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1  | INTRODUC TION

Obesity and the associated metabolic disorders have become a 
worldwide epidemic. Consequently, an increasing number of chil-
dren are born by obese mothers.1,2 Human epidemiological studies 

reveal that an unhealthy diet during pregnancy increases the risk of 
obesity, type-2 diabetes, hyperlipidaemia, hypertension and non-al-
coholic fatty liver disease (NAFLD) in the offspring.1,3,4 Exposure to 
maternal obesity and/or high-fat diet during fetal life causes very 
early aberrations in lipid metabolism, manifested as hepatic lipid 
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Abstract
Maternal obesity and/or high-fat diet during pregnancy predispose the offspring to 
metabolic disease. It is however unclear how pre-natal and post-natal exposure re-
spectively affect the risk of hepatic steatosis and the trajectory towards non-alcoholic 
steatohepatitis in the offspring. We investigate hepatic lipid metabolism and how 
these factors are related to metabolic outcome in new born and young rats. Rat dams 
were exposed to a high-fat/high sucrose (HFHS) diet for 17 weeks prior to mating and 
during pregnancy. After birth, female offspring were killed and male offspring were 
cross-fostered, creating four groups; Control-born pups lactated by control (CC) or 
HFHS dams (CH) and HFHS-born pups lactated by control (HC) or HFHS dams (HH). 
At 4 weeks of age, pups were killed and metabolic markers in plasma were assayed, 
together with hepatic lipid composition and expression of relevant genes. Female 
HFHS neonates had smaller livers at birth (P < .05), a reduced hepatic lipid content 
(P <  .05) and altered lipid composition. The post-natal environment dominated the 
metabolic profile in the male offspring at 4 weeks of age. Offspring exposed to a 
HFHS environment post-natally had increased adiposity (P <  .0001), increased he-
patic triacylglycrol accumulation (P < .0001), and an altered lipid profile with elevated 
n-6 polyunsaturated fatty acid (PUFA) levels (P < .0001) and a reduction in ceramide 
(P < .001) and monounsaturated fatty acid (MUFA) (P < .0001). In summary, maternal 
HFHS diet during gestation affects the hepatic lipid profile in neonates. The pre-natal 
exposure becomes less pronounced in young male offspring at 4 weeks of age, where 
the post-natal diet has the largest impact.
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accumulation, which has been observed in human neonates,5,6 as 
well as in animal models.7,8 Thus, from the time of birth, these off-
spring have an ectopic lipid accumulation, with a potential trajectory 
towards NAFLD and metabolic disease later in life.

Hepatic steatosis is per se considered a benign and reversible 
condition, but it can lead to accumulation of lipotoxic intermediates, 
such as ceramides and free fatty acids (FFA).9 Ceramides attenuate 
insulin signalling, induce apoptosis, can cause formation of reactive 
oxygen species and are involved with inflammatory response in the 
liver.10 Increased ceramide accumulation has therefore been sug-
gested to be a major factor involved in the progress from NAFLD, 
to the pathological state non-alcoholic steatohepatitis (NASH).10 
Elevated circulating palmitate (saturated fatty acids, FA) levels also 
attenuate hepatic insulin-receptor signalling,11 while palmitoleate 
(monounsaturated fatty acid, MUFA) improves insulin actions.12 
Oleate (MUFA) has both been shown to reduce insulin signalling 
when perfused into rat livers ex vivo,11 but also to improve the detri-
mental effect of palmitate on hepatic insulin signalling in vitro.13 This 
suggests that early impaired programming of hepatic lipid homeo-
stasis may affect long-term hepatic insulin sensitivity. Therefore, 
only considering effects on overall hepatic triacylglycrol (TAG) lev-
els, and not the single bioactive lipids, may be misleading when eval-
uating metabolic disease risks.

In many animal studies of early-life programming, the mater-
nal diets during pregnancy are maintained throughout lactation, 
however exposure during various critical windows during fetal 
and post-natal development result in different phenotypic out-
comes.14,15 Here, we used a cross-fostering model to discriminate 
between pre-natal and post-natal effects from the maternal high-
fat/high sucrose (HFHS) diet on metabolic parameters in the off-
spring. We investigate accumulation and composition of hepatic 
lipids, the expression of genes involved in hepatic lipid and fatty 
acid metabolism and how these factors are related to the metabolic 
outcome at 4 weeks of age.

2  | RESULTS

2.1 | Maternal metabolic phenotype

Female rats were fed a control or a HFHS diet for 17  weeks 
prior to mating. During this period, the HFHS and control rats 
had a comparable weight gain, and no differences in blood glu-
cose, plasma insulin, leptin or TAG were seen at week 17 (Table 
S1). Weight gain during pregnancy as well as body weight and 
adiposity at weaning, were alike in the two groups. Blood glu-
cose and plasma insulin were also similar at weaning, although 
there was a tendency toward increased leptin (4.54  ±  1.43  ng/
mL vs 7.07  ±  2.19  ng/mL, P  =  .06) and decreased plasma TAG 
(0.97 ± 0.23 mmol/L vs 0.66 ± 0.15 mmol/L, P = .07) in the HFHS 
group (Table S1).

2.2 | Metabolic phenotype of female offspring 
at birth

All pups were weighed the morning after birth (female con-
trol n  =  33; female HFHS n  =  13; male control n  =  35; male 
HFHS n  =  20). Females were smaller than males (P  <  .01), but 
HFHS- and control-born pups had similar weights (Figure  1A). 
The HFHS female pups had smaller livers than female controls 
(199 ± 35 mg vs 173 m ± 31 mg, P < .05), but weights of brown 
adipose tissue (BAT) and the heart were comparable to controls 
(Table S2). The maternal HFHS diet had a substantial impact on 
circulating metabolic markers in the female neonates. Female 
HFHS pups had a 25% increase in blood glucose (P < .05) with-
out affecting the circulating insulin level, five-fold increase in 
plasma leptin (P < .05) and finally plasma TAG concentration was 
72% reduced (P <  .05) compared to the control-born offspring 
(Figure 1B).

F I G U R E  1   The metabolic profile of female offspring at birth. A, Body weight of offspring at birth (female control, n = 32; male control, 
n = 27; female HFHS, n = 12; male HFHS, n = 19). B, Blood glucose and plasma TAG, leptin and insulin levels in the female offspring the day 
after birth (for glucose: control, n = 30; HFHS, n = 12; for TAG, leptin and insulin: control, n = 7–9; HFHS, n = 2–4). C, Lipid profiles in livers 
from two female pups/dam (TAG, FFA and PL content and composition, and ceramide content, see Figure S1 and Table S2 for additional data) 
(control, n = 12; HFHS, n = 6). D,E, Comparison of the hepatic lipid composition of offspring and the lipid profile of their mother's milk in a 
PLS analysis. Gender and diet effects on body weight were estimated by 2-way ANOVA, and groups compared by t-test. *P < .05
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2.3 | Hepatic lipid metabolism in female offspring 
at birth

Due to the change in liver size between HFHS and control-born 
pups, we investigated their hepatic lipid composition. Hepatic TAG 
and ceramide content were reduced by 69% (P  <  .05) and 20% 
(P <  .05), respectively (Figure 1C), in the neonates from HSHF-fed 
dams compared to control born, without changes in FFA or phos-
pholipid (PL) content (Table S2). The hepatic lipid composition in 
TAG, PL and FFA differed between the HFHS and control neonates 
(a detailed hepatic lipid composition can be found in Figure S1), but 
it appeared to be closely related to the lipid composition of their 
mother's milk, which we sampled from the stomach content of the 
offspring. We therefore compared the hepatic and milk lipid compo-
sition in a PLS regression analysis (Figure 1D-E, data included in the 
analysis can be found in Table S2). The PLS demonstrated that n-6 
polyunsaturated fatty acid (PUFA) content in the TAG, PL and FFA 

lipid fractions dominated the hepatic lipid profile of HFHS offspring 
and the HFHS milk composition. Additionally, higher levels of MUFA 
in TAG, PL and FFA, and saturated FFA in TAG appeared in offspring 
liver and mother's milk of controls. Generally, the milk and TAG lipid 
composition was very similar in all lipid classes (MUFA, n-3 PUFA, 
n-6 PUFA and saturated FA). Even though the lipid composition of 
the milk varied, the total fatty acid content (243 ± 34 mg/g in control 
and 242 ± 19 mg/g in HFHS) and leptin levels (2.92 ± 1.06 pg/mg in 
control and 3.52 ± 1.22 pg/mg in HFHS) were alike.

2.4 | Metabolic phenotype of male offspring at 
4 weeks of age

After birth, male offspring were cross-fostered; control-born pups 
were lactated by control- (CC) or HFHS-fed (CH) dams and HFHS-
born pups were lactated by control- (HC) or HFHS-fed dams (HH) 

F I G U R E  2   Study design. Female rats were fed a control or high-fat/high sucrose diet for 17 wk prior to mating. Female offspring were 
killed the day after birth, and male offspring were cross-fostered between chow and HFHS-fed dams. Male offspring and dams were killed at 
weaning. Blood and tissues were collected from all for analysis
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(Figure 2). The litter size was normalised for each dam (4–6 pups/
dam), since offspring growth is litter size dependent.16 We also eval-
uated and confirmed that litter size was a non-significant covariant 
on body weight in the offspring at weaning in this study (ANCOVA 
P = .30). At 4 weeks of age, all pups were killed, blood was collected 
for plasma analysis, and livers were obtained for lipid profiling and 
gene expression. All data were analysed in a principal component 
analysis (PCA). The PCA was setup to investigate: (i) if the four off-
spring groups differed from each other in metabolic profiles, and 
if so, (ii) which groups had the most similar metabolic profiles and 
(iii) which parameters characterise the metabolic profile in each of 
the groups. The following data were loaded into the analysis: body 
weight, organ weight (liver, epididymal adipose tissue), plasma pa-
rameters (glucose, insulin, leptin, TAG), hepatic lipid profile of FFA, 
TAG and PL (a detailed lipid profile for TAG, FFA and PL can be found 
in Figure S2), ceramide content, hepatic lipid metabolism gene ex-
pression (Cd36, Acaca, Acox, Scd1, Fasn, Fads1, Fads2, Elovl5, Cpt1a, 

Mlxipl(ChREBP), Srebf1) and hepatic inflammatory gene expression 
(Il1b, Tnf, Ccl2(MCP-1), Cd68, Cd163) (Figure 3A, all data included in 
the PCA can be found in Table S3). The analysis showed that the 
post-natal environment had the strongest impact on the metabolic 
profile at weaning, since CC/HC and CH/HH separated along PC1 on 
the x-axis. However, the pre-natal environment was also reflected 
along PC2, as shown by CC/CH separating from HC/HH on the y-
axis (Figure 3B).

2.5 | The influence of post-natal environment 
on the metabolic profile

The post-natal environment separated the data along PC1 in the 
score plot and is therefore the strongest driver of the metabolic 
profile in the male offspring at weaning. When examining the load-
ing plot (Figure 3A), the HFHS post-natal profile was characterised 

F I G U R E  3   PCA analysis of all data 
from male offspring at 4 wk of age. A, The 
loading plot contains all data included 
in the analysis. Parameters are coloured 
according to data origin: yellow, body 
and organ weights; red, plasma markers; 
green, hepatic lipid profile; blue, hepatic 
gene expression. B, The score plot 
demonstrates how the male offspring 
separate according to their overall 
metabolic profile (CC, n = 8; CH, n = 9; 
HC, n = 8; HH, n = 6)
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F I G U R E  4   Metabolic phenotype of male offspring at 4 wk of age. Male offspring stayed with the indicated foster dams until 4 wk of age, 
where the study was terminated. A, Body weight and B, weight of epididymal adipose tissue. Circulating levels of (C) leptin, (D) insulin and 
(E) glucose (CC, n = 21; CH, n = 9; HC, n = 8; HH, n = 6). For additional metabolic data see Table S3. Pre-natal and post-natal effects were 
estimated by 2-way ANOVA and group-wise comparisons by t-test. *P < .05, **P < .01, ***P < .001

F I G U R E  5   Hepatic lipid profile in male offspring at 4 wk of age. Livers were collected and a lipid profile was performed. A, TAG content, 
B, n-6 PUFA content in TAG and C, and the expression of Elovl5, the gene responsible for elongating LC-PUFA. D, MUFA content in TAG and 
E, and the expression of Scd1, that encodes the enzyme which convert saturated FA to MUFA. F, Ceramide content. (CC, n = 8; CH, n = 9; 
HC, n = 8; HH, n = 6). For additional lipid data see Table S3. Pre-natal and post-natal effects were estimated by 2-way ANOVA and group-
wise comparisons by t-test *P < .05, **P < .01, ***P < .001
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by increased adiposity (P  <  .0001) and body weight (P  <  .0001, 
Figure 4A,B), however, pre-natal exposure to a HFHS diet resulted 
in a reduced adipogenic response post-natally (CH vs HH, P <  .05 
and CC vs HC, P < .05, pre-natal effect in 2-way ANOVA P < .0001). 
Elevated adiposity was associated with increased circulating leptin 
levels in the post-natal HFHS offspring (P < .0001, Figure 4C). Insulin 
levels were also elevated in HFHS post-natal groups (P  <  .0001), 
and the CH offspring had furthermore increased blood glucose 
(Figure 4D,E). On the contrary, HC offspring also had elevated blood 
glucose, but this impairment did not result in raised insulin levels.

High fat/high sucrose lactated offspring had ectopic TAG accu-
mulation in the liver (Figure 5A), which was associated with an el-
evation in expression of inflammatory genes according to the PCA 
results (Figure 3A). However, many specific lipid species were also 
affected by the post-natal HFHS diet. The PCA analysis highlighted 
n-6 PUFA in FFA, TAG and PL, n-3 PUFA in TAG and saturated fatty 
acids in PL as being the most affected lipids. The n-6 PUFA content 
was elevated in the post-natal HFHS groups (Figure  5B and Table 
S3). Along with the changes in PUFAs, we also observed elevated 
Elovl5mRNA expression in post-natal HFHS (Figure  5C), which is 
the enzyme responsible for elongating LC-PUFAs. MUFA content in 
FFA, TAG and PL was decreased in the post-natal HFHS offspring 
(Figure 5D and Table S3), and the reduction was associated with a 
complete absence of Scd1 mRNA level (Figure 5E), which encodes 
the enzyme that converts saturated fatty acids to MUFA. Finally, he-
patic ceramide content appeared to be decreased in the post-natal 
HFHS pups, without an apparent effect from the pre-natal environ-
ment (Figure 5F).

2.6 | The influence of pre-natal environment on the 
metabolic profile

While most parameters were influenced primarily by the post-natal 
environment, the pre-natal environment hid a subtle effect on the 
metabolic profile, which only became apparent when investigat-
ing the data in a multivariate fashion. The pre-natal diet separated 
clearly the dietary groups along PC2, and mRNA expression levels 
of Fads1 and Fads2 were affected purely by pre-natal exposure with 
lower levels of both genes in HFHS pre-natal exposed offspring 
(Figure 6A,B).

3  | DISCUSSION

Maternal high-energy diet during gestation and lactation in-
creases the risk of metabolic dysfunction in the offspring later in 
life. The hepatic lipid profile is affected already at birth,7 but it is 
unknown if the maternal diet during lactation can modulate and 
rescue these changes. In this study, we used a maternal HFHS rat 
model with cross-fostering during lactation to investigate how the 
pre- vs post-natal environment influences the hepatic lipid com-
position in offspring. Acute effects both at birth and weaning are 
reported.

To investigate a maternal high-energy diet, we chose a hyperca-
loric diet high in fat supplemented with sucrose water, since it mimics 
the human caféteria diet. Additionally, we also used an obese-prone 
rat strain. Despite 17 weeks on the HFHS diet, there was no appar-
ent impact on the metabolic profile in the dams compared to the 
control. We suspect that the high sucrose content of the meal is 
causing the lack of changes between the groups, since a high su-
crose diet is less obesogenic than one high in fat.17 Furthermore, the 
dams were known breeders and had delivered a litter prior to this 
study. Pregnancy and lactation give rise to hyperphagia and a nega-
tive energy balance,18,19 which could also influence the body weight 
and metabolic profile of the dams. Since the HFHS diet had no ap-
parent effect on the dams, we assume that the offspring phenotype 
was primarily caused by differences in nutrient exposure between 
groups.

All offspring were weighed the day after birth, and despite a 
similar body weight between control and HFHS offspring, the 
HFHS females had smaller livers than female controls. The smaller 
livers in the HFHS offspring were associated with lowered TAG ac-
cumulation and reduced ceramide content, which contradicts pre-
vious findings in neonates born by obese rodents.7,20 The hepatic 
lipid profile in HFHS also diverged from the control group, which 
contrasts with a study by Cerf et al that reports very few changes 
in hepatic lipid composition in rat fetuses exposed to a HF diet.21 
Our PLS analysis demonstrated that the hepatic lipid composition 
in our study was associated to the lipid profile of the mother's milk, 
which were sampled from the pups’ stomachs. We hypothesise that 
the fetal hepatic lipid profile is affected by the consumed milk or, 
that the lipids in both fetal liver and mother's milk reflects the ma-
ternal lipid profile.

F I G U R E  6   Parameters influenced 
only by the pre-natal exposure in 
male offspring at 4 wk of age. Hepatic 
expression of (A) Fads1 and (B) Fads2 were 
the only parameters affected by the pre-
natal exposure alone
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The post-natal HFHS offspring showed a greater weight gain at 
4 weeks of age compared to control lactated offspring, but surpris-
ingly the fatty acid content of the mother's milk was alike between 
groups. Other studies have found elevated lipid content in breast 
milk from HF fed dams,21,22 but they investigated the milk in mid 
and late gestation, and we sampled colostrum at birth. The nutrient 
content in breast milk varies over the course of lactation in rats,23 so 
the fatty acid content could potentially have differed between HFHS 
and control dams in the later lactational stages.

Increased adiposity in HFHS lactated offspring was associ-
ated with impaired insulin sensitivity and increased hepatic TAG 
accumulation according to the PCA. Hepatic TAG accumulation in 
HF exposed offspring has previously been reported,20,24 however 
we also observed a concurrent decrease in overall hepatic cera-
mide content. Normally, elevated hepatic TAG leads to steatosis, 
increased ceramide accumulation and subsequent inflammation.10 
But we have previously observed elevated hepatic TAG alongside 
with decreased ceramide in pregnant HF fed mice on gestation 
day 18.7 In the present data, hepatic TAG was associated with in-
creased inflammatory markers in the liver (Cd68, Cd163 and Il1b) 
in the PCA, but total hepatic ceramide did not cluster with the 
inflammatory parameters. Hepatocytes can secrete excess cera-
mide as a protective mechanism against lipotoxicity, when cera-
mide synthesis is induced by fatty acid oversupply.25 A study in 
LDLr knock-out mice has previously demonstrated that hepatic ce-
ramide levels in mice fed a Western diet can be similar to control 
fed mice, while a 6-fold increase in ceramide is found in plasma.26 
Thus, an increased hepatic ceramide secretion, might explain the 
observed decrease in hepatic ceramide in the pups lactated by 
HFHS dams.

The lipid profiles in mother's milk and livers from neonates and 
young offspring showed a high degree of similarity by their elevated 
levels of n-6 PUFA and decreased MUFA content. Synthesis of long-
chained PUFA takes place through desaturation and elongation of 
the dietary essential fatty acids, linoleic and α-linolenic acid. The 
desaturation is catalysed by the Δ5- and Δ6-desaturase (Fads1 and 
Fads2, respectively), and elongation by the elongase (Elovl5),27,28 but 
we found here that only Elovl5 expression correlated with n-6 PUFA 
levels. Part of the HFHS post-natal n-6 PUFA accumulation in CH 
and HH livers might therefore originate from the elevated n-6 PUFA 
in the breast milk. PUFA, but also leptin, is known to down-regulate 
Scd1 expression,29 which in our study is completely inhibited in livers 
from HFHS lactated offspring. Scd1 encodes the enzyme that con-
verts saturated FAs to MUFA. The decreased MUFA content in the 
HFHS lactated offspring is therefore very likely a result of a low en-
dogenous MUFA production along with a reduction in dietary MUFA 
from the milk. MUFAs are important to maintain normal metabolic 
function. Palmitoleic acid, a MUFA, increases muscle insulin sensi-
tivity and suppress hepatic steatosis in mice.12 Furthermore, chronic 
administration of palmitoleate reduces insulin resistance and hepatic 
lipid accumulation, as well as increases satiety and the release of ap-
petite-reducing hormones in rats, when compared to other similar 
FAs.30,31 Our results point in the same direction, since we observed 

an association between decrease in hepatic MUFA and increase in 
hepatic TAG, insulin and blood glucose levels in the PCA.

The pre-natal exposure leaves an imprint in neonate rat, which 
become less pronounced at 4 weeks of age. However, the pre-natal 
effect is evident at 4 weeks of age, when all data are considered with 
a multivariate data analysis approach. The latest nutritional expo-
sure, which in this case is the post-natal environment, dominates the 
general metabolic phenotype at 4 weeks of age. The reduced litter 
size in this study might, however, exacerbate the influence from the 
post-natal environment. A combination of maternal HFD and small 
litter sizes amplifies the metabolic outcome in the offspring,32,33 
so we can speculate that our post-natal profiles might have been 
more subtle, if pups had been weaned in a regular litter size. Thus, 
altogether we find that maternal HFHS diet during lactation leads 
to obesity, increased hepatic TAG levels and impaired glucose ho-
meostasis even in young offspring, while maternal HFHS diet during 
pregnancy showed less impact on the metabolic phenotype in off-
spring at 4 weeks of age. Many early metabolic impairments are re-
ported to be maintained into adulthood,34,35 but whether they can 
be reversed needs further investigation.

4  | METHODS

4.1 | Animal experiment

The study was conducted according to Danish regulation and 
with protocols approved by the Danish Animal Ethics Committee. 
Female rats (OP-CD, Charles River, Kingston, NY, USA) 8 weeks of 
age were fed a high-fat/high sucrose (HFHS; 60E% fat, D12492, 
Research Diets, Brogaarden, Denmark, supplemented with 15% (w/
vol) sucrose water) or control diet (10E% fat, D12450B, Research 
Diets, Brogaarden, Denmark) for 17  weeks (diet composition is 
found in Table S4). The HFHS diet mimicked a typical human “junk” 
food diet by combining high-fat food with sucrose-sweetened bev-
erages. This combination was chosen, because sucrose as beverage 
is supposed to be more adipogenic than sucrose in solid food.36 
The female rats were assigned to dietary intervention, so that 
body weight was similar between the two groups at study initia-
tion (n = 9–11 per group). Group sizes were chosen based on previ-
ous experience,7 since this was a pilot study. During the 17 weeks 
of dietary exposure, rats were impregnated by strain and age 
matched males, which were fed a chow diet (Altromin, Brogaarden, 
Denmark) and gave birth to a first generation of offspring (manu-
script in preparation). The female rats were mated again (17 weeks 
on experimental diets at this time point) and offspring from the 
second round of breeding was investigated in this study. Here, we 
only report metabolic status of the female rats that got pregnant 
during the second breeding (n = 7 in control groups, n = 3 in HFHS 
group). Two control dams littered during the same night in the 
same cage, so these litters were considered as one in the following 
analysis. Female pups were killed the day after birth. Blood and 
tissues were collected and treated as described below. The male 
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pups were cross-fostered (Figure  2), which resulted in four male 
offspring groups; born and lactated by control dams (CC); born by 
control dams and lactated by HFHS dams (CH); born by HFHS dams 
and lactated by control dams (HC); and born and lactated by HFHS 
dams (HH). The male offspring were assigned to groups randomly 
and blinded. Litters were standardized to 4–6 pups per dam, and 
dams were maintained on their respective diets throughout mat-
ing, gestation and lactation. After 4 weeks of lactation, the male 
offspring and dams were killed. Blood and tissues were collected 
and treated as described below.

Animals were group housed (3 female rats per cage before mat-
ing, 1 male and 1–2 females per cage during mating, 1–2 females 
per cage during gestation and 1 dam with 4–6 pups per cage post 
gestation) under 12:12 light-dark cycle in humidity and tempera-
ture-controlled rooms. All had ad libitum food and access to water. 
Rats receiving sucrose water were additionally supplemented with 
fresh water.

4.2 | Weighing and blood sampling

Dams were weighed and blood was collected in EDTA tubes (BD 
Microtainer, BD Biosciences, Oxford, UK) from the tail vein before 
second mating and at weaning after an overnight fast. Offspring were 
weighed at birth and subsequently on a weekly basis throughout 
lactation. Blood was collected from the female neonates by decapi-
tation. Glucose was measured immediately on whole blood and the 
remaining blood was pooled from 2–3 female littermates for plasma 
isolation. At 4 weeks of age, the male offspring were short fasted for 
4 hours, due to their young age, for blood glucose measurement. The 
offspring were then anaesthetized with a ketamine/xylazine cock-
tail (200  mg/kg body weight ketamine and 10  mg/kg body weight 
xylazine) and blood was collected by cardiac puncture for plasma 
analyses.

4.3 | Blood glucose and plasma parameters

Blood glucose was analysed by a glucometer (On Call Plus, ACON 
Laboratories, San Diego, CA, USA). Plasma triglycerides were ana-
lysed on a Cobas Mira Plus with a Horiba ABX Pentra kit (Montpellier, 
France). Plasma insulin and leptin were analysed on a Meso Scale 
Selector Imager 6000 with Meso Scale Discovery kits according to 
manufacturer's instructions (Meso Scale Discovery, Rockville, MD, 
USA).

4.4 | Lipid composition and leptin content of milk 
bolus and experimental diets

Stomachs from the female offspring contained milk boluses and 
were collected the day after birth, snap-frozen in liquid nitrogen and 
stored in −80°C until analysis.

The stomach content (n = 2 offspring/dam) were analysed to 
determine milk composition (total stomachs per group C  =  12, 
HFHS = 6). Proteins were extracted from mother's milk by homog-
enizing half the milk-bolus in 100 µL of water containing a protease 
inhibitor, followed by 2 minutes of centrifugation (20.000× g). The 
supernatants were analysed for leptin content on a Meso Scale 
Selector Imager 6000 with a Meso Scale Discovery kit according 
to manufacturer's instructions (Meso Scale Discovery).

Lipids were extracted from the remaining milk-bolus and the ex-
perimental diets by the Folch method,37 after addition of glyceryl 
trinonadecanoyl (Sigma, St. Louis, MO, USA) as internal standard and 
milliQ-H2O to obtain the required ratio between CHCl3:MeOH:H2O 
(8:4:3) in the final extract. Fatty acid content and composition in the 
final lipid extract was analysed as previously described.38

4.5 | Lipid composition of livers from offspring

Livers were snap-frozen in liquid N2 and stored in −80°C until ana-
lysed. Hepatic lipids were extracted using the Folch procedure in 
the presence of internal standards for FFA, TAG and phospholipids 
(PL) as previous described38 (for female neonates; n = 2 offspring/
dam, total livers per group C = 12, HFHS = 6). In addition, ceramide 
C17:1 long-chained base (Avanti Polar Lipids, Alabaster, AL, USA) 
was added as internal standard for ceramide quantification prior to 
extraction. One aliquot of the lipid extract was used for PL, TAG and 
FFA analysis,38 and one aliquot used for quantification of ceramides, 
as described in Drachmann et al,39 but using the above mentioned 
C17:1 ceramide as internal standard.

4.6 | RT-qPCR

Liver samples were collected from female offspring the day after 
birth and male offspring at weaning, immersed in RNA later at 4°C 
for 24 hours and stored at −80°C until RNA extraction. RNA was ex-
tracted by a RNeasy kit (Qiagen, Hilden, Germany) according to man-
ufacturer's instructions and converted to cDNA by a High Capacity 
cDNA Reverse Transcription kit (Invitrogen, Taastrup, Denmark). 
Quantitative real-time PCR was run on a 7900HT Fast Real-time 
PCR system (Applied Biosystems, Naerum, Denmark) with a Taqman 
Fast Universal PCR master mix (Applied Biosystems) and primers/
probers from Integrated DNA Technologies (Coralville, IA, USA) 
(Table S5). Results from genes of interest were normalised to two 
housekeeping genes (Gapdh and B2m) and displayed as 2^-delta(Ct).

4.7 | Statistical analysis

Data are represented as mean ± SD in all graphs, and no data points 
were excluded from the statistical analysis. Pre-natal effects the day 
after birth were evaluated by a two-sided two sample permutation 
test in the “coin” package in R (http://www.r-proje​ct.org/, R version 

http://www.r-project.org/
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3.2.3).17 Pre-natal and post-natal effects at weaning were analysed by 
a permutated 2-way ANOVA in the “lmperm” package in R as described 
by Anderson (2001).40 Post-hoc tests were performed as a pair-wise 
comparison between groups by a two-sided two sample permuta-
tion test and the P-values were adjusted for multiple testing by the 
Holm method.41 The influence of lactating litter size on the offspring's 
bodyweight at weaning was analysed by a permutated ANCOVA in 
the “lmperm” package in R. Effects were considered significant when 
P <  .05. Principal component analysis (PCA) and partial least square 
(PLS) regression were performed in SIMCA (SIMCA version 14, 
Umetrics, Sartorius Stedim Data Analytics AB, Umeå, Sweden).
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