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Frailty significantly affects morbidity and mortality rates in the older population (age >65 years). Age-related degenerative
diseases are influenced by the intestinal microbiota. However, limited research exists on alterations in the intestinal
microbiota in frail older individuals, and the effectiveness of prebiotic intervention for treating frailty remains uncertain.

We sought to examine the biological characteristics of the intestinal microbiome in frail older individuals and assess
changes in both frailty status and gut microbiota following intervention with a prebiotic blend consisting of inulin and
oligofructose.

The study consisted of 3 components: an observational analysis with a sample size of 1,693, a cross-sectional analysis £
= 300), and a multicenter double-blind, randomized, placebo-controlled trial (n = 200). Body composition, commonly used
scales, biochemical markers, intestinal microbiota, and metabolites were examined in 3 groups of older individuals
(nonfrail, prefrail, and frail). Subsequently, changes in these indicators were reevaluated after a 3-month intervention
using the prebiotic mixture for the prefrail and frail groups.

The intervention utilizing a combination of prebiotics significantly improved frailty and renal function among the older
population, leading to notable increases in protein levels, body fat percentage, walking speed, and grip strength.
Additionally, it stimulated an elevation in gut probiotic count and induced alterations in microbial metabolite expression
levels as well as corresponding metabolic pathways.

The findings suggest a potential [...]
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Introduction

Approximately 21.3% of the global population will be 60 years
of age or older by 2050, with the global life expectancy at birth
increasing from 66.8 years in 2000 to 73.3 years in 2019. Howev-
er, ahealthy, disease-free lifespan (health span) hasnotincreased
as much as lifespan, as advanced age is a major risk factor for
several diseases, including cancer, cardiovascular disease, and
neurodegenerative disease, and the increasing proportion of
unhealthy older people is posing a global challenge to society
(1, 2). Frailty, characterized by exhaustion, chronic malnutri-
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BACKGROUND. Frailty significantly affects morbidity and mortality rates in the older population (age >65 years). Age-related
degenerative diseases are influenced by the intestinal microbiota. However, limited research exists on alterations in the
intestinal microbiota in frail older individuals, and the effectiveness of prebiotic intervention for treating frailty remains

OBJECTIVE. We sought to examine the biological characteristics of the intestinal microbiome in frail older individuals and
assess changes in both frailty status and gut microbiota following intervention with a prebiotic blend consisting of inulin and

METHODS. The study consisted of 3 components: an observational analysis with a sample size of 1,693, a cross-sectional
analysis (n = 300), and a multicenter double-blind, randomized, placebo-controlled trial (n = 200). Body composition,
commonly used scales, biochemical markers, intestinal microbiota, and metabolites were examined in 3 groups of older
individuals (nonfrail, prefrail, and frail). Subsequently, changes in these indicators were reevaluated after a 3-month
intervention using the prebiotic mixture for the prefrail and frail groups.

RESULTS. The intervention utilizing a combination of prebiotics significantly improved frailty and renal function among
the older population, leading to notable increases in protein levels, body fat percentage, walking speed, and grip strength.
Additionally, it stimulated an elevation in gut probiotic count and induced alterations in microbial metabolite expression

CONCLUSIONS. The findings suggest a potential link between changes in the gut microbiota and frailty in older adults.
Prebiotics have the potential to modify the gut microbiota and metabolome, resulting in improved frailty status and

tion, decreased physical activity, and mobility disorders affects
more than 13.6% of older adults globally (3, 4) This syndrome
represents the most challenging aspect of population aging, as it
substantially increases the risk of falls, disability, long-term care,
and even death among older people. In addition to heightened
vulnerability and individual dependence, the proposed mecha-
nisms underlying frailty include chronic inflammation, immune
system disorders, and mitochondrial DNA abnormalities (5,
6). At present, effective prevention and treatment measures
for frailty are lacking, and the common intervention measures,
including exercise, nutritional supplementation, rational drug
treatment, comorbidity management, and psychological inter-
vention, are still being explored (5, 7).

The intestinal microbiota of the fetus begins to build up in the
womb and undergo rapid modification during the first 3 years of
life, followed by relative stabilization until 65 years of age. Then,
the composition of the microbiota begins to change gradually
and accelerates after 70 years of age, with increased variability,
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Table 1. Basic information and frailty status of the screened population

Variables Nonfrail (n = 703) Prefrail (n = 705) Frail (n = 285) FIZly? Pvalue
Age (yr) 71.98 £ 5.05 7540 + 6.144 78.84 + 65448 155.21 < 0.001
65-74 (n, %) 505 (71.8) 328 (46.5)* 78 (274)"® 231.946 < 0.001
75-84 181(25.7) 321(45.5) 145 (50.9)
>85 17(24) 56 (7.9) 62(21.8)
Sex
Male 215 (30.6) 384 (54.5) 120 (42.1)48 82.208 < 0.001
Female 488 (69.4) 321(45.5) 165 (57.9)
MAP (mmHg) 95.13 +7.86 96.70 + 24.20 95.28 + 8.89 1.706 0.182
Height (m) 1.61+0.08 1.62 + 0.08* 1.60 + 0.08° 5.544 0.004
Weight (kg) 63.50 + 941 63.95 + 1047 62.52+10.71 2.035 0.131
BMI (kg/mz) 24.56 +3.04 2443 + 347 2443 + 361 0.305 0.737

Frailty
Shrinking (weight loss) (n, %) 0 57(8.1) 73 (25.6) 187.958 < 0.001
Low activity (MLTA) (n, %) 0 78(11.1) 154(54.0) 507.81 < 0.001
Slowness (walking duration) [s, M(Q1, Q3)] 5.04 (4.48, 5.45) 5.37(4.72, 6.25) 7.78 (7.07,9.25) 580.196 < 0.001
Weakness (grip Strength) [kg, M(Q1,03)] 26.43(22.03,32.0) 22.07 (16.20, 26.82) 15.03 (11.22,19.83) 486.745 <0.001
Poor endurance (CES-D) [M(Q1, Q3)] 0.0(0.0, 0.0) 0.0(0.0,1.0) 2.0(2.0,3.0) 814.15

AFrail group versus nonfrail group, P < 0.05; ®frail group versus prefrail group, P < 0.05. MAP, mean arterial pressure; MLTA, Minda Leisure Time Activities

Questionnaire; CES-D, Center for Epidemiological Studies Depression Scale;

s, seconds; M, median; Q1, first quartile; 3, third quartile.

reduced biodiversity, and pathogen colonization (8, 9). Micro-
organisms are dynamic, adaptable, and plastic, and their com-
position shows great individual differences; therefore, they are
also known as “the second genome,” which affects health status.
Growing evidence indicates a relationship between the intestinal
microbiota and a broad range of diseases, including obesity, type
2 diabetes, and chronic and geriatric syndromes (10, 11). Previous
research conducted in frail older adults has suggested that altered
intestinal permeability and changes in the intestinal muscle axis
and the gut-brain axis may be key factors associated with the
pathophysiology of frailty (12, 13). In contrast, however, 2 studies
involving community-dwelling adults showed that frailty was neg-
atively associated with intestinal microbiota diversity (14, 15).

In the past decade, understanding of the intestinal microbiota
has rapidly increased, accompanied by increased interest in pre-
biotics as a means to modulate the intestinal microbiota, as they
have been defined as nondigestible food ingredients that confer
multiple health benefits by selectively stimulating the growth and/
or activity of one or a limited number of bacteria in the colon when
administered in adequate amounts (16, 17). Paul et al. pointed out
in 2015 that, because the microbiota may modulate aging-related
changes in innate immunity, sarcopenia, and cognitive function,
all of which are elements of frailty, the potential for the intestinal
microbiota to affect health has a particular relevance for older indi-
viduals (18). In recent years, 5 review articles have discussed the
link between physical frailty and intestinal microbiota (19-23) and
concluded that, given the lack of targeted studies and the influence
of a large number of covariates, including diet, exercise, multi-
morbidity, and polypharmacy on both microbiota composition
and physical function in older individuals, the causal link between
microbiota and frailty is still uncertain. Moreover, 2 clinical stud-
ies have investigated the effects of prebiotics on frail older people.

:

Cristina et al. reported an improvement in several frailty param-
eters (exhaustion and handgrip strength) through the use of pre-
biotics, but these studies focused only on observing frailty status
and lacked information on whether the changes in frailty status are
related to the gut microbiota and its metabolites (24, 25). Several
reviews of the current scientific literature have shown that the use
of prebiotics is a cost-effective and widely available intervention
that may improve the homeostasis of the intestinal microbiota
and prevent frailty and unhealthy aging, but no direct conclusions
can be drawn regarding the efficacy of these measures (26-29).
In addition, all of the previous studies have overlooked the large
number of older people in the prefrail stage, considering that these
individuals constitute a significant proportion of the community
(as confirmed in 2021 by Nicola Veronese, who estimated that the
prevalence of prefrailty was 36.4%; ref. 30).

In summary, the relationship between the intestinal
microbiota and frailty status remains a very promising area of
research for the future. Therefore, in this study, for the first
time, we aimed not only to observe differences in the intestinal
microbiota and metabolome between frail and prefrail older
individuals but also to explore the effects of a 12-week prebiot-
ic intervention on older people with different frailty states and
to determine whether prebiotic supplementation could mod-
ulate the intestinal microbiota and metabolome and improve
frailty status in this population.

Results

Frailty status screening in the older population

A total 0f 1,693 older individuals (>65 years of age) were screened
for frailty status (Table 1): 703 were in the nonfrail group (N), 705
were in the prefrail group (P), and 285 were in the frail group (F).
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Table 2. Baseline characteristics of participants (n, %)

N(n=100)  P(n=100)
Age (yr) 65-74 78 (78.0) 55 (59.8%)
>75 22(22.0) 37(40.2)
Sex Male 47 (470) 36(39.1)
Female 53(53.0) 56 (60.9)
BMI (kg/m?) <185 2(2.0) 3(33)
185-239 4(#410) 34(370)
24.0-279 45 (45.0) 37(40.2)
>28.0 12(12.0) 18(19.6)
Occupation Mental work 5 (55.0) 42 (45.7)
Manual labor 45 (45.0) 50 (54.3)
Education level Junior high school and below 63 (63.0) 62 (674)
High school and beyond 37(37.0) 30(32.6)
Marital status Married /cohabiting 87(87.0) 74 (804)
Other 13(13.0) 18 (19.6)
Number of children 0-1 33(33.0) 26(28.3)
2 38(38.0) 44 (47.8)
>3 9(29.0) 22(239)
Visit frequency Frequent visits 86 (86.0) 71(772)
Other 4(14.0) 21(22.8)
Monthly income <$700 84 (84.0) 65(70.7)
>$700 16 (16.0) 27(29.3)
Living situation Living alone 12(12.0) 13(14.)
Living with others 88 (88.0) 79(85.9)
Number of comorbidities ~ 0-1 93 (93.0) 78 (84.8)
>) 7(7.0) 14(15.2)
History of surgery No 91(91.0) 71(7720
Yes 9(9.0) 21(22.8)
Smoking status No or occasional smoking 96 (96.0) 85(924)
Smoking 4(4.0) 7(76)7 (76)
Drinking No alcohol 92(92.0) 86 (93.5)
Drinking 8(8.0) 6(65)
Medication No medication 48 (48.0) 39 (424)
Long-term medication 52(52.0) 53(576)
Exercise frequency Not exercising regularly 4(4.0) 5(54)
Exercise regularly 96 (96.0) 87(94.6)
Exhaustion <5 84 (84.0) 67(72.8)
26 16 (16.0) 25(272)
Personality type Introvert 9(9.0) 13(14.)
Middle 65 (65.0) 48 (52.2)
Extrovert 26(26.0) 31(377)
Acute events Not yet happened 97 (97.0) 87(94.6)
Yes, happened 3(3.0) 5(54)

Exhaustion: feeling of tiredness on a 10-point scale: 0, not tired at all, 10, very tired; not exercising regularly:
exercise no more than 2 times a week; exercise regularly: exercise at least 3 times a week. N vs. P: P < 0.017;

8N vs. F: P< 0.017; ‘P vs. F: P< 0.017.

exhaustion score, and there were
significant differences between the

(=100 Fzjy Puale  87OUPS (P<0.01).
30(326)* 40691 <0.001 . .
62(674) Differences between groups with
37(40.2) 1447 0485 different frailty states among older
55 (59.8) people
3(33) 3076 0799 Sociodemography and general health
39 (424) status. The results showed that there
5(38.0) were statistically significant differ-
15(16.3) ences (P < 0.05) among the 3 groups
45(48.9) 1739 0419 (n = 300 total) of older people in
47(510) terms of age, number of children,
58(630) 0518 0772 number of comorbidities, surgical
34(370) history, exercise frequency, degree
74(804) 1356 0376 of exhaustion, and whether acute
18 (19.6) events occurred in the past year. A
ES R high frequency of exercise was a
ig gg:; protective factor and negatively cor-
78 (84.8) 301 022 related with frailty. There were no
1(152) statistically significant differences
66 (717) 5 805 0.055 (P > 0.05) with regard to sex, BMI,
26(283) occupation, education level, marital
17 (18.5) 1643 044 status, income status, living situa-
75(815) tion, tobacco consumption, or alco-
67(728)" 14463 0.001 hol consumption (Table 2).
25(272) Differences in frailty indicators,
67(728) M8 0004 scale scores, body composition, and
25(272) food and main nutrient intake among
85(924) 1421 0431 groups with different frailty states.
Compared with the individuals in
91(389) 43% 008 group F, the scores for daily living
111 ability (ADL) in groups N and P were
239((2?)) 2891 0.23 hig}}er, indic.ating th.at t.hf: self-care
5063 1097 0004 ability of frail older individuals was
77(837) poorer (P = 0.019 and P = 0.049).
50(543) 20646 <0001 The sleep quality score (PSQI) for
42(457) group F was higher than that of
16 (174) 5189 0.268 group N, indicating that the sleep
51(55.4) quality of frail older individuals
25(272) was poor (P < 0.001). There was no
80 (87.0)" 7921 0.019 significant difference between the
12 (13.0) other scales (P > 0.05). There were

no significant differences in body
weight, BMI, body fat percentage,
muscle mass, estimated bone mass,

The overall prevalence of prefrailty was 41.6% (53.4% for men
and 33.0% for women, P < 0.001), and the prevalence of frailty
was 16.8% (16.7% for men and 16.9% for women, P = 0.892). The
mean ages of the 3 groups were significantly different (P < 0.001),
and the degree of frailty was positively correlated with age. With
increasing frailty severity, the number of older people who expe-
rienced weight loss and physical decline increased, accompanied
by slower walking speed, decreased grip strength, and increased

J Clin Invest. 2024;134(18):e176507 https://doi.org/10.1172/)C1176507

basal metabolism, or body moisture
rate among the 3 groups (P > 0.05),
except for significant differences in
visceral fat (P =0.009). Visceral fat in group F was significantly
lower than that in group N (P = 0.004). There was no difference
among the other groups (N vs. P, Z =5.0, P = 0.025; P vs. F, Z
= 0.794, P = 0.373) (Table 3). The intake of dairy products in
the frail group was greater than that in the nonfrail group (Z =
9.043, P=0.003), and there was no statistically significant dif-
ference among the other groups (N vs. P, Z = 2.114, P = 0.146; P
vs. F, Z =2.919, P = 0.088). There were no significant differenc-

:
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Table 3. Frailty indicators, scale scores, and body composition among groups with different frailty states

N (n =100) P (n=100) F (n=100) F/Z]¢ Pvalue
Shrinking (weight loss) (r, %) 0(0.0) 10 (10.0) 29 (29.0) 38.373 <0.001
Low activity (n, %) 0(0.0) 21(21.0) 54(29.0) 79.04 <0.001
Slowness (walking time, s, X + 5) 479 +0.73 5.81+116 8.07 + 214 130.512 <0.001
Weakness (grip strength, kg, X + s) 2740 +6.77 20.16 + 7.00 15.66 + 5.75 82.299 <0.001
Poor endurance [M(Q1, Q3)] 0(0,0) 0(0,2) 3(2,3) 162.868 <0.001
ADL (x +5) 9790 +3.35 97.65 +4.95 96.35 + 54148 3.201 0.042
SAS (X + 5) 30.75+759 3115+ 8.17 32.50 + 8.60 1.2 0.282
GDS (X +5) 121+ 44 732+ 4.25 7.78 +5.04 0436 0.647
PAC-QOL [M(0Q1, 03)] 11.00 (1.25, 25.75) 11.00 (0.00, 21.00) 13.00 (4.00, 21.75) 1.258 0.533
PSQI (X +5) 6.26 +3.81 714 £3.24 8.20 + 4.36" 11.005 0.002
Weight (kg) 63.15 (58.40, 70.08) 60.30 (55.20, 71.23) 60.75 (52.13, 69.75) 4.682 0.096
BMI (kg/m?) 22.30 (2045, 24.95) 2110 (19.40, 25.45) 21.25(18.20, 24.38) 5.558 0.062
Fat percentage 29.40 (20.03, 34.28) 25.95 (17.25, 33.48) 24.50 (15.18,33.13) 5.798 0.055
Muscle mass (kg) 43.20 (40.73, 45.40) 44.05 (40.63, 46.01) 43.05 (40.83, 45.68) 1.085 0.581
Bone mass (kg) 2.70 (2.50, 2.90) 2.70 (2.50, 2.98) 2.70 (2.40, 2.90) 2408 03
Visceral fat grade 8.00 (6.00, 10.00) 7.00 (4.00, 10.00) 6.50 (2.63, 9.50)* 9.318 0.009
Basal metabolism (kcal) 1,324.50 (1,234.25,1,399.00)  1,303.50 (1,231.50, 1,402.50) 1315.50 (1182.50, 1386.75) 1.279 0.528
Body moisture percentage 49.95 (46.68, 55.55) 52.20 (47.83,59.38) 51.60 (47.80, 58.15) 3.644 0.162

Compared with N, *P < 0.05; compared with P, BP < 0.05.

es in other food categories or main nutrients (P > 0.05) (Sup-
plemental Table 1; supplemental material available online with
this article; https://doi.org/10.1172/JCI176507DS1).
Differences in liver and kidney function and cytokine levels
among groups with different frailty states. Among the 16 bio-
chemical indicators, 10 were significantly different: albumin,
alanine aminotransferase (ALT), aspartate aminotransferase
(AST), creatinine, cystatin C, direct bilirubin, globulin, indi-

rect bilirubin, total bilirubin, and total protein. There were
no significant differences in the levels of albumin/globulin,
alkaline phosphatase, AST/ALT, urea, uric acid, or y-glutamyl-
transferase among the 3 groups (P> 0.05). The level of albumin
in the frail group was significantly lower than that in the non-
frail group (P = 0.003) or the prefrail group (P = 0.001). There
were significant differences in creatinine among the 3 groups:
compared with the nonfrail group, the prefrail group had an

Table 4. Liver and renal function and cytokines among groups with different frailty states

Albumin/globulin

Albumin (g/L)

Alkaline phosphatase (U/L)
ALT (U/L)

AST (U/L)

AST/ALT

Urea (mmol/L)

Creatinine (umol/L)
Cystatin C (mg/L)

Direct bilirubin (pmol/L)
Globulin (g/L)
y-Glutamyltransferase (U/L)
Indirect bilirubin (umol/L)
Total bilirubin (umol/L)
Total protein (g/L)

Uric acid (pmol/L)

I1-17 (pg/mL)

IFN-y (pg/mL)
IGF-1(ng/mL)

N (n =100)
130+ 018
42.58 +7.68 b
93.76 £ 29.86
17.00 (11.00, 23.75)%F

24.00 (20.00, 30.00)%

140 + 0.44
6.57 +2.38
74.36 + 21.8248
1.20 + 0324
33(213,448)¢
32.85+ 8228
20.00 (13.00, 28.00)
7.90 (5.60, 10.8)°¢
11.75 (8.73, 15.98)5F
7442 +14.888
32046 +120.13
2649 (16.18, 47.03)
4.05(2.82, 5.84)0¢
91.36 (75.11, 135.49)¢

P (n=100) F (n=100) F/Z Pvalue
130+ 0.21 129+ 017 0.165 0.848
42.80 + 799" 3917 +8.27 6.485 0.002
8719 £ 34.27 90.32+ 4213 0.843 0431
16.50 (11.00, 25.75) 11.00 (6.00, 19.00) 13.56 0.001
21.00 (16.00, 30.00) 18.00 (12.00, 25.00) 24.725 < 0.001
145+0.39 149 + 0.44 1173 0.31
6.59 +2.88 5.88+234 2.588 0.077
83.79 £ 40.05¢ 65.95+25.22 8.798 <0.001
147 + 046" 124+ 040 14.04 < 0.001
4.25(2.93,6.08) 39(26,4.9) 14.86 0.001
3144 + 8.85 29.46 + 8.65 3.942 0.02
15.50 (9.00, 33.75) 17 (10, 31) 0.727 0.695
6.50 (3.83,10.33) 5.55 (3.13,9.08) 18.222 <0.001
1120 (7.3, 15.38) 9.05 (5.15, 13.38) 13.619 0.001
73.25+ 1457 68.13 + 15.81 4912 0.008
328.59 +138.08 32792 +136.45 017 0.889
30.03 (16.97, 51.39) 3544 (19.63, 63.02) 8.034 0.018
3.75(2.82,4.67) 10.13 (8.72,12.82) 151371 <0.001
109.28 (79.41, 151.49)F 6713 (59.23, 76.10) 86.161 <0.001

P<0.05:ANvs.P,BNvs. F, P vs. F; P< 0.017: °®N vs. P, EN vs. F, FP vs. F.

:
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increase in creatinine (P = 0.027), whereas the frail group had
a decrease in creatinine (P = 0.049), and the creatinine level of
the frail group was significantly lower than that of the prefrail
group (P < 0.001). For cystatin C, both the nonfrail group and
the frail group had significantly lower cystatin C levels than did
the prefrail group (P < 0.001). The serum globulin level was sig-
nificantly lower in the frail group than in the nonfrail group (P
= 0.006). However, total protein was significantly lower in the
frail group than in the nonfrail and prefrail groups (P = 0.003
and P = 0.017, respectively). Direct bilirubin levels were signifi-
cantly higher in the prefrail and frail groups than in the non-
frail group (P < 0.001 and P = 0.034, respectively). However,
indirect bilirubin levels were significantly lower in the prefrail
and frail groups than in the nonfrail group (P = 0.014 and P <
0.001, respectively). Total bilirubin levels were significantly
lower in the frail group than in the nonfrail and prefrail groups
(P<0.001 and P = 0.011, respectively). ALT levels were signifi-
cantly lower in the frail group than in the nonfrail and prefrail
groups (P=0.002 and P = 0.001, respectively). AST levels were
also significantly lower in the frail group than in the nonfrail
and prefrail groups (P < 0.001 and P = 0.002, respectively). In
conclusion, from the nonfrail group to the frail group, albumin,
globulin, total protein, ALT, AST, indirect bilirubin, and total
bilirubin levels all gradually decreased with the progression of
disease. However, creatinine, cystatin C, and direct bilirubin
levels initially increased and then decreased.

In addition, there were significant differences in the levels
of the 3 cytokines among the groups (P < 0.05). Compared with
the nonfrail group, the prefrail group had significantly lower lev-
els of IFN-y (P = 0.005). The levels of IL-17 (P = 0.005), IFN-y
(P < 0.001), and insulin-like growth factor 1 (IGF-1) (P < 0.001)
were significantly increased in the frail group. Compared with
the prefrail group, IFN-y levels in the frail group were signifi-
cantly increased (P < 0.001) and IGF-1 levels were significant-
ly decreased (P < 0.001). It is worth noting that in the process
of disease progression from the nonfrail stage to the frail stage,
IL-17 showed a gradual increase, whereas IFN-y showed a trend
of first decreasing and then increasing, and IGF-1 showed a trend
of first increasing and then decreasing, which is worthy of fur-
ther exploration (Table 4).

Intestinal microbiota and metabolic characteristics in older individuals
with different frailty states

Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria were
the main bacteria found among the older individuals (# = 300)
(Table 5). As the degree of frailty changed, the species and abun-
dance of the gut microbiota also changed. The relative abundance
of Bacteroides vulgatus, Ruminococcus bicirculans, Alistipes onder-
donkii, Bacteroides ovatus, Bacteroides fragilis, Bacteroides caccae,
Bacteroides thetaiotaomicron, and Bacteroides plebeius increased sub-
stantially, while that of Ruminococcus bromii, Lactobacillus ruminis,
Anaerostipes hadrus, Eubacterium hallii, and Bifidobacterium adoles-
centis, among others, decreased (Supplemental Figure 2).

The results of untargeted metabolomics detection of intestinal
microbiota metabolites revealed a total of 664 metabolites, includ-
ing 435 positive ion metabolites and 229 negative ion metabolites.
There were 143 different metabolites between groups N and P, 50
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between groups N and F, and 192 between groups P and F. The
metabolite comparisons between groups are shown in Supplemen-
tal Figure 3 from both positive and anionic perspectives.

Kyoto Encyclopedia of Genes and Genomes (KEGG) analy-
sis revealed that, compared with group N, metabolic pathways,
including protein digestion and absorption, amino acid biosynthe-
sis, ABC transport, mineral absorption, and alanine, tyrosine, and
tryptophan biosynthesis were upregulated in group P (P < 0.05).
Pyrimidine metabolism, pentose glucuronic acid conversion, and
unsaturated fatty acid synthesis pathways were downregulated in
group F (P < 0.05). Compared with group P, protein digestion and
absorption, amino acid biosynthesis, ABC transport, and other dif-
ferential metabolic pathways were downregulated in group F (P <
0.05) (Supplemental Figure 4).

Comparison of baseline data between groups with different frailty
states before intervention

There were no significant differences (P> 0.05) in age, sex, indi-
cators of frailty, scales, or body composition between the place-
bo group and the probiotic mixture group in the prefrail group (n
=200) at baseline (Supplemental Table 2). Only oil intake was
significantly different (P = 0.004), whereas the intake of other
dietary components and major nutrients showed no statistical
differences (P > 0.05) (Supplemental Table 3). There were sta-
tistically significant differences in the biochemical indices and
cytokine levels of ALT, globulin, y-glutamyltransferase, and
IFN-y (P < 0.05), but there were no significant differences in the
other parameters (Supplemental Table 4).

No statistically significant differences (P > 0.05) were not-
ed in terms of age, sex, the 5 indicators of frailty, scales, body
composition tests, or the intake of major dietary and nutritional
elements between the placebo group and the probiotic mixture
group in the frail group at baseline (Supplemental Tables 5 and
6). Only cystatin C showed a significant difference (P = 0.006)
in liver and kidney function and cytokine levels, whereas no
significant difference was found in the other parameters (P >
0.05) (Supplemental Table 7).

Prebiotic intervention in older individuals with different frail-
ty states (randomized, controlled trial)

After 12 weeks of intervention, the prebiotic mixture signifi-
cantly improved frailty status in both the frail and prefrail groups,
reduced exhaustion in the prefrail group, and improved walking
speed in the frail group (P < 0.05). The body fat percentage sig-
nificantly increased in the treatment arm, whereas muscle mass
decreased in the placebo control arm among prefrail older indi-
viduals. Walking speed and grip strength improved in the treat-
ment arm, while body fat increased and moisture percentage
decreased in the placebo control arm among frail older people (P
< 0.05) (Table 6). Urea and creatinine decreased, whereas glob-
ulin and total protein increased substantially in the treatment
arm; y-glutamyltransferase and indirect bilirubin increased in
the placebo control arm among prefrail older individuals. Glob-
ulin levels increased, whereas IL-17 and IFN-y levels showed a
more obvious downward trend, although no statistically signif-
icant difference was found in the treatment arm; AST increased
and cystatin C decreased in the placebo control arm among frail
older individuals (Table 7). In summary, a prebiotic mixture can
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Table 5. The microbiota and metabolism of the 3 groups

0TUs

o. Diversity Shannon Index
PD whole tree

3 Diversity Weight-B [M(LCL, UCL)]
Unweight-B [M(LCL, UCL)]
Phylum
Genus

Bacterial communities  Species

Metabolomics

(ation metabolites

Anion metabolites

Metabolic pathway
KEGG level 1

KEGG level 2

Enrichment analysis

N (nonfrailty, n = 100)

77251

5.576

38.143

-2252.59 (-2,417.14, -2,088.05)¢
-1783.29 (-1,944.10, -1,622.48)°

Firmicutes |, Bacteroidetes?®,
Prateabacteria, Actinobacteria

Dialister, Enterobacteriaceae,
Lachnospiraceae, Bifidobacterium,
Bacteroides, Klebsiella, Lactobacillus,
Subdoligranulum, Enterococcus,
Megasphaera

Escherichia coli | %, Clostridium disporicum | ¢,
Anaerostipes hadrus ", Eubacterium

hallii| ©, Ruminococcus torques | ¢,
Bifidobacterium adolescentis | ‘Bacteroides
ovatus?Y, Anaerostipes caccae?t, Dorea
formicigenerans?", Bacteroides stercoris",
Bacteroides eggerthiit®, Oscillibacter sp. ER47,
Bacteroides cellulosilyticus 1t

104(Kaempferol |, ethanolamine
phosphate ", dimethylaminopurine1t,
valine?, ethanolamine1, tryptophan1©)
39(Palmitic acid |, hexyldodecano-
ate| ", cresol 1, proline?s, serine 1,
dihydrothymidine1©)

Metabolic7¢, genetic information processing?*,
environmental information processing | ¢

Cell membrane transport ¢, glucose
metabolism ¢, replication and repair|{,
amino acid metabolism |, cofactor and
vitamin metabolism ¢, energy metabolism ¢,
nucleotide metabolism | ©

Protein digestion and absorption1®,
mineral absorption1t, cancer center
carbon metabolism1¢, aminoacyl tRNA
biosynthesist¢, amino acid biosynthesis ¢

P (prefrailty, n = 100)

77900

5.644

49.87¢

474.35(309.81, 638.89)°
3,207.87 (3,047.06, 3,368.68)°

Firmicutes | ®, Bacteroidetes1®,
Prateobacteria, Actinobacteria

Dialister, Enterobacteriaceae,
Lachnospiraceae, Bifidobacterium,
Bacteroides, Klebsiella, Lactobacillus,
Subdoligranulum, Enterococcus,
Megasphaera

Bacteroides vulgatus1®, Bacteroides
ovatus1®, Bacteroides uniformis?®,
Bacteroides thetaiotaomicron1®,
Ruminococcus bromii |, Clostridium
disporicum | 8, Lactobacillus mucosae | ®,
Dorea formicigenerans | ®

124(Guanine ®, dimethylaminopurine |,
ethanolamine | ®, tryptophan | %,
arbutanol1®, phosphoethanolamine?®)

68(Cresol | %, phenylpyruvate ®,
proline®, isocitrate1®, benzoic acid1®)

Genetic information processing | ®

Circulatory system |, cardiovascular
disease | ?, cell communication | %,
sensory system | ®

Cancer center carbon metabolism |8,
amino acid biosynthesis |, protein
digestion and absorption | 8, mineral
absorption | %, ABC transport | %,
aminoacyl tRNA biosynthesis | ©

F (frailty, n = 100)

77209

5.466°

32,686

-1778.24 (-1942.78, -1,613.70)*
1424.57 (1,263.76,1,585.38)*

Firmicutes |, Gacteroidetes 1",
Proteabacteria, Actinobacteria

Dialister, Enterobacteriaceae*,
Lachnospiraceae, Bifidobacterium | *,
Bacteroidest", Klebsiella, Lactobacillus | *,
Subdoligranulum, Enterococcus,
Megasphaera

Escherichia colit*, Ruminacoccus bicirculans,
Alistipes onderdonkiit*, Bacteroides ovatus 1,
Bacteroides fragilist*, Bacteroides caccae?*,
Bacteroides thetaiotaomicron’*, Bacteroides
plebeiust*, Bacteroides vulgatus?*,
Anaerostipes hadrus %, Eubacterium hallii | *,
Bifidobacterium adolescentis | *, Ruminococcus
bromii|*, Lactobacillus ruminis | *

32(Amino cyclopropane carboxylic acid |,
deoxycholic acid |, niacin |, thymine ",
bearberry alcohol1*)

18(Phenylpyruvate | !, ketogenic amino acid |,
deoxyribose, isocitrate )

Metabolic*, environmental information
processing | *, human diseases1?, biological
systems

Cell membrane transport | *, glucose
metabolism | *, replication and repair | *,
amino acid metabolism | *, cofactor and
vitamin metabolism | %, energy metabolism |,
nucleotide metabolism | *

Pentose phosphate pathway | pentose
glucuronic acid conversion | "pyrimidine
metabolism | ", unsaturated fatty acid
synthesis pathway | %, amino acid synthesis|*

TGroup F is significantly higher than group N, with P < 0.05; |AGroup F is significantly lower than group N, with P < 0.05; 18Group F is significantly higher than
group P, with P < 0.05; | 8Group F is significantly lower than group P, with P < 0.05; 1Group P is significantly higher than group N, with P < 0.05; |“Group P is
significantly lower than group N, with P < 0.05. M, medium; LCL, lower control limit; UCL, upper control limit.

;

markedly increase protein levels in older individuals (both frail
and prefrail), improve renal function (prefrail), and partially
reduce inflammatory factors (frail).

The Table 8 lists the microbiota and metabolism after the inter-
ventions. There was no significant change in a-diversity among the
groups after the intervention (P > 0.05). The results of the Tukey
test showed that there was significant B-diversity between the sub-
group in the prefrailty group that received maltodextrin placebo
(PM group) after placebo intervention (PMA) and the subgroup in

the prefrailty group that received prebiotic intervention (a prebiotic
mixture of inulin and oligofructose) (PI group) after prebiotic inter-
vention (PIA), as well as between the subgroup in the frailty group
that received maltodextrin placebo intervention (FM group) after
placebo intervention (FMA) and the frailty group that received pre-
biotic intervention (a prebiotic mixture of inulin and oligofructose)
(FI group) after prebiotic intervention (FIA), regardless of the use of
unweighted or weighted algorithms (P < 0.01) (Supplemental Figure
5). In the prefrail group, B. adolescentis was predominant in the pre-
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Table 6. Effect of prebiotics on general status of prefrailty and frailty elderly

P (n=100)
Variables PM(n=50) PMA(n=45) PI(n=50) PIA(n=47) F/Z/¢
ADL 974 +5.82 95.78 +4.39 979+392 9617+393 2266
(x£s)
SAS 3206+£799 3218+865  3024+832 30641724 0718
(x£s)
GDS 768 +4.64 782+392 696+3.84 IN+375 047
(x£s)
PAC-QOL 10.00(0.0,19.0) 700 (6.0,13.0) 13.00(3.75,23.0) 7.00(4.0,9.0) 4482
[M((1,03)]
PSQI 724 +296 5.84+378 704 +353 674+396 1392
(x£s)
Weight 6193+10.29 6360+10.03 6388+1049 6586+1119 1136
(kg) (x +5)
BMI 2180+367 2278+377  2235+436 2261570 0454
(kg/m?, X £ 5)
Fat percentage 25011010 2889+928 25.02+1045° 29.88+10.64 3.05
(xs)
Muscle mass 4305+360" 4116+6.59 4413+359 42944339 3581
(kg, X +5)
Bone mass 267+0.28 263+030 274+033 273+031 1351
(kg X %)
Visceral fat grade 6.77 £ 3.58 723+2.80 6.79+351 790272 1316
(x£s)
Basal metabolism 12921219 1275+1231 1333.22+12778 129542127 1292
(keal, X £5)
Body moisturerate 5297 +743" 4899+820 5391+876° 5060763 3678
(x£s)
Walking time 5.72+103 5.82+195 59+128 548+132 0781
(5,Xx%5)
Grip strength 1921+6.7 2158 + 6.54 2ANM+724 23664743 3314
(kg, X £5)
Physical decline 14 (28%) 18 (40%) 7 (14%) 1B(277%) 8165
(n, %)
Exhaustion score 00(0.0,20) 200(0.0,30° 0.0(0.0,200) 100(0.0,10) 14482
[M((1,03)]

F (n=100)

Pvalue FM(n=50) FMA(n=48) FI(n=50) FIA(n=44) F/Z/ Pvalue
0.082 96 + 6.06 9583+404 967+472 9705379 068 057
0542  100(10,10) 10(10,1.0) 10(10,10)  10(10,10) 284 042
0704 100(10,10) 10(10,10)  10(10,20) 10(10,10) 58 012
0184 1250(4.0,19.0) 6.0(4.0,125) 13.0(6.0,28.0) 8.00(6.0,1275) 1079 0.013
0.247 816 £4.52 8.06+397 824+424 705+ 444 077 051
0336 59371314  6251£951  6152+£1492 65531128 1639 0182
0715 2083+466 2222+336  2153+524  2320+401 205 0108
003 270+152° 2668+1099 2552+1091 2997+998 4197 0.007
0015 4273+723  4055+927 4184727 4186+382 2454 0.065
0259  260+047 266+0.32 263+051 263+035 0193 0901
0.2 5.79+394 6.84 +3.03 6.86 £3.86 821+308 3382 0.019
0279 125156 +25865 1366+683.7 127476+23696 1294+1301 0525 0.666
0013 5470+1253° 5101+1334 5058+997 4787+581 5517 0.001
0.506 794179 791+ 429 819 + 246 61£114 572 0.001
0021  1564+53 1781+539  1567+623 2015:616 638 0
0.043 26 (52%) 18 (375%) 28 (56%) 24 (54.5%) 4% 024
0002 20(20,30) 30(20,30) 30(20,300 30(0.2530) 062 089

P < 0.05:PMA vs. PM, BPIA vs. PI, “PIA vs. PMA, °FMA vs. FM, fFIA vs. FI, FFIA vs. FMA.

biotic mixture group, and Faecalibacterium was predominant in the
placebo group. In the PIA group, Bifidobacterium pseudocatenulatum
and E. coli, Veillonellaceae, Enterobacteriales, and Negativicutes were
the dominant bacteria (Supplemental Figure 6). There were 13 and
177 different metabolites between PMA and PIA and between FMA
and FIA, respectively (P < 0.05) (Supplemental Figure 7). Compared
with those in the FIA group, the overall expression of genes related
to protein digestion and absorption, carbon metabolism in cancer
centers, mineral absorption, aminoacyl tRNA biosynthesis, ABC
transport, and amino acid biosynthesis in the FMA group tended
to be downregulated (P < 0.05). A hierarchical clustering heatmap
and network map showed that there were 25 different bacterial flora
and 36 different metabolites between the PIA and PMA groups, as
shown in Supplemental Figure 8, and the network diagram showed
that Dialister was the key bacterial group in the core position and was
markedly positively correlated with L-methionine, indole, L-alanine,
L-tryptophan, phenyllactic acid, sorbitol and indole-3-lactic acid.
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Correlation analysis between intestinal flora and clinical indicators
(randomized, controlled trial)

To further explore the correlation between the intestinal flora and
clinical indicators, we screened the 30 most abundant operational
taxonomic units (OTUs) and the expression data of the intestinal
flora in the kingdom, phylum, class, order, family, genus, and spe-
cies. The Pearson correlation algorithm was used to calculate the
correlation between species and clinical indicators, and a heatmap
was drawn. At the genus level, Bifidobacterium was positively cor-
related with grip strength, muscle mass, visceral fat, and albumin
levels and negatively correlated with exhaustion and frailty scores.
The abundance of Blautia in the family Lachnospirillaceae was pos-
itively correlated with grip strength and physical activity and nega-
tively correlated with exhaustion and frailty scores and IL-17 levels.
Prevotella was positively correlated with slow walking, exhaustion,
and frailty scores, as well as with body water percentage, among
others, and negatively correlated with grip strength, body fat per-
centage, and albumin levels, among others (Figure 1A). On the
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Table 7. Effect of prebiotics on biochemical indicators and cytokines in prefrail and frail older individuals

P (n=100)
Variables PM(n=50) PMA(n=45) PI(n=50) PIA(n=47) F/Z/¢
Albumin/globulin 131£0.24 1371023 129+017 135+ 017 1423
Albumin 43.89+812 439+303 N7N+7798 4443 1.886
g/
Alkaline phosphatase  90.72+39.01  79.02+2300 8366+28.74 7768 +20.21 20M
(/L)
ALT 224641199 19.73+8.80 1716 £1429 2098 + 1114 1.804
()
AST 2714 +13.91 2489 +890 2322+1059 2536+6.37 1.201
(u/L)
AST/ALT 148033 138+ 041 142+ 044 141+0.52 0463
Urea 610+ 24 535+131 709+3.23° 5.59 +1.88 5.228
(mmol/L)
Creatinine 780612661 6391+1645  8952+4966 7243+4073 4244
(umol/L)
(ystatin C 143+0.38 106 +0.24 152 +0.53 113+ 046 13.376
(mg/L)
Direct bilirubin 440 41 4.05 49 2217
(umol/L) (2.9,6.05) (3.60,4.80) (2.98,6.13) (340,6.10)
Globulin 33.81+£9.63 3151+ 4.26 29.08+735 3216 +346 4.236
(/)
v-Glutamyltransferase 3 19 195 24 1732
(UL (700,2650) (15,50, 25.50) (11.00,36.25)  (14.00,33.00)
Indirect bilirubin 6.55 8.00 6.25 89 10.797
(umol/L) (4.35,910) (6.75,9.90) (3.28,10.85)  (6.40,10.60)
Total bilirubin 1.20 12.00 10.75 13.20 6184
(umol/L) (838,15.03)  (10.50,14.50) (6.25,1715)  (10.10,16.90)
Total protein 75.70 £ 15.06 7541474 70.79+13.77  76.56 +5.00 2.774
(g/)
Uric acid 32198 +14346  32287+954 3352413361 32753+9045 0127
(umol/L)
117 2945 3273 3012 24 3.746
(pg/mL) (1725,4893)  (18.46,53.31) (1599,52.09)  (15.11,33.50)
IFN-y 2.82 1345 4.05 13.77 121929
(pg/mL) (2.21,4.05) (10.29,17.77) (344,5.06)  (10.92,1760)
IGF-1 113.56 7314 10242 67.29 55.325
(ng/mL) (79.32,148.53)* (62.32,89.15)  (79.08,154.86)® (59.31,76.10)

F (n=100)

Pvalue FM(n=50) FMA(n=48) FI(n=50) FIA(n=44) F/Z/? Pvalue
0.237 128+019 132£023 1294015 133£017 0688  0.56
0133 393+£923  4361£248 3904+728 4436238 9584 <0.001
0Mm4  9512+3594 8015:24.88 8552+4740 8357+£3305 1524 021
0148 = 16761718 22421407 16001519  19.07+841 1997 0116
031  2056+16.03 2654+1022 2108101  242+581 2883 0.037
0.708 151£048 137£051  146+040 143+049 0763 0516
0.002 6.18 £ 2,61 533+£148  557:201 518163 235  0.073
0.006 6598+2872 6435+16.76 6592+2146 6832+1781 0255 0.858

<0001 135045 1122026  114£030 114+0.26 5565  0.001
0.529 3.80 42 395 41 477 019

(235495)  (370,5.85)  (2.88,4.83) (343,478)
0.006 2962+£9.86 3237x492 2929+735 3242%363 2859 0.038
0.008 1700 20.00 17 21.00 6.2 01
(12.00,30.00) (16.00,3700) (850,33.25)  (14.25,37.00)
0.013 530 8.05 5.55 765 2125 <0.001
(310,918) (670,9.70)  (310,8.58) (5.70,9.53)
0103 810 1240 9.55 1.65 2064 <0.001
(4851360)  (9.83,1518) (643,1333)  (9.38,14.58)
0.043 6792+1784 7598536 6833+1367 7678+433 7606 <0.001
0944 = 3233+14939 316.73+82.87 33254 £12352 32439+9092 0154 0927
0.29 31.08 2034 4349 2212 21397 <0.001
(19.02,5049)  (1253,34.76) (23.07,70.82)  (1211,39.35)
<0.001 10.92 716 9.98 716 26489 <0.001
(8.09,1544)  (498,11.87) (871,11.87)  (5.29,1155)
<0.001 6746 69.72 65.69 67.78 1329 0722
(58.84,75.85) (60.89,82.74) (59.70,7717)  (55.22,80.07)

P < 0.05:APMA vs. PM, PIA vs. PI, ‘PIA vs. PMA; "FMA vs. FM, EFIA vs. FI, FFIA vs. FMA.

basis of the results of the aforementioned association analysis, we
constructed a correlation network map. By examining the degree
of connectivity depicted in the figure, we could discern core micro-
organisms and indicators. The findings revealed positive correla-
tions between muscle mass and Bifidobacterium, Ruminococcus,
and Eubacterium halobium. Grip strength was found to have pos-
itive associations with Bifidobacterium, Peptostreptococcus, Rumi-
nococcus, and Dorsiella. IGF-1 was positively correlated with Rumi-
nococcus, while albumin was negatively correlated with Prevotella
and Klebsiella (Figure 1B). After intervention in the prefrail group,
exhaustion was negatively correlated with Ruminococcus and posi-
tively correlated with Enterococcus. Weight loss was negatively cor-
related with Veillonella, and a slow walk was positively correlated
with Roseburia, among others (Figure 1C). After intervention in the
frail group, the PSQI was positively correlated with Holdemanella,
whereas visceral fat, body fat percentage, and IFN-y levels were
positively correlated with Fusobacterium (Figure 1D).

Correlation analysis between metabolites and clinical indicators
(randomized, controlled trial)

Likewise, we screened the expression data of the top 30 most
abundant metabolites and used the Pearson correlation algo-
rithm to calculate the correlations between the metabolites
and clinical indicators. The results showed that a slow walking
speed was positively correlated with trans-vaccenic acid, the
frailty score was negatively correlated with hydroxyisocaproic
acid, and the PAC-QOL score was positively correlated with
L-arginine (Figure 2A). The blood urea (BU) levels, cystatin C
levels, and body moisture rate were positively correlated with
L-pyroglutamic acid; body fat percentage, and visceral fat were
negatively correlated with DL-methionine sulfoxide; and grip
strength was negatively correlated with L-histidine among
prefrail older individuals (Figure 2B). After intervention in the
frail group, the core improvement in walking speed (walking
time) was mainly positively correlated with metformin, 1-pal-
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Table 8. The microbiota and metabolism after interventions

0TUs

o-Diversity Shannon Index
Simpson

[B-Diversity Weight-B [M(LCL, UCL)]

Unweight-B [M(LCL, UCL)]

Group P
PIA (n = 47) PMA (n = 45)
42,461 44,661
5.076 5.314
0.919 0.928

363.01(261.01, 465.01)*
-723.37 (-82342, -623.33)*

Group F
FIA (n = 44) FMA (n = 48)
61,970 46,619
5.207 5.04
0.922 0.91

-438.16 (-539.94, -336.38)°
255.70 (155.44, 355.96)°
1(Bifidobacterium,® Dialister,® Oscillibacter®)

1Moscillibacter_sp_ER4®)

1168(metformin, phosphocholine, phosphoethanolamine,
histidine, glucose, riboflavin)

618(epoxy fatty acid methyl ester, minitol phosphate, sterol
sulfate, methionine, phenylpyruvate, dihydrothymidine)

/

18(cysteine and methionine metabolism, phenylalanine,
tyrosine and tryptophan biosynthesis, lipid synthesis

of proteins, C5-branched dicarboxylic acid metabolism,
degradation of chloralkanes and chloralkanes)

Bacterial communities  Genus L (Faecalibacterium,* Roseburia, Collinsella,*
Lachnoclostridium,* Lachnospira,*
Flavonifractor*) 1 (Subdoligranulum, Dorea,*
Erysipelotrichaceae?)

Species 1(Bifidobacterium adolescentis,* Dorea_longicatena,*

Eubacterium hallii* bacterium_LF-3,* Lachnospiraceae_
bacterium_1_1.57FAA* Dorea_formicigenerans?) | (Collinsella
aerofaciens, Dialister_succinatiphilus,* Clostridium_sp_L2-50,
Alistipes shahii*)

Metabolomics

Cation metabolites 10%(glycyrrhetinic acid, hydroxyphenylglycine, methionine,
histidine, alanine)

Anion metabolites 3*(adipic acid, isobutyric acid)

Metabolic pathways /

(KEGG level 1)

Metabolic pathways 1*(amino acid metabolism, nucleotide metabolism,

(KEGG level 2) endocrine system, and other metabolic pathways)
Msignal transduction, metabalism, immune system)

Metabolic pathways 1*(DNA repair and recombinant proteins, amino acid-

(KEGG level 3) related enzymes, extracellular bodies, ribosomes)
|*(bacterial 2-component systems, methane metabolism,
fructose and mannose metabolism, porphyrin and
chlorophyll metabolism)

Metabolic pathways /

(enrichment analysis)

18(protein digestion and absorption, cancer center carbon
metabolism, mineral absorption, aminoacyl tRNA
biosynthesis, ABC transport, amino acid biosynthesis)

P < 0.05:#PIA vs. PMA and ®FIA vs. FMA. 1 and |denote higher and lower, respectively.

mitoyl-sn-glycero-3-phosphocholine, and 1-oleoyl-sn-glyc-
ero-3-phosphocholine and was negatively correlated with
L-methionine and ketoisocaproic acid (Figure 2C).

Discussion

The intestinal microbiota — one of the most densely populated
microbial communities on earth — contain highly diverse micro-
bial communities that provide metabolic, immunologic, and pro-
tective functions that play a crucial role in human health. Increas-
ingly, the consumption of prebiotics is recognized as an important
avenue for modulating the composition and function of the intes-
tinal microbiota (31). In this community-dwelling older adult-
based clinical trial, we report an association between the intestinal
microbiota and frailty status and further report that supplemen-
tation with prebiotics for 12 weeks resulted in a greater improve-
ment in frailty status in older individuals than did placebo. The
main mechanisms by which prebiotics may improve frailty status
include modulation of the intestinal microbiota and metabolites.
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We observed that advanced age, number of offspring, comor-
bidities, and history of surgery were negatively correlated with
frailty severity and that exercise frequency was a protective factor.
The intestinal microbiota of adults are dominated by Firmicutes
and Bacteroidetes and smaller proportions of Proteobacteria, Act-
inobacteria, and Verrucomicrobia (32, 33). Previous studies have
reported the enrichment of Bacteroidetes and Protobacteria and a
decrease in Firmicutes and Bifidobacteria in older people. Rashi-
dah et al. performed a systematic review in 2022 and showed that
frail older individuals had lower intestinal microbiota diversity
and a decreased abundance of Firmicutes, with Dialister, Lactoba-
cillus, and Ruminococcus being the prominent genera, which is in
accordance with our results (34, 35). We found that with increas-
ing frailty severity, the relative abundance of Firmicutes decreased
gradually, while that of Bacteroidetes increased. Via the capacity
to generate either harmful or beneficial microbial metabolites,
including short-chain fatty acids (SCFAs), cholate, and trimethyl-
amine N-oxide (TMAO), as well as protein fermentation products,
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Figure 1. Correlation between the flora and clinical indi-
cators. (A) Correlation between the most abundant flora
(top 30) and clinical indicators. (B) Correlation network
map between the flora (top 30) and clinical indicators.
This network diagram is based on Pearson correlation
analysis to calculate the correlation between clinical
indicators and intestinal flora and is drawn with a P value
of less than 0.5. The red circle represents the microor-
ganism, the blue box represents the clinical index, and
the size of nodes represents the size of the surrounding
connectivity. The more connections, the larger the size.
The solid line represents positive correlation, whereas the
dashed line represents negative. (C) Correlation between
the flora and clinical indicators among prefrail older
individuals (PIA vs. PMA). (D) Correlation between the
flora and clinical indicators among frail older individuals
(FIA vs. FMA).
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Figure 2. Correlation between the metabo-
lites and clinical indicators. (A) Correlation
between the most abundant metabolites
(top 30) and clinical indicators. (B) Correla-
tion between the metabolites and clinical
indicators among prefrail older individuals
(PIA vs. PMA). (C) Correlation between the
metabolites and clinical indicators among
frail older individuals (FIA vs. FMA).

the intestinal microbiota have been linked
to several diseases, such as inflammatory
and cardiovascular diseases and metabolic
disorders (33, 36-38). A general decrease
in total energy, mass, and dietary protein
intake metabolic pathways was found to
be associated with frailty, as dietary pro-
tein intake and circulating amino acids are
known to be components of muscle protein
and are metabolic centers for several bio-
logical processes, including inflammation,
insulin sensitivity, and redox homeostasis
(39, 40). Our data also suggest a role for
metabolic alterations as well as metabolic
pathways in varying frailty states.

Given the potential plasticity of the
intestinal microbiota, interventions involv-
ing diet, prebiotics, probiotics, and even
fecal microbiota transplantation represent
several promising directions. Ghosh et al.
conducted a 12-month Mediterranean-style
dietary intervention in 1,200 frail and non-
frail European participants from 65 to 79
years of age and found specific microbi-
ome changes to be positively correlated
with markers, such as reduced weakness
and improved cognition, and negative-
ly correlated with inflammatory markers
(C-reactive protein [CRP], IL-17, etc.) (34).
In our study, after a 12-week prebiotic inter-
vention, we found that intervention using a
prebiotic mixture reduced the exhaustion
score and increased body fat and water
percentages of older people in the prefrail
group. In the frail group, walking speed and
grip strength improved, as did symptoms of
constipation. This indicates that a prebiotic
mixture can improve the muscle strength
of patients with frailty and has a certain
effect on alleviating frailty status. In addi-
tion, no abdominal pain, diarrhea, or other
symptoms were reported in the later peri-
od for any of the individuals who insisted
on taking the prebiotic mixture, which also
reflects the safety of the prebiotic mixture
and the tolerance of its long-term use.
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General status, frailty status, intestinal flora, and metabolites analysis _J

Figure 3. Trial profile.

Our results showed that, in the prefrail group, the abundance
of B. adolescentis, Dorea longicatena, Eubacterium hallii, bacteri-
um_LF-3, Lachnospiraceae_bacterium_1_1 57FAA, and Dorea for-
micigenerans increased after prebiotic intervention. B. adolescentis
is a probiotic bacterium that has recognized therapeutic effects on
chronic diarrhea and constipation. It can also increase the activity
and content of superoxide dismutase (SOD) in blood, reduce the
damage of free radicals to human cells, and play an antiaging role

(41, 42). The Lachnospiraceae family is known to participate in the

breakdown of carbohydrates into SCFAs, which are believed to play
akeyrole in microbiota-gut-brain cross talk and in the maintenance
of intestinal barrier function. In addition, a clinical trial of fecal
microbiota transplantation for ulcerative colitis in 2017 revealed
that remission of symptoms was associated with enrichment of
2 bacteria: Eubacterium hallii and Roseburia inulinivorans. These
microorganisms are thought to promote SFCA production and
starch breakdown (43). Interestingly, LefSe analysis showed that in
the frail group, prebiotics increased the abundance of the probiot-
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ic Bifidobacterium pseudosmall chain; moreover, the abundance of
E. coli, a bacterium commonly considered to be an opportunistic
pathogen, was also relatively increased. Kong et al. characterized
the microbiota of a group of long-lived people (90 years of age or
older) in Dyjiangyan, China, and revealed that the long-lived group
had a greater diversity of gut microbiota than did the young adult
group. Further in-depth characterization of the microbiota in the
long-lived cohort revealed that several known SCFA-producing
bacteria were enriched. However, this result was accompanied by
a decrease in some commonly beneficial bacteria (e.g., Faecalis)
and an increase in some potentially pathogenic bacteria (e.g., E.
coli and Shigella) (44). This finding is consistent with our findings,
suggesting that the synergistic or antagonistic effects of the micro-
biota are complex and that maintaining a diverse and balanced gut
microecology may be a key factor in ameliorating frailty (44). We
further assessed target metabolism, which showed that prebiot-
ic intervention increased the levels of methionine, histidine, and
alanine and that the changes in metabolites tended to be similar
to those in nonfrail or nonsarcopenic individuals. Dialister is key
within the microbiota and is significantly positively correlated with
indole, L-alanine, L-tryptophan and indole-3-lactic acid.

Although our study had several strengths, including a ran-
domized trial design, double-blinded intervention, and rigorous
assessment, there were several limitations. There is no clear gold
standard for frailty assessment at present; thus, the Chinese ver-
sion of the Fried Frailty Assessment Method recommended by
the Chinese Expert Consensus on Frailty Assessment and Inter-
vention for Elderly Patients was used in our study. It is plausi-
ble that the screening method is unsuitable for bedridden older
individuals with obvious body dysfunction, and that the use of
the bioimpedance analysis for body composition is a less precise
measure than CT or MRI. Due to the possible delay between
microbiome and metabolome changes, association studies
between the metabolome, microbiome, and host state must be
performed with caution, and clinical studies aimed at the inter-
vention of metabolites are lacking. Further microbiota studies
should include the influence of other phyla (such as viruses,
fungi, and archaea), as well as other host characteristics (such as
ethnic origin, nutrition, and genetics).

Conclusions. This clinical trial showed that the diversity, com-
position, and function of the intestinal microbiome varied with
frailty status in community-dwelling older adults in China. Intes-
tinal microbiome dysbiosis is linked to frailty status, and prebiotic
mixture interventions may be a promising direction for treatment.
Future studies are needed to determine whether other microor-
ganisms participate in the frailty process and which combined
therapy with prebiotics may further improve outcomes.

Methods
Sex as a biological variable. Our research included both men and women.
Design. We conducted a large multicenter, double-blind, random-
ized, placebo-controlled trial involving community-dwelling older
individuals. The study, conducted at 13 communities in Xi’an, China,
was mainly divided into 3 parts: an observational analysis involving
1,693 participants, a cross-sectional analysis with 300 participants,
and a randomized, controlled trial comprising 200 participants, which
was prespecified in the trial protocol (Figure 3).
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Participants. The study was conducted in the 13 communities
of Xi’an city, Shaanxi Province, China. Community-dwelling older
individuals who were over 65 years of age were recruited and clini-
cally followed between August 11,2018, and December 30, 2020. All
individuals agreed to participate in the survey. The inclusion criteria
were as follows: (a) able to get up from a chair and walk at least 6
meters with or without a walking device; (b) had normal cognitive
ability, with the ability to read and express themselves (Research-
ers had brief conversations with the participants, including asking
for their name, address, family information, current season, etc.
Second, the prospective participant read a paragraph of text from a
newspaper aloud. Those who could read it correctly were considered
qualified.); and (c) agreed with the research program and were will-
ing to participate in the survey. The exclusion criteria were as follows:
(a) blindness, (b) acute infection, (c) cancer or other serious disease
(if the cancer had responded well after surgery, no distant metasta-
sis was found, and no chemotherapy, radiotherapy, or special drugs
were needed, the individual was not excluded), or (d) dementia,
severe cognitive dysfunction, or mental illness, and were unable to
live on their own or were unwilling to participate in the survey.

Randomization and interventions. PASS11 software was used to
calculate sample size, with § = 0.2 and o = 0.05. Fifty participants
were planned to be recruited in each group (n = 50 participants in the
intervention group and n = 50 participants in the placebo group), with
atotal of 100 participants to be recruited in the prefrail group and 100
to the frail group. Additional exclusion criteria were as follows: acute
or chronic inflammatory disease of the intestines in the previous 3
months; use of antibiotics, probiotics, prebiotics, or synbiotics in the
past month; use of laxatives or drugs for diarrhea, proton pump inhib-
itors, or gastric motility drugs for more than 3 days. Randomization
was performed using a dynamic allocation method; random numbers
were stratified by sex at a 1:1 ratio, and the details of the allocation
sequence and the allocation group were concealed from the research-
ers. Independent study coordinators dispensed either placebo or pre-
biotics according to a computer-generated, randomized sequence.
The computer automatically generated a random number for each of
the 100 persons in the group and then ranked the numbers in descend-
ing order, with the first 50 individuals taking the intervention mixture
(a prebiotic mixture of inulin and oligofructose [50% each] derived
from chicory, 15 g/d, taken after breakfast) and the last 50 individu-
als taking the placebo (maltodextrin, 15 g/d, taken after breakfast). All
participants, study coordinators, and researchers were blinded to the
intervention arm throughout the entire study.

Outcomes. The primary outcomes included the results from the
frailty scale. The secondary outcomes were the gut microbial compo-
sition and metabolite pathways at the beginning and end of the exper-
iment. Information on the participants’ exercise, diet, and other living
habits and general conditions was obtained via a questionnaire, and
the investigators received unified training before conducting the sur-
vey. Body fat percentage, muscle mass, and visceral fat were measured
by a body composition analyzer.

Screen of frailty status. The Fried scale was used to define frailty
status (45), which included (a) unintentional weight loss (unintentional
weight loss >4.5 kg or 5% of body weight in the past year); (b) exhaustion
(evaluated using the Center for Epidemiological Survey, Depression
Scale [CES-D]). That is, the score for any 1 of the 2 questions in CES-D
was 2-3 points, which could be determined as the score for the item: (a)

= [
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I feel like I need to work hard in everything I do; (b) I cannot walk for-
ward (O score: <1 day; 1 point: 1-2 days; 2 points: 3-4 days; 3 points: >4
days); (c) decreased grip strength (determined by sex and BMI, judged
on the basis of the average of the 3 grip strength levels of the dominant
hand. Men: BMI <24.0 kg/m?, weight <29 kg; BMI 24.1-28.0 kg/m?,
weight <30 kg; BMI >28 kg/m?, weight <32 kg. Women: BMI <23.0 kg/
m?, weight <17 kg; BMI 23.1-26.0 kg/m?, weight <17.3 kg; BMI 26.1-29.0
kg/m?, weight <18 kg; BMI >29 kg/m?, weight <21 kg); (d) decreased
walking speed (time it took to walk 4.57 meters, by sex and height. Men:
height <173 cm, 27 seconds; height >173 cm, 26 seconds; women: height
<159 cm, 27 seconds; height >159 cm, 26 seconds); and (e) reduced
physical activity (assessed according to the Minnesota Leisure Time
Physical Activity (MLTA) questionnaire by sex. Men: <383 kcal/week
[~2.5 hours of walking]; women: <270 kcal/week [~2 hours of walking]).
Specifically, the grip strength was measured by a Jamar Plus+ grip dyna-
mometer, and all of these indicators were assessed by face-to-face sur-
veys. The presence of 1-2 indicators in older individuals was defined as
prefrail, and more than 3 indicators was defined as frail.

Sociodemography and general health status, geriatric scale, “bio-
impedance analysis” of body composition variables, daily diet survey,
hepatic and renal function, and cytokines. The sociodemographic and
general health status of the participants was assessed in person by
staff and included name, sex, date of birth, phone number, ethnicity,
occupation, education level, marital status, number of children, and
frequency of social visits to the older individual by children, relatives,
and friends. The frequency of visits was categorized as follows: (a) reg-
ular: at least once weekly; (b) occasional: once or twice monthly; (c)
infrequent: once or twice annually; (d) seldom: not visited for over a
year. Visits falling under the first category were deemed “frequent,”
whereas the remaining 3 categories were amalgamated as “other”.
Other information collected included per capita monthly income of
the family and living situation, which was categorized as follows: (a)
living alone; (b) living with spouse; (c) living with children; (d) living
with both spouse and children; (e) other situation (participant was
asked to specify). These living situations were further divided into 2
groups: (a) living alone and (b) living with others. The remaining cate-
gories were as follows: smoking status, alcohol consumption, exercise
frequency, personality type, surgical history, medical history, medica-
tion status, and occurrence of acute events.

The common scales for older persons used in this study included
the Activities of Daily Living (ADL) (46), the Self-rating Anxiety Scale
(SAS) (47), the Geriatric Depression Scale (GDS) (48), Patient Assess-
ment of Constipation-Quality of Life (PAC-QOL) scale (49), and the
Pittsburgh Sleep Quality Index (PSQI) (50). The above scales are all
internationally recognized and rated according to the corresponding
standards for judgment. The detection by bioimpedance analysis (BIA)
of body composition variables was strictly controlled by the staff on the
basis of the indications. During detection, the older person was allowed
to stand on a body composition analyzer (Tanita BC-545N) according
to the instructions. The stabilization of the test reading allowed for the
sequential recording of various indices, including weight (kg), BMI
(kg/m?), fat percentage, muscle mass (kg), bone mass (kg), visceral fat
grade, basal metabolism (kcal), and body moisture percentage.

The daily diet survey was conducted using the “3-Day 24-hour Diet
Record Questionnaire,” which recorded all the food eaten on Thursday,
Friday, and Saturday for 3 consecutive days and entered on a separate sheet
for each day. The researchers explained the recording method to the study
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participants on site and combined it with the food model to help the par-
ticipants establish the concept of the specific weight of food, emphasizing
that all food eaten at home or outside of meals (including snacks) should
be entered in the survey table to avoid omissions. After confirming that the
individual was able to accurately understand the form, the form was hand-
ed tothe person or their caregiver. Finally, the outpatient nutrition guidance
software program (version 3.0), developed by Shanghai Zhending Health
Technology Co., was used to input and export the data.

Biochemical indicators and cytokines were detected in the partic-
ipants’ blood samples. Fasting venous blood was drawn from all par-
ticipants in the morning and centrifuged immediately thereafter. The
serum isolated from each sample was divided into 2 parts, with 1 part
immediately sent for biochemical function detection to the clinical lab-
oratory at Xijing Hospital, which is affiliated with the Air Force Military
Medical University; the other part was used for double-antibody sand-
wich ELISA (Wuhan Elabscience Biotechnology) to detect cytokines.

Determination of fecal microbiota. Fecal samples were collected
at baseline and at the end of the 3-month intervention. The detailed
fecal collection process and matters needing attention were formulat-
ed, and the researchers and participants were trained at the beginning
of the experiment. Each fecal sample (approximately 2 g) was collect-
ed by participants at home in a dry, aseptic exclusive stool collector,
immediately stored at -20°C, and sent within 1 hour through the cold
chain (-80°C) until analysis. DNA was extracted from fecal samples
using the SDS method and detected by 16S rDNA gene sequencing.
PICRUSt software was used to analyze the function of the gut microbi-
ota. High-throughput chromatography-mass spectrometry was used
to assess the metabolomics of the targeted microbiota.

Statistics. Descriptive statistics, including the mean, median, and
ranges, were used to describe all the quantitative variables. Categor-
ical variables are described by proportions; medians and interquar-
tile distances were used to describe continuous variables that were
not normally distributed. ANOVA was used to test the differences
between groups of continuous variables, the y? test was used to test the
differences between groups of categorical variables, and the rank-sum
test was used to test non-normally distributed data. Statistical signifi-
cance was set at a P value of less than 0.05, and statistical analysis was
performed using SPSS 25.0 software.

Study approval. This study conformed to the ethics principles stat-
ed in the Declaration of Helsinki, and the project was approved by the
Ethics Committee of the First Affiliated Hospital of Air Force Medical
University (KY20192015-F-1) and registered in the US Clinical Trial
Registry (NCT03995342). All participants were informed of and con-
sented to the study protocol.

Data availability. The primary data that substantiate the findings
presented in this work can be found in the Supporting Data Values file.
The data supporting the findings of this study are available from the
corresponding author upon reasonable request.
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