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A high fiber diet or supplementation with Lactococcus lactis subspecies cremoris
to pregnant mice confers protection against intestinal injury in adult offspring
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ABSTRACT

The diet during pregnancy, or antenatal diet, influences the offspring’s intestinal health. We
previously showed that antenatal butyrate supplementation reduces injury in adult murine off-
spring with dextran sulfate sodium (DSS)-induced colitis. Potential modulators of butyrate levels in
the intestine include a high fiber diet or dietary supplementation with probiotics. To test this, we
supplemented the diet of pregnant mice with high fiber, or with the probiotic bacteria Lactococcus
lactis subspecies cremoris or Lactobacillus rhamnosus GG. We then induced chronic colitis with DSS
in their adult offspring. We demonstrate that a high fiber antenatal diet, or supplementation with
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Lactococcus lactis subspecies cremoris during pregnancy diminished the injury from DSS-induced
colitis in offspring. These data are evidence that antenatal dietary interventions impact offspring
gut health and define the antenatal diet as a therapeutic modality to enhance offspring intestinal

health.

Introduction

The fetal environment plays a dynamic role in fetal
growth and development and influences the off-
spring’s long-term health through developmental
programming.’ Through pre-clinical and clinical
studies, our understanding of the influence of the
diet during pregnancy (antenatal diet) on the off-
spring’s health has expanded.” For example, it was
reported in mice that a high fat diet during preg-
nancy causes an expansion of Firmicutes in the
offspring’s gut microbiome and increases the off-
spring’s susceptibility to neonatal intestinal
inflammation.” Another study in mice reported
that a diet rich in the aryl hydrocarbon receptor
ligand indole-3-carbinol, prevented the develop-
ment of necrotizing enterocolitis in neonatal
mice.” Attesting to clinical relevance, several stu-
dies in humans have corroborated the importance
of the antenatal diet on the offspring’s health.”
Recently, our research group evaluated the effect
of antenatal butyrate supplementation to pregnant
mice on the intestinal health of their offspring.'’

Butyrate is a short-chain fatty acid (SCFA) pro-
duced by the gut microbiome through the fermen-
tation of undigested dietary fiber.'' Butyrate
influences intestinal health through enhancement
of the intestinal barrier,'’> down regulation of
intestinal inflammation'” and regulation of intest-
inal immune response.'> Supplementation of the
antenatal diet with butyrate reduced injury in adult
offspring in a model of dextran sodium sulfate
(DSS) induced colitis, with associated reduction
in  pro-inflammatory  gene  expression."’
Supplementing the antenatal diet with butyrate
also resulted in shifts in the adult offspring’s gut
microbiome composition with increased preva-
lence of Bifidobacterium, and increased alpha
diversity.'

Based on these findings, we sought to evaluate
whether supplementing the antenatal diet to
increase endogenous butyrate levels would also
reduce injury from colitis in adult offspring.
Butyrate production by the microbiome may be
increased through a high fiber diet (HFD),'*" or
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by dietary supplementation with lactic acid bac-
teria, where bacteria produce lactate that is sub-
sequently converted to butyrate by gut microbes
that harbor a gene coding for butyryl-CoA:acetate
CoA-transferase.'®'” Our research group identi-
fied the novel probiotic Lactococcus lactis subsp.
cremoris (LLC) as being highly efficacious in
suppressing  colitis-induced gut injury.'®"
Herein, we report that a high fiber antenatal
diet, or supplementation of the antenatal diet
with LLC lowered colitis disease activity in off-
spring, and propose that supplementation of the
antenatal diet with interventions that enhance
butyrate generation may be an effective therapeu-
tic strategy to enhance gut health in offspring.

Methods
Animal studies

Experiments were performed using wild-type
C57BL/6 mice (Jackson Laboratories, Bar Harbor,
ME). The mice were bred at the Department of
Animal Resources facility at Emory University.
Animal procedures were approved by the
Institutional Animal Care and Use Committee at
Emory University.

Bacterial strains and culture preparation

Probiotic bacteria purchased from the American
Type Culture Collection (ATCC) (Manasas, VA)
included Lactococcus lactis subspecies cremoris
ATCC 19,257 (LLC) and Lactobacillus rhamnosus
GG ATCC 53,103 (LGG). All media were propa-
gated according to ATCC instructions. Probiotics
were suspended in hanks balanced salt solution
(HBSS) to a dose of 1 x 10° colony forming units,
which has been reported to be beneficial to murine
intestinal health.'*°

Murine diets

The mice received chow ad libitum. Breeding pairs
received either a regular diet, a high fiber diet
(HFD), LLC or LGG during pregnancy. The regu-
lar diet used was 5053-PicoLab® Rodent Diet 20,
5053 6% Fiber (LabDiet Inc, MO). The high fiber
diet (HFD) used was isocaloric Modified AIN-93 G

Purified Rodent Diet with 30% Fiber (15% wt:wt)
with a 30% soluble fiber:70% cellulose ratio (Dyets
Inc., PA, Lot #7284-5).

Mating pairs and experimental groups

Breeding pairs of mice (one male and one female)
were randomly assigned to a diet which they
received during pregnancy. In each experiment,
mice originated from the same cage, ensuring that
the microbiome composition was homogenous
between all groups at the beginning of the experi-
ment. The experimental groups included dietary
variables fed to female mice before conception
and during pregnancy, including: HED, daily LLC
supplementation via oral gavage, daily LGG sup-
plementation via oral gavage, LLC with HFD, or
regular diet (control). The mating pairs which did
not receive probiotic supplementation received
daily oral gavage of HBSS. Within 24 h of birth,
all mating pairs were placed on a regular diet and
did not receive any further dietary supplementa-
tion. The offspring of all mating pairs were weaned
at 3 weeks of age based on their sex and experi-
mental group and received a regular diet. For each
experimental variable, two to three breeding pairs
of mice generated all the offspring for each specific

group.

DSS-induced colitis

Chronic colitis was induced in offspring at 6-8
weeks of age through administration of DSS
(Thermo Scientific, Fair Lawn, NJ, Lot # 187742
and Lot # 207466), established previously as
a murine model of colitis.*>*" To induce colitis,
DSS was dissolved in the drinking water of the
mice. The mice received DSS for 2 cycles. First,
they received 2% DSS for 7 days, followed by 7
days of recovery with no DSS. Last, they received
another 7 days of 2% DSS. The degree of colitis was
evaluated by using a disease activity index (DAI)
scoring tool, colon length measurement at the time
of sacrifice and histomorphological injury scoring.
DALI scoring is an established method to measure
the degree of colitis in models of DSS colitis; it
accounts for stool consistency, presence of blood
in the stool and percent weight loss of each
mouse.”> DAI scores range from 0 to 12 and the



score is proportional to the degree of intestinal
injury with a score of ‘0’ being no injury, and
a score of ‘12’ indicating severe colitis. DAI scoring
began at day 3 of DSS colitis model. Colon length is
another measure of colonic injury, as colitis causes
contraction and shortening of the colon.” Thus,
colon length is inversely related to the severity of
colitis and was measured at sacrifice.

Hematoxylin-eosin staining and scoring of tissue for
intestinal injury

Following completion of the chronic colitis model,
the murine offspring were sacrificed, and their
colon was harvested. Each colon was fixed in 4%
formalin, dehydrated, paraffin embedded and then
sectioned. The sections underwent deparaffiniza-
tion, hydration in alcohol gradient, and staining
with Hematoxylin and Eosin (H&E) by Emory
Winship Pathology Core. Images were scored for
the degree of colitis using a 2-tiered scoring system,
adapted from an established scoring guideline.**
The histologic activity index (HAI) score evaluates
the degree of inflammatory cell infiltration and the
integrity of the mucosal architecture. HAI score
ranges from 0 to 6 and is proportional to the degree
of injury. Inflammatory cell infiltration is consid-
ered mild, moderate, or severe based on the degree
of inflammatory cells in the colonic tissue.
Inflammatory cell infiltration to the level of the
mucosa is considered mild (score of 1), to the
mucosa and submucosa is considered moderate
(score of 2) and transmural inflammatory cell infil-
tration is considered severe (score of 3). Next, the
extent of epithelial injury is determined based on
architectural epithelial changes such as focal ero-
sions (score of 1), erosions with focal ulcerations
(score of 2) or extended ulcerations with or without
granulation tissue or pseudo polyps (score of 3).
The HAI score is calculated as a sum of the inflam-
matory cell infiltrate score (0-3) and epithelial
architecture score (0-3). Sections were scored in
blinded fashion.

Statistics

Statistical significance was determined by Student’s
T test for paired samples and one-way ANOVA for
data with more than 2 groups using Prism 8
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(GraphPad, San Diego, CA). A p-value of <0.05
was defined as statistically significant. All data are
presented as mean =+ standard error of the
mean (SEM).

Results

A high fiber antenatal diet in mice reduces
DSS-induced chronic colitis injury in adult offspring

At 6 weeks of age, offspring mice from dams that
received an HFD or control regular diet were sub-
jected to a model of DSS-induced chronic colitis.
Health monitoring during the chronic colitis
model revealed that offspring from HFD supple-
mented mothers had significantly lower DAI com-
pared to offspring from control diet fed mothers
(Figure 1(a)). For example, at day 7, the last day of
the first cycle of DSS, the mean DAI score for the
control group was 5 + 1.5, whereas the mean DAI
for the HFD group was 2.6 £ 0.5 (p < 0.01). At day
21 of the experiment, the final day of the second
cycle of DSS, the mean DAI score for the control
group was 4.8 + 1.6, whereas the mean DALI for the
HED group was 2.5+ 0.7 (p <0.01). No significant
differences in colon lengths were detected between
the two groups (p =0.16) (Figure 1(b)), but histo-
pathologic analysis revealed antenatal HFD off-
spring had lower injury scores than control group
offspring with HAI scores of 3.1+0.3 for the
antenatal HFD offspring and HAI scores of 3.5 +
0.4 for the control group offspring (p =0.048)
(Figure 1(c-e)). In each of our experimental
group, we did not detect a sex-specific effect.
Together, these data show that an antenatal HFD
can elicit enduring cytoprotective effects in the
intestine of murine offspring up to 9 weeks of age.

Antenatal supplementation of L. lactis cremoris
(LLC) reduces DSS-induced chronic colitis injury in
adult offspring

At 6 weeks of age, offspring mice from dams that
were supplemented LLC, LGG or control group
were subjected to a model of DSS-induced chronic
colitis. The offspring from the antenatal LLC sup-
plemented group exhibited significantly lower DAI
scores compared to the offspring from the control
groups (Figure 2(a)). At day 7, the mean DAI score
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Figure 1. Antenatal high fiber diet reduces injury from DSS colitis in adult murine offspring. (a) Quantification of intestinal injury
through DAI score in 6-week-old C57BL/6 mice subjected to chronic 2% DSS-induced colitis model. Experimental groups include
offspring from mothers on a HFD antenatal diet (n = 10), and offspring from mothers on a control antenatal diet (n = 8). DAI score
ranges from 0 to 6 and is proportional to the degree of intestinal injury. Student’s t-test. *p < 0.05, **p < 0.01. (b) Colon length of mice
described in (a) measured at the time of sacrifice (9 weeks-old). (c) HAI score quantifies colonic injury by a validated scoring tool, the
score ranges from 0 to 6 and is proportional to the degree of colonic injury. Student’s t-test. *p < 0.05). (d) Representative H&E images
of proximal colonic tissue in mice in antenatal control group. (e) Representative H&E images of proximal colonic tissue in mice in

antenatal HFD group. Scale bar is 50um.

for the control group was 5+ 1.5, whereas mean
DAI for the LLC group was 3.6+ 0.9 (p=0.04).
On day 21 of DSS, the mean DAI score for the
control group was 4.8 + 1.6, versus the mean DAI
for the LLC group was 2.6 £ 0.5 (p <0.01). By con-
trast, the DAI scores of the offspring in the antena-
tal LGG group were not significantly different from
the DAI scores of offspring in the control group
(Figure 2(a)). Specifically, at day 7, the mean DAI
score for the control group was 5+ 1.5, and the
mean DAI for the LGG group was 4.5+2 (p=
0.3). On day 21 of DSS, the mean DAI score for
the control group was 4.8 £ 1.6, versus the mean
DAI for the LGG group was 4.2+1 (p=0.2).
Control group offspring had significantly longer
colons (22.9 + 1.6 cm) than the offspring from the
antenatal LLC (18.9 +0.8cm) and LGG (19 +3.1
cm) supplemented groups (p < 0.004 and p < 0.003,
respectively) (Figure 2(b)). Despite lower DAI
scores, histopathologic grading (HAI) to assess

the intestinal injury did not show a significant dif-
ference in the level of injury between the control
group and the antenatal LLC group (p =0.21), or
the control group and the antenatal LGG group (p
=0.43) (Figure 2(c, d)). However, we did detect
lower HAI score in the antenatal LLC supplemen-
ted group compared to the LGG group, with
a mean HAI score of 3.2+ 0.3 in the antenatal
LLC group and a mean HAI score of 3.6 £0.4 in
the antenatal LGG group (p = 0.07) (Figure 2(c, d)).
These data show that supplementation of the
antenatal diet with LLC, but not LGG, conferred
cytoprotection in the intestine of 9-week-old mur-
ine offspring.

Given the reduction in intestinal injury among
adult offspring born to dams with antenatal HFD
or LLC supplementation during pregnancy, we
evaluated if a combination of LLC supplementa-
tion and a HFD during pregnancy would work in
synergy to improve gut cytoprotection in
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Figure 2. Supplementation of the antenatal diet with probiotics impacts the extent of DSS-induced colitis injury in adult offspring. (a)
Quantification of intestinal injury through DAI score on 6-week-old C57BL/6 mice subjected to chronic 2% DSS-induced colitis model.
Experimental groups include offspring from mothers whose antenatal diet was supplemented daily with 1 x 10° CFU of Lactococcus
lactis subsp. Cremoris (LLC) (n = 5), Lactobacillus rhamnosus GG (LGG) (n = 6), or with equal volume of HBSS (control) (n = 8). DAI score
ranges from 0 to 6 and is proportional to the degree of intestinal injury. Student’s t-test. * p < 0.05, ** p < 0.01. (b) Colon length of
mice described in (a) measured at the time of sacrifice (9 weeks-old). One-way ANOVA. ** p < 0.01. (c) HAI score quantifies colonic
injury by a validated scoring tool, the score ranges from 0 to 6 and is proportional to the degree of colonic injury. One-way ANOVA. (d)
Representative H&E images of proximal colonic tissue in mice described in (a). Scale bar is 50um. (e) Quantification of intestinal injury
through DAI score on 6-week-old C57BL/6 mice subjected to chronic 2% DSS-induced colitis model. Experimental groups include
offspring from mothers on a HFD antenatal and supplemented daily with LLC (LLC HF) (n = 6), or on a control diet supplemented daily
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offspring. Adult offspring from antenatal HFD
with LLC or antenatal LLC supplementation
were exposed to DSS-induced chronic colitis.
Analysis revealed that there was no further
reduction in intestinal injury in offspring whose
mothers were fed antenatal HFD and supplemen-
ted with LLC, compared to offspring from
mothers with antenatal LLC supplementation
(Figure 2(e-h)). DAI scores were not significantly
different between the two groups. On day 7 of
DSS, the mean DAI score for the LLC group was
5+ 1.2, and the mean DAI for the LLC with HFD
group was 5.6 +2.2 (p=0.2). On day 21 of DSS,
the mean DAI score for the LLC group was 5.9 +
2.3, versus the mean DAI for the LLC with HFD
group was 6.7 £2.6 (p=0.3). There was also no
significant difference in colon length or HAI
scores between the two groups, with mean HAI
scores of 3.7 0.7 in the LLC group and 3.6 + 0.6
in the HFD with LLC group (p = 0.48).

Discussion

In this report, we investigated the effects of antenatal
dietary supplementation with a HFD, or LLC and
LGG probiotics on the adult offspring’s response to
experimentally induce chronic colitis. This study
corroborates previous findings that the antenatal
diet influences the intestinal health of the
offspring.>*'* Given our previous findings that
antenatal butyrate supplementation in mice leads
to a reduction in gut injury in offspring exposed to
models of DSS colitis, we anticipated that antenatal
supplementation with HFD would also reduce
injury in DSS-colitis among adult offspring, as sup-
plementation with HFD has been reported to
increase butyrate production by the microbiome.""
Indeed, our results highlight that a HFD during
pregnancy led to a significant reduction in gut injury
in adult offspring exposed to DSS colitis, with

a significant reduction in colitis by DAI and HAI
score. Interestingly, the lowering of DAI and HAI by
HFD during pregnancy did not impact colon length,
which is often used as a faithful parameter to quan-
titate the extent of gut DSS-induced injury.

In addition, we found that supplementation of the
antenatal diet with LLC was associated with
a reduction in intestinal injury in the adult offspring
compared to supplementation of the antenatal diet
with LGG, evinced by lower DAI scores. We also
evaluated whether supplementing the antenatal diet
with a HFD and LLC would be more protective to
the offspring than LLC alone. However, HFD and
LLC did not engender a cumulative cytoprotective
effect. We note that the HFD combined with LLC
experiment outlined in Figure 2(e-h) was done with
a different batch of DSS reagent than the experi-
ments outlined in Figure 2(a-d), and therefore
DAI scores could not be directly compared.
Nevertheless, the data intriguingly demonstrate
that the LLC probiotic, but not LGG was effective
in conferring protection in offspring.

A description of the mechanism whereby a HFD or
dietary supplementation with LLC to pregnant dams
transmits beneficial influences to offspring is cur-
rently elusive. We speculate that one possible mechan-
ism is via the generation of elevated levels of SCFAs
within the pregnant dams. Indeed, a HFD'*' or diet-
ary supplementation with lactic acid bacteria'®'” has
been reported to increase levels of SCFAs in gut tissue
and serum. However, measurement of butyrate con-
centrations in gestating pups within the uterus at day
E19, or in the gut tissue of 2-week-old offspring did
not detect any significant differences in SCFAs levels,
even in E19 pups or 2-week-old offspring from dams
directly supplemented with butyrate during gestation.
These observations support the notion that the E19
pups are not directly exposed to elevated butyrate and
that the 2-week-old offspring do not themselves gen-
erate elevated butyrate levels in their microbiome.

with LLC (n=18) (LLC). Student’s t-test. (f) Colon length of mice described in (e) measured at the time of sacrifice (9 weeks-old).
Student’s t-test. (g) HAI score quantifies colonic injury by a validated scoring tool, the score ranges from 0 to 6 and is proportional to
the degree of colonic injury. Student’s t-test. (h) Representative H&E images of proximal colonic tissue in mice described in (f). Scale

bar is 50um.



These observations may suggest that the elevated
cytoprotective states in offspring may be due to micro-
biome transfer from dams to offspring and that the
inherited microbiome contains a selection of benefi-
cial microbes. It is also possible that gestating pups
may be subject to epigenetic changes in utero since
fetal development constitutes the most active period
for epigenetic DNA imprinting. Given butyrate’s
activity as an HDAC inhibitor, it is plausible that
part of antenatal butyrate’s protection against intest-
inal injury in offspring is due to inherited epigenetic
effects on genes within the offspring’s intestinal
epithelium. As of the publication of this manuscript,
the mechanism whereby an HFD or dietary supple-
mentation with LLC to pregnant dams transmits ben-
eficial influence to offspring remains elusive, although
it is the subject of intense scrutiny within our research
group.

Together, these data suggest that antenatal HFD
provides the most significant and consistent pro-
tection against intestinal injury in adult offspring
exposed to DSS-induced chronic colitis. Antenatal
LLC also reduced injury in adult offspring; how-
ever, this reduction in injury was not as consistent
with HFD, with reduction in DAI but not HAI
Interestingly, antenatal LGG did not induce any
reduction in intestinal injury in adult offspring.
We postulate that these findings are related to the
amount of butyrate produced from each of these
diets, with enhanced butyrate production in the
HFD and LLC diets. Additionally, since the combi-
nation of HFD and LLC supplementation did not
provide additional cytoprotection, this suggests
that there may be a limit to the amount of butyrate
that induces protection or the amount of butyrate
produced by our gut microbiome. Thus, a high
tiber diet or LLC probiotic when consumed during
pregnancy may provide therapeutic options to
enhance offspring intestinal health.

Conclusion

These data show that supplementing the diet of
a pregnant mice with HED or specific probiotics elicits
cytoprotective effects on the intestinal health of adult
offspring. The molecular mechanisms whereby the
maternal microbiome transmits and endows endur-
ing beneficial cell signal events in the gut of offspring
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is the focus of intense current research within our
group.
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