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Background: Dysregulation of amino acids is closely linked to the initiation and
progression of sarcopenia. We summarized recent advancements in the studies of
amino acid profiles in sarcopenia and systematically presented the clinical significance
of amino acid flux in sarcopenia.

Methods: We systematically searched in MEDLINE, EMBASE, and Cochrane library from
inception to June 1, 2021 to capture all studies examining metabolomics of sarcopenia. We
used the following keywords: sarcopenia, metabonomics, metabolomics, amino acid
profile, and mass spectrometry. Original articles comparing amino acid patterns between
persons with and without sarcopenia were included. Two independent investigators
independently completed title and abstract screening, data extraction, and quality
evaluation. We used a random effects model to examine the association between amino
acids levels and sarcopenia. Sensitivity analyses restricted the analyses to studies in which
muscle mass was measured by bioelectrical impedance analysis. Study quality was
evaluated according to the Agency for Healthcare Research and Quality (AHRQ) checklist.

Results: The systematic research yielded six eligible articles, comprising 1,120
participants. Five studies used muscle mass in combination with physical performance
and/or muscle strength as the criteria to diagnose sarcopenia, while one study used
muscle mass as a diagnostic criterion alone. We found that the concentrations of
branched-chain amino acids leucine (standardized mean difference [SMD] -1.249; 95%
confidence interval [CI]: -2.275, -0.223, P = 0.02, I2 = 97.7%), isoleucine (SMD -1.077;
95% CI: -2.106, -0.049, P = 0.04, I2 = 97.8%), and aromatic amino acid tryptophan (SMD
-0.923; 95% CI: -1.580, -0.265, P = 0.01, I2 = 89.9%) were significantly reduced in
individuals with sarcopenia. Study results were robust in sensitivity analysis.

Conclusions: The homeostasis of amino acids is critical to maintaining muscle health.
The profiles of amino acids might be useful biomarkers for the characterization of
sarcopenia. Future studies are warranted to study the clinical significance of amino
acids in the diagnosis and treatment of sarcopenia.
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INTRODUCTION

Sarcopenia, defined as the age-related progressive loss of skeletal
muscle strength, mass, and/or function (1), has been established as a
strong risk factor for falls (2, 3), disability (4), low health-related
quality of life, and premature death among older adults (5, 6).
Skeletal muscle mass declines at an annual rate of 1-2% among
adults over 50 years, leading to decreased muscle strength and
function (7). The direct and indirect medical costs associated with
sarcopenia are expected to rise rapidly in the era of population
aging, resulting in a substantial financial burden for older adults,
their caregivers, and the healthcare system. However, the molecular
mechanism and etiology of sarcopenia remain unclear.
Understanding the pathogenesis of sarcopenia is urgently needed
to improve its prevention, diagnosis, treatment, and prognosis.

Metabolites represent the downstream expression of the
genome, transcriptome, and proteome and are closely related
to cellular phenotypes. Mass spectrometry-based metabolomics
emerges as a robust approach to systematically analyze metabolic
profiles in tissues, biological fluids, and cells (8), revealing the
significance of metabolic flux in various diseases, including
cancer (9), aging, and longevity (10, 11). Of the metabolites,
the investigation of amino acids is essential. Understanding the
amino acid profile changes may contribute to a better
understanding of pathophysiological mechanisms.

Identifying amino acid profiles associated with sarcopenia
may help identify at-risk populations, optimize prevention
strategies, and develop new treatments. Previous studies have
shown that changes in the plasma amino acid profile were
associated with low muscle mass among older adults (12). The
metabolism of amino acids, such as aspartic acid and glutamic
acid, might play an essential role in regulating muscle mass and
strength (13). There is evidence that lower blood levels of
essential amino acids (EAA), branched-chain amino acids
(BCAAs), especially leucine, were associated with lower skeletal
muscle index (SMI), strength, and longer time to complete the
chair stand (14). However, a study showed that the levels of
isoleucine, leucine, tryptophan, serotonin, and methionine in the
participants with low muscle quality were significantly higher
than that in the participants with high muscle quality, which may
be attributed to impaired metabolism of amino acids, resulting in
reduced uptake of skeletal muscle, and thus increased circulating
plasma amino acid levels (15). Inconsistencies in amino acid
profiles in patients with sarcopenia will lead to variations in
clinical practice and research.

Therefore, we conducted a systematic review and meta-
analysis to evaluate and synthesize the evidence regarding the
association between amino acid profile and sarcopenia in the
present study.
METHODS

Data Sources and Search Strategy
A comprehensive search was conducted on MEDLINE, EMBASE,
and Cochrane library via Ovid SP for all publications related to
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amino acid metabolomics biomarkers of sarcopenia reported from
inception to June 1, 2021. The terms sarcopenia, metabonomics,
metabolomics, amino acid profile, and mass spectrometry were
searched alone or in combination. Take the MEDLINE search
policy as an example. The search strategies are presented in
Table 1. A manual search for additional potentially applicable
studies was carried out by using references of included studies. No
language limitations were applied. The study followed the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) flow diagram and checklist (16).

Inclusion and Exclusion Criteria
We used the following inclusion criteria for each included
manuscript: (1) Studies must have been conducted on adults
(age ≥ 50 years). (2) A definition of sarcopenia was described in
the methods section. The diagnostic criteria for sarcopenia
included muscle mass, muscle strength, and/or body function.
(3) It was an original article, including observational studies
(cross-sectional studies, cohort studies, and case-control studies)
and experimental studies (randomized controlled trials).

Articles that met the following criteria were excluded: (1)
Studies performed in animals, case reports, reviews, conference
abstracts, letters to the Editor, and books. (2) Therapeutic trials
and articles used methods other than metabolomics.

Data Extraction and Quality Assessment
Two investigators (MD and TL) independently filtered these
articles’ titles and abstracts and retrieved the full text based on
our inclusion and exclusion criteria to ensure accuracy.
Disagreement in screening the articles was resolved by
discussion between the two investigators, and if necessary,
involving a third investigator (JY).

Two investigators extracted and summarized study characteristics
in a standard form independently. Any disagreement was resolved by
consensus. The following information was extracted from the eligible
studies: name of the first author, year of publication, study
population, study design, sample size, the mean age of individuals,
TABLE 1 | Search strategy.

MEDLINE(R)
Database: Ovid MEDLINE(R) Epub Ahead of Print, In-Process & Other Non-
Indexed Citations, Ovid MEDLINE(R) Daily, and Ovid MEDLINE(R)

1 exp Sarcopenia
2 (sarcopeni* or myopeni* or dynapeni*).ti,ab.
3 [(muscle or muscular) adj2 (atroph* or wasting* or weak or loss*)].ti,ab.
4 exp Metabolomics
5 exp Metabonomics
6 (metabolo* OR metabolomic* OR metabonomic* OR liquid chromatogra* OR

gas chromatogra* OR ultra-performance liquid chromatograph* OR high
performance liquid chromatograph* OR high-performance liquid
chromatograph*).ti,ab.

7 (metabolit OR lipidomic OR UPLC OR proton nuclear magnetic resonance OR
proton NMR OR nuclear magnetic resonance spectrometry OR H NMR OR
mass spectrometry OR nuclear magnetic spectroscopy OR metabolic profiling
OR amino acid profile OR amino acid metabolomics OR amino acid
metabonomics OR amino acid metabolism).ti,ab.

8 (1 or 2 or 3) and (4 or 5 or 6 or 7)
Asterisks (*) indicate truncation symbol.
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percentage of females, diagnostic methods and specific criteria for
sarcopenia, assessment method of muscle strength and muscle mass
and physical performance, metabolomics techniques and metabolite
targets, biological specimen (plasma or serum), and major metabolite
outcomes. The quality of cross-sectional studies was assessed
according to the Agency for Healthcare Research and Quality
(AHRQ) checklist. There are 11 items in the AHRQ checklist; each
item has three responses: “Yes,” “No,” and “Unclear”. A score of 0
was assigned to an answer of “No” or “Unclear”, while a score of 1
was given to an answer of “Yes”. Study quality was assessed based on
the total score (range: 0-11) and classified into three categories: low
(score: 0-3), moderate (score: 4-7), and high (score: 8-11).

Data Synthesis and Analysis
We extracted the mean and standard deviation of concentrations
of amino acids from each study. The median (range) was
converted into average and standard deviation following a
method published previously (17). We used the random effects
models, which considered between- and within-study variability,
to pool the association estimates between concentrations of
amino acids and sarcopenia. We used the Cochran Q test
(P <0.1 indicates statistically significant heterogeneity) and
the I2 statistic (I2 >50% indicates statistically significant
heterogeneity) to evaluate study heterogeneity. Forest plots
were used to visualize the results. Standardized mean difference
Frontiers in Endocrinology | www.frontiersin.org 3
(SMD) with 95% confidence interval (CI) was selected for the
continuous outcomes. As a sensitivity analysis, we restricted the
analyses to studies in which muscle mass was measured by
bioelectrical impedance analysis (BIA). We only analyzed
amino acid metabolites that were used in at least two studies.
We did not assess publication bias because fewer than 10 eligible
studies were included. All statistical analyses were performed
using Stata, version 12. A two-tailed P value of <0.05 was
considered statistically significant.
RESULTS

Literature Information
In the initial search, 991 articles were retrieved from MEDLINE,
EMBASE, and Cochrane. Six hundred and eighty-two studies
were identified after eliminating duplicates. We further excluded
659 studies after following the review of titles and abstracts
because they were not relevant to the subject, or were conducted
in animals, or were non-original studies. Twenty-three articles
were selected for careful full-text screening. Full-text articles
were further excluded if they were not relevant to the topic or did
not meet inclusion criteria. In total, six full-text articles were
included in this systematic review and meta-analysis (Figure 1).
FIGURE 1 | Flow of the search strategy and included studies.
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Characteristics of Included Studies
Of the 991 screened papers, six papers were eligible (Figure 1). A
total of 1,120 participants were included. All studies compared
the amino acids levels in those with sarcopenia (case subjects)
versus those without (control subjects). Sample size ranged from
28 to 90 in the case groups (n=358) and 30 to 327 in the control
groups (n=762). Five studies included participants of both sexes;
one study included women only (18). Five studies used LMM in
combination with low physical performance (LPP) and/or low
muscle strength (LMS) as the criteria for diagnosing of
sarcopenia (18–22), while one study used only LMM as the
diagnostic criterion (23). Muscle mass was measured by BIA in
three studies (18, 19, 21), dual-energy X-ray absorptiometry
(DXA) in two studies (20, 22), and computed tomography in
one study (23). Muscle strength was measured through handgrip
dynamometry in three studies (18, 19, 21), and lower limb
strength in one study (20). Physical performance was
measured via gait speed in five studies (18–22). Muscle mass,
muscle strength, and physical performance were assessed
according to cut-off thresholds recommended by the Asian
Working group for Sarcopenia in three studies (18–20),
European Working Group for Sarcopenia in Older people
(EWGSOP) in one study (21), and the Foundation for the
National Institutes of Health (FNIH) in one study (22), while
only one study evaluated sarcopenia by measuring psoas muscle
area at the caudal end of the third lumbar vertebra by computed
tomography (CT) without fulfilling specific guidelines (23).
Metabolite analysis was performed using blood samples; five
used plasma and one used serum. All studies used targeted
metabolomics for analyzing metabolite features. One study
used high-performance liquid chromatography-tandem mass
spectrometry (HPLC-MS/MS) (19), one study employed
nuclear magnetic resonance spectroscopy (NMR) (21), and one
study used ultra-performance liquid chromatography-mass
spectrometry (UPLC-MS) (22), while the techniques used in
other studies were unclear. Five studies’ main results were
presented as mean and standard deviation (18, 20–23), and the
remaining one study reported the correlation between sarcopenia
and metabolites with median (range) (19). The characteristics of
each eligible study are summarized in Table 2.

Quality Assessment
We assessed the quality of all six eligible studies according to the
AHRG checklist. All studies were of moderate quality (score: 3-
6); five studies had a score of 5 and one scored 6 (Table 3).

Meta-Analysis of Remarkable Metabolites
Eighteen metabolites that were included in at least two studies
were further analyzed by pooled meta-analysis using a random-
effects model (Figure 2). The concentrations of BCAAs leucine
(SMD -1.249, 95% CI: -2.275, -0.223), isoleucine (SMD -1.077,
95% CI: -2.106, -0.049), and aromatic amino acid tryptophan
(SMD -0.923, 95% CI: -1.580, -0.265) were significantly lower in
participants with sarcopenia than in those without, but the
heterogeneity was high for each amino acid (leucine: I2 =
97.7%; isoleucine: I2 = 97.8%; tryptophan: I2 = 89.9%).
Frontiers in Endocrinology | www.frontiersin.org 4
T
A
B
LE

2
|
D
es
cr
ip
tio

n
of

th
e
st
ud

ie
s
in
cl
ud

ed
in

th
e
m
et
a-
an

al
ys
is
.

R
ef
er
en

ce
P
o
p
ul
at
io
n

S
tu
d
y

d
es

ig
n

M
ea

n
A
g
e
(y
ea

rs
)

S
am

p
le

S
iz
e

Fe
m
al
e
(%

)
D
ia
g
no

st
ic

cr
it
er
ia

fo
r

sa
rc
o
p
en

ia

M
us

cu
la
r

st
re
ng

th
Le

an
M
as

s
P
hy

si
ca

l
P
er
fo
rm

an
ce

A
ss

es
sm

en
t

M
et
ab

o
lo
m
ic
s

te
ch

ni
q
ue

S
am

p
le

O
ut
co

m
es

(M
et
ab

o
lit
es

as
so

ci
at
io
ns

)

Y
am

ad
a
M

et
al
.

20
18

(1
8)

Ja
pa

n
C
ro
ss

se
ct
io
na

l
C
as
e
83

.1
±
6.
2

C
on

tr
ol

76
.0
±
6.
5

C
as
e
49

C
on

tr
ol

94
C
as
e
10

0
C
on

tr
ol

10
0

A
W
G
S
cr
ite
ria

H
an

dg
rip

dy
na

m
om

et
ry

B
IA

5m
w
al
ki
ng

te
st

U
nc

le
ar
,t
ar
ge

te
d

m
et
ab

ol
om

ic
s

P
la
sm

a
(↓
)L

eu
ci
ne

,B
C
A
A
s,

an
d
EA

A
s

To
yo

sh
im
a
K

et
al
.2

01
7
(1
9)

Ja
pa

n
C
ro
ss

se
ct
io
na

l
C
as
e
85

.1
±
4.
8

C
on

tr
ol

76
.1
±
6.
3

C
as
e
28

C
on

tr
ol

13
2

C
as
e
64

.3
C
on

tr
ol

65
.2

A
W
G
S
cr
ite
ria

H
an

dg
rip

dy
na

m
om

et
ry

B
IA

6m
w
al
ki
ng

te
st

H
P
LC

-E
S
I-M

S
,t
ar
ge

te
d

m
et
ab

ol
om

ic
s

P
la
sm

a
(↑
)G

lu
ta
m
in
e,

pr
ol
in
e

(↓
)h

is
tid

in
e,

tr
yp

to
ph

an
Lu

Y
et

al
.2

01
9

(2
0)

S
in
ga

po
re

C
ro
ss

se
ct
io
na

l
C
as
e
73

.9
±
5.
3

C
on

tr
ol

72
.5
±
5.
3

C
as
e
87

C
on

tr
ol

10
2

C
as
e
63

.2
C
on

tr
ol

62
.7

A
W
G
S
cr
ite
ria

lo
w
er

lim
b

st
re
ng

th
D
XA

6m
w
al
ki
ng

te
st

U
nc

le
ar
,t
ar
ge

te
d

m
et
ab

ol
om

ic
s

P
la
sm

a
(↓
)l
eu

ci
ne

,i
so

le
uc

in
e,

va
lin
e,

Ly
si
ne

,
m
et
hi
on

in
e,

th
re
on

in
e,

an
d
ph

en
yl
al
an

in
e

O
tte

st
ad

Ie
t
al
.

20
18

(2
1)

N
or
w
ay

C
ro
ss

se
ct
io
na

l
C
as
e
78

(7
4-
82

)
C
on

tr
ol

74
(7
1-
77

)
C
as
e
90

C
on

tr
ol

32
7

C
as
e
76

.7
C
on

tr
ol

45
.6

EW
G
S
O
P

cr
ite
ria

H
an

dg
rip

dy
na

m
om

et
ry

B
IA

4m
w
al
ki
ng

te
st

N
M
R
sp

ec
tr
os

co
py

,
ta
rg
et
ed

m
et
ab

ol
om

ic
s

P
la
sm

a
(↓
)L

eu
ci
ne

,i
so

le
uc

in
e,

va
lin
e
,a

nd
B
C
A
A
s

C
al
va
ni

R
et

al
.

20
18

(2
2 )

Ita
ly

C
ro
ss
-

se
ct
io
na

l
C
as
e
76

.4
±
4.
9

C
on

tr
ol

74
.6
±
4.
3

C
as
e
38

C
on

tr
ol

30
C
as
e
65

.8
C
on

tr
ol

53
.3

FN
IH

cr
ite
ria

U
nc

le
ar

D
XA

S
P
P
B

U
P
LC

-M
S
,t
ar
ge

te
d

m
et
ab

ol
om

ic
s

S
er
um

(↑
)A

sp
ar
ag

in
e,

gl
ut
am

ic
ac

id
(↓
)m

et
hi
on

in
e

To
sh

im
a
T
et

al
.

20
15

(2
3)

Ja
pa

n
C
ro
ss
-

se
ct
io
na

l
C
as
e
54

.8
±
9.
0

C
on

tr
ol

55
.0

±
10

.4
C
as
e
66

C
on

tr
ol

77
C
as
e
31

.8
C
on

tr
ol

62
.3

U
nc

le
ar

U
nc

le
ar

ps
oa

s
m
us

cl
e

ar
ea

by
C
T

U
nc

le
ar

U
nc

le
ar
,t
ar
ge

te
d

m
et
ab

ol
om

ic
s

P
la
sm

a
(↓
)L

eu
ci
ne

,i
so

le
uc

in
e,

an
d
gl
ut
am

in
e

A
W
G
S
,A

si
an

W
or
ki
ng

gr
ou

p
fo
rS

ar
co

pe
ni
a;

EW
G
S
O
P
,E

ur
op

ea
n
W
or
ki
ng

G
ro
up

fo
rS

ar
co

pe
ni
a
in
O
ld
er

pe
op

le
;F

N
IH
,t
he

Fo
un

da
tio

n
fo
rt
he

N
at
io
na

lI
ns

tit
ut
es

of
H
ea

lth
;B

IA
,B

io
el
ec

tr
ic
al
im
pe

da
nc

e
an

al
ys
is
;D

XA
,D

ua
lX
-r
ay

ab
so

rp
tio

m
et
ry
;C

T,
co

m
pu

te
d

to
m
og

ra
ph

y;
S
P
P
B
,
S
ho

rt
ph

ys
ic
al

pe
rfo

rm
an

ce
ba

tt
er
y;

U
P
LC

-M
S
,
ul
tr
a-
pe

rfo
rm

an
ce

liq
ui
d
ch

ro
m
at
og

ra
ph

y-
m
as
s
sp

ec
tr
om

et
ry
;
H
P
LC

-M
S
,
hi
gh

-p
er
fo
rm

an
ce

liq
ui
d
ch

ro
m
at
og

ra
ph

y-
el
ec

tr
os

pr
ay

io
ni
za
tio

n
ta
nd

em
m
as
s
sp

ec
tr
om

et
ry
;
N
M
R
,
nu

cl
ea

r
m
ag

ne
tic

re
so

na
nc

e;
B
C
A
A
,b

ra
nc

he
d-
ch

ai
n
am

in
o
ac

id
;E

A
A
,e

ss
en

tia
la
m
in
o
ac

id
.A

rr
ow

s
(↑
)i
nd

ic
at
e
po

si
tiv
e
as
so

ci
at
io
n
an

d
A
rr
ow

s
(↓
)i
nd

ic
at
e
in
ve
rs
e
as
so

ci
at
io
n.
S
ep
te
mb
er 2
02
1
 | Volume 12 | Article 725518

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Dai et al. Amino Acid Flux in Sarcopenia
Sensitivity Analysis
We rerun the random effects model excluding studies that did not
measure muscle mass through BIA. Thirteen metabolites that were
included in at least two studies were analyzed separately. The results
of leucine, isoleucine, tryptophan, lysine, methionine, arginine,
asparagine, tyrosine, and glutamine were unchanged, and the
heterogeneity greatly reduced in studies except for arginine and
tyrosine, I2 were 0%, 0%, 55.7%, 0%, 0%, 17.6%, 0%, 47.9%, 44.7%,
respectively (Figure 3). However, the results of valine, phenylalanine,
threonine, and histidine changed, their concentrations were
significantly lower in sarcopenia than in non-sarcopenia (valine:
SMD -0.294, 95%CI: -0.469, -0.118; phenylalanine: SMD -0.215, 95%
CI: -0.390, -0.040; threonine: SMD -0.278, 95% CI: -0.543, -0.014;
histidine: SMD -0.285, 95% CI: -0.460, -0.110), these four metabolites
showed no significant evidence of heterogeneity (All I2 = 0%).
Frontiers in Endocrinology | www.frontiersin.org 5
DISCUSSION

We performed a meta-analysis of literature related to sarcopenia’s
metabolic profiling and highlighted the clinical significance of
amino acids flux in sarcopenia. Our results from cross-sectional
studies support inverse associations of the BCAAs leucine,
isoleucine, and aromatic amino acid tryptophan with sarcopenia,
which may provide insights into the development of sarcopenia and
contribute to the prevention and treatment of sarcopenia.

Compared With Other Studies
The significant roles of amino acids in maintaining skeletal muscle
function and muscle protein synthesis have been disclosed in
previous studies (24–26). In functionally limited older adults, the
BCAA levels were significantly positively associated with thigh
TABLE 3 | AHRQ checklist for assessing the quality of cross-sectional studies.

Study Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Q11 Score Quality

(18) + + + U U + − + − + − 5 Moderate
(19) + − + U U + − + − + − 5 Moderate
(20) + − + U U + − + − + − 5 Moderate
(21) + + + U U + + + − + − 6 Moderate
(22) + + + U U + − − − + − 5 Moderate
(23) + − + U U + + − − + − 5 Moderate
Septembe
r 2021 | Vol
ume 12 | Artic
AHRQ, Agency for Healthcare Research and Quality; +, yes; -, no; U, unclear.
FIGURE 2 | Forest plot for amino acid metabolomics in sarcopenic individuals vs. non-sarcopenic individuals. Overall estimates were obtained from forest plots of
the meta-analysis using the random-effects model. Closed circles and horizontal bars represent the overall estimate and 95% CI. SMD, standardized mean
difference; CI, confidence interval. Asterisks (*) indicate P-value <0.05.
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muscle cross-sectional area (CSA) and fat-free mass index (FFMI)
(12). In our study, we found that leucine and isoleucine levels but
not valine in participants with sarcopenia were significantly lower
than those with non-sarcopenia, but high heterogeneity occurred
across the integrated literature. Leucine and isoleucine are
important essential amino acids that can only be obtained from
food and are important nutritional factors for humans and animals
(27). Studies have shown that the target of rapamycin complex 1
(mTORC1) kinase is a sensor of amino acids. Sestrin 1-3 interact
with GATOR2 to negatively regulate the amino acid-sensitive
pathway upstream of mTORC1 (28, 29). Whereas leucine
stimulation leads to the dissociation of Sestrin 2 from GATOR2
and allows the activation of mTORC1 pathway (30), which further
activates of eukaryotic initiation factor (eIF) 4E binding protein-1
and ribosomal protein S6 kinase (S6K1), and promotes the muscle
protein synthesis (Figure 4) (31–34). Additionally, Liu S et al. (35)
revealed that isoleucine increased the protein level of important
myoblast genes and promoted myoblast proliferation and myoblast
differentiation, suggesting that it has a potential function in
myogenesis. A study indicated that the reduced muscle protein
synthesis in the old adults could be reversed by the intake of
additional leucine and the leucine-rich mixture of EAAs (36).
Furthermore, with physical exercise, leucine-rich EAA
supplementation effectively improved skeletal muscle mass
volume, muscle strength, and walking speed in sarcopenic women
(37). These findings suggest that decreased leucine and isoleucine
concentrations may contribute to sarcopenia development and
maintaining optimizing concentrations of EAAs in plasma,
especially leucine and isoleucine, may be beneficial to muscle
protein synthesis and very important for maintaining physical
function in the sarcopenic elderly.
Frontiers in Endocrinology | www.frontiersin.org 6
The aromatic amino acids include tryptophan, phenylalanine,
and tyrosine, of which tryptophan and phenylalanine are EAAs. A
previous study has shown that tryptophan can significantly affect
muscle mass by its metabolite serotonin, and animals deficient in
tryptophan showed low growth hormone (GH) levels and
significant muscle atrophy (38). Dukes A et al. (39) confirmed
that tryptophan stimulates skeletal muscle IGF1/p70s6k/mTOR
signaling in vivo and can induce the expression of myogenic
factors (myogenin, myoD, and myosin heavy chain) in C2C12
myoblasts in vitro, which play a prominent role in the regulation of
myofiber size and muscle mass. Serum tryptophan decreases with
age in older men (40). In our study, plasma tryptophan
concentration was significantly lower in sarcopenic people than in
non-sarcopenic people. Also, there is evidence that dietary
supplementation with tryptophan could stimulate muscle protein
synthesis in swine (38). It may be possible that the decrease of
tryptophan leads to increased skeletal muscle cell atrophy and affects
muscle mass, thus promoting sarcopenia. Therefore, we infer that
the tryptophan metabolic pathway may be a promising target for
preventing or treating skeletal muscle atrophy. Nevertheless, the
findings were presented in cross-sectional studies. Thus, a
longitudinal study is needed to clarify the role of tryptophan in
the development of sarcopenia.

Heterogeneity and Sensitivity Analysis
The reasons for the high heterogeneity may be that: (1) Methods
of measuring muscle mass were different. A meta-analysis
showed that BIA yielded higher sarcopenia prevalence
estimates than DXA (41). Psoas is a minor muscle, it does not
represent the whole muscle, and the cut-off point for low muscle
mass is not well defined for the measurement of psoas muscle
FIGURE 3 | Sensitivity analyses for amino acid metabolomics in sarcopenic individuals vs. non-sarcopenic individuals (restricting to studies using bioelectrical
impedance analysis to measure muscle mass). Overall estimate obtained from forest plots of the random-effects meta-analysis using the SMD. Closed circles and
horizontal bars represent the overall estimate and 95% CI. SMD, standardized mean difference. CI, confidence interval. Asterisks (*) indicate P-value <0.05.
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area by CT (42). (2) The included studies were carried out in
different places (such as communities, rural areas, hospitals, or
nursing homes) and different countries, so ethnic and regional
factors might also influence the results. (3) Different
metabonomics profiling techniques were applied, and the
metabolomics results may have testing errors. Compared with
other techniques, NMR analysis requires a larger sample size,
poor isolation, and background noise that may obscure potential
biomarkers (43).

For the high heterogeneity, we conducted sensitivity analysis
by excluding studies that did not use BIA to measure muscle
mass. It showed that the results of leucine, isoleucine, tryptophan,
lysine, methionine, arginine, asparagine, and glutamine were
consistent with those of the preliminary analysis. However, the
concentrations of valine, phenylalanine, threonine, and histidine
in the case group became significantly lower than those in the
control group. Sensitivity analysis also revealed that the
heterogeneity greatly was reduced in studies, suggesting that
these deleted studies may lead to high heterogeneity and
instability of results. Whether valine, phenylalanine, threonine,
histidine, and tyrosine are potential biomarkers for sarcopenia
requires further studies. Due to the limited number of included
articles, other causes of heterogeneity could not be analyzed.

Strengths and Limitations
To our knowledge, this was the first systematic review and meta-
analysis to explore the association between amino acids and
sarcopenia. Two investigators conducted the literature search,
article screening, and data extraction independently to minimize
bias. However, this study is not without limitations. First, our
study’s most significant limitation was that the metabolomics
results showed that the high heterogeneity indexes accounted for
Frontiers in Endocrinology | www.frontiersin.org 7
2/3. Second, our results are subjective to selection bias. The
participants were mostly volunteers, not randomly selected, and
there were more women than men in these studies. Third,
although our search strategy is not limited to English, studies
that were not indexed in EMBASE, MEDLINE, or Cochrane
library might be excluded. Finally, all of these included studies
were cross-sectional, and we were unable to identify the causal
relationship between amino acid metabolites and sarcopenia.

Conclusion
In conclusion, reduced plasma concentrations of leucine, isoleucine,
and tryptophan may signify sarcopenia. Determination of the
optimal levels of plasma leucine, isoleucine, and tryptophan helps
prevent and treat sarcopenia and maintain muscle mass and
function. These findings need to be confirmed by further studies,
including randomized trials and cohort studies.
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