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Abstract

Background: Fatigue is a strong predictor of negative health outcomes in older adults. Kynurenine, a metabolite of tryptophan,
is strongly associated with fatigue. Reductions in fatigue are observed with exercise; however, exercise training does not completely
alleviate symptoms. Branched-chain amino acids (BCAAs) have been shown to have advantageous effects on exercise performance
and compete with kynurenine for transport into the central nervous system. Thus, the combination of BCAA and exercise may
exert synergized effects of mental and physical fatigue. Therefore, we hypothesize that BCAA added to exercise will shift
kynurenine metabolism toward enhanced synthesis of kynurenic acid, thereby reducing fatigue.

Objective: This randomized, double-blind, placebo-controlled trial aims to compare the effects of acute (approximately 45 min)
and chronic (8 wk) exercise with and without BCAA supplementation on mental and physical fatigue and assess whether the
hypothesized outcomes are modulated by changes in kynurenine metabolism in 30 older adults (n=15, 50% per group).

Methods: Older adults (aged 60-80 y) who do not exercise >2 days per week and self-report fatigue (≥3 on a scale of 1-10) will
be recruited. Participants will be randomized to either the exercise+BCAA group or exercise+placebo group. Participants will
engage in high-volume, moderate-intensity, whole-body exercise training (aerobic and resistance exercise; either in-person or
web-based sessions) 3 times per week for 8 weeks. In addition, participants will consume daily either 100 mg/kg body weight of
BCAA (2:1:1 leucine:isoleucine:valine) or placebo (maltodextrin) throughout the 8-week intervention. BCAA and placebo
powders will be identical in color and dissolved in 400 mL of water and 2.5 g of a calorie-free water flavor enhancer. Muscle
biopsies will be collected before and after the intervention after a 12-hour fast to examine changes in the biomarkers of tryptophan
metabolism and inflammation. Our primary outcomes include changes in mental and physical fatigue and metabolism after the
8-week exercise training between the 2 groups. Mental and physical fatigue will be measured before and after the intervention.
Mental fatigue will be subjectively assessed through the completion of validated questionnaires. Physical fatigue will be measured
by isometric handgrip, 1-repetition maximum, chair rise, 400-meter walk, and cardiopulmonary exercise tests.

Results: The study was funded in March 2022, with an anticipated projected data collection period lasting from January 2023
through December 2023.
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Conclusions: The discovery that kynurenine concentrations are associated with fatigue and are responsive to BCAA
supplementation during exercise training could have important implications for the development of future interventions, both
lifestyle and pharmacologic, to treat fatigue in older adults.

Trial Registration: ClinicalTrials.gov NCT05484661; https://www.clinicaltrials.gov/study/NCT05484661

International Registered Report Identifier (IRRID): DERR1-10.2196/52199

(JMIR Res Protoc 2023;12:e52199) doi: 10.2196/52199
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Introduction

Background
The prevalence rate of self-reported mental and physical fatigue
among older adults is at least 25% in primary care settings [1].
Mental fatigue refers to a decrease in cognitive resources,
whereas physical fatigue refers to the inability of muscles to
maintain optimal performance. Studies suggest that mental
fatigue may be present before the onset of disability and
morbidity [2] and has been reported by older adults to be a main
reason for activity restriction and poor compliance with exercise
interventions [3]. Although prior studies show that both mental
and physical fatigue are associated with low-grade inflammation
[4], more research is needed to pinpoint specific biological
pathways to connect chronic inflammation to fatigue-associated
health declines.

One pathway that may play an integral role in fatigue
progression is that of the essential amino acid tryptophan.
Normally, 90% to 95% of tryptophan is metabolized along the
kynurenine pathway in the liver. Inflammation upregulates
kynurenine pathway enzymes outside the liver, causing
intracellular and circulating kynurenine or oxidative kynurenine
metabolite concentrations to rise. The accumulation of
kynurenine and its oxidative metabolites are strongly associated
with physical fatigue, including weaker grip strength and slower
walking speed [5]. Furthermore, they can readily cross into the
central nervous system (CNS) and underlie the behavioral and
cognitive impairments caused by inflammation [6].

Evidence in animal models suggests that reductions in physical
fatigue often observed with exercise training are mediated by
skeletal muscle peroxisome proliferator-activated receptor γ
coactivator 1α (PGC-1α), inducing a shift of kynurenine to
kynurenic acid [7,8]. This is catalyzed by kynurenine
aminotransferase (KAT) enzymes, which prevent the oxidative
metabolism of kynurenine as well as its entry into the CNS; this
may have an influence on mental fatigue. We have shown that
reductions in skeletal muscle inflammation are associated with
reductions in mental and physical fatigue after exercise training
[9]; however, a recent study in older adults also found that
exercise training significantly increased skeletal muscle PGC-1α
gene expression and KAT isoforms by nearly 2-fold [10]. These
data suggest that the tryptophan metabolism pathway may play
an integral role in regulating mental and physical fatigue after
exercise.

Exhaustive exercise results in the branched-chain amino acids
(BCAAs; leucine, isoleucine, and valine) being taken up by the

skeletal muscle, leading to reductions in the plasma
concentration. In the past 2 decades, numerous studies have
shown the advantageous effects of BCAA supplementation on
acute and chronic exercise performance, including improvements
in time to exhaustion and strength [11,12]. Furthermore, studies
in animal models suggest that BCAAs decrease the transport
of tryptophan and its metabolites into the CNS because BCAAs
and tryptophan compete for the same carrier system. In addition,
it has been shown that the depletion of plasma BCAAs after
dialysis is highly associated with mental fatigue [13]. In animal
models, BCAAs attenuate changes in skeletal muscle PGC-1α
caused by acute exercise by approximately 50% [14]. Although
currently unexplored, these data suggest that when combined
with exercise, BCAA supplementation may have the ability to
modify mental and physical fatigue by modulating the
tryptophan pathway.

Objectives
This pilot study will examine the influence of systemic and
skeletal muscle tryptophan metabolism on mental and physical
fatigue after exercise training with and without BCAA
supplementation in fatigued older adults. Our central hypothesis
is that 8 weeks of daily BCAA supplementation added to
3-times-per-week exercise training will increase systemic and
skeletal muscle expression of KAT, shifting kynurenine
metabolism toward the enhanced synthesis of kynurenic acid,
thereby reducing mental and physical fatigue.

Methods

Study Design and Overview
We propose a randomized, double-blind, placebo-controlled
pilot study. The study protocol follows the SPIRIT (Standard
Protocol Items: Recommendations for Interventional Trials)
guidelines [15]. Any deviations from the protocol, breaches of
confidentiality, and adverse events will be reported to the
institutional review board (IRB) and data safety monitoring
board (DSMB) according to local policies. In addition, the
DSMB will evaluate study materials and review the collected
data to ensure data security, integrity, and quality assurance.
The study is registered with ClinicalTrials.gov (NCT05484661).
As shown in Textbox 1, the experimental design involves 5
phases, completed over 3 to 4 months. In phase 1, we will
recruit, screen, and enroll 30 participants (n=15, 50% per group).
In phase 2, all participants will undergo baseline testing
(described in the following subsections). In phase 3, participants
will be randomly assigned to the exercise+placebo group or
exercise+BCAA group, and we will test the acute effects of
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BCAA intake on fatigue and changes in the biomarkers of
tryptophan metabolism and inflammation through a blood draw
that will be performed after a 12-hour fast and 30 minutes after
consuming either BCAA or a placebo. Phase 1 to 3 data will be
collected at the Sam and Ann Barshop Institute for Longevity
and Aging Studies of the University of Texas Health Science
Center at San Antonio. Study phase 4 is the intervention and
will consist of exercise training 3 times per week over 8 weeks

with or without daily BCAA intake. To test the chronic effects
of fatigue, participants will repeat all phase-2 tests at the end
of the intervention (phase 5). Intervention staff and participants
will be blinded to supplement allocation. Participants will
receive either the BCAA or a placebo, both in powder form.
Only study team members without direct participant interaction
will know supplement allocation.

Textbox 1. Study design and timeline.

Week –4 (phase 1)

• Recruitment

• Screening

• Enrollment (n=30)

• Consent

Week –2 (phase 2)

• Baseline tests and assessments

• Strength and endurance

• Blood draws

• Anthropometrics

• Muscle biopsies

• Questionnaires

Week 0 (phase 3)

• Randomization (1:1)

• Acute fatigue test

Week 1 (phase 4)

• Exercise+branched-chain amino acid group (n=15)

• Exercise+placebo group (n=15)

• 8-wk intervention

Week 9 (phase 5)

• Postintervention assessments (repeat assessments outlined in phase 2)

Phase 1: Participant Recruitment, Screening, and
Enrollment

Participants and Inclusion and Exclusion Criteria
The study will recruit a total of 30 community-dwelling older
adults from the San Antonio, Texas, area. The inclusion criteria
are as follows: (1) fatigue (participants self-reporting ≥3 on a
1-10 scale), (2) aged 60 to 80 years, (3) lack of menses for at

least 1 year for women, (4) BMI 20 to 40 kg/m2, and (5)
untrained with regard to structured exercises training (≤2
times/wk). The exclusion criteria are as follows: (1) taking an
anticoagulant medication (ie, heparin, apixaban, or rivaroxaban);
(2) allergic to lidocaine; (3) neurologic, musculoskeletal, or
other condition that limits the participant’s ability to complete
study physical assessments; (4) active inflammatory,
autoimmune, infectious, hepatic renal, gastrointestinal,
malignant, or psychiatric disease; (5) cognitive impairment

(Montreal Cognitive Assessment [MoCA] score <21); (6)
consuming a special diet or protein or CAA supplements; and
(7) uncontrolled depression (Center for Epidemiologic Studies
Depression Scale [CES-D] score ≥16).

Recruitment
Recruitment methods may include electronic medical record
and approved registry queries, posting study flyers at medical
offices or senior centers, community engagement activities, and
newspaper or web-based advertisements (including social
media). Telephone prescreening before the clinic screening visit
will be used to ensure that potential participants meet the
inclusion and exclusion criteria for enrollment. Those who
qualify preliminarily will be scheduled for a full in-clinic
evaluation and will be sent an advance copy of the consent form.
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Screening
We will conduct an in-clinic evaluation consisting of a medical
history; physical examination; resting, seated blood pressure;
weight; height; and electrocardiogram. A fasting blood profile
for lipids as well as liver, renal, and hematological function will
be performed.

Enrollment
Participants will be enrolled if they provide informed consent
and pass all required screening assessments.

Phase 2: Baseline Assessment Measures
Participants will complete questionnaires related to their mental
fatigue, depression, quality of life, and physical fatigue (they
will be asked to perform tests of strength and endurance;
Textbox 2). In addition, participants will have blood draws and
muscle biopsies to assess markers of inflammation or immune
status, quantify amino acid and metabolite levels, and examine
changes in muscle gene expression and intracellular signaling
pathways (ie, PGC-1α and KAT).
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Textbox 2. Baseline and postintervention assessment measures.

Laboratory tests

• Blood draw: plasma, serum, and whole blood will be collected for the assessment of thyroid-stimulating hormone, complete blood count, and a
comprehensive metabolic panel with liver function tests and lipid profile. Plasma will be processed for the quantitative assessment of branched-chain
amino acids and kynurenine metabolites using liquid chromatography–mass spectrometry, whereas plasma C-reactive protein, interleukin-6,
interleukin-1β, and tumor necrosis factor-α will be measured by enzyme-linked immunosorbent assay (ELISA). Immune function (immunoreactivity)
will be measured in diluted whole blood stimulated in vitro with 0-1000 ng/mL lipopolysaccharide (LPS) or 0-1000 ng/mL dexamethasone in
the presence of 100 ng/mL LPS. Secreted cytokines will be measured by ELISA.

• Skeletal muscle biopsy: vastus lateralis muscle biopsies of the dominant leg will be obtained with a Bergström needle with local anesthesia by
a credentialed clinician after a 10- to 12-h fast. Muscle tissue will quantitate local inflammation and tryptophan metabolism markers.

Anthropometric measurements

• BMI: weight (kg) will be measured on a standard physician’s scale at baseline and after the intervention without shoes and with light clothing.

Standing height (cm) will be measured using a stadiometer at screening. BMI will be calculated as weight (kg)/height (m2).

• Waist and hip circumference: minimum and maximum waist and hip circumference will be measured with a tape measure. Measurements will
be taken by trained personnel and will follow the World Health Organization guidelines.

• Body composition: whole-body dual-energy x-ray absorptiometry will be performed to measure lean and fat body mass and to examine the effect
of the intervention on body composition [10,16]. In participants who are overweight where portions of the body fall outside the scan area, a
half-body scan of the right side is carried out and a contralateral estimated performed [17].

Quantitative assessments

• Energy intake and expenditure

• Automated Self-Administered 24-Hour Dietary Assessment (ASA24): this validated web-based tool developed by the National Cancer Institute
that enables multiple, automatically coded, and self-administered 24-h diet recalls will be used to calculate energy intake. The ASA24 will be
used to calculate the Healthy Eating Index (HEI). HEI scores range from 0 to 100, with higher scores indicating better adherence to the Dietary
Guidelines for Americans [18,19].

• Activity monitor (ActiGraph): ActiGraph GT9X Link accelerometers will be used to monitor total daily activity energy expenditure (kcal/d).
Participants will wear an accelerometer around the right hip continuously for 7 d, except when sleeping, bathing, or swimming. In addition,
participants will subjectively log their activity on the days that the accelerometer is worn.

• Short HEI (sHEI): The sHEI will be used to measure diet quality and assess how well dietary patterns align with the key recommendations of
the Dietary Guidelines for Americans [20].

• Patient-Reported Outcomes Measurement Information System: this 57-item validated questionnaire will be used to evaluate and monitor 7 health
domains (depression, anxiety, physical function, pain, sleep, fatigue, and social health) in adults [21].

• Mental fatigue (self-report measures)

• Fatigue Assessment Scale: this 10-item validated fatigue measure scale will be used to evaluate the severity of fatigue and its impact on
daily living [22].

• Center for Epidemiologic Studies Depression Scale (CES-D): this 20-item screening test will be used to assess depression and depressive
disorder. The CES-D measures symptoms defined by the American Psychiatric Association’s Diagnostic and Statistical Manual of Mental
Disorders, Fifth Edition for a major depressive episode [23].

• Minnesota Leisure Time Physical Activity Questionnaire (MLTQ): this validated questionnaire will be used to measure physical activity
(duration and frequency) and energy expenditure during leisure time physical activity [24].

• Insomnia Severity Index: this 7-item questionnaire will be used to assess the nature, severity, and impact of insomnia and monitor treatment
response in adults [25].

• Visual analog scale: this validated psychometric measuring instrument will be used to measure global pain, fatigue, and quality of life, with
scores for each measure ranging from 0 to 100 mm and higher scores indicating greater intensity of pain, tiredness, and fatigue as well as
better quality of life [26,27].

• Physical fatigue (strength and endurance)

• Isometric handgrip: handgrip strength of both arms will be assessed using a handheld dynamometer. Measures will be taken in triplicate to
take the average of the 3 measures [28].

• Strength: Knee extension and chest press strength will be measured by a standardized 1-repetition maximum (1-RM) protocol that includes
4 to 6 trials with rest periods. Muscle endurance will be assessed by asking the participant to perform repetitions of the leg extension and
chest press exercises at 60% 1-RM to volitional fatigue, with the number of repetitions recorded [29].

• Chair rise: the chair rise test will be used to assess functional lower extremity strength. Chair stand number will be recorded as the number
of chair stands completed as quickly as possible in 30 s with arms folded across the chest [30]. Assessment will be administered following
the Stopping Elderly Accidents, Deaths, & Injuries protocol developed by the Centers for Disease Control and Prevention. Furthermore,
the amount of time (s) required to sit and stand 5 times in succession will be recorded [31].
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Cardiopulmonary exercise test (CPET): a resting electrocardiogram (ECG) and blood pressure reading will be collected before the test.
Open circuit spirometry will be performed during a CPET using a customized protocol to evaluate the cardiopulmonary response (ie, peak
oxygen uptake [VO2peak] and ventilatory threshold) to strenuous exertion under clinical supervision and continuous vital sign and ECG
monitoring according to the participant’s tolerance, perceived exertion, and gait stability. The test will be reviewed and participants cleared
to participate by a research clinician [32].

•

• 400-meter walk: the 400-meter walk test will used to measure walking ability and endurance [33]. The total time (s) taken to complete 400
m, maximal heart rate, and perceived exertion (rated on a scale ranging from 0 to 10, with 10 indicating maximum intensity) will be assessed.

• Frailty: frailty will be classified using the Fried phenotype criteria [34]: (1) self-reported unintentional weight loss of ≥10 lb (≥4.5 kg) in the past
year, (2) self-reported exhaustion, (3) low energy expenditure measured using the MLTQ to assess physical activity (duration and frequency),
(4) weakness measured via grip strength using a handheld dynamometer in the dominant hand, and (5) slow walking speed measured by 10-foot
walk test. A frailty score will be calculated as the number (0-5) of frailty characteristics present. Those with ≥3 of these 5 characteristics are
categorized as frail, those with 1 or 2 are categorized as prefrail, and those with none are categorized as nonfrail [35].

Phase 3: Randomization
Participants will be randomized 1:1 to the exercise+placebo
group or exercise+BCAA group. At this visit, participants will
have resting vital signs assessed and 10- to 12-hour fasting
blood draw performed. After the fasting blood draw, participants
will consume (blinded) either 100 mg/kg of the BCAA or the
maltodextrin (depending upon group allocation) and then will
rest for 30 minutes. Immediately after the 30-minute rest, a
400-meter walk will be completed (as outlined in Textbox 2).
A second blood draw will be performed within 3 to 5 minutes
of completing the 400-meter walk.

Phase 4: Exercise+Placebo or Exercise+BCAA
Intervention

Exercise
Participants will attend in-person or web-based exercise sessions
3 times per week for 8 weeks. The exercise training protocol is
designed to provide a high-volume, moderate-intensity,
whole-body stimulus. The exercise will be prescribed by an
exercise physiologist via provided heart rate (HR) monitors.
Aerobic exercise training will start conservatively with a goal
of 30 minutes total duration at 40% to 50% of maximal HR
reserve determined according to the formula developed by
Karvonen et al [36]:

Training HR = %(HRmax − HRrest) + HRrest (1)

HRmax is defined as peak HR assessed during a peak
cardiopulmonary exercise test (described in Textbox 2). Aerobic
exercise will advance weekly, as tolerated, to a goal of 75% to
85% of HR reserve for 30 minutes. In addition, participants will
perform resistance exercise using TheraBands. They will
perform the chest press, knee extension, leg curl, row, and bicep
curl (15 repetitions for 2 sets and to exhaustion on the third set)
for 5 major muscle groups. Resistance will be gradually
increased to account for strength gains when participants are
able to complete 20 repetitions on the third set.

BCAA or Placebo

Overview

This study will use over-the-counter dietary supplement
powders. The BCAA supplement is manufactured and
distributed by Naked Nutrition. One scoop (5 g) contains 2500
mg of L-leucine, 1250 mg of L-isoleucine, and 1250 mg of
L-valine and sunflower lecithin. The placebo (maltodextrin) is

manufactured and distributed by Nutricost. One scoop (15 g)
contains 14 g of a complex carbohydrate (maltodextrin).

Labeling and Distribution of BCAA and Placebo
Supplementation

Following double-blinded procedures, the study team will
receive the BCAA or placebo supplements in prepackaged
containers for the use of individual participants from the on-site
clinical pharmacy. The pharmacy will maintain inventory;
ensure appropriate temperature control; label each individual
participant container with study and participant ID; and be
responsible for storage, inventory, and destruction, following
pharmacy protocol.

BCAA and Placebo Consumption

Participants will be randomly assigned to 8 weeks of BCAA or
placebo supplementation. Participants will be instructed to
consume either 7 to 10 g (100 mg/kg body weight) of BCAA
supplement or placebo daily. The powders, identical in color,
will be distributed in a double-blind fashion and dissolved in
400 mL of water and 2.5 g of a calorie-free water flavor
enhancer (ie, Crystal Light). The supplement to be consumed
on nonexercise days will be in prepackaged containers and
provided to participants along with water flavor enhancers on
a weekly basis. On nonexercise days, participants will be
instructed to take the supplement between 9 AM and 10 AM
each day and to log each intake on a provided spreadsheet. On
exercise days, the supplement will be consumed immediately
after finishing exercise training while being monitored by study
staff. The distribution and consumption of the supplement will
be logged by study staff. In addition, participants will be asked
about supplement intake at every exercise session to track
compliance. The assessment of side effects will be performed
at every exercise session.

Phase 5: Postintervention Measures
After the intervention, participants will repeat all baseline (phase
2) assessment measures and qualitative assessments (Textbox
2).

Outcomes and Analysis
An important goal of statistical analyses is to determine effect
sizes to make certain that future studies evolving from the
current work are adequately powered. Although data do not
exist to provide more precise effect sizes for this experiment,
based upon previous studies [37], a mean decrease of 0.64 (SD
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0.19) µmol/L in kynurenine concentration was observed after
exercise training. The anticipated additive effect of BCAA
supplementation is 0.25 µmol/L. Assuming an SD of 0.25
µmol/L, 12 participants per group are necessary to achieve at
least 80% power with a significance level of 5%. To allow for
a 20% dropout rate, we will recruit a total of 30 participants
with the intent of having 24 complete the study.

In light of the small sample size, 2 separate independent samples
2-tailed t tests will be used for each outcome measure (ie, mental
fatigue and physical fatigue) to compare changes between the
BCAA and placebo groups: (1) before and after phase 3 acute
exercise (400-meter walk acute fatigue test) and (2) before and
after chronic (8-wk changes from phase 2 to phase 5) exercise
training. We will use intention-to-treat principles per CONSORT
(Consolidated Standards of Reporting Trials) guidelines to avoid
the effects of attrition, which may break the random assignment
to the treatment groups in a study. All statistical tests will be
2-sided and unadjusted for multiple comparisons.

Participant Safety and Minimizing Potential Risk

Overview
The risks from participating in the research study are mild to
moderate and involve some slight temporary discomforts.
Procedures that involve a degree of risk include completing the
questionnaires, exercise training, functional assessment, BCAA
or placebo supplementation (maltodextrin), muscle biopsy,
blood draws, and dual-energy x-ray absorptiometry (DXA)
scans. Halting the study will be at the discretion of the study
clinical staff and DSMB. There is no known risk of stopping
the study supplements early or abruptly.

Questionnaires
The questionnaires are time consuming but pose minimal risk.

Exercise Training and Functional Assessments
The physical activity requirement for this study is associated
with shortness of breath, muscle soreness, and strains, along
with the risk of cardiovascular complications such as chest pain,
heart attack, or sudden death. To offset this minimal risk, all
participants will undergo prescreening with medical
examinations before exercise. In addition, an exercise
physiologist or other medical professional will be present for
all exercise sessions. There is also a minimal risk of falling
during the fatigue assessment walking tests. A standby aide will
always be present, and sufficient periods or rest will be provided
to minimize risk.

Supplementation
The risks from consuming the BCAA and maltodextrin are
expected to be minimal and may include gastrointestinal distress,
such as cramps and gas. Participants will be monitored at each
exercise session, and any unanticipated or serious side effects
will be reported immediately to the study clinical staff, IRB,
and DSMB.

Muscle Biopsy
Mild to moderate discomfort is likely but not serious and may
include a sensation of pressure or thumping, cramping, pain,
soreness, and bleeding. The pain is typically mild to moderate

and lasts 5 to 10 seconds. The pain usually stops when the needle
is removed but muscle soreness could last for a few days. Ice
packs are applied to the biopsy site to minimize discomfort.

Blood Draw
The risks associated with blood sampling include discomfort,
bruising, swelling, fainting, and possible infection at the site of
sampling. This is minimized by having skilled professionals
perform the blood draw.

DXA Scans
Participants will be exposed to a minor dose of ionizing radiation
(total 0.6 mrem/scan) during the DXA scans at phase 2 and
phase 5 [16], which is well below the dose of a standard chest
x-ray (10 mrem; United States Environmental Protection Agency
Radiation Sources and Doses [38]).

Data Management
All research records created will be held strictly confidential.
A study number rather than the participant’s name will be used
on study records whenever possible. Electronic data will be
password protected and placed on the secure local area network
(REDCap [Research Electronic Data Capture; Vanderbilt
University]; hosted at the University of Texas Health Science
Center San Antonio]). Randomization codes will be created at
random and kept electronically by a study team member not
directly involved with participants (ie, the statistician). We
anticipate that blinding will only be broken before the
completion of the study if requested by the DSMB owing to
safety concerns. Unblinding before study completion will be
reported to the IRB and DSMB.

Ethical Considerations
The study was approved by the local IRB (University of Texas
Health Science Center at San Antonio; 20220493H) in
accordance with the ethical standards of the responsible
committees on human experimentation and the Declaration of
Helsinki. Eligible participants will have the study explained
and an in-person IRB-approved informed consent will be
obtained from each participant. Participants may choose to leave
or opt out the study at any time during the study without penalty
or loss of benefits they are entitled. All data and biospecimens
will be deidentified. Participants will receive US $50.00
compensation after completion of the 2 testing phases (phase 2
and phase 5) for a total of US $100.00 for completion of the
entire study.

Dissemination
The results of this study will be made available to health care
professionals and the public through the National Library of
Medicine PubMed Central website within 1 year after the date
of publication. In addition, the findings of this study will be
presented at scientific meetings. The study investigators will
be responsible for writing all publications and will not use the
services of professional writers.

Results

The study was funded in March 2022, with a projected data
collection period lasting from January 2023 through December
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2023. The screening and enrollment of participants for phase 1
began in December 2022. Data collection began in January 2023
and is projected to be completed at the end of November 2023.
As of August 2023, a total of 24 participants have been recruited
and enrolled in the study. Data analysis and results are aimed
to be published in early 2024.

Discussion

Summary
The purpose of this study is to examine whether the addition of
a BCAA to acute and chronic exercise can reduce mental and
physical fatigue using a pilot randomized, double-blind,
placebo-controlled trial. This study will also address whether
clinical outcomes are modulated by changes in circulating and
skeletal muscle tryptophan metabolism because this may identify
potential targets for future investigation. We anticipate that 8
weeks of a BCAA added to exercise will increase the expression
of KAT, shifting kynurenine metabolism toward the enhanced
synthesis of kynurenic acid, thereby reducing fatigue.

Fatigue is one of the most common idiopathic complaints in
older adults [39], with up to 50% of older adults aged 65 years
[40] and 75% of those aged >85 years [41] self-reporting
symptoms. Studies show that both mental fatigue and physical
fatigue are associated with accelerated decline in physical
function and cognition [42], which are strong predictors for the
loss of independence in community-dwelling older adults [43].
Although fatigue can significantly affect an individual’s quality
of life, social well-being, and livelihood [44], its etiology
remains unknown, and effective treatment strategies remain
elusive.

Tryptophan is the precursor of serotonin and kynurenine, and
accumulating evidence suggests that kynurenine metabolic
pathways are associated with mental and physical fatigue [45].
A recent study demonstrated that the uptake of peripheral
kynurenine into the brain of mice increased kynurenic acid
production and induced mental fatigue [45]. This supports
previous evidence that has shown that the ingestion of
tryptophan by humans can also induce fatigue [45,46]. These
data suggest that the tryptophan metabolism pathway may play
an integral role in regulating mental and physical fatigue.

Exercise has been associated as a low-cost strategy for
improving symptoms linked to fatigue [47]; however, symptoms
are not eliminated. A recent randomized controlled trial has
shown that exercise training can reduce the incidence of
moderate to severe mental and physical fatigue by 30% to 60%;
however, 82% of the participants continued to report mild
fatigue after the intervention [9]. Animal models suggest that
the reduction of fatigue from exercise is mediated by skeletal
muscle PGC-1α, which shifts tryptophan metabolism [9] and
therefore may influence fatigue. A recent study in older adults
found that exercise training significantly increased skeletal
muscle PGC-1α gene expression [10]. In addition, it has been
shown that sedentary fatigued older adults had decreased
concentration and suppression of PGC-1α in muscle tissue
compared with nonfatigued older adults [48].

BCAAs play a critical role in the regulation of multiple
physiological functions, including nutrient metabolism, energy
homeostasis, immunity, intestinal health, protein synthesis, and
aging [49]. Evidence suggests that BCAA supplementation can
be beneficial during exercise, with studies showing improved
ratings of perceived exertions and mental performance [49,50].
The consumption of BCAAs causes a rapid increase in serum
concentration and competes with tryptophan for entry into the
CNS [51]. In addition, BCAAs have been shown to attenuate
changes in skeletal muscle PGC-1α caused by exercise [11,12].
Although currently unexplored, data suggest that, when
combined with exercise, BCAA supplementation may have the
ability to modify mental and physical fatigue by modulating
the tryptophan pathway. Therefore, this study will fill a
knowledge gap by determining whether changes in tryptophan
metabolism occur after exercise with and without BCAA
supplementation and relate to reductions in mental and physical
fatigue, because this may identify potential targets for future
lifestyle and pharmacologic investigation.

The identification of BCAA plus exercise as being superior to
exercise alone could have clinical implications for older adults
to improve cardiometabolic and functional risk. By reducing
fatigue, older adults may be able to engage in longer periods of
physical activity, thereby reducing weight gain common to older
adults and improving the mental and physical quality of life.

Limitations
A randomized controlled trial is generally accepted as the gold
standard for investigating causal relationships between an
intervention and outcomes; however, despite its strength, this
study design has potential limitations that should be considered.
The small sample size increases the possibility of a type II error,
which decreases the power of the comparison. In addition, the
potential for heterogeneity between the intervention and control
groups could result in false-positive results [52]. The use of
self-report measures for some clinical outcomes limits any
conclusion from being drawn about cause and effect and limits
the generalizability of the results. Furthermore, participants
could have low adherence to the study protocol although study
has been designed to mitigate risk.

Future Direction
This pilot will provide preliminary evidence for larger grant
applications to examine the combined effects of BCAA
supplementation and exercise on mental and physical fatigue.
In addition, based on the findings from this project, future
clinical studies may address how other nutrient-rich foods or
supplements or weight loss could further alter the response to
BCAA and exercise. Furthermore, there are numerous other
important clinical outcomes related to fatigue that could be
examined as influenced by BCAA and exercise (ie, muscle
quality, fall risk, and cognitive functioning). The discovery that
kynurenine concentrations are associated with fatigue and are
responsive to BCAA supplementation during exercise training
could have important implications for the development of future
interventions, both lifestyle and pharmacologic, to treat fatigue
in older adults.
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Conclusions
Through BCAA supplementation during exercise, the clinical
research proposed herein has the potential to provide insight
into whether BCAA supplementation can effectively reduce
mental and physical fatigue when combined with acute and

chronic exercise and whether these improvements are related
to alterations in tryptophan metabolism in fatigued older adults.
This could have important implications for prescribing exercise
in older adults and the development of future interventions, both
lifestyle and pharmacologic, to treat fatigue in older adults.

Acknowledgments
The research reported in this publication was supported by the National Institute on Aging (National Institutes of Health) through
the Claude D Pepper Older Americans Independence Center at the University of Texas Health Science Center at San Antonio (),
the Department of Veterans Affairs (VA) Office of Academic Affiliations, and the San Antonio VA Geriatric Research Education
and Clinical Center.

Data Availability
A deidentified final data set underlying all publications resulting from the proposed research will be shared on request pursuant
to a data use agreement, appropriately limiting the use of the data set and prohibiting the recipient from identifying or reidentifying
(or taking steps to identify or reidentify) any individual whose data are included in the data set.

Authors' Contributions
RNR, JCOC, and MCS wrote the initial draft of the manuscript. All authors have reviewed and edited the manuscript. All authors
have approved the manuscript for publication.

Conflicts of Interest
None declared.

Multimedia Appendix 1
Peer review report from the National Institute on Aging (National Institutes of Health, USA).
[PDF File (Adobe PDF File), 83 KB-Multimedia Appendix 1]

References

1. Hickie IB, Hooker AW, Hadzi-Pavlovic D, Bennett BK, Wilson AJ, Lloyd AR. Fatigue in selected primary care settings:
sociodemographic and psychiatric correlates. Med J Aust 1996 May 20;164(10):585-588 [doi:
10.5694/j.1326-5377.1996.tb122199.x] [Medline: 8637460]

2. Avlund K, Pedersen AN, Schroll M. Functional decline from age 80 to 85: influence of preceding changes in tiredness in
daily activities. Psychosom Med 2003;65(5):771-777 [doi: 10.1097/01.psy.0000082640.61645.bf] [Medline: 14508019]

3. Cooper KM, Bilbrew D, Dubbert PM, Kerr K, Kirchner K. Health barriers to walking for exercise in elderly primary care.
Geriatr Nurs 2001 Sep;22(5):258-262 [doi: 10.1067/mgn.2001.119470] [Medline: 11606904]

4. Lacourt TE, Vichaya EG, Chiu GS, Dantzer R, Heijnen CJ. The high costs of low-grade inflammation: persistent fatigue
as a consequence of reduced cellular-energy availability and non-adaptive energy expenditure. Front Behav Neurosci 2018
Apr 26;12:78 [FREE Full text] [doi: 10.3389/fnbeh.2018.00078] [Medline: 29755330]

5. Westbrook R, Chung T, Lovett J, Ward C, Joca H, Yang H, et al. Kynurenines link chronic inflammation to functional
decline and physical frailty. JCI Insight 2020 Aug 20;5(16):e136091 [FREE Full text] [doi: 10.1172/jci.insight.136091]
[Medline: 32814718]

6. Allison DJ, Ditor DS. The common inflammatory etiology of depression and cognitive impairment: a therapeutic target. J
Neuroinflammation 2014 Sep 02;11(1):151 [FREE Full text] [doi: 10.1186/s12974-014-0151-1] [Medline: 25178630]

7. Agudelo LZ, Femenía T, Orhan F, Porsmyr-Palmertz M, Goiny M, Martinez-Redondo V, et al. Skeletal muscle PGC-1α1
modulates kynurenine metabolism and mediates resilience to stress-induced depression. Cell 2014 Sep 25;159(1):33-45
[FREE Full text] [doi: 10.1016/j.cell.2014.07.051] [Medline: 25259918]

8. Agudelo LZ, Ferreira DM, Dadvar S, Cervenka I, Ketscher L, Izadi M, et al. Skeletal muscle PGC-1α1 reroutes kynurenine
metabolism to increase energy efficiency and fatigue-resistance. Nat Commun 2019 Jun 24;10(1):2767 [FREE Full text]
[doi: 10.1038/s41467-019-10712-0] [Medline: 31235694]

9. Serra MC, Ryan AS, Ortmeyer HK, Addison O, Goldberg AP. Resistance training reduces inflammation and fatigue and
improves physical function in older breast cancer survivors. Menopause 2018 Feb;25(2):211-216 [FREE Full text] [doi:
10.1097/GME.0000000000000969] [Medline: 28832427]

10. Allison DJ, Nederveen JP, Snijders T, Bell KE, Kumbhare D, Phillips SM, et al. Exercise training impacts skeletal muscle
gene expression related to the kynurenine pathway. Am J Physiol Cell Physiol 2019 Mar 01;316(3):C444-C448 [FREE
Full text] [doi: 10.1152/ajpcell.00448.2018] [Medline: 30649918]

JMIR Res Protoc 2023 | vol. 12 | e52199 | p. 9https://www.researchprotocols.org/2023/1/e52199
(page number not for citation purposes)

Robbins et alJMIR RESEARCH PROTOCOLS

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=resprot_v12i1e52199_app1.pdf&filename=c65c76d0de25ff2e0aca82138dea1a08.pdf
https://jmir.org/api/download?alt_name=resprot_v12i1e52199_app1.pdf&filename=c65c76d0de25ff2e0aca82138dea1a08.pdf
http://dx.doi.org/10.5694/j.1326-5377.1996.tb122199.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8637460&dopt=Abstract
http://dx.doi.org/10.1097/01.psy.0000082640.61645.bf
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14508019&dopt=Abstract
http://dx.doi.org/10.1067/mgn.2001.119470
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11606904&dopt=Abstract
https://europepmc.org/abstract/MED/29755330
http://dx.doi.org/10.3389/fnbeh.2018.00078
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29755330&dopt=Abstract
https://doi.org/10.1172/jci.insight.136091
http://dx.doi.org/10.1172/jci.insight.136091
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32814718&dopt=Abstract
https://jneuroinflammation.biomedcentral.com/articles/10.1186/s12974-014-0151-1
http://dx.doi.org/10.1186/s12974-014-0151-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25178630&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0092-8674(14)01049-6
http://dx.doi.org/10.1016/j.cell.2014.07.051
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25259918&dopt=Abstract
https://doi.org/10.1038/s41467-019-10712-0
http://dx.doi.org/10.1038/s41467-019-10712-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31235694&dopt=Abstract
https://europepmc.org/abstract/MED/28832427
http://dx.doi.org/10.1097/GME.0000000000000969
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28832427&dopt=Abstract
https://journals.physiology.org/doi/10.1152/ajpcell.00448.2018?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
https://journals.physiology.org/doi/10.1152/ajpcell.00448.2018?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1152/ajpcell.00448.2018
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30649918&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


11. Kephart WC, Wachs TD, Thompson RM, Brooks Mobley C, Fox CD, McDonald JR, et al. Ten weeks of branched-chain
amino acid supplementation improves select performance and immunological variables in trained cyclists. Amino Acids
2016 Mar 9;48(3):779-789 [doi: 10.1007/s00726-015-2125-8] [Medline: 26553453]

12. AbuMoh'd MF, Matalqah L, Al-Abdulla Z. Effects of oral branched-chain amino acids (BCAAs) intake on muscular and
central fatigue during an incremental exercise. J Hum Kinet 2020 Mar 31;72:69-78 [FREE Full text] [doi:
10.2478/hukin-2019-0099] [Medline: 32269649]

13. Debnath S, Lorenzo C, Bansal S, Morales J, Rueda RO, Kasinath BS, et al. Branched-chain amino acids depletion during
hemodialysis is associated with fatigue. Am J Nephrol 2020 Jun 23;51(7):565-571 [FREE Full text] [doi: 10.1159/000507839]
[Medline: 32575099]

14. Samuelsson H, Moberg M, Apró W, Ekblom B, Blomstrand E. Intake of branched-chain or essential amino acids attenuates
the elevation in muscle levels of PGC-1α4 mRNA caused by resistance exercise. Am J Physiol Endocrinol Metab 2016
Jul 01;311(1):E246-E251 [FREE Full text] [doi: 10.1152/ajpendo.00154.2016] [Medline: 27245337]

15. Chan A, Tetzlaff JM, Gøtzsche PC, Altman DG, Mann H, Berlin JA, et al. SPIRIT 2013 explanation and elaboration:
guidance for protocols of clinical trials. BMJ 2013 Jan 08;346(jan08 15):e7586 [FREE Full text] [doi: 10.1136/bmj.e7586]
[Medline: 23303884]

16. Shepherd JA, Ng BK, Sommer MJ, Heymsfield SB. Body composition by DXA. Bone 2017 Nov;104:101-105 [FREE Full
text] [doi: 10.1016/j.bone.2017.06.010] [Medline: 28625918]

17. Lorente Ramos R, Azpeitia Armán J, Arévalo Galeano N, Muñoz Hernández A, García Gómez J, Gredilla Molinero J. Dual
energy X-ray absorptimetry: fundamentals, methodology, and clinical applications. Radiol 2012 Sep;54(5):410-423 [FREE
Full text] [doi: 10.1016/j.rxeng.2011.09.005]

18. Kirkpatrick SI, Subar AF, Douglass D, Zimmerman TP, Thompson FE, Kahle LL, et al. Performance of the automated
self-administered 24-hour recall relative to a measure of true intakes and to an interviewer-administered 24-h recall. Am J
Clin Nutr 2014 Jul;100(1):233-240 [FREE Full text] [doi: 10.3945/ajcn.114.083238] [Medline: 24787491]

19. Subar AF, Kirkpatrick SI, Mittl B, Zimmerman TP, Thompson FE, Bingley C, et al. The automated self-administered
24-hour dietary recall (ASA24): a resource for researchers, clinicians, and educators from the national cancer institute. J
Acad Nutr Diet 2012 Aug;112(8):1134-1137 [FREE Full text] [doi: 10.1016/j.jand.2012.04.016] [Medline: 22704899]

20. Colby S, Zhou W, Allison C, Mathews AE, Olfert MD, Morrell JS, et al. Development and validation of the short healthy
eating index survey with a college population to assess dietary quality and intake. Nutrients 2020 Aug 27;12(9):2611 [FREE
Full text] [doi: 10.3390/nu12092611] [Medline: 32867172]

21. Rose AJ, Bayliss E, Huang W, Baseman L, Butcher E, García RE, et al. Evaluating the PROMIS-29 v2.0 for use among
older adults with multiple chronic conditions. Qual Life Res 2018 Nov;27(11):2935-2944 [FREE Full text] [doi:
10.1007/s11136-018-1958-5] [Medline: 30088121]

22. Michielsen HJ, De Vries J, Van Heck GL. Psychometric qualities of a brief self-rated fatigue measure: the Fatigue Assessment
Scale. J Psychosom Res 2003 Apr;54(4):345-352 [doi: 10.1016/s0022-3999(02)00392-6] [Medline: 12670612]

23. Lewinsohn PM, Seeley JR, Roberts RE, Allen NB. Center for Epidemiologic Studies Depression Scale (CES-D) as a
screening instrument for depression among community-residing older adults. Psychol Aging 1997 Jun;12(2):277-287 [doi:
10.1037//0882-7974.12.2.277] [Medline: 9189988]

24. Taylor HL, Jacobs DRJ, Schucker B, Knudsen J, Leon AS, Debacker G. A questionnaire for the assessment of leisure time
physical activities. J Chronic Dis 1978 Jan;31(12):741-755 [doi: 10.1016/0021-9681(78)90058-9] [Medline: 748370]

25. Bastien CH, Vallières A, Morin CM. Validation of the Insomnia Severity Index as an outcome measure for insomnia
research. Sleep Med 2001 Jul;2(4):297-307 [doi: 10.1016/s1389-9457(00)00065-4] [Medline: 11438246]

26. Boonstra AM, Schiphorst Preuper HR, Balk GA, Stewart RE. Cut-off points for mild, moderate, and severe pain on the
visual analogue scale for pain in patients with chronic musculoskeletal pain. Pain 2014 Dec;155(12):2545-2550 [doi:
10.1016/j.pain.2014.09.014] [Medline: 25239073]

27. Pickard AS, Neary MP, Cella D. Estimation of minimally important differences in EQ-5D utility and VAS scores in cancer.
Health Qual Life Outcomes 2007 Dec 21;5(1):70 [FREE Full text] [doi: 10.1186/1477-7525-5-70] [Medline: 18154669]

28. Bohannon RW. Muscle strength: clinical and prognostic value of hand-grip dynamometry. Curr Opin Clin Nutr Metab Care
2015 Sep;18(5):465-470 [doi: 10.1097/MCO.0000000000000202] [Medline: 26147527]

29. Grgic J, Lazinica B, Schoenfeld BJ, Pedisic Z. Test-retest reliability of the one-repetition maximum (1RM) strength
assessment: a systematic review. Sports Med Open 2020 Jul 17;6(1):31 [FREE Full text] [doi: 10.1186/s40798-020-00260-z]
[Medline: 32681399]

30. Jones CJ, Rikli RE, Beam WC. A 30-s chair-stand test as a measure of lower body strength in community-residing older
adults. Res Q Exerc Sport 1999 Jun;70(2):113-119 [doi: 10.1080/02701367.1999.10608028] [Medline: 10380242]

31. Muñoz-Bermejo L, Adsuar JC, Mendoza-Muñoz M, Barrios-Fernández S, Garcia-Gordillo MA, Pérez-Gómez J, et al.
Test-retest reliability of five times sit to stand test (FTSST) in adults: a systematic review and meta-analysis. Biology
(Basel) 2021 Jun 09;10(6):510 [FREE Full text] [doi: 10.3390/biology10060510] [Medline: 34207604]

32. Albouaini K, Egred M, Alahmar A, Wright DJ. Cardiopulmonary exercise testing and its application. Postgrad Med J 2007
Nov 01;83(985):675-682 [FREE Full text] [doi: 10.1136/hrt.2007.121558] [Medline: 17989266]

JMIR Res Protoc 2023 | vol. 12 | e52199 | p. 10https://www.researchprotocols.org/2023/1/e52199
(page number not for citation purposes)

Robbins et alJMIR RESEARCH PROTOCOLS

XSL•FO
RenderX

http://dx.doi.org/10.1007/s00726-015-2125-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26553453&dopt=Abstract
https://europepmc.org/abstract/MED/32269649
http://dx.doi.org/10.2478/hukin-2019-0099
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32269649&dopt=Abstract
https://doi.org/10.1159/000507839
http://dx.doi.org/10.1159/000507839
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32575099&dopt=Abstract
https://journals.physiology.org/doi/10.1152/ajpendo.00154.2016?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1152/ajpendo.00154.2016
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27245337&dopt=Abstract
http://www.bmj.com/lookup/pmidlookup?view=long&pmid=23303884
http://dx.doi.org/10.1136/bmj.e7586
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23303884&dopt=Abstract
https://europepmc.org/abstract/MED/28625918
https://europepmc.org/abstract/MED/28625918
http://dx.doi.org/10.1016/j.bone.2017.06.010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28625918&dopt=Abstract
https://www.sciencedirect.com/science/article/abs/pii/S2173510712001188
https://www.sciencedirect.com/science/article/abs/pii/S2173510712001188
http://dx.doi.org/10.1016/j.rxeng.2011.09.005
https://linkinghub.elsevier.com/retrieve/pii/S0002-9165(23)04691-9
http://dx.doi.org/10.3945/ajcn.114.083238
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24787491&dopt=Abstract
https://europepmc.org/abstract/MED/22704899
http://dx.doi.org/10.1016/j.jand.2012.04.016
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22704899&dopt=Abstract
https://www.mdpi.com/resolver?pii=nu12092611
https://www.mdpi.com/resolver?pii=nu12092611
http://dx.doi.org/10.3390/nu12092611
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32867172&dopt=Abstract
https://europepmc.org/abstract/MED/30088121
http://dx.doi.org/10.1007/s11136-018-1958-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30088121&dopt=Abstract
http://dx.doi.org/10.1016/s0022-3999(02)00392-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12670612&dopt=Abstract
http://dx.doi.org/10.1037//0882-7974.12.2.277
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9189988&dopt=Abstract
http://dx.doi.org/10.1016/0021-9681(78)90058-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=748370&dopt=Abstract
http://dx.doi.org/10.1016/s1389-9457(00)00065-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11438246&dopt=Abstract
http://dx.doi.org/10.1016/j.pain.2014.09.014
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25239073&dopt=Abstract
https://hqlo.biomedcentral.com/articles/10.1186/1477-7525-5-70
http://dx.doi.org/10.1186/1477-7525-5-70
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18154669&dopt=Abstract
http://dx.doi.org/10.1097/MCO.0000000000000202
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26147527&dopt=Abstract
https://europepmc.org/abstract/MED/32681399
http://dx.doi.org/10.1186/s40798-020-00260-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32681399&dopt=Abstract
http://dx.doi.org/10.1080/02701367.1999.10608028
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10380242&dopt=Abstract
https://www.mdpi.com/resolver?pii=biology10060510
http://dx.doi.org/10.3390/biology10060510
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34207604&dopt=Abstract
https://europepmc.org/abstract/MED/17989266
http://dx.doi.org/10.1136/hrt.2007.121558
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17989266&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


33. Vestergaard S, Patel KV, Bandinelli S, Ferrucci L, Guralnik JM. Characteristics of 400-meter walk test performance and
subsequent mortality in older adults. Rejuvenation Res 2009 Jun;12(3):177-184 [FREE Full text] [doi: 10.1089/rej.2009.0853]
[Medline: 19594326]

34. Le Pogam MA, Seematter-Bagnoud L, Niemi T, Assouline D, Gross N, Trächsel B, et al. Development and validation of
a knowledge-based score to predict Fried's frailty phenotype across multiple settings using one-year hospital discharge
data: the electronic frailty score. EClinicalMedicine 2022 Jan 10;44:101260 [FREE Full text] [doi:
10.1016/j.eclinm.2021.101260] [Medline: 35059615]

35. Fried LP, Tangen CM, Walston J, Newman AB, Hirsch C, Gottdiener J, et al. Cardiovascular Health Study Collaborative
Research Group. Frailty in older adults: evidence for a phenotype. J Gerontol A Biol Sci Med Sci 2001 Mar;56(3):M146-M156
[doi: 10.1093/gerona/56.3.m146] [Medline: 11253156]

36. Karvonen MJ, Kentala E, Mustala O. The effects of training on heart rate; a longitudinal study. Ann Med Exp Biol Fenn
1957;35(3):307-315 [Medline: 13470504]

37. Millischer V, Erhardt S, Ekblom Ö, Forsell Y, Lavebratt C. Twelve-week physical exercise does not have a long-lasting
effect on kynurenines in plasma of depressed patients. Neuropsychiatr Dis Treat 2017 Mar 31;13:967-972 [FREE Full text]
[doi: 10.2147/NDT.S131746] [Medline: 28408830]

38. Radiation sources and doses. United States Environmental Protection Agency. URL: https://19january2017snapshot.epa.gov/
radiation/radiation-sources-and-doses_.html#tab-2 [accessed 2023-10-11]

39. Koch H, van Bokhoven MA, ter Riet G, van Alphen-Jager JT, van der Weijden T, Dinant GJ, et al. Ordering blood tests
for patients with unexplained fatigue in general practice: what does it yield? results of the VAMPIRE trial. Br J Gen Pract
2009 Apr;59(561):e93-100 [doi: 10.3399/bjgp09x420310]

40. Santos-Eggimann B, Cuénoud P, Spagnoli J, Junod J. Prevalence of frailty in middle-aged and older community-dwelling
Europeans living in 10 countries. J Gerontol A Biol Sci Med Sci 2009 Jun;64(6):675-681 [FREE Full text] [doi:
10.1093/gerona/glp012] [Medline: 19276189]

41. Avlund K. Fatigue in older adults: an early indicator of the aging process? Aging Clin Exp Res 2010 Apr;22(2):100-115
[doi: 10.1007/bf03324782]

42. Avlund K, Damsgaard MT, Schroll M. Tiredness as determinant of subsequent use of health and social services among
nondisabled elderly people. J Aging Health 2001 May 30;13(2):267-286 [doi: 10.1177/089826430101300206] [Medline:
11787515]

43. Nishihara M, Hiruma H, Kimura F. Interactions between the noradrenergic and opioid peptidergic systems in controlling
the electrical activity of luteinizing hormone-releasing hormone pulse generator in ovariectomized rats. Neuroendocrinology
1991 Oct;54(4):321-326 [doi: 10.1159/000125909] [Medline: 1758574]

44. Haß U, Herpich C, Norman K. Anti-inflammatory diets and fatigue. Nutrients 2019 Sep 30;11(10):2315 [FREE Full text]
[doi: 10.3390/nu11102315] [Medline: 31574939]

45. Yamashita M. Potential role of neuroactive tryptophan metabolites in central fatigue: establishment of the fatigue circuit.
Int J Tryptophan Res 2020 Jun 29;13:1178646920936279 [FREE Full text] [doi: 10.1177/1178646920936279] [Medline:
32647476]

46. Lieberman HR, Corkin S, Spring BJ, Growdon JH, Wurtman RJ. Mood, performance, and pain sensitivity: changes induced
by food constituents. J Psychiatr Res 1982 Jan;17(2):135-145 [doi: 10.1016/0022-3956(82)90015-2] [Medline: 6764930]

47. Larun L, Brurberg KG, Odgaard-Jensen J, Price JR. Exercise therapy for chronic fatigue syndrome. Cochrane Database
Syst Rev 2016 Dec 20;12(12):CD003200 [FREE Full text] [doi: 10.1002/14651858.CD003200.pub6] [Medline: 27995604]

48. Wawrzyniak NR, Joseph A, Levin DG, Gundermann DM, Leeuwenburgh C, Sandesara B, et al. Idiopathic chronic fatigue
in older adults is linked to impaired mitochondrial content and biogenesis signaling in skeletal muscle. Oncotarget 2016
Aug 16;7(33):52695-52709 [FREE Full text] [doi: 10.18632/oncotarget.10685] [Medline: 27447862]

49. Nie C, He T, Zhang W, Zhang G, Ma X. Branched chain amino acids: beyond nutrition metabolism. Int J Mol Sci 2018
Mar 23;19(4):954 [FREE Full text] [doi: 10.3390/ijms19040954] [Medline: 29570613]

50. Meeusen R, Roelands B. Fatigue: is it all neurochemistry? Eur J Sport Sci 2018 Feb 19;18(1):37-46 [doi:
10.1080/17461391.2017.1296890] [Medline: 28317427]

51. Coppola A, Wenner BR, Ilkayeva O, Stevens RD, Maggioni M, Slotkin TA, et al. Branched-chain amino acids alter
neurobehavioral function in rats. Am J Physiol Endocrinol Metab 2013 Feb 15;304(4):E405-E413 [FREE Full text] [doi:
10.1152/ajpendo.00373.2012] [Medline: 23249694]

52. Lambert WC, Janniger EJ. Limitations of randomized, controlled, double-blinded studies in determining safety and
effectiveness of treatments. Curr Med Res Opin 2022 Jun;38(6):1045-1046 [doi: 10.1080/03007995.2022.2073121] [Medline:
35502773]

Abbreviations
BCAA: branched-chain amino acid
CES-D: Center for Epidemiologic Studies Depression Scale
CNS: central nervous system

JMIR Res Protoc 2023 | vol. 12 | e52199 | p. 11https://www.researchprotocols.org/2023/1/e52199
(page number not for citation purposes)

Robbins et alJMIR RESEARCH PROTOCOLS

XSL•FO
RenderX

https://europepmc.org/abstract/MED/19594326
http://dx.doi.org/10.1089/rej.2009.0853
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19594326&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S2589-5370(21)00541-1
http://dx.doi.org/10.1016/j.eclinm.2021.101260
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35059615&dopt=Abstract
http://dx.doi.org/10.1093/gerona/56.3.m146
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11253156&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=13470504&dopt=Abstract
https://europepmc.org/abstract/MED/28408830
http://dx.doi.org/10.2147/NDT.S131746
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28408830&dopt=Abstract
https://19january2017snapshot.epa.gov/radiation/radiation-sources-and-doses_.html#tab-2
https://19january2017snapshot.epa.gov/radiation/radiation-sources-and-doses_.html#tab-2
http://dx.doi.org/10.3399/bjgp09x420310
https://europepmc.org/abstract/MED/19276189
http://dx.doi.org/10.1093/gerona/glp012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19276189&dopt=Abstract
http://dx.doi.org/10.1007/bf03324782
http://dx.doi.org/10.1177/089826430101300206
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11787515&dopt=Abstract
http://dx.doi.org/10.1159/000125909
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1758574&dopt=Abstract
https://www.mdpi.com/resolver?pii=nu11102315
http://dx.doi.org/10.3390/nu11102315
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31574939&dopt=Abstract
https://journals.sagepub.com/doi/abs/10.1177/1178646920936279?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1177/1178646920936279
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32647476&dopt=Abstract
http://dx.doi.org/10.1016/0022-3956(82)90015-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=6764930&dopt=Abstract
https://europepmc.org/abstract/MED/27995604
http://dx.doi.org/10.1002/14651858.CD003200.pub6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27995604&dopt=Abstract
https://www.oncotarget.com/lookup/doi/10.18632/oncotarget.10685
http://dx.doi.org/10.18632/oncotarget.10685
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27447862&dopt=Abstract
https://www.mdpi.com/resolver?pii=ijms19040954
http://dx.doi.org/10.3390/ijms19040954
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29570613&dopt=Abstract
http://dx.doi.org/10.1080/17461391.2017.1296890
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28317427&dopt=Abstract
https://journals.physiology.org/doi/10.1152/ajpendo.00373.2012?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1152/ajpendo.00373.2012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23249694&dopt=Abstract
http://dx.doi.org/10.1080/03007995.2022.2073121
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35502773&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


CONSORT: Consolidated Standards of Reporting Trials
DSMB: data safety monitoring board
DXA: dual-energy x-ray absorptiometry
HR: heart rate
IRB: institutional review board
KAT: kynurenine aminotransferase
MoCA: Montreal Cognitive Assessment
PGC-1α:  peroxisome proliferator-activated receptor γ coactivator 1α
REDCap: Research Electronic Data Capture
SPIRIT: Standard Protocol Items: Recommendations for Interventional Trials
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