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Objective: Our study aimed to explore the association between trimethylamine N-oxide and
frailty in older adults with cardiovascular disease.

Patients and Methods: This cross-sectional study analyzed a total of 451 people aged 65
years or older who underwent comprehensive geriatric assessments. Frailty status was
determined using a frailty index constructed with 48 variables according to the cumulative
deficits model. Physical frailty and cognitive frailty were also assessed in detail. Fasting
plasma TMAO was measured by mass spectrometry.

Results: The proportion of frail subjects was 29.9% (135/451). Plasma TMAO levels were
significantly higher in frail patients than in nonfrail individuals (4.04 [2.84-7.01] vs 3.21
[2.13-5.03] uM; p<0.001). Elevated plasma TMAO levels were independently associated
with the likelihood of frailty (OR 2.12, 95% CI 1.01-4.38, p=0.046). Dose—response analysis
revealed a linear association between the TMAO concentration and the OR for frailty.
A 2-unit increase in TMAO was independently correlated with physical frailty (OR 1.23,
95% CI 1.08-1.41, p for trend 0.002) and cognitive frailty (OR 1.21, 95% CI 1.01-1.45,
p for trend 0.04).

Conclusion: Elevated circulating TMAO levels are independently associated with frailty
among older adults with cardiovascular disease.

Keywords: older adults, frailty, TMAO, cardiovascular disease, physical frailty, cognitive
frailty

Introduction
Frailty is defined as an age-related condition characterized by an accentuated
vulnerability of an individual to physiological and environmental stressors. The
presence of frailty has a negative impact on the prognosis of older adults, especially
those with cardiovascular disease.'*> Given the multifactorial etiology of frailty, it is
generally accepted that declines in physical or cognitive reserve comprise the core
domains of frailty.® Although growing attention has been paid to frailty, the lack of
valid biomarkers and effective intervention targets for frailty remains a problematic
issue.*

Emerging evidence implies a crucial role of the gut microbiota in frailty among
older adults.”® The gut microbiota may modulate aging-related alterations in physical
performance, sarcopenia, and cognitive impairment, all of which are elements of
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frailty.”® Frail people have distinctive microbiota composi-
tions with fewer and less diverse microorganisms compared
to healthy people.” Although the characteristics of the gut
microbiota in frail people have been delineated, the instabil-
ity and individuality of the gut microbiota preclude its use as
an effective biomarker of frailty."

Trimethylamine N-oxide (TMAO) is a stable metabolite
of the gut microbiota and has attracted increasing interest
because of its pathogenic role in cardiovascular disease.'"'?
In the intestine, the microbiota metabolizes dietary choline
and carnitine, which are found at high levels in red meat,
into trimethylamine (TMA)."*'* Liver enzymes oxidize cir-
culating TMA into TMAO. Importantly, TMAO also exerts
an influence on the aging process. Experimental studies have
shown that increasing TMAO levels can induce brain aging
and age-associated arterial endothelial dysfunction by inten-
sifying the inflammatory response and oxidative stress.'>'®
Recently, a study showed that the gut microbiome of frail
individuals had a higher representation of the bacterial CutC
enzyme that catalyzes choline into TMA than nonfrail indi-
viduals, underlying a potential association between TMAO
and frailty."”

Although potential mechanisms have emerged, the asso-
ciation between TMAO and frailty remains unclear.
Therefore, we aimed to clucidate whether TMAO had an
data from

a comprehensive geriatric assessment cohort. Moreover, we

impact on frailty using cross-sectional

attempted to explore the relationship between TMAO and
different phenotypes of frailty, such as physical frailty and
cognitive frailty.

Patients and Methods
Study Design and Participants

This cross-sectional study was based on data from
a longitudinal study involving comprehensive geriatric eva-
luations of hospitalized older patients.'® A total of 727
patients (age 65 years and older) were included in our
study. All patients were admitted to the cardiac ward of the
National Center of Gerontology (Beijing, China) between
September 2018 and February 2019. After obtaining written
informed consent, trained personnel conducted a baseline
survey and a series of comprehensive geriatric assessments
for each participant. We excluded subjects who were unable
to complete the questionnaire and patients without fasting
blood samples. Ultimately, a total of 451 subjects were
included in the final statistical analysis (Figure 1).

Frailty Assessment

Frailty Index

Frailty severity was measured using a frailty index (FI)
following the deficit accumulation approach. The FI was
based on 48 variables, which collectively included vari-
ables reflecting restricted activity, disability in activities of
daily living, impairments in general cognition and physical

727 patients admitted to the Cardiac Ward of National Center of
Gerontology between September 2018 and February 2019

\ 4

185 patients excluded:
54 unable to cooperate with the assessment
131 refused to sign the informed consent

Assessment (CGA)

542 patients underwent the Comprehensive Geriatric

A 4

e —

91 patients excluded for absence of fasting

blood samples

451 patients included and analyzed

Figure | Flow diagram of participant enroliment.

submit your manuscript

1810

Dove

Clinical Interventions in Aging 2020:15


http://www.dovepress.com
http://www.dovepress.com

Dove

He et al

performance, self-rated health, comorbidities, and depres-
sion/anxiety/insomnia (Table S1).'® All binary variables
were recorded based on the convention that “0” indicated
the absence of the deficit and “1” indicated the presence of
the deficit. For variables that included a single intermedi-
ate response, we used an additional value of “0.5”.
Consequently, the FI score was calculated as the propor-
tion of deficits present out of all variables considered.
According to previously determined cut-off points for the
FI, study participants were assigned to binary categories of
nonfrail (FI <0.25) and frail (FI >0.25) and ordinal cate-
gories of nonfrail (FI <0.12), prefrail (0.12< FI <0.25) and
frail (FI >0.25)."

Physical Frailty

Physical frailty was defined according to the
Cardiovascular Health Study (CHS) index criteria based
on the following five conditions: weight loss, exhaustion,
low activity, weakness, and slowness.”’ Participants with
three or more conditions were considered to have physical
frailty. The Short Physical Performance Battery (SPPB) is
an objective test of lower extremity function (balance,
walking speed, repeated chair stands) and is utilized as
a supplementary method to assess physical frailty. A score
< 9 on the SPPB was classified as physical frailty.*!

Cognitive Frailty

Cognitive frailty was defined as a clinical manifestation
characterized by the simultaneous presence of both physi-
cal frailty (CHS frailty criteria) and mild cognitive impair-
ment (MCI), with the exclusion of concurrent Alzheimer’s
disease or vascular dementia.”? Cognitive impairment was
detected by using the Mini-Mental State Examination
(MMSE) scale. The score ranges from 0 to 30, and low
MMSE scores indicate poor cognitive function. To distin-
guish patients with MCI, a cut-off of < 25 was used.”

Covariates

Demographic characteristics included age, sex, and educa-
tion level. Tobacco smoking status was used to divide
participants into two groups: current smokers or current

(past
Anthropometric data, including weight, height, and bra-

nonsmokers smokers or never smokers).
chial artery blood pressure, were collected at admission.
History of chronic diseases was self-reported, which was
reasonably accurate when compared to medical records.
Information about prescribed medication in the past three

months was also recorded in detail. Left ventricular

ejection fraction (LVEF) was measured by experienced
echocardiographers using the biplane modified Simpson’s
method. All the above baseline medical information and
measurement data were gathered and assessed by trained
personnel.

Laboratory Testing

Fasting blood samples were collected with vacuum bio-
chemical tubes on the second morning after admission.
Blood samples were then centrifuged and frozen at —80°
C until further analysis. Plasma TMAO was measured
using stable isotope dilution ultra-performance liquid chro-
matography with online tandem mass spectrometry
(UPLC-MS/MS; XEVO TQ-S Micro Mass Spectrometer,
Waters Corporation, Milford, MA, USA) using a d9-(tri-
methyl)-labelled internal standard.'> The detailed mea-
surement protocol of TMAO is provided in the
supplementary materials. All laboratory testing for routine

clinical parameters was performed in the Beijing Hospital
Clinical Laboratories. The estimated glomerular filtration
rate (eGFR) was estimated using the Cockcroft-Gault
equation.”*

Statistical Analysis

Continuous data are presented as the mean (SD) or median
(interquartile range [IQR]) and were compared with the
t-test or nonparametric test when appropriate. Categorical
variables are presented as numbers (percent) and were
compared between groups with chi-square tests. The
groups (nonfrail, prefrail, and frail) were compared using
the Kruskal-Wallis test with Bonferroni
LASSO regularization with logistic regression was per-

correction.

formed to select confounding variables. Multivariable
logistic regression analysis was used to examine the asso-
ciation of TMAO with frailty after adjustment for con-
founding variables, including age, sex, body mass index
(BMI), history of diseases (diabetes, peripheral arterial
disease (PAD), chronic kidney disease and stroke), left
ventricular ejection fraction (LVEF), low-density lipopro-
tein cholesterol (LDL-C), and high-sensitivity C-reactive
protein (hsCRP). Interactions between TMAO and covari-
ates were tested by the likelihood ratio test using the
multiplicative interaction term. Multivariable logistic
regression analysis was used to examine the association
between TMAO (per 2-unit increase), physical frailty, and
cognitive frailty adjusted for age, sex, and BMI. Odds
ratios (ORs) and 95% confidence intervals (CIs) were
calculated. The additional predictive value of TMAO for
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the risk of frailty was assessed with Harrell’s C statistics,
the continuous net reclassification index (NRI) index and
an integrated discriminatory index (IDI). A decision curve
analysis (DCA) was used to estimate the clinical useful-
ness and net benefit of TMAO. All analyses were per-
formed using R 3.6.1 (Vienna, Austria) and SAS version
9.4 (SAS, Cary, NC), and a two-tailed p-value <0.05 was
considered statistically significant.

Results

Patient Characteristics

The baseline characteristics of the 451 patients categorized
by frailty status are described in Table 1. The overall
sample included 451 subjects, of whom 29.9% were clas-
sified as frail, while 70.1% were classified as nonfrail. The
proportions of participants with physical frailty and cog-
nitive frailty were 21.5% (97/451) and 7.3% (33/451),
respectively. Frail participants were significantly older,
were more commonly female, were less educated, had
lower BMI, LDL-C, eGFR and LVEF Ilevels, and had
a higher hsCRP level. Frail individuals were more likely
to have hypertension, PAD, prior stroke, and diabetes than
those without frailty. In contrast, history of coronary heart
disease, current smoking, and medication history were
similar between the two groups.

Comparison of TMAO Levels Between
Groups

The median (IQR) TMAO concentrations in nonfrail and
frail participants were 3.21 uM (IQR: 2.13-5.03 uM) and
4.04 uM (IQR: 2.84-7.01 uM), respectively. TMAO levels
significantly differed with higher levels found among
patients with frailty (p<0.001) (Figure 2A). Based on the
three-category method used to define frailty, the median
levels of TMAO in nonfrail, prefrail and frail subjects
were 2.93 uM (IQR: 2.11-5.01 puM), 3.26 uM (IQR: 2.-
17-5.04 uM) and 4.04 uM (IQR: 2.84-7.01 uM), respec-
tively. Differences in TMAO concentration among the
three groups were significant (p<0.001) according to the
Kruskal-Wallis test with Bonferroni correction. There was
an increasing trend in the concentration of TMAO across
categories of frailty (Figure 2B). Pairwise comparisons
showed a significant difference in TMAO levels between
the prefrail and frail groups (p<0.001) and between the
nonfrail and frail groups (p<0.001). Although not statisti-
cally significant, the median TMAO concentrations in the
prefrail group were higher than those in the nonfrail group.

Association Between TMAO and Frailty
The frequency of frailty increased with increasing quartiles of
TMAO levels as follows: 19.2% in quartile 1 (<2.27 pM),
28.1% in quartile 2 (2.27-3.40 uM), 28.6% in quartile 3 (3.-
40-5.56 uM), and 42.9% in quartile 4 (>5.56 uM) (p for trend
<0.001). The results of the multivariable binary logistic regres-
sion models using quartiles of TMAO are shown in Figure 2C.
Patients in the highest quartile (Q4) demonstrated a significant
3.07-fold increased risk of frailty (OR 3.07, 95% CI 1.69-2.97,
p<0.001) compared with the risk in the lowest quartile of
TMAO levels (Q1). After stepwise adjustment in the multi-
variable models, the association between TMAO and frailty
remained significant (OR 2.11, 95% CI 1.01-4.38, p=0.046).
The potential nonlinear association was assessed via 4-knot
restricted cubic splines with the generalized linear model: the
result suggested a positive linear association of TMAO levels
with the OR of frailty (p for linear trend 0.006) (Figure 3).

We further conducted stratified analyses according to age,
sex, BMI, comorbidity status, renal function, and inflammatory
marker level. The overall patterns of the TMAO—frailty asso-
ciations were similar across all the above subgroups. The
interaction analysis did not reveal any significant interaction
effects of clinical subgroups on the association between
TMAO levels and the likelihood of frailty. However, the
TMAO-frailty associations tended to be stronger among indi-
viduals with a history of diabetes, PAD, or stroke, but the
p-values for the interactions were not statistically significant
(Figure 4). In heart failure with different ejection fraction
subgroups, the trends of association between TMAO and
frailty were without significant heterogeneity.

The addition of TMAO to the full multivariable model
revealed that higher TMAO levels improved the area
under the curve (AUC) for predicting frailty among older
adults with cardiovascular disease (AUC: from 0.863 to
0.879, p = 0.027) (Figure SIA and B). The continuous
NRI and IDI when adding TMAO to the fully adjusted
model were 0.251 (95% CI 0.059-0.442, p=0.010) and
0.015 (95% CI 0.0003-0.03, p=0.045) (Table S2).
Furthermore, on decision curve analysis, the full multi-
variable model with TMAO showed better net benefit and
clinical usefulness compared with the model without

TMAO (Figure S2).

Associations Between TMAQO, Physical

Frailty and Cognitive Frailty
Plasma TMAO levels were significantly higher in patients
with physical frailty (CHS physical frailty criteria) than in
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Table | Baseline Characteristics of the Participants with and without Frailty
Characteristics Total (n=451) Frailty Index
Frail Group (n=135) Nonfrail Group (n=316) p-value
Age, years 75.2 (6.6) 79.7 (6.4) 73.3 (5.7) <0.001
Female, % 212 (47.0) 74 (54.8) 138 (43.7) 0.03
Education level, % 0.001
Primary 59 (13.1) 29 (21.5) 30 (9.5)
Secondary 223 (49.4) 67 (49.6) 156 (49.4)
College 169 (37.5) 39 (28.9) 130 (41.1)
BMI, kg/m? 25.3 (3.3) 24.8 (3.5) 25.5 (3.2) 0.05
Current smoker;, % 44 (9.8) 12 (8.9) 32 (10.1) 0.71
History of diseases, %
Hypertension 331 (73.4) 110 (81.5) 221 (69.9) 0.0l
Coronary heart disease 313 (69.4) 100 (74.1) 213 (67.4) 0.16
Atrial fibrillation 129 (28.6) 46 (34.3) 83 (26.2) 0.09
Peripheral arterial disease 77 (17.1) 39 (28.9) 38 (12.0) <0.001
Prior stroke 73 (16.2) 38 (28.4) 35 (11.1) <0.001
Diabetes mellitus 152 (33.7) 67 (49.6) 85 (26.9) <0.001
Obesity 37 (8.2) 10 (7.5) 27 (8.5) 0.85
Medications, %
Antiplatelet drugs 320 (71.0) 96 (71.1) 224 (70.9) 0.96
fB-blocker 243 (55.4) 81 (60.4) 162 (53.1) 0.16
ACEI/ARB 200 (44.3) 64 (47.4) 136 (43.0) 0.39
Lipid-lowering agents 378 (86.1) 119 (88.8) 259 (84.9) 0.28
Metformin 82 (18.2) 19 (14.2) 63 (19.9) 0.18
MMSE<25, % 90 (20.0) 49 (36.6) 41 (13.0) <0.001
SPPB score, % <0.001
10-12 161 (35.8) 15 (11.2) 146 (46.2)
7-9 173 (38.4) 43 (32.1) 130 (41.1)
0-6 116 (25.8) 76 (56.7) 40 (12.7)
eGFR<60 mL/min/1.73m?, % 62 (13.8) 37 (27.6) 25 (7.9) <0.001
LDL-C, mmol/L 2.1 (1.7-2.6) 1.9 (1.6-2.4) 2.2 (1.8-2.7) <0.001
hsCRP, mg/L 1.0 (0.6-2.2) 1.4 (0.7-3.8) 1.0 (0.6-1.9) 0.004
LVEF<50%, % 25 (5.6) 14 (10.4) Il (3.5 0.003
TMAO, uM 3.4 (2.3-5.6) 4.0 (2.8-7.0) 3.2 (2.1-5.0) <0.001

Note: Values are the mean (SD), median (interquartile range) or %.

Abbreviations: ACEI, angiotensin-converting enzyme inhibitors; ARB, angiotensin receptor blocker; BMI, body mass index; eGFR, estimated glomerular filtration rate;
hsCRP, high-sensitivity C-reactive protein; LDL-C, low-density lipoprotein cholesterol; LVEF, left ventricular ejection fraction; MMSE, Mini-Mental State Examination; SBP,
systolic blood pressure; SPPB, Short Physical Performance Battery; TMAQ, trimethylamine N-oxide.

nonfrail individuals (3.85 [2.54-6.94] vs. 3.30 [2.21-5.27]
uM; p<0.001). Based on SPPB physical frailty criteria,
participants with physical frailty still had significantly
higher plasma TMAO concentrations than nonfrail partici-
pants (3.59 [2.36-5.83] vs. 3.10 [2.17-4.99] uM; p<0.001).
A significantly higher plasma TMAO level was observed in

patients with cognitive frailty than that in patients without
(4.56 [2.81-7.59] vs. 3.38 [2.26-5.38] uM; p=0.004). There
was a significant association between 2-unit increments in
TMAO and physical frailty according to the criteria of the
CHS and SPPB in both unadjusted and adjusted logistic
regression analyses (Table 2). According to CHS physical
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Figure 2 Association of TMAO levels with frailty in older adults with cardiovascular disease. (A) Box-Whisker-Violin plots of TMAQO levels among older participants without
and with frailty. (B) Box-Whisker-Violin plots of TMAO levels among nonfrail, prefrail and frail participants. (C) Forrest plots illustrating the odds of frailty among older
participants according to quartiles of TMAO levels. Frailty was categorized into nonfrail and frail groups. Symbols represent the odds ratios (ORs), and the 5-95% confidence
intervals (Cls) are indicated by line length. ORs and 95% Cls were calculated using binary logistic regression with adjustments. Model |: age, sex, body mass index; Model 2:
Model | plus history of diabetes, chronic kidney disease, prior stroke, and peripheral arterial disease; Model 3: Model 2 plus left ventricular ejection fraction, high-sensitivity

C-reactive protein, and low-density lipoprotein cholesterol.

frailty criteria, the likelihood of slowness, weakness, and
low physical activity showed a significantly positive corre-
lation with an increased TMAO level both before and after
covariate adjustment. Weight loss showed a significant cor-
relation with TMAO after full adjustment, but not in the
crude model. Exhaustion did not show any association with
TMAO. Furthermore, a strong association between each
2-unit increase in TMAO and cognitive frailty was observed
in the crude analysis (OR 1.26, 95% CI 1.07-1.48,
p=0.006). Although this relationship was attenuated to

some extent by covariate adjustment, it remained statisti-
cally significant (OR 1.21, 95% CI 1.01-1.45, p=0.04).
Moreover, the increase in TMAO levels was also indepen-
dently correlated with calf circumference when comparing
the lowest quartile of calf circumference (Q1) to the highest
quartile (Q4) (OR 1.15, 95% CI 1.03-1.29, p=0.02).

Discussion
To our best knowledge, our study demonstrated for the
first time that the gut microbiota-generated metabolite
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TMAO levels are independently associated with frailty
among older patients with cardiovascular disease. In
detail, strong correlations between TMAO levels, physical
frailty and cognitive frailty were elucidated. Moreover, our
results proved that the risk of frailty increases linearly with
the increase of TMAO concentration. Our findings suggest
that TMAO may serve as a potential biomarker and ther-
apeutic target for older patients with cardiovascular
disease.

We now realize that microbiota-dependent metabolism
may produce metabolites with potential adverse cardiovas-
cular impact, such as TMAO, which can promote athero-
risk.?®

experimental studies demonstrate that TMAO may lead

sclerosis and increase thrombosis Recent
to cardiovascular aging and brain aging by inducing oxi-
dative stress and endothelial cell senescence.'”'® As
a condition of aging-related vulnerability to stressors,
frailty has a potential link to TMAO metabolism supported
by a recent bioinformatic study.'” This study demonstrated
that choline consumption and TMA production are char-
of frail

Furthermore, from the perspective of genome-metabolism

acteristic microbial metabolism subjects.

interactions, the study revealed a higher abundance of the

5.00
p for linear trend = 0.006
450
4.00,
3.50
3.00
2,50,

2.00

Adjusted OR of Frailty

1.00! e
0.50

0.00

0.00 1.25 2.50 3.75

——— Estimation

microbial CutC enzyme catalyzing choline-TMA conver-
sion in the gut microbiota of frail people. However, these
bioinformatic results only offered indirect evidence for the
relationship between TMAO and frailty. Based on the
established link, our study directly demonstrated that
TMAO is dose-dependently associated with frailty in
older adults (Figure 3). The difference in frailty risk across
TMAO quartiles is highly evident in participants in the
fourth quartile (Q4), in which participants had a twofold
higher OR of frailty than those in the lowest quartile (Q1).
To avoid bias caused by different cardiovascular diseases,
we carried out a sensitivity analysis indicating that the
associations between TMAO and frailty remained evident
and independent (Figure 4). It is thus conceivable that
frailty was prone to occur in elevated plasma TMAO
levels regardless of the effects of different cardiovascular
diseases. Taken together, our findings provided additional
support for an aging-related effect of elevated systemic
levels of TMAO.

In the subgroup analysis, we observed that heterogene-
ity existed in diabetes, PAD, or stroke subgroups, while
further interaction tests were with no statistical signifi-

cance, indicating these comorbidities may not contribute

5.00 6.25 7.50 8.75 10.00

TMAO (uM)
95% Cl

Reference « « « Quartile Knots

Figure 3 Dose—response relationship of TMAO concentration with the risk of frailty. Odds ratios (solid line) and 95% confidence intervals (dashed line) were adjusted for
age, sex, body mass index, diabetes, peripheral arterial disease, chronic kidney disease, stroke, left ventricular ejection fraction, high-sensitivity C-reactive protein, and low-
density lipoprotein cholesterol. The 25th percentile was set as the reference, and the other two knots’ positions were fitted at the 50th and 75th percentiles.

Abbreviation: Cl, confidence interval; OR, odds ratio.
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Figure 4 Relationship between the TMAO concentration and the frailty risk stratified according to baseline characteristics. Bars represent 95% confidence intervals.
Abbreviations: BMI, body mass index; CHF, chronic heart failure; Cl, confidence interval; eGFR, estimated glomerular filtration rate; hsCRP, high-sensitivity C-reactive
protein; HFrEF, heart failure with reduced ejection fraction; HFmEF, heart failure with midrange ejection fraction; HFpEF, heart failure with preserved ejection fraction; OR,

odds ratio; PAD, peripheral arterial disease.
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Table 2 Association Between Physical Frailty, Cognitive Frailty and Calf Circumference by Univariate and Multivariate Logistic

Regression Analysis

TMAO (per 2 units)? Unadjusted Adjusted
OR 95% CI P for Trend OR 95% CI P for Trend
CHS physical frailty 1.29 (1.13,1.47) <0.001 1.23 (1.08,1.41) 0.002
Weight loss I.16 (0.99,1.36) 0.07 1.18 (1.00,1.40) 0.047
Exhaustion 1.08 (0.96,1.21) 0.23 1.05 (0.93,1.19) 0.40
Low activity 1.31 (1.15,1.50) <0.001 1.29 (1.12,1.47) <0.001
Slowness 1.34 (1.13,1.59) 0.006 1.38 (1.15,1.65) 0.008
Weakness 1.38 (1.09,1.73) 0.008 1.58 (1.05,2.38) 0.04
SPPB physical frailty 1.26 (1.11,1.43) <0.001 I.19 (1.05,1.36) 0.009
Cognitive frailty 1.26 (1.07,1.48) 0.006 1.21 (1.01,1.45) 0.04
Calf circumference (Q1/Q4)° 1.12 (1.01,1.25) 0.04 1.15 (1.03,1.29) 0.02

Notes: *Each point corresponds to a 2-unit increment in TMAO. ®Comparing the first and fourth quartiles of calf circumference. Logistic regression adjusted for sex, age,

and body mass index.

Abbreviations: OR, odds ratio; Cl, confidence interval; CHS, Cardiovascular Health Study; SPPB, Short Physical Performance Battery; TMAQO, trimethylamine N-oxide.

to the association between frailty and TMAO (Figure 4).
Previous studies have shown that TMAO is a predictor of
poor prognosis in patients with heart failure.?**” Although
we found that the association between TMAO and frailty
was more evident in the chronic heart failure subgroup, the
results showed high heterogeneity (OR 4.67, 95% CI 0.-
61-35.49, p for interaction 0.70). Regarding the different
predictive values of TMAO on distinct types of heart

failure,27’28

the heart failure patients were divided by dif-
ferent levels of LVEF. Further subgroup analysis indicated
that intra-group heterogeneity reduced and all subtypes of
heart failure had no significant effect on the association
between TMAO and frailty. This intriguing difference
could be attributed to that chronic heart failure is not the
leading cause of increased TMAO in frail patients.
Another possible explanation for this difference is that
the sample size of this post hoc subgroup analysis is
limited to reach significance. Further large sample research
is required to identify the influence of heart failure on the
relationship between TMAO and frailty.

The present study suggests that physical frailty was
positively correlated with an increase in TMAO using
different diagnostic criteria of CHS and SPPB. To date,
these findings could be explained by two existing theories,
the gut-muscle axis and microbiota-associated physical
performance. First, impaired physical performance is
mainly due to the age-related degenerative loss of skeletal
muscle mass and strength. These age-related manifesta-
tions can also be referred to as sarcopenia, which repre-
sents the process of the frailty-to-disability transition and
can be affected by the gut microbiota and metabolites.*’

Short-chain fatty acids (SCFAs) and indoxyl sulfate, as
metabolites of the gut microbiota similar to TMAO, have
also been shown to play an essential role in physical frailty
and sarcopenia.’®*' The above mechanism is consistent
with our findings that the increase in TMAO was asso-
ciated with a smaller calf circumference and lower grip
strength. This suggests that increased TMAO might nega-
tively correlate with the mass and function of skeletal
muscle, indicating a potential linking mechanism between
TMAO and sarcopenia. Second, growing evidence has
shown that the gut microbiota has an effect on physical
that
Veillonella atypica could enhance exercise performance

performance. A meta-omics analysis showed

via the lactate metabolism pathway among elite athletes.’

Some species within the gut microbiota, such as
Enterobacteriaceae, Lachnospiraceae and
Lactobacillaceae,** are associated with slow gait speed

among the older population. All of these taxa are enriched
in TMA synthesis pathways, indicating that TMAO may
with physical
performance.*® In addition to these previous findings, our

correlate microbiota-associated
findings revealed that the circulating TMAO concentration
was strongly inversely associated with gait speed, suggest-
ing that TMAO is associated with physical performance.
In our study, we demonstrated that a higher TMAO
concentration was associated with worse cognitive frailty.
These findings add to the growing evidence that TMAO
can induce a decline in cognition. In mice, TMAO dete-
riorates brain aging by promoting neuron senescence and
aggravates cognitive dysfunction by damaging synapses
and inhibiting the mTOR signaling pathways which are
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associated with learning and memory abilities.'> Likewise,
several clinical studies also emphasize the adverse impact
of TMAO on cognitive function in Alzheimer’s disease
and poststroke patients.*>*® Our results are consistent with
these prior findings and highlight the effect of TMAO on
the overall condition of the older population by focusing
on cognitive frailty because studies have shown that older
adults with cognitive frailty have a worse prognosis than
those with cognitive impairment only.>’ Currently, only
long-term physical activity can reduce cognitive frailty,®
and neither a biomarker nor a targeted intervention for
cognitive frailty has been proposed. Therefore, considering
TMAO as a predictor of cognitive frailty can provide
a novel prospect for future research on improving cogni-
tive frailty.

The significance of our study is highlighted by the
ability of TMAO to be modified with diet adjustment
and pharmacological agents. Imbalanced diet, specially
a low-fiber/high-fat diet contributes to the formation of
the frail microbiome and an increase of plasma
TMAO.** Dietary transition to a high-fiber/low-fat diet
can serve to lower the levels of circulating TMAO levels
and reduce frailty.13’40 Moreover, fat-soluble vitamins,
broad-spectrum antibiotics and microbe-targeted inhibitors
have been reported to lower plasma TMAO concentration
in intervention trials.*'*** As a latest breakthrough,
a family of second-generation choline-TMA lyase inhibi-
tors, halomethylcholines, have been depicted as mechan-
ism-based drugs that are more potent in lowering plasma
concentrations of TMA and TMAO without observable
toxicity in the preclinical trial.** All these advances inspire
us of the potential of targeting TMAO for improving
frailty status in future studies.

Limitations

We note several limitations of the present study. First, this
was a single-center study conducted in a tertiary medical
that recruits patients at the point of admission; therefore,
we could not exclude selection bias for patients who
accepted comprehensive geriatric assessment (especially
with relatively preserved cognitive, renal and heart func-
tion). Second, considering the diverse definition of frailty,
although we sought to evaluate it with multiple methods,
the different definitions might affect the results. Third, all
associations were assessed in a cross-sectional manner,
and blood samples were collected only at enrollment.
Therefore, conclusions about the temporal relationships
between TMAO and changes in frailty over time cannot

be inferred from our results. Finally, we did not have data
on the dietary habits of participants that might affect the
circulating TMAO levels. A further multicenter cohort
study with dietary intake information should be performed
to explore the association between plasma TMAO and
frailty in a long term.

Conclusion

The circulating TMAO concentration is independently
associated with frailty in older adults with cardiovascular
disease. Higher levels of TMAO are associated with the
presence of frailty, and this positive correlation exhibits
a linear dose-response relationship. Moreover, physical
frailty and cognitive frailty are significantly associated
with plasma TMAO levels. These findings provide
a novel perspective linking the gut microbiota metabolites
to the pathogenesis of frailty. Further studies are warranted
to explore the use of TMAO as a modifiable target to
promote healthy aging.
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