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Abstract. This study examined associations between lipid peroxidation markers and cognition, and associations between
these markers and cognitive response to an exercise intervention program, in adults with coronary artery disease at risk
of dementia. Lipid peroxidation products were measured in serum in 118 patients (29 possible vascular mild cognitive
impairment and 89 controls). Ratios of early- (lipid hydroperoxides, LPH) to late-stage (8-isoprostane, 8-ISO; 4-hydroxy-2-
nonenal, 4-HNE) lipid peroxidation products were calculated. Cognitive performance was assessed before and at completion
of a 24-week exercise intervention program. A global effect of group on lipid peroxidation markers was observed, adjusting
for sex, years of education, and cardiopulmonary fitness (main effect of group F (3,102) = 2.957, p = 0.036). Lower lipid
peroxidation at baseline, as determined by lower 8-ISO concentration, was associated with greater improvement in verbal
memory (F (1, 64) = 4.738, p = 0.03) and executive function (F (1, 64) = 5.219, p = 0.026) performance. Similarly, higher
ratios of 8-ISO/LPH (F (1, 65) = 6.592, p = 0.013) and (8-ISO+4-HNE) to LPH (F (1, 65) = 3.857, p = 0.054), were associated
with less improvement in executive function performance over a 24-week exercise intervention. Lipid peroxidation may be
a biomarker of early vascular cognitive impairment, and elevated lipid peroxidation might limit the cognitive benefits of
exercise in this high-risk population.
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INTRODUCTION

Cerebrovascular disease is the second most
common cause of cognitive impairment in older
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adults [1, 2]. Vascular mild cognitive impairment
(VaMCI) is highly prevalent among patients with
coronary artery disease (CAD), and those with
VaMCI are at higher risk of cognitive and functional
decline leading to dementia [3–6]. VaMCI describes
mild cognitive deficits due to cerebrovascular disease
that are not severe enough to be classified as dementia
[7]. Predominant executive dysfunction has long been
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considered a salient feature of the disease, although
deficits in other cognitive domains such as verbal and
visuospatial memory as well as processing speed are
also commonly present [8–10].

Oxidative stress (OS) plays a central role in
age-related neurodegeneration [11]. Reactive oxygen
species (ROS) cause cellular damage and mitochon-
drial dysfunction and alter the DNA repair system,
all of which are key factors involved in the propa-
gation of neuronal injury leading to apoptosis [12].
An imbalance in the production and elimination of
ROS is associated with neurodegenerative diseases.
Cumulative ROS can react with neuronal membrane
lipids to generate lipid hydroperoxides (LPH), which
under normal physiological conditions, are detox-
ified by the reparative actions of exogenous and
endogenous antioxidants [13]. As the lipid peroxi-
dation cascade continues, LPH, the initial product,
reacts with another fatty acid resulting in the for-
mation of more stable late-stage products including
4-hydroxy-2-nonenal (4-HNE) and 8-isoprostane (8-
ISO) [13]. To prevent the accumulation of these
late-stage products, a natural cellular response is to
increase antioxidant activity or accelerate the elimi-
nation rate of lipid peroxidation products [14, 15].

Emerging evidence suggests that an altered antiox-
idant defense system and increased lipid peroxidation
products might represent an early event in neu-
rodegenerative processes. A recent meta-analysis
found that several lipid peroxidation markers were
significantly elevated while a range of antioxidant
molecules were reduced in MCI patients [16, 17].
OS damage may contribute to cognitive deficits in
CAD patients, as cerebral hypoperfusion can cause
ischemia- and inflammation-related increases in OS
[18].

Regular exercise has beneficial systemic effects
including the upregulation of the enzymatic antiox-
idant system and modulation of oxidative damage
[19–21]. As such, regular exercise could play an
important therapeutic role in the prevention of
cognitive decline in the prodromal stages of neu-
rodegenerative diseases [22]. However, the cognitive
benefits of exercise are variable and particularly mod-
est among patients with mild cognitive symptoms
[23–25]. Since OS damage occurs early in neurode-
generative disease processes and might precede other
neuropathological alterations, there is considerable
benefit to identifying an easily obtainable biological
marker that could predict treatment response as well
as to identify patients at the prodromal stage who are
more likely to develop clinical and functional decline.

The present study aims to evaluate whether ele-
vated levels of lipid peroxidation products might be
an early stage marker of VaMCI. We compared con-
centrations of lipid peroxidation products in CAD
patients without cognitive impairment and those with
possible VaMCI [7]. We also sought to investigate
whether higher lipid peroxidation products at base-
line might predict cognitive response to exercise
intervention. Our primary hypothesis was that lipid
peroxidation markers would be elevated in patients
with possible VaMCI relative to CAD controls. We
also hypothesized that higher level of lipid perox-
idation at baseline would be associated with less
improvement in cognitive performance, particularly
in executive function, following a 24-week exercise
intervention.

MATERIALS AND METHODS

Design

The Research Ethics Boards at Sunnybrook Health
Sciences Centre and the University Health Network
(UHN) approved this study, and informed consent
was obtained from all participants prior to study
enrolment. CAD patients were recruited from a
cardiac rehabilitation (CR) program at the UHN
Toronto Rehabilitation Institute (TRI) as described
previously [26–28]. Briefly, the CR program is a
24-week program comprised of both aerobic and
resistance exercise under the supervision of exercise
and medical specialists. As part of the CR program,
participants attended weekly exercise classes that
included an aerobic walk or walk/jog, and exercised
3–6 days per week at home depending on their fitness
level. At baseline (pre-exercise), lipid peroxidation
assays were performed and cardiopulmonary fitness
was assessed by measuring the peak volume of oxy-
gen uptake (VO2 peak) during an exercise stress test.
Cognitive assessment was performed at baseline and
at 24 weeks (follow-up).

Participants

Eligible patients were 50–75 years old, could
speak and understand English, and had evidence
of stable CAD (previous hospitalization for acute
myocardial infarction, coronary angiographic evi-
dence of ≥50% blockage in one or more major
coronary artery, percutaneous coronary intervention,
or coronary artery bypass grafting). All subjects had
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dyslipidemia and were being treated with statins.
Subjects were excluded based on previously diag-
nosed neurodegenerative illness including all-cause
dementia, active cancer, surgery planned within 12
months, schizophrenia, bipolar affective disorder, and
substance abuse. The Standardized Mini Mental Sta-
tus Examination (sMMSE) [29] was used to screen
for dementia and subjects with sMMSE <24 were
excluded.

Demographic and clinical characteristics, as well
as detailed medical history including comorbidities
independent of CAD, were collected from patient
interviews. Cardiac medical history, concomitant
medications, and cardiac health indicators (body
mass, height, hyperlipidemia, hypertension, dia-
betes, and waist circumference) were obtained from
patient charts at TRI. Body mass index (BMI) was
calculated per standard definition [mass (kg) / height
(m2)].

VaMCI was defined as patients whose baseline
composite Z-scores on either verbal memory or exec-
utive function tests were 1 standard deviation (SD)
below population norm. CAD controls demonstrated
normal cognitive function (i.e., composite Z-scores
>–1 on both memory and executive function tests)
[7].

Cognitive assessments

A battery of cognitive tests was used to measure
executive function, processing speed, and memory
[30]. Executive function was assessed using the
Trail Making Test B (Trails B), Controlled Oral
Word Association (verbal fluency FAS test), and
category fluency Animal Naming. Verbal memory
was assessed using the California Verbal Learning
Test 2nd Ed. (CVLT-II). Visuospatial function was
assessed using the Revised Brief Visuospatial Mem-
ory Test (BVMT-R). Processing speed was assessed
using the Digit Symbol Coding task and the Trail
Making Test A (Trails A). For each cognitive task, a
Z-score was computed based on published age- and
sex-matched norms. The Z-score follows a normal
distribution with better performance being more pos-
itive and poorer performance being more negative
distribution. For executive function, the Z-scores of
the Trails B, FAS test, and Animal Naming test were
summed. For verbal memory, three Z-scores from the
CVLT-II, verbal learning, short delay, and long delay
free recall were summed. For visuospatial function,
two Z-scores from the BVMT-R, visuospatial learn-
ing and recall were summed. For processing speed,

the Trails A and Digit Symbol Coding task were
summed.

Lipid peroxidation markers

Serum concentrations of lipid peroxidation mark-
ers (LPH, 8-ISO, 4-HNE) were measured as
previously described [31, 32]. Briefly, LPH was
assessed using the colorimetric LPH assay kit
(Cayman Chemical; item 705002) according to man-
ufacturer’s instructions. The sensitivity of this kit is in
between 0.25 and 5 nmol hydroperoxides. The intra-
assay coefficients of variation (CV) were between 2%
and 15% and the inter-assay CV was 9%. Data are
presented as the LPH (�M) and log-transformed for
analysis. 4-HNE was measured via Michael addition
to lysine, histidine or cysteine using an enzyme-
linked immunosorbent assay (ELISA) (Cell Biolabs,
Inc.; item number STA-338) according to manufac-
turer’s instructions. The sensitivity of this assay is in
between 0.5 and 10 �g/mL of 4-HNE. The intra-assay
CVs were between 1% and 16% and the inter-assay
CV was 7.5%. Results were expressed as fmol/�g
of protein and log-transformed for analysis. 8-ISO
was measured using a standard competitive sandwich
ELISA (Cayman Chemical; item 516351) according
to manufacturer’s instructions. The sensitivity of this
assay is in between 0.8 and 500 pg/mL of 8-ISO. The
intra-assay CVs were between 1% and 19% and the
inter-assay CV was 9.1%. Results were expressed as
pg/mL and log-transformed for analysis.

Statistical analyses

Sample mean and SD for continuous demographic
and baseline clinical characteristics were calculated.
Categorical variables were described with frequen-
cies and percentages. Differences in demographic and
clinical variables between the groups were assessed
using independent t-tests.

For the primary analysis, a Multivariate Analysis of
Variance (MANOVA) model adjusting for sex, years
of education, BMI, and VO2 peak were used to exam-
ine the overall difference in lipid peroxidation marker
levels between the groups. The early- (LPH) and late-
stage (8-ISO and 4-HNE) lipid peroxidation markers
were inputted as the dependent variables. The main
effect of group was considered significant at the con-
ventional p ≤ 0.05. Post-hoc univariate ANOVA were
conducted to evaluate differences between the groups
for each individual marker.
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Ratios of late-stage to early-stage lipid peroxida-
tion were used previously to measure the balance
of the system and explore if there is an accumu-
lation of late-stage products [32]. In the secondary
analyses, the ratios of late- to early-stage markers
were calculated by dividing concentrations of 8-ISO
and 4-HNE by the concentration of LPH, yielding
8-ISO/LPH, 4-HNE/LPH and (8-ISO+4-HNE)/LPH
[31, 32]. The individual concentrations and ratios
were log-transformed to ensure consistent normal-
ity between them, and the resulting values were used
for analyses. Univariate ANCOVA were performed
to investigate the effect of group on lipid peroxida-
tion using ratios between late stage markers 4-HNE
and 8-ISO and the early-stage marker LPH (i.e.,
8-ISO/LPH, 4-HNE/LPH, (8-ISO+4-HNE)/LPH) as
dependent variables and group as fixed factor. Consis-
tent with the primary analysis, sex, years of education,
and VO2 peak were also included as covariates.

The baseline individual concentrations of 8-ISO, 4-
HNE, LPH, and ratios of 8-ISO/LPH, 4-HNE/LPH,
and (8-ISO+4-HNE)/LPH were assessed as predic-
tors of cognitive performance change following 24
weeks of exercise intervention. The repeated mea-
sures general linear models were performed using
the cognitive Z-scores at baseline and at 24-weeks
as repeated variables, with diagnosis group added as
a fixed factor. Analyses were performed separately
for each lipid peroxidation marker and ratio. Possible
confounding variables such as sex, years of educa-
tion, BMI, and VO2 peak were added as covariates.
Linear regression analyses to examine associations
between lipid peroxidation markers and changes in
cognition over 24 weeks were also investigated.

For post-hoc analyses, we divided the CAD sam-
ple into high and low OS group based on the overall
ratio of (8-ISO+4-HNE)/LPH concentrations. Dif-
ferences in verbal memory and executive function
Z-scores between the low and high OS groups were
evaluated using univariate ANCOVA, adjusting for
possible confounding variables, baseline cognitive
Z-scores, and years of education as covariates. All
analyses were performed using SPSS statistical soft-
ware and considered to be significant at a two-tailed
p ≤ 0.05.

RESULTS

Clinical characteristics

Participant demographics and clinical character-
istics are presented in Table 1. There were no

significant differences between subjects with VaMCI
and CAD controls with respect to sex, BMI, plasma
cholesterol level, triglycerides level, diabetes, or
smoking habit. However, the VaMCI group had
significantly lower cardiopulmonary fitness (F (1,
114) = 4.845, p = 0.035) and total years of education
(F (1, 114) = 17.094, p < 0.001). As expected, patients
with VaMCI had significantly poorer cognitive per-
formance across all cognitive domains, including
verbal and visuospatial memory, executive function,
and processing speed (Table 1).

Lipid peroxidation markers in CAD patients with
VaMCI and CAD controls

In our primary analyses, a global effect of
group on lipid peroxidation markers was observed
when adjusting for age and sex (main effect of
group F (3,102) = 2.957, p = 0.036, Table 2). The
post-hoc Univariate ANCOVA revealed that serum
LPH concentrations were significantly lower in
patients with VaMCI compared to CAD controls
(1.21 ± 0.61 versus 1.51 ± 0.41 (F (1, 104) = 8.913,
p = 0.004) (Fig. 1). There were no significant
differences between the groups in 8-ISO (F
(1,111) = 0.698, p = 0.405) and 4-HNE concentra-
tions (F (1,101) = 0.001, p = 0.975).

In our secondary analyses, we found that there
were significant differences between the groups in
the ratios between late- and early- stage lipid peroxi-
dation products. Patients with VaMCI showed a trend
toward higher ratio of 8-ISO to LPH compared to that
of CAD controls (0.15 ± 0.66 versus –0.05 ± 0.45
(F (1, 104) = 4.145, p = 0.044) (Fig. 1). Similarly, the
ratios of 4-HNE to LPH and (8-ISO+4-HNE) to LPH
were significantly higher in the VaMCI group as com-
pared to CAD controls (4-HNE to LPH: 0.39 ± 0.61
versus 0.08 ± 0.43 (F (1, 104) = 8.599, p = 0.004; (8-
ISO+4-HNE) to LPH: 0.60 ± 0.62 versus 0.34 ± 0.42
(F (1, 104) = 7.022, p = 0.009) (Fig. 1).

Higher baseline lipid peroxidation levels
and exercise effect on cognition

In all CAD patients, there were significant
improvements over the 24-week exercise interven-
tion in verbal memory (t (1, 69) = –7.765, p < 0.001),
processing speed (t (1, 70) = –4.452, p < 0.001), and
executive function performance (t (1, 70) = –4.525,
p < 0.001), but no difference between baseline
and follow-up in visuospatial function performance
(t (1, 70) = 1.231, p = 0.223). The differences were



I. Suridjan et al. / Lipid Peroxidation in Vascular Cognitive Impairment 889

Table 1
Baseline patient characteristics

CAD controls VaMCI Sig
(n = 89) (n = 29)

Demographics Mean SD Mean SD F / x2 df p

Male (%) 83.1 89.7 0.717 1 0.397
Age 63.7 6.2 63.2 7.0 0.165 1 0.685
BMI 29.1 5.3 29.3 4.7 0.005 1 0.886
Total years of education 17.0 3.1 14.1 3.7 17.094 1 <0.001
Cholesterol 3.5 0.8 3.5 0.9 0.003 1 0.991
Triglycerides 1.3 0.8 1.3 0.7 0.006 1 0.889
VO2 peak 21.6 5.6 19.0 5.3 4.854 1 0.035

Vascular Risk Factors (%)
Smoking history 59.6 62.1 0.058 1 0.81
Hypertension 59.1 69.0 0.899 1 0.343
Hyperlipidemia 100 100
Diabetes 16.9 17.2 0.002 1 0.961
BMI >30 kg/m2 33.7 41.4 0.562 1 0.454
Waist circumference* 40.4 41.4 0.008 1 0.929
Total # of vascular risk factors 3.1 1.4 3.3 1.3 0.444 1 0.501
*Waist circumference >102 cm for male
and >88 cm for female, denoting obesity.

Cognitive Performance
Verbal Memory 3.07 2.94 0.54 2.84 15.635 3 <0.001
Visuospatial Function 0.89 1.86 –1.22 2.4 25.197 3 <0.001
Processing Speed 0.49 1.27 –1.23 1.17 40.213 3 <0.001
Executive Function 0.66 1.61 –2.66 1.38 96.283 3 <0.001

Table 2
Lipid peroxidation markers in CAD patients without cognitive impairment (CAD controls) and those

with cognitive impairment (VaMCI group). Sex, VO2 peak, BMI, and years of education added as covariates

CAD controls VaMCI Sig
(n = 89) (n = 29)

Raw data Mean SD Mean SD F/ x2 df p

LPH (�M) 44.9 31.4 31.1 28.1 3.983 5 0.049
8-ISO (pg/mL) 35 23.4 27.1 14.1 1.716 5 0.193
4-HNE (fmol/�g) 40.7 9.3 40.0 7.3 0.054 5 0.817
8-ISO/LPH 1.9 5.5 5.1 10.0 5.965 5 0.016
4-HNE/LPH 2.4 5.5 7.3 14.8 8.278 5 0.005
(8-ISO+4-HNE)/LPH 0.5 0.1 0.4 0.1 6.629 5 0.011

Log-transformed data
LPH (�M) 1.5 0.4 1.2 0.6 8.913 5 0.004
8-ISO (pg/mL) 1.4 0.3 1.4 0.3 0.698 5 0.405
4-HNE (fmol/�g) 1.6 0.1 1.6 0.1 0.001 5 0.975
8-ISO/LPH –0.1 0.5 0.2 0.7 4.145 5 0.004
4-HNE/LPH 0.1 0.4 0.4 0.6 8.599 5 0.004
(8-ISO+4-HNE)/LPH 0.3 0.4 0.6 0.6 7.022 5 0.009

no longer significant when we adjusted for possible
covariates. Repeated measures ANOVA of cognitive
performance at baseline and 6 months adjusting for
age, gender, education years, and VO2 peak revealed
no significant time and time-by-group interactions in
any of the cognitive domains (all p values >0.05).

Linear regression analyses revealed a significant
association between baseline serum concentration of
8-ISO and change in verbal memory (R2 = 0.124,
p = 0.033; Fig. 2A) and executive function z-scores

(R2 = 0.137, p = 0.026; Fig. 2B) in a model that
included sex, years of education, VO2 peak, and BMI
as possible covariates. Similarly, in separate analyses,
there were significant associations between smaller
improvement in executive function performance over
24 weeks and the 8-ISO/LPH (R2 = 0.154, p = 0.013;
Fig. 2C), and only a trend toward significant with
(8-ISO+4-HNE)/LPH ratios (p = 0.054). The results
remained significant when patient group (VaMCI or
CAD control) was added as a covariate. None of the
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Fig. 1. Box plot displaying the distribution of the data based on median and interquartile range showing differences in lipid peroxidation
markers (A) LPH; (B) 8-ISO/LPH; (C) 4-HNE/LPH); (D) (8-ISO+4-HNE)/LPH between CAD patients without cognitive impairment (CAD
controls; n = 89) and those with cognitive impairment (VaMCI group; n = 29). The LPH concentration was significantly lower in VaMCI
group as compared of CAD controls, but the ratio between late to early stage lipid peroxidation markers were significantly greater in the
VaMCI group as compared to CAD controls. Values are adjusted group mean ± SD.

other lipid peroxidation markers or ratios were found
to be significant predictors of change in processing
speed or visuospatial function.

To confirm our results, we also did post-hoc anal-
yses using repeated measure ANCOVA, where we
found significant time by 8-ISO effect on verbal
memory (F (1, 64) = 4.738, p = 0.030) and execu-
tive function (F (1, 64) = 5.219, p = 0.026) at baseline
and follow up. Similarly, there was a significant time
by 8-ISO/LPH (F (1, 65) = 6.592, p = 0.013) interac-
tion effect and a trending (8-ISO+4HNE)/LPH (F (1,
65) = 3.857, p = 0.054) interaction effect on execu-
tive function performance at baseline and follow-up.
A univariate analysis to compare the effect of exercise
on cognition between CAD patients who had high and
low lipid peroxidation levels at baseline indicated that
those in the low lipid peroxidation group had signif-

icantly greater improvement in executive function,
after controlling for baseline cognitive score, sex,
BMI, VO2 peak, and years of education (high ver-
sus low for (8-ISO+4-HNE)/LPH: (F (1,64) = 6.690,
p = 0.012); high versus low 8-ISO to LPH ratio: (F (1,
64) = 5.965, p = 0.017); Fig. 3).

DISCUSSION

The present study highlights the possible con-
tribution of lipid peroxidation in the etiology of
early cognitive deficits due to vascular pathology.
We found a significant group effect (VaMCI ver-
sus CAD control) in a model that includes all three
lipid peroxidation products as the dependent vari-
ables, as well as sex, cardiopulmonary fitness, and
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Fig. 2. Scatterplot illustrating statistically significant associations between (A) 8-ISO concentration and change in verbal memory perfor-
mance (R2 = 0.124, p = 0.033) following 24 weeks of exercise intervention and; (B) significant associations between executive function and
8-ISO (R2 = 0.137, p = 0.026), (C) 8-ISO/LPH (R2 = 0.154, p = 0.013) when adjusting for sex, BMI, years of education, and VO2 peak. Y-axis
represents adjusted predicted value based on applied linear regression model.

years of education as potential confounding vari-
ables. The ratios between late- and early-stage lipid
peroxidation markers (8-ISO/LPH, 4-HNE/LPH, and
(8-ISO+4-HNE)/LPH) were significantly elevated in
the VaMCI group as compared to CAD controls. The
present study also sought to explore the influence
of lipid peroxidation levels at baseline in mediat-
ing the benefit of exercise intervention on cognition.
We found that higher lipid peroxidation levels at
baseline, as indicated by greater 8-ISO and ratios
between late- and early-stage markers, were asso-
ciated with less improvement in executive function
and verbal memory performance following a 24-
week exercise intervention. OS has been proposed
to represent an early event in the neurodegenerative

process. Our results are consistent with a growing
body of evidence, which has found that lipid per-
oxidation markers are significantly elevated in the
blood, cerebrospinal fluid, and brain of patients with
MCI [33, 34]. Ratios of lipid peroxidation mark-
ers, including those comparing late-stage markers
8-ISO, 4-HNE, and (8-ISO+4-HNE) to the early-
stage marker LPH might be used to measure the
balance of the redox system [31, 32]. The VaMCI
cohort in the present study represents a subgroup of
individuals who have not yet developed dementia and
are independent in activities of daily living. Together
with their subtle cognitive impairment, they have
important vascular risk factors, as shown in Table 1.
Despite the important contribution of vascular risk
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Fig. 3. Lipid peroxidation ratios might predict the effect of exer-
cise on cognition. Box plot displaying the distribution of the data
based on median and interquartile range showing that CAD patients
who had lower OS levels at baseline, as determined by overall
ratio of (A) (8-ISO+4-HNE) to LPH (F (1,64) = 6.690, p = 0.012)
and (B) 8-ISO to LPH (F (1, 64) = 5.965, p = 0.017), demonstrated
greater improvement in executive function performance following
24 weeks of exercise intervention in a model that included base-
line cognitive score, VO2 peak, BMI, sex and years of education.
Values are presented as adjusted group mean ± SD.

factors in neurodegenerative diseases, there is cur-
rently no reliable biomarker that defines MCI due
to vascular disease. Our results suggest that acceler-
ated lipid peroxidation progression might contribute
to early cognitive changes due to vascular disease and
may represent a risk biomarker for those with VaMCI.
The Canadian Study of Health and Aging has reported
that the failure to consider VaMCI underestimates the
prevalence of impairment and the risk for adverse
outcomes associated with vascular cognitive impair-
ment, as the rates of institutionalization and mortality
of those with cognitive impairment were significantly
higher than those without cognitive impairment [35].
Our findings may provide an important lead into the

search for a therapeutic target that can be used to treat
this high-risk subpopulation at the earliest stage of the
disease process. The next step would be to perform
a longer longitudinal study to evaluate lipid perox-
idation markers in a cohort of VaMCI patients who
have evidence of both cognitive impairment and sub-
cortical ischemic vascular disease on MRI [7, 36].
While the cardiovascular benefits of physical exer-
cise in CAD patients are well-established [37, 38],
less attention has been paid to maximizing cognitive
benefits. The present study investigated lipid peroxi-
dation markers as predictors of cognitive response to
exercise in CAD patients.

In addition to lipid peroxidation, an increase in
protein oxidation has also been demonstrated in the
brains of patients with Alzheimer’s disease and MCI
[39, 40]. In addition, oxidative damage to nuclear and
mitochondrial DNA was found in temporal, frontal,
and parietal lobe of MCI patients [40]. The accumu-
lation of these oxidized proteins and DNA is known
to disrupt neuronal function and lead to an increase
in cytoplasmic inclusions and loss of synaptic trans-
mission, all of which might strongly contribute to
exacerbating cognitive dysfunction and neurodegen-
erative processes involved in dementia [41].

Cardiopulmonary fitness is associated with better
executive function performance in CAD patients [28],
suggesting that exercise intervention might confer
neuroprotective benefits. Meta-analyses of random-
ized controlled trials in patients with MCI have
demonstrated that exercise significantly improves
cognitive performance on multiple tests examining
global cognition and executive function domains
[42, 43]. However, the cognitive benefits of exercise
are of variable efficacy, especially in those with-
out dementia but at high risk of cognitive decline
[24, 44]. Increased lipid peroxidation may, in part,
result from a relative decrease in antioxidant enzyme
activities [45]. One of the mechanisms by which exer-
cise improves cognition is by increasing the brain’s
natural antioxidant defense mechanism, which facil-
itates adaptation of the antioxidant repair system
and increases its resistance to the harmful effects
of OS [46]. However, elevated lipid peroxidation
ratios at baseline might decrease the capacity of
exercise to restore the antioxidant defense system,
limiting its beneficial effect on cognition. This notion
is supported by our current findings, which showed
that greater lipid peroxidation ratios measured at
baseline was associated with less improvement in
verbal memory and executive function performance
over 24 weeks of a CR program. In addition to
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measuring lipid peroxidation markers, future stud-
ies should evaluate differences in antioxidant levels
and the effect of antioxidant systems (glutathione,
glutathione peroxidase, glutathione reductase, and
glutathione S-transferases) on cognitive response to
exercise. Further, increasing the antioxidant defense
system through multimodal interventions involving
both exercise and antioxidant therapy might create
an additive or synergistic positive effect on cogni-
tion. Our previous work in CAD patients showed that
combining exercise intervention and treatment with
omega-3 polyunsaturated fatty acid did not improve
overall cognitive performance, although some benefit
was demonstrated for verbal memory [47]. It has yet
to be determined whether adding antioxidant therapy
to exercise would be more beneficial.

Many assays are available to measure lipid per-
oxidation; however, no single assay is an accurate
measure of the whole process [48]. An increase
in concentrations of late-stage lipid peroxidation
products, in particular the 8-isoprostane and malon-
dialdehyde, is the evidence most frequently reported
as the extent of lipid damage due to ROS. In the
present study, we evaluated the possible involve-
ment of lipid peroxidation in patients with VaMCI by
assessing differences in the individual concentration
of lipid peroxidation products, as well as the ratios of
late- to early- stage products. Since lipid peroxida-
tion can be divided into multiple steps with each step
giving rise to different end products, assessing the
relative abundance of early- and late-stage products
provide a preliminary measure of lipid peroxidation
progression. Although elevated concentrations of the
individual products have traditionally been consid-
ered as evidence of lipid peroxidation, the ratios
between late- to early- stage products were explored
to possibly provide an alternative approach, reflecting
a more dynamic measure associated with the multi-
step process of lipid peroxidation. The use of ratios
was chosen to understand the balance of the system
and to eliminate potential influence of external fac-
tors, such as nutritional status [49]. Quantifying ratios
in longitudinal studies may help clarify the role of
altered lipid peroxidation and cognitive decline in
patients with VaMCI.

The use of monoclonal-antibody techniques
directed against LDL that has undergone peroxida-
tion would be valuable to increase the specificity
of lipid peroxidation assessment in plasma sam-
ples. In addition, malondialdehyde (MDA) is the
most abundant aldehyde product resulting from lipid
peroxidation and widely used as a biomarker of

lipid peroxidation [50]. Increased levels of MDA
have been found in plasma of patients with MCI
and Alzheimer’s disease [51]. Future studies should
assess MDA and oxidized LDL levels to evaluate
whether findings can be replicated using these OS
parameters.

The present study has some limitations. First, the
relatively small number of individuals in the VaMCI
group may limit our ability to detect significant dif-
ferences in individual lipid peroxidation markers,
though significant differences between the groups
in the ratios of late- to early-stage markers were
detected. However, as expected, the proportion of
VaMCI patients in our CAD population is higher
than the prevalence reported for general elderly pop-
ulation [7]. Future studies with larger sample sizes
are warranted. Although we included VO2 peak as
a covariate in all of our analyses examining associ-
ations between baseline lipid peroxidation markers
and changes in cognition, the VaMCI group had
significantly lower cardiopulmonary fitness, which
has been shown previously to predict less cogni-
tive improvement following CR [28]. However, the
results were confirmed by our post-hoc analysis,
which showed that CAD patients in the low lipid
peroxidation group demonstrated greater improve-
ment in executive function compared to those in the
high lipid peroxidation group, suggesting that base-
line lipid peroxidation levels may be an important
mediator of cognitive response to exercise. Similarly,
the total years of education was greater in the VaMCI
group compared to CAD controls. While education
was added as a covariate in all analyses, this issue
can only be partially mitigated by statistical correc-
tion and may still have influenced the findings. Third,
our VaMCI criteria did not include neuroimaging evi-
dence of small vessel disease. While neuroimaging
provides important evidence for cerebrovascular dis-
ease, clinical history and neurological examination
can also be reliable sources of objective evidence in
the absence of neuroimaging. As shown in Table 1 and
by our previous work, the CAD patients in this study
have demonstrated cerebrovascular risk factors [52],
neuroimaging changes [53, 54], and cognitive impair-
ment [27, 28] that would meet the criteria of possible
VaMCI. Nevertheless, future studies should confirm
the current findings in VaMCI patients who also
have neuroimaging evidence of small vessel disease.
Finally, this study investigated only two markers of
late-stage lipid peroxidation (4-HNE and 8-ISO), and
examining other markers of lipid peroxidation may be
warranted.
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In conclusion, cognitive impairment is highly
prevalent in those with CAD. Our results suggest
that altered lipid peroxidation might be implicated
in VaMCI. Greater lipid peroxidation ratios also pre-
dicted smaller cognitive improvements in response to
a 24-week exercise intervention. A redox imbalance
might lead to neuronal mitochondrial damage, which
may play an important role in accelerating the cogni-
tive consequences of vascular disease. Future efforts
should aim to confirm these findings in a larger and
longer longitudinal study with a well-defined cohort
of patients with VaMCI to validate lipid peroxidation
markers as early risk markers of prodromal vascular
neurocognitive disorder. Antioxidant therapy might
be explored as a promising therapeutic strategy to
enhance the benefit of exercise to improve cognition
in VaMCI.
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