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Background: Accumulating evidence shows that high fat diet is closely associated

with inflammatory bowel disease. However, the effects and underlying mechanisms of

maternal high fat diet (MHFD) on the susceptibility of offspring to colitis in adulthood

lacks confirmation.

Methods: C57BL/6 pregnant mice were given either a high fat (60 E% fat, MHFD

group) or control diet [10 E% fat, maternal control diet (MCD) group] during gestation and

lactation. The intestinal development, mucosal barrier function, microbiota, and mucosal

inflammation of 3-week old offspring were assessed. After weaning all mice were fed a

control diet until 8 weeks of age when the microbiota was analyzed. Offspring were also

treated with 2% DSS solution for 5 days and the severity of colitis was assessed.

Results: The offspring in MHFD group were significantly heavier than those in MCD

group only at 2–4 weeks of age, while no differences were found in the body weight

between two groups at other measured time points. Compared with MCD group, MHFD

significantly inhibited intestinal development and disrupted barrier function in 3-week

old offspring. Although H&E staining showed no obvious microscopic inflammation in

both groups of 3-week old offspring, increased production of inflammatory cytokines

indicated low-grade inflammation was induced in MHFD group. Moreover, fecal analysis

of the 3-week old offspring indicated that the microbiota compositions and diversity were

significantly changed in MHFD group. Interestingly after 5 weeks consumption of control

diet in both groups, the microbiota composition of offspring in MHFD group was still

different from that in MCD group, although the bacterial diversity was partly recovered at

8 weeks of age. Finally, after DSS treatment in 8-week old offspring, MHFD significantly

exacerbated the severity of colitis and increased the production of proinflammatory

cytokine.

Conclusions: Our data reveal that MHFD in early life can inhibit intestinal development,

induce dysbiosis and low-grade inflammation and lead to the disruption of intestinal

mucosal barrier in offspring, and enhance DSS-induced colitis in adulthood.
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INTRODUCTION

The incidence and prevalence of IBD, a chronic immunologically
mediated intestinal disorder including ulcerative colitis (UC) and
Crohn’s disease (CD), has been increasing worldwide, especially
in Asia (1–3). This epidemiological evolution has been paralleled
with westernized diets and lifestyles (4). The pathogenesis of IBD
remains unknown. Growing evidence reveals the development
of IBD is associated with host genetic susceptibility (5),
environmental risk factors (6), and gut dysbiosis (7, 8).

Lately early life events including delivery mode, breastfeeding,
maternal diet, and antibiotics use are recognized as potential
risk factors for IBD (6, 9, 10). Although recent studies suggest
that the intrauterine environment and placenta is not sterile as
once presumed, the initiation period of neonate microbiome
colonization remains obscure (11–13). Particularly in early
life, the composition and diversity of the colonized microbiota
profoundly influence the development of host immune
system and maintain host health in later life (14, 15). Recent
studies have elucidated that several factors including prenatal
environment, delivery mode, and postnatal factors can shape
the microbial communities of the neonate at birth and later
(16). Maternal microbiota, mainly including gastrointestinal
microbiota and vaginal microbiota, and breast milk composition
play an essential role in the colonization of neonate
microbiome (17).

It is commonly accepted that maternal diet is one of the
major factors influencing offspring microbial composition
(18–20). Interestingly, regulation of maternal microbiota
composition via supplementation with probiotics or prebiotics
in early life has been shown to provide beneficial effects for
neonatal gastrointestinal tract (14, 21, 22). In contrast, both
epidemiological evidence and experimental data suggest that
maternal high fat diet (MHFD) during gestation and lactation
could lead to colonization of specific pathogenic bacteria and
further increase the risk of diseases of progeny (23–26). A recent
study has reported maternal high fat diet consumption can
enhance the susceptibility of offspring to Dextran sulfate sodium
(DSS)-induced colitis (27). However, the underlying mechanisms
and the role of microbiota have not been defined. Given the
potential influence of MHFD on offspring, we hypothesized
that MHFD could induce gut microbiota perturbation and
thus exacerbate the susceptibility of offspring to colitis in
adulthood.

In the present study, our results showed that MHFD altered
intestinal development and cell proliferation, induced dysbiosis
and low-grade inflammation and disrupted mucosal barrier
function in offspring. More importantly, MHFD significantly
altered the composition of offspring intestinal microbiota and
further enhanced the susceptibility to DSS-induced colitis in
adulthood. These findings suggest that MHFD in early life
can negatively impact intestinal development and function, as
well as cause a marked shift in gut microbiota, and then
predispose the offspring to facilitate the development of colitis.
Therefore, this study opens the possibility of understanding the
pathogenesis of IBD in adulthood induced by MHFD in animal
models.

RESULTS

MHFD Inhibited the Intestinal Development
of Offspring in Early Life
Previous studies have demonstrated that maternal obesity or high
fat diet may contribute to offspring obesity (28–30). In this study,
we indeed found that the offspring in MHFD group had slightly
increased body weight at 2–4 weeks of age, with no significant
difference at other measured time points (Figure 1B). Given
maternal diet is the only variable factor for the pups before 3
weeks of age, 3-week-old as a key turning point was chosen for
evaluating the effect of MHFD.

The intestinal villi play an important role in nutrient
absorption due to increasing the surface area of absorption.
As villi length is commonly accepted for evaluation of
intestinal growth (31), we examined morphological expressions
to determine the intestinal growth of offspring in both groups.
H&E staining showed the length of villi and depth of crypts
of 3-week old offspring in MHFD group were significantly
decreased compared to those in MCD group (Figures 1C,D).
Similar findings were not seen at 8 weeks (data not shown).

The development of the gastrointestinal tract was mainly
modified by maternal nutrition until the third postnatal week
in rodents (32, 33). Epithelial cells in the villi are renewed
through cell proliferation, differentiation, and migration period.
Various mature intestinal cells differentiate from multipotent
stem cells located in the intestinal crypts (34). Here we
investigated the effect of maternal diet on intestinal cell
proliferation and differentiation of 3-week old mice. Ki-67
staining showed decreased proliferating cells in pups of MHFD
group (Figure 2A). In parallel, the number of goblet cells
(as indicated by PAS staining) and MUC2 positive cells in
each crypt which indicate differentiated cells were significantly
decreased in MHFD pups (Figures 2B,C). Meanwhile, the
expression of MUC2 gene in the colon was also decreased in
MHFD group, as compared to the offspring in MCD group
(Supplementary Figure 1). Together these findings indicate
that MHFD can alter the intestinal development and cellular
differentiation of progeny in early life.

MHFD Altered Composition and Diversity
of Gut Microbiota in 3-Week Old Offspring
Mice
We utilized 16S rDNA sequencing to characterize and quantify
the gut microbiota of 3-week old offspring. We evaluated OTUs
of MHFD group and MCD group to identify the unique and
shared species. Venn diagram showed there were 188 OTUs in
MHFD group and 297 OTUs in MCD group, with 154 OTUs
shared (Figure 3A).

Next we analyzed the microbiota community structure of
each mouse in MHFD and MCD group. Four dominant
phyla, which are Firmicutes, Bacteroidetes, Proteobacteria, and
Verrucomicrobia, were evaluated in order to compare the
microbial differences between two groups at the phylum
level. Notably, in the MHFD group, the relative abundance
of Firmicutes and Verrucomicrobia were elevated with the
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FIGURE 1 | Maternal high fat diet altered the intestinal development of 3-week old offspring mice. Maternal and offspring mice were treated as described in (A).

Bodyweight of pups was recorded at birth and weekly until 8 weeks (B). Intestinal and colonic tissues from 3-week old mice were performed by H&E staining (C). The

length of villus and depth of crypt were measured in at least 100 villi and crypts per mouse (D). MHFD, maternal high fat diet. MCD, maternal control diet. DSS,

dextran sulfate sodium. In (B–D), MHFD: n = 20, MCD: n = 15. Scale bar: 100µm. *p < 0.05, **p < 0.01, ***p < 0.001.

reduction of Bacteroidetes, and the Firmicutes/Bacteroidetes
ratio was increased simultaneously (Figure 3B). The microbial
composition at the phylum level in each mouse was shown in
Figure 3C. The Shannon and Simpson diversity index revealed
that MHFD significantly decreased the alpha diversity of 3-week
old offspring microbiota (Figure 3D).

Then we performed principal coordinate analysis (PCoA) on
unweighted UniFrac distances to characterize the differences
among these samples. Significant coclustering of samples by
maternal diet suggested that MHFD caused a pronounced
influence on the microbial composition of 3-week old offspring
(Figure 4A). To further quantify the differences in species
diversity between two groups, Unweighted Unifrac Distance
heatmap was projected. In agreement, MHFD pups clustered
with MHFD pups and MCD pups clustered with MCD pups.
ANOSIM analysis indicated that the differences between two
groups were significant (Figure 4B). Differentially abundant
species at the phylum, class, order, family, and genus level
between MHFD and MCD group were examined by LDA

EffectSize analysis (Figure 4C). Interestingly, the relative
abundance of inflammation associated microbiota including
Peptostreptococcaceae and Streptococcus (35) were higher in
MHFD group. Meanwhile, Lachnospiracea_incertae_sedis and
Prevotellaceae, which were generally linked to the production of
butyric acid (36), were significantly decreased in MHFD group.
The relative abundance of Akkermansia, a mucin-degrading
bacterium (37), was increased in MHFD group, which may be
associated with the disrupted mucosal barrier function in the
3-week old progeny.

Collectively, these data suggest that MHFD in early life
could alter the microbiome in the offspring exposed to the
maternal diet, which associated with a significant influence on the
establishment and development of the neonatal microbiome.

MHFD Disrupted Intestinal Barrier
Function in 3-Week Old Offspring Mice
Recent evidence demonstrates that defects in the intestinal
barrier, consisting of the external anatomic barrier and

Frontiers in Immunology | www.frontiersin.org 3 November 2018 | Volume 9 | Article 2608

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Xie et al. MHFD Exacerbates Offspring Colitis in Adulthood

FIGURE 2 | Maternal high fat diet inhibited intestinal proliferation and differentiation of 3-week old offspring mice. Proliferation (Ki67) in the small intestine was

assessed by immunostaining (A). Goblet cells in the colon were assessed by Periodic acid Schiff staining (B) and MUC2 in the colon was assessed by

immunostaining (C). The numbers of positively stained cells in each villus/crypt were shown. MHFD, maternal high fat diet. MCD, maternal control diet. In (A–C), n = 6

for each group. Scale bar: 100µm. **p < 0.01, ***p < 0.001.

immunological barrier, play a major role in gastrointestinal
disorders such as IBD (38). Here we investigated the effect of
MHFD on the intestinal barrier function in 3-week old progeny.
For the external anatomic barrier, fluorescein isothiocyanate
conjugated-dextran (FITC-D) method was applied to detect
the intestinal permeability. The serum level of FITC-D in
MHFD group was significantly higher, suggesting that the
intestinal permeability was increased and the integrity of tight
junction was disrupted compared with MCD group (Figure 5A).
Subsequently, tight junction proteins were measured. The
expression of Claudin (CLDN) 1, CLDN3, and ZO-1 were
significantly suppressed in MHFD group, and Occludin was also
decreased although there was no significant difference between
two groups (Figure 5B). The protein levels of cell-cell contact
markers ZO-1 and CLDN3 were then detected by western
blotting. As expected, our results showed that the protein levels
of CLDN3 and ZO-1 were significantly decreased in MHFD
group (Figure 5C). Besides, immunostaining of ZO-1 suggested
that MHFD altered membrane localization of ZO-1 in the colon
(Figure 5D).

Immunoglobulin A (IgA) is a main antibody in the
gut and plays an essential role in the maintenance of
intestinal immunological homeostasis (39, 40). In our study,
immunostaining of IgA showed MHFD significantly reduced the
number of IgA expressing cells in the small intestine (Figure 6A).

Moreover, sIgA in feces were detected by ELISA and the results
showed that sIgA levels were significantly decreased in MHFD
group (Figure 6B). All these data illustrate that MHFD disrupted
intestinal barrier function in 3-week old offspring.

MHFD Induced Intestinal Low-Grade
Inflammation in 3-Week Old Offspring Mice
Although Xue et al. have reported that maternal obesity
could induce gut inflammation in 16-week old non-obese
diabetic offspring mice (41), the intestinal inflammatory
condition of 3-week old progeny exposed to MHFD has not
been investigated. In this study, H&E staining showed no
apparent microscopic inflammation in both groups. The relative
expression levels of inflammatory cytokines including IL-1β, IL-
6, IFN-γ, and TNF-α mRNA were significantly higher in MHFD
group (Figures 6C,D), while TGF-β did not reach significance
(Figure 6D). Therefore, exposure to MHFD in early life can
trigger intestinal chronic low-grade inflammation in offspring.

MHFD-Induced Dysbiosis Was Not
Recovered in 8-Week Old Offspring Mice
There is widespread agreement that MHFD could cause
alterations in the microbiota of offspring (25, 26). However, few
studies concentrated on whether a change in diet could reverse
the effect of MHFD on the offspring microbiota. In our studies,
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FIGURE 3 | Maternal high fat diet altered the composition and α diversity of gut microbiota in 3-week old offspring mice. Total fecal bacteria from each 3-week old

offspring mice were detected by 16S rRNA sequencing. Venn diagram (A), relative abundance of bacterial taxa at the phylum level between two groups (B) and in

each mouse (C), Shannon and Simpson diversity index (D) was shown. MHFD, maternal high fat diet. MCD, maternal control diet. In (A–D), n = 10 in each group.

3-week old offspring in both groups were fed with a control
diet until 8 weeks of age and the gut microbiota was analyzed
subsequently. Venn diagram showed 336 OTUs in MHFD group
and 360 OTUs in the MCD group, with 269 OTUs shared
(Figure 7A). No significant difference was observed among
the Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria, and
Verrucomicrobia at the phylum level of microbial composition at
8 weeks of age (Figure 7B). The Shannon and Simpson diversity
index indicated that the decreased alpha diversity induced by

MHFD at 3 weeks of age was partly recovered after 5-week period
consumption of the control diet (Figure 7C).

Afterwards, PCoA on unweighted UniFrac distances
was generated. Our results revealed distinct clusters of
microbiota composition between two groups at 8 weeks of
age (Figure 7D). ANOSIM analysis revealed that the differences
were significant (Figure 8A). Significantly different species at
the genus level were represented in a heatmap (Figure 8B).
Notably, inflammation associated microbiota including
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FIGURE 4 | Maternal high fat diet altered the β diversity of gut microbiota and the key bacterial alterations in 3-week old offspring mice. Total fecal bacteria from each

3-week old offspring mice were detected by 16S rRNA sequencing. Beta diversity (A), Unweighted Unifrac ANOSIM analysis between two groups (B) and differentially

abundant species at the phylum, class, order, family, and genus level in Cladogram generated by LEfSe analysis (C) was shown. MHFD, maternal high fat diet. MCD,

maternal control diet. In (A–C), n = 10 in each group.

Escherichia/Shigella, Helicobacter, and Oscillibacter (7) was
more abundant in MHFD group, whereas Anaeroplasma
and Lachnospiracea_incertae_sedis (42), which can produce
short-chain fatty acids (SCFA), were significantly decreased.
In addition, the relative abundances of Mucispirillum and
Barnesiella, which are perceived to benefit mucosa health
(42, 43), were also remarkably decreased in MHFD group. Of
note, PCoA at 3 and 8 weeks of age based on unweighted UniFrac
distances indicated that the control diet after weaning indeed
partly reversed the effect of MHFD on offspring microbiota
(Figure 8C).

Together, our results reveal that MHFD significantly changed
the composition of offspring gut microbiota at 8 weeks of age
despite the bacterial diversity has been partly recovered.

MHFD Accelerated DSS-Induced Colitis in
Adult Mice
Previous studies have demonstrated that alteration of the
microbiota and chronic inflammation during development
potentially lead to adverse outcomes in adulthood (17, 44, 45).
Here we explored whether MHFD in early life increases the risk
of colitis in adulthood. The offspring of either group was fed
with a control diet until 8 weeks of age. They were then treated
with 2% DSS for 5 days. DAI score was significantly higher
in MHFD group at days 3, 4, and 5 after DSS treatment, and
significant shortening of colon length was observed consistently
compared with MCD group (Figures 9A,B). Moreover, no gross
ulcerations were observed in both groups. The enhancement of
colitis in MHFD group was confirmed by H&E staining. The
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FIGURE 5 | Maternal high fat diet disrupted intestinal barrier function in 3-week old offspring mice. Barrier formation was detected using the in vivo FITC-dextran

assay. The FITC-dextran level in serum is shown (A). Total RNA was extracted from the colonic tissues for real-time PCR analysis. The relative expression of CLDN 1,

3, Occludin, and ZO-1 was shown (B). Protein levels of ZO-1 and CLDN3 in the colonic tissues from 3-week old offspring mice were detected by western blotting and

the relative intensity was quantified (C). The membrane localization of ZO-1 was assessed by immunostaining and visualized by fluorescence microscopy (red staining;

400×), nuclei were stained with DAPI (blue staining) and the red regions indicated ZO-1 (D). MHFD, maternal high fat diet. MCD, maternal control diet. FITC-dextran,

fluorescein isothiocyanate conjugated-dextran. In (A–D), n = 6 in each group. *p < 0.05, **p < 0.01.

histological inflammatory changes were performed as increased
neutrophil and lymphocyte infiltrations and extended injury
of intact crypt structures and surface epithelium (Figure 9C).
Additionally, the inflammatory/injury score in the MHFD group
(7.91 ± 1.6) was significantly higher than MCD group (5.25
± 1.7, p < 0.01) (Figure 9D). Furthermore, we examined the
expression of pro-inflammatory cytokines in DSS-treated mice.
Elevated expression of IL-6, KC, and TNF-α was observed in
MHFD group, as compared with MCD group (Figure 9E).
Collectively, these observations indicate that MHFD significantly

exacerbated the susceptibility of offspring to colitis in
adulthood.

DISCUSSION

The incidence of IBD is rising and has become a great
challenge worldwide but the pathogenesis has not been
completely explained (46). Recently, environmental factors
especially early life events are considered to be associated
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FIGURE 6 | Maternal high fat diet decreased sIgA in the small intestine and induced colonic low-grade inflammation in 3-week old offspring mice. IgA in the small

intestinal tissues from 3-week old offspring mice was assessed by immunostaining and visualized by fluorescence microscopy (red staining; 200×), IgA positive cells

in 300 villi were counted (A). Fecal sIgA levels were determined by ELISA (B). Total RNA was extracted from the colonic tissues and prepared for real-time PCR

analysis. The relative expression of inflammatory cytokines including IFN-γ (C), IL-1β, IL-6, TNF-α, and TGF-β (D) was shown. MHFD, maternal high fat diet. MCD,

maternal control diet. In (A–D), n = 6 in each group. *p < 0.05, ***p < 0.001.

with the development of IBD (16). It has been demonstrated
that MHFD in early life can alter the offspring microbiome
and have a longstanding impact on offspring (47–51). In the
present study, we investigated the effect of MHFD on intestinal
development, gut microbiome, intestinal inflammation, and
barrier function of the offspring. Our results demonstrated
that MHFD in early life could alter intestinal development,
tight junction formation, intestinal microbial composition,
and inflammatory molecules of offspring mice and increase
the susceptibility to DSS-induced colitis in adulthood. This
result may partly explain why the MHFD in early life has

been proposed to be an environmental risk factor in IBD
pathogenesis.

It is commonly accepted that maternal obesity is associated
with an increased risk of childhood overweight or obesity
(52, 53), which may contribute to metabolic disorders and
IBD later in life (54, 55). However, the relationship between
MHFD during pregnancy and lactation and offspring obesity
remains obscure (56–58). As reported by King et al. increased
weight gain in offspring exposed to MHFD is only observed
before weaning (59). In our study, we found that pups in
MHFD group exhibited an increased body weight from birth
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FIGURE 7 | Maternal high fat diet altered the composition and diversity of gut microbiota in 8-week old offspring mice. Mice were treated as described in Figure 1A

and total fecal bacteria from each 8-week old offspring mice were detected by 16S rRNA sequencing. Venn diagram (A), the relative abundance of bacterial taxa at

the phylum level between two groups (B), Shannon and Simpson diversity index (C) was shown. Beta diversity was measured by Unweighted UniFrac distance

(D). MHFD, maternal high fat diet. MCD, maternal control diet. In (A–D), n = 6 in MHFD 8w group, n = 8 in MCD 8w group.

to 8 weeks, but the significant difference was only observed
at 2, 3, and 4 postnatal weeks. Moreover, according to a
recent population-based cohort study, increased childhood
BMI is only associated with early-onset CD (before 30
years of age) but not with UC (60). All these suggested
that the enhanced susceptibility of offspring to colitis
in adulthood were independent of body weight gain in
childhood.

Maternal factors are undoubtedly essential to modify the
intestinal development of offspring (61, 62). Previous studies
have already shown that early supplementation with some
probiotics or lactoferrin could promote intestinal proliferation
and differentiation (22, 63). Additionally, reports have also found
that maternal high-energy diet, rich in polyunsaturated fatty
acids, can promote intestinal development in offspring sows (64).
In contrast, the effect of MHFD (high in saturated fatty acids)
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FIGURE 8 | Maternal high fat diet-induced dysbiosis was not recovered in 8-week old offspring mice. Mice were treated as described in Figure 1A and total fecal

bacteria from each 8-week old offspring mice were detected by 16S rRNA sequencing. Unweighted Unifrac ANOSIM analysis between two groups (A) and differentially

abundant species at the genus level (B) was shown. The plots at 3 and 8 weeks of age were generated and measured by the Unweighted Unifrac PCoA (C). MHFD,

maternal high fat diet. MCD, maternal control diet. In (A–D), n = 6 in MHFD 8w group, n = 8 in MCD 8w group. In, n = 10 in MHFD 3w and MCD 3w groups.

on the intestinal development of offspring has not been clearly
described. A recent study shows that maternal exposure to a
high fat diet significantly alters the expression of genes involved
in modulating normal development, function, and immune
response of the gut by interaction with intestinal microbiota
in 2-week old offspring (26). Moreover, maternal dysbiosis and
decreased antioxidant defense capacity induced by a high fat
diet reportedly results in an aberrant intrauterine environment,
which could lead to poor liver and hippocampus development
of the fetus (65–67). Data from our study showed that MHFD
negatively impacts the intestinal development of offspring at the
early stage, whereas similar findings were not found in adulthood.

Several studies have provided evidence that MHFD could
alter the microbiota of offspring in both human and animals at
the early stage (26, 48–50). In our study, although inter-animal
variance does exist in MHFD group, we found that MHFD

significantly changes the composition and diversity of 3-week old
offspring characterized with increased Firmicutes/Bacteroidetes
ratio, decreased alpha-diversity, and reduction of Butyricicoccus,
Bacteroides, and Alloprevotella at the genus levels. Given fecal
samples of MHFD group were collected from 5 cages randomly,
maternal transmission, genetic drift, and cage effects which play
a critical role in influencing microbiota composition (68) may
explain why the variance was displayed in MHFD group. Along
this line, our data demonstrate that MHFD in early life can alter
the composition and diversity of offspring microbiota at early
stage, even though an inter-animal variance was displayed within
the groups. However, further works are required to get better
results.

Certain studies have demonstrated that early colonization
of gut microbiota in prenatal and infant period is critical for
the development of the immune system (69–71). Disturbance
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FIGURE 9 | Maternal high fat diet exacerbated DSS-induced colitis in adult mice. Adult (8-week old) mice were treated with 2% DSS solution for 5 days. Disease

activity index was recorded (A) and the length of the colon was measured (B). Paraffin-embedded colon sections were stained with H&E for light microscopic

assessment of epithelial damage and inflammation, immune cell infiltration was indicated by black arrows (C). The inflammation/injury scores are shown (D). The

relative expression of IL-6, KC, and TNF-α was shown (E). In (A–D), n = 8 in MCD+DSS group, n = 11 in MHFD+DSS group, n = 6 in MCD+water and

MHFD+water groups. In (E), n = 6 in each group. MHFD, maternal high fat diet. MCD, maternal control diet. DSS, dextran sulfate sodium. DAI, disease activity index.

Scale bar: 100µm. *p < 0.05, **p < 0.01, ***p < 0.001.

of the early colonization may increase the risk of autoimmune
diseases (72, 73). It has been proposed that decreased bacterial
exposure could influence the maturation of inducible regulatory
T cells (iTregs) induction, which may be responsible for
the decreased secretion of anti-inflammatory cytokines (74).
Moreover, decreased abundance of Butyricicoccus, Prevotellaceae,
and Lachnospiracea_incertae_sedis, which are regarded as SCFA
producing bacteria, were also linked to the reduction of iTregs
and activation of proinflammatory cells (71, 75). Although Val-
Laillet et al. and Steegenga et al. have demonstrated that maternal

high fat diet can alter microbiota composition of offspring
(26, 50), the correlation between the alterations and intestinal
inflammation or barrier function is limited. We observed MHFD
can increase the level of inflammatory cytokines and trigger
chronic low-grade intestinal inflammation in offspring at 3 weeks
of age. Of note is that dysbiosis or immune response was not
observed when offspring exposed to MHFD and MCD was
cohoused together (48), suggesting that the key determinant
factor of MHFD on offspring immune system is attributed to the
dysbiosis.
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Animal studies have shown that dysbiosis induced by high fat
diet is implicated in the decrease of SCFA and affects intestinal
barrier function subsequently in adult mice (76–78). Xue et al.
have also reported that maternal obesity impairs gut epithelial
barrier function in non-obese diabetic offspring mice at 16 weeks
of age (41), despite it is difficult to accurately determine the effect
of maternal obesity. However, the intestinal barrier function at
the early stage is less investigated. In this study, we observed
a reduction of goblet cells and MUC2 positive cells in the
colon, together with reduced cell-cell contact mRNA levels and
elevated FITC serum level. These findings suggest that MHFD
significantly disrupt the barrier function of offspring at 3 weeks
of age. Further, in line with the microbiota difference, the relative
abundance of Akkermansia was dramatically increased in MHFD
group. Given Akkermansia is a mucin-degrading bacteria, this
may partly contribute to the decrease of the mucin secreted by
the goblet cells (36). However, the underlying mechanisms of the
microbial modulation and pro-inflammatory effect needs further
study.

Although accumulating evidence points to a critical role for
intestinal dysbiosis in IBD, the relationship between microbiota
and IBD remains largely unresolved. Several studies have
demonstrated perturbed gut microbiota induced by early life
antibiotics exposure has been proposed as the underlying
mechanism of immune-related diseases, including IBD and
type 1 diabetes (79, 80), but how the perturbations link to
the diseases later in life are remarkably complex. Regardless
of the methodology used, a recent study also reported the
use of maternal high-fat diet could enhance DSS-induced
colitis (27). However, underlying mechanisms especially the
association between microbiota and colitis were not investigated.
In the present study, colitis was greatly enhanced in MHFD
group. The relationships between the microbiota and colitis
are undeniable. We found that microbial difference between
two groups still exists despite the altered alpha diversity and
microbial composition at the phylum level induced by MHFD
partly recovered at 8 weeks of age. The relative abundance of
Escherichia/Shigella, Helicobacter, and Oscillibacter, which are
considered as possible inflammation promoting agents, were
significantly increased prior to DSS treatment in MHFD group.
Meanwhile, we also observed that the relative abundances
of Mucispirillum and Barnesiella, which are beneficial to
mucosa health, were remarkably decreased in MHFD group.
As disturbances of mucosal barrier function are involved in
the pathogenesis of IBD, these alterations might contribute
to increase the risk of colitis. Taken together, these findings
demonstrate MHFD can alter the microbial composition of adult
offspring and thus facilitate the susceptibility of colitis. Germ-free
mice experiments will be further needed to validate the causality.

In summary, although a small portion of our results has been
manifested in previous publications, this study first characterizes
that MHFD in early life could change intestinal development
and cell proliferation and alter the composition and diversity of
intestinal microbiota, as well as induce low-grade inflammation
and disrupt mucosal barrier function in 3-week old offspring
collectively. Moreover, the microbial analysis in adulthood
indicate that although bacterial diversity recovered after the

control diet, perturbations of microbial composition still exist;
which likely contributed to exacerbating the susceptibility of
experimental colitis in adulthood. These observations support
the hypothesis that MHFD in early life may be a potential risk
factor for IBD. As high fat diet is common in pregnant women
especially in developing countries, our findings might contribute
to a better understanding of the increasing incidence of IBD.
Furthermore, supplementation with probiotics or avoiding high
fat diet in early life might be novel options for prevention of IBD.

METHODS AND MATERIALS

Ethical Approval Statement
All experimental procedures were performed according to the
guidelines of the Institutional Animal Care and Use Committee
at Tianjin Medical University and followed the International
Association of Veterinary Editors guidelines for the Care and
Use of Laboratory Animal. The animal use protocol listed below
has been reviewed and approved by the Animal Ethical and
Welfare Committee of Tianjin Medical University, Approval No.
TMUaMEC 2016011.

Mice and Diets
Adult C57BL/6 female mice (8 weeks of age) from the same
litter were purchased from the Institute of Laboratory Animal
Science, Chinese Academy of Medical Sciences & Peking
Union Medical College, and were placed in the light- and
temperature-controlled facility under the specific pathogen-free
circumstance. Subsequently, they were mated with C57BL/6
males on control diet and checked daily. After pregnancy was
confirmed by postcopulatory plugs, female mice in MHFD group
were switched to the high fat diet. Pregnant mice were housed
together until 1 week before delivery, and then they were housed
singly in the separated cages. Dams had free access to drinking
water. Throughout the period of gestation (3 weeks) and lactation
(3 weeks), MHFD group dams consumed the high fat diet (HFD,
5.24 kcal/g; 60 E% fat, 20 E% protein, 20 E% carbohydrate;
H10060, Research Diets, Peking, China) whereasMCD (maternal
control diet) group dams consumed the control diet (CD, 3.85
kcal/g; 10 E% fat, 20 E% protein, 70 E% carbohydrate; H10010,
Research Diets, Peking, China) constantly. Afterwards, dams
delivered vaginally and the body weight of pups was monitored
at birth and weekly until 8 weeks. Pups were weaned at 3 weeks
of age, and separated from the dams and housed 5 per cage
and received regular drinking water and standard rodent chow
(3.85 kcal/g; 10 E% fat, 20 E% protein, 70 E% carbohydrate;
H10010, Research Diets, Peking, China) ad libitum till 8 weeks
(Figure 1A).

Tissue Collection
Mice were sacrificed under anesthesia at 3 and 8 weeks of age and
then the whole intestine and colon were excised instantly. Small
intestinal and colonic tissues were cleaned by ice-cold phosphate-
buffered saline (PBS) solution. The tissues were then embedded
into Swiss rolls in paraffin followed by hematoxylin and eosin
(H&E) staining for evaluation of villi length and crypts depth

Frontiers in Immunology | www.frontiersin.org 12 November 2018 | Volume 9 | Article 2608

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Xie et al. MHFD Exacerbates Offspring Colitis in Adulthood

or snap-frozen rapidly, and stored at −80◦C for later analysis of
mRNA and protein expression.

Intestinal Permeability Assay
The intestinal permeability of 3-week old mice was determined
by the FITC-D method. FITC-D (4000 MW, Sigma-Aldrich)
dissolved in normal saline infusion (50 mg/mL) and was
administrated to the mice by gavage at 6 mg/10 g body weight.
Whole blood was collected 4 h after FITC-D administration using
heparinized microhematocrit capillary tubes via eye bleed. Sera
was extracted from the blood by centrifuging at 4◦C for 10min at
2,000 rpm. Fluorescence intensity analysis was carried out using
a plate reader. The concentration of FITC-D of each mouse was
detected based on the FITC-D standard curve.

Intestinal Microbiota Analysis
The 16S rRNA gene sequencing procedure was performed by
the Realbio Genomics Institute (Shanghai, China). Total fecal
bacteria DNA extractions were acquired from cecal specimens
of each 3-week old and 8-week old offspring by QIAamp R© Fast
DNA Stool Mini Kit (QIAamp, Germany). The microbial 16S
V3-V4 region was amplified with indexes and adaptors-linked
universal primers (341F: ACTCCTACGGGAGGCAGCAG,
806R: GGACTACHVGGGTWTCTAAT). PCR was performed
using KAPA HiFi Hotstart PCR kit high fidelity enzyme in
triplicate. Amplicon libraries were quantified by Qubit 2.0
Fluorometer (Thermo Fisher Scientific, Waltham, US) and then
sequenced on Illumina HiSeq platform (Illumina, San Diego, US)
for paired-end reads of 250 bp. After discarding the singletons
and removing chimeras, tags were clustered into operational
taxonomic units (OTUs) using USEARCH (v7.0.1090) at 97%
similarity. Afterwards, a representative sequence of each OTU
was subjected to the taxonomy-based analysis using the RDP
database. Heatmap was created using R. Cluster analysis. Alpha
diversity (Shannon, Simpson) and beta diversity were analyzed
using QIIME. The relative abundance of bacteria was expressed
as the percentage.

Realtime-PCR Analysis
Total RNA was extracted using the RNeasy mini kit (Qiagen,
Carlsbad, CA, USA) followed by cDNA reverse transcription
using the TIANScript RT Kit (TIANGEN, Inc. Beijing, China)
according to the manufacturer’s protocol. Realtime-PCR analysis
was performed using Taqman Gene Expression Master Mix and
primes (GENEWIZ, Inc. Beijing, China). The Oligonucleotide
primers for target genes were listed in Table 1. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was employed as an
endogenous control. The relative mRNA expression levels of
the target gene were evaluated by calculating the fold-changes
normalized to the GAPDH for each sample using 2−11Ct

method. All cDNA samples were analyzed in triplicate.

Western Blotting
The colonic tissues were dissolved in RIPA buffer with protease
inhibitors (Solarbio, Beijing, China). After homogenization,
the protein concentrations were determined by Bicinchoninic
acid protein assay (Thermo Scientific Inc). Proteins were

TABLE 1 | The Oligonucleotide primers used in Realtime-PCR analysis.

Murine gene Primer sequences (5′- 3′)

GAPDH Forward primer: TGTGTCCGTCGTGGATCTGA

Reverse primer: CCTGCTTCACCACCTTCTTGA

ZO-1 Forward primer: GGGCCATCTCAACTCCTGTA

Reverse primer: AGAAGGGCTGACGGGTAAAT

Occludin Forward primer: ACTATGCGGAAAGAGTTGACAG

Reverse primer: GTCATCCACACTCAAGGTCAG

Claudin 1 Forward primer: GAATTCTATGACCCCTTGACCC

Reverse primer: TGGTGTTGGGTAAGAGGTTG

Claudin3 Forward primer: CCTGTGGATGAACTGCGTG

Reverse primer: GTAGTCCTTGCGGTCGTAG

IL-1β Forward primer: GTGGCTGTGGAGAAGCTGTG

Reverse primer: GAAGGTCCACGGGAAAGACAC

IL-6 Forward primer: CCAGTTGCCTTCTTGGGACT

Reverse primer: GGTCTGTTGGGAGTGGTATCC

TNF-α Forward primer: ACTCCAGGCGGTGCCTATG

Reverse primer: GAGCGTGGTGGCCCCT

MUC2 Forward primer: TCGCCCAAGTCGACACTCA

Reverse primer: GCAAATAGCCATAGTACAGTTACACAGC

TGF-β Forward primer: GCTGAACCAAGGAGACGGAAT

Reverse primer: GCTGATCCCGTTGATTTCCA

IFN-γ Forward primer: GCATCTTGGCTTTGCAGCT

Reverse primer: CCTTTTTCGCCTTGCTGTTG

KC Forward primer: AACCGAAGTCATAGCCACAC

Reverse primer: CAGACGGTGCCATCAGAG

separated using SDS-polyacrylamide gel electrophoresis
system and then blotted onto a polyvinylidene fluoride
(PVDF) membrane (Invitrogen, Carlsbad, CA, USA).
Afterwards, the primary anti-CLDN3 (rabbit, antimouse,
Cell Signaling Technology), anti-ZO-1 (rabbit, antimouse, Cell
Signaling Technology) and anti-β-actin (rabbit, antimouse,
Cell Signaling Technology) antibody were applied; anti-β-
actin antibody was employed as the loading control. After
incubated with horseradish peroxidase (HRP)–conjugated
secondary antibodies (Cell Signaling Technology), the
chemiluminescent signal was detected. The intensity of
the band was determined by image processor program
(Image J).

Measurement of Fecal sIgA
Fecal samples were homogenized by placing in homogenization
buffer (phosphate buffer saline (PBS) containing 0.05% Tween 20
and Protease Inhibitor Cocktail) for 15min at 5,000 revolutions
per minute. Subsequently, homogenates were briefly centrifuged
and the supernatants were frozen at negative 20◦C for subsequent
assays. Standards and fecal samples were added to the appropriate
well of 96-well polystyrene anti-mouse IgA antibody pre-coated
Microtiter Plate (Sigma-Aldrich) according to manufacturer’s
instructions. All samples were tested in duplicate and the mean
optical density (OD) was calculated.

Periodic Acid Schiff (PAS) Staining
Deparaffinized colonic sections were incubated with 1% Periodic
acid solution (Sigma-Aldrich) for 10min followed by staining in
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Schiff reagent (Sigma-Aldrich) for 40min. Afterwards, the PAS-
stained sections were counterstained with hematoxylin for 2–
5min. PBS solution was used as washing buffer for rinsing in
every step.

Histology and Immunohistochemistry
The intestinal tissues were fixed in 4% formalin solution,
embedded in paraffin, and cut into 4-µm slices. After
deparaffinization and hydration, H&E staining was performed
for evaluation of intestinal development and inflammation.
The intestinal development was assessed by measurement of
villus/crypt length. Three hundred well-orientated villi/crypts
randomly chosen from×200 images was observed and measured
under light microscope SZX16 (Olympus, Japan) for each mouse.

For immunohistochemistry, deparaffinized sections were
incubated with primary antibodies rabbit monoclonal anti-
Ki67 (ab16667, Abcam, Cambridge, MA, USA) and rabbit
anti-MUC2 (Santa Cruz Biotechnology, Inc) overnight at 4◦C.
After washing in PBS, sections were further incubated with
the biotinylated anti-rabbit secondary antibody (Santa Cruz
Biotechnology, Inc) for 30min followed by counterstaining with
3, 3′-diaminobenzidine. The expression of Ki67 and MUC2 was
detected by counting the absolute number of positively stained
cells. Five random areas from ×400 images were performed
under light microscope DM5000 B (Leika, Germany) in at least
100 villi or crypts for each mouse.

Immunofluorescent Staining
The formalin-fixed small intestine and colon tissues were
embedded in paraffin and cut into 4µm sections. After
deparaffinization and hydration, sections were incubated 15min
with Antigen Unmasking Solution (Vector Laboratories, Inc.
Burlingame, CA, USA) for antigen retrieval. Subsequently, 5%
BSA was used to block non-specific binding. Then the small
intestinal sections were incubated with specific primary anti-IgA
antibody (ab223410, Abcam, Cambridge, MA, USA), and colonic
sections were incubated with the specific primary anti-ZO-1
antibody (ab96587, Abcam, Cambridge, MA, USA) overnight
at 4◦C. Subsequently, the sections were washed with 1 ×

PBS for 5min three times and incubated with fluorochrome-
conjugated secondary antibodies IgGH&L fluorescent secondary
antibody (Santa Cruz Biotechnology, Inc) and ALEXA FLUOR
488(FITC) secondary antibody (Santa Cruz Biotechnology, Inc)
at room temperature in the dark for 60min. DAPI (4, 6-
diamidino-2-phenylindole) was lastly applied to dye the nucleus.
Fluorescence photographs were obtained under fluorescence
microscope DM5000 B (Leika, Germany). FITC and DAPI
images were taken from a unified area. Quantitative analysis of
immunofluorescence staining for IgA was performed (81). IgA
positive cells in 300 villi were counted.

Dextran Sulfate Sodium (DSS) Induced
Colitis
DSS (36–50kDa, MP Biomedicals) was dissolved in drinking
water and 8-week old mice were fed with 2% DSS solution

for 5 days. Mice in both groups were given tap water as a
control for DSS treatment. The DSS solutions were changed
every day to maintain fresh until the end of the experiment.
Disease activity index (DAI) scoring system which consists of
the changes in animal weight loss, the presence of occult or
gross blood per rectum and stool consistency was applied to
determine the severity of colitis. Mice were sacrificed and the
entire colon was quickly excised since the colon length was
measured as a marker for inflammation. Colonic tissue was either
stored at −80◦C until used for inflammation cytokines profiles
analysis or fixed in 10% buffered formalin and embedded in
paraffin for H&E staining. Histological damage was assessed as a
combined score of the degree of inflammation (scale of 0–3), the
percentage of area involved by inflammation (0–4), crypt damage
(0–4), and depth of inflammation (0–3) in a blinded way by a
pathologist (YJZ).

Statistical Analysis
Data were presented as the mean ± SEM. The statistical
significance of differences was assayed by one-way ANOVA in
multiple groups, and t-tests for paired samples using SPSS 22.0
(SPSS, Chicago, IL, USA). All the differences were considered as
statistically significant at p < 0.05.

AUTHOR CONTRIBUTIONS

RX, HC, and BWdesigned the study. RX, YS, GJ, JW, ZG, XL, and
TL performed the experiments. RX, YS, SH, XC, and YZ analyzed
the results. RX and HC wrote the paper.

FUNDING

This study was supported by the grants (81741075 and
81570478) from the National Natural Science Foundation of
China, the grants (17JCYBJC24900) from Tianjin Research
Program of Application Foundation and Advanced Technology
of China. The funders had no role in study design, data
collection and analysis, decision to publish, or preparation of the
manuscript.

ACKNOWLEDGMENTS

We thank all of the authors of the primary studies included in this
article.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2018.02608/full#supplementary-material

Supplementary Figure 1 | Maternal high fat diet decreased the MUC2 mRNA

expression in 3-week old offspring mice. Total RNA was extracted from the

colonic tissues of 3-week old offspring mice for real-time PCR analysis. The

relative expression of MUC2 mRNA was shown. n = 6 in each group. MHFD,

maternal high fat diet. MCD, maternal control diet. ∗∗p < 0.01.

Frontiers in Immunology | www.frontiersin.org 14 November 2018 | Volume 9 | Article 2608

https://www.frontiersin.org/articles/10.3389/fimmu.2018.02608/full#supplementary-material
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Xie et al. MHFD Exacerbates Offspring Colitis in Adulthood

REFERENCES

1. Ng SC, Shi HY, Hamidi N, Underwood FE, Tang W, Benchimol E, et al.
Worldwide incidence and prevalence of inflammatory bowel disease in the
21st century: a systematic review of population-based studies. Lancet (2018)
390:2769–78. doi: 10.1016/S0140-6736(17)32448-0

2. Ananthakrishnan AN. Epidemiology and risk factors for IBD. Nat Rev

Gastroenterol Hepatol. (2015) 12:205–17. doi: 10.1038/nrgastro.2015.34
3. Molodecky NA, Soon IS, Rabi DM, Ghali WA, Ferris M, Chernoff G, et al.

Increasing incidence and prevalence of the inflammatory bowel diseases with
time, based on systematic review. Gastroenterology (2012) 142:46–54.e42.
doi: 10.1053/j.gastro.2011.10.001

4. Ng SC, TangW, Leong RW, Chen M, Ko Y, Studd C, et al. Environmental risk
factors in inflammatory bowel disease: a population-based case-control study
in Asia-Pacific. Gut (2015) 64:1063–71. doi: 10.1136/gutjnl-2014-307410

5. Mirkov MU, Verstockt B, Cleynen I. Genetics of inflammatory bowel
disease: beyond NOD2. Lancet Gastroenterol Hepatol. (2017) 2:224–34.
doi: 10.1016/S2468-1253(16)30111-X

6. Ananthakrishnan AN, Bernstein CN, Iliopoulos D, Macpherson A, Neurath
MF, Ali RAR, et al. Environmental triggers in IBD: a review of
progress and evidence. Nat Rev Gastroenterol Hepatol. (2018) 15:39–49.
doi: 10.1038/nrgastro.2017.136

7. Kostic AD, Xavier RJ, Gevers D. The microbiome in inflammatory bowel
disease: current status and the future ahead. Gastroenterology (2014)
146:1489–99. doi: 10.1053/j.gastro.2014.02.009

8. Knights D, Lassen KG, Xavier RJ. Advances in inflammatory bowel disease
pathogenesis: linking host genetics and the microbiome. Gut (2013) 62:1505–
10. doi: 10.1136/gutjnl-2012-303954

9. Hooper LV, Littman DR, Macpherson AJ. Interactions between the
microbiota and the immune system. Science (2012) 336:1268–73.
doi: 10.1126/science.1223490

10. Hill DA, Artis D. Intestinal bacteria and the regulation of
immune cell homeostasis. Annu Rev Immunol. (2010) 28:623–67.
doi: 10.1146/annurev-immunol-030409-101330

11. Dominguez-Bello MG, Costello EK, Contreras M, Magris M, Hidalgo G,
Fierer N, et al. Delivery mode shapes the acquisition and structure of the
initial microbiota across multiple body habitats in newborns. Proc Natl Acad
Sci USA. (2010) 107:11971–5. doi: 10.1073/pnas.1002601107

12. Aagaard K, Ma J, Antony KM, Ganu R, Petrosino J, Versalovic J. The
placenta harbors a unique microbiome. Sci Transl Med. (2014) 6:237ra65.
doi: 10.1126/scitranslmed.3008599

13. Collado MC, Rautava S, Aakko J, Isolauri E, Salminen S. Human
gut colonisation may be initiated in utero by distinct microbial
communities in the placenta and amniotic fluid. Sci Rep. (2016) 6:23129.
doi: 10.1038/srep23129

14. Sanz Y. Gut microbiota and probiotics in maternal and infant health. Am J

Clin Nutr. (2011) 94(Suppl. 6):2000S−5S. doi: 10.3945/ajcn.110.001172
15. Thum C, Cookson AL, Otter DE, McNabb WC, Hodgkinson AJ, Dyer J, et al.

Can nutritional modulation of maternal intestinal microbiota influence the
development of the infant gastrointestinal tract. J Nutr. (2012) 142:1921–8.
doi: 10.3945/jn.112.166231

16. Shouval DS, Rufo PA. The role of environmental factors in the pathogenesis of
inflammatory bowel diseases: a review. JAMA Pediatr. (2017) 171:999–1005.
doi: 10.1001/jamapediatrics.2017.2571

17. Tamburini S, Shen N, Wu HC, Clemente JC. The microbiome in
early life: implications for health outcomes. Nat Med. (2016) 22:713–22.
doi: 10.1038/nm.4142

18. Santacruz A, Collado MC, García–Valdés L, Segura MT, Martín-Lagos JA,
Anjos T, et al. Gut microbiota composition is associated with body weight,
weight gain and biochemical parameters in pregnant women. Br J Nutr. (2010)
104:83–92. doi: 10.1017/S0007114510000176

19. Paul HA, Bomhof MR, Vogel HJ, Reimer RA. Diet-induced changes in
maternal gut microbiota and metabolomic profiles influence programming of
offspring obesity risk in rats. Sci Rep. (2016) 6:20683. doi: 10.1038/srep20683

20. Mulligan CM, Friedman JE. Maternal modifiers of the infant gut
microbiota: metabolic consequences. J Endocrinol. (2017) 235:R1–12.
doi: 10.1530/JOE-17-0303

21. Fujiwara R, Takemura N, Watanabe J, Sonoyama K. Maternal
consumption of fructo-oligosaccharide diminishes the severity of skin
inflammation in offspring of NC/Nga mice. Br J Nutr. (2010) 103:530–8.
doi: 10.1017/S000711450999198X

22. Yan F, Liu L, Cao H, Moore DJ, Washington MK, Wang B, et al. Neonatal
colonization of mice with LGG promotes intestinal development and
decreases susceptibility to colitis in adulthood. Mucosal Immunol. (2017)
10:117–27. doi: 10.1038/mi.2016.43

23. Moor K, Diard M, Sellin ME, Felmy B, Wotzka SY, Toska A, et al. High-
avidity IgA protects the intestine by enchaining growing bacteria. Nature
(2017) 544:498–502. doi: 10.1038/nature22058

24. Chu DM, Antony KM, Ma J, Prince AL, Showalter L, Moller M, et al. The
early infant gut microbiome varies in association with amaternal high-fat diet.
Genome Med. (2016) 8:77. doi: 10.1186/s13073-016-0330-z

25. Ma J, Prince AL, Bader D, Hu M, Ganu R, Baquero K, et al. High-fat
maternal diet during pregnancy persistently alters the offspring microbiome
in a primate model. Nat Commun. (2014) 5:3889. doi: 10.1038/ncomms4889

26. Steegenga WT, Mischke M, Lute C, Boekschoten MV, Lendvai A, Pruis MG,
et al. Maternal exposure to aWestern-style diet causes differences in intestinal
microbiota composition and gene expression of suckling mouse pups. Mol

Nutr Food Res. (2017) 61:1600141. doi: 10.1002/mnfr.201600141
27. Bibi S, Kang Y, Du M, Zhu MJ. Maternal high-fat diet consumption enhances

offspring susceptibility to DSS-induced colitis in mice. Obesity (2017) 25:901–
8. doi: 10.1002/oby.21816

28. Ashino NG, Saito KN, Souza FD, Nakutz FS, Roman EA, Velloso LA,
et al. Maternal high-fat feeding through pregnancy and lactation predisposes
mouse offspring tomolecular insulin resistance and fatty liver. J Nutr Biochem.
(2012) 23:341–8. doi: 10.1016/j.jnutbio.2010.12.011

29. Dudele A, Hougaard KS, Kjølby M, Hokland M, Winther G, Elfving
B, et al. Chronic maternal inflammation or high-fat-feeding programs
offspring obesity in a sex-dependent manner. Int J Obes. (2017) 41:1420–6.
doi: 10.1038/ijo.2017.136

30. Gregorio BM, Souza-Mello V, Carvalho JJ, Mandarim-de-Lacerda CA,
Aguila MB. Maternal high-fat intake predisposes nonalcoholic fatty liver
disease in C57BL/6 offspring. Am J Obstet Gynecol. (2010) 203:495.e1–8.
doi: 10.1016/j.ajog.2010.06.042

31. Klurfeld DM. Nutritional regulation of gastrointestinal growth. Front Biosci.
(1999) 4:D299–302.

32. Sangild PT. Gut responses to enteral nutrition in preterm infants and
animals. Exp Biol Med. (2006) 231:1695–711. doi: 10.1177/153537020623
101106

33. Innis SM, Dai C, Wu X, Buchan AM, Jacobson K. Perinatal lipid nutrition
alters early intestinal development and programs the response to experimental
colitis in young adult rats. Am J Physiol Gastrointest Liver Physiol. (2010)
299:G1376–85. doi: 10.1152/ajpgi.00258.2010

34. Morais MB. Signs and symptoms associated with digestive tract development.
J Pediatr. (2016) 92:S46–56. doi: 10.1016/j.jped.2016.02.008

35. Jin S, Zhao D, Cai C, Song D, Shen J, Xu A, et al. Low-dose penicillin
exposure in early life decreases Th17 and the susceptibility to DSS colitis
in mice through gut microbiota modification. Sci Rep. (2017) 7:43662.
doi: 10.1038/srep43662

36. Gao X, Cao Q, Cheng Y, Zhao D, Wang Z, Yang H, et al. Chronic
stress promotes colitis by disturbing the gut microbiota and triggering
immune system response. Proc Natl Acad Sci USA. (2018) 115:E2960–9.
doi: 10.1073/pnas.1720696115

37. Derrien M, Collado MC, Ben-Amor K, Salminen S, de Vos WM. The
Mucin degrader Akkermansia muciniphila is an abundant resident of
the human intestinal tract. Appl Environ Microbiol. (2008) 74:1646–8.
doi: 10.1128/AEM.01226-07

38. Turner JR. Intestinal mucosal barrier function in health and disease. Nat Rev
Immunol. (2009) 9:799–809. doi: 10.1038/nri2653

39. Pabst O, Cerovic V, Hornef M. Secretory IgA in the coordination of
establishment and maintenance of the microbiota. Trends Immunol. (2016)
37:287–96. doi: 10.1016/j.it.2016.03.002

40. Fadlallah J, El KH, Sterlin D, Juste C, Parizot C, Dorgham K, et al. Microbial
ecology perturbation in human IgA deficiency. Sci Transl Med. (2018)
10:eaan1217. doi: 10.1126/scitranslmed.aan1217

Frontiers in Immunology | www.frontiersin.org 15 November 2018 | Volume 9 | Article 2608

https://doi.org/10.1016/S0140-6736(17)32448-0
https://doi.org/10.1038/nrgastro.2015.34
https://doi.org/10.1053/j.gastro.2011.10.001
https://doi.org/10.1136/gutjnl-2014-307410
https://doi.org/10.1016/S2468-1253(16)30111-X
https://doi.org/10.1038/nrgastro.2017.136
https://doi.org/10.1053/j.gastro.2014.02.009
https://doi.org/10.1136/gutjnl-2012-303954
https://doi.org/10.1126/science.1223490
https://doi.org/10.1146/annurev-immunol-030409-101330
https://doi.org/10.1073/pnas.1002601107
https://doi.org/10.1126/scitranslmed.3008599
https://doi.org/10.1038/srep23129
https://doi.org/10.3945/ajcn.110.001172
https://doi.org/10.3945/jn.112.166231
https://doi.org/10.1001/jamapediatrics.2017.2571
https://doi.org/10.1038/nm.4142
https://doi.org/10.1017/S0007114510000176
https://doi.org/10.1038/srep20683
https://doi.org/10.1530/JOE-17-0303
https://doi.org/10.1017/S000711450999198X
https://doi.org/10.1038/mi.2016.43
https://doi.org/10.1038/nature22058
https://doi.org/10.1186/s13073-016-0330-z
https://doi.org/10.1038/ncomms4889
https://doi.org/10.1002/mnfr.201600141
https://doi.org/10.1002/oby.21816
https://doi.org/10.1016/j.jnutbio.2010.12.011
https://doi.org/10.1038/ijo.2017.136
https://doi.org/10.1016/j.ajog.2010.06.042
https://doi.org/10.1177/153537020623101106
https://doi.org/10.1152/ajpgi.00258.2010
https://doi.org/10.1016/j.jped.2016.02.008
https://doi.org/10.1038/srep43662
https://doi.org/10.1073/pnas.1720696115
https://doi.org/10.1128/AEM.01226-07
https://doi.org/10.1038/nri2653
https://doi.org/10.1016/j.it.2016.03.002
https://doi.org/10.1126/scitranslmed.aan1217
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Xie et al. MHFD Exacerbates Offspring Colitis in Adulthood

41. Xue Y, Wang H, Du M, Zhu MJ. Maternal obesity induces gut inflammation
and impairs gut epithelial barrier function in nonobese diabetic mice. J Nutr
Biochem. (2014) 25:758–64. doi: 10.1016/j.jnutbio.2014.03.009

42. Wang J, Tang H, Zhang C, Zhao Y, Derrien M, Rocher E, et al. Modulation of
gut microbiota during probiotic-mediated attenuation of metabolic syndrome
in high fat diet-fed mice. ISME J. (2015) 9:1–15. doi: 10.1038/ismej.2014.99

43. Llewellyn SR, Britton GJ, Contijoch EJ, Vennaro OH, Mortha A, Colombel JF,
et al. Interactions between diet and the intestinal microbiota alter intestinal
permeability and colitis severity in mice. Gastroenterology (2018) 154:1037–
46.e2. doi: 10.1053/j.gastro.2017.11.030

44. Zhou D, Pan YX. Pathophysiological basis for compromised
health beyond generations: role of maternal high-fat diet and
low-grade chronic inflammation. J Nutr Biochem. (2015) 26:1–8.
doi: 10.1016/j.jnutbio.2014.06.011

45. Belkaid Y, Hand TW. Role of the microbiota in immunity and inflammation.
Cell (2014) 157:121–41. doi: 10.1016/j.cell.2014.03.011

46. Kaplan GG, Ng SC. Understanding and preventing the global increase
of inflammatory bowel disease. Gastroenterology (2017) 152:313–21.e2.
doi: 10.1053/j.gastro.2016.10.020

47. Zheng J, Xiao X, Zhang Q, Miao Yu, Jianping Xu, Cuijuan Qi, et al. The
effects of maternal and post-weaning diet interaction on glucose metabolism
and gut microbiota in male mice offspring. Biosci Rep. (2016) 36:e00341.
doi: 10.1042/BSR20160103

48. Myles IA, Fontecilla NM, Janelsins BM, Vithayathil PJ, Segre JA, Datta SK.
Parental dietary fat intake alters offspring microbiome and immunity. J
Immunol. (2013) 191:3200–9. doi: 10.4049/jimmunol.1301057

49. Chu DM, Meyer KM, Prince AL, Aagaard KM. Impact of maternal
nutrition in pregnancy and lactation on offspring gut microbial composition
and function. Gut Microbes (2016) 7:459–70. doi: 10.1080/19490976.2016.
1241357

50. Val-Laillet D, Besson M, Guérin S, Coquery N, Randuineau G, Kanzari
A, et al. A maternal Western diet during gestation and lactation modifies
offspring’s microbiota activity, blood lipid levels, cognitive responses, and
hippocampal neurogenesis in Yucatan pigs. FASEB J. (2017) 31:2037–49.
doi: 10.1096/fj.201601015R

51. Buffington SA, Di PGV, Auchtung TA, Ajami NJ, Petrosino JF, Costa-
Mattioli M. Microbial reconstitution reverses maternal diet-induced
social and synaptic deficits in offspring. Cell (2016) 165:1762–75.
doi: 10.1016/j.cell.2016.06.001

52. Portela DS, Vieira TO,Matos SM, de Oliveira NF, Vieira GO.Maternal obesity,
environmental factors, cesarean delivery and breastfeeding as determinants
of overweight and obesity in children: results from a cohort. BMC Pregnancy

Childbirth (2015) 15:94. doi: 10.1186/s12884-015-0518-z
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