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Abstract

Oxidative stress is a key mechanism of the aging process that can cause damage to brain white
matter and cognitive functions. Polymorphisms in the superoxide dismutase 2 (SODZ2) and catalase
(CAT) genes have been associated with abnormalities in antioxidant enzyme activity in the aging
brain, suggesting a risk for enhanced oxidative damage to white matter and cognition among older
individuals with these genetic variants. The present study compared differences in white matter
microstructure and cognition among 96 older adults with and without genetic risk factors of SOD2
(rs4880) and CAT (rs1001179). Results revealed higher radial diffusivity in the anterior thalamic
radiation among SODZ CC genotypes compared to CT/TT genotypes. Further, the CC genotype
moderated the relationship between the hippocampal cingulum and processing speed, though this
did not survive multiple test correction. The CAT polymorphism was not associated with brain
outcomes in this cohort. These results suggest that the CC genotype of SODZis an important
genetic marker of suboptimal brain aging in healthy individuals.
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1. Introduction

Oxidative stress is a pathological mechanism of brain aging that involves an imbalance in
the production and detoxification of reactive oxygen species (ROS) [1]. While modest levels
of ROS are required to facilitate long-term potentiation (LTP) and synaptic plasticity [2,3],
overproduction of ROS can cause damage to proteins, lipids, and mitochondrial DNA
(mtDNA). Such damage impairs basic cellular processes including acetylcholine release,
LTP, and saltatory conduction [4,5], which are critical for maintaining normal cognitive
function in domains of executive function, processing speed, and memory [6].

Dysregulated ROS also damage the cellular architecture of the brain, with oligodendrocytes
demonstrating enhanced vulnerability to ROS accumulation compared to other brain cells
[7]. Age-related intracellular oxidation is enhanced in brain regions with an abundance of
late-differentiating oligodendrocytes [4,8]. In contrast to early-differentiating
oligodendrocytes that myelinate large diameter axons, late-differentiating oligodendrocytes
have a “weaker” lipid profile that produces thinner myelin sheaths for many small diameter
axon segments [9]. These small diameter axon fibers myelinate later in life and are believed
to be the first to decline in older age due to their thin myelin sheaths [10,11]. Thinner myelin
sheaths are predominantly located in intra-cortical association areas involved in higher-order
cognitive integration [4,8]. White matter fiber tracts traversing these brain regions (i.e.,
white matter association tracts) are at increased risk for oxidative damage, which may result
in cognitive difficulties [4,12].

Damage to white matter fiber tracts can be measured non-invasively using diffusion tensor
imaging (DTI). DTI calculates the directional properties of water diffusion within an image
voxel and can provide detailed information about underlying anatomy [13-15]. Fractional
anisotropy (FA) and mean diffusivity (MD) are commonly used scalar metrics of white
matter integrity. FA measures the degree of directional water restriction that is indicated by
axonal fiber density and coherence [16]. Conversely, MD measures the average rate of water
diffusion within a voxel that is determined by the density of anatomical barriers (e.g., myelin
sheaths) and the exchange of water molecules between cellular compartments [16,17]. Axial
diffusivity (AD) and radial diffusivity (RD) are two vector metrics that characterize the
directionally dependent rate of water diffusion that occurs parallel and perpendicular to axon
fibers, respectively [18]. Although multiple patterns of white matter diffusion have been
reported in advanced age [19,20], the majority of studies using DTI scalar and vector metrics
report decreased FA and increased MD, AD and RD [18-23]. This pattern of change
typically occurs along an anterior to posterior gradient [20,24-28] and is believed to result
from predominant demyelination and myelin loss.

Antioxidant defense enzymes are essential for combating oxidative stress and preventing
damage to white matter microstructure. Superoxide dismutase (SOD) and catalase (CAT) are
two of the most critical first-line antioxidant defense mechanisms against ROS in the human
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brain [6]. SOD and CAT work synergistically to ameliorate the neurotoxic effects of
oxidative stress by reducing ROS to less harmful compounds. Suboptimal concentrations of
these enzymes in the brain limit the ability to combat the large quantities of highly reactive
polyunsaturated fatty acids, iron, and ROS that accumulate with age [29]. Accordingly,
genetic polymorphisms within the genes that encode SOD2 and CAT have been associated
with numerous disorders involving oxidative stress. Specifically, the C allele (Ala) of the
SODZ2 missense polymorphism, rs4880 (p.Val16Ala) has been associated with
neurodegenerative diseases including Alzheimer's disease [30], Parkinson's disease [31], and
sporadic motor neuron disease [32], and psychiatric conditions such as schizophrenia [33].
Less is known about the relationship between the CA7-262C > T polymorphism
(rs1001179) and brain health, yet evidence suggests that the common C allele poses a
greater risk for oxidative damage in the central nervous system (CNS) than the minor T
allele. Specifically, the T allele has shown to protect against the development of diabetic
neuropathy [34,35], acoustic neuroma [36], and neurological manifestations of Wilson's
disease [37] compared to the C allele.

To date no studies have used DTI to examine relationships between genetic markers of
oxidative stress and white matter integrity in normal aging, yet numerous studies
acknowledge that oxidative stress is a likely driver of age-related changes in late-
myelinating white matter pathways (i.e., retrogenesis). This represents a critical gap in the
literature as oxidative damage to white matter tracts that innervate association brain regions
may underlie cognitive variability among older individuals. The purpose of this study was to
determine the impact of genetic risk factors of oxidative damage on white matter integrity
and cognition using DTI metrics and neuropsychological indices. We hypothesized that
individuals with genetic risk variants of SOD2and CAT would exhibit enhanced white
matter damage in late-myelinating fiber tracts and cognitive difficulties in executive
function, memory, and processing speed compared to individuals without these risk factors.

2.1. Participants

Data were examined in 96 English-speaking older adults participating in an ongoing study of
cognitive aging (R0O1-NS052470). Neuropsychological data, participant demographics and
relevant health histories were obtained at the University of Missouri in St. Louis and
neuroimaging was completed in a subset of these individuals (n = 71) at Washington
University within one month of the neuropsychological visit for the majority of participants.
All study protocols were approved by the IRB of these institutes. Participants provided
informed consent and received financial compensation for their involvement in the study.

Individuals were excluded based on a self-reported history of a substance use disorder,
psychiatric diagnosis (all Axis I and Il disorders with the exception of treated depression),
learning disability, any medical or neurological condition capable of impacting cognition
(e.g., thyroid disease), history of head injury (defined by a loss of consciousness > 30 min),
history of treatment-dependent diabetes, and contraindications for MRI (e.g.,
claustrophobia). Participants were required to independently complete basic and
instrumental daily functions according to the Lawton and Brody Activities of Daily Living
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scale (ADLs) [38], and receive a score =24 on the Mini Mental State Examination [39] to
exclude individuals with probable dementia. MRI scans were inspected by a radiologist and
individuals demonstrating clinically significant abnormalities (e.g., normal pressure
hydrocephalus) were excluded from the study and instructed to contact their primary care
physician.

2.2. Genotyping

2.3. Imaging

Genetic isolation and processing was completed at Genetics Repositories Australia.
Genomic DNA was extracted from saliva samples using the Oragene DNA collection kit
(DNA Genotek, Ottawa, Canada) and the Autopure LS nucleic acid purification system
(QlAgen). Genotypes for SOD2and CAT were ascertained using predesigned Tagman SNP
Genotyping Assays (Applied Biosystems) according to the manufacturer's protocol: SOD2
rs4880 (Assay ID C_8709053_10) CAT-262 rs1001179 (Assay ID C_11468118_10).

The following allele frequencies were observed: SOD2. CC n =26, CT n =43, TT n=27;
CAT: CC n=61, CT n=32, TT n= 3. Genotype frequencies for both SNPs did not deviate
from Hardy-Weinberg equilibrium (rs4880, x2 = 1.04, df = 1, p = 0.308; rs1001179, x2 =
0.24, df =1, p = 0.064). Given the cell sizes for CAT, a dominant grouping system was used
to compare individuals with the CC genotype against individuals with the CT/TT genotypes.
While these genotypes are arranged according to a recessive grouping system, this model is
functionally dominant as the C allele is far more common than the minor T allele and thus is
inferred to have the dominant effect. For SODZ, preliminary analyses indicated that the
recessive model was the most robust to brain outcomes in this study. Thus, individuals with
the CC genotype of SOD2were compared against individuals with the CT/TT genotypes.

acquisition and analysis

All imaging acquisition was performed using a head-only Magnetom Allegra 3T MRI
scanner (Siemens Medical Solutions, Erlangen, Germany) located at Washington University.
This high performance scanner has gradients with a maximum strength of 40 m/T/m in a 100
us rise time and a slew rate of 400/T/m/s, with 100% duty cycle. Acquisition parameters
were designed for whole-brain coverage, high signal-to-noise ratio (SNR), and minimal
artifact. Subject head movement was restrained using specialized foam pads and the
application of surgical tape across the forehead. An initial scout scan consisting of three
orthogonal planes was obtained at the beginning of each scanning session to confirm head
position. Daily quality assurance tests were performed to ensure consistent scanner
performance across subjects. The same scanner, operating system and processing software
were used throughout the duration of the study. Total scan time was < 1 h. Standard
shimming was applied.

Axial diffusion-weighted images (DWIs) were obtained with a custom single-shot multislice
echo-planar tensor encoded pulse sequence with diffusion-encoding gradients applied in 31
non-collinear directions and 24 main directions (b = 996 s/mm?). To maximize SNR and
directional coverage we used a “core” of tetrahedral-perpendicular directions (b = 1412 and
680 s/mm?2) with 5 10 acquisitions (b ~ 0) [40]. The following pulse sequence parameters
were also implemented: TE = 86.2 ms; TR = 7.82 s; 64 contiguous 2.0-mm slices; and an
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acquisition matrix of 128 x 128 with a FOV of 256 x 256 mm (isotropic 2.0 x 2.0 x 2.0 mm
voxels). A total of 72 acquisitions were averaged over 2 scan repeats.

Brain tissue was extracted using the FSL Brain Extraction Tool and diffusion-weighted
volume was corrected for subject motion and artifacts by affine registration using FSL
FLIRT [41]. Linear least squares and trilinear interpolation was used to reconstruct the
diffusion tensors of the DWI signal [42]. Individual tracts were identified using deterministic
whole-brain streamline tractography with one randomly placed seed per voxel, second-order
Runge-Kutta integration, a 35° flip angle, FA of 0.15, and minimum fiber length of 10 mm.
Each participant's FA image was registered to the Johns Hopkins University (JHU) white
matter atlas using FSL FLIRT with mutual information. Tracts of interest included white
matter association tracts such as the superior longitudinal fasciculus (SLF), inferior
longitudinal fasciculus (ILF), inferior fronto-occipital fasciculus (IFOF), uncinate fasciculus
(UF), and cingulum bundle [43]. Although not classically defined as an association tract, we
also examined the anterior thalamic radiation (ATR), as this tract innervates association
areas and has been previously associated with brain aging and decline in executive function,
processing speed, and memory [44—46]. Each tract was modeled separately by hemisphere
for a total of 12 distinct tracts. As described in the statistical analysis section below, tracts
were collapsed across hemispheres to provide an average measure of FA, MD, AD, and RD
for each fiber bundle. The JHU atlas was used to determine which streamlines would be
included in a specific bundle. Streamlines were retained in the bundle if at least 80% of fiber
arc length was included in the bundle mask. Streamlines that came within .8 mm of an
existing tract were removed from the analysis [47]. Numerical integration was used to
compute average scalar and vector values along each streamline, and average FA, MD, AD,
and RD for each bundle was computed for the streamline measures.

2.4. Neuropsychological assessment

All participants completed a comprehensive neuropsychological evaluation at the University
of Missouri in St. Louis. Demographic information and health histories were obtained via
self-report questionnaires. Blood pressure was measured at three time points during the
cognitive visit to account for the potential influence of hypertension on cognitive
performance. The neuropsychological tests were chosen based on established sensitivity to
age-related cognitive decline. This study focused on cognitive domains of processing speed,
executive function, and memory, as previous research suggests that these functions may be
influenced by age-related increases in oxidative stress. Cognitive difficulties in these
domains have also been linked to alterations in white matter association tracts and the ATR.
Composite scores for each cognitive domain were used as the primary outcome measures for
the neuropsychological variables to facilitate data reduction. In order to determine composite
scores, raw scores from each cognitive test were converted to z scores and averaged for each
domain. Scores measured in completion time were multiplied by -1 to result in all positive
integers.

The cognitive battery consisted of the following tests: Processing speed: 1) Trails A from the
Trail Making Test [48], 2) Trial 1 from the Color-Word Interference Task (CWIT) of the
Delis-Kaplan Executive Function System [49], and 3) Coding from the Repeatable Battery
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for the Assessment of Neuropsychological Status [50]; Executive function: 1) Trails B from
the Trail Making Test, 2) Trial 4 from the CWIT, and 3) Letter Number Sequencing (LNS)
from the Wechsler Adult Intelligence Scale-111 [51]; Memory: list learning, story memory,
list recall, and story recall from the RBANS. Time to completion was the primary outcome
measure for the Trail Making Test and CWIT. All other tests were measured by the total
number of correct responses.

2.5. Statistical analyses

3. Results

Chi square and independent samples t-tests were used to examine group differences in sex,
race, age, and years of education (respectively). Group differences in descriptive variables
such as hypertension (systolic blood pressure =140 mmHg or diastolic 290 mmHg), intra-
cranial volume (ICV) were also examined. Variables that differed significantly (p < .05)
between groups and were significantly correlated with the dependent variables were
included as covariates in the main analyses to control for any intervening effects on the
outcome measures. Statistical significance was initially determined using an alpha level of .
05. False Discovery Rate (FDR) corrections were implemented to control for type 1 error.

Separate multivariate analysis of variance (MANOVA) models were used to examine the
impact of SOD2and CAT on white matter integrity. Genetic status served as the independent
variable and white matter tracts served as the dependent variables in each MANOVA.
Outcomes from each DTI metric were analyzed in separate MANOVAS to minimize metric-
specific variance. Separate ANOVA models were used to examine the impact of SOD2and
CAT on the three cognitive domain scores (processing speed, executive function, and
memory). We examined domain scores separately due to potential differences in the
sensitivity of each domain to discriminate between groups. Genetic status served as the
independent variable and cognitive domain scores served as the dependent variable in each
analysis. Multiple regression models were computed to determine the relationship between
tract-specific DTI metrics (X7) on cognitive domain scores ( Y), and to determine whether an
interaction between genetic status (X2) and DTI metrics moderated these relationships (X1*
X2); Yi= Bot BLXeit+ B Xoi+ B3 X1;* Xojt+ e To reduce multicollinearity, DTI metrics
and genetic status (e.g., SOD2) were mean-centered prior to calculation of the interaction
terms. Given apriori evidence of associations between the selected tracts and cognition, we
applied FDR corrections (q) separately to the main effects and interactions (7 tracts x 3
domains x 3 DTI metrics = 63 comparisons).

3.1. Data screening and preliminary analyses

Q-Q plots and boxplots revealed abnormal performance scores for one subject, and removal
of this subject yielded a normal distribution for each cognitive domain. Normality tests
indicated that RD and AD values were leptokurtic and positively skewed beyond the
acceptable range. A log10 transformation was then applied to all RD and AD values. While
skewness and kurtosis improved, Q-Q plots and boxplots revealed extreme scores (> 3x
interquartile range) for one subject across multiple tracts. This subject was removed from all
analyses and the shape of the distribution was normalized. Pearson's R revealed very strong
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correlations (r's > .8) between MD and RD for nearly all tracts, and thus MD was dropped
from the analysis to reduce redundancy in the outcomes. RD was retained (versus MD) due
to its enhanced sensitivity to demyelination and suggestions that MD changes are driven by
changes in RD [52,53]. Pillai's Trace was used for MANOVAs that violated statistical
assumptions (Box's M < .001, Bartlett's test > .001, Levene's test < .05) [54]. Descriptive
variables did not differ between the CC (n = 26) and CT/TT (n = 68) genotypes of SODZ or
the CC/CT (n=60) and TT (n = 34) genotypes of CAT (Table 1). As such, covariates were
not utilized in the main analyses.

3.2. Multivariate effects of SOD2 and CAT

A significant multivariate main effect was observed for RD (Pillai's Trace = 0.243, H7,58) =
2.67, p=0.018, £ = 0.32), with the CC group demonstrating significantly higher RD (p = .
001) in the ATR compared to the CT/TT group (Fig. 1A). Groups did not differ significantly
for AD (Pillai's Trace = 0.172, A7,58) = 1.72, p=0.122, £ =0.21) or FA (Wilks' A =
0.870, A7,58) = 1.24, p=0.295, # = 0.15). No significant differences were observed for
processing speed (A1,88) = .07, p=0.791, f=.03), executive function (H1,86) = .30, p=
0.588, f=.05), or memory (A1,92) = .67, p=0.415, f=.08). RD in the ATR remained
statistically significant (p < .002) after applying FDR corrections to the univariate results.

Significant multivariate effects were not observed for FA (Wilks' A = 0.926, A7,58) = .66, p
=0.701, #=0.08), RD (Wilks' A =0.904, A7,58) = .88, p=0.527, £=0.12), or AD
(Wilks' A =0.822, A7,58) = 1.79, p=0.107, £ = 0.22). Groups did not differ significantly
on processing speed (A1,88) =.00, p=0.981, < .001), executive function (~1,86) =.02, p
=0.903, £<.001), and memory (A1,92) = .00, p=0.953, < .001). Given the lack of
significant effect of this SNP on the outcome measures, only SOD2was tested as a
moderating variable between white matter tracts and cognition.

3.3. Relationships between white matter tracts and cognition by SOD2

Statistical results of significant (FDR adjusted q) and trending (p < .05) main effects are
presented in Table 2. All significant DTI x cognition relationships were observed at g <.
013. For processing speed, significant main effects were observed with FA in the ILF and
IFOF; AD in the SLF, IFOF, CGC, ATR, and UF; and RD in the ILF, IFOF, SLF, CGC,
ATR, and UF. Lower FA and higher AD and RD in these tracts was associated with slower
processing speed. For executive function, we observed significant main effects for FA in the
ILF and IFOF, with lower FA predicting poorer performance on executive tasks. Trend
effects were also observed for AD in the SLF, ATR, and UF; and RD in the ILF, IFOF, and
CGC (Table 2). Here, higher AD and RD was associated with worse performance. For
memory, we did not observe significant main effects after the FDR correction, though a
trend was observed for lower FA in the ILF and worse memory recall.

We did not observe significant interactions between white matter tracts and SODZ2on
cognition after correcting for multiple comparisons. However, we did observe noteworthy
trends between RD in the CHC and SODZ2 (F(3,60) = 3.37, p=0.024), and FA in the CGC
and SOD2(F(3,63) = 3.06, p=0.035) on processing speed. In the CHC, the interaction
between RD and SODZ2 uniquely explained 12% of the variance in processing speed (semi-
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partial r = .345). Simple slope analyses revealed a negative relationship between RD in the
CHC and slower processing speed in CC genotypes (t = -3.12, p = .003), but this was not
observed in CT/TT genotypes (t = .32, p =.747; Fig. 2A). For the CGC, 6% of the variance
in processing speed could be explained by the interaction between FA and SODZ2 (semi-
partial r = —.261). Simple slopes also revealed a positive relationship between FA in the
CGC and processing speed among CC genotypes (t = 2.87, p = .006), but this was not
observed in CT/TT genotypes (t = .69, p = .492; Fig. 2B).

4. Discussion

The present study is the first to examine the influence of antioxidant defense genes on brain
white matter and cognition in a healthy sample of older individuals. Results revealed higher
RD in the ATR of individuals with the CC genotype of SOD2 compared to those with the
CT and TT genotypes. Group differences in RD were also evident in the CGC, though this
finding did not survive the FDR correction. Although moderation effects also did not survive
FDR, we did observe trend effects for higher RD in the CHC and slower processing speed in
CC genotypes In contrast to SODZ, genetic variants of the CAT polymorphism were not
related to white matter or cognition in this cohort. Collectively these results provide
preliminary evidence that the CC genotype of SODZ2is a risk factor for microstructural white
matter damage and associated reductions in processing speed in otherwise healthy older
adults.

Structural alterations in the ATR and cingulum have been reported in previous studies of
brain aging [44,45,55,56], Alzheimer's disease [57-59], Parkinson's disease [60,61], and
schizophrenia [62,63], among others. Oxidative stress is implicated in the pathogenesis of
these conditions, which is consistent with studies reporting an increase risk for Alzheimer's
disease, Parkinson's disease, and schizophrenia among CC genotypes of SOD2/rs4880 [30—
33]. In the present study we show that the ATR, and to a lesser extent the cingulum, are at
increased risk for degradation in non-clinical older persons with the SOD2 CC genotype.
The ATR and cingulum are prominent white matter tracts that include connection sites with
the prefrontal cortex (PFC), cingulate cortex, and thalamic nuclei [64,65]. Fiber dissection
techniques and DTI tractography studies show that the ATR and cingulum are fiber bundles
within the Papez circuit [66,67], which is a limbic system pathway involved in emotional
expression and memory [68]. Neuro-transmitter signaling within the Papez circuit is
primarily excitatory [69], causing ROS production via NMDA receptor activation [70,71].
NMDA receptors are located in oligodendrocytes and myelin sheaths, and have shown to
become activated in response to neuronal injury [72,73]. Thus, upregulated NMDA
activation in damaged brain tissue and corresponding increases in ROS production can
deplete the already limited stores of cellular antioxidants in the aging brain, ultimately
leading to perpetuated mitochondrial dysfunction, glutamate neuro-toxicity, and cell death
[74]. 1t is possible that older individuals with the CC genotype of SODZ have increased
difficulty for detoxifying ROS in the Papez circuit due to limited levels of SOD2. Although
this remains conjecture at this point, imaging modalities such as positron emission
tomography (PET) would be useful for clarifying relationships between SODZ2 genetic status
and in vivo glutamate and NMDA receptor binding within regions of the Papez circuit.
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RD was the most robust DTI metric to genetic differences in SODZ2, which is consistent with
the hypothesis that oxidative stress is detrimental to myelin integrity. RD is believed to be
preferentially sensitive to changes in the myelin sheath compared to other DTI metrics.
Work by Song et al. [53,75] demonstrated that RD could distinguish demyelination from
axonal damage in mouse models of retinal ischemia and multiple sclerosis. Additional work
from Nair et al. [76] revealed increased RD in mice that were genetically modified to be
myelin-deficient, which corresponds to the positive correlation between RD and
demyelination severity observed in human post mortem tissue samples of multiple sclerosis
patients [77]. In vivo studies of human brain aging reveal various patterns of diffusivity that
are expected to reflect different mechanisms of neuropathology [19,20], with FA and AD
more closely linked to axonal damage and MD and RD linked to demyelination. Decreased
FA and increased RD is commonly observed in white matter tracts traversing the frontal lobe
during normal aging [78], supporting the theory that the increased metabolic activity of
oligodendrocytes in late-myelinating association pathways makes them more vulnerable to
oxidative damage. Madden et al. [78] noted that a concurrent decrease in FA and increase in
RD likely represents pathology of both the axon and myelin sheath. Although brain aging
affects both axonal and myelin integrity, results from our study suggest that genetic
differences in SODZ specifically influences myelin disruption in healthy older adults.

The lack of cognitive differences between SODZ2 groups may be due to the relatively young
age of the sample (Mge = 63 years). Previous research by Tucker-Drob and Briley [79]
demonstrated that approximately one third of between-subject variability in cognitive
changes between ages 65-96 is explained by genetic differences, whereas no cohesive
pattern of indicators could explain the variability in cognitive aging between ages 50-65.
This is in agreement with the resource-modulation hypothesis, which theorizes that
increased depletion of brain resources modulates the impact of common genetic variants on
cognition, and therefore the impact of such variants becomes more significant with advanced
age [80]. Many studies show support for this model by revealing modest or non-existent
genetic effects in young adults relative to older adults [81]. Additional studies are needed in
a slightly older cohort to determine whether there is an age-dependent relationship between
SODZ2and cognition.

Despite the absence of a direct effect of SODZ2 on cognitive function, the CC genotype
moderated the relationship between the cingulum and processing speed, with a stronger
interaction in the CHC compared to the CGC. Interestingly, previous research shows that
alterations in the CHC are more closely linked to pathological aging and Alzheimer's disease
compared to alterations in the CGC [82-86]. Accordingly, Laukka et al. [87] revealed
weaker associations between age-related changes in the CHC and reduced processing speed
when cognitively “normal” older adults were excluded for prodromal dementia (assessed
retrospectively from longitudinal follow up). The CHC is a fiber pathway within the Papez
circuit that connects the posterior cingulate cortex (PCC) with the medial temporal lobe
[88], the latter of which harbors the hippocampal region, entorhinal, and parahippocampal
cortices. Each of these structures is vulnerable to Alzheimer's pathology, particularly the
accumulation of oxidative end products and reduced antioxidant capacity in the
hippocampus. Both aging and genetically determined SOD2 deficiencies promote oxidative
stress in the hippocampus, thereby leading to reductions in cognitive function [89].
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Relatedly, the PCC is a primary connectivity hub for major cortical networks [90], allowing
information processing across disparate brain systems. Disrupted functional connectivity of
the PCC has been associated with reduced processing speed in aging individuals [91,92],
which may explain the link between the increased RD in the CHC and slower processing
speed in CC genotypes of SODZ2. Given the strong biological rationale for this effect, it is
likely that cingulum moderations did not survive multiple test correction due to low power,
rather than being a spurious result.

In contrast to our hypotheses, CAT was not significantly related to white matter or cognition
in this cohort of individuals. Although this was unexpected, previous research has reported
conflicting results regarding the impact of this SNP on various health conditions. Some
studies show that the minor T allele is protective against diabetic neuropathy, acoustic
neuroma, and later presentation of neurological manifestations of Wilson's disease [34-37],
while other studies report an increase risk for breast and prostate cancer [93,94], chronic
hepatitis B [95], alcohol dependency [96], ulcerative colitis [97], and asthma [98,99].
Additional research investigations have reported no association between CAT and sporadic
Alzheimer's disease [100], hypertension [101], and depression [102]. Forseberg et al. [103]
revealed differences in allelic expression across organ tissues, which may explain the
discrepancy of allelic risk in the abovementioned studies. Future studies conducted in larger
samples should examine potential pleitropic effects of the CAT polymorphism, as well as
interactions with other genes.

The results of this study should be regarded as preliminary, due to the limited cell sizes of
the genetic groups. However, the strong biological model and reported effect sizes suggest
that our results reflect a true effect of the SODZ2 polymorphism on brain aging. Nevertheless,
replication is needed in a larger sample to confirm our findings. A few other limitations
should be acknowledged. First, this study did not include a plasma or cerebrospinal fluid
biomarker of oxidative stress or antioxidant enzyme activity and therefore the functional
impact of SOD2and CAT on brain microphysiology remains unknown. While previous
studies have measured antioxidant activity from plasma and serum, the relationship between
central and peripheral levels of enzyme activity is not consistent [29] Second, the use of AD
and RD is controversial due to potential misinterpretations of what is truly axonal
degeneration versus demyelination [78,104]. Interpretation that increased RD in the present
study represents demyelination is based on previously identified patterns of DTI changes
that correspond to histological data [19]. While it is possible that increased RD in the ATR
also reflects axonal damage given the established correlations between demyelination and
axonal degeneration [77], the weight of literature regarding diffusivity patterns and oxidative
mechanisms suggests that RD changes were likely driven by demyelination. Neuro-
pathological data are required to address this hypothesis. Third, participants were recruited
using advertisements for “healthy cognitive aging” and as such there may have been a
sampling bias for individuals who were already concerned about their cognitive health.
While a sampling bias may have influenced the level of cognitive performance exhibited by
this cohort as a whole, it is unlikely that this would have influenced genetic differences in
brain outcomes. Finally, this sample has been subject to previous genotype-phenotype
analysis and therefore caution is warranted when interpreting the results.
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5. Conclusion

The work presented herein is highly innovative as it is the first /n vivo examination of brain
outcomes among healthy older adults with genetic risk variants of SOD2and CAT. While
our results do not support a role for CAT in “normal” brain aging, the CC genotype of SOD2
appears to confer risk for tract-specific alterations in the Papez circuit that are related to
slower processing speed. Knowledge of these associations should facilitate research aimed at
developing intervention strategies for individuals at risk for SOD2 deficiencies, whether by
exogenous antioxidant supplementation or modification of lifestyle factors that reduce the
burden of oxidative stress in the aging brain. Future studies utilizing PET imaging will
further elucidate the relationship between SODZ2and metabolic disturbances in the Papez
circuit, particularly in the ATR and cingulum. Longitudinal studies examining a slightly
older cohort (= age 65) will be beneficial for determining the degree to which these
antioxidant defense genes influence intra-individual variability in normal brain aging.
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Tract-specific RD by SOD2 Recessive Model

p=.001*
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Significant multivariate main effects were observed for tract-specific alterations in radial
diffusivity (RD) when individuals were grouped according to the SODZ2 recessive model.
Values were graphed according to raw RD values for visualization purposes. The pvalue .
001 reflects significant group differences after the log10 transformation, which survived the
FDR correction. ATR = anterior thalamic radiation, CGC = cingulate gyrus segment of
cingulum, CHC = hippocampal segment of cingulum, ILF = inferior longitudinal fasciculus,
IFOF = inferior fronto-occipital fasciculus, UF = uncinate fasciculus.
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A) Interaction between RD in the CHC and SOD2 on
Processing Speed
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B) Interaction between FA in the CGC and SOD2 on
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Fig. 2.

M%deration of the SOD2 CC genotype on radial diffusivity (RD) in the hippocampal
segment of the cingulum (CHC) (A) and fractional anisotropy (FA) in the cingulate gyrus
segment of the cingulum (CGC) (B) on processing speed. Endpoints were plotted according
to mean centered maximum and minimum log transformed RD values (max = .27, min = —.
06) and mean centered FA values (max = .09, min = -.01). Maximum and minimum FA
values were normally distributed and not log transformed.
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Table 1

Descriptive Characteristics of the Sample.

Total Sample (N = 94)

Age (M, SD) 63.5 (8.2)

Years of Education (M, SD)  15.6 (2.5)

Sex (1) (Male, Female) 36, 60

Race (% Caucasian) 75%

Hypertension (7= Yes) 27

SoD2 CC(n=26) CT/TT(n=68) pvalue

Age (M, SD) 6450 (8.2)  63.16 (8.3) 0.481

Years of Education (M, SD)  14.88 (2.6)  15.86 (2.4) 0.053

Sex (1) (Male, Female) 9,17 25,43 0.846

Race (% Caucasian) 76.9 75.0 0.623

Hypertension (7= Yes) 8 19 0.571

CAT-262 (% CC genotype)  57.7 66.2 0.444

CAT CC(n=60) CT/TT (n=34) pvalue

Age (M, SD) 62.5(8.3)  64.5(7.3) 0.236

Years of Education 15.8 (2.4) 15.5 (2.5) 0.614

Sex (1) (Male, Female) 20, 40 14, 20 0.447

Race (% Caucasian) 68.3 88.2 0.052

Hypertension (7= Yes) 17 10 0.984

SOD2 (% CC genotype) 48.4 52.4 0.777
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