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Abstract Background and aims: The accumulation of fat increases the formation of lipid perox-
ides, which are partly scavenged by alpha-tocopherol (a-TOH). Here, we aimed to investigate the
associations between different measures of (abdominal) fat and levels of urinary a-TOH metab-
olites in middle-aged individuals.
Methods and results: In this cross-sectional analysis in the Netherlands Epidemiology of Obesity
study (N Z 511, 53% women; mean [SD] age of 55 [6.1] years), serum a-TOH and a-TOH metab-
olites from 24-h urine were measured as alpha-tocopheronolactone hydroquinone (a-TLHQ,
oxidized) and alpha-carboxymethyl-hydroxychroman (a-CEHC, enzymatically converted) using
liquid-chromatography-tandem mass spectrometry. Body mass index and total body fat were
measured, and abdominal subcutaneous and visceral adipose tissue (aSAT and VAT) were as-
sessed using magnetic resonance imaging. Using multivariable-adjusted linear regression ana-
lyses, we analysed the associations of BMI, TBF, aSAT and VAT with levels of urinary a-TOH
metabolites, adjusted for confounders. We observed no evidence for associations between body
fat measures and serum a-TOH. Higher BMI and TBF were associated with lower urinary levels of
TLHQ (0.95 [95%CI: 0.90, 1.00] and 0.94 [0.88, 1.01] times per SD, respectively) and with lower
TLHQ relative to CEHC (0.93 [0.90, 0.98] and 0.93 [0.87, 0.98] times per SD, respectively). We
observed similar associations for VAT (TLHQ: 0.94 [0.89, 0.99] times per SD), but not for aSAT.
Conclusions: Opposite to our research hypothesis, higher abdominal adiposity was moderately
associated with lower levels of oxidized a-TOH metabolites, which might reflect lower vitamin
E antioxidative activity in individuals with higher abdominal fat instead.
ª 2021 The Author(s). Published by Elsevier B.V. on behalf of The Italian Diabetes Society, the
Italian Society for the Study of Atherosclerosis, the Italian Society of Human Nutrition and the
Department of Clinical Medicine and Surgery, Federico II University. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Introduction

Obesity is characterized by excessive fat accumulation, and
increases the risk of morbidity and mortality [1]. The
accumulation of fat is an important contributor to the
dysregulation of inter- and intracellular metabolic path-
ways, including lipid peroxidation [2,3]. In this process,
oxidants such as free radicals cause peroxidative modifi-
cation of lipids [4].

a-Tocopherol (a-TOH) is a lipid-soluble compound
which is the most abundant and stable long-chain form of
tocopherols in vivo [5]. a-TOH plays an essential role in the
cell antioxidant defence system, where it acts as an
effective scavenger of reactive oxygen species (ROS) in the
autocatalytic chain reaction of free radical-mediated lipid
peroxidation [4]. The metabolism of a-TOH can follow one
of two pathways. Firstly, when a-TOH successfully inhibits
chain propagation of lipid peroxidation, a-tocopher-
onolactone hydroquinone (a-TLHQ) is generated. Alterna-
tively, a-TOH can be enzymatically converted in the liver to
a-carboxymethyl-hydroxychroman (a-CEHC) [6,7]. Both a-
TLHQ and a-CEHC are subsequently conjugated to either
glucuronide or sulfate for secretion into urine. Specifically,
a-TLHQ is depicted as a marker of antioxidant activity of a-
TOH and a reflection of lipid peroxidation levels [8].

With respect to lipid peroxidation and its detrimental
effects on health, multiple studies have studied the poten-
tial radical-scavenging role of a-TOH [5,7]. For example,
studies have associated the level of a-TOH and metabolites
to increased risk of disease, including Alzheimer’s disease,
cardiovascular diseases and fatty liver disease [6,7,9,10].
However, no data are available on the association between
measures of body fat and a-TOH or a-TOH metabolites. One
of the hypotheses is that the production of ROS is partially
driven by pathological processes associated with excessive
accumulation of adipose tissue [11e14]. This increased fat
storage leads to an increased excretion of free fatty acids
(FFAs) into the blood [15]. As a consequence, higher mito-
chondrial fatty acid oxidation in obese individuals [16e18],
and in particular individuals with excessive visceral
adiposity [15], as compared to normal weight individuals, is
hypothesized to contribute to ROS generation through
multiple pathways, including higher b-oxidation [19].

Based on these studies, we hypothesize obesity, and
specifically the more metabolically active visceral adipose
tissue (VAT), to be associated with higher lipid peroxidation
in the body. Increased lipid peroxidation will in turn asso-
ciate with higher levels of oxidized urinary a-TOH metab-
olites. In this study, we aim to examine on the association
between (abdominal) measures of body fat and urinary a-
TOH metabolite levels in middle-aged individuals.

Methods

Study design and study population

This study used data collected in the Netherlands Epide-
miology of Obesity (NEO) study, a population-based, pro-
spective cohort study designed to examine pathways that
lead to obesity-related diseases [20]. The NEO study was
initiated in 2008 and included 6671 Dutch participants
aged between 45 and 65 years, with an oversampling of
individuals with overweight or obesity. Detailed informa-
tion about the study population and design has been
described elsewhere [20]. To recruit participants, men and
women living in the greater area of Leiden, The
Netherlands, who met the age criterium and had a self-
reported body mass index (BMI) of 27 kg/m2 or higher
were invited to participate. In addition, 45- to 65-year-old
inhabitants from one municipality adjoining Leiden (Lei-
derdorp) were invited to participate in the NEO study,
irrespective of their BMI. This resulted in a population of
1671 participants provided a reference group with a BMI
distribution similar to that of the Dutch general popula-
tion. Ethical approval was obtained from the Medical
Ethical Committee of the Leiden University Medical Centre
(LUMC) and written informed consent was obtained from
all participants.

Participants were received at the NEO study site for
several baseline measurements, including fasting blood
sampling and sampling of the 24-h urine that was
collected prior to the study visit. Additionally, participants
were asked to fast for a minimum of 10 h and bring all
medication they were using up until one month preceding
the study visit. Moreover, participants completed a general
questionnaire to report demographic and clinical infor-
mation in addition to lifestyle-related questions.

A screening form was completed by all participants to
inquire possible health risks or interference with MRI
imaging (particularly metallic devices, claustrophobia, and
a body circumference of >1.70 m). Of the participants who
were eligible, approximately 40% were randomly selected
to undergo an MRI assessment of abdominal subcutaneous
fat and visceral fat.

For the present study, we only had resources available
for a subpopulation of the total NEO population; to
maximize statistical power and to not introduce selection
bias caused by the oversampling of individuals with
overweight and obesity, we selected participants from the
Leiderdorp subpopulation with a BMI distribution
assumed to be similar to the general population of whom
we also had MRI-derived data available on abdominal fat
(n Z 599). Individuals with either missing data on expo-
sure, outcome or covariates (n Z 30) or had urine samples
collected during a period of less than 20 h (n Z 58) were
excluded from the analyses, resulting in a total of 511
included participants (Supplementary Fig. 1).

Measures of body fat

To calculate the BMI of all participants, body weight was
determined using a scale and height was measured with a
vertically fixed, calibrated tape measure. Shoes were
removed during all measurements and one kilogram was
subtracted from the body weight to correct for the weight
of clothing. BMI was then calculated by dividing the
weight in kilograms by the height in meters squared.
Percentage of body fat was assessed with a Tanita foot-to-
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foot (FF) bioelectrical impedance analyser (BIA) system
(TBF-310, Tanita International Division, UK). The validity of
the values derived from BIA systems have been described
before [21]. In addition, to test the reliability, repeated
measurements were performed in a random sample of the
participants (n Z 72); the calculated intraclass correlation
coefficient was 0.98.

Abdominal subcutaneous adipose tissue (aSAT) and
visceral adipose tissue (VAT) were quantified by a turbo
spin echo imaging protocol using magnetic resonance
imaging (MRI), performed on a 1.5 T MR system (Philips
Medical Systems, Best, the Netherlands). At the level of the
5th lumbar vertebra, three 10 mm thick transverse images
were obtained during a breath-hold. Areas of aSAT and
VAT were converted from the number of pixels to centi-
meters squared using in-house developed software (MASS,
Medis, Leiden, the Netherlands) and the average of three
slices was used in the analyses.

Measures of a-tocopherol in serum

Circulating a-TOH was detected and quantified in fasting
serum samples by Metabolon, Inc. (Durham, NC, USA) on a
platform encompassing four liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS)
methods (LC-MS/MS negative, LC-MS/MS positive early,
LC-MS/MS positive late and LC-MS/MS polar). More infor-
mation about the quantifications has been described pre-
viously [22,23]. Derived data represents the peak height
relative to an internal standard per sample to allow for
comparisons between individuals.

Measures of a-tocopherol conjugated metabolites in 24-h
urine

The sulfated and glucuronidated conjugates of a-TLHQ and
a-CEHC were synthesized by Pope et al. [24,25]. The in-
ternal standards (lithocholic acid sulfate [LA] and andros-
terone D4-glucuronide [AD4]) were purchased from
SigmaeAldrich Co. Ltd (Poole, Dorset, UK). Individual
stock and working solutions of the internal standards were
prepared in methanol and stored at �20 �C. All solvents
used in this study were LC-MS/MS grade or equivalent and
were likewise acquired from SigmaeAldrich Co. Ltd.

Prior to the analysis, all NEO urine samples were
thawed. Neat urine (100 ml) was then spun in Eppendorf
tubes for 10 min at 13,000 rpm and spiked with 10 ml of
the internal standards (100 mmol/L). Subsequently, the
samples were vortexed and transferred into screw-cap
glass vials. 10 ml was injected into the LC-MS/MS for
analysis. This method includes both ultra-performance
liquid chromatography (UPLC) for separation of the me-
tabolites and tandemmass spectrometry for detection. The
method was validated and modified from that developed
by Sharma et al. [6].

The urinary a-TOH metabolites were separated using a
Waters ACQUITY UPLC BEH C8 column (1.7 mm particles,
50 mm � 2.1 mm; Waters Corp, Manchester, UK) plus a
guard column containing an identical stationary phase.
The mobile phase was a gradient elution of solvent A
(99.98% water; 0.01% (v/v) formic acid) and solvent B
(99.98% acetonitrile; 0.01% (v/v) formic acid). The flow rate
was set to 0.8 mL/min and the LC gradient was established
by coordinating the solvents as follows: 95% solvent A plus
5% solvent B for 0e0.40 min; 80% solvent A plus 20% sol-
vent B for 2 min; 0.1% solvent A plus 99.9% solvent B for
3.01e4 min; 95% solvent A plus 5% solvent B for
4.01e5 min. To minimise system contamination and carry-
over, the MS diverter valve was set up to discard the UPLC
eluent before and after the sample elution, at 0e0.40 min
and 4.01e5 min, respectively. The elution times for inter-
nal standards and a-TOH metabolites are presented in
Supplementary Table 1. Two peaks were observed for a-
TLHQ and a-CEHC conjugated with glucuronide, corre-
sponding to major and minor isoforms. Likewise, these
isoforms had been previously observed by Pope et al. [25]
and Sharma et al. [6]. Only the major isomer was consid-
ered in this study.

After separation using LC, the a-TOH metabolites were
analysed by tandem mass spectrometry using a Waters
ACQUITY UPLC coupled to a triple-quadrupole Xevo TQ-S
fitted with an electrospray ionization source, which ran in
negative ion mode (ESI�). The source and desolvation gas
temperatures persisted at 150 �C and 600 �C, respectively.
In addition, nitrogen was used as the nebulizing gas with
7.0 Bar. The cone voltages were set at 56 V and 54 V for
sulfate conjugates and glucuronide conjugates, respec-
tively, and the collision voltages were set at 28 eV and
30 eV, respectively. The total analysis time between each
injection compromised 5 min.

Using multiple reaction monitoring (MRM) mode on the
mass spectrometer, specific parent and daughter ions were
determined in scan mode and following collision activated
dissociation (CAD) with argon, respectively. These ions were
then used to quantify each a-TOH metabolite transition,
which are presented in Supplementary Table 2. These
transitions had previously been established by Sharma et al.
[6] and corresponded to the theoretical molecular masses of
a-TLHQ and a-CECH for either sulfate and glucuronide
conjugates. In this study, the analyses of TLHQ and CEHC
comprise both sulfate and glucuronide conjugates, unless
indicated otherwise. Accordingly, the ratio of a-TLHQ-to-a-
CECH was determined to define levels urinary a-TOH me-
tabolites. The ratio was calculated and then transformed
into a logarithmic scale to approximate a normal
distribution.

Method validation

To check the linearity, the response of the metabolite was
compared to a calibration curve created with H2O:MeCN
solution with increasing concentrations of internal stan-
dards (AD4 and LA). Furthermore, the concentration of all
four a-TOH metabolites in each patient urine sample was
established by comparison of the ratio of the metabolite
response to the response of the internal standard. The ratio
of the areas for each metabolite over the corresponding
internal standard was calculated separately using
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TargetLynx software. The data acquired were then evalu-
ated by linear regression for which GraphPad Prism
version 7 was used to calculate the most suitable fit for the
linear relationship. The correlation coefficients (r2) were
>0.97 for all metabolites.

To manage the variations in sample quality and UPLC-
MS/MS performance over time, a quality control (QC)
assessment was performed in the urinary creatinine and a-
TOH metabolite assay. The QC samples (n Z 4) were sys-
tematically interleaved after each 50 urine samples to limit
the amount of sample loss that may arise due to an in-
termediate decrease in UPLC-MS/MS performance.

To correct for dilution differences between the sam-
ples from the participants, the urinary concentrations of
creatinine were measured in the urine samples by triple-
quadrupole Micro Quattro mass spectrometry (Micro-
Mass, Waters, UK) using deuterated creatinine as the in-
ternal standard as being standard laboratory procedure.
This method was developed in-house by the biological
mass spectrometry unit. As a consequence, the concen-
trations of the a-TOH metabolite levels are therefore
expressed per nmol of creatinine prior to the statistical
analyses.

Covariates

Total energy intake (in kJ) and alcohol consumption (in g/
day) were self-reported using a semi-quantitative 125-
item food frequency questionnaire (FFQ) [26]. Tobacco
smoking was documented in three categories, notably: (i)
current smoker, (ii) former smoker, or (iii) never smoker.
In addition, physical activity during leisure time (in MET-
hours per week) was estimated using the Short Ques-
tionnaire to Assess Health-enhancing physical activity
(SQUASH) [27,28]. Correspondingly, participants reported
on the frequency, duration and intensity of their physical
activity during leisure times. Serum total cholesterol and
triglyceride concentrations were determined by enzymatic
colorimetric methods (Roche Modular Analytics P800,
Roche Diagnostics, Mannheim, Germany; CV < 5%) and
high-density lipoprotein (HDL)-cholesterol with the ho-
mogenous HDLc method (third generation) (Roche
Modular Analytics P800, Roche Diagnostics; CV < 5%).
Low-density lipoprotein (LDL) cholesterol concentration
was estimated using Friedewald’s formula. Lipid-lowering
medication defined as the use of statins fibrates and other
lipid-lowering medication was recorded by medicine in-
ventory by the research nurses.

Participants were considered as diabetic based on self-
reported diabetes, usage of medication or newly diagnosed
diabetes with fasting plasma glucose (FPG) �7.0 mmol/L.
In addition, menopausal status was assessed based on in-
formation on oophorectomy or hysterectomy and/or self-
reported menopausal status. Accordingly, female partici-
pants were divided into three categories comprising pre-,
peri-, and postmenopausal. Women who underwent a
hysterectomy were categorized by age (premenopausal
when <46 years, perimenopausal when 46e55 years, and
postmenopausal when �55 years). The postmenopausal
category also included women of the age 58 or older who
did not report their menopausal status.

Statistical analysis

Characteristics of the study population were studied at
baseline and expressed as mean (standard deviation [SD]),
median (interquartile range [IQR]; for non-normally
distributed data only), or proportion (%) in the whole
study population and for men and women separately. All
statistical analyses were performed using R (v3.6.1) sta-
tistical software (The R Foundation for Statistical
Computing, Vienna, Austria).

We examined the associations between measures of
overall adiposity (BMI and TBF) and serum a-TOH and
urinary a-TOH metabolites using multivariable-adjusted
linear regression analyses adjusted for age and sex (Model
1). In Model 2, we additionally adjusted for diabetes
mellitus (yes/no), physical activity (MET-hours per week),
total energy intake (kJ/day), smoking behaviour (never/
former/current smoker) and alcohol intake (g/day), which
we considered as potential confounding factors.

To investigate whether abdominal fat was specifically
associated with serum a-TOH and urinary a-TOH metab-
olites, we assessed the association between VAT and aSAT
and serum a-TOH and urinary a-TOH metabolites in the
total study population. We adjusted the analyses for VAT
and aSAT for the aforementioned considered confounding
factors (Model 2). Additionally, VAT was adjusted for TBF
and aSAT for VAT (Model 3).

The levels of serum a-TOH and urinary a-TOH metab-
olites were not normally distributed and therefore ln-
transformed. To improve interpretability of the study re-
sults, we backtransformed all the beta coefficients from
the linear regression analyses towards a ratio with 95%
confidence interval. Furthermore, to be able to compare
the different measures of (abdominal) body fat, we stan-
dardized these measures to a standard normal distribution
(mean Z 0; SD Z 1). As a consequence, the results were
presented as the fold difference in outcome variable, with
corresponding 95% CI, per 1 SD of adiposity measure. As
such, a ratio 1.1 per 1 SD can be interpreted as a 1.1 times
higher outcome per 1 SD.

Additionally, we repeated all regression analyses strat-
ified by sex given the large differences in body composi-
tion between men and women, and to test for possible
effect modification by sex.

Results

Characteristics of study population

Characteristics of the study population are presented at
baseline for the total study population as well as stratified
by sex in Table 1. After excluding participants with missing
data, our study population comprised 511 participants
with a mean (SD) age of 55.9 (6.1) years, of whom 53%
were women and median (IQR) BMI was 25.4 (23.1, 27.9)
kg/m2. Women had a higher median [interquartile range]
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abdominal aSAT and more TBF than men (196 cm2 [158,
238] aSAT in men, 251 cm2 [191, 311] aSAT in women; 24%
[21,28] TBF in men, 36% [32, 40] TBF in women), whereas
men exhibited more VAT than women (101 cm2 [72, 139]
VAT in men, 57 cm2 [37, 94] VAT in women). Furthermore,
men had higher alcohol consumption than women. All
other studied characteristics were similar between men
and women.
Associations between body fat measures and serum a-
tocopherol

BMI, TBF and aSAT were not associated with levels of a-
TOH in serum (ratio: 1.00 [95% CI: 0.99, 1.01] per 1 SD BMI
for model 1; ratio: 1.00 [95% CI: 0.98, 1.02] per 1 SD TBF for
model 1; ratio: 1.00 [95% CI: 0.98, 1.01] per 1 SD aSAT for
model 1), which remained similar after full adjustment of
Table 1 Baseline characteristics of the NEO participants stratified by sex.

All (N Z 511)

Demography
Age (years) 56 (6)

Lifestyle factors
Energy intake (kJ/day) 9129 (7304, 11,07
Physical activitya (MET-h/week) 30 (17, 50)
Smoking
Current 56 (10.9%)
Former 242 (47.4%)
Never 213 (41.7%)

Diabetesb (yes) 77 (15.1%)
Menopause (women only)
Premenopause e

Perimenopause e

Postmenopause e

Vitamin E metabolites measurement
Serum (natural log-transformed)
a-tocopherol 19.7 (0.2)

Urinary
a-TLHQ-GLU (nmol/mmol creatinine) 1825 (1334, 2723
a-TLHQ- SO3 (nmol/mmol creatinine) 2.6 (1.6, 4.1)
a-CEHC- GLU (nmol/mmol creatinine) 92 (62, 139)
a-CEHC- SO3 (nmol/mmol creatinine) 166 (97, 298)
a-THLQ total (nmol/mmol creatinine) 1828 (1336, 2730
a-CEHC total (nmol/mmol creatinine) 266 (180, 429)
a-TLHQ/a-CEHC 7.1 (5.1, 9.9)
Ln (a-TLHQ/a-CEHC) 2.0 (1.6, 2.3)

Body fat measurements
BMI (kg/m2) 25 (23, 28)
Total body fat percentage (%) 31 (24, 37)
aSAT (cm2) 221 (172, 285)
VAT (cm2) 82 (49, 116)

Serum lipid levels
Total cholesterol (mmol/L) 5.7 (1.1)
HDL cholesterol (mmol/L) 1.6 (0.5)
LDL cholesterol (mmol/L) 3.6 (1.0)
Triglycerides (mmol/L) 1.2 (0.8)

Data are presented as mean (standard deviation) or median (interquartil
gorical variables.
BMI, body mass index; CEHC, carboxymethyl-hydroxychroman; GLU, gluc
adipose tissue; SO3, sulfate; TLHQ, tocopheronolactone hydroquinone; VA
a Excluding traveling between home-work and daily activities at home/
b Based on self-reported DM or medication usage.
the considered confounding factors (Fig. 1). However, we
observed associations of VAT with serum a-TOH, although
the effect sizes were small. Furthermore, upon adjustment
for covariates and TBF, higher VAT was not associated with
higher a-TOH (1.01 times [95% CI: 0.99, 1.04] per 1 SD VAT).
Associations between body fat measures and urinary a-
tocopherol metabolites

BMI was associated with lower levels of oxidized a-TOH
metabolites (TLHQ) (0.95 times [95% CI: 0.90, 1.00] per 1
SD BMI for model 1) and TBF showed a similar direction of
effect (0.94 times [95% CI: 0.88, 1.00] per 1 SD TBF for
model 1). Both associations remained similar after full
adjustment of the considered confounding factors (Fig. 2
and Supplementary Table 4). However, when stratified
for sex, we observed associations between BMI and TBF,
Male (N Z 239) Female (N Z 272)

56 (6) 56 (6)

8) 10,406 (8875, 12,145) 7959 (6681, 9533)
30 (17, 50) 30 (17, 47)

28 (11.7%) 28 (10.3%)
121 (50.6%) 121 (44.5%)
90 (37.7%) 123 (45.2%)
47 (19.7%) 30 (11.0%)

e 45 (16.5%)
e 67 (24.5%)
e 160 (58.8%)

19.7 (0.2) 19.7 (0.2)

) 1519 (1194, 2256) 2081 (1465, 3035)
2 (1.4, 3.1) 3.3 (2.2, 5.4)
83 (56, 119) 107 (69, 153)
137 (76, 231) 200 (121, 346)

) 1520 (1195, 2257) 2084 (1467, 3047)
223 (138, 356) 306 (214, 506)
7.6 (5.4, 10.5) 7.1 (4.8, 9.6)
2.0 (1.7, 2.4) 2.0 (1.6, 2.3)

26 (24, 28) 25 (22, 27)
24 (21, 28) 36 (32, 40)
196 (158, 238) 251 (191, 311)
101 (72, 139) 57 (37, 94)

5.6 (1.0) 5.9 (1.1)
1.3 (0.3) 1.8 (0.4)
3.6 (0.9) 3.6 (1.0)
1.4 (0.9) 1.0 (0.6)

e range) for numerical variables, and number (proportions) for cate-

uronide; MET, metabolic equivalent; aSAT, abdominal subcutaneous
T, visceral adipose tissue.
work.
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and TLHQ in women, but not in men. We observed no
association between BMI and TBF with the enzymatically
converted a-TOH metabolites (CEHC) (ratio: 1.02 [95% CI:
0.96, 1.08] per 1 SD BMI for model 1; ratio: 1.02 [95% CI:
0.94, 1.10] per 1 SD TBF for model 1). Separation of the
urinary metabolites into either glucuronide or sulphate
conjugates did not yield different associations between
BMI and the metabolites, or between TBF and the metab-
olites (Supplementary Table 5). The observed effect esti-
mates with TLHQ were somewhat larger in women than in
men (Supplementary Table 6).

Higher VAT was marginally associated with lower
levels of urinary TLHQ when adjusted for age and sex
(0.94 times [95% CI: 0.89, 0.99] for model 1). This asso-
ciation persisted when adjusted for all considered con-
founding factors, but attenuated after adjustment for
body fat percentage (Fig. 2 and Supplementary Table 4).
We observed no associations between VAT and CEHC
(ratio: 1.00 [95% CI: 0.92, 1.09] per 1 SD VAT for model 3).
Similar results were observed after separation of the
urinary metabolites into either glucuronide or sulphate
conjugates (Supplementary Table 5). In addition, the re-
sults were similar in women. Men, however, showed no
associations between VAT and a-TOH metabolites in any
model (Supplementary Table 6).

With respect to aSAT, no associations were observed
with levels of urinary a-TOH metabolites when adjusted
for all considered confounding factors (TLHQ, ratio: 1.02
[95% CI: 0.96, 1.09] per 1 SD aSAT for model 3; CEHC, ratio:
1.03 [95% CI: 0.96, 1.12] per 1 SD aSAT; model 3) (Fig. 1,
Supplementary Tables 3 and 4). Additionally, we observed
no associations between aSAT and TLHQ or CEHC in men
and women separately (Supplementary Table 5).
Figure 1 Associations between body fat measures and serum a-
tocopherol in the overall study population. Results are derived from
linear regression coefficients with 95% confidence interval (CI) and
were expressed as a one-SD change in body fat measures with corre-
sponding fold difference in log-transformed serum a-tocopherol con-
centration. Model 1: age and sex. Model 2: Model 1 þ diabetes (yes or
no), physical activity (MET hours/week), smoking habits (never smoke,
current smoker or former smoker), energy intake (kJ/day), alcohol
consumption (g/day), total cholesterol (mmol/L), and lipid lowering
medication. Model 3: Model 2 þ body fat percentage (%) for VAT,
or þ VAT for aSAT. BMI, body mass index; aSAT, abdominal subcu-
taneous adipose tissue; VAT, visceral adipose tissue.
Associations between body fat measures and the ratio of
urinary oxidized-to-enzymatically converted a-
tocopherol metabolites

In the analyses of the ratio of a-TOH metabolites, higher
BMI, TBF and VAT were associated with a lower TLHQ-to-
CEHC ratio (0.93 times [95% CI: 0.90, 0.98] per 1 SD BMI for
model 1; 0.93 times [95% CI: 0.87, 0.98] per 1 SD TBF for
model 1; 0.94 times [95% CI: 0.88, 1.00] per 1 SD VAT for
model 3), which remained similar after full adjustment of
the considered confounding factors (Fig. 1 and
Supplementary Table 3). The effect estimates for VAT were
somewhat larger in women than in men (Supplementary
Table 5). However, aSAT was not associated with ratio
TLHQ-to-CEHC after additional adjustment for VAT (ratio:
0.99 [95% CI: 0.93, 1.05] per 1 SD aSAT; model 3).

Discussion

In this cross-sectional study, we aimed to address the
associations between different measures of overall and
abdominal body fat, and serum a-tocopherol and urinary
a-tocopherol metabolite levels in 511 middle-aged in-
dividuals. The levels of urinary a-TOH metabolites were
also expressed as the amount of TLHQ relative to the
amount of CEHC as a measure of balance in the vitamin E
metabolism. When adjusted for considered confounding
factors, we observed weak associations between higher
BMI and lower urinary TLHQ metabolites in the total
study population. Additionally, higher BMI was moder-
ately associated with lower oxidized-to-enzymatic a-TOH
metabolite ratios. Results were similarly observed for TBF
and VAT, but no clear association was observed between
aSAT and the urinary a-TOH metabolites. These results
were generally observed in women and not in men
possibly due to the differences in body fat distribution
between men and women. In general, these results were
opposite to our original research hypothesis that
adiposity would result in increased levels of lipid perox-
ides to be scavenged by vitamin E to become vitamin E
metabolites.

The few studies that have investigated urinary a-TOH
metabolites suggest that the levels of excreted oxidized
metabolites of a-TOH are higher in cases of Alzheimer’s
disease and type 1 diabetes mellitus [6,9]. The discrep-
ancies may be explained by several factors, including study
design and population, sample size and used confounders.
Importantly, they investigated a much younger study
population than we used in the present study and had a
different disease outcome, which possibly explains the
discrepancy. In addition, Casati et al. analysed plasma to-
copherols instead of urinary alpha-tocopherol metabolites
[9]. In our study population, we observed that serum a-
TOH was not associated with body fat measures. Therefore,
the human body may not completely employ the circu-
lating a-TOH as antioxidant, which could explain the
discrepancy. Lastly, comparable studies included solely
patients in their study population, resulting in a relatively
small sample size [6,9].



Figure 2 Associations between body fat measures and urinary a-tocopherol metabolites in the general population. Results are derived from linear
regression coefficients with 95% confidence interval (CI) and were expressed as a one-SD change in body fat measures with corresponding fold
difference in log-transformed urinary a-tocopherol metabolites or ratio. Model 1: age and sex. Model 2: Model 1 þ diabetes (yes or no), physical
activity (MET hours per week), smoking habits (never smoke, current smoker or former smoker), energy intake (kJ/day) and alcohol consumption (g/
day). Model 3: Model 2 þ body fat percentage (%) for VAT, or þ VAT for aSAT. BMI, body mass index; CEHC, carboxymethyl-hydroxychroman; aSAT,
abdominal subcutaneous adipose tissue; TBF, total body fat; TLHQ, tocopheronolactone hydroquinone; VAT, visceral adipose tissue.
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In patients with the metabolic syndrome, it has previ-
ously been reported that the bioavailability of a-TOH was
decreased and the elimination of a-TOH was delayed when
compared to healthy adults [29]. Here, patients showed
lower plasma and urinary levels of the enzymatically
converted a-TOH metabolite, CEHC, independent of the
amount of co-ingested dairy fat. Considering the metabolic
syndrome and its associated higher rate of lipid peroxi-
dation associated with obesity [16e18], it is very plausible
that the over-produced oxidants outweigh the antioxi-
dants such as a-TOH, resulting in a higher demand of an-
tioxidants to balance the oxidative damage. To meet this
demand, the conversion of a-TOH may shift to non-
enzymatic oxidation, leading to a higher oxidized-to-
enzymatic turnover of a-TOH. Due to the lower lipid per-
oxidation in our relatively healthy population, however,
this metabolic shift may not occur, explaining the variation
in enzymatic conversion of a-TOH. Furthermore, given that
a-TOH is not the only antioxidant available in response to
ROS production, the possibility remains that other defence
mechanisms compensate for the compromised scavenging
function of a-TOH in obesity [30,31].

With respect to abdominal fat, our results suggest that
higher VAT is associated with a lower amount of excreted
a-TOH metabolites beyond TBF. The observed association
with only VAT and not aSAT suggests that excessive VAT
increases the demand of a-TOH as an antioxidant. These
observations agree with previous studies, which showed
that FFAs are primarily released by VAT due to its high
metabolic rate compared to aSAT [15]. Since FFAs are
believed to induce the production of ROS [11e14,19,32],
VAT may have a role in shifting the balance between
oxidants and antioxidants towards to oxidants. In addi-
tion, excessive VAT releases approximately two to three
times more interleukin 6 (IL-6), a pro-inflammatory
cytokine, than aSAT [33], which is a leading source of
oxidants [34,35]. Collectively, these findings advocate the
hypothesis that VAT increases the demand of the anti-
oxidant system function. However, the lower levels of
excreted TLHQ (nonenzymatic conversion of a-TOH)
requires additional studies to explain these findings with
the other findings.

One of the strengths of this study is the direct assess-
ment of abdominal fat with MRI in a relatively large study
population. In addition, the extensive phenotyping of the
NEO study allowed for adjustment of a wide range of
possible confounding factors. One of the other strengths of
this study is the application of liquid chromatography
coupled to tandem mass spectrometry to detect a-TOH
metabolites in 24-h urine, which is considered as an accu-
rate and reliable method [36]. However, the present study
also has a number of limitations. First, inherent to the
observational and cross-sectional design, it is impossible to
deduce either the direction or causality of the associations
between different measures of body fat and urinary a-TOH
metabolites from the presented results. Second, physical
activity and consumption of food and alcohol were self-
reported using questionnaires. Furthermore, we were not
able to derive data on intake of vitamin E or other antiox-
idants through habitual nutritional intake from the FFQ
data. Therefore, we were not able to correct for these fac-
tors, but adjusted for other factors related to health con-
sciousness (most notably total energy intake and alcohol
consumption) to capture as much confounding as possible
in these circumstances. However, we previously published
that vitamin E was uncorrelated to the vitamin E metabo-
lites [37] meaning that vitamin E status does not yield dif-
ferences in vitamin E conversion. Although being validated
extensively [27,28,38], self-reported information on life-
style, used for confounder adjustment, is susceptible to
recall bias and/or measurement error. And last, the anti-
oxidant system is extremely complex; it is well possible that
the possible lower antioxidant activity in individuals with
obesity are compensated by other antioxidative systems.

In conclusion, opposite to our research hypothesis, the
results from the present study suggest that higher levels of
overall and visceral fat were weakly associated with lower
levels of oxidized a-TOHmetabolites. This may reflect lower
vitamin E antioxidative activity in individuals with high
abdominal fat. These results were generally observed in



2414 F.L. Meulmeester et al.
women and not in men possibly due to the differences in
body fat distribution between men and women. Future
longitudinal studies are required to study this observation
in more detail.
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