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Abstract

The nutritional environment during fetal and early postnatal life has a long-term impact on
growth, development, and metabolic health of the offspring, a process termed “nutritional
programming.” Rodent models studying programming effects of nutritional interventions use
either purified or grain-based rodent diets as background diets. However, the impact of these
diets on phenotypic outcomes in these models has not been comprehensively investigated. We
used a previously validated (C57BL/6J) mouse model to investigate the effects of infant milk
formula (IMF) interventions on nutritional programming. Specifically, we investigated the
effects of maternal diet type (i.e., grain-based vs purified) during early lactation and prior to the
intervention on offspring growth, metabolic phenotype, and gut microbiota profile. Maternal
exposure to purified diet led to an increased post-weaning growth velocity in the offspring and
reduced adult diet-induced obesity. Further, maternal exposure to purified diet reduced the
offspring gut microbiota diversity and modified its composition post-weaning. These data not
only reinforce the notion that maternal nutrition significantly influences the programming of
offspring vulnerability to an obesogenic diet in adulthood but emphasizes the importance of
careful selection of standard background diet type when designing any preclinical study with
(early life) nutritional interventions.

Introduction

Non-communicable diseases, including obesity, diabetes, and cardiovascular disease, are a
major health hazard of the modern world. While genetics and suboptimal adult environmental
factors can affect an individual’s propensity to develop metabolic abnormalities, early life
environmental factors including (maternal) nutrition are increasingly recognized as important
contributors influencing health and disease risk in later life.1–5 Rodent models help elucidate the
effects and mechanisms involved in maternal and early life dietary exposures (e.g., maternal
undernutrition, high-fat diet, micronutrient exposure) and their impact on long-term health
outcomes.6–8 We previously established a mouse model of nutritional programming to
determine whether dietary manipulations in early life could alter later-life health outcomes. We
use this mouse model to test the effects of IMF interventions on offspring growth patterns and
susceptibility to diet-induced obesity later in life. This validatedmodel forms the basis for testing
our nutritional concepts aimed at promoting healthy growth and development in children.
Using thismodel, we have shown that lipid quality in early life diet affects offspring susceptibility
to adult diet-induced obesity.9–11

In addition to dietary interventions, rodents in nutritional programming research are
exposed to standard rodent diets prior to and/or during the experiment. These diets serve as
control or base diets for a nutritional supplementation/intervention. Grain-based and purified
diets are two common standard rodent diets in (metabolic) research. Both diets have long been
considered nutritionally sufficient to support breeding and long lifespan. However, they are very
different in nutritional composition and food matrix.12, 13 Significant differences include the
matrix (multi-nutritional ingredients versus purified, single ingredients); ingredient types
(unrefined versus refined); the quantity and source of fibers (diverse range of soluble/insoluble
fibers versus mainly insoluble cellulose), carbohydrates (whole grains versus combination of
refined corn starch with maltodextrin and simple carbohydrates) and proteins (mainly plant
based versus milk casein). Such matrix and compositional differences could lead to different
effects on nutrient absorption, gut microbiota, metabolic responses, and subsequent health
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outcomes. Research has shown varied effects of these diets on gut
microbiota and short chain fatty acid (SCFA) profile.14–18 In
addition, rodents exposed to purified diets developed an impaired
liver phenotype,19, 20 an effect significantly reduced by addition of
soluble fiber,21 whilst higher serum cholesterol and triglycerides,22

and slightly lower growth rate and food intake have also been
observed.23While the impact of diet is increasingly recognized, the
influence of the mother’s background diet on offspring health
outcomes (i.e., nutritional programming) may still be overlooked.
A recent study24 demonstrated that maternal diet lacking soluble
fiber during lactation led to changes in offspring microbiota,
predisposing them to obesity later in life. Building on these
findings, we used our nutritional programming model to
determine whether maternal exposure to a grain-based versus
purified diet during early lactation could contribute to distinct
programming effects on offspring growth, metabolic phenotype
(focusing on body weight and composition, metabolic organs,
hormones and inflammatory markers), and gut microbiota profile.

Methods

Animal procedures

The C57BL/6J mouse strain was selected as this strain is frequently
used in research and is susceptible to diet-induced obesity. Mice
used for this study were derived from a larger study with breeding
procedures as described in detail elsewhere.25 Briefly, breeding
pairs from Charles River Laboratories (Saint-Germain-Nuelles,
France) were time-mated and day of birth was recorded as
postnatal day 0 (PN0). At PN2, litters were cross fostered and/or
culled to six pups/dam. Each litter contained both sexes and 2 to 4
male offspring, depending on birth outcomes. Male offspring were
weaned at PN21 and were pair-housed (with same-sex littermate)
and followed up into adulthood. Animals were housed in IVC
polycarbonate type II cages with bedding, nesting and enrichment
materials as previously described.25 All procedures took place
during the light phase.

Dams were fed a grain-based diet throughout gestation. After
birth, dams and litters were randomly allocated to a grain reference
group [Grain-Ref] that remained on grain-based diet throughout
the study, or one of four experimental groups that experienced a
shift to purified diet at either PN2 [MatAIN] or PN16 [MatGrain]
(Fig. 1 and Supplementary Table 1). Offspring in MatAIN and
MatGrain groups were exposed to a standard AIN-93G based
infant milk formula (IMF) diet containing soluble galacto-
oligosaccharides and fructo-oligosaccarides (GOS/FOS) between
PN16 and PN42, followed by the semisynthetic control AIN-93 M
[Con] or Western-Style Diet [WSD] until PN126, following a
previously described nutritional programming model.9–11 The
Grain-Ref group was included in the study as a reference to health
outcomes of mice kept in same conditions as the experimental
groups but without any diet interventions.

Body weight, energy intake and body composition

Body weight of dams and litters were recorded weekly and, after
weaning, offspring body weight was monitored twice weekly. Body
composition was measured at PN28, PN42, PN98 and PN126 by
magnetic resonance imaging (EchoMRI-100™ analyzer, EchoMRI
Medical Systems, Houston, TX) as previously reported.25 Food
intake was roughly monitored per cage by weighing the food on
rack twice a week between PN42 and PN126.

Tissue collection

Fecal samples were collected at PN28, PN42, and PN126 and were
processed for fecal DNA extraction and sequencing as previously
reported.25 At PN126 animals were deeply anesthetized (isoflurane)
and sacrificed as previously reported.25 Subcutaneous and visceral
(perirenal, retroperitoneal and epidydimal) white adipose tissue
depots, intrascapular brown adipose tissue depots, adrenal glands,
(tibialis anterior)muscle and liverwere dissected andweighed. Cecum
content was collected and processed for analysis of SCFAs.

Liver histology and triglycerides

For histological analysis, liver (left lobe) samples were placed in
10% formalin for approximately 48 hours followed by storage in
70% ethanol until paraffin embedded. Paraffin sections were
stained with hematoxylin and eosin (H&E) for routine histological
analysis.26 Liver sections were cut to 5 μm thickness. Sections were
air dried for 30 min, followed by fixation in 4% formaldehyde for
10 min. Hematoxylin nuclei staining was subsequently carried out
for 5 min followed by several rinses with distilled H2O. Sections
were mounted in aqueous mounting media (Imsol, Preston, UK).
The H&E slides from the liver specimens were blindly evaluated by
using an adapted version of the nonalcoholic steatosis scoring
system for nonalcoholic fatty liver disease27 and reviewed by two
certified veterinary pathologists. This scoring system considers the
presence or absence of steatosis in hepatocytes examined at low
magnification, the presence of ballooning cells, and incidence of
lobular inflammation.

For triglyceride analysis, part of the left lobe was snap frozen
and stored at −80°C. Liver triglycerides were determined in liver
homogenates prepared in buffer containing 250 mM sucrose,
1 mMEDTA, and 10 mMTris-HCl at pH 7.5 using a commercially
available kit (Instruchemie, Delfzijl, TheNetherlands) according to
the manufacturer’s instructions.

Blood and plasma measurements

Blood glucose levels were determined immediately after sacrifice
using a commercial blood glucose meter and test strips (Accu-Chek
Performa, Roche Diabetes Care, Inc.). Blood was collected in EDTA-
coated tubes (Sarstedt, Etten-Leur), centrifuged (13,000 rpm, 15min,
4°C), and plasma was removed and stored at –80°C until analysis.
Interleukin-6 (IL-6), insulin, leptin and resistin were measured using
the Mouse Metabolic Hormone Expanded Panel multiplex assay
(MILLIPLEX®MAP), monocyte chemoattractant protein-1 (MCP-1)
was quantified with the Mouse MCP-1 SimpleStep ELISA® Kit
(Abcam) and lipopolysaccharide binding protein (LBP) was
measured with the mouse LBP ELISA kit (Hycult®Biotech). All the
assays were performed according to the manufacturer’s instructions.
Plasma analyses were performed in duplicate, and samples were
excluded when duplicate measurements had coefficient of variation
(CV)>20%.

SCFA analyses

Cecum content was weighed, and samples were diluted 1:10
according to weight in pre-cooled phosphate-buffered saline.
Samples were vortexed 3 times for 30 s and centrifuged at 4°C for
5 min at 15 000 × g. The supernatant was collected and 200 μL was
used for SCFA analysis. The following SCFAs –acetic, propionic,
n-butyric, iso-butyric, n-valeric, and isovaleric acids – were
quantified on a Shimadzu-GC2025 gas chromatograph with a
flame ionization detector and hydrogen as mobile phase.
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Quantification was performed by using 2-ethylbutyric acid as an
internal standard and generating a calibration curve from the
peak area after which the concentration in the samples was
calculated.

Analysis of sequencing results

Analysis of fecal sequencing results was performed as extensively
described previously.25 Rarefaction was applied to the taxa by
phyloseq28 and vegan packages29 in R v3.5.1 for α-diversity
calculations using the Chao1 and Shannon index metrics. The
β-diversity was computed using the Bray-Curtis distance over
all samples with functions vegdist and betadisper from the vegan
package in R v3.5.1. Statistical significance of differences in
α-diversity were assessed with pairwise_wilcox_test function
from the rstatix package in R v4.0.230 followed by Benjamini-
Hochberg p-value adjustment per timepoint. Statistical signifi-
cance of differences in β-diversity were assessed using the
permutation ANOVA function adonis2 from the package vegan in R.
Using Spearman, the phenotypic metadata was correlated to genera
with a minimummean relative abundance of 0.5% across all samples
and tested for significance using cor.test function with default settings
from the R stats package. Differential abundance was performed with
generalized linearmodelswithmixed effects on the sequencing counts
using the glmmTMB package v 1.1.2.3 in R v4.0.231 followed by
Anova.glmmTMB applying the Chi Squared test for significant
differences. After adjustment, a p-value< 0.05 was considered
significant for all statistical tests applied to the sequencing data.

Statistical analysis

Phenotypic data were analyzed using SPSS 20.0 (IBM software)
and GraphPad Prism 8 (GraphPad software, GraphPad Holdings,
LLC, La Jolla, CA, USA). Data from the Grain-Ref group were not
included in the statistical analyses, but data are added to figures as a
visual reference. Due to the color and texture difference between
grain-based diet and purified diet, researchers were not blinded to
diet type. However, ex vivo analyses and data processing was
performed by researchers blinded to the groups.

Data were analyzed using linear mixed models. Effect of maternal
diet type on changes in body weight and body composition over

3 weeks (PN21 – PN42) in the MatGrain (group 2 and 3 combined)
versus MatAIN (group 4 and 5 combined) was analyzed by one-way
repeated measures ANOVA using maternal diet type as fixed factor
and time as repeated measure, excluding data at missing timepoints.
Post hoc analyses were performed using Bonferroni’s test. Effect of
adult diet type on changes in body weight and body composition over
12weeks (PN42-PN126) in the groups 2 – 5was analyzed by two-way
repeated measures ANOVA using maternal/adult diet types as fixed
factors and time as repeatedmeasure. Effect of diet type on organ and
plasma parameters at PN126 was analyzed by two-way ANOVA
usingmaternal and adult diet types as fixed factors. Individual animals
were considered as statistical units, however, as the study included
multiple batches of mice and mice were always housed two animals
per cage throughout the study, all analyses included batch and cage as
random factors. The relation between diet type and liver phenotype as
indicated by %responder was analyzed using Chi-square test.

All data are expressed as mean ± standard error of the mean
(SEM). Data were considered statistically significant when
p< 0.05. Statistical trends were reported in case of a p-value
between 0.05 and 0.06. Three-way interactions were considered
statistically significant when p< 0.1 as a common practice in more
complex models. Power calculations were based on published data
from previous experiments with comparable design and based on
fat accumulation in response to WSD in male adult offspring.10

Using an error-probability of 5% and power of 80%, sample size
was calculated as 12 animals per group. There was one animal in
the MatAIN-Con that presented malocclusion, resulting in low
body weight gain after PN42; data from this animal were excluded
from all analyses.

Results

Maternal exposure to purified diet (AIN-93G) during early
lactation (PN2-PN16) impacted the pattern of maternal and
litter weight gain

During lactation, dams and litters in the MatGrain and MatAIN
group showed a different pattern of body weight accumulation
(diet*time, dams: F(3,12)= 8.51, p< 0.01; litters: F(3,13)= 4.53,
p= 0.02) with animals in MatAIN showing lower bodyweight
compared to animals in MatGrain at PN14 and PN21 (Fig. 2).

Figure 1. Experimental design. From twoweeks beforemating and throughout gestationdamswere subjected to grain-based growth diet (Teklad 2920X-irradiated). Damsand litters in
the grain reference (Grain-ref) group remained on the grain-based diet until PN42 and were switched to grain-based maintenance diet (Teklad 2916C) from PN42 to PN126. In the other
four groups, from PN2 to PN16 (early lactation), dams were exposed to either the grain-based diet or purified AIN-93 growth (AIN-93-G) diet which resulted in two groups based on
maternal diet type abbreviated as Mat; MatGrain or MatAIN accordingly. Between P16 and P42, dams and litters were exposed to standard infant milk formula (IMF) diet which was
AIN-93G based and between P42 and P126 (adulthood), male offspring received a purified control (AIN-93-M) or Western-style diet (WSD, consisting of 20% w/w fat −17% w/w lard,
3% w/w soy, 0% w/w cholesterol). Body composition was measured by echo-MRI on PN28, PN42, PN98 and PN126. Fecal samples were collected on PN28, PN42 and PN126.
The experimental groups are represented in the figure. 1) Grain-Ref (n= 12); 2) MatGrain-Con (n= 12); 3) MatGrain-WSD (n= 12); 4) MatAIN-Con (n= 12); and 5) MatAIN-WSD (n= 12).
One mouse in the MatAIN-Con presented malocclusion, resulting in low body weight gain after PN42; data from this animal were excluded from analyses.
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Maternal exposure to purified diet during early lactation
increased offspring growth velocity after weaning and
decreased offspring response to WSD challenge in adulthood

In the offspring, there was a significant increase in body weight over
time in both MatGrain and MatAIN groups (time: F(2,69)= 5586.97,
p< 0.001) during the post-weaning period (PN21 – PN42), as well as
an interaction between maternal diet and time on offspring body
weight (maternal diet*time: F(2,69)= 9.26, p< 0.001) during the same
period. Post hoc testing indicated that offspring from MatAIN mice
had lower body weight compared to offspring fromMatGrainmice at
PN21 (p< 0.001) and PN28 (p< 0.001) and had similar body weight
at PN42 (p= 0.97) (Fig. 3A). There was no difference in fat mass and
lean body mass at PN28 and PN42 (Fig. 3).

During the adult phase (PN42 – PN126) there was an
interaction effect between adult diet and time on offspring body

weight (F(2,79)= 81.10, p< 0.001) and relative lean body mass
(F(2,88)= 40.56, p< 0.001)(Fig. 3D and 3F). Post hoc analysis
indicated that body weight was significantly higher and relative
lean body mass was significantly lower at PN98 and PN126 due to
adult WSD exposure.

There was an interaction between maternal diet, adult diet and
time on offspring fat mass (F(2,86)= 3.95, p= 0.02). Post hoc
analysis indicated that relative fat mass was significantly lower in
the offspring from MatAIN compared to MatGrain at PN98
(p< 0.01) and PN126 (p= 0.02) only following WSD challenge in
adulthood (Fig. 3E). There was no statistically significant effect,
though visually there seemed to be an interaction between
maternal diet, adult diet and time on offspring relative lean body
mass when exposed to WSD challenge; lean body mass seemed to
be higher in the offspring from MatAIN compared to MatGrain at

Figure 2. Dambody weight (A) and litter weight (B) in the period
PN2-PN21 in the MatGrain, MatAIN and Grain-ref groups. Effect of
diet type on body weight was analyzed by one-way repeated
measures ANOVA using maternal diet type as fixed factor and
time as repeated measure. ainteraction effect between maternal
diet and time. *MatGrain and MatAIN groups differed at depicted
time points by post hoc analysis using bonferroni testing,
p < 0.05. n= 5–8 (A). Grain-ref (n= 5 litters); MatGrain (n= 8
litters); and MatAIN (n= 7 litters). Each litter contained 6 pups in
total (2–4 of which were males, depending on birth outcomes)
(B). Values are given as mean ± SEM.

Figure 3. Longitudinal body weight (BW) in the post-weaning period PN21-PN42 (A), in the groups MatGrain, MatAIN and Grain-Ref. Average fat mass (% BW) at PN28 (B) and lean
mass (%BW) at PN28 (C), longitudinal BW (D), fatmass (%BW) (E) and leanmass (%BW) (F) in the groupsMatGrain-Con,MatGrain-WSD,MatAIN-Con,MatAIN-WSDandGrain-Ref.Maternal
diet (Grain versus AIN-93G), adult diet (WSD versus AIN-93M), time, and diet-by-time interaction effects were determined by repeated measures one-way ANOVA for the period (PN21-
PN42) and repeatedmeasures two-way ANOVA for the period (PN42-PN126). a interaction effect betweenmaternal diet and time (A) and interactionbetweenmaternal diet, adult diet and
time (E), b interaction effect between adult diet and time (D–F), p< 0.05. *MatAIN and MatGrain groups in panel a and MatGrain-WSD and MatAIN-WSD groups in panel E differed at
depicted time points by post hoc analysis using Bonferroni testing, p< 0.05. n= 11**–12. **MatAIN-Con group in panel A-D. Values are given as mean ± SEM.
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PN98 and PN126 when exposed to WSD (Fig. 3F). Maternal diet
had no effect on offspring energy intake from PN42 to PN126
whereas, WSD exposure increased caloric intake (F(1,20)= 66.72,
p< 0.001) (Supplementary Fig. 1).

The Grain-Ref group showed similar patterns of weight gain to
both MatGrain and MatAIN groups in the post-weaning period
(PN21-PN42) (Fig. 3A). There was a difference between the Grain-
Ref, MatGrain-Con and MatAIN-Con groups in terms of body
weight and body composition development in adulthood period

(PN42-PN126); numerically the Grain-Ref group had higher body
weight and relative fat mass and lower relative leanmass compared
to the other groups (Fig. 3D and 3E and 3F).

Maternal brief exposure to purified diet during early
lactation did not have a significant effect on organ weights

At PN126, WSD resulted in a decrease in relative tibialis anterior
muscle mass and an increase in relative total fat, visceral fat,

Table 1. Average weight of fat depots and organs at PN126

Grain-Ref MatGrain-Con MatGrain-WSD MatAIN-Con MatAIN-WSD Mat diet p-value Adult diet p-value

Muscle (% BW)
(tibialis anterior)

0.15 ± 0.01 0.17 ± 0.00 0.14 ± 0.01 0.18 ± 0.01 0.16 ± 0.01 0.05 0.00

Total fat (% BW) 7.17 ± 0.62 3.47 ± 0.41 9.73 ± 0.81 3.30 ± 0.34 7.27 ± 1.05 0.15 0.00

Visceral fat (% BW) 4.97 ± 0.43 2.15 ± 0.28 6.84 ± 0.55 2.07 ± 0.24 5.14 ± 0.75 0.18 0.00

Subcutaneous fat (% BW) 1.51 ± 0.20 0.88 ± 0.10 2.13 ± 0.25 0.82 ± 0.08 1.54 ± 0.21 0.11 0.00

Brown fat (% BW) 0.69 ± 0.06 0.44 ± 0.05 0.76 ± 0.06 0.76 ± 0.06 0.59 ± 0.11 0.22 0.00

Cecum content 1 ± 0.1 0.8 ± 0.07 0.9 ± 0.3 1 ± 0.2 0.5 ± 0.06 0.29 0.37

Adrenal gland 0.03 ± 0.00 0.02 ± 0.00 0.027 ± 0.00 0.03 ± 0.00 0.02 ± 0.00 0.99 0.41

Values are mean ± SEM, n= 11–12. Statistical analyses were performed using two-way ANOVA, no interaction effects.

Figure 4. Hematoxylin and eosin (H&E) staining of representative liver sections of themice scored positive for steatosis (A) and inflammation (B) in the study groups with a switch
to AIN-93 diet. % responder rate (defined by the outcome of H&E staining and based on the presence of steatosis and/or inflammation) (C), liver mass (% BW) (D), liver triglyceride
(TG) content (mg/g protein) (E). The relation between experimental diet group and liver phenotype as indicated by %responder was analyzed using chi-square test. Values are
given as mean ± SEM. n= 11*-12 mice per group (C–E). *MatAIN-Con. central vein (CV), portal tract (PT).
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subcutaneous fat and brown fat mass. Relative tibialis anterior
muscle mass was higher in offspring from MatAIN compared to
MatGrain (p= 0.05). In line with effect of maternal diet type on
changes in body composition observed during adulthood, the
weight of the adipose tissue depots in the groups exposed to WSD
appeared to be lower in MatAIN compared to MatGrain at

dissection, however this effect was not significant in the statistical
model used (Table 1). Moreover, neither maternal nor adult diet
affected cecum content weight and adrenal gland weights. At
PN126, cecum short chain fatty acid profile was analyzed which
indicated no effect of maternal diet nor an interaction between
maternal and adult diet on cecum content weight, total amount of

Figure 5. Plasma glucose is expressed asmmol/L (n= 11–12). Plasmamarkers (leptin (n= 7–11), monocyte protein-1 (MCP-1, n= 6–11), resistin (n= 9–11) and interleukin-6 (IL-6,
n= 3–9)) and insulin (n= 5–10) are expressed as pg/ml and lipopolysaccharide binding protein (LBP) as ng/ml (n= 7–11). Volume of plasma collected was not insufficient for all
analyses resulting in lower n/group. Effect of diet type on plasma measures was analyzed by two-way ANOVA using maternal and adult diet types as fixed factors. Data presented
as mean ± SEM. b significant effect of adult diet, p < 0.05.
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SCFAs and the relative levels of individual SCFAs (data
not shown).

Histological analysis indicated presence of liver steatosis and
inflammation in all the experimental groups that switched to
purified diet at either PN2 or PN16

Liver sections obtained at PN126 were stained and scored for
anomalies/pathologies. While there was no fat accumulation in the
liver of the Grain-Ref mice, a marked heterogeneity in fat
accumulation and histology was observed in the four experimental
groups. A few animals in all experimental groups developed liver
steatosis (Fig. 4A) or inflammation (Fig. 4B) while there was no
evidence of nonalcoholic fatty liver disease (Supplementary
Table 2). We measured the response rate to purified diet based
on the presence of steatosis and/or inflammation, which indicated,
surprisingly, that 30%–50% mice per experimental group were
responders yet there was no significant correlation between
experimental diet groups and response rate (Fig. 4C). Liver weight
was not modulated by maternal nor adult diet. Quantitation of
hepatic triglycerides confirmed liver fat accumulation in all the
experimental groups. Hepatic triglycerides seemed to be lower
followingWSD challenge in the offspring fromMatAIN compared
to MatGrain group, however, this effect was not statistically
significant (Fig. 4E).

Maternal brief exposure to purified diet during early
lactation seemed to decrease plasma leptin levels following
WSD challenge

The WSD challenge resulted in an overall increase in blood
glucose and plasma insulin levels at PN126 (glucose: adult diet,

F(1,21)= 20.79, p< 0.001; insulin: adult diet, F(1,15)= 3.18,
p= 0.09), however, maternal diet type had no effect (Fig. 5A
and 5B). The WSD challenge also increased plasma leptin, MCP-1
and resistin, supporting a WSD induced obesogenic phenotype,
but did not modulate IL-6 and LBP levels (leptin: F (1,31)= 22,12 ,
p< 0.001; MCP-1: F(1,19)= 7.60, p= 0.01; resistin: F(1,37)= 5.51,
p= 0.02, Fig. 5C–G). Plasma leptin levels seemed to be lower in
MatAIN versus MatGrain group following WSD challenge,
although the interaction effect did not reach significance
(F(1,31)= 3.55, p= 0.07, Fig. 5C). The Grain-Ref group had a
visually higher leptin level compared to MatGrain-Con and
MatAIN-Con groups.

Maternal diet type during early lactation affected the
offspring gut microbiota diversity and composition in the
post-weaning period

Analysis of alpha diversity showed lower species richness, measured
by Chao1 index, in the offspring from MatAIN compared to
MatGrain group at early time points PN28 (Fig. 6A) and PN42
(Fig. 6B) which was not present at later time point PN126 (Fig. 6C).
Shannon index indicated no differences at PN28 and PN42 and a
significantly increased diversity by WSD challenge at PN126
(Fig. 6D–F). Grain-Ref group visually had a higher alpha diversity
by both indices at all the time points (Fig. 6).

Analysis of beta diversity, quantifying (dis-)similarities in
microbiota composition between samples, showed differences in
microbiota composition due to maternal diet at PN28, PN42 and
PN126 as well as main effect of adult diet type at PN126 (Fig. 7).
The Grain-Ref group was clearly separated from all the other
groups at early and later time points (Supplementary Fig. 2).

Figure 6. Alpha diversity assessed by Chao1 index at
PN28 (A), PN42 (B) and PN126 (C) and Shannon index at
PN28 (D), PN42 (E) and PN126 (F). Statistical significance
of differences in alpha diversity were assessed with
pairwise_wilcox_test followed by Benjamini-Hochberg
p-value adjustment per timepoint. Data presented as
median ± interquartile range. * p < 0.05, ** p< 0.01,
*** p< 0.001 n= 23*-24 mice per group (panel A, B, D, E)
* MatAIN. n= 11*-12 mice per group (panel C and F)
* MatAIN-con.
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Analysis of microbial taxa relative abundance at phylum level both
at PN28 and at PN42 showed a slightly higher relative abundance
of Verrucomicrobiota and Actinobacteria and a lower relative
abundance of Firmicutes and Bacteroidota in MatAIN compared
to MatGrain group. Analysis at PN126 showed an increase in the
relative abundance of the phylum Firmicutes, particularly in the
WSD-challenged groups, compared to the levels observed at PN42.
No differences between MatGrain and MatAIN groups were
observed at P126. In the Grain-Ref group, the microbiota profile
was dominated by the phyla Firmicutes and Bacteroidota
(Supplementary Fig. 3).

Analysis at genus level showed that at PN28, the offspring from
MatAIN compared toMatGrain group, showed a significantly higher
relative abundance of Bacteroides and lower relative abundances
of Faecalibaculum, an unknown genus of Muribaculaceae and

Parasutterella (Fig. 8A). At PN42 only the abundance of the genera
Alistipes and the Lachnospiraceae NK4A136 group were lower in the
MatAIN compared to the MatGrain group (Fig. 8B). At PN126,
offspring exposed to WSD compared to AIN control diets showed
significant difference in the relative abundance of many bacterial
genera, among which a few belonging to the Firmicutes phylum, such
as Colidextribacter and Lactobacillus, were higher and Akkermansia
and Parasutterella were lower in the groups exposed to WSD
(Supplementary Fig. 4). There was no significant maternal diet effect
nor an interaction effect between maternal and adult diet on relative
abundance of microbial taxa at PN126.

Next, we examined the cross-sectional correlations between
relative abundance of bacterial groups at genus level and measured
metabolic outcomes, i.e., body weight, relative fat mass and relative
lean body mass, at PN28 and PN42. At PN28, a few bacterial taxa
from Bacteroidetes phylum correlated (ρ > 0.5 or ρ < −0.5) with
body weight. There was a negative correlation between body
weight and the Bacteroides genus, and positive correlations
between body weight and the following genera: Alistipes, an
unknown genus of Muribaulaceae, Rikenellaceae RC9 gut group,
and an unknown genus of Tannerellaceae. At PN42, relative lean
body mass correlated positively with the Akkermansia genus
(ρ = 0.48, data not shown).

Discussion

We have previously shown effects of early life nutrition on adult
(metabolic) health outcomes using a nutritional programming
model.10,11,32–34 In this study, we describe the persistent program-
ming effects of maternal exposure to standard purified diet versus
grain-based diet during early lactation on offspring’s response to
WSD in adulthood. Offspring of dams exposed to a purified
compared to grain-based diet exhibited reduced body weight at
weaning, increased growth velocity in the post-weaning period
and a lower fat accumulation (% total weight) in response to
adult WSD challenge. These effects were in parallel with an
adolescent microbiota profile characterized by reduced alpha
diversity and a distinct composition depending on maternal
diet type.

Considering the nutritional differences and the less favorable
attributes of a purified diet on health outcomes in metabolic
research,14–23 one might speculate that early life exposure to such a
diet, compared to a grain-based diet, could increase susceptibility
to adult diet-induced obesity. We observed decreased fat mass
accumulation in response to WSD challenge due to maternal
exposure to a purified diet during early lactation. This effect was
seen in WSD-challenged offspring but not in non-WSD groups,
suggesting it is not due to a general alteration in body fat
accumulation. The response to a high-fat diet varies across studies
and even among mice within the same study group,35 often
attributed to gene-environment-microbiome interactions36–38 and
sexual dimorphism.39 However, early life nutrition is an often-
overlooked determinant of this variability.

Emerging evidence suggests that early nutritional experiences
significantly influence metabolic responses to dietary challenges
later in life. While we cannot conclusively determine whether a
maternal grain-based diet promotes fat mass accumulation in
response to WSD or if a purified diet impedes it, we can assert that
fat mass accumulation triggered by WSD is substantially
influenced by the maternal diet during early lactation. Contrary
to our findings, a recent study24 observed that feeding dams a
standard purified diet during lactation resulted in offspring with

Figure 7. Beta diversity computed with functions vegdist and betadisper from the
vegan package in R v3.5.1. Statistical significance of differences in the beta diversity
were assessed using the permutation ANOVA function adonis2 from the package vegan
in R. PN28; MatDiet: F = 3.62; p= 0.00. PN42; MatDiet: F= 2.54; p = 0.00. PN126;
MatDiet: F= 2.64; p= 0.04; AdultDiet: F= 17.85; p= 0.00; MatDiet:AdultDiet: F= 1.16;
p = 0.26.

8 M. Rakhshandehroo et al.

https://doi.org/10.1017/S2040174424000436 Published online by Cambridge University Press

https://doi.org/10.1017/S2040174424000436
https://doi.org/10.1017/S2040174424000436
https://doi.org/10.1017/S2040174424000436


higher body weight and adiposity at weaning, and increased
sensitivity to diet-induced obesity later in life. These discrepancies
may be due to differences in study design, particularly the
nutritional environments between PN16 and PN21. In the
previous study,24 pups were exposed to a fiber-rich grain-based
diet starting at PN21, whereas in our study, exposure to a diet
devoid of soluble fiber was limited to early lactation and ended at
PN16. At PN16, pups were transitioned to an AIN-93G-based IMF
diet with GOS/FOS as a source of soluble fiber. This critical phase
for organ development and programming, including adipose tissue
development,40 may account for the different outcomes observed.

Given the critical role of gut microbiota in nutrient digestion,
energy harvest and production of bioactive metabolites,41–44 we
assessed gut microbiota profiles. We identified an (adolescent)
microbiota profile characterized by reduced alpha diversity and a
distinct composition at PN28 and PN42 in MatAIN versus
MatGrain groups. This distinct composition was further charac-
terized by a decrease in the Bacteroidota phylum and an increase in
the genera Bacteroides in the offspring from dams exposed to a
purified compared to a grain-based diet specifically at PN28.
Bacteroides species are well-known for their ability to utilize
various carbohydrate structures. The higher abundance of
Bacteroides in MatAIN versus MatGrain may imply that more
carbohydrates are reaching and/or being released in the colon
when exposed to purified versus grain-based diets and that, in

addition to (soluble) fiber, digestible carbohydrate composition of
these diets could contribute to the observed effects.

The Bacteroidota phylum has been associated with the
modulation of body weight, and we also found moderate, but
significant, correlations between the PN28 levels of bacterial
genera belonging to the phylum Bacteroidota and body weight. We
acknowledge that these observed changes might function more as
markers than direct causative factors. For instance, cultured
isolates from the Alistipes genus have demonstrated bile
resistance.45 Therefore, variations in Alistipes abundance could
potentially serve as a marker of alterations in the host’s fat
metabolism rather than a direct cause. However, it is particularly
intriguing that these correlations, along with significant changes in
the relative abundance of certain genera, are evident at the time
point when differences in body weight are observed, specifically
at PN28.

There were two interesting additional observations in the
microbiota data. The MatGrain group, despite the exposure to
(AIN-based) IMF diet containing soluble fibers (GOS/FOS), had a
very distinct microbiota composition compared with the Grain-
Ref group at PN42 (Supplementary Fig. 2). It is noteworthy to
mention that the (AIN-based) IMF diet contains less fiber (AIN-
based IMF: 3%GOS/FOS and 3% cellulose) than a grain-based diet
(15%–25%mostly soluble fiber) which could have played a role. In
addition, after theWSD challenge at PN126, we observed a notable

Figure 8. Relative abundance at genus
level for PN28 (A) and PN42(B) per-
formed with generalized linear models.
Cross-sectional correlations between
bacterial taxa at PN28 (groups 2, 3, 4
and 5 combined) and body weight, fat
mass (% body weight) and lean mass (%
body weight) using Spearman correla-
tion analysis (C). Statistical significance
of the relative abundance data was
assessed using Chi Squared test. The
resulting p-values were corrected using
Benjamini-Hochberg. Data presented as
median ± interquartile range. * p< 0.05,
** p< 0.01, *** p < 0.00. n= 23*-24 mice
per group. * MatAIN.
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stimulatory impact of the WSD on gut microbiota diversity and
certain bacterial genera, consistent with previous findings.46–48

Although we detected a statistically significant effect of the
maternal diet type on Beta diversity at PN126, this effect was not
attributable to consistent taxonomic changes and was not as
pronounced as the impact of WSD at this timepoint.

Previously, it has been noted that mice fed AIN-93G diet have
higher TG accumulation in the liver20, 49 and C57BL/6J inbred mice
showed heterogeneity in liver response to WSD challenge.35, 50, 51

Our findings indicate a clear development of liver steatosis and/or
inflammation in 30%–50% of the offspring across all groups that
transitioned to a purified diet, a phenomenon not observed in the
Grain-Ref group. Importantly, the liver phenotype was not
influenced by the maternal diet type. Mechanistically, the process
by which a purified diet induces the development of liver steatosis
is not well understood. However, the lower quality and quantity of
fiber in a purified diet compared to a grain-based diet19–21, 49

suggests a significant role for microbial involvement. Notably, the
observation of liver steatosis and/or inflammation across all study
groups after transitioning to a purified diet (compared to the
Grain-Ref group), even in the absence of a WSD challenge later in
life, raises legitimate concerns about the long-term effect of
purified AIN diet on liver health.

This study has some limitations. First, we studied the effects of
maternal dietary exposure on offspring health outcomes in male
mice only. While exclusion of female offspring reduced the total
number of animals needed for this study, we acknowledge that this
choice contributes to the sex bias prevailing in preclinical
research.52 Next, we indicated an accelerated growth rate in the
MatAIN group compared to the MatGrain group during the post-
weaning period. Unfortunately, individual-level caloric intake
during in this period could not be determined due to pair housing.
While we didn’t expect variations in food intake, we cannot
eliminate the possibility. Moreover, we investigated the weight of
both dams and litters during the pre-weaning period (PN2-PN21).
Notably, differences in weight accumulation were already evident
by PN7, as indicated by lower weight in dams and litters exposed to
the purified diet. However, the underlyingmechanisms responsible
for this apparent disparity in offspring weight – whether related to
altered energy transfer from mother to pup (such as variations in
dammilk availability or composition) or other contributing factors
– remain to be elucidated. In addition, we identified a different
microbiota profile in MatAIN compared to MatGrain group at
PN28 and PN42. Whilst we acknowledge the role of SCFAs in host
energy metabolism53, 54 we could not measure ceacal SCFAs at
these earlier time points. Finally, we compared different diets,
rather than focusing on single nutrient variations, this approach
restricted our ability to draw definitive conclusions regarding the
underlying nutrients behind the observed effects. While we
elaborated on potential effects of soluble fiber exposure, the
differences in fat, protein and carbohydrate profiles between
purified and grain-based diets could have also contributed to the
observed phenotype in our study.55–58

Our findings not only reconfirm the role of maternal diet on
offspring growth, development, and programming response to an
obesogenic environment in later life, but also strongly highlight the
critical impact of standard background diet choice in any study
with (early life) nutritional interventions. In line with this, others
have previously reported that the prevalent practice of using
inappropriate control diets, like employing grain-based diets as
controls for refined high-fat diets,18, 59 introduces considerable
challenges in isolating the effects that are solely attributable to the

dietary intervention from those created by the background diet/s.
Further research is crucial to safeguard the quality of preclinical
animal research by unraveling the mechanisms that drive the
impact of maternal purified diets during early lactation on
offspring growth velocity and responsivity to a high-fat diet in
adulthood.

Supplementary material. For supplementary material accompanying this
paper visit https://doi.org/10.1017/S2040174424000436
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