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Ascorbic acid and dehydroascorbic acid as biomarkers of
oxidative stress caused by smoking1�3

Jens Lvkkesfeldt, Steffen Lxft, Jesper B Nielsen, and Henrik E Poulsen

ABSTRACT Using a reliable, newly developed assay for

ascorbic acid (reduced form) and dehydroascorbic acid (DHAA;

the oxidized form) in plasma, we studied the influence of age, sex,

and smoking on 219 healthy, age-stratified, and randomly selected

subjects representing the Danish population. The mean (± SD)

plasma total ascorbic acid (ascorbic acid + DHAA) concentration

was lower in smokers (62.8 ± 24.9 �molIL) than in nonsmokers

(74.9 ± 23.6 �mol/L) (P < 0.001) and the DHAA content was
1 .8 ± 4.0% of the total ascorbic acid in smokers compared with

0. 1 ± 3. 1% in nonsmokers (P < 0.001). A significant inverse

correlation between the DHAA fraction and the total ascorbic acid

concentration was found in smokers (P < 0.002) but not in

smokers; the slopes of the linear regressions were significantly

different in the two groups (P < 0.005). The mean plasma con-

centration of total ascorbic acid was higher in females than in

males (P < 0.005); this difference persisted in multivariate anal-

ysis when smoking was adjusted for. No age dependence could be

identified. The data show that smoking results in severe oxidative

stress, depletion of the ascorbic acid pool, and insufficient reduc-

tion capacity to maintain ascorbic acid in the reduced form in

plasma. We suggest that the additional analysis of DHAA allows

further differentiation in the assessment of oxidative stress and

may provide an objective way of determining vitamin C require-

ments in smokers. Preliminary findings suggest that a vitamin C

dose that results in a plasma concentration of “�‘70 p�mol/L or

higher is required in smokers. Am J Clin Nutr l997;65:

959-63.
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INTRODUCTION

Tobacco smoke contains a large number of toxic chemicals

and causes numerous effects on physiologic and biochemical

functions. Long-term smoking is associated with an increased

risk of several cancers, cardiovascular disease, and many other

chronic diseases (1-3). The large content ofgas-phase oxidants

and reactive oxygen species in smoke (4-6) can explain the

increased level of oxidative stress that is consistently observed

in smokers (7-9).

Ascorbic acid is the most abundant and effective water-

soluble antioxidant in human plasma and is believed to be of

major importance for protection against diseases and degener-

ative processes caused by oxidative stress (10, 1 1). It has been

known for several years that cigarette smoking is associated

with a depletion of the ascorbic acid pool (2). Although smok-

ers have a lower dietary intake of ascorbic acid than nonsmok-

ers (12), the ascorbic acid depletion by cigarette smoking

appears to occur predominantly via mechanisms independent

of dietary intake, ie, as a direct result of exposure to the smoke

per se (13, 14).

Both ascorbic acid and its oxidation product dehydroascorbic

acid (DHAA) are known to have antiscorbutic effects. Plasma

concentrations of DHAA are low and this has been related to

rapid tissue uptake and activity of dehydroascorbic reductase

(15). The activity of this enzyme in cells, however, appears to

be dependent on both ascorbic acid and the dominant intracel-

lular reductant glutathione (1 1). Detailed information on the

kinetics and the interaction and cooperation among ascorbic

acid, DHAA, and glutathione in vivo is not available; however,

it seems possible that low plasma ascorbic acid concentrations

could lead to impaired transport of DHAA, impaired reduction

of DHAA back to ascorbic acid, or both. Furthermore, a

combination of increased oxidative stress from tobacco smoke

and low ascorbate plasma concentrations could lead to eleva-

tion of DHAA in plasma. Consequently, the ratio of DHAA to

total ascorbate could be a marker of oxidative stress.

Assessment of DHAA as well as ascorbic acid itself has been

subject to much speculation regarding their relevance as bio-

markers of oxidative stress (16, 17). Considerable discrepancy

was found between relative DHAA and ascorbic acid reference

concentrations for healthy adults in previous studies (17-26),

with the fraction of DHAA ranging from 0% to 20% of the total

ascorbic acid concentration. More recent reports, however,

agree that the amount of DHAA in plasma is 0% or a small

percentage of the total ascorbic acid concentration (17, 26), as

suggested by Dhariwal et al (25). Because of the technical

difficulties in maintaining the in vivo ratio between DHAA and

ascorbic acid ex vivo and because virtually all ascorbic acid
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appears to be kept reduced in human plasma, the value of

DHAA as a biomarker of oxidative stress has not been thor-

oughly evaluated.

We report the results of a cross-sectional population study

monitoring ascorbic acid and DHAA in plasma. These data

show the potential of both ascorbic acid and DHAA as biomar-

kers of oxidative stress and as potential means of estimating

vitamin C requirements.

SUBJECTS AND METHODS

Study population

The study was conducted in accordance with the Declaration

of Helsinki. The study cohort consisted of 219 people (110

women and 109 men) who agreed to participate after age-

stratified selection at random from the population of Funen,

Denmark, by means of the Danish Central Personal Registry

(CPR). Twenty men and 20 women were selected in lO-y age

strata from 20 y to 90 y. No inclusion or exclusion criteria were

used except that they had to be able to read and understand a

questionnaire and the informed-consent form. When necessary,

subjects were visited in their homes for questioning and blood

sampling. It proved impossible to attain 20 subjects in the age

strata > 60 y by random identification; therefore, < 20 sub-

jects were allowed in these groups (Figure 1). One-half of the

participants were from rural areas and one-half were from

urban areas. The overall rate of participation in the age groups

from 20 to 79 y was close to 40%. On the basis of analysis of

questionnaires including occupation, lifestyle, diet, and health,

the study cohort was representative of the general Danish

population. Forty-three percent were active smokers, 23% had

stopped smoking > 6 mo before the study (except for 2 who

were recent quitters), and 32% had never smoked. Among the

smokers, 13 subjects were excluded from the present data

because they were not everyday-smokers and the rest were

almost exclusively heavy cigarette smokers; a total of 206

subjects were included in the study.

Ascorbic acid and dehydroascorbic acid analysis

Blood samples were immediately cooled on ice, centrifuged

(5 mm, 4000 x g, 4 #{176}C),and the plasma fractions obtained

were stabilized with an equal volume of 10% �neta-phosphoric

acid. The precipitates were removed by centrifugation (5 mm,

4000 X g, 4 #{176}C)and the samples were kept at -80 #{176}Cfor < 6

mo until analyzed. The stability of the plasma samples has been

thoroughly tested under these conditions (17).

Ascorbic acid and total ascorbic acid were measured by

using HPLC with coulometric detection as described previ-

ously ( I 7). Ascorbic acid peak areas were corrected for a

1 . I 2% difference in relative response compared with the total

ascorbic acid measurements, and DHAA concentrations were

calculated by subtraction. The assay between-day CV was

< 8%. Because of the variability of measurement and the use

of a subtraction method for the calculation of DHAA concen-

trations, negative values resulted; we included these values.

Statistical analysis

Data were analyzed by using STATISTICA 5.0 (StatSoft,

Tulsa, OK). Multifactorial analysis of variance and analysis of

covariance were used to estimate the effects of sex, smoking,

0-20 20-40 40-60 60-80 80-100 100-120 120-140 140-

Total ascorbic acid (pmol/L)

FIGURE 1. Distribution of age and total ascorbic acid concentrations in

plasma in women (lighter bars) and men (darker bars) in the study

population.

and age on ascorbic acid, total ascorbic acid, and DHAA.

Linear regression was done by the method of least squares.

Analysis of covariance was used to estimate differences in

regression slopes of DHAA on total ascorbic acid. A two-tailed

P value < 0.05 was considered statistically significant. Values

are given as means ± SDs.

RESULTS

Relations between smoking status, sex, and ascorbic acid are
summarized in Table 1 and Figure 2. The concentration of

total ascorbic acid in plasma was lower in smokers than in

nonsmokers and higher in women than in men (Figure 3).

Analysis of covariance showed that sex and smoking were

significant independent predictors of plasma ascorbic acid con-

centrations whereas age was not a significant covariate. The

concentration of DHAA was higher in smokers (0.78 ± 2.32

j.�mol/L) than in nonsmokers (0. 1 1 ± 2.36 �molIL) (P < 0.05).

Further analysis of the factors predicting DHAA concentra-

tions were done by analysis of covariance with sex and smok-

ing as independent variables and age as a covariate. Regardless

of whether the DHAA concentration or the fraction of DHAA

(%DHAA) of total vitamin C was used as a dependent variable,
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TABLE 1
Baseline data for the study population

Women

(n = 100)
Men

(n 106)

Both

(n = 206)

Age (y)

Percentage of smokers (%)

47.3 ± 15.5’

40.0

48.8 ± 16.1

39.6

48.0 ± 15.8

39.8

Total ascorbic acid (p�molIL)

All subjects

Smokers

75.0 ± 28.12

66.4 ± 28.32

65.4 ± 20.2

59.2 ± 20.8

70.1 ± 24.8

62.8 ± 24.9�

Nonsmokers 80.7 ± 26.6 69.4 ± 19.0 74.9 ± 23.6

%DHAA’

All subjects

Smokers

0.9 ± 3.5
1.8 ± 3.9

0.6 ± 3.7

1.8 ± 4.2

0.8 ± 3.6

1.8 ± 4.0�

Nonsmokers 0.3 ± 3.0 -0.1 ± 3.2 0.1 ± 3.1

ii :t SD.
2 Significantly different from men, P < 0.05.

3 Significantly different from nonsmokers, P < 0.05.

4 Percentage dehydroascorbic acid of total ascorbic acid.

there was a significant effect of smoking (P 0.0009 and P

0.048, respectively) but not of age or sex (P = 0.59 and P =

0.58, respectively). In these analyses the negative estimates of

DHAA were used; however, if these negative values were

substituted with zero the significance of the effect of smoking

persisted as a significant difference between the slopes in

Figure 2.

Interestingly, the regression lines for %DHAA and DHAA

on total ascorbic acid were significantly different in the groups

of smokers and nonsmokers, respectively (Table 2). There was

an inverse correlation between total ascorbic acid and %DHAA

in smokers (Figure 2; r = 0.35, P < 0.002). In nonsmokers,

however, the linear-regression slope was not significantly dif-

ferent from zero. A test of parallelism of the slopes of smokers

and nonsmokers showed a significant difference (P < 0.005),

regardless of whether %DHAA or DHAA was used. The
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FIGURE 2. Relation between total ascorbic acid concentrations and the

percentage of dehydroascorbic acid (%DHAA) of total ascorbic acid in

nonsmokers (A) and smokers (B). The dotted lines are the 99% CIs.

Age (y)

FIGURE 3. Mean (± SD) plasma total ascorbic acid concentrations by

l0-y age strata in women (lighter bars) and men (darker bars). There were

no significant differences.

regression line on %DHAA for the smokers crossed the x axis

at a total ascorbic acid concentration of 94.4 �molfL; the lower

limit of the CI crossed the x axis at a total ascorbic acid

concentration of �70 �molIL.

DISCUSSION

In the present study, we found smoking to be the dominant

predictor of high plasma concentrations of the oxidized form of

ascorbic acid, DHAA. The crude difference between men and

women persisted in a multivariate analysis in which smoking

and age were taken into account. There were no significant

effects of age in any of the age strata, by multivariate analysis.

As stated in the Introduction, true concentrations of DHAA

in plasma have been debated for a long time, older reports

indicating much higher values than more recent publications.

The analytic methodology we developed is highly sensitive and

specific (1 7) and involves well-controlled sample preparation,

which has proved crucial to the reliability and reproducibility

of the results obtained. Furthermore, our method does not rely

on determination of ascorbic acid in the chromatographic void

volume but includes retention of ascorbic acid on the column,

in contrast with most other published methods (17-26).

It is apparent from Figure 2 that we measured negative

DHAA values. In the biological sense, negative values make no

sense; however, it should be appreciated that DHAA is mea-

TABLE 2
Results of the regression of the dehydroascorbic fraction of total

ascorbic acid (% DHAA) and absolute DHAA concentrations on the

total ascorbic acid concentration

Smokers’ Nonsmokers’

% DHAA DHAA% DHAA DHAA

Intercept �542 + I .48 -0.60 - I .33

Slope -0.01 1 -0.0091 +0.0 19

r -0.12 +0.069 +0.192

I The regression lines for smokers and nonsmokers are significantly

different (P < 0.05) for both regression of % DHAA and DHAA concen-

tration on total ascorbic acid.
2p < 0.05.
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sured as a difference between total ascorbate (ie, reduced plus

oxidized) and reduced ascorbate. The amounts of total and

reduced ascorbate are of the same magnitude and much larger

than their difference, which amounts to a small percentage. If

the dehydroascorbate value is close to zero the variability of the

measurement would clearly result in about half of the values

being negative and the other half being positive and the mean

would be close to zero. It is obvious that truncating the nega-

tive values would introduce a bias and should not be done.

Whether such a bias contributes to the discussion about the true

concentrations of DHAA is not clear from the published liter-

ature. We repeated the calculations (not shown) with such

truncation of the data and the difference as depicted in Figure

2 persisted.

Of further interest is the finding depicted in Figure 2 that the

regression of the ratio of DHAA to total ascorbic acid on total

ascorbate is negative in smokers and clearly different from that

of nonsmokers, in whom the slope is zero. The difference is

consistent regardless of whether the actual DHAA values or the

dehydroascorbate fraction of total ascorbate was used. This is

further indication of oxidative stress in smokers and also mdi-

cates that the fraction of the dehydroascorbate of total ascor-

bate might provide useful information about the level of oxi-

dative stress in smokers. Of particular interest is the finding

that for plasma concentrations of ascorbic acid > 94 pmol/L,

there were no differences in the ratio of DHAA to total ascorbic

acid between smokers and nonsmokers as judged from the

regression line. On the basis of the 99% CIs of the slope, the

value was > 70 �molIL (Figure 2). Vitamin C is accumulated

in cells in part by a sodium-dependent transporter with satura-

tion kinetics at “�70 �molIL. The reduction of dehydroascor-

bate to ascorbate occurs intracellularly and depends on both

ascorbic acid and the dominant intracellular reductant glutathi-

one ( I I ). Our findings are therefore consistent with a need for

higher vitamin C intakes in most smokers.

The vitamin C requirement in smokers has been debated (13,

27-30). Levine et al (30) defined optimal vitamin C require-

ments based on several measurements, including dose-function

relations, availability in the food supply, steady state concen-

trations in plasma and tissue achieved at each dose, urinary

excretion, bioavailability, toxicity, and epidemiologic observa-

tions. Schectman et al (12) showed in a large epidemiologic

study based on the Second National Health and Nutrition

Examination Survey (NHANES II) that smokers have a lower

dietary intake of ascorbic acid than do nonsmokers. Because

the difference in plasma concentration persisted even when the

dietary intake of ascorbic acid was corrected for, they sug-

gested that the depletion of ascorbic acid as a result of cigarette

smoking occurs predominantly via mechanisms independent of

dietary intake (12), a finding supported by our recent finding in

a study on smoking cessation (14).

Levine et al (3 1) followed up their studies on vitamin C

requirements with a carefully designed and thorough study that

included determination of plasma total ascorbate concentra-

tions after well-defined vitamin C intakes. They found that in

nonsmokers the recommended dietary allowance (RDA; 32) of

60 mg vitamin C/d resulted in plasma concentrations of �25

p.mollL, and 200 mg vitamin C/d resulted in plasma concen-

trations of “66 �tmolIL; higher doses did not increase plasma

concentrations considerably. On the basis of these and other

data, Levine et al concluded that the current RDA for vitamin

C should be increased to 200 mg/d. This suggestion is consis-

tent with our finding that plasma DHAA concentrations are

close to null when plasma concentrations are > 70 �mol/L.

Whether an intake of � 200 mg vitamin C/ d is needed to

achieve such concentrations remains to be determined.

No correlations between ascorbic acid or DHAA and age

were found in the present study (Figure 3). However, a de-

crease in plasma total ascorbic acid concentrations with age

was observed but it was not significant (P = 0. 1 1). The

absence of a correlation between age and ascorbic acid agrees

with more recent observations (33-35), although a few older

studies did find a correlation (36, 37). It has been suggested

that a correlation with age would most likely be due to a

decreased dietary intake of ascorbic acid with increasing age,

rather than to physiologic changes (38). Thus, the correlation

with smoking might be of particular interest in elderly persons

with a poor diet.

We suggest that the ratio of DHAA to total ascorbate is a

relevant measure for further studies on vitamin C needs in

smokers, might be a measure of oxidative stress from cigarette

smoking, and could be used to measure effects in clinical

intervention studies. U
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