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GUT MICROBIOTA

Neurogenesis and prolongevity signaling in young
germ-free mice transplanted with the gut microbiota
of old mice

Parag Kundu"?3#, Hae Ung Lee’, Isabel Garcia-Perez*, Emmy Xue Yun Tay®, Hyejin Kim',
Llanto EIma Faylonz, Katherine A. Martin', Rikky Purbojatiz, Daniela I. Drautz-Moses?,

Sujoy Ghosh®”*8, JeremyK. Nicholson®, Stephan Schuster?, Elaine Holmes*'°, Sven Pettersson’>"1*
The gut microbiota evolves as the host ages, yet the effects of these microbial changes on host physiology and
energy homeostasis are poorly understood. To investigate these potential effects, we transplanted the gut micro-
biota of old or young mice into young germ-free recipient mice. Both groups showed similar weight gain and
skeletal muscle mass, but germ-free mice receiving a gut microbiota transplant from old donor mice unexpectedly
showed increased neurogenesis in the hippocampus of the brain and increased intestinal growth. Metagenomic
analysis revealed age-sensitive enrichment in butyrate-producing microbes in young germ-free mice transplanted
with the gut microbiota of old donor mice. The higher concentration of gut microbiota-derived butyrate in these
young transplanted mice was associated with an increase in the pleiotropic and prolongevity hormone fibroblast
growth factor 21 (FGF21). An increase in FGF21 correlated with increased AMPK and SIRT-1 activation and re-
duced mTOR signaling. Young germ-free mice treated with exogenous sodium butyrate recapitulated the prolon-
gevity phenotype observed in young germ-free mice receiving a gut microbiota transplant from old donor mice.
These results suggest that gut microbiota transplants from aged hosts conferred beneficial effects in responsive
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young recipients.

INTRODUCTION

Aging is a biological process associated with gradual impairment in
physiological functions. It is likely that the changes associated with
aging are recognized by the indigenous gut microbiota that has co-
evolved together with its host as part of the “holobiont” (1, 2). The com-
position of the gut microbiota changes with age in both humans and
in genetically homogeneous mice raised under controlled experimental
conditions (I). Recently, a number of studies involving nonmammalian
model organisms such as worms, flies, and fish have documented the
functional relevance of the gut microbiota in the host aging process
(1, 3-5). Shifts in the gut microbiota of an aged host are thought to
contribute to typical aging phenotypes, including decreased gut epi-
thelial barrier integrity and associated low-grade systemic inflamma-
tion (6, 7). However, the unique microbial signatures in centenarians
characterized by an enrichment in health-associated microbes (8), and
the recent findings of adult neurogenesis in the brains of healthy elderly
individuals (9) underscore the limits of our current understanding of
how the gut microbiota changes during aging.
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RESULTS

Age-dependent alterations in the gut microbiota of mice

To assess the influence of the gut microbiota on host aging, we trans-
planted the gut microbiota from healthy old (~24-month-old) donor
mice into young (5- to 6-week-old) germ-free recipient mice (Fig. 1A).
Groups of germ-free mice (recipients) were “conventionalized” by
both fecal transplantation via gavage and short-term cohousing with
respective donors to allow transfer of both the gut and skin microbiota.
The ex-germ-free recipient mice were subsequently raised in a con-
tained environment (i.e., in germ-free isolators) and received a de-
fined diet to reduce the influence of confounding factors such as diet
or environment. Mouse recipients transplanted with the gut microbiota
of age-matched (5- to 6-week-old) young donors served as experimental
controls. Metagenomic analysis of stool samples from the young and
old donors revealed distinct differences between their gut microbiotas
(fig. S1, A and B), in line with previous reports (6, 10). For instance,
old donors showed a reduced abundance of bacteria of the Akkermansia
and Alistipes genera in their stool samples (fig. S1B).

Similarities in the gut microbiotas of young donors and their cor-
responding recipients [young microbiota-transplanted recipient mice
(young MT recipients)] and between the old mouse donors and their
recipients [old microbiota-transplanted recipient mice (old MT
recipients)] confirmed successful gut microbiota transfer (fig. S1C).
Metatranscriptomic analysis revealed distinct gene expression pat-
terns for the gut microbiotas of young versus old donors and for
young MT recipients versus old MT recipients, suggesting functional
divergence in the gut microbiotas of young compared to old mice
(fig. S1D). Compared to the gut microbiota transcriptomes of young
donors and young MT recipients, those of the old donors and old
MT recipients showed elevated expression of fumarate reductase, an
enzyme required for anaerobic respiration (fig. S1E).

Colonization of germ-free recipients with the gut microbiota from
healthy old donors had no adverse effects on age-associated weight
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Fig. 1. Gut microbiota transplants from old donor mice promote hippocampal neurogenesis in germ-free recipient mice. (A) Gut microbiota transplants (MTs)
from ~24-month-old or 5- to 6-week-old mice were transplanted into 5- to 6-week-old germ-free young recipient mice. The transplanted mice were subjected to short-
term cohousing with donors and then were housed in a controlled environment for 8 or 16 weeks before being euthanized. (B) Shown are representative images of
doublecortin (DCX)-stained neurons in the dentate gyrus of young recipient mice receiving a gut microbiota transplant from old or young donors, referred to as old MT
recipients or young MT recipients, respectively. DCX staining is red, and DAPI counterstain is blue. The white arrows indicate DCX* neurons, and the red boxes indicate
the area magnified in the two left panels. Scale bars, 100 um. (C) Shown is quantification of the number of DCX* neurons in the dentate gyrus of old MT and young MT
recipient mice (n =5 per group). (D and E) Shown is the expression of Sox9 (D) and CD133 (E) mRNA in the hippocampus of old MT and young MT recipient mice (n > 5 per
group). (F) Western blot analysis and quantification of BDNF protein expression in the hippocampus of old MT and young MT recipient mice (n =4 per group). Actin was
used as the loading control. (G) Differences in hippocampal metabolites between old MT and young MT recipient mice (n =8 per group). The model is composed of one
predictive (tcv [1]) and one orthogonal (tocv [1]) principal components. Data are reported as means + SEM. *P calculated using the Student’s t test.

gain (fig. S2A), food intake (fig. S2B), or muscle weight gain (fig. S2C). Mouse recipients of gut microbiota transplants from old
Likewise, there were no differences in blood glucose (fig. S2D), serum  donors show an increase in doublecortin-positive

insulin (fig. S2E), triglycerides (fig. S2F), or cholesterol (fig. S2G) in  hippocampal neurons

young MT recipients versus old MT recipients. Similarly, multiple ~ Aging is typically associated with reduced adult neurogenesis in the
behavioral tests showed no notable differences in phenotypes such as  brain and gradual changes in inflammatory gene expression signatures
anxiety between these two groups (fig. S2, H to J). in various organs including the brain and gut (I, 11). Furthermore,
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abnormal changes in gut microbiota composition have been linked
to age-associated neurodegenerative diseases, such as Alzheimer’s
disease and Parkinson’s disease (12, 13). This prompted us to investigate
adult neurogenesis in the dentate gyrus of the hippocampus of
young MT recipients compared to old MT recipients. Unexpectedly,
8 weeks after gut microbial transplantation, old MT recipients had
more doublecortin-positive (DCX") neurons in the dentate gyrus
than did young MT recipients, indicating increased neurogenesis in
the brains of old MT recipients (P = 0.0137) (Fig. 1, B and C). This
increase was even more pronounced 16 weeks after gut microbial
transplantation (P < 0.0001) (Fig. 1, B and C). There were also sig-
nificant increases in the expression of markers of cellular stemness,
including Sox9 (P < 0.0001) and CD133 (P = 0.0002) in the hippo-
campus of the brains of old MT recipients compared to young MT
recipients (Fig. 1, D and E). However, the number and soma size of
microglia, the key immune cells in the brain, were comparable
between the two groups with no obvious difference in microglial
morphology (fig. S3, A to C). In addition, the expression of hippo-
campal pro- and anti-inflammatory cytokines including tumor
necrosis factor-o (TNFa), interleukin-6 (IL-6), and IL-10 was similar
between the two groups (fig. S3, D to F).

We speculated that changes in brain-derived neurotrophic factor
(BDNF), a known neurogenic factor regulated by the gut microbial
metabolite butyrate (14-16), might underlie the increased neuro-
genesis observed in the dentate gyrus of old MT recipients. As
expected, the expression of hippocampal BDNF was significantly
higher (P < 0.0001) in the old MT recipients compared to young
MT recipients (Fig. 1F). However, hippocampal expression of tyrosine
receptor kinase B (TrkB), the BDNF receptor, was similar among the
two groups (fig. S3G). Further, metabolic profiling of hippocampal
tissue (Fig. 1G) revealed increased abundance of metabolites such
as taurine, choline, glutamate, and y-aminobutyric acid (GABA) in
old MT recipients compared to young MT recipients (Table 1).
These metabolites are known to be associated with neurogenesis and
maturation of neurons (17-21). As expected, the number of DCX*
neurons in the dentate gyrus was lower in the old donor mice com-
pared to the young donor mice (P < 0.0001; fig. S3, H and I, con-
firming that the old donors did not show aberrant neurogenesis.
Furthermore, hippocampal expression of the tight junction markers
claudin 1, occludin, and zonula occludens-1 (fig. S3, ] to L) indicated
that there were no major differences in the integrity of the blood-
brain barrier between the young MT recipients and old MT recipients
(22). Together, these results suggested that the gut microbiota of the
old donor mice had the ability to support adult hippocampal neuro-
genesis when transplanted into young mouse recipients.

Gut microbiota transplants from old donors increase
intestinal surface area in recipient mice

The increase in adult hippocampal neurogenesis in the old MT
recipients prompted us to investigate the intestinal tracts of these
animals, given that the intestinal epithelium undergoes rapid cellular
turnover under steady-state conditions. Investigation of intestinal
morphology revealed increases in the length and width of the villi in
the old MT recipients (P < 0.0001; Fig. 2, A to C). In addition, both
the small intestine and colon were longer in old MT recipients com-
pared to young MT recipients (P = 0.0001; Fig. 2, D and E, and fig.
S4, A and B). Thus, because of the increase in intestinal length and
villi length and width, the intestinal surface area was likely to be
increased in the old MT recipients compared to young MT recipients.

Kundu et al., Sci. Transl. Med. 11, eaau4760 (2019) 13 November 2019

Table 1. Altered metabolites in the hippocampus of old MT recipient
mice measured using "H NMR. The table lists metabolites, significant
chemical shift values and multiplicity, and direction of associated
changes. ADP, adenosine diphosphate. Multiplicity key: s, singlet; d,
doublet; t, triplet; g, quartet; dd, doublet of doublets; m, multiplet.

Metabolite Multiplicity Association

Taurine 3.43(1),3.26 (1) 1

GABA s 229(t)302(t)191 (q) ................... T ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘
2.34(d)

Lactate .......................................... 1 3 3 (d)4 ” (q) .......................... T ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

A|an|ne e 148(d) ................................. T ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

G|utamate s 205(m)236(dd) ....................... T ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘
377 (1)

N-acetylaspartate 202(9,270(dd), r

(dd)
Glycerophosphocholine 367(d),
4.36 (m), 3.23 (s)

Phosphocholme 322(5) .................................. T ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘
Myo| n05|to| .................................. 406 (t)363(t) ......................... T ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

3.53 (dd)
c reatmme ........................................................... (5) .......................... T ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘
ADP e 327(5) .................................................
Cho“ne s e

Unknown 1

Moreover, the old MT recipients had deeper intestinal crypts and
showed a marked increase in 5-ethynyl-2’-deoxyuridine (EdU)-
positive proliferating intestinal crypt cells than did young MT recipients
(P < 0.0001; Fig. 2, F to H). There were also more mucus-producing
goblet cells in the intestines of old MT recipients compared to young
MT recipients (P < 0.0001; fig. S4, C and D).

A recent study reported low-grade inflammation and a com-
promised intestinal barrier in germ-free mice transplanted with a
dysbiotic gut microbiota from old donor mice (6). However, under
our experimental conditions, we did not observe a difference in
intestinal permeability between the two groups as indicated by the
comparable serum concentrations of fluorescein isothiocyanate
(FITC) dextran (Fig. 2I). Moreover, the expression of intestinal
tight junction proteins, which regulate intestinal barrier integrity
(Fig. 2, ] to L), and of pro- and anti-inflammatory cytokines
(Fig. 2, M to Q) was similar between the young MT recipients
and old MT recipients. These findings were further supported
by comparable amounts of circulating serum TNFa in young versus
old MT recipients (fig. S4E). Microarray analysis of gene expres-
sion in the ileum revealed that peroxisome proliferator-activated
receptor (PPAR) signaling was the most enriched pathway in the
old MT recipients (Fig. 2R, and fig. S4, F and G). This finding is
consistent with our other results, as PPAR signaling is critical for
intestinal barrier maintenance and epithelial homeostasis and
restitution (23-25).

To investigate the increase in intestinal surface area in the old
MT recipients, we examined the donors and found that old donor
mice had considerably longer intestines and differences in intestinal
morphology compared to the young donor mice (fig. S4, H to L).
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Fig. 2. Gut microbiota trans-
plants from old donor mice
promote intestinal growth
and surface area expansion.
(A) Representative images of
hematoxylin and eosin stain-
ing of the small intestine of
old MT and young MT re-
cipient mice. Scale bar, 100 um.
(B and €) Quantification of vil-
lus length (B) and villus width
(C) in the jejunum of old MT
and young MT recipient mice
(n=11 per group). (D) Quanti-
fication of the length of the
intestine from old MT and
young MT recipient mice
(n =20 per group). (E) Repre-
sentative images showing the
intestinal length of old MT
and young MT recipient mice.
(F) Quantification of jejunal
crypt depth in old MT and
young MT recipient mice
(n=10 per group). (G) Repre-
sentative images of jejunum
tissue sections from old MT
or young MT recipient mice,
stained with 5-ethynyl-2'-
deoxyuridine (EdU) (green)
and DAPI counterstain (blue).
Scale bars, 200 um. (H) Quan-
tification of EdU-positive cells
in jejunum tissue sections
from old MT and young MT
recipient mice (n =10 per
group). (I) Shown is the intes-
tinal permeability of old MT
and young MT recipient mice
measured by the amount
of FITC-dextran in blood
after oral gavage (n=5 per
group). J to Q) Shown is the ex-
pression of mMRNAs encoding
claudin 1 (J), occludin (K), zonula
occludens-1 [ZO-1; (L)], TNFa
(M), IL-6 (N), IL-17 (O), IL-22
(P),and IL-10 (Q) in the ileum
of old MT and young MT re-
cipient mice (n>10 per group in
each case). (R) Heatmap show-
ing enrichment scores for the
PPAR signaling pathway (KEGG
pathway) in the ileum of old
MT and young MT recipient
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mice. Genes with absolute fold changes of >1.5-fold and false discovery rates (FDR) of <0.05 were considered to be differentially expressed. Data are reported as
means + SEM. *P calculated using the Student’s t test; *P < 0.05 is considered significant.

Our finding that old donor mice had longer intestines is in line with
previous reports (26), although the molecular mechanisms underlying
this phenotype are not completely known. A reasonable explanation
could be the decline in Akkermansia muciniphila in the gut micro-
biota of the old hosts (fig. S1B) as this bacterial strain is known to
regulate host intestinal length and surface area (27).

Kundu et al., Sci. Transl. Med. 11, eaau4760 (2019)
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Germ-free mice transplanted with old donor gut
microbiota show metabolic changes in the liver

and increased butyrate production

Next, we focused on the liver to better understand the impact of
transplanting the gut microbiota of old donors on the metabolism
of germ-free recipients. Old MT and young MT recipients displayed
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Fig. 3. Recipient mice transplanted with old donor gut microbiota show distinct metabolic signatures. (A) Heatmap shows enrichment scores for the unfolded
protein response (UPR) and triglyceride biosynthesis pathways in the liver of old MT and young MT recipient mice. Genes with absolute fold changes of >1.5-fold and FDR
of <0.05 were considered to be differentially expressed. (B) Western blotting and quantification of AMPK activation in the liver of old MT and young MT recipient mice
(n =28 per group). Phosphorylated AMPK (pAMPK), a measure of AMPK activation, was normalized to total AMPK. (C) Western blotting and quantification of SIRT1 protein
in the liver of old MT and young MT recipient mice (n =4 per group). Actin was used as the loading control. (D) Western blotting and quantification of mTOR activation in
the liver of old MT and young MT recipient mice (n =4 per group). Phosphorylated mTOR (p-mTOR), a measure of mTOR activation, was normalized to total mTOR.
(E to H) Shown is the expression of mRNAs encoding ACAD1 (E), CPT1 (F), HMGCS1 (G), and HMGCS2 (H) in the liver of old MT and young MT recipient mice (n=8 per
group in each case). Data are reported as means + SEM. *P calculated using the Student’s t test.

distinct metabolic signatures in the liver (fig. S5A and table S1). In
particular, glutathione, which helps to combat oxidative stress (28),
was elevated in old MT recipients (table S1) despite similar systemic
superoxide dismutase activity between the old MT and young MT
recipient groups (fig. S5B). Gene expression array analysis revealed
further differences in molecular pathways in the liver between the
two groups (fig. S5C). The old MT recipients displayed an increased
cytoprotective unfolded protein response (UPR) and a concurrent
decline in triglyceride biosynthesis (Fig. 3A). Aging is generally

Kundu et al., Sci. Transl. Med. 11, eaau4760 (2019) 13 November 2019

associated with a decline in the stress recognition system and in
UPR signaling efficiency, whereas increased stress resistance is a
hallmark of longevity (29, 30). Thus, these data suggested a possible
microbial link to adaptive stress tolerance in the host, as there was
no difference in hepatocyte apoptosis between the old MT and
young MT recipients (fig. S5D).

These findings suggested changes in hepatic energy homeostasis.
Activation and expression of key energy sensing proteins such as AMP
(adenosine 5’-monophosphate)-activated protein kinase (AMPK)
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Fig. 4. Recipient mice trans- A
planted with old donor gut 25

microbiota show an increase
in butyrate-producing bac-
teria and FGF21. (A) Shown is
a metagenomic analysis of the
gut microbiota of recipient
mice receiving either an old
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and sirtuin 1 (SIRT1) were elevated in the liver of old MT compared
to young MT recipient mice (P < 0.005; Fig. 3, B and C, and fig. S5E).
In addition, mammalian target of rapamycin (mTOR) activation in
the liver was reduced (P < 0.005; Fig. 3D), whereas hepatic expression
of enzymes regulating B-oxidation and ketogenesis including acyl-
coenzyme A dehydrogenase 1 (ACAD1), carnitine palmitoyltransferase 1
(CPT1), 3-hydroxy-3-methylglutaryl-CoA synthase (HMGCS1),
and HMGCS2 was increased in the old MT recipient mice (P < 0.05;
Fig. 3, E to H). However, serum concentrations of leucine and

Kundu et al., Sci. Transl. Med. 11, eaau4760 (2019) 13 November 2019

methionine were similar between the two groups (fig. S5, F and G).
Collectively, these data suggested that the gut microbiota of an
aging host had the ability to trigger prolongevity signaling pathways
including those of AMPK, SIRT1, and mTOR when transplanted
into a young recipient.

In an attempt to further understand the mechanisms underlying
the differences between young MT and old MT recipient mice, we
compared their metagenomes. We found an enrichment of butyrate-
producing bacteria including Firmicutes and Lachnospiraceae in

60f 13

6TOZ ‘v'T 18QUIBAON UO 09SIoURIH UeS - YINYOHITVYD 40 AINN e /610 Bewsousios wis//:dny woiy papeojumoq


http://stm.sciencemag.org/

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

were orally administered either

sodium butyrate (SB) dissolved in

PBS or PBS vehicle alone as control G PBS SB
daily for 8 weeks. Shown is an BDNF (precursor)
ELISA of serum samples measur- T — S BONF (dimer)

ing circulating FGF21 in sodium
butyrate-treated and vehicle-
treated mice (n =7 per group).
(D to F) Shown is Western blot anal-
ysis (D) and quantification of hepatic
FGF21 (E) protein and AMPK activation
(F) in sodium butyrate-treated
and vehicle-treated (PBS) germ-free
mice (n=4 per group). (G) Shown
is Western blot analysis and quanti-
fication of BDNF protein expression
in the hippocampus of sodium
butyrate-treated and vehicle- I
treated (PBS) germ-free mice (n=
4 per group). Actin was used as the
loading control. (H) Representative
images showing DCX staining of
neurons (red) in the dentate gyrus
of sodium butyrate-treated and
vehicle-treated germ-free mice
(DAPI counterstain, blue). Scale
bars, 100 um. (I) Shown is quantifica-
tion of DCX™ neurons in the dentate : ; 5
gyrus of sodium butyrate-treated ' ' ®
and vehicle-treated germ-free mice M
(n=9 per group). (J) Representative
images showing the length of the
intestine of sodium butyrate-treated
and vehicle-treated germ-free mice.
(K) Shown is quantification of the
lengths of the small intestine and
colon of sodium butyrate-treated
and vehicle-treated germ-free mice
(n=9 per group). (L) Representa-
tive images of periodic acid-Schiff
staining of the jejunum of sodium
butyrate-treated and vehicle-treated
germ-free mice. Scale bars, 100 um.
(M and N) Shown is quantification
of villus length (M) and villus width (N) in the jejunum of sodium butyrate-treated and vehicle-treated (PBS) germ-free mice (n=11 per group). (0) Shown is quantifica-
tion of jejunal crypt depth of sodium butyrate-treated and vehicle-treated (PBS) germ-free mice (n =5 per group). (P) Shown is quantification of cells staining positive for
EdU in the jejunum of sodium butyrate-treated and vehicle-treated (PBS) germ-free mice (n =9 per group). (Q) Representative images showing EdU staining (green) with
DAPI counterstain (blue) of small intestine tissue sections from sodium butyrate-treated and vehicle-treated germ-free mice (n=9 per group). Scale bars, 100 um. Data
are reported as means + SEM. *P calculated using the Student’s t test.
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the metagenomes of old MT compared to young MT recipient mice
(Fig. 4A). Moreover, butyrate acetoacetate-CoA-transferase, one of the
enzymes involved in the terminal step of butyrate synthesis (31, 32),
was particularly enriched in the gut microbiota of old MT recipients
(Fig. 4B). Nuclear magnetic resonance (NMR) spectroscopy profiling
further revealed a significant increase (P < 0.0001) in fecal butyrate in
the old MT compared to young MT recipients (Fig. 4C). Apart from
being the main nutrient source for colonocytes and enhancing gut
epithelial barrier integrity (33), butyrate also regulates hippocampal
BDNF expression (14, 15), potentially linking this microbial signature
to the increased neurogenesis observed in old MT recipients.

Germ-free mice transplanted with old donor gut microbiota
show FGF21 activation

Butyrate is known to stimulate the expression of the pleiotropic
hormone fibroblast growth factor 21 (FGF21) by inhibiting histone
deacetylase 3 and consequently activating the transcription factor
PPAR-a (34). The expression of PPAR-a was found to be increased
in old MT compared to young MT recipients (P < 0.01; Fig. 4D). In
addition, both hepatic expression of FGF21 and its systemic abun-
dance were increased in old MT compared to young MT recipient
mice (P < 0.001; Fig. 4, E and F). These data may explain, in part, the
molecular changes observed in the liver of old MT recipients as
FGF21 activates AMPK (35), represses lipogenesis and triglyceride
accumulation in hepatocytes (35, 36), and is elevated upon UPR
activation (37). Moreover, hippocampal expression of the FGF21
co-receptor, B-klotho, was also higher in old MT recipient mice
(P < 0.0001; Fig. 4G). The systemic abundance of FGF21 (fig. S6A),
activation of hepatic AMPK (fig. S6, B and C), number of hippo-
campal DCX" neurons (fig. $6, D and E), and intestinal morphology
(fig. S6, F to K) were comparable between the young MT recipients
(experimental controls) and conventionally raised age-matched mice
containing a normal gut microbiota.

The abundance of butyrate-producing microbes in MT
recipient mice depends on recipient age

To test the hypothesis that enrichment of butyrate-producing
microbes in MT recipient mice was dependent on recipient age and
intestinal environment, we transplanted the gut microbiota from
young (5- to 6-week-old) or old (~24-month-old) donor mice into
old (~18-month-old) germ-free recipient mice (fig. S7A). Gut
microbiota transplantation did not have any adverse effects on the
body weight of the old recipient mice (fig. S7B). Metagenomic anal-
ysis did not show any enrichment of butyrate-producing gut bacteria
in the ~18-month-old recipient mice transplanted with either a
young or old donor gut microbiota (fig. S7, C and D). Consequently,
fecal butyrate and circulating FGF21 were comparable between the
~18-month-old recipient mice transplanted with either an old or
young donor gut microbiota (fig. S7, E and F). In addition, the
expression of markers for hippocampal neurogenesis and cellular
stemness was similar between these two groups of aged recipients
(fig. S7, G to ]). Similarly, intestinal morphology, gut cell prolifera-
tion, and inflammatory status, as well as hepatic metabolism, were
also comparable between the two aged recipient groups (fig. S7, K to Y).

Germ-free mice treated with sodium butyrate show the same
phenotype as old MT recipient mice

The beneficial effects of an old donor gut microbiota transplant
observed in young germ-free recipient mice underscored the need
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to directly test a potential beneficial role of butyrate. We first con-
firmed that conventionally housed mice containing a normal gut
microbiota (pathogen-free experimental controls) exhibited increased
hepatic and circulating FGF21 compared to germ-free mice (P < 0.005;
Fig. 5, A and B). Next, we orally administered sodium butyrate or
phosphate-buffered saline (PBS) vehicle control daily for 8 weeks to
young (5- to 6-week-old) germ-free mice. Treatment with sodium
butyrate increased the abundance of hepatic and circulating FGF21
compared to young germ-free mice treated with vehicle (P < 0.05;
Fig. 5, C to E). Moreover, activation of AMPK and expression of SIRT1
were elevated in the liver of sodium butyrate-treated compared to
vehicle-treated young germ-free mice (P < 0.05; Fig. 5, D and F, and
fig. S8A). In addition, BDNF expression and the number of DCX"
neurons were increased in the hippocampus of sodium butyrate-treated
compared to vehicle-treated control mice (P < 0.01; Fig. 5, G to I).
Furthermore, sodium butyrate-treated mice displayed increased gut
epithelial cell proliferation compared to vehicle-treated control
mice (Fig. 5, ] to Q, and fig. S8B).

DISCUSSION

Here, we attempted to uncover the functional characteristics of the
gut microbiota of an aging host using young germ-free mouse
recipients transplanted with old or young mouse donor gut micro-
biota. We showed that cells in the intestine and brain responded to
old donor gut microbiota-derived cues. For instance, transplanta-
tion of old donor gut microbiota into young germ-free recipient
mice enhanced neurogenesis in the hippocampus of the brain and
promoted intestinal growth. Furthermore, old donor gut microbiota
influenced liver bioenergetics and induced FGF21 expression and
catabolic processes such as f-oxidation and ketogenesis in the
young mouse recipients. Given that FGF21 can cross the blood-
brain barrier, influence neuronal viability (38), and, together with
B-klotho, promote oligodendrocyte proliferation, remyelination,
and central nervous system regeneration (39), our findings provide
a microbial link to neuroprotective processes.

We also demonstrated that transplantation of the gut microbiota
of aged mice increased the abundance of butyrate-producing bacteria
and butyrate availability in young recipient mice, thus fostering a
butyrate-FGF21-driven metabolic signature. This, in part, may
explain the phenotypic differences observed between the old MT
and young MT recipients in our experimental setting (fig. S9).
Although the phenotypic changes observed in the brain, liver, and
intestine of old MT recipients seemed to be microbiota driven, the
underlying mechanisms could be a consequence of specific donor
microbial signatures or microbial adaptation to a new host environ-
ment or a combination of the two. In contrast, old germ-free
recipient mice transplanted with gut microbiota from old donor
mice failed to respond to the microbial cues under steady-state con-
ditions, thus limiting the beneficial effects observed to the young
mouse recipients. This finding underscores our limited under-
standing of the biology of aging and the intricate interplay between
the host and the microbiota during aging. Our data suggest that the
gut microbiota’s composition and dynamics in a recipient after
microbiota transplant is age sensitive and that the early life response to
microbial cues may differ considerably from that later in life, con-
sistent with previous studies related to host immune responses (40).

Oral administration of sodium butyrate to young germ-free
recipient mice induced similar increases in neurogenesis, intestinal
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growth, and metabolic (FGF21-AMPK-SIRT1) signatures, as
observed in young germ-free mice receiving a gut microbiota trans-
plant from old donors. These findings establish a key role for butyrate
in these microbiota-driven phenotypes and are consistent with
reports showing butyrate-induced neurogenesis in hippocampus (41)
and epithelial growth and cellular proliferation in normal intestinal
tissue under steady-state conditions (42, 43).

Our study provides new insights into the functional characteristics
of the gut microbiota of aging mice. Given the ability of the gut
microbiota to respond to dietary, metabolic, and environmental
changes, our results imply that the gut microbiota of an old host
with metabolic homeostasis may support host health. In contrast, in
response to type 2 diabetes or obesity or gut dysbiosis, the gut
microbiota could activate inflammatory pathways (6). Given that
exercise has beneficial effects on BDNF expression and neurogenesis
(44) and also modulates the gut microbiota (45), it is tempting to
speculate that exercise may stimulate the enrichment of butyrate-
producing bacteria in the gut, but this needs to be investigated in
future experiments.

There are several limitations to our study including the lack of
longitudinal analysis after gut microbiota transplantation. Given
that the dynamics of the gut microbiota change over time even under
controlled experimental settings (1), such longitudinal approaches
are challenging. It is likely that the gut microbiota composition of
the transplanted mouse recipients changes as they age during the
course of long-term experiments, which could affect experimental
outcomes. Another shortcoming of this study involves the inherent
limitations of gut microbiota transplantation into germ-free animals,
as the experimental outcomes could be affected by the source and
quality of microbial inoculum used to reconstitute the gut microbiota
in the germ-free recipient mice. It is possible that other microbial
metabolites and cellular pathways were also involved in the pheno-
typic changes observed in the old MT recipients, but these were not
investigated in this study.

MATERIALS AND METHODS
Study design
The objective of this study was to elucidate the functional character-
istics of the gut microbiota of an aging mouse host. Gut microbiota
was transplanted from old (24 months) or young (5 to 6 weeks) donor
mice to young germ-free recipient mice (5 to 6 weeks). The recipient
mice were housed in contained isolators for 8 or 16 weeks to avoid
contamination. During this period, the mice were provided with sterile
feed and water ad libitum, and their growth characteristics were
monitored. These experiments were repeated several times. At
the respective end points, the gut, brain, and liver were analyzed
using metabolomic, transcriptomic, and functional approaches.
Metagenomic and metatranscriptomic were undertaken to correlate
microbial community shifts with altered physiology of the transplanted
mouse recipients. We also transplanted the gut microbiota of the
same young and old donors into old germ-free recipient mice
(~18 months old) to test the importance of host age in responding
to microbial cues. To understand the molecular mechanisms under-
lying the observed phenotypic differences, the microbial metabolite
butyrate was administered to young germ-free mice daily for 8 weeks.
In this study, we used cohorts of germ-free mice, pathogen-free
mice, conventionalized mice (colonized with donor microbiotas),
and butyrate-treated germ-free mice, with a minimum of 10 mice in
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each experimental group. Researchers were blinded to group alloca-
tion, and mice were randomized to groups. All protocols involving
animals were carried out in accordance with institutional guidelines
of Nanyang Technological University and approved by the Regional
Animal Research Ethical Board, Institutional Animal Care and Use
Committee, Singapore (protocol no. 2013/SHS/785).

Microbiota transplantation

Specific pathogen-free male C57BL/6 mice aged 5 to 6 weeks (young
donors) or ~24 months old (old donors) were used as donors for gut
microbiota transplantation, whereas germ-free C57BL/6 mice aged
5 to 6 weeks were used as young recipients in this study. Groups of
~18-month-old germ-free C57BL/6 mice were also used as old
recipients for microbiota transplants from young and old donors
(age-matched with donors used to transplant young germ-free mice in
this study). All mice (pathogen-free donors and germ-free recipients)
were fed with a 50:50 combination of autoclavable mouse breeder
diet 5021 (LabDiet) and laboratory autoclavable rodent diet 5010
(LabDiet). Groups of germ-free recipient mice were conventionalized
using fecal transplantation and short-term cohousing with their
respective donors to facilitate the transfer of the entire microbiota
(i.e., gut and skin) from the donors to the recipient mice. The recipient
mice were subsequently housed in separate confined plastic isolators
for 8 or 16 weeks. Experiments using young germ-free recipients
were repeated at least five times using 10 mice per group per experi-
ment. All donors and recipients received the same chow throughout
the entire course of the experiments, thus excluding any dietary in-
fluence on the microbiome composition and function. Briefly, fresh
fecal pellets from young or old donor mice were dissolved in sterile
PBS by homogenization (using sterile plastic pastel and vigorous
shaking), and each recipient mouse was immediately fed with 150 pl
of the supernatant using a sterile orogastric gavage to transplant the
gut microbiota. The conventionalization procedure was repeated on
day 3 after initial inoculation as a booster. Fecal pellets were collected
intermittently from the respective recipients to validate conven-
tionalization. Germ-free C57BL/6 mice aged 5 to 6 weeks were used
in this study. Groups of germ-free mice were orally gavaged with
sterile sodium butyrate (500 mg/kg body weight) dissolved in PBS
daily for 8 weeks. Mice gavaged daily with equal volumes of only
sterile PBS were used as experimental controls. All mice were fed
with a 50:50 combination of autoclavable mouse breeder diet 5021
(LabDiet) and laboratory autoclavable rodent diet 5010 (LabDiet).
After 8 weeks, mice from both groups were analyzed.

Groups of 10- to 12-week-old C57BL/6 germ-free and conven-
tionally raised pathogen-free mice containing a normal microbiota
were used to analyze the availability of systemic and hepatic FGF21.
Groups of 13- to 14-week-old C67BL/6 mice that were convention-
ally raised, pathogen free, and containing a normal microbiota were
used for comparative studies.

Metagenomic and metatranscriptomic analyses
Metagenomic and metatranscriptomic analyses were done on fecal
samples collected from donors at the time of initial colonization and
from recipients at the end of experiment (8 weeks after colonization).
DNA samples: Before library preparation, the quality of the
DNA samples was assessed on a Bioanalyzer 2100 using a DNA
12000 Chip (Agilent). Sample quantitation was carried out using the
Invitrogen’s Picogreen assay. Library preparation was performed
according to Illumina’s TruSeq Nano DNA sample preparation
protocol. The samples were sheared to ~450 base pair (bp) using a

90of 13

6TOZ ‘v'T 18QUIBAON UO 09SIoURIH UeS - YINYOHITVYD 40 AINN e /610 Bewsousios wis//:dny woiy papeojumoq


http://stm.sciencemag.org/

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

Covaris S220, following the manufacturer’s recommendation, and
uniquely tagged with one of Illumina’s TruSeq LT DNA barcodes to
enable library pooling for sequencing. The finished libraries were
quantitated using Invitrogen’s Picogreen assay, and the average
library size was determined on a Bioanalyzer 2100 using a DNA
7500 chip (Agilent). Library concentrations were then normalized
to 4 nM and validated by quantitative polymerase chain reaction
(qPCR) on a ViiA-7 real-time thermocycler (Applied Biosystems),
using qPCR primers recommended in Illumina’s qPCR protocol,
and Illumina’s PhiX control library as standard. The libraries were
then pooled at equimolar concentrations and sequenced in one lane
on an [llumina HiSeq2500 sequencer in rapid mode at a read length
of 250 bp paired-end.

RNA samples: Before library preparation, the quality of the
RNA samples was assessed on a Bioanalyzer 2100 using an RNA
6000 Nano Chip (Agilent). Sample quantitation was carried out
using Invitrogen’s Ribogreen assay.

Library preparation was performed according to Illumina’s TruSeq
Stranded mRNA protocol with the following modifications: The
oligo-dT mRNA purification step was omitted, and instead, 200 ng
of total RNA was directly added to the Elution2-Frag-Prime step.
The PCR amplification step, which selectively enriches for library
fragments that have adapters ligated on both ends, was performed
according to the manufacturer’s recommendation, but the number
of amplification cycles was reduced to 12. Each library was uniquely
tagged with one of Illumina’s TruSeq LT RNA barcodes to enable
library pooling for sequencing.

The finished libraries were quantitated using Invitrogen’s Picogreen
assay, and the average library size was determined on a Bioanalyzer
2100 using a DNA 7500 chip (Agilent). Library concentrations were
then normalized to 4 nM and validated by qPCR on a ViiA-7 real-
time thermocycler (Applied Biosystems), using gPCR primers recom-
mended in Illumina’s gPCR protocol, and Illumina’s PhiX control
library as standard. The libraries were then pooled at equimolar
concentrations and sequenced in one lane on an Illumina HiSeq2500
sequencer in rapid mode at a read-length of 100 bp paired-end.

The raw metagenomic and metatranscriptomic Illumina reads
were quality and adapter trimmed using cutadapt 1.8.1 with param-
eters of “-q 20 --minimum-length 30”.

The trimmed metagenomic reads were then mapped against the
mm10 mouse genome with bowtie2 2.2.5 (46) using “-D 20 -R 3 -N
1 -L 20 -i S,1,0.50” as its sensitivity parameters. Any reads that
cannot be confidently mapped against the mouse genome (with --un-
conc switch) were separated and processed as the microbiome
reads. Afterward, each microbiome paired-end reads were locally
assembled between read 1 and its corresponding read 2 using
FLASH 1.2.6 (47), with minimum overlapping of 10 bp and error
ratio of 0.25. These reads were then aligned against National Center
for Biotechnology Information (NCBI) nonredundant protein
database (downloaded at 8 April 2015) with RAPSearch2 2.15 (48).
On the basis of these alignments, the microbial taxonomical classi-
fication was determined using the lowest common ancestor algorithm
implemented in MEGANS5 (49) (parameters: maxmatches=25 min-
score=100 minsupport=25). The normalized classification table
from MEGANS5 was then used for subsequent statistical analysis
in R 3.4.0.

The trimmed metatranscriptomic reads were mapped against
the mm10 mouse genome with TopHat2 2.0.13 (50). Afterward, the
unmapped reads were locally assembled using FLASH 1.2.6. The
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merged reads were then separated into its ribosomal RNA and non-
ribosomal RNA components using sortMeRNA 2.0 (51). Afterward,
the ribosomal RNA reads were processed with QIIME 1.8.0, and the
nonribosomal RNA reads were processed with RAPSearch2 and
MEGANS analysis pipeline.

In vivo proliferation assay and immunofluorescence staining
Intestinal tissues from mice were Swiss-rolled, fixed in 4% formal-
dehyde, and sectioned. To visualize proliferative cells, mice were
intraperitoneally injected with 500 ug of EAU in 100 pl of sterile PBS
and euthanized 2 hours later (52). Intestinal rolls were sectioned
and stained for EdU using the Click-iT Alexa Flour 488 Imaging
Kit, following the manufacturer’s protocol. Images were captured
using Nikon ECLIPSE Ti microscope system. EdU-marked cells
were counted using Fiji (Image]) (53). Statistical analysis was per-
formed in GraphPad Prism 5 (GraphPad Software). P < 0.05 was
considered significant. For DCX staining, the brains were fixed in
4% paraformaldehyde, equilibrated in 20% sucrose, and sectioned
in the coronal plane at 16 um using Cryostat (Leica). DCX was
labeled with a rabbit polyclonal antibody (diluted 1:500; Cell Signaling
Technology), Iba-1 was labeled with a rabbit polyclonal antibody
(diluted 1:500; Wako) and visualized using Alexa Fluor 594-conjugated
secondary goat anti-rabbit antibody (diluted 1:500; Sigma-Aldrich),
and nuclei were labeled with 4’,6-diamidino-2-phenylindole (DAPI).
Hippocampal dentate gyrus imaging was performed using confocal
microscope (Leica STED). Whole area of dentate gyrus was visual-
ized by mosaic stitch procedure of Leica LasX. DCX" cells were
counted in whole dentate gyrus images of hippocampus. The ob-
tained cell numbers were normalized by the size of dentate gyrus
(DCX" cell number/mm?).

Metabolic phenotyping analysis

Sample treatment for'H NMR metabolic phenotyping analysis
Hydrophilic metabolites were extracted from serum, liver, and hippo-
campal tissues. Samples were homogenized (64,000 rpm, 2 min) in
7.5 ml of chloroform:methanol (2:1). The homogenate was combined
with 1 ml of water, mixed by vortexing, and centrifuged at 13,000g
for 5 min. The upper aqueous phase was separated from the lower
organic phase and dried using nitrogen gas. The hydrophilic phase
of each sample was reconstituted in 540 ul of D,O and 60 ul of phos-
phate buffer [(pH 7.4) 80% D,0] containing 1 mM internal standard
3-(trimethylsilyl)-[2,2,3,3,-2H4]-propionic acid (TSP).

'H NMR metabolic phenotyping analysis

"H NMR spectroscopy was performed on the aqueous phase ex-
tracts at 300 K on a Bruker 600 MHz spectrometer (Bruker Biospin,
Karlsruhe, Germany) using the following standard one-dimensional
(1D) pulse sequence with saturation of the water resonance (54)
RD -gz,1 - 90° - t - 90° - tm - gz,2 - 90° - ACQ, where RD is the
relaxation delay, 90° represents the applied 90° radio frequency (rf)
pulse, t1 is an interpulse delay set to a fixed interval of 4 us, RD was
2's, and tm (mixing time) was 100 ms. Water suppression was
achieved through irradiation of the water signal during RD and tm.
For the hippocampus and liver samples, each spectrum was acquired
using 4 dummy scans, followed by 32 scans and collected into 64 K
data points. A spectral width of 20,000 Hz was used for all the samples.
Before Fourier transformation, the FIDs were multiplied by an
exponential function corresponding to a line broadening of 0.3 Hz.
'H NMR spectra were manually corrected for phase and baseline
distortions and referenced to the TSP singlet at § 0.0. Spectra
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were digitized using an in-house MATLAB (version R2014a; The
MathWorks Inc., Natwick, MA) script. Spectra were subsequently
referenced to the internal chemical shift reference (TSP) at 6 0.0.
Spectral regions corresponding to the internal standard (8 —0.5 to 0.5)
and water (3 4.5 to 5.5) were excluded. Each spectrum was normal-
ized to the total weight of the sample.

Data treatment and metabolite identifications

Principal components analysis and orthogonal partial least square
discriminant analysis were performed with Pareto scaling in
SIMCAP+14 Pareto scaling was applied to all data variables. The
robustness of the models was evaluated on the basis of R? (explained
variance) and Q? (capability of prediction) values, as well as seven-
fold cross-validation and class permutation validation. Confirmation
of significant NMR metabolite identities was obtained using 1D and
2D NMR experiments (spike-in of chemical standards, J-resolved
spectroscopy, total correlation spectroscopy, and heteronuclear single-
quantum coherence spectroscopy).

Assessment of fecal butyrate using '"H NMR spectroscopy
The samples were randomized before analysis. The frozen fecal pellets
(—=80°C) of each sample were weighted, transferred into a 2-ml
lysing tube (Precellys Ltd.), and mixed with 500 ul of water (liquid
chromatography-mass spectrometry grade, Thermo Fisher Scientific).
The samples were vortexed for 10 min at 4°C and subjected to 4 cycles
of homogenization using the tissue lyser (Precellys Evolution homog-
enizer, Bertin Instrument Ltd.) during 40 s at 6500 rpm with a pause
of 30 s between each cycle. The samples were centrifuged for 10 min at
4°C at 8000 rpm, and the supernatants were collected into a separate
Eppendorf tube. The remaining pellets were further extracted by
adding 500 pl of water and using the same steps as described above.
The supernatants obtained from the two runs of extraction were
combined and centrifuged for 12 min at 12,000 rpm. A volume of
630 ul of the supernatant was mixed with 70 ul of potassium phos-
phate buffer (pH 7.4) (54) in a new Eppendorf tube. A volume of
600 pl of the sample was transferred into an NMR tube with an outer
diameter of 5 mm before NMR analysis.

The fecal water samples were analyzed using a NOESY preset
sequence (NOESYPR1D) with water presaturation on a Avance III
Bruker NMR spectrometer (Bruker Biospin, Rheinstetten, Germany)
operating at 600.13 MHz. All experiments were performed with
32 scans, a 0.01-s mixing time, a delay between the two 90° rf pulses
of 4 us, and a relaxation time of 4 s at a temperature of 300 K. The
spectral window was set at 20 parts per million, and 64,000 data points
were recorded. A spectrum of 0.2 mM butyrate was also acquired using
the same parameters to help butyrate peaks identification. Spectral
processing was performed as described previously (54). The spectra
were referenced to the internal chemical shift reference (TSP) at § 0.0.

The spectra were digitized using the MATLAB Impact Toolbox
developed by the National Phenome Centre (MATLAB version
R2017a; The MathWorks Inc., Natwick, MA). The butyrate peak
between & 1.56 and & 1.57, which did not overlap with other peaks,
was integrated using an in-house MATLAB script and normalized
to the total weight of the sample.

Statistical analysis

Statistical analysis was performed in GraphPad Prism 5. P < 0.05
was considered significant. Data are presented as means + SEMs
unless otherwise stated. Between-group comparisons were carried
out using Student’s ¢ test.
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Neurogenesis and prolongevity signaling in young germ-free mice transplanted with the
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Hidden benefits of a fecal transplant

Our gut microbiota evolves as we age, yet its effects on host physiology are not clearly understood. Kundu
et al. now attempt to elucidate these effects by transplanting the gut microbiota of either young or old donor mice
into young germ-free recipient mice. They report that young germ-free mice receiving gut microbiota transplants
from old mouse donors exhibited increased hippocampal neurogenesis, intestinal growth, and activation of the
prolongevity FGF21-AMPK-SIRT1 signaling pathways in the liver. Subsequent metagenomic analysis revealed the
potential role of butyrate-producing microbes in mediating these effects. These findings collectively suggest that
the gut microbiota of an old mouse host may have beneficial effects in a young mouse recipient.
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