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Inflammation is a major risk factor of morbidity and mortality in older adults. Although its

precise etiology is unknown, low-grade inflammation in older adults is commonly associated with
increased intestinal epithelial permeability (leaky gut) and abnormal (dysbiotic) gut microbiota. The
increasing older population and lack of treatments to reduce aging-related microbiota dysbiosis,
leaky gut, and inflammation culminates in a rise in aging-related comorbidities, constituting a
significant public health concern. Here, we demonstrate that a human-origin probiotic cocktail
containing 5 Lactobacillus and 5 Enterococcus strains isolated from healthy infant gut prevented
high-fat diet-induced (HFD-induced) microbiota dysbiosis, leaky gut, inflammation, metabolic
dysfunctions, and physical function decline in older mice. Probiotic-modulated gut microbiota
primarily reduced leaky gut by increasing tight junctions, which in turn reduced inflammation.
Mechanistically, probiotics modulated microbiota in a way to increase bile salt hydrolase activity,
which in turn increased taurine abundance in the gut that stimulated tight junctions and suppressed
gut leakiness. Furthermore, in Caenorhabditis elegans, taurine increased life span, reduced
adiposity and leaky gut, and enhanced physical function. The results suggest that such probiotic
therapies could prevent or treat aging-related leaky gut and inflammation in the elderly.

Introduction

The number of older adults is increasing worldwide, and aging increases the risk of comorbidities, such
as obesity, diabetes, cancer, and cardiovascular diseases (1, 2). Although many preventative or ther-
apeutic targets to ameliorate such individual aging-related comorbidities have been known, common
pathways that involve all of these comorbidities and their amenable interventions in older adults remain
elusive. Increased low-grade inflammation is a major risk factor for morbidity and mortality in older
adults (3, 4) and a hallmark of aging-related comorbidities. Although the precise etiology of increased
inflammation in older adults is not known, emerging evidence suggests that abnormally higher intestinal
epithelial permeability (“leaky gut”) is associated with increased inflammation in older adults (3, 5, 6).
Higher gut permeability leads to influx of antigens, endotoxins, pathogens, and other proinflammatory
substances from gut into the blood and lymphatic circulation, leading to systemic inflammation. Howev-
er, increased inflammation also disrupts intestinal epithelial barriers and induces leaky gut (7, 8). There-
fore, the link between leaky gut and inflammation is bidirectional and remains correlative. Leaky gut and
inflammation are commonly associated with poor health of older adults, specifically in individuals with
obesity, diabetes, or reduced physical function (5). Abnormal (dysbiotic) gut microbiota could account
for leaky gut and inflammation in older adults (3, 9), since dysbiotic microbiota can produce metabolites
that interact with the host’s intestinal epithelial cells to reduce epithelial barrier proteins like zonulin-1
(Zol), occludin (Ocln), and claudins, resulting in disrupted cell-to-cell connections, which compromises
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intestinal permeability (10, 11). Therefore, maintaining a healthy gut microbiota can benefit the health of
older adults by reducing leaky gut and inflammation.

Probiotics are live microorganisms, which — when administered in adequate amounts — confer a
health benefit on the host (12). Probiotics are one of the most accepted strategies to modulate the gut
microbiota and normalize dysbiosis (13—17); therefore, we posit that probiotic therapy can maintain healthy
gut microbiota and reduce leaky gut and inflammation. Several preclinical studies have shown that some
specific probiotic strains may improve intestinal permeability homeostasis (18, 19) and inflammation (20,
21). Multiple studies also suggest that probiotics are beneficial for several human diseases, including obesity
and diabetes (13-17, 21-23); however, the origin of such probiotics remains largely unknown. Probiotics
isolated from a human body source are recommended to be used in clinical practice. However, well-defined
human-origin probiotics exhibiting beneficial effects on aging-related leaky gut and inflammation are not
well known; hence, this warrants development of human-origin probiotics. In addition, it remains largely
unknown how probiotics reduce leaky gut and inflammation, specifically in older adults, and the majority
of evidence accumulated to date remains correlative. For example, while some reports show that probiotics
act primarily on immune cells to suppress inflammation and improve intestinal barriers, others show that
probiotics primarily enhance intestinal barriers, which in turn helps suppress inflammation (24, 25). Deter-
mining whether probiotics-microbiota interactions primarily improve intestinal permeability or immune
cells will not only pave the way to understand the mechanisms, but it will also provide opportunities to
further improve their therapeutic potential. Moreover, probiotics primarily modulate gut microbiota, which
produce an array of metabolites; however, which specific metabolite mediates the effect of a specific pro-
biotic is not well defined. Finding new microbial metabolites can open avenues to develop them as small
molecule therapy to ameliorate leaky gut and inflammation in older adults.

Similar to humans, older mice show higher leaky gut, inflammation, microbiome dysbiosis, glucose
intolerance, insulin resistance, and physical functions compared with young counterparts (26-32). By using
this model, we studied a multistrain probiotic cocktail isolated from infant gut (33) and defined its function-
al role in aging-related metabolic dysfunctions, leaky gut, and inflammation in the approximately 80-week-
old C57BL/6J mice (equivalent to > 65 years human age). We have systematically pinpointed physio-
logical, cellular, and molecular mechanisms by which such probiotic therapy modulates the microbiota/
metabolite/leaky gut/inflammation axis.

Results

Probiotics feeding prevents HF D-induced metabolic dysfunction and physical function decline in older mice. Older
adults are more susceptible to obesity- and type 2 diabetes—related metabolic dysfunctions like glucose
intolerance, insulin resistance, hepatic steatosis, and inflammation in adipose tissues upon high calorie/
fat intake (34-37). Here, we investigated whether our probiotic cocktail can protect such high-fat diet—
induced (HFD-induced) dysfunctions in older mice. Interestingly, 10 weeks of probiotic cocktail feeding
significantly increased blood glucose clearance in oral glucose tolerance test (OGTT) (Figure 1A) and
improved insulin sensitivity upon exogenous insulin administration during insulin tolerance test (ITT)
(Figure 1B) in HFD-fed older mice compared with their age- and sex-matched controls. These data sug-
gest that probiotic feeding prevented HFD-induced glucose metabolism dysfunctions in older mice. How-
ever, no significant differences were observed on body weight and weight gain, food and water intake, or
energy expenditure in probiotic-fed group compared with their controls (Supplemental Figure 1, A-G;
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.132055DS1).
This indicates that the probiotics cocktail was well tolerated and enhanced metabolic functions of older
mice. Interestingly, fat accumulation in liver (hepatic steatosis) was significantly attenuated, and crown-
like structures in white adipose tissue (WAT), an inflammation marker, were significantly lower in pro-
biotic-fed older mice than in controls (Figure 1, C and D), indicating that probiotic feeding reduced fat
accumulation and inflammation in metabolic organs like liver and WAT.

Obese older adults face higher decline in physical function, such as reduced walking speed that is
commonly associated with poor health outcomes and increased mortality in older adults (38—40). Interest-
ingly, probiotic-fed obese older mice had higher walking speed than controls (Figure 1E), suggesting that
probiotic therapy attenuated physical function decline in older obese mice. Altogether, these results indicate
that probiotic therapy prevented HFD-induced metabolic derangements like glucose intolerance, insulin
resistance, hepatic steatosis, and inflammation in WAT and improved physical function of older mice.
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Probiotic therapy beneficially modulates gut microbiota in obese older mice. The primary action of probiotics
is posited through modulating the gut microbiota, and we found that feeding this human-origin probiotic
cocktail significantly changed microbial composition in the gut of older mice (Figure 2). Reduced microbial
diversity measured by a-diversity (microbial diversity within the sample) and B-diversity (microbial diversity
among the samples) are known indicators of dysbiosis (41), and interestingly, feeding this probiotic cocktail
enhanced microbial diversity, as indicated by increased Shannon index (a-diversity) and by a significantly
distinct clustering of B-diversity observed in principal coordinate analysis (PCoA) (Figure 2, A and B).
Other a-diversity indices like phylogenetic diversity (PD) whole tree, Chaol, and number of operational
taxonomic units (OTUs) remain significantly unchanged in probiotic-fed mice and their control mice, but
trends were toward higher a-diversity in probiotic-fed mice compared with controls (Supplemental Figure
2, A—C). The abundance of phylum Firmicutes, family Rumminoccocaceae, and an unidentified family of
order Clostridiales was significantly increased, while abundance of phylum Verrucomicrobia and families
Verrucomicrobiaceae and Erysipelotrichaceae was decreased in probiotic-fed mice compared with controls (Fig-
ure 2, C and D). Specifically, probiotic feeding promoted the abundance of Clostridiales;f ;g , Oscilliospira,
Allbacullum, Rosiburia, Desulfovibrio, and Dorea, while it suppressed the population of Akkermansia, S24-7,
Peptococcacea;g_rc4-4, Lachnospiraceae;g , Lactococcus, Ruminococcus, SMB53, Coprobacillus, and Lactobacillus
(Figure 2E). Similar bacterial phyla, families, and genera appeared during our Linear discriminatory analy-
sis effect size (LEfSe) analysis (Supplemental Figure 2, D and E). Interestingly, among top 10 significantly
changed bacterial species due to probiotics feeding, the abundance of Akkermansia muciniphila, Peptococcus
niger, and Ruminicoccus gnavus significantly decreased, while that of Clostridium histolyticum (C. histolyticum),
C. thermosuccinogenes, Roseburia faecis, Enterococcus lactis, Bacteroides salanitronis, and Lactobacillus rhamnosus
was significantly increased in probiotic-fed obese older mice compared with their controls (Figure 2, F-N).
These results demonstrate that older HFD-fed mice that received the probiotic cocktail developed a signifi-
cantly distinct gut microbiota signature — enriched with beneficial commensals — that was associated with
improvement in the metabolic health of older obese mice.

Probiotics feeding reduces inflammation and leaky gut markers in HFD-fed older mice. Low-grade inflamma-
tion is a major risk factor of metabolic dysfunctions, poor health, and high mortality in older adults (4, 42).
Herein, we found that the probiotics feeding significantly decreased the expression of proinflammatory
markers like IL-6, TNF-a, and IL-1f in LPS-treated primary macrophages isolated from the peritoneal
cavities of older mice compared with their controls (Figure 3, A—C), indicating that the probiotic feeding
suppressed the inflammatory responses in the mucosal lymphatic macrophages present in peritoneal cavity.
Similarly, the expression of IL-6, TNF-a, and IL-1p was decreased, while antiinflammatory markers like
IL-10 and TGF-B expression was increased in the colon tissues of probiotic-fed mice (Figure 3, D-H),
suggesting that probiotic feeding also suppresses the inflammation in the intestinal milieu. These results
demonstrate that probiotic therapy reduced inflammation in intestinal tissues and distant immune cells like
peritoneal lymphatic macrophages.

Increased inflammation in older adults is often associated with increased leaky gut indicated by system
markers such as LPS binding protein (LBP) and soluble CD14 (sCD14) in circulation/blood that are linked
with poor health outcomes (3, 5). Interestingly, we found that the feeding of our human-origin probiotic
cocktail significantly reduced LBP levels in the serum of older mice compared with their controls (Figure
31). The sCD14 levels were also decreased in the serum of probiotic-fed older mice but did not achieve
statistical significance (Figure 3J). These results indicated that the probiotics feeding reduces leaky gut
markers that are linked with reduced inflammation in intestine and peritoneal macrophages.

Probiotics feeding enhances expression of tight junction proteins in obese older mice. Abnormalities in the
gut epithelium, specifically the downregulation of tight junction proteins, are associated with compro-
mised intestinal epithelial permeability (leaky gut) and increased inflammation in obesity and aging (3,
41). We demonstrated that the probiotic therapy significantly increased the mRNA expression of tight
junction proteins such as Zol and Ocln in the intestinal tissues of older obese mice (Figure 4, A and
B). The protein expression of Zol increased, while marginal increase with no statistical significance in
Ocln protein was seen (Figure 4, C and D). This suggests that probiotic therapy improved the intestinal
epithelial integrity that is linked to reduced inflammation in local intestinal tissues, as well as system-
ically, as corroborated by the decrease in peritoneal macrophages. Interestingly, global and unbiased
gene expression analysis by RNA sequencing (RNAseq) revealed that the probiotics feeding significant-
ly changed the expression of a large number of genes and pathways. Specifically, probiotics feeding
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Figure 1. Probiotics feeding prevents HFD-induced metabolic dysfunctions in older mice. (A and B) Ten weeks of pro-
biotics improved glucose tolerance and enhanced insulin sensitivity in older obese mice, measured by oral glucose tol-
erance test (A) and insulin tolerance test (B) (n = 6 in control and n = 8 in probiotics groups; *P < 0.05, 2-way ANOVA).
(C) Representative images of H&E staining of liver (upper panels) showing reduced fat accumulation and white adipose
tissue (WAT; lower panels) showing reduced adipocyte size, along with reduced inflammation (indicated by crown-like
structures; red arrows) in probiotics fed mice (n = 8) compared with their controls (n = 6). (D) Crown-like structures

are graphed. (E) Probiotic-fed older obese mice (n = 8) exhibited higher physical function presented as walking speed
compared with their age- and sex-matched HFD-fed controls (n = 6). Values are mean of n = 6-8 mice in each group,
and data are shown as mean + SEM. *P < 0.05, and ***P < 0.001 by 2-way ANOVA with Bonferroni's correction (A and
B) and Student’s t test (D and E).

significantly upregulated around 856 genes — while downregulating around 1053 genes in the gut of
older mice compared with their controls (Figure 4E) — that were very distinctly clustered among these
groups (Figure 4F). Furthermore, pathway analyses revealed that the cell adhesion molecules (CAMs)
and cytokine pathways were the top 2 largely affected pathways in the intestinal tissues of probiotic-fed
obese older mice in comparison with their controls (Figure 4G). These results demonstrate that the pro-
biotic therapy enhanced cell adhesion pathways and particularly increased tight junction proteins in the
intestine of older obese mice that were associated with decreased inflammation.

Probiotics primarily act on intestinal tight junctions instead of immune cells. We demonstrate that the pro-
biotic therapy improved metabolic functions and gut microbiota that are associated with reduced inflam-
mation and increased expression of tight junction proteins; however, it is not known whether (a) probiot-
ic-modulated gut microbiota primarily act on intestinal epithelium by improving tight junctions to reduce
inflammation or vice versa or (b) these changes in tight junctions and inflammation are parallel events.
We used a coculture system of human intestinal epithelial cells (Caco-2; in upper chamber) and human
macrophages (THP-1-differentiated macrophages; in lower chamber) to test the effect of probiotics cecal
conditioned media (CCM), which was prepared from probiotic-fed mouse cecal contents compared with
control CCM. When Caco-2 cells were exposed to CCM of probiotic-fed mice, we observed significantly
reduced intestinal epithelial permeability measures like transepithelial electrical resistance (TEER) and
FITC-dextran diffusion in the Caco-2 monolayer compared with the CCM of control mice (Figure 5,
A and B). However, no significant changes in TEER and FITC diffusion of the Caco-2 monolayer were
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Figure 2. Probiotic therapy beneficially modulates gut microbiome in older obese mice. (A-E) Gut microbiome sig-
nature in terms of B-diversity (A), a-diversity (Shannon index) (B), and abundance of major phyla (C), families (D), and
genera (E) were significantly changed in probiotic-treated HFD-fed older mice (n = 5) compared with their controls (n

= 5). (F-N) Specifically, probiotic therapy decreased Akkermansia muciniphila (F), Peptococcus niger (G), and Rumini-
coccus gnavus (H) and increased C. histolyticum (1), C. thermosuccinogenes ()), Roseburia faecis (K), Enterococcus lactis
(L), Bacteroides salanitronis (M), and Lactobacillus rhamnosus (N). Values are mean of n = 5 in each group, and data are
shown as mean + SEM. *P < 0.05; **P < 0.01, and ***P < 0.001 by PERMANOQVA (A), unpaired 2-tailed Student’s t test
(F-N), and 1-way ANOVA (B-E).

observed when cocultured macrophages were exposed to both CCM (Figure 5, E and F). Similarly, the
expression of tight junction proteins (Zo/ and Oc/n) mRNA was significantly increased in Caco-2 mono-
layer treated with CCM of probiotic-fed mice compared with their controls (Figure 5, C and D), while
no significant changes were observed in these measures in Caco-2 cells cocultured with CCM-treated
macrophages (Figure 5, G and H). These results demonstrate that the probiotic-modulated gut microbiota
primarily act on intestinal epithelial cells to increase the expression of tight junction proteins, resulting
in decreased epithelial permeability, which in turn reduced inflammation in local tissues and peripheral
immune cells.

Probiotics feeding significantly modulates metabolites and increases taurine abundance in the gut of HFD-fed old-
er mice. To determine the missing link by which probiotic-modulated gut microbiota improves intestinal
tight junctions and inflammation in obese older mice, we tested the hypothesis that gut microbiota—derived
metabolites may be involved in these improvements. Therefore, we performed untargeted-unbiased global
metabolomics in the feces of these mice (43). Interestingly, the metabolites from probiotic-fed mice were
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Figure 3. Probiotics treatment reduces inflammation in peritoneal macrophages and intestine of older obese mice.
(A-C) LPS-induced inflammatory response in terms of mMRNA expression of IL-6 (A), TNF-o (B), and IL-15 (C) was
reduced in primary macrophages isolated from peritoneal cavity of older HFD-fed mice treated with probiotics (n = 8)
compared with their controls (n = 6). (D-H) In addition, the expression of proinflammatory markers such as IL-6 (D),
TNF-o (E), and IL-18 (F) were decreased, while antiinflammatory genes like /L-10 (G) and TGF-5 (H) mRNA expressions
were increased in the colon of probiotic-fed older obese mice (n = 8) compared with their controls (n = 6). (land J) In
addition, systemic leaky gut markers such as LPS binding protein (LBP) (1) and soluble CD14 (J) were reduced in the
serum of probiotic-fed older obese mice (1 = 7) compared with their controls (n = 6). Values are mean of n = 6-8 in each
group, and data are shown as mean + SEM. *P < 0.05; **P < 0.01, ***P < 0.001 by Student t-test (A-}).

clustered distinctly from their controls (Figure 6, A and B). In addition, the volcano plot suggests that
major metabolites like taurine, glucose, and total bile acids (Figure 6, E-G) (44), as well as glycine, acetate,
isoleucine, phenylalanine, and tyrosine, were significantly abundant in the gut of probiotic-fed compared
with control older obese mice (Figure 6C). Furthermore, the heatmap in Figure 6D also shows that various
metabolites in terms of fold change are significantly distinct in probiotic-fed versus control mice. Altogeth-
er, these results indicate that probiotics feeding significantly changed metabolites in the gut of older mice.
A pathway analysis plotted using pathway enrichment analysis and pathway impact values further
indicated that the major Kyoto Encyclopedia of Genes and Genomes (KEGG; https://www.genome.jp/
kegg/) pathways significantly affected after probiotics feeding were taurine and hypotaurine metabolism
(Supplemental Figure 3). The abundance of taurine, total bile acids, glucose, butyrate, and propionate were
significantly increased in the gut of probiotic-fed older mice compared with their controls (Figure 6, E-).
The highest increase (fold change, 3.9) in taurine levels in the feces of probiotic-fed older mice (Figure 6E)
suggested that taurine is linked with improvements in intestinal tight junctions, inflammation, and metabol-
ic, physical, and cognitive functions in older mice fed with HFD. However, the mechanism of how taurine
levels increased in the feces of probiotic-fed mice is not known. Taurine is a modified amino acid produced
in the liver and released by conjugation to bile acids (bile salts) such as taurocholate in the gut through bile
juice (45, 46). These taurine-carrying bile salts are deconjugated by a bacterial enzyme, bile salt hydrolase
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Figure 4. Probiotics treatment increases expression of tight junctions in the intestine of older obese mice. (A and B)
The mRNA expression of tight junction proteins like Zonulin-1(Zo1) (A) and Occludin (Ocln) (B) were significantly increased in

colon of probiotics fed older mice (n = 8) compared with their controls (n = 6). (C and D) Western blot analysis shows that Zo1

protein expression was significantly increased, while Ocln showed marginal increase in the colon tissues of probiotic-treated
older mice (n = 7) compared with their controls (n = 6). (E and F) Global gene expression using RNAseq analysis revealed

that probiotic feeding significantly increased around 856 genes while it decreased 1053 genes that were distinctly clustered

in the probiotic-treated (n = 7) group versus controls (n = 6). (G) Pathway analysis of deferentially expressed genes (DEGs)
shows that cell adhesion and cytokine (immune) pathways were more affected by probiotics treatment compared with their
controls. Values are mean of n = 6-7 each group, and data are shown as mean + SEM. **P < 0.01 and ***P < 0.001. Student t

test (A, B, D) and random forest analysis (E) were used, as well as hierarchical clustering between samples using hclust, with

is (E
diagrams drawn with ggplot2 (F) and differential expression of genes (DEGs) (G) were completed using R programs

(BSH) (47). Therefore, we tested a hypothesis that probiotics feeding may have increased BSH activity in

the gut microbiota, resulting in increased deconjugation of taurine from bile acids like taurocholate. Inter-

estingly, the BSH activity was significantly increased in the feces of probiotic-fed older mice compared with
their controls (Figure 6J), suggesting that probiotics changed the gut microbiota in a way that increased BSH

https://doi.org/10.1172/jci.insight.132055


https://doi.org/10.1172/jci.insight.132055

. RESEARCH ARTICLE

insight.jci.org

Caco2 cells THP1 cells
M Control M Probiotics M Control M Probiotics
A o B E o F
0.7 4 07
% ** > 4 ns > .
—~ -201 F 0.6 l ¥ 2201 2 06 ns
W = * w = .
P 201 = W ® ~ 05
o » -40 Nj i < -40 83 .
5 ag’ S 04 29 — E E 04
© - == i = a0 4 i
S & 0 mm g2 % Rl | g 203
ES g o= 22 238 g o~ 02
3 E 019 Ec - E o
-100 L 0- © 100’ 0
c
cCis, e 5P, s G, sH .
ke : - @ ns ° . ns o .
ﬁ"\ :]Ig— 9/8_71 gfa 14— 0 12
=5 M < 21.51 =) * SR ns
S 2 129 & £ 5081 35 ' e
) J — < < 0.8
<5 : 2-81-- < 5061 <Z’:0 I+
<5 o081 z32 | - Zo & T 061
XS 0.6 €= %30,4- E§04_
E‘C/ 0.4 S 0.51 ‘\v E B
S 02 8 R 021 S 02
N 0 0- 0- 0-

Figure 5. Probiotics primarily act on intestinal tight junctions versus immune cells. (A-C) Treatment of Caco-2 cell
monolayers (cultured with THP1 cells) with cecal conditioned media (CCM) from probiotic-fed mice shows significantly
less changes in transepithelial electrical resistance (TEER) (A) with reduced FITC-dextran (4 kDa) (B) and increased Zo7
(€) and OcIn (D) mRNA and protein expressions compared with control CCM-treated cells. (E-H) No significant changes
were observed in these measures when cocultured THP-1 cells were treated with CCM prepared from probiotics and
control mouse cecal contents. Values are mean of 2-3 repeated experiments done in triplicate, and CCM was prepared
from cecal contents of n = 6 controls and n = 7 probiotic-treated mice. Data are shown as mean + SEM. **P < 0.01 ***P
< 0.001 by ANOVA with Bonferroni’s corrections and Student’s t test.

activity, which resulted in higher deconjugation of tauro-bile salts to release more taurine in the gut. Most of
the strains in our probiotics cocktail show BSH activity (Supplemental Figure 4, A and B), suggesting that
feeding of the probiotic cocktail increased BSH activity in the gut of older mice, which may lead to increased
deconjugation of free taurine from bile salts.

Taurine restores intestinal integrity and improves health indicators in C. elegans. To further determine whether
increased taurine levels in the gut contributes to increasing tight junctions, thus reducing intestinal epi-
thelial permeability, we supplemented taurine (200 pM) in the CCM and incubated it with Caco-2 cell’s
monolayer. Interestingly, taurine supplementation significantly reduced decline in TEER and increased the
expression of Zol and Ocln mRNA (Figure 7, A-C, and Supplemental Figure 5), indicating that taurine
increases intestinal epithelial barrier integrity to reduce gut permeability by increasing the expression of
tight junction proteins. Furthermore, to determine the impact of taurine feeding on life-span in Caenorhabdi-
tis elegans (C. elegans), we showed that taurine feeding extended the life span of C. elegans by > 2 days, which
is equivalent of > 10-12 years of human age (Figure 7D), suggesting that taurine exhibits antiaging effects.
In addition, taurine feeding also reduced fat accumulation and intestinal permeability (measured by using
Smurf assay; ref. 48) (Supplemental Figure 6) in older C. elegans (Figure 7, E-G). This further reveals that
increased taurine in the gut is beneficial to ameliorate aging-related dysfunctions like adiposity and leaky
gut, which in turn improves healthy life-span.

Discussion

In this study, we demonstrate that a probiotic cocktail, which we isolated from the infant gut (33), has
beneficial effects to prevent HFD-induced gut dysbiosis, leaky gut, and inflammation, along with met-
abolic abnormalities and decline in physical function of older mice. This study also untangles that the
probiotic-modulated gut microbiota primarily act on intestinal epithelia to reduce leaky gut, followed with
inflammation, instead of action on immune cells. This study also comprehensively demonstrates how a
well-tolerated human origin probiotic therapy modulates gut microbiota to enhance the abundance of ben-
eficial metabolites like taurine, which reduces leaky gut and improves healthy life span. As a large portion
of the world’s population gets older, the demand for interventions to address aging-related comorbidities
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insight.jci.org

like obesity, diabetes, hepatic steatosis, and movement decline increases. Because these comorbidities are
commonly associated with dysbiotic gut microbiome, leaky gut, and inflammation (3), interventions that
modulate the gut microbiota and resolve dysbiosis are good candidate approaches.

Older adults have an even higher susceptibility for such comorbidities when exposed to higher calor-
ic intake than younger counterparts (49, 50). However, the underlying biology of this susceptibility in
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Figure 7. Taurine significantly decreases epithelial permeability, increases tight junction proteins, reduces fat accumulation, and reduces gut leakiness in
C. elegans.(A-C) Taurine supplementation in cecal conditioned media (CCM) in control significantly reduced changes in TEER of Caco-2 cells monolayer (A) and
significantly increased expression of tight junction protein Zo1 (B) and Ocln (C) expression. Values are mean of 2-3 repeated experiments done in triplicate.

(D) Taurine treatment increased the life span of C. elegans. Kaplan-Meier curves were generated using survival data in days for each worm (n = 150-195 worms
in each group), and statistical significance was calculated using the log-rank test. (E) Composite image of multiple worms. (F and G) Taurine treatment also
increased physical activity (F) and intestinal permeability (leaky gut) using Smurf assay (G) in n = 120-150 worms in each group. Values are mean of 2-3 trials
of cell culture experiments done in triplicate (A-C) and n = 120-195 worms (D-G). Data are shown as mean + SEM. *P < 0.05, **P < 0.01 by 2-way ANOVA with
Bonferroni’s corrections (A), Student's t test (B, C, F, G), and log-rank (D).

the context of a HFD and preventive strategies are poorly understood. Here, we demonstrated that a
human-origin probiotic therapy prevented HFD-induced metabolic dysfunctions — namely glucose intol-
erance, insulin resistance, hepatic steatosis, and fat tissue inflammation — in older mice. Reduced phys-
ical function and increased inflammation are major risk factors of increased morbidity and mortality of
obese older adults (38—40), and probiotic therapy reduced both of these risk factors. Our findings indicate
that such probiotic therapies could be beneficial for preventing aging-related metabolic dysfunctions, phys-
ical decline, and inflammation, and they may promote healthy aging.

Emerging evidence suggests that the gut of older adults harbors dysbiotic microbiota, which is associat-
ed with poor health outcomes (3, 51-53). We observed that probiotic therapy of human-origin multistrain
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probiotic cocktail beneficially modulated gut microbiota in older obese mice. Although several other probi-
otics and commensal strains are also known to modulate gut microbiota and have shown beneficial effects
on host health (3, 54, 55), their mechanisms of actions are not clear. Some probiotic strains are known to
modulate immune cells to suppress inflammation, whereas others have been shown to enhance the intestinal
barrier to reduce inflammation by reducing nonspecific leakiness of inflammatory substances from gut to
immune sites (18, 19). Nevertheless, these results remain correlative, as leaky gut induces inflammation and
increased inflammation also promotes derangements in intestinal barrier functions to increase leakiness (20,
21). It is largely unknown whether probiotic-modulated gut microbiota primarily act on immune cells to
suppress inflammation or act on intestinal barriers. Our results demonstrating that the probiotic modulat-
ed gut microbiota primarily act on intestinal epithelial permeability — resulting in reduced inflammation,
instead of acting on immune cells to reduce inflammation — untangled this cause versus effect on intestinal
epithelial versus inflammation mechanism of action. However, such effects might be probiotics formula-
tion and strain dependent; therefore, further comprehensive studies are warranted. Altogether, these results
demonstrate that such probiotic therapies can improve aging-related microbiota dysbiosis, leaky gut, and
inflammation, and a decoupled mechanism of action can strengthen the ways to devise better microbiota
manipulators in reducing leaky gut, and thereby inflammation, in older adults.

Although earlier studies used certain probiotics by either exposing bacterial cells to intestinal epithelial
and immune cells or their cell-free supernatants to determine their impact on intestinal epithelial permea-
bility (56-58), how probiotic-mediated changes in gut microbiota and its metabolites impact host system
were not declared. Here, we used the CCM as a tool to define this. The use of CCM is innovative because
CCM mimics in vivo conditions, where microbial cells and larger ingredients of microbiota are filtered
out, while microbiota ingredients like metabolites are preserved and can interact with host cells. Using this
system, our studies established the cause versus effect relationship of leaky gut and inflammation, which is
affected by probiotic-microbiota action, and we demonstrated how host-microbe interactions contribute to
ameliorate leaky gut and inflammation in older and obese gut.

To further understand how probiotic-induced changes in gut microbiota improved intestinal integrity,
we tested the hypothesis that probiotics induced the production of microbial metabolites to impact intes-
tinal permeability. Metabolites produced by gut microbiota are the major functional moieties that interact
with host cells and can stimulate epithelial cells to preserve intestinal barrier homeostasis (11). Herein, we
observed that taurine abundance was significantly increased in the gut of probiotic-fed older obese mice,
using a global metabolomics approach (59). Taurine is one of the most abundant modified amino acids pres-
ent in the human body (60). In liver, taurine conjugates with bile acids to produce bile salts like taurocholate
(61). Taurine bile salts are released in bile into the upper gastrointestinal tract. Although 95% of bile salts
are reabsorbed into the small intestine (61), a microbial enzyme called BSH can deconjugate bile salts by
breaking covalent bonds between taurine and bile acids, resulting in increased taurine and bile acids in the
lower gut or feces. We demonstrated that probiotic therapy significantly enhanced the BSH activity in the
feces and increased taurine and bile acids in feces of probiotic-fed older obese mice. Our findings support
the notion that probiotic therapy increases BSH activity, which in turn increases bile salt deconjugation to
release taurine. Since the probiotic strains included in this cocktail have demonstrated BSH activity, this fur-
ther suggests that probiotic bacterial cells supplied the BSH activity in the gut of probiotic-fed older mice and
resulted in increased taurine through bile deconjugation. However, it is also possible that probiotics feeding
modulated the intrinsic microbiota in a way to either increase BSH-expressing bacterial numbers, increase
BSH activity, or both. Further studies are needed to pinpoint the proportional source of BSH activity.

Taurine is known to have beneficial effects to modulate several cellular and physiological functions,
such as hepatoprotective, antidiabetic, antiobese, and many more health-promoting properties (60, 62, 63).
‘We demonstrate that taurine exhibits antiaging effect to extend life span of C. elegans, which is in agreement
with other reports that taurine deficiency accelerate death in mice and has beneficial effects against aging-re-
lated disorders (60, 64). However, the mechanisms remain largely unknown. Our results demonstrate that
taurine decreased intestinal permeability and increased the expression of tight junction proteins in intestinal
epithelia (Caco-2 cell monolayers), suggesting that increased taurine abundance in the gut increases intes-
tinal epithelial integrity by enhancing tight junctions to reduce leaky gut and inflammation. In addition,
taurine feeding also reduced the fat accumulation and improved physical function in older C. elegans, and
this suggests that taurine-mediated reduction in the inflammation may help reduce fat accumulation as well
as enhance skeletal muscle functions to maintain higher physical function. Taurine increases functions and
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mass of skeletal muscles (65, 66), and skeletal muscle—specific depletion of taurine enhances senescence in
the muscle cells and increased mortality in mice (64), further supporting our findings that increased tau-
rine can be beneficial for improving metabolic and physical functions in older adults. Other independent
studies also show that taurine supplementation in drinking water reduces dextran sulfate sodium-induced
colitis (67), as well as improves tight junctions in the lung epithelia (68). This suggests that taurine may be
responsible for action of this probiotic therapy in improving aging-related metabolic dysfunctions, leaky
gut, and inflammation in older mice; however, the precise mechanism of action by which taurine reduces
these dysfunctions and the signaling pathways involved in such effects of taurine remain largely unknown.
Although here we studied the taurine because it was largely increased metabolite in probiotic-treated older
mice, we also observed significant increases in the abundance of total bile acids propionate and butyrate, and
these molecules are also known to benefit intestinal barrier functions (69—72). These molecules, along with
taurine, may have played beneficial roles in improving whole phenotype of older mice, and further studies
to determine their individual and/or synergistic effects in combinations on leaky gut and inflammation are
needed. However, the current study provides an advancement in our understanding of how a multistrain
probiotic cocktail can be effective to induce changes in the microbiota and its metabolites in the gut of elder-
ly and how it can be proposed as an alternative biotherapy for aging-related leaky gut and inflammation. In
addition, discovery of new microbial metabolites like taurine can provide ways to ameliorate aging-related
leaky gut and inflammation, either as a single small molecule or combinations.

In conclusion, this study provides evidence that a potentially novel human-origin probiotic cocktail
prevents HFD-induced gut microbiota dysbiosis, intestinal permeability, and inflammation and that it
improved metabolic and physical functions in older mice. It also dismantles that the probiotic-modulated
microbiota primarily enhances intestinal epithelial integrity — thereby suppressing the inflammation and
not the other way around, meaning suppressing inflammation to reduce leaky gut — and it explains cause
versus effect relationship of leaky gut versus inflammation. In addition, the study further elucidates the
mechanisms by which probiotic therapy enhances BSH activity of the gut microbes in older obese mice,
resulting in enhanced bile salt deconjugation and increased levels of taurine in the gut. Higher taurine
results in decreased intestinal permeability by enhancing the expression of tight junctions. Furthermore,
taurine feeding also demonstrates antiaging effects in C. elegans by ameliorating aging-related decline in
physical function, adiposity, and leaky gut. Altogether, these findings suggest that such human-origin probi-
otic strains and cocktails could ameliorate age-related leaky gut and inflammation, hence opening up novel
avenues to explore and exploit the clinical utilities of such therapeutic regimens.

Methods

Probiotics cultures and formulation. We used 5 Lactobacillus and 5 Enterococcus strains, which were isolated
from human infant gut and characterized for their genetic identity by DNA sequencing; their safety pro-
file, such as absentia of pathogenic islands in their genome and antibiotics resistance; and their probiot-
ic attributes, such as acid bile tolerance, epithelial cell adhesion, and their antibacterial activities, as we
described earlier (33). To prepare the probiotic cocktail used in this study, freshly cultured bacterial cells
were counted, and equal numbers were pooled to prepare stocks of 20% glycerol media that were stored
in —80°C. Stock cultures were freshly thawed each day and dissolved in drinking water to feed mice from
the experimental group, while an equal amount of glycerol was supplemented in drinking water of control
mice, as described below.

Animals. Older C57BL/6J (>78 weeks) male mice were purchased from the Jackson Laboratory and
acclimatized in a temperature-controlled room (22°C) on a 12-hour light/dark cycle for 2 weeks before any
treatment. At the age of 80 weeks, mice were randomized in 2 groups; (a) control and (b) probiotics (n =
5-8 in each group), as described elsewhere (73). The second group (probiotics) was fed a cocktail of 10 live
probiotic strains suspended in the drinking water (1 X 10° CFU/mL), while an equal amount of glycerol
was suspended in the water of the first group (control). Both groups were fed a HFD (60% energy by fat;
catalog D12492; Research Diets). Food and water were given ad libitum, and water was freshly changed
every day. Food and water intake was measured daily. Body weight of mice was measured weekly. After 10
weeks of treatments, mice were euthanized and tissues were collected for further analyses.

GTT and ITT. For OGTT, 12-hour overnight—fasted mice were orally given glucose solution (2.5 g/kg
body weight) and for ITT, 4-hour fasted mice were given the insulin (Humulin, Eli Lilly) solution i.p. at the
rate of 0.75U/kg body weight. The blood glucose was measured before (0 minutes) and after 15, 30, 60,
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and 120 minutes of glucose/insulin administration, using Truetrack glucometer (Nipro Diagnostics), as
also described in our earlier studies (15, 41, 74).

Histology. Liver and WAT (gonadal) were fixed in 10% formalin, embedded in paraffin blocks, and cut
in 0.5 pm-thick sections that were stained with H&E and imaged with AmScope microscope (Irvine) on
20x magnification using 9-megapixel digital camera. Crown-like structures in WAT were counted using
ImageJ software (NIH).

Indirect calorimetry. To measure whole body energy expenditure in live animals, older mice were individu-
ally housed in metabolic chambers of TSE PhenoMaster caging systems (Chesterfield) with free access to food
and water. The energy expenditure and resting metabolic rates were calculated from the volume of oxygen
consumption (VO,) and carbon dioxide production (VCO,), that also allow to determine the ratio between fat
and glucose utilization for energy expenditure in terms of resting exchange ratio (RER). All the parameters
were measured continuously and simultaneously for 48 hours, as also described in our earlier studies (74, 75).

Measurements of physical function in mice. Physical function measures such as exercise endurance and
walking speed were performed in blinded groups, as described before (73).

Gut microbiota analysis. The gut microbiome was examined, as per our previously described methods
(33, 73, 76-79). In brief, bacterial genomic DNA was isolated from 200 mg of freshly frozen collected
feces using Qiagen DNA Stool Mini Kit (Qiagen). The V4 hypervariable region of the of 16S rRNA gene
was PCR amplified using the universal primers 515 (barcoded) and 806R and was sequenced using MiSeq
Illumina platform (Illumina Miseq Reagent Kit v3). The obtained sequences were demultiplexed, quality
filtered, clustered, and taxonomically assigned against Greengenes data base with RDP-classifier using
Quantitative Insights into Microbial Ecology (QIIME, version 1.9.1) software package (80, 81) according
to our previously described workflow and parameters (41, 73, 76, 78). The a-diversity was computed using
QIIME, and the B-diversity was analyzed using PCoA of the unweighted and weighted Unifrac distance
(using EMPeror, version 0.9.3-dev). Bacterial taxonomy assignment was calculated within QIIME using
default settings to compare the bacterial diversity and abundance between the different groups. LEfSe was
applied on phylum, family, and genus level data on Galaxy platform (82), in order to identify discriminative
features (unique bacterial taxa) that drive differences in experimental versus control groups.

Measurements of systemic leaky gut markers. To determine the impact of probiotics feeding on systemic
leaky gut, markers such as LBP (catalog HK205-01, Hycult Biotech) and sCD14 (catalog MC140, R&D
Systems) were measured in serum using ELISA kits and following manufacturer instructions.

Peritoneal macrophage culture and stimulation. Peritoneal macrophages were harvested from mice by flush-
ing the peritoneal cavity with cold PBS. The peritoneal cells were cultured in RPMI-1640 media (Mil-
liporeSigma) containing 100 U/mL penicillin and 100 pg/mL streptomycin (Thermo Fisher Scientific).
After 2 hours of incubation, floating cells were removed by washing with PBS and adherent macrophages
were treated with or without 100 ng/mL LPS for 6 hours. Total RNA was extracted, and gene expression
was measured using real-time PCR, as described below.

Real-time PCR. Total RNA was extracted from tissues and cells using RNeasy kit (Qiagen) and was
reverse transcribed to cDNA using High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scien-
tific). Expression of Zol, Ocln, IL-6, TNF-a, IL-13, IL-10, and TGF-f (primer details in Supplemental Table
1) mRNAs were quantified using real-time PCR reaction in Applied Biosystems. The expression of 18S
was used as an internal control. All the quantitative PCR (qPCR) analyses were run in triplicate, and results
were expressed as fold changes calculated using the AACt method, as we published earlier (15, 41, 74, 76).

Western blotting. Total proteins were extracted from intestinal tissues and cell lines using a cell lysis
buffer (10 mM Tris, pH 7.6; 1 mM EDTA; and 1% Triton X-100) supplemented with protease inhibitors
(Roche). Equal amounts of total protein for each sample were separated on SDS-PAGE gel (10%-20%)
and transferred to PVDF membranes. Membranes were incubated with primary antibodies (Supplemen-
tal Table 2) and secondary antibodies, followed with chemiluminescent detection and imaging using PXi
machine and GeneSys software (SynGene Frederick). Tubulin was used as loading control in each gel.

RNAseq analysis. Global and unbiased gene expression analysis was done in intestinal (ileum) tissues
and was performed using Beijing Genomic Institute protocols and pipelines of RNAseq. The RNAseq
library was prepared for sequencing using standard Illumina protocols. After quality control, clean reads
were analyzed for the quantification of read numbers mapped to each gene using HTSeq v0.6.1. Differen-
tially expressed genes (DEGs) were defined using g < 5%. Gene ontology and KEGG enrichment analyses
were implemented for the DEGs by the GOseq R package and KOBAS software.
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Metabolomics analysis. Fecal samples were extracted using a method described by Gratton et al. (83) with
slight changes. The extracted water samples were mixed with phosphate buffer (pH 7.4) containing 10% D,0O
and 0.1 mM trimethylsilyl propionate (TSP). NMR experiments were carried out on a Bruker Ascend 400
MHz high-resolution NMR (Bruker Biospin) using a 1-D first increment of a NOESY (noesygpprld)with
water suppression and a 4-second recycle delay. All NMR spectra were phased and referenced to TSP in Top-
Spin 4.06 (Bruker BioSpin). The NMR spectra were analyzed in Amix 3.9 (Bruker Biospin), and a manual
pattern was created using the metabolites peaks range determined by Chenomx 8.4 (Chenomx Inc.) to extract
the metabolites peak intensities. Total intensity normalization was applied before further data analysis.

Preparation of CCM. The snap-frozen cecum from control and probiotic-fed mice that were collected at the
time of euthanasia and stored in —80°C were crushed in liquid nitrogen using a mortar and pestle. The obtained
fine powder was suspended in the cold DMEM media (25 mg cecal content in 10 mL media) and was kept
shaking at 4°C for 1 hour on a shaker in cold room at 200 rpm. The resulted suspension was centrifuged for 10
minutes at 3000 g and filtered 2 times through a 0.45-um filter and 2 times through 0.22-um filter in sterile con-
dition under a fume hood. The 1:10 dilution of obtained cecal conditional media (CCM) was used to treat cells.

Coculture transwell system and measuring TEER. Caco-2 cells (HTB-37, ATCC) were seeded on tissue
culture polycarbonate membrane filters (pore size 3.0 um) in Corning 12-well Transwell plates (catalog
CLS3402) at a seeding density of 2 x 10* cells/cm? (70%-80% confluence). The culture medium on both
the donor and the acceptor compartment was changed every second day. The cells were left to differentiate
for 21 days after seeding, with monitoring of TEER values using an EVOM2 Epithelial Voltometer (WPI).
The THP-1 cells (TIB-202, ATCC) were cultured in RPMI-based CCM substituted with 10% FBS. For
coculture experiments, 2 million THP-1 cells were seeded in each well of a fresh 12-well plate and differ-
entiated with PMA (100 nM) following a 24-hour rest period. The macrophage-differentiated THP-1 cells
were cocultured in Transwell plates (12-well Corning transwell cell culture inserts) with Caco-2 monolayer
cells. The TEER of these were measured, and the treatments were applied in the upper or lower compart-
ments, which contain Caco-2 and THP-1 cells, respectively. The treatments were applied on Caco-2 cells
directly on the upper compartment, while — to treat the THP-1 cells — CCM treatments were given for 2
hours, followed with washing and substitution with fresh media and coculturing with Caco-2 cells.

FITC-dextran permeability assay in Caco-2 cell monolayers. After an 8-hour treatment with CCMs of 21-day-
old monolayers of Caco-2 cells, FITC-dextran 4 (FITC-4; 4 kDa) solution (1 mg/mL) was added on the apical
(upper) side of the monolayers, and the levels of FITC-4 in basolateral (lower) side were determined using a flu-
orescence 96-well plate reader. The excitation and emission wavelengths were 400 nm and 535 nm, respectively.

BSH activity in the feces. Frozen, fecal samples (250 mg) were crushed in liquid nitrogen, suspended in
5 mL PBS, and settled on ice for 10 minutes. Bacterial cells were pelleted from the supernatant by centri-
fuging at 7000 g for 15 minutes at 4°C. The washed bacterial cells were sonicated for 60 seconds, followed
by centrifugation at 9700 g for 15 minutes. A total of 4 mL of 0.1M sodium phosphate buffer, pH 6.0,
containing 10 mM DTT, 500 pL of a 200 mM taurodeoxycholic acid (sodium salt) (Cayman, 15935), and
500 uL of cell-free extract were mixed and incubated at 37°C for 30 minutes. Then, a sample (100 pL)
was taken and 200 pL of 15% (w/v) trichloroacetic acid was added to terminate the reaction. The sample
was centrifuged (9700 g for 15 minutes), and 200 uL of the supernatant was added to 1.8 mL of ninhydrin
reagent (5 mg ninhydrin, 1.2 mL glycerol, and 0.7 mL 0.5M pH 5.5 sodium citrate buffer). The mixture was
vortexed and boiled for 14 minutes. After subsequent cooling, the absorbance at 570 nm was determined
using taurine as a standard. One unit of BSH activity (U/mL) was defined as the amount of enzyme that
liberated 1 pmol of taurine from the substrate per minute. Protein concentration was determined by the
BCA kit method (Thermo Fisher Scientific), with BSA as a standard. All experiments were repeated twice.

BSH activity in probiotics cultures. We have performed BSH activity in individual probiotic strains using 2
methods. The soft plate method (84) entailed the following: MRS soft plate was prepared using MRS broth
(55 g/L), bile salts (0.3%, w/v), CaCl, (0.375 g/L), and agar (0.75%, w/v) (Thermo Fisher Scientific).
The overnight cultures of 10 probiotic strains (5 uL for each) were dropped on the soft agar and cultivated
anaerobically at 37°C for 72 hours. The positive BSH activity was indicated with visible halos around the
colony (Supplemental Figure 4A). The second method was the solid plate method (85); BSH activity was
also screened on MRS solid plate with MRS broth (55 g/L), sodium salt of taurodeoxycholic acid (0.5%
w/v; MiliporeSigma), CaCl, (0.375 g/L), and agar (0.75%, w/v). After overnight cultivation, 10 strains
were scarpered onto the plates and further cultivated for 72 hours anaerobically. The precipitation sur-
rounding the colonies indicated the BSH activity (Supplemental Figure 4B).

insight.jci.org  https://doi.org/10.1172/jci.insight.132055 14


https://doi.org/10.1172/jci.insight.132055
https://insight.jci.org/articles/view/132055#sd
https://insight.jci.org/articles/view/132055#sd

. RESEARCH ARTICLE

C. elegans Iife span assay. W'T N2 strain of C. elegans was cultured by standard procedures on nematode
growth media (NGM) complete agar media and E. coli OP50. The life span screening assay was carried
out using liquid medium in 96-well plates according to protocol described by Solis and Petrascheck (86). In
brief, 1017 age-synchronized C. elegans (L1 larva) were cultured in S-complete media containing Ampicil-
lin, Carbenicillin, and Amphotericin B (for inhibiting microbial contamination) and 100 pg/mL fluorode-
oxyuridine (FUDR,; for blocking fertilization) in 96-well plates. C. elegans were fed (3 x 107 cfu/mL) E. coli
OP50 with or without taurine (200 uM). The number of live worms was counted daily on the basis of body
movement, and the fraction of animals alive was calculated.

Oil Red O staining in C. elegans. Treated worms were collected, settled with gravity, and washed with
PBS before fixing with 1.5 mL cold (-20°C) methanol for 5 minutes. After adding 1 mL PBS with 0.1%
Tween-20, worms were centrifuged (1200 g, 2 minutes) and then washed (2x) with PBS containing 0.1%
Tween-20. Worms were stained for 30 minutes in Oil Red O solution prepared according the protocol (87).
The worms were washed once with PBS after removal of the dye; then, they were mounted directly on a
glass slide with a 2% agarose pad and imaged using an AmScope microscope at 4x and 10x%.

Measurement of leaky gut in C. elegans using Smurf assay. This assay was performed as protocol described
by Gelino et al. (48). In brief, animals were raised as described above for life span assays with 200 uM
taurine in comparison with nontreated worms as control. Animals were suspended for 3 hours in liquid
cultures of standard OP50 bacteria (grown overnight) mixed with blue food dye (Spectrum FD&C Blue
#1 PD110, 5.0% w/v in water) (Spectrum Chemical). Animals were then placed onto an unseeded NG P6
plate. After the NG plates were dry enough to pick worms off, we transfered worms onto the glass slides
and fixed with 2% agarose gel to image the presence or absence of blue food dye in the body cavity using a
Nikon Eclipse TE300 microscope under 4X and 10X magnification. For each time point, 3 or more inde-
pendent experiments were carried out, each with 10-15 animals per treatment.

Physical activity assay in C. elegans. Animals were picked into M9 buffer on a microscope slide. The
number of leftward and rightward body bends in 10 seconds was counted. One leftward and 1 rightward
bend were considered as 1 stroke, and counting was repeated 5 times in 50-100 animals in each group. The
numbers were multiplied by 6 to give the movement rate per minute, as described elsewhere (88).

Statistics. Statistical analyses were performed using 2-tailed ¢ test and 2-way ANOVA. For repeated measures
data (GTT, ITT, and TEER changes), significance was determined by 2-way ANOVA for repeated measures
with Bonferroni’s correction. a-Diversity indices and bacterial abundance between the 2 groups were compared
using unpaired 2-tailed Student’s ¢ test and 1-way ANOVA. Differences in B-diversity were tested by permuta-
tional multivariate analysis of variance (PERMANOVA), a permutation-based multivariate ANOVA to a matrix
of pairwise distance to partition the intergroup and intragroup distance. Hierarchical clustering and heatmaps
based on average linkage on Euclidean distance depicting the patterns of abundance and log values were con-
structed within R using the heatmap.2 and ggplots packages. LEfSe was used to identify unique bacterial taxa
that drive differences in probiotic versus control group mice (82). RNAseq data analyses used built-in statisti-
cal pipelines in Beijing Genomics Institute’s (BGI’s) statistical analyses considering 2-group, multiple measures
(gene) analyses to determine statistical significance (P < 0.05). Principal component analysis (PCA) was applied
using all features of the NMR spectra with PLS-tool box (Eigenvector Research Inc.) in Matlab (MathWorks).
Welch ¢ test was applied for statistical significance analysis for metabolites in Amix 3.9 (Bruker Biospin) and a
FDR was applied to control the family-wise error. The heatmaps, volcano plot, pathway analysis, and dendro-
gram were carried out in MetaboAnalyst 3.0. For C. elegans life span data. Kaplan-Meier curves were generated
using survival duration in days for each worm using the log-rank test. Unless otherwise stated, all the values
presented herein are mean = SEM. P < 0.05 was considered statistically significant unless specified.

Study approval. All the procedures performed in animals were approved by the IACUC of the Animal
Resource Program of the Wake Forest School of Medicine.
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