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ABSTRACT

Background. Sarcopenia and frailty are often overlooked in assessing kidney transplant (KT) candidates with chronic
kidney disease (CKD), potentially leading to poor post-transplant outcomes. This study aimed to identify metabolites
associated with frailty and sarcopenia in KT candidates from the FRAILMar study.

Methods. Between June 2016 and June 2020, we evaluated frailty and sarcopenia in 173 KT candidates using the Physical
Frailty Phenotype and EGWSOP-2 criteria, respectively. Seventy-five metabolic markers from targeted pathways,
previously linked to CKD, sarcopenia or frailty, were measured in serum samples. These markers were analyzed using
adjusted and weighted generalized linear models. Metabolomic data were integrated with multi-modal data, such as
comorbidities, using a factor-based integration algorithm to identify metabolic phenotypes.

Results. Increased metabolites related to energy metabolism and essential amino acids were associated with frailty,
mainly Krebs cycle intermediates. Sarcopenic KT candidates showed lower levels of aromatic amino acids, and lower
protein/muscle metabolism, energy metabolism and neurotransmission compared with non-sarcopenic patients.
Unsupervised multi-modal integration revealed a high-risk metabolic phenotype characterized by the presence of
sarcopenia, diabetes mellitus and low body mass index, with alterations in branched-chain amino acids and high
activity of lactate dehydrogenase enzyme.

Conclusions. Frailty and sarcopenia are common among KT candidates, and their metabolic status reveals notable
disruptions in energy and amino acid metabolism. These findings highlight the value of a detailed metabolic assessment
to more accurately evaluate patient health status prior to transplantation.

Keywords: chronic kidney disease, frailty, metabolomics, sarcopenia, transplant

Received: 12.9.2024; Editorial decision: 14.11.2024

© The Author(s) 2024. Published by Oxford University Press on behalf of the ERA. This is an Open Access article distributed under the terms of the Creative
Commons Attribution-NonCommercial License (https:/creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution,
and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

1


https://academic.oup.com/
https:/doi.org/10.1093/ckj/sfae366
https://orcid.org/0000-0001-9333-0014
https://orcid.org/0000-0002-8601-2699
https://orcid.org/0000-0002-4735-7838
mailto:julpascual@gmail.com
mailto:fmadrid@researchmar.net
https://players.brightcove.net/1611106596001/default_default/index.html?videoId=6366814563112
https://creativecommons.org/licenses/by-nc/4.0/
mailto:journals.permissions@oup.com

2 | F Madrid-Gambin et al.

KEY LEARNING POINTS

What was known:

dates.
This study adds:

Potential impact:

e Sarcopenia and frailty may be comorbidities of chronic kidney disease that are overlooked in kidney transplant (KT) candi-

e We presented a metabolic fingerprint of sarcopenia and frailty in KT candidates.
e We highlighted a high-risk metabolic phenotype in which surgery may be discouraged.

e Patient’s metabolic status should be considered when planning surgery in order to enhance kidney transplant success rates.

INTRODUCTION

Kidney transplantation (KT) is the preferred treatment for ad-
vanced chronic kidney disease (CKD), particularly in elderly pa-
tients. In Spain, 60% of new dialysis patients are over 65 years
old, and 20% of 2022 transplant recipients were aged over
70 years [1]. However, older adults are often underrepresented on
waiting lists, with only 5% of those aged over 75 years listed for
transplantation [2]. This is due to significant morbidity, which
frequently coexists with frailty, malnutrition and dependence,
which can reduce the value of KT in terms of patient survival
and quality of life [3]. While the KT candidate pool is aging,
it is crucial to determine whether medical stressors such as
transplantation are more likely to negatively affect individu-
als. Frailty and sarcopenia are critical geriatric syndromes fre-
quently overlooked in KT candidate evaluations. They have over-
lapping causes and consequences with major impact in this
specific clinical setting.

Frailty is characterized by reduced physical functioning and
increased vulnerability to adverse health outcomes [4], affect-
ing approximately 20% of KT candidates and linked to poor out-
comes during and after transplantation [5]. Despite its clinical
relevance, frailty assessment is not routinely performed, and as-
sessment tools vary widely [6]. Sarcopenia, a disorder marked by
accelerated muscle loss and function decline [7], affects around
26% of KT recipients [8], and is associated with adverse out-
comes in CKD [9], although its impact on KT is not yet fully
understood.

CKD’s metabolic complications contribute to the develop-
ment of sarcopenia and frailty [6]. While frailty is theoreti-
cally well-characterized, its clinical application remains contro-
versial due to phenotypic heterogeneity and fluctuating sever-
ity [10, 11]. Sarcopenia, often influenced by age, genetics and
lifestyle, is exacerbated in CKD by factors such as malnutri-
tion, low physical activity and chronic inflammation, especially
in older dialysis patients [12]. Assessing these comorbidities in
KT candidates could deepen our understanding of their under-
lying physiological profiles. Metabolic markers reflecting dis-
ruptions in amino acid and energy pathways may provide in-
sight into disease severity, enabling more precise interventions
[13]. As metabolic signatures gain use as indicators of sys-
temic dysfunction, they offer potential for improved patient
management in CKD and KT settings [14]. Metabolic signatures
are being used in hospitals and clinical environments to di-
agnose, select treatments, predict outcomes and aid decision-
making [15]. This study aimed to identify metabolomic pro-
files specifically associated with frailty and sarcopenia in KT
candidates, guiding patient-specific interventions for enhanced
outcomes.

MATERIALS AND METHODS
Study design and subjects

The FRAILMar study is a prospective cohort study carried out
at Hospital del Mar, Barcelona, Spain (NCT04811417). Between
June 2016 and June 2020, 455 advanced CKD KT candidates were
evaluated for frailty and sarcopenia. Detailed information about
the study protocol and the definition of frailty and sarcopenia
can be found in the Supplementary Material and Methods.

We undertook a cross-sectional study of the FRAILMar study
and chose to assess all available plasma samples. We were able
to collect and store samples in 173 patients out of 455 who
were evaluated for frailty before transplantation. The Institu-
tional Review Board of Hospital del Mar approved the study, and
all enrolled participants provided written informed consent. The
study followed the principles of the Declaration of Helsinki, only
relying on the official center database.

Frailty assessment

Frailty was assessed according to the Fried scale [16] during
KT waiting list evaluation. This scale includes five components:
shrinking (unintentional weight loss of >4.5 kg), weakness [grip
strength below sex- and body mass index (BMI)-specific cut-
offs], exhaustion (self-reported), low activity (kilocalories below
cut-off) and slowed walking speed (time to walk 4.5 m above cut-
off). Each component scores 0 or 1. Robust patients score 0, pre-
frail score 1-2 and frail score >3.

Sarcopenia assessment

Sarcopenia was diagnosed based on the European Working
Group on Sarcopenia in Older People (EWGSOP2) definition,
which requires reduced muscle mass and strength [7]. Muscle
mass was measured using bioimpedance spectroscopy, with val-
ues <80% of reference data considered reduced. Muscle strength
was assessed using a handgrip dynamometer (JAMAR, UK),
recording the highest value of three attempts (variability <10%).
Handgrip strength <27 kg for men and <16 kg for women in-
dicates reduced strength. Confirmed sarcopenia requires both
reduced muscle mass and strength.

Other assessments

Additional assessments included self-reported adherence
to pharmacological treatment, measured by the four-item
Morisky-Green-Levine Medication Adherence Scale [17]. We
evaluated instrumental activities of daily living using the
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Table 1: Baseline characteristics of KT candidates.

N=173
Sociodemographics
Age (years), mean + SD 60.7 £13.1
Sex, female, n (%) 48 (27.7)
Caucasian, n (%) 165 (95.4)
Education, no/primary, n (%) 116 (67.1)
Deficient family support, n (%) 23 (13.3)
Socioeconomic status (non-regular incomes), n (%) 14 (8.1)
Grip strength (kg), mean + SD 27.99 £9.14
Lean body mass, mean + SD 14.59 + 3.97
Fat body mass, mean + SD 13.40 +7.83
Albumin (g/dL), mean + SD 4.24 + 0.44
Comorbidities
Hypertension, n (%) 167 (96.5)
Diabetes mellitus, n (%) 66 (38.2)
Heart failure, n (%) 8 (4.6)
Ischemic coronary disease, n (%) 24 (13.9)
Peripheral vasculopathy, n (%) 13 (7.5)
Cerebral vasculopathy, n (%) 11 (6.4)
Chronic obstructive pulmonary disease, n (%) 13 (7.5)
RRT modality, n (%)
Hemodialysis 106 (61.3)
Peritoneal dialysis 42 (24.3)
Preemptive candidate 25 (14.5)
Sarcopenia assessment
Sarcopenia according to EWGSOP2 criteria, n (%) 47 (27.2)
Frailty
Frailty prevalence according to Fried scale, n (%)
0 58 (33.5)
1 75 (43.4)
2 25 (14.5)
3 14 (8.1)
4 1(0.6)
5 0
Questionnaires
SNAQ >14, 1 (%) 114 (65)
Lawton-Brody index, median (IQR) 7(2)
Morisky-Green test, n positive (%) 139 (80)

SD, standard deviation; IQR, interquartile range.

Lawton-Brody scale, considering scores <8 in women and <5 in
men as indicative of disability [18]. The risk of malnutrition was
assessed with the Simplified Nutritional Appetite Question-
naire (SNAQ), where scores of 14 or below indicated potential
malnutrition risk [19].

Sample collection and metabolomics analysis

Serum samples from KT candidates were collected at the time
of the waiting list evaluation, and frozen at -80°C until anal-
ysis. Metabolic pathways were selected based on previously
described metabolic pathways altered in CKD, frailty or sar-
copenia. Thus, pathways related to amino acid metabolism, in-
flammation, lipid disposition and energetic production were
selected and assessed, using previously reported methods
(Supplementary Material and Methods). A panel of 75 targeted
biomarkers (Supplementary data, Table S1) was measured by
liquid chromatography coupled to tandem mass spectrometry,
consisting of an Acquity UPLC instrument (Waters Associates)
coupled to a triple quadrupole (TQS Micro, Waters) mass spec-
trometer. Targeted analytes were determined by selected reac-
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tion monitoring. MassLynx software V4.1 (Waters Associates)
was used for peak integration and data management.

Statistical analysis

Extended statistical analyses can be found in the
Supplementary Material and Methods Baseline assessments
included demographics and clinical data, expressed through
various statistical methods. Comparisons between groups were
made using appropriate statistical tests based on variable types.

The Shapiro-Wilk test was used to assess normality. The
metabolomics dataset was log-transformed before modeling.
Markers were tested utilizing generalized linear models (GLMs).
Potential heterogeneity and imbalance in the population were
controlled utilizing a weighted modality of GLMs. For frailty,
the Gaussian family was employed during regression, utiliz-
ing the frailty score (0 to 5) as an ordinal response. The bino-
mial (logistic) family for dichotomic response was set to assess
the presence (yes/no) of sarcopenia. We calculated odd ratios
(ORs) from logistic models. Population characteristics were con-
trolled by adjusting for age, sex, BMI, diabetes mellitus and fam-
ily/social support. The modality of renal replacement therapy
(RRT) was specially considered and adjusted during modeling.
The Benjamini-Hochberg procedure was applied to control the
false-discovery rate (FDR).

Additionally, a multi-omics factor analysis (MOFA+) was per-
formed to extract inherent factors capturing various sources of
variability [20]. This dimensionality reduction technique inte-
grated metabolomics and comorbidity data, allowing the cor-
relation of factors with phenotypes at risk of sarcopenia and
frailty. Metabolites with loading weights above |0.75| were con-
sidered noteworthy. Spearman correlation analyses were con-
ducted to explore relationships between obtained factors and
metabolic markers. The comprehensive approach aimed to
understand the complex interplay of factors contributing to
sarcopenia and frailty in CKD and KT candidates.

RESULTS
Description of the cohort

One hundred and seventy-three KT candidates (72.3% male,
mean age 60.7 + 13.1 years) were evaluated. Among them, 106
patients were on hemodialysis, 42 on peritoneal dialysis and 25
were preemptive candidates. Baseline characteristics are pre-
sented in Table 1. Tables 2 and 3 display sociodemographic and
clinical features of the cohort according to frailty and sarcopenia
status.

Metabolic features associated with frailty and
sarcopenia

Our results showed that 10 metabolites were associated with
frailty with a nominal P-value <.05, as shown in Table 4. How-
ever, only malate, lactate, succinate and methionine remained
significantly associated with frailty after FDR correction. Slopes
of the models indicated that the concentration of these metabo-
lites increased with the frailty score. Twenty metabolites were
associated with sarcopenia with a nominal P-value <.05 and
are presented in Table 5. Odds ratios and the 95% confidence
interval of each metabolic feature are illustrated in Fig. 1.
After the application of the FDR correction, six molecules re-
mained significantly associated with sarcopenic KT candidates.
Relative to non-sarcopenic patients, a lower concentration of
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Table 2: Baseline characteristics of KT candidates according to frailty status.

Fried >1,n = 115 Fried = 0,n = 58 P-value
Sociodemographics
Age (years), mean =+ SD 61.0 £ 14.1 60 +11.2 .647
Sex, female, n (%) 37 (77) 11 (23) .047
Caucasian, n (%) 107 (93) 58 (100) 121
Education, no/primary, n (%) 85 (73.9) 31 (53.4) .063
Deficient family support, n (%) 20 (17.4) 3(5.2) .032
Socioeconomic status, non-regular incomes, n (%) 9(7.9) 5(8.6) 541
Albumin (g/dL), mean =+ SD 4.24 + 0.46 422 +£0.41 795
Comorbidities
Hypertension, n (%) 112 (97.4) 55 (96.5) .537
Diabetes mellitus, n (%) 42 (36.5) 24 (42.1) 293
Heart failure, n (%) 6(5.2) 2(3.4) 461
Ischemic coronary disease, n (%) 15 (13) 9 (15.5) 410
Peripheral vasculopathy, n (%) 10 (8.7) 3(5.2) .309
Cerebral vasculopathy, n (%) 5 (4.3) 6(10.3) 118
COPD, n (%) 10 (8.7) 3(5.2) .309
Hemodialysis as RRT modality, n (%) 77 (67) 29 (50) .023
Sarcopenia assessment
Sarcopenia according to EWGSOP2 criteria?, n (%) 47 (40.9) 0 <.001
aEleven out of 15 frail patients were sarcopenic, and 36 out of 100 pre-frail patients.
COPD, chronic obstructive pulmonary disease; SD, standard deviation.
Table 3: Baseline characteristics of KT candidates according to sarcopenia status.
Sarcopenia, n = 47 No sarcopenia, n = 126 P-value
Sociodemographics
Age (years, mean =+ SD) 65.8 +11.3 58.8 +£13.3 .001
Sex, female, n (%) 20 (42.6) 28 (22.2) .012
Caucasian, n (%) 44 (93.6) 121 (96) .309
Education, no/primary, n (%) 38 (80.5) 78 (61.9) .090
Deficient family support, n (%) 12 (25.5) 11(8.7) .010
Socioeconomic status, non-regular incomes, n (%) 4(8.7) 10 (7.9) .872
Albumin (g/dL), mean =+ SD 4.17 £ 0.56 4.27 £0.39 277
Comorbidities
Hypertension, n (%) 46 (97.9) 121 (96.8) .709
Diabetes mellitus, n (%) 23 (48.9) 43 (34.4) .081
Heart Failure, n (%) 2 (4.3) 6 (4.8) .888
Ischemic coronary disease, n (%) 6(12.8) 18 (14.3) .797
Peripheral vasculopathy, n (%) 6 (12.8) 7 (5.6) 118
Cerebral vasculopathy, n (%) 3(6.4) 8(6.3) .994
COPD, n (%) 4(8.5) 9(7.1) 761
Hemodialysis as RRT modality, n (%) 33(70.2) 73 (57.9) .140
Frailty assessment
Fried scale = 1 or 2 criteria, n (%) 36 (76.6) 64 (50.8) .003
Fried scale >3 criteria; n (%) 11 (23.4%) 4 (3.2%) <.001

COPD, chronic obstructive pulmonary disease; SD, standard deviation.

metabolites related to protein/muscle metabolism (i.e. pheny-
lalanine, tyrosine and creatinine), energy metabolism (i.e.
carnitine) and neurotransmitter metabolism (i.e. serotonin and
tryptophan) were found in sarcopenic KT candidates.

Unsupervised multi-modal integration revealed
underlying metabolic phenotypes

This study employed unsupervised multi-modal integration to
cluster metabolomics, sarcopenia, frailty, RRT, BMI, sex, age, di-
abetes mellitus and family support data into eight distinct fac-
tors, shown in Supplementary data, Fig. S1 The strongest asso-

ciation was observed between factor 2 and RRT (P < .001), fol-
lowed by factor 3, correlating with BMI (P < .001), diabetes melli-
tus (P = .005) and sarcopenia (P = .020). Factor 1 exhibited a cor-
relation with frailty (P = .035), while factor 8 correlated with BMI,
and factor 5 with sex and RRT. Factor 5 metabolites revealed the
metabolic status of KT candidates based on RRT and sex. Factors
6 and 8 showed no association with the studied covariates, and
their etiology remains unknown.

Further exploration focused on factor 1 due to its moderate
correlation with frailty, and factor 3, representing a metabolic
phenotype related to comorbidities (sarcopenia, diabetes mel-
litus and low BMI) in KT candidates. Metabolites’ scaled
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Table 4: Metabolic associations (ng/mL) with frailty score in KT can-
didates.

Metabolite Slope? (95% CI) P-value? FDR
Lactate 0.42 (0.19-0.65) <.001 0.017
Malate 0.44 (0.20-0.68) <.001 0.017
Methionine 0.72 (0.30-1.15) .001 0.026
Succinate 0.61 (0.24-0.98) .002 0.028
Creatinine -0.52 (-0.89 to -0.14) .008 0.116
Malate/Fumarate 0.58 (1.14-1.03) .011 0.140
Citrate/Malate -0.29 (-0.51 to -0.06) .015 0.158
Fumarate 0.29 (0.03-0.55) .028 0.266
Acetoacetate -0.14 (-0.26 to -0.01) .032 0.268
Glutamate/Glutamine 0.23 (0.01-0.45) .045 0.335

aSlope and P-values from weighted generalized linear models using the frailty
score (numeric, 0-5) as response.

Models were adjusted for by age, sex, BMI, diabetes mellitus, type of renal re-
placement therapy and family/social support.

CI, confidence interval; FDR, false-discovery-rate corrected P-values; SD, stan-
dard deviation.

loading-weights from factor 1 and unadjusted Spearman corre-
lation coefficients between metabolites and frailty are presented
in Supplementary data, Fig. S2 Notably, malate and lactate, as-
sociated with frailty, were positively linked to factor 1, while the
citrate/malate ratio exhibited an inverse association.

In correlation analyses, the enzyme monoamine oxidase
(MAO) and carnitine displayed a strong association with frailty
but not with factor 1. Similarly, the metabolites associated with
sarcopenia, diabetes mellitus and low BMI are presented in
Fig. 2. In factor 3, branched-chain amino acids (BCAAs; leucine,
isoleucine, valine), aromatic amino acids (AAAs; phenylalanine,
tryptophan, tyrosine), glutamate and pyruvate had the lowest
loading weights. Patients with sarcopenia, diabetes mellitus and
low BMI exhibited low concentrations of these metabolites. Lac-
tate dehydrogenase (LDH) increased with factor 3 and positively
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correlated with low BMI and sarcopenia, suggesting its relevance
in this phenotype.

DISCUSSION

Our results suggest that there are a few metabolites related to
energy metabolism and essential amino acids with the presence
of frailty in KT candidates. Lactate is produced during anaero-
bic energy production, while succinate and malate are part of
the aerobic Krebs cycle. Disruptions in aerobic metabolism, such
as mitochondrial dysfunction, can lead to lactate accumulation
[21]. The increase of malate, lactate, pyruvate and glutamate,
and the decrease of the ratio citrate/malate, shown in factor 1,
support these alterations in energy metabolism. The kidneys,
being highly metabolic organs with abundant mitochondria, re-
quire significant ATP [22]. Disruption of mitochondrial home-
ostasis during acute kidney injury leads to tubular injury and
persistent renal dysfunction [23]. In CKD, comorbidities such as
diabetes mellitus disrupt the supply of essential metabolic sub-
strates, including oxygen and macronutrients, affecting ATP pro-
duction and altering metabolic fuel sources [24]. An accumula-
tion of lactic acid may indicate imbalances in energy production
and utilization, which can impact cellular health [21] and lead
to potential disturbances in cellular metabolism in frail KT can-
didates.

While limited research exists on the metabolomics of frail
and sarcopenic CKD patients, several studies have identified
distinct metabolite biomarkers associated with CKD progres-
sion and related complications. For instance, Rhee et al. found
that uric acid and glucuronate levels were elevated in pa-
tients with rapidly declining estimated glomerular filtration rate,
while amino acids like threonine, methionine phenylalanine
and arginine were decreased, indicating metabolic dysregula-
tion [25]. Kimura et al. highlighted a composite predictive value
for CKD progression using metabolites such as trimethylamine
N-oxide (TMAO) and gluconate in patients not on dialysis [26].

Table 5: Metabolic associations (ng/mL) with sarcopenia in KT candidates.

Metabolite Controls (mean =+ SD) Sarcopenia (mean #+ SD) OR (95% CI)? P-value?® FDR
Phenylalanine 20288.2 + 6286.8 17859.6 + 4874.3 0.19 (0.06-0.51) .001 0.044
Creatinine 45327.3 £ 18096.1 36146.5 + 11637.2 0.25 (0.1-0.58) .002 0.044
Serotonin 53.28 + 36.32 42.06 + 36.63 0.59 (0.42-0.82) .002 0.044
Tyrosine 8856.4 + 3265.8 8480.5 + 3068.4 0.26 (0.1-0.62) .003 0.044
Carnitine 4780.5 + 4151.8 3990.7 + 5382.7 0.43 (0.24-0.75) .003 0.044
Tryptophan 5489.9 4+ 1505.1 5040.2 + 1461.4 0.21 (0.07-0.59) .004 0.044
Hippuric acid 24.16 + 24.05 42.05 +42.10 1.57 (1.15-2.17) .005 0.057
MAO 0.325 + 0.607 0.447 £ 0.558 1.48 (1.13-1.98) .006 0.057
BCAA/AAA 0.985 + 0.186 1.02 +£0.22 7.62 (1.64-37.71) o1 0.089
20a-DHF 8.451 + 5.652 7.884 4+ 3.93 0.54 (0.32-0.86) .013 0.097
Cortisol 185.48 + 83.83 183.3 +73.51 0.46 (0.24-0.84) .014 0.098
5a-THF 59.78 + 39.87 46 + 26.91 0.56 (0.33-0.93) .026 0.148
Pyruvate 34.55 + 55.84 18.66 + 12.86 0.64 (0.41-0.95) .031 0.148
30H-Kynurenine/kynurenine 0.029 + 0.013 0.032 £ 0.012 2.01 (1.09-3.91) .031 0.148
Leucine 13143.6 & 3646.5 12318.8 £ 3760.9 0.31 (0.1-0.89) .031 0.148
Kynurenine 642.22 + 229.06 613.25 + 189.8 0.36 (0.14-0.9) .032 0.148
Acetylcarnitine 1238.2 + 1104.1 984.6 + 1214.1 0.57 (0.34-0.96) .034 0.148
MA/FA 12.35 + 4.241 10.884 + 3.345 0.41 (0.17-0.93) .036 0.149
LDH 3.975 £ 3.636 4.66 + 4.928 1.56 (1.03-2.43) .042 0.164
Glutamate 36.16 £ 21.49 28.95 + 13.35 0.56 (0.31-0.99) .047 0.177

20Rs and P-values from weighted logistic models with binomial distribution utilizing presence of sarcopenia (binary, yes/no) as response.
Models were adjusted for by age, sex, BMI, diabetes mellitus, type of RRT and family/social support.
CI, confidence interval; FDR, false-discovery-rate corrected P-values; SD, standard deviation.
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Figure 1: Association Polar plot illustrating odd ratios (ORs) and 95% confidence intervals from weighted generalized linear models with binomial distribution, ad-
justed for described covariates (see Statistical analysis section), for the association of risk biomarkers of sarcopenia. The left legend displays the OR values at the
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Additionally, Lee et al. reported increased TMAO and creatinine
levels, coupled with decreased essential amino acids in pre-
dialysis CKD patients compared with healthy controls [27]. The
presence of diabetes more strongly affected the metabolic sig-
nature during early-stage CKD.

Regarding frailty, recent studies emphasize the potential of
metabolomics in revealing the metabolic changes underlying
frailty [28]. The interaction among aging, frailty and metabolism
is actively researched, shaping the health trajectory of older
adults. The FRAILOMIC initiative found a cross-sectional as-
sociation between plasma 3-methylhistidine concentrations
and frailty in adults aged 65 years and older [29]. In the Eu-
ropean METABOFRAIL study, in addition to replicating higher
circulating 3-methylhistidine, amino acid-related metabolites

such as alanine, arginine, glutamic acid, sarcosine, tryptophan
and ethanolamine were found to be higher in 66 older diabetic
adults who were either frail/pre-frail compared with 30 robust
non-diabetic controls [30]. Meng and coworkers described lower
tryptophan and higher glycine levels in frail older men, but
tryptophan was also associated with overlapping frailty and sar-
copenia in this population [31]. In the BIOSPHERE study, Calvani
and colleagues described higher levels of asparagine, aspartate,
citrulline, ethanolamine, glutamate, sarcosine and taurine in
older adults with both physical frailty and sarcopenia [32]. In
another study assessing biomarkers for biological age with men-
tion to frailty risk, the authors associated a set of 14 biomarkers,
composed of three lipoproteins, the ratio of polyunsaturated
fatty acids to total fatty acids, glucose, lactate, histidine,
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phenylalanine, acetoacetate, albumin, the three BCAAs and
glycoprotein acetyls, with frailty [33]. In the present study, none
of these compounds were dysregulated in frail KT candidates.

Our results are partially in line with a study on the frailty in
Chinese older adults, in which the Krebs cycle-related metabo-
lites such as malate, fumarate and cis-aconitate were described
as potential biomarkers for early diagnosis of frailty in non-CKD
patients [34]. The scarce evidence may be due to the complex,
progressive and multifactorial pathophysiology and etiopatho-
genesis of frailty occurring with different comorbidities [35].

On the contrary, there is increasing evidence that changes in
metabolism may play a key role in the development and pro-
gression of sarcopenia [14]. While the clinical presentation of
frailty and sarcopenia are similar in that both conditions involve
a reduction in muscle mass and strength/function as individu-
als age [36], there seems to be a difference in the metabolic pro-
cess. Our results suggest changes in creatinine, carnitine, AAA
metabolism and energetic metabolism.

While plasma creatinine was statistically significant, its lev-
els in dialysis patients can be strongly influenced by the timing
of sample collection, potentially introducing bias due to fluc-
tuations tied to dialysis schedules. Nonetheless, lower creati-
nine levels have been previously linked to muscle atrophy or re-
duced muscle mass, which are core characteristics of sarcope-
nia [37]. Low carnitine levels can impair energy production in
muscle cells, contributing to muscle weakness, and this was pro-
posed as a potential biomarker of sarcopenia in a cohort of 114
gastrointestinal cancer patients [38]. In another study, patients
with heart failure and serum carnitine <36 umol/L showed
more muscle weakness and a shorter 6-min walk distance [39].
In sarcopenic KT candidates, altered metabolism of AAAs like
phenylalanine, tyrosine and tryptophan indicates dietary defi-
ciencies or impaired metabolism, contributing to muscle loss.
Reduced tryptophan, crucial for serotonin synthesis, combined
with higher MAO levels, may contribute to lower serotonin. This
can lead to mood, appetite and well-being issues, worsening sar-
copenia symptoms. However, it is important to note that our
study did not collect data on patients’ medications or psychiatric
comorbidities, both of which could impact plasma serotonin lev-
els. Therefore, findings should be interpreted with caution. Low
levels of serum tryptophan were also associated with skeletal
muscle atrophy in patients with B-cell lymphoma [40]. Sol et al.,
recently outlined dysregulations in compounds related to lipid
and AAA metabolisms as the main metabolic pathways affected
by age, with a relevant influence of sex [41]. Several gut-derived
AAA catabolites were found in the authors’ study, suggesting
that changes in the microbiota during chronological aging might
contribute to age-related disorders [42]. In this sense, lower tryp-
tophan levels and a higher 3-hydroxykynurenine/kynurenine
ratio indicate a shift in tryptophan metabolism towards
kynurenine pathway. This shift is associated with chronic im-
mune activation and dysregulation [43] and may include in-
creased inflammation, oxidative stress and T-cell dysfunction,
which can compromise immune homeostasis. In our study, fac-
tor 3 characterized sarcopenic KT candidates with diabetes mel-
litus but low BMI. This phenotype presented an inverse associ-
ation with all BCAAs and AAAs, and a positive association with
LDH, an enzyme involved in the interconversion between lactate
and pyruvate during anaerobic metabolism. An inverse associa-
tion of pyruvate supports this imbalance in favor of lactate.

Growing evidence highlights that impaired BCAA catabolism
is crucial in insulin resistance among obese and diabetic in-
dividuals. However, variations in BCAA metabolism are noted
between obese and diabetic patients, as well as KT candidates

with sarcopenia, diabetes and low BMI, emphasizing BCAA loss
in this context. Le Couteur and colleagues proposed that de-
spite higher blood BCAA levels correlating with elevated glu-
cose, insulin, HOMA-IR and triglycerides, frail individuals exhib-
ited lower BCAA levels inversely linked to mortality and major
cardiovascular events [44]. Nakajima et al. proposed leucine and
glutamate as biomarkers of sarcopenic risk in Japanese patients
with type 2 diabetes mellitus [45], but the authors did not control
for false-positive rate and these findings should be interpreted
carefully. Conversely, in a nested case-control study, composed
of 79 participants with a low muscle quality and 79 matched con-
trols of the Baltimore Longitudinal Study of Aging, the authors
showed elevated circulating levels of tryptophan, serotonin and
methionine; and BCAAs leucine and isoleucine in the declined
muscle group [46]. Although our results for leucine and the ra-
tio BCAA/AAA could support the association between BCAA and
sarcopenia, the FDR correction indicated that the associations
are not sufficiently noteworthy without the presence of comor-
bidities captured by factor 3.

This study is limited by its observational nature. The absence
of a control group of patients without CKD and the delay in sam-
ple collection after dialysis treatment may have reduced the sen-
sitivity of the analyses. Therefore, data distribution, dispersion
and the presence of outliers were carefully investigated to min-
imize potential inconsistencies and uncontrolled variability in
this cross-sectional study.

CONCLUSION

Our analysis of serum metabolites in kidney transplant can-
didates with sarcopenia and frailty reveals significant disrup-
tions in energy and amino acid metabolism. These findings sug-
gest a distinct metabolic profile associated with frailty and sar-
copenia in this patient population. Recognizing these metabolic
alterations emphasizes the potential value of individualized
metabolic assessment to better characterize candidate health
status before transplantation.
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