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Abstract
Aim: Perinatal hypercholesterolemia exacerbates the development of atheroscle-
rotic plaques in adult offspring. Here, we aimed to study the effect of maternal 
treatment with cholestyramine, a lipid-lowering drug, on atherosclerosis develop-
ment in adult offspring of hypercholesterolemic ApoE-deficient (ApoE−/−) mice.
Methods: ApoE−/− mice were treated with 3% cholestyramine (CTY) during ges-
tation (G). After weaning, offspring (CTY-G) were fed control diet until sacrificed 
at 25weeks of age. Atherosclerosis development in the aortic root of offspring 
was assessed after oil-red-o staining, along with some of predefined atheroscle-
rosis regulators such as LDL and HDL by high-performance liquid chromatogra-
phy (HPLC), and bile acids (BA) and trimethylamine N-oxide (TMAO) by liquid 
chromatography-mass spectrometry (LC–MS/MS).
Results: In pregnant dams, cholestyramine treatment resulted in significantly 
lower plasma total- and LDL-cholesterol as well as gallbladder total BA levels. 
In offspring, both males and females born to treated dams displayed reduced 
atherosclerotic plaques areas along with less lipid deposition in the aortic root. 
No significant change in plasma total cholesterol or triglycerides was measured 
in offspring, but CTY-G males had increased HDL-cholesterol and decreased 
apolipoproteins B100 to A-I ratio. This latter group also showed reduced gallblad-
der total and specifically tauro-conjugated bile acid pools, whereas for CTY-G 
females, hydrophilic plasma tauro-conjugated BA pool was significantly higher. 
They also benefited from lower plasma TMAO.
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1   |   INTRODUCTION

Despite the progress made in the treatment of cardiovascu-
lar diseases (CVDs), they have remained the leading cause 
of death worldwide.1 Atherosclerosis (ATS) is a progressive 
complex vascular disease leading to CVDs. It launches with 
the accumulation of lipid-laden macrophages which main-
tain a local inflammatory response in the arterial wall.2 
High plasma cholesterol level is a major risk factor for ath-
erosclerosis and specifically, ApoB-containing low-density 
lipoproteins (LDL)-cholesterol,2 whereas ApoA-I-rich 
high-density lipoproteins (HDL) play an anti-atherogenic 
role. These latter mediate the reverse cholesterol transport 
from the peripheral tissues to the liver for its elimination, 
essentially after its conversion into bile acids (BA) and con-
jugation to taurine or glycine.3 Of note, distinct conjugated 
bile acids display various biological activities.4

Both epidemiological and experimental studies evi-
denced the link between pathological events during fetal 
life and the development of atherosclerosis-related dis-
eases later in life.5–8 In this respect, Napoli et al. firstly 
reported larger atherosclerotic plaques,9 with faster pro-
gression of lesions in offspring born to hypercholesterol-
emic mothers.10 Then, different animal models of genetic 
and/or nutritional hypercholesterolemia underpinned 
this observation.11–13 Moreover, maternal hypercholes-
terolemia exposes the fetus to high levels of cholesterol, 
which is accompanied by an important oxidative stress 
due to lipid peroxidation.14 Thus, potential underlying 
mechanisms of early atherosclerosis programming by 
maternal hypercholesterolemia include placental and 
fetal endothelial dysfunction due to increased oxida-
tive stress,15,16 epigenetic programming17 and dysreg-
ulation of the expression of aortic12,18 and cholesterol 
metabolism-related genes.19 In ApoE−/− mouse model, 
we highlighted20 a positive correlation between aortic 
root lesion area and plasma trimethylamine-N-oxide 
(TMAO) concentration, a biomarker of atherosclerosis 
originating from gut bacteria metabolism,21 as well as a 
modulation of gallbladder bile acid pool, a regulator of 
reverse cholesterol transport.3

In parallel, maternal cholesterol-lowering and antiox-
idant interventions, using cholestyramine and vitamin E, 
respectively, were able to successfully reduce atheroscle-
rosis in rabbit offspring born to dams fed high-cholesterol 
diet during gestation.11,22 We have also reported the ben-
eficial effect of perinatal administration of antioxidant 
C-Phycocyanin rich extract against atherosclerosis devel-
opment in ApoE−/− mice offspring.13

In the current study, we aimed to explore the effects of 
gestational cholestyramine treatment on atherosclerosis 
development in adult offspring of genetically hypercho-
lesterolemic ApoE−/− mice. In fact, cholestyramine is 
a routinely used and effective lipid-lowering drug that 
can be considered during pregnancy.23 For this purpose, 
the area and the lipid content of atherosclerotic plaques 
were analyzed in offspring. Furthermore, we provide a 
description of the metabolic parameters involved at dif-
ferent stages of the disease as total cholesterol, LDL-C, 
HDL-C, apolipoproteins B100 to A-I ratio, triglycerides, 
and some microbiota-related metabolites as BA24 and 
TMAO.25

2   |   RESULTS

2.1  |  Gestational cholestyramine 
treatment reduces plasma cholesterol and 
gallbladder total BA pool in dams

As shown in Table  1, TC, LDL-C and TG levels were 
similar in all dams at gestational day 0.5 (GD 0.5). As 
expected, TC and LDL-C were significantly reduced 
in cholestyramine-treated mothers at GD 11.5, and re-
mained significantly lower at GD 17.5 in CTY-G dams 
compared to untreated CONT dams. In contrast, no 
significant change was observed in TG concentra-
tions upon cholestyramine treatment during gestation. 
Besides, cholestyramine treatment effectively altered 
BA pool size of treated dams, as measured by the sig-
nificant decrease of BA total pool concentration in their 
gallbladders.

Conclusion: Prenatal cholestyramine treatment reduces atherosclerosis devel-
opment in adult offspring of ApoE−/− mice along with modulating the plaques' 
composition as well as some related biomarkers such as HDL-C, bile acids and 
TMAO.

K E Y W O R D S

atherosclerosis, cholestyramine, hypercholesterolemia, perinatal
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2.2  |  Gestational cholestyramine 
treatment protects against the 
development of atherosclerotic plaques 
in offspring

Offspring born to cholestyramine-treated dams (CTY-
G) benefited from a significant reduction of the total 
atherosclerotic plaque area in the aortic root. Indeed, 
CTY-G males showed a significant decrease in the total 
plaque area at 600 and 800 μm from the heart compared 
to CONT males (Figure 1A,B). Similarly, total atheroscle-
rotic plaque area was significantly decreased at 800 μm in 
CTY-G females compared to CONT females, and a ten-
dency to decrease was measured at 600 μm from the heart 
(Figure 1A,C).

Regarding atherosclerotic plaque composition, CTY-G 
males displayed lower neutral lipids accumulation in the 
atherosclerotic lesions than CONT males, as measured by 
reduced ORO staining at 600 μm (2.7 ± 0.7% vs. 6.3 ± 0.6%, 
respectively), and also at 800 μm from the heart (2 ± 0.7% 
vs. 4.4 ± 0.6% respectively) (Figure 1A,D,E). CTY-G females 
also benefited from lower ORO-positive area compared to 
CONT females at 600 μm (3.4 ± 0.6% vs. 6.1 ± 0.4%, respec-
tively) and at 800 μm (4 ± 0.7% vs. 6.7 ± 0.6%, respectively, 
Figure 1A,F,G).

To better interpret these observations, we investigated 
some predefined contributory factors and metabolic pa-
rameters related to the development of atherosclerosis.

Plasma total cholesterol concentration remained un-
changed between groups (Figure 2A,E). Nevertheless, in 
CTY-G males, HDL-cholesterol was significantly higher 
compared with CONT males (Figure 2B,C). CTY-G males 
also showed a significant decrease in plasma ApoB100 to 
ApoA-I ratio (ApoB/ApoA-I) (Figure  2D). Regarding fe-
male offspring, no significant changes were observed in 
HDL-cholesterol, lipoproteins fractions or ApoB/ApoA-I 
between groups (Figure 2F–H). In offspring of both sexes, 
no significant differences were observed either in plasma 
triglyceride-rich lipoprotein (TRL-cholesterol) or in the 
low-density lipoprotein cholesterol (LDL-cholesterol) 
(Figure S1A,B,D,E). Total plasma triglycerides concentra-
tions did not differ between groups (Figure S1C,F).

2.3  |  Gestational cholestyramine 
treatment modulates the concentrations of 
bile acids in offspring

Maternal cholestyramine treatment reduced the develop-
ment of atherosclerotic plaques along with the modulation 
of bile acids (BA) metabolism. In CTY-G male offspring, 
the gallbladder total pool of BA and in particular of tauro-
conjugated BA were significantly reduced compared to T
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F I G U R E  1   Quantification of atherosclerotic lesions in offspring. (A) Representative oil red O (ORO)/hematoxylin staining in aortic root 
cross sections from adult ApoE−/− born to control or treated mothers. Atherosclerotic plaques in aortic cross sections were quantified (%) in 
males (B) and females (C) at 600 and 800 μm from the heart. Quantification of lipid deposition after ORO coloration (%) at 600 and 800 μm 
from the heart in male (D, E) and female (F, G) offspring. Scale Bar: 500 μm *p < 0.05, †p < 0.01 and ‡p < 0.001 as determined by unpaired 
t-test to compare the CONT versus CTY-G groups of same sex. N=7-10 males and N=6-9 females per group. CONT, offspring of control/
untreated mothers; CTY-G, offspring of cholestyramine-treated mothers during gestation.
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CONT males (Figure  3A). In female offspring, maternal 
cholestyramine treatment did not significantly impact 
gallbladder total BA pool (Figure 3B).

In plasma, maternal cholestyramine treatment had no 
significant effect on total or tauro-conjugated BA concen-
trations of CTY-G males (Figure 3C). In females, plasma 
total BA concentrations were not significantly changed 
upon maternal treatment with cholestyramine, while 
tauro-conjugated BA concentrations were significantly 
higher in CTY-G group (Figure 3D).

2.4  |  Gestational cholestyramine 
treatment modulates 
plasma concentrations of 
microbiota-derived metabolite

Lately, studies have suggested a correlation between 
trimethylamine-N-oxide (TMAO) levels and athero-
sclerosis. Interestingly, CTY-G females benefited from a 
significant reduction of plasma TMAO levels compared 
to CONT females (Figure  4D), but not male offspring 
(Figure 4B). Trimethylamine (TMA), precursor of TMAO, 

was not significantly modified in male or female offspring 
born to treated dams compared to those born to untreated 
dams (Figure 4A,C).

3   |   DISCUSSION

We showed that maternal treatment with cholestyramine 
protected against atherosclerosis development in adult 
offspring of ApoE−/−mice, along with a sex-dependent 
modulation of several physiological parameters involving 
neutral lipids deposition in the aortic root, plasma level of 
HDL-cholesterol, ApoB100/ApoA-I ratio, BA metabolism 
and TMAO.

Our study was conducted in accordance with the 
“Developmental Origins of Health and Disease” (DOHaD) 
theory. Given that maternal hypercholesterolemia con-
stitutes a risk factor for CVD in offspring,26 we aimed to 
investigate the impact of early prenatal lipid-lowering in-
terventions on atherosclerosis prevention in adulthood.

For this purpose, cholestyramine, a non-absorbable 
BA sequestrant, was administered to ApoE−/− mice, char-
acterized by elevated plasma cholesterol concentration, 

F I G U R E  2   Plasma cholesterol, lipoprotein fractions, HDL-cholesterol, and apolipoprotein B-to-apolipoprotein A-I ratio of offspring. 
Plasma total cholesterol in male (A) and female (E) and cholesterol repartition (B, F) after high-performance liquid chromatography 
(HPLC) enabling TRL (triglyceride-rich lipoprotein), LDL (low-density lipoprotein), and HDL (high-density lipoprotein) separation, and the 
calculation of HDL (C, G). *p < 0.05 as determined by unpaired t-test. N=5 males and N=4-5 females per group. Plasma apolipoprotein B100-
to-apolipoprotein A-I ratio (ApoB/ApoA-I) in male (D) and female (H) offspring. †p < 0.01 as determined by Mann–Whitney U-test. N=6-7 
males per group and N=8 females per group. CONT, offspring of control/untreated mothers; CTY-G, offspring of cholestyramine-treated 
mothers during gestation.
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their ability to develop atherosclerosis without nutritional 
interventions,27 and their responsiveness to cholestyr-
amine treatment within 2 weeks.28

Our results show that maternal treatment with cho-
lestyramine effectively reduced total plasma and LDL-
cholesterol during gestation as previously published in 
rabbit.11,22 In addition, we report a decrease in gallbladder 
BA pool in treated pregnant dams. Concomitantly, peri-
natal cholestyramine treatment significantly reduced ath-
erosclerotic plaques development in offspring and more 
specifically reduced lipid deposition in the aortic root of 
both sexes.

These observations could be explained by the fact that 
maternal and fetal cholesterol levels correlated at least 
during the first two semesters of pregnancy,9 and that ma-
ternal BA metabolism influences the fetal one.13 All these 
parameters were modified upon maternal treatment with 
cholestyramine in our study. Furthermore, it is described 
that cholestyramine treatment could enhance both anti-
inflammatory status and gut microbiota29 in dams, and in 
turn influence inflammation and microbial composition 
and metabolites in offspring.30,31

Then, we further examined the effect of maternal cho-
lestyramine treatment on some predefined risk factors 

F I G U R E  3   Bile acid concentrations in gallbladder and plasma of offspring. Gallbladder total and tauro-conjugated bile acids of male (A) 
and female (B) offspring. *p < 0.01 and †p < 0.01 as determined by unpaired t-test. N=6-7 males and females per group. Plasma total and tauro-
conjugated bile acids of male (C) and female (D) offspring. †p < 0.01 as determined by Mann–Whitney U-test. N=8-9 males and N=7-9 females 
per group. BA, bile acid; CONT, offspring of control/untreated mothers; CTY-G, offspring of cholestyramine-treated mothers during gestation.
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and metabolic parameters, known to be involved in ath-
erosclerosis development in offspring.

Similarly to what was observed in rabbits,11,22 we 
showed that maternal cholestyramine treatment did 
not modify plasma TC or TG in offspring. Nevertheless, 
plasma HDL-cholesterol level significantly increased in 
CTY-G males along with a reduction in ApoB/ApoA-I 
ratio. Epidemiological studies identified low HDL-C32 
and high ApoB/ApoA-I ratio as strong key risk factors 
for ATS. Indeed, HDL particles deploy various anti-
atherogenic properties besides cholesterol efflux, namely 
anti-inflammatory, anti-oxidative and regulation of genes 
expression by miRs properties,32 whereas high ApoB/
ApoA-I ratio was related to high risk of fatal myocardial 
infarction and intima-media thickness.33

Increased BA synthesis rate and/or BA elimination 
from the enterohepatic cycle are described to protect 
against atherosclerosis.3 In CTY-G males' gallbladder, 
BA pool was significantly reduced compared to CONT 
males, which seems to be inconsistent with the re-
duction of atherosclerotic plaques. We speculate that 

BA pool and metabolism were subjected to in-utero 
programming following maternal cholestyramine 
treatment. Indeed, several studies have provided pro-
gramming evidences of maternal treatment on choles-
terol and BA metabolism in offspring.34 It was reported 
that BA concentration is higher in the fetal than in the 
healthy maternal circulation in human and mouse,35 
creating a fetus-to-mother gradient transfer across the 
placenta.36 In contrast, this gradient appears to be re-
versed in cases of increased levels of plasma BA of in-
trahepatic cholestasis of pregnancy.37 Therefore, we 
suppose that the decrease in BA pool of cholestyramine-
treated dams exacerbates the fetal BA flow toward the 
mother, and programs a lower BA pool in the progenies, 
that remained irreversible in adulthood.

Besides their role in the entero-hepatic cycle and cho-
lesterol elimination, BA in the systemic circulation act 
as signaling molecules.38 CTY-G females showed higher 
plasma tauro-conjugated BA pool. In fact, elevated 
tauro-conjugated BA levels were associated with anti-
atherosclerotic39 and antioxidant40 properties. Moreover, 

F I G U R E  4   Plasma trimethylamine-N-oxide, biomarker of atherosclerosis. Plasma trimethylamine (TMA) and trimethylamine-N-oxide 
(TMAO) in male (A, B) and female (C, D) offspring. p < 0.05 as determined by unpaired t-test. N=6 males and females per group. CONT, 
offspring of control/untreated mothers; CTY-G, offspring of cholestyramine-treated mothers during gestation.
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in humans, lower circulating BA were associated with in-
creased presence and severity of coronary artery disease.41 
Thus, we suggest a role of increased tauro-conjugated BA 
upon perinatal cholestyramine treatment in atherosclero-
sis reduction in offspring.

We also measured plasma TMAO levels, as a cardio-
vascular disease biomarker.42 Female offspring benefited 
from less macrophage's infiltration in the aortic root and 
reduced plasma TMAO accumulation. A pro-atherogenic 
role of TMAO was attributed in part to enhanced choles-
terol uptake in macrophages and BA synthesis inhibition.43 
Since we did not measure significant reduction of TMAO 
precursors, such as TMA and other methylamines (choline, 
carnitine and betaine (data not shown)), TMAO reduction 
could be attributed to a modification in its turnover.

Of note, all offspring were raised under chow diet 
that do not affect their genetic hypercholesterolemia, 
thereby demonstrating the imprint of solely prenatal 
exposure and modulation of maternal atherosclerotic 
risk factors on ATS development in offspring. It would 
be relevant to determine if the anti-atherosclerotic ef-
fect of prenatal cholestyramine treatment would persist 
in offspring exposed to additional risk factors of ath-
erosclerosis. For instance, in cases of exacerbated hy-
percholesterolemia using a cholesterol-enriched diet, 
or unducing a lowered endothelial shear stress levels 
around the carotid arteries.46

4   |   MATERIALS AND METHODS

The data that support the findings of this study are avail-
able from the corresponding author upon reasonable 
request.

4.1  |  Animals, diets, and tissue sampling

Seven-week-old female and male B6.129P2-Apoe/J were 
purchased from Charles River Laboratories (France). 
After 1 week of acclimation, mating was initiated 
and females with positive vaginal plug on the follow-
ing morning were identified. These females were ran-
domly assigned either to the control group (CONT) fed 
control breeding diet (A03; Safe Diets, France) or to 
the cholestyramine-treated group (CTY-G) (A03 + 3% 
Cholestyramine; customized at Safe Diets) during gesta-
tion (3 weeks). Animals had ad libitum access to water 
and food under constant light/dark cycles (12 h/12 h). 
Offspring of all groups were weaned at 3 weeks, fed a 
breeding diet until 10 weeks, and then sustained under 
maintenance chow diet (A04; Safe Diets, France) until 
sacrifice at 25 weeks of age.

4.1.1  |  Dams

To collect samples from untreated and treated mothers 
during pregnancy without disturbing fetal development, 
additional female ApoE−/− mice were mated as described 
above. Gestational day 0.5 (GD 0.5) corresponded to the 
morning of positive vaginal plug detection. Dams were 
then randomly assigned either to the control group 
(CONT) or to the cholestyramine-treated group during 
gestation (CTY-G). At GD 0.5, GD 11.5 and GD 17.5 and 
after 4 h of fasting, blood samples were collected into K2 
EDTA tubes (Sarstedt, Germany) and plasma was isolated 
by conventional centrifugation (4000 RPM, 4°C, 5 min). 
Dams were sacrificed at G18.5. for gallbladder collection.

4.1.2  |  25-week-old offspring

Adult offspring were fasted for 4 h and then anesthetized 
under isoflurane (5 L/min, 2%–3%). Intracardiac blood 
was collected on heparinized syringe into K2 EDTA tubes 
for plasma separation. A physiological saline solution was 
injected into systemic circulation to wash out remaining 
blood in the aorta. Then, the heart along with the linked 
ascending and descending aortas, the gallbladders and the 
livers were collected.

All tissues were rapidly frozen in liquid nitrogen and 
then stored at −80°C until analysis.

All experimental procedures were approved by the 
Committee of Ethics in Animal Experiments of Pays de 
la Loire, France (APAFIS 20118) and performed according 
to the European Union regulations for the care and use of 
animals for experimental procedures (2010/63/EU).

4.2  |  Aortic lesion analysis and 
oil-red-o staining

To quantify atherosclerotic lesions at the aortic root, 
perivascular fat was cleaned before detaching the heart 
from the aortic arch and aorta. Then, 2–3 mm long aor-
tic arch base were frozen in embedding medium for se-
rial cryosections. The first appearance of the valve leaflets 
was used as a reference point (0 μm) and then 10-μm thick 
cryosections were collected. The disappearance of the aor-
tic valve cusps was progressively monitored under micro-
scope and occurred at 800 μm.

Neutral lipids of sections at 600 and 800 μm from the 
heart were stained as follow: fixation with 4% formol, 
dehydration with isopropyl alcohol, staining with oil red 
O (ORO), and counterstaining with hematoxylin (Sigma 
Aldrich, France). Stained slides were captured using 
Nanozoomer Hamamatsu 2.0 HT slide scanner.
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Quantification of total plaque area in the aortic root, 
defined by the intimal elastic lamina to the luminal edge 
of the lesion, was done using image analysis software 
“Fiji”44 by an investigator blinded to the intervention.

Quantification of neutral lipid-stained lesions were 
performed using image analysis software QuPath version 
0.1.2 using machine learning. All the scripts developed 
for this analysis are available online (https://​github.​com/​
magal​ieFey​eux/​micro​PICell/​tree/​master/​QuPat​hScri​pt/​
Aorta​Plaqq​ueseg​menta​tion).

The plaque area in the aortic root and ORO-positive 
staining area were reported relatively to the luminal area 
of the aorta, and results were expressed as the average per-
centages obtained on two to five sections.

4.3  |  Biochemical, chromatography, and 
mass spectrometry analyses

Concentrations of relevant metabolites and biomarkers 
in atherosclerosis development were measured in plasma 
and bile.

4.3.1  |  Plasma

Total plasma cholesterol (TC) and triglycerides (TG) as 
well as LDL-cholesterol (LDL-C) concentrations were 
determined by enzymatic assay kits (Diasys, EUROBIO 
Scientific, France) according to the manufacturer's 
instructions.

For lipoprotein separation and lipid content calcula-
tion, plasma samples were automatically injected and car-
ried through the Superose column (Superose™ 6 Increase 
3.2/300, GE Healthcare, Sweden) by the elution buffer 
(NaCl 150 mM; Tris–HCl 10 mM; Na-Azide 0.02%, pH 7.4) 
delivered at a flow rate of 40 mL min−1 for a total run-time 
of 65 min. Eluted lipoproteins were continuously mixed 
with specific cholesterol reagents in a single reaction 
heating chamber (37°C; 1000 reaction coil). Absorbance 
was measured at 500 nm with a 2998 Photodiode Array 
Detector. Chromatograms were analyzed using Empower3 
system manager software. The cholesterol content in the 
respective eluted fractions was calculated as the product 
of the area percentage of each lipid and the lipid content 
determined from the injected samples.

Plasma apolipoproteins (A-I, AII, B, CI, C-II and C-III, 
M) were determined by liquid chromatography–tandem 
mass spectrometry (LC–MS/MS), as described previ-
ously.45 Briefly, the apolipoproteins were quantified in 
20-μL aliquots using trypsin proteolysis and the subse-
quent analysis of proteotypic peptides (see Table in the 

Supplemental material). The intra- and inter-assay vari-
abilities did not exceed 6.4%.

Bile acids were extracted from plasma samples and 
subsequently quantified by reversed-phase liquid chroma-
tography–tandem mass spectrometry (LC–MS/MS) as de-
scribed previously.20 Methylamines, including the TMAO, 
were extracted from plasma samples and quantified by 
HILIC LC–MS/MS as previously described.20

4.3.2  |  Gallbladder

Bile acids were extracted from gallbladder then quantified 
by the same method described in plasma.

4.4  |  Statistical analysis

Statistical analyses were performed with GraphPad Prism 
software (Version 9.4.1, GraphPad Software Inc., La Jolla, 
CA, USA). Experimental values were presented as the 
mean ± SEM. Visual analysis of quantile-quantile plots 
(QQ plots) and Shapiro–Wilk test were used to determine 
the normal distribution of the data. Unpaired t-test was 
applied to variables meeting homoscedasticity and nor-
mality assumptions. If one of the two assumptions was not 
respected, Mann-Whitney U-test was applied. The results 
were considered to be significant at p < 0.05. A tendency to 
variation is considered for p values <0.1.

5   |   CONCLUSION

In conclusion, we showed that gestational cholestyramine 
treatment provides anti-atherogenic effects in adult off-
spring in a sex-dependent manner. This study shows 
promising clinical results with lipid-lowering therapies 
using bile acid sequestrants for women of childbearing 
age with genetic familial hypercholesterolemia and also 
for their children by providing protection against the de-
velopment of atherosclerosis. However, further investiga-
tions are needed to understand affected mechanisms, in 
particular: (1) investigate the inflammatory response and 
macrophages profile in the aorta, (2) measure of the ki-
netics of BAs turnover at least in male offspring, (3) in-
vestigation of gut microbiota activity with special focus on 
metabolites' production such as TMAO and bile acids, (4) 
analysis of the effect of cholestyramine treatment on pla-
centa leading to reduced ATS programming in offspring, 
and (5) investigate if the effect of this treatment persist in 
offspring challenged with further atherogenic risk factors 
as diet enriched in cholesterol.
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