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Background: Post-COVID-19 condition (PCC) is characterized by fatigue,
dyspnea, and muscle pain, with treatment including physical exercise
and nutritional support. Creatine supplementation under these conditions
may increase the total body creatine pool, thereby increasing muscular
phosphocreatine availability and improving the energy substrate supply to
sustain activity and reduce fatigue. This study investigated the efficacy of
creatine supplementation in alleviating fatigue symptoms in patients with PCC,
as well as its effects on quality of life, lung function, physical performance, body
composition, and muscle strength.

Methods: This randomized, single-blind, placebo-controlled pilot study
assessed supplementation with either 6g or 18g of creatine per day or 6g
of maltodextrin (placebo) combined with physical activity three times a week
over 4 weeks. Participants with PCC who experienced fatigue [score >4
on the revised Piper Fatigue Scale (PFS-R)] underwent physical examination;
laboratory evaluation; pulmonary function tests; muscle ultrasound; respiratory
and peripheral muscle strength assessments; body composition analysis; physical
capacity tests; and questionnaires on quality of life, dyspnea, anxiety, and
depression before and after the intervention. Difference-in-differences (DID)
between these two time points were compared across the intervention groups
and the control arm.

Results: Sixty-seven individuals were randomized. Participants were
predominantly female (76.6%), with a mean age of 52 + 12 years, body
weight of 82.6 (73.1-93.4) kg, and height of 1.63 + 0.07m. A total of 58
completed the protocol: 21 in the 6 g/day group, 19 in the 18 g/day group, and
18 in the placebo arm. When the difference-in-differences (DiD) in the PFS-R
before and after the intervention was assessed, a score change of —2.05 was
observed in the 6 g/day arm [95% confidence interval (Cl): —3.47 to —0.63;
p = 0.005]. Additionally, this same group showed a significant increase in
handgrip strength [mean difference (DiD estimate): 4.40 kgf; 95% Cl: 0.27 to
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8.52; p = 0.037]. Adverse events were minimal, transient, and did not require
medical intervention.

Conclusions:

Creatine supplementation at 6 g/day was associated with

improvements in fatigue and peripheral muscle strength in patients with PCC,
with a favorable safety profile.

KEYWORDS

COVID-19, creatine, exercise, fatigue, post-COVID-19 condition

1 Introduction

Since the onset of the COVID-19 pandemic, millions of
people have been affected by the post-COVID-19 condition (PCC).
According to the World Health Organization (WHO), global
estimates indicate that approximately 6% of individuals who have
COVID-19 develop PCC (1, 2). Also known as post-COVID
syndrome, long-term COVID-19, or simply long COVID, its
diagnosis is primarily clinical and is defined by the persistence
of symptoms for more than 3 months following severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, as
well as diverse clinical manifestations that may affect multiple
organ systems and present with varying degrees of severity (1,
3). More than 200 symptoms extending beyond the respiratory
system have been reported, including muscle or joint pain, dyspnea,
headache, cognitive impairment, and changes in taste. Among
these manifestations, fatigue consistently emerges as one of the
most prevalent, disabling, and persistent symptoms, significantly
impairing daily functioning, work capacity, and quality of life
(2, 4-6).

There is still limited understanding regarding the causes,
risk factors, and interventions associated with PCC. However,
current studies suggest that PCC shares substantial clinical
and pathophysiological similarities with other post-infectious
syndromes, particularly myalgic encephalomyelitis/chronic fatigue
syndrome (ME/CFS) and post-viral fatigue syndromes (7).
Additionally, potential irregularities in cellular bioenergetics have
been highlighted in these conditions, particularly those related to
mitochondrial dysfunction and impaired adenosine triphosphate
(ATP) resynthesis, with emerging evidence also suggesting
disturbances in creatine metabolism (8-13). Consequently, current
treatment is based on classical interdisciplinary approaches
to chronic fatigue management, typically involving physical
rehabilitation and nutritional and psychosocial support, with or
without pharmacological therapy (14-18).

Early investigations in patients with chronic fatigue syndrome
provided preliminary evidence of alterations in muscle creatine
turnover, including subtle changes in urinary creatinine excretion,
suggesting impairment of the muscular creatine pool and
(10).

resonance

bioenergetic homeostasis Subsequent studies using

(31P-MRS)
demonstrated a significantly reduced rate of post-exercise

phosphorus  magnetic spectroscopy
phosphocreatine (PCr) resynthesis in these patients compared
with sedentary controls, reinforcing the presence of mitochondrial
and energetic dysfunction (11). Alterations in cerebral creatine

metabolism have also been described, with reduced creatine
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levels observed in brain regions such as the hippocampus,
indicating that bioenergetic impairment may extend beyond
skeletal muscle (12).

Based on these findings, the hypothesis that creatine
supplementation could attenuate fatigue-related symptoms
by increasing the total body creatine pool and PCr availability
has been explored. Clinical trials conducted in conditions
characterized by chronic fatigue and mitochondrial dysfunction,
including fibromyalgia, aging, and untrained elderly populations,
have demonstrated increases in intramuscular PCr content,
improvements in muscle function, greater resistance to fatigue,
and delayed onset of neuromuscular fatigue following creatine
supplementation (19-22). More recently, preliminary studies in
patients with post-COVID-19 condition suggest beneficial effects
of creatine supplementation on energy metabolism and fatigue-
related symptoms, supporting its potential therapeutic role in long
COVID (23, 24). Nevertheless, despite this established bioenergetic
rationale and supportive evidence from related conditions, data
specifically evaluating the effects of creatine supplementation
on fatigue in patients with post-COVID-19 condition remain
limited (23-25).

Thus, the present study was designed to characterize the
clinical progression of patients with persistent PCC and to compare
the impact of creatine supplementation on symptom evolution.
Additionally, the efficacy of this intervention on muscle mass,
strength, and physical performance in adults was evaluated. Taken
together, these results may inform the development of new
therapeutic strategies, contributing to improvements in the quality
oflife of affected individuals and reducing the burden of COVID-19
on healthcare systems.

In this context, we aimed to evaluate the efficacy of creatine
supplementation in alleviating fatigue symptoms in patients with
PCC, as well as its effects on quality of life, lung function, physical

performance, body composition, and muscle strength.

2 Methods

2.1 Study design, participants and ethical
approval

We conducted a randomized, single-blind, placebo-controlled
pilot clinical trial to evaluate the efficacy and safety of creatine
supplementation at daily doses of 6g or 18g for 28 + 3 days.
Patients attending the multidisciplinary post-COVID-19 outpatient
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clinic of the Clinical Hospital of Botucatu Medical School
(HCFMB/UNESP), Sao Paulo, Brazil, were invited to participate.

Eligible participants were adults (>18 years old), male or
female, with a documented diagnosis of COVID-19 and fatigue
persisting for more than 12 weeks following acute SARS-CoV-2
infection, who were clinically stable at the initial evaluation, who
had a negative pregnancy test for women of childbearing potential,
and who were able to comply with study visits and procedures.
Exclusion criteria included hospitalization or requirement for
hospitalization during the study protocol, preexisting severe and
uncontrolled organ insufficiency, pulmonary sequelae identified
by chest CT and/or pulmonary function tests performed prior
to baseline evaluation that were unrelated to COVID-19, use
of unregistered nutritional or investigational products within 3
months or within five half-lives before baseline, inability to perform
physical exercise/rehabilitation, or psychiatric disorders preventing
comprehension of the proposed procedures. The participants
provided signed informed consent, and the study was approved
by the Research Ethics Committee of the Botucatu Medical School
(CAAE: 65312822.8.0000.5411).

Participants were randomized at a 1:1:1 ratio into three groups:
(1) creatine 6 g/day, (2) creatine 18 g/day, and (3) placebo
(maltodextrin 6 g/day). The randomization list was generated by
an independent coordinator and stratified by age (>40 years) and
sex. Randomization was performed through a centralized online
system, with block randomization implemented in REDCap and
integrated with the stratification factors. The treatment assignment
was revealed only after all participant enrollment information
had been entered into the system. Participants were blinded to
their group assignment (single-blind design). All baseline and
end-of-treatment evaluations were conducted by an independent
investigator who was unaware of the assigned supplementation.
Creatine supplementation was provided as creatine monohydrate,
packaged identically across groups. Participants were instructed to
ingest the supplement once daily, diluted in water, preferably at the
same time each day.

All participants underwent the same standardized physical
rehabilitation program, consisting of 3 weekly sessions (two in-
person and one remote), supervised by a qualified cardiorespiratory
The included
strength training, flexibility, balance, neuromuscular control,

physiotherapist. program aerobic exercise,
and respiratory exercises. Given the reduced exercise tolerance
commonly observed in post-COVID-19 condition, exercise
intensity was individualized based on baseline assessment.
Aerobic training was prescribed at moderate to high intensity
(60%—70%) using the Karvonen formula based on heart rate
reserve, with maximal heart rate estimated as 220—age (26).
Exercise modalities included walking, treadmill, or cycle ergometer
training. Resistance training was performed at approximately 65%
of one-repetition maximum using elastic bands, dumbbells, or
body weight. Inspiratory muscle training was conducted with a
threshold device at >30% of maximal inspiratory pressure, in
three sets of 15-30 breaths. Balance training, breathing exercises,
and bronchial hygiene techniques were included when clinically
indicated. Exercise sessions were progressively adjusted according
to individual tolerance, whereas supplement doses remained
unchanged. Adherence to the exercise program was defined
as completion of at least 60% of the prescribed sessions and

Frontiersin Nutrition

10.3389/fnut.2026.1731306

was verified by attendance records for in-person sessions and
self-reported participation in remote sessions.

At the baseline visit (D1), participants diagnosed with PCC and
fatigue by a qualified physician were evaluated and subsequently
randomized into one of the three study groups. They received
the assigned supplement in identical packaging, were given all
instructions regarding supplement use, and had their rehabilitation
sessions scheduled. The first week of supplementation was
provided after the initial assessment, whereas subsequent weekly
supplies were delivered during the in-person physiotherapy
sessions, following verification of adherence to the previous
week by counting and identifying all returned packages. Missing
supplementation for at least 60% of the days in the week (4 days)
was considered a major protocol deviation. Prior to the start of
the first weekly rehabilitation session, the participants were also
asked about their general health status, supplement usage and
administration times, occurrence and intensity of any adverse
events, unplanned use of healthcare resources, and any changes in
concomitant medications.

At the end-of-treatment (EoT) visit, participants were
reassessed following the initial evaluation protocol, including the
presence of adverse events, concomitant medications, unplanned
medical visits, and hospitalizations.

An independent efficacy and safety committee conducted
biweekly reviews of clinical and safety data, including cumulative
reports and emergency analyses. The committee monitored data
quality and, although empowered to recommend suspension
or termination of the study, this was not necessary owing
to the absence of serious adverse events, thereby ensuring
participant safety.

2.2 Assessments and procedures of the
study

Fatigue, defined a priori as the primary outcome, was assessed
using the Piper Fatigue Scale-Revised (PFS-R), validated for use
in the Brazilian population, with fatigue defined as a score >4
(27-29). Secondary outcomes included quality of life, psychological
symptoms, dyspnea, pulmonary function, body composition,
muscle morphology, exercise capacity, muscle strength, and
laboratory parameters. Quality of life was evaluated using the
Brazilian Portuguese version of the Saint George’s Respiratory
Questionnaire (SGRQ) (30). Symptoms of anxiety and depression
were assessed with the Hospital Anxiety and Depression Scale
(HADS) (31). Dyspnea was measured via the Modified Medical
Research Council (nMRC) scale and the Baseline Dyspnea Index
(BDI), both of which have been validated for Brazilian Portuguese
and cultural contexts (32, 33).

A complete pulmonary function test was performed via
computerized systems (CareFusion Germany 234 GmbH,
Hochberg, 97204, Germany, or Ferraris KOKO, Louisville,
CO 80027, USA) according to the American Thoracic Society
(ATS/ERS) guidelines (34). Forced expiratory volume in 1 second
(FEV1) and forced vital capacity (FVC) values were also expressed
as percentages of the predicted reference values (35, 36). Total
lung capacity (TLC) was assessed through the nitrogen washout
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technique to measure lung volume, including TLC, inspiratory
capacity (IC), and residual volume (RV). The capacity of the lungs
to diffuse carbon monoxide (DLCO) and the alveolar volume (VA)
were measured via a single-breath maneuver (36).

Body composition was assessed through anthropometry and
bioelectrical impedance analysis (InBody 720, Teprel Medical
Equipment S.A., Perafita, Portugal), and weight, body mass index,
lean body mass, body fat, and waist-hip ratio were estimated (37).
Ultrasonography of the diaphragmatic and appendicular muscles
was performed via the LOGIQ™ system (GE Healthcare, Boston,
USA). For diaphragmatic muscle assessment, a high-frequency
linear transducer (10-20 MHz) was used in the intercostal region
or diaphragmatic apposition zone. Diaphragm thickness at the
dome was measured with either a low-frequency sector transducer
(1-5 MHz) or a convex transducer (2-8 MHz), depending on
the patient’s body type (38). Appendicular muscle evaluation
included the biceps brachii, pectoralis major, and quadriceps
femoris muscles, and a high-frequency transducer (10-20 MHz) in
B-mode was used to assess muscle thickness and echogenicity. The
muscle echogenicity of both the appendicular and diaphragmatic
muscles was analyzed via Image]™ software (National Institutes
of Health, USA) by delineating the area with the highest muscle
density to measure the average pixel histogram of the selected
muscle site (39, 40).

The six-minute walk test (6MWT) was conducted according
to the American Thoracic Society guidelines (41). Peripheral
muscle strength was assessed in the dominant upper limb
via a manual hydraulic dynamometer (SH 5001, SAEHAN),
following the recommendations of the American Society of Hand
Therapists (42). Respiratory muscle strength was measured by
maximal inspiratory pressure (MIP) and maximal expiratory
pressure (MEP) using reference values for the Brazilian population
(43, 44).

The laboratory tests included complete blood count; urea,
creatinine, and C-reactive protein (CRP) levels; and the levels
of electrolytes (sodium, potassium, magnesium, calcium, and
chloride), total proteins and fractions, aspartate aminotransferase
(AST) and alanine aminotransferase (ALT).

2.3 Statistical analysis

The baseline was defined as the randomization visit (D1),
and the end of the study was defined as the final visit (EoT).
Descriptive statistics were used to characterize the participants.
Analyses were conducted according to the intention-to-treat
principle. Differences-in-differences (DiD) between baseline and
the end of the study were estimated using general linear models
with Gaussian errors and identity link and compared among the
creatine supplementation groups and the control group. Isolated
within-group pre—post comparisons were not independently tested,
as the difference-in-differences framework was prespecified to
estimate relative treatment effects compared with the control
group. Between-group effects were assessed through model-based
estimates and corresponding p-values. Categorical variables were
compared using Pearson’s chi-square test. A two-sided significance
level of 5% was adopted. All analyses were performed via Jamovi
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version 2.7.12 (The Jamovi Project, Sydney, Australia) and SPSS
version 20.0 (IBM, Armonk, NY, USA).

3 Results

Between October 2023 and September 2024, 67 participants
were enrolled, with 58 individuals completing the protocol (74%
women, aged 52 £ 12 years). The intervention and comparator
were delivered as planned, with high participant adherence and
full fidelity to the protocol (Figure 1). No differences were found
between the groups at baseline (Table 1). In contrast, a significant
reduction in the PFS-R score was observed in the group receiving
6 g of creatine per day, with a mean difference (DiD estimate) of
—2.05 [95% confidence interval (CI): —3.47 to —0.63; p = 0.005]
(Table 2).

The analysis of post-intervention differences in body
composition and muscle strength outcomes between the 6 g/day
and 18 g/day groups and the control group revealed significant
differences in handgrip strength in the 6 g/day group, with a
mean difference (DiD estimate) of 4.40 kgf (95% CI: 0.27 to 8.52;
p = 0.037). With the exception of one isolated ultrasonographic
parameter in the 18 g/day group (DiD estimate: 0.52 cm; 95% CI:
0.01 to 1.03; p = 0.045), no statistically significant between-group
differences were observed for the other analyzed outcomes,
including quality of life (SGRQ domains), anxiety and depression
symptoms, dyspnea scores, 6-min walk distance, respiratory
muscle strength, body composition, muscle ultrasound parameters,
and pulmonary function variables (Table 2).

Among the laboratory parameters, the 6 g/day group showed
significantly lower eosinophil percentage (DiD —0.66%; 95% CI -
1.21 to —0.09; p = 0.022) and absolute eosinophil count (DiD —0.04
x 10%/mm?; 95% CI —0.07 to —0.01; p = 0.031) compared with
the control group. In addition, serum creatinine was significantly
higher in both the 6 g/day (DiD 0.18 mg/dL; 95% CI 0.05 to 0.32;
p = 0.007) and 18 g/day groups (DiD 0.21 mg/dL; 95% CI 0.06
to 0.35; p = 0.004). The 18 g/day group also showed a modest
but statistically significant increase in serum sodium (DiD 2.00
mmol/L; 95% CI 0.09 to 3.92; p = 0.040) compared with controls
(Supplementary Table 1).

The adverse effects in the control group were restricted to one
case of nausea (4.7%) and one case of headache (4.7%). In the 6
g/day group, gastrointestinal events predominated, with a higher
frequency of nausea (22.7%), followed by abdominal distension
(4.5%), diarrhea (4.5%), gastralgia (4.5%), flatulence (4.5%), and
constipation (4.5%). In the 18 g/day group, a greater number
of events were observed, notably nausea (42.8%), abdominal
distension (19%), diarrhea (14%), and gastralgia (4.7%). The
comparison between groups revealed no statistically significant
difference (p > 0.05). All adverse events tended to resolve within
the first few days without requiring medical intervention.

4 Discussion

This pilot study suggested that creatine may safely reduce
fatigue symptoms and increase peripheral muscle strength in
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Enrolment Assessed for eligibility (n=111)
Excluded (n=44)
Not meeting inclusion criteria (n=26)
—— > | Declined to participate (n=14)
Personal reasons (n=3)
Y
Randomized (n=67)
A Y A
X Control group (n=21) Creatine 6 g/day (n=24) Creatine 18 g/day (n=22)
Allocation Received allocated intervention (n=21) Received allocated intervention (n=24) Received allocated intervention (n=22)
A Y A
Lost to follow-up for primary outcome Lost to follow-up for primary outcome Discontinued intervention due to
Follow-Up due to scheduling conflicts (n=3) due to scheduling conflicts (n=3) incorrect supplement use (n=3)
A Y Y
Al Analyzed for primary outcome (n=18 ) Analyzed for primary outcome (n=21) Analyzed for primary outcome (n=19 )
FIGURE 1
Flow diagram.

patients with PCC.
improved muscle function and fatigue, and although the exact

Under other conditions, supplementation

mechanisms still need to be better elucidated, its effects may be
related to increased intramuscular phosphocreatine (PCr) content
(19, 21, 22).

It is known that creatine increases PCr availability, which
is fundamental for rapid ATP resynthesis during high-intensity
activities, contributing to better muscle performance. This rapid
resynthesis is possible owing to the system known as the
phosphocreatine shuttle, in which phosphocreatine transports
high-energy phosphates from inside the mitochondria to muscle
contraction sites, ensuring an efficient energy supply during
exercise (45).

In the PCC, recent studies indicate that mitochondrial
dysfunction is one of the central pathophysiological mechanisms
associated with reduced ATP production and, consequently,
manifestations of symptoms such as chronic fatigue. Evidence
indicates that SARS-CoV-2 infection can cause persistent
damage to mitochondria in various organs beyond the lungs,
promoting systemic alterations in cellular energy generation
and increased oxidative stress (46). At the molecular level,
viruses interfere with mitochondrial gene expression, impair
oxidative phosphorylation, and induce the activation of
compensatory metabolic pathways, such as glycolysis, which
is less efficient in meeting the cellular energy demand (46, 47).
Furthermore, this dysfunction compromises the regulation
of the innate immune response, favoring the maintenance of
a persistent inflammatory state that contributes to symptom
chronicity (46).

Frontiersin Nutrition

In this context, experimental models revealed that creatine
could also improve mitochondrial biogenesis and respiratory
efficiency and protect them from oxidative damage, maintaining
their functional integrity and contributing to improved muscle
performance, reduced fatigue, and preservation of cellular function
under normal and pathological conditions (48-50).

Moreover, studies suggest that its supplementation elevates
muscle PCr levels during the transition from anaerobic to aerobic
metabolism in activities requiring greater effort, resulting in a
significant delay in the onset of muscle fatigue. Additionally, it is
capable of optimizing PCr resynthesis after exercise, especially in
middle-aged individuals (20, 22). Another proposed mechanism is
its potential to increase the intracellular water content, promoting a
hydration state that benefits muscle function and metabolic control,
with consequent muscle strength gain, improved physical capacity,
and a reduction in symptoms such as fatigue (51).

More specifically, Ranisavljev et al. (52) reported that
skeletal
muscle of patients with PCC was significantly lower than

the total creatine concentration in the brain and
the reference values established for the general population.
Consistent with these findings, Slankamenac et al. suggested
that its supplementation could significantly increase the levels
of this compound in various brain regions, which could be
related to improved neurological function and, consequently, a
reduction in symptoms reported by these patients, such as body
pain, respiratory problems, concentration difficulties, and general
malaise. In their specific study, glucose addition potentiated this
effect, facilitating a broader increase in creatine in different
brain regions (23). In another study conducted by the same
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TABLE 1 General baseline characteristics of the sample.

10.3389/fnut.2026.1731306

Variables Control group Creatine 6 g/day Creatine 18 g/day p-value
Female sex, n (%) 15 (71.4) 17 (70.8) 17 (77.3) 0.866
Age, years, mean (SD) 48.6 (10.8) 54.6 (12.5) 52.9 (13.0) 0.217
Race/ethnicity, n (%) 0.200

‘White 20(95.2) 24 (100) 19 (86.4)

Mixed-race 1(4.8) - -

Black - - 2(9.1)

Asian - - 1(4.5)
Body composition

Weight, kg, median (IQR) 78.7 (71.0-92.9) 83.6 (75.7-94.9) 85.4 (71.5-93.5) 0.782

Height, m, mean (SD) 1.62 (0.07) 1.62 (0.08) 1.64 (0.08) 0.663

BMI, kg/m?, median (IQR) 30.4 (28.3-35.9) 32.1(28.6-37.2) 31.4 (27.2-35.5) 0.805
Smoking history, n (%) 7(33.3) 10 (41.7) 4(18.2) 0.223
CCI score, median (IQR) 1.0 (0.0-2.0) 1.5 (0.0-3.0) 1.5 (0.0-3.7) 0.584
COVID-19 hospitalization, n (%) 7(33.3) 10 (41.7) 8(36.4) 0.841
Intubation, n (%) 3(14.3) 4(16.7) 4(18.2) 0.942
PFS-R score, median (IQR) 5.5 (4.7-7.0) 5.0 (4.3-6.5) 4.9 (4.1-6.5) 0.476
SGRQ %

Symptoms, median (IQR) 21.2 (15.2-46.0) 36.1 (25.9-56.7) 31.9 (23.2-54.0) 0.370

Activities, mean (SD) 57.1(22.4) 49.5(25.3) 66.6 (23.5) 0.087

Impact, median (IQR) 23.9(10.7-33.2) 23.7 (10.2-31.7) 25.9 (16.4-48.7) 0.387

Total, mean (SD) 34.3 (16.4) 33.9(17.3) 43.1(19.2) 0.217
mMRC Dyspnea Scale score, mean (SD) 1.3(0.7) 1.1 (0.8) 1.7 (1.0) 0.190
BDI score, mean (SD) 8.0 (2.2) 8.0 (2.6) 6.5(2.8) 0.120
6MWT

Distance, m, mean (SD) 437.4 (89.8) 469.8 (87.1) 406.1 (101.3) 0.092

9% predicted, mean (SD) 80.0 (16.4) 7.1 (15.6) 76.8 (18) 0.117
Handgrip strengthT, kgf, mean (SD) 36.3 (11.8) 31.5(11.2) 32.3(11.6) 0.365
MIP, cmH20, median (IQR) —72 (—95 to —65) —80 (—100 to —55) —75 (=110 to —57) 0.980
MEP, cmH20, median (IQR) 90 (60-133) 100 (80-110) 105 (70-130) 0.640
Pulmonary function pre-BD

FEV1, %, mean (SD) 89.3 (13.2) 86.3 (17.0) 78.7 (18.3) 0.135

FVC, %, mean (SD) 90.5 (12.5) 89.6 (16.1) 81.7 (19.0) 0.237

FEV1/FVC, ratio, median (IQR) 0.82 (0.77-0.85) 0.80 (0.75-0.83) 0.81 (0.76-0.84) 0.473

TLC, %, mean (SD) 89.1 (19.0) 91.9 (20.4) 86.9 (17.7) 0.748

DLCO, %, mean (SD) 91.1 (12.4) 87.8 (17.3) 81.3(23.9) 0.328
HADS score

Anxiety, mean (SD) 9.5(4.7) 7.4 (4.1) 7.4(3.9) 0.233

Depression, median (IQR) 6.0 (2.0-10.0) 4.5 (1.0-7.0) 3.5(2.0-7.0) 0.487

BMI, Body mass index; SD, Standard deviation; IQR, Interquartile range 25-75%; CCI, Charlson Comorbidity Index; PFS-R, Revised Piper Fatigue Scale; SGRQ, St. George’s Respiratory
Questionnaire; nMRC, Modified Medical Research Council Dyspnea Scale; BDI, Baseline Dyspnea Index; 6MWT, Six-minute walk test; m, meters; kgf, Kilogram-force; MIP, Maximal inspiratory
pressure; MEP, Maximal expiratory pressure; BD, Bronchodilator; FEV1, Forced expiratory volume in 1 second; FVC, Forced vital capacity; TLC, Total lung capacity; DLCO, Diffusing capacity
of the lung for carbon monoxide; HADS, Hospital Anxiety and Depression Scale. THandgrip measured in dominant limb.
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TABLE 2 DID analysis comparing treatment groups (6 g/day and 18 g/day) with the control group.

Variables 6 g/day vs. control p-value 6 g/day 18 g/day vs. control  p-value 18 g/day vs.
DID (95% Cl) vs. control DID (95% Cl) control
PFS-R score ~2.05 (—3.47, —0.63) 0.005* 0.06 (—1.41, 1.52) 0.942
Weight, kg 0.05 (—1.26, 1.37) 0.933 0.15 (—1.17, 1.48) 0.816
BM]I, kg/m2 0.22 (—0.42, 0.85) 0.496 —0.01 (—0.65, 0.63) 0.984
FFM, kg 0.15 (—0.69, 1.00) 0.715 0.32 (—0.56, 1.19) 0.470
FM, kg —0.19 (—1.27,0.89) 0.732 0.15 (—0.97, 1.27) 0.787
Biceps brachii
Longhead R, cm 0.11 (—0.45, 0.67) 0.688 0.40 (—0.16, 0.97) 0.162
Long head L, cm 0.20 (—0.43, 0.84) 0.526 0.15 (—0.48, 0.80) 0.623
Short head R, cm —0.03 (—0.49, 0.44) 0.914 0.42 (—0.04, 0.90) 0.076
Short head L, cm 0.40 (—0.10, 0.90) 0.117 0.52(0.01, 1.03) 0.045*
Pectoralis major R, cm —0.01 (—0.27,0.27) 0.984 —0.22 (—0.49, 0.05) 0.110
Pectoralis major L, cm 0.31 (—0.16, 0.79) 0.189 0.15 (-0.33, 0.64) 0.523
Quadriceps femoris
Rectus femoris R, cm 0.18 (—0.14, 0.50) 0.270 0.13 (—0.19, 0.46) 0.403
Rectus femoris L, cm 0.10 (—0.17, 0.38) 0.436 0.00 (—0.28, 0.28) 0.992
Vastus medialis R, cm 0.10 (—0.28, 0.50) 0.580 —0.01 (—0.41, 0.38) 0.948
Vastus medialis L, cm 0.19 (—0.12,0.51) 0.218 —0.04 (—0.36, 0.27) 0.795
Diaphragm
Right dome, cm ~0.02 (—0.12, 0.09) 0.767 ~0.04 (—0.14, 0.06) 0.445
Left dome, cm —0.01 (—0.08, 0.05) 0.699 —0.04 (—0.10, 0.02) 0.207
SGRQ
Symptoms, % —11.09 (—26.74, 4.56) 0.161 —0.25 (—16.72,16.22) 0.976
Activities, % —4.72 (—23.00, 13.55) 0.605 0.62 (—18.69, 19.95) 0.948
Impact, % —8.80 (—19.29, 1.69) 0.098 —0.93 (—11.97, 10.10) 0.865
Total, % —8.38 (—20.42, 3.64) 0.167 —1.65 (—14.37, 11.06) 0.795
mMRGC, score 0.07 (—0.48, 0.64) 0.788 0.10 (—0.48, 0.68) 0.733
BDI, score 0.85 (—1.25,2.96) 0.418 0.33 (—1.84,2.51) 0.760
6MWD, m ~19.91 (—73.89, 34.07) 0.462 15.60 (—39.71, 70.91) 0.573
Handgrip strength', kgf 440 (0.27, 8.52) 0.037* 0.67 (=3.59, 4.94) 0.751
MIP, cmH20 —11.50 (—29.34, 6.33) 0.200 —6.62 (—25.22,11.98) 0.477
MEP, cmH20 8.21 (—9.00, 25.42) 0.341 —14.47 (—32.19, 3.24) 0.107
Pulmonary function pre-BD
FVC, % 2.34 (—2.52,7.21) 0.338 1.40 (-3.69, 6.49) 0.582
FEV1, % 1.11 (—4.13, 6.35) 0.672 0.73 (—4.74, 6.21) 0.789
FEV1/FVC, ratio —0.02 (—0.04, 0.01) 0.132 —0.01 (—0.03, 0.02) 0.551
TLC, % —4.46 (—11.69, 2.78) 0.218 1.77 (—6.51, 10.06) 0.665
DLCO, % —0.66 (—11.06, 9.72) 0.897 1.48 (—8.90, 11.87) 0.773
HADS
Anxiety, score 0.25 (—2.53, 3.03) 0.858 0.84 (—2.04,3.73) 0.558
Depression, score —0.45 (—2.47,1.57) 0.656 1.64 (—0.44, 3.73) 0.120

PFS-R, Piper Fatigue Scale—Revised; BMI, Body Mass Index; FFM, Fat-Free Mass; FM, Fat Mass; IQR, Interquartile range (25-75%); KGF, Kilogram-force; SD, Standard deviation; MIP, Maximal
Inspiratory Pressure; MEP, Maximal Expiratory Pressure; 6MWD, Six-minute walk distance; m, meters; SGRQ, St George’s Respiratory Questionnaire; BDI, Baseline Dyspnea Index; mMRC,
Modified Medical Research Council dyspnea scale; HADS, Hospital Anxiety and Depression Scale; FVC, Forced Vital Capacity; FEV1, Forced Expiratory Volume in 1 second; TLC, Total Lung
Capacity; DLCO, Diffusing Capacity of the Lung for Carbon Monoxide. THandgrip measured in dominant limb. *p < 0.05 vs. control.

Frontiers in Nutrition 07 frontiersin.org


https://doi.org/10.3389/fnut.2026.1731306
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Santos et al.

authors, in which creatine supplementation was evaluated for
6 months in patients with PCC, the main hypotheses for
symptom improvement, beyond increased PCr, ATP resynthesis
during recovery, and improved brain bioenergetics, were anti-
inflammatory action, antioxidant effects, and neuromuscular
modulation (24, 53, 54).

With respect to handgrip strength, we observed an increase in
the 6 g/day group, and although it is not a unique marker of muscle
capacity, it is known to be strongly correlated with functionality
and quality of life, particularly in the elderly population (55).
In the context of PCC, decreased handgrip strength has been
associated with a greater risk of morbidity and mortality in this
population, suggesting that strategies for strength gain in these
individuals should be encouraged (56). The role of creatine in
muscle strength gain is well established, as resistance training is
effective for increasing muscle strength in different populations,
including young adults and elderly individuals (57, 58).

Although a 1-month intervention may be insufficient to
detect significant changes in some functional outcomes, functional
measures commonly used in studies involving post-COVID-19
condition, such as peripheral and respiratory muscle strength,
physical capacity, and body composition, are widely validated,
and functional impairments as well as longitudinal changes
in physical function have been consistently reported in this
population (59-62).

In the same group that received 6 g/day, a slight reduction in the
eosinophil percentage and absolute eosinophil count was observed
throughout the follow-up period. Although statistically significant,
this variation was considered without clinical relevance and was
not accompanied by signs or symptoms suggestive of immune
hyperreactivity, allergic reactions, or other relevant hematological
alterations, reflecting more physiological variations or transient
immune system adaptations than necessarily an adverse effect
of the intervention. In addition, a slight increase in serum
creatinine was observed in this group. Similarly, in the group
that received 18 g/day, slight increases in serum creatinine and
sodium were observed. These variations, despite reaching statistical
significance, were also considered without clinical relevance and
were not associated with clinical signs or symptoms suggestive
of renal dysfunction, electrolyte imbalance, or other relevant
laboratory alterations.

With respect to other outcomes, we recognize that major
alterations in these parameters are not expected in just 1 month
of follow-up. However, even though statistically nonsignificant,
the observed variations, especially in physical capacity and body
composition indicators, suggest that future investigations with
longer follow-up periods should be encouraged.

Overall, the intervention was well tolerated, presenting a
consistent safety profile throughout the 1-month follow-up,
without evidence of relevant adverse effects or deterioration of
health status. The reported side effects manifested predominantly
in the first days after supplementation initiation and regressed
spontaneously, without the need for medical intervention. This
behavior is compatible with what is known about creatine
supplementation, particularly when it is administered at relatively
high doses (10-20 g/day), in which incomplete absorption can
lead to compound accumulation in the intestinal lumen, increasing
osmolarity and triggering diarrhea or abdominal distension. Such
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manifestations tend to cease within a few days, as gastrointestinal
tract adaptation occurs and the absorption rate improves (63-65).
The present study has several limitations that need to be
considered. The reduced sample size may have limited the statistical
power to detect additional differences between groups, and the
minimum period of 4 weeks may not have been sufficient to
capture all potential effects of creatine supplementation in this
population, in addition to the lack of detailed investigation
of participants’ regular dietary intake. Furthermore, although
the randomized controlled design supports causal inference, the
limited sample size and short follow-up period restrict the
precision and generalizability of the findings. Therefore, this
study aimed to preliminarily evaluate the potential benefits of
creatine supplementation in this clinical context, with more
detailed elucidation of the underlying physiological mechanisms
in this population being the subject of future investigations.
Additionally, baseline HADS scores were predominantly within
the normal or borderline range, which may have limited the
detection of intervention-related changes in anxiety and depression
(floor effect). Given the exploratory nature of secondary outcomes
and the number of comparisons performed, findings beyond the
primary outcome should be interpreted cautiously and confirmed
in adequately powered trials.
Notably,  although
methodologically appropriate, its interpretation may be limited

intention-to-treat analysis is
in contexts of low adherence to supplementation or exercise
protocols. In the present study, this condition may have influenced
the primary outcome, considering that only the group that received
6 g/day creatine experienced fatigue improvement, whereas
the group that received 18 g/day creatine did not demonstrate
such improvement. Additionally, it is possible that other factors
contributed to these results, including a potential nonlinear dose-
response relationship, in which higher doses would not provide
additional benefits and could even prove counterproductive (66).
Other factors may include metabolic overload, effects on cellular
hydration, interactions with exercise, effects on inflammation,
and even individual dose-response. An additional factor that
may help explain the absence of greater benefits in the 18 g/day
group is the use of a fixed-dose supplementation strategy. This
approach does not account for interindividual differences in
body weight and may have resulted in heterogeneous relative
dosing across participants (64, 67-69). Regarding the isolated
ultrasonographic finding observed in the 18 g/day group, no
consistent or clinically meaningful between-group effects were
observed, and this result should be interpreted cautiously given the
number of comparisons performed.

In conclusion, creatine supplementation at a dosage of 6
g/day may contribute to reducing fatigue and increasing peripheral
muscle strength in patients with PCC, with good tolerability and
favorable safety profiles, reinforcing the biological plausibility and
therapeutic potential of creatine in this population.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

frontiersin.org


https://doi.org/10.3389/fnut.2026.1731306
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Santos et al.

Ethics statement

The studies involving humans were approved by Research
Ethics Committee of the Botucatu Medical School. The studies were
conducted in accordance with the local legislation and institutional
requirements. The participants provided their written informed
consent to participate in this study.

Author contributions

MS: Conceptualization, Methodology, Writing - original
draft, Writing - review & editing. MD: Conceptualization,
Writing - review & editing, Methodology. AC: Writing -
review & editing, Methodology. EF: Writing - review & editing,
Methodology. IB: Writing - review & editing, Methodology.
JG: Writing - review & editing, Methodology. LA: Writing -
review & editing, Methodology. LB: Methodology, Writing -
review & editing. CB: Writing — review & editing, Methodology.
CM: Methodology, Writing - review & editing. FS: Writing
- review & editing, Methodology. YB: Writing - review
& editing, Methodology. PA: Writing - review & editing,
Conceptualization. SP: Conceptualization, Writing - review &
editing. ST: Conceptualization, Writing - review & editing, Writing
- original draft, Formal analysis. RP: Methodology, Formal
analysis, Writing - original draft, Writing — review & editing,
Conceptualization, Funding acquisition.

Funding

The author(s) declared that financial support was received for
this work and/or its publication. This study was financed, in part,
by the Sao Paulo Research Foundation (FAPESP), Brazil. Process
Number #2023/00463-2.

Acknowledgments

We gratefully acknowledge the Séo Paulo Research Foundation
(FAPESP) for the financial support that made this study possible.
We also thank the ATS MECOR Program in Latin America for

References

1. Al-Aly Z, Davis H, McCorkell L, Soares L, Wulf-Hanson S, Iwasaki A,
et al. Long COVID science, research and policy. Nat Med. (2024) 30:2148-
64. doi: 10.1038/s41591-024-03173-6

2. World Health Organization. Post COVID-19 condition (long COVID). Available
online at: https://www.who.int/news-room/fact-sheets/detail/post-covid-19-
condition- (long-covid) (Accessed September 1, 2025).

3. Soriano JB, Murthy S, Marshall JC, Relan P, Diaz JV. A clinical case definition of
post-COVID-19 condition by a Delphi consensus. Lancet Infect Dis. (2022) 22:e102—
7. doi: 10.1016/S1473-3099(21)00703-9

Frontiers in Nutrition

10.3389/fnut.2026.1731306

their invaluable support with the study methodology and statistical
analysis and all the participants who generously contributed to
this research.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that generative AI was used in the
creation of this manuscript. Portions of the manuscript were
reviewed for language clarity using an Al-assisted writing tool. The
author(s) take full responsibility for the content.

Any alternative text (alt text) provided alongside figures
in this article has been generated by Frontiers with the
support of artificial intelligence and reasonable efforts have
been made to ensure accuracy, including review by the
authors wherever possible. If you identify any issues, please
contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnut.2026.
1731306/full#supplementary-material

4. Bowe B, Xie Y, Al-Aly Z. Postacute sequelae of COVID-19 at 2 years. Nat Med. (2023)
29:2347-57. doi: 10.1038/s41591-023-02521-2

5. Aiyegbusi OL, Hughes SE, Turner G, Rivera SC, McMullan C, Chandan

JS, et al. Symptoms, complications and management of long COVID:
a review. J R Soc Med. (2021) 114:428-42. doi: 10.1177/014107682110
32850

6. Sykes DL, Holdsworth L, Jawad N, Gunasekera P, Morice AH, Crooks MG. Post-
COVID-19 symptom burden: what is long-COVID and how should we manage it?
Lung. (2021) 199:113-9. doi: 10.21203/rs.3.rs-164000/v1

frontiersin.org


https://doi.org/10.3389/fnut.2026.1731306
https://www.frontiersin.org/articles/10.3389/fnut.2026.1731306/full#supplementary-material
https://doi.org/10.1038/s41591-024-03173-6
https://www.who.int/news-room/fact-sheets/detail/post-covid-19-condition-(long-covid)
https://www.who.int/news-room/fact-sheets/detail/post-covid-19-condition-(long-covid)
https://doi.org/10.1016/S1473-3099(21)00703-9
https://doi.org/10.1038/s41591-023-02521-2
https://doi.org/10.1177/01410768211032850
https://doi.org/10.21203/rs.3.rs-164000/v1
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Santos et al.

7. Goldenberg DL. The pivotal role of central sensitization in long COVID,
fibromyalgia and myalgic encephalomyelitis/chronic fatigue syndrome. Expert Rev
Neurother. (2025) 25:973-89. doi: 10.1080/14737175.2025.2516097

8. Nabavi N. Long COVID: how to define it and how to manage it. BMJ. (2020)
370:m3489. doi: 10.1136/bmj.m3489

9. Sudre CH, Murray B, Varsavsky T, Graham MS, Penfold RS, Bowyer RC,
et al. Attributes and predictors of long-COVID: analysis of COVID cases and
their symptoms collected by the COVID symptoms study app. medRxiv. (2020)
27. doi: 10.1101/2020.10.19.20214494

10. Archard LC, Bowles NE, Behan PO, Bell EJ, Doyle D. Postviral fatigue syndrome:
persistence of enterovirus RNA in muscle and elevated creatine kinase. ] R Soc Med.
(1988) 81:326-9. doi: 10.1177/014107688808100608

11. McCully KK, Natelson BH, Iotti S, Sisto S, Leigh JS. Reduced oxidative
muscle metabolism in chronic fatigue syndrome. Muscle Nerve. (1996) 19:621-
5. doi: 10.1002/(SICI)1097-4598(199605)19:5<621::AID-MUS10>3.0.CO;2-Q

12. Brooks JCW, Roberts N, Whitehouse G, Majeed T. Proton magnetic resonance
spectroscopy and morphometry of the hippocampus in chronic fatigue syndrome. Br |
Radiol. (2000) 73:1206-8. doi: 10.1259/bjr.73.875.11144799

13. Chen L, Cai Q, Zheng P. Mitochondrial metabolic rescue in post-COVID-19
syndrome: MR spectroscopy insights and precision nutritional therapeutics. Front
Immunol. (2025) 16:1597370. doi: 10.3389/fimmu.2025.1597370

14. Burgers J. “Long  covid™ the Dutch

370:m3202. doi: 10.1136/bmj.m3202

15. Shah W, Hillman T, Playford ED, Hishmeh L. Managing the long term effects
of COVID-19: summary of NICE, SIGN, and RCGP rapid guideline. BMJ. (2021)
372:n136. doi: 10.1136/bmj.n136

16. Kos D, Duportail M, D’hooghe MB, Nagels G, Kerckhofs E. Multidisciplinary
fatigue management programme in multiple sclerosis: a randomized clinical
trial.  Multiple ~ Sclerosis. ~ (2007)  13:996-1003.  doi:  10.1177/13524585070
78392

17. Cramp F, Hewlett S, Almeida C, Kirwan JR, Choy EHS, Chalder T, et al. Non-
pharmacological interventions for fatigue in rheumatoid arthritis. Cochrane Database
Syst Rev. (2013) 2013:CD008322. doi: 10.1002/14651858.CD008322.pub2

18. Fowler-Davis S, Platts K, Thelwell M, Woodward A, Harrop D. A mixed-methods
systematic review of postviral fatigue interventions: Are there lessons for long Covid?
PLoS ONE. (2021) 16:€0259533. doi: 10.1371/journal.pone.0259533

19. Alves CRR, Santiago BM, Lima FR, Otaduy MCG, Calich AL, Tritto ACC,
et al. Creatine supplementation in fibromyalgia: a randomized, double-blind, placebo-
controlled trial. Arthritis Care Res. (2013) 65:1449-59. doi: 10.1002/acr.22020

20. Rawson ES, Wehnert ML, Clarkson PM. Effects of 30 days of creatine
ingestion in older men. Eur ] Appl Physiol Occup Physiol. (1999) 80:139—
44. doi: 10.1007/s004210050570

21. Smith SA, Montain SJ, Matott RP, Zientara GP, Jolesz FA, Fielding RA. Creatine
supplementation and age influence muscle metabolism during exercise. ] Appl Physiol.
(1998) 85:1349-56. doi: 10.1152/jappl.1998.85.4.1349

22. Stout JR, Sue Graves B, Cramer JT, Goldstein ER, Costa PB, Smith AE, et al.
Effects of creatine supplementation on the onset of neuromuscular fatigue threshold
and muscle strength in elderly men and women (64-86 years). ] Nutr Health Aging.
(2007) 11:459-64.

23. Slankamenac J, Ranisavljev M, Todorovic N, Ostojic J, Stajer V, Candow DG,
et al. Eight-week creatine-glucose supplementation alleviates clinical features of long
COVID. J Nutr Sci Vitaminol. (2024) 70:174-8. doi: 10.3177/jnsv.70.174

24. Slankamenac J, Ranisavljev M, Todorovic N, Ostojic J, Stajer V, Ostojic SM. Effects
of six-month creatine supplementation on patient- and clinician-reported outcomes,
and tissue creatine levels in patients with post-COVID-19 fatigue syndrome. Food Sci
Nutr. (2023) 11:6899-906. doi: 10.1002/fsn3.3597

25. Lanhers C, Pereira B, Naughton G, Trousselard M, Lesage FX, Dutheil F. Creatine
supplementation and lower limb strength performance: a systematic review and meta-
analyses. Sports Med. (2015) 45:1285-94. doi: 10.1007/s40279-015-0337-4

26. KARVONEN MJ, KENTALA E, MUSTALA O. The effects of training on heart rate;
a longitudinal study. Ann Med Exp Biol Fenn. (1957) 35:307-15.

27. Piper BE, Dibble SL, Dodd MJ, Weiss MC, Slaughter RE, Paul SM. The revised piper
fatigue scale: psychometric evaluation in women with breast cancer. Oncol Nurs Forum.
(1998) 25:677-84. doi: 10.1037/t18854-000

response. BMJ.  (2020)

28. Mota DDCE, Pimenta CAM, Piper BF. Fatigue in Brazilian cancer patients,
caregivers, and nursing students: a psychometric validation study of the piper
fatigue scale-revised. Support Care Cancer. (2009) 17:645-52. doi: 10.1007/s00520-00
8-0518-x

29. Mota DDC de F, Pimenta CA de M, Caponero R. Fatigue in colorectal cancer
patients: prevalence and associated factors. Rev Lat Am Enfermagem. (2012) 20:495—
503. doi: 10.1590/S0104-11692012000300010

30. Sousa TC, Jardim Jr, Jones P. Validation of the Saint George’s Respiratory
Questionnaire in patients with chronic obstructive pulmonary disease in Brazil. ] de
Pneumol. (2000) 26:119-28.

Frontiersin Nutrition

10.3389/fnut.2026.1731306

31. Marcolino JAM, Suzuki FM, Alli LAC, Gozzani JL, Mathias LADST. Measurement
of anxiety and depression in preoperative patients. Comparative study. Rev Bras
Anestesiol. (2007) 57:157-66.doi: 10.1590/50034-70942007000200004

32. Mahler DA, Weinberg DH, Wells CK, Feinstein AR. The measurement of dyspnea.
Contents, interobserver agreement, and physiologic correlates of two new clinical
indexes. Chest. (1984) 85:751-58. doi: 10.1378/chest.85.6.751

33. Kovelis D, Segretti NO, Probst VS, Lareau SC, Brunetto AF, Pitta F. Validation of
the modified pulmonary functional status and dyspnea questionnaire and the medical
research council scale for use in Brazilian patients with chronic obstructive pulmonary
disease. ] Bras Pneumol. (2008) 34:1008-18. doi: 10.1590/S1806-37132008001200005

34. Graham BL, Steenbruggen I, Barjaktarevic IZ, Cooper BG, Hall GL, Hallstrand TS,
et al. Standardization of spirometry 2019 update an official American Thoracic Society
and European Respiratory Society technical statement. Am J Respir Crit Care Med.
(2019) 200:e70-88. doi: 10.1164/rccm.201908-1590ST

35. Knudson RJ, Lebowitz MD, Holberg CJ, Burrows B. Changes in the normal
maximal expiratory flow-volume curve with growth and aging. Am Rev Respir Dis.
(1983) 127:725-34. doi: 10.1164/arrd.1983.127.6.725

36. Carlos Alberto de Castro Pereira. In: Atheneu, editor. Testes de Fun¢do Pulmonar:
Bases, Interpretacio e Aplicagoes Clinicas. Sao Paulo: Atheneu. (2021). p. 368.

37. Kyle UG, Bosaeus I, De Lorenzo AD, Deurenberg P, Elia M, Gémez JM, et al.
Bioelectrical impedance analysis - Part I: review of principles and methods. Clin Nutr.
(2004) 23:1430-53. doi: 10.1016/.cInu.2004.09.012

38. Boon AJ, Harper CJ, Ghahfarokhi LS, Strommen JA, Watson JC, Sorenson EJ.
Two-dimensional ultrasound imaging of the diaphragm: quantitative values in normal
subjects. Muscle Nerve. (2013) 47:884-9. doi: 10.1002/mus.23702

39. Arts IMP, Pillen S, Schelhaas HJ, Overeem S, Zwarts MJ]. Normal values
for quantitative muscle ultrasonography in adults. Muscle Nerve. (2010) 41:32—
41. doi: 10.1002/mus.21458

40. Andrade-Junior MC de, Salles ICD de, de Brito CMM, Pastore-Junior L,
Righetti RF, Yamaguti WP. Skeletal muscle wasting and function impairment
in intensive care patients with severe COVID-19. Front Physiol. (2021)
12:640973. doi: 10.3389/fphys.2021.640973

41. Crapo RO, Casaburi R, Coates AL, Enright PL, MacIntyre NR, McKay RT, et al. ATS
statement: guidelines for the six-minute walk test. Am ] Respir Crit Care Med. (2002)
166:111-7. doi: 10.1164/ajrccm.166.1.at1102

42. Fess EE. Clinical assessment recommendations. Chicago: American Society of Hand
Therapists (1992).

43. Costa D, Gongalves HA, de Lima LP, Ike D, Cancelliero KM, de Lima Montebelo
MI. New reference values for maximal respiratory pressures in the Brazilian population.
] Bras Pneumol. (2010) 36:306-12. doi: 10.1590/S1806-37132010000300007

44. Neder JA, Andreoni S, Lerario MC, Nery LE. Reference values for lung function
tests. II. Maximal respiratory pressures and voluntary ventilation. Braz ] Med Biol Res.
(1999) 32:719-27. doi: 10.1590/50100-879X1999000600007

45. Kongas O, van Beek J. Creatine kinase in energy metabolic signaling in muscle.
Nature Precedings. (2007) doi: 10.1038/npre.2007.1317

46. Molnar T, Lehoczki A, Fekete M, Varnai R, Zavori L, Erdo-Bonyar
S, et al. Mitochondrial dysfunctinn in long COVID: mechanisms,
consequences, and potential therapeutic approaches. Geroscience. (2024)
46:5267-86. doi: 10.1007/s11357-024-01165-5

47. Shang C, Liu Z, Zhu Y, Lu ], Ge C, Zhang C, et al. SARS-CoV-2 causes
mitochondrial dysfunction and mitophagy impairment. Front Microbiol. (2022)
12:780768. doi: 10.3389/fmicb.2021.780768

48. Taskin0 S, Celik H, Demiryurek S, Turedi S, Taskin A. Effects of different-intensity
exercise and creatine supplementation on mitochondrial biogenesis and redox status in
mice. Iran ] Basic Med Sci. (2022) 25:1009-15. doi: 10.22038/I1JBMS.2022.65047.14321

49. Gowayed M, Mahmoud S, El-Sayed Y, Abu-Samra N, Kamel M. Enhanced
mitochondrial biogenesis is associated with the ameliorative action of creatine
supplementation in rat soleus and cardiac muscles. Exp Ther Med. (2019) 19:384—
92. doi: 10.3892/etm.2019.8173

50. Wei L, Wang R, Lin K, Jin X, Li L, Wazir J, et al. Creatine modulates cellular
energy metabolism and protects against cancer cachexia-associated muscle wasting.
Front Pharmacol. (2022) 13:1086662. doi: 10.3389/fphar.2022.1086662

51. Gotshalk LA, Volek JS, Staron RS, Denegar CR, Hagerman FC, Kraemer WJ.
Creatine supplementation improves muscular performance in older men. Med Sci
Sports Exerc. (2002) 34:537-43. doi: 10.1097/00005768-200203000-00023

52. Ranisavljev M, Todorovic N, Ostojic J, Ostojic SM. Reduced tissue creatine levels
in patients with long COVID-19: a cross-sectional study. J Postgrad Med. (2023)
69:162-3. doi: 10.4103/jpgm.jpgm_65_23

53. Daher A, Balfanz P, Cornelissen C, Miller A, Bergs I, Marx N, et al
Follow wup of patients with severe coronavirus disease 2019 (COVID-
19): pulmonary and extrapulmonary disease sequelae. Respir Med. (2020)
174:106197. doi: 10.1016/j.rmed.2020.106197

54. Ostojic SM. Diagnostic and pharmacological potency of creatine in post-viral
fatigue syndrome. Nutrients. (2021) 13:503. doi: 10.3390/nu13020503

frontiersin.org


https://doi.org/10.3389/fnut.2026.1731306
https://doi.org/10.1080/14737175.2025.2516097
https://doi.org/10.1136/bmj.m3489
https://doi.org/10.1101/2020.10.19.20214494
https://doi.org/10.1177/014107688808100608
https://doi.org/10.1002/(SICI)1097-4598(199605)19:5$<$621::AID-MUS10$>$3.0.CO;2-Q
https://doi.org/10.1259/bjr.73.875.11144799
https://doi.org/10.3389/fimmu.2025.1597370
https://doi.org/10.1136/bmj.m3202
https://doi.org/10.1136/bmj.n136
https://doi.org/10.1177/1352458507078392
https://doi.org/10.1002/14651858.CD008322.pub2
https://doi.org/10.1371/journal.pone.0259533
https://doi.org/10.1002/acr.22020
https://doi.org/10.1007/s004210050570
https://doi.org/10.1152/jappl.1998.85.4.1349
https://doi.org/10.3177/jnsv.70.174
https://doi.org/10.1002/fsn3.3597
https://doi.org/10.1007/s40279-015-0337-4
https://doi.org/10.1037/t18854-000
https://doi.org/10.1007/s00520-008-0518-x
https://doi.org/10.1590/S0104-11692012000300010
https://doi.org/10.1590/S0034-70942007000200004
https://doi.org/10.1378/chest.85.6.751
https://doi.org/10.1590/S1806-37132008001200005
https://doi.org/10.1164/rccm.201908-1590ST
https://doi.org/10.1164/arrd.1983.127.6.725
https://doi.org/10.1016/j.clnu.2004.09.012
https://doi.org/10.1002/mus.23702
https://doi.org/10.1002/mus.21458
https://doi.org/10.3389/fphys.2021.640973
https://doi.org/10.1164/ajrccm.166.1.at1102
https://doi.org/10.1590/S1806-37132010000300007
https://doi.org/10.1590/S0100-879X1999000600007
https://doi.org/10.1038/npre.2007.1317
https://doi.org/10.1007/s11357-024-01165-5
https://doi.org/10.3389/fmicb.2021.780768
https://doi.org/10.22038/IJBMS.2022.65047.14321
https://doi.org/10.3892/etm.2019.8173
https://doi.org/10.3389/fphar.2022.1086662
https://doi.org/10.1097/00005768-200203000-00023
https://doi.org/10.4103/jpgm.jpgm_65_23
https://doi.org/10.1016/j.rmed.2020.106197
https://doi.org/10.3390/nu13020503
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Santos et al.

55. Puh U. Age-related and sex-related differences in hand and pinch grip strength in
adults. Int ] Rehabil Res. (2010) 33:4-11. doi: 10.1097/MRR.0b013e328325a8ba

56. Van Gassel R]JJ, Bels ], Remij L, Van Bussel BCT, Posthuma R, Gietema
HA, et al. Functional outcomes and their association with physical performance
in mechanically ventilated coronavirus disease 2019 survivors at 3 months
following hospital discharge: a cohort study. Crit Care Med. (2021) 49:1726-
38. doi: 10.1097/CCM.0000000000005089

57. Devries MC, Phillips SM. Creatine
training in older adults—A meta-analysis.
46:1194-203. doi: 10.1249/MSS.0000000000000220

58. Wang Z, Qiu B, Li R, Han Y, Petersen C, Liu S, et al. Effects of creatine
supplementation and resistance training on muscle strength gains in adults
<50 years of age: a systematic review and meta-analysis. Nutrients. (2024)
16:3665. doi: 10.3390/nul16213665

resistance
(2014)

supplementation during
Med Sci Sports Exerc.

59. Tache-Codreanu DL, Bobocea L, David I, Burcea CC, Sporea C. The role of the six-
minute walk test in the functional evaluation of the efficacy of rehabilitation programs
after COVID-19. Life. (2024) 14:1514. doi: 10.3390/life14111514

60. do Amaral CMSSB, da Luz Goulart C, da Silva BM, Valente ], Rezende AG,
Fernandes E, et al. Low handgrip strength is associated with worse functional
outcomes in long COVID. Sci Rep. (2024) 14:2049. doi: 10.1038/s41598-024-
52401-z

61. Rebougas ERN, Ramos TR, de Sousa BG, da Costa RE, Gouveia SSV; Silva IC, et al.
Long COVID: a cross-sectional study of respiratory muscle strength, lung function,
and persistent symptoms at one year after hospital discharge. J Bras Pneumol. (2024)
50:€20240246. doi: 10.36416/1806-3756/€20240246

Frontiers in Nutrition

11

10.3389/fnut.2026.1731306

62. Miana M, Moreta-Fuentes R, Jiménez-Antona C, Moreta-Fuentes C, Laguarta-
Val S. Improvement of fatigue and body composition in women with long
COVID after non-aerobic therapeutic exercise program. ] Pers Med. (2025)
15:217. doi: 10.3390/jpm15060217

63. Ostojic SM, Ahmetovic Z. Gastrointestinal distress after creatine supplementation
in athletes: are side effects dose dependent? Res Sports Med. (2008) 16:15-
22. doi: 10.1080/15438620701693280

64. Francaux M, Poortmans JR. Side effects of creatine supplementation in athletes. Int
] Sports Physiol Perform. (2006) 1:311-23. doi: 10.1123/ijspp.1.4.311

65. Bizzarini E, De Angelis L. Is the use of oral creatine supplementation safe? J Sports
Med Phys Fitness. (2004) 44:411-6.

66. Ma ], Bair E, Motsinger-Reif A. Nonlinear dose-response modeling of high-
throughput screening data using an evolutionary algorithm. Dose-Response. (2020)
18:155932582092673. doi: 10.1177/1559325820926734

67. Jaramillo AP, Jaramillo L, Castells ], Beltran A, Garzon Mora N, Torres S, et al.
Effectiveness of creatine in metabolic performance: a systematic review and meta-
analysis. Cureus (2023) 15:e45282. doi: 10.7759/cureus.45282

68. Kreider RB, Kalman DS, Antonio J, Ziegenfuss TN, Wildman R, Collins R,
et al. International society of sports nutrition position stand: safety and efficacy of
creatine supplementation in exercise, sport, and medicine. J Int Soc Sports Nutr. (2017)
14:18. doi: 10.1186/s12970-017-0173-z

69. Almulla AF, Thipakorn Y, Zhou B, Vojdani A, Maes M. Immune activation and
immune-associated neurotoxicity in Long-COVID: a systematic review and meta-
analysis of 103 studies comprising 58 cytokines/chemokines/growth factors. Brain
Behav Immun. (2024) 122:75-94. doi: 10.1016/j.bbi.2024.07.036

frontiersin.org


https://doi.org/10.3389/fnut.2026.1731306
https://doi.org/10.1097/MRR.0b013e328325a8ba
https://doi.org/10.1097/CCM.0000000000005089
https://doi.org/10.1249/MSS.0000000000000220
https://doi.org/10.3390/nu16213665
https://doi.org/10.3390/life14111514
https://doi.org/10.1038/s41598-024-52401-z
https://doi.org/10.36416/1806-3756/e20240246
https://doi.org/10.3390/jpm15060217
https://doi.org/10.1080/15438620701693280
https://doi.org/10.1123/ijspp.1.4.311
https://doi.org/10.1177/1559325820926734
https://doi.org/10.7759/cureus.45282
https://doi.org/10.1186/s12970-017-0173-z
https://doi.org/10.1016/j.bbi.2024.07.036
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

	Creatine supplementation on fatigue related to post-COVID-19 condition—fatigue study: a randomized controlled trial
	1 Introduction
	2 Methods
	2.1 Study design, participants and ethical approval
	2.2 Assessments and procedures of the study
	2.3 Statistical analysis

	3 Results
	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


