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Abstract

Oxidative stress contributes to endothelial dysfunction and is involved in the pathogenesis of myocardial infarction (MI)
and stroke. However, associations of biomarkers of oxidative stress with MI and stroke have not yet been addressed in large
cohort studies. A nested case—control design was applied in four population-based cohort studies from Germany, Czech
Republic, Poland and Lithuania. Derivatives of reactive oxygen metabolites (d-ROMs) levels, as a proxy for the reactive
oxygen species burden, and total thiol levels (TTL), as a proxy for the reductive capacity, were measured in baseline serum
samples of 476 incident MI cases and 454 incident stroke cases as well as five controls per case individually matched by
study center, age and sex. Statistical analyses were conducted with multi-variable adjusted conditional logistic regression
models. d-ROMs levels were associated with both MI (odds ratio (OR), 1.21 [95% confidence interval (CI) 1.05-1.40] for
100 Carr units increase) and stroke (OR, 1.17 [95% CI 1.01-1.35] for 100 Carr units increase). TTL were only associated
with stroke incidence (OR, 0.79 [95% CI 0.63-0.99] for quartiles 2—4 vs. quartile 1). The observed relationships were
stronger with fatal than with non-fatal endpoints; association of TTL with fatal MI was statistically significant (OR, 0.69
[95% CI 0.51-0.93] for 100 umol/L-increase). This pooled analysis of four large population-based cohorts suggests an
important contribution of an imbalanced redox system to the etiology of mainly fatal MI and stroke events.
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Introduction

The underlying pathology of myocardial infarction (MI)
Electronic Supplementary material The online version of this and ischemic stroke is atherosclerosis [1] Common fea-

article (https://doi.org/10.1007/s10654-018-0457-x) contains t f ath 1 ‘s include 1 density i tei
supplementary material, which is available to authorized ures ob atherosclerosis include low-density lipoprotein
users.

4

Centre for Health Protection, National Institute for Public
D4 Ben Schottker Health and the Environment, PO Box 1, 3720 BA Bilthoven,
b.schoettker @dkfz.de The Netherlands

Division of Clinical Epidemiology and Ageing Research, Faculty of Hea}lth Sciences, Jagiellonian University Medical
German Cancer Research Center, Im Neuenheimer Feld 581, College, Krakow, Poland

69120 Heidelberg, Germany S TInstitute of Cardiology of Lithuanian, University of Health

Network Aging Research, University of Heidelberg, Sciences, Kaunas, Lithuania

Bergheimer StraBe 20, 69120 Heidelberg, Germany 7 Saarland Cancer Registry, Priisident Baltz-StraBe 5,

Department Epidemiology and Public Health, University 66119 Saarbriicken, Germany

College London, 1-19 Torrington Place, London WCIE 6BT, 8 Institute of Health Care and Social Sciences, FOM
UK University, Essen, Germany

@ Springer


http://orcid.org/0000-0002-1217-4521
https://doi.org/10.1007/s10654-018-0457-x
http://crossmark.crossref.org/dialog/?doi=10.1007/s10654-018-0457-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10654-018-0457-x&amp;domain=pdf
https://doi.org/10.1007/s10654-018-0457-x

472

Y. Xuan et al.

(LDL) oxidation, endothelial dysfunction, and inflamma-
tion [2]. Importantly, these three features of atherosclerosis
all involve reactive oxygen species (ROS) in their patho-
physiology [3]. ROS can mediate oxidative modification of
LDL and inflammation processes. ROS generation is
increased in the endothelium of human blood vessels under
condition of endothelial dysfunction [4]. Moreover,
emerging data now link autophagic clearance declines to
mitochondrial dysfunction and oxidative stress [5].

Nevertheless, large cohort studies linking biomarkers of
oxidative stress to atherosclerotic diseases in humans are
sparse because ROS are highly reactive, have a very short
half-life and thus, are difficult to measure directly in serum
or plasma in large population samples [6]. Recently, assays
that indirectly measure ROS burden and control have been
developed and operationalized for high-throughput mea-
surement techniques: derivatives of reactive oxygen
metabolites (d-ROMs) and total thiol levels (TTL).
D-ROMs can be regarded as a proxy for ROS production
[7] and TTL as a proxy for the redox control status of blood
[8]. The d-ROMs assay detects hydroperoxide metabolites
(chemical: R—-O-0O-H), mainly of lipids, but also of gly-
cosides, amino acids, and proteins in the serum sample [9].
The principal carrier of lipid hydroperoxides in human
plasma is HDL [10]. The oxidation of HDL causes an
impairment in its antiatherogenic and anti-inflammatory
capacities and is a risk factor for developing atheroscle-
rosis. The TTL assay detects free thiol groups of the amino
acids cysteine or methionine (chemical: R—S—H), which
can be reversibly oxidized to disulfide bridges (chemical:
R-S-S-R). The most frequent molecules in human blood
with free thiol groups are glutathione, a-lipoic acid, and
members of the thioredoxin protein family [9]. These
molecules act as an antioxidant defense system by their
ability to oppose the propagation phase of the peroxidation
processes in order to maintain intracellular redox envi-
ronment, which plays a key role in regulating endothelial
cell function [11].

Recent applications of these assays in cohort studies
showed that d-ROMs and TTL were independent predictors
of cardiovascular mortality [9, 12]. The aim of this analysis
in four large-scale cohort studies is a detailed analysis of
the associations of d-ROMs and TTL with incident MI and
stroke, including distinct analyses on fatal and non-fatal
events.

Methods
Study population and data collection

This investigation is based on the 8-year follow-up of the
German ESTHER cohort (German name:

@ Springer

“Epidemiologische Studie zu Chancen der Verhiitung,
Friiherkennung und optimierten Therapie chronischer
Erkrankungen in der dlteren Bevodlkerung”) and the
HAPIEE cohorts (Health, Alcohol and Psychosocial fac-
tors in Eastern Europe) from Poland (PL), Czech Republic
(CZ) and Lithuania (LT) [13, 14]. The total HAPIEE study
comprises cohorts in four countries. As it was not possible
to export blood samples from Russia, only three cohorts
were included in the current project. An overview on the
study designs of the cohorts and the baseline data collec-
tion is given in Table 1 and further details can be found
elsewhere [9, 13—15]. The harmonization of variables in
ESTHER and HAPIEE studies and measurement of
oxidative stress markers were carried out in the framework
of the Consortium on Health and Ageing: Network of
Cohorts in Europe and the United States (CHANCES;
www.chancesfp7.eu), which has been described elsewhere
[16, 17].

Oxidative stress serum marker measurement

The assays used to measure d-ROMs levels (Diacron,
Grosseto, Italy) and TTL (Rel Assay Diagnostics,
Gaziantep, Turkey) were adapted to an autoanalyzer
(LX20-Pro, Beckman-Coulter, Woerden, the Netherlands)
at the Laboratory for Health Protection Research (Biltho-
ven, the Netherlands) as described previously [18]. The
d-ROMs assay measures the hydroperoxide concentration
in Carratelli Units (CARR U), named after the inventor of
the assay, Mauro Carratelli. Each CARR U corresponds to
0.08 mg hydrogenperoxide (H,0,)/100 mL in the sample
[19]. The TTL assay measures the concentration of free
thiol groups in the sample in pmol/L. The two biomarkers
have been measured from serum samples that had been
stored for approx. 3-10 years in freezers with — 80 °C.
TTL and d-ROMs serum levels have been shown to be
stable under these conditions for at least 5 years [20].
Further information about quality controls for the mea-
surements in the ESTHER and HAPIEE study has been
described previously [9].

Outcome ascertainment

The procedures to ascertain fatal and non-fatal MI in the
four cohorts are summarized in Table 1. All deaths coded
with ICD-10 codes 160-169 were considered stroke deaths
and MI deaths were defined by the ICD-10 codes 121-123.
In the pooled data set, median follow-up for MI and stroke
were 6.6 and 6.3 years, respectively (median follow-up
ranged from 4.6 to 8.1 years in the four cohorts, see
Table 1).


http://www.chancesfp7.eu
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Table 2 Baseline characteristics of study participants by case/control status

Baseline

Characteristics

Myocardial infarction

Stroke

Cases (n = 476)

Controls (n = 2380)

Cases (n = 454)

Controls (n = 2270)

Age (years)
45-< 60
60—< 65
65-< 70
70-< 85
Male sex
Education
Low
Medium
High
BMI (kg/m?)
<20
20-< 25
25-< 30
30-< 35
> 35
Smoking
Never
Former
Current
Alcohol consumption (g/day)
Vigorous physical activity
Total cholesterol (mg/dL)
< 200
200-< 280
> 280
HDL cholesterol (mg/dL)
<40
40-< 80
> 80
CRP (mg/L)
<3
>3-<10
> 10
eGFR (mL/min/1.73 m?)?
> 60
< 60
History of hypertension
History of diabetes
d-ROMs (Carr U)
< 340
341-400
401-500
> 500

63.9 (57.8; 68.8)
153 (32.1)
107 (22.5)
147 (30.9)
69 (14.5)
334 (70.2)

108 (23.1)
266 (56.8)
94 (20.1)
28.4 (26.2; 31.7)
6 (1.3)
73 (15.4)
218 (46.1)
131 27.7)
45 (9.5)

174 (37.0)
144 (30.6)
152 (32.3)
5.7 (0; 20.9)
284 (62.3)

227.0 (198.3; 260.5)

131 (27.5)
280 (58.8)

65 (13.7)
48.3 (41.0; 58.4)
110 (23.3)

350 (74.2)

12 (2.5)

2.5 (1.3; 4.5)
284 (59.7)

155 (32.6)
37 (7.8)
80.7 (68.5; 93.0)
420 (88.2)
56 (11.8)
329 (70.0)
114 (24.2)
364 (319; 418)
173 (36.3)
149 (31.3)
126 (26.5)
28 (5.9)

64.0 (57.8; 68.7)
765 (32.1)

537 (22.6)

730 (30.7)

348 (14.6)
1670 (70.2)

454 (19.2)
1225 (51.9)
681 (28.9)
28.0 (25.4; 30.8)
24 (1.0)
500 (21.1)
1111 (46.8)
569 (24.0)
170 (7.2)

1099 (46.6)
757 (32.1)
502 (21.3)
6.8 (0; 22.9)

1602 (70.1)

223.9 (196.8; 250.5)

663 (27.9)
1495 (62.8)
221 (9.3)

52.0 (43.7; 62.6)
346 (14.6)
1870 (79.0)

151 (6.4)

1.7 (0.8; 3.3)
1723 (72.4)
529 (22.2)

128 (5.4)

83.8 (71.5; 93.1)
2185 (91.8)

195 (8.2)

1314 (55.4)

331 (14.0)

354 (313; 403)
974 (40.9)

785 (33.0)

543 (22.8)

78 (3.3)

66.3 (61.0; 70.3)
99 (21.8)
99 (21.8)

132 (29.1)

124 (27.3)

239 (52.6)

146 (32.3)
220 (48.7)
86 (19.0)
28.2 (25.6; 31.5)
1(0.2)
90 (20.0)
199 (44.1)
120 (26.6)
41 (9.1)

212 (47.3)
135 (30.1)
101 (22.5)
5.7 (0; 18.4)
259 (60.2)

223.9 (196.4; 255.0)

128 (28.2)
276 (60.8)
50 (11.0)
53.9 (43.3; 63.0)
71 (15.6)
357 (78.6)
26 (5.7)
2.3 (L.1; 4.4)
279 (61.5)
141 31.1)
34 (7.5)
77.0 (66.1; 88.9)
383 (84.4)
71 (15.6)
314 (69.3)
95 (21.0)
377 (329; 426)
140 (30.8)
152 (33.5)
137 (30.2)
25 (5.5)

66.2 (61.0; 70.3)
492 (21.7)
493 (21.7)
665 (29.3)
620 (27.3)
1195 (52.6)

683 (30.6)
1035 (46.3)
517 (23.1)
28.0 (25.4; 31.0)
21 (0.9)
469 (20.7)
1048 (46.4)
532 (23.5)
191 (8.5)

1240 (55.3)

656 (29.3)

347 (15.5)

5.7 (0; 17.0)
1436 (67.2)
226.2 (200.0; 256.0)

570 (25.2)

1427 (63.0)

269 (11.9)

54.5 (45.6; 65.0)

267 (11.8)

1820 (80.6)

170 (7.5)

1.8 (0.9; 3.5)

1579 (69.6)

679 (25.2)

138 (5.2)

78.0 (66.9; 89.8)
1978 (87.1)

292 (12.9)

1346 (59.7)

347 (15.4)

364 (316; 413)

840 (37.0)

726 (32.0)

587 (25.9)

117 (5.2)

@ Springer
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Table 2 (continued)

Baseline Myocardial infarction

Stroke

Characteristics Cases (n = 476)

Controls (n = 2380)

Cases (n = 454) Controls (n = 2270)

TTL (umol/L) 401 (335; 474)

406 (338; 483)

371 (309; 425) 373 (312; 435)

Unless indicated otherwise, the table shows proportions (%) for categorical and medians (25th; 75th percentile) for continuous variables.
Numbers shown were drawn from the not imputed data set. Therefore, numbers do not always add up to the total because of missing values

Bold printed: statistical significant (p < 0.05) difference among cases and controls assessed by Chi? test for categorical and Wilcoxon Ranksum

test for continuous variables

BMI body mass index, CRP C-reactive protein, CVD cardiovascular disease, d-ROMs derivatives of reactive oxygen metabolites, eGFR
estimated glomerular filtration rate, HDL high-density lipoprotein, MI myocardial infarction, 7TL total thiol levels

*The estimated glomerular filtration rate (¢GFR) was calculated with the creatinine based Chronic Kidney Disease Epidemiology Collaboration

(CKD-EPI) equation [43]
Analytical study sample

Because of limited funding, d-ROMs levels and TTL were
not measured in all participants in the HAPIEE cohorts;
instead, a matched case control design was adopted (Sup-
plementary (Suppl.) Figure 1). Cases were defined as all
subjects that died during follow-up (n = 1433) or experi-
enced incident non-fatal myocardial infarction (MI) or
stroke (n = 658). Controls (n = 4396) were frequency
matched to cases by sex and 5-year age-groups. For the
current analysis, subjects that died of other causes than MI
or stroke (potential competing risks events) or had a history
of MI or stroke were excluded. This left 400 primary MI,
299 primary stroke cases and 3913 eligible controls. The
pool of eligible controls was used to individually match
exactly 5 controls to each case by cohort, sex and age
(£ 5 years). As analyses for the outcomes MI and stroke
are performed separately, the same control could serve for
both outcomes. In the ESTHER cohort, d-ROMs levels and
TTL were measured in all available serum samples from
the 8-year follow-up. After applying the same exclusion
criteria as used in the HAPIEE cohorts, 76 primary MI and
155 primary stroke cases were matched to exactly 5 con-
trols by sex and age (£ 5 years) from a pool of 2481 eli-
gible controls (Suppl. Figure 2). Finally, the matched cases
and controls from the HAPIEE cohorts and the ESTHER
study were pooled in one data set and 476 MI cases and
2380 MI controls as well as 454 stroke cases and 2270
stroke controls were obtained.

Statistical analyses

Differences in baseline characteristics between cases (MI
or stroke during follow-up) and controls were assessed with
the Chi”® test for categorical variables and the Wilcoxon
rank-sum test for continuous variables. For longitudinal
analyses, conditional logistic regression was utilized to
estimate odds ratios for an increase in d-ROMs levels by
100 Carr U and TTL by 100 pmol/L. In addition, d-ROMs

levels were also modelled as a categorical variable, with
manufacturer recommended clinical cut-offs for moderate
(341400 Carr U), high (401-500 Carr U) and very high
oxidative stress (> 500 Carr U) with reference to subjects
with not increased or low oxidative stress (< 340 Carr U).
As no such cut-off recommendations are available for TTL,
cohort-specific quintiles were used to build a categorical
variable (Suppl. Table 1).

We assessed the associations of d-ROMs levels and TTL
with six outcomes: total MI, non-fatal MI, fatal MI, total
stroke, non-fatal stroke and fatal stroke. Stroke subtypes
were not analyzed because this information was not
recorded in the cohorts. For each outcome, four statistical
models were developed, with an increasing inclusion of
established cardiovascular risk factors into the models.
Both d-ROMs levels and TTL were always included in the
same model because their correlation was low (r < 0.08 in
each cohort). In model 1, just the age, sex, and cohort—
matched data were analysed. Model 2 additionally adjusted
for education, body mass index (BMI), smoking, alcohol
consumption and physical activity. Model 3 also included
diseases that could potentially mediate the association of
oxidative stress and MI or stroke (i.e. dyslipidemia,
assessed by total and HDL cholesterol, renal impairment,
diabetes and hypertension). Finally, model 4 was addi-
tionally adjusted for CRP that was strongly correlated with
d-ROMs levels (r: 0.34-0.41 in the cohorts) and, less
strongly, with TTL (r 0.11-0.17 in the cohorts). Therefore,
model 2 is considered to show the main results. Age was
modelled as a continuous variable and all other variables
were modelled as categorical variables (categories are
shown in Table 2). We tested for interactions of d-ROMs/
TTL with covariates by adding appropriate interaction
terms to model 2. Potential non-linear associations were
addressed by modelling the exposure (d-ROMs levels or
TTL) with restricted cubic splines [17]. Subgroups to be
analysed were chosen a priori (cohort/country, sex and age-
groups (45-< 60; 60—< 65; 65-< 70; 70-< 85)).
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Multiple imputation was employed to impute the num-
ber of missing baseline covariate values. The proportion of
missing values was below 5% for all variables with the
exceptions alcohol consumption, which had up to 18% of
missing values. To the best of our knowledge, data were
missing at random, which is the assumption of the multiple
imputation. Separately by cohort, case status and sex, 5
complete data sets were imputed with the SAS 9.3 proce-
dure “PROC MI”, using the Markov chain Monte Carlo
method. Variables from model 4 were used for the impu-
tation model. All multivariable analyses were performed in
the 5 imputed data sets and results of the individual data
sets were combined by the SAS 9.3 procedure “PROC
MIANALYZE”.

All analyses were performed with SAS, version 9.3
(Cary, North Carolina, USA) and all statistical tests were
two-sided using an alpha level of 0.05.

Results

Baseline characteristics of 476 incident MI and 454 inci-
dent stoke cases and age-, sex- and cohort- matched con-
trols are shown in Table 2. Because of the matching, the
distribution of age and sex among cases and controls was
comparable. Study participants who experienced a stroke
during follow-up were on average 2.4 years older than
individuals with a primary MI. The proportion of males
was higher among MI cases (70.2%) than among stroke
cases (52.6%). Incident MI was associated with higher
BMI, current smoking, less vigorous physical activity,

higher total cholesterol, lower HDL cholesterol, higher
CRP levels and a history of hypertension and diabetes.
Furthermore, d-ROMs levels were statistically significantly
higher among MI cases than controls but not TTL. Incident
stroke was associated with current smoking, lower vigor-
ous physical activity, lower HDL cholesterol, higher CRP
levels and a history of hypertension and diabetes. Likewise
the result for MI, d-ROMs levels but not TTL was signif-
icantly higher among stroke cases than controls.

D-ROMs levels were statistically significantly associ-
ated with total MI incidence (Table 3). A remarkably
strong five-fold increased risk of fatal MI was observed for
very high d-ROMs levels (> 500 Carr U) whereas associ-
ations with non-fatal MI were weaker and not statistically
significant.

TTL was only associated with fatal MI (OR, 95% CI per
100 pmol/L increase: 0.69, 0.51-0.93). D-ROMs levels
were also statistically significantly associated with total
stroke incidence (OR 95% CI per 100 Carr U increase:
1.17, 1.01-1.35, Table 4) and again associations were
stronger with fatal than with non-fatal stroke but results
were not statistically significant for fatal stroke due to
small case numbers. For TTL, all three top quartiles indi-
cated a decreased risk for stroke when compared to the
bottom quartile (Table 4) and when the three top quartiles
were combined, the association was statistically significant
(OR 95% CI: 0.79, 0.63-0.99, Table 5). Point estimates
suggested a stronger association of TTL with fatal than
with non-fatal stroke but all associations were not statisti-
cally significant. There were some indications for non-
linear associations of d-ROMs and TTL with the six

Table 3 Associations of d-ROMs levels and TTL with total, fatal and non-fatal myocardial infarction

Marker Modelling Total MI Fatal MI Non-fatal MI
Neases OR (95%C T)* Neases OR (95% CI)* Neases OR (95% CI)*
D-ROMs < 340 Carr U 173 Ref 47 Ref 126 Ref
341400 Carr U 149 1.02 (0.79; 1.31) 52 1.33 (0.82; 2.16) 97 0.94 (0.69; 1.27)
401-500 Carr U 126 1.27 (0.96; 1.68) 36 1.57 (0.91; 2.70) 90 1.25 (0.89; 1.74)
> 500 Carr U 28 2.04 (1.23; 3.37) 10 5.08 (1.78; 14.49) 18 1.54 (0.85; 2.80)
Increase per 100 Carr U 476 1.21 (1.05; 1.40) 1.54 (1.14; 2.06) 1.15 (0.97; 1.35)
TTL Quartile 1° 128 Ref 48 Ref 80 Ref
Quartile 2° 116 0.90 (0.68; 1.19) 40 0.86 (0.51; 1.43) 76 0.91 (0.64; 1.29)
Quartile 3° 129 1.03 (0.78; 1.37) 33 0.70 (0.41; 1.18) 96 1.22 (0.86; 1.71)
Quartile 4° 103 0.82 (0.61; 1.10) 24 0.57 (0.32; 1.01) 79 0.92 (0.64; 1.32)
Increase per 100 pmol/L 476 0.92 (0.79; 1.07) 145 0.69 (0.51; 0.93) 331 1.00 (0.84; 1.20)

Bold printed: statistically significant (p < 0.05)

CI confidence interval, d-ROMs derivatives of reactive oxygen metabolites, MI myocardial infarction, 7., incident case numbers, OR odds

ratio, Ref reference category, T7TL total thiol levels

Cases were individually matched to five controls by cohort, age and sex. In addition, the model was adjusted for education, BMI, smoking,
alcohol consumption and vigorous physical activity and the other oxidative stress marker (i.e. TTL or d-ROMs)

bCohort-speciﬁc quartiles of TTL (see Suppl. Table 1)
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Table 4 Associations of d-ROMs levels and TTL with total, fatal and non-fatal stroke

Marker Modelling Total stroke Fatal stroke Non-fatal stroke
Neases OR (95% CI)* Neases OR (95% CI)* Deases OR (95% CI)*
D-ROMs < 340 Carr U 140 Ref 15 Ref 125 Ref
341-400 Carr U 152 1.27 (0.98; 1.66) 22 1.56 (0.71; 3.45) 130 1.24 (0.93; 1.65)
401-500 Carr U 137 1.40 (1.05; 1.86) 18 1.55 (0.64; 3.78) 119 1.38 (1.01; 1.88)
> 500 Carr U 25 1.27 (0.76; 2.12) 5 3.56 (0.89; 14.19) 20 1.09 (0.62; 1.92)
Increase per 100 Carr U 454 1.17 (1.01; 1.35) 60 1.46 (0.96; 2.22) 394 1.13 (0.97; 1.32)
TTL Quartile 1° 133 Ref 23 Ref 110 Ref
Quartile 2° 113 0.84 (0.64; 1.12) 14 0.66 (0.30; 1.42) 99 0.87 (0.64; 1.18)
Quartile 3° 98 0.70 (0.52; 0.94) 11 0.54 (0.23; 1.24) 87 0.73 (0.53; 1.00)
Quartile 4° 110 0.80 (0.60; 1.08) 12 0.58 (0.26; 1.31) 98 0.84 (0.61; 1.15)
Increase per 100 pmol/L 454 0.88 (0.75; 1.04) 60 0.68 (0.44; 1.05) 394 0.92 (0.77; 1.09)

Bold printed: statistically significant (p < 0.05)

CI confidence interval, d-ROMs derivatives of reactive oxygen metabolites, MI myocardial infarction, n., incident case numbers, OR odds
ratio, Ref reference category, T7TL total thiol levels

Cases were individually matched to five controls by cohort, age and sex. In addition, the model was adjusted for education, BMI, smoking,
alcohol consumption and vigorous physical activity and the other oxidative stress marker (i.e. TTL or d-ROMs)

bCohort-speciﬁc quartiles of TTL (see Suppl. Table 1)

Table 5 Association of dichotomized d-ROMs levels and TTL variables with total myocardial infarction and stroke in the total sample and in
subgroups of cohort/country, sex and age

Stratum Myocardial infarction Stroke
Neases  d-ROMs® OR (95% CI)°  TTL" OR (95% CI)°  nguges  d-ROMs® OR (95% CI)*  TTL® OR (95% CI)°
Total sample 476 1.32 (1.04; 1.67) 0.91 (0.72; 1.15) 454 1.20 (0.95; 1.51) 0.79 (0.63; 0.99)
Stratified by cohort/country
HAPIEE PL 146 1.35 (0.86; 2.13) 0.77 (0.51; 1.18) 65 1.55 (0.81; 3.00) 0.58 (0.32; 1.05)
HAPIEE CZ 152 1.42 (0.95; 2.10) 1.23 (0.79; 1.92) 140 0.97 (0.65; 1.46) 0.79 (0.51; 1.20)
HAPIEE LT 102 1.10 (0.64; 1.88) 1.09 (0.64; 1.85) 94 2.14 (1.28; 3.58) 0.71 (0.41; 1.24)
ESTHER (Ger) 76 1.29 (0.69; 2.41) 0.54 (0.31; 0.95) 155 0.92 (0.59; 1.43) 0.96 (0.63; 1.45)
Stratified by age
45-< 60 years 153 1.44 (0.93; 2.24) 1.40 (0.83; 2.35) 99 1.07 (0.64; 1.81) 0.50 (0.29; 0.85)
60-< 65 years 107 1.15 (0.69; 1.91) 0.78 (0,47; 1.29) 99 1.05 (0.62; 1.78) 1.15 (0.67; 1.96)
65—< 70 years 147 1.50 (0.98; 2.30) 0.76 (0.51; 1.14) 132 1.68 (1.10; 2.58) 0.82 (0.53; 1.25)
70-< 85 years 69 1.03 (0.55; 1.93) 0.71 (0.39; 1.28) 124 0.97 (0.61; 1.54) 0.81 (0.52; 1.25)
Stratified by sex
Women 142 1.12 (0.76; 1.65) 0.77 (0.52; 1.15) 215 1.04 (0.77; 1.42) 0.79 (0.57; 1.10)
Men 334 1.45 (1.07; 1.95) 1.00 (0.74; 1.34) 239 1.45 (1.02; 2.07) 0.77 (0.55; 1.07)

Bold printed: statistically significant (p < 0.05)

CI confidence interval, d-ROMs derivatives of reactive oxygen metabolites, MI myocardial infarction; n.,., incident case numbers; OR, odds
ratio; TTL, total thiol levels

“Modelled dichotomously as d-ROMs > 400 versus < 400 Carr U
"Modelled dichotomously as cohort-specific top TTL top quartiles 2—4 versus bottom quartile (see Suppl. Table 1)

“Cases were individually matched to five controls by cohort, age and sex. In addition, the model was adjusted for education, BMI, smoking,
alcohol consumption and vigorous physical activity and the other oxidative stress marker (i.e. TTL or d-ROMs)

outcomes but confidence interval bands were wide and
linear associations could not be excluded (Suppl. Fig-
ure 3-8). Adding of chronic diseases to the main model
attenuated the observed ORs but most ORs remained

statistically significant (Suppl. Table 2-3). Additional
adjustment for CRP led to further attenuations and all
observed associations lost statistical significance.
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For subgroup analyses, d-ROMs levels and TTL were
dichotomized with a cut-off at 400 Carr U for d-ROMs
(high or very high oxidative stress) and the cut-off point of
the cohort-specific bottom TTL quartile (low or very low
anti-oxidative capacity) (Table 5). The most important
findings are that the associations of d-ROMs levels with MI
and stroke were restricted to men and that the association
of TTL with stroke was only statistically significant for
stroke events in mid-life (45—-< 60 years).

Discussion

In this pooled analysis of four population-based cohort
studies from Central and Eastern Europe, the serum
oxidative stress marker d-ROMs levels were associated
with MI and stroke incidence, whereas TTL was only
associated with incident stroke. All addressed associations
were stronger with fatal endpoints and d-ROMs and TTL
were significantly associated with fatal MI risk. Subgroup
analyses showed that the associations of d-ROMs levels
with MI and stroke were only present in men and that the
association of TTL with stroke was restricted to stroke
events in mid-life (45—< 60 years).

Until now, only few groups have assessed the predictive
values of d-ROMs and TTL for CVD events. Masaki et al.
investigated the prognostic value of the d-ROMs test for
CVD events in 265 patients with diagnosed CVDs [12].
They reported that d-ROMs levels > 395 Carr U were
associated with a composite outcome of CVD events.
Vassalle et al. conducted a retrospective cohort analysis in
93 patients with coronary artery disease (CAD) and
observed an increased risk for a composite endpoint of
major CVD events and all-cause mortality at d-ROMs
levels > 481 Carr U [21]. Moreover, Hirata et al. demon-
strated the prognostic value of the d-ROMs test for CVD
events in 395 CAD patients and in addition in 324 patients
with chronic kidney disease [22, 23]. Previously, our group
explored the associations of d-ROMs levels and TTL with
mortality endpoints using data from the same cohort
studies, and found that both d-ROMs levels and TTL were
independently and strongly associated with CVD mortality
[9]. In a further analysis of our group with ESTHER study
participants, we recently showed that two other oxidative
stress biomarkers that were measured in urine samples,
8-isoprostane levels, a marker of lipid peroxidation and
oxidized guanine/guanosine concentrations, a marker of
oxidative DNA damage, were associated with CVD mor-
tality [24]. Moreover, oxidized guanine/guanosine con-
centrations were associated with stroke incidence and
8-isoprostane levels with fatal stroke. Both urinary
biomarkers were associated with incident MI in obese
subjects. In addition, cross-sectional case—control studies
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showed elevated 8-iso-prostaglandin F2a levels, a marker
of lipid peroxidation, in patients with CAD [25, 26] or
acute MI [27]. In summary, previous studies were often
cross-sectional, restricted to participants with prevalent
CVD and/or used composite CVD outcomes. Although not
directly comparable, there seems to be broad agreement of
an association of oxidative stress biomarkers with CVD
prevalence and incidence. To the best of our knowledge,
our study is the first to address the associations of d-ROMs
levels and TTL with MI and stroke risk in a sample from
the general older population. Additionally, the large num-
bers of cases allowed us to conduct analyses distinct for
fatal and non-fatal MI and stroke events.

Interestingly, we found that the associations of d-ROMs
and TTL were much stronger with fatal than non-fatal MI
and stroke events. The same pattern was observed in our
other research project with urinary 8-isoprostane levels and
oxidized guanine/guanosine concentrations [24]. Interest-
ingly and maybe explaining this phenomenon, Vassalle
et al. [26] observed that elevated levels of lipid peroxida-
tion products and reduced antioxidant capacity are associ-
ated with the extent and the severity of CAD.
Accumulating evidence suggests that oxidative stress could
modulate a sequence of pathological events crucial in the
onset and progression of atherosclerosis, including oxida-
tion of LDL, reduction of nitric oxide (NO) bioavailability,
vascular inflammation, vascular lesion formation and pla-
que rupture [2, 28-31].

Whereas the role of oxidative stress in atherosclerosis
may explain observed association with MI and ischemic
stroke, it should be noted that oxidative stress has also been
ascribed a role in hemorrhagic stroke [32, 33]. The brain is
a target for ROS-induced damage because of high con-
centrations of peroxidisable lipids, low levels of protective
antioxidants, high oxygen consumption, and high levels of
iron that can act as a pro-oxidant under pathological con-
ditions [33, 34]. ROS is involved in secondary brain injury
following intracerebral hemorrhage through mechanisms
including endoplasmic reticulum stress, neuronal apoptosis
and necrosis, inflammation, and autophagy [35]. One of our
subgroup analyses showed that TTL was only statistically
significantly associated with stroke events in mid-life (45—
< 60 years). We think that this was a finding by chance
because anti-oxidative capacities decrease with age [9, 36].

Furthermore, we found that the associations of d-ROMs
levels with MI and stroke were only statistically significant
in male participants. In our previous analysis with mortality
outcomes, d-ROMs also had a tendency towards slightly
stronger results in men than in women but the sex differ-
ence was not as strong as for MI and stroke [9]. These
results are surprising because post-menopausal women
have higher oxidative stress than men because of lower
amounts of estrogen, which usually acts as an antioxidant
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in females [9, 37]. One explanation may be the higher
NADPH-oxidase activity levels in males than in females,
which could cause overproduction of superoxide molecules
through an angiotensin II-mediated mechanism [38, 39].
Another explanation may be an interaction of oxidative
stress with proinflammatory cytokines (e.g., TNF-o, IL-1,
and IL-6), which are produced to a larger extent in male
than in female adipose tissue [40]. These cytokines are
potent stimulators for the production of reactive oxygen
and nitrogen by macrophages and monocytes and both
inflammation and oxidative stress play important roles in
atherosclerosis [41, 42]. Thus, the combined effects of
inflammation and oxidative stress may put male subjects
with high oxidative stress at a higher risk for MI and stroke
than females.

In our analyses, all observed associations for d-ROMs
levels and TTL lost statistical significance after adjusting
for diseases and systemic sub-clinical inflammation mea-
sured with CRP. However, we believe that this would have
been an overadjustment because these factors could be on
the pathway to MI and stroke. As described above,
inflammation and oxidative stress are closely linked to each
other and it is difficult to distinguish their individual con-
tributions to the MI and stroke events. In addition, it should
be noted, that odds ratios were not attenuated to null effects
(OR 1) after adjustment for CRP [e.g. OR (95% CI) for
association of d-ROMs > 500 Carr U vs. < 340 Carr U
with total MI 1.59, 0.92; 2.74] and meta-analyses with
required future studies may show statistical significant
results for these weaker effect estimates. Nevertheless, the
large sample size with 476 MI and 454 stroke cases, also
allowing to address fatal and non-fatal outcomes sepa-
rately, is a strength of this pooled analysis of four cohort
studies from the general Central and Eastern European
population.

The ESTHER cohort is not a random sample of the
source population (German adults, aged 50-75 years)
because study participants were recruited during a routine
health check-up in the Saarland region that is offered to
every German citizen, aged 35 years and older, free of
charge every 2 years. However, the distribution of major
sociodemographic characteristics and the prevalences of
major diseases in the ESTHER study population closely
resembled the characteristics of the study population with
the corresponding age range of the German National
Health Survey of 1998, which is a true random sample of
the German population. Therefore, we are able to gener-
alize results from the ESTHER study 8-year follow-up to
German adults, aged 56-85 years. Furthermore, results of
the HAPIEE study can be generalized to adults aged
45-69 years living in PL, CZ or LT.

The harmonized data, almost complete registry-based
follow-ups and the availability of all major risk factors for
MI and stroke for a comprehensive correction for con-
founding resemble further strengths of this pooled data set.
However, a few limitations of our study should also be
considered. No data on stroke subtypes were available.
Future studies are required to corroborate our findings and
to elucidate the associations of d-ROMs levels and TTL
with stroke subtypes. Because of the observational nature
of this study, residual confounding cannot be totally
excluded. Furthermore, common chronic diseases were
based on self-reported information only in the HAPIEE
cohorts, which could cause information bias. As this
potential misclassification affected variables used for
adjustment, some overestimation of the findings for
d-ROMs and TTL cannot be excluded due to the limited
accuracy for control of confounding. However, information
bias for exposure to d-ROMs levels and TTL is also pos-
sible because they were not repeatedly measured during
follow-up. Information bias for the exposure variables can
lead to an underestimation of effects. Therefore, informa-
tion bias for exposure variables and covariates could have
balanced out each other in this study.

Conclusion

This pooled analysis of four cohort studies observed
associations of both high d-ROMs levels and low TTL with
MI and stroke (TTL only with fatal MI). The results sug-
gest an important contribution of an imbalanced redox
system to the etiology of mainly fatal MI and stroke events.
Further studies are needed to corroborate our findings and
to assess the value of oxidative stress markers for cardio-
vascular risk prediction.
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