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Abstract

INTRODUCTION: Oxidative stress (OS) is implicated in dementia. While elevated
peripheral OS biomarkers were observed in vascular mild cognitive impairment (vMCl),
the role of central antioxidants remains unclear. We assessed levels of the major brain
antioxidant glutathione (GSH) in vMCI compared to cognitively normal coronary artery
disease (CAD) controls (CN).

METHODS: In vivo tissue-corrected GSH in the anterior cingulate cortex (ACC) and
occipital cortex (OC) were quantified in persons with vMCI and CN using MEscher-
GArwood Point RESolved magnetic resonance Spectroscopy.

RESULTS: Among participants (vMClI, n = 22, age [mean + SD] = 67.4 + 7.3; CN,n =21,
age = 66.7 + 7.8), ACC-GSH (i.u. = SD) was higher in vMCI (4.42 + 0.59) versus CN
(3.72 + 1.01) (Z=-2.5, p = .01), even after controlling for age and sex (B [SE] = 0.74
[0.26], p=.007). Increased ACC-GSH correlated with poorer executive function (EF) (B
[SE]=—0.31[0.14], p = .04). OC-GSH showed no effect.
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1 | BACKGROUND

The global prevalence of dementia is projected to increase to over
150 million cases by 2050, representing a significant burden to global
healthcare systems. Although Alzheimer’s disease (AD) dementia is the
most common form, vascular dementia (VD) is widely considered the
second most common, accounting for approximately 20% of cases.?
Additionally, between 46% and 70% of clinically diagnosed AD demen-
tia cases also exhibit cerebrovascular changes such as cerebral amyloid
angiopathy, microinfarcts, or small vessel disease, that is, showing
“mixed” etiology.® The 2016 Rush Memory and Aging Project reported
that among those with AD dementia, 56% had infarcts and 78% had
vascular pathology.* Thus, vascular contributions play an important
role in dementia.

Patients with cerebrovascular risk factors, such as coronary
artery disease (CAD), obesity, diabetes, hypertension, and hyperlipi-
demia have an increased risk of developing dementia, including AD
dementia.”>~” The literature suggests that vascular risk factors con-
tribute to dysfunction of the neurovascular unit (NVU),” a collection of
neurons, glial cells, and vascular cells that regulate cerebral blood flow.
Dysfunction of the NVU may result in reduced cerebral blood flow,
leading to neuroinflammation, oxidative stress (OS), and eventually
neurodegeneration.8?

One of the critical pathophysiological processes in the brain that is
exacerbated by vascular risk factors is 05.%? The brain’s high metabolic
demand makes it especially vulnerable to oxidative damage, which is
now thought to contribute to neurodegenerative diseases, including
AD and vascular-related cognitive impairment (VCI).20-12 OS results
from an imbalance between the production of reactive oxygen species
(ROS) and the brain’s antioxidant defenses.!? Alterations in these
defenses are implicated in neuronal damage and synaptic dysfunction,
both of which are early signs of cognitive decline.231* Among the pri-
mary antioxidant systems, glutathione (GSH) stands out as a key player
in maintaining cellular redox homeostasis. As the brain’s most abun-
dant antioxidant,* GSH directly neutralizes ROS and helps maintain

the integrity of cellular structures.1®

DISCUSSION: Higher ACC-GSH in vMCI may reflect a compensatory response to OS.
ACC-GSH was negatively correlated with EF, suggesting a linkage between regional
brain antioxidants and disease-relevant cognitive domains.

antioxidant, brain biomarker, glutathione, MEGA-PRESS, mild cognitive impairment, vascular

* Brain GSH was measured in vascular MCl and matched controls using MEGA-PRESS.
* |Incontrast to GSH deficits in AD, anterior cingulate GSH was elevated in vMCl.

* Brain GSH was correlated with disease-relevant cognitive domains in vMCI.

* The GSH antioxidant system may be etiologically implicated in vMCI.

GSH depletion is thought to contribute to OS-induced neuronal
death and loss in several neurodegenerative diseases, including Parkin-
son’s disease,’® AD,'” and amyotrophic lateral sclerosis,* suggesting
that targeting GSH may offer a potential strategy for preventing neu-
rodegeneration. However, data from post mortem studies on GSH levels
in AD have yielded mixed results,81? and the precise role of GSH
in early disease stages remains unclear. In vivo assessment of GSH
has been conducted using brain magnetic resonance spectroscopy
(MRS) and peripheral blood measurements.2°-22 Brain GSH levels have
been shown to be significantly reduced in AD and MCI patients com-
pared to healthy controls, as demonstrated by a meta-analysis of
MRS studies using MEscher-GArwood Point RESolved Spectroscopy
(MEGA-PRESS) techniques.?® Those in vivo measurements provide
more reliable insights into ongoing neuro-metabolic processes com-
pared to post mortem studies.2*2> However, there is still a notable gap
in the literature, as no MRS studies have yet explored brain GSH levels
during the early stages of VCI.

In this study, we investigated cross-sectional in vivo brain GSH as a
biomarker of disease in individuals with vascular MCI (vMCl) compared
to cognitively normal CAD controls. We hypothesized that consistent
with previous findings of elevated OS and antioxidant depletion in neu-
rodegenerative diseases such as AD,%26 brain GSH would be similarly

decreased in MCl of vascular etiology.

2 | MATERIALS AND METHODS

2.1 | Study design and participants

Consecutive consenting participants from a CAD patient population
starting a cardiac rehabilitation (CR) program at the University Health
Network Toronto Rehabilitation Institute (UHN-TRI) were screened.
Participants were between 55 and 85 years old and were able to read
and communicate fluently in English. All participants in the study had
stable CAD, which was defined by one or more of the following: a

history of myocardial infarction, coronary angiographic evidence of
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greater than 50% stenosis in at least one major coronary artery, a prior
revascularization procedure, or having two or more vascular risk fac-
tors such as hypertension, dyslipidemia, diabetes, sedentary lifestyle,
smoking, obesity, and/or sleep apnea. Patients were excluded from the
study if they had a clinical history of stroke, epilepsy, current uncon-
trolled medical ilinesses such as uncontrolled asthma, diabetes, hyper-
cholesterolemia, severe hypo/hypertension, other significant acute
medical illnesses affecting liver, renal, and/or lung function, substance
abuse, uncontrolled hypothyroidism, a current neurological condition
or major psychiatric condition such as bipolar disorder, schizophre-
nia, or a previously diagnosed neurodegenerative illness including
dementia of any subtype. Participants were also excluded if they had
contraindications to magnetic resonance imaging (MRI) or MRS (e.g.,
claustrophobia, ferromagnetic medical implants), were concurrently
participating in a pharmacological study, or were taking any supple-
ments containing N-acetylcysteine (NAC) that could have affected
GSH values.

Participants were initially screened based on clinical inclu-
sion/exclusion criteria. Next, they received cognitive screening
for categorization as cognitively normal CAD control or vMCI based
on cognitive performance (see Section 2.2 for specific details). vMCl
participants were matched to cognitively normal CAD controls by
age (+ 5 years) and sex; education matching was not implemented due
to the available participant sample. Controls were recruited from the
same CAD population at UHN-TRI-CR. These participants scored >28
on the Montreal Cognitive Assessment (MoCA) or did not meet criteria
for modest deficits (1 standard deviation [SD] below population norm)
in specific cognitive domains.

MoCA was collected for all participants (and a subgroup com-
pleted a longer neuropsychological battery; see Section 2.2 for specific
details), as well as brain MRI and MRS, and demographic/clinical infor-
mation (age, sex, education, smoking history, body mass index [BMI],
physical assessment data, psychiatric and neurological history, clinical
comorbidities, and concomitant medications). The vMCI participants
were characterized with positron emission tomography (PET) using
the brain radiotracer 18F-florbetaben to assess amyloid beta positiv-
ity. The resulting PET images were interpreted independently by two
physicians certified in both radiology and nuclear medicine who were
blinded to patient clinical characteristics. Each 18F-florbetaben PET
scan was rated according to the US FDA NEURACEQ label?” as posi-
tive or negative for amyloid deposition, with final interpretation based
on clinical consensus. vMCI patients who were amyloid positive but
had cerebrovascular pathology were still included in the study. Writ-
ten informed consent was freely obtained from all participants prior to
study enrollment. All study procedures were approved by the Research
Ethics Boards (REB) of Sunnybrook Health Sciences Centre and UHN.

2.2 | Cognitive testing
All participants were screened using the MoCA?® as a measure of
global cognition. The MoCA includes an executive function (EF) com-

ponent, which is more sensitive to subtle cognitive changes compared
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RESEARCH IN CONTEXT

1. Systematic review: A meta-analysis reported lower In
vivo brain antioxidant levels of GSH in AD and MClI, using
MEGA-PRESS. However, it is unknown whether simi-
lar changes occur in MCl secondary to vascular disease
(vMCl).

2. Interpretation: In contrast to the GSH decline reported
in AD, our findings indicated that those with vMCI exhib-
ited a region-specific increase in brain GSH in the ACC.
GSH was correlated with cognitive performance asso-
ciated with the same region, suggesting a link between
regional brain antioxidants and disease-relevant cogni-
tive domains.

3. Future directions: The GSH antioxidant system may be
etiologically implicated in the evolution of vMCI, and
brain GSH levels may differ according to etiology, brain
region, and disease stage. Clarifying brain antioxidant
changes across the spectrum of disease severity in differ-
ent etiologies will help with the planning of personalized
preventive strategies.

to the Mini-Mental State Examination.28:2? Although typically a MoCA
score of 26 or higher is considered normal,28 a more conservative
threshold of 28 was chosen, given that UNH-TRI CR’s patient pop-
ulation has historically been well educated.?%3! This decision was
supported by recently published MoCA norms stratified by both age
and education, suggesting that cut-offs between 27 and 28 are appro-
priate in individuals with >16 years of education.? For the current
study, those who scored >28 were assumed to be cognitively normal,
whereas those who scored <28 on the MoCA received additional neu-
ropsychological testing using the National Institute of Neurological
Disorders and Stroke-Canadian Stroke Network (NINDS-CSN) 60-min
standardized battery.33

The NINDS-CSN 60-min standardized battery was used to eval-
uate domain-specific cognitive performance.®® Cognitive impairment
was defined as at least 1 SD below population norm (e.g., age- and
education-matched) in EF, verbal memory, visual memory, process-
ing speed, or working memory3*3° based on established consensus
criteria.¢ Working memory (Digit Span), EF (Trail Making Test Part B,
semantic fluency, phonemic fluency), processing speed (digit-symbol
coding), and visuospatial and verbal memory (Rey Complex Figure
Test, Hopkins Verbal Learning Test-Revised) were assessed. Domain-
specific composite z-scores were calculated as the mean of each
subscale’s performance compared to age-matched population norms.
Years of education were not accounted for by the normative scores
in most of the domain-specific scales. Individuals who did not score
at least 1 SD below norms for all assessed cognitive domains in the
NINDS-CSN 60-min battery, even if they scored <28 on the MoCA,

were also deemed cognitively normal CAD controls.
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2.3 | Anatomical brain MRI
Anatomical MRI was performed on a research-dedicated 3T sys-
tem (Prisma, Siemens Healthineers, Erlangen, Germany) using the
standardized Canadian Dementia Imaging Protocol,%” which included
high-resolution 3D T1, a Proton Density (PD)/T2-weighted sequence,
and fluid attenuated inversion recovery (FLAIR). Anatomical MRl scans
were reviewed and rated by a single radiologist who was blinded
to the clinical characteristics of participants. “Probable” vMCI was
defined as having cognitive deficits (as previously described) in addi-
tion to having “diffuse, subcortical cerebrovascular disease” with (1)
the presence of two or more silent brain infarcts in supratentorial
locations and/or (2) extensive white matter disease defined as a score
of >2 on the Age-Related White Matter Changes (ARWMC) scale.32
Participants who exhibited modest deficits in the aforementioned cog-
nitive domains, with a clinical profile consistent with vascular etiology
(i.e., cognitive impairment and significant comorbid vascular risk fac-
tors), and evidence of focal white matter lesions (ARWMC scale score
of 1) on neuroimaging were classified as “possible vMCI,” support-
ing an increased likelihood of impairment due to underlying vascular
disease.3¢:39:40

Brain tissue and white matter lesion measures were obtained
using Semiautomatic Brain Region Extraction (SABRE),*! and FLAIR
or proton density (PD)/T2 images were used to identify white matter
hyperintensities (WMHSs) using one of two semiautomatic protocols
(Fuzzy Lesion Extractor [FLEX]*? or Lesion Explorer®3), with manual
selection editing to obtain reliable segmentation outputs by trained
personnel who were blinded to clinical information and followed a
standardized protocol. The final output of the neuroimaging pipeline
provided comprehensive volumetrics that included normal appearing
gray and white matter, ventricular cerebrospinal fluid (vCSF) and sulcal
CSF (sCSF), and measures of cerebral small vessel disease: periven-
tricular and deep (p/dWMHs), lacunes, and MRI-visible perivascular
spaces.** Of note, dWMHs are usually focal hyperintensities, farther

away from the ventricles and toward the cortical surface.*44>

2.4 | Brain MRS

Proton MRS data of brain GSH concentrations were obtained in the
anterior cingulate cortex (ACC) and the occipital cortex (OC) at 3T
using the Siemens Magnetom Prisma and a high-resolution 20-channel
HE1-4 head coil with a voxel size of 32 x 30 x 28 mm (see Figure 1 for
sample ACC and OC voxel placement).

24.1 | MRS acquisition parameters

The MEGA-PRESS pulse sequence was used with repetition time
(TR) = 2600 ms and echo time (TE) = 68.00 ms. The excitation and
the refocusing pulses were applied at 90° and 180°, respectively.

There were 160 difference-edited averages of paired “on” and “off”

Edited GSH spectra
Anterior Cingulate Cortex

4.0 35 3.0 25 2.0 15
PPM

— Control — vMClI

Edited GSH spectra
Occipital Cortex

4.0 35 3.0 255 2.0 15
PPM

Control — vMCI

FIGURE 1 Sample MRS voxel locations in ACC (top) and OC
(bottom) and GSH-edited spectra line plots for all acquired scans for
ACC (top) and OC (bottom), prior to quality control based on fit error
and signal-to-noise metrics. Line plots were colored by vMCl (teal) and
cognitively normal CAD controls (orange), with the GSH peak denoted
by the black rectangle. Voxel placements were rendered using

Gannet and SPM12, line plots rendered using Gannet and R. ACC,
anterior cingulate cortex; CAD, coronary artery disease; GSH,
glutathione; MRS, magnetic resonance spectroscopy; OC, occipital
cortex; vMCI, vascular mild cognitive impairment.
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acquisitions, which were used to detect GSH with an appropriate
signal-to-noise ratio (SNR). During the “on” acquisition, a Shinnar-Le
Roux inversion pulse was applied for editing at 4.56 ppm, with a band-
width of 75.00 Hz, targeted to a a-CH resonance J-coupled to the
desired cysteinyl 8 protons of GSH at 2.95 ppm. The editing pulse
was applied at 8.00 ppm during the “off” acquisition, well outside the
spectral window of interest. Water suppression was performed dur-
ing on and off acquisitions using the VAriable Power and Optimized
Relaxation delays (VAPOR) method,*¢ including outer volume suppres-
sion (OVS) pulses in three spatial dimensions to improve localization
of the targeted brain region. Data from the ACC were acquired first
for 14 min and 26 s (including 12 averages without water suppres-
sion, for use as a concentration reference), followed by the OC for the
same duration. Voxels were shimmed using the “fastestmap” advanced
gradient echo shim protocol built into the Siemens Magnetom Prisma

system.

2.4.2 | MRS analysis

The resulting spectra were processed, fitted, and quantified using the
Gannet package (version 3.1.5)* in MATLAB (version R2020a, Math-
Works), according to package documentation. Frequency and phase
correction were applied prior to fitting using default package set-
tings. GSH was fitted using the non-linear, five-Gaussian model, with fit
parameters optimized using the least-squares Levenberg-Marquardt
algorithm based on the difference spectra and water reference to
give the institutional unit (i.u.) concentration of GSH (see Figure 1
for the cohort of GSH-edited spectral line graphs by brain location
and group). Institutional units were used as metabolite measures were
considered to be pseudo-absolute in the Gannet package. SPM12 (ver-
sion 7771)*8 and Gannet were used to co-register and segment each
voxel using the T1-weighted Magnetization Prepared Rapid Gradient
Echo (MPRAGE) images. Gannet applied correction for partial vol-
ume effects due to CSF, white, and gray matter tissue content using
the Gasparovic et al. method*? to obtain tissue-corrected GSH con-
centrations (Figure 2). Additionally, creatine-normalized GSH values
(GSH/tCr) were also calculated using Gannet.

2.4.3 | MRS data quality

The linewidth (mean [SD]) at full width half maximum for GSH
(FWHMgsy) was 10.4 (1.95) Hz in the ACC and 10.3 (0.69) Hz in the
OC, whereas FWMH,,ter Was 8.21 (0.82) Hz in the ACC and 8.75 (0.81)
Hz in the OC, and NAA'’s linewidth (FWHMyaa) was 8.10 (0.83) Hz
in the ACC and 8.10 (0.46) Hz in the OC. The SNR for GSH (SNRgsy)
was 17.3 (8.32) in the ACC and 13.9 (3.35) in the OC. Gannet reports
a fit error metric to assess data modeling quality, defined as the com-
bined error of the GSH and water reference model fits, calculated
from the standard deviations of the model fit divided by the model

amplitude, expressed as a percentage and normalized to the water
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reference signal.*” The quality of GSH spectra modeling was quanti-
tatively assessed through fit error of the model and SNR: GSH spectra
with a highfit error (> 20%) and extreme SNRgs (more than 2 SD from
the mean SNRggy for that voxel), indicative of poor scan quality and
poor model fit, were excluded.*”>°

2.5 | Statistical analyses

All statistical analyses and data visualization were conducted in R
(version 4.4.0) using the packages (Table 1) ggplot2, dplyr, and car.
Continuous variables were summarized in mean (SD) format, and
categorical variables were summarized as a count number (n) and
percentage (%). Between-group differences were assessed for con-
tinuous variables using ANOVA or Welch’'s ANOVA (when unequal
variance was observed between groups). Where appropriate, chi-
squared or Fisher’s exact tests were used to evaluate qualitative
variables. If between-group differences in demographic or clinical
factors were found, they were controlled for as appropriate. Sum-
mary and between-group comparative statistics were carried out for
demographic, physical, and clinical characteristics (brain tissue and
WMH volumes, cognitive measures). As these were meant to be
descriptive of participant characteristics rather than measuring study
primary outcomes, multiple comparisons were not adjusted for, and
between-group differences were considered significant at & < 0.05
(two-tailed).

For the main analysis, brain GSH distributions in each group were
checked for normality using a Shapiro-Wilk test, and groups were
compared with a cross-sectional ANOVA if normally distributed and
a non-parametric permutation test if skewed. As GSH was acquired in
two regions of interest (ROIs), the ACC and OC, the classic threshold
value a < 0.05 for a two-tailed test was divided by two (i.e., « < 0.025)
to provide a Bonferroni correction for the main outcome.

A planned post hoc analysis for the main outcome was conducted
using analysis of covariance (ANCOVA) if normally distributed and a
generalized linear model (GLM) with a Gaussian distribution if skewed
to assess whether brain GSH remained different between diagnostic
groups after controlling for confounders. Sex differences have been
reported in rodents, healthy humans, and AD,’1>?2 but these results
are conflicting on whether GSH concentration and related enzymes
are higher in males or females. Literature in post mortem brain tissue
has suggested that brain GSH concentrations In vivo show age-related
decreases in the frontal cortex and hippocampus, with more stability in
the OC.>3 Age-related changes in the GSH redox system have also been
reported.”® Thus, age and sex were chosen a priori as covariates in this

post hoc analysis; this relationship is expressed as
Brain GSH ~ vMCl status (afactor variable) + age +sex (1)
Additional exploratory post hoc analyses were conducted to assess

the contributions of other demographic or clinical characteristics that

were significantly different between vMCl and cognitively normal CAD



soi1s | Alzheimer’s &Dementia

CHENET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

Edited Spectrum and Model Fit

GSH
data
model
/«/\/\~w\/\/w\/\/\/\/'v residual
4 3.5 3 2.5
ppm

Reference Signals

Creatine

Edited Spectrum and Model Fit

ppm

ppm

FIGURE 2 Outputs from a representative ACC GSH scan. Top left: GSH-edited spectral line plot with edited data (blue) and fitted curve (red);
the peak at 2.95 ppm corresponds to GSH. Bottom left: spectral line plots and fitted curves for reference molecules (water and creatine) of the
same scan; GSH levels were estimated relative to water reference. Top right: tissue segmentation (white, gray, and cerebrospinal fluid volume) of
corresponding ACC voxel from anatomical T1 images using SPM12 and Gannet. Bottom right: GSH spectrum after tissue correction. Images were

rendered using Gannet. ACC, anterior cingulate cortex; GSH, glutathione.

participants, in the format

Brain GSH ~ vMCl status (afactor variable) + group differences
(2)
An exploratory analysis was also conducted to investigate the
relationship between brain GSH and cognition, controlling for v™MClI
diagnosis. For this analysis, normative cognitive performance scores
were already age-corrected, so other relevant characteristics that
were significantly different between vMCl and cognitively normal CAD
participants were controlled on this basis (e.g., education), expressed as

Cognitive domain composite z—score ~ brain GSH + vMCl status + YEd
(3)
The exploratory analyses were conducted for the purpose of gen-
erating future hypotheses and thus did not include correction for
multiple comparisons. Exploratory findings were considered significant
at a < 0.05 (two-tailed). For all regression models, regression coeffi-
cients were reported as unstandardized beta coefficients (8) to allow

for the interpretation of variables in terms of their original units.

3 | RESULTS

3.1 | Participant characteristics

Participant recruitment is summarized in Figure 3. Of note, in CAD
controls, 15 participants with MoCA scores >28 did not complete the
NINDS-CSN 60-min battery. Additionally, one vMCI participant with-
drew consent prior to MRS data collection and was excluded. Of the
vMClI, two participants tested amyloid positive. Both had a clinical diag-
nosis of vMCI with concomitant white matter disease confirmed on
neuroimaging and were thus included.

Demographic data are summarized in Table 1. CAD control and
vMCI participants were well matched in most aspects, including age,
sex, ethnicity, smoking status, and full-time employment status. The
patient population was predominantly male. Participants were highly
educated; CAD controls had more years of education than persons with
vMCI (mean [SD], control = 18.3 [2.9]; vMCI = 15.3 [3.4], F(1403) =
9.2, p = .004). In addition, despite the fact that all participants were

recruited from the same CR program, a higher proportion of vMCI
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TABLE 1 Demographic, clinical, and cognitive characteristics of participants enrolled in the study.

CAD control (n = 21) vMCI (n = 22) Significance

Demographic characteristics

Age, years 66.7 (7.8) 67.4(7.3) Fi141y=0.09,p=.76

Male (%) 18 (86%) 16 (73%) X2 (1,N=42)=0.45,p=0.50

White (%) 16 (67%) 12 (54%) X2 (3,N=42)=3.9,p=.27

Asian (%) 1(5%) 5(23%)

South Asian (%) 3(14%) 1(5%)

Black (%) 3(14%) 4(18%)

History of smoking (tobacco) (%) 9 (43%) 6(27%) Fisher's exact test, p =.20

Years of education 18.3(2.9) 15.3(3.4) Fi1,403=9.2,p=.004

Full-time employed (%) 7 (33%) 10 (46%) X2 (1,N=42)=0.66,p=.42

Drinks per week, number 2.5(2.9) 2.1(4.2) Fi1376=0.12,p=.73
Physical/clinical characteristics

BMI, kg/m? 28.7 (4.9) 25.8(5.4) F(1,409)=3.3,p=.08

Systolic BP, mmHg 119 (16.0) 130(15.7) Fi1,41)=6.0,p=.02

Diastolic BP, nmHg 72.0(8.7) 79.2(8.4) Fi441=7.7,p=.01

Heart rate, bemin~* 62.1(8.6) 63.6(8.3) F1.407)=0.4,p=.56

PP, mmHg 46.5(14.0) 51.2(14.6) Faan=11,p=.29

MAP, mmHg 87.5(9.60) 96.3(9.08) Fi1,41)=9.5,p = .004

Waist circumference, cm 98.3(11.1) 93.1(12.2) Fi134=18,p=.19

Body fat, % 31.9(8.1) 27.3(6.7) Fi126=1.3,p=.26

VO, peak, ml/kg/min 21.8(6.1) 28.0(9.9) Fi133=13,p=.27

CES-D, score 6.2 (4.4) 7.5(5.5) Fi1348=1.1,p=.29
Vascular risk factors

Hypertension (%) 8(38%) 16 (73%) X2(1,N=43)=6.7,p=.01

Diabetes (%) 2(9.5%) 6(27%) Fisher’s exact test,p=.10

Dyslipidemia (%) 8(38%) 15 (68%) X2(1,N=43)=28,p=.1

Obesity, BMI > 30 (%) 6(29%) 2(9%) Fisher’s exact test,p=.13

Current smoker (%) 0(0%) 1(5%) Fisher’s exact test,p= 1.0

Number of vascular risk factors 1.1(1.2) 1.8(1.3) Fi141y=3.1,p=.09
Concomitant medications

Aspirin 13(62%) 18 (81%) Fisher’s exact test,p=.19

Other antiplatelet medications 17 (81%) 11 (50%) Fisher’s exact test, p = .06

Statins 19 (91%) 20(91%) Fisher’s exact test,p= 1.0

Thiazide diuretics 2 (10%) 1(5%) Fisher’s exact test, p=.61

Calcium channel blockers 2 (10%) 5(23%) Fisher's exact test, p =.41

Systemic beta blockers 10 (48%) 14 (64%) Fisher’s exact test, p =.36

ACE inhibitors 9(43%) 7 (32%) Fisher's exact test, p = .54

Antidiabetics 1(5%) 6(27%) Fisher’s exact test, p =.09

Thyroid hormone 3(14%) 1(5%) Fisher's exact test, p =.34

Supplements? 8 (38%) 9 (41%) Fisher's exact test, p= 1.0
Cognitive performance

Global cognition

MoCA 27.7 (1.20) 23.0(1.95) Fi4,35.1)=90,p <.001

(Continues)
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CAD control (n =21)

Domain composite z-scores (n=6)P
Executive function 0.78 (0.50)
Verbal memory 0.56 (0.69)
Visual memory 0.31(0.87)
Working memory 0.48(0.59)
Processing speed 0.24(0.14)

vMCI (n = 22) Significance

(n=22)

~0.39(0.50) Fis. 26 = 25.9,p < .001
~0.87(0.92) Fiu,26) = 12.5,p = .002
-0.17 (0.84) Fi26=15p=.2
-0.21(0.63) Fit. 26 =5.9,p = .02
~0.07 (0.66) Fit 256 =4.2,p=.05

Note: Values reported as count (percentage) or as mean (SD). Fisher’s exact test was used when counts of categorical variables were <5 and matched to a 2x2

contingency table.
Statistically significant values (p < 0.05) are bolded.

Abbreviations: ACE, angiotensin-converting enzyme; bemin=1, beats per minute; BMI, body mass index; BP, blood pressure; CAD, coronary artery dis-
ease; CESD, Center for Epidemiological Studies Depression questionnaire; MAP, mean arterial pressure; MoCA, Montreal Cognitive Assessment; PP, pulse
pressure; SD, standard deviation; vMCI, vascular mild cognitive impairment; VO,, volume of oxygen uptake.

aSupplements included glucosamine and chondroitin, vitamins (multivitamin formulations, B12, C, and D), probiotics, iron, magnesium, and calcium.

b15 control participants scored >28 on MoCA and subsequently did not complete the NINDS-CSN 60-min battery.

participants had comorbid hypertension and corresponding higher
mean systolic blood pressure (sBP), diastolic blood pressure (dBP), and

mean arterial pressure (MAP) (Table 1).

3.1.1 | Concomitant medications

vMCI participants and cognitively normal CAD controls did not differ
in their use of concomitant medications (Table 1). While a trend-
ing proportion of CAD control participants were taking antiplatelet
medications compared to vMCI participants (p = .054), all study
participants (100% in both groups) were taking medications with
antiplatelet effects (aspirin and/or other antiplatelet medications).
Despite previously mentioned differences in BP, a similar propor-
tion of CAD controls and vMCI participants were taking medications
with antihypertensive effects (such as thiazide diuretics, calcium chan-
nel blockers, and angiotensin-converting enzyme [ACE] inhibitors)
(Table 1).

3.1.2 | Cognition in vMCI and cognitively normal
CAD controls

As expected, the MoCA score was lower in vMCI participants com-
pared to that of cognitively healthy CAD controls (Table 1). Compared
to CAD controls who completed the full NINDS-CSN 60-min battery
(n = 6), vMClI participants had significantly poorer performance in EF,
verbal memory, and working memory.

3.1.3 | Brain white matter changes

There were no group differences in the proportion of participants in
each category of the ARWMC (Table 2). In the vMCl group, there were
greater ventricular CSF and WMH volumes compared to CAD con-
trols, specifically the pWMH volumes (a trend toward greater dAWMH

volume was also observed). There were no differences in the volume

of lacunes or MRI-visible perivascular spaces between CAD controls
and vMCl participants. Tissue composition analysis revealed no signifi-
cant differences in gray matter, white matter, or CSF fractions between
vMCI patients and cognitively normal CAD controls in either the ACC
or OC voxels (Table 2).

3.2 | Main outcome: brain GSH differences in vMCI
Two ACC-GSH and two OC-GSH were excluded due to fit error >20%
or extreme SNR values, and one OC-GSH spectrum was excluded due
to scan file corruption (Figure 3). All were from vMCI participants,
one of whom was amyloid-positive. Tissue-corrected ACC-GSH values
were found to be higher in vMCI participants compared to CAD con-
trols (Figure 4, Table 3). OC-GSH values were not different between
vMCI and CAD control participants.

3.2.1 | Post hoc analysis controlling for literature
confounders

The GLM model controlling for age and sex indicated that ACC-GSH
was higher in the vMCI group by 0.74 i.u. relative to the CAD control
group (Bymcistatus [SE] = 0.74[0.26], p =.007).

3.2.2 | Exploring between-group contributions to
brain GSH

A post hoc GLM model of brain ACC-GSH by vMCI status explored
the contributions of group differences in years of education and MAP,
expressed as

Brain GSH ~ vMCl status (afactor variable) + YEd + MAP  (4)

The model indicates that MAP was also significantly associated

with ACC-GSH, controlling for diagnosis and YEd, and every 1 mmHg
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TABLE 2 Braintissue volumes and white matter ratings for cognitively normal CAD control and vMCl participants.

CAD control (n = 21)

ARWMC score, count (%)

1 15(71%)
2 2(10%)
3 4(19%)
Whole brain volumetrics, mean (SD)

Normal-appearing WM, cm?® 422.0(64.2)
Normal-appearing GM, cm? 553.0(49.2)
sCSF,cm?® 237.0(52.8)
VCSF, cm® 43.2(25.3)
pWMH, cm?® 8.84(13.70)
dWMH, cm? 0.58(0.92)
pLACN, mm? 20.7 (70.7)
dLACN, mm?® 5.00(13.6)
PVS, mm?3 59.7(88.0)
ACC voxel tissue fraction, mean (SD)

ACC voxel GM fraction 0.438 (0.035)
ACC voxel WM fraction 0.290 (0.058)
ACC voxel CSF fraction 0.272(0.064)
OC voxel tissue fraction, mean (SD)

OC voxel GM fraction 0.526 (0.050)
OC voxel WM fraction 0.295(0.041)
OC voxel CSF fraction 0.180 (0.064)

Statistically significant values (p < 0.05) are bolded.

vMCI (n = 22) Significance
15 (68%) X?(2,N=43)=1.9,p=.38
5(23%)
2(9%)
426.0(79.4) Fi41=0.03,p=.88
551.0 (65.8) Fuany=001,p=.92
232.0(64.1) Fr402)=0.08,p=.77
151.0 (226.0) Fluz216=4.9,p=.04
50.60 (82.60) Fi1222)="54,p=.03
10.50 (23.40) Fiio1=3.9,p=.06
1660 (4640) Fiuon=28,p=.11
351(1100) Fuoy=22,p=.15
114 (367) Fii235 =046,p=.51
0.427(0.038) Fi39=0.98,p=.33
0.315 (0.054) Fioa9=199,p=.17
0.258 (0.072) Fi37.9=041,p=.53
0.530(0.047) Fi.35=009,p=.77
0.312(0.042) Fio 3 =181,p=.19
0.157 (0.059) Fio 3 =132,p=.26

Abbreviations: ACC, anterior cingulate cortex; ARWMC, age-related white matter change; CAD, coronary artery disease; dLACN, deep LACN; dWMH,
deep WMH; GM, gray matter; OC, occipital cortex. Chi-squared with Yates’s correction, Welch’s corrected ANOVA, or ANOVA was used as appropri-
ate.; pLACN, periventricular lacunes; PVS, perivascular spaces; pWMH, periventricular white matter hyperintensities; sCSF, sulcal cerebrospinal fluid; SD,
standard deviation; vCSF, ventricular CSF; vMCl, vascular mild cognitive impairment; WM, white matter.

increase in MAP was correlated with a 0.03 i.u. increase in ACC-GSH
(Bmap [SE] =0.03[0.01], p=.02).

Analogous post hoc modeling was conducted for OC-GSH using
ANCOVA, but models were not significant. Thus, vMCI status was

determined not to be associated with OC-GSH values.

3.3 | Post hoc creatine-referenced GSH

Consistent with tissue-corrected results, ACC-GSH/tCr values were
significantly higher in vMCI patients compared to CAD controls -
Fi1,308) = 44, p = .04. This difference remained significant after
adjusting for age and sex (8 [SE] = 0.0068 [0.0029], p =.028).

3.4 | Exploring brain GSH and cognition
Domain-specific composite z-scores are shown in Table 1. Exploratory
ANCOVA models were used to assess the relationship between
domain-specific composite z-scores by brain GSH.

Controlling for diagnosis (vMCI status) and years of education
(Fi322) = 11.2, p < .001), elevated ACC-GSH was associated with
decreased EF composite score (Bacc.gsy [SE] = —0.31[0.14], p = .04).
Holding vMCI status and years of education constant, each unit of
increase in ACC-GSH was associated with a lower EF performance by
0.31 z-scores. There were no interactions between diagnosis and ACC-
GSH with respect to the EF composite score. Controlling for diagnosis
and years of education, other cognitive domains (verbal memory, verbal
memory, visual memory, working memory, and processing speed) were
not associated with ACC-GSH values.

4 | DISCUSSION

While higher peripheral biomarkers of OS have been described in
vMCI, the role of central antioxidants has not been characterized
in persons with vMCI. This study used MRS to compare In vivo
brain GSH in cognitively normal CAD controls and vMCI participants,
finding that tissue-corrected ACC-GSH values were higher in vMCI,
even when controlling for potential confounders (age and sex). In
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(n=684)

Assessed for eligibility

Excluded (n=604)

e Not meeting inclusion

criteria (n=353)
e Declined participation

Consented as Control (n=55)

Withdrawn
e No vMCI match (n=30)
e Met exclusion (n=4)

Enrolled Control (n=21)
e Also completed NINDS-CSN
60-min battery (n =6)

Completed MRS-GSH scans
e ACC-GSH (n=21)
e OC-GSH (n=21)

(n=251)

Consented as vMCI (n=25)

Withdrawn
e Withdrew consent prior to study
enrollment(n=2)

Enrolled vMCl (n=23)

Withdrew consent,
prior to MRS-GSH
scan (n=1)

MRS-GSH scans acquired
e ACC-GSH (n=22)
e OC-GSH (n=21)
o 1excluded (corrupted file)

MRS-GSH analyzed

— e ACC-GSH (n=21, all included)
e OC-GSH (n=21, all included)

MRS-GSH analyzed
e ACC-GSH (n=22)
o 20included
o 2 excluded (poor quality)

e OC-GSH (n=21)
o 19included
o 2 excluded (poor quality)

FIGURE 3 Flow chart of participant recruitment; note that one vMCI participant withdrew consent after study enrollment. Of all enrolled
vMCl participants, 22 completed the study, one vMCI withdrew consent after enrollment but prior to MRS data collection and, thus, was excluded
from the analysis. After consent, participants received cognitive screening for categorization as cognitively healthy CAD control or vMCl based on
cognitive performance. Of note, in CAD controls, 15 participants had MoCA scores >28 and subsequently did not complete the NINDS-CSN
60-min battery. ACC, anterior cingulate cortex; CAD, coronary artery disease; GSH, glutathione; MoCA, Montreal Cognitive Assessment; MRS,
magnetic resonance spectroscopy; NINDS-CSN, National Institute of Neurological Disorders and Stroke-Canadian Stroke Network; OC, occipital

cortex; vMCI, vascular mild cognitive impairment.

contrast, no differences in OC-GSH values were found between
groups. These findings were unexpected, as central GSH was hypoth-
esized to decrease in the vMCI group due to increased OS,% similar to
reports of antioxidant depletion in AD.27-2555-57 The contrast between
increased central GSH in vMCl and decreased central GSH in ADD sug-
gests that there may be different pathophysiological mechanisms at

play in these disease phenotypes and stages.

This finding may indicate that ACC-GSH increases early in the
disease process as part of a compensatory antioxidant response in
cerebrovascular disease. In support of this, we previously observed
elevated peripheral OS markers in possible vMCI patients, indica-
tive of OS challenge.3° Compensatory increases in antioxidant activity
in the early stages of CAD without cognitive impairments have also

been reported.®8>? As our finding differs from previously reported
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FIGURE 4 Box-and-whisker plots denoting median, interquartile range, minimum, and maximum of tissue-corrected GSH in ACC (left) and OC
(right) in cognitively normal CAD control (n = 21) and vMCI (n = 19 to 20) participants. Each included observation was represented as an individual
point; **p =.01. There were no differences between OC-GSH in vMCl versus CAD controls. ACC, anterior cingulate cortex; OC, occipital cortex;
GSH, glutathione; i.u., institutional units; vMCI, vascular mild cognitive impairment.

TABLE 3 Tissue-corrected brain GSH of enrolled participants.

CAD controln=21
3.72(1.01)
3.29(0.50)

Tissue-corrected brain GSH
Anterior cingular cortex (ACC)

Occipital cortex (OC)

vMCIn =20 (ACC)n= 19 (OC)
4.42(0.59)
3.43(0.45)

Significance
Z=-25p=.01
F(l, 38) = 08, p= .37

Note: Values are reported as mean (SD) in i.u. after tissue correction. A non-parametric permutation test was used for ACC-GSH, and Welch’s ANOVA was

used for OC-GSH.
Statistically significant values (p < 0.05) are bolded.

Abbreviations: ACC, anterior cingulate cortex; CAD, coronary artery disease; GSH, glutathione; i.u., institutional units; SD, standard deviation; vMCl, vascular

mild cognitive impairment.

decreases in AD versus controls as measured by MEGA-PRESS,>>:¢0
it is possible that the upregulation of brain GSH in vMCI may eventu-
ally decline as cognitive impairment worsens. In the very early stages
of disease there may be differences in how antioxidant defense mech-
anisms are mobilized among those with frank cerebrovascular disease
as compared to neurodegenerative disease.

The convergence of results between the water-scaled and creatine-
referenced analyses strengthens confidence in the observed GSH
alterations. This consistency is particularly notable given that periph-
eral creatine has been reported to be elevated in individuals with
hypertension.6142 Although all participants in this study had a history
of CAD, the vMClI group had a higher proportion with comorbid hyper-
tension and elevated MAP, which may lead to an underestimation of
GSH/tCr ratios in this group. Therefore, the observed group differ-
ences in ACC-GSH levels are likely attributable to true disease-related
changes, rather than measurement confounds or tissue composition
effects.

Whereas the ACC-GSH value was elevated in vMCI participants
compared to cognitively normal CAD controls, no significant differ-
ences were found for OC-GSH. OS and the production of ROS are not
distributed equally through the brain,®® so it may be that the occipital
regions have lower ROS production and less OS. Certain brain regions,

such as the prefrontal cortex, hippocampus, amygdala, and cerebellar
granular cells, are more vulnerable to 08S.12 With that in mind, the con-
nections of the ACC to the prefrontal cortex and amygdala may make it
more sensitive to OS challenge. In this study of vMCI participants with
mild disease severity, elevated ACC-GSH may reflect a relatively intact
ability to respond to OS challenges in the ACC.

Exploratory analyses found that elevated ACC-GSH was associated
with poorer EF composite score, after controlling for vMCI diagno-
sis and years of education. Functional MRI studies have linked brain
activity of the dorsal ACC to executive functioning (such as cognitive
flexibility, task-switching, and fluency).¢4-7 For our study, the EF com-
posite was calculated from the mean of Trail Making Test B, phonemic
fluency, and semantic fluency z-scores. In tasks that involve the ACC,
the association between ACC-GSH values and EF composite score is
consistent with a link between regional brain GSH value and cognitive
functions related to that brain region.

4.1 | Strengths and limitations

This study had several strengths. Whereas multiple studies have char-
acterized in vivo brain GSH in AD and MCI populations,23:2555-57.60
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brain GSH in vascular cognitive impairment has not been reported.
Vascular contributions to dementia are increasingly recognized, and
more than half of clinically diagnosed AD dementia participants also
exhibit cerebrovascular pathology.®® Another strength of the present
study is that vMCI participants underwent amyloid PET imaging. Clin-
ical findings indicated that two participants likely had mixed disease
etiology, consisting of amyloid positivity in addition to cerebrovascular
pathology. The remaining 20 vMCl participants were amyloid-negative,
supporting vascular disease as the primary etiology. This observation
further highlights the importance of mixed disease, even in the early
and very mild stages of cognitive impairment. Global brain tissue vol-
umetric analysis supported our vMCI categorization: probable and
possible vMCI participants as a group had greater global ventricular
CSF and pWMH volumes compared to controls - indicative of greater
vascular brain pathology burden and atrophy consistent with cere-
brovascular disease-related impairment.¢?7% Another strength was
that demographic characteristics between cognitively healthy CAD
control participants and vMCI participants were well matched, with
the exception of years of education, which was high in both groups
and controlled for as a covariate in subsequent analysis. Previous stud-
ies examining brain GSH in AD have typically compared it to healthy
controls without significant vascular diseases.”>=>” In contrast, our
study compared vMCI patients to cognitively healthy CAD patients
who share similar vascular disease profiles and age ranges. This allows
for a comparison between groups where only cognition differs, as
the vascular component is present in both groups. vMCI participants
had significantly poorer performance in global cognition, EF, verbal
memory, and working memory compared to CAD controls, which was
reflective of the target patient population.3¢

There were some limitations to the study and the possible analy-
sis. While the GSH measured here mostly came from reduced GSH
in the brain, oxidized GSH (GSSG) may have contributed somewhat
to this signal. Post mortem studies showed decreased GSH:GSSG ratio
and higher OS markers in several neurodegenerative disorders,*?
and GSH:GSSG ratio in normal conditions has typically been around
100:1,7172 although in vitro studies using motor neurons have shown
that this ratio can fluctuate down to 20:1.7° A study of PRESS and
MEGA-PRESS protocols with a degrading “phantom” GSH showed that
MEGA-PRESS (used here) appeared to be more specific to reduced
GSH.”* However, it was not possible in the current study to measure in
vivo GSSG as a specific molecule of interest. A ratio of reduced:oxidized
GSH would give additional insight into the redox status of that voxel.
Additionally, although it is currently not feasible to measure in vivo
levels of central OS markers in patients, future studies should also con-
sider assessing potential relationships between peripheral OS markers
and central GSH levels. The sample size was also small in this study,
limiting the generalizability of findings and reducing the number of
potential confounders that could be controlled for in analyses. Lastly,
there was high variability in the GSH estimates, particularly in the ACC
of the cognitively healthy CAD control group. While this can reflect
scan quality, which is frequently lower in frontal regions, the measured
SNR values suggest that scan quality was within acceptable limits.

While variability was expected in our CAD control group due to their

cardiovascular comorbidities, future studies could include a cognitively
normal control group without significant cardiovascular comorbidities
- thus characterizing the full spectrum of brain GSH values in this age
group.

4.2 | Conclusion and future directions

GSH, the primary antioxidant in the brain, and its depletion play an
important role in OS-mediated neurodegeneration. However, GSH had
not been characterized by individuals with vMCI, who are known to
have high 0S.39 Contrary to GSH depletion seen in neurodegenera-
tive disease, cross-sectional analysis of brain GSH in vMCI patients
versus cognitively normal controls with CAD showed upregulation of
GSH in vMCI. GSH values in the ACC region were significantly higher
in vMCI than those of CAD controls, suggesting a region-specific and
disease-specific change in brain antioxidant response. It is possible
that as cerebrovascular disease progresses, the brain GSH antioxidant
response may eventually fail and exhibit depletion similar to that seen
in ADD.

This study provides increased understanding of antioxidant changes
as a potential mechanism of disease pathology in individuals with
vMCI. Future studies should clarify disease-specific alterations in the
antioxidant response across the spectrum of disease severity to facil-
itate planning and personalization of antioxidant therapies, which
hold promise but have shown variable efficacy in clinical studies to
date.”>"77
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