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Prebiotic supplementation in frail older ")
people affects specific gut microbiota taxa
but not global diversity
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Abstract

Background: There are complex interactions between aging, frailty, diet, and the gut microbiota; modulatior] of

the gut microbiota by diet could lead to healthier aging. The purpose of this study was to test the effect ¢f diets
differing in sugar, fat, and fiber content upon the gut microbiota of mice humanized with microbiota from healthy
or frail older people. We also performed a 6-month dietary fiber supplementation in three human ¢ohorts
representing three distinct life-stages.

Methods: Mice were colonized with human microbiota and then underwent an 8-week dietary intervention with

either a high-fiber/low-fat diet typical of elderly community dwellers or a low-fiber/high-fat diet typical of long-stay
residential care subjects. A cross-over design was used where the diets were switched after 4 weeks to|the other
diet type to identify responsive taxa and innate immunity changes. In the human intervention, the subjects
supplemented their normal diet with a mix of five prebiotics (wheat dextrin, resistant starch, polydextrose| soluble
corn fiber, and galactooligo-saccharide) at 10 g/day combined total, for healthy subjects and 20 g/day|for frail
subjects, or placebo (10 g/day maltodextrin) for 26 weeks. The gut microbiota was profiled and immune rgsponses
were assayed by T cell markers in mice, and serum cytokines in humans.

Results:Humanized mice maintained gut microbiota types reflecting the respective healthy or frail human dpnor.
Changes in abundance of specific taxa occurred with the diet switch. In mice with the community type micfobiota,
the observed differences reflected compositions previously associated with higher frailty. The dominance of
Prevotellaresent initially in community inoculated mice was replace@agteroideslistipesand OscillibacteFrail
type microbiota showed a differential effect on innate immune markers in both conventional and germ-freg mice,
but a moderate number of taxonomic changes occurring upon diet switch with an increase in abundahce of
ParabacteroideBlautia Clostridiumcluster 1V, and’hascolarctobacteriurtn the human intervention, prebiotic
supplementation did not drive any global changes in alpha- or beta-diversity, but the abundance of |certain
bacterial taxa, particulafRuminococcace#€lostridiuntluster IV)ParabacteroidgBhascolarctobacteriumcreased
and levels of the chemokine CXCL11 were significantly lower in the frail elderly group, but increased duyring the
wash-out period.
(Continued on next page)
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Conclusions:Switching to a nutritionally poorer diet has a profound effect on the microbiota in mouse modejs,
with changes in the gut microbiota from healthy donors reflecting previously observed differences between elderly
frail and non-frail individuals. However, the frailty-associated gut microbiota did not reciprocally switch to a [younger
healthy-subject like state, and supplementation with prebiotics was associated with fewer detected effects in
humans than diet adjustment in animal models.

Keywords: Aging, Microbiome, Prebiotics, Gut microbiota, Elderly, Innate immune response

Background abundance of particular taxa such @uminococcusand
Diet has an important role in shaping gut microbiota com- Prevotellain the elderly, with an associated increase in
position and function. Numerous studies have reported anAlistipesand Oscillibacter correlated with several indices
association between consumption of non-digestible fiber in-of frailty, and we reported a direct correlation between
gredients (e.g., prebiotics) and increased levels of reputediyalues of the healthy food diversity (HFD) index (dietary
beneficial bacteria in the gut such aBuminococcaceae diversity as well as amount and health-promoting value of
Bifidobacterium Lactobacillus Faecalibacterium and consumed food 18]) and gut microbiota alpha diversity
Roseburig 1-4]. An overview of 2099 participants from 64 (gut microbiota richness within individuals) in both com-
studies revealed a significant increase in the abundance ohunity and long-stay subjectslp, 17]. Levels of inflam-
bacteria from the gener&ifidobacteriumand Lactobacillus matory markers including TNF-, IL-6, and IL-8 and
as well as higher levels of fecal butyrate concentrationC-reactive protein (CRP) are higher in long-stay and re-
following dietary fiber intervention, particularly involving habilitation subjects than in community dwellers1p).
fructans and galacto-oligosacalides, compared with pla- Moreover, as hypothesized frequently and summarized in
cebo/low-fiber comparatorsg]. Similarly, the consumption a recent review 19, the gut microbiota may play a key
of resistant starch has been shown to enri@uminococcus role in age-related inflammation.
bromii and Eubacterium rectale[6]. The gut microbiota Based on the evidence reviewed above, gut microbiota
interacts with the human immune system and microbiota modulation by diet is a potential approach for extending
alterations have been linked to various inflammatory, health span in the elderly. In this study, we investigated
metabolic, or functional disorders such as type 2 dia-whether gut microbiota transfer from older, healthy
betes, obesity, and irritable bowel syndrom&{0]. One community-dwelling, and long-term residential care
of the mechanisms implicated in immune modulation is individuals could be stably established and maintained in
gut microbiota fermentation of dietary fibers to produce mice fed a customized diet; whether these microbiota
short-chain fatty acids (SCFAsL{)]. Studies of the Medi- compositions would respond to dietary modification; and
terranean diet showed that a diet rich in fruit, legumes, if there was an effect upon innate immunity markers. In
and vegetables affected the abundance of certain gut baaddition, a dietary intervention in elderly subjects and
teria, increased levels of fecal SCFAE]] and reduced young-healthy controls was conducted to determine if
inflammation in Crohn's disease2]. In contrast, a low- prebiotic supplementation could modulate gut microbiota
carbohydrate diet was associated with increased abuneomposition and reduce inflammation in the elderly.
dance ofStreptococcyd.actococcusand Eggerthellaand
lower abundance of carbohydrate-degrading bacteriaResults
(RuminoccocusEubacterium Clostridium, and Bifidobac-  Establishment and dietary programming of elderly donor
terium), resulting in reduction in fecal concentrations of gut microbiota in mice
SCFAs [3. Moreover, a progressive loss of microbial Conventional mice that had been treated with a cocktail
diversity was observed in mice colonized with a humanof five antibiotics (ampicillin, vancomycin, ciprofloxacin,
microbiota consuming a low-fiber diet over generations, imipenem, metronidazole) for 6 weeks, and germ-free
which was not recoverable after the reintroduction of mice, were humanized with cryo-preserved fecal material
dietary fiber [L4]. (see“Methods’ section) from frail (long-stay) or healthy
Changes in the gut microbiome are also associated wit(community dwelling) elderly donors. The fecal micro-
aging [L5-17]. In our previous studies, we described the biota was sampled at critically informative time-points,
relationship between aging, frailty, diet, and the gut micro- namely just before antibiotic treatment, in the week
biota. Microbiota composition was a strong co-variate of following humanization, after 4 weeks on the first
measures of frailty, comorbidity, nutritional status, and experimental diet, in the week after diet swap (week 5),
markers of inflammation 15 16]. A reduction in and at the end of the second diet period (week 8)
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(Fig. 1). To examine diet-microbiome interaction in mice community-based diet, which contained an additional
of human microbiota corresponding to different older 284 g/kg of dietary fiber and 38 g/kg cellulose. The mice
health strata, we commissioned the production of two were allowed to feed ad libitum from 8 g fresh feed pro-

synthetic diets (Tablel). The main differences between vided daily.
the two diets was a higher proportion of sugars, Beta diversity (PCoA) analysis showed that the mi

Cro-

meat-derived ingredients, and fats that provide 3.6 kcal/gbiota of the pre-treatment conventional mice was very
in the long-stay-based diet, whereas higher amounts oflistinct from that of the human donors whose datasets

starches, fibers, and fish products provide 4.5 kcal/g in thegrouped together on this phylogenetic distance s

Conventional mice, crossover (n =10 female/male)

| w7 [we|w-s[w-4[walw-2[w-1] wo [wi1[w2|[ws|ws[ws|we|w7|[ws] wo
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microbiota week changed 2 times a week . : 9
inoculation
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Fig. 1 Schematic diagram of experimental design in murine intervention study. Arrows indicate the week on which the fecal samples were
J/
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Table 1 Composition of community-based diet and long-stay-based diet

Community-based diet Long-stay-based diet
g/kg g/kg
Ingredients
Sucrose 160 330
Corn starch 62.7 101.5
Maltodextrin 50 90
High amylose corn starch 150
RS3-resistant stafch 100
Cellulose 43 5.2
Soluble corn fib& 36 1.5
L-cystine 3 3
Casein 63 0
Fish meal, menhaden 88.5 0
Meat and bone meal (50%) 0 85
Poultry meal, low ash (11%) 81 160
Soybean oil 25 15
Lard 60 96
Coconut ail, hydrogenated 20 55
Mineral Mix, AIN-93G-MX 40 40
Vitamin Mix, AIN-93-VX 15 15
Choline bitartrate 2.75 2.75
Thiamin HCI 0.013 0.013
Vitamin K phylloquinone 0.002 0.002
TBHQ, antioxidant 0.014 0.014
Selected nutrient (% kcal)

Protein 18.5 13.9
Carbohydrate 50.7 47.1
Fat 30.8 38.9

RSJesistance starch type 3TBHQert-butylhydroquinone
bPromitor soluble fiber (Tate & Lyle Lafayette, Indiana, USA)
*Novelose 330 (Ingredion, Indianapolis, Indiana, USA)

(Fig. 2a). However, when sampled 1 week after inocula- Fine-scale PCoA analysis (Fi@b) revealed that the
tion, the microbiota of the humanized mice was closer microbiota of mice colonized with material from a long-
to that of the microbiota of the human donors and stay donor, as expected, was separate from that of mice
remained stable for 4 weeks on the diet emulating thethat received fecal microbiota from a health community
healthy human diet. On the scale where all samples arelonor. After 4 weeks, the murine diets were swapped.
mapped (Fig.2a), it is not possible to see changesAfter only 1 week (i.e., by week 5) on the high-fat low-
between later weeks, but nevertheless it is clear that thdiber long-stay type diet, the community-colonized mouse
microbiota of the colonic scrapings, colonic contents, and microbiota moved noticeably in the PCoA toward that of
caecal contents at week 8 are close to that of the fecathe long-stay colonized mice. The microbiota of the
microbiota at week 8. Even though the bacterial commu-long-stay colonized mice switched to &healthy diet
nity composition differed among these groups at week 8 moved away from the community quadrant after
the microbial communities from the feces and colonic 1 week, and over half the samples continued in that
contents are more similar to each other than are the co-direction from weeks 5 to 8, while a minority con-
lonic scrapings and caecal contents in both conventionalverged toward the community-mice on the low-fiber
mice and germ-free mice (Additional filel: Figure S1). high-fat long-stay diet. Between weeks 5 and 8, the
These findings confirm that the fecal analysis is a goodcommunity-colonized mice fed a low-fiber high-fat
proxy for luminal gut microbiota analysis in this context. long-stay-based diet movedack into their original
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Fig. 2 Principle coordinates analysis plots based on Spearman distances colored by time point. Samples from conventional mice crosg over
design:a all samplesh week 4, 5, and 8 samples. Samples from germ-free mice cross overaaligamples] week 4, 5 and 8 samples. The
significant differences between groups were calculated by analysis of similarity (ANOSGH) tist@healthy community subject,S donor
frail long-stay subjedolScolonic scrapingColCcolonic contentCaeQaecal contentW week, W-7 (week minus 7) murine microbiota before
antibiotic treatment

J

side of the PCoA plot but did not revert to their ori- decrease in Prevotella Flavonifractor Oscillibacter
ginal position. Clostridium cluster XI, Desulfovibrig and Butyricimonas
Microbiota composition analysis and identification of when switched to the high-fiber low-fat community-based
differentially abundant taxa between time points revealeddiet (Additional file 1: Figure S2b).
that antibiotic treatment and inoculation led to successful ~ Similar analyses were performed in germ-free mice
engraftment of the human microbiota. Moreover, genus that had been colonized, their microbiota monitored for
abundance changes were associated with diet changd. weeks, and then subjected to dietary swap. Microbiota
Community-inoculated mice that were transferred to the composition was initially distinct, reflecting that of the
low-fiber high-fat long-stay-based diet showed an increaséwo human microbiota donor types, but switched based
in the relative abundance ofBacteroides Alistipes on the change of diet (Additional filel: Figure S3). Simi-
PseudoflavonifracterOscillibacter Clostridium cluster lar to the conventional animals, the low-fiber high-fat
Xl, Desulfovibrig and Butyricimonasand a decrease in long stay-based diet switch in the animals inoculated
Prevotella abundance (Additional filel: Figure S2a). with community-type microbiota had a greater impact
Long-stay inoculated mice showed an increase in abun-on the gut microbiota than did the change to the
dance of Parabacteroidesand Marvinbryantia and a community-based diet in long-stay colonized animals



Tranet al. Microbiome (2019) 7:39 Page 6 of 17

(Fig. 2c, d). Thus, the long-stay type microbiota was from long-stay inoculated mice in both the crossover de-
relatively non-responsive to the introduction of the sign and non-crossover design experiments showed higher
high-fiber low-fat community-based diet. However, spe- level expression of many T cell markers associated with
cific responses (Additional filel: Figure S3b) included inflammation, compared to mice receiving fecal inoculum
increased proportions of the health-associated taxafrom a healthy community dwelling subject. In particular,
Blautia and Clostridium cluster IV and decreased rela- the long-stay inoculated conventional mice, non-crossover
tive abundance ofParasutterella (which is associated design, presented higher proportions of CD11c-expressing
with induced colitis R0]) and Bacteroides dendritic cells and F4/80-expressing macrophages, and
In order to compare success of engraftment of the hu-lower proportions of CD§ T cells. However, in the cross-
man microbiota in the two mouse models, we examinedover design, we observed an increased abundance of
the datasets at week 1 after inoculation and comparedCD4" T regulatory cells and Ly6G neutrophils in the
the number of observed genera with those in the inocu-long-stay inoculated conventional mice. An increased pro-
lating donor stool (Additional file2: Table S1). Of the 54 portion of CD11c expressing cells was also noted in the
genera observed in the stool of the long-stay donor, 46long-stay inoculated germ-free mice (Figa). After sple-
were detected in at least 1 germ-free mouse, whereas 4Bocyte stimulation, the long-stay inoculated conven-
genera were detected in at least 1 antibiotic-treated con-tional mice had higher TNF- levels in the supernatant
ventional mouse. We then set a threshold that at leastthan the community-microbiota inoculated mice. We
50% of the recipient mice must harbor the genus to bealso detected higher TNF- expression levels after
considered successful engraftment. By this criterion, 36LPS-K12 and LTA-SA stimulation in the long-stay type
genera were successfully engrafted in the germ-freenicrobiota-inoculated mice compared to community in-
mice, whereas only 26 were successfully introduced intooculated mice in the conventional mouse non-crossover
the antibiotic-treated conventional mice. Six genera weredesign. Similar observations were found for TNFlevel
found in germ-free mouse stool that were not present in after stimulation and even in RPMI control in the conven-
the donor stool, and four of those were found in 50% of tional mouse crossover design. No difference in TNF-
the mice, presumably acquired from the environment levels between diet-microbiota treatment groups was
post humanization. However, 26 genera were found inobserved and a very high level of responses to all three
antibiotic-treated conventional mice that were not found stimuli was measured in germ-free mice (Figh).
in the donor stool, although only 1 of these was found
in a minimum of 50% of the mice. Applying a similar
analysis to the community donor inoculum, of the 46 Design and implementation of a prebiotic
genera observed in the community donor inoculum, 37 supplementation trial in human subjects
were successfully engrafted into any antibiotic-treatedPrebiotic compounds which can be metabolized by a
conventional mice but only 33 were engrafted into the subset of intestinal bacteria are a recognized way of
germ-free mice. Of those, 22 were engrafted into 50% ofmodulating the microbiota R1]. Since the microbiota of
the antibiotic-treated conventional mice, although 27 were frail long-stay subjects displays loss of certain taxa, it
engrafted into 50% of the germ-free mice. Twenty-onemight be possible to‘remediaté this by prebiotic sup-
genera were found in the antibiotic-treated conventional plementation. We surveyed the literature then available
mice stools that were not found in the donor stool, 4 of for microbiota effects of prebiotics, focusing mainly on
which were found in 50% of mice, whereas 18 genera werégrials in older humans (Table2), ingredient type, and to-
found in the germ-free mice that were not found in the lerated dosage, cognizant of the challenge of introducing
donor, 10 of which were found in 50% of mice. More gen- prebiotics in the diet of the elderly 22]. Collectively,
erally, while similar numbers of genera engraft in any typethese compounds had been shown in previous studies
of mouse, engraftment appears successful in a highe(Table 2) to promote the growth of a diverse range of
proportion of germ-free mice than conventional mice. health associated taxa, including those depleted in the
Conventional mice were also carrying higher numbers oflow-diversity microbiota of frail older people. We thus
non-transferred genera, presumably having survived anti-designed a daily supplement containing five prebiotic in-
biotic treatment. gredients of which almost half were resistant starch, an
ingredient known to promote growth of health-related
taxa in the gut microbiota §]. The placebo treatment
Differential effects of healthy and frail microbiota types was 10.5 g/day of maltodextrin, previously shown to
on innate immunity in mice have relatively low effect of the gut microbiot®28]. As
Next, we investigated the differential effect of introducing well as comparison to maltodextrin effects, each subject
the two elderly subject microbiota types on the murine acted as their own control because the main focus was
innate immune system. Spleen mononuclear cells isolatednicrobiota comparison pre- and post-intervention. After
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Fig. 3 Splenocyte phenotypes and TNFesponse profiles of mice inoculated with a community microbiota and mice inoculated with a long-
stay microbiota in conventional mice (CNV) and germ-free (GF)antiegunostaining of splenocytds. TNF- response after splenocyte
stimulation with RPMI complete medium as control (RPMI) or with bacterial surface compounds including EB&éachia c#lil2 (LPS-Ec),
LTA fromStaphylococcus aurgu3 A-Sa) or froBacillus subtil{E TA-Bs values were calculated using the Mann-Whitdegst,

*p<0.05; *p<0.001

J

a 2-week lead-in, the trial was conducted for 6 months community subjects (a healthy elderly group), and elderly
(26 weeks) with a 6-week washout after which furtherlong-stay subjects, descriptive statistics for which are
microbiota analysis was performed. shown in Table3. We aimed to have 20 treated sub-
To provide additional comparative value, we recruited jects and 10 placebo controls in each of the 3 arms.
three treatment groups: young-healthy subjects, elderlyThis recruitment ratio of 2 to 1 was designed to
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Table 2 Selection, source, and dosage of prebiotic ingredients for dietary supplementation

Page 8 of 17

Ingredient  Trial Outcomes Supplier/product code o/
[Reference] mix
Wheat Intensive care unit Increase irfFirmicutesbutyrate-producing bacteri&bacterium hallii Ingredion/Nutriose FB 06 3
dextrin B3  patients (~ 65 years) Eubacterium rectaRoseburia intestina@ostridia cluster XiVstarch

10-22 g/day x 25 degrading bacteriaRuminococcus bropftiuminococcus obeyu8porobacter

weeks terminitidis Fecalibacterium prausnjg&ifidobacteriurspp., & SCFA levels
Resistant Rats 10%420 weeks Reduced incidence of colon carcinogenesis possibly through an increbmgedion/Novelose 330 10
starch 24 in butyrate
Polydextrose Healthy males Increase ifFaecalibacteriymhascolarctobacteriiand Dialister Danisco/Litesse 3
[3 (2040 years)

21 g/day x 21 days
Soluble corn Healthy males Increase iFaecalibacteriyhascolarctobacteriubBialisterRoseburiand  Tate and Lyle/ SCF 3
fiber B] (2040 years) Lactobacillus 22-5421/Promitor soluble

21 g/day x 21 days fiber 85
Galactooligo- Healthy humans Bifidogenic, increase kealibacterium prausnitaind Actinobacteriand Friesland Campina/Vivin&
saccharideq] (19-50 years) reduction inBacteroides GOS

5-10 g/day x 16 weeks
Total max daily 21
supplement
Table 3 Clinical characteristics of the subjects, grouped by residence location, at baseline
Characteristics Young-healthy Community Long-stay pb

Intervention  Placebo p? Intervention Placebo  p* Intervention Placebo  p*

n 21 8 20 8 17 5
Sex (#male:female) 6:15 7:1 0.01 7:13 3:5 1.00 7:10 2:3 1.00 0.808
Age (years) 41.9 (14.5) 33.1(13.2) 0.09 69.5(4.9) 74.9 (7.5) 0.07 83.4(7.6) 85 (7.6) 0.84 <0.001
BMI (kg/crf) 24.7 (5.0) 25.7 (3.5) 031 26.2(4.3) 25.5 (1.4) 0.76  27.3(6.2) 28.8 (7.7) 0.82 0.157
Weight (kg) 70.6 (13.5) 80.4 (10.6) 0.06 74.7 (14.9) 66.2 (8.8) 0.13 80 (28.1) 90.7 (28.5) 0.46 0.665
Charlson comorbidity ND ND ND 0(0) 0.1(0.4) 013 2(1.3) 3(3.0) 0.75 <0.001
Barthel score ND ND ND 20 (0) 19.9 (0.4) 0.13 6.6 (5.5) 5(3.5) 0.72 <0.001
ALP (IU/L) 73.8 (26.0) 90.5 (24.6) 0.10 80.8 (16.6) 744 (17.7) 041 106.2(28.9) 101.5(39.3) 0.79 0.002
ALT (IU/L) 25.1 (12.6) 26.5 (5.9) 0.29 23.8(10.9) 24 (7.7) 0.58 13.9(7.2) 12.5 (4.5) 0.86 <0.001
AST (IU/L) 25.2 (4.5) 28.8 (6.8) 0.19 27.3(7.1) 31.2(13.6) 094 19(4.9) 16 (3.2) 0.33 <0.001
Bilirubin (mol/L) 14.1 (10.6) 10.9 (5.0) 045 12.1(5.8) 11.1 (4.5) 0.75 6.5(2.0) 7 (2.4) 0.65 <0.001
Total cholesterol (mmol/L) 5.5 (0.7) 5.7 (1.1) 090 55(1.2) 5.1(1.2) 049 45(0.9) 4.8 (1.9) 0.87 0.004
HDL-cholesterol (mmol/L) 1.5 (0.3) 1.4 (0.3) 0.15 1.6(0.3) 1.8(1.2) 0.30 1.2(0.3) 1.1(0.2) 0.64 0.001
LDL-cholesterol (mmol/L) 3.4 (0.6) 3.6 (0.9) 059 35(1.2) 2.9 (0.8) 0.29 2.6(0.8) 2(0.8) 0.40 0.004
Triglycerides (mmol/L) 1.3(0.5) 1.5(0.6) 059 1.2(04) 1.3(0.3) 0.33 1.7(0.8) 2.8(1.9) 0.23  0.030
Fasting glucose (mmol/L) 4.5 (0.6) 4.5 (0.5) 0.48 5.2(0.7) 5(0.6) 0.49 6.1(1.6) 7.7 (2.8) 0.22 <0.001
Creatinine (mol/L) 71.5 (12.2) 80.9 (15.8) 0.07 70.1(14.4) 76.1(23.3) 0.52 91 (48.0) 104.5(38.9) 0.59 0.068
Ferritin (g/L) 73.8 (48.5) 98.1 (64.5) 0.39 102.6 (63.2) 107.6(53.7) 0.61 80.9 (70.7) 40.3 (10.1) 0.79 0.094
TSH (mIU/L) 1.9 (0.8) 1.6 (0.3) 039 25(1.3) 24 (1.3) 092 1.7(0.6) 1.1(1.0) 0.30 0.037
Urea (mmol/L) 54 (1.1) 5.5(1.2) 096 5.7(14) 5.5 (1.0) 0.58 8.7(3.6) 11.6 (4.1) 0.11 <0.001
Vitamin B, (pg/mL) 265.1 (159.3) 318.8(120.6) 0.12 332.6 (153.3) 303.4(93.4) 0.79 234.2(119.5) 195.7 (46.6) 0.63 0.009
White blood cell count 6 (1.6) 6.1 (1.4) 0.79 55(11) 6.2 (1.7) 047 7.3(2.6) 6.9 (0.7) 0.90 0.042
HFD index 0.5 (0.1) 0.4 (0.1) 0.031 0.4(0.1) 0.4 (0.1) 0.409 0.3(0.1) 0.4 (0.1) 0.179 <0.001

Data presented as mean (SD)

ALPalkaline phosphataseALTalanine aminotransferaseASTaspartate transaminasel SHthyroid-stimulating hormone,HFDhealthy food diversity,ND not done
AMann-WhitneyU test for two treatment groups except Fishés test for sex ratio
PKruskal-Wallis test for three residence location groups
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provide the optimal number of samples so that alter- Limited effect of prebiotic supplementation on gut

ations due to the treatment could be detected andmicrobiota

characterized, while also allowing us to recruit and The microbiota alpha diversity of long-stay subjects was
sample a placebo group. However, only 69 subjects ousignificantly lower than that in community and young-
of 93 recruited participants (74.1%) completed thehealthy subjects, but there were no significant differences
study, due to a combination of infraction of exclusion in alpha diversity within residence location for treatment
criteria; death due to unrelated causes (5.4%+5); groups at baseline except in Chaol, community group
withdrawal at the investigators discretion, usually (Additional file 1: Figure S¥ Bray-Curtis distance PCoA
because of deteriorating health (5.4%, n =5); self-withshowed that fecal microbial profiles of long-stay subjects
drawal due to unspecified personal reasons (9. 7%, were separated significantly from those of community and
9); loss to follow up (2.1%n =2); or inability to pro- young-healthy at baseline, in line with our previous stu-
duce samples (3.2% =3) (Additional file 2: Table dies [15 (Additional file 1: Figure S5). No statistically
S2). As expected, the three cohorts showed signifisignificant difference in alpha- and beta-diversity was
cantly different clinical status, especially the young-found between time pointswithin treatment groups
healthy/community and longstay with respect to age, (Additional file 1: Figures S6, S7). Furthermore, there
frailty (Charlson comorbidty index, Barthel index), was no significant interaction between the dosage re-
HFD value, and other clinical markers except BMI and ceived and alpha diversity within each intervention
sex (Table3). However, within each cohort, there was treatment groups (Additional file 2: Table S4), sug-
no significant difference between intervention and gesting that an overall treatment effect on microbiota
placebo arms at baseline except sex ratio and HFDdiversity was not being masked by the range of pre-
index in the young-healthy group due to skewed with- biotic dosage received. Variations in the relative abun-
drawal of females from the placebo group (Tab®. dances of numerous fecal microbiota taxa were
Compliance/dosage receivedaxied widely especially detected in individuals over time points and between
in long-stay subjects (Fig.4). Rather than losing individuals (Additional file 1: Figure S8). Analysis
participants from the study, tolerance was monitored using DESeq2 identified 15 families and 34 genera
weekly, and after the first 13-week period, the daily pre-that were differentially abundant between time points
biotic intake was reduced if required in long-stay interven- in treatment groups (Fig5, Additional file 3: Tables S5,
tion subjects. 16S rRNA gene amplicon sequencing wa$6), without a clear treatment effect for most. However,
used to profile the microbiota of available subjects/sam-among these, several taxa were commonly associated with
ples at each time point (see Additional filz Table S3). intervention or placebo treatment. Notably, increased
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Fig. 5 Significantly differential abundant taxa at family and genus level in any time points within treatment groups. Adjalstesl were
calculated by DESeq2 test with Benjantiioichberg correctiory Hyoung-healthyCMcommunity,LSlong-stay

abundance was observed for some bacteria after prebiotiof the gut microbiota. Levels of cytokines and inflamma-
supplementation such afkRuminococcaceaéClostridium  tory biomarkers (CRP, CXCL11, CCL11) were higher at
cluster 1V), Parabacteroides and Phascolarctobacterium baseline in long-stay subjects than in community and
(Additional file 1: Figure S9). In addition, to examine the young-healthy subjects (Tabld). Levels of IL-17A, IL6,
common signature associated with the prebiotic and TNF- , and lipopolysaccharide (LPS) were higher in com-
placebo interventions, we conducted an analysis on almunity dwelling elderly participants than in young-healthy
available intervention or placebo samples regardless ofubjects (recognizing the limitation that the reporter cell
life-stage. Seven taxa representing one unclassifiedssay for LPS was sensitive to other molecules that might
Ruminococcaceaand six genera were significantly dif- trigger NFkB activation). There was no significant differ-
ferentially abundant across all placebo-treated subjectsence between groups at baseline in proportion of CD4
but were not significantly different in the individual co- cells, while CD§ levels were higher in young-healthy sub-
horts exceptPseudomonagAdditional file 1: Figure S10). jects compared to others.
In contrast, 11 taxa representing 2 unclassified and 8 Within treatment groups, there was a significant
genera were significantly altered in abundance in the pre-difference between time points in levels of CXCL11,
biotic intervention subjects. There taxa were consistentyCCL11, IL-6, IL-8, TNF-, CD8, and LPS (Add-
returned between the individual cohorts and the combined itional file 3: Table S7). Decreased plasma CXCL11 level
analysis with all identified genera being differentially abun-tended to be associated with intervention treatment
dant in at least one of the life-stage intervention cohorts. while the opposite pertained for IL-6 and CD4mea-
sures (Fig6). CXCL11 levels in supplemented long-stay
Immunological/inflammatory biomarker changes subjects increased during the washout period, consis-
associated with prebiotic supplementation tent with a treatment reduction effect. Decreased plasma
Persistent inflammation is associated with less healthyCCL1 levels and CD8 counts were positively associated
aging and was a target for reduction by dietary modulationwith prebiotic supplementation in young-healthy subjects.
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Table 4 Comparison of immunological/inflammatory biomarkers between residence location groups at baseline

Biomarkers p* p° Mean (SD)

CMvs. YH CMvs. LS YHvs. LS YH CM LS
CRP (mg/L) <0.001 0.443 <0.001( <0.001( 2 (3.8) 15(12) 24.3(29.2)
CXCL11 (pg/ml) <0.001 0.244 <0.0p1( <0.001 () 345.8 (594.6) 670.3 (1310.9) 1278.1 (1655.1)
CCL11 (pg/ml) <0.001 0.126 <0.001( <0.001 () 12.1 (27.3) 17.5 (37.3) 310.3 (133.3)
IL-17A (pg/ml) <0.001 <0.00)(  0.002( <0.001 () 0.4 (0.0) 0.9 (0.5) 3.4 (2.9)
IFN- (pg/ml) 0.004 0.094 0.026 ( <0.001 () 5 (6.4) 6.4 (6.5) 10.5 (8.4)
IL-10 (pg/ml) <0.001 0.365 <0.00L(  <0.001 () 0.1(0.1) 0.1 (0.1) 0.8 (1.9)
IL-6 (pg/ml) <0.001 0.006 ( <0.001 () <0.001 () 0.2 (0.1) 0.6 (0.4) 313
IL-8 (pg/ml) 0.008 0.113 0.03B ( <0.001 () 8.9 (5.1) 12.9 (14.2) 29.1 (67.4)
TNF- (pg/ml) <0.001 0.012 <0.00)(  <0.001 () 1(0.6) 1.7 (0.8) 5.1 (2.8)
CD4 (%) 0.342 0.113 0.097 0.448 38.6 (7.8) 335 (13) 37.8 (16.3)
CD8 (%) 0.001 <0.00)(  0.167 0.006 20.9 (6.6) 13.6 (9.5) 16.5 (10.6)
LPS (EU/mI) 0.065 0.0 ( 0.129 0.173 6.1(4.7) 11 (8.3) 8.2 (7.0)

Indicates direction of difference in value in the latter-named group, in the pairwise comparison
CMcommunity (seniors)YHyoung-healthy,LSlong-stay (residential care seniors)
Kruskal-Wallis test across the three residence location groups
PDunn’s post-hoc test for pairwise comparison

Measures of IL-8, TNF-, and LPS differed significantly in the original human cohort changed in abundance in
between time points in both intervention and placebo the humanized mice after the diet swap in a way that

subjects (Additional filel: Figure S11). was consistent with the compositional differences be-
tween healthy community-dwelling subjectsnicrobiota
Discussion and the long-stay type microbiota in the ELDERMET

Our previous studies suggested that programming of thecohort. These transitions were associated with the reduc-
gut microbiota by habitual diet might contribute to tion of fiber in both conventional and germ-free mice hu-
microbiota changes associated either causally or consemanized with microbiota from healthy community-dwelling
quentially with loss of health in older people. In this subjects. After dietary modification, the dominance of
study, we sought to clarify these possibilities by micro-Prevotellapresented initially in community inoculated
biota transfer to mice in which we could dramatically mice was replaced bacteroidesAlistipes and Oscilli-
manipulate the diet, and in humans where more modestbacter. Although we observed decline oBacteroides
dietary alteration could be performed. Our data indicate Alistipes and Oscillibacterin long-stay inoculated mice
that dietary programming is possible, confirming other fed with the high-fiber/low-fat diet, the gut microbiota
studies in animals and humans3[ 24], although not as did not revert to aPrevotelladominated configuration.
responsive in our pre-clinical models as in published Long-stay type taxa were instead replaced by other taxa
studies of humans 25, 26]. In humans, the prebiotic including ParabacteroidesBlautia, Clostridium cluster
supplementation had relatively modest effects on thelV, and Phascolarctobacteriun{Fig. 7). Most taxonomic
microbiota and achieved some alteration of innate changes could be explained by ingredients associated
immune markers that may be beneficial in the elderly. with the diet types. TheBacteroidesenterotype was
This effect could be direct, i.e., not microbiota-mediated, strongly associated with mtein and animal fat intake,
by mechanisms including the prebiotic compounds while the Prevotella enterotype was associated with
binding to host metabolites, or being absorbed directly carbohydrates and simple sugarg5. None of the fiber
into intestinal cells and changing the expression level ofingredients in the community-based diet that we used
cytokine genes27]. here has previously been reported to promoRrevotella
To search for coherent signals between the currentalthough the dominance of this genus, which was evident
study and our previous analyses of microbiota in thein community dwellers, might possibly be achieved by a
elderly, taxa whose abundance changed significantlyong-term experimental diet regimeParabacteroidesand
after dietary swap in mice were plotted on to a network Phascolarctobacteriumwere positively associated with
of bacterial Co-abundance groups (CAGs) that we pre-soluble corn fiber intake 3, 28], and both became more
viously generated 15] (Fig. 7a) from the ELDERMET abundant in both murine and human intervention studies
cohort. This data visualization graphically highlights the with soluble corn fiber supplementation. We also found
fact that the dominant genera associated with the CAGsthat Oscillibacter Clostridium cluster Xl, Desulfovibrig



Tranet al. Microbiome (2019) 7:39 Page 12 of 17

YH intervention YH placebo EC intervention EC placebo LS intervention LS placebo
51-° . 81 - . <

44
= 4 ‘ )
[S 6
S 3
< 31 % _p=009
- . . 4
82',,:0_06 21 - - ) 000 T o
c>§ N 2 -

y § ol

Lid N[5 J
04 — e 2| | == 0 == o 04

TO T13T26T32 TO T13T26 732  TO T13 T26 T32 TO T13 T26 T32  TO T13 T26 T32 TO T13 T26 T32

YH intervention ~ YH placebo EC intervention EC placebo LS intervention LS placebo
. 61 5 .
20+
= 1.0 .
= 44 _ i
5 p=0.06 15 .
2 o« . * . .
© . - 109
1 0.5 p =0.06
= 2- . p=0.07
T[T E ' Eam ]|
) ]| Oéiii 1 O_EE &=||=Ham=

TO T13T26T32 TO T13T26T32  TO T13 T26 T32 TO T13 T26 T32 TO T13 T26 T32 TO T13 T26 T32

YH intervention ~ YH placebo EC intervention EC placebo LS intervention LS placebo
100- 100+ 100+
75- 751 R=008 751
s *
< - | ]
3 50 .1 50 50
ETEI
25+ . 25 25+
0- 01 01 .
TO T13T26T32 TO T13 T26 T32 TO T13 T26 T32 TO T13 T26 T32 TO T13 T26 T32 TO T13 T26 T32

Fig. 6 Serum CXCL11 and IL-6 levels, and" QDeell proportions were different between time points within treatment gra@palues were
calculated from Wilcoxon signed-rank tepk 0.05.Y Hyoung-healthyCMcommunity,LSlong-stayTObaseline (week Oj13halfway (week 13),
T26end of study (week 26)326 weeks after the cessation of treatment (week 32)

and Butyricimonaswere more abundant in mice receiving Some of the observations from the animal study were also
the low-fiber/high-fat diet and decreased in abundanceevident in the human intervention, withParabacteroides

after a high-fiber/low-fat diet, largely consistent with pre- abundance increased shortly after at the start of the
vious murine studies 29-31]. A limitation of the current intervention in the young, community, and long-stay

mouse study is that the inoculum for each dietary group groups, reaching statistically significant elevation in the
was provided by one donor. Given the continuum of latter two groups. Clostridium cluster IV abundance

inter-donor variability when examining the human gut also increased soon after the start of the intervention
microbiota, it is possible that inoculating mice with feces in all three groups and was significantly elevated in the
from a different donor could generate a different response.young controls and the long-stay elderly subjects.
However, pooling donors would produce artificial com- Several of the limited taxa identified as responsive in the
munities capable of unrealistic dietary responses. human trial have previously been demonstrated to be
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