and only positive absolute values were
added (Le Floch et al., 1990). The AUC, total or normalized, were
calculated using the trapezium method as follows:

2.3.2. Analysis of cardiovascular parameters: blood pressure and heart rate

Blood pressure and heart rate were recorded in non-anesthetized
restrained rabbits using a Powerlab system (ADInstruments, Australia)
and a BP sensor (Phymep, Paris, France). Briefly, a catheter was intro-
duced into the ear artery after analgesia by a tamponade of gaultheria oil
and ear rubbing. Once catheterized, the animals were left for quiet re-
covery for 20-min stabilization phase of cardiovascular constants, prior
to recordings. Cardiovascular parameters were measured in all animals
at 4.5 months of age and repeated again only in males at 7 months of
age.



D. Rousseau-Ralliard et al.

2.3.3. Analysis of body composition: dual-energy X-ray absorptiometry
(iDXA)

Whole and regional body masses of bones, fats and lean tissue were
measured by spectral imaging using Lunar Dual X-ray Absorptiometry
(DXA) machine (GE Healthcare, Germany) under general anesthesia
induced by injection of ketamine (10 mg/kg; Imalgen 1000, Mérial,
France) and medetomidine (0.17 mg/kg; Domitor, Pfizer, France)
(MIMAZ2, INRAE, 2018, Microscopy and Imaging Facility for Microbes,
Animals and Foods, https://doi.org/10.15454/1.557234821000
7727E12). Although the DXA scan does not allow separating measure-
ments of visceral and abdominal subcutaneous fat, or separate mea-
surements of intermuscular, intramyocellular, and subcutaneous fat in
the legs (Him limb), it does provide potential clinically important in-
formation from a relatively simple procedure. Trunk fat was the amount
of fat measured by the DXA from below the neck to the pelvis. Trunk fat
was measured as a surrogate for abdominal adiposity, as the DXA scan
software does not permit measurement of abdominal fat, drowned in the
middle of the viscera The Trunk-to-Leg Fat Ratio (or the opposite) is
known to be highly correlated to insulin resistance (Gavi et al., 2007).

2.3.4. Metabolic challenge

A metabolic challenge was performed in both control (C) and
exposed (E) males from 5.5 to 7.5 month of age. The animals were
randomly assigned to their challenge group. They were given, for two
months, either an obesogenic diet (OD) - male controls fed OD (MCO, N
= 6) and male exposed fed OD (MEO, N = 6) - or a standard diet (SD) -
male controls fed SD (MCS, N = 6) and male exposed fed SD (MES, N =
10). The OD diet was a high-fat high-sugar diet with increased energy
(+18% compared to the SD), with lard (+276% fats compared to the SD)
and beet sugar (4+269% carbohydrates compared to the SD), as
described elsewhere (Hue-Beauvais et al., 2017). Two males (1 MCS and
1 MEO) died during the experimental period.

Females were kept on the control diet, but pregnancy being consid-
ered as a period of metabolic stress (Herrera and Desoye, 2016; Hill and
Szlapinski, 2020; King, 2000), the gestational metabolism was explored.
Altogether, 6.5-month-old F1 females (N = 11 control and N = 11 in
utero exposed) were mated to control males. Only 5 out of 11 control
females were diagnosed as pregnant, among which one died at
mid-pregnancy and another aborted; in the exposed group, 10 out of 11
were pregnant, 1 female aborted at mid-pregnancy. All females that
were still pregnant (N = 3 controls, FCP, and N = 9 exposed, FEP) were
euthanized at 28 dpc to collect second generation (F2) feto-placental
units (data not shown (Rousseau-Ralliard et al., 2019b; Valentino
et al., 2016)). The remaining non-pregnant females (N = 3 controls
(FCN), N = 6 exposed (FEN) were maintained until 7.5 months in
standard dietary conditions (Fig. 1).

2.4. Postmortem phenotyping of adult F1 rabbits

Al F1 offspring were euthanized at 7.5 months of age for biometrical
measurements and further histological and biochemical analyses.
Euthanasia was performed by exsanguination on animals previously
rendered unconscious by electronarcosis. The electrical stunning (elec-
tronarcosis), using the head-only method, is used as stunning method in
rabbit slaughter facilities. A rapid bleeding within 5 s is essential to
avoid any return to consciousness, and for that a transverse incision of
the neck was performed, by severing both carotid arteries for rapid
bleeding.

2.4.1. Classical biochemistry

Triglycerides, cholesterol, glycaemia, urea, creatinine, ASAT
(aspartate aminotransferase, predominating in muscles and heart) and
ALAT (alanine aminotransferase, predominating in liver) activities, and
insulin assays were performed on EDTA-plasma using Beckman Coulter
equipment.
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2.4.2. Fatty acid analyses

Altered fatty acid profiles in several organs such as liver or heart can
be used to characterize cardiometabolic disorders. Four hundred mg
samples of cardiac ventricle and liver were used for fatty acid analysis as
previously described (Rousseau-Ralliard et al., 2019b). Briefly, a clas-
sical ‘Folch’ lipid extraction was performed. Then neutral lipids (intra-
cellular lipid store) and phospholipids (tissue membranes) were
separated on silica acid cartridges (Supelco, Bellefonte, PA). Fatty acids
(FAs) were transmethylated with BF3-methanol 7% (Boron
trifluoride-methanol  solution, Sigma) and analyzed by gas
chromatography-FID (GC 3900 Varian, France) on an Econo-Cap
EC-WAX capillary column. The FA profile was established for each
sample with FA expressed as a percentage of the total of FAs. Hepta-
decanoic acid (C17:0), introduced prior transmethylation, was used as
an internal standard to obtain a relative quantification of total FAs. The
analyses identified FA from C14:0 to C24:1n-9. Only a few relevant FAs
are presented, but all of the identified FA were considered in totals.

2.4.3. Gene expression in male adult F1 livers

Total RNA was extracted from 10 control male (MC) livers and 10
exposed male (ME) livers (5 per metabolic challenge group) as described
previously (Chomczynski and Sacchi, 1987, 2006) and purified using the
RNAeasy mini kit (Qiagen, Courtaboeuf, France). Reverse transcription
was performed as previously described (Tarrade et al., 2013). A few
genes were targeted to explore the metabolism and inflammatory status
of male livers: ALB (Albumin), ORM1 (orosomucoid 1), FGB (fibrin-
ogen), CRP (C-reactive protein), AHR (aryl hydrocarbon receptor),
IL1beta (interleukin 1 beta), TGFbeta (transforming growth factor beta),
COX2 (cyclooxygenase 1), CD36 (cluster of differentiation 36), TNFal-
pha (tumor necrosis factor), IRS1 (substrate 1 of insulin receptor), RAGE
(receptor for advanced glycation endproducts). Relative quantification
of these genes was performed and calculated using Applied Biosystems
software, with rabbit-specific primer sequences (Supplementary
Table 1). Data analyses were undertaken with biogazelle QbasePLUS
software ® (www.gbaseplus.com; Biogazelle). To determine the
normalized relative quantity (NRQ), eukaryotic translation initiation
factor 4E family member 2 (EIFAE2), ribosomal protein L18 (RPL18),
and beta 2 globulin (B2M), as selected by geNorm, were used as
housekeeping genes. The NRQ value was divided by run and
gene-specific calibration factor to determine the calibrated NRQ (CNRQ)
as previously described (Rousseau-Ralliard et al., 2019a; Vandesompele
et al., 2002).

2.5. Statistics

Data are expressed as the median [Q1; Q3], with the first (Q1) and
third quartiles (Q3) corresponding to 25 and 75% of scores, respectively.
For ivGTT, maximum plasma glucose and insulin increments at each
time point and AUC for insulin and glucose were compared. To measure
the effect of in utero exposure to diesel exhaust on pre-challenge pa-
rameters (biochemistry, body composition and cardiovascular parame-
ters) and gene expression, statistical analyses were performed using a
linear mixed effects model (nlme package, R, Pinheiro, Bates, DebRoy,
Sarkar and the R Development Core Team, 2013. nlme. R package
version 3.1-111; www.r-project.org/), with FO dams as random effect
and the following covariates: litter size at birth, antibiotic therapy at
weaning and sex (male or female, in youth F1 adults). The statistical
effect of each covariate was analyzed, when this effect was significant,
the covariate was taken into account in the final adjusted model, when it
was not significant, this covariate was removed from the final adjusted
model, in an approach of backward selection. In addition, when no effect
of exposure was observed on entire groups (including males and fe-
males), the linear model was re-applied to test the effect of exposure
within each group, according to its sex, that is to say in groups of males
on one side and then in groups of females, in order to point out a sex-
specific response to this exposure. This effect is presented in the last
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column entitled “adjusted statistical effect per sex” in Tables 1 and 2.

Then, to measure the effect of in utero exposure to DE on several post-
challenge parameters, namely the blood pressure differential between
4.5 and 7 months of age in males, as well as the post-challenge
biochemistry, biometry and fatty acid analyses in both sex groups,
non-parametrical statistical analyses were applied using a Kruskal-
Wallis test, with Dunn’s multiple comparisons test. For lipid analyses
on liver and heart samples and plasma, principal component analyses
(PCA) were additionally performed using the FactomineR (R package
dedicated to multivariate data analysis (Le et al., 2008)) to analyze the
biological relevance of the significant differences observed.

3. Results
3.1. Phenotype until 5.5 months

Overall data are presented in Tables 1 and 2. Exposed refers to F1
animals exposed during their intrauterine life.

3.1.1. Growth and food intake

No significant change according to group or sex was observed for
growth until 5.5 months of age (Supplementary Fig. 1A). Mean food
intake, as measured over 2 weeks at approximately 5 months of age, was
not different either (Supplementary Fig. 1B).

3.1.2. Glucose homeostasis at 4.5 months

Glucose homeostasis was not affected by in utero exposure nor sex
(Supplementary Fig. 2A and C), whereas insulin homeostasis tended to
be increased in both exposed males and females, with an increased
normalized insulin AUC (p = 0.061), mostly in males, during the ivGTT
(Table 1; Supplementary Fig. 2B and D).

3.1.3. Body composition at 5 months

A few differences were observed according to group at 5 months of
age, with sex-specific responses (Table 1). In utero exposure to diesel

Table 1
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exhaust induced a non-significant decrease in lean body mass (p =
0.089) and significantly reduced hind limb fat mass percentage (p =
0.011), namely peripheral fats, in males, whilst in females, exposure
tended to reduce trunk bone density (p = 0.084) and hind limb lean
mass (p = 0.080). The trunk fat-to-hindlimb fat mass ratio was increased
in exposed animals, and particularly in males.

3.1.4. Plasma biochemistry

At 5-months of age, ALAT (p = 0.023) was increased whereas HDL
cholesterol (p = 0.042) was decreased in exposed males, whilst females
tended to have increased triglyceridemia (p = 0.078). The triglyceride-
to-HDL cholesterol ratio increased significantly in both exposed females
and males (p = 0.014) (Table 2).

Because postnatal responses to in utero exposure were sex-specific,
females and males were thereafter submitted to different metabolic
challenges (pregnancy in females being considered as a metabolic
challenge, and obesogenic diet in males) in order to explore any con-
ditioning underlying greater adaptive capacity or sensitivity to meta-
bolic challenge. However, since the size group is small in the challenge
portion of the study, these results should be considered with caution and
will have to be confirmed.

3.2. Post-challenge phenotype at 7.5 months

3.2.1. Cardiovascular parameters

Blood pressure recordings were performed after one month of dietary
challenge (7 months of age) in males. Overall, because of individual
variation and because group size was divided by 2 to distribute in-
dividuals into the two dietary groups, the power of the experiment was
too low to evidence differences between groups at 28 weeks. Changes in
cardiovascular parameters over time, however, were calculated for each
individual between 18 and 28 weeks of age, i.e., before and after dietary
challenge. For males fed the standard diet, the increase in blood pressure
was significantly higher (p = 0.031) in exposed versus control males, for
which pressure was more stable over time (Fig. 2). When animals were

Clinical biology in control (C) and in utero-exposed (E) F1 male and female rabbits maintained under standard conditions up to five months of age.

Blood parameters Cmales N =10 E males N =16 C females N = 13 E females N = 28 Exposure Sex effect Adj stat per
effect sex
Blood glucose (mmol/L) 6.9 [6.5; 7.3] 7.3 [6.9; 7.8] 6.8 [6.7; 7.0] 6.9 [6.6; 7.6] 0.472 ns -
Insulin (mUI/L) 1.9 [1.5; 2.8] 2.0 [0.9; 3.6] 0.6 [0.4; 2.4] 2.0 [0.6; 2.8] 0.187 ns -
Cholesterol (mmol/L) 0.89 [0.80; 0.92] 0.75 [0.70; 0.80] 0.83 [0.73; 0.99] 0.87 [0.74; 1.02] 0.855 ns -
HDL cholesterol (mmol/L) 0.67 [0.63; 0.69] 0.57 # [0.56; 0.63] 0.62 [0.56; 0.80] 0.68 [0.57; 0.71] 0.897 ns 0.042 EM <
CM
non HDL cholesterol 0.18 [0.17; 0.21] 0.16 [0.13; 0.19] 0.20 [0.18; 0.22] 0.19 [0.16; 0.28] 0.128 ns -
(mmol/L)
Triglycerides (mmol/L) 0.26 [0.25; 0.28] 0.28 [0.26; 0.41] 0.23 [0.20; 0.25] 0.31 # [0.23; 0.39] 0.126 ns 0.078 EF > CF
ASAT (UI/L) 18.0 [16.5; 20.0] 17.0 [15.0; 21.5] 20.5 [19.3; 21.8] 16.0 [15.0; 17.8] 0.550 ns -
ALAT (UI/L) 19 [17; 20] 26 # [20; 31] 31 [24; 38] 23 [19; 29] 0.408 ns 0.023 EM >
CM
Creatinine (pmol/L) 78 [74; 83] 79 [72; 96] 86 $ [80; 96] 88 $ [78; 97] 0.726 0.003M < F -
Urea (mmol/L) 6.6 [5.9; 7.3] 6.6 [6.2; 7.2] 9.2 [7.8;9.8] 8.2 [7.5; 9.0] 0.561 ns -
TAG/HDL chol ratio 0.38 [0.36; 0.40] 0.51 * [0.44; 0.66] 0.36 [0.33; 0.43] 0.44 * [0.39; 0.53] 0.014E > C 0055 (HM > -
F
Glucose AUC (ivGTT) 21979 [19935; 23644 [22476; 22335 [21131.7; 22130 [20282; 0.629 ns -
24628] 24998] 26153] 23437]
Insulin AUC (ivGTT) 947 $ [791; 1253] 1180 $ [766; 1647] 602 [415; 887] 741 [529; 932] 0.186 0.001 M >F -
Norm glucose AUC (ivGTT) 9664 [7798;10916] 10947 [10427; 10591 [7717; 12403] 9497 [7826; 11237] 0.852 ns -
12469]
Norm insulin AUC (ivGTT) 701 $ [435; 1402] 1009 # $ [742; 315 [315; 1290] 460 t [460; 1122] 0.061 (t) E > 0.046 M > F 0.049 EM >
1659] C CM

Data are expressed as the median [Q1; Q3]. C: controls; E: exposed; M: males; F: females. Statistics: effect of exposure in the whole groups, including both males and
females, was performed using a linear mixed effects model (R), with FO dams as random effect and the following covariates: litter size at birth, antibiotic therapy and
sex of youth F1 adults, with *: p < 0.05 or t: with 0.05 < p < 0.1; $: sex-specific difference, with p < 0.01; when considering the effect of exposure, the gender of the
individual may or may not have a significant effect. When it is significant, it should be taken into account in the final adjusted model and the p-value is provided. When
it has no significant effect, this parameter is removed from the final adjusted model (the sex effect is then denoted “ns™), it is a backward selection. Adj stat per sex:
statistics adjusted for each sex considered separately concerning the effect of exposure, only significant effect of exposure for males or females only is reported, if

applicable, with #: p < 0.05.
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Body and regional composition (iDXA) in control (C) and in utero-exposed (E) five-month-old F1 rabbits maintained under standard conditions.

CmalesN =10 E males N = 16 C females N = 13 E females N = 28 Exposure Sex effect Adj stat per sex
effect
Whole body mass (g) 3904 [3626; 3623 [3520; 3881] 3813 [3542; 3903 [3677; 4208] 0.575 0.063 M < F -
4024] 4292]
Body fat (g) 379 [327; 449] 271 [216; 416] 482 $ [386; 5271] 519 $ [387; 595] 0.691 <0.001 M <F -
Lean body mass (g) 3351 [3208; 3242 (#) [3162; 3241 [3210; 3317 [3122; 3533] 0.566 ns 0.089 t EM >
3489] 3368] 3507] CM
Percentage of fat mass (%) 10.1 [9.0; 11.6] 7.5[6.1;11.3] 12.2 $ [10.2; 12.9 [10.5; 15.1] 0.831 ns -
13.3]
Body bone density (g/cmz) 0.339 [0.334; 0.343 [0.339; 0.362 [0.352; 0.352 [0.344; 0.358] 0.376 0.074 M < F -
0.348] 0.349] 0.371]
Body trunk mass (g) 2875 [2618; 2631 [2568; 2888] 2858 [2606; 2922 [2768; 3126] 0.973 0.006 M < F -
2972] 3252]
Trunk fat (g) 298 [242; 344] 215 [166; 335] 387 [306; 427] 425 [295; 468] 0.772 ns -
Lean trunk mass (g) 2485 [2351; 2373 [2320; 2495] 2410 [2385; 2495 [2359; 2662] 0.805 ns -
2585] 2626]
Percentage of trunk fat mass (%) 10.8 [9.2; 12.0] 8.1[6.4;12.2] 13.2 [10.5; 14.1] 13.8 [11.0; 15.8] 0.785 ns —
Trunk bone density (g/cm?) 0.293 [0.283; 0.294 [0.289; 0.307 [0.304; 0.299 (#) [0.293; 0.066 ns 0.084 t (EF <
0.305] 0.298] 0.317] 0.310] CF)
Hind limb mass (g) 463 [459; 500] 465 [448; 487] 492 [485; 511] 465 [451; 483] 0.148 ns -
Hind limb fat (g) 17 [16; 18] 8 # [6; 11] 23 $ [12; 28] 19 $ [14; 23] 0.155 p <0.001 M < 0.013 EM <
F cM
Hind limb lean mass (g) 423 [418; 454] 436 [419; 451] 442 [435; 466] 426 (#) [408; 445] 0.238 ns 0.080 t (EF <
CF)
Percentage of hind limb fat mass 3.8 [3.4; 3.9] 1.9 # [1.3; 2.2] 4.5 $ [3.6; 5.7] 4.0 $ [3.1; 4.8] 0.366 p<0.001 M < 0.011 EM <
(%) F CcM
Hind limb bone density (g/cmz) 0.332 [0.328; 0.327 [0.322; 0.351 [0.337; 0.335 [0.328; 0.346] 0.146 ns -
0.335] 0.334] 0.358]
Trunk fat to hindlimb fat mass ~ 18.1 [15.1;19.3]  32.8 (#) [17.8; 16.8 [15.0;19.1]  21.7 [16.8; 28.4] 0.049E > C 0.008 M > F 0.058 EM >
ratio 45.7] CM
Trunk fat to hindlimb % fat mass 2.97 [2.59; 3.30] 5.76 * # [3.65; 2.60 [2.49; 3.56] 3.29 * [2.94; 4.42] 0.016 E>C 0.007 M > F 0.025 EM >
ratio 7.49] CM
ASAT (p = 0.078) were observed. Exposed females tended to have
o) g higher plasma urea concentrations compared to their respective controls
I ® (p = 0.072), but this slight difference disappeared with gestation.
[T
E o 25
= 2 3.2.3. Post-mortem biometry at 7.5 months of age
e 20, Biometric data are presented in Table 4. In exposed males, regardless
= | of the diet, perirenal fat (PRF, p = 0.078) as well as heart (p = 0.057,
o2 15 o° e s b ; )
oS £ including atria, p = 0.058) and perirenal fat (PRF, p = 0.065) relative to
o~ 10 = | body weight ratios tended to increase. Liver-to-body weight ratio was
=) increased in SD-fed exposed males compared to its control (p = 0.026,
n < 51 ) ) S
n © Supplementary Table 3). Obesogenic diet, regardless of the exposure,
o 0 01 increased body weight as well as interscapulum fat (ISF, p = 0.005) and
o< PRF. PRF weight was more pronounced in exposed animals, regardless
g g -51 of the diet. In contrast, the increase in liver weight was only observed in
So 10 . . . . OD-fed controls (p = 0.027. In addition, the obesogenic diet increased
g E MCS MCO MES MEO PRF relative to body weight ratio, regardless of the exposure, whilst
(2] 8 exposure reduced the increase in ISF and liver relative to body weight

Fig. 2. Evolution of blood pressure over 10 weeks (from 18 to 28 weeks of age)
in control (C) or exposed (E) F1 males, fed a standard (S) or obesogenic (O) diet.
The animals were randomly assigned to their challenge group. They were given
either an obesogenic diet (OD; N = 6 MCO and N = 6 MEO, respectively) or a
standard diet (SD; N = 6 MCS, N = 10 MES, respectively). Statistics: * indicating
a significant difference between MCS (n = 6) and MES (n = 10) using kruskal-
Wallis test with p = 0.031.

fed the obesogenic diet, these differences were no longer present (data
not shown).

3.2.2. Plasma biochemistry at 7.5 months of age

Clinical parameters in 7.5 months offspring are presented in Table 3.
At this stage, the exposed males still had significantly reduced HDL
cholesterol (p = 0.033) and hyperglycaemia (p = 0.009), regardless of
the diet. Exposed males fed an obesogenic diet presented a slight not
significant increase in insulinemia (p = 0.082). In exposed non-pregnant
females decreased ALAT (p = 0.005) and non-significant decreased

ratios, compared to the SD-fed control group.

In females, exposure decreased body weight as well as liver (p <
0.001), lungs (p = 0.031), spleen (p = 0.040) weights in both non-
pregnant and pregnant animals. In terms of ratios, only the heart rela-
tive to body weight (p = 0.039) was increased, compared to the
respective controls. Gestation led to an increase in heart-to-body weight
ratio (p = 0.039), while ISF-to-body weight ratio tended to decrease in
controls (p = 0.052, fat mass melting). However, PRF tended to increase
in pregnant exposed compared to control females (p = 0.050, Table 4,
Supplementary Table 3).

3.2.4. Fatty acid concentration in plasma, liver and heart

Fatty acid (FA) concentrations in adult offspring tissues are reported
in Table 5. In the liver, under standard diet, the concentration of fatty
acids in phospholipids was increased in exposed males but not in fe-
males. The obesogenic diet led to an increase in FA concentration in
phospholipids, reflecting a hepatic membrane hypertrophy, in the con-
trols, whereas in OD-fed exposed males, no membrane hypertrophy was
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Table 3
Clinical parameters in control (C) and in utero-exposed (E) F1 male and female rabbits in adulthood (7.5 months of age), maintained in standard condition or meta-
bolically challenged (either obesogenic diet in males or gestation in females), between 5.5 and 7.5 months of age.

Clinical parameters Males Effect Females Effect
Challenge SD oD Non-pregnant Pregnant
Exposure group C E C E C E C E
Number N=6 N =10 N=6 N=7 N=4 N=38 N=3 N=9
Glycaemia (mmol/L) 7.0 [6.8; 7.7 % [7.2; 7.5[7.1; 8.5 * [7.9; E>C 6.9 [6.6; 6.8[6.5;6.8] 6.8 [6.7; 7.6[7.3;8.0] -
7.4] 8.1] 7.6] 9.0] 7.6] 6.9]
Insulin (mUI/L) 2.4 [2.3; 1.2[0.9;2.8] 1.9[1.5; 4.1 # [3.6; E+D 1.6 [0.8; 1.4[0.6;2.6] 0.6 [0.3; 2.7[1.5;49] -
2.6] 2.2] 10.9] T 2.8] 2.1]
Cholesterol (mmol/L) 0.95 [0.81; 0.80 * [0.75; 0.93 [0.90; 0.85 * [0.72; E>C 0.96 [0.84; 0.94 [0.86; 0.80 [0.72; 0.85 [0.76; -
0.96] 0.86] 1.13] 0.92] 1.11] 1.00] 0.98] 1.03]
HDL cholesterol 0.67 [0.61; 0.60 * [0.55;  0.70 [0.67; 0.62 * [0.53; E<C 0.72 [0.62; 0.70 [0.65; 0.60 [0.55; 0.70 [0.63; -
(mmol/L) 0.69] 0.63] 0.86] 0.671 0.82] 0.71] 0.78] 0.83]
non HDL cholesterol 0.24 [0.18; 0.20 [0.15; 0.25 [0.23; 0.20 [0.17; - 0.24 [0.22; 0.25 [0.20; 0.19 [0.18; 0.17 [0.09;
(mmol/L) 0.28] 0.28] 0.27] 0.23] 0.29] 0.31] 0.21] 0.20]
Triglycerides (mmol/ 0.29 [0.27; 0.30 [0.28; 0.29 [0.28; 0.46 # [0.31; E+D 0.23 [0.22; 0.30 t [0.26; 0.23 [0.20; 0.33 t [0.28; t: (E >
L) 0.31] 0.33] 0.33] 0.85] i 0.27] 0.42] 0.25] 0.41] Q)
ASAT (UI/L) 22 [21; 24] 21 [19; 25] 22 [17; 28] 19 [19; 21] - 22 [20; 23] 16 * [14;17] 20 [19; 21] 17 *[15;17] E<C
ALAT (UI/L) 17 [15; 20] 26 [17; 34] 20 [19; 20] 22 [19; 32] - 34 [31; 37] 19 * [16;22] 31 [23; 39] 28 [23; 35] E<C
Creatinine (pmol/L) 85 [85; 86] 91 [84; 98] 87 [83; 96] 78 [74; 85] - 91 [87; 95] 96 [91; 99] 85 [78; 97] 75 [63; 86] -
Urea (mmol/L) 6.7 [5.9; 6.7 [6.2;7.01 6.5[5.7; 6.1 [5.7;6.3] - 7.31[7.1; 8.7[8.4,9.1] 9.6 $[9.2; 7.7[6.8;87] G 1T
7.6] 6.9] 7.8] 10.1]

Data are expressed as the median [Q1; Q3]. Although presented together in the same table to provide a general overview of the data, data from males and females were
considered and treated separately. Statistics in male and female groups: the effect of exposure combined with the challenge (nutritional in males and gestational in
females), compared to standard condition, was analyzed by a non-parametric statistical test of Kruskal-Wallis test, followed by, if applicable, a pairwise comparison
with Dunn’s multiple comparisons test. The significant effect of exposure regardless of the challenge is noted *, with *: p < 0.05 (and with t: 0.05 < p < 0.1); a specific
effect of the challenge is noted $, with $: p < 0.05; and a specific response of exposure only when combined with the challenge is noted #, with #: p < 0.05. ASAT or
AST: aspartate transaminase; ALAT or ALT: alanine aminotransferase; C: controls; D: Diet effect; E: in utero-exposed offspring; G: gestation effect; OD: obesogenic diet;

SD: standard diet; t: tendency.

Table 4

Postmortem biometry: Biometry (raw data) in adult control (C) and in utero-exposed (E) offspring (7.5 months of age) maintained in standard conditions or meta-
bolically challenged (obesogenic diet in males or gestation in females).

Clinical parameters Males Effect Females Effect

Challenge SD OD Non-pregnant Pregnant

Exposure group C E C E C E C E

Number N=6 N=10 N=6 N=7 N=4 N=38 N=3 N=9

Bodyweight (kg) 4.3 [4.2; 4.2 [4.0; 4.6 t [4.5; 4.5[4.0,45] DT 4.5 [4.3; 4.0 * [3.9; 5.5[5.2;5.7] 4.9 *[4.7; E<C
4.4] 4.4] 4.6] 4.8] 4.1] 5.2]

Heart (g) 8.6 [8.2; 8.5 [7.8; 8.4 [8.2;8.7] 8.7 [8.1; 9.1] - 8.3 [7.6; 7.7 [7.4; 8.1] 11.4 $ [9.3; 8.4 [8.0; 8.9] G 1
9.0] 9.3] 8.9] 11.7]

Cardiac ventricles 7.4 [7.1; 7.1 [6.6; 7.3[7.2;7.5] 7.417.1;7.8] - 7.0 [6.5; 6.5 [6.3; 6.7] 9.3$[7.9 7.4 # [7.0; G 1T

) 7.9] 7.9] 7.5] 9.8] 7.6]

Cardiac atria (g) 0.91 [0.91; 1.01 [0.90; 0.85 [0.76; 1.00 [0.90; - 0.97 [0.84; 0.87 [0.82; 1.21 $ [0.92;  0.93 [0.79; G 1
0.92] 1.13] 0.95] 1.04] 1.12] 0.94] 1.45] 1.05]

Lungs (g) 11.4 [11.2; 11.6 [10.4; 11.3 [10.8; 10.6 [10.1; - 11.4 [10.9; 10.0 * [9.7; 12.4 [12.2; 10.9 * [10.6; E<C
11.4] 12.4] 12.0] 11.8] 12.2] 10.5] 12.9] 11.8]

Liver (g) 67.3 [63.8; 69.6 [63.4; 86.1 $ [84.5;  77.5 [68.5; E+D T 72.7 [70.1; 64.7 * [62.7; 103 $ [94; 96 $ [91; E < CG
72.8] 76.7] 88.2] 78.7] 81.6] 66.9] 107] 106] T

Interscapulum fat 37.9 [30.6; 37.5[31.1; 73.9 $ [71.7; 48.5 # [40.1; E+DT 58.4 [51.2; 46.0 [32.2; 57.7 [53.6; 38.3[32.8; -

(ISF, g) 56.5] 50.7] 82.6] 51.7] 62.5] 49.3] 61.8] 56.4]

Perirenal fat (PRF,g) 122 [121; 152 * [118; 178 $ [166; 196 $* [142; E > CD 157 [153; 145 [122; 130 $ [113; 176 [127; Gl
133] 175] 219] 239] T 163] 156] 138] 192]

Kidneys (g) 15.9 [15.7; 16.9 [14.5; 17.7 $ [16.9; 17.2 [15.7; Dt 16.2 [15.7; 15.0 [14.3; 18.5$ [17.3; 17.8$[16.6; G T
16.4] 17.9] 18.8] 17.6] 16.8] 15.2] 19.2] 19.1]

Spleen (g) 1.39 [1.35; 1.34 [1.25; 1.21 [1.18; 1.45 [1.07; - 1.35[1.28; 1.90 * [1.69; 1.94 % [1.74; 1.72 $ [1.66; ETG T
1.60] 1.43] 1.64] 1.62] 1.46] 2.01] 2.22] 1.89]

Adrenals (g) 0.25 [0.22; 0.26 [0.24; 0.28 [0.27; 0.28 [0.25; - 0.27 [0.25; 0.21 [0.19; 0.21 [0.19; 0.21 [0.19; -
0.28] 0.28] 0.28] 0.29] 0.27] 0.27] 0.27] 0.22]

Data are expressed as the median [Q1; Q3]. Although presented together in the same table to provide a general overview of the data, data from males and females were
considered and treated separately. Statistics in male and female groups: the effect of exposure combined with the challenge (nutritional in males and gestational in
females), compared to standard condition, was analyzed by a non-parametric statistical test of Kruskal-Wallis test, followed by, if applicable, a pairwise comparison
with Dunn’s multiple comparisons test. The significant effect of exposure regardless of the challenge is noted *, with *: p < 0.05 (and with t: 0.05 < p < 0.1); a specific
effect of the challenge is noted $, with $: p < 0.05; and a specific response of exposure only when combined with the challenge is noted #, with #: p < 0.05. BW: body
weight; C: controls; D: Diet effect; E: in utero-exposed offspring; G: gestation effect; ISF: interscapulum fat; OD: obesogenic diet; PRF: perirenal fat; SD: standard diet.
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Concentrations of fatty acids (in pg/g of tissue, cardiac ventricle or liver) in adult control (C) and in utero-exposed (E) offspring (7.5 months of age) maintained under
standard conditions or metabolically challenged (obesogenic diet in males or gestation in females) at 7.5 months of age.

Sex Males Females

Challenge SD oD Non-pregnant Pregnant

Group C E C E C E C E

Number N=5 N=8 N=5 N=5 N=3 N=8 N=3 N=9

Plasma FA 1352 [955; 940 [813;1283] 1053 [715; 1315 [739; 771 [720; 846]  8281[824;869] 732 [655; 893] 762 [654; 903]
1775] 1715] 1467]

Ventricle 9.3 [9.2;9.4] 12.4* [11.6; 12.5 [11.7; 14.8* [14.0; 20.1 [13.4; 27.8* [21.4; 30.7$ [30.4; 28.1# [27.2; 29.9]

NL 13.1] 13.8] 16.0] 22.8] 36.5] 32.7]
Ventricle PL 7.9[7.8;8.1] 9.4* [8.0; 12.2] 8.6 [8.2; 9.3] 10.9* [10.0; 12.1 [10.9; 13.0 [10.5; 8.1 [7.4;11.0] 15.4*# [14.4; 15.7]
11.6] 13.0] 15.5]

Hepatic NL 14.7 [14.3; 15.1 [13.9; 23.2$ [21.0; 15.2# [15.2; 19.7 [19.2; 20.5 [19.2; 44.9% [42.9; 108.8*$# [94.5;
15.4] 16.3] 24.4] 16.8] 22.0] 21.3] 55.0] 127.8]

Hepatic PL 15.3 [13.7; 20.4* [19.2; 21.0% [20.7; 15.1# [14.7; 25.4 [24.3; 26.9 [25.9; 16.5% [15.3; 18.5% [16.0; 23.3]
15.8] 22.3] 21.6] 15.7] 26.7] 29.5] 17.6]

Data are expressed as the median [Q1; Q3], in pg/mL of plasma or mg/g of tissue. Although presented together in the same table to provide a general overview of the
data, data from males and females were considered and treated separately. Statistics in male and female groups: the effect of exposure combined with the challenge
(nutritional in males and gestational in females), compared to standard condition, was analyzed by a non-parametric statistical test of Kruskal-Wallis test, followed by,
if applicable, a pairwise comparison with Dunn’s multiple comparisons test. The significant effect of exposure regardless of the challenge is noted *, with *: p < 0.05
(and with t: 0.05 < p < 0.1); a specific effect of the challenge is noted $, with $: p < 0.05; and a specific response of exposure only when combined with the challenge is
noted #, with #: p < 0.05. Plasma FA concentration tend to be significantly different between non-pregnant C and E females (p = 0.0823). C: controls; E: in utero-
exposed offspring; NL: neutral lipids (intracellular lipid stores); OD: obesogenic diet; PL: phospholipids (cell membranes); SD: standard diet.

observed. Moreover the obesogenic diet was associated to increased
intracellular lipid storage in controls but not in exposed animals. In fe-
males, gestation was accompanied by decreased amount of hepatic
membranes (estimated by the amount of phospholipid fatty acids per
gram of liver), whereas hepatic storage lipids increased with pregnancy
and even more so in pregnant exposed females that developed a fatty
liver, that is, accumulation of fat inside the liver cells. These data were
corroborated by histological analyzes for the liver (Supplementary
Fig. 4).

In the heart, the concentration of fatty acids in phospholipids was
higher in exposed males regardless of dietary challenge, while this was
observed only in exposed females when they were pregnant. The in-
crease in phospholipids reflects hypertrophy of the cardiac tissue
membranes. Similarly, the concentration of fatty acids in neutral lipids,
i.e. intracellular storage lipids, was higher in exposed males regardless
of their diet and in exposed non-pregnant females. In pregnant exposed
females, the concentration was higher than that in non-pregnant con-
trols but was not different from pregnant controls as the concentration
increased with pregnancy in both groups.

Regarding plasma, there was no statistically significant difference
between the groups, except in exposed non-pregnant females that ten-
ded to have a higher FA concentration compared to controls.

3.2.5. Qualitative fatty acid profiles of hepatic and cardiac (ventricles)
membrane and plasma

No significant qualitative change was observed in liver membrane
fatty acid profiles from exposed rabbits (Supplementary Table 4 and
Supplementary Fig. 3). The differences observed were mostly related to
the sex of the animals, their diet, in males, or their status, in females
(pregnant or not). No significant qualitative change was induced by
exposure in plasma fatty acid profiles (Supplementary Table 6 and
Supplementary Fig. 4). The cardiac membrane fatty acid profiles in adult
offspring are shown in Supplementary Table 5 and were analyzed by
PCA in Fig. 3. These profiles differed in a sex-specific way, as shown by
the confidence ellipses, more saturated, FA profiles in females presented
also decreased LA while AA increased compared to males. Exposure had
no significant effect on cardiac membrane fatty acid profiles when males
and females were raised in standard conditions. The cardiac membrane
profiles of fatty acids (phospholipids) were similar between controls and
exposed SD-fed males. The two-month-dietary challenge had a strong
impact on the fatty acid profiles of cardiac membranes in males. Feeding
the males with an OD diet, regardless of exposure, induced a stiffening of

the membranes. Indeed, the membranes were enriched in SFAs and
MUFAs, to the detriment of PUFA (mostly linoleic acid), except for
arachidonic acid and n-3 LCPUFA that increased compared to males fed
the standard diet (Fig. 3C and D). In females, exposure induced a global
significant effect on cardiac membrane fatty acid profile (Fig. 3E and F)
With gestation, membranes became less saturated and more poly-
unsaturated (increased n-3 PUFA and arachidonic acid while linoleic
acid decreased) in controls but in a lower extent in exposed females
(Fig. 3E and F).

3.2.6. Liver gene expression and inflammatory status in F1 males

The expression of a few genes involved in inflammation or oxidative
stress, among which those coding for CRP or SAA, did not vary between
the groups (Fig. 4, data not shown for SAA). In contrast, FGB gene
expression, the protein of which indicates high inflammatory status,
fibrosis or higher risk of cardiovascular disease, tended to increase with
in utero exposure (p = 0.056).

The expression of the AHR gene, the protein of which is involved in
the regulation of biological responses to polycyclic aromatic hydrocar-
bons, was not significantly different in males according to exposure, but
this is not surprising since the offspring were no longer exposed after
birth. ORM1 gene expression was greatly reduced in exposed F1 rabbits
compared to controls (p = 0.001). ORM1 protein expression is known
for its anti-inflammatory and immunomodulatory effects. On the other
hand, ALB gene expression tended to increase in exposed F1 rabbits (p =
0.060), eliminating hepatic insufficiency as potential effect. RAGE (re-
ceptor for advanced glycation end-products) gene expression was
increased in exposed males, signifying an increase in oxidative stress (p
= 0.026). In utero exposure induced long-lasting effect on the expression
of target hepatic metabolic genes in adult males. The obesogenic diet
increased significantly IRS1 expression among these targeted genes in
OD-fed controls only (p = 0.050).

4. Discussion

The objective of this study was to characterize the phenotype of in
utero-exposed F1 progeny after puberty by evaluating the potential onset
of cardiometabolic pathologies. Briefly sex-specific responses to
maternal exposure during gestation were observed in adult offspring,
corresponding to fetal metabolic programming as summarized in Fig. 5.
Age-related increases in blood pressure, glycaemia, trunk-to-leg fat mass
ratio and perirenal fat mass as well as reductions in HDL-cholesterol
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Fig. 3. Principal component analyses of cardiac fatty acid profiles from 7.5-month-old F1 offspring, comparing: A-B: effects of exposure in SD males and non-
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were observed in adult in utero-exposed males, suggesting a metabolic
syndrome. In adult in utero-exposed females, only trends were first
observed, with higher triglycerides and decreased bone density
compared to control females. The use of metabolic challenges in adult-
hood, either obesogenic diet in males and gestation in females, worsened
the phenotypes in exposed animals of both sexes. Such long-term
metabolic defects with sex-specificity were reported in rats whose
dams were exposed to ultrafine ammonium sulfate aerosols during
gestation (Wu et al., 2019).

In the present experiment, it was previously shown that in utero
exposed rabbit fetuses were growth retarded shortly before term (Val-
entino et al., 2016). Then, although birthweight was still reduced in
“exposed” pups (Hue-Beauvais et al., 2019), they caught up before
weaning and there was no difference in weight over the duration of the
present postnatal study, for the animal fed a standard diet, as recently
observed in humans (Fossati et al., 2020). In mice, in utero exposure to
pollution has been shown to increase body weight (Bolton et al., 2012)
and reduce blood pressure in adulthood (Weldy et al., 2014), but these
studies were performed with whole body exposure during the second

half of gestation only. Contrary to nose only exposure as performed in
the present study, whole body exposure allows the animals to ingest
air-borne matter deposited on their fur through their licking/grooming
behavior, which induces uncertainty on whether inhaled pollution or
ingested pollutants are responsible for the observed effects.

Body composition analyzed by iDXA revealed an overall decrease in
body lean mass in all exposed animals and a reduction in hindlimb fat in
males only. In men, a loss of lean mass has been correlated with insulin
resistance in both the young (Gysel et al., 2014) and the elderly (Lee
et al., 2011). In addition, a reduction in the amount of peripheral fat is
generally reported in insulin resistance, while abdominal fat is increased
(Grundy et al., 2004). The exposed animals presented an increase of
trunk-to-leg fat ratio that is known to be strongly associated to insulin
resistance (Gavi et al., 2007). In humans, a correlation has been
described between exposure to traffic-related air pollution in women
during pregnancy and an increase in insulin resistance in their children
after birth (Thiering et al., 2013). Despite an unaffected glycemic
response to the glucose tolerance test, the young adult males had a
higher insulin response to glucose load to maintain glucose homeostasis
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Fig. 4. Impact of in utero exposure to diesel exhaust on the expression of genes involved in inflammation, oxidative stress or metabolism in the liver of adult male
offspring, after undergoing or not a two-month dietary challenge, once adult. Relative expression, obtained by RT-qPCR, of genes encoding albumin (ALB), al acid
glycoprotein (ORM1), fibrinogen B (FGB), C-reactive protein (CRP), amyloid serum protein A (SAA), aromatic hydrocarbon receptor (AHR), interleukin 1 p (IL1p),
cyclooxygenase 2 (COX2), differentiation cluster glycoprotein 36 (CD36), tumor necrosis factor o (TNFa) and insulin receptor substrate 1 (IRS1), advanced
glycosylation end product-specific receptor (AGER or RAGE) in the liver of F1 male progeny in utero-exposed to diesel exhausts (exposed) or purified air (control) and

subjected or not to a two-month nutritional challenge during adulthood (SD: standard diet, OD: obesogenic diet),

N = 4-5 per exposed and diet group. The values

were normalized by qBASE software, using 3 reference genes coding for: p2 microglobulin (B2M), 4E translation initiation factor 2 (EIF4E2) and -actin. Statistically,
a mixed-effect linear model associated with type 3 ANOVA followed by a Tukey post hoc test was performed to explore in utero exposure and obesogenic diet affects,
with, *: p < 0.05, **: p < 0.01, t: tendency when 0.05 < p < 0.1, and possible significant interaction, with #: p < 0.05. The data are represented by box plots defined

by the median, the 1st and 3rd quartiles, and the min and max values.

(i.e., higher normalized insulin AUC), suggesting insulin resistance. The
triglyceride-to-HDL cholesterol ratio increased in exposed animals; this
ratio is described as a predictive factor of future cardiovascular events
(Lee et al., 2021) and a good marker for insulin resistance in non-obese
middle-aged population (Yang et al., 2021). Furthermore the young
adult exposed rabbits presented an increased trunk-to-peripheral fat
ratio that was shown to be predictive of a subsequent blood pressure in
normal-weight pubertal boys (Kouda et al., 2020). Indeed, the time
duration of the dietary challenge was sufficient to highlight a higher
age-related increase in blood pressure parameters, only in exposed
males fed with SD diet. Although weak this increase was however sta-
tistically significant, and relevant in the overall context of the altered
cardiometabolic phenotype in males. Similarly, weak blood pressure
effects of prenatal exposure to air pollution were observed in human
cohorts of children and adolescents (Falkner, 2019). Cardiovascular
disease, which onset is often associated to the metabolic syndrome may
also be programmed through exposure to air pollution (Wallwork et al.,
2017). Thus, direct exposure to diesel engine exhaust in mice was shown
to elicit the production of dysfunctional HDL lipoprotein, through
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pro-oxidant effects (Yin et al., 2013). Humans exposed to high concen-
trations of traffic-related air pollutants have reduced HDL cholesterol (Li
et al.,, 2019) and increased triglycerides (Woo et al., 2020). The lipid
metabolism of mice inhaling diesel exhaust is similarly affected (Yin
et al., 2019). Besides decreased HDL cholesterol, in utero exposure to
cigarette smoke also leads to increased triglyceridemia in adult women
(Cupul-Uicab et al., 2012). In the present study, gestational exposure
induced sex-specific responses, with HDL cholesterol being systemati-
cally reduced in males, while triglycerides tended to increase in young
F1 females, which is also a risk factor of insulin resistance and cardio-
vascular disease (Ginsberg et al., 2005). Increased ALAT transaminases
were observed in exposed males. Reflecting liver function, an increase in
ALAT is clinically associated with hepatic cytolysis (Liu et al., 2014).
Conversely, in older exposed females, both ALAT and ASAT trans-
aminase levels were reduced compared to controls. Such decreases have
been associated with hepatic frailty (Liu et al., 2014).

Some studies have shown an association between direct exposure to
air pollution and altered bone development in children (Calder-
on-Garciduenas et al., 2013; Liu et al., 2015) or bone turnover in
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adulthood, leading to an increased risk of bone pathology in adulthood
(Alvaer et al., 2007; Chang et al., 2015). Because pollution affects birth
weight, special attention has been paid to bone development, and bone
densitometry is thus increasingly evaluated in children living in polluted
regions of the world (Calderon-Garciduenas et al., 2013). Here, the bone
density of exposed females, but not males, tended to be decreased. The
effects of air pollution on bone development (Chen et al., 2015) there-
fore deserve to be further explored. The determination of alkaline
phosphatase (ALP), the elevation of which is associated with bone dis-
orders (Lee et al., 2017) or hepatic steatosis, would be an interesting
issue.

As commonly observed in transgenerational studies (Lukowicz et al.,
2018), a sex-specific offspring phenotype was observed in the present
study. In exposed males, the phenotype was more pronounced, the
whole clinical picture underlies metabolic syndrome, as described in a
dietary-induced rabbit model of metabolic syndrome (Arias-Mutis et al.,
2017). In humans, metabolic syndrome is a cluster of risk factors for
cardiovascular disease and type 2 diabetes mellitus (DM2) that occur
together more often than by chance alone. These risk factors include: i)
raised blood pressure; ii) a distinct dyslipidemic phenotype (raised tri-
glycerides and lowered high-density lipoprotein cholesterol); iii) altered
glucose metabolism and iv) central obesity. Thus, among the measured
parameters in this study - a reduced muscle mass (decreased lean mass,
by iDXA), increased ALAT, few markers of inflammation and oxidative
stress, decreased HDL and increased blood pressure (with aging), insulin
resistance - were observed. Similar cardiometabolic consequences of
exposure to air pollutants in the pediatric age were recently evidenced in
adolescents (Poursafa et al., 2014) as well as in the case of long-term
exposure to traffic-related air pollution (Jiang et al., 2016).

Unlike exposed males, for which the early event (in utero exposure)
was sufficient to affect the phenotype, in females, a secondary factor
(described as “developer” (Hanson and Gluckman, 2014)) was necessary
to induce phenotypic effects. Thus, the exposed females did not present a
significantly different phenotype from that of the controls, except when
they were subjected to the gestational metabolic challenge (Hill and
Szlapinski, 2020), inducing dyslipidemia (tendency) together with liver
steatosis (Rousseau-Ralliard et al., 2019b). In contrast, a
dietary-induced metabolic challenge using an obesogenic diet (Hue--
Beauvais et al., 2017) in exposed males failed to induce new metabolic
perturbations, particularly on the cardiovascular parameters.

Rabbits are known to fatten when fed an obesogenic diet and develop
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hepatic steatosis as an early consequence (Sigrist-Flores et al., 2019).
Exposed males fed either a standard or an obesogenic diet developed
liver hypertrophy (increased hepatic PL), but not fatty liver (normal NL).
Contrary to the hepatic steatosis developed in normal chow-fed adult
male mouse offspring prenatally exposed to diesel exhaust (Wang et al.,
2019), the absence of fatty liver in exposed male rabbits was confirmed
by both lipid analysis (liver NL concentrations) and histological ap-
proaches (supplementary data). Here, liver hypertrophy was related to
increased glycogen storage in exposed males (histological data), as
described in hepatic glycogen storage diseases (Bhattacharya, 2015) but
also observed in mice exposed to PMy 5 (Zheng et al., 2013). Such excess
hepatic glycogen storage might be caused either by an alteration of
glucose 6-phosphatase as observed in rat offspring exposed in utero to
hypoxia (Osumek et al., 2014). It has also been reported in humans as a
complication of poorly controlled type 1 diabetes mellitus (Lombardo
et al., 2019) or an early manifestation of type 1 diabetes mellitus
together with aminotransferase abnormalities (Carcione et al., 2003;
Chatila and West, 1996). Exposed males were hyperglycemic, had
elevated hepatic transaminases, hyperlipidemia and kidney hypertrophy
in addition to liver hypertrophy. Liver glycogenosis reflects the need for
better control of glucose metabolism (Chatila and West, 1996). Thus,
similarly, it was shown that when a hypercaloric diet is applied in adult
male rats, insulin resistance increases even more if they have been
exposed to PM2.5 (Yan et al., 2011).

The analysis of the expression of a few target genes in the liver of
males supported the physiological observations. Fibrinogen is a large
protein synthesized by the liver, representing 2-3% of proteins in blood
plasma. Its increase here may reflect increased blood clotting, inflam-
mation, platelet aggregation and atherosclerosis, all of which are
involved in the metabolic syndrome (Targher et al., 2009).
Orosomucoid-1 (ORM1), also known as al-acid glycoprotein, was
characterized as the major biomarker for liver regeneration and is
mainly expressed by hepatocytes under stress conditions (Qin et al.,
2017). In the present study, the hepatic expression of ORM1 was
decreased in exposed males, potentially reflecting a pathological evo-
lution in the liver. Orosomucoid-1 is bimodal and also exerts immuno-
modulatory and anti-inflammatory properties (Ligresti et al., 2012).
Such a decreased expression of ORM1 in exposed males might illustrate
a downregulation of the anti-inflammatory system. Finally the expres-
sion of RAGE (receptor of advanced glycation end products) was
increased in exposed males, as observed in mice exposed to persistent
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organic pollutants, promoting cardiovascular remodeling (Coole et al.,
2019). An increased expression of RAGE is also used as a biomarker of
non-alcoholic steatohepatitis (NASH) in human (Ge et al., 2018; Mehta
et al., 2018). Thus, this study provides new insights concerning the
sexually dimorphic effect of an in utero exposure to air pollution, with
liver disorders in male offspring as evidenced with other kind of expo-
sures, such as pesticides (Lukowicz et al., 2018) or high fat diet during
gestation (Tarrade et al., 2013).

5. Conclusion

Exposure to diluted diesel engine exhaust, during gestation only,
modified the phenotype of offspring in adulthood, with sex-specific re-
sponses (Fig. 5). Exposed offspring appeared to be at higher risk for
insulin resistance and cardiovascular disease, but with different clinical
patterns depending on sex. The pathological phenotype was first more
pronounced in males than in females, with males presenting a set of
symptoms reminiscent of the human metabolic syndrome, in addition to
early signs of liver disease. Non-pregnant females tended to develop
hypertriglyceridemia. Pregnancy, however, acted as a metabolic trigger
leading to liver steatosis in F1 exposed female late-pregnancy. This study
provides important insights into the pathophysiological effects in
adulthood of indirect exposure to air pollution in offspring during their
intrauterine life. These data could be used to support the records on the
health risks of populations and fragile populations in particular, living in
large polluted urban agglomerations. Indeed, outdoor air pollution is
thought to be an underappreciated linkage between urbanization and
the emergence of cardiometabolic diseases, with a focus on type 2 dia-
betes mellitus and insulin resistance (Rajagopalan and Brook, 2012;
Zheng et al., 2013).
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