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The lower vitamin C plasma concentrations in elderly men compared with
elderly women can partly be attributed to a volumetric dilution effect
due to differences in fat-free mass
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Abstract

Women show higher vitamin C plasma concentrations than men, but the reasons for this observation still require elucidation. The objective
of the present study was to investigate whether sex differences in vitamin C plasma concentrations are present in elderly subjects and
whether these differences are due to sex-specific lifestyles, total antioxidant status (TAOS) and/or body composition. Fasting plasma con-
centrations of vitamin C were assessed by photometric detection in a cross-sectional study of 181 women and eighty-nine men aged 62-92
years. Body composition was determined by bioelectrical impedance analysis. Vitamin C intake was assessed with a 3d estimated dietary
record. Stepwise multiple regression analyses were performed to investigate whether sex is an independent predictor of vitamin C plasma
concentrations by controlling for age, vitamin C intake, lifestyle factors, TAOS and body composition. Women showed higher vitamin C
plasma concentrations than men (76 v. 62 pmol/l, P<0-0001). In the multiple regression analysis, male sex was a negative predictor of
vitamin C plasma concentrations (8 = —0-214), as long as absolute fat-free mass (FFM) was not considered as a confounder. When absol-
ute FFM was included, sex was no longer a predictor of vitamin C plasma concentrations, whereas absolute FFM (8 = —0-216), physical
activity level (8= 0-165), intake of vitamin C supplements (8 = 0-164), age (B = 0-147) and smoking (8 = —0-125) affected vitamin C
plasma concentrations. The results indicate that a higher absolute FFM, and thus a higher distribution volume of vitamin C, contributes
to lower vitamin C plasma concentrations in men than women.
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Epidemiological studies

vitamin C serum/plasma concentrations in women than in

have frequently shown higher

men ™1 These studies generally did not focus on the under-
lying reasons for the observed sex differences, were mostly
conducted in young and middle-aged subjects and were
often performed without consideration for confounding
variables.

Vitamin C intake and other lifestyle factors, such as smoking
behaviour, have been shown to influence vitamin C serum/
plasma concentrations*>?71?_ Additionally, oxidative stress
results in an increased consumption of antioxidants, including
vitamin C'®. Therefore, sex differences in those parameters
could account for the observed sex differences in vitamin C
status. In addition to those parameters, sex differences in the
pharmacokinetics of vitamin C may exist, seeing that women
reach the plasma ascorbate concentration plateau at lower
vitamin C intake levels than men"®. Furthermore, at equal

vitamin C intake levels, women exhibit higher serum/plasma
concentrations than men‘®%,

In 1991, Blanchard"® postulated that the sex-related differ-
ences in the pharmacokinetics of vitamin C could be the result
of sex differences in body composition. In addition, Sinha
et al ' showed that body weight functions as a negative pre-
dictor of vitamin C status in middle-aged men. Accordingly, an
individual with high amounts of fat-free mass (FFM) can be
assumed to have a larger distribution volume of hydrophilic
vitamin C than a person with lower FFM.

The objectives of the present study were (1) to investigate
whether sex differences in vitamin C plasma concentrations
are also present in elderly subjects and (2) whether these
differences are due to sex-specific lifestyles, total antioxidant
status (TAOS) and/or body composition. We concentrated
on the hypothesis that sex differences in vitamin C plasma
concentrations might be explained by a higher distribution

Abbreviations: FFM, fat-free mass; GISELA, longitudinal study on nutrition and health status of senior citizens in Giessen; PAL, physical activity level; TAOS,

total antioxidant status; TBF, total body fat; WC, waist circumference.
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volume in men than in women, given that men show a higher
FFM than women.

Subjects and methods
Study population

The subjects were participants in an ongoing cohort study in
which the nutrition and health status of independently living
senior citizens in Giessen, Germany, has been observed
since 1994 at annual intervals and since 1998 at biannual inter-
vals (GISELA study). The main objectives of the GISELA study
are to investigate age-related changes in body composition,
anthropometric parameters, energy expenditure, bone status,
biochemical blood parameters including vitamins, and dietary
intake by considering potential confounding variables. The
investigations took place at the Institute of Nutritional Science
in Giessen, Germany. Subjects were recruited through
physicians, advertisements in local newspapers, notices,
senior citizen meetings, and word of mouth from subjects
who were already participating. Recruitment was continued
until 2004, and a total of 584 participants were enrolled. Not
all subjects participated in each follow-up. For enrolment, sub-
jects had to be at least 60 years of age and physically mobile. The
present study was conducted according to the guidelines laid
down in the Declaration of Helsinki, and all procedures invol-
ving human subjects were approved by the Ethical Committee
of the Faculty of Medicine at the Justus-Liebig-University in
Giessen. All subjects provided written informed consent. The
present investigation was based on cross-sectional data
collected in the follow-up in 2004, in which 350 subjects partici-
pated. Subjects with missing data on blood samples, body com-
position, food record, vitamin C supplement intake and lifestyle
factors, including physical activity, alcohol consumption and
smoking history, were excluded (7 79). Additionally, one sub-
ject was identified as an outlier regarding vitamin C status
(178 pmol/D) and was therefore excluded. Hence, the following
analysis included 181 women and eighty-nine men.

Anthropometric data and body composition

BMI was calculated as the measured body mass (in kg)
divided by the square of the measured body height (in
m)?”. Subjects were classified according to their BMI into
normal weight (<25-0kg/m?), overweight (25:0—29-9 kg/m?)
or obese (=300 kg/m?). Waist circumference (WC) was deter-
mined in an upright position by a tape measure to the nearest
1:0cm. Total body fat (TBF) mass and FFM were recorded
with bioelectrical impedance analysis (Akern-RJL BIA 101/S;
Data Input) according to the manufacturer’s instructions and
the predictive formula of Roubenoff et al."®. The equation
from Roubenoff et al.*® was chosen because it was derived
from a reference population that was comparable in age to
the GISELA subjects using similar measurement conditions
and because the equation has been validated against
the dual-energy X-ray absorptiometry body composition
measurements.

Laboratory measurements

Blood samples were collected after an overnight fast. Follow-
ing immediate centrifugation, aliquots of heparin plasma,
which were acidified with trichloroacetic acid for the determi-
nation of vitamin C, and aliquots of EDTA plasma for the
determination of TAOS were stored at —70°C until they
were analysed after completion of the follow-up. Plasma
TAOS, which is inversely related to oxidative stress, was
assessed by photometer (Shimadzu UV—16OA)(19). Plasma
concentrations of vitamin C were measured by photometer
(Beckman Model 35 UV/VIS; Beckman Coulter, Inc.) with a
between-days CV of 37%%”. Vitamin C deficiency was
defined as plasma concentrations of <11-4pmol/l, and
plasma concentrations of <28 umol/l indicated a moderate
risk of developing a deficiency”. Plasma concentrations of
=50 wmol/l indicated an adequate status™®.

Lifestyle factors

A validated 3 d estimated dietary record including 146 food
items was used to assess the dietary intake of vitamin C and
alcohol®”. The dietary record was handed out to the partici-
pants at the date of blood sampling with a request to record
their entire food consumption on three consecutive days, start-
ing on a Sunday, directly after each food intake and a request
to return the dietary record at their earliest convenience. The
majority of dietary records were returned within 3 months.
Using self-administered questionnaires, data on age, use of
vitamin C supplements, smoking behaviour and physical
activity patterns were collected. Subjects who reported using
vitamin C supplements sometimes or regularly were classified
as ‘supplement users’. Smoking behaviour was classified as
a dichotomous variable: constant non-smokers . current
and ex-smokers. The physical activity level (PAL) of each

L . (22
participant was assessed as described earlier®®.

Statistical analyses

Statistical analyses were performed using SPSS® version 22.0
for Windows (IBM®). Because of non-normally distributed
data, the characteristics of the study population are expressed
as medians and 25th—75th percentiles. Descriptive character-
istics were compared between groups via the Mann—Whitney
U test or Kruskal-Wallis H test for continuous variables and
via the x? test for categorical variables.

Factors that potentially influenced vitamin C plasma
concentrations were identified by the Spearman correlations.
Subsequently, those factors that exhibited a significant associ-
ation with vitamin C plasma concentrations were included in
the backward stepwise multiple linear regression analysis to
ascertain the independent predictors of vitamin C plasma con-
centrations. A P value of <0:100 was set as the significance
criterion for covariates to remain in the regression model.
Considering the observed collinearity of body mass, BMI,
WC, TBF and FFM (data not shown), we used separate
models. Adjustments for multiple testing were not performed
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due to the exploratory character of the present study. The sig-
nificance level was set at P<<0-05, and all tests were two-tailed.

Results
Characteristics of the study subjects

The characteristics of the study subjects are shown in Table 1.
All except two subjects had vitamin C plasma concentrations
of >28 umol/l, but 8% of the women (7 15) and 18% of the
men (n 16) showed plasma concentrations of <50 pmol/I.
Women had significantly higher vitamin C plasma concen-
trations and a lower prevalence of a vitamin C status of
<50 pmol/l (P=0-019) than men. Median vitamin C intake
was slightly under the recommendation of 100mg/d®® in
both women and men, and 56 % of the women (7 101) and
64% of the men (7 57) had an intake of less than 100 mg/d
(P=0-190).

Overweight and obesity were noted in 47 and 22% of the
women and in 51 and 17 % of the men, respectively. Vitamin
C plasma concentrations, but not vitamin C intake levels,
tended to be higher in normal-weight and overweight subjects
compared with obese subjects (median 74 v. 71 v. 62 wmol/l;
P=0-088). When using tertiles of absolute TBF (=23-74 v.
23-75-31-82 v. =31-83kg), neither vitamin C intake nor vita-
min C plasma concentrations differed between tertiles (data
not shown). In contrast, differences in vitamin C plasma con-
centrations were observed across tertiles of absolute FFM
(=39-41 v. 39-42—-49-28 v. =49-29kg), and vitamin C plasma
concentrations were significantly lower in subjects in the high-
est FFM tertile compared with subjects in the middle or lowest
FFM tertile (median 62 v. 73 v. 76 pwmol/l; P<0-001).

Table 1. Characteristics of the study population

Past and current smokers had lower vitamin C intake
(median 86 v». 93mg/d; P=0-049) and lower vitamin C
plasma concentrations (median 66 v. 74 pmol/l; P=0-002)
than never smokers. Furthermore, in past and current smokers
(median 73 ». 62pumol/l; P=0-005) and in never smokers
(median 77 v. 62 pmol/l; P=0-015), vitamin C plasma concen-
trations, but not vitamin C intake, were higher in women than
in men.

Determinants of vitamin C plasma concentrations in
elderly subjects

The results of the Spearman correlation are given in Table 2.
Vitamin C plasma concentrations were positively associated
with age, PAL and the use of vitamin C supplements, and
they were negatively correlated with male sex, past or current
smoking, body mass, WC and absolute FFM. BMI, absolute
TBF, relative FFM, alcohol consumption, dietary intake of vita-
min C and TAOS exhibited no association with vitamin C
plasma concentrations and therefore were not considered in
the following multiple regression analyses.

In the multiple regression analysis, male sex (8 = —0-214;
P=0-001) was a negative predictor of vitamin C plasma
concentrations, whereas age (8= 0-181; P=0-002), the use
of vitamin C supplements (8= 0-153; P=0-008) and PAL
(B=0-157; P=0:007) had a positive impact on vitamin C
plasma concentrations, provided that FFM was not considered
in the analysis. Additionally, smoking was entered in the
regression model but did not reach statistical significance
(B = —0-115; P=0-064). When absolute FFM was included,
FFM and past or current smoking were negative determinants,
and age, vitamin C supplement use and PAL were positive

(Median values, 25th (P25) and 75th (P75) percentiles for continuous variables; absolute and relative

frequencies for categorical variables)

Women (n 181) Men (n 89)
Median P25-P75 Median P25-P75 P*

Age (years) 72-0 69-0-77-0 73-0 70-0-76-5 0-247
Body mass (kg) 69-0 62-:0-78-0 78-0 71.5-86-0 <0-001
BMI (kg/m?) 26-9 24.4-29.5 26-1 24.4-28.7 0-251
Waist circumference (cm) 90-0 83-0-97-0 98-0 93-0-106-5 <0-001
Total body fat (kg) 299 24.5-36-7 226 19.2-29-4 <0-001
Fat-free mass (kg) 39-4 37-3—-42-1 54-8 51.7-57.7 <0-001
Fat-free mass (%) 57-0 53.3-61-3 70-1 66-0-73-2 <0-001
Total antioxidant status (mmol/l) 1.5 14-1.6 1.6 1.5-1.6 0-002
Plasma vitamin C (p.mol/l)t 76-1 61-6—89-4 61.9 54.5-74.4 <0-001
Dietary vitamin C intake (mg/d) 92.7 69-6—-131-9 83-8 60-9-115-8 0-058
Vitamin C supplement usersi} 0-929

n 21 10

% 11-6 11.2
Alcohol intake (g/d) 1.6 0-1-6-7 8.0 0-4-17.2 <0-001
Physical activity level 1.7 1- 8 16 1.5-1-8 0-116
Current or ex-smokers <0-001

n 48 60

% 26-5 67-4

*Mann—Whitney U test for continuous variables, x? test for categorical variables to investigate differences between

women and men.
1 To convert pmol/l to mg/dl, multiply wmol/l by 0-0176.

fMedian dosage of vitamin C supplements was 120mg/d in women and 55mg/d in men, respectively, based on

vitamin C supplement users only.
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Table 2. Spearman correlations to find variables associated with vita-
min C plasma concentrations

Variables Is P
Sex (male) -0-276 <0-0001
Age (years) 0-143 0-018
Body mass (kg) —0:-248 <0-0001
BMI (kg/m?) —0-104 0-087
Waist circumference (cm) -0-270 <0-001
Total body fat (kg) —0-033 0-594
Fat-free mass (kg) —0-305 <0-0001
Fat-free mass (%) —-0-106 0-083
Total antioxidant status (mmol/l) —0-033 0-588
Dietary vitamin C intake (mg/d) 0-060 0-329
Vitamin C supplement use* 0-146 0.016
Alcohol intake (g/d) —0-049 0-426
Physical activity level 0-163 0-007
Past or current smoking* —0-187 0.002

*Dummy variable (no/yes).

determinants of plasma vitamin C concentrations, whereas sex
was no longer an independent predictor of vitamin C plasma
concentrations (Table 3). When FFM was replaced by body
mass, BMI, WC or TBF, male sex remained negatively associ-
ated with vitamin C plasma concentrations (data not shown).
Each regression model explained approximately 14 % of the
variance in vitamin C plasma concentrations. We repeated
these analyses by excluding subjects who used anti-diabetics
(n 15) or thyroid hormones (7 81), because they differed in
their vitamin C plasma concentrations from subjects who did
not use such drugs (data not shown). As a result, absolute
FEM (B = —0-346; P<0-000D), age (B=0-187; P=0-007),
use of vitamin C supplements (8 = 0-220; P=0-001) and PAL
(B = 0-127; P=0-064), but not sex, were predictors of vitamin
C plasma concentrations (R* 0-189). Smoking and PAL were
no longer significant independent predictors, possibly
because the sample size was markedly reduced (n 178).
When FFM was replaced by body mass, BMI, WC or TBF,
male sex remained a negative predictor of vitamin C plasma
concentrations (data not shown).

Discussion

The results of the present study indicate that lower vitamin C
plasma concentrations in men compared with women are pre-
dominantly explained by higher FFM in men. A special feature
of the present approach was the consideration of a variety of
potential confounders, such as age, anthropometric variables,
body composition, TAOS, vitamin C intake, alcohol consump-
tion, smoking and PAL.

The present study demonstrates that male sex was only a
predictor of vitamin C plasma concentrations when FFM was
not considered. The inclusion of TBF or anthropometric
parameters in the regression model did not influence the
association between sex and vitamin C plasma concentrations.

Previous studies considered only anthropometric par-
ameters or TBF, but not FFM, as potential determinants of
vitamin C status. In several studies that were conducted in
young and middle-aged subjects, a negative association
between BMI and vitamin C serum/plasma concentrations

was reported(/"z/"%). Furthermore, the relative body fat con-
tent®2® and anthropometric indices of fat distribution®~2
such as WC and waist:ratio, were associated with vitamin C
status in some, but not all, studies. However, these findings
were often controlled for limited confounders®?>2®
vanished after body mass was taken into account
study conducted in 545 Spanish subjects who were =65
years of age(@ and a study with 979 Canadian subjects who
were 20—29 years of age® could not verify an independent
association between BMI categories and vitamin C serum/
plasma concentrations. In the present study, TBF, BMI and
WC were not predictors of vitamin C plasma concentrations,
and vitamin C plasma concentrations did not differ among
BMI groups or tertiles of absolute TBF. However, vitamin C
plasma concentrations varied by tertiles of absolute FFM.
These observations support the hypothesis that FFM, and
not TBF, determines vitamin C plasma concentrations.

In addition to FFM playing a role in determining vitamin C
plasma concentrations, we initially assumed that the fre-

25 A

quently observed lower vitamin C status in men as compared
to women might be attributed to a lower intake of vitamin C,
lower TAOS, higher consumption of alcohol or higher pro-
portion of smokers in male subjects. However, sex remained
a predictor of vitamin C plasma concentrations after control-
ling for these factors. Consequently, these factors seem unli-
kely to be the major contributing factors for the observed
impact of sex on vitamin C status in independently living
elderly subjects. Nonetheless, in addition to absolute FFM, cur-
rent or past smoking was negatively associated with vitamin C
plasma concentrations, whereas age, PAL and the use of
vitamin C supplements were positively associated with vitamin
C plasma concentrations in the present study population.

In previous studies, smoking was associated with a lower
vitamin C status in middle-aged®=>*'* and elderly(3’6‘9'1°)
subjects, which is in accordance with the present results.
The lower status in smokers may be a consequence of greater
metabolic turnover of ascorbic acid due to an increased pro-
duction of free radicals as a result of cigarette smoke rather
than lower vitamin C intake ",

In agreement with the present results, in the Third National
Health and Nutrition Examination Survey (NHANES IID),
Hampl et al®’ found a lower prevalence of vitamin C

Table 3. Multiple regression analysis to identify independent determi-
nants of vitamin C plasma concentrations in the elderly (n 270)*

B (non-
Determinants standardised) g (standardised) P
Intercept 22.481 0-307
Age (years) 0.522 0-147 0-011
Physical activity level 21.328 0-165 0-004
Smoking Past or current —5-065 —-0-125 0-040
smoking (no/yes)
Vitamin C 10-247 0-164 0-004
supplements (no/yes)
Fat-free mass (kg) -0-518 -0-216 <0-001

*Multiple linear regression analysis using backward stepwise procedure and vitamin C
plasma concentrations in pmol/l as the dependent variable. Only variables of the
final model are presented. Variables that were entered into the stepwise regression
analysis but did not remain in the final model included sex (female/male).
The adjusted coefficient of determination (R2) for the final model was 0-143.
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deficiency in subjects aged =065 years than in younger
subjects. By contrast, in populations with a high prevalence
of vitamin C deficiency, a negative relationship between age
and vitamin C status has been reported'”, whereas some
studies of middle-aged®> and elderly subjects((” show no
association. In the NHANES 2003—4, the mean vitamin C
serum concentration declined during adolescence, then
reached a plateau and increased with advancing age®.
Therefore, the authors suggested a non-linear relationship® .
However, previous studies frequently did not control for
relevant confounders, such as FFM or vitamin C intake. One
reason for our observation may be the age-related decline in
FFM (75 —0-116; P=0-056) and concurrent increase in vitamin
C intake (75 0-214; P<0-001) that was noticed in the GISELA
subjects. However, age remained a positive predictor of
vitamin C plasma concentrations after controlling for FFM
and vitamin C intake in the present study. In addition to a
decline in FFM, old age has also been associated with a
decrease in FFM hydration””. Thus, a decrease in fluid
volume might further explain the increase in vitamin C
plasma concentration that occurs with advancing age.

To the best of our knowledge, until now, the impact of PAL
on vitamin C plasma concentrations in elderly subjects has not
been investigated. In the present study, regular physical
activity was associated with higher vitamin C plasma concen-
trations, even after applying multiple adjustments, including
FFM. The reason for this finding is unclear. One may speculate
that subjects who perform regular physical activity might have
better health, better nutritional conditions and concomitant
antioxidant status. The fact that TAOS showed no direct
association with vitamin C plasma concentrations in the pre-
sent study population could be ascribed to a limitation of
the method, i.e. the exclusive measurement of the scavenging
of the non-physiologic 2,2'-azino-bis-3-ethylbensthiazoline-6-
sulfonic acid radical; thus, other reactive oxygen species are
not considered by this approach®®.

In contrast to previous investigations(3’4’6’9), dietary vitamin
C intake was not associated with vitamin C plasma concen-
trations in the present cohort. Vitamin C intake was also
only moderately associated with vitamin C plasma concen-
trations in a meta-analysis of twenty-six epidemiological
studies with subjects who were <65 years of age'®”. Studies
that have shown an association between vitamin C intake
and serum/plasma concentrations were often performed
with middle-aged subjects(4), subjects with lower vitamin C
status®®? and/or higher vitamin C intake levels>©
pared to the GISELA subjects, or they analysed dichotomous
variables”. The association of vitamin C intake with vitamin
C plasma and tissue concentrations follows a sigmoidal
relationship®®,
an asymptote at plasma concentrations of >50 wmol/1*. In
the present study, because the median vitamin C plasma con-
centrations were 76 and 62pmol/l in women and men,

as com-

i.e. the association appears to approximate

respectively, the concentrations might have reached a plateau;
thus, further increase may rely on a higher intake dosage. This
could explain why the use of vitamin C supplements posi-
tively affected vitamin C plasma concentrations in the present
subjects despite the relatively low proportion of supplement

users as compared with other studies, in which 37-47 % of
the subjects consumed supplements™.

For the first time, the present study shows that sex
differences in vitamin C plasma concentrations are related to
differences in FFM. However, some limitations have to be con-
sidered. As with any cross-sectional study, causal inferences
cannot be derived. Further limitations include the sample
size, the imbalanced sex ratio and the use of self-reported
data on dietary intake, smoking behaviour and physical
activity. Likewise, dietary vitamin C intake was recorded
after blood sampling was performed, which may have
biased the association between vitamin C intake and vitamin
C plasma concentrations. Furthermore, the number of current
smokers was small in the present study (7 12), which may
have attenuated the association between smoking and vitamin
C plasma concentrations.

Even though we considered a variety of potentially con-
founding factors, we cannot exclude the possibility that
other confounding factors may have influenced the results.
The observation in the present study that only 14% of the
variability in vitamin C plasma concentrations were explained
by FFM, age, the use of vitamin C supplements and PAL may
be ascribed to the rather homogeneous study population with
regard to these variables. It should also be mentioned that
the GISELA subjects were volunteers, exhibited a higher
level of education, consumed lower quantities of alcohol
and were less often smokers than their peers in the general
German population, and the generalisability of the present
findings should therefore be confirmed in other populations.

Future studies should elucidate whether the relationship
between FFM and vitamin C plasma concentrations depends
only on distribution volume or possibly also on metabolic
aspects related to FFM. Moreover, the question arises of
whether the differences in plasma concentrations that are
caused by differences in body composition are also observed
in other indicators of vitamin C status, such as vitamin C
concentrations in leucocytes or functional markers.

In conclusion, the present investigation provides an expla-
nation for the frequently noticed sex differences in vitamin C
status. The higher absolute FFM and the consequential higher
distribution volume in men contribute to lower vitamin C
plasma concentrations in men as compared with women. There-
fore, absolute FFM should be considered in the interpretation
of plasma vitamin C concentrations when vitamin C status and
the impact of vitamin C on health status are analysed. Whether
lower vitamin C plasma concentrations in men are associated
with health consequences warrants further investigation.
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