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Abstract

Background: In the literature, obesity is discussed as a determinant of high oxidative stress
(OS). Hence, prevention or reduction of obesity could prevent high OS and subsequently serve
as a target for "healthy aging.” Methods: Diacron's reactive oxygen metabolites test (D-ROM)
and total thiol levels (TTL), a marker of antioxidant defense capacity, were measured in 1,734
participants of a population-based cohort study of older adults (age range: 57-83 years) at 2
time points 3 years apart. The longitudinal associations of body mass index, waist-to-hip ratio,
and waist circumference with D-ROM and TTL were assessed with multivariable adjusted gen-
eralized linear models. Dose-response analyses were conducted with restricted cubic splines.
Results: D-ROM was not significantly associated with any of the weight measures. On the
contrary, TTL showed statistically significant, inverse linear associations with all weight mea-
sures. Conclusion: A healthy body weight seems to be highly relevant for the antioxidative
defense capacity of human beings. In contrast, D-ROM levels were independent of the study
participant’'s weight. Clinical trials are needed to corroborate if loss of weight by obese indi-
viduals can effectively increase TTL and subsequently also life expectancy.
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Introduction

The free radical theory, which postulates that reactive oxygen species (ROS) lead to accel-
erated aging, proposed by Harman [1] has attracted increased attention. Any imbalance
between ROS and antioxidants at a cellular level triggers oxidative stress (0S) [2], which may
disrupt normal cell function due to oxidative damage to lipids, proteins, and DNA [3] and,
hence, contributes to cell senescence. Subsequently, it can be inferred that scaling up the anti-
oxidant defense mechanisms and/or scaling down ROS damage could reduce OS and, thereby,
delay the process of aging [2]. In addition to glutathione, thiol groups of proteins can be
oxidized reversibly and help to control redox processes [4]. Therefore, total thiol levels (TTL)
can be regarded as an indirect serum biomarker for the antioxidant defense capacity of cells.
ROS damage can be indirectly measured by the serum biomarker “Diacron’s reactive oxygen
metabolites test” (D-ROM), which is mainly a biomarker of lipid peroxidation. D-ROM and
TTL have been shown to be very stable in blood samples stored for many years [5]. Both high
D-ROM levels and low TTL have been documented to be associated with OS-related diseases
[6] and mortality [7].

In the literature, obesity is being discussed as a major determinant of high OS [8]. It has
been postulated to escalate OS, which in turn can induce related metabolic conditions [9].
Hence, prevention or reduction of obesity could prevent high OS [10] and subsequently serve
as a target for “healthy aging.” Several cross-sectional studies have detected an association or
correlation of OS biomarkers and body mass index (BMI) [11-13]. However, the direction-
ality of the association of obesity and OS has been argued upon [14]. For a causal relationship,
weight measures need to predict future OS in a longitudinal study design. To our knowledge,
there have been no population-based cohort studies investigating longitudinal associations
of various anthropometric measures with OS biomarkers so far. Therefore, we conducted the
first longitudinal study on various weight measures and their associations with established
0S biomarkers. In detail, we aimed at investigating whether BMI, waist circumference (WC),
and waist-to-hip ratio (WHR) are associated longitudinally with D-ROM and TTL serum
concentrations in a large cohort of older adults (age range: 57-83 years) as this could be an
avenue to “healthy aging.”

Materials and Methods

Study Design

The analyses were conducted in the ESTHER study (Epidemiological Study on the Chances
in the Prevention, Early Recognition, and Optimized Treatment of Chronic Diseases in the Older
Population/Epidemiologische Studie zu Chancen der Verhiitung, Fritherkennung und opti-
mierten Therapie chronischer Erkrankungen in der alteren Bevdlkerung), an ongoing cohort
study of older adults living in the Saarland, a state located in Southwest Germany [15]. The
study was approved by the Ethics Committees of the Medical Faculty of the University of
Heidelberg and the Medical Association of Saarland, and was conducted in accordance with the
Declaration of Helsinki. The total number of participants amounted to 9,940 adults between 50
and 75 years of age, who were all recruited by their respective general practitioners (GPs) in
the context of a routine health examination between 2000 and 2002. Follow-up (FU) assess-
ments by self-administered questionnaires were conducted 2, 5, 8, 11, and 14 years after
baseline, and the study participant’s GP filled out questionnaires about the participant’s medical
conditions. Blood samples were collected at the 5-, 8-, 11-, and 14-year FU. Additionally, partic-
ipants were offered a 3-h home visit at the 8-, 11-, and 14-year FU, which included detailed
geriatric, pharmacological, and anthropometric assessments by study physicians.
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Inclusion and Exclusion Criteria

The 1st home visit (performed at the 8-year FU of the ESTHER study from 2008 to 2010)
furnished as the baseline and the 2nd home visit (performed at the 11-year FU of the ESTHER
study from 2011 to 2013) was used as the FU for the currentinvestigation; 3,124 study partic-
ipants were followed up at the 1st home visit, and the allocation of the study population is
depicted in Figure 1. We excluded participants without anthropometric measurements,
missing blood samples, or missing D-ROM and TTL measurements at the 1st and/or 2nd
home visit. Furthermore, 665 study participants were excluded because they did not take
part at the 2nd home visit. In summary, the final sample size for the longitudinal analysis was
1,734 subjects.

Predictors, Outcomes, and Covariates

The predictors of interest comprised BMI, WC, and WHR. Height, weight, WC, and hip
circumference were measured by the study physicians during the physical examination at the
home visits. The following cutoffs of the different measures were used for categorical variable
definitions. For BMI, WHO cutoffs were used (<25, 25-<30, 30-<35, and >35 kg/m?) [16],
with the exception that the lowest category was not coded because very few of the elderly
study participants had BMI <18.5 kg/m? (n = 5). For WC, the cutoffs of 2102 ¢cm in men and
>88 cm in women were applied to define obesity [17], and for WHR, the cutoffs were placed
at 20.90 for males and > 0.85 for females for an obesity definition [18].

The outcomes of interest were changes in D-ROM and TTL concentrations between the
1st and the 2nd home visit for a prospective analysis. The assays used to measure D-ROM
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(Diacron, Grosseto, Italy) and TTL (Rel Assay Diagnostics, Gaziantep, Turkey) were adapted
to an autoanalyzer (LX20-Pro; Beckman-Coulter, Woerden, The Netherlands), and measure-
ments were performed in serum samples at the Laboratory for Health Protection Research
(Bilthoven, The Netherlands) [19].

Other biomarkers that served as covariates were analyzed from serum samples in a
central laboratory (Synlab, Heidelberg, Germany). Total cholesterol and high-density choles-
terol (HDL) were assessed by enzymatic colorimetric tests (analytes: Chol2 2100 and HDLC3
450; Roche Diagnostics, Mannheim, Germany) and C-reactive protein (CRP) by immunotur-
bidimetry on a cobas 8000 C701 (analyte: CRPL3 500, Roche Diagnostics, Mannheim,
Germany). Information on sociodemographic factors (age, sex, and educational status) and
lifestyle factors (smoking and alcohol consumption) were taken from the participant’s ques-
tionnaire, and information on medical history (diabetes mellitus, hypertension, and history
of stroke, myocardial infarction, and cancer) were taken from the GPs questionnaires. Subjects
with diabetes mellitus or hypertension were additionally recorded when the GP or study
participant reported drug use against these chronic diseases. Physical activity was assessed
via interview at the home visits with a questionnaire instrument specifically developed for
older adults by Voorrips et al. [20].

Statistical Analysis

Spearman correlation coefficients (r) were calculated to assess correlations between
weight measures, D-ROM levels, and TTL at the 1st home visit. Correlation coefficients were
interpreted as negligible (Il < 0.3), low (Irl 0.3 to <0.5), moderate (Irl 0.5 to <0.7), high
(Irl 0.7 to <0.9), or very high (Irl 0.9 to 1.0) correlation applying commonly used cutoffs in
medical science [21]. Generalized linear models were used to assess the association of both
continuously (estimates per 1 standard deviation [SD]) and categorically modelled BMI, WC,
and WHR with changes (A) in D-ROM and TTL concentrations observed between the 1st and
the 2nd home visit. In order to investigate the shape of the associations, dose-response
modeling with the restricted cubic splines SAS macro of Desquilbet and Mariotti [22] was
applied. Five knots where specified at the 5th, 25th, 50th, 75th, and 95th percentiles of the
BMI, WC, or WHR distribution while using the 5th percentile as the reference.

All models were adjusted for age, sex, years of school education, alcohol consumption,
number of cigarettes smoked per day, physical activity, the baseline values of D-ROM or TTL,
and variables for the change in age, alcohol consumption, daily cigarette consumption, and
physical activity from the 1st to the 2nd home visit. In a sensitivity model, further covariates
were added that could also be intermediates in the pathway from increased weight to OS:
Total cholesterol, HDL cholesterol, CRP, and a history of cancer, diabetes mellitus, hyper-
tension, myocardial infarction, or stroke as well as variables for changes in these covariates
from the 1st to the 2nd home visit. In a further sensitivity analysis, study participants who
lost 5 kg of weight or more involuntarily in the year before the 2nd home visit were excluded.
Involuntary weight loss can be a symptom of undiagnosed cancer and could confound the
results because cancer is associated with weight loss and increased OS [23]. Furthermore,
sex-stratified analyses were performed with respect to the differences in body composition
between males and females regarding fat distribution [24]. In addition, statistical tests on
interactions of sex and anthropometric measures were carried out.

Statistical analyses were carried out with SAS 9.4, (Cary, NC, USA), and all tests were
performed two sided using an a-level of 0.05. Multiple imputation of 5 data sets was under-
taken to deal with missing values. The proportion of missing values was not higher than 2%
forall variables (Table 1) and missingness atrandom could be assumed. If not stated otherwise,
results of imputed datasets were combined by the SAS procedure PROC MIANALYZE.
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Table 1. Characteristics of the study participants at the 1st and the 2nd home visit of this research project (ESTHER study,

n=1,734)
Characteristics 1st home visit 2nd home visit
totaln n (%) mean (SD) totaln n (%) mean (SD)
Age, years 1,733 - 68.4 (6.2) 1,733 - 71.2 (6.1)
Males 1,734 832 (48.0) - 1,734 832 (48.0) -
School education 1,710 1,710
<9 years 1,114 (65.1) - 1,114 (65.1) -
10-11 years 312 (18.3) - 312 (18.3) -
>12 years 284 (16.6) - 284 (16.6) -
Smoking 1,730
Nonsmokers 1,615 (93.4) - 1,592 (93.9) -
Current smokers 115 (6.6) - 103 (6.1) -
Cigarettes smoked/day 115 - 16.4 (16.1) 103 - 14.8 (10.5)
Alcohol consumption 1,704 1,670
Nonconsumers 456 (26.8) - 464 (27.8) -
Consumers 1,248 (73.2) - 1,206 (72.2) -
Physical activity (no unit)? 1,733 - 18.7 (9.9) 1,734 - 14.3 (9.2)
Total cholesterol, mg/dL 1,734 - 235 (47.0) 1,726 - 209.4 (43.5)
HDL cholesterol, mg/dL 1,733 - 60.1 (15.2) 1,726 - 59.3 (16.7)
C-reactive protein, mg/L 1,733 - 3.3(6.7) 1,733 - 3.6 (8.7)
Hypertension 1,734 1,205 (69.5) - 1,733 1,356 (78.3) -
Diabetes mellitus 1,725 340 (19.7) - 1,732 484 (27.9) -
History of cancer 1,725 204 (11.8) - 1,732 292 (16.9) -
History of stroke 1,725 124 (7.2) - 1,732 220 (12.7) -
History of myocardial infarction 1,725 102 (5.9) - 1,732 135 (7.8) -
Body mass index (BMI), kg/m? 1,734 - 28.6 (4.7) 1,734 - 28.4 (4.7)
BMI category 1,734 1,734
<25 kg/m? 370 (21.4) - 388 (22.4) -
>25-<30 kg/m? 775 (44.7) - 782 (45.1) -
>30-<35 kg/m? 429 (24.7) - 418 (24.1) -
>35 kg/m? 160 (9.2) - 146 (8.4) -
WC, cm 1,734 - 97.2 (13.1) 1,734 - 96.6 (13.3)
Obesity by WC¢ 1,734 1,734
Nonobese 729 (42.0) - 772 (44.5) -
Obese 1,005 (58.0) - 962 (55.5) -
WHR (no unit) 1,734 - 0.9 (0.1) 1,734 - 0.9 (0.1)
Obesity by WHRY 1,734 1,734
Nonobese 477 (27.5) - 496 (28.6) -
Obese 1,257 (72.5) - 1,238 (71.4) -
D-ROM, Carr unit 1,734 - 348 (71) - 349 (59)
TTL, pumol/L 1,734 - 328 (75) - 279 (71)

D-ROM; Diacron’s reactive oxygen metabolites test; SD, standard deviation; TTL, total thiol levels; WC, waist circumference;

WHR, waist-to-hip ratio. Total numbers of participants evaluated are also listed.

2 Total score in the physical activity questionnaire for the elderly by Voorrips et al. [20].? New cases observed between the
8- and the 11-year follow-up home visit. ¢ Definition of obesity by WC: 2102 cm in men or 288 cm in women [17]. ¢ Definition
of obesity by WHR: 20.90 for males and 20.85 for females [18].

Results

The characteristics of the 1,734 study participants included in the 1st and the 2nd home
visit are shown in Table 1. At the 1st home visit, their mean age was 68.4 years (age range:
57-83 years), and slightly more men than women (48%) were included. The prevalence rates
of obesity by BMI (>30 kg/m?), WC, and WHR, were 33.9, 58.0, and 72.5%, respectively. The
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Table 2. Spearman correlation coefficients (upper rows) with p values (lower rows) between weight
measures, D-ROM, and TTL measured at the 1st home visit (ESTHER study, n = 1,734)

BMI wC WHR D-ROM TTL
BMI 0.760 0.346 0.009 -0.173
<0.001 <0.001 0.399 <0.001
wC 0.760 0.740 -0.141 -0.114
<0.001 <0.001 <0.001 <0.001
WHR 0.346 0.740 -0.278 0.004
<0.001 <0.001 <0.001 0.718
D-ROM 0.009 -0.141 -0.278 -0.001
0.399 <0.001 <0.001 0.9418
TTL -0.173 -0.114 0.004 -0.001
<0.001 <0.001 0.718 0.942

D-ROM, Diacron’s reactive oxygen metabolites test; TTL, total thiol levels; WC, waist circumference; WHR,
waist-to-hip ratio.

Table 3. Longitudinal associations of baseline weight measures with AD-ROM and ATTL concentrations in adjusted generalized
linear models (ESTHER study, n = 1,734)

Characteristics Total n AD-ROM? ATTL?

estimate p value estimate p value
BMI (/4.8 kg/m? [SD]) 1,734 0.321 0.788 -10.723 <0.0001
BMI categorically

<25 kg/m? 370 Ref. Ref.

>25-<30 kg/m? 775 0.650 0.833 -15.738 <0.0001

>30-<35 kg/m? 429 -3.141 0.367 -26.489 <0.0001

235 kg/m? 160 2.769 0.550 -32.707 <0.0001
WC (/13.4 cm [SD]) 1,734 0.859 0.513 -10.916 <0.0001
WC categorically®

Nonobese 729 Ref. Ref.

Obese 1,005 -0.157 0.948 -15.066 <0.0001
WHR (/0.1 [SD]) 1,734 1.430 0.349 -7.512 0.0003
WHR categorically®

Nonobese 477 Ref. Ref.

Obese 1,257 -0.057 0.984 -3.651 0.319

Statistically significant results are in bold. See the text or the legend to Table 1 for abbreviations.

2 All models are adjusted for baseline age, sex, education, alcohol consumption, daily cigarette consumption, physical activity,
the respective oxidative stress marker values at baseline and variables for the change in age, alcohol consumption, daily ciga-
rette consumption, and physical activity from the 1st to the 2nd home visit. ® Definition of obesity by WC: 2102 cm in men or
288 cm in women [17]. € Definition of obesity by WHR: 20.90 for males and 20.85 for females [18].

mean BMI, WC, WHR, and D-ROM levels remained fairly stable in the 3 years from the 1st to
the 2nd home visit, and all other covariables were also subject to little changes. However, TTL
was an exception with a strong decrease in mean TTL by 49 umol/L.

The correlation matrix (Table 2) shows that high correlations (all r > 0.7) were observed
between BMI and WC as well as between WHR and WC, whereas the correlation between BMI
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Fig. 2. Dose-response curve modeled with restricted cubic splines for the longitudinal association of body
mass index (BMI; A), waist circumference (WC; B), and waist-to-hip ratio (WHR; C) with Atotal thiol levels
(TTL). Lower_CL, lower confidence limit; Upper_CL, upper confidence limit. The model is adjusted for base-
line age, sex, education, alcohol consumption, daily cigarette consumption, physical activity, TTL at baseline,
and variables for the change in age, alcohol consumption, daily cigarette consumption, and physical activity
from the 1st to the 2nd home visit. Note: the analysis was performed in the first of the 5 imputed data sets.

and WHR was rather low (r = 0.3 at both home visits). However, D-ROM and TTL did not correlate
with each other. Furthermore, negligible, albeit statistically significant correlation coefficients of
0.114< Irl £0.288 were detected between the weight measures WC and WHR and D-ROM and
between the weight measures BMI and WC and TTL. BMI was not correlated with D-ROM, and
WHR was not correlated with TTL. D-ROM levels measured at the 1st and 2nd home visit corre-
lated moderately with each other (r=0.582), while the TTL measurements at the 1stand the 2nd
home visit showed slightly lower correlations with each other (r = 0.428).

In multivariable adjusted generalized linear models, all 3 weight measures were not
significantly associated with D-ROM (Table 3). However, all weight measures showed statis-
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Table 4. Sex-stratified results for female and male study participants for baseline weight measures with AD-ROM and ATTL
concentrations in adjusted generalized linear models (ESTHER study, n = 1,734)

Characteristics AD-ROM? ATTL?
female (n =902) male (n = 832) female (n =902) male (n = 832)
estimate p value estimate  p value estimate  pvalue estimate p value
BMI (/5.2 kg/m? [SD)) 2.080 0.185 -2.129 0.257 -9.238 <0.0001 -13.344 <0.0001
BMI categorically
<25 kg/m? Ref Ref Ref Ref
>25-<30 kg/m? 4.675 0.255 -5.802 0.220 -17.097 0.0007 -17.094 0.009
>30-<35 kg/m? -1.982 0.680 -6.832 0.189 -25.606 <0.0001 -29.963 <0.0001
>35 kg/m? 12.028 0.045 -12.244  0.098 -28.428 <0.0001 -40.498 <0.0001
WC (/13.1 cm [SD]) 0.628 0.722 1.501 0.452 -9.844 <0.0001 -12.355 <0.0001
WC categorically®
Nonobese Ref Ref Ref Ref
Obese -2.490 0.472 3.007 0.371 -12.197 0.004 -17.535 0.0002
WHR (/0.1 [SD]) -0.406 0.840 5.023 0.038 -5.0 0.0425 -9.929 0.003
WHR categorically*©
Nonobese Ref Ref Ref Ref
Obese -0.866 0.798 3.371 0.529 -3.239 0.434 -3.673 0.624

Statistically significant results are in bold. See the text or the legend to Table 1 for abbreviations.

2 All models are adjusted for baseline age, education, alcohol consumption, daily cigarette consumption, physical activity, the
respective oxidative stress marker values at baseline, and variables for the change in age, alcohol consumption, daily cigarette
consumption, and physical activity from the 1st to the 2nd home visit. ® Definition of obesity by WC: 2102 cm in men or =88 cm in
women. ¢ Definition of obesity by WHR: 20.90 for males and 20.85 for females.

tically significant inverse associations with TTL, with the exception that WHR was only statis-
tically significant when modeled continuously. The dose-response curves showed inverse
linear associations of BMI, WC, and WHR with TTL (Fig. 2). In sensitivity analyses, adjusting
for additional covariates, such as CRP, total and HDL cholesterol, and diseases, or excluding
study participants who lost 5 kg of weight or more involuntarily in the year before the 2nd
home visit, the results were not substantially different compared to the main results (data not
shown).

Analyses stratified by sex yielded results similar to the results in the total sample for
ATTL, speaking against a sex difference for this biomarker (Table 4). However, 2 divergent
results for D-ROM were observed in males and females. First, BMI >35 kg/m? was statistically
significantly associated with AD-ROM in females but not in males. This sex difference was
confirmed by including an interaction term of sex and BMI >35 kg/m? versus BMI <25 kg/m?
in the model, which was statistically significantly associated with AD-ROM (p = 0.02). Second,
continuously modelled WHR was statistically significantly associated with AD-ROM in males
but not in females, and the interaction term was close to statistical significance (p = 0.06).
However, these sex differences for AD-ROM were not consistently observed for all weight
measures and could be random findings because of multiple testing.

Discussion
In this large cohort study of older adults, BMI, WC, and WHR were not associated with
D-ROM levels. On the contrary, all weight measures were statistically significantly, inverse

linearly associated with TTL. The null result for D-ROM in our study is not supported by other
studies, which used urinary 8-epi-prostaglandin F2« (8-epi-PGF2a) to measure lipid peroxi-
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dation [11, 25]. In the Framingham study, 8-epi-PGF2a was associated with the BMI [11], and
in a Japanese cohort of older adults, 8-epi-PGF2a was correlated with the visceral fat area
[25]. As 8-epi-PGF2a is considered the most reliable biomarker of OS [26], we do not doubt
the results of the cited studies and rather think that our study with D-ROM lacked statistical
power.

However, our results for TTL, a proxy for the antioxidative capacity of tissues, are in
agreement with previous cross-sectional studies, which have linked abdominal obesity to a
decreased antioxidant capacity [27-29]. We add to this evidence by presenting the first longi-
tudinal analysis to address the association of weight measures with TTL and observed an
inverse association between BMI, WC,and WHR with TTL. Associations with TTL were compa-
rably strong for BMI and WC, which were also highly correlated in our study sample. Results
for WHR were a little weaker, which was in line with a lower correlation between BMI and
WHR. This points into the direction that both general body fatness (best measured by BMI
[30]) and visceral fat mass (best measured by WC [31]) have a relevant association with TTL.

This longitudinal association speaks for a causal relationship, and there is biological
evidence that links visceral fat to a decreased antioxidant capacity of tissues. Decreased
activity of antioxidant enzymes was successfully demonstrated in white adipose tissue of
visceral fat within the accumulated fat of mouse models [10]. White adipose tissue is regarded
as an endocrine organ and can produce adipocytokines [32]. Additionally, proinflammatory
cytokines like TNF-q, IL-1, and IL-6 are produced by visceral body fat. These, in turn, augment
0S by increased generation of ROS and nitrogen [33]. Taken together, this endocrine function
of accumulated visceral body fat is an important source for systemic OS and subsequently
decreased antioxidant capacities. Nevertheless, further studies are warranted to find the
exact mechanisms thatlower the redox defense mechanisms in obese individuals. In addition,
a randomized clinical trial would be helpful to corroborate our findings. Such a trial could
have great public health relevance because TTL decreases with age, which we also detected
in a previous analysis of our study [7]. An effective measure that can reduce the age-related
TTL decrease could be a measure for healthy aging because TTL was shown to be associated
with cardiovascular mortality [7]. These thoughts are in line with the accumulating evidence
that caloric restriction may increase longevity [34].

The major strength of our study is its prospective design, which we achieved by consid-
ering repeated measurements at 2 time points. However, it would have further strengthened
the results and statistical power if we could have included more time points with repeated
measurements in our study. Another advantage was the large sample size of our study, which
enhanced the statistical power. The most important limitation of our study is its observa-
tional design. Although we adjusted for all available potential confounders in our study,
residual confounding by factors we did not adjust for cannot be fully excluded. Finally, we
would like to state that the study results can only be generalized to older Caucasian adults,
aged 57-83 years, i.e. the participants of our study sample.

Conclusion

In conclusion, this first longitudinal analysis of weight measures and OS biomarkers
supports the hypotheses that body fat measures are relevantly associated with a decreased
antioxidant defense capacity of the organism. We showed that these associations are inversely
linear in older adults (among whom almost no one was anorectic), which suggests the rule:
theleaner the individual, the better the antioxidant defense capacity. Clinical trials are needed
to corroborate if weight reduction in obese, older adults can effectively increase TTL and
subsequently increase life expectancy.
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