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Investigation of Serum Nuclear Factor 
Erythroid 2–Related Factor 2 Levels, Oxidative 
Stress Parameters, and Thiol-Disulfide 
Homeostasis in Patients with Fibromyalgia

ABSTRACT

Background/Aims: In order to delineate the involvement of oxidative stress 
in fibromyalgia syndrome (FMS), this investigation analyzed systemic bio-
markers—including nuclear factor erythroid 2 (Nrf2), total antioxidant 
status (TAS), total oxidant status (TOS) and thiol-disulfide equilibrium—in 
female patients with FMS and a reference group of healthy subjects. It 
was investigated how the patient group’s clinical characteristics, oxidative 
stress metrics, and Nrf2 levels related to one another. To date, no published 
studies have assessed serum Nrf2 levels in patients with FMS.

Materials and Methods: The study enrolled 50 healthy female participants 
and 60 FMS patients. Participants were evaluated using the Visual Analog 
Scale (VAS), Fibromyalgia Impact Questionnaire (FIQ), Beck Depression 
Scale (BDS), Beck Anxiety Scale (BAS), Pittsburgh Sleep Quality Index (PSQI), 
Fatigue Severity Scale (FSS), the DN4 Neuropathic Pain Questionnaire, and 
the count of tender points (TP). Nrf2 level was measured by Enzyme-linked 
immunosorbent assay method, TAS, TOS, native thiol (NT), total thiol (TT), 
and disulfide levels were measured by spectrophotometric method.

Results: In comparison with the reference group of healthy subjects, 
patients with FMS displayed significantly elevated values in TP count, FIQ, 
BDS, BAS, PSQI, FSS, VAS, DN4, TAS, and TOS (P < .001). Conversely, levels 
of serum Nrf2 were markedly reduced in the FMS group (P < .001). The 
DN4 scores were negatively and significantly correlated with Nrf2 concen-
trations (P = .049).

Conclusion: The results point to a possible role for Nrf2 in the pathophysi-
ology of FMS and may help identify and treat the condition, especially in 
individuals with neuropathic pain complaints. These findings are promis-
ing, as they indicate that the use of Nrf2 activators may be considered in 
patients with low Nrf2 levels. The potential utility of Nrf2-activating agents 
in such subgroups warrants further investigation.

Keywords: Fibromyalgia, musculoskeletal system disorders, nuclear factor 
erythroid 2-related factor 2, thiol-disulfide balance, total antioxidant status

Introduction

Fibromyalgia syndrome is a long-standing disorder marked by widespread 
pain affecting muscles and joints, heightened tenderness at particular ana-
tomical points, and a range of associated symptoms such as sleep-related 
problems, impaired concentration and memory, and fatigue.1 Although its 
precise pathophysiology remains elusive, contributing factors are believed 
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to include neurohormonal and environmental influ-
ences, genetic predisposition, stress, trauma, infections, 
and particularly, oxidative stress.2 Multiple studies have 
reported enhanced oxidative damage and impaired anti-
oxidant responses in individuals with FMS.3,4

Nuclear factor erythroid 2–related factor 2 (Nrf2), a key 
transcription factor, modulates the expression of genes 
responsible for the production of antioxidative proteins 
and detoxification enzymes within the cell. This pathway 
is fundamental to protecting cells from oxidative injury 
and ensuring their survival. Nuclear factor erythroid 2–
related factor 2 is continuously degraded in the cytoplasm 
by inhibition of the Keap1 protein, but during oxidative 
stress, oxidative alteration of the cysteine 151 residue of 
Keap1 and/or phosphorylation of the serine 40 region of 
Nrf2 via protein kinase C disrupts the Keap1-Nrf2 interac-
tion. Upon disruption of this interaction, the released Nrf2 
moves into the nucleus, where it associates with the anti-
oxidant response element region and then triggers the 
transcription of genes it governs. This mechanism pro-
tects cells from oxidative stress, free radical damage, and 
apoptosis, thereby supporting cellular survival.5

It has been shown that impairments in Nrf2 activity may 
additionally take part in the etiopathogenesis of vari-
ous additional chronic pain and inflammatory diseases. 
Hence, it is considered that systemic Nrf2 responses may 
be effective in FMS through similar mechanisms. In par-
ticular, the well-established imbalance in FMS between 
increased oxidative stress and insufficient antioxidant 
defense suggests that Nrf2 levels may serve as a bio-
chemical marker reflecting this dysregulation. In this 
context, measuring serum Nrf2 levels not only provides 
indirect insight into the activation status of the antioxi-
dant response but may also provide deeper insight into 
the role of this factor in the underlying mechanisms of 
FMS.6 However, to date, serum Nrf2 concentrations have 
not been evaluated in individuals with FMS in any pub-
lished studies.

The present work intended to assess serum Nrf2 con-
centrations and oxidative stress parameters in those 
diagnosed with FMS and to explore the potential associa-
tions between these biomarkers and the clinical features 
of the condition. The findings are intended to enhance 
the understanding of the oxidative mechanisms in FMS 

and offer a foundation for developing novel diagnostic or 
therapeutic strategies.

Materials and Methods

Fifty healthy female controls and 60 female patients 
with FMS, diagnosed based on the 2016 ACR criteria, 
were enrolled in this cross-sectional research. Subjects 
were enrolled through the Physical Medicine and 
Rehabilitation and Rheumatology outpatient clinics at 
Gaziantep University Research and Application Hospital 
in 2023. All participants completed an “Informed 
Consent Form” following their education about the 
project. The 2008 Helsinki Declaration was followed 
throughout the conduct of the investigation. Ethical 
approval was granted by the Ethics Committee of 
Gaziantep University Faculty of Medicine on 11.05.2022 
with decision number 2022 136. The Scientific Research 
Projects Unit of Gaziantep University provided funding 
for this work (Project Number: TF.UT.22.78). The following 
were the study’s exclusion criteria: chronic renal failure, 
nephrotic syndrome, malnutrition, chronic liver disease, 
or other diseases that could cause significant hypoalbu-
minemia and affect the thiol pool, such as those that 
could influence oxidative parameters; inflammatory 
rheumatologic diseases; endocrinological diseases like 
arterial hypertension and diabetes mellitus; a history of 
malignancy; local or systemic infections experienced in 
the last 3 months; smoking and alcohol consumption; 
pregnancy and breastfeeding; and the use of vitamin 
supplements known to have antioxidant effects, such as 
vitamins A, C, D, E, and omega-3 fatty acids, within the 
past month.

The study only included female participants because 
the prevalence of FMS is considerably higher in females, 
and male participants were excluded in order to control 
for the effects of biological differences such as hormone 
levels.7 In addition, this study enrolled exclusively female 
participants given that the condition exhibits more evi-
dent clinical features in women. This restriction is impor-
tant for methodological consistency.

The demographic data and information such as anthro-
pometric measurements of the participants were docu-
mented in the “Participant Information Form.” Pain levels 
in all participants were scored according to the VAS; 
disease burden was evaluated using the FIQ; emotional 
status was evaluated using the BDS and BAS; sleep dis-
turbances were measured using the PSQI; fatigue levels 
were evaluated with the FSS; and neuropathic pain sever-
ity was determined using the Douleur Neuropathique 
4 (DN4) questionnaire. Additionally, the number of TP 
for each participant was recorded by a single physician 
using digital palpation with a pressure of 4 kg/cm².8

Visual Analog Scale, a reliable and valid assessment tool 
that is frequently used in clinical studies, was used to 
assess pain. Absence of pain was evaluated with a score 

MAIN POINTS
•	 Levels of serum Nrf2 were found to be markedly 

reduced in the FMS group.
•	 Nrf2 values were inversely correlated with DN4 neu-

ropathic pain scores.
•	 It is considered that Nrf2 contributes to understand-

ing the underlying mechanisms of FMS and may 
help in the diagnostic evaluation and management 
of this condition, particularly in individuals with neu-
ropathic pain complaints.
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of 0 and the most severe pain was evaluated with a 
score of 10. Subjects were requested to assess their pain 
level via this scale.9 The psychometric properties of the 
Turkish version of the FIQ, demonstrated by Sarmer 
et  al, evaluates aspects including physical abilities, 
sense of wellness, inability or difficulty in working, sever-
ity of pain, fatigue (including morning fatigue), and psy-
chological symptoms such as depression and anxiety.10 
The BDI was used to identify the existence of depression 
in patients and to assess its severity. A Turkish version 
was developed by Hisli in 1989.11 The BAS was devel-
oped in 1988 by Beck et al to measure anxiety levels in 
patients. It was translated and culturally adapted for use 
in Turkish in 1998 by Ulusoy et al.12 The PSQI was devel-
oped in 1989 by Buysse et  al to measure sleep quality 
and sleep-related disturbances.13 Its psychometric prop-
erties in Türkiye were studied in 1996 by Ağargün et al, 
and it was adapted into Turkish.14 The psychometric 
properties of the FSS, which was developed to measure 
fatigue in individuals, were studied by Armutlu et al and 
adapted into Turkish.15 A study assessing its psychomet-
ric properties in Türkiye was carried out by Çevik et al. 
The DN4 questionnaire is used in the evaluation of neu-
ropathic pain.16

Biochemical Analysis
Venous blood samples collected from both groups were 
collected in EDTA-containing tubes and centrifuged 
at 4000×g in the biochemistry laboratory. The resulting 
serum samples were transferred to Eppendorf tubes and 
stored in a deep freezer at −80°C until analysis.

Total Antioxidant Status Assay
The total antioxidant status (TAS) was measured via a 
completely automated technique introduced by Erel. 
In this assay, the Fe²+-O-dianisidine complex reacts with 
hydrogen peroxide (H₂O₂) via a Fenton-type reaction 
to generate hydroxyl radicals. At low pH, these radicals 
oxidize the colorless o-dianisidine molecule, leading 
to the formation of yellow-brown dianisidyl radicals. 
Antioxidants present in the sample inhibit this oxidation, 
reducing color development. TAS levels were determined 
spectrophotometrically using an automated analyzer 
(Beckman Coulter AU480) with a commercial TAS kit 
(Rel Assay DC, Gaziantep, Türkiye), and outcomes were 
reported as mmol Trolox equivalents per liter.

Total Oxidant Status Assay
The assessment of total oxidant status (TOS) was car-
ried out using Erel’s completely automated colorimet-
ric technique. In this technique, oxidative agents in the 
specimen oxidize the Fe²+-O-dianisidine complex into 
ferric ions, which then react with xylenol orange in an 
acidic environment to generate a colored compound. 
The intensity of color, proportional to oxidant levels, was 
measured spectrophotometrically. The TOS was reported 
as µmol H₂O₂ equivalent per liter using a commercial kit 
(Rel Assay DC, Gaziantep, Türkiye) on a Beckman Coulter 
AU480 analyzer.

Measurement of Serum Thiol-Disulfide Homeostasis 
Parameters
Serum thiol-disulfide homeostasis parameters were evalu-
ated using a completely automated technique developed 
by Erel and Neselioğlu. Analyses were conducted on a 
Beckman Coulter AU480 autoanalyzer using commercial 
kits for TT and NT measurement (Rel Assay DC, Gaziantep, 
Türkiye). This technique involves the reduction of dynamic 
disulfide bonds to active thiol groups via sodium boro-
hydride (NaBH₄). Surplus NaBH₄ is eliminated using 
formaldehyde. TT and NT groups react with 5,5’-dithio-
bis-(2-nitrobenzoic acid) (DTNB), and disulfide levels are 
computed as half the difference between TT and NT con-
centrations. Findings were expressed in µmol/L. Disulfide/
NT, disulfide/TT, and NT/TT ratios were further computed.

Nrf2 concentrations were measured using a competi-
tive enzyme-linked immunosorbent assay technique. (BT 
LAB, Jiaxing Korain Biotech Co., Ltd, Jiaxing, Zhejiang, 
China 314021; Cat. No: E3244Hu).

Statistical Analysis
The G*Power 3.9.1 software (Heinrich Heine University 
Düsseldorf; Düsseldorf, Germany) was used for power 
analysis, and a moderate effect size (Cohen’s d = .5), based 
on serum Nrf2 levels, was assumed with a significance 
level of 0.05 and a power of 80%. Additionally, effect sizes 
(Cohen’s d) were calculated for significant between-
group comparisons.

Descriptive statistics are summarized as mean ± stan-
dard deviation for continuous variables and as frequen-
cies (percentages) for categorical data. The Shapiro–Wilk 
test was applied to check the normality of numerical 
variables. Group comparisons were carried out using the 
independent-samples t-test for normally distributed vari-
ables and the Mann–Whitney U test for non-normal data. 
Differences between categorical variables were examined 
using the chi-square test. Correlations among numerical 
parameters were analyzed with Spearman’s rank correla-
tion coefficient. All analyses were conducted using IBM 
SPSS Statistics for Windows, version 22.0 (IBM SPSS Corp.; 
Armonk, NY, USA). A P-value < .05 was regarded as statis-
tically significant. No AI tool was used during the prepara-
tion of the manuscript.

Results

Participants had a mean age of 42.53 ± 8.45 years (range: 
37-48.5) in the patient group and 39.34 ± 9.4 years (range: 
32-44) in the reference group of healthy subjects, with no 
significant difference between them (P = .063). Similarly, 
the median body mass index (BMI) values were 26.76 (IQR: 
24.52-30.84) in the FMS group and 25.87 (IQR: 23.74-29.24) 
in controls (P = .193), indicating no significant intergroup 
difference in BMI (Table 1). The duration of illness among 
patients averaged 76.3 ± 64.32 months (range: 24-120).

Table 2 summarizes the comparisons between the 
groups regarding oxidative stress markers and clinical 
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assessment scores. No statistically significant differences 
were detected in oxidative stress index (OSI), TT, NT, disul-
fide levels, or in the ratios of NT/TT, disulfide/TT, and NT/
disulfide (P > .05 for all).

Conversely, significant group differences were found 
in a range of clinical and biochemical parameters, 
including the total of TP, symptom severity scale (SSS), 
widespread pain index (WPI), Fibromyalgia Severity 
Scale (FMSS), FIQ, BDS, BAS, PSQI, FSS, DN4 question-
naire, VAS pain scores, TAS, TOS, and Nrf2 levels (P < .05 
for all). Median values for these variables were nota-
bly higher in the patient group, except for Nrf2 levels, 

which were significantly reduced as opposed to con-
trols (P < .001).

Within-group correlation analyses further indicated no 
significant correlations between Nrf2 levels and TAS, 
TOS, OSI, TT, NT, disulfide, or related ratios in the patient 
group (P > .05). However, in the control group, Nrf2 con-
centrations showed significant correlations with the NT/
TT, disulfide/TT, and NT/disulfide ratios (P < .05), as shown 
in Table 3.

Among patients, a significant but weak inverse correla-
tion was identified between DN4 scores and Nrf2 levels 

Table 1.  The Age (in Years) and Body Mass Index of Individuals in the Patient and Control Groups

Variables
Patient Control

PMean ± SD Median (Q1-Q3) Mean ± SD Median (Q1-Q3)
Age (years) 42.53 ± 8.45 43 (37-485) 39.34 ± 9.4 38.5 (32-44) .063§

BMI 28.12 ± 5.24 26.76 (24.52-30.84) 26.69 ± 4.33 25.87 (23.74-29.24) .193‡

BMI, body mass index.
‡Mann–Whitney U-test.
§Student’s t-test.
*P < .05.

Table 2.  Findings of the Comparison of Clinical and Oxidative Stress Parameters Between the Patient and Control Groups

Variables
Patient Control

P Cohen’s dMean ± SD Median (Q1-Q3) Mean ± SD Median (Q1-Q3)
TP 13.75 ± 3.96 14.5 (12-17) 4.32 ± 2.94 ​ < .001* ​
SSS 10.02 ± 1.77 10 (9-11) 3.66 ± 2.23 ​ < .001*‡ ​
WPI 13.18 ± 3.72 14 (10-16) 2.28 ± 0.97 ​ < .001*‡ ​
FMSS 23.2 ± 4.73 24.5 (19-27) 5.94 ± 2.66 4.5 < .001*‡ 4.50
FIQ 68.69 ± 15.44 69.57 (59.94-78.46) 33.85 ± 21.01 1.89 < .001*‡ 1.89
BDS 23.08 ± 11.23 20 (14.5-30.5) 9.24 ± 7.03 ​ < .001*‡ ​
BAS 30.53 ± 13.88 30 (18.5-43) 11.24 ± 9.07 ​ < .001*‡ ​
PSQI 8.97 ± 4.11 8 (6.5-11) 5.1 ± 3.14 ​ < .001*‡ ​
FSS 6.07 ± 1.18 6.56 (5.5-7) 3.82 ± 1.86 ​ < .001*‡ ​
DN4 4.17 ± 2.08 4 (3-6) 1.52 ± 1.57 1.44 < .001*‡ 1.44
VAS 8 ± 1.62 8 (7-10) 1.68 ± 2.21 3.26 < .001*‡ 3.26
TAS (millimol/L) 1.6 ± 0.37 1.55(1.36-1.73) 1.32 ± 0.23 0.91 < .001*‡ 0.91
TOS (micromole/L) 9.77 ± 1.31 9.85 (8.68- 10.7) 8.11 ± 1.53 1.17 < .001*‡ 1.17
OSI 0.63 ± 0.13 0.62 (0.53- 0.72) 0.62 ± 0.14 ​ .784§ ​
TT 377.11 ± 80.4 358.9 (320.35- 408.1) 363.19 ± 71.33 ​ .479‡ ​
NT 207.34 ± 35.22 199.15 (186.15-219.9) 206.46 ± 33.07 ​ .986‡ ​
Disulfide (-S-S-) 84.88 ± 33.53 78.83 (61.45- 105.85) 78.36 ± 31.96 ​ .368‡ ​
NT/TT (% ) 54.98 ± 9.73 58.06 (48.79- 61.6) 58.15 ± 10.67 ​ .346§ ​
Disulfide/TT (%) 22.50 ± 4.86 20.97 (19.2- 25.6) 20.92 ± 5.34 ​ .346§ ​
NT/Disulfide (% ) 244.27 ± 129.75 276.94 (190.6- 320.86) 317.26 ± 173.51 ​ .346‡ ​
Nrf2 (ng/mL) 17.98 ± 12.97 12.64 (10.28- 18.1) 30.79 ± 20.45 0.75 < .001*‡ 0.75

BAS, Beck Anxiety Scale; BDS, Beck Depression Scale; BMI, body mass index; DN4, Douleur Neuropathique 4 questionnaire; FIQ, Fibromyalgia 
Impact Questionnaire; FMSS, Fibromyalgia Severity Scale; FSS, Fatigue Severity Scale; Nrf2, nuclear factor erythroid 2–related factor 2; NT, 
native thiol; OSI, oxidative stress index; PSQI, pittsburgh sleep quality index; SSS, symptom severity scale; TT, total thiol; TAS, total antioxidant 
status; TOS, total oxidant status; TP, tender points; VAS, Visual Analog Scale; WPI, widespread pain index.
‡Mann-Whitney U test; §Student’s t-test.
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(r = −.255, P = .049), indicating that higher neuropathic pain 
severity was modestly associated with reduced Nrf2 levels.

Discussion

This present research revealed decreased serum Nrf2 lev-
els among FMS patients when contrasted with healthy 
participants. As Nrf2 was assessed exclusively at the sys-
temic serum level, this finding should be interpreted as 
an indicator of altered antioxidant regulation rather than 
evidence of a specific genetic or intracellular molecular 
mechanism. To the best of knowledge, this is the first 
study to investigate serum Nrf2 concentrations in indi-
viduals with FMS, thereby contributing novel data to the 
existing literature. Although previous studies have exam-
ined parameters such as TAS, TOS, OSI, NT, and TT, the 
assessment of Nrf2 provides a novel and valuable contri-
bution to the existing knowledge.3,17,18

The presence of neuroinflammation in FMS has been 
investigated in numerous previous studies. As demon-
strated in research performed by Gür et al, significantly 
elevated circulating concentrations of IL-8 and IL-2 recep-
tors were found in 81 patients with FMS relative to the 
reference group of healthy subjects.19 Similarly, Backryd 
et  al (2017) demonstrated increased concentrations of 
IL-6 and IL-8 in both cerebrospinal fluid (CSF) and plasma 
of FMS patients, providing evidence for coexisting neu-
roinflammatory and systemic inflammatory processes.20 

Furthermore, Albrecht et al (2019) reported increased con-
centrations of [11C] PBR28 in the cortex of FMS patients, 
a finding indicative of heightened microglial and astro-
cytic activity.21 Although inflammatory mediators were 
not directly assessed in the present study, these findings 
provide relevant background for interpreting systemic 
alterations in redox-related biomarkers observed in FMS.

The Nrf2–Keap1 signaling cascade plays a pivotal role 
in protecting cells from oxidative injury. Nrf2 is widely 
recognized as a regulator of antioxidant responses and 
redox homeostasis.5 The effects of Nrf2 on neuroinflam-
mation have been extensively investigated in the litera-
ture. In an animal study conducted in 2008, wild-type and 
Nrf2-knockout mice exposed to lipopolysaccharide (LPS)-
induced inflammation were compared. Marked eleva-
tions in F4/80 mRNA and protein levels, together with 
iNOS, IL-6, and TNF-α, were detected in Nrf2-deficient 
mice. Additionally, sulforaphane (SFN), a natural activator 
of Nrf2, was shown to reduce microglia-derived neuroin-
flammation and cytokine levels. The data demonstrate 
that Nrf2 deficiency increases susceptibility to inflamma-
tion, and that Nrf2 activation may represent a potential 
therapeutic strategy.22

There is strong evidence indicating the existence of a neu-
ropathic pain element in the underlying mechanisms of 
FMS. This evidence includes reductions in inhibitory neu-
rotransmitters (serotonin, dopamine, norepinephrine), 
elevations in mediators of nociceptive signaling such as 
substance P and glutamate, manifestations of periph-
eral and central sensitization,23-31 and dysfunction within 
the autonomic nervous system.30 Additionally, impaired 
nerve conduction, small fiber neuropathy, and elevated 
scores on neuropathic pain evaluation scales have been 
reported in FMS patients.30-35 In a study comparing 27 FMS 
patients and a reference group of 30 healthy subjects, 
small fiber neuropathy was identified in 41% of patients, 
and both Michigan Neuropathy Screening Instrument 
and Utah Early Neuropathy Scale scores were markedly 
elevated compared with controls.18

The findings of the study revealed a marked reduction in 
serum Nrf2 levels in FMS patients compared with healthy 
controls (between-group comparison, P < .001). In addi-
tion to Nrf2, significant between-group differences were 
observed across a broad range of clinical parameters, 
including FIQ, VAS pain scores, BDS, BAS, PSQI, FSS, DN4, 
TAS, and TOS (all P < .001). These group-level differences 
indicate that FMS patients exhibited not only greater oxi-
dative stress and lower antioxidant-related Nrf2 levels but 
also substantially higher disease burden in terms of pain 
intensity, functional impairment, depressive and anxiety 
symptoms, sleep disturbance, and fatigue compared 
with healthy controls. The co-occurrence of elevated oxi-
dative stress markers and heightened clinical severity 
in FMS patients is consistent with the broader literature 
suggesting that oxidative imbalance may contribute to 
the multidimensional symptom burden of FMS. When 

Table 3.  Findings Regarding the Relationship Between 
Nrf2 Levels and Oxidative Stress Parameters in the Control 
Group

​ Nrf2 (ng/mL)
TAS (millimol/L) r .018

P .902
TOS (micromole/L) r −.073

P .615
OSI r −.159

P .270
TT r −.192

P .181
NT r .108

P .457
Disulfide (-S-S-) r −.241

P .091
NT/TT (%) r .287*

P .044
Disulfide/TT (%) r −.287*

P .044
NT/disulfide (%) r .287*

P .044
NT, native thiol; OSI, oxidative stress index; TAS, total antioxidant sta-
tus; TT, total thiol; TOS, total oxidant status.
*P < .05: Spearman correlation analysis.
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within-group correlation analyses were performed in the 
patient group to examine whether serum Nrf2 levels were 
directly associated with individual clinical variables, a sig-
nificant but weak inverse correlation was identified only 
between Nrf2 levels and DN4 neuropathic pain scores 
(r = −.255, P = .049). It is important to note that, unlike the 
significant between-group differences observed for mul-
tiple clinical variables, the within-group correlation analy-
ses did not reveal significant correlations between serum 
Nrf2 levels and other clinical or psychometric measures, 
including fatigue (FSS), anxiety (BAS), depressive symp-
toms (BDS), overall disease impact (FIQ), or general pain 
intensity (VAS) within the FMS group. This distinction 
is critical: while FMS patients as a group displayed sig-
nificantly higher scores on these scales and significantly 
lower Nrf2 levels compared with healthy controls, the 
individual variation in Nrf2 levels within the patient group 
was not significantly associated with variations in these 
clinical parameters. The absence of within-group correla-
tions does not contradict the observed between-group 
differences; rather, it suggests that although Nrf2 reduc-
tion is a feature of FMS at the group level, its degree of 
reduction within the patient group appears to be specifi-
cally related to the neuropathic pain component rather 
than to the overall symptom burden. This pattern implies 
a degree of clinical specificity, suggesting that the neu-
ropathic pain dimension of FMS, as assessed by the DN4 
questionnaire, may be more closely linked to altered 
serum Nrf2 levels than to other symptom domains.36-38

Serum Nrf2 levels and thiol/disulfide ratios in the con-
trol group showed minor relationships with borderline 
statistical significance. The low correlation coefficient, 
however, implies that the strength of this association 
is constrained. In healthy individuals, oxidative stress 
markers are generally well regulated, and parallel 
changes between different redox parameters may not 
be expected. In addition, the relatively small sample size 
and the use of single time-point serum measurements 
may have contributed to the weak correlations observed. 
Therefore, these findings should be interpreted with cau-
tion and considered exploratory, and they do not change 
the main interpretation of the study, which is focused on 
disease-related alterations in the FMS group.

In the literature, oxidative stress and inflammation have 
been shown to serve critical functions in the underlying 
mechanism of neuropathic pain, and Nrf2 has been iden-
tified as a modulator of both pathways. Therefore, inves-
tigating the Nrf2 pathway in FMS subgroups exhibiting 
a neuropathic pain profile is crucial for elucidating the 
pathogenesis and developing novel therapeutic strate-
gies. However, causal correlations or mechanistic infer-
ences cannot be proven because of the cross-sectional 
design and the exclusive evaluation of serum biomarkers.

One of the major limitations of the study is the assess-
ment of Nrf2 levels exclusively in serum, without evalu-
ating tissue-level expression. It is anticipated that future 

studies incorporating tissue-level analyses may provide 
more meaningful insights. Additionally, the inclusion 
of only female participants, the cross-sectional design, 
and the limited number of molecular markers reduce 
the generalizability of the findings. Nevertheless, as the 
first study to investigate this issue, it is expected to guide 
future comprehensive research.

In conclusion, serum Nrf2 levels may represent a measur-
able biomarker that could be used in the diagnosis and 
therapeutic management of FMS patients, particularly 
those with a neuropathic pain component. Accordingly, 
further comparative studies involving larger and more 
diverse patient populations, as well as evaluations of 
both serum and tissue levels, are warranted. Moreover, 
well-designed controlled trials assessing the therapeutic 
efficacy of Nrf2 activators are needed, as they may pro-
vide significant contributions to the literature and open 
new avenues in patient management.
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