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Although numerous environmental factors are documented to influence serum ascorbic concentrations, little is known about the genetic versus
environmental contributions to variation of this trait. The aim of this study was to estimate family correlation and, additive genetic heritability
and household effects in a variance component analysis for serum ascorbic acid concentrations. In a sample of ninety French families, information
was obtained regarding serum ascorbic acid concentrations, usual dietary intake, lifestyle, and other related covariates. Spouse, parent—offspring
and offspring —offspring significant correlation coefficients for serum ascorbic acid concentrations, adjusted for age, cigarette consumption and oral
contraceptive use, were 0-432, 0-298 and 0-485, respectively, and for adjusted values for additional diet covariates (vitamin C intake and fruit and
vegetable consumption), were 0-362, 0-154 and 0-348, respectively. Variance component analysis for serum ascorbic concentrations showed no
significant genetic contribution to variability of this trait. Conversely, household common environment accounted for 27-7 and 42-6 % in parents
and offspring, respectively, after adjustment for age, cigarette consumption and oral contraceptive use. After adjustment for the two additional diet
covariates (vitamin C intake and fruit and vegetable consumption) household common variance decreased to 13-6 and 30-5 % in parents and off-
spring, respectively. These results show that serum ascorbic acid concentrations aggregate within healthy families partly due to diet intake but
without a significant genetic component.

Ascorbic acid: Serum concentration: Family resemblance: Genetics: Household environment

There is great interest in the clinical roles of vitamin C
because of evidence that oxidative damage is a root cause
of, or at least associated with, many degenerative diseases.
Population studies show that individuals with high intakes of
vitamin C and/or high blood levels have lower risk of a
number of chronic diseases, including atherosclerosis and
related cardiovascular complications, cancer, eye diseases
and neurodegenerative conditions (Jacob & Sotoudeh, 2002;
Blomhoff, 2005). Data collected from nuclear families under-
lined the strong influence of family history on the risk of such
various chronic diseases and the fact that these diseases are
multifactorial in nature, being influenced both by genes,
environmental factors and complex interactions (Risch,
2001; Grant, 2003; Flossmann et al. 2004; Lin et al. 2005).
Other investigations showed that intermediate traits related
to oxidative stress and antioxidant status themselves are multi-
factorial and influenced both by genetics and environment.
There is strong evidence for genetic familial influences on
total antioxidant activity (Wang et al. 2001), serum retinol

and serum a-tocopherol concentrations (Gueguen et al
2005). However, data regarding the family components of cir-
culating indices of vitamin C status are lacking.

The present study aimed to estimate family aggregation
and, additive genetic heritability and household effects of
serum ascorbic acid concentrations, accounting for the influ-
ence of known environmental covariates.

Materials and methods
Subjects and study design

This work is part of the Stanislas Family Study, a 10-year
longitudinal follow-up study conducted since 1994 on 1006
families selected at the Centre for Preventive Medicine of
Vandoeuvre-les-Nancy (east of France) who were free of
chronic or acute disease that could influence nutritional
status and did not take vitamin supplementation (Siest et al.
1998). In this paper, we present data of the first examination

* Corresponding author: Dr Bernard Herbeth, INSERM U525, Faculté de Pharmacie, 30 rue Lionnois, 54000 Nancy, France, fax +33 (0) 3 83 32 13 22,

email Bernard.Herbeth@nancy.inserm.fr

ssaud Aussanun abpuquied Ag auljuo paysiiqnd 8£61900ZNf8/£1L0L°01/610°10p//:sdny


https://doi.org/10.1017/BJN20061978

1014 B. Herbeth et al.

(1994-5) obtained from a random sub-sample of ninety
families composed of two parents between 28 and 59 years
and at least one child between 6 and 24 years (357 individ-
uals). All subjects underwent a complete medical examination
including weight and height measurements and blood samples,
all the members of one family having this check-up on the
same day. Alcohol consumption, smoking status and drug
use were collected through validated questionnaires under
the supervision of trained nurses. The research protocol was
approved by the Comité Consultatif de Protection des Per-
sonnes dans la Recherche Biomédicale de Lorraine and each
subject gave written informed consent.

Dietary record

Dietary intake was assessed by a 3d dietary record (Vauthier
et al. 1996), which was completed during two weekdays and
one weekend day assigned at random for each family. All sub-
jects received guidelines from a dietitian on the procedures to
complete the dietary record and to measure food portions by
using a weighing-scale. For young children, the 3 d diary was
filled in by the mother and the child together. One week later,
the 3d record was checked and completed by the dietitian by
using colour photographs of foods, each with three different por-
tion sizes. Macronutrient and micronutrient intakes were esti-
mated with an updated computerized version of the Répertoire
général des aliments (Favier et al. 1995).

Biological measurements

A single venous blood sample was collected in a dry BD vacu-
tainer tube (Vacutainer Tube; Becton Dickinson, Grenoble,
France) from fasting individuals within 30min for all
members of one family. Blood samples were centrifuged at
2000g for 15min at 4°C and the resulting serum aliquots
were stabilized by adding metaphosphoric acid (5%, w/v)
immediately after separation from the cells (1:2, v/v). The
precipitates were removed by centrifugation (2000g for
15min at 4°C) and the samples were kept at —80°C for
< 6 months until analysed. The stability of the metaphosphoric
acid-treated serum samples has been thoroughly tested under
these conditions (Comstock er al. 1995; Margolis &
Duewer, 1996). There were only slight losses during long-
term freezer storage (<1 % per year).

Total vitamin C (ascorbic acid and dehydroascorbic acid) in
metaphosphoric acid-treated serum was quantified using the
method described previously (Tessier et al. 1996). Briefly,
after enzymatic oxidation of ascorbic acid to dehydroascorbic
acid, the latter was condensed with o-phenylenediamine to its
quinoxaline derivative. This derivative was separated on a
reversed-phase HPLC column and detected fluorometrically.
The chromatographic system consisted of one Spectra Model
P100 pump (Spectra Physics, Les Ulis, France), a Rheodyne
7125 injector and a 5 wm Lichrospher (15cm X 4-45cm i.d.)
reversed-phase column (Merck, Darmstadt, Germany) protected
by a 5 pm reversed-phase guard column (1cm X 0-45cmi.d.;
Merck). Detection of the quinoxaline derivative was achieved
by using a Waters 2475 Multi N Fluorescence Detector
(Waters, St Quentin-en-Yvelines, France). Excitation and emis-
sion wavelengths were set at 360 and 440 nm, respectively. Peak
areas were determined using a KromaSystem 2000 (BIO-TEK

Instruments, St Quentin-en-Yvelines, France). Mobile phase
was 0-05 M-sodium phosphate containing 50 % methanol, pH
7-40. The flow rate was set at 1-4 ml/min.

The within-day and between-day precisions of the assay
with respect to total vitamin C serum content were calculated
from series of experiments made with aliquots of an average
serum sample with a content of 38-2 wmol/l. The within-day
CV was 1:5% (n 10) while the between-day CV was calcu-
lated to be 2:5% (n 20, measured on separate days). These
values are within acceptable limits. At a signal-to-noise ratio
of 3, the detection limit was calculated to be about 5 pmol/
20l injection. To ensure recovery from serum, aliquots
from a single serum sample were spiked in duplicate with
ascorbic acid to give an additional vitamin C concentration
ranging from 5 to 100 pmol/l. Recoveries across the whole
range lay between 97-5 and 104-5 %. Internal quality assurance
was monitored using Chromsystems vitamin C serum (Chrom-
systems Instruments & Chemicals GmbH, Munich, Germany)
and the laboratory participated in the external quality assur-
ance programme from the Société Francophone Vitamines et
Biofacteurs. Subjects were analysed in seven analytical runs
(fifty to fifty-five subjects per run) and between-run precision
of the assay was 2-5 % during the present study.

Statistical analysis

Individual statistical analyses were performed by using the SAS
software package version 9.1 (SAS Institute Inc., Cary, NC,
USA). In the overall sample, stepwise multiple regression anal-
ysis was carried out to select significant covariates (P=0-05)
among the lifestyle factors and diet intakes listed in Table 1.
Then regression coefficients were computed for the four sex-
by-generation groups (fathers, mothers, sons and daughters).
In addition, significance of differences in regression coefficients
between fathers, mothers, sons and daughters was assessed by
testing interaction terms between each covariate and the four
groups in the overall sample. As individuals within a family
are not independent, statistical analyses were based on the esti-
mating equation technique by using the SAS GENMOD pro-
cedure with a repeated statement. As the relationship between
vitamin C intake and serum concentration has been hypoth-
esized to be non-linear, the effect of vitamin C intake was
tested in the regression analysis as continuous variables (both
untransformed and log10-transformed values) and as a categori-
cal variable in five classes (0-49:9, 50-99-9, 100—149.9, 150—
199-9 and >200 mg/d).

Intra-familial correlations were estimated by using maxi-
mum likelihood techniques (Donner & Koval, 1981) with
and without adjustment for covariates. This statistical program
allowed adjustment for covariates within models, simul-
taneously and separately for fathers, mothers, sons and daugh-
ters. The significance of various familial correlations or sex
and generation differences in correlations was tested by
using the log-likelihood ratio test. Correlations were computed
under four sets of hypotheses: gender effects on correlations
for parents and children (model 1), gender effects only
for children (model 2), gender effects only for parents
(model 3) and no gender effects at all (model 4).

Variance component analysis was applied in order to assess
the relative contributions of genetic, common household fac-
tors and individual specific environment in family aggregation
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Table 1. Descriptive characteristics according to the four sex-by-generation groupst

(Mean values and standard deviations)

Fathers (n 90) Mothers (n 90) Sons (n 78) Daughters (n 99)
Mean SD Mean SD Mean SD Mean sD
Age (years) 42.2 5.2 40-5 4.9 141 34 14.3 4.3
BMI (kg/m?) 25.7 31 23-3 34 19-3 3.0 19-7 33
Alcohol consumption (g/d) 21-8 26-1 4.9 8:2 1.3 5.4 0-6 21
Tobacco consumption (cigarettes/d) 5.4 10-5 31 6-9 0-6 29 0-8 3.2
Oral contraceptive use (%) - - 2141 - - - 171 -
Serum ascorbic acid (umol/l) 31-8 15.4 38-8 167 399 18-3 45.6 188
Diet intake
Energy (kJ) 10070 2160 7540 1730 10240 2450 8250 1800
Protein (%)t 18:5 2.9 189 441 16-2 2.2 16-3 3.0
Carbohydrate (%)% 44.7 65 44.4 7-3 48-4 5-6 467 5.6
Fat (%)t 36-8 5.5 36-7 6-0 35-3 53 36-9 5.4
Fruit and vegetable (g/d) 328 188 319 183 223 135 238 128
Vitamin C (mg/d) 79-7 55-9 75-8 46-7 761 39.7 88-9 52.7
Vitamin C (mg/1000 kJ)§ 84 67 10-4 6-8 77 4.2 111 66

1 For details of procedures, see p. 1014.
1 Expressed as percentage of non-alcohol energy intakes.
§ Nutritional densities: vitamin intakes (mg/d)/energy intakes (kJ/d).

of serum ascorbic acid concentrations. We used crude values
and adjusted variables for significant covariates, separately
for fathers, mothers, sons and daughters. The analysis was
conducted by using a multivariate normal model for pedigree
analysis as described by Lange et al. (1976, 1988) with the
software FISHER which also performed tests of goodness-
of-fit of the underlying multinormal distribution. The general
model assumed that the studied trait was the result of the
sum of three independent random components: a polygenic
component (G) representing additive genetic factors, house-
hold factors common to individuals within a family (H) and
unmeasured environmental factors particular to an individual
(including measurement error) (E). These three components
were assumed to be normally distributed with mean equal to
0 and variance equal to 0%, o and o2, respectively.

The hypothesis of no polygenic component or no household
effect was checked by comparing a model including o3, o
and o with a model including only % and o3 or o and 0%,
respectively. Comparison of nested models was based on the
likelihood ratio criteria. Eventually, the best parsimonious
model was selected. The contribution (as a percentage) of the
three components, additive genetic factors (heritability), house-
hold factors and residual environmental, to residual phenotypic
variance (after adjustment for covariates) was deduced.

Results

Descriptive characteristics, serum ascorbic acid concen-
trations, and daily intakes of energy, macronutrients, fruits
and vegetables, and vitamin C for the four sex-by-generation
groups are summarized in Table 1.

Predictors of serum ascorbic acid concentrations in parents
and offspring are presented in Table 2. The proportion of phe-
notypic variance accounted for by the measured covariates
was 29:1% in the overall group and ranged from 186 %
(in fathers) to 35-4 % (in mothers). In the overall sample,
females had significantly higher concentrations of ascorbic
acid than males, and vitamin C intake and fruit and vegetable
consumption were significantly and positively related to serum

concentrations. Conversely, age, oral contraceptive use and
smoking were negatively related to serum levels. Separating
the four sex-by-generation groups, age in the four groups,
smoking in fathers and oral contraceptive use in mothers
were negative significant predictors of serum ascorbic acid
concentrations. Vitamin C intakes in the four groups and
fruit and vegetable consumption in mothers and sons were
positively and significantly related to ascorbate concentration.
Vitamin C intake was tested in regression analysis as continu-
ous variables (both untransformed and loglO-transformed
values) and as a categorical variable in five classes. Among
the three tested variables, untransformed vitamin C intake
contributed better to the model after adjustment for covariates
(F values were 32-84, 32:08 and 9-98 for untransformed,
log10-transformed and categorical variables, respectively). In
addition, interactions between each covariate and the four sub-
groups were not statistically significant.

The patterns of family correlations for serum ascorbic acid
concentrations are given in Table 3 for crude and adjusted
values. By using crude values, significant correlations
(P=0-01 and P=0-001) were found for all the various pairs
of relatives and the hypothesis that no familial resemblance
exists within the families was rejected (P=0-001, data not
shown). The hypothesis of no difference in correlations for
father—offspring and mother—offspring (FS=MS and
FD = MD), but with different correlations according to child
gender, was tested with model 2. Model 3 assumed no effect
of child gender on family correlations (FS = FD, MS = MD
and SS = SD = DD). Model 4 hypothesized no effect of
gender on family correlations (FS = MS = MD = FD and
SS = SD = DD). The most adequate parsimonious model
was model 4. Spouse, parent—offspring and offspring—oft-
spring correlation coefficients were 0-432, 0-349 and 0-514,
respectively. After adjustment for age, smoking and oral con-
traceptive use, correlation coefficients decreased for parent—
offspring and offspring—offspring pairs to 0-298 and 0-485,
respectively.  Additional adjustment for diet intakes
(vitamin C, fruits and vegetables) led to lower correlation
coefficients, 0-362, 0-154 and 0-348, for the three pairs of
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Table 3. Estimates of familial correlations for serum ascorbic acid concentrationst

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6
FM 0-432*** 0-432** 0-432** 0-432** 0-432*** 0-362***
FS 0-332*** 0-388*** 0-319*** 0-349*** 0-298*** 0-154*
FD 0-291** 0-313*** [0-319] [0-349] [0-298] [0-154]
MS 0-447*** [0-313] 0-379** [0-349] [0-298] [0-154]
MD 0-334*** [0-313] [0-379] [0-349] [0-298] [0-154]
SS 0-602*** 0-595*** 0-515** 0-514** 0-485*** 0-348***
SD 0-455*** 0-465*** [0-515] [0-514] [0-485] [0-348]
DD 0-535*** 0-531** [0-515] [0-514] [0-485] [0-348]
—Loge Lt 1490-23 1490-67 1491.04 1491.27 1477-39 1449.28
Alternate model - Model 1 Model 1 Model 1 Model 4 Model 4
X, df§ - 0-88, 2 162, 4 2.08,5 27.76, 16 83.98, 24
P§ - NS NS NS <0-05 =< 0-001

FM, father—mother; FS, father—son; FD, father—daughter; MS, mother—son; MD, mother—daughter, SS, son—son; SD, son—daughter;

DD, daughter—daughter.

Values were significantly different compared to zero: *P=0-05; **P=0-01; ***P=0-001.

1 Models 1 to 4 used crude values: model 1 estimated all eight correlations, model 2 (no gender effect on parents correlations: FS = MS
and FD = MD), model 3 (no gender effect on offspring correlations: FS = FD, MS = MD and SS = SD = DD), model 4 (no gender effect
on parents nor offspring correlations: FS = MS = MD = FD and SS = SD = DD). Model 5 used adjusted values for age, cigarette con-
sumption and oral contraceptive use and estimated three correlation coefficients as model 4 (no gender effect on parents nor offspring
correlations: FS = MS = MD = FD and SS = SD = DD). Model 6 used adjusted values for age, cigarette consumption, oral contracep-
tive use, vitamin C intake, and fruit and vegetable consumption and estimated three correlation coefficients as model 4 (no gender effect
on parents nor offspring correlations: FS = MS = MD = FD and SS = SD = DD). Values in square brackets were constrained to be
equal to a preceding value according to the hypotheses of the sub-model.

F Logarithm of likelihood function.
§ Likelihood ratio test.

and serum ascorbic acid concentrations were high and consistent
with those found in the literature (Hercberg et al. 1994; Maran-
gon et al. 1998; Galan et al. 2005) and explain partly the family
aggregation. However, residual household variances in both
generations remained after adjustment (13-6 % and 30-7 %)
and may result from shared household behaviour not taken
into account in the present analysis.

Contrary to fat-soluble vitamins (Gueguen et al. 2005) or
plasma total antioxidant activity, an indicator of redox homeo-
stasis (Wang et al. 2001), the heritability (additive genetic fac-
tors) estimate for serum ascorbic acid concentrations was low
and non-significant. In the current study, genetics of proteins
and enzymes that are involved in ascorbate metabolism did
not seem to be implicated in family aggregation. Vitamin C
concentrations in plasma and tissues are tightly controlled in
man as a function of dose. Tight control is mediated by intes-
tinal absorption, tissue distribution and renal reabsorption.
Vitamin C is transported and accumulated in two ways. In
one mechanism, ascorbate is directly transported across mem-
branes by two sodium-dependent vitamin C transporter pro-
teins: SVCT1 (encoded by SLC23A1 and mapped to 5q31.2)
and SVCT2 (encoded by SLC23A2 and mapped to 20pl3)
(Stratakis et al. 2000). In the second mechanism, dehydro-
ascorbic acid, which is oxidized ascorbic acid, is transported
and reduced upon entry (Wang et al. 1997). This mechanism
is sodium-independent and is mediated by GLUT transporters
(Vera et al. 1993). The dominant mechanism of vitamin C
accumulation is sodium-dependent transport by SVCTI
(SLC23A1) and SVCT2 (SLC23A2), which control vitamin C
absorption, tissue accumulation and renal reabsorption.
SLC23A1 expression has been located to the intestine, liver
and kidney, sites of absorption and reabsorption across the epi-
thelium. SLC23A2 expression occurs in adrenal, bone, brain,
haematopoietic, lung and pituitary cell types, and probably
mediates most vitamin C accumulation (Tsukaguchi et al.
1999). Comparison of genomic structure and variation in the

two human sodium-dependent vitamin C transporters show
single nucleotide polymorphisms in SLC23AI, which are
population-specific in either African Americans or Caucasians,
including three or four non-synonymous single nucleotide
polymorphisms (Eck et al. 2004). Most single nucleotide poly-
morphisms in SLC23A2 are shared between African Ameri-
cans and Caucasians, and there are no non-synonymous
single nucleotide polymorphisms in SLC23A2 (Eck et al.
2004). If dose—concentration curves are shifted toward
increased excretion and/or decreased absorption because of
genomic variation in SLCA23A1, there could be substantial
impact on vitamin C concentration in plasma. Lack of signifi-
cant genetic influence in family aggregation within the Stani-
slas cohort suggests that genetic variation in SLC23AI or
SLC23A2 has a weak effect on vitamin C metabolism in
healthy subjects.

However, there could be some criticism about the failure to
find significant heritable influences on serum ascorbic acid
concentrations. By using family design, estimates of effects
attributable to genes and to shared households depend on
numerous factors such as types of related individuals, accu-
racy of a single measurement of serum ascorbic acid (particu-
larly, the adequacy to characterize long-term vitamin status),
inclusion of subjects with extreme values of variables, distri-
bution of environment factors (for instance the range of vita-
min intakes from foods and/or supplements), covariates
were included in the model and type of expression of variance
components (proportion of the total variance or of residual
variance).

According to a previous experiment, the number of samples
required to characterize accurately long-term plasma levels of
ascorbic acid of an individual ranged from 1-1 to 4-4 (95 % CI
of 2-4 samples; Cooney et al. 1995). In the present study, due
to design restrictions, only one single blood sample was
obtained per subject. However, in order to reduce intra-subject
variability of this biological trait and consequently to improve
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Table 4. Variance components of serum ascorbic acid concentrationst
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Model 1, Model 2, Model 3, Model 4, Model 5, Model 6, Model 7,
crude values crude values crude values crude values crude values adjusted values adjusted values
Model: & 2= Ué +o a(relative) +o %(relative) Y I2-|(relative) +o %(relative) o }2-|(relative) + U% Y a(relative) + U% Ua + UE o }2-|(relative) + U% Ulz-krelalive) + 0—%
Polygenic variance
o} 70 [0] [l [0] [ [l [0
Household variance
o2 65-3 66-9 635 792 1156 65-6 25.7
o m 97.0 98-8 96-6 [79-2] [115-6] [65-6] [25-7] -
o2 150-5 155.7 154-2 161-2 [115-6] 1277 71-2 o
o2y 143-3 148-6 169-2 [161-2] [115-6] [127-7] [71-2] %
Residual variance %
o 164-8 169-5 1775 178-4 182.7 171-4 1621 N
. 171.0 1757 [177-5] [178-4] [182-7] [171-4] [162-1] ]
o2, 159-8 161-5 [177-5] [178-4] [182-7] [171-4] [162-1]
a2y 209-8 212.0 [177-5] [178-4] [182.7] [171.4] [162.1]
—Loge LT 1161.17 1161-39 1161.85 1162.22 1164-56 1149.42 1121.87
Alternate model - Model 1 Model 2 Model 3 Model 4 Model 4 Model 4
X2, df§ - 0-44, 1 0.92, 3 0.74, 2 4.68, 1 30-38, 16 85-38, 24
P§ - NS NS NS <0.05 < 0-001 < 0-001

o2, additive polygenic variances; o2, o2, o &, 02, father, mother, son, daughter household common variances; o 2, o2, o2, o2, father, mother, son, daughter residual variances.
1Models 1 to 5 used crude values. Model 6 used adjusted values for age, cigarette consumption and oral contraceptive use. Model 7 used adjusted values for age, cigarette consumption, oral contraceptive use, vitamin C intake, and
ge, Cig ge, cig

fruit and vegetable consumption.

1 Logarithm of likelihood function. Values in square brackets were fixed or constrained to be equal to a preceding value according to model hypotheses.

§ Likelihood ratio test.
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the statistical power of component analysis, inter-assay varia-
bility was minimized (2-5 % in the present study), temporal
variations (especially seasonal) within family were lacking
(blood samples were collected within 30 min for all members
of one family), and adjusted values for factors that influence
circulating levels such as dietary intake and oral contraceptive
use were used.

In addition, variance component analysis requires strict
assumptions such as additive effects of multiple genes, environ-
ment factors, family environment and cultural transmission
(Susser & Susser, 1987). The assumptions of these models
may have a marked effect on their results, particularly the ten-
dency to overestimate heritability or environmental effect
because of three main issues: (1) genotypic variance may include
shared lifestyle variance that has not been removed by design or
analysis and, vice versa, (2) estimates could greatly differ across
populations according to the distribution of environmental and
genetic factors, and (3) the assumption of independence between
genotype and environment is likely to be violated when covaria-
tion and interaction are present.

However, taking into account such limitations, the general
finding of the present study was that family aggregation in
serum ascorbic acid concentrations was significant within Stani-
slas families. Slight and not significant genetic influence was
shown in family aggregation and household effect was higher
in children than in spouses. Furthermore, adjustment for lifestyle
covariates such as smoking habits, oral contraceptive and diet
intake, both vitamin C and, fruit and vegetables, contributed to
a decreased cohabitation and cultural inheritance effect in off-
spring and spouses. Such family aggregation could partly
explain the strong influence of family history on the risk of var-
ious chronic diseases such atherosclerosis and related cardiovas-
cular complications, cancer, eye diseases and neurodegenerative
conditions. Since familial habits act on family resemblance in
diet-related blood indices, family should be a favourite unit for
health and diet promotion programmes.
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