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Oxidative stress markers in
bipolar disorder and first-degree
relatives: differential associations
of ischemia-modified albumin
and superoxide dismutase

Ece Buyuksandalyaci Tunc1*, Burcu Kok Kendirlioglu1,
Hidayet E. Arat-Çelik1, Esma Corekli Kaymakci1, Serhat Tunc2,
Suat Kucukgoncu1, Salim Neselioglu3 and Ozcan Erel3

1Department of Psychiatry, Faculty of Medicine, Maltepe University, Maltepe, Türkiye, 2Department of
Psychiatry, Faculty of Medicine, Yeditepe University, İstanbul, Türkiye, 3Department of Clinical
Biochemistry, Faculty of Medicine, Ankara Yıldırım Beyazıt University, Ankara, Türkiye
Background: Oxidative stress has been implicated in the pathophysiology of

bipolar disorder (BD), potentially contributing to neuroprogression and cellular

dysfunction. However, whether specific oxidative stress markers reflect disease

expression or familial vulnerability remains unclear. This study aimed to evaluate

thiol-disulfide homeostasis (TDH), ischemia-modified albumin (IMA), ferroxidase,

and superoxide dismutase (SOD) levels in patients with BD, their unaffected first-

degree relatives (FDRs), and healthy controls (HCs).

Methods: In this cross-sectional study, 50 patients with BD, 40 unaffected FDRs,

and 50 HCs were included. Psychiatric diagnoses were confirmed using SCID-5,

and remission was defined by YoungMania Rating Scale and Hamilton Depression

Rating Scale scores <7. Fasting blood samples were analyzed for TDH parameters,

IMA, ferroxidase, and SOD. Group differences were assessed using appropriate

statistical tests, and multivariable linear regression analyses were performed,

adjusting for age, sex, smoking status, and body mass index. Additional models

further adjusted for medication use. Receiver operating characteristic (ROC)

analyses were conducted to evaluate discriminative performance.

Results: IMA levels were significantly higher in BD patients than in HCs and

remained significant after adjustment for potential confounders (b = 0.17, p =

0.007). No significant difference in IMA levels was observed between FDRs and

HCs. SOD levels were significantly elevated in both BD (b = 0.37, p = 0.015) and

FDR groups (b = 0.41, p = 0.009) compared with HCs. After additional adjustment

for medication use, the difference remained significant only in FDRs. Initial

differences in thiol parameters between BD and FDR groups were no longer

significant after adjustment, with age emerging as a major determinant.

Ferroxidase levels did not differ significantly between groups. ROC analyses

demonstrated modest discriminative performance for IMA and SOD (AUC

range: 0.63–0.66).

Conclusions: Elevated IMA levels in BD may reflect disease-related oxidative

stress, whereas increased SOD levels observed in both BD patients and unaffected
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FDRs raise the possibility that SOD may be associated with familial vulnerability.

However, the modest discriminative performance of these biomarkers and the

cross-sectional design warrant cautious interpretation. Longitudinal studies are

needed to clarify their potential role as biomarkers of disease-related oxidative

stress and familial risk in BD.
KEYWORDS

bipolar disorder, first-degree relatives, ischemia-modified albumin, oxidative stress,

superoxide dismutase, thiol, disulfides
Introduction

Bipolar disorder (BD) is a long-term psychiatric disorder

marked by recurrent episodes of depression and mania (1). There

is increasing evidence that the pathophysiology of BD involves

oxidative stress, potentially leading to neuronal damage, mitochon-

drial dysfunction, and inflammation (2).

Reactive oxygen species (ROS) are produced during normal

cellular metabolism. When ROS production overcomes antioxidant

defense capabilities, oxidative stress develops. Lipids, cell membranes,

proteins, and DNA can all be compromised by oxidative stress,

leading to protein degradation, loss of function, and DNA base

changes and strand breaks (3–6). Specifically, this mechanism dam-

ages brain tissue and has been linked to the emergence of neurode-

generative and psychiatric disorders like schizophrenia and BD (7, 8).

Antioxidant systems counteract the harmful effects of ROS and

consist of enzymatic (SOD, CAT, GPx, GR, PRxs) and non-

enzymatic systems. Increased antioxidant enzyme activity may be

a compensatory reaction to oxidative stress, and these pathways are

crucial for preserving cellular redox homeostasis (9, 10). Superoxide

dismutase (SOD) is one of these essential enzymes in the antiox-

idant defense system. Previous studies have reported altered SOD

activity in BD; notably, Kunz et al. observed elevated SOD levels in

patients during manic and depressive episodes, but not during the

euthymic phase (11).

Thiol-disulfide homeostasis (TDH) is a dynamic indicator of

oxidative stress, in which natural thiol (SH) groups react with ROS

to form disulfide (SS) bonds. Enzymes like glutaredoxin (Grx) and

thioredoxin (Trx) maintain this equilibrium. Previous studies have

reported altered TDH in BD, including lower native thiol (SH) and

total thiol (SH+SS) levels and, in some reports, higher SS levels and

altered thiol/disulfide ratios compared with HC. Studies including

individuals with BD and their first-degree relatives (FDR) have also

reported similar changes (12–17).

Albumin is the main circulating protein with binding and

antioxidant properties; it binds metal ions via its N-terminal

region. However, this structure is disrupted by oxidative stress

and ischemia, which lowers its binding capacity and causes ische-

mia-modified albumin (IMA) to develop. Increased IMA levels have

been suggested as an indicator of oxidative stress in various medical

and psychiatric conditions (18, 19). Elevated IMA levels have been

reported in mood and anxiety disorders; for example, Tunç et al.

found increased IMA levels in patients with mood disorders (18),

Karaaslan et al. reported elevated IMA levels in major depressive
02
disorder (20), and Sahin et al. demonstrated increased IMA levels in

generalized anxiety disorder and panic disorder (21). In BD

specifically, Korkmaz et al. reported higher IMA levels during

mania compared with HC, with levels remaining elevated even in

early remission, suggesting that IMA may reflect persistent oxida-

tive stress in BD (15).

An increasing amount of research indicates that oxidative stress,

neuroinflammation, and impairments in antioxidant defense sys-

tems may be involved in the biochemical mechanisms underlying

neuropsychiatric conditions such as major depression, schizophre-

nia, and BD (22). Because oxidative stress results from an imbalance

between oxidants and antioxidants, measuring oxidative stress

typically involves quantifying oxidants and antioxidants, either

directly or indirectly (20). Urine can be used to quantify systemic

oxidative stress as oxidative stress-induced nucleoside damage,

specifically as 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG),

its tautomer 8-hydroxy-2′-deoxyguanosine (8-OH-dG), and 8-

oxo-7,8-dihydroguanosine (8-oxoGuo). The idea that oxidative

stress-induced nucleotide damage is a familial risk-related trait in

BD is supported by studies showing that levels of these oxidative

stress markers are higher in BD patients and unaffected FDR than in

HC (6, 16, 23, 24).

The biomarkers selected in this study represent complementary

components of oxidative stress and antioxidant defense pathways.

TDH parameters provide a dynamic measure of systemic redox

balance through the reversible conversion of thiol groups to

disulfide bonds under oxidative conditions. IMA reflects oxidative

modification of albumin and has been proposed as an indirect

marker of oxidative stress in several medical and psychiatric

conditions. SOD is a major enzymatic antioxidant defense mech-

anism involved in the detoxification of superoxide radicals, and

altered SOD activity has been reported in BD, although findings

vary across illness phases and clinical populations. Ferroxidase

activity, largely related to ceruloplasmin, reflects antioxidant pro-

cesses involved in iron metabolism and may provide additional

information regarding oxidative and metabolic regulation.

Therefore, evaluating these markers together in BD patients, unaf-

fected FDR, and HC may provide a broader understanding of

oxidative stress alterations and help determine whether these

abnormalities are primarily associated with disease expression or

are also observable in individuals with familial risk. We hypothe-

sized that oxidative stress and inflammatory processes may alter the

levels of TDH, IMA, ferroxidase, and SOD in BD. Additionally, we

propose that FDR who are unaffected by BD exhibit increased
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oxidative stress compared to healthy controls (HC), reflecting a

potential familial vulnerability. The aim of this study was to evaluate

these biomarkers in BD patients, FDR, and HC and examine their

association with disease risk. Targeting oxidative stress pathways

may contribute to a better understanding of disease mechanisms

and familial risk in BD.
Materials and methods

In this cross-sectional study, 50 patients with BD type 1 in

remission, 40 unaffected FDR consisting of 34 siblings and 6

parents/children, and 50 HCs were enrolled. Participants were

selected from the Maltepe University Psychiatry Clinic’s inpatient

and outpatient services. Remission was defined as a minimum of 8

weeks, with YMRS and HDRS scores below 7. The study included

unaffected first-degree relatives (FDR), namely parents or siblings.

The Maltepe University Faculty of Medicine’s Clinical Research

Ethics Committee approved the study protocol (No: 2023/900/52;

December 29, 2023).

Inclusion/exclusion criteria

A diagnosis verified by SCID-5, being between the ages of 18

and 65, and giving written informed consent were requirements for

inclusion in the BD group, being at least a primary school graduate,

signing the informed consent form and not having any prior

psychiatric diagnosis for HC and FDR.

The exclusion criteria were: alcohol and substance abuse in any

group, any psychiatric disorder in the HC group and the FDR

group, intellectual disability, severe neurological (history of head

trauma, history of bleeding, neurodegenerative diseases- dementia,

Multiple sclerosis, Parkinson, Myasthenia Gravis, etc.), and chronic

diseases (diabetes mellitus, hypo-hyperthyroidism) in all groups.

Eight patients from BD, ten individuals from FDR, and four

individuals from HC were excluded from the study due to chronic

illnesses (Diabetes mellitus, hyper-hypothyroidism). None of the

participants were receiving anti-inflammatory medications or die-

tary supplements at the time of the study.

Psychometric scales to be used in the
psychiatric examination

Sociodemographic and clinical information form

Sociodemographic and clinical data were collected using a

structured form developed by the research team, including socio-

demographic characteristics, age at the onset of psychiatric treat-

ment, number of hospitalizations, current neuroleptic treatment,

family history of psychiatric disorders, and history of physical

illness. To determine whether patients were in remission, the

Young Mania Rating Scale (YMRS) (25, 26), and Hamilton

Depression Rating Scale (27)(HDRS Akdemir) adapted into

Turkish, were administered. The SCID-5 (Structured Clinical

Interview for DSM-5) is a standardized diagnostic evaluation, and

the Turkish version was performed (28, 29).
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Procedure

Data were collected using a study-specific form that included

sociodemographic and clinical characteristics of patients, FDR, and

HC. Samples of fasting venous blood were drawn into EDTA tubes

between 06:00 and 07:00 am. Following centrifugation, serum

samples were separated and stored at -80 °C at the Department of

Biochemistry, Maltepe University Faculty of Medicine, until anal-

ysis. The samples were subsequently transported under cold-chain

conditions to the Department of Clinical Biochemistry, Faculty of

Medicine, Ankara Yıldırım Beyazıt University, Ankara, Türkiye,

where all biochemical analyses were performed.

Measurement of TDH parameters

Erel & Neselioglu’s automated spectrophotometric approach was

used to measure TDH parameters. Briefly, sodium borohydride

generated free functional thiol groups and reduced SS bonds. To

stop 5,5’-dithiobis(2-nitrobenzoic) acid (DTNB) from being reduced,

excess sodium borohydride was used up and transformed into

formaldehyde. Both SH and reduced thiol groups were detected

after the reaction with DTNB. The dynamic SS amount was deter-

mined by taking half of the difference between SH and SH+SS. After

measuring SH and SH+SS, we calculated the SS levels, SS/SH+SS, SS/

SH, and SH/SH+SS (3).

Measurement of IMA

IMA levels were measured using the albumin-cobalt binding

test. In this test, 200 μL of serum was mixed with 50 μL of 0.1%

cobalt (II) chloride (CoCl2·6H2O), and the mixture was then

incubated to enable albumin-cobalt binding. Following a further

incubation period, 50 μL of 1.5 mg/mL dithiothreitol and 1.0 mL of

0.9% sodium chloride solution were added. Dithiothreitol was

substituted with distilled water for the blank sample. A spectro-

photometer was used to detect absorbance at 470 nm, and the

results were reported in absorbance units (ABSU) (30).

Measurement of SOD

The stock solutions were 2 mM pyrogallol diluted in 0.01 N HCl,

9.8 mM DETAPAC adjusted to pH 7.0 with sodium hydroxide, and

0.1 M Tris-cacodylate buffer (pH 8.5). Before being used, these

solutions were thawed after being kept at -20 °C. Pyrogallol was

added to a reagentmixture containing 8.3mL of tris-cacodylate buffer

and 1.7 mL of DETAPAC. Pyrogallol was added to the reaction

mixture, which comprised 50 mM Tris-cacodylate buffer and 1 mM

DETAPAC, to start the reaction and reach a final concentration of 0.2

mM. The volumes of the sample, diluent, and reagent were 25 μL, 30

μL, and 150 μL, respectively. SOD activity was evaluated at 420 nm

following a 10-minute incubation period (9).

Measurement of ceruloplasmin/ferroxidase

Ferroxidase activity (ceruloplasmin) was measured using an

automated colorimetric method. The enzymatic oxidation of ferrous

ions to ferric ions is the basis of this automated, colorimetric
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technique. Units per liter of serum were used to express the

results (31).

Statistical method

When appropriate, descriptive statistics were presented as mean

± standard deviation or median (min-max). The Kolmogorov-

Smirnov and Shapiro-Wilk tests were used to evaluate the variables’

distribution. ANOVA or Kruskal-Wallis tests were used to compare

groups, and then the relevant post hoc analyses were carried out.

Quantitative independent variables with non-normal distributions

were examined using the Kruskal-Wallis test. Qualitative indepen-

dent data was analyzed using the chi-square test. Bonferroni correc-

tion was used in the post hoc analysis to take multiple comparisons

into consideration. SPSS 28.0 was used for the analyses. The units of

SH, SH+SS and SS tests were μmol/L. SS/SH, SS/SH+SS and SH/SH

+SS ratios are expressed as percentages (%), i.e., they have no units.

The IMA unit is ABSU. Units of ferroxidase and SOD tests are U/L.

Multivariable linear regression analyses were conducted to assess the

independent effects of group differences on oxidative stress markers

after adjustment for age, sex, smoking status, and BMI. In the primary

model, each oxidative stress marker (IMA, ferroxidase, SOD, SH, SH

+SS, and SS) was included as a dependent variable, while group (BD,

FDR, HC) was entered as a categorical independent variable, with HC

as the reference group. Model fit was evaluated using R², adjusted R²,

F statistics, and corresponding model p-values for each regres-

sion model.

To further assess the potential impact of pharmacological treat-

ment, additional regression analyses were conducted by including

medication variables (mood stabilizers, antipsychotics, and antide-

pressants) as covariates in the model, alongside age, sex, smoking

status, and BMI.

The discriminative power of important biomarkers (IMA and

SOD) was assessed using receiver operating characteristic (ROC)

curve analysis. ROC analyses were conducted for both BD vs HC

and FDR vs HC comparisons. To evaluate diagnostic performance,

the area under the curve (AUC) was computed.
Results

There were no significant differences in age or sex distribution

among the BD, FDR, and HC groups (p> 0.05). Sociodemographic

characteristics are summarized in Table 1. In the BD group, 64% of

participants reported a family history of psychiatric disorders. The

mean age at onset was 23.3 years. The mean illness duration was

165.84 months. The median total number of episodes was 5,

including 2 manic and 2 depressive episodes. The median

number of hospitalizations was 1, and suicide attempts were

infrequent. Regarding current treatment, lithium was used by

48% of patients, 38% valproic acid, 64% antipsychotics, 18%

lamotrigine, 4% carbamazepine, and 20% antidepressants. YMRS

and HDRS scores were low, consistent with remission status.

Thiol-related measures showed limited group differences: The

BD group had lower levels of SH and SH+SS than the FDR group,

whereas other thiol/disulfide parameters did not differ significantly
Frontiers in Psychiatry 04
across groups. SOD levels were higher in both the BD and FDR

groups than in HC, while IMA levels were considerably higher in

the BD group than in HC. Ferroxidase levels did not differ

significantly among groups (Table 2).

To investigate these relationships further, multivariable linear

regression analyses were performed, controlling for age, sex, smok-

ing status, and BMI. IMA levels in BD patients were considerably

higher than those in HC, even after controlling for confounders (b =
0.17, p = 0.007), whereas no significant difference was observed

between FDR and HC. SOD levels remained significantly elevated in

both BD (b = 0.37, p = 0.015) and FDR groups (b = 0.41, p = 0.009)

compared to HC, indicating that this association was independent

of covariates. No significant group differences in ferroxidase levels

were found after adjustment; however, ferroxidase was significantly

associated with age (b = -6.04, p = 0.024), sex (b = 162.21, p <

0.001), and BMI (b = -4.34, p = 0.032). For thiol parameters, the

previously observed differences between BD and FDR groups were

no longer significant after adjustment. Age was identified as the

primary determinant of thiol levels, including NT (b = -1.33, p <

0.001), TT (b = -1.53, p < 0.001), and SS (b = -0.10, p = 0.001).

To further evaluate the potential effect of medications, additional

analyses were performed, including medication classes (mood stabi-

lizers, antipsychotics, and antidepressants) as covariates, in addition

to age, sex, smoking status, and BMI. After this adjustment, IMA

levels remained significantly higher in BD patients compared to HC

(b = 0.19, p = 0.031). For SOD, there was no longer a significant

difference between BD patients and HC (p = 0.262), whereas FDR

continued to show significantly higher levels compared to HC (b =

0.39, p = 0.015). Ferroxidase and thiol parameters showed no

significant group differences. However, ferroxidase levels were signif-

icantly associated with mood stabilizer use (b = 158.43, p = 0.032),

while antipsychotic and antidepressant use showed no significant

effects. However, after adjustment for age, sex, smoking status, and

BMI, the differences in SH and SH+SS levels between the BD and

FDR groups were no longer significant, and no significant associa-

tions were observed for SS levels, suggesting that these findings may

have been influenced by confounding factors, particularly

age (Table 3).

Additional regression analyses were performed within the BD

group to evaluate the associations between oxidative stress markers

and illness-related variables, including total number of episodes,

remission duration, age at onset, and total illness duration, while

adjusting for age, sex, smoking status, BMI, and medication use. No

significant associations were identified between these clinical vari-

ables and the examined oxidative stress markers. Model fit statistics

for the regression analyses are presented in Table 4. The models

explained between 8.9% and 17.0% of the variance in oxidative

stress markers.

Receiver operating characteristic (ROC) curve analysis was

performed to evaluate the discriminative ability of IMA and SOD

in distinguishing BD patients from HC. The area under the curve

(AUC) was 0.64 for IMA and 0.65 for SOD, indicating a modest

discriminative performance for both markers. ROC analyses were

additionally conducted for FDR versus HC comparisons. The AUC

was 0.63 for IMA and 0.66 for SOD, indicating limited discrimina-

tive ability (Figures 1, 2).
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Discussion

In this study, we evaluated oxidative stress markers in patients with

BD, FDR, and HC. Our results indicate that IMA levels are elevated in

BD patients, consistent with disease-related alterations in oxidative

stress. In contrast, the higher levels of SOD in both BD patients and the

FDR group, and the persistence of this trend even after adjusting for

sociodemographic and clinical variables, raise the possibility that SOD

may represent a candidate trait-related marker associated with familial

vulnerability; however, this interpretation should be considered cau-

tiously given the cross-sectional design of the study. Furthermore, no

significant associations were observed between oxidative stress markers

and illness-related variables, including total number of episodes,

remission duration, age at onset, and total illness duration. This finding

may suggest that these biomarkers are not primarily driven by illness

chronicity or cumulative episode burden in this sample; however, it

should be interpreted cautiously given the cross-sectional design and

limited sample size. ROC analyses showed limited discriminative
Frontiers in Psychiatry 05
power for IMA and SOD, suggesting that these markers may have

limited clinical utility when used individually.

Prior studies have generally reported altered TDH in BD patients,

characterized by lower SH and SH+SS levels and higher SS-related

parameters compared to HC, and similar alterations have also been

observed in FDR, suggesting that thiol-disulfide imbalance may be

relevant to familial vulnerability (12, 16, 17). In contrast to previous

reports, we did not find significant differences between BD patients

and HC after adjustment, nor did we detect similar alterations in

FDR. This difference may be attributable to differences in clinical state

and methodological factors, as many previous studies included

patients during acute mood episodes and did not fully account for

potential confounders. Our findings, particularly the loss of signifi-

cance after adjustment for age, suggest that thiol parameters may be

sensitive to demographic influences and should therefore be inter-

preted cautiously in cross-sectional biomarker studies.

Our findings showed that IMA levels were higher in the BD

group compared to the HC group, and this difference remained
TABLE 1 Sociodemographic information of participants.

Variable Statistic 1 Bipolar Disorder 2 First Degree Relative 3 Healthy Control p Test

Age (years) Mean ± SD 36.9 ± 8.4 35.7 ± 8.2 34.1 ± 7.7 0.246 A

Median 36.5 34.5 33.0

Gender Female, n (%) 35 (70.0%) 25 (62.5%) 27 (54.0%) 0.256 X²

Male, n (%) 15 (30.0%) 15 (37.5%) 23 (46.0%)

BMI (kg/m²) Mean ± SD 27.6 ± 5.0 27.4 ± 18.8 24.7 ± 3.0 0.004 K

Median 26.5 24.5¹ 24.9¹

Marital Status Married, n (%) 20 (40.0%) 25 (62.5%) 30 (60.0%) 0.055 X²

Single, n (%) 27 (54.0%) 12 (30.0%) 20 (40.0%)

Divorced/Widowed, n
(%)

3 (6.0%) 3 (7.5%) 0 (0.0%)

Education (years) Mean ± SD 14.3 ± 2.6 14.4 ± 3.1 14.5 ± 2.7 0.849 K

Median 15.0 15.0 15.0

Employment Status Unemployed, n (%) 16 (32.0%) 7 (17.5%) 3 (6.0%) 0.004 X²

Employed, n (%) 34³ (68.0%) 33 (82.5%) 47 (94.0%)

Income Low, n (%) 5 (10.0%) 2 (5.0%) 1 (2.0%) 0.014 X²

Medium, n (%) 40 (80.0%) 24 (60.0%) 39 (78.0%)

High, n (%) 5² (10.0%) 14 (35.0%) 10 (20.0%)

Smoking Status Negative, n (%) 24 (48.0%) 28 (70.0%) 26 (52.0%) 0.091 X²

Positive, n (%) 26 (52.0%) 12 (30.0%) 24 (48.0%)

Cigarettes per Day Mean ± SD 20.1 ± 10.3 12.3 ± 7.5 13.3 ± 6.6 0.017 K

Median 20.0 10.0¹ 14.5¹

Family Psychiatric
History

Negative, n (%) 16 (32.0%) 1 (2.5%) 41 (82.0%) 0.001 X²

Positive, n (%) 34² (68.0%) 39 (97.5%) 9¹² (18.0%)

YMRS Mean ± SD 0.50 ± 1.02 0.05 ± 0.32 0.00 ± 0.00 0.001 K

Median 0.00 0.00¹ 0.00¹

HDRS Mean ± SD 1.00 ± 1.69 0.40 ± 0.96 0.00 ± 0.00 0.001 K

Median 0.00 0.00¹ 0.00¹²
frontie
A ANOVA / K Kruskal-wallis (Mann-whitney u test) / X² Chi-square Test.
¹ Significant difference from the Patient Group (p < 0.05), ² Significant difference from the Patient Relatives Group (p < 0.05), ³ Significant difference from the Control Group (p < 0.05).
Bold values indicate statistically significant differences (p < 0.05).
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statistically significant after adjustment for age, sex, smoking status,

and BMI, suggesting a potential association between IMA and

disease-related oxidative stress in BD. IMA is recognized as a

marker of ischemia and oxidative stress and has been reported to

be elevated across psychiatric disorders, including major depressive

disorder, schizophrenia and BD (18, 19). Previous studies have

demonstrated that IMA levels remain elevated from acute mania

into early remission, suggesting that oxidative stress may persist

beyond symptomatic phases (15). However, in our study, no signif-

icant difference in IMA levels was observed between FDR and HC.

This finding suggests that IMA may be more closely associated with

disease-related oxidative stress than with familial vulnerability in this

sample. While oxidative stress abnormalities have been consistently

reported in FDR across various biomarkers (17), the lack of difference

in IMA in our study suggests that not all oxidative markers may be

equally informative regarding familial vulnerability. Overall, these

findings support the possibility that IMAmay be more closely related

to disease-associated oxidative stress in BD, although longitudinal

studies are needed to clarify whether IMA reflects state-related

changes or more persistent oxidative alterations across illness phases.

Our study showed higher SOD levels in both BD patients and

FDR compared to HC, which may represent a compensatory antiox-

idant response to increased oxidative stress. SOD plays a central role in

detoxifying superoxide radicals, and its elevation may indicate a
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compensatory mechanism in response to oxidative imbalance.

Notably, the persistence of elevated SOD levels in FDR, even after

adjustment for sociodemographic and clinical variables, raises the

possibility that this finding may be associated with familial vulnera-

bility rather than disease status alone. However, when medication

variables were included in the model, the difference between BD

patients and HC was no longer significant, whereas the difference

between FDR and HC remained significant, indicating that medica-

tion use may partially affect SOD levels in BD patients, whereas the

elevation observed in FDR was not attributable to medication expo-

sure in this sample. Evidence from meta-analyses suggests that SOD

levels in BD are heterogeneous, with no significant overall difference

compared to HC, and may vary according to illness phase, treatment

status, and metabolic factors (10). This variability is consistent with

our findings, in which the BD-HC difference was attenuated after

adjustment for medication. Previous studies have also reported mixed

results, with several studies demonstrating elevated SOD levels (10, 11)

while others have reported lower levels, particularly in depressive

episodes (32, 33). Additionally, SOD levels remained unchanged after

ECT, indicating that certain treatments may not substantially affect

this marker. These findings suggest that SOD and related oxidative

stress markers may warrant further investigation as potential indica-

tors of familial risk, particularly in individuals with a familial predis-

position. Supporting this, evidence from studies on unaffected FDR
TABLE 2 Oxidative stress parameters of participants.

Marker Statistic
1Bipolar
disorder

2First degree
relative

3Healthy
control

ANOVA p Test
Comparison

groups
Post hoc
p-value

SH Mean ± SD 320.92 ± 34.66 342.03 ± 32.79 329.46 ± 33.96 0.013 A
1 vs 2
1 vs 3
2 vs 3

0.01*
0.572
0.229

SH+SS Mean ± SD 360.3 ± 39.51 383.65 ± 36.85 370.56 ± 38.1 0.016 A
1 vs 2
1 vs 3
2 vs 3

0.012*
0.492
0.306

SS Mean ± SD 19.69 ± 3.22 20.81 ± 2.68 20.55 ± 2.7 0.138 A
1 vs 2
1 vs 3
2 vs 3

0.20
0.371
1.00

SS/SH Mean ± SD 6.13 ± 0.72 6.08 ± 0.54 6.24 ± 0.57 0.435 A
1 vs 2
1 vs 3
2 vs 3

1.00
1.00
0.667

SS/SH+SS Mean ± SD 5.45 ± 0.57 5.42 ± 0.42 5.54 ± 0.45 0.439 A
1 vs 2
1 vs 3
2 vs 3

1.00
1.00
0.687

SH/SH+SS Mean ± SD 89.09 ± 1.14 89.16 ± 0.85 88.91 ± 0.91 0.431 A
1 vs 2
1 vs 3
2 vs 3

1.00
1.00
0.674

IMA Mean ± SD 0.83 ± 0.35 0.76 ± 0.21 0.64 ± 0.3 0.003 A
1 vs 2
1 vs 3
2 vs 3

0.833
0.003*
0.131

Ferroxidase Mean ± SD 1051.2 ± 307.2 1146.5 ± 228.3 1140.5 ± 233.1 0.143 K
1 vs 2
1 vs 3
2 vs 3

0.141
0.095
1.00

SOD Mean ± SD 5.88 ± 0.76 5.94 ± 0.63 5.5 ± 0.73 0.004 A
1 vs 2
1 vs 3
2 vs 3

1.00
0.017*
0.011*
A, ANOVA/K Kruskal-Wallis (Mann-Whitney U test). ¹Significant difference from the Patient Group (p < 0.05), ²Significant difference from the Patient Relatives Group (p < 0.05), ³Significant
difference from the Control Group (p < 0.05).
SH, Native thiol; SH+SS, Total thiol; SS, Disulfide; IMA, Ischemia-modified albumin; SOD, Superoxide dismutase.
Bold values indicate statistically significant differences (p < 0.05).
* indicates statistically significant pairwise post-hoc comparison (p < 0.05).
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consistently demonstrates increased oxidative stress burden, including

elevated oxidative DNA and RNA damage, which persists over time

and parallels findings in BD patients (23, 24, 34). The elevated SOD

levels observed in relatives in our study, similar to those in the patient

group, further raise the possibility that FDR may exhibit subclinical

oxidative stress; however, longitudinal studies are needed to determine

whether this reflects inherited vulnerability to oxidative imbalance.

These findings, although heterogeneous, suggest that oxidative

stress pathways may remain relevant to the pathophysiology of BD
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and warrant further investigation as potential therapeutic targets.

Furthermore, the elevated SOD levels observed in relatives, similar

to those in the patient group, suggest that FDR may already exhibit

subclinical oxidative stress, potentially reflecting an inherited vul-

nerability to oxidative imbalance. Unlike IMA and SOD, ferroxidase

activity did not differ significantly between the groups. However,

regression analyses revealed that ferroxidase levels were signifi-

cantly associated with age, sex, BMI, and medication use, suggesting

that this marker may be influenced by demographic and metabolic
TABLE 3 Multiple linear regression analysis of oxidative stress markers.

Marker Variable b 95% CI lower 95% CI upper p-value

IMA BD vs HC 0.1702 0.0470 0.2935 0.0072

IMA FDR vs HC 0.0976 -0.0319 0.2271 0.1383

IMA Age 0.0016 -0.0049 0.0081 0.6238

IMA Sex (male) -0.0699 -0.1756 0.0358 0.1933

IMA Smoking -0.0212 -0.1271 0.0846 0.6919

IMA BMI 0.0025 -0.0024 0.0074 0.3226

SOD BD vs HC 0.3663 0.0731 0.6595 0.0147

SOD FDR vs HC 0.4120 0.1040 0.7201 0.0091

SOD Age 0.0003 -0.0151 0.0157 0.9667

SOD Sex (male) -0.1721 -0.4236 0.0794 0.1783

SOD Smoking 0.0512 -0.2005 0.3030 0.6880

SOD BMI 0.0031 -0.0086 0.0147 0.6048

Ferroxidase BD vs HC -33.3063 -133.2012 66.5886 0.5107

Ferroxidase FDR vs HC 37.4393 -67.5301 142.4087 0.4817

Ferroxidase Age -6.0441 -11.2862 -0.8020 0.0242

Ferroxidase Sex (male) 162.2070 76.4965 247.9179 0.0003

Ferroxidase Smoking -19.3212 -105.1038 66.4613 0.6567

Ferroxidase BMI -4.3436 -8.3118 -0.3754 0.0322

NT BD vs HC -2.4779 -15.7022 10.7464 0.7115

NT FDR vs HC 13.2847 -0.6114 27.1808 0.0608

NT Age -1.3315 -2.0255 -0.6376 0.0002

NT Sex (male) 10.0236 -1.3230 21.3702 0.0829

NT Smoking -4.3582 -15.7143 6.9979 0.4491

NT BMI -0.1317 -0.6570 0.3936 0.6207

TT BD vs HC -3.2641 -18.1181 11.5899 0.6645

TT FDR vs HC 14.1935 -1.4151 29.8021 0.0743

TT Age -1.5325 -2.3120 -0.7530 0.0002

TT Sex (male) 11.9065 -0.8384 24.6514 0.0668

TT Smoking -4.2528 -17.0083 8.5028 0.5107

TT BMI -0.1331 -0.7232 0.4569 0.6562

SS BD vs HC -0.3931 -1.5173 0.7311 0.4904

SS FDR vs HC 0.4544 -0.7269 1.6357 0.4481

SS Age -0.1005 -0.1595 -0.0415 0.0010

SS Sex (male) 0.9414 -0.0231 1.9060 0.0557

SS Smoking 0.0527 -0.9127 1.0181 0.9142

SS BMI -0.0007 -0.0454 0.0440 0.9755
HC (healthy controls) was used as the reference group. All models were adjusted for age, sex, smoking status, and BMI. b values are unstandardized coefficients. CI, confidence interval; BMI, body
mass index. Bold values indicate statistically significant differences (p < 0.05).
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factors and may be less directly related to BD status in this sample.

While ferroxidase is involved in iron metabolism and serves an

antioxidant role, its lack of significant variation in this study

contrasts with the findings of Tunç, who reported elevated

ferroxidase activity in BD patients compared to those with major

depressive disorder, schizophrenia and HC (35). This discrepancy

may be attributable to differences in sample characteristics, includ-

ing the inclusion of both BD type I and type II patients in previous

studies, as well as differences in sample size. Additionally, Manto

discussed how abnormalities in copper homeostasis, which influ-

ence ferroxidase activity, are related to neurodegeneration (36).

This could suggest that ferroxidase abnormalities might be more

relevant in neurodegenerative conditions or advanced stages of

psychiatric disorders. In contrast, significant ferroxidase alterations

may be less apparent in earlier phases of BD.
Limitations

When evaluating these results, several limitations should be

taken into account. First, the relatively modest and heterogeneous

sample size represents an important limitation, particularly given

the number of oxidative stress biomarkers and comparisons exam-

ined. Although significant group differences were detected for

selected markers, no a priori sample size or power calculation was
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performed, as this study was designed as an exploratory biomarker

investigation. Therefore, the sample size may have limited statistical

power for some secondary and subgroup analyses, particularly

medication-related effects. A larger and more diverse sample

would provide more robust evidence and improve the generaliz-

ability of the findings to the broader BD population. Second, the

study’s cross-sectional design makes it difficult to evaluate how

oxidative stress markers change over time or across different stages

of BD. Third, although we adjusted for several important covariates,

including age, sex, smoking status, BMI, and medication use,

residual confounding cannot be entirely excluded. In particular,

the potential effects of different medication types, dosages, and

treatment durations on oxidative stress markers could not be fully

disentangled. In addition, lifestyle-related factors known to influ-

ence oxidative stress, including diet, physical activity, sleep charac-

teristics, and alcohol consumption, were not systematically assessed.

Although smoking status was included as a covariate, detailed

measures of chronic smoking exposure that may contribute to

oxidative stress, such as pack-year calculations, and nicotine de-

pendence severity measures were not available. Finally, the discrim-

inative ability of the examined biomarkers, as indicated by ROC

analysis, was modest, suggesting limited clinical utility when used

individually. Future longitudinal, multi-marker studies with larger

and adequately powered samples are needed to establish the clinical

utility of oxidative stress markers for BD diagnosis, progression,

treatment monitoring, and risk assessment in FDR.
TABLE 4 Model fit statistics for multiple linear regression models.

Marker N R² Adjusted R² F statistic Model p-value

IMA 140 0.091 0.0501 2.2216 0.0448

SOD 140 0.089 0.0476 2.1574 0.0510

Ferroxidase 140 0.170 0.1323 4.5310 0.0003

NT 140 0.160 0.1221 4.2220 0.0006

TT 140 0.165 0.1271 4.3742 0.0005

SS 140 0.130 0.0908 3.3133 0.0045
R² represents the proportion of variance explained by the regression model, whereas adjusted R² accounts for the number of predictors included in the model. F-statistics and corresponding
model p-values indicate the overall significance of each regression model. All models were adjusted for age, sex, smoking status, and BMI.
Bold values indicate statistically significant differences (p < 0.05).
FIGURE 1

ROC curve for FDR vs HC.

FIGURE 2

ROC curve for BD and HC.
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Conclusion

In conclusion, our results indicate that oxidative stress markers,

specifically IMA and SOD, may play distinct roles in BD. Elevated

IMA levels in BD patients may reflect disease-related oxidative

stress, whereas increased SOD levels observed in both patients and

their FDR raise the possibility that SOD may be associated with

familial vulnerability. In contrast, TDH parameters did not show

consistent associations after adjustment, indicating that these find-

ings may be largely influenced by demographic factors. These

results may support a preliminary model in which IMA is more

closely related to disease-associated oxidative stress, SOD may serve

as a candidate marker of familial vulnerability, and thiol parameters

may be more susceptible to demographic confounding. However,

the modest discriminatory performance of IMA and SOD in ROC

analyses indicates that these markers have limited clinical utility

when used individually. Future longitudinal studies with larger

samples and multi-marker approaches are needed to clarify the

clinical relevance of these biomarkers for tracking disease progres-

sion and familial risk.
Data availability statement

The datasets presented in this article are not readily available

due to patient privacy concerns. Requests to access the datasets

should be directed to dr.ecetunc@gmail.com.
Ethics statement

The studies involving humans were approved by Maltepe

University Faculty of Medicine Clinical Research Ethics

Committee (approval No. 2023/900/52; December 29, 2023). 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

EB: Conceptualization, Data curation, Formal analysis,

Investigation, Methodology, Project administration, Resources,

Software, Visualization, Writing – original draft, Writing – review &

editing. BK: Data curation, Formal analysis, Methodology, Supervision,
Frontiers in Psychiatry 09
Writing – review & editing. HA-C: Data curation, Software, Writing –

review & editing. EC: Data curation, Writing – review & editing. ST:

Supervision, Writing – review & editing. SK: Conceptualization,

Writing – review & editing. SN: Formal analysis, Investigation,

Validation, Writing – review & editing. OE: Conceptualization,

Investigation, Resources, Supervision, Validation, Writing –

review & editing.
Funding

The author(s) declared that financial support was not received

for this work and/or its publication.
Conflict of interest

The author(s) declared that this work was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declared that generative AI was used in the

creation of this manuscript. Grammarly and Google Translate

were used solely for language polishing and grammar correction;

all scientific content, analyses, and interpretations were produced

by the authors.

Any alternative text (alt text) provided alongside figures in this

article has been generated by Frontiers with the support of artificial

intelligence and reasonable efforts have been made to ensure

accuracy, including review by the authors wherever possible. If

you identify any issues, please contact us.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organiza-

tions, 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.
References

1. American Psychiatric Association. Diagnostic and Statistical Manual of Mental
Disorders. (5th ed.). Arlington, VA: American Psychiatric Publishing. (2013).
doi: 10.1176/APPI.BOOKS.9780890425596.

2. Poetsch AR. The genomics of oxidative DNA damage, repair, and resulting
mutagenesis. Comput Struct Biotechnol J. (2020) 18:207–19. doi: 10.1016/
J.CSBJ.2019.12.013
3. Erel O, Neselioglu S. A novel and automated assay for thiol/disulphide homeostasis.
Clin Biochem. (2014) 47:326–32. doi: 10.1016/j.clinbiochem.2014.09.026

4. Coluzzi E, Colamartino M, Cozzi R, Leone S, Meneghini C, O’Callaghan N, et al.
Oxidative stress induces persistent telomeric DNA damage responsible for nuclear
morphology change in mammalian cells. PloS One. (2014) 9. doi: 10.1371/
JOURNAL.PONE.0110963
frontiersin.org

mailto:dr.ecetunc@gmail.com
https://doi.org/10.1176/APPI.BOOKS.9780890425596
https://doi.org/10.1016/J.CSBJ.2019.12.013
https://doi.org/10.1016/J.CSBJ.2019.12.013
https://doi.org/10.1016/j.clinbiochem.2014.09.026
https://doi.org/10.1371/JOURNAL.PONE.0110963
https://doi.org/10.1371/JOURNAL.PONE.0110963
https://doi.org/10.3389/fpsyt.2026.1885863
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org


Buyuksandalyaci Tunc et al. 10.3389/fpsyt.2026.1885863
5. Lenaz G, D’Aurelio M, Merlo Pich M, Genova ML, Ventura B, Bovina C, et al.
Mitochondrial bioenergetics in aging. Biochim Biophys Acta Bioenerg. (2000) 1459:397–
404. doi: 10.1016/S0005-2728(00)00177-8

6. Coello K, Mäkinen IJO, Kjærstad HL, Faurholt-Jepsen M, Miskowiak KW, Poulsen
HE, et al. Oxidation of DNA and RNA in young patients with newly diagnosed bipolar
disorder and relatives. Transl Psychiatry. (2024) 14. doi: 10.1038/s41398-024-02772-8

7. Nedic Erjavec G, Konjevod M, Nikolac Perkovic M, Svob Strac D, Tudor L, Barbas
C, et al. Short overview on metabolomic approach and redox changes in psychiatric
disorders. Redox Biol. (2018) 14:178–86. doi: 10.1016/j.redox.2017.09.002

8. KimHK, Andreazza AC, Yeung PY, Isaacs-Trepanier C, Trevor Young L. Oxidation and
nitration in dopaminergic areas of the prefrontal cortex from patients with bipolar disorder
and schizophrenia. J Psychiatry Neurosci. (2014) 39:276–85. doi: 10.1503/jpn.130155

9. Gray BH, Lee LH, Wyman JF. An automated analysis for superoxide dismutase
enzyme activity. J Anal Toxicol. (1985) 9:36–9. doi: 10.1093/jat/9.1.36
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Adaptation and reliability of the structured clinical interview for DSM-5-disorders -
clinician version (SCID-5/CV) to the Turkish language. Turk Psikiyatri Derg. (2019)
30:1–5. doi: 10.5080/u23431
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35. Tunç S, Atagün MI,̇ Bas ̧buğ HS, Erel Ö. Serum ceruloplasmin-ferroxidase activity
in bipolar disorder is elevated compared to major depressive disorder and schizophre-
nia: a controlled study. Psychiatry Clin Psychopharmacol. (2019) 29:307–14.
doi: 10.1080/24750573.2019.1584489

36. Manto M. Abnormal copper homeostasis: Mechanisms and roles in neurodegen-
eration. Toxics. (2014) 2:327–45. doi: 10.3390/toxics2020327
frontiersin.org

https://doi.org/10.1016/S0005-2728(00)00177-8
https://doi.org/10.1038/s41398-024-02772-8
https://doi.org/10.1016/j.redox.2017.09.002
https://doi.org/10.1503/jpn.130155
https://doi.org/10.1093/jat/9.1.36
https://doi.org/10.1111/bdi.12980
https://doi.org/10.1016/j.pnpbp.2008.07.001
https://doi.org/10.1016/j.psychres.2017.12.062
https://doi.org/10.1080/08039488.2018.1497200
https://doi.org/10.9758/CPN.2020.18.3.395
https://doi.org/10.1016/j.jad.2023.07.079
https://doi.org/10.1016/j.jad.2021.09.065
https://doi.org/10.1016/j.jpsychires.2023.05.022
https://doi.org/10.1080/24750573.2018.1517466
https://doi.org/10.1155/2021/9945424
https://doi.org/10.28982/josam.598200
https://doi.org/10.5505/kpd.2020.49404
https://doi.org/10.1001/jamapsychiatry.2022.2066
https://doi.org/10.1016/j.freeradbiomed.2021.03.022
https://doi.org/10.1159/000540999
https://doi.org/10.1192/bjp.133.5.429
https://doi.org/10.1192/bjp.133.5.429
https://doi.org/10.5080/u23431
https://doi.org/10.1111/pcn.12931
https://doi.org/10.1016/S0736-4679(00)00255-9
https://doi.org/10.1093/clinchem/44.11.2313
https://doi.org/10.1016/j.jad.2007.08.006
https://doi.org/10.1093/ijnp/pyaa003
https://doi.org/10.1016/j.bbi.2022.12.011
https://doi.org/10.1080/24750573.2019.1584489
https://doi.org/10.3390/toxics2020327
https://doi.org/10.3389/fpsyt.2026.1885863
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

	Oxidative stress markers in bipolar disorder and first-degree relatives: differential associations of ischemia-modified albumin and superoxide dismutase
	Introduction
	Materials and methods
	Inclusion/exclusion criteria
	Psychometric scales to be used in the psychiatric examination
	Sociodemographic and clinical information form
	Procedure
	Measurement of TDH parameters
	Measurement of IMA
	Measurement of SOD
	Measurement of ceruloplasmin/ferroxidase

	Statistical method

	Results
	Discussion
	Limitations
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


