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Maternal high fat diet and its consequence on the gut microbiome: A rat model
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ABSTRACT
The biological changes that occur during pregnancy in the female mammal include shifts in
hormonal regulation in preparation for parturition and lactation, and changes in energy
metabolism. In women, studies have also shown that during pregnancy there is a reduction in
bacterial species richness in the gut. In the current experiment rats were used to model the
interaction of diet, reproductive status, and intestinal bacterial microbiota during pregnancy and
lactation. In Experiment 1 rats were exposed to either standard chow or high-fat chow (60%) and
were divided into two groups: unmated (NULL) or mated (RE). In Experiment 2, both NULL and RE
rats were exposed to high-fat chow for a 30-day period. High-throughput sequencing of the 16S
rRNA gene revealed that pregnancy impacted the gut microbiota in a similar manner to humans.
The impact of reproductive status on microbiota composition, however, was stronger in rats fed a
high-fat (HF) diet. Diet-induced changes replicated some of the changes observed in humans, such
as increasing the Firmicutes/Bacteroidetes ratio. However, in contrast to humans, pregnancy in rats
did not increase b-diversity between microbiota from different animals. These results indicate that
during pregnancy in rats, the gut microbiota is altered in a similar manner to that which occurs in
women, and that these changes are further exaggerated by exposure to a HF diet. Thus, the rat may
allow modelling the effects of consumption of HF food during pregnancy and enable future studies
to determine the risks of HF diets during pregnancy and its consequences on the offspring.
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Introduction

Both maternal under- and overnutrition (obesity)
during pregnancy affects not only the mother herself1

but her offspring’s health after birth2,3 and into adult-
hood.4–7 Studies have shown a myriad of effects in
adults including alterations in metabolic function
(e.g., type 2 diabetes)8,9 cardiovascular function (e.g.,
stroke),10 immune function (e.g., infection, autoim-
munity),11 and emotional behavior (e.g., anxiety-like
behaviors, mood disorders).12–17 A diet rich in fat, spe-
cifically during pregnancy, can cause anxiety-like
behavior in juvenile female offspring in nonhuman
primates18 and lead to learning impairment in rats.19

High-fat diets and obesity may not only have long-
lasting physiological effects on the individual and off-
spring, but impact the intestinal gut ecology in both
humans20–22 and animals.23–27 Taxonomic changes,28

reduced a-diversity23 and an increased ability to

extract energy from the diet29 have been reported.
Changes in the intestinal microbiota similar to those
that occur in obesity and in individuals consuming
HF diets also occur during normal pregnancy. In preg-
nancy, body fat increases, insulin sensitivity is reduced
and immune changes similar to metabolic inflamma-
tion following obesity are observed.30 These metabolic
changes however are beneficial to pregnant females in
preparing for lactation.31 The intestinal microbiota
also changes during normal pregnancy; an increase in
b-diversity among individuals and reduced taxonomic
richness has been reported,32 but it is unknown
whether such changes are a result of pregnancy,
changes in dietary habits or both. High body mass
index (BMI) during pregnancy has been shown to
exacerbate changes in the microbial ecology of the gut
with increased abundance of potentially pathogenic
species.33,34
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The objective of the current series of experiments was to
compare the microbiota of virgin, nulliparous (NULL)
female rats with reproductively experienced (pregnant and
lactating, RE) rats in order to determine if the gut micro-
biota changes in rats during pregnancy as occurs in
women.32 With these experiments, we wished to assess to
what extent pregnant and lactating rats can model the gut
ecology inwomen.

Results

Experiment 1: Comparison of NULL rats on a short-term
high-fat diet to RE rats fed the high-fat diet throughout
pregnancy and lactation.

This experiment was designed to investigate the
impact of diet on the microbiota of rats. Specifically, we
were interested in the effect of lactation and pregnancy,
and to assess to what extent changes in the gut environ-
ment observed in women can be modeled in rat dams.

Body weight

As expected, body weight increased over time in the
NULL group (Fig. 1A). There were significant main

effects of both diet (standard chow vs HF, F1,17 D
5.826, p D .027) and time (day 0 vs day 10, F1,17 D
34.622, p < .001) with a significant interaction
between the two factors (F1,17 D 4.838, p D .042).
Body weight significantly increased in each diet group
compared to day 0 of Diet (standard chow, p D .016;
HF, p < .001) with the HF diet gaining significantly
more than the standard chow group (p D .024).

Again, as expected, body weight increased over time
in the RE animals (Fig. 1B). There was a significant
main effect of time (F2,20 D 141.672, p < .001); no
main effect of diet (F1,10 D 1892, p D .351) and no sig-
nificant interaction (F2,20 D 1.659, p D .215) between
time and diet. Rats on either the standard chow or HF
diet weighed significantly more on lactation day 1
(Day 23 of Diet) and at euthanasia (Day 32 of Diet)
compared to day 1 of gestation (Day 0 of Diet; both
p’s D < .001).

Fecal microbiota

b diversity between microbiota was visualized sepa-
rately for each diet using PCoA (Fig. 2). There was no

Figure 1. (A) Mean body weight (§SEM, g) of nulliparous (NULL) rats fed either a standard chow or HF diet for 13–14 days. �Significantly
different from the standard chow group. aSignificantly different from the day 0 of the diet (p < .05); (B) Mean body weight (§SEM, g) of
reproductive experience (RE) rats fed either a standard chow or HF diet on gestation day 1 (day 0 of the diet s), lactation day 1 (day 23 of
the diet) and day of euthanasia (day 32 of the diet). There was a significant main effect of time (see text).
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apparent clustering of microbiota samples following
the standard chow diet (Fig. 2A); however, microbiota
samples from the HF group clearly clustered accord-
ing to reproductive experience (Fig. 2B). Although
ANOSIM35 returned a significant overall result when
all standard chow samples are tested (p D 0.04), none
of three the pairwise comparisons between reproduc-
tive groups were significant (p> 0.08). In contrast, for
rats on the HF diet for at least 4 days (NULL – day 7
and 13/14 of Diet; RE – days 8, 14, 21, 26 and 30 of
Diet), microbiota significantly clustered by reproduc-
tive group (p<0.001) and all pairwise comparisons
were significant according to ANOSIM (Table 1).

The relative impact of diet and reproductive
experience on the composition of the fecal micro-
biota was examined using Variation Partitioning
Analysis.36 The analysis based on 32 samples com-
prising all diet and reproductive groups (see
Fig. 2A, 2B) showed that microbiota composition
was significantly impacted by diet which was

associated with 13% of explained variation. Repro-
ductive experience was also significant, explaining
11% of total explained variation. Both effects are
statistically significant at p D 0.001 (data not
shown). When the analogous variation partitioning
analysis was applied to sequence data from the
animals on a HF diet for 4 days or longer (n D
14; Fig. 2A), reproduction was associated with
more than half (60.1%) of explained variation,
whereas the number of days on HF diet was asso-
ciated only with 7.8% of explained variation
(Table 2). Since the latter analysis included sam-
ples from rats which had been fed HF diet for
�4 days, the small diet effect indicates that the
bacterial microbiota changed rapidly in response to
the new diet and by day 4 had essentially stabi-
lized. This observation is likely explained by a
diminishing response of the microbiota to the
high-fat diet, as the bacterial community adapts to
the diet and reaches a new equilibrium.

Experiment 2: Comparison of NULL and RE on a 30-day
high-fat diet.

In light of Experiment 1 results showing a sig-
nificant effect of reproductive status on the intesti-
nal microbiota of dams fed HF diet, a second
experiment was designed focusing exclusively on
cycling, pregnant and lactating rats maintained on

Figure 2. Principal Coordinate Analysis of fecal microbiota from
NULL, pregnant and lactating rats 1 on a standard chow (panel
A) or HF diet(panel B). Composition of gut microbiota segregates
according to reproductive status in rats fed a diet high in fat but
not in rats on a standard chow diet. HF diet: n D 14 total; low-fat
diet: n D 18 total.

Table 1. ANOSIM analysis of the effect of reproductive status on
bacterial gut microbiota in rats fed a standard chow and high-fat
diet in experiment 1.

Diet

Comparison Standard Chow (n D 18) High-fat (nD 14)

NULL vs Pregnant vs Lactating 0.22a (0.04b) 0.66a (<0.001b)
NULL vs Pregnant 0.25 (0.08) 0.56 (0.003)
NULL vs Lactating 0.20 (0.16) 0.80 (0.004)
Pregnant vs Lactating 0.17 (0.18) 0.70 (0.024)

aANOSIM R
bp value

Table 2. Variation partitioning of the relative effect of diet and
reproductive experience on the composition of bacterial micro-
biota on rats fed either standard chow or a high-fat diet (experi-
ment 1).

Fraction Variation % Explained p

RE 0.5004 60.1 0.002
Days on diet 0.065 7.8 0.002
Shared 0.267 32.1 0.004
Total Explained 0.832 100
Total Variation 2.1
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HF diet. As in the first experiment, the sequence
data were analyzed to assess the impact of diet and
reproductive status on the intestinal microbiota.
Instead of controls fed LF diet, the effect of diet
was quantified by monitoring changes in the
microbiome in function of the time the animals
were fed a HF diet.

Body weight

As in experiment 1, body weight increased over time
(Fig. 3). There were significant main effects of both
reproductive group (NULL vs RE, F1,32 D 20062.45, p
< .001) and time (F8,256 D 370.53, p < .001) with a
significant interaction between the two factors (F8,256
D 85.62, p < .001). In the NULL group, body weight
significantly increased at each time point until day 22
on the diet (all p’s < .05). Body weight on diet days 22
and 26 reached a temporary plateau with no further
significant weight gain until day 30 (p < .05). During
pregnancy, the rats gained weight compared to day 1
of pregnancy at each time point until the periparturi-
tional period (day 20 of the diet, all p’s < .05). After
parturition, body weight was not different from that
recorded on day 10 of diet (all p’s > .05). Comparing
across reproductive groups, body weight was signifi-
cantly higher in the reproductive group at every time
point (all p’s < .05).

Fecal microbiota

The effect of a HF diet on gut microbiota composition
in both NULL and RE animals is presented in Figure 4.
As observed in Experiment 1, PCoA based on pairwise
weighted Unifrac distances between 57 microbiota
samples originating from animals in both reproductive
groups which had consumed a HF diet for 10 days or

longer showed a clear separation into two reproduc-
tive clusters, NULL and RE. In contrast to studies in
human cohorts which showed increasing b diversity
in the last trimester of pregnancy,32 pairwise Unifrac
distances among RE animals (741 comparisons) and
among NULL animals (990 comparisons) did not dif-
fer (Mann-Whitney test, p D 0.905).

As in Experiment 1, the impact of reproductive
experience on the gut microbiota was tested using
ANOSIM (Table 3). Similar to experiment 1, the 3-
way comparison (NULL vs. pregnant vs. lactating)
indicated a significant effect of reproductive experi-
ence on the gut microbiota (p D 0.03). Unlike in
experiment 1, of the three pairwise comparisons,
NULL vs. pregnant microbiota were not significantly
different (p D 0.35), whereas microbiota of lactating
animals were significantly different from the NULL
and pregnant groups (p D 0.01, p<0.01, respectively).

We examined the relative abundance ratio of Firmi-
cutes to Bacteroidetes in response to the HF diet. We
observed an increase with the pre-diet ratio ranging
from 0.2 – 4.0 (n D 14, mean D 0.9) and peaking on
day of diet 22 with a range of 3.8 – 59.2 (n D 16,
mean D 22.0) (Fig. 5). The same trend in the
Firmicutes:Bacteroidetes ratio was observed in both
reproductive groups.

Figure 3. Mean body weight (§SEM, g) of either NULL or RE rats
fed a HF diet for 30 days. �Significantly different between NULL
and RE groups (p’s < .05).

Figure 4. Principal Coordinate Analysis of fecal microbiota from
NULL, pregnant and lactating rats 10 days or longer on a HF diet
in experiment 2 (n D 57).

Table 3. ANOSIM of experiment 2 microbiota of NULL, pregnant,
and lactating rats on a high-fat diet in for 10 days or longer.

Groups Comparison R p

3 Groups (nD 57) NULL vs Pregnant vs Lactating- 0.10 0.03
NULL vs Pregnant 0.02 0.35
NULL vs Lactating 0.14 0.01
Pregnant vs Lactating 0.02 <0.001

2 Groups (nD 32) Pregnant vs Lactating- 0.36 <0.001
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As described above for Experiment 1, the impact of
diet and reproductive experience on the composition
of the fecal microbiota was examined using Variation
Partition Analysis. Since all animals were fed a HF
diet for the duration of the experiment, the variable
Diet was expressed as number of days the animals
consumed the diet. In this designation, Day 0 indicates
the day the animals were switched from standard
chow to HF diet. Table 4 shows the results of a Varia-
tion Partitioning Analysis and the associated signifi-
cance tests. The analysis was applied to all microbiota
samples (n D 84), to 57 microbiota samples originat-
ing from animals which had consumed HF diet for
10 days or longer and to 44 samples from animals fed
a HF diet 19 days or longer. This analysis demon-
strates that Days on Diet explains more variation
(89.2%, 78.1% and 63.8% for n D 84, n D 57 and n D
44, respectively) than reproductive experience (12.3%,
33.7% and 55.8%, respectively), as visible in column
“% of explained”. However, consistent with results
from Experiment 1, with increasing time on the HF
diet, the impact of reproductive experience on gut
microbiota increased from 12.3% to 55.8%. Also, as
observed in Experiment 1, this result likely indicates a
relatively rapid adjustment of the microbiota to the
HF diet. After 19 days on diet, this process is however
not complete, as time on diet, from 19 to 30 days, is
still a significant variable (p D 0.001).

We identified OTUs which were present at differ-
ent relative abundance in NULL and RE animals in
Experiment 2. Supplementary Table 1 depicts the
taxa which differed significantly between

experimental groups. Among the 67 significantly dif-
ferent taxa, 50 belonged to the phylum Firmicutes,
10 to the phylum Bacteroidetes, one each were classi-
fied as Verrucomicrobia, Proteobacteria and Actino-
bacteria, and four were unclassified at the phylum
level using a 70% probability cutoff (Table S1,
Fig. S1). Eighteen OTUs were overrepresented in the
NULL animals and 49 in the RE animals. No differ-
ences in the proportion of OTU phylum-level classi-
fication was found; Firmicute OTUs represented
81% of classified OTUs in the NULL group, whereas
the corresponding fraction in the RE group was 84%
(p > .05). The OTU representing the species Akker-
manisa muciniphila was significantly more abundant
in the RE group. This OTU had the lowest type I
error probability (p D 5.2 £ 10¡9) among all OTUs
flagged as significantly different by LEfSe.37

As lower microbiota diversity has been associated
with obesity in rodents and humans32, we analyzed
whether in our rat model weight gain correlated with
a diversity. Weight gain was calculated by subtracting
the mean of the last two weight measurements taken
on day 26 and 30 of Diet from the mean of the first
two days measured on day 0 and 3. Microbiota diver-
sity was estimated on day 30 of diet. These calcula-
tions were performed for the NULL and the RE
animals. Figure 6 shows a plot of diversity as a func-
tion of weight gain for the NULL animals and indi-
cates that lower a diversity is indeed associated with
higher weight gain (Inverse Simpson diversity, R2 D
0.82, p D 0.001).

Figure 5. Firmicutes-to-Bacteroidetes abundance ratio increases
with time on HF diet. Empty circles, nulliparous (NULL) rats; full
circles, reproductive experience (RE) rats.

Figure 6. Weight gain of rats on a HF diet correlates with lower a
diversity. a diversity was estimated using the Shannon index and
the reverse Simpson (1/D) index and plotted against weight gain
(n D 9).
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Methods

Animals

Nulliparous (virgin) Sprague-Dawley female rats
(225–250 g; CRL:CD (SD)BR) were purchased from
Charles River Laboratories, Inc. (Kingston, NY, USA).
The females were triply-housed in polypropylene
cages (45 £ 25 £ 20 cm) that contained approxi-
mately 1.5-liter medium grade wooden flakes and
nesting material (Enviro-dri, Shepherd Specialty
Papers, Milford, NJ, USA). Food (Envigo, Teklad
Rodent Diet, Madison, WI, USA) and water were
available ad libitum in light (on 0500–1900 h) – and
temperature (21–25�C) – and humidity (30-70%) con-
trolled rooms. All animals were maintained in accor-
dance with the guidelines of the Lab Animal Medicine
Service at Cummings School of Veterinary Medicine
at Tufts University, which follows the procedures for
animal care issued by the Committee on the Care and
Use of Laboratory Animal Resources, National
Research Council. This research was approved by the
Cummings Institutional Animal Care and Use Com-
mittee (IACUC).

Experimental design (see Fig. 7)

Experiment 1: Comparison of NULL rats on a short-term
high-fat diet to RE rats fed the high-fat diet throughout
pregnancy and lactation.

NULL group: One week after arrival, the NULL
animals were randomly divided into two groups of 10
animals each: a standard chow (Teklad 2018) group
and HF chow (Teklad TD.06414 Adjusted Calories
Diet) group (Fig. 7). Sixty percent of the total calories
of the high-fat chow came from fat (37% saturated,
47% monosaturated, and 16% polyunsaturated). Fecal
samples were collected throughout the experiment
(see below). The animals were euthanized on days 13–
14 of the diet.

RE group: One week after arrival the nulliparous
females were placed with experienced males. On the
day that sperm was present in the vaginal lavage (Day
0 of Diet) half of these subjects were fed HF diet (n D
9), while the other half received standard chow (n D
9) (Fig. 7). Two days before parturition the females
were singly housed. The day of parturition was consid-
ered day 0 of lactation (Day 22 of Diet). On day 1 of
lactation the body weight of the dams was recorded
and the litter was culled to four females and four
males. Fecal samples were collected during the 22 days
of gestation (see Fig. 7 and below). The animals were
euthanized on Day 32 of Diet.

Experiment 2: Comparison of NULL and RE rats on a 30-
day high-fat diet.

Both NULL (n D 18) and RE (n D 16) groups were
generated as described in experiment 1. One week
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Figure 7. Research design for experiments 1 and 2. The horizontal axis shows the time scale, where Day 0 is the day the animals in the
HF groups were switched to HF diet. The same time scale is used throughout the text. Days underlined and larger are the approximate
times that fecal samples were obtained. Vertical arrows indicate when the HF diet group was placed on the diet. Null: nulliparous,
cycling females; RE: reproductively experienced females.
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after arrival (Day 0 of Diet) both groups were placed
on the HF diet as shown in Figure 7. Body weights
were recorded and fecal samples collected throughout
the diet. Both groups were euthanized on Day 30 of
Diet.

Fecal sample collection

As indicated in Figure 7 with underlined numbers,
fecal samples were collected from NULL rats before
initiating the diet (day 0) and on days 7 and 13–14
while on either the standard chow or HF diet. Since
females were triply housed, 6 fecal samples from dif-
ferent cages were used for sequencing for the NULL
group microbiota. During the 22 days of gestation, 4
fecal samples were collected from different cages and
analyzed. Fecal samples were also collected on days 3
and 6 of lactation (Day of diet 26 and 30). Samples
were collected immediately after defecation using ster-
ile forceps, then placed in sterile, nuclease-free, micro-
centrifuge tubes and stored at ¡20�C until processed
for DNA extraction.

Extraction of fecal DNA and preparation of 16S
amplicon libraries

DNA was extracted from 200 ml of fecal homogenate.
Three cycles of thawing and freezing was applied and
fecal DNA extracted with the HighPure PCR template
preparation kit (Roche Diagnostics, Indianapolis,
Indiana, USA). Eluted DNA was stored at – 20�C.

PCR primers 27F and 338R38 were used to amplify
the approximately 320 nucleotide (nt) V1V2 variable
region of the 16S ribosomal RNA (rRNA) gene as pre-
viously described.39 Briefly, the V1V2 region was pre-
amplified with the above mentioned primers using 20
PCR cycles. A 1 mL volume of the primary reaction
was added to a second PCR during which Illumina

TrueSeq (Illlumina, San Diego, CA, USA) adaptors, a
unique 6-nt barcode and a sequence complementary
to the barcode sequencing primer were incorporated
into each amplicon using an additional 20 tempera-
ture cycles. The enzymatic reagent ExoSAP-IT
(Affymetrix, Santa Clara, CA, USA) was used to
remove excess primers and nucleotides from final PCR
products. Multiple barcoded V1V2 amplicons were
pooled in a combined amplicon library and sequenced
with an Illumina MiSeq sequencer operated by the
Tufts University Genomics core facility (tucf.org).

Analysis of sequence data

Unless stated otherwise, programs in the open-source
software mothur40 were used for curating and analyz-
ing 16S sequence data. Random subsamples of 104

sequences per sample were used. V1V2 sequences
were trimmed to 200 nucleotides to eliminate 30 end
sequence with a mean Phred quality score <30.
Trimmed sequences were aligned using Clustal
Omega.41 Aligned sequences were screened to remove
sequences which did not align or were unusually short
or long. Putative chimeric sequences were detected
with UChime42 and removed. The fraction of chimeric
sequences detected by UChime was below 2%.
FastTree43 was used to build phylogenetic trees. The
phylogenetic distance between samples was quantified
using the weighted Unifrac distance (D),44 a measure
of b diversity. Matrices of pairwise Unifrac distances
were imported into GenAlex45 and distances between
samples visualized using Principal Coordinate Analy-
sis (PCoA).

Sequences curated as described in the previous par-
agraph were grouped into Operational Taxonomic
Units (OTUs) using the average neighbor distance
and a distance cutoff of 3%. OTUs were classified

Table 4. Variation partitioning of the relative effect of diet and reproductive experience on the composition of bacterial microbiota in
rats on a high-fat diet (experiment 2).

Days on Diet Fraction Variation % Explained p

�10 RE 0.159 33.7 0.001
Days on diet 0.369 78.1 0.001
Shared ¡0.06 ¡11.8 0.001
Total Explained Variation 0.473 100
Total Variation 2.521

�19 RE 0.169 55.8 0.001
Days on diet 0.192 63.8 0.001
Shared ¡0.59 ¡19.6 0.001
Total Explained Variation 0.302 100
Total Variation 3.713
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using the Greengenes reference taxonomy (green-
genes. secondgenome.com) using 70% as minimum
probability value for taxonomic assignment. OTUs
present at a significantly different abundance were
identified using LEfSe37 as implemented in mothur.

To assess the magnitude of technical variation in
the sequence data, three randomly chosen fecal DNA
samples were amplified twice and the duplicated
amplicons tagged with different barcodes. The average
weighted Unifrac distance between duplicates37 was
0.083 (range 0.024 – 0.140). In comparison, the aver-
age distance between non-replicated samples was
0.460 (range 0.036 – 0.750). These data indicate that
technical variation was significantly smaller than
experimental variation (Mann-Whitney Rank Sum
test, p D 0.003).

Additional statistical analysis

Body weight across time was analyzed for each repro-
ductive group (NULL and RE) separately because of
the different days on diet with a two-factor mixed
design analysis of variance (ANOVA, between factor,
diet [standard chow vs HF], within factor, time). Mul-
tiple comparisons were performed using the Fisher’s
LSD Test. Differences were considered significant if
p < 0.05.

Discussion

Effect of HF diet on the intestinal microbiota of
pregnant and lactating rats

As observed in overweight women during preg-
nancy,32–34 the present results demonstrate that the
composition of the gut microbiota changes in preg-
nant and lactating rats fed a HF diet. Representation
of pairwise b diversity values by PCoA shows a clear
clustering of microbiota depending upon reproduc-
tive status (NULL, pregnant and lactating). This
effect was particularly pronounced in animals on
the HF diet, which prompted us to further analyze
in a second experiment the effect of reproductive
status on the microbiota in a HF environment.
Sequence data indicate that the longer the rats were
on the HF diet, the larger was the relative effect of
reproductive experience. In fact, in Experiment 1,
the diet effect became smaller than the effect of
reproductive status when samples from animals
which had consumed HF diet for at least four days

were analyzed. When all time points were included,
the effect was reversed, i.e., the diet effect was larger
than the effect of reproductive status. The same
trend of decreasing diet effect was observed in
Experiment 2; the diet effect decreased from 89.2%
to 63% as samples from animals maintained on HF
diet for a short time were excluded. The diminishing
diet effect we observed is consistent with a rapid
adaptation of the intestinal bacterial ecosystem to
diet.

Diet, reproductive status and weight

While NULL rats on a HF diet gained more weight
than standard chow fed rats, in the RE group there
were, surprisingly, no significant differences in
weight gain during pregnancy and lactation between
the diet groups. Maternal obesity and/or maternal
HF diet studies are usually focused on the conse-
quences to the offspring.46–48 These studies vary
greatly in terms of the mothers’ diet before preg-
nancy, the duration and the amount of fat in the diet.
Similar to our study, Tamashiro et al49 exposed rats
to a 60% HF diet starting on day 2 of gestation, mea-
sured body weight on days 14–21, and found no sig-
nificant weight gain. Leturgue et al50 started rats on a
55% fat diet on day 0 of gestation and also found no
significant differences in weight gain. Animal studies
that model maternal obesity, rather than administer-
ing HF diets during gestation, usually feed the HF
diet many weeks before mating. Pereira et al51 started
female rats on a 45% fat diet 4 weeks before mating
and found that they gained significantly more weight
during pregnancy than control females, while Mayer
et al46 had female mice on a 42% fat diet for over 3
months before mating, and found that the animals
lost a significant amount of weight compared to stan-
dard fed females. Gohir et al52 found no differences
in weight gain after eight weeks of a 45% fat diet or
during pregnancy. These results indicate that rodents
fed a HF diet during pregnancy do not necessarily
gain significant amounts of weight.

Evaluation of the rat model

The primary motivation of this study was to assess
whether pregnant and lactating rats can model the
interaction between diet, reproductive status and gut
microbiota observed in women. Such comparisons are
difficult to make because human studies are limited by
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the heterogeneity of human cohorts and a paucity of
studies comparing pregnant and non-pregnant indi-
viduals. For obvious reasons, dietary interventions in
human cohorts are problematic. Our results, however,
are comparable to changes found in women during
pregnancy. Collado et al,33 using flow cytometry of in
situ labeled bacteria, found a general increase in bacte-
rial abundance during pregnancy. Overweight preg-
nant women had significantly higher abundance of
bacteria belonging to the genus Clostridium. Santacruz
et al34 found that at 24 weeks of gestation Bifodobacte-
rium and Bacteroides were more abundant in normal-
weight woman as compared to overweight women,
while overweight women had higher levels of Entero-
bacteriaceae, Staphylococcus, and E. coli. Koren et al32

found significant changes in gut microbiota, both in
composition and abundance, in women in their third
trimester compared with the first trimester. These
authors also found that b diversity among first trimes-
ter samples was similar to diversity among controls
from the Human Microbiome Project. The increase in
b diversity later in pregnancy may be related to chang-
ing dietary habits, a variable that cannot be eliminated
from human cohort studies and is difficult to emulate
in animals. In the present study, we compared rats
during pregnancy and lactation (RE) with virgin,
cycling rats (NULL), which can be considered compa-
rable to nonpregnant rats, and similarly found a sig-
nificant effect of reproductive status on the
microbiota.

Similar to our study, Gohir et al52 assessed the
impact of diet and pregnancy on the gut micro-
biota, but using mice. The conclusion that diet and
reproductive status impact the composition of the
microbiota is similar to the results we obtained
with rats. As we observed, the effect of diet was
more important than the effect of reproductive sta-
tus. Gohir et al also found that upon conception
the relative abundance of mucin-degrading bacteria
increased, which is in agreement with the signifi-
cant increase in relative abundance of A. mucini-
phila in RE animals we found in our study
(Supplemental Table S1). In contrast to Gohir’s
observation, we did not find an increase in Bifido-
bacteria and did not detect any sequences belong-
ing to the class Actinobacteria.

The fact that diet influenced the gut microbiota
to a greater extent than reproductive status corre-
lates well with the concept that the changes in the

microbiota that normally occur during pregnancy
mimic the changes that occur following a high fat
diet in both humans53 and animals.26 The five most
abundant phyla in the normal gut are Firmicutes,
Bacteroidetes, Actinobacteria, Proteobacteria, and
Verrucomicrobia54,55 with Firmicutes and Bacteroi-
detes dominating in both mice53 and humans.55 The
ratio between these phyla, especially Firmicutes to
Bacteroidetes, can change due to environmental
influence and health.56,57 An obesogenic diet can
change this ratio with Firmicutes increasing relative
to Bacteroidetes.20,53 The present results confirm
those findings and support the use of rats to model
the gut microbiota in response to HF diets.

Conclusions

Rats fed a HF diet during pregnancy demonstrate
similar changes in their gut microbiota as mater-
nally obese humans. Comparison of data from
rodent studies with results from human cohorts are
needed to further determine the validity of the rat
model, and to assess if changes in the intestinal eco-
system affect the offspring as described in mice,11

humans,58 and nonhuman primates.18,59 In light of
the effect of intestinal dysbiosis on health, the rat
model could be valuable to explore the effect diet
on the dam and her offspring. For instance, a recent
study in mice, Seki et al., 2017, demonstrated a link
between maternal diet and gene regulation in the
offspring.48 The refinement of animal models will
facilitate research into mechanisms linking diet,
microbiota, and metabolic changes in mother and
offspring.
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