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Oxidative stress is associated with white matter diffusion metrics in adults with bipolar disorder (BD). We examined the association
of single-nucleotide polymorphisms in the oxidative stress system, superoxide dismutase-2 (SOD2) rs4880 and glutathione
peroxidase-3 (GPX3) rs3792797 with fractional anisotropy (FA) and radial diffusivity (RD) in youth with BD. Participants included 104
youth (age 17.5 ± 1.7 years; 58 BD, 46 healthy controls). Saliva samples were obtained for genotyping, and diffusion tensor imaging
was acquired. Voxel-wise whole-brain white matter diffusion analyses controlled for age, sex, and race. There were significant
diagnosis-by-SOD2 rs4880 interaction effects for FA and RD in major white matter tracts. Within BD, the group with two copies of
the G-allele (GG) showed lower FA and higher RD than A-allele carriers. Whereas within the control group, the GG group showed
higher FA and lower RD than A-allele carriers. Additionally, FA was higher and RD was lower within the control GG group compared
to the BD GG group. No significant findings were observed for GPX3 rs3793797. The current study revealed that, within matter tracts
known to differ in BD, associations of SOD2 rs4880 GG genotype with both FA and RD differed between BD vs healthy control
youth. The SOD2 enzyme encoded by the G-allele, has higher antioxidant capacity than the enzyme encoded by the A-allele. We
speculate that the current findings of lower FA and higher RD of the BD GG group compared to the other groups reflects
attenuation of the salutary antioxidant effects of GG genotype on white matter integrity in youth with BD, in part due to
predisposition to oxidative stress. Future studies incorporating other genetic markers and oxidative stress biomarkers are
warranted.
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INTRODUCTION
Bipolar disorder (BD) is a highly heritable, polygenic psychiatric
disorder with an early onset, often during youth and young
adulthood [1, 2]. There is robust evidence of structural and
functional white matter (WM) anomalies in BD [3, 4]. Diffusion
tensor imaging (DTI), a magnetic resonance imaging technique
that is sensitive to the movement of water in biological tissue,
provides a non-invasive proxy measurement of WM tissue
microstructure [5]. Fractional anisotropy (FA) reflects the move-
ment of water molecules, where a higher value (range= 0–1) is
indicative of preferential diffusion in one direction relative to more
restricted diffusion in another orthogonal direction [6, 7]. In
contrast, radial diffusivity (RD) measures diffusivity that is
perpendicular to the main diffusion direction [7, 8]. There is
replicated evidence of reduced FA and increased RD across major
WM tracts in both youth and adults with BD, as well as relatives of
individuals with BD, compared to controls [9–18]. FA is thought to

reflect various WM microstructural changes including myelin
anomalies, reduction in white matter density, and a loss in fiber
bundle coherence, and RD is thought to reflect myelin integrity
[19–21]. When reduced FA is observed in parallel with increased
RD, this is thought to reflect myelin sheet damage/dysmyelination
[7, 8]. Despite this evidence, little is known regarding the putative
biological mechanisms underlying anomalous FA and RD
changes in BD.
Oxidative stress, defined as the imbalance between oxidant

generation and antioxidative capacity, is one of the leading
etiopathological mechanisms in BD [22], encompassing findings
from both peripheral biomarker and post-mortem brain studies
[23–26]. The brain has high metabolic demands, with low
antioxidative capacity and high levels of lipids [27, 28]. These
properties render the brain particularly susceptible to oxidative
damage [29, 30]. The antioxidative enzymes such as catalase,
superoxide dismutase (SOD), and glutathione peroxidase (GPX)
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are encoded in the human genome and play an essential role in
helping to eliminate reactive oxygen species (ROS).
The current study focuses on superoxide dismutase-2 (SOD2)

rs4880 and glutathione peroxidase-3 (GPX3) rs3792797, single
nucleotide polymorphisms (SNPs) for genes coding for the two
major antioxidant enzymes. Prior genetic studies in youth and
adults have shown that these SNPs are associated with BD [31, 32].
The SOD2 enzyme acts mainly in the mitochondria. The rs4880
SNP (Ala16Val) results in a structural change, which increases its
ability to cross the mitochondrial double membrane, and a
functional change that increases it’s enzymatic activity [33–36].
The GPX3 enzyme is a major extracellular antioxidant enzyme [37].
One prior study reported a higher GPX3 gene expression with
increasing age in a healthy population, suggesting a neuropro-
tective effect of GPX3 during brain development [38].
The rich lipid content of myelin tracts render them especially

susceptible to oxidative stress damage [39]. Relatedly, prior
studies have found that oxidative stress is associated with
changes in FA and RD [29, 40, 41]. A study of elderly adults
examined whether the SOD2 rs4880 polymorphism was associated
with WM integrity, finding that the GG homozygotes, individuals
who carry two copies of the G-allele, had higher RD in the anterior
thalamic radiation as compared to A-allele carriers [40]. Another
study examining the association between brain glutathione levels
and FA in the cortical-limbic circuit in a population sample of
young adults with unipolar depression (n= 94) or BD (n= 76)
revealed that among those with low glutathione, lower levels of
this antioxidant were associated with lower FA [41]. Finally, a study
of adults with BD found that higher lipid peroxidation was
associated with lower FA, and lipid peroxidation markers
explained 59% of the variance in FA [29]. These converging
findings suggest a potential role of the anomalous antioxidant
defense mechanisms in BD-associated WM anomalies.
To date, no prior studies have examined the association

between the SOD2 rs4880 or GPX3 rs3792797 in relation to WM
anomalies in youth or in BD. The current study aims to explore the
association of these SNPs with FA and RD in youth with vs. without
BD using a whole-brain analysis approach. We hypothesized that
there would be differential associations of genotype with DTI
metrics. Given the lack of prior findings, we approached
hypothesis-testing agnostic to directionality of effects.

METHODS AND MATERIALS
Participants
One-hundred and four English speaking youth participants between the
ages of 13–20 years old were recruited in the current study, with 58 BD and
46 healthy controls (HC). GPX3 rs3792797 genotype data were missing for
two participants, yielding data for 102 participants. For SOD2 rs4880 SNP,
participants were divided into three subgroups: those carrying two copies
of the A-allele (AA: BD= 12; HC= 13), those carrying two copies of the
G-allele (GG: BD= 21; HC= 12), and those carrying one copy of the A-allele
and one copy of the G-allele (AG: BD= 25; HC= 21). For GPX3 rs3792797,
participants were divided into two groups: those carrying one or two
copies of the A-allele (A-allele carriers [AA or AC]: BD= 17; HC= 20), and
those carrying two copies of the C-allele (CC: BD= 41; HC= 24). Written
informed consent was obtained from all participants and one of their
guardian(s) prior to participation. HC were recruited via hospital and
community advertisements, with the following exclusion criteria: lifetime
mood or psychotic disorders; family history of BD and/or other psychotic
disorder; exposure to psychiatric medications or substance dependence or
anxiety disorder in the past three months. BD participants with diagnosis
of BD-I (bipolar I disorder), BD-II (bipolar II disorder), or BD-NOS (bipolar-not
other specified) were recruited from a tertiary subspecialty outpatient
clinic. Exclusion criteria were: having cardiac, autoimmune, or inflamma-
tory conditions; taking hyperglycemic, anti-hypertensive, anti-platelet, anti-
lipidemic, or daily anti-inflammatory medications; having substance
dependence in the past three months; or having contraindications to
magnetic resonance imaging (MRI). The study was approved by the
Sunnybrook Research Institute Research Ethics Board (REB 408–2011,

409–2013). The study was also approved by the by the Centre for
Addiction and Mental Health (CAMH) Research Ethics Board (REB 165/2020,
168/2020), as data analyses were undertaken at CAMH following the
Centre for Youth Bipolar Disorder’s relocation to CAMH.

Psychiatric and anthropometric measures
The Kiddie Schedule for Affective Disorders and Schizophrenia for School-
Age Children, Present and Lifetime version (KSADS-PL) semi-structured
diagnostic interview was employed for psychiatric diagnoses, and clinical/
demographic data collection [42]. Since participant recruitment occurred
between 2012 to 2019, the Diagnosis and Statistical Manual of Mental
Disorders, fourth edition (DMS-IV) was used for psychiatric diagnoses, as
the DSM5 version of KSADS was not available until 2016 [42]. Diagnosis
and symptom severity were evaluated using the KSADS Depression Rating
Scale and the Mania Rating Scale [43, 44]. Given the lack of operationalized
criteria in DSM-IV, BD-NOS was defined based on the COBY(Course and
Outcome of Bipolar Illness in Youth) study [45]. Diagnoses were reviewed
in consensus conferences with a licensed child-adolescent psychiatrist.
Clinical study data was collected and managed using REDCap, (Research
Electronic Data Capture) a secure web-based software platform designed
to support data capture for research studies. Age of BD onset was defined
as the age at which the participant first experienced an episode of mania
or hypomania, or met diagnosis criteria for BD-NOS. Self-reported race was
recorded. Family psychiatric history was collected from first- and second-
degree relatives using the Family History Screen Interview [46]. As part of
the K-SADS-PL interview, information regarding psychotropic medication
use and tobacco use were collected as well. Pubertal stage was evaluated
using the Pubertal Developmental Scale [47]. All interviewers were trained
by the senior author.
Participant’s height (cm) and weight (kg) were collected twice at intake.

Values were then averaged according to the standard procedure for both
weight and height for precision [48]. Body mass index (BMI) was calculated
as weight in kilograms over height in meters squared.

DNA extraction and genotyping
Genetic data were obtained from genomic DNA purified from 2mL saliva
samples (DNA Genotek Oragene-500 kits; DNA Genotek Inc., Ottawa, Canada)
for each participant. Instructions were provided to ensure participants
abstained from eating, drinking, smoking/vaping and chewing gum 30min
prior to saliva sample collection. DNA extraction and genotyping were
performed by the CAMH Biobank and Molecular Core Facility. DNA extraction
using the chemagicTM MSM I DNA extractor (Perkin-Elmer, Waltham, MA)
was followed by quantification and quality assessment using Nanodrop
8000 spectrophotometer (ThermoFisher Scientific, Waltham, MA). The sample
was diluted to a final concentration of 20 ng/µL. Genotyping was then
performed for the SOD2 rs4880 and GPX3 rs3792797 SNPs using TaqMan®
Format 32 OpenArray® Genotyping Plates (ThermoFisher Scientific, Waltham,
MA) as per manufacturer’s instructions, with amplification being carried out
in the QuantStudio™ 12 K Flex Real-Time PCR System (ThermoFisher
Scientific). The genotype data were imported and reviewed by two-
independent researchers using the TaqMan® Genotyper software version
1.3. All technicians were blind to diagnosis. PLINK software version 1.90 was
used to examine potential sampling bias with the Hardy-Weinberg
equilibrium analysis. No significant deviation from Hardy-Weinberg equili-
brium was observed (p> 0.05) [49, 50]. For SOD2 rs4880 and GPX3 rs3792797
the allele frequencies are reported in Table 1 for the current study sample
and for reference groups. For SOD2 rs4880, the A-allele frequency were 0.42
for BD, 0.51 for CG, 0.46 for the overall sample, and 0.5 for the European
reference sample. For GPX3 rs3792797, the A-allele frequency were 0.16 for
BD, 0.3 for CG, 0.22 for the overall sample, and 0.18 for the European
reference sample. Overall, allele frequencies observed in the current sample
are aligned with those observed in the reference samples.

Imaging acquisition
Diffusion-weighted data were acquired using a single-shot, spin-echo
planar imaging (EPI) sequence on a 3 Tesla Philips Achieva MRI scanner
(Philips Medical Systems, Best, Netherlands). For each participant, diffusion
data were collected along 32 gradient directions at a b value of 1000 s/
mm2. Seven images with no diffusion weighting were obtained. The
acquisition parameters were as follow: TR/TE= 9150/55ms; flip angle=90;
field-of-view [FOV]= 224×224; fifty-two 3mm-thick slices; matrix
size=128×128; acquisition duration: 6’27”. The axial imaging plane was
prescribed obliquely to align with the anterior-to-posterior commissure.
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DTI image processing
Diffusion data processing and analysis were performed using FSL FMRIB
Software Library tools (FMRIB, Oxford Center for Functional MRI of the Brain,
University of Oxford) [51]. Diffusion-weighted images were eddy-current
corrected and brain extracted prior to tensor fitting using DTIFIT to calculate
DTI metrics. Individual fractional anisotropy (FA) and radial diffusivity (RD)
maps were computed from the tensor eigenvalues (λ1, λ2, λ3). Tract-based
spatial statistics (TBSS), part of FSL, was carried out to align each participants’
major WM tracts with a mean FA skeleton for voxel-wise statistics.
Specifically, all participants’ FA maps were registered to a study-specific
target chosen from the adolescent sample, and then transformed into MNI
space. A skeleton of the mean of all FA maps in standard space was then
calculated, and a threshold of 0.3 was applied to exclude non-WM voxels and
to remove the high inter-subject variability at tract extremities [18, 52].
Finally, a group skeletonized 4D FA image was generated and used as the
input for voxel-wise analysis with randomise. The same steps were applied to
participants’ RD maps. Images were inspected for quality after each step by
two independent raters.

Statistical analyses
Clinical and demographic group differences were evaluated using the SPSS
statistic software (IBM; NY, USA), version 26. Normality and equal variance
assumptions of all continuous variables were examined using Shapiro-
Wilks test and Levene’s test, respectively, prior to conducting the group
analyses. Two-way analysis of variance (ANOVA) and chi-square (χ2) tests
were performed to evaluate group differences for continuous and
categorical variables.
Main effects and interaction effects: Whole brain voxel-wise contrasts for

diagnosis and genotype main effects, and diagnosis-by-genotype interac-
tion effects for each DTI metric (FA and RD) were performed, separately for
SOD2 and GPX3 using a General Linear Model (GLM) with age, sex, and race
as covariates. Analyses was performed using FSL randomize tool with 5000
permutations. Significance level was set at p < 0.05 and results were
corrected for multiple comparisons using the family-wise error rate (FWER)
correction with the Threshold-Free Cluster Enhancement (TFCE) thresh-
olding option. FSL Cluster tool was used to obtain cluster size, anatomical
coordinates, and peak p value of significant clusters. The corresponding
white matter tract was identified using the CBM-DTI-81 white-matter labels
or the JHU White-Matter Tractography atlases. Lastly, for better visualiza-
tion purposes, significant clusters (Fig. 1) were thickened using the FSL tool
tbss_fill. Sensitivity analyses were conducted further covarying for lithium
and second-generation antipsychotics (SGA) independently in the
statistical model.
Post-hoc pairwise contrasts: Post-hoc analyses were conducted, using

MATLAB version R2019b, to follow-up on significant findings (main effect
and/or interaction effect) in order to reveal directionality. Bonferroni
correction was used to correct for multiple post-hoc pairwise comparisons
(SOD2 SNP gene main effect: α= 0.05/3= 0.016; SOD2 SNP diagnosis-by-
genotype interaction effect: α= 0.05/9= 0.005) for the post-hoc analyses.

RESULTS
Demographics and clinical characteristics
Demographic characteristics are summarized in Table 2. There
were no significant demographic differences between diagnostic

groups. For the SOD2 polymorphism, BMI was higher for the AG
genotype group compared to the AA genotype group (p= 0.03)
and Tanner stage was higher in the GG group compared to the AA
group (p= 0.03). No difference was observed for age, sex, and
race. For the GPX3 polymorphism, age was higher in the A carrier
group as compared to the CC homozygous group (p= 0.047). No
difference was observed for sex, race, BMI, and Tanner stage.
Clinical characteristics for the BD group are summarized in Table 3.

SOD2 rs4880
Voxel-wise whole brain analyses for SOD2 polymorphism were
summarized in Table 4. There were two clusters with a significant
genotype main effect for the FA metric (Supplementary Table 1).
Findings remained significant in sensitivity analyses further
controlling for current lithium or SGA use. One cluster had peaks
in the anterior thalamic radiation and superior corona radiata
(p= 0.04), with significantly lower FA in the AA and AG groups vs
the GG group. A second cluster had two peaks in the right
corticospinal tract (p= 0.04), with significantly lower FA in the AG
group as compared to the AA and GG groups.
There were significant diagnosis-by-genotype interaction

effects for FA in two clusters: one (Fig. 1, FA1) with a peak in
the splenium of the corpus callosum and another (Fig. 1, FA2) with
peaks in the posterior corona radiata and anterior thalamic
radiation (Table 4). Findings remained significant in sensitivity
analyses further controlling for current lithium or SGA use. Post-
hoc analyses revealed higher FA in the HC GG group as compared
to the BD GG, HC AA and AG groups for both FA clusters
(Supplementary Table 2). For FA cluster #1 the BD GG group
revealed significantly lower FA as compared to the BD AG and BD
AA groups. These within BD group differences did not remain
significant after Bonferroni correction for multiple comparisons.
For cluster #2, the HC AA group showed lower FA as compared to
the HC AG and BD AA groups. However, this finding did not
remain significant after correction for multiple comparisons. For
the sensitivity analysis, all post-hoc findings remained significant
except for the between BD AG and GG group comparison with
SGA as an additional covariate for cluster #1. However, the effect
size measured using eta square (η2) were similar in direction and
magnitude (large effect) for the SGA sensitivity post-hoc analysis
(η2= 0.12) as compared to the main analysis post-hoc (η2= 0.28).
There were also significant diagnosis-by-genotype interaction

effects for RD in four clusters: where cluster #1 (Fig. 1, RD1) and #2
(Fig. 1, RD2) had peaks in the right (p= 0.048) and left (p= 0.04)
splenium of corpus callosum, respectively, and cluster #3 (Fig. 1, RD3)
and #4 (Fig. 1, RD4) had peaks in the left (p= 0.048) and right
(p= 0.02) posterior corona radiata, respectively. All findings remained
significant in sensitivity analyses further controlling for current lithium
or SGA use. Post-hoc analyses revealed the HC GG group showed
significantly lower RD as compared to BD GG, HC AA and HC AG

Table 1. Allele frequencies for SOD2 rs4880 and GPX3 rs3792797.

SOD2 rs4880 GPX3 rs3792797

A-allele G-allele A-allele C-allele

Current Sample BD 0.42 0.58 0.16 0.84

HC 0.51 0.49 0.30 0.70

Overall Sample 0.46 0.54 0.22 0.78

Reference Sample BD European Descent [75] 0.50 0.50 0.18 0.82

Global 0.51 0.49 0.20 0.80

European 0.50 0.50 0.18 0.82

BD Bipolar disorder, HC Healthy control. BD European Descent allele frequencies was based on Mullins et al., 2021 publication. Global and European allele
frequencies was based on the National Center for Biotechnology Information (NCBI) SNP database. Allele frequencies were calculated based on the following
equation: p² + 2pq+ q² = 1.

Y. Zou et al.

3

Translational Psychiatry          (2022) 12:504 



Fig. 1 Post hoc analyses for clusters with significant diagnosis-by-genotype interaction effects. *p < 0.05, **p < 0.01, ***p < 0.001. FA1)-FA2)
Diagnosis-by-SOD2 rs4880 interaction effect post-hoc results for significant FA clusters. FA1 cluster peaks in the splenium of the corpus
callosum and FA2 cluster peaks in the posterior corona radiata and anterior thalamic radiation. RD1)-RD4) Diagnosis-by-SOD2 rs4880
interaction effect post-hoc results for significant RD clusters. RD1 peaks in the right and RD2 peaks in the left splenium of corpus callosum.
RD3 peaks in the left and RD4 peaks in the right posterior corona radiata. Information regarding the peak anatomical location for each cluster
was reported as unit of mm in the X, Y, and Z directions.
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groups for all four clusters (S2). For cluster #2, significant within-BD
group differences were observed; RD was significantly higher in the
BD GG group compared to the AA and AG genotype groups.
However, the within-BD differences between GG and AA groups did
not survive correction for multiple comparisons. For the sensitivity
analysis, all post-hoc findings remained significant except the cluster
#1 post-hoc finding of differences between BD GG and HC GG groups
after controlling for current SGA. However, the effect size was of
similar magnitude and in the same direction (η2= 0.06) as compared
to the main analysis (η2= 0.09).

GPX3 rs3792797
Results of voxel-wise whole brain analysis for GPX3 rs3792797 are
summarized in Table 4. There was a significant main effect of
rs3792797 on FA in a cluster with peaks in the following white matter
tract regions: the right retrolenticular part of the internal capsule, the
inferior fronto-occipital fasciculus, and the inferior longitudinal
fasciculus (p= 0.04). Finding remained significant in sensitivity
analyses with current lithium or SGA as additional covariates. Post-
hoc analyses revealed that the difference was due to lower FA in the
CC group (estimated marginal mean=0.536) as compared to the
A-carrier group (estimated marginal mean=0.574). There was no
significant interaction effect between GPX3 rs3792797 and diagnosis.

DISCUSSION
The present study examined the association of SNPs in genes
involved in oxidative defense with white matter integrity in youth
with and without BD. Whole-brain voxel-wise analyses revealed
significant interaction effects between SOD2 rs4880 and diagnosis

in various major white matter regions, including the splenium of
corpus callosum, posterior corona radiata, and anterior thalamic
radiation. For the identified white matter tracts, post-hoc analyses
revealed significantly higher FA and lower RD in the HC GG group
as compared to the BD GG group, and other HC genotypes. In
addition, within-BD differences were observed for the splenium of
the left corpus callosum, with the BD GG group showing lower FA
(not significant after multiple comparison correction) and higher
RD than the other genotype groups. No significant interaction
effect was observed for the GPX3 rs3792797 SNP. In summary, the
current study reveals a significant association of the SOD2 rs4880
SNP with FA and RD in major white matter tracts previously
implicated in BD. Disturbances in oxidative biology and anom-
alous white matter integrity are well established in BD. Results of
the current study suggest that these two well established findings
may be related to one another.
The mechanisms underlying the association of the SOD2 rs4880

SNP with white matter integrity are currently unclear, with mixed
reports of a possible protective role versus a potentially
deleterious effect on the brain. SOD2 rs4880 results in the
substitution of the amino acid valine (Val) with alanine (Ala) at
position 16 [53]; this results in secondary structure changes of the
polypeptide, leading to changes in the three-dimensional folding
pattern of the antioxidative enzyme [33]. These protein structure
changes have been shown to increase the ability of the Ala-
encoded SOD2 enzyme to cross the inner mitochondrial
membrane, resulting in higher availability of this enzyme inside
the matrix [34, 35]. In addition, the Ala-encoded SOD2 enzyme has
also been reported to be more enzymatically active compared to
the Val-encoded enzyme [54]. One can speculate that the higher

Table 2. Demographic Characteristics by Diagnosis and SNPs in two antioxidant enzyme genes.

Diagnosis

BD (n = 58) HC (n = 46) F/χ2 p ηp
2/V

Age 17.7 ± 0.2 17.2 ± 0.3 2.26 0.14 0.02

Sex (n, % female) 38 (66%) 23 (50%) 2.55 0.11 0.16V

Race (n, % Caucasian) 41 (71%) 24 (52%) 3.75 0.053 0.19V

BMI (adjusted) 24.0 ± 0.6 22.5 ± 0.7 2.74 0.10 0.03

Tanner Stage 4.5 ± 0.1 4.2 ± 0.1 2.93 0.09 0.03

SOD2 rs4880

AA (n = 25) AG (n = 46) GG (n = 33) F/χ2 p ηp
2/V

Age 17.6 ± 0.3 17.5 ± 0.3 17.3 ± 0.3 0.19 0.82 0.004

Sex (n, % female) 12 (48%) 26 (57%) 23 (70%) 2.92 0.23 0.17V

Race (n, % Caucasian) 13 (52%) 29 (63%) 23 (70%) 1.91 0.39 0.14V

BMI (adjusted)a 22.1 ± 0.9 24.9 ± 0.6 22.8 ± 0.8 3.74 0.03 0.07

Tanner Stagea 4.1 ± 0.1 4.3 ± 0.1 4.6 ± 0.1 3.54 0.03 0.07

GPX3 rs3792797

CC (n = 65) AA/AC* (n = 37) F/χ2 p ηp
2/V

Agea 17.1 ± 0.2 17.8 ± 0.3 4.05 0.047 0.04

Sex (n, % female) 40 (62%) 19 (51%) 1.00 0.32 0.10V

Race (n, % Caucasian) 42 (65%) 23 (62%) 0.06 0.80 0.03V

BMI (adjusted) 24.0 ± 0.6 22.9 ± 0.7 1.31 0.25 0.01

Tanner Stage 4.3 ± 0.1 4.4 ± 0.1 0.15 0.70 0.002

Results are reported in mean ± standard deviation (SD) unless otherwise specified. BD Bipolar disorder, HC Healthy control, BMI Body mass index. Significant
differences are Bolded.
*AA/AC combined due to limited subgroup size.
aIndicates significant differences between genotype groups.
Missing cases (n): Tanner Stage (1).
Effect size was reported in as partial eta squared=ηp2 for F-test and Cramér’s V= V for Crosstab.
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availability and activity of the SOD2 enzyme might thus be
beneficial in normal circumstances, scavenging superoxide
radicals by conversion to hydrogen peroxide (H2O2), which is in
turn eliminated after being converted to H2O. In the present study,
we observed that the HC GG group has the highest FA and lowest
RD compared to the BD GG group and other HC genotype groups.
Prior literature has reported high lipid content (~80%) in axonal
fibers and myelin sheets, rendering these white matter structures
especially susceptible to ROS-related lipid peroxidation [39]. The
inverse pattern of FA and RD observed in the HC GG genotype

Table 3. Clinical characteristics.

BD (n= 58)

BD-I 25 (43%)

BD-II 17 (29%)

BD-NOS 16 (28%)

Age of BD Onset 14.97 ± 2.68

Lifetime Clinical Characteristics

Lifetime Psychosis 13 (22%)

Lifetime Suicide Attempts 8 (14%)

Lifetime Self-injurious Behaviour 27 (47%)

Lifetime Suicidal Ideation 33 (57%)

Lifetime Any Abuse (physical and/or sexual) 6 (10%)

Lifetime Psychiatric Hospitalization 28 (48%)

Lifetime Comorbid Diagnoses

ADHD 28 (48%)

Any Anxiety Disorder 47 (81%)

Number of Anxiety Disorders 1.90 ± 1.36

Conduct Disorder 2 (3%)

Oppositional Defiant Disorder 17 (29%)

Substance Use Disorder 14 (25%)

Nicotine Use 8 (14%)

Lifetime Medications

Second generation antipsychotics 45 (78%)

Lithium 14 (24%)

Non-SSRI Antidepressants 9 (16%)

SSRI Antidepressant 20 (35%)

Stimulants 17 (29%)

Current Medications

Second Generation Antipsychotics 31 (53%)

Lithium 11 (19%)

Non-SSRI Antidepressants 1 (2%)

SSRI Antidepressants 9 (16%)

Stimulants 7 (12%)

Family Psychiatric History

Mania/Hypomania 34 (59%)

Depression 45 (78%)

Anxiety 30 (52%)

SUD 12 (21%)

Psychosis 14 (25%)

ADHD 20 (35%)

BD Bipolar disorder, NOS Not otherwise specified, HC Healthy control, ADHD
Attention deficit-hyperactivity disorder, SSRI Selective serotonin reuptake
inhibitor, SUD Substance use disorder. Note: Results are reported in mean ±
standard deviation (SD) or percentage (%) Yes unless otherwise specified.
Missing cases (n): Family Psychiatric History Psychosis (2).
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group might suggest that the Ala-encoded SOD2 enzyme may
have a protective effect on white matter integrity through
enhanced antioxidative capacity [55].
In contrast, the BD GG group was associated with lower FA (not

significant after multiple comparison correction) and higher RD
than the HC GG group and the other BD genotypes, reflective of
oxidative stress-related damage to axonal fibers and myelin sheets
[6–8]. Although tentative and preliminary, these divergent
findings might suggest that neuroprotective effects of the G
allele are lacking in BD, differences that may be explained by the
predisposition to redox imbalances in this population [56–58].
Essentially, in circumstances where oxidative stress overwhelms
antioxidative capacity, the increased SOD2 enzymatic availability
and activity that is associated with the G allele ultimately results in
increased generation of H2O2 with impaired capacity to efficiently
convert this ROS to H2O [27, 53, 54]. ROS, especially H2O2,
regulates myelination processes [59, 60] and, when produced in
excess in oligodendrocytes, induces direct cell death in vitro [61].
In summary, alterations in brain ROS levels may have both a direct
impact on axons and myelin integrity via lipid peroxidation, as
well as indirect impact via regulation of oligodendrocyte myelin
production.
The current study found a differential association of the SOD2

rs4880 GG genotype with FA and RD in the splenium of corpus
callosum and posterior corona radiata. The splenium of corpus
callosum is the posterior part of the corpus callosum, consisting of
axonal fibers connecting the temporal, posterior parietal, and
occipital cortices [62]. A recent meta-analysis examining 57 studies
of young and middle-aged adults reported that FA was
significantly lower, and RD was significantly higher, in the
splenium of corpus callosum in participants with BD compared
to HC [63]. In addition, this meta-analysis included studies that
examined individuals at familial-genetic risk for BD. Compared to
the HC group, the group with increased risk for BD had lower FA in
the CC, including the splenium subregion [63]. Similarly, lower FA
has been observed in the splenium of corpus callosum in youth
with BD compared to HC [16, 64]. For posterior corona radiata,
prior studies have reported lower FA [65–67] and higher RD [68] in
adults with BD compared to HC; additionally, there is evidence of
lower FA among adults at familial-genetic risk for BD compared to
HC [69, 70].
We found a significant diagnosis-by-genotype interaction on

anterior thalamic radiation FA. This white matter tract travels
through the anterior limb of the internal capsule and connects the
prefrontal cortex with the thalamus, specifically the dorsomedial
thalamic nucleus [71]. Lower FA of the anterior thalamic radiation
has been previously reported in adolescents [72] and adults [73]
with BD compared to HC. The aforementioned meta-analysis in
young and middle-aged adults confirmed reduced FA in this
region in BD compared to HC [63]. In addition, lower FA of the
anterior thalamic radiation has been previously reported in
unaffected relatives of BD patients, aged between 16 to 25 years
old, when compared to HC [74].
It is important to acknowledge that present findings are

constrained by a number of limitations. First, the cross-sectional
design impedes our ability to make inferences regarding the
temporal association between the antioxidative enzyme SNPs
and white matter integrity. Second, the sample size is limited. For
this reason, homozygous and heterozygous GPX3 rs3792797
A-allele carriers were grouped together. Similarly, the limited
sample size precluded evaluation of additive genetic effect
analyses or subgroup analyses (i.e., sex differences, age differ-
ences, ethnicity, BD subtypes, BD mood states). Finally, additional
DTI metrics such as axial diffusivity and mean diffusivity, while
potentially informative, were deferred due to concern about
multiple contrast in this small sample. In addition, the current
sample size, although relatively large for an imaging study in the
youth BD population, is not powered to detect small effects.

Lastly, we did not include oxidative stress biomarkers (e.g. protein
levels, gene expression). Including these measurements might be
beneficial for understanding the biological mechanism under-
lying the antioxidative defense genes with BD-associated
anomalous diffusion metrics.
To conclude, the current study provides initial evidence

regarding the differential association of the SOD2 rs4880 SNP
with FA and RD in youth with vs. without BD. The observed
findings may suggest reduced protective effects of the G allele on
axonal and myelin integrity in youth with BD due to oxidative
stress predisposition. These findings contribute to a sparse
literature regarding the genetic underpinnings of BD-associated
white matter anomalies, and reveal white matter tracts liable to
oxidative stress-related damage. Future longitudinal studies with
larger sample sizes are warranted to examine the temporal
association between antioxidative defense genes and white
matter anomalies early in the course of illness. Ultimately, this
line of research has the potential to inform the integration of
oxidative biology into the monitoring and treatment of early-
onset BD.

REFERENCES
1. Kieseppä T, Partonen T, Haukka J, Kaprio J, Lönnqvist J. High concordance of

bipolar I disorder in a nationwide sample of twins. Am J Psychiatry.
2004;161:1814–21.

2. Purcell SM, Wray NR, Stone JL, Visscher PM, O’Donovan MC, Sullivan PF, et al.
Common polygenic variation contributes to risk of schizophrenia and bipolar
disorder. Nature. 2009;460:748–52.

3. Phillips ML, Swartz HA. A critical appraisal of neuroimaging studies of bipolar
disorder: toward a new conceptualization of underlying neural circuitry and a
road map for future research. Am J Psychiatry. 2014;171:829–43.

4. Nortje G, Stein DJ, Radua J, Mataix-Cols D, Horn N. Systematic review and voxel-
based meta-analysis of diffusion tensor imaging studies in bipolar disorder. J
Affect Disord. 2013;150:192–200.

5. Beaulieu C. The basis of anisotropic water diffusion in the nervous system - a
technical review. NMR Biomed. 2002;15:435–55.

6. Mori S, Zhang J. Principles of diffusion tensor imaging and its applications to
basic neuroscience research. Neuron. 2006;51:527–39.

7. Thomason ME, Thompson PM. Diffusion imaging, white matter, and psycho-
pathology. Annu Rev Clin Psychol. 2011;7:63–85.

8. Pierpaoli C, Barnett A, Pajevic S, Chen R, Penix LR, Virta A, et al. Water diffusion
changes in Wallerian degeneration and their dependence on white matter
architecture. Neuroimage 2001;13:1174–85.

9. Wise T, Radua J, Nortje G, Cleare AJ, Young AH, Arnone D. Voxel-based meta-
Analytical evidence of structural disconnectivity in major depression and bipolar
disorder. Biol Psychiatry. 2016;79:293–302.

10. Favre P, Pauling M, Stout J, Hozer F, Sarrazin S, Abé C, et al. Widespread white
matter microstructural abnormalities in bipolar disorder: evidence from mega-
and meta-analyses across 3033 individuals. Neuropsychopharmacology.
2019;44:2285–93.

11. Teixeira A, Kleinman A, Zanetti M, Jackowski M, Duran F, Pereira F, et al. Preserved
white matter in unmedicated pediatric bipolar disorder. Neurosci Lett.
2014;579:41–45.

12. Kafantaris V, Kingsley P, Ardekani B, Saito E, Lencz T, Lim K, et al. Lower orbital
frontal white matter integrity in adolescents with bipolar I disorder. J Am Acad
Child Adolesc Psychiatry. 2009;48:79–86.

13. Saxena K, Tamm L, Walley A, Simmons A, Rollins N, Chia J, et al. A preliminary
investigation of corpus callosum and anterior commissure aberrations in
aggressive youth with bipolar disorders. J Child Adolesc Psychopharmacol.
2012;22:112–9.

14. Lu LH, Zhou XJ, Fitzgerald J, Keedy SK, Reilly JL, Passarotti AM, et al. Micro-
structural abnormalities of white matter differentiate pediatric and adult-onset
bipolar disorder. Bipolar Disord. 2012;14:597–606.

15. James A, Hough M, James S, Burge L, Winmill L, Nijhawan S, et al. Structural brain
and neuropsychometric changes associated with pediatric bipolar disorder with
psychosis. Bipolar Disord. 2011;13:16–27.

16. Barnea-Goraly N, Chang KD, Karchemskiy A, Howe ME, Reiss AL. Limbic and
corpus callosum aberrations in adolescents with bipolar disorder: a tract-based
spatial statistics analysis. Biol Psychiatry. 2009;66:238–44.

17. Sprooten E, Sussmann JE, Clugston A, Peel A, McKirdy J, Moorhead TW, et al.
White matter integrity in individuals at high genetic risk of bipolar disorder. Biol
Psychiatry. 2011;15:4.

Y. Zou et al.

7

Translational Psychiatry          (2022) 12:504 



18. Roybal DJ, Barnea-Goraly N, Kelley R, Bararpour L, Howe ME, Reiss AL, et al.
Widespread white matter tract aberrations in youth with familial risk for bipolar
disorder. Psychiatry Res. 2015;232:184–92.

19. Song SK, Yoshino J, Le TQ, Lin SJ, Sun SW, Cross AH, et al. Demyelination
increases radial diffusivity in corpus callosum of mouse brain. Neuroimage.
2005;26:132–40.

20. Song SK, Sun SW, Ramsbottom MJ, Chang C, Russell J, Cross AH. Dysmyelination
revealed through MRI as increased radial (but unchanged axial) diffusion of
water. Neuroimage. 2002;17:1429–36.

21. Nair G, Tanahashi Y, Low HP, Billings-Gagliardi S, Schwartz WJ, Duong TQ. Mye-
lination and long diffusion times alter diffusion-tensor-imaging contrast in
myelin-deficient shiverer mice. Neuroimage. 2005;28:165–74.

22. Frey BN, Andreazza AC, Houenou J, Jamain S, Goldstein BI, Frye MA, et al. Bio-
markers in bipolar disorder: a positional paper from the International Society for
Bipolar Disorders Biomarkers Task Force. Aust N. Z J Psychiatry. 2013;47:321–32.

23. Ghosh N, Das A, Chaffee S, Roy S, Sen CK in Immunity and Inflammation in Health
and Disease 45–55 (Andre Gerhard Wolf, 2018).

24. Brown BC, Andreazza AC, Young LT. An updated meta-analysis of oxidative stress
markers in bipolar disorder. Psychiatry Res. 2014;218:61–68.

25. Ng F, Berk M, Dean O, Bush AI. Oxidative stress in psychiatric disorders: evidence
base and therapeutic implications. Int J Neuropsychopharmacol. 2008;11:851–76.

26. Andreazza A, Kauer-Sant’Anna M, Frey B, Bond D, Kapczinski F, Young L, et al.
Oxidative stress markers in bipolar disorder: A meta-analysis. J Affect Disord.
2008;111:135–44.

27. Ghosh N, Das A, Chaffee S, Roy S, Sen CK Reactive Oxygen Species, Oxidative
Damage and Cell Death. Emerging Roles of Nutraceuticals and Functional Foods in
Immune Support (2018), 45–55.

28. Murphy MP. How mitochondria produce reactive oxygen species. Biochemical J.
2009;417:1–13.

29. Versace A, Andreazza AC, Young LT, Fournier JC, Almeida JR, Stiffler RS, et al.
Elevated serum measures of lipid peroxidation and abnormal prefrontal white
matter in euthymic bipolar adults: toward peripheral biomarkers of bipolar dis-
order. Mol Psychiatry. 2014;19:200–8.

30. Watts ME, Pocock R, Claudianos C. Brain Energy and Oxygen Metabolism:
Emerging Role in Normal Function and Disease. Front Mol Neurosci. 2018;11:216.

31. Fullerton JM, Tiwari Y, Agahi G, Heath A, Berk M, Mitchell PB, et al. Assessing
oxidative pathway genes as risk factors for bipolar disorder. Bipolar Disord.
2010;12:550–6.

32. Dimick MK, Cazes J, Fiksenbaum LM, Zai CC, Tampakeras M, Freeman N, et al.
Proof-of-concept study of a multi-gene risk score in adolescent bipolar disorder. J
Affect Disord. 2020;262:211–22.

33. Shimoda-Matsubayashi S, Matsumine H, Kobayashi T, Nakagawa-Hattori Y, Shi-
mizu Y, Mizuno Y. Structural dimorphism in the mitochondrial targeting
sequence in the human manganese superoxide dismutase gene. A predictive
evidence for conformational change to influence mitochondrial transport and a
study of allelic association in Parkinson’s disease. Biochem Biophys Res Commun.
1996;226:561–5.

34. Bresciani G, da-Cruz IB, González-Gallego J. Manganese superoxide dismutase
and oxidative stress modulation. Adv Clin Chem. 2015;68:87–130.

35. Holley AK, Dhar SK, Xu Y, St-Clair DK. Manganese superoxide dismutase: beyond
life and death. Amino Acids. 2012;42:139–58.

36. Sutton A, Imbert A, Igoudjil A, Descatoire V, Cazanave S, Pessayre D, et al. The
manganese superoxide dismutase Ala16Val dimorphism modulates both mito-
chondrial import and mRNA stability. Pharmacogenet Genomics. 2005;15:311–9.

37. Chang C, Worley BL, Phaëton R, Hempel N. Extracellular Glutathione Peroxidase
GPx3 and Its Role in Cancer. Cancers (Basel). 2020;12:2197.

38. Kim WS, Wong J, Weickert CS, Webster MJ, Bahn S, Garner B. Apolipoprotein-D
expression is increased during development and maturation of the human
prefrontal cortex. J Neurochem. 2009;109:1053–66.

39. Susuki K. Myelin: a specialized membrane for cell communication. Nat Educ.
2020;3:59.

40. Salminen LE, Schofield PR, Pierce KD, Bruce SE, Griffin MG. Vulnerability of white
matter tracts and cognition to the SOD2 polymorphism: A preliminary study of
antioxidant defense genes in brain aging. Behav Brain Res. 2017;30:111–9.

41. Hermens DF, Hatton SN, Lee RS, Naismith SL, Duffy SL. In vivo imaging of oxi-
dative stress and fronto-limbic white matter integrity in young adults with mood
disorders. Eur Arch Psychiatry Clin Neurosci. 2018;268:145–56.

42. Kaufman J, Birmaher B, Brent D, Rao U, Flynn C, Moreci P, et al. Schedule for
affective disorders and schizophrenia for school-age children-present and life-
time version (K-SADS-PL): Initial reliability and validity data. J Am Acad Child
Adolesc Psychiatry. 1997;36:980–8.

43. Chambers WJ, Puig-Antich J, Hirsch M, Paez P, Ambrosini PJ, Tabrizi MA, et al. The
assessment of affective disorders in children and adolescents by semistructured
interview. Test-retest reliability of the schedule for affective disorders and

schizophrenia for school-age children, present episode version. Arch Gen Psy-
chiatry. 1985;42:696–702.

44. Axelson D, Birmaher BJ, Brent D, Wassick S, Hoover C, Bridge J, et al. A preliminary
study of the Kiddie Schedule for Affective Disorders and Schizophrenia for
School-Age Children mania rating scale for children and adolescents. J Child
Adolesc Psychopharmacol. 2003;13:463–70.

45. Axelson D, Birmaher B, Strober M, Gill MK, Valeri S, Chiappetta L, et al. Phe-
nomenology of children and adolescents with bipolar spectrum disorders. Arch
Gen Psychiatry. 2006;63:1139–48.

46. Weissman MM, Wickramaratne P, Adams P, Wolk S, Verdeli H, Olfson M. Brief
screening for family psychiatric history: the family history screen. Arch Gen
Psychiatry. 2000;57:675–82.

47. Petersen AC, Crockett L, Richards M, Boxer A. A self-report measure of pubertal
status: Reliability, validity, and initial norms. J Youth Adolesc. 1988;17:117–33.

48. Krebs NF, Himes JH, Jacobson D, Nicklas TA, Guilday P, Styne D. Assessment of
child and adolescent overweight and obesity. Pediatrics. 2007;4:S193–228.

49. Hosking L, Lumsden S, Lewis K, Yeo A, McCarthy L, Bansal A, et al. Detection of
genotyping errors by Hardy-Weinberg equilibrium testing. Eur J Hum Genet.
2004;5:12.

50. Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender D, et al. PLINK: a
tool set for whole-genome association and population-based linkage analyses.
Am J Hum Genet. 2007;81:559–75.

51. Jenkinson M, Beckmann CF, Behrens TE, Woolrich MW, Smith SM. FSL. Neuro-
image. 2012;62:782–90.

52. Ganzola R, Nickson T, Bastin ME, Giles S, Macdonald A, Sussmann J, et al.
Longitudinal differences in white matter integrity in youth at high familial risk for
bipolar disorder. Bipolar Disord. 2017;19:158–67.

53. Bag A, Bag N. Target sequence polymorphism of human manganese superoxide
dismutase gene and its association with cancer risk: a review. Cancer Epidemiol
Biomark Prev. 2008;17:3298–305.

54. McAtee BL, Yager JD. Manganese superoxide dismutase: effect of the ala16val
polymorphism on protein, activity, and mRNA levels in human breast cancer cell
lines and stably transfected mouse embryonic fibroblasts. Mol Cell Biochem.
2010;335:107–18.

55. Hori H, Ohmori O, Shinkai T, Kojima H, Okano C, Suzuki T, et al. Manganese
superoxide dismutase gene polymorphism and schizophrenia: relation to tardive
dyskinesia. Neuropsychopharmacology. 2000;23:170–7.

56. Wang JF, Shao L, Sun X, Young LT. Increased oxidative stress in the anterior
cingulate cortex of subjects with bipolar disorder and schizophrenia. Bipolar
Disord. 2009;11:523–9.

57. Andreazza AC, Shao L, Wang JF, Young LT. Mitochondrial Complex I Activity and
Oxidative Damage to Mitochondrial Proteins in the Prefrontal Cortex of Patients
With Bipolar Disorder. Arch Gen Psychiatry. 2010;67:360–8.

58. Gawryluk JW, Wang JF, Andreazza AC, Shao L, Young LT. Decreased levels of
glutathione, the major brain antioxidant, in post-mortem prefrontal cortex from
patients with psychiatric disorders. Int J Neuropsychopharmacol.
2011;14:123–30.

59. Dringen R, Pawlowski PG, Hirrlinger J. Peroxide detoxification by brain cells. J
Neurosci Res. 2005;79:157–65.

60. O’Sullivan SA, Velasco-Estevez M, Dev KK. Demyelination induced by oxidative
stress is regulated by sphingosine 1-phosphate receptors. Glia. 2017;65:1119–36.

61. Lee JC, Won MH. Neuroprotection of antioxidant enzymes against transient
global cerebral ischemia in gerbils. Anat Cell Biol. 2014;47:149–56.

62. Musiek FE. Neuroanatomy, neurophysiology, and central auditory assessment.
Part III: Corpus callosum and efferent pathways. Ear Hear. 1986;7:349–58.

63. Hu R, Stavish C, Leibenluft E, Linke JO. White Matter Microstructure in Individuals
With and At Risk for Bipolar Disorder: Evidence for an Endophenotype From a
Voxel-Based Meta-analysis. Biol Psychiatry Cogn Neurosci Neuroimaging.
2020;5:1104–13.

64. Ren S, Chang M, Yin Z, Feng R, Wei Y, Duan J, et al. Age-Related Alterations of
White Matter Integrity in Adolescents and Young Adults With Bipolar Disorder.
Front Psychiatry. 2020;10:1010.

65. Cui Y, Dong J, Yang Y, Yu H, Li W, Liu Y, et al. White matter microstructural
differences across major depressive disorder, bipolar disorder and schizophrenia:
A tract-based spatial statistics study. J Affect Disord. 2020;260:281–6.

66. Cui L, Chen Z, Deng W, Huang X, Li M, Ma X, et al. Assessment of white matter
abnormalities in paranoid schizophrenia and bipolar mania patients. Psychiatry
Res. 2011;194:347–53.

67. Chen Z, Cui L, Li M, Jiang L, Deng W, Ma X, et al. Voxel based morphometric and
diffusion tensor imaging analysis in male bipolar patients with first-episode
mania. Prog Neuropsychopharmacol Biol Psychiatry. 2012;36:231–8.

68. Benedetti F, Yeh PH, Bellani M, Radaelli D, Nicoletti MA, Poletti S, et al. Disruption
of white matter integrity in bipolar depression as a possible structural marker of
illness. Biol Psychiatry. 2011;69:309–17.

Y. Zou et al.

8

Translational Psychiatry          (2022) 12:504 



69. Sprooten E, Brumbaugh MS, Knowles EE, McKay DR, Lewis J, Barrett J, et al.
Reduced white matter integrity in sibling pairs discordant for bipolar disorder.
Am J Psychiatry. 2013;170:1317–25.

70. Skudlarski P, Schretlen DJ, Thaker GK, Stevens MC, Keshavan MS, Sweeney JA,
et al. Diffusion tensor imaging white matter endophenotypes in patients with
schizophrenia or psychotic bipolar disorder and their relatives. Am J Psychiatry.
2013;170:886–98.

71. George K, M Das J. Neuroanatomy, Thalamocortical Radiations. (StatPearls, 2021).
72. Lin F, Weng S, Xie B, Wu G, Lei H. Abnormal frontal cortex white matter connections

in bipolar disorder: a DTI tractography study. J Affect Disord. 2011;131:299–306.
73. Sussmann JE, Lymer GK, McKirdy J, Moorhead TW, Muñoz Maniega S, Job D, et al.

White matter abnormalities in bipolar disorder and schizophrenia detected using
diffusion tensor magnetic resonance imaging. Bipolar Disord. 2009;11:11–18.

74. Sprooten E, Sussmann JE, Clugston A, Peel A, McKirdy J, Moorhead TW, et al.
White matter integrity in individuals at high genetic risk of bipolar disorder. Biol
Psychiatry. 2011;70:350–6.

75. Mullins N, Forstner AJ, O’Connell KS, Coombes B, Coleman JRI, Qiao Z, et al.
Genome-wide association study of more than 40,000 bipolar disorder cases
provides new insights into the underlying biology. Nat Genet. 2021;53:817–29.

ACKNOWLEDGEMENTS
The current study was supported by the Canadian Institutes of Health Research (CIHR
MOP 136947), and the Brenda Smith Fund in the Sunnybrook Health Sciences Centre
department of psychiatry. Dr. Goldstein acknowledges research grant support from
Brain Canada, Canadian Institutes of Health Research, Heart and Stroke Foundation,
National Institute of Mental Health, the CAMH Foundation, the Department of
Psychiatry at the University of Toronto. Dr. Goldstein also acknowledges his position
as RBC Investments Chair in Children’s Mental Health and Developmental
Psychopathology at CAMH, a joint Hospital-University Chair between the University
of Toronto, CAMH, and the CAMH Foundation. We would like to thank all staff at the
Centre for Youth Bipolar Disorder (CYBD), the study participants and their families,
and MRI technologists for their time and efforts. Dr. Ameis receives funding from the
Academic Scholars Award from the Department of Psychiatry, Temerty Faculty of
Medicine, University of Toronto. She currently receives funding from the National
Institute of Mental Health (R01MH114879), CIHR, and CAMH Foundation. Dr. James L.
Kennedy is a member of Myriad Genetics Scientific Advisory Board (unpaid) and the
author on patents relating to pharmacogenetics. Dr. Clement Zai receives the
Honoraria for Medscape review on Bipolar Disorder Genetics.

AUTHOR CONTRIBUTIONS
YiZ contributed to study conception and design, wrote the manuscript and
performed statistical analyses. AG, KGK, SHA, CH, and BJM provided input on

neuroimaging analyses and quality control, and provided critical input and revisions
of the manuscript. CCZ and JLK provided input on genetics analyses and quality
control, and provided critical input and revisions of the manuscript. ACA provided
input regarding oxiadative stress, and provided critical input and revisions of the
manuscript. BG contributed to study conception, design, and assisted with
manuscript preparation. All authors contributed to and have approved the final
manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41398-022-02261-w.

Correspondence and requests for materials should be addressed to Benjamin I.
Goldstein.

Reprints and permission information is available at http://www.nature.com/
reprints

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

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Y. Zou et al.

9

Translational Psychiatry          (2022) 12:504 

https://doi.org/10.1038/s41398-022-02261-w
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Differential association of antioxidative defense genes with white matter integrity in youth bipolar disorder
	Introduction
	Methods and Materials
	Participants
	Psychiatric and anthropometric measures
	DNA extraction and genotyping
	Imaging acquisition
	DTI image processing
	Statistical analyses

	Results
	Demographics and clinical characteristics
	SOD2 rs4880
	GPX3 rs3792797

	Discussion
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




