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Background
Regular physical activity provides systemic health benefits, including improvements in redox homeostasis and antioxidant defense. Ischemia-modified albumin (IMA) and total sulfhydryl groups (–SH) serve as sensitive biomarkers of oxidative protein modification and thiol-dependent antioxidant capacity. However, evidence regarding their relationship in young women who participate in structured exercise remains limited. This study aimed to investigate associations between regular exercise and serum IMA and –SH concentrations in healthy young women to better understand potential exercise-related redox differences and sex-specific physiological profiles.
Methods
This cross-sectional study included 30 healthy women aged 18–25 years, recruited from university campuses and local fitness facilities. Participants were assigned to an exercise group (n = 15), performing structured training ≥3 sessions per week for at least 1 year, or a sedentary control group (n = 15) with no structured exercise history. After ethical approval and informed consent, venous blood samples were drawn following overnight fasting. Serum IMA was measured using the albumin–cobalt binding assay, while –SH concentrations were determined via the Ellman method. All analyses were conducted in duplicate under standardized laboratory conditions. Independent samples t-tests and Cohen’s d effect sizes with 95% confidence intervals were calculated.
Results
Baseline anthropometric variables (age, height, weight) did not differ significantly between groups (p > 0.05). Serum IMA levels were significantly higher in the exercise group than in controls (0.75 ± 0.09 vs. 0.61 ± 0.08 ABSU; p < 0.001; d = 1.65). Conversely, –SH concentrations were significantly lower among exercising women (0.370 ± 0.046 vs. 0.447 ± 0.036 mmol/L; p < 0.001; d = −1.88). Both biomarkers showed very large effect sizes, reflecting robust differences in oxidative stress and antioxidant defense associated with regular physical training.
Conclusion
This cross-sectional analysis indicates that regular structured exercise in young women is associated with a distinct redox profile characterized by elevated IMA and reduced –SH levels. This dual pattern may reflect altered redox homeostasis with increased oxidative protein modification and greater thiol utilization. IMA and –SH appear to be complementary biomarkers for evaluating exercise-related redox responses. Future longitudinal studies are needed to establish causal mechanisms and clinical significance.
Clinical Trial Registration
Registered at ClinicalTrials.gov (NCT07181044) on 6 September 2025.
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1 INTRODUCTION
Regular physical activity is widely recognized as a cornerstone of human health, conferring multidimensional benefits that extend well beyond improvements in physical fitness to encompass profound cardiometabolic, endocrine, and immunological adaptations. A substantial body of evidence demonstrates that habitual exercise reduces the incidence of cardiovascular disease, enhances glucose regulation, improves lipid metabolism, and favorably modulates inflammatory pathways (Booth et al., 2012; Pedersen and Saltin, 2015). In addition to these systemic outcomes, regular training is associated with regulation of oxidative stress, potentially enhancing the efficiency of endogenous antioxidant defenses and promoting overall redox homeostasis (Pingitore et al., 2015; Powers et al., 2016). Such associations are particularly important in young adults, where lifestyle habits established early may exert long-lasting effects on health trajectories and disease risk later in life. These benefits appear to involve adaptive responses to exercise-induced oxidative stress, as supported by multiple studies on redox modulation (Gómez-Cabrera et al., 2008; Zhao et al., 2018).
Transitioning to biomarker assessment, the identification of reliable biomarkers capable of capturing subtle but biologically meaningful exercise-associated profiles has become a focal point of contemporary sports science and clinical research. Among these, ischemia-modified albumin (IMA) and total sulfhydryl groups (–SH) have emerged as sensitive and complementary indicators of systemic redox status. IMA is generated when oxidative stress alters the N-terminal region of albumin, reducing its cobalt-binding capacity, and has been widely studied as a marker of ischemic conditions and oxidative imbalance (Shevtsova et al., 2021; Lippi et al., 2010; Bahinipati and Mohapatra, 2016). In contrast, total sulfhydryl groups, which represent the pool of free thiols in plasma primarily derived from albumin-bound cysteine residues, serve as a major component of the extracellular antioxidant defense system (Ellman, 1959; Go and Jones, 2013; Turell et al., 2013). Reductions in sulfhydryl levels may reflect increased oxidative consumption of thiols, whereas higher levels indicate preserved or enhanced antioxidant capacity. Evaluated together, IMA and total sulfhydryl concentrations provide a dual lens for investigating how regular exercise is associated with both oxidative stress generation and antioxidant defense, offering novel insights into the complex physiological profiles associated with an active lifestyle.
Oxidative stress is a central mechanism through which physical activity exerts both beneficial and potentially detrimental effects, depending on intensity, duration, and training status. Acute bouts of high-intensity exercise are known to transiently increase the production of reactive oxygen species (ROS), leading to oxidative modifications of proteins, lipids, and nucleic acids (Finaud et al., 2006; Meng et al., 2023). While excessive ROS accumulation may impair cellular integrity, regular and appropriately dosed exercise is associated with adaptive upregulation of endogenous antioxidant systems, including superoxide dismutase, catalase, glutathione peroxidase, and the plasma thiol pool, thereby potentially enhancing overall redox resilience (Gómez-Cabrera et al., 2008; Zhao et al., 2018; Go and Jones, 2013). Within this framework, ischemia-modified albumin (IMA) has emerged as a particularly sensitive biomarker, reflecting oxidative stress through its reduced cobalt-binding capacity at the N-terminus of albumin (Bar-Or et al., 2000; Shevtsova et al., 2021). At the same time, total sulfhydryl groups (–SH) represent the major extracellular non-enzymatic antioxidant reservoir, acting as a redox buffer that neutralizes ROS and maintains protein thiol-disulfide balance (Ellman, 1959; Turell et al., 2013). Thus, the combined assessment of IMA and–SH offers a comprehensive perspective on both oxidative damage and antioxidant defense in association with exercise profiles.
Extending these concepts to chronic adaptations, recent investigations suggest that IMA levels rise acutely following exhaustive or prolonged exercise in athletes and recreationally active individuals, serving as a transient marker of redox imbalance (Lippi et al., 2010). However, accumulating evidence also indicates that chronic exercise training may be associated with attenuated baseline IMA concentrations, reflecting potential enhanced oxidative defense and improved metabolic efficiency (Akkuş, 2011; Erem et al., 2015). This dual behavior underscores the complexity of interpreting IMA in relation to exercise, as elevated levels may represent either harmful oxidative stress or a physiological signal of potential adaptive stress required to trigger long-term health benefits. In parallel, total sulfhydryl groups (–SH) have been shown to be associated with increases following regular training, reflecting an augmented extracellular thiol pool and strengthened antioxidant defense capacity (Go and Jones, 2013; Turell et al., 2013). Reduced–SH levels, on the other hand, are associated with oxidative depletion of thiols and impaired redox buffering, often observed in sedentary or metabolically compromised individuals. Taken together, the combined assessment of IMA and–SH provides complementary insights, distinguishing between oxidative challenges and the organism’s compensatory antioxidant potential. Importantly, the majority of current studies have been conducted in patient populations or male athletes, with limited data available for young healthy women who engage in regular structured training. This gap is particularly relevant given sex-specific hormonal influences on redox responses (Pingitore et al., 2015; Ansdell et al., 2020). This gap highlights the need for further investigation into sex-specific responses and the potential of these biomarkers as indicators of exercise-associated redox profiles in this population.
The thiol redox system plays a central role in maintaining cellular homeostasis, energy metabolism, and protection against oxidative insults, making total sulfhydryl groups (–SH) a valuable marker of redox profiles associated with exercise. Plasma sulfhydryl content primarily reflects albumin-bound cysteine residues and low-molecular-weight thiols, which collectively act as a major extracellular antioxidant buffer (Ellman, 1959; Turell et al., 2013). Several studies have demonstrated that physical activity is associated with modulation of thiol–disulfide balance, although the magnitude and direction of this association depend on exercise intensity, duration, and training status (Go and Jones, 2013; Zhao et al., 2018; Radak et al., 2020). For instance, acute strenuous exercise can transiently be associated with decreased circulating–SH levels due to rapid consumption of thiols in neutralizing reactive oxygen species, whereas chronic training appears to be associated with enhanced basal–SH concentrations, reflecting improved antioxidant defense and metabolic resilience (Meng et al., 2023; Finaud et al., 2006).
Epidemiological and experimental evidence supports the notion that habitual physical activity is associated with modulation of systemic redox balance through regulation of plasma thiol status. Large cohort analyses and clinical studies have consistently shown that physically active individuals exhibit higher baseline total sulfhydryl (–SH) levels compared with sedentary counterparts, reflecting a more favorable antioxidant profile and reduced susceptibility to oxidative stress–related pathologies (Go and Jones, 2013; Turell et al., 2013). Intervention trials further confirm these findings, demonstrating that structured aerobic and combined training programs are associated with increased circulating thiol concentrations and improved thiol–disulfide homeostasis, thereby potentially enhancing metabolic efficiency and resilience against redox imbalance (Meng et al., 2023; Zhao et al., 2018). However, such associations may be influenced by sex, age, and training characteristics, as premenopausal women often display distinct antioxidant responses to exercise compared with men or postmenopausal women, possibly due to differences in hormonal milieu and redox signaling (Finaud et al., 2006; Pingitore et al., 2015). This indicates that the relationship between habitual exercise and thiol-based antioxidant defense warrants targeted investigation in young, healthy female cohorts.
Although IMA and total sulfhydryl (–SH) groups have each been investigated independently in the contexts of oxidative stress and antioxidant defense, very few studies have examined these biomarkers concurrently in relation to habitual exercise. This dual approach is important because oxidative and reductive processes are physiologically intertwined: the accumulation of reactive oxygen species can lead to albumin modification and elevated IMA, whereas the availability of free thiols determines the extracellular antioxidant buffering capacity (Go and Jones, 2013; Turell et al., 2013). By simultaneously evaluating IMA, as a marker of oxidative protein modification, and–SH, as an indicator of systemic antioxidant potential, it becomes possible to capture a more comprehensive picture of how regular exercise is associated with redox homeostasis and the balance between oxidative challenge and compensatory defense mechanisms.
Moreover, most previous research has been conducted either in clinical populations with overt metabolic disorders or in male-dominated athletic cohorts (Akkuş, 2011; Erem et al., 2015). There is a notable lack of evidence concerning healthy young women, despite their increasing participation in organized sports and fitness activities worldwide. Given the sex-specific hormonal milieu and potential differences in redox biology, investigating these biomarkers in physically active women offers valuable insights with implications for both preventive health and exercise physiology. The present study therefore addresses a critical gap in the literature by assessing IMA and total sulfhydryl (–SH) levels in regularly exercising young women compared with their sedentary counterparts. This integrative biomarker approach not only advances understanding of exercise-related associations but also has potential applications in monitoring redox balance and guiding individualized training programs aimed at optimizing health and performance.
In light of the existing evidence, the present study was designed to explore associations between regular exercise and serum ischemia-modified albumin (IMA) and total sulfhydryl (–SH) concentrations in healthy young women. By focusing on these two mechanistically related yet distinct biomarkers, the investigation aims to provide novel insights into how habitual physical activity is associated with both oxidative stress responses and antioxidant defense capacity. We hypothesized that women engaged in structured exercise training would display higher IMA levels, reflecting potential exercise-associated oxidative modifications in albumin, and concurrently higher–SH concentrations, indicative of potential enhanced thiol-dependent antioxidant potential, compared with sedentary controls. Addressing this question has both scientific and practical relevance: it contributes to the growing literature on sex-specific exercise physiology, highlights the potential of IMA and–SH as complementary biomarkers of training status, and may ultimately inform strategies for health monitoring and individualized exercise prescription in young female populations.
2 MATERIALS AND METHODS
2.1 Study design and ethics
This cross-sectional study was designed in accordance with the STROBE guidelines for observational research (von Elm et al., 2007). Recruitment occurred between January and June 2022 at university campuses and local fitness facilities in Muş, Turkey. Ethical approval was obtained from the Scientific Research Ethics Committee of Muş Alparslan University, Türkiye (approval no: 27750; 01 November 2021), and the study complied with the Declaration of Helsinki (World Medical Association, 2013). All participants were fully informed of the study procedures and provided written informed consent prior to participation. Of 50 women approached via university campus announcements and local fitness facilities, 35 were eligible after initial screening via questionnaire and interview (15 excluded due to irregular exercise habits or supplement use); 30 provided consent and were enrolled (5 declined due to time constraints). No participants were excluded post-enrollment.
2.2 Participants
A total of 30 healthy women aged 18–25 years voluntarily agreed to participate in the study. Recruitment was conducted through university campus announcements and local fitness facilities. Potential participants were first screened using a structured health and physical activity questionnaire, followed by a brief interview to confirm eligibility.
Participants were then assigned into two groups based on their exercise habits:
Exercise group (n = 15): Women who had been regularly engaging in structured exercise training for at least 1 year, with a minimum frequency of three sessions per week. Their training regimens typically included a combination of aerobic, resistance, and flexibility exercises, lasting 60–90 min per session.
Control group (n = 15): Women without any structured exercise background, whose physical activity was limited to daily routines and compulsory school physical education classes.
Exclusion criteria included: (I) a history of chronic, cardiovascular, metabolic, or endocrine disorders; (II) smoking or alcohol abuse; (III) use of medications or supplements known to influence oxidative stress or hormonal regulation within the past 6 months; and (IV) engagement in irregular or intermittent exercise habits not meeting the defined threshold.
Prior to participation, all women underwent a brief clinical assessment including anthropometric screening (height, body mass, body mass index), resting heart rate, and blood pressure measurements to ensure baseline health status. Written informed consent was obtained from each participant, and confidentiality of all personal data was strictly maintained throughout the study.
Sample size was determined based on prior studies reporting large effect sizes (d > 1.0) for IMA and–SH differences between active and sedentary groups (e.g., Akkuş, 2011; Erem et al., 2015). Using GPower software (version 3.1) for a two-tailed independent t-test with α = 0.05 and power (1-β) = 0.80, a minimum of 14 participants per group was required. We recruited 15 per group to account for potential data loss, ensuring adequate power to detect the expected differences.
2.3 Training characteristics
Participants in the exercise group had been consistently engaged in structured training programs for at least 12 consecutive months prior to enrollment in the study. Their exercise routines typically involved three to four sessions per week, each lasting approximately 60–90 min. Training sessions were performed either in university sports facilities or private fitness centers under the supervision of certified instructors, ensuring proper adherence to exercise principles and safety standards. Exercise history and compliance were verified through structured questionnaires, self-reported training logs, and cross-checks with facility memberships or instructor confirmations.
The content of training programs was multimodal, comprising:
	Aerobic exercise: steady-state running, cycling, or swimming at an intensity corresponding to approximately 60%–75% of age-predicted maximal heart rate (HRmax) for 20–30 min.
	Resistance exercise: machine-based and free-weight movements targeting major muscle groups (e.g., squats, bench press, lat pulldown, abdominal exercises), generally performed in 3 sets of 8–12 repetitions at moderate-to-high intensity (60%–75% of estimated 1RM).
	Flexibility training: static and dynamic stretching exercises incorporated during warm-up and cool-down phases, lasting 10–15 min per session.

Training intensity and exercise selection varied between individuals according to personal goals and baseline fitness levels; however, all participants maintained consistent weekly patterns and reported no interruptions exceeding 2 weeks within the past year. Compliance was verified through structured questionnaires and self-reported training logs.
By contrast, the control group did not engage in any structured exercise program during the same period. Their physical activity was restricted to daily living activities (e.g., walking for transportation, household tasks) and mandatory school-based physical education classes, which were insufficient to meet international recommendations for health-enhancing physical activity.
2.4 Blood collection and sample processing
Venous blood samples (3 mL) were collected from the antecubital vein of each participant by a trained phlebotomist under standardized laboratory conditions. Sampling was performed in the morning between 07:00 and 09:00 a.m., following an overnight fast of at least 10–12 h, to minimize the influence of recent dietary intake on biochemical parameters (Jung, 2006). To further reduce acute physiological fluctuations, participants were instructed to avoid strenuous physical activity, alcohol, and caffeine for at least 24 h prior to sampling to minimize acute effects on redox markers such as IMA and–SH, as supported by prior evidence on transient thiol depletion and IMA elevation lasting up to 24 h post-exercise (Lippi et al., 2010; Finaud et al., 2006); a longer window was not selected to balance feasibility and evidence-based standardization, and they remained seated at rest for a minimum of 30 min before venipuncture (Young, 2001). Compliance was self-reported via a pre-sampling checklist at venipuncture, with no reported non-compliance.
Blood was drawn using sterile, single-use disposable needles and vacutainer tubes suitable for biochemical analysis. Samples were collected into plain biochemistry tubes without anticoagulants and allowed to clot at room temperature (approximately 25 °C) for 20–30 min. Subsequently, samples were centrifuged at 5,000 rpm (equivalent to approximately 3,000 g, assuming a standard rotor radius of 10 cm) for 10 min at room temperature using a refrigerated centrifuge (Hettich Universal 320R, Germany) (Burtis and Bruns, 2014).
The resulting serum fraction was carefully separated, transferred into Eppendorf microtubes, and immediately stored at −80 °C in ultra-low temperature freezers until biochemical analyses were performed. All samples were processed within 1 hour of collection to preserve biomarker stability. Assays were performed within 2 weeks of collection in a single batch to minimize batch drift. Repeated freeze–thaw cycles were strictly avoided to prevent degradation of oxidative stress markers (Aebi, 1984; Tsikas et al., 2004).
2.5 Biochemical analyses
All biochemical analyses were conducted in the central research laboratory of Yüzüncü Yıl University under standardized conditions. Prior to analysis, serum samples were thawed only once at room temperature and gently mixed to ensure homogeneity. To maintain analytical reliability, all assays were performed in duplicate, and the mean values were used for statistical evaluation (Burtis and Bruns, 2014). Intra-assay coefficients of variation were 4.2% for IMA and 3.8% for–SH, confirming acceptable imprecision.
2.6 Ischemia-modified albumin (IMA)
Serum IMA concentrations were determined using the albumin–cobalt binding assay originally described by Bar-Or et al. (2000). Briefly, 200 μL of serum was incubated with 50 μL of 0.1% cobalt chloride (CoCl2·6H2O) for 10 min at room temperature to allow cobalt–albumin binding. Then, 50 μL of dithiothreitol (DTT, 1.5 mg/mL) was added to initiate the colorimetric reaction, followed by immediate dilution with 1 mL of 0.9% saline. The absorbance of the resulting solution was measured at 470 nm using a UV/VIS spectrophotometer (T80+, PG Instruments Ltd., United Kingdom). The degree of color development is inversely related to albumin’s cobalt-binding capacity and reflects IMA concentrations (Lippi et al., 2010; Sbarouni and Georgiadou, 2011). Results were expressed in absorbance units (ABSU).
2.7 Total sulfhydryl (–SH)
Total sulfhydryl groups were quantified using the Ellman method (Ellman, 1959), which is based on the reduction of 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB) by free thiol groups, forming a yellow-colored 5-thio-2-nitrobenzoic acid (TNB) anion. For each assay, 50 μL of serum was mixed with 1 mL of Tris-EDTA buffer (pH 8.2), and subsequently, 10 mM DTNB solution was added. After incubation at room temperature for 15 min, absorbance was read at 412 nm in the spectrophotometer (T80+, PG Instruments Ltd., United Kingdom). Concentrations were calculated using the molar extinction coefficient of TNB (13,600 M-1 cm-1) and expressed as μmol/L (Hu, 1994; Turell et al., 2013).
2.8 Reliability and quality control
To ensure the accuracy and reproducibility of biochemical measurements, strict reliability and quality control procedures were implemented throughout the study. All laboratory analyses were performed by the same trained biochemist, who was blinded to participants’ group allocation (Kottner et al., 2011). Each biochemical parameter was measured in duplicate, and the mean of the two values was used for statistical analysis. Calibration curves were prepared for each batch of analyses using certified standard solutions. In addition, two-level internal quality control (QC) sera (normal and pathological ranges) were included in every run to monitor analytical precision (Suzuki et al., 2017). Reagent blanks were systematically assessed to exclude background absorbance.
The intra-assay coefficient of variation (CV) was maintained below 10% for all assays, confirming acceptable analytical reproducibility (Fraser, 2001). Laboratory equipment, including the UV/VIS spectrophotometer, was calibrated prior to data collection according to the manufacturer’s guidelines. Reagents were prepared fresh or stored under recommended conditions to prevent degradation, and all analyses were conducted within a consistent time frame to avoid temporal bias.
2.9 Bias and confounding
Several potential sources of bias and confounding were considered in the design and execution of this study. First, as the study employed a cross-sectional design, the temporal sequence between regular exercise and biochemical outcomes could not be established, limiting causal inference (Sedgwick, 2014a). To minimize selection bias, participants were recruited using clear inclusion and exclusion criteria, and eligibility was verified through structured questionnaires and short interviews.
Second, self-reported physical activity history may be subject to recall bias or social desirability bias. To address this, exercise history was cross-checked with training logs, facility memberships, and structured questionnaires to improve accuracy (Prince et al., 2008).
Third, biological variability in oxidative stress markers may be influenced by uncontrolled factors such as dietary intake, sleep quality, circadian rhythm, or psychological stress. To reduce variability, all participants: fasted for ≥10 h before blood sampling, refrained from alcohol, caffeine, and vigorous activity for 24 h, and provided blood samples under standardized morning conditions (07:00–09:00 a.m.) (Young, 2001). Menstrual phase at sampling was not recorded, representing a potential confounder, as estrogen fluctuations may elevate–SH levels in the follicular phase and IMA in the luteal phase (Quinn et al., 2021).
Additionally, all biochemical analyses were conducted in the same laboratory by a single technician using identical equipment, reagents, and protocols, which minimized analytical bias. Nevertheless, residual confounding by unmeasured lifestyle factors (e.g., micronutrient intake, stress levels) cannot be fully excluded.
2.10 Statistical analysis
All statistical analyses were conducted using IBM SPSS Statistics version 22.0 (IBM Corp., Armonk, NY, United States) (Field, 2013). Prior to hypothesis testing, the distributional properties of all variables were examined. Normality was assessed using the Shapiro–Wilk test (p > 0.05 indicating normal distribution), in combination with visual inspection of histograms and Q–Q plots (Razali and Wah, 2011). Homogeneity of variances was verified using Levene’s test (Levene, 1960). All 30 participants were included in the analyses; no missing data or outliers were identified (assessed via boxplots and Mahalanobis distance), and complete-case analysis was applied.
Since the data met parametric assumptions, between-group comparisons (exercise vs. control) were performed using the Independent Samples t-test. In addition to p-values, effect sizes (Cohen’s d) were calculated with 95% confidence intervals (CI) to provide a measure of practical significance. Effect sizes were interpreted according to Cohen’s conventional thresholds: small (0.20–0.49), medium (0.50–0.79), and large (≥0.80) (Cohen, 1988).
To explore the potential association between ischemia-modified albumin (IMA) and total sulfhydryl (–SH) levels, correlation analyses were additionally performed. Pearson’s product–moment correlation was used as the primary metric, with Spearman’s rank-order correlation as supplementary. Both Pearson’s product–moment correlation and Spearman’s rank-order correlation coefficients were calculated within each group (exercise and control) as well as for the combined sample, with 95% confidence intervals. This dual approach allowed assessment of linear and monotonic relationships between oxidative stress and antioxidant biomarkers.
All results are presented as mean ± standard deviation (Mean ± SD) or correlation coefficients (r) with corresponding p-values. A two-tailed significance level of p < 0.05 was set for all statistical tests (Altman, 1991). To minimize the risk of Type I errors, the number of statistical comparisons was limited to the main study outcomes.
To further strengthen the robustness of findings, statistical power (1–β) was considered in the interpretation of results. With the given sample size (n = 15 per group), the study had adequate power (>0.80) to detect medium-to-large effect sizes (Faul et al., 2009).
3 RESULTS
Baseline anthropometric characteristics did not differ between groups, confirming comparable participant profiles. Serum biomarker analysis revealed significant differences, with exercise status associated with higher IMA and lower–SH levels compared with controls. Both parameters demonstrated very large effect sizes, indicating robust differences in oxidative stress responses and antioxidant defense profiles associated with regular training.
Baseline demographic and anthropometric characteristics of the exercise (n = 15) and control (n = 15) groups. No statistically significant differences were observed between groups, indicating comparability in age, height, and body weight at study entry.
Serum IMA and–SH concentrations are presented as Mean ± SD for the exercise and control groups (n = 15 each). Independent samples t-tests demonstrated statistically significant between-group differences for both biomarkers (p < 0.001). Specifically, IMA levels were significantly elevated in the exercise group, whereas–SH concentrations were markedly reduced compared with sedentary controls. The corresponding Cohen’s d effect sizes, with 95% confidence intervals, indicated extremely large magnitudes of difference, highlighting robust biological differences in oxidative stress and antioxidant capacity associated with regular exercise.
The descriptive characteristics of the participants are presented in Table 1. No significant differences were observed between the exercise and control groups with respect to age, height, or body weight, confirming the comparability of baseline anthropometric profiles across groups. This homogeneity suggests that subsequent differences in biochemical markers are more likely attributable to exercise status rather than demographic variability.
TABLE 1 | Descriptive characteristics of the participants (Mean ± SD).	Variables	Exercise group (n = 15)	Control group (n = 15)	p-value
	Age (years)	20.73 ± 1.98	21.53 ± 2.33	0.320
	Height (m)	1.66 ± 0.06	1.64 ± 0.06	0.369
	Weight (kg)	61.27 ± 4.61	60.87 ± 3.96	0.801


Serum ischemia-modified albumin (IMA) concentrations demonstrated a clear group effect (Table 2). The exercise group exhibited significantly higher mean IMA levels (0.75 ± 0.09 ABSU) compared with the control group (0.61 ± 0.08 ABSU; t (28) = 4.82, p < 0.001). The calculated effect size was very large (Cohen’s d = 1.65, 95% CI: 0.77–2.52), indicating a robust and biologically meaningful elevation of IMA in women engaged in regular exercise. These findings suggest that exercise participation is strongly associated with increased IMA levels, which may reflect potential exercise-associated oxidative stress responses and alterations in albumin’s cobalt-binding capacity.
TABLE 2 | Comparison of serum ischemia-modified albumin (IMA) and total sulfhydryl (–SH) levels between exercise and control groups.	Variable	Exercise group (n = 15)	Control group (n = 15)	t	p	Cohen’s d	95% CI for d
	IMA (ABSU)	0.75 ± 0.09	0.61 ± 0.08	4.51	<0.001	1.65	0.77–2.52
	–SH (mmol/L)	0.370 ± 0.046	0.447 ± 0.036	−5.14	<0.001	−1.88	−2.78 to −0.97


In contrast, serum total sulfhydryl (–SH) concentrations were significantly reduced in the exercise group compared with controls. Exercising women displayed lower–SH levels (0.370 ± 0.046 mmol/L) relative to their sedentary counterparts (0.447 ± 0.036 mmol/L; t(28) = −6.15, p < 0.001). The corresponding effect size was also very large (Cohen’s d = −1.88, 95% CI: −2.78 to −0.97), signifying a substantial reduction of plasma thiols associated with habitual exercise. This difference suggests that exercise status may be associated with increased thiol consumption, thereby modulating extracellular antioxidant reserves.
Taken together, the biochemical analyses revealed that regular physical exercise in young women is associated with a dual pattern of differences: (i) elevated IMA concentrations, indicative of oxidative stress–related alterations in serum proteins, and (ii) decreased–SH concentrations, reflecting potential enhanced utilization of thiol-based antioxidants in response to exercise-associated redox challenges. The magnitude of the effect sizes across both parameters underscores the biological relevance of these findings and highlights the potential of IMA and–SH as complementary biomarkers for monitoring exercise-related physiological profiles.
Figure 1 Serum ischemia-modified albumin (IMA) and total sulfhydryl (–SH) concentrations in the exercise (n = 15) and control (n = 15) groups. Values are presented as mean ± SD. Independent samples t-tests were used to compare groups (p < 0.001 for both biomarkers; significance threshold: p < 0.05). The exercise group demonstrated significantly higher IMA levels and lower–SH levels compared with sedentary controls (see Table 2 for t-values and degrees of freedom). Cohen’s d effect sizes with 95% confidence intervals indicated very large group differences, underscoring robust differences in oxidative stress and antioxidant capacity associated with regular exercise.
[image: Bar graph comparing serum concentration between exercise and control groups for IMA and -SH. Significant differences noted with high confidence intervals and Cohen's d values. The exercise group shows higher IMA and lower -SH concentrations than the control group, with p-values less than 0.001.]FIGURE 1 | Serum IMA and–SH levels in exercise and control groups with effect sizes (n = 15 per group; mean ± SD; independent samples t-tests, p < 0.001; Cohen’s d with 95% CI shown).The graphical representation of serum biomarkers further illustrates the contrasting profiles associated with regular exercise. Elevated IMA levels in the exercise group confirm the presence of exercise-associated oxidative stress, whereas the pronounced reduction in–SH concentrations highlights increased utilization of thiol-based antioxidants under these conditions. This dual pattern suggests that habitual physical activity is associated with both controlled oxidative challenges and compensatory consumption of antioxidant reserves, reflecting potential differences in redox homeostasis.
Correlation analyses revealed no statistically significant association between IMA and–SH levels within either the exercise group (r = −0.39, 95% CI: −0.78 to 0.25, p = 0.154) or the control group (r = 0.18, 95% CI: −0.41 to 0.65, p = 0.517). However, when all participants were pooled (n = 30), a moderate but statistically significant negative correlation was observed (r = −0.54, 95% CI: −0.77 to −0.17, p = 0.002), indicating that higher IMA concentrations were consistently accompanied by lower–SH levels. This inverse association supports the notion that increased oxidative protein modification is coupled with enhanced thiol consumption in young women engaged in regular physical activity (Table 3; Figure 2).
TABLE 3 | Correlation coefficients between IMA and–SH levels in young women (Pearson as primary metric; 95% CI for r).	Group	n	Pearson r (95% CI)	p	Spearman r	p
	Exercise	15	−0.39 (−0.78, 0.25)	0.154	−0.30	0.272
	Control	15	0.18 (−0.41, 0.65)	0.517	0.32	0.243
	All sample	30	−0.54 (−0.77, −0.17)	0.002 **	−0.48	0.007 **


[image: Scatter plot showing the relationship between ischemia-modified albumin (IMA) in ABSU and total sulfhydryl (-SH) in mmol/L. Blue dots represent exercise data, and orange crosses represent control data. A black trend line with a gray confidence interval illustrates a downward trend.]FIGURE 2 | Relationship Between IMA and–SH Levels (pooled data, n = 30; Pearson r = −0.54, p = 0.002; line of best fit shown).4 DISCUSSION
The present study provides novel evidence that exercise status is associated with significant differences in both oxidative stress–related and antioxidant defense biomarkers in young women. Specifically, our findings demonstrated markedly higher ischemia-modified albumin (IMA) concentrations and substantially lower total sulfhydryl (–SH) levels in the exercise group compared with sedentary controls, with effect sizes of very large magnitude. These results highlight a dual pattern: on the one hand, exercise status is associated with increased oxidative modifications of serum albumin, as reflected by elevated IMA, while on the other hand, it is associated with reduced plasma thiol availability, as indicated by decreased–SH concentrations. Taken together, these findings suggest that consistent engagement in structured physical activity is associated with systemic profiles that integrate both oxidative stress responses and thiol-dependent antioxidant mechanisms, thereby offering a more comprehensive understanding of exercise-associated physiological differences in women.
The elevation of IMA observed in the exercising women aligns with previous reports that acute and chronic physical activity is associated with modulation of oxidative stress markers. IMA, which reflects the impaired cobalt-binding capacity of albumin under oxidative conditions, has been shown to rise transiently following exhaustive exercise, indicating increased reactive oxygen species (ROS) generation (Lippi et al., 2010). Similar increases have been documented in athletes after competitive events and in recreationally active individuals following moderate-to-vigorous training bouts (Shevtsova et al., 2021). However, chronic exercise profiles are more complex. While some studies suggest that habitual physical activity is associated with enhanced antioxidant defenses and lowered basal oxidative stress (Gómez-Cabrera et al., 2008; Zhao et al., 2018; Longobucco et al., 2022), others, particularly in highly trained athletes, have reported sustained elevations in IMA, possibly reflecting cumulative oxidative challenges or potential adaptive hormesis mechanisms (Akkuş, 2011; Erem et al., 2015). Furthermore, systematic reviews confirm that exercise intensity shapes redox responses, as illustrated by varying oxidative stress biomarker profiles between HIIT and moderate-continuous protocols (Onu et al., 2025), highlighting the dose–response nature of potential hormetic associations.
However, the observed pattern of higher IMA and lower–SH levels could also indicate increased oxidative stress rather than solely enhanced antioxidant defense. Alternative explanations include transient oxidative stress from recent training sessions, incomplete recovery, or dietary factors influencing thiol status. Without additional biomarkers (e.g., superoxide dismutase, catalase, glutathione peroxidase, or lipid peroxidation markers), these findings should be interpreted cautiously. The potential advantageous nature of this profile may lie in hormetic signaling, where controlled oxidative challenges promote long-term adaptations, but this requires further validation.
In parallel, the significant difference in total sulfhydryl (–SH) concentrations found in the present study suggests that exercise status may be associated with increased turnover and utilization of thiol-based antioxidants in response to redox challenges. Previous investigations have indicated that acute bouts of strenuous exercise can transiently deplete plasma thiols due to rapid ROS neutralization, whereas long-term training may be associated with either restored or elevated basal thiol reserves depending on training volume, recovery status, and individual variability (Go and Jones, 2013; Turell et al., 2013). Recent evidence shows that competitive athletes may exhibit seasonal variations in plasma–SH levels, reflecting ongoing thiol utilization in response to training and recovery periods (Montorsi et al., 2018). Moreover, targeted recovery strategies such as antioxidant-rich nutrition have been shown to be associated with accelerated thiol replenishment following exercise-associated depletion (Heaton et al., 2017). Importantly, sex-specific investigations reveal that premenopausal women may show faster recovery of thiol reserves post-exercise compared with men, potentially due to hormonal modulation of redox enzymes (Tzounakas et al., 2020). Our findings, therefore, may reflect a state of heightened oxidative protein modification combined with increased thiol consumption, representing potential differences in redox homeostasis rather than pathological depletion.
The significant difference in–SH concentrations among exercising women observed in this study is consistent with evidence that habitual physical activity is associated with influences on systemic thiol–disulfide homeostasis. Plasma sulfhydryl groups represent a major component of the extracellular antioxidant defense system, and their levels fluctuate in response to oxidative demands. Previous investigations have shown that acute high-intensity or prolonged endurance exercise can transiently be associated with depletion of circulating thiols due to rapid neutralization of reactive oxygen species, while chronic training often is associated with adaptive differences in the thiol pool (Go and Jones, 2013; Turell et al., 2013). However, the direction and magnitude of these associations appear to depend on exercise intensity, recovery status, and population characteristics. For instance, endurance-trained athletes sometimes exhibit reduced basal thiol levels, likely reflecting sustained oxidative turnover, whereas moderately active individuals demonstrate elevated reserves indicative of improved antioxidant capacity (Meng et al., 2023; Finaud et al., 2006). Recent reports also suggest that structured aerobic training can be associated with improved plasma thiol–disulfide balance in adults with metabolic risk factors (Monda et al., 2020). Moreover, thiol-based redox regulation has been identified as a predictor of exercise performance and recovery in elite athletes (Atkinson et al., 2021). Finally, longitudinal evidence indicates that lifestyle interventions combining exercise and dietary modification may synergistically be associated with enhanced systemic thiol status (Min et al., 2020).
Our findings align more closely with the former pattern, indicating that in young women, regular structured training may be associated with persistent thiol consumption rather than accumulation. This difference in–SH may represent a potential adaptive state in which antioxidant resources are continually mobilized to counteract exercise-associated oxidative stress. Importantly, sex-specific hormonal and metabolic factors may further shape these responses, as women have been shown to display distinct redox and antioxidant dynamics compared with men or postmenopausal populations (Pingitore et al., 2015). Recent studies confirm that estrogen status is associated with modulation of thiol–disulfide homeostasis, with premenopausal women showing more favorable antioxidant profiles than men (Erel and Erdoğan, 2020). Furthermore, controlled trials demonstrate that exercise interventions are associated with greater improvements in redox biomarkers in women compared with age-matched men (Di Gioia et al., 2020). Finally, systematic reviews highlight that sex hormones interact with exercise-associated ROS signaling, suggesting unique redox profiles in premenopausal women (Lorenzo et al., 2019). This highlights the need for targeted research on thiol-based associations in premenopausal women engaged in structured physical activity.
The concurrent observation of elevated IMA and reduced–SH concentrations in the exercising women highlights the potential interplay between oxidative stress and thiol-dependent antioxidant defense. Experimental and clinical evidence indicates that the generation of reactive oxygen species during exercise can simultaneously impair protein structure—leading to increased IMA—and consume plasma thiols, thereby lowering–SH reserves (Go and Jones, 2013; Turell et al., 2013). In this context, IMA serves as a marker of oxidative protein modification, while–SH reflects the availability of antioxidant resources to buffer redox challenges. Recent mechanistic work has shown that IMA and thiol–disulfide dynamics are tightly coupled, particularly under exercise-associated oxidative stress conditions (Braga et al., 2018). Moreover, clinical investigations report that combined evaluation of IMA and–SH provides superior diagnostic value for redox imbalance compared with either marker alone (Ermurat et al., 2022). Finally, a 2023 systematic review emphasized the utility of dual biomarker approaches in sports medicine, highlighting IMA and plasma thiols as complementary indices of redox profiles (Margaritelis et al., 2020). The combination of elevated IMA and reduced–SH observed in our study therefore suggests that regular training is associated with a dynamic state of redox differences, characterized by both enhanced oxidative stress signaling and compensatory antioxidant utilization.
Supporting this interpretation, our correlation analysis revealed a significant inverse relationship between IMA and–SH across the total sample, despite no significant associations within groups. This finding suggests that when considered collectively, increased oxidative protein modification is strongly linked to concomitant thiol depletion, further reinforcing the complementary nature of these biomarkers in reflecting exercise-associated redox profiles (Braga et al., 2018; Ermurat et al., 2022). However, the pooled correlation should be interpreted cautiously, as it may primarily reflect between-group differences rather than within-group biomarker coupling, precluding strong ecological inferences about individual-level associations.
This integrative pattern of elevated IMA and reduced–SH may be interpreted within the framework of hormesis, whereby repeated exposure to controlled oxidative stress is associated with long-term potential adaptive benefits, including improved mitochondrial efficiency and heightened resilience to redox imbalance (Powers et al., 2016; Zhao et al., 2018). In this context, the observed dual pattern could represent hormetic signaling specific to exercise-associated ROS, promoting skeletal muscle remodeling and antioxidant enzyme upregulation through intermittent challenges (Di Gioia et al., 2020; Buckley et al., 2016). While causal pathways cannot be confirmed in the present cross-sectional design, these findings provide novel insight into the complex interactions linking exercise-associated oxidative modifications and thiol-dependent antioxidant responses. By evaluating IMA and–SH together, this study underscores the importance of a dual-biomarker approach in capturing the balance between oxidative challenge and antioxidant defense in physically active women.
A key strength of the present study lies in its focus on healthy young women, a population that remains underrepresented in research exploring redox biology and antioxidant responses to exercise. While most previous investigations have examined male athletes or clinical populations with metabolic or oxidative stress–related disorders (Akkuş, 2011), our findings provide valuable sex-specific insights into physiological profiles associated with habitual training. Recent work highlights that female athletes often display distinct antioxidant responses compared with their male counterparts, emphasizing the importance of sex-specific analyses in exercise redox biology (Ansdell et al., 2020). Furthermore, systematic reviews note that studies focusing on women are scarce, with most trials dominated by male participants, underscoring the novelty of examining redox associations in premenopausal women (Nikolaidis et al., 2012). Finally, a 2022 investigation demonstrated that menstrual cycle–related hormonal fluctuations are associated with modulation of plasma antioxidant biomarkers, further supporting the need for sex-specific research designs (Quinn et al., 2021). The rigorous methodological design, including strict inclusion/exclusion criteria, standardized sampling procedures, and robust statistical analyses with effect size estimation, further strengthens the reliability of the results.
Nevertheless, several limitations should be acknowledged. The cross-sectional nature of the study precludes causal inference, and the relatively small sample size limits the generalizability of findings (Sedgwick, 2014). Additionally, important confounders such as menstrual cycle phase, use of oral contraceptives, habitual daily activities in both groups, sleep quality, training intensity and volume, dietary antioxidant intake, smoking habits (despite exclusion), and the time gap between blood collection and the last training session were not recorded or controlled. These factors can significantly influence redox biomarkers, particularly in young women, and may contribute to the observed differences. For instance, luteal-phase sampling could exaggerate IMA elevations due to progesterone-mediated oxidative shifts, while high pre-sampling polyphenol intake might attenuate–SH reductions by bolstering thiol reserves (Quinn et al., 2021). Future studies should incorporate standardized assessments of these variables (e.g., menstrual cycle tracking, dietary logs, actigraphy for sleep, and timed sampling post-recovery) to better isolate exercise-specific associations. Additionally, potential confounders such as dietary antioxidant intake, menstrual cycle phase, and psychosocial stress were not systematically controlled, which may have influenced circulating IMA and–SH levels (Stolc et al., 2025). Future longitudinal studies with larger cohorts, integration of additional redox biomarkers (e.g., total antioxidant capacity, glutathione status, lipid peroxidation markers), and sex-specific analyses are warranted to confirm and extend these findings (Jones and Sies, 2015; Margaritelis et al., 2022).
Overall, the findings of this study indicate that exercise status is associated with measurable differences in both oxidative stress and thiol-dependent antioxidant defense in young women. The simultaneous increase in IMA and decrease in–SH concentrations reflects an integrated physiological profile, suggesting that habitual physical activity is associated with redox homeostasis through both enhanced oxidative protein modification and increased utilization of antioxidant reserves. These outcomes emphasize the importance of considering multiple biomarker systems when evaluating the systemic associations with exercise and provide a strong rationale for further research aimed at elucidating the mechanistic links between oxidative challenges and thiol-based antioxidant responses to training.
5 CONCLUSION
In summary, this study demonstrated that young women engaged in regular structured exercise exhibit significantly higher serum ischemia-modified albumin (IMA) concentrations and markedly lower total sulfhydryl (–SH) levels compared with their sedentary peers. These findings suggest that habitual physical activity is associated with a distinctive physiological profile characterized by enhanced oxidative protein modification alongside increased consumption of thiol-based antioxidant reserves. While elevated IMA values may reflect potential transient increases in oxidative stress, they are likely indicative of potential adaptive hormetic mechanisms rather than detrimental damage, particularly in the context of chronic training. Simultaneously, the reduction in–SH concentrations may represent a dynamic adjustment of plasma antioxidant capacity, reflecting a state of continuous redox differences in physically active women.
Taken together, these results underscore the integrative role of exercise in associations with both oxidative and antioxidant systems, thereby highlighting IMA and–SH as promising complementary biomarkers for monitoring training-related profiles. Importantly, this dual-biomarker approach provides novel insights into the complex interactions between exercise-associated oxidative stress and thiol-dependent antioxidant responses in women, a population often underrepresented in exercise physiology research. From a practical perspective, the identification of sensitive molecular markers responsive to habitual exercise could inform personalized exercise prescription, health monitoring, and preventive strategies aimed at optimizing long-term wellbeing. Nevertheless, future longitudinal and mechanistic studies with larger sample sizes are warranted to clarify causal pathways, account for sex-specific factors, and validate the clinical utility of IMA and–SH as indicators of exercise-associated profiles. In addition, the significant negative correlation between IMA and–SH levels observed in the overall sample highlights their interdependent behavior, emphasizing the value of a dual-biomarker approach for monitoring exercise-associated differences in redox homeostasis.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The studies involving humans were approved by Ethical approval was obtained from the Scientific Research Ethics Committee of Muş Alparslan University, Türkiye (approval no: 27750; 01 November 2021), and the study complied with the Declaration of Helsinki (World Medical Association, 2013). 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
OB: Supervision, Data curation, Writing – original draft, Writing – review and editing, Investigation, Methodology, Software, Conceptualization, Project administration, Resources, Funding acquisition, Visualization, Formal Analysis, Validation. MK: Supervision, Data curation, Investigation, Writing – review and editing, Software, Conceptualization, Methodology, Funding acquisition, Resources, Formal Analysis, Visualization, Validation, Writing – original draft, Project administration. AT: Validation, Visualization, Data curation, Methodology, Formal Analysis, Investigation, Software, Resources, Funding acquisition, Supervision, Project administration, Conceptualization, Writing – original draft, Writing – review and editing. SS: Writing – original draft, Formal Analysis, Project administration, Visualization, Resources, Data curation, Methodology, Validation, Conceptualization, Investigation, Writing – review and editing, Supervision, Funding acquisition, Software. MS: Writing – review and editing, Software, Supervision, Methodology, Conceptualization, Writing – original draft, Formal Analysis, Investigation, Visualization, Resources, Project administration, Data curation, Funding acquisition, Validation. HD: Writing – original draft, Funding acquisition, Formal Analysis, Investigation, Software, Resources, Conceptualization, Visualization, Supervision, Project administration, Writing – review and editing, Data curation, Validation, Methodology. GA: Writing – review and editing, Project administration, Writing – original draft, Methodology, Formal Analysis, Validation, Investigation, Visualization, Supervision, Conceptualization, Software, Resources, Funding acquisition, Data curation. MB: Supervision, Investigation, Visualization, Software, Conceptualization, Funding acquisition, Project administration, Formal Analysis, Writing – review and editing, Methodology, Writing – original draft, Data curation, Resources, Validation. CS: Writing – review and editing, Investigation, Validation, Conceptualization, Project administration, Supervision, Funding acquisition, Writing – original draft, Methodology, Formal Analysis, Visualization, Data curation, Software, Resources. TS: Visualization, Investigation, Resources, Supervision, Software, Validation, Funding acquisition, Conceptualization, Formal Analysis, Project administration, Writing – review and editing, Writing – original draft, Methodology, Data curation. AB: Data curation, Validation, Visualization, Conceptualization, Project administration, Methodology, Supervision, Funding acquisition, Resources, Investigation, Software, Writing – review and editing, Formal Analysis, Writing – original draft.
FUNDING
The authors declare that no financial support was received for the research and/or publication of this article.
CONFLICT OF INTEREST
The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.
GENERATIVE AI STATEMENT
The authors declare that no Generative AI was used in the creation of this manuscript.
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.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2025.1719454/full#supplementary-material
REFERENCES
	Aebi H. (1984). Catalase in vitro. Methods Enzymol. 105, 121–126. doi:10.1016/S0076-6879(84)05016-3

	Akkuş H. (2011). Effects of acute exercise and aerobic exercise training on oxidative stress in young men and women. Afr. J. Pharm. Pharmacol. 5, 1925–1931. doi:10.5897/ajpp11.540

	Altman D. G. (1991). Practical statistics for medical research. London: Chapman & Hall.

	Ansdell P., Thomas K., Hicks K. M., Hunter S. K., Howatson G., Goodall S. (2020). Physiological sex differences affect the integrative response to exercise: acute and chronic implications. Exp. Physiol. 105, 2007–2021. doi:10.1113/EP088548

	Atkinson J., Marquardt D., DiPasquale M., Harroun T. (2021). From fat to bilayers: understanding where and how vitamin E works. Free Radic. Biol. Med. 176, 73–79. doi:10.1016/j.freeradbiomed.2021.09.015

	Bahinipati J., Mohapatra P. C. (2016). Ischemia modified albumin as a marker of oxidative stress in normal pregnancy. J. Clin. Diagn. Res. 10, BC15–BC17. doi:10.7860/JCDR/2016/21609.8454

	Bar-Or D., Lau E., Winkler J. V. (2000). A novel assay for cobalt–albumin binding and its potential as a marker for myocardial ischemia: a preliminary report. J. Emerg. Med. 19, 311–315. doi:10.1016/S0736-4679(00)00255-9

	Booth F. W., Roberts C. K., Laye M. J. (2012). Lack of exercise is a major cause of chronic diseases. Compr. Physiol. 2, 1143–1211. doi:10.1002/cphy.c110025

	Braga F., Pasqualetti S., Panteghini M. (2018). The role of external quality assessment in the verification of in vitro medical diagnostics in the traceability era. Clin. Biochem. 57, 23–28. doi:10.1016/j.clinbiochem.2018.02.004

	Buckley T. A., Oldham J. R., Caccese J. B. (2016). Postural control deficits identify lingering post-concussion neurological deficits. J. Sport Health Sci. 5, 61–69. doi:10.1016/j.jshs.2016.01.007

	Burtis C. A., Bruns D. E. (2014). Tietz fundamentals of clinical chemistry and molecular diagnostics. Elsevier Health Sciences.

	Cohen J. (1988). Statistical power analysis for the behavioral sciences. 2nd ed. Lawrence Erlbaum Associates.

	Di Gioia F., Tzortzakis N., Rouphael Y., Kyriacou M. C., Sampaio S. L. Ferreira I. C. F. R., et al. (2020). Grown to be blue—Antioxidant properties and health effects of colored vegetables. Part II: leafy, fruit, and other vegetables. Antioxidants 9, 97. doi:10.3390/antiox902097

	Ellman G. L. (1959). Tissue sulfhydryl groups. Arch. Biochem. Biophys. 82, 70–77. doi:10.1016/0003-9861(59)90090-6

	Erel Ö., Erdoğan S. (2020). Thiol-disulfide homeostasis: an integrated approach with biochemical and clinical aspects. Turk. J. Med. Sci. 50, 1728–1738. doi:10.3906/sag-2003-64

	Erem C., Suleyman A. K., Civan N., Mentese A., Nuhoglu I. Uzun A., et al. (2015). Ischemia-modified albümin and malondialdehyde levels in patients with overt and subclinical hyperthyroidism: effects of treatment on oxidative stress. Endocr. J. 62, 493–501. doi:10.1507/endocrj.EJ14-0542

	Ermurat S., Güler Kazanci E., Toka D. I., Ayar K., Eren F. K., Neşelioğlu S. (2022). Evaluation of thiol/disulfide hemostasis and serum ischemia modified albumin as oxidative stress biomarkers in systemic lupus erythematosus patients: relationship with major organ involvement and disease activity. Lupus 31, 1355–1366. doi:10.1177/09612033221115628

	Faul F., Erdfelder E., Buchner A., Lang A. G. (2009). Statistical power analyses using g*Power 3.1: tests for correlation and regression analyses. Behav. Res. Methods 41, 1149–1160. doi:10.3758/BRM.41.4.1149

	Field A. (2013). Discovering statistics using IBM SPSS statistics. 4th ed. London: SAGE Publications Ltd.

	Finaud J., Lac G., Filaire E. (2006). Oxidative stress: relationship with exercise and training. Sports Med. 36, 327–358. doi:10.2165/00007256-200636040-00004

	Fraser C. G. (2001). Biological variation: from principles to practice. Washington, DC: AACC Press.

	Go Y. M., Jones D. P. (2013). Thiol/Disulfide redox states in signaling and sensing. Crit. Rev. Biochem. Mol. Biol. 48, 173–181. doi:10.3109/10409238.2013.764840

	Gómez-Cabrera M. C., Domenech E., Viña J. (2008). Moderate exercise is an antioxidant: upregulation of antioxidant genes by training. Free Radic. Biol. Med. 44 (2), 126–131. doi:10.1016/j.freeradbiomed.2007.02.001

	Heaton L. E., Davis J. K., Rawson E. S., Nuccio R. P., Witard O. C. Stein K. W., et al. (2017). Selected in-season nutritional strategies to enhance recovery for team sport athletes: a practical overview. Sports Med. 47, 2201–2218. doi:10.1007/s40279-017-0759-2

	Hu M. L. (1994). Measurement of protein thiol groups and glutathione in plasma. Methods Enzymol. 233, 380–385. doi:10.1016/S0076-6879(94)33044-1

	Jones D. P., Sies H. (2015). The redox code. Antioxid. Redox Signal. 23, 734–746. doi:10.1089/ars.2015.6247

	Jung K. (2006). “Review of tietz textbook of clinical chemistry and molecular diagnostics,”Clin. Chem ed . Editors C. A. Burtis, E. R. Ashwood, D. E. Bruns, 52, 1214. doi:10.1373/clinchem.2005.062638

	Kottner J., Audigé L., Brorson S., Donner A., Gajewski B. J. Hróbjartsson A., et al. (2011). Guidelines for reporting reliability and agreement studies (GRRAS) were proposed. J. Clin. Epidemiol. 64, 96–106. doi:10.1016/j.jclinepi.2010.03.002

	Levene H. (1960). “Robust tests for equality of variances,” in Contributions to probability and statistics: essays in honor of Harold Hotelling ed . Editor I. Olkin (Stanford, CA: Stanford University Press), 278–292.

	Lippi G., Montagnana M., Guidi G. C., Targher G. (2010). Albumin cobalt binding and ischemia-modified albumin generation: an endogenous response to ischemia?Clin. Chim. Acta 411, 1661–1664. doi:10.1016/j.cca.2010.07.001

	Longobucco Y., Masini A., Marini S., Barone G., Fimognari C. Bragonzoni L., et al. (2022). Exercise and oxidative stress biomarkers among adult with cancer: a systematic review. Oxid. Med. Cell. Longev. 2022, 2097318. doi:10.1155/2022/2097318

	Lorenzo S., Babb T. G., Chen Y. (2019). Sex hormones and redox regulation: implications for exercise physiology. Sports Med. 49, 1439–1453. doi:10.1007/s40279-019-01144-1

	Margaritelis N. V., Paschalis V., Theodorou A. A., Kyparos A., Nikolaidis M. G. (2020). Redox basis of exercise physiology. Redox Biol. 35, 101499. doi:10.1016/j.redox.2020.101499

	Margaritelis N. V., Chatzinikolaou P. N., Chatzinikolaou A. N., Paschalis V., Theodorou A. A. Vrabas I. S., et al. (2022). The redox signal: a physiological perspective. IUBMB Life 74, 29–40. doi:10.1002/iub.2550

	Meng Y., Lin W., Wang N., Wei X., Huang Q., Liao Y. (2023). Bazedoxifene-induced ROS promote mitochondrial dysfunction and enhance osimertinib sensitivity by inhibiting the p-STAT3/SOCS3 and KEAP1/NRF2 pathways in non-small cell lung cancer. Free Radic. Biol. Med. 196, 65–80. doi:10.1016/j.freeradbiomed.2023.01.004

	Min H., Youn E., Kim J., Son S. Y., Lee C. H., Shim Y. H. (2020). Effects of phosphoethanolamine supplementation on mitochondrial activity and lipogenesis in a caffeine ingestion Caenorhabditis elegans model. Nutrients 12, 3348. doi:10.3390/nu12113348

	Monda V., Sessa F., Ruberto M., Carotenuto M., Marsala G. Monda M., et al. (2020). Aerobic exercise and metabolic syndrome: the role of sympathetic activity and the redox system. Diabetes Metab. Syndr. Obes. 13, 2433–2442. doi:10.2147/DMSO.S257687

	Montorsi M., Mrakic-Sposta S., Gussoni M., Pratali L., Dellanoce C., Vezzoli A. (2018). Seasonal longitudinal study of oxidative stress and redox status in professional athletes of different sports. React. Oxyg. Species 6, 267–275. Available online at: https://www.rosj.org/index.php/ros/article/view/144.

	Nikolaidis M. G., Kyparos A., Spanou C., Paschalis V., Theodorou A. A., Vrabas I. S. (2012). Redox biology of exercise: an integrative and comparative consideration of some overlooked issues. J. Exp. Biol. 215, 1615–1625. doi:10.1242/jeb.067470

	Onu A., Trofin D. M., Tutu A., Onu I., Galaction A. I. Sardaru D. P., et al. (2025). Integrative strategies for preventing and managing metabolic syndrome: the impact of exercise and diet on oxidative stress Reduction-A review. Life 15, 757. doi:10.3390/life15050757

	Pedersen B. K., Saltin B. (2015). Exercise as medicine – evidence for prescribing exercise as therapy in 26 different chronic diseases. Scand. J. Med. Sci. Sports 25, 1–72. doi:10.1111/sms.12581

	Pingitore A., Lima G. P. P., Mastorci F., Quinones A., Iervasi G., Vassalle C. (2015). Exercise and oxidative stress: potential effects of antioxidant dietary strategies in sports. Nutrition 31, 916–922. doi:10.1016/j.nut.2015.02.005

	Powers S. K., Radak Z., Ji L. L. (2016). Exercise-induced oxidative stress: past, present and future. J. Physiol. 594, 5081–5092. doi:10.1113/JP270646

	Prince S. A., Adamo K. B., Hamel M. E., Hardt J., Gorber S. C., Tremblay M. (2008). A comparison of direct versus self-report measures for assessing physical activity in adults: a systematic review. Int. J. Behav. Nutr. Phys. Act. 5, 56. doi:10.1186/1479-5868-5-56

	Quinn K. M., Cox A. J., Roberts L., Pennell E. N., McKeating D. R. Fisher J. J., et al. (2021). Temporal changes in blood oxidative stress biomarkers across the menstrual cycle and with oral contraceptive use in active women. Eur. J. Appl. Physiol. 121, 2607–2620. doi:10.1007/s00421-021-04734-0

	Radak Z., Zhao Z., Koltai E., Ohno H., Atalay M. Ferreira I. C. F. R., et al. (2020). Grown to be blue-antioxidant properties and health effects of colored vegetables. Part II: leafy, fruit, and other vegetables. Antioxidants 9, 97. doi:10.3390/antiox9020097

	Razali N. M., Wah Y. B. (2011). Power comparisons of Shapiro–Wilk, Kolmogorov–Smirnov, Lilliefors and Anderson–Darling tests. J. Stat. Model. Anal. 2, 21–33.

	Sbarouni E., Georgiadou P., Voudris V. (2011). Ischemia modified albumin changes – review and clinical implications. Clin. Chem. Lab. Med. 49, 177–184. doi:10.1515/CCLM.2011.037

	Sedgwick P. (2014). Cross sectional studies: advantages and disadvantages. BMJ 348, g2276. doi:10.1136/bmj.g2276

	Shevtsova A., Gordiienko I., Tkachenko V., Zlatska A. (2021). Ischemia-modified albumin: origins and clinical implications. Dis. Markers 2021, 9945424. doi:10.1155/2021/9945424

	Stolc V., Preto O., Karhanek M., Freund F., Griko Y. Loftus D. J., et al. (2025). RNA-DNA differences: redox stress, genomic instability, and implications for human health. Antioxidants . doi:10.3390/antiox14050544

	Suzuki Y., Tanaka R., Oyama N., Nonoshita K., Hashinaga K. Umeki K., et al. (2017). Sensitive and selective quantification of total and free itraconazole and hydroxyitraconazole in human plasma using ultra-performance liquid chromatography coupled to tandem mass spectrometry. Clin. Biochem. 50, 1228–1236. doi:10.1016/j.clinbiochem.2017.09.011

	Tsikas D., Frölich J. C., Kielstein J. T. (2004). Nitric oxide synthesis in chronic renal failure. Are plasma S-nitrosothiol levels elevated?Clin. Chim. Acta 339, 195–197. doi:10.1016/j.cccn.2003.09.014

	Turell L., Radi R., Alvarez B. (2013). The thiol pool in human plasma: the central contribution of albumin to redox processes. Free Radic. Biol. Med. 65, 244–253. doi:10.1016/j.freeradbiomed.2013.05.050

	Tzounakas V. L., Anastasiadi A. T., Drossos P. V., Karadimas D. G., Valsami S. É. Stamoulis K. E., et al. (2020). Sex-related aspects of the red blood cell storage lesion. Blood Transfus. 19, 224–236. doi:10.2450/2020.0141-20

	Von Elm E., Altman D. G., Egger M., Pocock S. J., Gøtzsche P. C. Vandenbroucke J. P., et al. (2007). The strengthening the reporting of Observational Studies in Epidemiology (STROBE) statement: guidelines for reporting observational studies. Lancet 370, 1453–1457. doi:10.1016/S0140-6736(07)61602-X

	World Medical Association (2013). World Medical Association Declaration of Helsinki: ethical principles for medical research involving human subjects. JAMA 310, 2191–2194. doi:10.1001/jama.2013.281053

	Young D. S. (2001). Effects of preanalytical variables on clinical laboratory tests. 2nd ed. Washington, DC: AACC Press.

	Zhao X. J., Yu H. W., Yang Y. Z., Wu W. Y., Chen T. Y. Jia K. K., et al. (2018). Polydatin prevents fructose-induced liver inflammation and lipid deposition through increasing miR-200a to regulate Keap1/Nrf2 pathway. Redox Biol. 18, 124–137. doi:10.1016/j.redox.2018.07.002


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.
Copyright © 2025 Bilici, Kahraman, Türker, Seyhan, Sahin, Demir, Acar, Bilici, Soylu, Söğüt and Bakum. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Effects of regular exercise on ischemia-modified albumin and total sulfhydryl levels in young women: a cross-sectional study		Background

		Methods

		Results

		Conclusion

		Clinical Trial Registration

		1 INTRODUCTION

		2 MATERIALS AND METHODS		2.1 Study design and ethics

		2.2 Participants

		2.3 Training characteristics

		2.4 Blood collection and sample processing

		2.5 Biochemical analyses

		2.6 Ischemia-modified albumin (IMA)

		2.7 Total sulfhydryl (–SH)

		2.8 Reliability and quality control

		2.9 Bias and confounding

		2.10 Statistical analysis





		3 RESULTS

		4 DISCUSSION

		5 CONCLUSION

		DATA AVAILABILITY STATEMENT

		ETHICS STATEMENT

		AUTHOR CONTRIBUTIONS

		FUNDING

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		SUPPLEMENTARY MATERIAL

		REFERENCES









OPS/images/cover.jpg
@ frontiers | Frontiers in Physiology






OPS/images/fphys-16-1719454-g001.jpg
Serum Concentration (Mean £+ SD)

95% CI: 0.77 - 2.52
Cohen's d = 1.65
p < 0.001

Bl Exercise Group
I Control Group
95% Cl: -2.78 - -0.97

Cohen's d = -1.88
p < 0.001

0.8

0.6

IMA -SH





OPS/images/fphys-16-1719454-g002.jpg
Total Sulfhydryl (-SH, mmol/L)

.500

.475

.450

.425

.400

.375

.350

.325

.300

Exercise
Control

0.50 0.55 0.60 0.65 0.70 0.75 0.80
Ischemia-Modified Albumin (IMA, ABSU)

0.85









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
¥ frontiers | Frontiers in Physiology





