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Abstract

Background: Protein-energy undernutrition during early development confers a lifelong increased risk of obesity-related
metabolic disease. Mechanisms by which metabolic abnormalities persist despite catch-up growth are poorly understood.
Objective: \We sought to determine whether abnormal metabolomic and intestinal microbiota profiles from undernour-
ished neonatal mice remain altered during catch-up growth.

Methods: Male and female CD1 mouse pups were undernourished by timed separation from lactating dams for4 hat5d
of age, 8 h at 6 d of age, and 12 h/d from 7 to 15 d of age, then resumed ad libitum nursing, whereas controls fed
uninterrupted. Both groups were weaned simultaneously to a standard unpurified diet. At 3 time points (0, 1, and 3 wk
after ending feed deprivation), metabolites in urine, plasma, and stool were identified with the use of mass spectrometry,
and fecal microbes were identified with the use of 16S metagenomic sequencing.

Results: Undemnourished mice completely recovered deficits of 36% weight and 9% length by 3 wk of refeeding, at which time they
had 1.4-fold higher plasma phenyllactate and 2.0-fold higher urinary p-cresol sulfate concentrations than did controls. Plasma serotonin
concentrations in undernourished mice were 25% lower at 0 wk but 1.5-fold higher than in controls at 3 wk. Whereas most urine and
plasma metabolites normalized with refeeding, 117 fecal metabolites remained altered at 3 wk, including multiple AHinked glycans.
Microbiota profiles from undernourished mice also remained distinct, with lower mean proportions of Bacteroidetes (67 % compared
with 83%) and higher proportions of Firmicutes (26% compared with 16%). Abundances of the mucolytic organisms Akkermansia
muciniphilaand Mucispirillum schaedleriwere altered at 0 and 1 wk. Whereas microbiota from undernourished mice at 0 wk contained
11% less community diversity (P = 0.015), refed mice at 3 wk harbored 1.2-fold greater diversity (P = 0.0006) than did controls.
Conclusion: Microbial-derived metabolites and intestinal microbiota remain altered during catch-up growth in

undernourished neonatal mice. J Nutr 2016;146:940-8.
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Introduction

Diarrheal diseases and protein-energy undernutrition (PEU)” are
ruthless coconspirators. They contribute to one-half of all deaths
in children <3 y of age, and when present during critical periods
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of early development, they confer upon survivors lifelong
sequelae of stunting, lower intelligence quotient, impaired
vaccine efficacy, and predisposition to obesity, diabetes, and
heart disease (1-3).

Recent studies implicate intestinal microbes in the pathogen-
esis of persistent PEU. First, in a randomized controlled trial,
Malawian children with PEU given outpatient therapeutic
feeding demonstrated improved weight gain when oral antibi-
otics were given (4), a result that is thought to be due to the
restructuring of pathologic intestinal microbial communities (5).
Second, Bangladeshi children with PEU had an immature fecal
microbiota that correlated with a lack of sustained benefit from
therapeutic refeeding (6). Third, gnotobiotic mice transplanted
with fecal microbes derived from undernourished Malawian
children demonstrated more severe weight loss on a regional diet
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than did mice receiving microbiota from a healthy twin (7).
Together, these studies suggest that a pathologic microbiome
may be present in PEU.

A neonatal mouse model of PEU was used recently to define
the metabolome (all small molecules detected in multiple body
compartments), revealing products of muscle and fat breakdown
and evidence of oxidative stress, inflammation, liver injury, and
early insulin resistance (8). Likewise, the intestinal microbiome
of undernourished mice (U) is less diverse and contains fewer
microbial genes that extract energy from nondigestible dietary
components (9). The aim of the present study was to refeed U
to determine whether these altered metabolite and intestinal
microbial profiles resolve during catch-up growth. We hypoth-
esized that a subset of metabolites and microbes harvested
during refeeding and after deficits in weight and length had
been recovered would identify mice that had been undernour-
ished early in life.

Methods

Mouse model. Newborn male and female outbred CD1 mice (Charles
River Laboratories) were randomly assigned and reassigned to litters of
10/dam. Treatment groups were maintained in separate cages to avoid
coprophagic contamination. The same 5 U/litter underwent feed
deprivation (FD) by separation from mothers for 4 h at 5 d of age, 8 h at
6 d of age, and 12 h/d from 7 to 15 d of age, with nightly ad libitum
nursing (8). Control mice (C) were maintained in litters of 10/dam
without FD. All mice were weaned to standard unpurified rodent feed
at 22 d of age. Irradiated Teklad Global Soy Protein-Free Extruded
Rodent Diet (calories from protein, 24 %; fat, 16 %; and carbohydrate,
60%) was used for all dams and weaned pups. All protocols were
approved by the Baylor College of Medicine Institutional Animal Care
and Use Committee.

Samples were collected at 15 d of age, the final day of FD before
resumption of ad libitum feeding (0 wk), and at 1 and 3 wk after ending
FD (22 and 36 d of age). The final time point occurred 2 wk
postweaning. Abdominal massage produced urine and stool, then blood
was collected by exsanguination. Individual pups were too small to
provide sufficient sample volumes for metabolomic analyses; thus,
pooling was necessary. At 0 wk, samples from 4 pups were pooled to
create each metabolomic data point; at 1 wk, samples from 2 pups were
pooled to create each metabolomic data point. By 3 wk after ending FD,
mice were large enough that pooling was not needed, and each 3 wk data
point represents urine, stool, or blood from an individual mouse. In
contrast, 16S sequencing requires minimal stool; thus, each sample
represents microbial DNA from a single mouse. All samples were sealed
in sterile freezer tubes and stored at —80°C until analysis.

Metabolomic profiling. Samples of equivalent mass volumes or
osmolality (urine) were divided into aliquots and analyzed on both
LC-tandem MS and gas chromatography-mass spectrometry platforms
as recently described (8). Raw spectrometry data were extracted,
quality control measures were imposed, and biochemicals were
identified with the use of a library of >4500 purified standards. Raw
data were log-transformed and median-scaled, with minimal values
imputed with the use of Array Studio (OmicSoft Corporation), and
fold-changes reported as U/C at each time point.

Metagenomic sequencing and alignment. Sequencing methods have
been reported in detail (9). Briefly, the 16S V4 region was sequenced on the
MiSeq platform (Illumina), generating a median 35,889 mapped reads/
sample. Reads were trimmed, quality-filtered, clustered into operational
taxonomic units (OTUs) with a 97% similarity cutoff with the use of the
UPARSE algorithm (10), and aligned to the SILVA database (11).

Statistical methods. Weights and lengths were evaluated with 2-tailed ¢
tests. Relative concentrations of metabolites were evaluated with Welch’s

t-test, with a = 0.05 and Q values estimating the false-positive rate from
multiple comparison testing. Each pool was treated as a single data point
for statistical analyses. Heat maps were generated based on relative fold-
change and significance. The randomForest package of R (12) was used
to determine the most important metabolites distinguishing 2 groups.
Principal coordinate analysis plots were built with the use of the Monte
Carlo permutation test (13) to estimate P values, which were adjusted for
multiple comparisons with Benjamini-Hochberg’s false discovery rate
algorithm (14). Shannon’s diversity and richness indexes were calculated
with the use of phyloseq in R (15) and evaluated with Mann-Whitney
tests.

Results

Catch-up growth after undernutrition and global metabolomic
trends. After 11 d of FD (15 d of age), mean body weight was
36% lower in U than in C (P < 0.001) and mean length was 9%
lower (P < 0.001) (Figure 1), confirming previous results (8, 9).
After initiation of ad libitum feeding, U had significantly lower
body weight than did C for another 13 d (27 d of age). However,
by 3 wk of refeeding (37 d of age), the mean weight in both
groups equaled 28 g. Stunting persisted in U after 1 wk of
refeeding (P = 0.005), but the 2 groups had equal mean lengths
after 3 wk. Thus, U achieved catch-up growth through ad
libitum feeding and were indistinguishable from C in terms of
body weight and length at 3 wk.

In all, 321 biochemicals of known identity were found in
urine, 333 in plasma, and 423 in stool. Of these, 621 metabolite
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FIGURE 1 Body weight (A) and nose-to-rump length (B) of mouse
pups from the C and U groups from 5 to 36 d of age. Triangles and
error bars represent mean weights and SDs. The tops and bottoms of
the boxes represent IQRs, the solid line represents median length,
and the bars (whiskers) represent the range of data points; n = 10
mice/group. *Different from C, P < 0.05. C, control mice; FD, feed
deprivation; U, mice undernourished from 5 to 15 d of age.
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TABLE 1 Number of altered metabolite pairs found in the urine,
plasma, and stool of mouse pups from the C and U groups at 15,
22, and 36 d of age'

0 wk 1 wk 3 wk

Compartment Total U>C U<C Total U>C U<C Total U>C U<C

Urine 9 " 87 7 8 63 20 15 5
Plasma 73 19 54 32 7 25 15 1 14
Stool 116 105 " 79 65 4 17 n 106

''n =8 pools (4 mice/pool) at 0 wk; n = 8 pools (2 mice/pool) at 1 wk; and n = 8 mice at
3 wk after ending FD. C, control mice; FD, feed deprivation; U, mice undernourished
from 5 to 15 d of age.

pairs differed in relative concentrations (P < 0.05) between U
and C. The urine and plasma metabolomes of U became more
similar to C during refeeding, with just 20 urine and 15 plasma
metabolites different between the groups at 3 wk (Table 1).
However, the stool metabolome of U did not normalize. Of the
116 altered fecal metabolite pairs at 0 wk, 91% were found in
significantly lower concentrations in U than in C. Of the 117
altered metabolite pairs at 3 wk, 91% were found in significantly
higher concentrations in U than in C.

plasma phenyllactate

urine p-cresol sulfate

Altered aromatic amino acid metabolism, inflammation,
and protein glycosylation. The most perturbed group of
metabolites during refeeding were aromatic amino acid deriv-
atives, including Phe and its catabolite phenyllactate. Plasma
quantities of phenyllactate were consistently higher in U than in
C, by 3.2-fold at 0 wk (P = 5 X 107, 1.4-fold at 1 wk (P =
0.040), and 1.5-fold at 3 wk (P = 0.004) after ending FD (Figure
2A). Altered quantities of phenyllactate and Phe were found in
urine from U, and numerous aromatic amino acid metabolites
were found in abnormal concentrations in stool (Supplemental
Figure 1). Concentrations of another Phe derivative, p-cresol
sulfate, were 2.0-fold higher in the urine from U than in that
from C at 3 wk (P = 0.047; Figure 2B). Furthermore, plasma
concentrations of tryptophan derivative serotonin were 25%
lower in U than in C at 0 wk (P = 0.011), unchanged after 1 wk,
and 1.5-fold higher in U than in C at 3 wk (P = 0.033; Figure
2C). Urine from U also contained altered concentrations of
multiple tryptophan metabolites (Figure 2D). These data suggest
global abnormalities in aromatic amino acid metabolism during
refeeding.

Relative concentrations of fecal N-linked glycans differed at
each time point (Figure 3), with quantities being lower in U than
in C at 0 wk and higher in U than in C at 3 wk after ending FD.

plasma serotonin
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FIGURE 2 Select aromatic amino acid metabolites differing between mouse pups from the C and U groups at 15, 22, and 36 d of age.
Phenyllactate in plasma (A); p-cresol sulfate in urine (B); serotonin in plasma (C); and catabolites of tryptophan and serotonin in urine (D). The top
and the bottom of the boxes represent IQRs, the solid line represents the median, the + sign represents the mean, and the bars (whiskers)
represent the range of data points, excluding extreme values denoted by open circles. The y axes depict relative scaled intensity; the x axes
depict time since ending FD; n = 8 pools (4 mice/pool) at 0 wk; n = 8 pools (2 mice/pool) at 1 wk; and n = 8 mice at 3 wk after ending FD.
*Different from C, P < 0.05. C, control mice; FD, feed deprivation; U, mice undernourished from 5 to 15 d of age.
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These include the peptidoglycan cell wall components N-
acetylglucosamine and N-acetylmuramate; the mucus layer
component N-acetylneuraminate; and the amino sugars N-
acetylmannosamine, N-acetylgalactosamine, and N-acetylmethionine.
Multiple markers of inflammation were present in U at 0 wk,
and many of these remained altered during refeeding (Supple-
mental Table 1). Together, these data suggest abnormal protein
glycosylation and inflammatory responses, despite normaliza-
tion of growth markers.

The fecal metabolome during refeeding. A global heat map
was constructed to illustrate the direction and significance of
change of biochemicals in stool from U after ending FD
(Supplemental Figure 2A). Quantities of most altered metabo-
lites were lower in U than in C at 0 wk and higher in U than in C
at 3 wk, including BCAA catabolites (Supplemental Figure 2B)
and methionine and N-acetylmethionine, which mediate one-
carbon metabolism (Supplemental Figure 2C). Plasma and urine
methionine was also higher in U than in C at 3 wk (Supplemental
Figure 2D). Altered y-glutamyltransferase activity, evidenced by
abnormal y-glutamyl amino acid concentrations in the stool of U

at 0 and 1 wk, was not observed at 3 wk (Supplemental Figure
2E). On the other hand, quantities of dipeptide protein digestion
products that were not altered during FD were higher in the stool
of U than in that of C at 3 wk; among several examples were the
leucine-conjugated dipeptides (Supplemental Figure 2F). Finally,
concentrations of glucose and other mediators of carbohydrate
energy metabolism were lower in the stool of U than in that of C
at 0 wk and higher in the stool of U than in that of C at 3 wk
(Supplemental Figure 2G). The urine from U demonstrated
glucosuria at 1 wk (Supplemental Figure 2H), along with altered
quantities of mediators of pentose metabolism (Supplemental
Figure 3A-G) and of fructose, mannose, and galactose metab-
olism (Supplemental Figure 3H-K). Altogether, these data
suggest abnormal macronutrient and energy metabolism during
catch-up growth.

To determine which metabolites most strongly distinguished
the fecal profiles of U compared with C 3 wk after ending FD, we
constructed a random forest model, which correctly classified
the 16 stool samples as derived from U or C with 87.5%
accuracy (Supplemental Figure 4). Fifteen of the 30 biochemicals
that were most important to this classification were dipeptides
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found in greater quantities in U than in C, including the 5
highest-ranked metabolites, serylisoleucine, asparagylisoleucine,
asparagylleucine, phenylalanylglutamate, and alanylglutamate.
Another 5 of the top 30—mannose, glucose-6-phosphate,
fructose, ribulose, and galactose—were carbohydrate mediators
of energy metabolism and were present in greater quantities in U
than in C. Random forest models for plasma and urine at 3 wk
were less effective predictors than stool models, achieving just
62% and 69% predictive accuracy. Thus, hallmark metabolites
identifying mice that previously were feed deprived were
macronutrient digestion products found in greater quantities in
the stool of U than in that of C.

Microbes present in stool during catch-up growth. We
sought to determine whether the altered fecal metabolites during
refeeding corresponded with altered gut microbiota. On a
principal coordinate analysis plot, profiles from U compared
with C separated at each time point (Figure 4), indicating that
microbial community composition differed throughout catch-up
growth. Altogether, 93% of bacteria belonged to 2 phyla,
Bacteroidetes and Firmicutes (Figure 5A), both of which were
altered during refeeding (Figure 5B), whereas 63% of OTUs
belonged to just 3 genera: an unclassified genus in the order
Bacteroidales, Bacteroides, and Blautia (Supplemental Figure 5).
Two phylum-level changes were driven by 2 organisms residing
in the mucus layer (Figure 5C). The greater abundance of
Verrucomicrobia in the stool of U than in that of C at 0 wk was
due to a 2000-fold bloom of Akkermansia muciniphila (P =
0.001), consistent with previous findings (9), and the lower
abundance of Deferribacteres in the stool of U than in that of C
at 1 wk was due to an order-of-magnitude loss of Mucispirillum
schaedleri (P = 0.004). Together, these data suggest that
differences in fecal microbial community composition due to
PEU do not resolve with refeeding.

Also confirming previous findings (9), microbial communities
in the stool of U were less diverse than they were in C during FD
(P = 0.015; Figure 6A), although this difference dissipated after
1 wk of refeeding. Unexpectedly, after 3 wk of refeeding, the
stool of U harbored 1.2-fold greater microbiota diversity than
did that of C (P = 0.0006). This greater diversity at 3 wk was
driven by greater richness of the fecal microbiota of U; a median
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35.5 additional unique OTUs were detected in the stool of U
than in that of C at 3 wk (P = 0.0064; Figure 6B). These data
suggest that a PEU-induced loss of fecal microbial diversity is
reparable in neonatal mice that are given sufficient dietary
intake.

Discussion

Timed separation of suckling mice from dams reproduces
pathologies seen in the vicious cycle of childhood diarrheal
diseases and PEU (1, 2). This model replicates underweight and
stunting, worsens Cryptosporidium parvum and enteroaggrega-
tive Escherichia coli infections to perpetuate weight loss (16—
18), and blunts probiotic enhancement of antibodies, enterocyte
proliferation, and villus repopulation in rotavirus-infected mice
(19). PEU models have not yet revealed why long-term meta-
bolic and cognitive comorbidities develop after recovery from
PEU (1-3), although recent data indicate that timed separation
drastically alters the metabolome (8) and intestinal microbiome
(9) in pups from the U group. The aim of the present study was
to determine whether the altered metabolomic and intestinal
microbial profiles would normalize with refeeding.

Whereas the urine and plasma metabolomes of U improved
with refeeding, the fecal metabolome and microbiota of U
remained markedly perturbed despite complete recovery of
weight and length deficits. This finding suggests that refeeding
after early PEU affects intestinal and systemic compartments
differently. Given that biochemicals in urine and plasma may
reflect metabolism inside the body more accurately than
biochemicals in stool, the lack of persistence of abnormalities
in these compartments could imply that most metabolic
derangements are correctable with diet, despite an altered
intestinal environment. However, of the abnormal urine and
plasma markers 3 wk after ending FD (Supplemental Tables 2
and 3), a surprising number are microbial-derived molecules,
suggesting that gut bacteria might have a greater than expected
influence on host metabolism during refeeding.

The biomarker that most consistently separated the 2 groups
over time was phenyllactate. In the absence of inborn errors
of metabolism, phenyllactate is derived almost entirely by gut
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FIGURE 4 Principal coordinate analysis plot of microbes derived from stool of mouse pups from the C and U groups at 15, 22, and 36 d of age;
n = 8 mice/group. C, control mice; PC, principal coordinate; U, mice undernourished from 5 to 15 d of age.
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microbes from the Phe derivative phenylpyruvate. The mam-
malian commensal genera Bifidobacterium, Lactobacillus, and
Lactococcus have phenyllactate synthetic machinery (20-23),
and analogous genes are found in diverse phyla, suggesting an
evolutionary advantage to deriving fuel from Phe and other
alternative sources (24-26). Enriching for phenyllactate-
synthesizing microbes could affect host health. In vitro, phenyl-
lactate decreases production of reactive oxygen species by
mitochondria (20, 27) and inhibits growth of fungal (28, 29) and
bacterial (30, 31) pathogens. Another microbial-derived product
of aromatic amino acid metabolism, p-cresol, is linked to
neuropsychiatric sequelae (32-35). At 3 wk, p-cresol sulfate was
significantly elevated in the urine of U, with a trend toward
elevation in plasma (1.8-fold; P = 0.070); this metabolite warrants
exploration as a biomarker or mediator of the persistent neuro-
cognitive morbidities in children with early-life PEU (3).

Our studies highlight serotonin as another potential link
between PEU and neurogastroenterologic effects. The majority

(95%) of the body’s serotonin, which does not cross the
blood-brain barrier (36), is synthesized by duodenal entero-
chromaffin cells; serotonin regulates transit and peristalsis,
mucosal and enteric nervous system development, bone growth,
and innate inflammatory responses (37, 38). Thus, altered
serotonin metabolism could contribute to the inflammatory
markers observed in U during refeeding (Supplemental Table 1).
Intriguingly, concentrations of plasma serotonin may be regu-
lated by gut microbes. Candida albicans (39, 40) and certain
bacteria (41) synthesize serotonin, and germ-free mice have
significantly lower concentrations of plasma serotonin than do C
(42, 43). Recent reports identified microbial-derived small
molecules that stimulate serotonin release from cell cultures
(44, 45), 4 of which were altered in the stool of U: a-tocopherol,
cholate, and deoxycholate were found in lower concentrations
in U than in C at 0 wk (when serotonin was decreased), whereas
tyramine was higher in the stool of U than in C at 3 wk (when
plasma serotonin was increased). Whether the dysbiosis in PEU
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is responsible for altering serotonin, and whether serotonin
metabolism in PEU affects intestinal function and growth, are
under exploration.

How PEU leads to dysbiosis is unknown. Although effects
from stress because of maternal separation cannot be excluded,
mucosal inflammatory or architectural changes are not observed
(19). One potential mechanism was suggested by metabolomics:
the differential influx of glycans. In the gut, most glycans are
nondigestible and derived from diet (N-linked) or intestinal
mucus (O-linked). Glycans serve as fermentation substrates for
specific bacteria, shaping microbiota composition and function
(46). Decreased breast-milk intake in PEU could yield decreased
fecal N-linked glycans and could select for microbes, including
A. muciniphila (47-49), that prefer O-linked glycans of the
mucus layer. Given that the intestinal microbiome during PEU
lacks N-linked glycan-metabolizing genes (9), the higher con-
centrations of N-linked glycans in stool from U at 3 wk could
alternatively reflect unused substrate from persistent loss of
metagenomic function; whole metagenome sequencing during
refeeding could test this hypothesis. Mechanisms underlying the
persistence of intestinal changes are not known, although our
finding of altered mediators of one-carbon metabolism suggest a
potential epigenetic basis (50, 51), a possibility strengthened by
evidence that DNA methylation is sensitive to nutrient avail-
ability (52, 53).

Altered abundances of mucolytic organisms may reflect host
systemic changes. A. muciniphila blooms with inflammation due
to cold temperature-induced stress (54), IL-10 deficiency (55),
and dextran sodium sulfate-induced colitis (56); in the latter
instance, the bacterium appears to be protective (57). Similarly,
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populations of M. schaedleri (58) expand during mucosal
disruption, including murine dextran sodium sulfate-induced
(56) and infectious colitis (59), porcine Trichuris suis infection
(60), and colonization of germ-free mice with bacteria (61).
Given that low-grade inflammation transiently accompanies
weaning in healthy mice (62, 63), rats (64), and piglets (65, 66),
the absence of M. schaedleri in U 1 wk after ending FD could
indicate delayed intestinal maturation. Our results also confirm
others’ findings that the abundance of A. muciniphila is inversely
proportional to body weight in mice (9, 67-69) and humans
(70-72) by a yet-uncharacterized mechanism. Whether these
altered mucosal microbes influence the mucous barrier, im-
mune system, or nutrient assimilation in PEU warrants further
study.

Our finding of less fecal microbial diversity in U than in C at
0 wk (during FD) was consistent with previous studies (9);
however, we were surprised to find that U had greater diversity
than did C 3 wk after ending FD. Microbiome diversity is
thought to benefit the host. For example, in the elderly,
decreased diversity is linked to frailty (73). Microbiota of
children with PEU are delayed in maturation to diverse, adult-
like microbial communities; this finding is associated with
anthropomorphic deficits refractory to refeeding (6). Our data
reveal evidence of a regenerative capacity for microbiota
diversity in response to diet alone. Whether these changes
persist, and whether they may enhance energy extraction from
the diet, responsiveness to live oral vaccines, or resistance to
enteric infections is unknown. It is also possible that greater
microbial diversity helps an acutely undernourished host rapidly
regain weight, but also predisposes the host to obesity and its
comorbidities. Of note, fewer proportions of Bacteroidetes
and greater proportions of Firmicutes were found in the stool
of U 3 wk after ending FD; these have been reported in
genetically obese mice (74) and obese humans (75). Future
studies will explore whether U have body composition differ-
ences after ending FD despite normal weight and length, and
whether this greater microbial diversity is a transient rebound
effect or a more lasting change beyond the 3 wk period of this
study.

In summary, we identified an altered intestinal environment
during refeeding after PEU that, unlike the plasma and urine
metabolomes, remains significantly perturbed despite recovery
of growth deficits. Further study of microbial-derived metabo-
lites that remain altered in plasma and urine, including those
that may persist indefinitely, will be needed to determine
whether therapeutic manipulation of the intestinal microbiome
during refeeding might have clinical impact in terms of healthy
weight gain in childhood with minimal risk of long-term
metabolic comorbidities later in life.
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