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Increasing breast milk betaine modulates Akkermansia
abundance in mammalian neonates and improves
long-term metabolic health
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Accelerated postnatal growth is a potentially modifiable risk factor for future obesity. To study how specific breast
milk components contribute to early growth and obesity risk, we quantified one-carbon metabolism-related me-
tabolites in human breast milk and found an inverse association between milk betaine content and infant growth.
This association was replicated in an independent and geographically distinct cohort. To determine the potential
role of milk betaine in modulating offspring obesity risk, we performed maternal betaine supplementation exper-
iments in mice. Higher betaine intake during lactation increased milk betaine content in dams and led to lower
adiposity and improved glucose homeostasis throughout adulthood in mouse offspring. These effects were
accompanied by a transient increase in Akkermansia spp. abundance in the gut during early life and a long-lasting
increase in intestinal goblet cell number. The link between breast milk betaine and Akkermansia abundance in the
gut was also observed in humans, as infants exposed to higher milk betaine content during breastfeeding showed
higher fecal Akkermansia muciniphila abundance. Furthermore, administration of A. muciniphila to mouse pups
during the lactation period partially replicated the effects of maternal breast milk betaine, including increased
intestinal goblet cell number, lower adiposity, and improved glucose homeostasis during adulthood. These data

demonstrate a link between breast milk betaine content and long-term metabolic health of offspring.

INTRODUCTION

Extensive research in humans and animal models indicates that a sen-
sitive period of growth and development both in utero and during
early infancy strongly influences life-course health outcomes (1). A
number of perinatal factors, including maternal nutritional status
and gestational weight gain, postnatal growth trajectories, feeding
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patterns, and early-life intestinal microbiota modulate future risk of
obesity (2-5). Among the risk factors, accelerated growth rate during
the first months of life has been consistently associated with higher
risk of future obesity and metabolic disease (5-8).

Metabolites from the one-carbon metabolism pool have long been
recognized as critical nutrients for infant growth and development
(9-11). Choline is in high demand during early growth, and its con-
centration is especially elevated in milk (11, 12). It can be used for
phosphatidylcholine biosynthesis or oxidized to betaine. Betaine is
a trimethylated derivative of glycine readily available in the diet
(13, 14). Its circulating concentration is inversely associated with body
mass index (BMI) and diabetes risk in adult subjects (15-17). Betaine
acts as a potent osmolyte regulating cellular volume and protecting
against external stress in multiple organisms, from bacteria to mam-
mals (13, 14, 18). In mammals, betaine is primarily metabolized in the
liver, transferring a methyl group to homocysteine to sequentially pro-
duce methionine, S-adenosylmethionine (SAM), S-adenosylhomocysteine
(SAH), and homocysteine in the methionine cycle (19).

Maternal status of one-carbon metabolites during pregnancy has
been linked to offspring health outcomes. For instance, lower ma-
ternal plasma folate concentration during gestation has been associated
with higher offspring obesity risk (10), and lower maternal circulat-
ing betaine concentration during the third trimester of pregnancy
has been correlated with higher infant weight and adiposity at birth
(20). However, despite their importance for infant growth and de-
velopment, metabolic profiling of one-carbon-related intermediates
in breast milk has not been performed, and whether milk content of
these metabolites plays a role in modulating infant growth and obe-
sity risk remains unknown. To address these gaps in knowledge, the
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present study sought to (i) investigate potential associations of milk
one-carbon metabolites with infant early growth and (ii) test wheth-
er maternal supplementation with these metabolites modulated
growth, body composition, and glucose homeostasis into adulthood
in a murine model.

RESULTS
Breast milk betaine content is inversely associated
with infant growth
To determine whether milk one-carbon metabolites are associated
with early growth, we studied a U.S.-based cohort of 34 exclusively
breastfeeding mother-infant dyads from the Oklahoma area (21)
(cohort I, subject characteristics in Table 1). We quantified choline,
betaine, methionine, SAM, SAH, and cystathionine concentrations
in human breast milk samples obtained 1 month after birth (Table 1)
and examined potential associations of these metabolites with in-
fant growth rate, assessed by changes in weight-for-length z score
from birth to 1 month. We observed a significant inverse association
between weight-for-length z score change and milk betaine concen-
tration (P = 0.015; cohort I, Table 2). This association was still sig-
nificant after further adjustment for maternal variables known to
affect infant growth, including prepregnancy maternal BMI, gestational
weight gain, and delivery method (P = 0.028; cohort I, Table 2).
We also studied an independent European-based cohort with 109
exclusively breastfeeding mother-infant dyads from the Spanish-
Mediterranean area (22), with infant anthropometric data obtained
at birth, and at 1 and 12 months of age (cohort II, subject characteristics
in Table 1). One-carbon metabolites were also quantified in breast
milk samples obtained 1 month after birth (cohort II, Table 2). The
association between milk betaine concentration and change in weight-
for-length z score at 1 month after birth was replicated in this co-
hort (cohort II, Table 2). Furthermore, the longitudinal data from
the replication cohort showed that milk betaine content at 1 month
after birth was also inversely associated with weight-for-length
z score change at 12 months of age (cohort II, Table 2), indicating
that the correlation persisted through the first year of life. In this
cohort, we also observed associations of infant weight-for-length
z score change at 1 month with methionine and SAM concentrations
(neither were observed in cohort I), but these associations were lost
at 12 months (cohort II, Table 2). Betaine was the only metabolite
whose association with weight-for-length z score change persisted
until 12 months of age (Table 2). No association was observed for
milk betaine content with change in body length z score or head
circumference in either cohort (table S1).

Dietary betaine transfer into breast milk and decreased
adiposity in young mice

To determine whether betaine plays a role in postnatal growth and
future obesity, we performed maternal supplementation experiments
in mice during lactation. For this purpose, dams were randomly as-
signed to control or treatment (1% betaine) groups the first day after
delivery. Milk samples were collected at day 14 from a subset of dams
to determine betaine content. Supplementation increased milk be-
taine content by fivefold (Fig. 1A) without altering macronutrient
composition (Fig. 1B) or energy content (Fig. 1C). The increase in
milk betaine content translated into elevated plasma betaine con-
centration in suckling 14-day-old offspring (Fig. 1D). We next ex-
amined the effects of maternal betaine supplementation on offspring
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Table 1. Demographic and metabolic characteristics of mother-infant
dyads from cohorts | and Il. Values represent means and SD.

Cohort | Cohort Il
Mother n=34 n=109
Age (years) 29.1+5.1 32.8+6.2
(P;;Z;e?"ancy BMI 27.3+7.1 235438
saelsr:a(sg)”a' weight 12.0+7.4 121447
Birth n=34 n=109
Gender (female/male) 15/19 60/49
(G;zteitsi)onal age 396412 39.6+1.1
= (kg) e 53+048. e +044,‘,‘,‘,.,. .
e (Cm) IO .‘,‘,‘51 . 2 3 B .50 1 +2 2 S
x‘z’gg forlength ~059+1.2 ~020£1.15
i — e
Weight (kg) 467+0.71 423+0.57
= (cm) e
szi'g:: forlength ~0.36+1.04 ~0.50+1.17
r— e —
Welght (kg) - 9.46 +1.04
= (cm) e —- e
szeclggt for-length _ 0184087
Bresstmik n=34 n=109
SAM (nM) 1469 + 436 20344649
oy W'zité;éiw B 327+ 184 o
Methlomné‘ (uM) 430 2. 60 6 74112 36'””“ “
Cystathlonlne (nM) o W44 9% 343 '129 6+ 75 7 o
Betaine (uM) C 312+265 5332613 o
Choline (uM) 97 £49 165 + 1 15

*n =32 for gestational weight gain data in cohort I.

growth during the lactation period. Supplementation induced a
modest decrease in offspring weight gain during the first week of
lactation (Fig. 1E). No differences in milk intake were observed be-
tween groups (Fig. 1F). Body composition analysis at 6 weeks of age
revealed decreased fat mass in betaine-exposed mice compared to
control mice (Fig. 1G). These changes in adiposity were accompa-
nied by decreased mRNA expression of immune markers C-C motif
ligand 2 (Ccl2, also known as MCP-1), Toll-like receptor 4 (Tir4),
and integrin subunit alpha X (Cd1Ic¢) in visceral white adipose tis-
sue (VWAT) (Fig. 1H); expression of the proinflammatory marker
Ccl2 was also lower in brown adipose tissue (BAT), liver, and skeletal
muscle (fig. S1A). Supplementation decreased circulating concentrations
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Table 2. Multivariate regression between human breast milk metabolite concentrations and infant growth. Least-square regression models were applied
to assess the correlation between milk metabolite concentrations and change in weight-for-length z score from birth to 1 month or 12 months of age. B, size
effect estimate; Cl, confidence interval; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine; Met, methionine; Cysta, cystathionine; Bet, betaine; Cho,

choline. Bold font indicates P < 0.05.

Cohortl Cohort Il
Weight-for-length z score 1 month Weight-for-length z score 1 month Weight-for-length z score 12 months
Adjusted” Adjusted” Adjusted” Adjusted” Adjusted” Adjusted”
n=34 n=32 n=109 n=109 n=107 n=107
B (Cl 95%) P B (C1 95%) P B (Cl 95%) P B (Cl 95%) P B (C1 95%) P B (C1 95%) P
0.09 -0.12 0.52 0.55 0.07 0.01
SAM (-1.08 t0 1.25) 0879 (-1.35t0 1.11) 0841 (~0.03 to 1.07) 0.066 (0.01t01.10) 0.047 (-039 t0053) 0765 (-045100.48) 0.964
-0.95 -0.88 0.10 0.12 -0.02 -0.06
e (-1.91t00.01) 0.053 (-1.86t00.10) 0.077 (~0.20 to 0.39) 0525 (-0.17t0042) 0407 (-026t00.22) 0848 (-031t00.18) 0.609
0.10 0.39 -0.57 -0.51 -0.22 -0.18
Met (059t0079) 7% (Cozeto114  O?® (os7t0-026) %% (osito-o021) %% (047000 00 (~044100.08) 0.182
-0.33 -0.35 -0.18 -0.22 -0.18 -0.17
st oes0000 "% (07110000 %% (os7w002 P (osow0ie) 0P odsro01n O%F (oaswors O
-0.66 -0.60 -0.56 -0.47 -0.38 -0.34
Bet (-1.18t0-0.14) 0.015 (-1.14t0-0.07) 0.028 (-0.91t0—0.21) 0.002 (-0.83t0-0.11) 0.010 (-0.67 to—0.1) 0.009 (-0.64 to —0.04) 0.026
Cho 023 0.503 026 0.497 028 0.148 023 0.237 —021 0.190 ~017 0.287

(—=0.92 t0 0.46) (-1.03t00.51) (-0.67 t0 0.10)

(-0.61t00.15) (-053t00.11) (-049100.15)

*Adjusted for gestational age and weight-for-length z score at birth.

tAdjusted for gestational age, weight-for-length z score at birth, prepregnancy BMI, gestational weight gain, and mode of birth.

of interleukin-6 (IL-6), whereas Ccl2 and plasminogen activator
inhibitor-1 (PAI-1) did not show a significant change (Fig. 1I). Betaine
has been shown to induce hepatic Fgf21 expression in adult mice in
a diet-induced obesity context (16); however, we observed no effect
of maternal betaine administration on offspring hepatic Fgf21 expres-
sion at either 2 or 6 weeks of age (fig. S1B). There were no differences
in other parameters including glucose tolerance and uncoupling pro-
tein 1 (Ucpl) expression in BAT (fig. S1, C and D). Similarly, oxy-
gen consumption, respiratory exchange ratio, physical activity, or
food intake did not differ between groups at this age (fig. S2, A to D).

We next studied the effects of betaine supplementation in a ma-
ternal obesity model, which leads to increased offspring early growth
and higher adiposity during adulthood in rodents (23). For this
purpose, diet-induced obese dams were randomly assigned to con-
trol (MO-C) or betaine-treated (MO-B) groups at delivery. Mater-
nal obesity increased weight gain during lactation compared with
normal-weight dams (5.5 £ 0.1 g versus 4.3 + 0.1 g during week 1
after birth for MO-C and control groups in Fig. 1, ] and E). In this
context of accelerated growth due to maternal obesity, betaine sup-
plementation decreased offspring weight gain throughout the lacta-
tion period compared to offspring from control obese dams (Fig. 1]),
with no differences in milk intake (Fig. 1K). At 6 weeks of age,
changes in adiposity in offspring of control obese dams (MO-C)
and betaine-treated obese dams (MO-B) did not reach statistical
difference (Fig. 1L).

Maternal betaine supplementation improves offspring
long-term metabolic health

To determine whether the early-life intervention had long-lasting
effects, mice were monitored until adulthood. Offspring from betaine-

Ribo et al., Sci. Transl. Med. 13, eabb0322 (2021) 31 March 2021

treated dams on a chow diet showed lower body weight during
adulthood (Fig. 2A). These mice showed decreased vWAT and sub-
cutaneous WAT (scWAT) weight, with no changes in liver weight
at 24 weeks of age compared to control mice (Fig. 2B). These effects
were accompanied by improved glucose tolerance (Fig. 2C) and de-
creased fasting insulin concentrations (Fig. 2D). Consistent with
lower adiposity, adipocyte size (Fig. 2E) and proinflammatory
markers Ccl2 and Cdllc were decreased in vVWAT from betaine-
exposed mice (Fig. 2F). We observed similar long-term effects of beta-
ine supplementation during lactation in the maternal obesity mouse
model, with improvements in body weight (Fig. 2G), adiposity
(Fig. 2H), glucose tolerance (Fig. 2I), and fasting insulin concentra-
tion (Fig. 2J) in offspring born to betaine-treated obese dams (MO-B)
compared to offspring born to control obese dams (MO-C).

Given that postnatal nutrition is a major determinant of the in-
fant gut microbiota and changes in early-life intestinal bacteria can
modulate long-term adiposity in mice (4, 24-26), we tested whether
gut microbiota contributed to betaine’s long-term effects. For this
purpose, we coadministered antibiotics to dams during lactation to
disrupt the offspring’s gut microbiome. Dams were randomly assigned
to four groups receiving betaine (1% betaine), antibiotics [ampicillin
(1 g/liter) and neomycin (0.5 g/liter)], antibiotics and betaine, or no
supplements; offspring were fed a chow diet after weaning and mon-
itored until adulthood (fig. S3A). Maternal antibiotic administration
disrupted the offspring gut microbiota, as shown by the decrease in
bacterial content in cecal samples from 2-week-old suckling mice
(fig. S3B). Maternal antibiotic administration during lactation abol-
ished long-term betaine-induced effects on body weight, adiposity,
glucose tolerance, and vWAT immune markers Ccl2 and Cd11lc
(fig. S3,Cto F).
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lactation (n =36 per group, means + SD). (F) Shown is milk intake at 1 week of age (pups grouped in litters, with n =4 litters per group). (G) Body composition measured
by MRI of 6-week-old offspring of control dams (n=7, blue) or betaine-treated dams (n=9, red) is shown. (H) mRNA expression of VWAT proinflammatory markers in
6-week-old male mice (n=8to 10 per group) is presented. (I) Plasma concentrations of proinflammatory markers Ccl2, IL-6, and Pai1 in 6-week-old male mice (n= 10 per group)
are presented. (J) Shown is weight gain (means + SD) during each week of lactation of offspring from obese control dams (MO-C, purple, n = 19) or betaine-treated obese
dams (MO-B, orange, n =21). (K) Shown is milk intake at 1 week of age for pups born to obese control dams (MO-C, purple) or betaine-treated obese dams (MO-B, orange)
(pups grouped in litters, with n=3 to 4 litters per group). (L) Shown is body composition in 6-week-old mice born to obese control dams (MO-C, purple) or betaine-treated
obese dams (MO-B, orange) (n =8 per group). Unless otherwise stated, data are means + SEM. *, t test P < 0.05; **, t test P < 0.01; ***, P < 0.005; #, Mann-Whitney U test P < 0.05.

Maternal betaine transiently increases offspring
Akkermansia spp. abundance during early life

To determine whether breast milk betaine shapes the offspring gut
microbiota, we analyzed cecal samples from dams, as well as 2- and
6-week-old offspring. Although betaine supplementation did not
modify maternal gut microbiota composition (fig. S4, A and B), princi-
pal coordinate analysis (PCoA) of UniFrac distances showed differ-
ential microbial community composition in 2-week-old offspring
across groups (n = 10 mice from 8 different litters per group; Fig. 3A,
left); these changes were transient, as no differences were observed
in 6-week-old mice (n = 10 from 6 different litters per group; Fig. 3A,
right). Alpha diversity (measured as Chaol and Shannon indices)
did not differ between groups (fig. S4C). We applied linear discrim-
inant analysis (LDA) effect size (LEfSe) to identify differentially
abundant bacteria at 2 weeks of age and found that Akkermansia
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spp. was the only group altered (fig. S4, D and E), with higher rela-
tive abundance in the betaine-treated compared to the control
group (Fig. 3B).

We next asked whether breast milk betaine content was linked to
Akkermansia abundance in humans. To answer this question, we
determined the absolute concentration of Akkermansia muciniphila
by quantitative polymerase chain reaction (QPCR) analysis in a subset
of infants from cohort II from whom fecal samples were available
(83 at 1 month and 91 at 12 months of age). Infants were catego-
rized into “low” and “high” betaine exposure groups on the basis of
the median values of breast milk betaine concentrations of their
mothers. As expected from previous studies (27), A. muciniphila
prevalence was low during early life and was detected only in 19 infants
at 1 month of age, whereas it was detected in 40 infants at 12 months
of age (table S2). Although there were no differences in prevalence
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Fig. 2. Maternal betaine supplementation improves mouse offspring long-term metabolic health. (A to F) Offspring from control (blue) or betaine-treated (red)
dams were fed a chow diet after weaning (n =16 per group) and multiple parameters were measured. (A) Body weight throughout adulthood is shown. (B) Weight of
liver, visceral WAT (VWAT), and subcutaneous WAT (scWAT) at euthanasia (24 weeks of age) are shown. (C and D) Shown is a glucose tolerance test (C) and insulin concen-
trations at 0 and 15 min after glucose load (D) in 20-week-old mouse offspring. (E) Shown is VWAT adipocyte area (scale bars, 100 um), distribution, and average cell area
in 24-week-old mice (n =8 per group). (F) MRNA expression of proinflammatory markers in vWAT from control (blue) and betaine-treated (red) 24-week-old mouse off-
spring (n=15 to 16 per group) is shown. (G to J) Offspring from obese control dams (MO-C, n= 11, purple) and betaine-treated obese dams (MO-B, n= 13, orange) were
fed a chow diet after weaning and then multiple parameters were measured. (G) Body weight was monitored until adulthood. (H) Liver, vWAT, and scWAT weights at
euthanasia (24 weeks of age) were measured. (I) Glucose tolerance and (J) insulin concentrations at 0 and 15 min after glucose load were measured in 20-week-old off-
spring. AUC, area under the curve. Data are means + SEM. *, t test P < 0.05; **, P < 0.01; ***, P < 0.005.

between low and high betaine exposure groups (table S2), A. muciniphila  typically present in the infant gut microbiota, including Escherichia
absolute concentration was higher in 12-month-old infants that were  coli (phylum Proteobacteria), Lactobacillus johnsonni (phylum
exposed to higher milk betaine during breastfeeding compared to  Firmicutes), and Bifidobacterium longum (phylum Actinobacteria).
those exposed to lower milk betaine content (Fig. 3C). Furthermore, ~We observed no effects of betaine on the growth of these bacteria
A. muciniphila abundance at 12 months showed a direct correlation  in vitro (fig. S5).
to milk betaine concentrations when analyzed as a continuous vari- Akkermansia spp. abundance has been tightly linked to lower gut
able (Spearman’s rho = 0.35, P = 0.026), but its correlation to weight-  inflammation in mice, which is partly due to an increase in intesti-
for-length z score change from birth to 12 months of age did not nal goblet cell number and improved gut barrier function (28-31).
reach statistical significance (Spearman’s rho = —0.25, P = 0.112). Thus, we next performed a histological analysis of the mouse ileum.
We then tested whether betaine could modulate Akkermansia  Ileal villi height and crypt depth did not differ between groups at 2,
growth by determining the effect of different betaine concentra- 6, or 24 weeks of age (fig. S6A). Ileal goblet cell number showed no
tions on in vitro bacterial growth under anaerobic conditions. differences during breastfeeding in 2-week-old mice but was higher
Presence of betaine in the culture media (2.5 and 10 mM) resulted in mice at 6 weeks of age in the betaine-exposed group (Fig. 3E).
in a modest but significant increase in A. muciniphila growth  The effect of the early-life intervention on ileal goblet cells was
in vitro (one-way analysis of variance (ANOVA) P=0.008; Fig. 3D).  maintained throughout adulthood, as 24-week-old mice born to
We performed similar experiments with other bacterial species  betaine-treated dams still showed higher goblet cell number than
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Fig. 3. Maternal betaine supplementation increases Akkermansia abundance in neonatal mice. (A) PCoA of unweighted UniFrac distances for the cecal microbiota
from 2- and 6-week-old offspring of betaine-treated dams (red) or control dams (blue) is presented; P value was assessed by the Adonis test (n =10 per group). (B) Relative
abundance of Akkermansia spp. in cecal samples from 2-week-old mice is shown as log(x + 1) values. (C) A. muciniphila copy number per mg of fecal sample in 1-month
old (n=19) and 12-month-old (n=40) human infants is shown. Infants were categorized into low-exposure (blue triangles) and high-exposure (red triangles) groups
based on milk betaine concentration median values (4.1 uM). (D) A. muciniphila was grown in vitro in the absence (blue) or presence (red) of 2.5 or 10 mM betaine until
reaching the stationary phase (25 hours of growth); cell number was quantified by qPCR (n = 3, means + SD; one-way ANOVA with post hoc Dunnett’s test). (E) Shown is
goblet cell number in ileum sections from 2-week-old (n =10 per group), 6-week-old (n = 16 per group), and 24-week-old (n =6 to 7 per group) offspring born to control
(blue) and betaine-treated (red) dams. (F to H) Shown are ileal mRNA concentrations of four intestinal barrier markers Muc2, Ocln, Zo1, and Zo2 in mouse offspring at
(F) 2 weeks (n =10 per group), (G) 6 weeks (n =8 per group), and (H) 24 weeks of age (n =8 to 10 per group). Unless otherwise stated, data are means + SEM. *, Student's t test

P <0.05; **, P<0.01; #, Mann-Whitney U test P < 0.05.

did controls (Fig. 3E). Intestinal goblet cells are responsible for mucin
2 (Muc2) production to maintain the gut mucosal barrier. Ileal
Muc2 expression paralleled the increase in goblet cells, with no
major differences observed in 2-week-old mice between groups
(Fig. 3F) and higher Muc2 expression in 6-week-old betaine-
exposed mice compared to controls (Fig. 3G); other gut barrier
markers including occludin (Ocin), tight-junction protein 1 (Zol),
and tight-junction protein 2 (Zo02) were not changed at either 2
weeks (Fig. 3F) or 6 weeks of age (Fig. 3G). Expression of Muc2,
Ocln, Zo1, and Zo2 genes was increased at 24 weeks of age (Fig. 3H).
Alterations in the early-life gut microbiota can also modulate the
development of the immune system by altering T cell differentia-
tion and affecting long-term metabolic health (26). Thus, we ana-
lyzed whether master transcription factors that drive CD4" T cell
differentiation into the different T cell subsets [T helper 1 cell (Ty1),
Tu2, Tul7, and regulatory T cell] were altered by maternal betaine
supplementation. We observed no differences in mouse ileal gene
expression of markers Tbx21, Gata3, Rorc, and Foxp3 at 2, 6, or
24 weeks of age (fig. S6B).

Early-life A. muciniphila exposure improves long-term
metabolic health in mice

To test whether exposure to Akkermansia spp. during early life rep-
licated maternal betaine effects, we administered A. muciniphila to
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pups in a mouse model of maternal obesity. For this experiment, we
used pasteurized A. muciniphila (pAkk) as it has been shown to ex-
ert similar effects on metabolic parameters as the live form when
administered to humans or mice (28, 32). Eleven-day-old offspring
from diet-induced obese dams were administered pAkk (MO-Akk
group) or phosphate-buffered saline (PBS) as a vehicle control (MO-
C group) by gavage three times per week until weaning (Fig. 4A).
pAkk administration induced a 10% decrease in weight gain over
the treatment period compared to the control group (Fig. 4B). At
6 weeks of age, these mice showed lower sc(WAT weight (Fig. 4C).
Tlr4 expression was decreased in VWAT in pAkk-treated mice, whereas
changes in Ccl2 and Cdllc did not reach statistical significance
(Fig. 4D). Early-life pAkk exposure resulted in higher ileal goblet
cell number at 6 weeks of age (Fig. 4E), in parallel to increased ex-
pression of Muc2 and Zol (Fig. 4F). To study the long-term effects
of this early-life intervention, we monitored the mice until adult-
hood. Although no difference in body weight over time was observed
in pAkk-treated mice (Fig. 4G), 20-week-old mice showed decreased
scWAT weight (Fig. 4H), as well as improved glucose tolerance
(Fig. 4I) and fasting insulin concentrations (Fig. 4]) compared to
controls. Although slightly weaker, the effect of early-life pAkk ex-
posure on the mouse ileum was sustained over time, as ileal goblet
cell number (Fig. 4K) and expression of the gut barrier marker Zo2
were increased in adult mice (Fig. 4L).
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Fig. 4. Early-life A. muciniphila exposure improves long-term metabolic health in mice. (A) Eleven-day-old male mice born to obese dams were administered PBS as
control (MO-C, n =16, blue) or pAkk (MO-Akk, n = 16, red) thrice weekly until day 21 and were then euthanized at 6 or 20 weeks of age (n = 8 per group for each time point).
(B) Shown is weight gain for mouse offspring through days 11 to 21 (n =16 per group). (C and D) Shown is VWAT and scWAT weight (C) and vVWAT mRNA expression (D)
in mouse offspring at 6 weeks of age (n =8 per group). (E) Goblet cell number and (F) mRNA expression of intestinal barrier markers Muc2, Ocln, Zo1, and Zo2 in ileum of
mouse offspring at 6 weeks of age (n =8 per group) are shown. (G) Body weight was monitored until adulthood (n =8 per group). (H) vVWAT and scWAT weight in mice at
20 weeks of age is shown (n =7 to 8 per group). (I) Glucose tolerance and (J) insulin concentrations at 0 and 15 min after glucose load in mice at 18 weeks of age (n = 8 per
group) are shown. (K) Goblet cell number and (L) mRNA expression of intestinal barrier markers Muc2, Ocln, Zo1, and Zo2 in ileum of mice at 20 weeks of age (n=7 to 8 per
group) are shown. AUC, area under the curve. Data are means = SEM. ¥, t test P < 0.05; **, P < 0.01; ***, P < 0.005.

DISCUSSION

Breastfeeding is considered the gold standard of early nutrition and
is regarded as a window of opportunity for early-life preventive in-
terventions (33). In this study, we quantified one-carbon-related
metabolites in human milk to shed more light into the potential role
of these metabolites in infant growth and obesity risk. Among these
metabolites, betaine was associated with changes in weight-for-
length z score during the first month of life in both the discovery
and the replication cohorts. It is worth noting that these cohorts are
based in two geographically different regions, Oklahoma (United
States) and the Spanish Mediterranean area (Europe), with distinct
dietary and lifestyle habits. Furthermore, data from the second co-
hort showed that the association between milk betaine content and
growth was still present in 12-month-old infants. Although studies
investigating breast milk composition and infant health are sparse
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(34), a small number of other metabolites and other components
have been identified associated with growth. Differences in milk
oligosaccharide diversity and hormone concentrations (insulin and
leptin) have been correlated with infant growth, adiposity, and gut
microbiota composition (21, 25, 35). Furthermore, we recently re-
ported the milk metabolome associated with maternal obesity, with
only adenine correlating with both maternal BMI and infant weight
status (36).

Our data from both cohorts indicated an association between
lower milk betaine content and higher infant growth during the first
months of life. Lower maternal betaine status during pregnancy has
been correlated with increased infant birth weight and adiposity
(20), and maternal betaine supplementation during gestation re-
sulted in lower fetal adiposity in a mouse study (37). Together with
our results on human breast milk, these data support a link between
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lower maternal betaine status during pregnancy and breastfeeding
and increased fetal and postnatal growth. Accelerated growth during
early infancy (as early as the first weeks of life) has been consistently
associated with obesity years later (5-8, 38, 39). Therefore, our re-
sults suggest a link between lower milk betaine content and higher
childhood obesity risk.

Betaine is naturally present in the diet and can also be derived
endogenously from choline. A human study showed that providing
a choline supplement during lactation increased both plasma and
milk betaine concentrations (12), suggesting that dietary choline may
modulate milk betaine concentration. Furthermore, our experiments
in mice showed that maternal betaine supplementation increased
milk content of this metabolite, indicating that milk betaine content
can be readily modulated by dietary intake. Betaine is abundant in
whole grains and some vegetables and scarce in Western dietary
patterns (40). Further studies are necessary to determine whether
consumption of betaine-rich or choline-rich foods determines milk
betaine status.

Despite the fact that early growth trajectories are largely divergent
between rodents and humans, our supplementation experiments in
mice paralleled the association between milk betaine content and
early growth observed in the human studies. Moreover, early-life
exposure to betaine had long-lasting metabolic consequences in mice,
decreasing adiposity and improving glucose homeostasis during
adulthood. A number of animal models support a link between nu-
tritional challenges during early development, growth trajectories,
and long-term metabolic risk. For instance, low birth weight or
neonatal overfeeding result in accelerated growth, leading to obesi-
ty and metabolic dysregulation during adulthood (41). Conversely,
decreasing early growth by postnatal undernutrition proved benefi-
cial to prevent future obesity (42). Betaine has long been used as a
feed additive in weaned livestock animals due to its carcass-modifier
properties, increasing lean versus fat mass ratio (43); in this context,
our results indicate that betaine supplementation during the suck-
ling period might suffice for decreasing long-term adiposity.

The early-life gut microbiome has recently emerged as an im-
portant determinant of long-term disease risk (26, 33, 44, 45). Mode
of delivery and early nutrition are major determinants in shaping
the infant intestinal microbiome. In particular, breast milk stim-
ulates the proliferation of a balanced gut microbiome, the devel-
opment of a healthy intestine, and maturation of the immune
system (44, 45). The transition from milk to solid food induces
broad changes in nutrient availability and metabolism, as well
as in the gut microbiota composition and ileal epithelial structure.
Microbial dysbiosis during infancy has been associated with a num-
ber of diseases years later, including obesity (4, 24-26, 44, 46, 47).
For instance, antibiotic use during infancy has been associated
with childhood obesity (4, 47), and maternal low-dose antibiotic
administration during lactation in mice led to overweight off-
spring (26).

Our results suggest that the betaine-induced effects on metabol-
ic health are, at least in part, mediated by the early-life gut microbi-
ota. We showed that maternal antibiotic coadministration blunted
betaine-induced improvements in offspring metabolic health; how-
ever, we recognize that antibiotics induce broad changes in the gut
microbiome and exert a wide range of effects on the host, including
alterations in intestinal permeability and adiposity that could be in-
dependent of betaine’s mechanism of action (26). Furthermore, we
observed that maternal betaine supplementation transiently increased
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Akkermansia spp. abundance in the intestines of offspring during
early life and that betaine was capable of enhancing A. muciniphila
growth in vitro. Data from our human cohort further strengthened
the link between milk betaine and this microorganism, as exposure
to higher milk betaine content during breastfeeding resulted in
higher A. muciniphila abundance in 12-month-old infants. Finally,
administration of pAkk to mouse pups during the lactation period
partially recapitulated maternal betaine effects. Together, these data
suggest a role for this microorganism in mediating betaine’s effects.
Betaine also acts as a methyl group donor in the methionine cycle,
ultimately providing SAM and increasing glutathione availability
(16, 19). Thus, additional mechanisms related to oxidative stress,
epigenetic changes, or phosphatidylcholine biosynthesis may also
contribute to betaine-induced improvements in metabolic health.

We have considered different mechanisms by which maternal
betaine could modulate offspring intestinal Akkermansia spp. abun-
dance. Betaine supplementation did not alter milk macronutrient
composition or energy content, although it could modify other com-
ponents, including hormones or immune system elements, that may
affect bacterial communities in the offspring. However, our in vitro
experiments showing enhanced A. muciniphila growth in the pres-
ence of betaine support the hypothesis of a direct effect of betaine
on this microorganism. Owing to its dipolar zwitterion structure
and osmoprotectant properties, bacteria readily use betaine as pro-
tection against external stress (18). Thus, betaine could be metabo-
lized or used as an osmolyte by Akkermansia. Betaine was not
equally effective in modulating growth of other bacteria, suggesting
some specificity toward Akkermansia. However, growth character-
istics of a single bacterium in vitro can differ in the presence of other
bacteria or under different conditions, where symbiotic or compet-
itive interactions can greatly determine growth dynamics of specific
bacteria. In this regard, it is worth noting that betaine supplementa-
tion increased Akkermansia spp. abundance in mouse pups but not
in dams, suggesting a context-dependent effect of betaine. The
structure and diversity of the gut microbiota varies greatly between
newborns and adults, and the early-life gut microbiota could poten-
tially provide a more favorable environment for Akkermansia growth
in the presence of betaine. Furthermore, Akkermansia might also be
a constituent of breast tissue microbiota in humans (48) and betaine
could increase its abundance in breast tissue or milk, ultimately af-
fecting the offspring gut microbiota. Thus, further experiments would
be needed to decipher the exact mechanisms by which betaine in-
creases A. muciniphila growth and whether it can exert this effect in
different environments.

Akkermansia has received much attention, mostly due to reports
showing that decreased abundance is associated with obesity and
metabolic disorders in both humans and animal models, suggesting
a beneficial role for this bacterial species (28-30, 49). Furthermore,
a recent report linked A. muciniphila to increased life span in a
mouse model of accelerated aging (31). Conversely, other studies
have reported increased Akkermansia abundance in patients with
neurological disorders, including multiple sclerosis, Parkinson’s dis-
ease, and Alzheimer’s disease (50-53). These data highlight the notion
that interactions between microbes and host are highly dependent
on multiple factors (environment, genetic background, and type of
disease) and the specific effects of Akkermansia might also be con-
text dependent (54, 55).

A number of studies have shown that daily administration of
A. muciniphila to adult mice decreases body weight gain and adiposity
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and improves glucose homeostasis in both diet-induced obese mice
(28-30) and lean chow diet-fed mice (56). Depommier et al. (32)
recently reported results from a clinical trial in which administra-
tion of A. muciniphila improved insulin sensitivity in human sub-
jects with obesity. Administration of pAkk to either mice or humans
has shown similar effects on metabolic parameters as the live form
(28, 32), indicating that these effects are independent of bacterial
metabolism. Administration of an Akkermansia-specific extracellu-
lar membrane protein (Amuc_1100) to mice recapitulated most of
the effects of the live bacteria (28). Our results show that adminis-
tration of pAkk to pups during early life partially recapitulated betaine’s
effects, including lower early weight gain. Although the mechanistic
link between Akkermansia and growth remains unclear, lower
Akkermansia abundance has been associated with shorter breast-
feeding duration and increased weight gain in children (4). More-
over, an increase in Akkermansia has been correlated with slower
early weight gain in a mouse model of postnatal undernutrition
(57). Together with these studies, our data add to the evidence that
Akkermansia abundance during early life may be linked to post-
natal growth.

Several studies indicate that the beneficial effects of A. muciniphila
are mediated, at least in part, by improving the intestinal barrier func-
tion. Daily administration of A. muciniphila to adult obese mice for
4 to 5 weeks increased ileal goblet cell number and expression of
intestinal barrier markers, leading to decreased systemic inflamma-
tion and improved metabolic health (28-30). Our data show that, in
parallel to transiently increasing Akkermansia abundance, maternal
betaine supplementation induced a long-lasting increase in offspring
ileal goblet cell number and expression of intestinal barrier mark-
ers, decreased systemic inflammation and adiposity, and improved
glucose homeostasis. The increase in goblet cells was observed at
6 weeks of age but not during lactation. The reason for this could be
that the effect on goblet cell number might only be evident after
weaning or, alternatively, that 2 weeks of maternal betaine supple-
mentation was able to increase Akkermansia abundance in off-
spring but was not sufficient to induce the response in goblet cells
yet. Furthermore, pAkk administration during lactation led to a lasting
increase in intestinal goblet cell number after weaning, in parallel to
improvements in adiposity and glucose homeostasis during adulthood.

We observed a strong short-term effect of early-life pAkk ad-
ministration on goblet cells and intestinal barrier markers; however,
its long-term effects were more modest than with betaine supple-
mentation. Although these data might suggest the existence of addi-
tional mechanisms mediating betaine action, it is worth noting that
pAkk administration was started at day 11 after birth because ga-
vage was not feasible in smaller pups. The first 10 days of life consti-
tute an important developmental window, and it is plausible that
pAKkk exposure during this crucial period of time would trigger an
even more robust long-term effect. The neonatal period offers a
window of opportunity in which important processes including the
development and maturation of the gut microbiota and intestinal
barrier, imprinting of the immune system, or the growth trajectory
may influence health outcomes across the life span (8, 33, 44, 45).
Exposure to elevated milk insulin and leptin in infants during the
first weeks of life has been proposed to exert beneficial effects by
improving the intestinal barrier function (25). It is intriguing to
speculate that modulating intestinal development and barrier func-
tion during this critical developmental window may have a role in
programming life-course metabolic health.
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There are several limitations to our study including that maternal
diet during breastfeeding was not controlled and might have affect-
ed milk metabolite concentrations. Furthermore, milk metabolites
were determined at a single time point (1 month after birth), where-
as milk composition is dynamic and may change over time. In the
animal study, our data do not rule out the possibility that betaine
supplementation might have altered other compounds that could
potentially exert effects on the mouse offspring gut microbiota and
long-term metabolic health. Last, betaine bioavailability and tissue
distribution (for instance, transfer into breast milk) might differ be-
tween mice and humans. Despite these shortcomings, the associa-
tion between milk betaine content and infant growth was robust
and sustained adjustment for confounding variables in two inde-
pendent and geographically different cohorts. Furthermore, our data
demonstrate a link between breast milk betaine content and off-
spring long-term metabolic health. The implications of this study
might go beyond breastfeeding, as formula-fed infants are at higher
risk of accelerated early growth and childhood obesity and might
benefit from revisiting one-carbon metabolite concentrations in ar-
tificial milk. In summary, this study highlights the breastfeeding
period as an important window of opportunity for early interven-
tions and suggests that modulating betaine intake during lactation
may hold promise as a strategy for childhood obesity prevention.

MATERIALS AND METHODS

Study design

The study was designed to investigate potential associations of milk
one-carbon metabolites with infant early growth in humans and in
mice. For the human studies, we analyzed breast milk samples from
a discovery cohort (n = 34, cohort I) and a replication cohort (n = 109,
cohort IT). These cohorts were part of two ongoing studies and had
both breast milk samples and infant growth data available. Subject
number was determined by the number of breast milk samples and
mother-infant dyads available in both cohorts. For the mouse studies,
we investigated whether maternal supplementation with betaine ex-
clusively during the lactation period had an impact on growth and
long-term metabolic health of offspring. For this purpose, male and
female mice were mated to obtain progeny. At delivery, dams were
randomly assigned to control or treatment groups and offspring were
monitored until adulthood. For all experiments, litters were adjust-
ed at birth to eight pups, removing the heaviest and lightest mice to
minimize growth variability (58). Two offspring mice were retired
from experiments because of lesions, as established in the animal
protocols, and were euthanized; one was from the MO-C group in
the pasteurized Akkermansia administration experiment (Fig. 4) at
20 weeks of age and the other was from the betaine group in the
antibiotic supplementation experiment (fig. S3) at 16 weeks of age.
All animal protocols were approved by the Institutional Animal Care
and Use Committee of the University of Barcelona.

Human studies

Cohort I: This human cohort was previously reported (21). The
study was approved by institutional review board, and informed
consent was obtained (ClinicalTrials.gov NCT02535637). Briefly,
exclusively breastfeeding mothers and infants arrived between
8:00 and 10:00 a.m. on the campus of the University of Oklahoma
Health Sciences (Oklahoma City, OK, USA). The mother was en-
couraged to empty the entire breast using a hospital-grade breast
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pump. Cohort II: A prospective mother-infant birth cohort from
the Spanish-Mediterranean area was also analyzed (22). The study
was approved by the Ethics committees (ref. 2018/0024 at the Hos-
pital Universitario y Politécnico La Fe), and informed consent was
obtained from all participants (ClinicalTrials.gov NCT03552939).
Women were enrolled at the end of pregnancy and families were
followed up during the first year of life. Participants with singleton
pregnancy and exclusive breastfeeding for at least 3 months were
included in this study. For the standardized milk collection, breast
skin was cleaned with 0.5% chlorhexidine solution and first drops
were discarded. Breast milk samples were collected during the
morning at 1 month postpartum by use of sterile hospital-grade
breast pump. Infant weight and length were measured from birth
up to 12 months of age. Infant fecal samples were also collected at
1 and 12 months. For both cohorts, infant anthropometric measure-
ments were collected by trained staff using standard methods.
Weight-for-length z scores were calculated using the World Health
Organization (WHO) child growth tables, with the WHO Anthro
software (www.who.int/childgrowth/software/en/).

Mouse studies

Mice were housed on a 12-hour light-dark cycle with free access to
food and water. Male and female ICR-CD1 mice (Envigo) were
mated to obtain progeny, and male offspring was monitored until
adulthood. For maternal obesity studies, 6-week-old females
were fed a high-fat diet with 45% kcal from fat (D12451, Research
Diets) for 8 weeks before mating, and the same diet was main-
tained through pregnancy and lactation. In both models, betaine
(1% w/v; ref. 61962, Sigma-Aldrich) was administered to dams in
water during the lactation period. For the antibiotic coadministra-
tion experiment, ampicilin (1 g/liter) and neomycin (0.5 g/liter)
(Sigma-Aldrich) were administered to the dams in water during
the lactation period. After weaning, mice were fed 2014 Teklad
diet (Envigo) in all experiments. Milk intake was assessed by
separating 6-day-old pups from their mothers for 2 hours and
returning them to their cages for a 1-hour feeding period. Pup
body weight was measured before and after the feeding, and the
difference in weight indicated the amount of milk intake, ex-
pressed as grams per initial body weight per hour. Individual data
for pups from a single litter were pooled, and one point per litter
was used for the analysis. Milk samples (100 to 300 ul) were col-
lected manually under anesthesia at day 14 after birth, after sepa-
rating dams from pups for 4 hours. Body composition at 6 weeks
of age was determined by using a 7.0 T Bruker Biospect MRI sys-
tem (Bruker Medical Gmbh). Indirect calorimetry was measured
in metabolic cages (PhenoMaster/LabMaster, TSE Systems GmbH,
Germany); O,, CO,, food intake, and locomotor activity were
monitored for 48 hours, and data were analyzed using two-way
ANOVA for repeated measures. Intraperitoneal glucose (1.5 g/kg)
tolerance test was performed after a 16-hour fast. Mice were eutha-
nized between 9 and 11 a.m.

Biochemical analyses

One-carbon metabolites (choline, betaine, methionine, SAM, SAH,
and cystathionine) in human breast milk samples were determined
using stable-isotope dilution liquid chromatography-electrospray
ionization-tandem mass spectrometry as previously described (59).
For mouse milk, relative betaine concentrations were determined
by liquid chromatography (Acquity UPLC BEH HILIC column,
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Waters) coupled to mass spectrometry (QqQ/MS 6490, Agilent).
Mouse milk samples were diluted 1:3 before macronutrient analysis
by mid-infrared spectroscopy in a Miris Analyzer (Miris AB). Plasma
insulin was determined by enzyme-linked immunosorbent assay
(Millipore). Plasma Ccl2, IL-6, and PAI-1 were measured using the
Milliplex Map (EMD Millipore).

Gene expression and histological analysis

Total tissue RNA was isolated from tissues with TRI Reagent (Sigma-
Aldrich) and complementary DNA (cDNA) obtained with a high-
capacity cDNA kit (Applied Biosystems). qPCR was performed with
SYBR green (Takara Bio), using Hprt as housekeeping gene. Primer
sequences are provided in table S3. Tissues were fixed by immersion
in formalin, paraffin embedded, and sections stained with hema-
toxylin and eosin. For WAT, adipocyte area was measured in 30 ran-
dom microscopic fields per animal (10 to 20 cells per field). For
ileum, cross-sectional cuts were stained with Periodic acid-Schiff
method. Ten villi per mouse from five to six sections were analyzed.
Goblet cell number per villus was determined and expressed as
number of cells per 100 um. Analyses were performed using Image]J
by a researcher blinded to sample ID.

Gut microbiota analysis

Cecal content from dams, 2- and 6-week-old mice from control and
betaine-treated groups was collected and stored at —80°C until bac-
terial DNA was isolated using the PowerSoil DNA Isolation Kit
(MOBIO Laboratories). Microbial composition was analyzed using
INlumina MiSeq System to sequence the V3-V4 region of the 16S
ribosomal RNA gene following Illumina recommendations, obtain-
ing an average of 24,833 reads per sample. Paired-end reads were
processed with QIIME v1.9 performing demultiplexing and quality
filtering, operational taxonomic unit (OTU) picking and taxonomic
assignment from phyla to species level. Taxonomic assignment
was performed using closed reference OTU picking protocol
with Greengenes database (http://greengenes.lbl.gov). Unweighted
UniFrac distances were used to perform the PCoA and compare
community structure. Alpha diversity (Chaol and Shannon index-
es) was also determined. Only taxa with a minimum relative abun-
dance of 0.1% in at least one of the samples were analyzed. LEfSe
algorithm (60) was used to identify differences in relative abundance.

In vitro evaluation of microbial growth

Assays for the evaluation of the influence of betaine in A. muciniphila
growth were performed with cells grown in BHI:MRS-C (10 ml per
replicate) broth at 37°C in anaerobic chamber (Whitley A35 anaer-
obic workstation). Cells were inoculated in BHI:MRS-C broth sup-
plemented with different betaine concentrations (2.5 and 10 mM).
Medium without betaine supplementation was included as a con-
trol. Cells were incubated anaerobically at 37°C until reaching sta-
tionary phase. Total DNA was extracted from cell pellets obtained
from 1 ml of culture media using the “QIAamp DNA Mini Kit”
(Qiagen Inc.) according to the manufacturer’s manual. The total
amount of A. muciniphila was determined by qPCR using specific
primers for the species, as previously described (27), with the aid
of SYBR Green PCR Master Mix (Applied Biosystems). Standard
curve was constructed with DNA coming from 10-fold diluted stan-
dardized DSM 22959" fresh cells. Lactobacillus johnsonii (BPL130)
and B. longum (CECT7347) were anaerobically grown in MRS me-
dium with cysteine and E. coli [American Type Culture Collection
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(ATCC) 11303] aerobically in LB medium at 37°C. After 17 hours,
cultures were harvested, washed, standardized with McFarland
standard, and resuspended in MRS medium for lactobacilli and bi-
fidobacteria and LB for E. coli, containing the different concentra-
tions of betaine. Cell suspensions were incubated at 37°C until
reaching stationary phase in a microplate reader (Multiskan Ascent)
and number of cells per milliliter were determined by optical den-
sity at stationary phase (600 nm). All assays were performed in
triplicate.

A. muciniphila qPCR analysis in infant fecal samples

Sample collection, storage, and DNA extraction in cohort II were
described elsewhere (22). Available infant fecal DNA samples were
used to quantify the presence and abundance of A. muciniphila.
Specific A. muciniphila qQPCR was performed in a LightCycler 480
real-time PCR System (Roche Technologies, Basel, Switzerland) as
previously reported (27). A melting curve analysis was made after
amplification to distinguish the targeted PCR. Standard curve was
created using serial 10-fold dilutions of A. muciniphila pure culture
DNA corresponding to 10* to 10'* gene fragment numbers. The
bacterial concentration of each sample was calculated by comparing
the threshold cycle values obtained from the standard curve, and
expressed as log number of copies per milligram of fecal sample.

A. muciniphila administration to mice

A. muciniphila strain DSM 22959 (ATCC BAA-835) was initially
grown in a previously described mucin-based medium (61). Sub-
sequent cultures and assays were done in BHI:MRS-C medium con-
sisted in BHI [80% (v/v); Oxoid, Basingstoke, UK], MRS [20% (v/v);
Oxoid]: [80%:20% (v/v); Oxoid] supplemented with 0.10% (w/v)
cysteine (Sigma-Aldrich). Cultures were incubated at 37°C in an-
aerobic chamber [H,/CO,/N, 10%/10%/80% (v/v)]. Counts were
obtained on BHI:MRS-C agar (Oxoid) incubated in anaerobic
chamber at 37°C for 48 hours. Pasteurized pellet was prepared fol-
lowing (28), with minor modifications. Briefly, cells grown on
BHI:MRS-C broth were washed with PBS and concentrated under
anaerobic conditions. Pellets were pasteurized at 70°C during
30 min and frozen immediately at —80°C. Cells obtained were
quantified by qPCR using specific primers (table S3). A dose of
10® colony-forming units in PBS (or the equivalent volume of PBS for
controls) was administered by gavage to suckling pups three times
per week starting on day 11 until weaning (day 21).

Statistical analysis

Demographic and physiologic characteristics of the human partici-
pants are shown as means and SD. Normality was tested using the
Shapiro-Wilk test and nonnormal distributed variables were log
transformed before further analysis. Associations between variables
were assessed by standard least squares multivariate linear regres-
sion with changes in weight-for-length z score as the dependent
variable and log-transformed milk metabolite concentrations as an
independent variable, adjusting for potential confounding factors
including gestational age, weight-for-length z score at birth, maternal
prepregnancy BMI, gestational weight gain, and birth method where
indicated. For mouse experiments, unless otherwise stated, data are
presented as means and SEM. Two-tailed ¢ test, Mann-Whitney
U test (for non-normal distribution), or one-way ANOVA (for
more than two groups) were applied to analyze differences between
groups. A P < 0.05 was considered statistically significant. Statistical
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analyses were implemented in JMP v14 (SAS Institute Inc., Cary,
NC). For figures showing composite data, individual data points are
provided in data file S1.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/13/587/eabb0322/DC1

Fig. S1. Effect of maternal betaine administration on young mouse offspring.

Fig. S2. Effects of maternal betaine administration on mouse offspring energy homeostasis.
Fig. S3. Effects of maternal antibiotic coadministration on offspring long-term metabolic
health in mice.

Fig. S4. Effect of betaine administration on the maternal and offspring gut microbiome in mice.
Fig. S5. Effect of betaine on bacterial growth in vitro.

Fig. S6. Effect of maternal betaine supplementation on mouse ileum histology and gene
expression.

Table S1. No association between milk betaine concentration and change in human infant
body length z score and head circumference.

Table S2. Prevalence of A. muciniphila in human infants exposed to low and high breast milk
betaine content.

Table S3. Primer sequences for gPCR analyses.

Data file S1. Individual level data for all figures.

View/request a protocol for this paper from Bio-protocol.
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