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Abstract

This study assessed the impact of maternal diet during pregnancy versus lactation on offspring

gut microbiota. Sprague-Dawley dams were fed high fat (HF) or Chow diets during pregnancy,
and their male offspring were raised by a different dam consuming the same or opposite diet
(Chow-Chow, Chow-HF, HF-Chow, and HF-HF). Microbiota analysis showed that maternal
lactation diet, rather than pregnancy diet, determined offspring microbiota profiles at weaning.
Increased abundances of Turicibacter, Staphylococcus, and Ruminococcus were characteristic of
chow lactation groups. Lactococcus, Streptococcus, and Parabacteroides were characteristic of HF
lactation groups and positively correlated with offspring body weight.

Maternal obesity prevalence in the U.S. has tripled over the last 20 years and has recently
been estimated at over 25% [1-3], when overweight mothers are included that number
grows to 55%][2]. Maternal obesity increases future risk of metabolic disease, and other
health problems for offspring [4-6]. Diet composition is a key factor contributing to
maternal obesity[7]. It also shapes maternal microbiota composition [8], thus impacting
which microbes colonize the offspring at birth [9] and during lactation [10].

The intrauterine and early postnatal environments are critical to the proper development
of the offspring. Pregnancy and lactation are two distinct phases of development during
which offspring health is directly under maternal influence. Cross-fostering rodent studies,
whereby offspring are raised by surrogate mothers, have been instrumental in separating
pregnancy from lactation effects and suggest that maternal status during pregnancy and
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lactation independently impact offspring health [11, 12]. A study focusing on maternal
food restriction (FR) found that offspring born to rats consuming calorically-restricted diets
and then fostered by mothers consuming ad /ibitum diets (FR-AdLib) gained significantly
more weight than AdLib-AdLib and AdLib-FR counterparts suggesting gestational caloric
restriction had a persistent influence on offspring obesity risk [13]. In contrast, maternal
high fat (HF) diet studies found that male pups fostered by rat dams consuming HF diets
during the suckling period gained significantly more weight and had significantly higher fat
mass than pups fostered by Chow-fed dams, independently of their birth dams’ diet. These
differences were maintained in adulthood suggesting that HF diet during the lactation period
determined metabolic risk for offspring [14]. These data indicate that maternal diet could
have differential effects on offspring phenotype depending on the nature of the diet and the
timing of exposure.

Various epidemiological studies have shown that cesarean delivery is associated with
increased risk of obesity, diabetes, and other inflammatory diseases [11, 15], supporting
the idea that early microbial colonization plays a key role in offspring development. This
current study aimed to assess the impact of maternal diet during pregnancy versus lactation
on offspring gut microbiota composition at weaning. By using a cross-fostering model, we
are able to differentiate the impacts of maternal HF and low-fat standard Chow feeding
during pregnancy versus lactation.

Pregnant Sprague-Dawley rats (Charles River) were received on gestational day (GD) 2 and
housed individually in conventional tub cages in a temperature- and humidity-controlled
room with a 12-hour dark/light cycle. The rats were provided with ad /ibitum access to
food and water, with 17 of the rats receiving high fat (HF) food (Research Diets, D12492,
60% kcal from fat) and 16 of the rats receiving standard Chow food (LabDiet, 5001, 13.5%
kcal from fat). Diets were introduced upon arrival at the animal facility on GD2. Dams
were maintained on their respective diets throughout gestation and lactation, for a total of

6 weeks. Body weight and food intake were measured daily. All animal protocols used in
this study were approved by the Johns Hopkins University School of Medicine Institutional
Animal Care and Use Committee.

Postnatal day (PND) 0 was defined as the day on which the dams gave birth; only dams that
gave birth to 10 or more pups continued to be used in the study. There were no significant
differences in litter size (Chow 12.2 £ 0.5 vs. HF 12.2 + 0.5 pups) or male:female ratio
(Chow 1.4 £ 0.2 vs. HF 1.5 + 0.2) between the diet groups. On PND1, litters were culled

so that each had 5 females and 5 males. All pups from a litter were then cross-fostered

to a different dam to produce 4 offspring groups based on maternal diets (gestation diet —
lactation diet): Chow-Chow (n=6), Chow-HF (n=6), HF-Chow (n=6), HF-HF (n=5). One
male pup from each litter was randomly selected at each timepoint (PND10 and 21) for this
study (n represents number of litters).

There were limited differences in body weight between the Chow and HF fed dams. There
were no differences in body weight between the dams during the first 8 days of pregnancy.
By day 9, HF fed dams weighted significantly more than the Chow fed dams (Chow 247.5
+4.7gvs. HF 263.5 + 4.9 g; p < 0.05) and continued to be heavier through GD21 (Chow
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367.4 £ 6.6 vs. HF 385.5 £ 6.9 g; p < 0.05) but this difference was limited to about 5 % body
weight. After parturition, HF dams were no longer heavier than the Chow fed dams. HF
dams were hyperphagic immediately upon access to HF diet on GD2 and consumed more
calories compared to Chow dams from GD3 (Chow 63.8 + 3.1 kcal vs. HF 88.2 + 3.2 kcal; p
< 0.05) through GD19 (Chow 75.1 + 3.8 kcal vs. HF 92.1 + 3.9 kcal; p < 0.05). HF fed dams
continued to consume more calories than Chow dams from PND3 through PND14. After
PND14 HF dam food intake continued to be higher, but we attribute part of this increase to
the pups who start to consume the solid food at about PND14-15 when their eyes open.

Fresh fecal samples were collected from dams on PND21, and from the pups’ colon on
PND10 and PND21. Cecal samples were also collected from pups on PND21. Microbial
DNA was extracted as described in [16]. The VV4-V6 region of the 16S rRNA gene was
amplified with the following primers: F515 (5'-GTGCCAGCMGCCGCGGTAA-3") and
RNextera (5"-CGACRRCCATGCANCACCT-3"), and targeted for sequencing by Illumina
MiSeq 600. 16S rRNA gene sequences were processed with QIIME. OTUs were picked
based on 97% sequence similarity via the UCLUST algorithm. OTUs were assigned to taxa
through the Greengenes database.

To characterize alpha diversity, Simpson’s index and the Shannon index were calculated

in RStudio (RStudio Version 1.2.5042) using the package vegan v2.4-1 [17]. To assess

beta diversity measures, an OTU table with taxonomic identifiers was uploaded to
MicrobiomeAnalyst [18, 19]. Taxonomic abundances were then transformed based on the
Relative Log Expression method proposed by Anders et al [20] for analyzing sequence
counts data. Pearson’s r was used in conjunction with Ward clustering to construct
dendrograms and determine associations between taxa and diet groups. Partial least squares-
discriminant analysis (PLS-DA) plots were generated to assess overall clustering patterns.
Pearson’s r was also used to assess correlations among taxa and offspring body weights, and
correlations with significant p-values (p < 0.05) were used in a heatmap made in RStudio
(RStudio Version 1.2.5042). To determine the impacts of maternal diet during pregnancy
versus lactation, 2-way ANOVA was performed for the microbes found to significantly
correlate with body weight; using Prism software (Prism 9.1.0; GraphPad Software; La
Jolla, CA).

Alpha diversity in cecal and fecal samples from pups on PND21 was considered in terms of
species richness and evenness. The Shannon index is more representative of richness while
the Simpson index is more sensitive to evenness. Consistent with the lack of differences in
alpha diversity observed in the maternal fecal samples (Figure 1A), no differences in fecal
alpha diversity were present among pup dietary groups (Figure 1B). However, there were
significant decreases in species richness (Shannon) and evenness (Simpson), in the cecum of
pups born to HF fed dams compared to Chow offspring (Figure 1C) while postnatal maternal
HF was associated with an increase in evenness. There were no interactions between the
pre- and postnatal diets. A low fiber intake has previously been linked with a reduction

in cecal microbial diversity [21]. The number of bacterial species in the cecum was the

only microbial characteristic influenced by maternal diet during pregnancy while the species
present and their relative abundance was heavily influenced by maternal diet in the postnatal
period.
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We used several clustering algorithms to determine overall microbiota composition patterns
and assess the impact of maternal diet during pregnancy and lactation on the presence and/or
abundance of certain taxa. PLS-DA (all phylogenic levels) demonstrated clear grouping in
pup cecal (Figure 2A) and fecal (Figure 2B) samples at PND21 based on maternal lactation
diet but not prenatal diet. Postnatal clusters overlapped with the lactating dams” fecal profile.
These data are supported by heatmaps for pup cecal (Figure 2C) and fecal (Figure 2D)
where phyla abundances clustered based on postnatal maternal diet. Samples from pups
whose mothers consumed different diets during pregnancy are intertwined and clustered
solely based on lactation diet further supporting that maternal postnatal diet is the main
driver of differences in relative abundances of bacteria in pups at weaning.

We assessed whether offspring body weights differed based on pregnancy versus lactation
diet, and if this correlated with specific taxa abundances. Consistent with prior reports

[14], we found that maternal diet during lactation significantly impacted offspring body
weights at PND21 (Figure 3A). Pups of mothers consuming a HF diet during lactation were
significantly heavier than pups of dams fed a Chow diet postnatally independent of the
prenatal dam’s diet. There were no differences in weight between the Chow-HF and HF-HF
groups or the HF-Chow and Chow-Chow groups, indicating no lasting effect of maternal HF
feeding during pregnancy on offspring body weight at weaning.

To identify specific microbes that may play a role in offspring metabolic health, we
performed correlation analyses and determined bacterial taxa whose abundances strongly
correlated with offspring body weights (Figure 3B). We found that Parabacteroides,
Lactococcus, and Streptococcus had the strongest positive correlations with body weight,
while Staphylococcus, Ruminococcus, and Turicibacterhad strong negative correlations.
These taxa were previously identified as characteristics of postnatal dietary conditions
(Figure 2C and 2D). Their relative abundance significantly differed based on maternal
lactation diets, but not pregnancy diets (Figure 3C) and two-way ANOVA did not reveal

any significant interaction between pregnancy and lactation maternal diet (Figure 3C).

By PND21, rats’ offspring have usually started consuming solid food and some of the
differences observed between groups may be a direct consequence of diet consumption.
However, the post-natal environment appears to be a strong driver of early Gl bacterial
colonization as differences in microbiota compaosition between Chow-Chow / HF-Chow and
Chow-HF / HF-HF groups were evident as early as PND10, prior to food consumption.
Postnatal maternal HF feeding at PND10 was associated with increased fecal abundance of
the Firmicutes Veillonella, which has been associated with inflammation and weight gain

in humans [22] and mice [23] (Figure 3D). Conversely, taxa that were strongly associated
with postnatal Chow diet and/or leanness at PND21, such as the Coriobacteriaceae family,
Corynebacterium and Turicibacter were only detected in Chow-Chow and HF-Chow pups at
PND10 (Figure 3D).

Studies on the association between cesarean section and risk of metabolic diseases suggest
that early microbial colonization is a major component of healthy offspring development
[11, 15]. These studies also suggest that maternal influences during lactation may not be
able to overcome the microbial deficit resulting from cesarean delivery but did not assess the
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impacts of maternal diet during the lactation period on microbial colonization in vaginally
delivered offspring.

Our results demonstrate that when offspring are born vaginally, microbiota composition at
PND21 is governed by maternal diet during lactation rather than during pregnancy. The
change of environment likely influenced the dams’ microbiota upon arrival at the animal
facility, however, diet is the main factor controlling microbiota composition [24], with
changes in composition reported only days after dietary switch [25, 26]. The pups are born
19 to 20 days after diet introduction and therefore differences in microbiota composition
between dams is expected to be a result of dietary manipulation.

PLS-DA and dendrograms produced via clustering algorithm found that cecal and

fecal microbiota composition across taxa clustered according to maternal lactation diet
regardless of pregnancy diet. Maternal HF diet during lactation resulted in significantly
reduced levels of Ruminococcus, Turicibacter, and Staphylococcus while promoting growth
of Parabacteroides, Streptococcus, and Lactococcus in offspring, matching the dams’
microbiota at this time point. Abundances of these microbes correlated strongly with PND21
body weight and demonstrated an impact of maternal diet during lactation, not pregnancy,
on offspring development. We have previously found that feeding dams a HF diet during
lactation led to sustained increases in body weight and adiposity in offspring, especially in
males [14]. It is possible early Gl colonization with specific bacteria can protect against or
predispose the offspring to obesity.

Ruminococcus and Turicibacter both produce short-chain fatty acids (SCFAs), including
propionate, acetate and butyrate, that have critical roles in energy balance, immune function
and inflammatory processes. The finding that Ruminococcus and Turicibacter was lower

in abundance in HF offspring is consistent with a recent report showing that the same

two microbes were reduced in 1-month old infants of women with obesity, which was
associated with reduced infant fecal butyric acid (conjugate base of butyrate) concentration
[27]. Histone acetylation is a critical epigenetic modification and butyrate acts as a histone
deacetylase (HDAC) inhibitor [28]. Thus, low levels of butyrate could result in greater
activity of HDACs and removal of histone acetyl groups leading to less accessible chromatin
for gene transcription. Epigenetic processes, such as histone modification, are critical during
development and could lead to long-term physiological and behavioral consequences for
offspring.

While we did not assess microbiota composition in milk of dams consuming Chow versus
HF diets, Pocheron et al. [29] found that obesity prone Sprague Dawley rats had different
breast milk microbiota profiles compared to obesity resistant rats. The Staphylococcaceae
family was found in higher abundance in milk from obesity resistant dams compared to
obesity prone dams. Staphylococci are capable of utilizing human milk oligosaccharides
[12], so the differences in Staphylococcus abundance between maternal Chow and HF
lactation groups may be related to differences in milk oligosaccharide levels in addition to
the increased presence of Staphylococcusin the gut of Chow fed dams. Streptococcus is
similar to Staphylococcus in that it is a facultative anaerobe associated with breastfeeding
and one of the first microbes to colonize the neonatal gut [30, 31].
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Lactococcus has been shown to increase with HF diet consumption, and this genus is
positively correlated with body fat in HF fed mice [32]. Our study reflects these findings
since Lactococcus was elevated in the HF lactation diet groups, which were heavier and
likely fed more frequently. HF-fed dams nurse their offspring more often than dams on
standard Chow diet [33]. A recent meta-analysis identified Lactococcus as a signature of HF
diets across studies, which may be related to the way casein is processed in these diets [32].
While the increased Lactococcus may be derived from the food and not reflect a stable host
microbiome phenotype in the mothers, it is interesting to note that it is being transmitted
from mother to offspring.

Parabacteroides is a Bacteroidetes and is characteristic of the “Bacteroides enterotype”
associated with HF-high protein western diets identified by Wu et a/. [10]. A recent study
assessing the impact of maternal HF diet on offspring metabolic health and memory function
found that at one month of age, Parabacteroides in the colonic microbiome was a signature
of offspring with obese mothers, and at six months of age, Parabacteroides was negatively
associated with memory and exploratory behavior [34].

The central role of the postnatal environment in shaping offspring gut microbiota
composition and influencing body weight is supported by our results. Several environmental
factors controlled by the lactation diet could influence the offspring microbiota composition
including diet consumption by the offspring, milk composition [33], environmental exposure
to the dams’ intestinal and skin microbiota and feces consumption. At PND10, pups
exclusively consumed milk, ruling out direct consumption of the dams’ diet or feces as
driving factors for these early differences; they are however exposed to the feces present in
the home cage. Dietary intake strongly modulates microbiota composition, suggesting the
possible presence of important differences in milk composition and nursing patterns between
chow- and HF-fed dams. This is supported by Purcell et al.’s [33] findings that HF-fed
dams nurse their offspring more, and that their milk has significantly higher lipid content
than their Chow-fed counterparts. Analyses of breast milk from women consuming different
diets have been less conclusive regarding total lipid content, but maternal obesity has been
associated with differences in the fatty acids present in breast milk, which could impact
microbial populations in infants [35-37]. A limitation of our study is that milk composition
was not analyzed, so differences in milk oligosaccharides, fatty acids, hormones, and
immune complexes resulting from maternal diet are unknown, and these could have key
roles in mediating offspring metabolic health and gut microbiota composition during the
lactation period. At PND21, the offspring microbiota may be influenced by a combination
of milk and diet consumption as well as exposure to (and consumption of) the dams’

feces. Offspring begin to consume some of the dam’s diet at about PND15 with HF
offspring reported to spend more time feeding than Chow offspring [38], diet consumption
by offspring could contribute to some of the differences we observed at PND21. Overall, we
found limited differences in body weight between dams despite an increase in intake in HF
fed dams. In previous cohorts, we had found no differences in body weight between Chow
and HF fed dams during gestation [14, 39-41] and lactation [41] and differences in intake in
early but not late gestation [14, 39, 40]. We did not assess body compaosition for the dams

in this study. However, we previously reported that the HF dams have significantly greater
plasma leptin levels by GD10 and this remains elevated through PND21 suggesting greater
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adiposity in the HF dams [40, 42]. Body composition measures on GD21 confirmed greater
adiposity at that timepoint [40]. Metabolic outcomes in the offspring are similar between
our cohorts whether or not we observed differences in body weight between dams, therefore
maternal body weight does not appear to be a key predictor of offspring risk for metabolic
disease. Diet composition and/or excess caloric intake in HF fed dams may have a direct
effect on milk composition and Gl bacterial make-up in the offspring.

This study provide further support for the role of maternal health in shaping offspring
development and health outcomes. The degree to which maternal health and behavior
impacts offspring during pregnancy versus lactation requires further characterization. The
cross-fostering design used in this study allowed us to assess the relative contributions of
pregnancy versus lactation and our results suggest that certain effects of poor maternal diet
during pregnancy may be overcome by a healthy diet during lactation.
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Alpha diversity indices for dams fecal (A) and pups’ fecal (B) and cecal (C) microbiome
samples at PND21. The Shannon diversity index indicates the extent of species richness
and evenness, while Simpson’s diversity index is another measure of evenness. Data

are presented as box plots with medians (middle lines), 25th to 75th percentiles (box
boundaries), and minimum and maximum values (whiskers). Two-way ANOVA or T-test
(C) were performed to assess significance. * p < 0.05 and ** p < 0.01 indicate significant
differences.
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Microbiota clustering patterns in pups and dams at PND21. Partial least squares-
discriminant analysis (PLS-DA) of pup cecal (A) and fecal content (B) alongside dam
fecal samples. PLS-DA was determined using bacterial taxa normalized abundances at all
phylogenic levels. Ellipses indicate the 95% confidence interval. Heatmaps with ward’s
clustering algorithm organizing the samples and Pearson’s r indicating association between
taxa and diet group for pups cecal (C) and fecal content (D), top 15 discriminative features

were included.
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Fig. 3.

Body weight correlations with specific taxa in pup fecal samples at PND21 and taxa
differences in pups fecal samples at PND10. Pup body weights (A) were measured on
PND21 and Pearson’s R indicates significant correlations between body weight and specific
genera present in fecal samples (B). Correlations among fecal sample genera and body
weight are presented as a heatmap with color indicating the extent to which the correlation
is positive or negative and size indicating the correlation p-value with larger circles
indicating smaller p-values. Relative abundances of these taxa in the colon were plotted and
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demonstrated lactation diet-driven influence (C). (D) shows that some of these differences
among other differences in taxa abundances were already present at PND10. Data in (C)

and (D) are presented as means = SEM and two-way ANOVA was performed to assess
significance. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 indicate significant
differences.
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