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Abstract
Oxidative stress is implicated in hypertension, carotid wall thickening, and renal dysfunction. Oxidative stress is linked to
cardiovascular pathology in the black South African individuals who have a high prevalence of hypertension and early
vascular aging. However, there are limited data relating changes in oxidative stress with vascular and renal deterioration over
time. We aimed to investigate whether changes in oxidative stress over 3 years are associated with target organ damage in
black (N= 89) and white (N= 91) men. Carotid intima-media thickness was measured using the SonoSite Micromaxx
ultrasound system, and cross-sectional wall area (CSWA) was calculated. The estimated glomerular filtration rate (eGFR) was
calculated using the Modification of Diet in Renal Disease formula. The percentage change (%Δ) in oxidative stress markers
was calculated and included reactive oxygen species (ROS), superoxide dismutase (SOD), glutathione peroxidase (GPx), and
glutathione reductase (GR). Over 3 years, black men exhibited decreased ROS, SOD, and GR, while white men revealed
decreased SOD and GPx. Black men displayed positive associations of CSWA with %Δ ROS (β= 0.28; p= 0.017) and %Δ
SOD (β= 0.24; p= 0.047). White men displayed a negative association of CSWA with %Δ SOD (β=−0.22; p= 0.042) and
positive associations of eGFR with %Δ GPx (β= 0.33; p= 0.001) and %Δ GR (β= 0.39; p < 0.001). In white men, the
association of CSWA with decreased SOD activity suggests oxidative-stress-related carotid remodeling, while associations of
eGFR with the glutathione system suggests a postponement of microvascular deterioration. In black men, associations of
oxidative stress markers with CSWA suggest that a sufficiently functioning antioxidant system may delay target organ damage.
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Introduction

Cardiovascular disease is one of the leading risk factors for
mortality both globally and in developing countries [1–4].
In South Africa [5, 6], especially among the urban black

population, the prevalence of hypertension is a mounting
concern [7–9]. Oxidative stress is implicated in the devel-
opment of hypertension [10, 11], and associations of oxi-
dative stress and blood pressure have already been
confirmed in black South Africans [12, 13]. Under normal
physiological conditions, reactive oxygen species (ROS) act
as signaling molecules that maintain endothelial function
and vascular tone [14, 15]. However, excessive ROS pro-
duction or ineffective functioning of the antioxidant system
enhances inflammation, vascular remodeling, and endothe-
lial dysfunction, all of which may lead to cardiovascular
disease and related comorbidities, such as renal disease,
especially with advanced age [14, 16–18]. Previous results
within the South African population have linked oxidative
stress with pulse pressure (PP) (as an indicator of early
vascular changes) [19], arterial stiffness [12, 20], and car-
otid wall thickening [13, 21]. However, it is not clear
whether changes in oxidative stress over time are associated
with target organ damage, such as the deterioration of
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vascular structure and renal function. We aimed to inves-
tigate the relationship between changes in markers of oxi-
dative stress over 3 years with measures of target organ
damage (glomerular filtration rate and carotid wall thick-
ening) in a black and white South African cohort.

Methods

Study population

This study was embedded in the Sympathetic activity and
Ambulatory Blood Pressure in Africans (SABPA) study.
This was a prospective cohort study of black and white
teachers with similar socioeconomic statuses from the Dr
Kenneth Kuanda Education District in the North-West
Province of South Africa. Details on the study population
and protocol have been reported elsewhere [22]. In sum-
mary, participants were between the ages of 20 and 65 years
at baseline, and participants who were pregnant or lactating,
exhibited elevated ear temperature (>37 °C), used alpha or
beta blockers, had confirmed psychotropic substance abuse
or had a history of blood donation or vaccination in the
3 months prior to the commencement of the study were
excluded. Phase I (baseline) of the SABPA study was
conducted between 2008 and 2009, while phase II (follow-
up) was conducted between 2011 and 2012. The protocols
of Phase I and Phase II were designed to be similar. A 3-
year successful follow-up rate of 87.8% provided a sample
of 359 participants in the follow-up phase that were sub-
sequently divided into black men (N= 89), white men (N=
91), black women (N= 84), and white women (N= 95).

The SABPA study adhered to all the requirements of the
Declaration of Helsinki regarding investigations of human
participants and was further approved by the Health
Research Ethics Committee of North-West University
(NWU-00036-07-S6). Participants were informed of the
study in their native language both verbally and in a written
manner. Written informed consent was acquired before the
commencement of the study.

Questionnaires

A general health questionnaire was completed by each
participant with the help of a researcher to obtain demo-
graphic data and information on behavioral risk factors,
such as alcohol use.

Anthropometric and physical activity measurements

All anthropometric measurements were performed using
standardized methods after calibration [23], and these
measurements included body height (Invicta Stadiometer,

IP 1465, Invicta, London, UK), body weight (Precision
Health Scale, A&D Company, Tokyo, Japan), and waist
circumference (Holtain unstretchable flexible 7-mm-wide
metal tape, Crosswell, Wales). Body mass index (BMI) was
calculated as kg/m2. Each participant was equipped with an
Actical® omnidirectional accelerometer (Actical® activity
monitor, Mini Mitter Co., Inc., Bend, OR; Montreal, Que-
bec, Canada) for 24 h during the baseline phase and an
ActiHeart physical activity monitor (CamNtech Ltd, Eng-
land, UK) for 7 days during the follow-up phase to monitor
total energy expenditure (TEE).

Cardiovascular measurements

Ambulatory blood pressure measurements were taken for
24 h at 30-min intervals during the day (07:00–22:00) and at
1-h intervals during the night (22:00–06:00) using the Car-
diotens device (CE0120, Meditech, Budapest, Hungary).
Ambulatory measurements included systolic blood pressure
(24-h SBP), diastolic blood pressure (24-h DBP), pulse
pressure (24-h PP), and mean arterial pressure (24-h MAP).
The device was fitted with a correctly sized cuff on the
nondominant arm, and participants continued with their nor-
mal daily activities while reporting any abnormalities (such as
headaches, nausea, or stress) on their ambulatory diary cards.

The carotid intima-media thickness (cIMT) of the left
common carotid artery was measured using the B-mode
ultrasonography with the high resolution SonoSite Micro-
maxx ultrasound system (SonoSite Inc., Bothell, WA, USA)
and a 6–13MHz linear array transducer according to the
Mannheim Consensus [24]. Still-frame images from at least
two optimal angles with the clearest viewing of the left and
right common carotid arteries were obtained at maximal
dilation (as determined by a three-lead ECG recording). The
results were interpreted with a semiautomated program,
namely, the Artery Measurement Systems (AMS) II v1.139
(Gothenburg, Sweden), to obtain a maximal 10 mm seg-
ment with good image quality proximal to the carotid
bifurcation for use in offline analyses. The program auto-
matically identifies the borders from the trailing edge of the
media-adventitia at the proximal wall to the leading edge of
the distal wall media-adventitia and calculates the cIMT and
diameter using ~100 measurements within the chosen seg-
ment. The same optimal angles were used in both the
baseline and follow-up phases, and in this study, the distal
wall measurements of cIMT were used. The analysis of
cIMT was performed by a single observer, and the
intraobserver variability was 0.04 mm between the two
measurements made 4 weeks apart (N= 10). Carotid cross-
sectional wall area (CSWA) was calculated to confirm
structural changes in luminal diameter using the formula
CSWA= π(d/2+ cIMT)2 – π(d/2)2, where d denotes lumi-
nal diameter [25, 26].
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Biochemical measurements

A fasting blood sample was obtained from each participant
by a registered nurse from the antebrachial vein branches
using a winged infusion set and syringes.

Serum and plasma were prepared using the standardized
procedures, after which they were immediately aliquoted into
cryovials in the on-site laboratory and stored in biofreezers at
−80 °C until analysis to maintain efficient long-term stability
of antioxidant enzymes [27]. In both phases of the SABPA
study, antioxidant enzyme activities, including glutathione
peroxidase (GPx), glutathione reductase (GR), and superoxide
dismutase (SOD), were measured using assay kits (Cayman
Chemical Company, Ann Arbor, MI, USA) and a Synergy
H4 hybrid microplate reader (BioTek, Winooski, VT, USA).
We measured γ-glutamyl transferase (γ-GT) with the Unicel
DXC 800 (Beckman and Coulter, Germany) and a Konelab™
20I Sequential Multiple Analyzer Computer (Thermo Scien-
tific, Vantaa, Finland) during baseline and the Cobas Integra
400 plus (Roche, Basel, Switzerland) during follow-up.
Additional oxidative stress markers measured during both
phases of the study include total glutathione (tGSH) (Kit:
BIOXYTECH GSH/GSSG-412, Oxis International Inc, CA,
USA) and ROS (Synergy HT microplate reader, BioTek),
which are measured as serum peroxides and reported in units,
where 1mg H2O2/L is equivalent to 1 unit [28].

Serum total cholesterol and triglycerides were measured
with the Unicel DXC 800 (Beckman and Coulter) and a
Konelab™ 20I Sequential Multiple Analyzer Computer
(Thermo Scientific) in the baseline phase and the Cobas
Integra 400 plus (Roche) in the follow-up phase. Serum
high-density lipoprotein cholesterol (HDL) and fluoride
plasma glucose levels were measured using the Unicel DXC
800 (Beckman and Coulter) in the baseline phase and the
Cobas Integra 400 plus (Roche) in the follow-up phase.
Interleukin-6 (IL-6) was measured using a high-sensitivity
Quantikine ELISA kit (R&D systems, Minneapolis, MN,
USA) analyzed on a Synergy H4 hybrid microplate reader
(BioTek). An immunoassay (Automated Modular, Roche)
was used to determine serum cotinine levels. Serum crea-
tinine was measured with the Unicel DXC 800 (Beckman
and Coulter) and a Konelab™ 20I Sequential Multiple
Analyzer Computer (Thermo Scientific) in the baseline
phase and with an enzymatic colorimetric test on the Cobas
Integra 400 plus (Roche) in the follow-up phase. Serum
creatinine was used for the calculation of the estimated
glomerular filtration rate (eGFR) according to the Mod-
ification of Diet in Renal Disease formula [29].

Statistical analyses

Statistica version 13.2 (Dell, TX, USA) was used to perform
the statistical analyses in this study. The normal distribution

of data was analyzed based on visual inspection of the
symmetry of the bell-shaped histogram curves. The central
tendency and spread of normally distributed variables are
expressed as arithmetic mean and standard deviation, while
skewed variables were logarithmically transformed (glu-
cose, triglycerides, IL-6, GR, SOD, and γ-GT). The central
tendency and spread of logarithmically transformed vari-
ables are expressed as the median and the interquartile
range. Changes in oxidative stress markers were calculated
as the percentage change (% Δ) from baseline to follow-up
phase. Interactions of race and sex were tested in the rela-
tionships between the main dependent variables (blood
pressure, macrovascular, and microvascular measurements)
and oxidative stress markers using multiple regression
analyses. Continuous variables were compared using T-tests
of dependent samples (repeated measures T-tests). Single
regression analyses were performed to evaluate unadjusted
associations between follow-up cardiovascular variables
and % Δ in ROS, tGSH, GPx, GR, SOD, and γ-GT from
baseline to follow-up. Partial correlations were assessed to
evaluate the associations between variables while adjusting
for % Δ in BMI. Associations of cIMT and CSWA were
additionally adjusted for % Δ in 24-h SBP. Multiple
regression analyses were performed to evaluate the inde-
pendent associations between follow-up cardiovascular
variables and 3-year changes in oxidative stress markers in
black and white men and women. Covariates entered into
each model included % Δ in the oxidative stress marker, the
follow-up cardiovascular variable, % Δ in age, % Δ in BMI,
% Δ in TEE, % Δ in cotinine, % Δ in glucose, % Δ in
triglycerides, % Δ in IL-6, and change in self-reported
alcohol use. Changes in alcohol use were coded no change
in behavior, started using alcohol or stopped using alco-
hol between baseline and the follow-up phase. Measure-
ments of cIMT and CSWA were additionally adjusted for %
Δ in 24-h SBP. In post hoc analyses, the achieved power
(1−β) was determined in a cohort with a sample size of
N= 89 for black men and N= 91 for white men using
multiple regression models with either 9 (both 1− β= 0.98)
or 10 (both 1− β= 0.98) covariates (as in the case of
CSWA) (G*power v3.1.9.2) [30].

Results

Characteristics of the study population

Interactions of race were found on the association of CSWA
with SOD (β=−0.884; p < 0.001), DBP with GR (β=
0.587; p= 0.030), and MAP with GR (β= 0.613; p=
0.023). In accordance with the interactions found, as well as
the aims of this study and previous results within the South
African population, this study was stratified by both race
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and sex [12, 13]. Analyses among women revealed similar
characteristics as those observed in male cohorts; however,
no significant associations between follow-up cardiovas-
cular variables and 3-year changes in oxidative stress mar-
kers were found. (Supplementary Tables 1 and 2)

Changes in characteristics of the black and white men
from baseline to follow-up are summarized in Table 1. Both
black and white men experienced significant increases in
BMI (p < 0.001), while black men displayed increases in IL-6
(p < 0.001), and TEE (p < 0.001). White men displayed a

decline in lipid markers from baseline to follow-up, including
HDL cholesterol (p < 0.001), total cholesterol (p < 0.001),
and triglycerides (p= 0.018), while black men also showed a
decrease in HDL cholesterol over 3 years (p < 0.001).

Changes in vascular structure and renal function markers
over the 3-year study period in men are illustrated in Fig. 1.
Increases in cIMT and CSWA (all p < 0.001) were noted in
white men, while eGFR increased in black men (p < 0.001).

Black men revealed decreases in ROS (p < 0.001), tGSH
(p < 0.001), GR activity (p < 0.001), SOD activity (p=

Table 1 Change in characteristics of black and white men over 3 years

Black men White men

Baseline Follow-up P-values Baseline Follow-up P-values

N 89 89 – 91 91 –

Age (years) 43.2 ± 7.51 46.2 ± 7.51 – 46.4 ± 10.2 49.4 ± 10.2 –

Anthropometric measurements

Body mass index (kg/m2) 27.6 ± 5.59 28.3 ± 5.64 <0.001 29.3 ± 5.19 30.2 ± 5.12 <0.001

Biochemical analyses

Glucose (mmol/l) 5.48 (5.01; 5.97) 5.35 (4.96; 5.97) 0.935 5.80 (5.50; 6.20) 4.64 (3.88; 5.06) <0.001

HDL cholesterol (mmol/l) 1.06 ± 0.33 0.93 ± 0.34 <0.001 0.98 ± 0.28 0.85 ± 0.23 <0.001

Total cholesterol (mmol/l) 4.74 ± 1.19 4.63 ± 1.04 0.238 5.60 ± 1.21 4.21 ± 1.00 <0.001

Triglycerides (mmol/l) 1.36 (0.99; 2.11) 1.39 (1.08; 2.03) 0.795 1.26 (0.95; 1.99) 1.19 (0.85; 1.68) 0.018

Interleukin-6 (pg/ml) 0.95 (0.72; 1.37) 1.37 (0.94; 1.90) <0.001 0.87 (0.54; 1.39) 0.85 (0.54; 1.27) 0.176

Cardiovascular variables

24 hr SBP (mmHg) 138 ± 16.3 139 ± 17.6 0.298 129 ± 10.6 128 ± 10.7 0.398

24 hr DBP (mmHg) 88.3 ± 10.8 87.6 ± 10.5 0.393 80.3 ± 7.18 79.3 ± 7.60 0.097

24 hr PP (mmHg) 49.3 ± 8.28 51.3 ± 10.0 0.003 48.2 ± 6.94 48.4 ± 6.30 0.789

24 hr MAP (mmHg) 105 ± 12.3 105 ± 12.4 0.994 96.4 ± 7.82 95.5 ± 8.23 0.153

Macrovascular measurements

cIMT (mm) 0.71 ± 0.15 0.71 ± 0.14 0.983 0.70 ± 0.16 0.76 ± 0.17 <0.001

CSWA (mm) 14.7 ± 5.48 15.6 ± 3.77 0.056 15.4 ± 4.20 17.2 ± 4.60 <0.001

Microvascular measurements

eGFR (ml/min/1.73 m2) 128 ± 27.2 187 ± 60.6 <0.001 93.8 ± 16.9 95.6 ± 23.1 0.382

Oxidative stress markers

Reactive oxygen species (units)a 83.7 ± 17.7 74.0 ± 21.5 <0.001 76.2 ± 15.4 75.0 ± 17.4 0.371

Total glutathione (µM) 937 ± 199 857 ± 211 <0.001 857 ± 180 1070 ± 363 <0.001

Glutathione peroxidase (nmol/min/ml) 35.2 ± 13.7 37.6 ± 17.1 0.375 35.1 ± 7.83 30.4 ± 6.71 <0.001

Glutathione reductase (nmol/min/ml) 7.90 (5.60; 10.7) 4.84 (2.55; 6.88) <0.001 2.80 (1.02; 5.09) 2.80 (1.53; 4.84) 0.527

Superoxide dismutase (U/ml) 3.53 (2.15; 8.71) 2.87 (2.10; 4.12) 0.018 4.40 (3.75; 5.30) 2.56 (1.39; 3.90) <0.001

γ-glutamyl transferase (U/l) 61.3 (38.2; 85.9) 52.8 (33.9; 95.3) 0.003 26.0 (18.0; 42.0) 24.9 (17.2; 36.2) 0.460

Lifestyle

Cotinine (ng/ml) 32.6 ± 59.4 42.7 ± 92.3 0.123 34.3 ± 101 32.0 ± 99.1 0.592

Total energy expenditure (kcal/day) 2737 ± 829.27 3487 ± 1256.13 <0.001 3741 ± 2173 4066 ± 1990 0.307

Data expressed as arithmetic mean ± standard deviation or median with 25th and 75th percentile boundaries, % or n

HDL high-density lipoprotein, LDL low-density lipoprotein, ABPM ambulatory blood pressure, 24 hr 24 hours, SBP systolic blood pressure, DBP
diastolic blood pressure, PP pulse pressure, MAP mean arterial pressure, cIMT carotid intima-media thickness, CSWA cross-sectional wall area,
eGFR estimated glomerular filtration rate
aReactive oxygen species measured as serum peroxides where 1 unit= 1.0 mg/l H2O2

Bold values indicate statistical significance
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0.018), and γ-GT activity (p= 0.003) over 3 years. In white
men, tGSH (p < 0.001) increased, while GPx activity and
SOD activity (both p < 0.001) decreased from baseline to
follow-up (Fig. 2).

Regression analyses

Single regression analyses (Fig. 3) revealed positive asso-
ciations of cIMT and CSWA with changes in ROS (CSWA:
r= 0.24, p= 0.028) and SOD (borderline) (cIMT: r= 0.20,
p= 0.076; CSWA: r= 0.20, p= 0.068) in black men. On

the other hand, white men displayed negative associations
of cIMT and CSWA with changes in ROS (cIMT: r=
−0.21, p= 0.048; CSWA (borderline): r=−0.19, p=
0.077). In white men, these associations were not significant
(cIMT: r=−0.12, p= 0.299; CSWA: r=−0.13, p=
0.228). However, upon full adjustments in multiple
regression analyses, the association of CSWA and change in
SOD reached significance (R2= 0.22; β=−0.22; p=
0.042).

Single (Supplementary Table 3), partial (Table 2), and
multiple regression analyses (Table 3) revealed positive
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associations of CSWA with changes in ROS (R2= 0.04;
β= 0.28; p= 0.017) and SOD activity (R2= 0.01; β=
0.24; p= 0.047) in black men. The negative association of
CSWA with a change in SOD activity (R2= 0.22; β=
−0.22; p= 0.042) became significant in white men after
full adjustments were made.

In white men, positive associations of eGFR were found in
single, partial and multiple regression analyses with changes

in GPx activity (R2= 0.21; β= 0.33; p= 0.001) and changes
in GR activity (R2= 0.24; β= 0.39; p < 0.001) (Table 4).

Positive associations of 24-h DBP (R2= 0.07; β= 0.32;
p= 0.006) and 24-h MAP (R2= 0.06; β= 0.31; p= 0.007)
with increased GR activity in white men were confirmed to
be independent of various confounders (results not shown).
All other associations indicated in single and partial
regression analyses were no longer significant once full
adjustments were made.

Sensitivity analyses

Multiple regression analyses of cIMT and CSWA were
repeated after adding % Δ HDL cholesterol and total cho-
lesterol separately as additional covariates into the models.
Similar results were obtained in sensitivity analyses, and the
additional lipid biomarkers did not significantly contribute
to these models.

Discussion

We aimed to investigate whether changes in markers of
oxidative stress over 3 years are associated with follow-up
measures of target organ damage in black and white South
African participants.

In both black and white men, SOD activity (along with
ROS in black men) decreased from baseline to follow-up,
while CSWA remained similar in black men but increased in
white men over time. Despite these similarities in oxidative
stress profiles, CSWA was positively related to changes in
ROS and SOD in black men, whereas an inverse association
of CSWA with changes in SOD was evident in white men.
The opposing results of CSWA with decreased SOD activity
in the black and white groups of this study are surprising.
Superoxide plays an important role in maintaining optimal
nitric oxide availability, and in turn, nitric oxide plays an
important role within the vascular system to maintain vascular
tone and to prevent the development of atherosclerosis
[10, 31, 32]. Although there was a decrease in SOD in both
groups, the decrease in the black group may not be enough to
affect CSWA. However, in the white group, SOD activity
may have decreased to such an extent that it resulted in
insufficient inactivation of superoxide and lower NO avail-
ability and hence may, in part, explain the association with
vascular deterioration (increased CSWA over time) [33, 34].
While diminished SOD activity may play a role in carotid
wall thickening, previous results in men have found that
serum SOD activity increases in direct relation to the patho-
logical progression of plaque formation as a marker of
heightened oxidative stress in the carotid artery [35]. This
suggests a need for SOD activity to be highly adaptable to
superoxide levels to prevent vascular remodeling.
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Despite no change in eGFR, a measure of renal micro-
vascular health, positive associations of eGFR with
decreased GPx and GR activity were found in white men
only. Studies have confirmed an inverse relationship
between oxidative stress and eGFR, as shown by increased
oxidative stress markers and decreased antioxidant enzyme
activity with advancing stages of chronic kidney disease
[18, 36–39]. However, eGFR was maintained in white men
over time despite diminished GPx activity. This may sug-
gest that this group may currently be in a stable physiolo-
gical state, but positive associations of markers of the
glutathione system with eGFR in white men may suggest
that further fluctuations in the glutathione system may
negatively impact renal function in this group. Interestingly,

the black men displayed a mean eGFR above 150 ml/min/
1.73 m2 in the follow-up phase [36, 40, 41], which is a well-
documented predictor of glomerular hypertension and
albuminuria and has also been shown to occur during states
of oxidative stress [40, 42, 43]. However, the lack of
associations between renal function and oxidative stress in
the black men in our study uncovered the possible role of
alternative confounding factors, such as early vascular
aging, in the deterioration of renal microvascular function in
this group [44].

This study must be interpreted within the context of its
strengths and limitations. Our study population was based
on participants from the Potchefstroom area in the North-
West Province of South Africa, and it may not be

Table 2 Partial regression analyses of percentage change in oxidative stress markers with cardiovascular variables after 3 years in black and
white men

% Δ ROS % Δ tGSH % Δ GPx % Δ GR % Δ SOD % Δ γ-GT

Black men

24 h SBP r=−0.14
p= 0.244

r= 0.07
p= 0.544

r= 0.05
p= 0.646

r=−0.15
p= 0.199

r= 0.11
p= 0.381

r=−0.07
p= 0.568

24 h DBP r=−0.11
p= 0.370

r= 0.13
p= 0.260

r= 0.03
p= 0.813

r=−0.09
p= 0.441

r= 0.09
p= 0.438

r=−0.13
p= 0.267

24 h PP r=−0.13
p= 0.261

r=−0.01
p= 0.955

r= 0.06
p= 0.581

r=−0.18
p= 0.131

r= 0.08
p= 0.499

r= 0.02
p= 0.891

24 h MAP r=−0.13
p= 0.290

r= 0.11
p= 0.354

r= 0.04
p= 0.725

r=−0.12
p= 0.296

r= 0.10
p= 0.393

r=−0.11
p= 0.371

cIMT r= 0.12
p= 0.285

r=−0.06
p= 0.579

r= 0.04
p= 0.718

r=−0.13
p= 0.216

r= 0.21
p= 0.065

r= 0.05
p= 0.633

CSWA r= 0.22
p= 0.045

r=−0.01
p= 0.899

r= 0.04
p= 0.704

r=−0.17
p= 0.117

r= 0.22
p= 0.053

r=−0.02
p= 0.889

eGFR r= 0.05
p= 0.689

r=−0.05
p= 0.643

r=−0.08
p= 0.484

r=−0.04
p= 0.695

r=−0.19
p= 0.128

r= 0.02
p= 0.868

White men

24 h SBP r= 0.01
p= 0.896

r= 0.05
p= 0.629

r= 0.07
p= 0.547

r= 0.19
p= 0.086

r=−0.09
p= 0.443

r= 0.05
p= 0.676

24 h DBP r= 0.08
p= 0.451

r= 0.13
p= 0.243

r= 0.14
p= 0.223

r= 0.28
p= 0.012

r= 0.02
p= 0.882

r= 0.04
p= 0.734

24 h PP r=−0.08
p= 0.497

r=−0.06
p= 0.566

r=−0.05
p= 0.669

r= 0.001
p= 0.991

r=−0.18
p= 0.129

r= 0.03
p= 0.763

24 h MAP r= 0.06
p= 0.604

r= 0.10
p= 0.354

r= 0.11
p= 0.314

r= 0.25
p= 0.023

r=−0.03
p= 0.809

r= 0.04
p= 0.696

cIMT r=−0.23
p= 0.034

r=−0.02
p= 0.868

r=−0.04
p= 0.732

r=−0.06
p= 0.595

r=−0.12
p= 0.296

r=−0.02
p= 0.893

CSWA r=−0.20
p= 0.063

r= 0.05
p= 0.642

r= 0.01
p= 0.947

r=−0.05
p= 0.621

r=−0.14
p= 0.227

r=−0.0001
p= 0.999

eGFR r= 0.03
p= 0.780

r= 0.16
p= 0.164

r= 0.37
p= 0.001

r= 0.40
p < 0.001

r=−0.06
p= 0.608

r=−0.14
p= 0.221

Partial regression analyses adjusted for percentage change in body mass index. Associations of cIMT and CSWA are additionally adjusted for %
Δ 24 h SBP

% Δ percentage change, SBP systolic blood pressure, DBP diastolic blood pressure, MAP mean arterial pressure, PP pulse pressure, cIMT carotid
intima-media thickness, CSWA cross-sectional wall area, eGFR estimated glomerular filtration rate, ROS reactive oxygen species, tGSH total
glutathione, GPx glutathione peroxidase, GR glutathione reductase, SOD superoxide dismutase, γ-GT γ-glutamyl transferase

Bold values indicate statistical significance
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representative of the population as a whole. Despite the
relatively small sample size, the achieved power was 98%,
which was sufficient to test these hypotheses. However, the
link between changes in oxidative stress and cardiovascular
variables needs to be investigated in larger cohorts. While
this was a prospective study, our results are based on
associations, and causality cannot be inferred. Although our
results were consistent after multiple adjustments, we can-
not exclude any unknown interactions that may play a role
in the development of deteriorated cardiovascular function
and structure.

However, to the best of our knowledge, this is the first
study investigating the associations of changes in oxidative
stress with cardiovascular variables in black and white
cohorts over a 3-year period. Our study was well planned
and executed under strict conditions in a fully equipped
research facility, allowing us to explore in depth the pos-
sible mechanisms involving oxidative stress in the promo-
tion of target organ damage over time.

In conclusion, the inverse association of CSWA with
SOD activity in white men highlights the atherogenic
effects of oxidative stress in the macrovasculature. Asso-
ciations of CSWA with ROS and SOD activity in black
men and associations of eGFR with the glutathione system
in white men may suggest a role of adequate antioxidant
enzyme activity in delaying target organ damage in these
groups.
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Table 3 Summary of multiple
regression analyses of follow-up
CSWA with % Δ in oxidative
stress markers

Black men (n= 89) White men (n= 91)

CSWA (mm) β (95% CI) CSWA (mm) β (95% CI)

Adjusted R2= 0.04 P-values Adjusted R2= 0.19 P-values

% Δ ROS 0.28 (0.06; 0.50) 0.017 −0.10 (−0.31; 0.11) 0.349

% Δ age −0.12 (−0.33; 0.10) 0.303 −0.44 (−0.64; −0.24) <0.001

% Δ BMI 0.10 (−0.16; 0.35) 0.453 0.08 (−0.13; 0.29) 0.460

% Δ TEE −0.06 (−0.28; 0.17) 0.616 −0.01 (−0.21; 0.19) 0.907

% Δ cotinine −0.08 (−0.30; 0.15) 0.494 0.14 (−0.05; 0.34) 0.148

% Δ glucose 0.09 (−0.15; 0.33) 0.471 −0.04 (−0.25; 0.17) 0.725

% Δ triglycerides −0.25 (−0.51; 0.01) 0.064 −0.14 (−0.35; 0.07) 0.183

% Δ interleukin-6 −0.19 (−0.41; 0.04) 0.104 −0.03 (−0.23; 0.17) 0.776

% Δ 24 hr SBP −0.08 (−0.30; 0.14) 0.483 0.01 (−0.19; 0.21) 0.953

Δ SR alcohol use 0.11 (−0.12; 0.34) 0.355 0.01 (−0.18; 0.21) 0.908

Adjusted R2= 0.01 P-values Adjusted R2= 0.22 P-values

% Δ SOD 0.24 (0.01; 0.46) 0.047 −0.22 (−0.42; −0.01) 0.042

% Δ age −0.14 (−0.37; 0.09) 0.228 −0.48 (−0.68; −0.28) <0.001

% Δ BMI 0.03 (−0.23; 0.29) 0.822 0.07 (−0.15; 0.28) 0.550

% Δ TEE −0.03 (−0.26; 0.20) 0.804 −0.03 (−0.24; 0.17) 0.756

% Δ cotinine −0.03 (−0.26; 0.20) 0.810 0.14 (−0.06; 0.33) 0.181

% Δ glucose 0.12 (−0.13; 0.37) 0.337 −0.06 (−0.28; 0.15) 0.571

% Δ triglycerides −0.23 (−0.49; 0.04) 0.106 −0.17 (−0.38; 0.04) 0.118

% Δ interleukin−6 −0.16 (−0.38; 0.07) 0.175 −0.05 (−0.26; 0.15) 0.619

% Δ 24 hr SBP −0.14 (−0.36; 0.09) 0.234 0.04 (−0.17; 0.25) 0.704

Δ SR alcohol use 0.06 (−0.18; 0.29) 0.631 −0.01 (−0.21; 0.20) 0.960

Covariates included in each model included % Δ in the relevant oxidative stress marker, age, body mass
index, total energy expenditure, cotinine, glucose, triglycerides, interleukin-6, 24 h systolic blood pressure
and change in self-reported alcohol use

% Δ percentage change, Δ change, CSWA cross-sectional wall area, ROS reactive oxygen species, SOD
superoxide dismutase, BMI body mass index, TEE total energy expenditure, 24 hr 24 hours, SBP systolic
blood pressure, SR self-reported

Bold values indicate statistical significance
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