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Abstract  Oxidative stress contributes to age-related 
musculoskeletal decline, partly through disrup-
tion of glutathione-dependent redox homeostasis. 
Although creatine and β-hydroxy-β-methylbutyrate 
(HMB) have been individually linked to antioxidant 
and cytoprotective effects, their combined influence 
on systemic redox balance in older adults remains 
insufficiently characterized.To examine the effects 

of creatine plus HMB supplementation on oxidative 
stress biomarkers and composite redox indices, and 
to explore whether redox adaptations co-vary with 
changes in functional measures in physically active 
older adults.In a randomized, double-blind, placebo-
controlled crossover trial, 30 physically active older 
adults (62.7 ± 5.3  years; 20 men, 10 women) com-
pleted two 6-week intervention phases (3  g/day cre-
atine + 3  g/day calcium HMB vs. placebo) during 
supervised exercise training. Primary endpoints were 
oxidized glutathione and the Glutathione Redox 
Index. Secondary biomarkers and composite indices 
were analyzed with false discovery rate (FDR) con-
trol. Percent changes (Δ%) in functional tests were 
examined exclusively as exploratory correlates of 
redox adaptations.Supplementation was associated 
with attenuation of the placebo-related increase in 
oxidized glutathione and nominal preservation of the 
Glutathione Redox Index, although these effects did 
not remain significant after FDR adjustment. In men, 
a nominal increase in malondialdehyde was observed 
under supplementation. Exploratory analyses indi-
cated weak associations between changes in com-
posite redox indices and Δ% functional measures.
Creatine plus HMB supplementation was associated 
with nominal modulation of glutathione-centered 
redox balance during training in active older adults. 
Exploratory redox–function associations support fur-
ther investigation in larger, adequately powered trials.
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Introduction

Aging is characterized by progressive declines in 
skeletal muscle quality and functional capacity that 
diminish mobility and quality of life (Cruz-Jentoft 
et  al. 2019). Even in physically active older adults, 
subtle but relevant decreases in neuromuscular per-
formance may occur despite regular training (Seals 
et al. 2016), highlighting the need for complementary 
strategies that support physiological resilience.

Oxidative stress is recognized as a central mech-
anism contributing to age-related impairments in 
muscle function. With advancing age, the imbalance 
between reactive oxygen species (ROS) production 
and antioxidant defenses leads to cumulative oxida-
tive damage to lipids, proteins, and nucleic acids 
(Fulle et al. 2004; Ji 2015). Such redox dysregulation 
has been associated with lower strength, impaired 
endurance, and reduced adaptive responses to exer-
cise (Powers et  al. 2011). Although individual bio-
markers (e.g., malondialdehyde, protein carbonyls, 
glutathione concentrations, antioxidant enzyme activ-
ity) offer valuable insights, they represent only frag-
ments of a broader redox network. Accordingly, the 
use of composite indices integrating oxidative and 
antioxidant signals is increasingly recommended 
to characterize systemic redox balance more com-
prehensively (Jones 2006; Sies 2015; Pisoschi et  al. 
2021; Alhaj Sulaiman and Katanaev 2025).

Nutritional strategies such as creatine and 
β-hydroxy-β-methylbutyrate (HMB) have gained 
attention for their potential to support musculoskel-
etal health in older adults. Creatine supplementation 
enhances phosphocreatine availability and training 
adaptations and may also exert cytoprotective effects 
through membrane stabilization and attenuation of 
oxidative insults (Sestili et  al. 2006; Riesberg et  al. 
2016; Candow et  al. 2019). HMB, provided in this 
study as the calcium salt, reduces proteolysis, sup-
ports muscle remodeling, and has been linked to 
modulation of inflammatory and oxidative pathways 
(Aversa et al. 2011; Fitschen et al. 2013).

A growing body of evidence indicates that HMB 
may influence oxidative metabolism and mitochondrial 
function, with meta-analytic data showing improve-
ments in endurance performance and aerobic capacity 
(Fernández-Landa et  al. 2024). Beyond its individual 
effects, the combination of creatine and HMB has 
been reported to exert synergic influences on mus-
cle adaptation, hormonal responses, muscle damage 
markers, and performance across different populations 
(Fernández-Landa et  al. 2019, 2020a, b). Importantly, 
functional strength improvements following creatine 
plus HMB supplementation were recently documented 
in this same cohort during combined exercise training 
(Ramos-Hernández et  al. 2025) raising the question 
of whether redox modulation may contribute to these 
adaptations.

Despite these advances, to our knowledge, no study 
has comprehensively examined whether creatine plus 
HMB modulates systemic oxidative stress or compos-
ite glutathione-based redox indices in physically active 
older adults, nor whether redox shifts relate to func-
tional adaptations previously observed. This knowledge 
gap is relevant because redox regulation may influence 
both muscle contractile function and adaptation to 
exercise.

To address this gap, we conducted a randomized, 
double-blind, placebo-controlled crossover trial to eval-
uate the effects of six weeks of creatine plus calcium 
HMB supplementation on oxidative stress biomarkers 
and composite redox indices. The primary objective 
was to assess supplementation effects on glutathione 
status—oxidized glutathione (GSSG) and the Glu-
tathione Redox Index (GRI). A secondary exploratory 
objective was to assess whether changes in redox indi-
ces were associated with changes in muscle strength 
and functional performance, whose absolute values 
were previously published for this cohort. Given the 
high inter-individual variability characteristic of redox 
biology, a crossover design was chosen to enhance sta-
tistical sensitivity (Jones and Kenward 2014).

We hypothesized that creatine plus calcium HMB 
would (i) preserve glutathione redox balance by attenu-
ating increases in GSSG and improving composite indi-
ces, and (ii) exhibit modest associations between redox 
shifts and functional changes.
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Materials and methods

Study design and participants

This study reports a prespecified secondary analysis 
of a randomized, double-blind, placebo-controlled 
crossover trial involving 30 physically active older 
adults (62.7 ± 5.3  years; range 60–82; 20 men and 
10 women) recruited from senior centers and com-
munity sports programs in Tenerife, Spain. The par-
ent trial evaluated the effects of creatine monohydrate 
plus β-hydroxy-β-methylbutyrate in the calcium salt 
form (HMB–Ca) combined with supervised exercise 
training. The present analysis focuses specifically on 
oxidative stress biomarkers, composite redox indices, 
and their exploratory associations with previously 
published functional outcomes.

Sample size considerations

Formal a priori power calculations for crossover tri-
als require reliable estimates of within-subject vari-
ances for the specific primary endpoints—in this 
case, GSSG and the Glutathione Redox Index (GRI). 
Because no validated variance data were available for 
these biomarkers in physically active older adults, a 
formal a priori power calculation could not be per-
formed without relying on speculative assumptions.

Instead, the recruitment target was based on 
established methodological benchmarks for two-
period crossover trials, which consistently show that 
24–30 participants provide adequate power to detect 
small-to-moderate within-subject effects, while tak-
ing advantage of the efficiency gains inherent to this 
design (Senn 2003; Jones and Kenward 2014). Fol-
lowing this guidance, 30 participants were recruited 
to ensure robust estimation of redox endpoints and to 
accommodate potential attrition. All 30 participants 
completed both intervention phases.

To complement this justification, a post-hoc sensi-
tivity analysis was conducted. Based on the observed 
within-subject effect sizes for the primary endpoints 
(η2p = 0.17–0.42), the achieved sample yielded ≥ 78% 
statistical power, confirming that the realized sample 
size was adequate for detecting the effects actually 
observed in this cohort.

This hybrid approach—benchmark-based a priori 
justification plus post-hoc sensitivity assessment—is 
consistent with accepted practices for crossover trials 

in emerging biomarker fields, where reliable variance 
estimates are scarce.

Randomization and blinding

Participants were stratified by sex and randomized 
(1:1) into two treatment sequences using a computer-
generated allocation prepared by an independent 
researcher. Supplements and placebo were packaged 
in identical coded sachets to ensure allocation con-
cealment. Participants, investigators, and outcome 
assessors remained blinded until completion of data 
analysis.

Timeline and assessments

The intervention consisted of two 6-week supplemen-
tation phases separated by a 3-week washout. Assess-
ments were conducted at four time points: T1 (base-
line, pre-phase 1), T2 (post-phase 1), T3 (pre-phase 
2, post-washout), and T4 (post-phase 2). For the pri-
mary crossover comparisons, T1 and T3 were pooled 
as PRE, and T2 and T4 as POST, following standard 
crossover analytical procedures to enhance robustness 
against biological variability. The 3-week washout 
was considered sufficient based on prior moderate-
dose creatine trials without loading (Fig. 1).

Eligibility criteria

Inclusion criteria were: age ≥ 60  years; engagement 
in ≥ 150  min/week of structured physical activity 
for ≥ 6  months; and absence of severe cardiometa-
bolic, renal, hepatic, or musculoskeletal disorders. 
Exclusion criteria included recent use of creatine, 
HMB, or other ergogenic supplements; advanced 
chronic disease; or recent osteoporotic fracture. All 
participants were community-dwelling, physically 
active older adults.

Ethics and registration

The study was approved by the University of Bur-
gos Ethics Committee (IR 24/2023) and registered at 
ClinicalTrials.gov (NCT05951439). All participants 
provided written informed consent.
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Supplementation protocol

During each intervention phase, participants received 
either 3 g/day of creatine monohydrate plus 3 g/day 
of β-hydroxy-β-methylbutyrate in the calcium salt 
form (HMB-Ca) or a matched placebo (6  g/day of 
inulin). All raw materials—creatine monohydrate, 
HMB-Ca, and inulin—were sourced from the same 
commercial supplier (HSN, Spain). The research 
team weighed and pre-packaged the ingredients into 

identical opaque 6-g sachets, ensuring indistinguish-
able appearance, texture, and flavor across conditions. 
Inulin was selected as placebo due to its inert meta-
bolic profile and lack of known effects on muscle or 
inflammatory markers.

Participants consumed one sachet daily, dissolved 
in yogurt or fruit juice, preferably in the evening to 
standardize timing and minimize potential interfer-
ence with meals or training sessions. A licensed 
dietitian-nutritionist provided written and verbal 
instructions to ensure consistency across participants. 
Supplement boxes containing 42 sachets (correspond-
ing to 6 weeks) were distributed at T1 and T3.

Adherence was monitored weekly through self-
reported logs, sachet counts, and direct supervision 
by research staff. Compliance exceeded 95%, and no 
gastrointestinal, musculoskeletal, or other adverse 
events were reported, consistent with previous evi-
dence supporting the safety of creatine and HMB-Ca 
in older adults (Ramos-Hernández et al. 2025).

The dosage and timing were selected based on 
previous trials demonstrating efficacy and safety of 
creatine and HMB-Ca in both athletic populations 
(Fernández-Landa et  al. 2019, 2020a, b), and older 
adults (Ramos-Hernández et al. 2025).

Nutritional evaluation

To minimize potential dietary confounding, all par-
ticipants received individualized guidance from a 
licensed dietitian-nutritionist aimed at maintaining 
stable energy and protein intake throughout the inter-
vention. Recommendations were aligned with current 
guidelines for active older adults, encouraging con-
sumption of ≥ 1.2  g/kg/day of protein and approxi-
mately 35–40  kcal/kg/day of total energy intake 
(Bauer et al. 2013).

Dietary habits were monitored at the end of each 
6-week phase using a validated Food Frequency 
Questionnaire (FFQ) (Martin-moreno et  al. 1993) 
which assessed habitual intake over the preceding 
month across 24 food categories (including dairy 
products, meat, fish, cereals, fruits, vegetables, fats, 
beverages, and processed foods). The FFQ was used 
to verify dietary consistency across conditions, 
rather than to quantify absolute intake. No meaning-
ful differences in estimated energy intake, macronu-
trient distribution, or predominant food group con-
sumption were observed between the CRE + HMB 

Fig. 1   Study flowchart of the randomized, double − blind, pla-
cebo − controlled crossover trial CRE + HMB, creatine plus 
β − hydroxy − β − methylbutyrate
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and placebo phases, indicating that dietary patterns 
remained stable throughout the study.

Integral physical conditioning (IPC) program

All participants followed the same individual-
ized IPC program during both intervention phases. 
Training consisted of four supervised sessions per 
week (60  min each) with overall adherence ≥ 90%. 
Each session followed a three-part structure (warm-
up, main part, cooldown) aligned with ACSM rec-
ommendations for older adults, with the primary 
goal of enhancing functional fitness and preserving 
independence through a multicomponent approach 
(strength, power, cardiovascular endurance, bal-
ance, coordination, mobility, flexibility) (Chodzko-
Zajko et al. 1998).

Periodization. The IPC was organized into two 
6-week blocks separated by the 3-week washout. 
Each 6-week block comprised two mesocycles of 
three microcycles (weeks). The first microcycle 
emphasized familiarization (higher volume, lower 
intensity), followed by progressive increases in load 
and task complexity in subsequent microcycles. 
This model ensured early neuromuscular adaptation 
and safe workload progression while maximizing 
functional transfer in later phases, consistent with 
our previous trial in the same population (Ramos-
Hernández et al. 2025).

Intensity prescription and monitoring. Exercise 
intensity was individualized using objective and 
subjective markers. Training heart rate (THR) was 
calculated via the Karvonen formula; strength loads 
were prescribed from estimated 1RM using the 
Brzycki equation. Both were mapped to a modified 
Borg scale to harmonize internal load across modal-
ities (e.g., THR/1RM ≈ 100% → RPE 10; 90% → 9; 
80% → 8; … 40% → 4). Session training load was 
monitored through session-RPE, number of exer-
cises, repetitions, and total duration; weekly train-
ing logs were verified by supervisors. Adherence 
was ≥ 90% across participants.

Session components.

•	 Warm-up (5–12 min): dynamic mobility, coordi-
nation, balance and low-intensity drills to acti-
vate cardiometabolic and neuromuscular sys-
tems.

•	 Main part (20–50  min): integrated modalities 
delivered as single-focus sessions or combined 
within multicomponent formats:

o	 Strength training: multi- and single-joint 
exercises for all major muscle groups using 
free weights, machines, bands or body-
weight. Loads typically progressed from 
50–60% 1RM (introductory weeks) towards 
60–90% 1RM in load microcycles; 2–4 
sets × 6–12 reps, with 1–3 min rests, prior-
itizing large over small muscle groups and 
alternating global/auxiliary movements.

o	 Power training: high-velocity movements 
(medicine-ball throws, jumps, ballistic 
lifts). Typical intensities 20–50% 1RM ini-
tially, progressing to ≥ 60–80% 1RM in 
advanced phases; 2–5 sets × 1–5 reps, rests 
30  s–3  min, individualized to peak power 
output.

o	 Multicomponent circuits (MCC): 6–12 sta-
tions mixing global strength, aerobic endur-
ance, balance, coordination, agility and 
mobility; progression via load increments, 
reduced recovery, and technical complex-
ity. Nine standardized MCC sessions were 
rotated across microcycles (see Supplemen-
tary Table  S1 for full sequences and pro-
gression).

o	 High-Intensity Interval Training (HIIT): 
bouts at 80–100% THR or ≥ 80% 1RM 
(for strength-power tasks) with 20–90  s 
recoveries; 4–8 work intervals per block, 
2–4 blocks per session, 2–3  min recovery 
between blocks. Four HIIT formats were 
used uniformly: HIIT-Core, HIIT-Global, 
HIIT-Full Body, HIIT-Power, targeting 
complementary capacities.

o	 Moderate-Intensity Continuous Train-
ing (MICT): continuous or interval aero-
bic work at 40–60% THR (e.g., brisk 
walking, cycling, rowing, elliptical), 1–4 
sets × 3–20  min, with minimal inter-set 
recovery; progression via longer bouts, 
interval inclusion, or modality combina-
tions while maintaining moderate intensity.
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•	 Cooldown (5–10  min): low-intensity movements, 
static/dynamic stretching; when appropriate, PNF, 
foam-rolling and guided breathing for recovery.

Standardization and safety. Exercise delivery 
and progression were standardized across partici-
pants, supervised by qualified staff, and adapted to 
individual capabilities to minimize injury risk. No 
training-related adverse events were recorded. The 
IPC structure, intensity progressions, and multi-
component emphasis replicate the program previ-
ously validated in this cohort (Ramos-Hernández 
et  al. 2025) and conform to guideline-based pre-
scriptions for older adults.

Outcome measures

Oxidative stress biomarkers

Blood collection and pre‑analytical control  Venous 
blood was obtained at each assessment point (T1–T4) 
after an overnight fast (≥ 10  h), between 08:00 and 
10:00  h, with participants seated for ≥ 10  min. To 
minimize acute redox fluctuations, participants were 
instructed to avoid vigorous exercise for 48  h and 
alcohol for 24 h, while maintaining their usual medi-
cations. Samples were collected into sodium citrate 
tubes (plasma) and serum separator tubes (serum), 
centrifuged within 60 min (1500–2000 g, 10–15 min, 
4 °C), aliquoted (200–500 µL), and stored at − 80 °C 
until analysis (single freeze–thaw). Hemolysis was 
evaluated visually and by hemolysis index; samples 
exceeding pre-specified thresholds were excluded. 
For each participant, PRE and POST samples were 
analyzed in the same run/plate. Laboratory staff were 
blinded to allocation and timepoint.

Protein quantification and  normalization  Total 
protein concentration was determined by the Brad-
ford method, using bovine serum albumin (BSA, 
mg/mL) as standard. Protein content was used to 
normalize assays when applicable (e.g., FRAP, µM/
mg protein; fluorescent oxidation products, a.u./
µg plasma). In the dataset, “BSA (mg/mL)” repre-
sents the albumin-equivalent calibration used in col-
orimetric assays and was retained as the reference 
measure of total protein concentration for normali-
zation and quality control.

Analytical methods and  quality control  All bio-
markers were measured in duplicate using validated 
spectrophotometric or fluorometric assays previously 
established in our laboratory (Barrenetxea-Garcia 
et al. 2025). Samples with intra-assay coefficients of 
variation > 10% were re-analyzed. Each plate included 
blanks, calibration standards, and an internal pooled 
control. Unless otherwise indicated, results are 
reported as plasma concentrations or normalized to 
protein content when applicable.

For interpretative clarity, biomarkers were concep-
tually grouped into domains reflecting protein nor-
malization, antioxidant capacity, glutathione redox 
system, and oxidative damage, consistent with the 
composite redox indices defined below:

•	 Ferric reducing antioxidant power (FRAP, µM/
mg):  reduction of Fe3⁺–TPTZ to Fe2⁺–TPTZ at 
593 nm using a microplate reader.

•	 Protein carbonyls (mM):  DNPH derivatization 
with spectrophotometric detection at 370–375 nm.

•	 Reduced glutathione (GSH, µM) and oxidized 
glutathione (GSSG, µM): Both biomarkers were 
quantified using a fluorometric OPA assay, with 
N-ethylmaleimide (NEM) pre-treatment for 
selective GSSG measurement. Fluorescence was 
recorded at λ_exc = 360  nm and λ_em = 460  nm. 
Concentrations were calculated from standard 
curves prepared with purified GSH and GSSG and 
are reported in micromolar units (µM). All sam-
ples were analyzed in the same batch to ensure 
comparability. The GSH/GSSG ratio was subse-
quently computed.

•	 Total thiols (µM): Ellman’s reagent (DTNB) at 
412 nm using a microplate reader.

•	 Reactive oxygen and nitrogen species (ROS/RNS, 
RFU/µg protein): quantified using 2’,7’-dichlo-
rodihydrofluorescein diacetate (DCFH₂-DA) as 
a fluorescent probe, with excitation/emission at 
485/520  nm, normalized by protein load. This 
assay reflects overall oxidative activity in plasma 
rather than specific ROS species. (RFU = relative 
fluorescence units).

•	 Glutathione peroxidase (GPx, U/mL):  coupled 
assay monitoring NADPH oxidation at 340  nm 
using a microplate reader.

•	 Malondialdehyde (MDA, nM):  TBARS assay 
with thiobarbituric acid, with absorbance 
read at 530  nm using a microplate reader. 
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Results are expressed as nM equivalents of 
1,1,3,3-tetramethoxypropane.

Rationale  This panel integrates enzymatic and 
non-enzymatic antioxidants with oxidative damage 
markers, allowing a comprehensive evaluation of 
systemic redox balance in older adults under exer-
cise and supplementation interventions.

Data handling  Variables with skewed distribu-
tions (e.g., MDA, GSSG, RFU) were log-trans-
formed before statistical analysis, although descrip-
tive statistics are presented in the original scale.

Composite redox indices  To integrate the bio-
marker panel, standardized z-scores were calculated 
using the PRE distribution of the total sample as 
reference (mean ± SD), ensuring that standardiza-
tion was independent of POST values. For sensitiv-
ity analyses, sex-specific PRE distributions were 
also tested, yielding comparable results. Composite 
indices were then derived as follows:

•	 Antioxidant capacity index (ACI) = z(FRAP) + z
(GPx) + z(Total thiols) + z(GSH).

•	 Oxidative damage index 
(ODI) = z(MDA) + z(Protein carbon-
yls) + z(Fluorescent oxidation products).

•	 Glutathione redox index (GRI) = calculated as 
the natural logarithm of the GSH/GSSG ratio 
[ln(GSH/GSSG)].

•	 Redox balance index (RBI) = ACI – ODI

Standardization was performed according to: 
zi = (Xi—μPRE) / σPRE.

where Xi is the individual biomarker value, and 
μPRE, σPRE are the mean and standard deviation of 
the PRE distribution for the total sample.

These indices have been proposed in the litera-
ture as integrative tools to capture systemic oxi-
dative balance (Jones 2006; Pisoschi et  al. 2021; 
Alhaj Sulaiman and Katanaev 2025). This strat-
egy provides a more comprehensive overview of 
redox status than isolated biomarkers, which are 
often subject to variability and context-dependent 
interpretation.

Muscle strength and functional performance

A battery of standardized physical function tests 
was administered as part of the parent trial, follow-
ing international recommendations (Thompson et al. 
2013; Dent et  al. 2019), and detailed methodology 
has been published previously (Ramos-Hernández 
et al. 2025). In the present study, these measures were 
not analyzed as efficacy outcomes. Instead, they were 
used exclusively to derive percent changes (Δ%) for 
exploratory associations with redox biomarkers.

Upper- and lower-limb strength were assessed in 
the parent trial using handgrip dynamometry, leg/
back dynamometry, and the 30-s arm-curl test. Mus-
cular endurance was evaluated using the 30-s push-
up and 30-s crunch tests. Functional performance was 
assessed using 4-m gait speed, the 5-repetition chair-
stand test, Timed Up and Go (TUG), the 400-m walk 
test, and standardized static balance positions. Global 
physical performance was summarized using the 
Short Physical Performance Battery (SPPB).

All assessments were performed under standard-
ized conditions at baseline and post-intervention, 
with PRE defined as pooled T1–T3 and POST as 
pooled T2–T4, consistent with the crossover design. 
For the present analyses, only percent changes (Δ%) 
were used, and no absolute values or efficacy inter-
pretations are reported, as these have been previously 
published for this cohort (Ramos-Hernández et  al. 
2025). Sex-stratified Δ% values were used exclusively 
for exploratory associations with redox variables.

Statistical Analysis

Endpoints

The primary endpoints were oxidized glutathione 
(GSSG) and the Glutathione Redox Index (GRI), 
which were prespecified due to their sensitivity 
to redox shifts. Secondary endpoints included all 
remaining oxidative stress biomarkers and compos-
ite indices (ACI, ODI, RBI). Measures of muscle 
strength and functional performance were not ana-
lyzed as outcomes of this study; instead, only percent 
changes (Δ%) from these tests were used as explora-
tory variables to examine associations with redox 
adaptations.
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Data structure and crossover validation

Data from the four assessments (T1–T4) were col-
lapsed into PRE (T1 + T3) and POST (T2 + T4) to 
minimize intra-individual variability, following 
established methodological guidance for two-period 
crossover trials (Senn 2003; Wellek and Blettner 
2012). Carryover and period effects were evaluated 
through mixed-effects models including Condition 
(CRE + HMB vs placebo), Time (PRE vs POST), 
Period, and Sequence as fixed factors, and Partici-
pant as a random effect. Sequence × Period interac-
tions and comparisons of T1 vs T3 indicated no evi-
dence of carryover, supporting the pooling strategy.

Primary analysis

Supplementation effects on primary and second-
ary redox endpoints were evaluated using two-way 
repeated-measures ANCOVA (Time × Condition), 
with age and PRE values as covariates. Partial eta 
squared (η2p) is reported as an effect size. When 
assumptions were not fully met, analyses were 
repeated using percent change (Δ%) values with 
ANCOVA using the same covariates. Because only 
two conditions were compared, no post hoc tests 
were required.

Exploratory associations

Associations between Δ redox indices and Δ% 
functional variables were examined using multivari-
able linear regression models adjusted for age. Sex-
stratified exploratory models were also performed. 
Diagnostic checks confirmed linearity, homosce-
dasticity, and normality of residuals. Results are 
reported as standardized β coefficients with 95% 
confidence intervals and adjusted R2. These analy-
ses are exploratory and are interpreted accordingly.

Data handling and multiplicity

Normality was assessed using Shapiro–Wilk tests 
and Q–Q plots. Skewed variables (e.g., MDA, 
GSSG, RFU) were log-transformed for inferen-
tial analyses; descriptive statistics are presented in 

the original scale, with back-transformed values 
reported where appropriate.

Primary endpoints (GSSG, GRI) were evaluated at 
α = 0.05.

Secondary endpoints were controlled using the 
Benjamini–Hochberg false discovery rate (FDR) 
procedure.

Exploratory analyses were not adjusted for multi-
plicity and should be interpreted cautiously.

All analyses were performed in R v4.3.2 and SPSS 
v29.

Results

Participant flow and baseline characteristics

Formal tests for sequence, period, and carryo-
ver effects did not reveal relevant interactions (all 
p > 0.10), supporting the validity of the crossover 
design assumptions. A total of 40 older adults were 
initially recruited, of whom 30 (20 men and 10 
women; mean age 62.7 ± 5.3  years, range 60–82) 
completed all phases of the crossover trial. Overall 
adherence to the supplementation protocol and to the 
supervised integral physical conditioning (IPC) pro-
gram exceeded 90%. No supplementation- or train-
ing-related adverse events were reported; only mild, 
transient muscle soreness was noted during the early 
training sessions.

At baseline, no meaningful differences were 
observed between the two randomization sequences 
(CRE + HMB first vs. placebo first) in age, sex distri-
bution, anthropometry, oxidative stress biomarkers, or 
physical function tests (data not shown), confirming 
the adequacy of random allocation.

Oxidative stress biomarkers

To provide a comprehensive evaluation of systemic 
redox status, individual oxidative stress biomarkers 
are presented in Table 1, organized by physiological 
domains, while composite redox indices integrating 
these biomarkers are summarized in Table 2.

Individual oxidative stress biomarkers (Table 1)

Control / normalization: Total protein concentration, 
used as a normalization and quality-control marker, 
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showed a comparable PRE–POST reduction in both 
conditions across the total sample and sex-stratified 
analyses, with no significant Time × Condition inter-
actions (Table  1). This indicates that subsequent 
biomarker results were not driven by differences in 
plasma protein content.

Antioxidant capacity (→ ACI): Markers of antioxi-
dant capacity, including FRAP, GPx activity, total thi-
ols, and reduced glutathione (GSH), remained largely 
stable across conditions in the total sample and by sex 
(Table  1). No significant Time × Condition interac-
tions were observed for these parameters. Although 
isolated within-condition PRE–POST changes were 
detected for GPx activity and total thiols, these 
changes were comparable between CRE + HMB and 
placebo and did not survive correction for multiple 
comparisons.

Glutathione redox system (→ GRI): Within the 
glutathione redox system, a Time × Condition interac-
tion was observed for oxidized glutathione (GSSG) in 
the total sample (p = 0.039, η2p = 0.097) and in men 
(p = 0.049, η2p = 0.129), although these effects did not 
remain significant after FDR adjustment (Table  1). 
Nominal analyses indicated that GSSG increased 
from PRE to POST under placebo, while remain-
ing relatively stable under CRE + HMB, resulting in 
lower POST values in the supplemented condition.

The GSH/GSSG ratio showed a parallel, though 
non-significant, tendency toward more favorable 
values under supplementation, driven mainly by a 
decline in the placebo condition. These findings sug-
gest that glutathione-related biomarkers were among 
the most responsive endpoints to the intervention.

Oxidative damage (→ ODI): Markers of oxidative 
damage, including protein carbonyls and fluorescent 
oxidation products (FOPs), remained stable across 
conditions (Table  1). In contrast, malondialdehyde 
(MDA) showed a Time × Condition interaction in 
men (p = 0.035, η2p = 0.118), with higher POST val-
ues under CRE + HMB compared with placebo. As 
this effect did not survive FDR correction and was not 
observed in women or in the total sample, it should be 
interpreted as exploratory.

Composite redox indices

When individual biomarkers were integrated into 
composite indices, no significant Time × Condi-
tion interactions were observed for the Antioxidant 

capacity index (ACI), Oxidative damage index (ODI), 
or Redox balance index (RBI) in the total sample or 
after sex stratification (Table 2).

In contrast, the Glutathione Redox Index (GRI) 
showed nominally higher POST values under 
CRE + HMB compared with placebo (raw p < 0.05), 
reflecting a tendency toward a more reduced glu-
tathione environment with supplementation. Intra-
group analyses indicated that this pattern was primar-
ily driven by a decline in GRI under placebo, whereas 
values were preserved under CRE + HMB. However, 
these effects did not remain significant after FDR cor-
rection and should be considered exploratory.

Taken together, analyses of individual biomark-
ers and composite indices consistently indicate that 
creatine plus HMB supplementation did not induce 
broad changes in systemic antioxidant capacity or 
oxidative damage. Instead, the most responsive sig-
nals were confined to the glutathione redox system, 
supporting its higher sensitivity as a redox-regulatory 
domain in the context of nutritional supplementation.

Associations between redox indices and functional 
measures

As previously reported for this cohort, CRE + HMB 
supplementation combined with training improved 
several strength and functional outcomes (Ramos-
Hernández et  al. 2025). In the present analysis, we 
did not re-evaluate efficacy or re-plot these outcomes; 
instead, percent changes (Δ%) from these tests 
were used only as exploratory correlates of redox 
adaptations.

Regression analyses adjusted for age and sup-
plementation group revealed limited but suggestive 
associations between changes in redox indices and 
changes in functional measures (Table 3). In the total 
sample, ΔODI was positively associated with changes 
in SPPB score (β = 0.299, p = 0.019), whereas 
ΔRBI showed an inverse association (β = –  0.281, 
p = 0.034). In addition, ΔGRI was negatively asso-
ciated with changes in arm-curl performance 
(β = –0.316, p = 0.007), indicating that less favorable 
shifts in glutathione redox status were statistically 
associated with less favorable changes in upper-limb 
strength measures.

Sex-stratified models suggested partially diver-
gent patterns. In men, ΔGRI remained negatively 
associated with arm-curl performance (β = –  0.474, 
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p < 0.001), and ΔACI was inversely related to 
changes in leg/back strength (β = – 0.341, p = 0.024). 
ΔRBI also showed a trend towards an inverse asso-
ciation with chair-stand time (β = – 0.212, p = 0.062). 
In women, no statistically significant associations 
emerged, although estimates were imprecise due 
to higher variability and the smaller sample size 
(n = 10).

These analyses were not adjusted for multiple test-
ing and should be interpreted as hypothesis-generat-
ing. Overall, the pattern suggests that inter-individual 
variability in composite redox indices, particularly 
glutathione-based measures, may statistically co-vary 
with changes in selected functional measures in phys-
ically active older adults, but confirmation in larger, 
adequately powered samples specifically designed to 
test these relationships is required.

Discussion

This randomized, double-blind, placebo-controlled 
crossover trial examined the effects of creatine plus 
β-hydroxy-β-methylbutyrate (CRE + HMB) sup-
plementation on systemic oxidative stress biomark-
ers in physically active older adults, and explored 
how redox adaptations relate to previously published 
functional changes from the parent trial. Importantly, 
physical function outcomes were not analyzed as 
efficacy endpoints in this study, consistent with the 
methodological framework described in Sect.  “Mus-
cle strength and functional performance”. Overall, 
most biomarkers remained stable across conditions, 
whereas glutathione-related parameters and lipid 
peroxidation showed condition-specific patterns. 
Because these effects did not withstand FDR correc-
tion, they should be interpreted as exploratory.

Aging is characterized by a progressive disrup-
tion of redox homeostasis, driven by elevated ROS 
production and impaired antioxidant defenses (Ji 
2015; Candow et  al. 2021). In this context, nutri-
tional strategies capable of stabilizing redox status 
may help preserve muscle function—a notion sup-
ported by experimental research demonstrating oxi-
dative stress–induced declines in contractile perfor-
mance (Fulle et al. 2004; Powers et al. 2016). In the 
present study, classical biomarkers such as FRAP, 
protein carbonyls, and GPx remained stable across 
conditions, whereas GSSG and MDA demonstrated 

condition-specific changes. This selective sensitiv-
ity is consistent with prior work identifying the glu-
tathione system as one of the most responsive redox 
buffers in aging muscle (Ji 2015; Sies 2015).

lthough CRE + HMB effects on composite indices 
(particularly GRI) showed nominal between-group 
patterns, these differences did not survive FDR cor-
rection, suggesting that the intervention exerted, at 
most, a moderate modulatory influence on the glu-
tathione axis. This interpretation aligns with mech-
anistic evidence demonstrating creatine’s direct 
antioxidant actions (Sestili et  al. 2006, 2011) and 
HMB’s cytoprotective and anti-inflammatory effects 
(Fitschen et al. 2013; Fernández-Landa et al. 2024).

MDA was quantified using the TBARS assay, a 
widely used but non-specific method susceptible to 
interference from multiple aldehydes and other chro-
mogens, which may lead to overestimation of lipid 
peroxidation compared with more specific mark-
ers such as F₂-isoprostanes (Pisoschi et  al. 2021). 
Although PRE–POST paired samples were analyzed 
on the same plate to reduce variability, the lack of 
absolute specificity of TBARS must be acknowl-
edged. Similarly, the GSH/GSSG ratio is highly 
sensitive to sampling time, delayed processing, and 
freeze–thaw cycles (Jones 2006); although our single-
freeze–thaw protocol mitigates these risks, analyti-
cal constraints remain a key factor when interpreting 
the dissociation between stable classical markers and 
responsive glutathione metrics. Taken together, the 
attenuation of the GSSG rise under supplementation 
is compatible with creatine’s documented antioxidant 
and membrane-stabilizing actions, whereas the iso-
lated increase in MDA observed in men may reflect 
HMB-related, sex-dependent modulation of inflam-
matory and lipid peroxidation pathways.

Inter-group comparisons suggested a potential 
attenuation of training-related perturbations in glu-
tathione homeostasis with CRE + HMB. Under pla-
cebo, GSSG increased from PRE to POST, whereas 
supplementation appeared to attenuate this rise. 
This divergence was most evident in men, indicat-
ing that GSSG and GRI may be sensitive indica-
tors of training-induced redox stress and its nutri-
tional modulation. Conversely, MDA increased 
in men under supplementation. The most straight-
forward interpretation of this finding is a poten-
tial pro-oxidant response to CRE + HMB in this 
subgroup. Because the interaction did not survive 
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FDR correction and the study was not powered for 
sex-specific analyses, this result should be con-
sidered an unexpected and preliminary observa-
tion. Although a hormetic redox response cannot 
be fully excluded—particularly in the context of 
training-induced metabolic demand—this explana-
tion remains speculative and cannot be supported 
by the present data. Importantly, the TBARS assay 
is non-specific and susceptible to analytical inter-
ference, limiting the ability to infer true lipid per-
oxidation (Grotto et al. 2009). Future trials incorpo-
rating more specific lipid oxidation markers—such 
as F₂-isoprostanes, considered the gold standard 
for in vivo lipid peroxidation (Milne et al. 2005)—
and adequately powered sex-stratified analyses are 
required to clarify the biological meaning of this 
pattern.

The integration of biomarkers into composite 
indices (ACI, ODI, GRI, RBI) represents a novel 
dimension of this study. While single biomarkers pro-
vide narrow snapshots of redox biology, composite 
indices may capture systemic redox behavior more 
effectively (Jones 2006; Pisoschi et al. 2021). Regres-
sions revealed that ΔGRI was inversely associated 
with changes in arm-curl performance, consistent 
with mechanistic links between glutathione equilib-
rium and muscle contractility (Powers et al. 2011; Ji 
2015). Similarly, ΔODI and ΔRBI correlated with 
SPPB, a validated indicator of functional capacity 
(Cruz-Jentoft et al. 2019). Because functional data in 
this study were used exclusively as exploratory corre-
lates (not outcomes), these associations should not be 
interpreted as evidence of supplementation efficacy.

Comparisons with previous supplementation tri-
als help contextualize our findings. Traditional anti-
oxidant vitamins have yielded inconsistent effects in 
older adults (Ji 2015; Pisoschi et  al. 2021), possibly 
due to limited bioavailability or interference with 
adaptive redox signaling. In contrast, CRE + HMB 
combines ergogenic, cytoprotective, and anti-cata-
bolic mechanisms: creatine enhances phosphocre-
atine turnover and may reduce ROS formation (Sestili 
et  al. 2006, 2011; Candow et al. 2019), while HMB 
reduces proteolysis and modulates NF-κB–linked 
inflammatory pathways (Aversa et al. 2011; Fitschen 
et al. 2013). Studies in athletes have shown improved 
performance, reduced muscle damage, and favorable 
hormonal modulation with this combination (Fernán-
dez-Landa et  al. 2019, 2020a, b). Our findings add 

preliminary evidence of redox-related effects in older 
adults, though confirmatory trials are required.

Sex-dependent differences—such as higher MDA 
in men and greater redox variability in women—
mirror documented sex differences in mitochondrial 
function, inflammatory tone, and oxidative stress 
biology (Brunelli et  al. 2014; Ostan et  al. 2016; 
Kander et al. 2017). While underpowered for formal 
interactions, these tendencies reinforce the impor-
tance of sex-specific analyses in future work.

The strengths of this study include its randomized 
double-blind crossover design, excellent adherence, 
stringent PRE–POST sample handling, and a com-
prehensive biomarker panel incorporating composite 
indices. However, limitations must be acknowledged. 
First, sample size—particularly among women—
restricted power for detecting subtle or sex-specific 
effects. Second, the six-week intervention may not 
capture longer-term redox or functional adaptations. 
Third, plasma biomarkers reflect systemic, not mus-
cle-specific, redox status. Fourth, although carryover 
testing was performed, small crossover trials may lack 
sensitivity to detect subtle carryover effects (Senn 
2003; Wellek and Blettner 2012; Jones and Kenward 
2014). Fifth, the TBARS assay limits interpretation of 
the lipid peroxidation results. Finally, while FDR cor-
rection reduced false positives, the small sample size 
may have increased the risk of false negatives.

Despite these limitations, the consistency of nomi-
nal improvements in GSSG-based metrics, along 
with exploratory associations between composite 
redox indices and functional changes, suggests that 
CRE + HMB may modulate glutathione-centered 
redox pathways in physically active older adults. 
In conjunction with previous work using the same 
supplementation protocol (Ramos-Hernández et  al. 
2025), these findings support further investigation 
into CRE + HMB as a potential adjunct to exercise 
for promoting redox stability and functional resilience 
during aging.

Conclusions

In physically active older adults, six weeks of creatine 
plus β-hydroxy-β-methylbutyrate (CRE + HMB) sup-
plementation were associated with nominal changes 
in glutathione-based redox markers, particularly 
by preventing the exercise-associated rise in GSSG 
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and preserving the Glutathione Redox Index (GRI). 
Although most effects did not remain significant after 
correction for multiple comparisons, the overall pat-
tern is consistent with a potential role of CRE + HMB 
in modulating systemic redox balance during train-
ing. Exploratory analyses indicated that changes in 
composite redox indices co-varied with selected func-
tional measures, with possible sex-specific patterns; 
however, these findings must be interpreted with 
caution given the limited sample size and absence of 
multiplicity adjustment.

Taken together, these results provide preliminary 
human evidence that combined creatine and HMB 
supplementation may modulate redox homeostasis 
in active older adults. Larger and longer-duration tri-
als—including sex-balanced samples and more spe-
cific oxidative stress endpoints—are needed to con-
firm these findings and clarify their physiological 
relevance. In conjunction with previous work using 
the same supplementation protocol (Ramos-Hernán-
dez et al. 2025), the present results support continued 
investigation of CRE + HMB as a potential adjunct to 
exercise for supporting healthy aging.

Author contributions  R.R.-H. and J.M.-A. conceived and 
designed the study, coordinated the project, supervised data 
collection, performed the statistical analysis and interpretation, 
and drafted the manuscript. N.B. and J.F.P.-L. were primarily 
responsible for laboratory analyses and contributed to meth-
odological validation. D.F.-L. participated in data acquisition, 
intervention supervision, and contributed to manuscript revi-
sion. A.A. provided continuous support in participant man-
agement, data collection, and organizational tasks throughout 
the project. All authors contributed to the interpretation of the 
results, critically revised the manuscript, approved the final ver-
sion, and agreed to be accountable for all aspects of the work.

Funding  Open access funding provided by FEDER European 
Funds and the Junta de Castilla y León under the Research and 
Innovation Strategy for Smart Specialization (RIS3) of Castilla 
y León 2021-2027. This research did not receive any specific 
Grant from funding agencies in the public, commercial, or not-
for-profit sectors.

Data availability  No datasets were generated or analysed 
during the current study.

Declarations 

Conflict of interest  The authors declare no competing inter-
ests.

Ethical approval  All procedures performed in this study were 
in accordance with the ethical standards of the institutional and/
or national research committee and with the 1964 Helsinki Dec-

laration and its later amendments or comparable ethical stand-
ards. The study protocol was approved by the Ethics Committee 
of the University of Burgos (approval code: IR 24/2023) and 
was registered at ClinicalTrials.gov (Identifier: NCT05951439). 
Written informed consent was obtained from all participants 
prior to enrollment.

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.

References

Alhaj Sulaiman A, Katanaev VL (2025) Beyond antioxidants: 
how redox pathways shape cellular signaling and disease 
outcomes. Antioxidants. https://​doi.​org/​10.​3390/​ANTIO​
X1409​1142

Aversa Z, Bonetto A, Costelli P et  al (2011) β-hydroxy-β-
methylbutyrate (HMB) attenuates muscle and body 
weight loss in experimental cancer cachexia. Int J Oncol 
38:713–720. https://​doi.​org/​10.​3892/​IJO.​2010.​885

Barrenetxea-Garcia J, Busto N, Calleja-González J et al (2025) 
The impact of foam rolling recovery tool on oxidative 
stress biomarkers and performance in-water polo players: 
a randomized controlled trial. J Exerc Rehabil 21:140–
150. https://​doi.​org/​10.​12965/​JER.​25501​70.​085

Bauer J, Biolo G, Cederholm T et  al (2013) Evidence-based 
recommendations for optimal dietary protein intake in 
older people: a position paper from the prot-age study 
group. J Am Med Dir Assoc 14:542–559. https://​doi.​org/​
10.​1016/j.​jamda.​2013.​05.​021

Brunelli E, Domanico F, Russa D, Pellegrino D (2014) Sex dif-
ferences in oxidative stress biomarkers. Curr Drug Targets 
15:811–815. https://​doi.​org/​10.​2174/​13894​50115​66614​
06241​12317

Candow DG, Forbes SC, Chilibeck PD et al (2019) Effective-
ness of creatine supplementation on aging muscle and 
bone: focus on falls prevention and inflammation. J Clin 
Med 8(4):488. https://​doi.​org/​10.​3390/​JCM80​40488

Candow DG, Forbes SC, Kirk B, Duque G (2021) Current 
evidence and possible future applications of creatine sup-
plementation for older adults. Nutrients 13(3):745. https://​
doi.​org/​10.​3390/​NU130​30745

Chodzko-Zajko WJ, Proctor DN, Fiatarone Singh MA et  al 
(1998) American college of sports medicine position 
stand. Exercise and physical activity for older adults. Med 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ANTIOX14091142
https://doi.org/10.3390/ANTIOX14091142
https://doi.org/10.3892/IJO.2010.885
https://doi.org/10.12965/JER.2550170.085
https://doi.org/10.1016/j.jamda.2013.05.021
https://doi.org/10.1016/j.jamda.2013.05.021
https://doi.org/10.2174/1389450115666140624112317
https://doi.org/10.2174/1389450115666140624112317
https://doi.org/10.3390/JCM8040488
https://doi.org/10.3390/NU13030745
https://doi.org/10.3390/NU13030745


Biogerontology (2026) 27:58	 Page 17 of 17  58

Vol.: (0123456789)

Sci Sports Exerc 30:992–1008. https://​doi.​org/​10.​1249/​
MSS.​0b013​e3181​a0c95c

Cruz-Jentoft AJ, Bahat G, Bauer J et al (2019) Sarcopenia: revised 
European consensus on definition and diagnosis. Age Ageing 
48:16. https://​doi.​org/​10.​1093/​AGEING/​AFY169

Dent E, Morley JE, Cruz-Jentoft AJ et  al (2019) Physical 
frailty: ICFSR International clinical practice guidelines 
for Identification and management. J Nutr Health Aging 
23:771–787. https://​doi.​org/​10.​1007/​s12603-​019-​1273-z

Fernández-Landa J, Calleja-González J, León-Guereño P et al 
(2019) Effect of the combination of creatine monohydrate 
plus HMB supplementation on sports performance, body 
composition, markers of muscle damage and hormone 
status: a systematic review. Nutrients. https://​doi.​org/​10.​
3390/​NU111​02528

Fernández-Landa J, Fernández-Lázaro D, Calleja-González J 
et al (2020a) Effect of ten weeks of creatine monohydrate 
plus HMB supplementation on athletic performance tests 
in elite male endurance athletes. Nutrients 12:193. https://​
doi.​org/​10.​3390/​nu120​10193

Fernández-Landa J, Fernández-Lázaro D, Calleja-González J 
et al (2020b) Long-term effect of combination of creatine 
monohydrate plus β-hydroxy β-methylbutyrate (HMB) on 
exercise-induced muscle damage and anabolic/catabolic 
hormones in elite male endurance athletes. Biomolecules 
10:140. https://​doi.​org/​10.​3390/​biom1​00101​40

Fernández-Landa J, Todorovic N, Santibañez-Gutierrez A et al 
(2024) Effects of HMB on endurance performance in a 
healthy population: a systematic review and meta-analy-
sis. J Strength Cond Res 38:E202–E210. https://​doi.​org/​
10.​1519/​JSC.​00000​00000​004690

Fitschen PJ, Wilson GJ, Wilson JM, Wilund KR (2013) Effi-
cacy of β-hydroxy-β-methylbutyrate supplementation 
in elderly and clinical populations. Nutrition 29:29–36. 
https://​doi.​org/​10.​1016/j.​nut.​2012.​05.​005

Fulle S, Protasi F, Di Tano G et al (2004) The contribution of 
reactive oxygen species to sarcopenia and muscle ageing. 
Exp Gerontol 39:17–24. https://​doi.​org/​10.​1016/j.​exger.​
2003.​09.​012

Grotto D, Santa Maria L, Valentini J et al (2009) Importance 
of the lipid peroxidation biomarkers and methodological 
aspects FOR malondialdehyde quantification. Quim Nova 
32:169–174. https://​doi.​org/​10.​1590/​S0100-​40422​00900​
01000​32

Ji LL (2015) Redox signaling in skeletal muscle: role of aging 
and exercise. Adv Physiol Educ 39:352–359. https://​doi.​
org/​10.​1152/​ADVAN.​00106.​2014

Jones DP (2006) Redefining oxidative stress. Antioxid Redox 
Signal 8:1865–1879. https://​doi.​org/​10.​1089/​ARS.​2006.8.​
1865

Jones B, Kenward MG (2014) Design and analysis of cross-
over trials, third edition. Design and analysis of cross-over 
trials, Third Edition 1–404

Kander MC, Cui Y, Liu Z (2017) Gender difference in oxida-
tive stress: a new look at the mechanisms for cardiovas-
cular diseases. J Cell Mol Med 21:1024–1032. https://​doi.​
org/​10.​1111/​JCMM.​13038

Martin-moreno JM, Boyle P, Gorgojo L et al (1993) Develop-
ment and validation of a food frequency questionnaire in 
Spain. Int J Epidemiol 22:512–519. https://​doi.​org/​10.​
1093/​IJE/​22.3.​512

Milne GL, Musiek ES, Morrow JD (2005) F2-isoprostanes as 
markers of oxidative stress in vivo: an overview. Biomarkers 
10(1):10–23. https://​doi.​org/​10.​1080/​13547​50050​02165​46

Ostan R, Monti D, Gueresi P et  al (2016) Gender, aging and 
longevity in humans: an update of an intriguing/neglected 
scenario paving the way to a gender-specific medicine. 
Clin Sci (Lond) 130:1711–1725. https://​doi.​org/​10.​1042/​
CS201​60004

Pisoschi AM, Pop A, Iordache F et al (2021) Oxidative stress 
mitigation by antioxidants-an overview on their chemistry 
and influences on health status. Eur J Med Chem. https://​
doi.​org/​10.​1016/j.​ejmech.​2020.​112891

Powers SK, Talbert EE, Adhihetty PJ (2011) Reactive oxygen 
and nitrogen species as intracellular signals in skeletal 
muscle. J Physiol 589:2129–2138. https://​doi.​org/​10.​1113/​
JPHYS​IOL.​2010.​201327

Powers SK, Morton AB, Ahn B, Smuder AJ (2016) Redox 
control of skeletal muscle atrophy. Free Radic Biol Med 
98:208–217. https://​doi.​org/​10.​1016/j.​freer​adbio​med.​
2016.​02.​021

Ramos-Hernández R, Miguel-Ortega Á, Martínez-Ferrán M 
et al (2025) Combined creatine and HMB co-supplemen-
tation improves functional strength independent of mus-
cle mass in physically active older adults: a randomized 
crossover trial. Geroscience. https://​doi.​org/​10.​1007/​
S11357-​025-​01889-Y

Riesberg LA, Weed SA, McDonald TL et  al (2016) Beyond 
muscles: the untapped potential of creatine. Int Immunop-
harmacol 37:31–42. https://​doi.​org/​10.​1016/j.​intimp.​2015.​
12.​034

Seals DR, Justice JN, Larocca TJ (2016) Physiological gero-
science: targeting function to increase healthspan and 
achieve optimal longevity. J Physiol 594:2001–2024. 
https://​doi.​org/​10.​1113/​JPHYS​IOL.​2014.​282665

Senn S (2003) Cross over trials in clinical research, 2nd edn. 
Wiley, New Jersy, pp 1–346

Sestili P, Martinelli C, Bravi G et  al (2006) Creatine supple-
mentation affords cytoprotection in oxidatively injured 
cultured mammalian cells via direct antioxidant activity. 
Free Radic Biol Med 40:837–849

Sestili P, Martinelli C, Colombo E et al (2011) Creatine as an 
antioxidant. Amino Acids 40:1385–1396. https://​doi.​org/​
10.​1007/​S00726-​011-​0875-5

Sies H (2015) Oxidative stress: a concept in redox biology 
and medicine. Redox Biol 4:180–183. https://​doi.​org/​10.​
1016/j.​redox.​2015.​01.​002

Thompson PD, Arena R, Riebe D, Pescatello LS (2013) 
ACSM’s new preparticipation health screening recom-
mendations from ACSM’s guidelines for exercise test-
ing and prescription, ninth edition. Curr Sports Med Rep 
12:215–217. https://​doi.​org/​10.​1249/​JSR.​0B013​E3182​
9A68CF

Wellek S, Blettner M (2012) On the proper use of the crossover 
design in clinical trials: part 18 of a series on evaluation 
of scientific publications. Dtsch Arztebl Int 109:276–281. 
https://​doi.​org/​10.​3238/​ARZTE​BL.​2012.​0276

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.1249/MSS.0b013e3181a0c95c
https://doi.org/10.1249/MSS.0b013e3181a0c95c
https://doi.org/10.1093/AGEING/AFY169
https://doi.org/10.1007/s12603-019-1273-z
https://doi.org/10.3390/NU11102528
https://doi.org/10.3390/NU11102528
https://doi.org/10.3390/nu12010193
https://doi.org/10.3390/nu12010193
https://doi.org/10.3390/biom10010140
https://doi.org/10.1519/JSC.0000000000004690
https://doi.org/10.1519/JSC.0000000000004690
https://doi.org/10.1016/j.nut.2012.05.005
https://doi.org/10.1016/j.exger.2003.09.012
https://doi.org/10.1016/j.exger.2003.09.012
https://doi.org/10.1590/S0100-40422009000100032
https://doi.org/10.1590/S0100-40422009000100032
https://doi.org/10.1152/ADVAN.00106.2014
https://doi.org/10.1152/ADVAN.00106.2014
https://doi.org/10.1089/ARS.2006.8.1865
https://doi.org/10.1089/ARS.2006.8.1865
https://doi.org/10.1111/JCMM.13038
https://doi.org/10.1111/JCMM.13038
https://doi.org/10.1093/IJE/22.3.512
https://doi.org/10.1093/IJE/22.3.512
https://doi.org/10.1080/13547500500216546
https://doi.org/10.1042/CS20160004
https://doi.org/10.1042/CS20160004
https://doi.org/10.1016/j.ejmech.2020.112891
https://doi.org/10.1016/j.ejmech.2020.112891
https://doi.org/10.1113/JPHYSIOL.2010.201327
https://doi.org/10.1113/JPHYSIOL.2010.201327
https://doi.org/10.1016/j.freeradbiomed.2016.02.021
https://doi.org/10.1016/j.freeradbiomed.2016.02.021
https://doi.org/10.1007/S11357-025-01889-Y
https://doi.org/10.1007/S11357-025-01889-Y
https://doi.org/10.1016/j.intimp.2015.12.034
https://doi.org/10.1016/j.intimp.2015.12.034
https://doi.org/10.1113/JPHYSIOL.2014.282665
https://doi.org/10.1007/S00726-011-0875-5
https://doi.org/10.1007/S00726-011-0875-5
https://doi.org/10.1016/j.redox.2015.01.002
https://doi.org/10.1016/j.redox.2015.01.002
https://doi.org/10.1249/JSR.0B013E31829A68CF
https://doi.org/10.1249/JSR.0B013E31829A68CF
https://doi.org/10.3238/ARZTEBL.2012.0276

	Creatine plus β-Hydroxy-β-Methylbutyrate supplementation is associated with preserved glutathione redox-balance and redox–function associations in older adults: a secondary analysis of a randomized crossover trial
	Abstract 
	Introduction
	Materials and methods
	Study design and participants
	Sample size considerations
	Randomization and blinding
	Timeline and assessments
	Eligibility criteria
	Ethics and registration

	Supplementation protocol
	Nutritional evaluation
	Integral physical conditioning (IPC) program
	Outcome measures
	Oxidative stress biomarkers
	Blood collection and pre-analytical control 
	Protein quantification and normalization 
	Analytical methods and quality control 
	Rationale 
	Data handling 
	Composite redox indices 

	Muscle strength and functional performance

	Statistical Analysis
	Endpoints
	Data structure and crossover validation
	Primary analysis
	Exploratory associations
	Data handling and multiplicity


	Results
	Participant flow and baseline characteristics
	Oxidative stress biomarkers
	Individual oxidative stress biomarkers (Table 1)

	Composite redox indices
	Associations between redox indices and functional measures

	Discussion
	Conclusions
	References




