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Abstract.
Background: Coronary artery disease (CAD) increases risk for vascular cognitive impairment-no dementia (VCIND), a
precursor to dementia, potentially through persistent oxidative stress.
Objective: This study assessed peripheral glutathione peroxidase activity (GPX), which is protective against oxidative stress,
in VCIND versus cognitively normal CAD controls (CN). GPX activity was also evaluated as a biomarker of cognition,
particularly verbal memory.
Methods: 120 CAD patients with VCIND (1SD below norms on executive function or verbal memory (VM)) or without
(CN) participated in exercise rehabilitation for 24 weeks. Neurocognitive and cardiopulmonary fitness (VO2 peak) assessments
and plasma were collected at baseline and 24-weeks.
Results: GPX was higher in VCIND compared to CN (F1,119 = 3.996, p = 0.048). Higher GPX was associated with poorer
baseline VM (� = –0.182, p = 0.048), and longitudinally with VM decline controlling for sex, body mass index, VO2 peak, and
education (b[SE] = –0.02[0.01], p = 0.004). Only CN participants showed improved VM performance with increased fitness
(b[SE] = 1.30[0.15], p < 0.005).
Conclusion: GPX was elevated in VCIND consistent with a compensatory response to persistent oxidative stress. Increased
GPX predicted poorer cognitive outcomes (verbal memory) in VCIND patients despite improved fitness.
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INTRODUCTION

Vascular cognitive impairment, no dementia

Vascular cognitive impairment (VCI) is defined as
a spectrum of cognitive deficits due to cerebrovascu-
lar disease [1]. Along the spectrum of VCI, the mild
stage, known as vascular cognitive impairment-no
dementia (VCIND), is the most prevalent [2]. Clini-
cally, patients are diagnosed with VCIND based on
cognitive performance as well as a clear relationship
between their cognitive symptoms and vascular dis-
ease history, in the absence of functional deficits.
Commonly, neuroimaging is used to confirm pres-
ence of cerebrovascular disease [1, 3]. The term
“possible” VCIND can be used if clinical signs
and symptoms suggest vascular disease and cogni-
tive impairment but no neuroimaging is available
to corroborate the relationship [3]. Prevention and
interventions that target early stages of cognitive
impairment are increasingly recognized as having the
potential for substantial public health, economic, and
societal benefits [4]. An emerging interest in VCIND
is consistent with that emphasis and the increasing
recognition of the vascular contribution to demen-
tia. VCIND may offer an ideal window to prevent or
delay conversion to vascular dementia.

One population at high risk for VCIND are those
with coronary artery disease (CAD). CAD patients
are at increased risk for developing dementia [5, 6],
consistent with the presence of hallmarks for VCI,
including cerebrovascular pathology, and increased
brain atrophy [7, 8] and white matter hyperintensities
[9]. Cognitive impairment in CAD is associated with
negative health outcomes such as poor compliance
with medications, and increased rates of institution-
alization and mortality [10–13]. Furthermore, even
minor cognitive changes have been linked to mean-
ingful clinical characteristics such as increased risk
of non-completion of cardiac rehabilitation (CR)
[14] and attenuated cognitive response to exercise
intervention [15] in these patients. We previously
demonstrated that up to 50% of those with CAD start-
ing CR have cognitive impairment consistent with
VCIND with the presence of white matter hyper-
intensities [16], and multiple cerebrovascular risk
factors such as hypertension, diabetes, hypercholes-
terolemia, and obesity which are associated with
CAD [15, 17]. As such, CAD patients represent
a cognitively vulnerable population in whom early
cognitive changes indicative of VCIND should be
identified and studied.

Oxidative stress and exercise

Management of cardiovascular disease through
exercise has been considered a strategy to mod-
ify the course of or prevent neurodegeneration
attributed to vascular disease [18]. A large prospec-
tive study demonstrated that exercise may reduce
the risk of cognitive impairment [19]. Moreover, a
meta-analysis has shown that exercise may improve
cognitive performance in patients with mild cog-
nitive impairment (MCI) [20]. However, results in
mild stages of cognitive impairment have been mixed
[19–22]. While reasons for that remain unclear, our
recent study found a relationship between persistent
oxidative stress and decreased benefits for cognition
following exercise. In 118 CAD patients, those with
possible VCIND had persistent oxidative stress, indi-
cated by higher ratios of late-stage to early-stage
lipid peroxidation products [15]. Verbal memory per-
formance was particularly related to those markers:
those with higher concentrations of late-stage lipid
peroxidation markers at baseline had less improve-
ment in verbal memory performance in response to a
6-month CR program [15].

Glutathione peroxidase (GPX) activity

GPX, the main enzyme of the glutathione (GSH)
antioxidant system, reduces oxidative stress species
such as lipid peroxidation products [23]. Based on in
vitro and animal model studies, GPX is upregulated in
response to oxidative stress challenge [24]. Evidence
supporting peripheral GPX activity as a diagnostic
biomarker differentiating between cognitive states,
as defined by the FDA-NIH Biomarkers, EndpointS,
and other Tools (BEST) resource [25] is important
for understanding possible mechanisms of neurode-
generation. Alterations in peripheral GPX activity
have been observed in neurodegenerative processes
overall [26]; however, the small existing literature
on GPX activity in dementia is heterogeneous. For
example, plasma GPX activity has been documented
to be higher in patients with Alzheimer’s disease
(AD) and in those with vascular dementia (VaD) com-
pared to healthy controls in some studies [27–29].
Other studies in MCI and AD have found plasma GPX
activity decreased compared to age-matched controls
[30, 31], and another found no significant difference
between dementia patients and controls [32]. The het-
erogeneity in GPX activity across those studies may
be due to a variety of factors including the wide ranges
in severity of cognitive impairments considered, as
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well as different sample populations, with no data to
date in VCIND.

Interest in GPX and VCIND

Evidence suggests that GPX may be particularly
relevant in VCIND. GPX activity is elevated in
CAD [23], and a previous study found CAD patients
with possible VCIND had a higher ratio of late
stage to early stage lipid peroxidation markers [15],
suggesting oxidative stress. There are mechanistic
correlates between cardiovascular risk factors, oxida-
tive stress, and endogenous antioxidant changes in
CAD [33–36], and a link between oxidative stress and
neurodegenerative processes [37, 38]. However, these
correlates are not well-defined in the intersection of
CAD and VCIND.

Objectives

The primary objective of this study was to compare
GPX activity in those with VCIND to that in cog-
nitively normal CAD controls (CN). As secondary
objectives, GPX was assessed as a predictive and as a
monitoring biomarker of verbal memory. The FDA-
NIH BEST resource defines predictive biomarkers as
markers that can help identify individuals likely to
experience a particular outcome compared to simi-
lar individuals who do not have the same biomarker
[25]. A monitoring biomarker is measured serially
to assess the status of a condition for evidence of,
or effect of an external influence. Verbal memory
was chosen as the cognitive outcome in this study
because the neuropsychological profile associated
with VCIND implicates verbal memory as a primary
cognitive domain affected in this condition [1, 39,
40] and because verbal memory predicts cognitive
decline over time [16, 41–47].

Hypotheses

Given previous reports of increased oxidative
stress in VCIND [15] but high heterogeneity in GPX
activity across dementias [27, 28, 30, 31], our pri-
mary hypothesis was that GPX activity would be
increased in possible VCIND participants compared
to CN. Our secondary hypotheses were that base-
line GPX activity would predict verbal memory, and
that change in GPX activity over 6 months would be
associated with change in verbal memory. Relation-
ships with additional cognitive domains and changes
in cardiopulmonary fitness were also explored.

MATERIALS AND METHODS

Study design

This study was approved by the Research Ethics
Boards of Sunnybrook Health Sciences Centre and
the University Health Network. Written informed
consent was obtained from all participants prior
to study enrolment. Patients diagnosed with CAD
were recruited from the University Health Network
Toronto Rehabilitation Institute CR program. The CR
program consisted of weekly group education ses-
sions, supervised exercise classes, and home exercise
sessions incorporating aerobic exercises and resis-
tance training. Cardiopulmonary fitness was assessed
by exercise stress tests at entry and upon completion
of CR, at which time the maximal rate of oxygen
consumption measurement (VO2 peak) was obtained.
Neurocognitive assessments were conducted at base-
line and 24-week time points. Fasting blood was taken
before noon at baseline and 24-week time points.
Plasma GPX activity was subsequently measured
with a specific GPX assay.

Study participants

All patients in this study had CAD, defined as
having a history of myocardial infarction (MI), coro-
nary angiographic evidence of greater than 50%
stenosis in at least one major coronary artery or a
prior revascularization procedure. Additionally, eli-
gible patients were 45–80 years old, spoke and
understood English, and had stable CAD defined as
having no hospitalization events, such as an acute MI,
unstable angina, congestive heart failure, ventricular
arrhythmias, coronary revascularization, or Canadian
Cardiovascular Society Class 4 angina, in the 4 weeks
prior to study enrolment.

Participants were excluded if they had severely
impaired liver/kidney/lung function, a current neu-
rological condition such as epilepsy, Huntington’s
disease, Parkinson’s disease or clinical stroke, a
diagnosis of a major psychiatric disorder, a diag-
nosis of dementia, substance abuse, uncontrolled
hypothyroidism, autoimmune disorders, or sepsis.
Patients were also excluded if they were tak-
ing medications such as hypnotics, antipsychotics,
antidepressants, and anticholinergic medications.
Participants with significant cognitive impairment
demonstrated by having a standardized Mini-Mental
State Examination (MMSE) score of <24 were also
excluded.
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Patients were classified as having possible VCIND
based on performing at least 1 standard deviation
below the population norm based on their compos-
ite Z-scores in either executive function or verbal
memory [3].

Cognitive assessments

Verbal memory and executive function were
assessed based on recommendations of the National
Institute of Neurological Disorders and Stroke and the
Canadian Stroke Network neuropsychological bat-
tery for vascular cognitive impairment [3, 48]. To
assess verbal memory, the California Verbal Learn-
ing Test 2nd Ed. (CVLT-II) [49] was used. The
CVLT-II has good test-retest reliability and has been
demonstrated to be sensitive in detecting cognitive
impairment in patients with cardiovascular issues.
Three Z-scores from the CVLT-II, verbal learning,
short delay, and long delay free recall were summed,
from which a composite Z-score for verbal mem-
ory was calculated. Executive function was assessed
using a composite Z-score calculated from Z-scores
of Trails Making Test B, Controlled Oral Word Asso-
ciation Test, and Category Fluency Test, as these
assessments have been validated as measures of exec-
utive function [50, 51]. These tests have been used to
identify cognitive impairment in CAD patients that
was linked to high oxidative stress [1, 15], with cog-
nitive impairment defined using a cut-off of at least
1 standard deviation (SD) below normative means as
recommended [48, 52].

Glutathione peroxidase assay

GPX activity was measured in plasma using a GPX
Assay kit (Cayman 703102), according to manufac-
turer’s instructions. Study participants had fasted for
12 h prior to having blood drawn from the antecu-
bital vein for both baseline and 6-month time points.
Blood samples were collected in EDTA-coated tubes
and centrifuged at 1000 g for 10 min (Model 614B,
The Drucker Company) from which the plasma
supernatant was aliquoted and stored at –80◦C until
analysis. Results were expressed as nmol/min/ml.

Statistical analyses

All statistical analyses were performed on the
IBM SPSS Statistics (version 20; Armonk, NY) soft-
ware and were considered significant at a two-tailed
p < 0.05. Demographics and associations between

clinical factors and VCIND groups were assessed
using Chi-Square Tests and Fisher’s Exact where
appropriate, and analysis of variance (ANOVA)
where appropriate. Demographic characteristics are
reported in terms of means and SD for continuous
variables and percentages for categorical variables.
To describe the impact of CR, the change in GPX
and the change inn verbal memory over time were
assessed using linear mixed models. For the primary
analysis, an analysis of covariance was performed
to compare GPX activity between possible VCIND
patients and CN controls, with a priori covari-
ates being age, smoking status, and whether the
participant was taking antioxidant/multivitamin sup-
plementation; all of which have been previously
associated with GPX activity or controlled for in
previous studies [27, 53–60]. Next, the association
between GPX activity and verbal memory composite
Z-scores at baseline was evaluated in a linear regres-
sion, controlling for sex, BMI, VO2 peak, and years of
education; covariates having previously been associ-
ated with cognitive performance [15, 45, 53, 61–71].
Baseline GPX activity was assessed as a predictor
of verbal memory performance over 24 weeks of
CR using a linear mixed effects analysis. Similarly,
changes in GPX activity were assessed as a monitor-
ing marker of change in verbal memory performance
over 24 weeks of CR using a linear mixed model. A
linear mixed model, with patient as a random effect,
was also run to assess change in verbal memory over
time between the CN and VCIND patient groups.
A VCIND status by time interaction term were also
added to this model in a post hoc analyses. All analy-
ses included the following covariates: age, sex, total
years of education, max VO2 peak, and BMI. Linear
mixed model analyses were also conducted to identify
associations between VO2 peak and verbal memory
over 6 months to determine if changes in cogni-
tive performance were associated with increasing
physical fitness. Similarly, linear mixed model analy-
ses were conducted to identify associations between
VO2 peak and GPX activity to assess whether GPX
activity was changing with increasing fitness.

RESULTS

Patient characteristics

The 120 patients recruited for this study were
aged 64 ± 6 years, mostly male (84%), Caucasian
(83%), and had an average of 16 ± 3 years of edu-
cation. Demographic and clinical characteristics of
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Table 1
Patient demographics and clinical characteristics between VCIND groups at baseline

Variable Possible VCIND (N = 36) CN controls (N = 84) Significance
mean ± SD/% mean ± SD/%

Demographics
Age 62.6 ± 6.5 64.4 ± 6.3 F(1,119) = 1.95, p = 0.166
Sex (male) 89% 82% χ2 = 0.621, p = 0.262
Total years of education 15.1 ± 4.3 16.8 ± 2.9 F(1,119) = 6.67, p = 0.011
Ethnicity, Caucasian 75% 87% χ2 = 2.57, p = 0.093

Body composition
Height (cm) 172.6 ± 8.1 171.6 ± 7.8 F(1,119) = 0.390, p = 0.534
Weight (kg) 86.2 ± 14.4 86.5 ± 17.6 F(1,119) = 0.008, p = 0.930
BMI (kg/m2) 28.9 ± 4.5 29.3 ± 5.4 F(1,119) = 0.107, p = 0.744
Waist circumference (cm) 99.3 ± 10.2 99.1 ± 13.0 F(1,119) = 0.003, p = 0.955
Hip circumference (cm) 105.6 ± 10.8 105.9 ± 11.1 F(1,113) = 0.018, p = 0.894
Body fat % 29.3 ± 8.0 32.7 ± 11.3 F(1,117) = 2.68, p = 0.104

Vascular risk factors
Hypertension 97% 93% Fisher’s Exact, p = 0.790
Diabetes 14% 18% χ2 = 0.286, p = 0.404
Hypercholesterolemia 100% 100% -
BMI> = 30 33% 42% χ2 = 0.734, p = 0.258
History of cigarette smoking 58% 63% χ2 = 0.242, p = 0.385
Number of vascular risk factors 3.0 ± 0.8 3.2 ± 1.0 F(1,119) = 0.500, p = 0.481

VCIND, vascular cognitive impairment, no dementia; SD, standard deviation; BMI, body mass index.

Table 2
Cognitive performance at baseline and 6-month time-points.

Time-point Verbal memory Significance Executive function Significance
composite Z-score ± SD composite Z-score ± SD

VCIND CN controls VCIND CN controls

Baseline –0.94 ± 0.96 0.40 ± 0.71 F(1,119) = 71.11, p < 0.001 –0.99 ± 0.73 0.42 ± 0.78 F(1,119) = 86.90, p < 0.001
6-months –0.72 ± 1.07 0.26 ± 0.85 F(1,99) = 22.20, p < 0.001 –0.94 ± 0.72 0.33 ± 0.87 F(1,119) = 44.19, p < 0.001

VCIND, vascular cognitive impairment, no dementia; CN, cognitively normal; SD, standard deviation.

those with and without possible VCIND at baseline
did not differ between the groups, except for total
years of education (Table 1). Baseline vascular risk
factors, cardiopulmonary fitness parameters, comor-
bidities, and medications did not differ between
groups. BMI and medications did not differ signif-
icantly between VCIND and CAD patients, and all
study participants were taking statins at baseline.
Cognitive performance at baseline and 6-month time
points are displayed in Table 2. As expected, those
with possible VCIND were significantly more cogni-
tively impaired at both time points.

Impact of cardiac rehabilitation

GPX activity increased over time (b[SE] =
1.62[0.81], p = 0.048). However, an increase in
physical fitness over CR was not associated with
an increase in GPX activity over CR overall
(b[SE] = 0.16[0.10], p = 0.104), or when controlling
for VCIND status (b[SE] = 0.17[0.10], p = 0.09).

In all patients, verbal memory did not change sig-
nificantly over time (b[SE] = –0.06[0.08], p = 0.43),

and change in verbal memory was not associated
with increased physical fitness indicated by VO2 peak
over CR (b[SE] = 0.002[0.009], p = 0.861). In a post-
hoc analysis including VCIND status as a covariate,
only CN CAD patients had significantly improved
verbal memory (b[SE] = 1.30[0.15], p < 0.005) with
improved fitness.

Glutathione peroxidase activity in possible
VCIND and CN controls

GPX activity was significantly higher in those
with possible VCIND compared to CN con-
trols (F1,119 = 3.996, p = 0.048). The adjusted mean
(±standard error) GPX activities were 61.0 ± 2.1
nmol/ml/min in possible VCIND patients and
56.2 ± 1.4 nmol/ml/min in CN controls, when con-
trolling for age, antioxidant supplementation use, and
cigarette smoking history (Fig. 1). Of these covari-
ates, significantly more CN controls were taking
antioxidant supplements at baseline (30% versus 9%,
χ2 = 5.23, P = 0.02). Upon further exploration, higher
GPX activity was significantly associated with poorer
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Fig. 1. Glutathione peroxidase activity in vascular cognitive
impairment, no dementia (VCIND) patients compared to cogni-
tively normal (CN) controls with coronary artery disease. Activity
was higher in possible VCIND patients, controlling for age,
antioxidant/vitamin use and cigarette smoking history. Error bars
represent ± 1 standard error.

Fig. 2. Higher glutathione peroxidase activity was significantly
associated with poorer verbal memory performance at baseline in
coronary artery disease patients. Covariates included in this model
include: sex, body mass index, cardiopulmonary fitness (VO2 peak),
and years of education.

verbal memory performance at baseline (� = –0.182,
p = 0.048) when controlling for the covariates max
VO2 peak, sex, total years of education, and BMI
(Fig. 2).

Association between baseline GPX activity and
verbal memory performance in CAD patients
over 6 months

Baseline glutathione peroxidase did not predict
change in verbal memory performance over CR,
when controlling for sex, BMI, VO2 peak, and total
years of education (b[SE] = –0.01[0.01], p = 0.117).
When VCIND status was added as an additional pre-
dictor, baseline GPX activity did not predict changes
in verbal memory over time (b[SE] = –0.002[0.006],

p = 0.677) and there was no significant group by
time interaction term (b[SE] = –0.18[0.18], p = 0.33).
However, VCIND status was significantly associ-
ated with verbal memory performance over 6 months
(b[SE] = 1.22[0.16], p < 0.001). Specifically, after
controlling for sex, BMI, VO2 peak, and total years
of education, VCIND participants performed worse
than CN participants by 1.22 unit Z-scores over 6
months.

Association between change in GPX activity and
verbal memory performance in CAD patients
over 6 months

An increase in GPX activity was significantly
associated with a decline in verbal memory per-
formance over 6 months when controlling for
sex, BMI, VO2 peak, and total years of education
(b[SE] = –0.02[0.01], p = 0.004). Specifically, a 1
nmol/min/mL increase in glutathione peroxidase
activity was associated with a 0.02 unit Z-score
decrease in verbal memory Z-score over 6 months.

DISCUSSION

This study assessed the relationship between GPX
activity and VCIND, evaluating GPX activity in
the FDA-NIH BEST roles of diagnostic biomarker,
predictive biomarker and monitoring biomarker for
cognition. In this population with coronary artery dis-
ease, baseline GPX activity was increased in those
with VCIND, and while baseline GPX activity did
not predict cognitive response to exercise in those
with VCIND, change in GPX activity was correlated
with change in verbal memory.

GPX activity was found to be higher in VCIND
compared with CN control patients by approximately
4.80 nmol/mL/min, after controlling for age, antiox-
idant supplementation use, and cigarette smoking
history. Supplements included: vitamins, selenium,
zinc, cysteine, methionine and other amino acids, and
omega-3 fatty acids. Of those, vitamin E, selenium,
and omega-3 have been reported to affect GPX activ-
ity [72–75]. More CN controls were taking omega-3
supplements, which may increase GPX activity as
demonstrated in vitro and in animal studies [74, 75].
While omega-3 supplementation was not a signifi-
cant predictor in our study, the difference in GPX
activity may have been greater had these groups
been homogenous in the proportion of subjects taking
these supplements. Age, BMI, and sex have previ-
ously been associated with GPX [54, 76, 77], but
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those factors did not differ among VCIND and CN
controls in this study and were controlled for in our
analysis. Previous findings suggest that GPX activity
tends to be higher in CAD [23]; our findings expand
upon this, showing GPX activity was elevated to a
greater extent in those with VCIND. GPX activity is
known to be increased by oxidative stress [24]. While
not measured in this study, oxidative stress has pre-
viously been demonstrated to be increased in CAD
and VCIND [15, 78]. As such, our finding of higher
GPX in VCIND versus CN controls is consistent with
increased oxidative stress in these patients.

In this study, baseline GPX activity was not pre-
dictive of changes in verbal memory over a 6-month
CR program. There is variable response to exercise
in those with early cognitive impairment [22, 79].
Predictors of increased cognition include improve-
ments in cardiac health, or reduction of hypertension
and/or hyperhomocysteinemia [80, 81], while oxida-
tive stress which is associated with vascular risk
factors [82–86], has predicted lack of cognitive
response [15]. To fully evaluate if a biomarker is pre-
dictive of an intervention’s effect, there needs to be
comparison to a control treatment arm [25]. Future
studies that measure GPX activity in CAD patients
who do not participate in CR may provide addi-
tional evidence to evaluate if GPX activity could be
predictive of improved verbal memory performance
following CR. It is also possible that the relation-
ship between GPX activity and cognition may vary
over time, making prediction difficult. Indeed, even
the relationship between amyloid-beta and cognitive
impairment in those with AD is complicated with a
distinct period of correlated increase followed by a
ceiling effect [87, 88]. Additional research will be
needed to clarify this relationship in VCI.

This study also explored GPX activity as a mon-
itoring biomarker for cognitive outcomes in CAD
patients, finding that an increase in GPX activity was
associated with a decline in verbal memory perfor-
mance over the course of a 6-month CR program.
While counter-intuitive to some degree, this finding
is consistent with previous research. A single study
has previously attempted to associate changes in GPX
activity with changes in cognition, finding that a 100
International Unit increase in GPX activity over 6
months was associated with an average loss of 1.19
points on the MMSE (indicating cognitive decline) in
97 patients with various types and stages of neurode-
generative disease such as AD, VaD, and MCI [89].
GPX uses reduced GSH to neutralize oxidative stress
species [24, 90, 91]. A longitudinal study demon-

strated that a decrease in reduced GSH over time is
a strong predictor of progression to AD from MCI
[92]. McCaddon et al. [93] also demonstrated that a
decrease in plasma GSH levels over time was associ-
ated with a significant decrease in MMSE scores. An
increase in GPX activity is directly related to oxida-
tive stress, which in turn may reflect mechanisms
contributing to neuronal loss [90, 94–96].

Increased physical fitness over CR was not sig-
nificantly associated with improvements in verbal
memory in the total study group. Importantly, when
controlling for the presence of VCIND, only CN
controls had significantly improved cognition over
6 months of CR. This suggests that those with even
a small degree of cognitive impairment at the start of
their CR program are not deriving the same cognitive
benefit from exercise as their CN control counter-
parts, as has been demonstrated previously [65].
Studies showing improvement in cognitive perfor-
mance from exercise have been mixed, and a recent
finding supported a role for underlying differences in
levels of oxidative stress being a factor [15]. Some
meta-analyses examining the effect of exercise on
cognition in participants with AD and MCI reported
significant cognitive improvements with exercise [79,
97, 98], while others reported small to no effects on
cognition [22, 99]. The heterogeneous effects of exer-
cise on cognition suggests that there are additional
neurobiological barriers that may attenuate responses
to exercise. Elucidating these barriers, particularly
those that may be pharmacologic targets, would be
beneficial. Our current study’s findings relating GPX
changes to change in verbal memory, along with
observations of elevated oxidative stress in VCIND
patients [15], suggests that oxidative stress may be a
potential target with potential interventions such as
antioxidant supplementation.

In our population of CAD patients, GPX activ-
ity increased over time. While this may be expected
to have positive clinical effects, the relationship
between GPX activity and outcomes is complex. A
previous meta-analysis of antioxidant enzymes found
that increasing GPX activity was related to negative
clinical outcomes in CAD [23]. GPX becomes upreg-
ulated in response to oxidative stress and uses the
antioxidant GSH as a co-factor to neutralize reactive
oxygen species [24]. As such, our findings may reflect
the interplay between oxidative stress, GPX, and
GSH. Oxidative stress is elevated in CAD patients,
particularly in those with VCIND [15]. While GSH
levels have not been studied in VCIND, GSH is
decreased in MCI and AD [91, 100, 101], and GSH
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depletion is known to result in oxidative stress [102].
Taken together, one possible explanation for our find-
ings is that the increase in GPX was insufficient
to detoxify oxidative stress species in the presence
of depleted GSH levels. One way to overcome this
may be exercise. While exercise overall has been
shown to increase cognition, VCIND participants’
verbal memory performance after 6 months remained
significantly lower than that of CN controls despite
exercise. Although exercise overall has been shown to
increase antioxidant capabilities in individuals over
time [103], in this population, improvements in fit-
ness were not associated with increases in GPX. This
again suggests an opportunity to evaluate supplemen-
tal antioxidant interventions.

Strengths of this study included having groups
with similar vascular and clinical factors, and the
generalizability of the results to the CAD patients
referred a CR program. A limitation of this study
was not being able to confirm whether these patients
had probable VCIND as participants did not undergo
neuroimaging. Nevertheless, classifying patients as
having possible VCIND represents a clinically use-
ful and convenient option, given that obtaining an
MRI is expensive and may not be a readily accessi-
ble diagnostic procedure. This study defined VCIND
by selecting patients who were only at least one stan-
dard deviation below age and/or education-matched
population norms. Importantly, when controlling for
sex, BMI, VO2 peak, and total years of education and
GPX activity, VCIND patients demonstrated lower
verbal memory compared to CN controls by 1.22 unit
Z-scores over 6 months despite exercise. It would be
interesting to see if future studies also report GXP
changes in more impaired VCI populations. In addi-
tion, the majority of our participants were male and
Caucasian. While this demographic is representative
of the population enrolled in CR, results must be
interpreted with caution when applied to the general
populations of CAD and VCIND patients. Sex differ-
ences are typically observed in cognition, with female
participants performing better at verbal memory tasks
in cognitively healthy individuals and early stages of
cognitive impairment such as MCI [71, 104]. Unfor-
tunately, the rate of CR enrollment among women
is significantly lower than that in men, with women
being 36% less likely to enroll in a rehabilitation pro-
gram [105]. While our current study included more
male than female patients in both the VCIND and the
CN control groups, both groups had a similar pro-
portion of males. When sex was added as a covariate
to control for potential sex-differences in our mod-

els, sex did not contribute, likely due to the small
number of females. Additional studies with higher
proportions of females will be needed to ascertain the
potential influence of sex on the relationship between
verbal memory and GPX.

We were not able to compare our absolute values of
GPX activity to those in the literature to define a group
with elevations. To date, the variability in sample
types, disease states, and severity of cognitive decline
across studies [27, 106, 107] have not allowed defi-
nition of a specific range of plasma GPX activity that
can be characterized as physiologically abnormal.
More research needs to be conducted to determine
cut off points for characterizing high GPX activity
that could be indicative of cognitive impairment in
CAD patients. GPX activity should be measured in
a larger population of possible VCIND patients and
compared to healthy controls to further validate these
findings.

CONCLUSION

These results suggest that the GSH antioxidant sys-
tem is altered in VCIND, contributing to the body of
research surrounding the role of the GSH antioxi-
dant system and neurocognitive impairment. In this
study, GPX activity was elevated in patients with pos-
sible VCIND compared to CN controls and secondary
analyses found that longitudinal increases in GPX
activity were significantly associated with a decline
in verbal memory performance over 6 months, sug-
gesting the possible relationship between this system
and cognitive decline in the prodromal VCIND state.
CAD patients are at higher risk of developing cog-
nitive impairment. However, it is difficult to predict
who is most at risk. Combining early changes in
verbal memory with biomarker evidence of altered
GPX may help in this. As CAD patients receive rou-
tine clinical blood testing to assess for blood lipids,
assessing blood-based biomarkers, such GPX activ-
ity, may be feasible to incorporate into a clinical
care routine screen. However, the greatest poten-
tial of biomarkers is likely in identifying patients
who would benefit from targeted, preventative
interventions.

Elevating antioxidant levels has been suggested as
a potential therapeutic strategy to prevent vascular
cognitive decline [108, 109]. The therapeutic benefits
related to this strategy in cognitively vulnerable pop-
ulations have yet to be elucidated, and there remains a
need for biomarkers that can describe whether antiox-
idant supplementation could be beneficial, such as in
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VCIND patients who may not be receiving the full
benefits of exercise interventions on improving cog-
nitive outcomes. Therefore, studying GPX activity
in association with cognitive performance in CAD
patients at risk for cognitive decline is warranted.
The results of this study highlight the potential of
GPX activity as a biomarker of response to antiox-
idant supplementation in possible VCIND patients.
Research into the role of the GSH antioxidant sys-
tem to probe the antioxidant status of individuals with
various forms of vascular cognitive impairment, espe-
cially in those with possible VCIND, may aid in the
administration of personalized or precision medicine
in the future.
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