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Objective: To assess whether adolescents with high body mass index (BMI), or fat mass index (FMI), in combination with insulin resistance
(assessed with the Homeostatic Model Assessment [HOMA] index), had also lower blood vitamin B6, folate and vitamin B12 concentrations.
Methods and materials: Six hundred and fifteen adolescents from the Healthy Lifestyle in Europe by Nutrition in Adolescence (HELENA) study,
with data on B-vitamins (both intakes and status), and BMI, FMI, HOMA, were selected. Intakes were assessed by two non-consecutive 24-h recalls.
B-vitamins biomarkers were measured by chromatography and immunoassay. Analysis of covariance was applied to elucidate the differences in
B-vitamins between combinations of groups defined according to the median of the z-scores of markers of body composition and insulin sensitivity.
Results: When considering energy intakes and education of the mother in the model, in females, vitamin B6 intakes were higher in the high BMI/
high HOMA group than in the high BMI-low HOMA group. Similarly, vitamin B6 intakes were higher in the high FMI/high HOMA group than in the
low FMI/low HOMA group. Plasma vitamin B12 was significantly lower in males in the high FMI/high HOMA group than in the low FMI/low HOMA
group, keeping also significant their trends throughout the groups, a fact that can be observed also for females (p < 0.05).
Conclusion: Adolescents with combined higher adiposity and higher HOMA insulin sensitivity showed lower vitamin B12 plasma concentrations.
These differences do not seem to be explained by dietary vitamin B12 intake.

Resumen
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Objetivo: evaluar si los adolescentes con mayor índice de masa corporal (IMC), o de masa grasa (IMG), en combinación con la resistencia a la insulina (medida con el Modelo de Valoración Homeostática [índice HOMA]), ingieren y tienen valores más bajos de vitamina B6, folato y vitamina B12.
Métodos y materiales: seiscientos quince adolescentes participantes en el estudio Healthy Lifestyle in Europe by Nutrition in Adolescence
(HELENA), con valores de ingesta y concentraciones de las vitaminas B6, folato y B12, e IMC, IMG y HOMA, fueron seleccionados. Las ingestas se
midieron mediante dos recuerdos de 24 horas no consecutivos. Los biomarcadores de las vitaminas fueron obtenidos mediante cromatografía e
inmunoensayo. Se aplicó el análisis de la covarianza para evaluar las diferencias entre las vitaminas (ingesta y concentraciones) entre las combinaciones de los grupos definidos según las medianas de los valores z de los marcadores de la composición corporal y de la sensibilidad a la insulina.
Resultados: considerando la ingesta energética y la educación de la madre en el modelo en chicas, las ingestas de vitamin B6 fueron mayores
en el grupo de mayor IMC/mayor HOMA que en el grupo mayor IMC/menor HOMA. Del mismo modo, el grupo constituido por mayor IMG/mayor
HOMA presentó mayores ingestas de esta vitamina que el grupo formado por la combinación entre menor IMG/menor HOMA. La vitamina B 12
plasmática en chicos fue significativamente menor en el grupo formado por mayor IMG/mayor HOMA que en el grupo menor IMG/menor HOMA,
manteniendo también la tendencia significativa en los grupos, lo que también se puede observar en las chicas (p < 0.05).
Conclusiones: los adolescentes con mayor adiposidad en combinación con una mayor sensibilidad a la insulina mostraron menores valores de
vitamina B12 plasmática. Estas diferencias no parecen estar explicadas por diferencias en la ingesta de vitamina B12.
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ASSOCIATIONS BETWEEN INSULIN RESISTANCE AND THREE B-VITAMINS IN EUROPEAN ADOLESCENTS:
THE HELENA STUDY
INTRODUCTION
Prevalence of overweight and obesity in European children
ranges between 10 and 40 percent among European adolescents
(1), while obesity is currently considered as the fifth leading risk
for global deaths (2). Aside genetics, inadequate lifestyle factors
like unhealthy dietary habits and/or insufficient physical activity
are the main attributable causes of both overweight and obesity
(3). Childhood obesity has been shown to be accompanied by
low micronutrient intake and micronutrient deficiencies (4). For
instance, obesity has been related to low iron intake in children
and adolescents in a study developed in Israel (5), where obese
children and adolescents showed a higher prevalence of iron deficiency or even iron deficiency anemia than non-obese.
The body mass index (BMI) is the most widely used height-normalized index for the screening of excess body fat, also in adolescents, but it can be criticized since it does not discriminate
between lean- and fat-mass (6). Measurement of skinfolds thickness allows an estimation of subcutaneous adipose tissue deposition and, thus, the use of the fat mass index (FMI = kg fat mass/
m2) instead of the BMI for classifying obesity status in children
(6). Obesity is often associated with hyperinsulinism and insulin
resistance, which over time can develop into in glucose intolerance, impaired β-cell function and diabetes mellitus type 2 (7).
Vitamin B12 is a crucial nutrient present in animal products (8).
Its main roles are linked with the cognitive function, bone health,
and deoxyribonucleic acid (DNA)-replication during periods of rapid growth and development like childhood and adolescence (9,10).
An optimal vitamin B12 status during early life stages is essential
in preventing future health risks like anemia (9). Besides, vitamin
B12 deficiency contributes to hyperhomocysteinemia, which is an
independent risk factor for atherosclerotic disease (11). Sub-clinical deficiencies of vitamin B12 status are not uncommon during
adolescence and in high risk population groups like vegans or
vegetarians, elderly or low-resource people (12).
Low vitamin B12 status can be due to gut malabsorption syndromes, pernicious anemia (13), or secondary malabsorption
produced by metformin therapy, an insulin sensitizer used for the
treatment of type 2 diabetes and insulin resistance in adolescents
(14,15).
A recent paper based on the HELENA study reported levels of
B-related vitamins, such as B6, folate and B12 (16), in which 2%
of studied adolescents had low plasma vitamin B12 and 5% had
low holotranscobalamin (HoloTC) concentrations. Besides, low
concentrations of both plasma folate (PF) and red blood cells
(RBC-folate) were identified in 10% of the HELENA adolescents,
and low pyridoxal-phosphate (PLP) concentrations were also identified in 5% of them.
A recent Australian study with obese adolescents (13) called for
investigation of the associations between vitamin B12 status and
insulin sensitivity, including also dietary intakes. Consequently, this
study aims to assess whether adolescents with higher body mass
index (BMI) or fat mass index (FMI), in combination with higher
insulin sensitivity (high Homeostatic Model Assessment [HOMA]
index) had also lower B-vitamins concentrations.
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To our knowledge, this is the first study in European adolescents assessing the association between B-vitamins intake and
concentrations and insulin sensitivity, considering indicators of
body composition like BMI or FMI.
METHODS AND MATERIALS
The multicenter and cross-sectional study Healthy Lifestyle in
Europe by Nutrition in Adolescence (HELENA-CSS) recruited adolescents aged 12.5-17.5 years, from ten cities from nine European countries: Athens and Heraklion, in Greece; Dortmund, in Germany; Ghent, in Belgium; Lille, in France; Pécs, in Hungary; Rome,
in Italy; Stockholm, in Sweden; Vienna, in Austria; and Zaragoza,
in Spain. The purpose of the study was to provide complete and
reliable information about the nutritional status of European adolescents (17). Inclusion criteria were: not participating simultaneously in another clinical trial and being free of any acute infection
occurring < one week before inclusion (18). The total number of
participants was 3,528, with an average participation rate of 67%,
which can be considered as acceptable for such a demanding
epidemiological study (19). In one third of the sample in each
study center (1,076 adolescents), blood drawing was obtained.
Participants from Heraklion and Pécs (7% of the total sample)
did not provide comparable dietary data. For the purposes of this
analysis, 615 adolescents were included, having complete data on
BMI, skinfold thickness to calculate FMI, maternal education, vitamin B6, folate and vitamin B12 intakes and biomarkers, and having
the HOMA index for insulin sensitivity or resistance excluding also
outliers (for biochemical measurements, outliers were considered
when values were ± four standard deviations from the mean).
Further details on the HELENA sampling procedures, pilot study
and reliability of the data have been published elsewhere (19).
Informed consent was obtained from all participants and their
parents, and the protocol was approved by the Human Research
Review Committees of the corresponding centers (20).
ASSESSMENT OF VITAMIN B6, FOLATE,
VITAMIN B12 AND ENERGY INTAKES
Vitamin and energy intakes were assessed using the computerized 24-hour recall, self-administered HELENA-Dietary
Assessment Tool (HELENA-DIAT), adapted for European adolescents from the Young Adolescents’ Nutrition Assessment on
Computer (YANA-C) software (21). The adolescents completed
the 24-hour recalls twice in a fortnight period. Trained staff were
present during completion (21). Obtained data was linked to the
German Food Code and Nutrient Data Base (BLS [Bundeslebensmittelschlüssel], version II.3.1, 2005), with 12,000 coded foods,
and with up to 158 nutrient data points available for each food
item (21). When traditional or local foods were not available in the
BLS table, recipes were composed using foods from the BLS as
ingredients. The Multiple Source Method (MSM) (22) was applied
to calculate usual nutrient intakes removing the effect of day-to-
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day within-person variation and random error in the two recalls.
B-vitamins diet densities were calculated as follows: (amount of
B-vitamin intake per 1,000 kcal of diet/recommendation of the
corresponding B-vitamin intake based on the Institute of Medicine recommendations) *100. Recommendations for vitamin B6
intakes are 1,300 µg in males and 1,200 µg in females; for
folate, 400 µg in males and females; and for vitamin B12 2.4 µg
in both sexes (9).
ASSESSMENT OF VITAMIN B6, FOLATE AND
VITAMIN B12 BIOMARKERS CONCENTRATIONS
In schools, early in the morning, and in fasting status, 30 ml
of blood were drawn according to a standardized blood collection protocol by a certified phlebotomist. More details on sample
transport and quality assurance can be found elsewhere (23).
For the measurement of pyridoxal 5’phosphate (PLP), biomarker of vitamin B6, ethylene diamine tetraacetic acid (EDTA) whole
blood was centrifuged at 3,500 g for 15 min. The supernatants
were stored at -80 °C until analyzed. PLP was measured by high
performance liquid chromatography (HPLC) (Varian Deutschland
GmbH, Darmstadt, Germany; coefficient of variation [CV] = 1%)
with a modified method of Kimura et al. (16,24).
For the measurement of plasma folate and plasma vitamin B12,
heparinized tubes were collected, placed immediately on ice, and
centrifuged within 30 min (3,500 g for 15 min). The supernatant fluid was transported at a stable temperature of 4-7 °C to
the central laboratory at the University of Bonn (IEL-Institut fuer
Ernährungs [und Lebensmittelwissebschaften], Germany) and
stored at 80 °C until assayed. After measuring hematocrit in situ,
EDTA whole blood was used for the red blood cell folate (RBC-folate) analysis. EDTA whole blood was diluted 1:5 with freshly prepared 0.1% ascorbic acid for cell lysis and incubated for 60 min
in the dark before storage at 80 °C. Plasma and RBC-folate and
plasma vitamin B12 were measured by means of a competitive
immunoassay using the Immunolite 2000 analyzer (DPC Biermann
GmbH, Bad Nauheim, Germany) (CV for plasma folate = 5.4%,
RBC folate = 10.7%, cobalamin = 5.0%) (23). Sera for measuring
holotranscobalamin (HoloTC) were obtained by centrifuging blood
collected in evacuated tubes without anticoagulant at 3,500 g for
15 min within one hour. Once send to the central laboratory, sera
were aliquoted and stored at 80 °C until transport in dry ice to
the biochemical lab at the Universidad Politécnica de Madrid for
analysis (laboratory number 242 of the Laboratory Network of the
Region of Madrid). HoloTC was measured by microparticle enzyme
immunoassay (Active B12 Axis-Shield Ltd., Dundee, Scotland, UK)
with the use of AxSym (Abbot Diagnostics, Abbott Park, IL, USA)
(CV = 5.1%) (25).
Glucose was measured using enzymatic methods (Dade Behring, Schwalbach, Germany). Insulin levels were measured using
an Immulite 200 analyzer (DPC Bierman GmbH, Bad Nauheim,
Germany). The homeostasis model assessment (HOMA) calculation was used as a measurement of insulin resistance (glycaemia
X insulin/22.5) (26).
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CONFOUNDERS
Maternal education was used as proxy of socioeconomic status,
obtained via self-administered questionnaire completed by the adolescents and expressed as: elementary, lower secondary, higher secondary or tertiary education. This variable was one of the most related
socioeconomic factors associated with the studied vitamins (27). Total
energy intake in kcal/d assessed with the 24 hours’ dietary recalls
software HELENA-DIAT was also used as a covariate in the analyses.
ANTHROPOMETRY
Anthropometry battery measurements were assessed following standardized and strictly controlled procedures previously
described (28). Weight was measured in underwear and without
shoes with an electronic scale (Type SECA 861) to the nearest
0.05 kg, and height was measured barefoot in the Frankfort plane
with a telescopic height measuring instrument (Type SECA 225)
to the nearest 0.1 cm. Body weight and height, together with
subscapular and tricipital skinfold thicknesses, were measured
in triplicate. BMI was calculated using the Quetelet formula (kg/
m2). The body fat percentage was calculated using the Slaughter’s
equation (29), and thereafter the fat mass index (FMI) was calculated by dividing fat mass by height squared (m2).
STATISTICAL ANALYSIS
The Statistical Package for Social Sciences version 20.0 (SPSS
Inc., Chicago, IL, USA) was used to analyze the data. All analyses
were sex-specific. Descriptive data are presented as means and
standard deviations (SD). Z-scores of BMI and FMI, and HOMA considering age and sex were used in the analyses. The Mann-Whitney
test for non-parametric variables was applied to examine differences between two predefined groups, i.e., above or under the median of the z-scores for BMI, FMI, and HOMA. Thereafter, obtained
categories were combined to create four subsequent groups to
analyze intakes and statuses of the vitamins: low BMI (or FMI) - low
HOMA (the most favorable group in terms of body composition and
insulin sensitivity); low BMI (or FMI) - high HOMA; high BMI (or FMI)
- low HOMA; and, finally, high BMI (or FMI) - high HOMA (the less
favorable group). The Kruskal-Wallis test was applied to look at the
differences in B-vitamin intakes and biomarkers among groups,
with a Mann-Whitney test approach to contrast values 2 x 2. Finally,
maternal education and total energy intakes were included in the
analysis of covariance (ANCOVA) as covariates. All statistical tests
and corresponding p values were two-sided, and p < 0.05 was the
cut-off to consider a result as statistically significant.
RESULTS
In the whole HELENA sample males represented 45%, and this
percentage is significantly lower than in our analysis, where males
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represented the 47% (p = 0.004). In terms of maternal education,
included males and females showed significantly higher maternal
education levels than those who were excluded (data not shown)
(p < 0.001). Males included in the dietary analysis had significantly lower energy intake (p = 0.001) than those excluded; no
significant differences were observed in females. There was no
statistically significant difference in biomarkers of all three vitamins between the samples included and excluded (based on the
inclusion criteria and required data availability).
Table I presents the main characteristics of the sample, by sex. FMI
and HOMA were significantly higher in females than in males whilst
total energy intake was lower (p < 0.05). Table II presents adolescents’
B-vitamins intakes and biomarkers by the corresponding groups based
on the median z-scores of variables of interest (BMI, FMI, and HOMA).
Adolescents with low BMI, HOMA and FMI z-scores consumed more
B-vitamins than those with high BMI, HOMA and FMI z-scores, except
in the case of males with low HOMA, who had lower folate intakes.
Considering biomarkers, adolescents with lower BMI, FMI and HOMA
showed higher B-vitamins levels, except in the case of males belonging
to the low HOMA group, who had lower RBC-folate concentrations than
their counterparts in the higher HOMA group (p < 0.05).
Table III shows the differences in B-vitamins both in intakes
and concentrations among the groups defined by the subsequent
categories of < median and > median of BMI, FMI, and HOMA
z-scores considered in combination, without any additional adjustment. All in all, results showed that adolescents belonging to the
less favorable groups (high BMI-or FMI-/high HOMA) had lower
B-vitamins intake and concentrations, and also lower total energy
intakes. However, when an analysis of the covariance was performed to introduce in the model the covariates of education of the
mother and total energy intake, most of the statistically significant
differences among groups disappeared.
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Table IV shows similarly, the adjusted results of the table II (by
energy intakes, and maternal education). In females, vitamin B6
intakes were higher in the high BMI/high HOMA group than in the
high BMI/low HOMA group (p < 0.05). Similarly, the high FMI/high
HOMA group vitamin B6 intakes were higher than in the low FMI/
low HOMA group. Plasma vitamin B12 in males were significantly
lower in the high FMI/high HOMA than in the low FMI/low HOMA
group, keeping also significant their trends throughout the groups,
which can be observed also for females (p < 0.05). These trends
can be followed in figure 1.
DISCUSSION
To the authors’ knowledge, this is the first study to examine the
association between B-vitamin intakes and the corresponding biomarker concentrations and insulin resistance according to markers
of body composition such as body mass index and fat mass index in
European adolescents. The results suggest an association between
higher adiposity together with higher insulin sensitivity and plasma
vitamin B12 concentrations, showing the lowest vitamin B12 plasma
concentrations in those adolescents with higher levels of adiposity
combined with higher HOMA insulin sensitivity. Three B-vitamins
intake and status corresponding to vitamin B6, folate and vitamin
B12 have been investigated in this study, and we have obtained
several differences in them in different groups constituted by the
combinations between BMI, FMI and HOMA categories. However,
intake of vitamin B6 and plasma vitamin B12 was the only for which
a difference was found for categories of the mentioned groups when
education of the mother and energy intake was taken into account.
The prevalence of insufficient vitamin B12 biomarker levels in
this sample of European adolescents is low (5% based on HoloTC

Table I. Characteristics of the participants by sex
Characteristics
Age*

Males (n = 281), mean ± SD

Females (n = 334), mean ± SD

p-values

14.8 ± 1.3

14.8 ±1.2

0.71

2

BMI (kg/m )

20.9 ± 3.6

21.2 ± 3.3

0.12

FMI (kg fat mass/m2)

12.6 ± 9.2

15.0 ± 6.8

0.03

HOMA

2.0 ± 1.2

2.2 ± 1.2

< 0.00

Energy intake (kcal/d)*

2,523 ± 816

1,892 ± 544

< 0.00

Vitamin B6 diet density (%)*

57.2 ± 14.8

64.8 ± 16.3

< 0.00

Folate diet density (%)*

21.8 ± 5.8

24.4 ± 6.5

< 0.00

104.4 ± 33.5

104.0 ± 38.0

0.43

ME: Low education (n, %)

17 (6)

29 (9)

0.17

ME: Medium-low education (n, %)

60 (21)

83 (25)

ME: Medium-high education (n, %)

92 (33)

115 (34)

ME: High education (n, %)

112 (40)

107 (32)

Vitamin B12 diet density (%)*

BMI: Body mass index; FMI: Fat mass index; HOMA: Homeostasis Model Assessment; ME: Maternal education. B-vitamins diet densities were calculated as follows:
(amount of B-vitamin intake per 1,000 kcal of diet/recommendation of the corresponding B-vitamin intake based on the Institute of Medicine recommendations) *100.
Recommendations for vitamin B6 intakes are 1,300 µg for males and 1,200 µg for females; for folate, 400 µg in males and females; and for vitamin B12, 2.4 µg in both
sexes. p-values in bold are the only significant ones, based either in Mann-Whitney test or t-test* at 0.05 level two-sided.
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Table II. B-vitamin intakes and concentrations and the groups established by
the medians of the sex-specific z-scores of body mass index, fat mass index and
Homeostasis Model Assessment index stratified by sex
B-vitamins

Intakes
Vitamin B6 (µg/d)
Vitamin B6 diet
density (%)
Folate (µg/d)
Folate diet density (%)
Vitamin B12 (µg/d)
Vitamin B12 diet
density (%)
Status
PLP (pmol/l)
PF (nmol/l)
RBC-folate (nmol/l)
Plasma B12 (pmol/l)
HoloTC (pmol/l)

Intakes
Vitamin B6 (µg/d)
Vitamin B6 diet
density (%)
Folate (µg/d)
Folate diet density (%)
Vitamin B12 (µg/d)
Vitamin B12 diet
density (%)
Status
PLP (pmol/l)
PF (nmol/l)
RBC-folate (nmol/l)
Plasma B12 (pmol/l)
HoloTC (pmol/l)

Intakes
Vitamin B6 (µg/d)
Vitamin B6 diet
density (%)
Folate (µg/d)
Folate diet density (%)

< median of BMI
z-score^ (n =
140)
Mean ± SD

Males
> median of BMI
z-score^ (n =
141)
Mean ± SD

p-value

< median of BMI
z-score^ (n =
167)
Mean ± SD

Females
> median of BMI
z-score^ (n =
167)
Mean ± SD

p-value

1,925 ± 608

1,725 ± 577

0.01

1,508 ± 511

1,385 ± 446

0.02

56.0 ± 13.5

58.4 ± 16.0

0.25

61.8 ± 15.3

67.9 ± 16.8

0.00

222 ± 73.2
21.0 ± 4.8
6.6 ± 2.4

206 ± 69.5
22.7 ± 6.6
5.8 ± 2.5

0.11
0.04
0.00

189 ± 57.2
23.5 ± 5.6
4.8 ± 1.6

172 ± 56.2
25.4 ± 7.2
4.4 ± 1.7

0.01
0.01
0.00

104.5 ± 32.6

104.4 ± 34.5

0.92

99.9 ± 30.9

108.1 ± 43.7

0.13

67.3 ± 42.0
69.3 ± 47.4
18.6 ± 9.4
18.2 ± 11.4
818 ± 328
827 ± 433
358 ± 143
318 ± 115
66.1 ± 36.9
64.5 ± 27.4
< median of FMI > median of FMI
z-score (n = 140) z-score (n = 141)

0.75
0.29
0.47
0.04
0.64

63.7 ± 80.3
62.0 ± 44.4
18.8 ± 9.3
17.8 ± 10.1
772 ± 305
761 ± 311
403 ± 154
355 ± 159
64.8 ± 36.1
65.7 ± 36.6
< median of FMI > median of FMI
z-score (n = 167) z-score (n = 167)

0.58
0.09
0.67
0.00
0.82

1,910 ± 606

1,740 ± 585

0.01

1,466 ± 458

1,426 ± 506

0.31

54.8 ± 12.9

59.6 ± 16.3

0.03

62.1 ± 15.7

67.6 ± 16.5

0.02

222 ± 72.8
20.8 ± 4.9
6.7 ± 2.5

206 ± 70.0
22.9 ± 6.4
5.7 ± 2.4

0.07
0.01
< 0.00

185 ± 56.0
23.6 ± 4.9
4.7 ± 1.5

176 ± 57.7
25.3 ± 7.1
4.5 ± 1.8

0.10
0.02
0.15

104.4 ± 33.6

104.4 ± 33.6

0.95

104.4 ± 33.6

10.4.4 ± 33.6

0.13

65.5 ± 41.7
18.5 ± 9.5
825 ± 335
362 ± 144
67.6 ± 38.4
< median of
HOMA z-score
(n = 140)

71.1 ± 47.3
18.3 ± 11.2
820 ± 428
313 ± 113
63.0 ± 24.7
> median of
HOMA z-score
(n = 141)

0.24
0.49
0.40
0.01
0.76

67.1 ± 81.4
19.1 ± 10.1
787 ± 311
403 ± 165
66.2 ± 38.3
< median of
HOMA z-score
(n = 167)

58.4 ± 41.0
17.5 ± 9.3
746 ± 304
355 ± 147
64.4 ± 34.3
> median of
HOMA z-score
(n = 167)

0.60
0.07
0.14
0.01
0.99

1,868 ± 620

1,781 ± 579

0.20

1,431 ± 459

1,461 ± 506

0.88

56.2 ± 14.2

58.1 ± 15.4

0.29

62.5 ± 15.7

67.1 ± 16.6

0.01

212 ± 70.4
20.8 ± 5.1

216 ± 73.2
22.9 ± 6.3

0.84
0.00

184 ± 57.4
24.2 ± 6.6

178 ± 57.0
24.7 ± 6.5

0.41
0.42

(Continuation in the next page)
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Table II (Cont.). B-vitamin intakes and concentrations and the groups established by
the medians of the sex-specific z-scores of body mass index, fat mass index and
Homeostasis Model Assessment index stratified by sex
B-vitamins

Intakes
Vitamin B12 (µg/d)
Vitamin B12 diet
density (%)
Status
PLP (pmol/l)
PF (nmol/l)
RBC-folate (nmol/l)
Plasma B12 (pmol/l)
HoloTC (pmol/l)

< median of
HOMA z-score
(n = 140)

Males
> median of
HOMA z-score
(n = 141)

< median of
HOMA z-score
(n = 167)

Females
> median of
HOMA z-score
(n = 167)

6.5 ± 2.7

5.9 ± 2.2

0.04

4.6 ± 1.7

4.5 ± 1.7

0.65

105.5 ± 35.0

103.3 ± 32.1

064

101.5 ± 37.4

106.4 ± 38.6

0.18

67.4 ± 42.0
18.9 ± 10.7
815 ± 395
354 ± 132
70.1 ± 40.4

69.1 ± 47.3
17.9 ± 10.1
829 ± 373
322 ± 129
60.5 ± 20.6

1.0
0.43
0.74
0.03
0.17

67.5 ± 79.1
19.6 ± 10.4
766 ± 285
397 ± 160
67.8 ± 40.1

58.2 ± 46.3
17.0 ± 8.9
766 ± 329
361 ± 154
62.8 ± 32.1

0.24
0.00
0.70
0.03
0.33

BMI: Body mass index; FMI: Fat mass index; HOMA: Homeostasis Model Assessment; PLP: Pyridoxal phosphate; PF: Plasma folate; RBC-folate: Red blood cell
folate; HoloTC: Holotranscobalamin; SD: Standard deviation. B-vitamins diet densities were calculated as follows: (amount of B-vitamin intake per 100 kcal of diet/
recommendation of the corresponding B-vitamin intake based on the Institute of Medicine recommendations) *100. Recommendations for vitamin B6 intakes are
1,300 µg for males and 1,200 µg for females; for folate, 400 µg in males and females; and for vitamin B12, 2.4 µg in both sexes. p-value based on Mann-Whitney
non-parametric test. Statistical significance at 0.05 two-sided level. ^Sex-specific z-scores of BMI, FMI and HOMA were adjusted by age.

Table III. Differences of B-vitamin intakes and biomarkers concentrations by resulting
combination groups between z-scores of body mass index and fat mass index against
z-scores of insulin resistance (HOMA) index
Males

Energy
intake
(mean, SD)

BMI by HOMA (n)
Low BMI-low
2,659 ± 783a
HOMA (91)
Low BMIhigh HOMA
2,763 ± 893
(49)
High BMI-low
2,502 ± 800
HOMA (49)
High BMI-high
2,273 ± 757a
HOMA (92)
p-value
< 0.00
FMI by HOMA (n)
Low-FMI-low
2,660 ± 770a
HOMA (86)
Low FMI-high
2,843 ± 952
HOMA (54)
High FMI-low
2,504 ± 822
HOMA (54)
High FMI-high
2,223 ± 677a
HOMA (87)
p-value
< 0.00

Vitamin
B6 (mean,
SD)

Folate
(mean,
SD)

Vitamin
B12
(mean,
SD)

1,910 ± 618a

215 ± 71

6.7 ± 2.4ab 65.7 ± 40.8

PLP
(mean,
SD)

PF (mean,
SD)

RBCfolate
(mean,
SD)

Plasma
B12 (mean,
SD)

HoloTC
(mean,
SD)

18.3 ± 8.7

782 ± 300

366 ± 142a

70.3 ± 43.5

1,953 ± 596 236 ± 77.0

6.3 ± 2.4

70.3 ± 44.4 19.1 ± 10.5

882 ± 370

342 ± 147

58.5 ± 17.6

1,791 ± 552 208 ± 70.4

6.1 ± 3.1a

70.8 ± 44.6 20.0 ± 13.7

877 ± 525

330 ± 111

69.7 ± 34.6

1,689 ± 552a 206 ± 69.5

5.6 ± 2.1b

68.5 ± 49.0

17.3 ± 9.9

801 ± 373

311 ± 117a

61.6 ± 22.1

0.01

0.97

0.64

0.55

0.08

0.44

18.5 ± 9.1

778 ± 296

366 ± 141a

71.5 ± 44.7

357 ± 149.0 60.4 ± 20.7

0.03

0.19

1,903 ± 628a 215 ± 69.1 6.8 ± 2.5ab 65.5 ± 41.1
1,921 ± 569 235 ± 78.1

6.4 ± 2.4

65.6 ± 43.5 18.6 ± 10.4

908 ± 385

1,805 ± 605 208 ± 73.1

6.0 ± 2.9a

71.1 ± 44.0 19.7 ± 13.2

882 ± 525

332 ± 113

67.5 ± 30.7

1,704 ± 574a 206 ± 68.6

5.6 ± 2.0b

71.0 ± 49.3

17.5 ± 9.9

785 ± 361

302 ± 112a

60.6 ± 20.7

0.00

0.68

0.83

0.21

0.02

0.57

0.06

0.17

(Continuation in the next page)
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Table III (Cont.). Differences of B-vitamin intakes and biomarkers concentrations by
resulting combination groups between z-scores of body mass index and fat mass index
against z-scores of insulin resistance (HOMA) index
Females

Energy
intake
(mean, SD)

Vitamin
B6 (mean,
SD)

Folate
(mean,
SD)

Vitamin
B12
(mean,
SD)

BMI by HOMA (n)
Low BMI-low
2,045 ± 483ab 1,511 ± 488a 194 ± 52.4ab 4.8 ± 1.6ab
HOMA (100)
Low BMI-high
2,043 ± 544 1,502 ± 546 181 ± 63.4 4.8 ± 1.5
HOMA (67)
High BMI-low
1,762 ± 449a 1,312 ± 386a 168 ± 61.5a 4.3 ± 1.7a
HOMA (67)
High BMI-high
1,727 ± 595b 1,433 ± 478 175 ± 52.6b 4.4 ± 1.7b
HOMA (100)
p-value
< 0.00
0.05
0.01
0.02
FMI by HOMA (n)
Low FMI-low
1,995 ± 437ab 1,466 ± 417 189 ± 51.1 4.7 ± 1.5
HOMA (102)
Low FMI-high
1,995 ± 554 1,467 ± 520 180 ± 64.1 4.7 ± 1.5
HOMA (65)
175.4 ±
High FMI-low
4.5 ± 1.9
1,832 ± 550a 1,377 ± 517
65.7
HOMA (65)
High FMI-high
1,764 ± 604b 1,457 ± 499 176 ± 52.3 4.5 ± 1.7
HOMA (102)
p-value
< 0.00
0.64
0.24
0.54

PLP
(mean,
SD)

PF (mean,
SD)

RBCfolate
(mean,
SD)

Plasma
B12 (mean,
SD)

HoloTC
(mean,
SD)

64.7 ±
94.4a

19.7 ± 9.3ab

779 ± 290

418 ± 149ab

67.2 ± 33.7

62.2 ± 54.4

17.5 ± 9.2a

760 ± 329

380 ± 159

61.3 ± 39.5

71.6 ±
49.1a

19.4 ± 11.9

747 ± 280

366 ± 172a

68.8 ± 48.3

55.5 ± 39.9

16.7 ± 8.7b

770 ± 331

348 ± 151b

63.7 ± 26.6

0.04

0.02

0.95

0.00

0.47

70.0 ± 94.7 19.9 ± 10.4a 790.7 ± 294

421 ± 159abc 67.6 ± 35.4

63.4 ± 56.1

17.8 ± 9.7

780 ± 339

374 ± 157a

63.9 ± 42.6

64.2 ± 44.6

19.0 ± 10.4

728 ± 268

359 ± 156b

68.1 ± 46.8

54.8 ± 38.3

16.6 ± 8.4a

757 ± 324

353 ± 142c

62.0 ± 23.4

0.35

0.02

0.51

0.01

0.57

BMI: Body mass index; HOMA: Homeostasis Model Assessment; FMI: Fat mass index; PLP: Pyridoxal phosphate; PF: Plasma folate; RBC-folate: Red blood cell folate;
HoloTC: Holotranscobalamin; SD: Standard deviation. p-value based on Kruskal-Wallis non-parametric test. Statistical significance was established at 0.05 two-sided
level. Superscripts letters represent those groups with statistical significant differences. Post hoc comparisons between groups have been established based on
Mann-Whitney test. Statistical significance critical value established at 0.0167 two-sided level (resulting from dividing 0.05/3 comparisons with the reference category
of “low BMI (or FMI)-low HOMA” which represents the more favorable option).

and 2% based on serum B12) (30), and corresponds approximately
to the prevalence of inadequate vitamin B12 intakes reported previously (2.9% in males and 6.0% in females) (8) in a larger sample
of the same adolescents. In other studies performed in Australia
and Canada, the percentage of adolescents identified with low
or borderline B12 status was higher than the one reported in our
European adolescents (respectively, 32.1% in obese adolescents
in the study from Australia (13), or 13.7% in all children and
adolescents and 20.4% only in obese children and adolescents
reported in the Canadian survey (31) using the same cut-points as
in the Australian study). However, these percentages of low vitamin
B12 status refer exclusively to overweight/obese adolescents, and
this could be the cause of such big differences with ours.
In our sample, 23.3% (32) of the adolescents were classified
as overweight or obese. Even with these differences in rates of
overweight/obesity and deficiency or not of vitamin B12 between
our study and the Australian study (13), our results confirm the
association between lower levels of vitamin B12 and higher HOMA

and FMI. Besides, this negative association between vitamin B12
plasma levels and values of insulin sensitivity and body composition markers are likely reproducible for other micronutrients (total
carotenoids, alpha-carotene, beta-carotene, beta-cryptoxanthin,
lutein/zeaxanthin, lycopene, vitamin E, vitamin C, selenium, vitamin A, vitamin D, folate, vitamin B12, and RBC-folate), as reported
in a study of US adults (33).
There are no previous studies investigating the same associations in a similar population group. Nevertheless, previous
studies (4,13,31) focused on obese adolescents or wide general
population groups have also found that higher BMI z-scores were
associated with lower vitamin B12 concentrations, with no significant gender effect.
There are several mechanisms which might explain this
observation. For instance, adolescents have increased nutrient
requirements secondary to increased growth and body size (34).
Another reason is that adolescents with high BMI are thought to
have diets with low micronutrient density. In our study, we found
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F and p-values

0.32

0.2

4.4

0.71

4.8

4.5

4.5

4.5

0.66

4.7

0.1

0.55

0.1

0.2

0.2

0.1

0.58

0.1

0.2

0.2

2.89

306a

338

355

361a

2.17

315

330

339

364

46.1
62.6
62.4
46.1
0.98
46.4
62.2
61.8
46.5
0.61

1,832
1,834
1,803
1,823
0.06

1,817
1,759
1,827
1,866
0.61

1,393a
1,408
1,409
1,547a
3.68

1,409
1,416
1,385a
1,544a
3.57

65.9
69.7
71.3
68.3
0.16
65.8
64.7
71.2
71.1
0.31

36.5
44.3
44.0
36.8
0.02
35.8
44.9
44.7
36.3
0.01

5.0
7.0
6.9
5.1
0.82

4.9
6.8
7.0
5.1
0.93
68.9
62.4
64.8
55.9
0.59

63.6
60.8
72.3
57.1
0.70
6.7
8.3
8.5
6.9
0.62

6.9
8.2
8.3
6.9
0.55

416

205
215
211
225
2.30

207
221
208
222
1.79

5.5
7.4
7.3
5.5
0.08

5.5
7.4
7.4
5.5
0.15

181
173
178
186
1.22

183
171
176
188
2.18

4.5
5.6
5.6
4.5
0.30

4.6
5.5
5.5
4.6
0.09

Females
Mean SE

Folate intakes (µg/d)

2.94

360

13.8
0.04

361

352

426

1.78

362

352

373

1.73

61.7

68.4

59.3

70.5

1.85

62.5

69.2

57.9

70.1

Mean

Males

18.7
18.6
19.5
17.3
0.53

18.7
19.2
19.7
17.0
0.88

1.1
1.5
1.5
1.1
0.66

1.1
1.5
1.5
1.1
0.45

Males
Mean SE

19.8
17.8
19.0
16.6
1.91

19.6
17.3
19.4
16.9
1.69

1.0
1.2
1.2
1.0
0.13

1.0
1.2
1.2
1.0
0.17

Females
Mean SE

65.1

3.8

0.91

3.7

4.6

4.6

3.7

0.59

3.7

4.5

4.6

786
904
878
782
1.63

792
882
867
796
0.93

41.2
54.9
54.5
41.5
0.18

41.0
55.2
55.1
41.2
0.43

788
780
730
759
0.50

776
753
750
777
0.17

30.9
39.7
39.0
31.1
0.68

31.7
38.4
38.3
31.9
0.92

Females
Mean SE

RBC-folate (pmol/l)

0.18

64.0

67.2

63.5

66.5

0.64

66.3

69.0

60.2

SE

Females
Mean

Males
Mean SE

0.16

3.6

4.9

4.8

3.5

0.14

3.6

4.7

4.8

3.5

SE

Holotranscobalamin (pmol/l)

Plasma folate (pmol/l)

0.03

15.5

19.1

19.0

15.3

0.15

15.9

19.1

19.2

15.7

SE

Females
Mean

18.4

8.5

13.8

0.09

13.7

18.6

18.6

13.7

SE

Males
Mean SE

Mean

Males

Plasma B12 (pmol/l)

RBC-folate: Red blood cell folate; SE: Standard error; n.s.: Not significant. Significant differences (p < 0.05) between groups are indicated by the same superscripts letters. F tests the effect of the model.

BMI by HOMA (n)
Low BMI-low HOMA (90, 100)
Low BMI-high HOMA (50, 67)
High BMI-low HOMA (50, 67)
High BMI-high HOMA (91, 100)
F and p-values
FMI by HOMA (n)
Low-FMI-low HOMA (86, 101)
Low FMI-high HOMA (54, 66)
High FMI-low HOMA (54, 66)
High FMI-high HOMA (87, 101)
F and p-values

Indicators

6.1

High FMI-high HOMA (87, 101)

0.3

0.3

0.2

0.39

4.5
4.6

SE

Females
Mean

Pyridoxal phosphate
Vitamin B6 intakes (µg/d)
(pmol/l)
Males
Females
Males
Females
Mean SE Mean SE Mean SE Mean SE

5.9
6.1

Low FMI-high HOMA (54, 66)

High FMI-low HOMA (54, 66)

6.5

Low-FMI-low HOMA (86, 101)

FMI by HOMA (n)

1.01

F and p-values

0.2

0.3

6.1
6.1

High BMI-low HOMA (50, 67)

High BMI-high HOMA (91, 100)

0.3

6.5
5.9

0.2

SE

Low BMI-low HOMA (90, 100)

Mean

Males

Vitamin B12 intakes (µg/d)

Low BMI-high HOMA (50, 67)

BMI by HOMA (n)

Indicators

Table IV. Adjusted estimates of B-vitamin intakes and biomarker status by combination of body mass index,
fat mass index and Homeostasis Model Assessment index
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Figure 1.
Plasma vitamin B12 concentrations (pmol/L) according to the combination between
categories of FMI and HOMA by sex.

lower B-vitamins intake in adolescents with higher BMI while they
have higher B-vitamins density diets. This can be explained by
the fact that in the HELENA study, adolescents with higher BMI
reported lower total energy diets likely affected by underreporting
(35). Another reason could be that obese adolescents may have
repeated short-term restrictive diets (34); this could be the case
in our study (35), because adolescents with high BMI and high
FMI were those with lower total energy intakes.
There were several differences between groups constituted by
the combination of body composition markers and HOMA insulin sensitivity in terms of B-vitamins biomarkers concentrations.
However, only adolescents belonging to the most favorable group
in terms of combination between FMI and HOMA (lower FMI combined with lower HOMA) have higher plasma vitamin B12 concentrations, as it had been already shown by another study (13). However, the previous study did not include the analyses of B-vitamins
dietary intake, as it has being shown in our study. This fact cannot
be explained by higher vitamin B12 intakes but it might be due to
lower vitamin B12 density diets in comparison to those adolescents
belonging to the less favorable combination groups, as shown in
table II, likely resulting from the restrictive diets or underreporting
behaviors previously mentioned. Besides, while we have obtained
statistically significant differences for vitamin B6 intake regarding
BMI and FMI based on the median categories combined with the
categories of HOMA, this was not the case for vitamin B12. This
is of lots of interest owing to the fact that plasma vitamin B12 is
supposed to reflect changes in day-to-day diet rather than HoloTC,
which is more efficient in predicting long-term diet changes (9), for
which no difference among categories has been found.
Given that there seems not to be a plausible effect of adiposity and insulin resistance on plasma vitamin B12 concen-
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trations, linked to vitamin B12 intake, we should consider the
hypothesis that low vitamin B12 concentrations could influence insulin resistance. A recent genome-wide analysis (36)
suggested that increased DNA methylation is associated with
increased BMI in adults, and vitamin B12 is a determinant for
DNA methylation.
Also, in a recent review about the transmission of obesity-adiposity and related disorders from the mother to the newborns
(37), it is mentioned that in rural areas from India, with mothers
consuming mainly vegetarian diets, the most insulin-resistant
children were born to mothers who had low vitamin B12 but high
folate levels, suggesting that a balance between these two vitamins is essential. This might be a consequence from the fact that
folate together with vitamins B12 and B6, among others, regulate
maternal 1-carbon metabolism, which influences cellular growth
and differentiation by helping synthesis of nucleic acids. However,
this explanation is not helpful to understand our results, owing to
the differences in the characteristics of the population group and
because our sample showed higher prevalence of folate deficiency
than the vitamin B12 one (30).
Other study (38) showed the importance of levels of homocysteine in insulin resistance with an improvement of it with a lowering
homocysteine by folate + vitamin B12 treatment and a correlation
of 0.60 between homocysteine levels and insulin resistance, as
was also shown by similar studies.
Our findings might be of particular concern in case of adolescents diagnosed as obese patients because they will be prone
to a further decrease in vitamin B12 concentrations if metformin
therapy is recommended for the treatment of type 2 diabetes (15).
For instance, in adults, vitamin B12 malabsorption was observed
in approximately 20% of patients using metformin, and this was
associated with a 4-24% decrease of vitamin B12 concentrations
(39).
LIMITATIONS AND STRENGTHS
The cross-sectional design of the study represents a limitation owing to the fact that causality cannot be established. The
clinical interpretation of our findings is unclear because a very
low percentage of adolescents presented inadequate intakes
or very low serum concentrations of vitamin B12. However, the
observed association between vitamin B12 plasma level and body
composition and insulin resistance warns us about the importance of having a healthy nutritional status and elucidates the
fact that overweight or obese people cannot get nutritional deficiencies. The use of harmonized and standardized procedures
in a large sample of adolescents from Europe (18) should be
considered as the main strength of the study, as well as the use
of previously validated questionnaires and procedures (18,19).
Besides, the calculation of the usual intake values based on
the MSM method to prevent limitations of the 24-h recalls (22),
together with the use of widely accepted micronutrient biomarkers, strengthen the reliability of the observations with any other
marker or symptom (40).
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CONCLUSION
Obesity is not only associated with cardiovascular conditions,
cancer, dyslipidemias, etc., but also with micronutrient deficiencies which can lead to serious health problems. Among vitamins
B6, folate, and B12, it seems that vitamin B12 is the one most
consistently and negatively associated with BMI, FMI, and insulin
sensitivity or resistance (HOMA) without discriminating between
sexes of European adolescents.
In male and female adolescents with combined higher adiposity
measured with fat mass index and higher HOMA insulin sensitivity, low vitamin B12 plasma concentrations were observed. These
differences do not seem explained by dietary vitamin B12 intake.
Further studies are necessary to elucidate the potential role of low
vitamin B12 concentrations in the development of insulin resistance
in adolescents in order to identify a plausible biological mechanism.
REFERENCES
1. Lien N, Henriksen HB, Nymoen LL, Wind M, Klepp KI. Availability of data
assessing the prevalence and trends of overweight and obesity among European adolescents. Public Health Nutr 2010;13(10A):1680-7.
2. Global Health Risk. Mortality and burden disease attributable to selected
major risks. Geneva, Switzerland: World Health Organization; 2009.
3. Division of Nutrition, Physical Activity, and Obesity, National Center for Chronic
Disease Prevention and Health Promotion. Updated June 19, 20155/07/2016.
Available from: https://www.cdc.gov/obesity/childhood/causes.html.
4. Pinhas-Hamiel O, Doron-Panush N, Reichman B, Nitzan-Kaluski D, Shalitin S,
Geva-Lerner L. Obese children and adolescents: A risk group for low vitamin
B12 concentration. Arch Pediatr Adolesc Med 2006;160(9):933-6.
5. Pinhas-Hamiel O, Newfield RS, Koren I, Agmon A, Lilos P, Phillip M. Greater
prevalence of iron deficiency in overweight and obese children and adolescents. Int J Obes Relat Metab Disord 2003;27(3):416-8.
6. Frankenfield DC, Rowe WA, Cooney RN, Smith JS, Becker D. Limits of
body mass index to detect obesity and predict body composition. Nutrition
2001;17(1):26-30.
7. Tresaco B, Bueno G, Moreno LA, Garagorri JM, Bueno M. Insulin resistance
and impaired glucose tolerance in obese children and adolescents. J Physiol
Biochem 2003;59(3):217-23.
8. Iglesia I, Mouratidou T, González-Gross M, Huybrechts I, Breidenassel C, Santabarbara J, et al. Foods contributing to vitamin B6, folate, and vitamin B12
intakes and biomarkers status in European adolescents: The HELENA study.
Eur J Nutr 2016. DOI: 10.1007/s00394-016-1221-1.
9. Institute of Medicine Dietary Reference Intakes for Thiamin, Riboflavin, Niacin, Vitamin B6, Folate, Vitamin B12, Pantothenic Acid, Biotin, and Choline,
a report of the Standing Committee on the Scientific Evaluation of Dietary
Reference Intakes and its Panel on Folate, Other B Vitamins, and Choline and
Subcommittee on Upper Reference Levels of Nutrients. Food and Nutrition
Board. Washington DC: National Academy Press; 1998.
10. Clemens TL. Vitamin B12 deficiency and bone health. N Engl J Med 2014;
371(10):963-4.
11. Kerr MA, Livingstone B, Bates CJ, Bradbury I, Scott JM, Ward M, et al. Folate,
related B vitamins, and homocysteine in childhood and adolescence: potential
implications for disease risk in later life. Pediatrics 2009;123(2):627-35.
12. Hunt A, Harrington D, Robinson S. Vitamin B12 deficiency. BMJ 2014;
349:g5226.
13. Ho M, Halim JH, Gow ML, El-Haddad N, Marzulli T, Baur LA, et al. Vitamin
B12 in obese adolescents with clinical features of insulin resistance. Nutrients
2014;6(12):5611-8.
14. Laing SP, Swerdlow AJ, Slater SD, Burden AC, Morris A, Waugh NR, et al.
Mortality from heart disease in a cohort of 23,000 patients with insulin-treated diabetes. Diabetologia 2003;46(6):760-5.
15. Reinstatler L, Qi YP, Williamson RS, Garn JV, Oakley GP Jr. Association of
biochemical B12 deficiency with metformin therapy and vitamin B12 supplements: The National Health and Nutrition Examination Survey, 1999-2006.
Diabetes Care 2012;35(2):327-33.
16. González-Gross M, Benser J, Breidenassel C, Albers U, Huybrechts I, Valtuena
J, et al. Gender and age influence blood folate, vitamin B12, vitamin B6, and
homocysteine levels in European adolescents: The Helena Study. Nutr Res
2012;32(11):817-26.

[Nutr Hosp 2017;34(3):568-577]

577

17. Healthy Lifestyle in Europe by Nutrition in Adolescence. Cited 1/07/2016.
Available from: http://www.helenastudy.com/abstract.php.
18. Moreno LA, González-Gross M, Kersting M, Molnar D, De Henauw S, Beghin
L, et al. Assessing, understanding and modifying nutritional status, eating
habits and physical activity in European adolescents: The HELENA (Healthy
Lifestyle in Europe by Nutrition in Adolescence) Study. Public Health Nutr
2008;11(3):288-99.
19. Moreno LA, De Henauw S, González-Gross M, Kersting M, Molnar D, Gottrand F,
et al. Design and implementation of the Healthy Lifestyle in Europe by Nutrition in
Adolescence Cross-Sectional Study. Int J Obes (Lond) 2008;32(Suppl 5):S4-11.
20. Beghin L, Castera M, Manios Y, Gilbert CC, Kersting M, De Henauw S, et al.
Quality assurance of ethical issues and regulatory aspects relating to good
clinical practices in the HELENA Cross-Sectional Study. Int J Obes (Lond)
2008;32(Suppl 5):S12-8.
21. Vereecken CA, Covents M, Sichert-Hellert W, Alvira JM, Le Donne C, De
Henauw S, et al. Development and evaluation of a self-administered computerized 24-h dietary recall method for adolescents in Europe. Int J Obes
(Lond) 2008;32(Suppl 5):S26-34.
22. Harttig U, Haubrock J, Knuppel S, Boeing H. The MSM program: Web-based
statistics package for estimating usual dietary intake using the Multiple Source Method. Eur J Clin Nutr 2011;65(Suppl 1):S87-91.
23. González-Gross M, Breidenassel C, Gómez-Martínez S, Ferrari M, Beghin L,
Spinneker A, et al. Sampling and processing of fresh blood samples within
a European multicenter nutritional study: Evaluation of biomarker stability
during transport and storage. Int J Obes (Lond) 2008;32(Suppl 5):S66-75.
24. Kimura M, Kanehira K, Yokoi K. Highly sensitive and simple liquid chromatographic determination in plasma of B6 vitamers, especially pyridoxal 5’-phosphate. J Chromatogr A 1996;722(1-2):295-301.
25. Ulleland M, Eilertsen I, Quadros EV, Rothenberg SP, Fedosov SN, Sundrehagen
E, et al. Direct assay for cobalamin bound to transcobalamin (holo-transcobalamin) in serum. Clin Chem 2002;48(3):526-32.
26. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC.
Homeostasis model assessment: Insulin resistance and beta-cell function
from fasting plasma glucose and insulin concentrations in man. Diabetologia
1985;28(7):412-9.
27. Iglesia I, Mouratidou T, González-Gross M, Novakovic R, Breidenassel C,
Jiménez-Pavón D, et al. Socioeconomic factors are associated with folate
and vitamin B12 intakes and related biomarkers concentrations in European
adolescents: The Healthy Lifestyle in Europe by Nutrition in Adolescence study.
Nutr Res 2014;34(3):199-209.
28. Nagy E, Vicente-Rodríguez G, Manios Y, Beghin L, Iliescu C, Censi L, et al. Harmonization process and reliability assessment of anthropometric measurements in
a multicenter study in adolescents. Int J Obes (Lond) 2008;32(Suppl 5):S58-65.
29. Slaughter MH, Lohman TG, Boileau RA, Horswill CA, Stillman RJ, Van Loan
MD, et al. Skinfold equations for estimation of body fatness in children and
youth. Hum Biol 1988;60(5):709-23.
30. González-Gross M, Benser J, Breidenassel C, Albers U, Huybrechts I, Valtuena
J, et al. Gender and age influence blood folate, vitamin B12, vitamin B6, and
homocysteine levels in European adolescents: The Helena Study. Nutr Res
2012;32(11):817-26.
31. MacFarlane AJ, Greene-Finestone LS, Shi Y. Vitamin B12 and homocysteine
status in a folate-replete population: Results from the Canadian Health Measures Survey. Am J Clin Nutr 2011;94(4):1079-87.
32. Beghin L, Huybrechts I, Vicente-Rodríguez G, De Henauw S, Gottrand F, Gonzales-Gross M, et al. Main characteristics and participation rate of European
adolescents included in the HELENA study. Arch Public Health 2012;70(1):14.
33. Kimmons JE, Blanck HM, Tohill BC, Zhang J, Khan LK. Associations between
body mass index and the prevalence of low micronutrient levels among US
adults. Med Gen Med 2006;8(4):59.
34. Damms-Machado A, Weser G, Bischoff SC. Micronutrient deficiency in obese
subjects undergoing low calorie diet. Nutr J 2012;11:34.
35. Huybrechts I. Dietary under-reporting by overweight and obese adolescents:
Results from the HELENA Study. Public Health Nutrition 2012;15(Special
Issue 8A):1555-.
36. Dick KJ, Nelson CP, Tsaprouni L, Sandling JK, Aissi D, Wahl S, et al. DNA
methylation and body-mass index: A genome-wide analysis. Lancet 2014;
383(9933):1990-8.
37. Yajnik CS. Transmission of obesity-adiposity and related disorders from the
mother to the baby. Ann Nutr Metab 2014;64(Suppl 1):8-17.
38. Setola E, Monti LD, Galluccio E, Palloshi A, Fragasso G, Paroni R, et al. Insulin
resistance and endothelial function are improved after folate and vitamin B12
therapy in patients with metabolic syndrome: Relationship between homocysteine levels and hyperinsulinemia. Eur J Endocrinol 2004;151(4):483-9.
39. Mazokopakis EE, Starakis IK. Recommendations for diagnosis and management of metformin-induced vitamin B12 (Cbl) deficiency. Diabetes Res Clin
Pract 2012;97(3):359-67.
40. Henríquez-Sánchez P, Sánchez-Villegas A, Doreste-Alonso J, Ortiz-Andrellucchi A,
Pfrimer K, Serra-Majem L. Dietary assessment methods for micronutrient intake:
A systematic review on vitamins. Br J Nutr 2009;102(Suppl 1):S10-37.

