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Abstract Since antioxidant
vitamins may affect an organism’s
capacity for defence against reac-
tive oxygen species, biological
markers of the dietary exposure to
these vitamins is of importance.
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Biomarkers of exposure to vitamins
A, C, and E and their relation to lipid
and protein oxidation markers

There is also a need of effect
biomarkers for determining the
ability of these and other antiox-
idants to increase the overall
antioxidant capacity and decrease
the oxidative damage occurring in
biological samples. This review is
concerned with exposure markers
and markers of lipid- or protein
damage following intervention
with vitamins A, C and E. While
there are several high quality
exposure markers available it is
not possible to identify functional

markers of lipid or protein oxida-
tion, which respond reliably to
human dietary intervention with
vitamins A, C or E.
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Vitamin A: biomarkers for vitamin A in body
fluids

The vitamin A (all-trans-retinol and its esters) level
was originally determined by bioefficiency assay, a
technique that was later superseded by various
chromatographic and fluorescent techniques. Due to
worldwide concern for vitamin A deficiency (VAD),
the development of fast and simple methods for the
determination of vitamin A status has long been given
a high priority. Direct fluorescence methods for
assessing the retinol level in plasma or in dried blood
are feasible because of the high intensity of retinol
fluorescence when it is bound to its transporter, the
retinol binding protein (RBP) [27, 45]. With the
advent of high performance liquid chromatography
(HPLC), these techniques took over and today retinol
can be determined in serum routinely by direct- [15,
16] or reversed-phase [44, 76, 85] liquid chromatog-
raphy. The reversed-phase techniques are faster and

smaller sample volumes suffice but they are generally
unable to discriminate between the various isomers of
vitamin A to the same extent as the direct-phase
methods can, although reversed-phase methods able
to separate certain of the retinol isomers have been
published [77]. The direct-phase methods can also
typically measure a large number of other lipid-sol-
uble vitamin isomers in the same run, such as pro-
vitamin A carotenoids, xanthophylls, tocopherols and
tocotrienols, menadione and phylloquinones. The
structure of vitamin A and pro-vitamin A carotenoids
is shown in Fig. 1. The observation that RBP occurs in
plasma in a virtually 1:1 ratio to retinol has prompted
the development of radial diffusion assays and
enzyme immunoassays for RBP as a surrogate marker
for plasma or serum retinol [51, 78, 110]. The possi-
bility of using dried blood spots, which is advanta-
geous from a collection standpoint, has also been
demonstrated [27]. A comparison of the various tests
in terms of price, speed of performance and coeffi-
cient of intraindividual variability is shown in
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Fig. 1 Structures of retinol (vitamin A) and of the Retinol
most important pro-vitamin A carotenoids
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Table 1. Although the accuracy for each of the
methods taken up in Table 1 is good (less than 5%
deviation from the standards) and the interday vari-
ability is low, the correlation coefficient between the
HPLC methods and ELISA is only around 0.8, prob-
ably due to differences in linearity. Since the latter
methods are less demanding in terms of equipment
they have considerable potential for screening pur-
poses in the less developed countries where VAD is
still causing blindness, growth retardation and de-
creased resistance to infections in large numbers of
children.

Biomarkers of vitamin A related effects
in the eye

VAD leads to dryness of the conjunctiva of the eye
and moderate deficiency leads to decreased night
vision due to interruption of light-sensitive chemical
processes in the eye. Permanent blindness may ensue
in severe cases. The WHO has compared the sensi-
tivity of different methods for determining VAD (as
modified in Table 2). Biological effects on the eye are
still the only reliable means of detecting moderate to
severe VAD, whereas the biochemical detection of

Table 1 The performance of different methods for determining serum vitamin A

Test method CV%  Cost/sample  Speed Reference
(relative) (samples/day)

Reversed-phase HPLC 4 20 25 [7]

Direct-phase HPLC 4 30° 20 [4]

Fluorescence <10 2 50-100° [1

ELISA (RBP) 9 1 150 [9]

°Estimates from the author’s lab. This may change with new faster LC tech-
niques

Alpha-carotene

Beta-carotene Beta-apo-8'-carotenal Beta-cryptoxanthine

CHs

Table 2 Biological indicators of subclinical VAD

Indicator (cutoff) Prevalence cutoffs for defining a public health

problem and assessing its level of importance

Mild Moderate Severe

Functional tests

Night blindness >0% to <1% >1% to <5% >5%
(age-specific)

Biochemical markers

Serum retinol >2% to <10% >10% to <20% >20%
(<0.70 pmol/l)

Breast-milk retinol <10% >10% to <25% >25%
(<1.05 pmol/l)

Histological markers

Abnormal conjunctival <20% >20% to <40% >40%

impression cytology

Common biological indicators of subclinical VAD in children 6-71 month of
age. A public health problem is considered to exist when the prevalence criteria
of at least two of the above indicators of VA status are met (adapted from
[27, 120]

retinol in blood samples is needed to identify mild
cases and to be able to intervene at an early stage
[120]. As already indicated, simple yet sensitive assays
to determine the presence of this condition are thus
still in demand. Histological markers that are
employed include corneal cytology of the eye by
direct visual inspection and by sampling a specimen
of the conjunctiva for staining and microscopy.
Functional markers include dark adaptation and the
ability to see contrasts. The direct visual tests include
staining with rose Bengal to visualize dry areas or to
detect inflammation, but tests of this sort have been
shown to be less reliable [38]. The standard today is
the conjunctival impression cytology test which
makes use of a vacuum pump to lift a small portion of
the epithelium from the inferior temporal conjunctiva
onto a filter paper disc, fix it in glacial acetic acid and
stain it with periodic acid Schiff and haematoxylin for
histological examination [73, 118].
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Fig. 2 Structures of ascorbate, the ascorbyl radical and dihydroascorbate,
together constituting vitamin C

The dark adaptation tests measure the time needed
to adapt to a defined level of limited illumination. A
fast adaptation procedure involving the ability to
discriminate between red and blue objects for field
and for screening studies has been described [109].
When the eye shifts from cone-mediated day vision to
rod-mediated night vision, the Purkinje shift occurs,
the retinal peak light sensitivity shifting from red
towards blue, blue objects being perceived then as
lighter shades of gray than for red objects. Patients
have to be taught use of the test, which must be re-
peated afterwards several times. In some studies the
test results have been found to be more closely related
to vitamin A intake by dietary assessment than to the
plasma retinol level [38].

Biomarkers of oxidative stress after
supplementation with vitamin A

There seem to be no studies reporting on markers of
oxidative stress or oxidative status following inter-
vention with use of increased doses of vitamin A.
Neither retinol nor beta-carotene supplements to
blood samples in vitro have been found able to affect
a number of markers for antioxidant stability of the
plasma and erythrocytes [70], which indicates that
this vitamin may have a limited capacity to act as a
scavenging antioxidant in vivo.

Vitamin C: biomarkers of vitamin C in body
fluids

Vitamin C (ascorbate and dihydroascorbate, Fig. 2)
levels have been determined in plasma, serum, dial-
ysates and other body fluids by colorimetric and
fluorimetric techniques, by enzymatically based
assays and by HPLC with or without post-column
derivatisation. Since ascorbic acid is easily oxidized to
dehydroascorbate, which can subsequently be
degraded to diketogulonic acid, initial treatment by
stabilizing acids such as metaphosphoric and
perchloric acids has to be performed quickly after
isolation of a sample for analysis. The effects of the
anticoagulants used during sample collection has
been compared in one study, heparin being found to
result in only a minimal loss, EDTA in contrast giving
rise to a significant loss of vitamin C within a 30 min
period. Also, oxalate and citrate were found to be less
efficient in stabilizing ascorbate than other anticoag-
ulants were [25]. Storage time of the sample and
storage conditions are important factors determining
the stability of vitamin C. In one early study, the
concentrations of ascorbate and dehydroascorbate
were found to be unaffected in samples stored in the
laboratory at a temperature of 12°C for up to 6 h [81],
but in other studies considerable time- and temper-
ature-dependent losses were found already from the
first hour of storage onwards even after optimization
of the collection conditions [25]. In another study the
storage time and temperature were found to have no
effect on loss of vitamin C during 2-14 day storage at
either —25°C or —75°C, but a 3.5% loss due to freezing
was observed [14]. In a third study, pre-treatment
with metaphosphoric acid was compared with treat-
ment by dithiotreitol, a commonly used laboratory
antioxidant. The latter performed slightly better than
the former since no loss of vitamin C was evident after
storage at —80°C for 6 years, whereas the standard
procedure involving the addition of metaphosphoric
acid led to a small but significant mean loss of <1%
per year [80]. However, since treatment with dithio-
treitol is known to reduce dehydroascorbate to
ascorbate, this procedure cannot be recommended if
both compounds are to be determined separately. The
normal range of plasma concentrations of dehydro-
ascorbate is controversial and the observation of this
compound in plasma may be a result of metal-catal-
ysed oxidation following acidification [65]. If
dehydroascorbate is physiologically present, its true
concentration seems to be very low, around 0.1% of
the total plasma vitamin C in non-smokers when the
sample has been handled carefully, and about 1.8%
under the same conditions in the case of smokers
[75], possibly reflecting higher leakage of haem in this
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Table 3 Typical performance of different methods for determination of plasma vitamin C

Test method (V% AA interday CV% DHAA interday Limit of detection Speed (samples/day) Reference
Reversed phase HPLC <4% <6% 0.1 mg/l 40-50 [60]
Capillary electrophoresis 1.3% n.d. 0.5 mg/l 40-50 [20]
Automated colorimetry <5% n.d. 3 mg/| 500 [12, 25]

group. There was a significant increase in the con-
centration of dehydroascorbate over time at low total
vitamin C concentrations [75].

The colorimetric and fluorometric methods are
generally based on redox-reactions, with ascorbate
and dihydroascorbate leading to the formation of a
chromophore or a fluorophore, which can be photo-
metrically measured by use of manual or automated
equipment. Most of these methods are quite unspe-
cific [94], but a few of them use assay blanks pro-
duced by adding ascorbate oxidase to the sample,
creating greater sensitivity with retention of speed.
Some of these methodologies are very fast, allowing
high sample handling rates to be achieved through
automation [12]. Results in determining plasma
ascorbate in this way correlate well with those
obtained by use of chromatographic methods [25].
Dehydroascorbate is not readily determined by use of
this approach.

The HPLC methods for detecting plasma ascorbate
electrochemically give results similar to those using
UV detection [72]. Postcolumn derivatization can be
used to reduce dihydroascorbate so that it can be
determined by use of an electrochemical detector; the
stereoisomer of ascorbate, erythorbate, can be deter-
mined simultaneously [12, 60, 74]. A method for the
simultaneous detection of ascorbate and uric acid by
means of capillary zone electrophoresis (CZE) has
also been described [20]. Recovery is better than 98%
with use of the HPLC and CZE methods and good
linearity is obtained even at low ascorbate concen-
trations.

In interlaboratory comparisons, quite disparate
results have been obtained with use of these tech-
niques. In a European study of laboratories carrying
out population surveillance, a 13%-20% interlabora-
tory variation was found using plasma samples in the
‘normal’ range of 36-94 umol/l in a second round
after corrections had been instituted at several labo-
ratories [10]. In another study an interlaboratory
difference of about 15% was observed, whereas the
intralaboratory variation was about 2 amol/l, irre-
spective of the concentration, which led to relatively
larger relative errors being registered at low concen-
trations [80]. The performance of different methods
for the measurement of vitamin C in plasma is sum-
marized in Table 3.

Vitamin C and lipid oxidation markers

Many different biomarkers of radical mediated lipid
oxidation exist but for the purpose of this review the
more commonly used assays appear adequate for
comparing studies in this area. The assays employed
to this end here are the following: plasma thiobarbi-
turic acid reactive compounds (TBARS), ex vivo LDL
oxidation, antioxidant capacity markers, plasma lipid
hydroperoxides, and plasma or urinary isoprostanes.
Only randomized study designs are included in this
review.

The most commonly used marker is determination
of TBARS, with or without calibration, to detect
malondialdehyde. The method is based on the liber-
ation of aldehydes from amino groups by acid or
alkaline hydrolysis followed by a color reaction
involving use of thiobarbituric acid. The product can
be determined spectrophotometrically, either directly
or online, following HPLC separation. This marker is
highly controversial since it is variable both within
and between laboratories, since it may partially
measure aldehydes deriving from endogenous
metabolism, and since there is no generally accepted
assay procedure [49]. These flaws have caused some
journals to generally regard the method as being
invalid as a lipid oxidation biomarker [113]. The
interday coefficient of variation (CV) for TBARS with
use of HPLC is in the order of 10%-20%, depending
on the method employed for hydrolysis, but as
already mentioned this relatively simple method has
an odd tendency of sometimes giving spurious results
and of varying from one analytical series to another,
also within the same laboratory.

In a randomized 2-months intervention study of 59
healthy smoking males MDA was found to increase
significantly following daily doses of 250 mg ascor-
bate combined with 200 IU vitamin E, 30 mg beta-
carotene and 100 pg organic selenium, given in a
normal formulation, but MDA to be unaffected by a
slow-release formulation as compared with placebo
treatment [93]. In another, randomized double-blind
crossover study the effect of vitamin C supplemen-
tation (6 weeks, 250 mg/day) was determined in 20
subjects each showing normal (67 pmol/l) or below
average (32 umol/l) plasma vitamin C concentration
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at baseline. No differences between groups in plasma
malondialdehyde concentrations were observed either
before or after supplementation [119]. In another
counterbalanced design, 25 males were exposed to
vitamin C (500 or 1,000 mg/d) and/or to exercise. No
effect of either treatment on plasma MDA was
observed [48]. In a study comparing eight smoking
women with eight controls during a 14-day period in
which 1 g ascorbate was administered daily, plasma
TBARS was found to not be affected [90]. In a larger
study involving 56 smokers, the intake of 500 mg/d of
vitamin C was found not to affect MDA as determined
by HPLC [2]. In a third study of this sort, giving a
combination of vitamin C (272 mg/d) and vitamin E
(800 1U/d) compared to placebo was found to not
affect plasma MDA in 77 smokers treated for 90 d
[55]. Oxidative stress in 10 volunteers as determined
by increased plasma MDA induced by infusion of free
fatty acids was also found to be unaffected by high-
dosage vitamin C infusion [11]. Infusion of large
doses of vitamin C (5 g) in combination with EDTA
treatment resulted initially in a marked increase in
plasma MDA but in an overall decrease in this
parameter after 16 repeated sessions [50]. Oxidative
stress induced by Zn deficiency was found to respond
to 250 mg/d vitamin C, given for 3 months, as com-
pared with placebo treatment, by a decrease in plasma
MDA concentration [17]. Overall it appears that the
intake of vitamin C does not consistently affect plas-
ma MDA but that significant increases may be
observed following the infusion of large, acute doses.

Another controversial marker used by many lab-
oratories is the ex vivo LDL oxidation assay, in which
isolated LDL is exposed to copper chloride or to a
semistable radical such as AAPH, the oxidative
formation of conjugated dienes being followed spec-
trophotometrically at 234 nm [36]. The lag-time to
oxidation and/or the slope of the oxidation curve are
used as end points. The method is disputed because
the outcome depends on the antioxidants present in
the LDL and these may be lost during LDL isolation.
A faster method applicable directly to a plasma or
serum sample overcomes this problem by using a
peroxide-sensitive fluorescent probe with high affinity
for LDL [52]. The interday CV for this latter assay is
less than 10%.

In a group of 48 middle-aged male and female
participants in a 36-month intervention study
receiving 500 mg/d of either vitamin C, vitamin C
plus 182 mg/d dl-o-tocopherol, 182 mg/d dI-
a-tocopherol alone, or a placebo in a parallel design,
no effect was observed at 12 or at 36 months in the
vitamin C group in terms of susceptibility of isolated
LDL or VLDL to oxidation ex vivo. In addition, no
change in whole plasma ex vivo oxidation was ob-
served in this group [96]. In a smaller parallel study of

vitamin C supplementation (1 g/d) versus placebo, in
which 19 smokers participated for 4 weeks following a
2-week ascorbate depletion period (<30 mg/d), there
was a significant increase in ex vivo LDL oxidation
lagtime in the vitamin-supplemented group [41]. In a
subsequent study of 30 young smokers, no effect was
observed after 8 weeks supplementation by 1 g/d of
vitamin C [42]. In a study with 30 coronary artery
disease patients there was no evidence after 6 months
that random assignment to vitamin C (1 g/d) together
with vitamin E (800 IU/d), or placebo, decreased
LDL oxidation or antibodies to oxidized LDL [64].
A borderline effect on LDL oxidation was observed in
a similar study with only 18 participants after a
shorter period of 12 weeks [86]. No effect on LDL
oxidation lag-times of 500 mg/d vitamin C supple-
mentation for 4 weeks as compared with placebo was
observed in 30 type II diabetics [111]. In a study
without a control group, an increase in ex vivo LDL
oxidation lag-time during a 12 week-period was ob-
served in 20 volunteers receiving 260 mg vitamin C in
combination with 14 mg iron/d. In another group,
receiving only 60 mg vitamin C plus iron per day, no
such increase was observed despite changes in plasma
ascorbate [121]. Supplementation by 1 g/d ascorbate
for 4 weeks in 11 healthy volunteers failed to change
the plasma LDL oxidation lag-time as compared with
nine controls [117]. Overall there seems to be no
consistent effect of vitamin C supplementation on ex
vivo LDL oxidation kinetics.

The oxidizability of LDL is inherently an antioxi-
dant capacity assay for this particular compartment.
A variety of antioxidant capacity markers exist for
other blood compartments, especially for whole
plasma. They are all ex vivo oxidation systems com-
posed of some oxidizing system and some relatively
simple marker of plasma oxidation, usually one
leading to a change in visual or UV absorption of the
test matrix [13, 47, 98, 102]. There are important
differences between the methods, which call for cau-
tion when they are interpreted [101]. When applied to
plasma samples some authors accordingly report poor
correlation between methods [115] whereas others
observed a high degree of correlation between some
of the most commonly applied methods, the ferric
reducing ability of plasma (FRAP) assay and the
trolox equivalent antioxidant capacity (TEAC) assay
which also correlated with ex vivo LDL oxidation [34,
35]. These methods generally have interday CVs of
less than 10% for repeated measurements of the same
sample, the size of the CVs depending on the exact
wavelength used for determining the absorbance, the
availability of a photometer with exact filters or one
equipped with a narrow grid being required.

The infusion of 1,000 mg ascorbate for a 1 h period
in ten healthy volunteers was found to result in an



8 European Journal of Nutrition (2008) Vol. 47, Supplement 2

© Steinkopff Verlag 2008

increased antioxidant capacity as measured repeat-
edly by two different methods during both the infu-
sion period and the hour following this [116]. Marked
increases in antioxidant capacity in the plasma of
elderly women during the 4 h period after a dose of
1,250 mg ascorbate was given, were also observed
using three different antioxidant capacity measures
[18]. However, only a limited response of this sort was
observed with use of the FRAP assay during the 24-h
period following a single dose of 500 mg ascorbate
with or without 400 IU vitamin E [22]. At the same
time, in a cross-over intervention study involving 48
non-smoking men and women, in which 0 mg, 60 mg
or 6 g of vitamin C was administered daily during
14 day-periods separated by 6 weeks wash-out peri-
ods, the plasma antioxidant capacity of these persons
was found to be significantly affected [5]. In a 14 d
parallel study of 16 women who smoked, half of them
treated with 1 g ascorbate daily and half of them given
placebo, no effect on the antioxidant capacity of the
plasma could be shown [90]. Neither was the plasma
TEAC found to be affected by a 150 mg/d vitamin C
supplement in a 2-week study involving 18 volunteers
[107]. No effect of antioxidants on TEAC could be
observed either in 39 lupus erythromatosis patients
randomized to being given 500 mg vitamin C together
with 800 IU vitamin E a day or a placebo for a 12-week
period [105]. In a group of 48 middle-aged male
and female participants in a 36-month intervention
study in which 500 mg/d of vitamin C, vitamin C plus
182 mg/d dl-a-tocopherol, 182 mg/d dl-a-tocopherol
alone, or placebo were given daily in a parallel design,
no effect in either of the vitamin C groups on the
plasma antioxidant capacity as determined by the
TRAP assay was observed at either 12 or 36 months
[96]. At the same time, the antioxidant capacity in six
moderately trained males was found to be signifi-
cantly affected, following 2.5 h of strenuous exercise
stress, by the intake of a drink containing vitamin C
(0.15%, approx. 200 mg ascorbate) [30]). In contrast,
FRAP was not found to be affected by 1 h of hard
exercise following the daily administration of 600 mg
vitamin C in combination with a range of other
micronutrients for a 7-day period [31]. In these var-
ious studies, the effect of vitamin C on antioxidant
capacity measures could not always be explained
simply by an increase in the plasma ascorbate con-
centration. It appears that, although vitamin C may
increase the antioxidant capacity in normal, healthy
individuals, the effect is more evident short-term
and may be partially be due to indirect actions of
unknown character.

Although plasma lipid hydroperoxides can be
determined individually by HPLC together with elec-
trochemical detection [43, 106] or collectively by
means of hydroperoxide-sensitive photometric assays

(82, 92, 108], in most published papers the determi-
nation of ‘lipid hydroperoxides’ is a euphemism for
TBARS. The effect of ascorbate supplementation on
the plasma lipid hydroperoxide concentration in
humans under normal conditions has not been fre-
quently reported. The formation of lipid hydroper-
oxides in LDL was not found to be affected by a
150 mg/d vitamin C supplement in a 2-week ran-
domized study involving 18 volunteers [107]. The
effect of an ascorbate supplement in reducing the
plasma hydroperoxide level following various condi-
tions of oxidative stress showed a significant effect on
this marker. A 30% reduction in exercise-induced
total lipid hydroperoxides was observed after acute
supplementation of vitamin C [6]. Also vitamin C
supplementation in conjunction with biweekly
apheresis for 6 months in dyslipidemic and uremic
patients markedly increased the efficiency of such
treatment in reducing the plasma phosphatidylcholine
hydroperoxide level as determined by HPLC [21].
Thus, vitamin C seems to affect lipid hydroperoxide
formation in some oxidative stress conditions.

The least disputed lipid oxidation methods are the
isoprostane assays. The determination of plasma
isoprostanes can be performed by gas chromatogra-
phy/mass spectrometry (GC-MS) using electron cap-
ture negative ionization (ECNI) or negative ion
chemical ionization detection (NCI). The compounds
need to be extracted from the sample and derivatized.
The extraction has not always been straightforward
and has involved multiple chromatographic steps,
including thin layer chromatography, and has led to a
poor overall recovery [8]. Improvements have in-
cluded a combination of solid-phase extraction car-
tridges and HPLC [88, 114], two sequential solid-
phase extractions [24] and most recently a single
anion exchange cartridge [68]. The derivatization of
the compounds is most often done by use of penta-
fluorobenzyl bromide followed by a silylation step
employing  bis-(trimethylsilyl) trifluoroacetamide
[68]. The overall extraction efficiency is now around
70%, the interday analytical CV% varying from less
than 1% to 5%-8 %, depending on extraction proce-
dures. Since the interindividual variation is much
larger, this method has considerable power for
detecting the factors causing biological variation. An
immunological method for the determination of 8-
isoprostane F,o having 5%-15% analytical variation
also exists [9].

The formation of isoprostanes in plasma was found
to not be affected by 150 mg/d vitamin C supple-
mentation in a 2-week study involving 18 volunteers
[107]. Using the chromatographic method on plasma
samples, no change was observed after a daily dose of
272 mg vitamin C in combination with vitamin E
(31 mg/d) and folate (400 pg/d) for a 90 day period in
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Table 4 Performance of
Test method

Normal variation CV% Methods reference

plasma lipid  oxidation Analytical CV% Speed® (samples/day)

markers
TBARS (HPLC) 15-20 25 50 [67]
LDL ex vivo oxidation 5-10 20 10/50 [36, 52]
Antioxidant capacity <10 20-25 >100 [47]
Lipid peroxides <10 60—-65 20 [92]
8-Isoprostane F,,, EIA 5-15 20-50 50-100 [9]
Isoprostanes GC—MS <1-6 50 50 [24, 68]

®Estimates in the author’s laboratory with use of standard semi automated equipment

Table 5 Summary of effects of vitamin C on plasma lipid oxidation markers

Treatment MDA LDL oxidation Antioxidant Lipid Isoprostanes
ex vivo capacity hydroperoxides

Vitamin C — = +/— = =

Stress + vitamin C - - +/— + nr?

nr not reported

elderly male smokers and non-smokers [55]. A dose-
response study of hospitalized women in which vita-
min C (30-2,500 mg/d) was administered to them for
186 days following a short ascorbate-depletion peri-
od, gave no evidence of change in the levels of iso-
prostanes in the urine or plasma [71]. In a study of 30
coronary artery disease patients limited evidence was
obtained after 6 months that random assignment to
vitamin C (1 g/d) together with vitamin E (800 IU/d)
versus placebo led to a decrease in plasma isopros-
tanes [64]. No studies of the effect of ascorbate
supplementation on oxidative stress-induced iso-
prostanes have been reported. The performance of
plasma lipid oxidation markers and the effects on
them of vitamin C being administered is summarized
in Tables 4 and 5. Overall, the effect of vitamin C on
lipid oxidation markers seems limited to a possible
effect in certain oxidative stress conditions.

Vitamin C and protein oxidation

Proteins have no natural carbonyl groups, so such
groups are introduced into proteins by oxidative
mechanisms, including the oxidative deamination of
the a-amino group in lysine and the oxidation of
carbons next to the secondary amine functions in
proline and arginine. Other assays for oxidatively
modified amino acid residues in proteins include the
measurement of preformed hydroxytyrosine, dityro-
sine, and sulphoxides (e.g., methionine sulphoxide),
and the loss of protein sulfhydryls. Oxidized proteins
can denature, the denatured proteins being quickly
chaperoned towards proteolytic degradation in vivo,
but the oxidation may also be insufficient to denature
the protein so that protein carbonyls are allowed to

accumulate to some extent. The steady-state concen-
tration of protein carbonyls and other oxidative
modifications in the plasma or in other biological
specimens may thus reflect the accumulated oxidative
stress in the compartment in question during the
lifetime of the protein, thereby providing a potentially
valuable biomarker for low-level oxidative stress.
Several approaches to developing biomarkers for
protein oxidation have been taken, but only few of
them have been applied to studying the effects of
micronutrient supplementation.

The simplest assay is based on the reaction of
carbonyl groups with primary amines to form semi-
stable Schiff-bases. The reaction with 2,4-dini-
trophenylhydrazine (DNPH) is commonly used for
the photometric determination of carbonyls. In its
simplest form, it involves the sample reacting with
DNPH, precipitation and a washing procedure to
remove the unspecifically bound DNPH. After wash-
ing, the protein is solubilized to determine the level of
specific binding photometrically. This method has the
advantage of being fast and of low technical demands.
The disadvantages include difficulties in removing the
unspecifically bound DNPH, leading to high and
variable background readings, a variable loss of pro-
tein during washing, and a risk of introducing addi-
tional oxidative modification during the procedure,
leading to binding of the excess DNPH. The first two
disadvantages can be partly overcome by isolating a
specific protein fraction prior to precipitation, which
leads to a much greater loss of the unspecifically
bound DNPH. It also introduces the additional
advantage of selecting the specific protein for study,
since oxidation can vary between proteins due to
differences in the redox micro-environment sur-
rounding the proteins. Another solution is to use an
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immunoassay procedure involving specific antibodies
to the DNPH-modified protein, thus avoiding the
unspecifically bound DNPH and extensive washing.

To assess oxidative stress by use of the simplest
version of this assay, the influence of taking 500 mg/d
versus 1 g/d of vitamin C for 2 weeks prior to 30 min
of hard exercise was evaluated in 12 males using a
counterbalance design. Vitamin C was found to
decrease the exercise-induced increase in protein
carbonyls in a dose-dependent manner [48]. Using
the same method for protein carbonyls, the effect of
taking 272 mg/d of vitamin C supplement in con-
junction with vitamin E (800 IU/d) and folate
(400 ng/d) for 90 d was assessed in 39 smokers and 38
non-smokers who habitually had a low intake of fruit
and vegetables. No effect of the supplement on pro-
tein carbonyls was observed [55]. In a very small
study, involving seven divers, no effect on the levels of
plasma protein carbonyls as a results of diving apnea
or of a 1 g/d supplement of vitamin C for a week
preceeding a diving experiment was observed [104].

A more advanced approach with an isolated pro-
tein fraction was taken in a study of the effect of a
400 mg/d vitamin C supplement given to healthy
volunteers for a 15-week period. The level of protein
carbonyls in the immunoglobulins was found to de-
crease after both 10 and 15 weeks of supplementation,
whereas no change in the total plasma sulfhydryls was
detected [19]. The decrease was confined to individ-
uals with a sub optimal intake of vitamin C.

A third method employed for assessment of pro-
tein oxidation takes advantage of the reaction of
protein aldehydes with fluorescein and reduction of
the product by cyanoborohydride to form a stable
adducts. Following protein isolation by a rapid size-
exclusion chromatographic step and complete acid
hydrolysis, the fluoresceinamine adduct could be
detected by HPLC through the use of UV, fluores-
cence or APCI-MS detection [29]. This procedure has
the advantage of being specific for the products of
lysine (2-aminoadipic semialdehyde (AAS)) or for
proline and arginine (y-glutamyl semialdehyde) oxi-
dation and of avoiding any further oxidation during
workup of the sample. The main disadvantage is the
longer time required for analysis and the higher
technical demands. The method has been used to
study the effect of supplementation by 500 mg/d of
vitamin C versus placebo for 30 days in 16 healthy
volunteers. A marginal increase in plasma protein
AAS was observed (Dragsted, unpublished data).
Another line of evidence comes from studies of die-
tary fruit and vegetable depletion, showing a rapid
depletion of plasma ascorbate and a concomitant
decrease in AAS, indicating that the depletion of
ascorbate might have an antioxidant effect. Use of this
approach was found in one study to produce a sig-

nificant time-dependent decrease in AAS during a
24-day period of fruit and vegetable depletion in the
diet, whereas no change was observed after supple-
mentation of the known nutrients from the fruits and
vegetables, including 150 mg/d vitamin C. No effect of
fruit, vegetables or nutrient supplements was found in
that study on the levels of total plasma carbonyls or
immunoglobulin carbonyls by the antibody approach
in conjunction with Western blotting [35]. None of
the volunteers had sub optimal vitamin C levels
before intervention. Since vitamin C is a cofactor for
the lysine oxidases that cross-bind cartilage in the
body, the observed effect of vitamin C on this specific
marker may reflect enzyme leakage from the cartilage
rather than prooxidative stress.

Overall there appears to be certain but limited
evidence for sub optimal vitamin C intake leading to
an increase in protein oxidation in the plasma
immunoglobulins. Evidence for the prevention of
stress-induced carbonyl formation by increasing the
intake of vitamin C is controversial and needs further
confirmation.

Vitamin E: biomarkers for vitamin E in body
fluids

Vitamin E is a collective term for alpha-, beta-,
gamma- and delta-tocopherols as well as the tocot-
rienols, of which RRR-u-tocopherol has the highest
vitamin E activity. The reference for the international
unit (IU) is 1 mg of all-rac-tocopheryl acetate, 1 IU
corresponding to 1.49 mg RRR-a-tocopherol. Since
only the four R-forms of a-tocopherol (d-o-tocoph-
erol) are recognized by the human vitamin E trans-
porter in the body, none of the four S-forms of
a-tocopherol and none of a-, «- and a-tocopherols or
of the tocotrienols are thought to have any vitamin E
activity in humans as opposed to the rat. This is still
controversial, however, since in a study comparing
the delivery of RRR-a-tocopherol and all-rac-a-
tocopherol to lipoproteins in humans following
8 weeks of supplementation by 1,600 mg/d of either
product, no difference in the total vitamin E content
of LDL was observed [97]. The relative vitamin E
activity of the various tocopherols and tocotrienols in
the rat together with their structures are shown in
Fig. 3. The vitamin E status in rats and possibly in
other rodents can be determined as a function of all
the active isomers, but in humans vitamin E status is
preferably determined as the plasma, serum or
erythrocyte concentration of d-o-tocopherol. Various
functional tests have also been suggested, including
the susceptibility of erythrocytes to lysis following an
in vitro challenge with hydrogen peroxide [28, 37,
122], or the exhalation of breath pentane [69]. In one
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Fig. 3 Structures of tocopherols and tocotrienols and their relative potency as
vitamin E in the rat (TE; dl-o-tocopherol equivalents). Redrawn from [53]

study no correlation was found between results of the
erythrocyte membrane stability test and plasma or
erythrocyte vitamin E concentrations [122]. Also,
since these functional tests may be lipid oxidation
markers, it seems more appropriate to evaluate the
relationship of vitamin E supplementation to cur-
rently used lipid oxidation markers. Vitamin E has a

physiological transporter in the human that only
binds d-a-tocopherol, and deletion of this transporter
leads to neurological symptoms [83].

Vitamin E can be routinely extracted from bio-
logical samples with hexane or heptane and deter-
mined by GC-MS or by direct or reversed phase
HPLC using coulometric, fluorescence or mass
detection [23, 46, 66, 89, 112]. The use of more simple
methods often fails to discriminate between the active
and inactive tocopherols [23, 59]. In a comparison
between LC-MS and GC-MS methods, the former
were found to perform slightly better in terms of
interday analytical precision and variability [89].

Vitamin E and markers of lipid oxidation

This review concerns only randomized, controlled
studies in which the effects of supplementation by
vitamin E was investigated on peripheral blood sam-
ples using plasma or serum thiobarbituric acid reac-
tive compounds (TBARS), ex vivo LDL oxidation,
antioxidant capacity markers, lipid hydroperoxides,
or isoprostanes (see desciption in the section on
vitamin C above). In a study of 24 diabetic patients
assigned to take a capsule each day containing 100 IU
vitamin E or a placebo for a period of 3 months, a
significant decrease in plasma MDA was found in the
vitamin-supplemented group as determined by HPLC
[56]. In a subsequent study of 24 diabetic children by
use of the same design, there was a significant de-
crease in erythrocyte MDA in the vitamin-supple-
mented group [57]. In 49 diabetic patients given
either 504 mg/d d-a-tocopherol or a placebo for a 6-
month period a decrease in ex vivo induced TBARS in
the erythrocyte membranes was found for the sup-
plemented group [61]. In a study of 49 HIV patients
randomized to supplementation with a placebo or
with 800 IU/d vitamin E and 1,000 mg/d vitamin C for
a 3-month period, a reduction in plasma MDA
occurred in the group assigned vitamin supplements
[3]. In a double-blind, controlled intervention study,
56 patients with congestive heart failure were given
335 mg/d of the natural d-a-tocopherol for a 12-week
period and no effect on the plasma MDA level was
detected [62]. In a randomized 2-months intervention
study of 59 healthy smoking males, MDA was found
to increase significantly following daily doses of
200 mg vitamin E combined with 250 mg ascorbate,
30 mg beta-carotene and 100 pg organic selenium,
given in a normal formulation, but to be unaffected by
a slow-release formulation as compared with placebo
treatment [93]. In a study of the effects on 77 smokers
of taking vitamins C (272 mg/d) and E (800 IU/d) or a
placebo for 90 d, no effect on the plasma MDA was
detected [55].
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In a trial involving 80 men showing an increase in
plasma lipid oxidation from exposure to either olive
oil or menhaden oil, giving a 900 IU dose of vitamin E
was found to be no better than a placebo in decreasing
MDA [4]. In a trial of lipid oxidation induced in 18
untrained men by three sessions of resistance exer-
cises, those assigned to treatment with vitamin E
(1,200 IU/d starting 7 days before the exercises
began) were found to not differ from the placebo
group in the levels of plasma MDA [7]. In another
study, of a group of 14 runners assigned to either a
placebo or a 1,200 IU/d dose of vitamin E starting
4 weeks before and continuing during 6 days of in-
creased running training, a decrease in serum MDA
was found in the group given vitamin E [54]. In a
cross-over intervention study involving 4-week peri-
ods of either taking 500 or 1,000 IU of vitamin E to-
gether with 500 or 1,000 mg of vitamin C or taking
placebo, no effect on exercise-induced oxidative stress
could be shown by serum MDA [32]. In another
study, 16 young and 16 older male subjects were first
given eccentric exercises for 45 min and were then
placed on 1,000 IU/d of vitamin E supplementation
for 12 weeks before being given a second round of
exercises. No change in plasma MDA either within or
between the two groups could be shown [100].

In a three parallel groups of 16 middle-aged male
and female participants, who were given either
500 mg/d of vitamin C together with 182 mg/d dl-o-
tocopherol, 182 mg/d di-a-tocopherol alone, or pla-
cebo, no effect on plasma antioxidant capacity was
observed at 12 or at 36 months [96].

In a double-blind controlled intervention study of
56 patients with congestive heart failure, treatment
with 335 mg/d of natural d-o-tocopherol for 12 weeks
was found to have no effect on the level of breath
pentane exhalation [62]. In a trial involving 80 men
who had an increase in plasma lipid oxidation fol-
lowing exposure to olive oil or to menhaden oil, a
dosage of 900 IU vitamin E was found to equal pla-
cebo in reducing the level of lipid hydroperoxides in
the plasma or the exhalation of breath pentane [4]. In
a study of 49 HIV patients randomized for supple-
mentation with a placebo or with 800 IU/d of vitamin
E and 1,000 mg/d of vitamin C over a 3-month period,
there was found to be a reduction in plasma lipid
peroxides and in breath pentane exhalation in the
group to which a vitamin supplement was assigned
[3]. In a study without a parallel control group, a
1,000 IU/d vitamin E supplement for a 10 d period
was found to reduce the exhalation of breath pentane
[69].

In a dose-response study of 40 healthy men
assigned doses of 60-1,200 IU of vitamin E for an
8-week period, vitamin E given at doses higher than
200 IU/d was found to affect the kinetics of ex vivo

oxidation of LDL [58]. In a group of 45 randomized
healthy males and females, the effects of giving mixed
supplements of 200 mg/d vitamin E, 900 mg/d vita-
min C and 18 mg/d beta-carotene for 6 months were
compared with those of a placebo. Non-induced
lipoprotein oxidation ex vivo was found to be delayed
in the group given the vitamin supplement, and the
strength of this effect was correlated with the level of
plasma o-tocopherol [1]. In a group of 48 middle-aged
male and female participants in a 36-month inter-
vention study in which either 500 mg/d of vitamin C,
this together with 182 mg/d dl-a-tocopherol, 182 mg/
d dl-a-tocopherol alone, or a placebo in a parallel
design, a significant increase in the susceptibility of
isolated LDL or VLDL to oxidation ex vivo was
observed at 12 and at 36 months in the group given
only vitamin E and in group given the combined
dosage. A significant change in these groups in whole
plasma ex vivo oxidation at 36 weeks was likewise
observed [96]. In a study comparing the delivery
of RRR-o-tocopherol and all-rac-a-tocopherol to
lipoproteins in humans following 8 weeks of supple-
mentation with 1,600 mg/d of either product, no dif-
ference was observed in LDL-MDA, LDL-dienes, or
LDL-hydroperoxides induced ex vivo [97].

In 49 diabetic patients given 504 mg/d d-
a-tocopherol or a placebo for 6 months, no change in
the group receiving the supplement was detected in
the antioxidant capacity of the erythrocytes as deter-
mined on the basis of the glutathione concentration
and the glutathione peroxidase activity [61]. In a
double-blind controlled intervention study of 56
patients with congestive heart failure, treatment with
335 mg/d of the natural d-o-tocopherol for 12 weeks
was found to have no effect on the level of activity of
plasma glutathione peroxidase [62].

In a blinded intervention study of 33 triathletes
participating in a world championship, who were
given 800 IU/d vitamin E or a placebo for 2 months
prior to the race, the treatment with vitamin E was
found to significantly increase the level of plasma
F2-isoprostanes as well as of several markers of
inflammation, including IL-6 [91]. In another study,
16 young and 16 older male subjects were given
45 min of eccentric exercise and were then given a
1,000 IU/d supplement of vitamin E for a 12-week
period before being given a second round of exercises.
Following vitamin E supplementation a significant
lowering of the plasma isoprostane level both before
and 24 h after the exercise was found for the older
men. This was not observed for the young men. No
other significant differences were observed between
the two groups [100]. The study design could not
control for period effects, which may have caused the
difference. In a third study of the effects of vitamin E
on oxidative damage induced by exercise, 21 ultra-
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marathon runners were given either a combination of
300 mg/d d-a-tocopherol and 1,000 mg/d vitamin C, or
a placebo during the 6 weeks prior to the race. Running
as such was found to increase the plasma isoprostane
level, particularly in the males, and the vitamin sup-
plement was found to prevent this [84]. The inflam-
matory markers were also affected by running, but
this was not changed by the vitamin supplements. In a
study of the combined effects of giving either vitamin
C (500 mg/d) together with d-a-tocopherol (400 mg/
d), vitamin C (500 mg/d) together with d-o-tocoph-
erol (290 mg/d) and d-a-tocopherol (130 mg/d), or a
placebo during a 28 d period on the plasma isopros-
tane concentrations induced by exercise, no effect of
either vitamin treatment was observed, although the
treatment by o-tocopherol was found to affect the
exercise-induced increase in plasma and muscle heat
shock protein (HSP72) and also the expression of
HSP72 in muscle [40]. In an intervention study of 46
healthy smokers given 0, 300, 600 or 1,200 IU/d of
vitamin E for 3 weeks, no effect on the excretion of
F2-isoprostane could be observed for any of these
interventions [95]. In a double blind controlled
intervention study of 56 congestive heart failure
patients, treatment with 335 mg/d of natural d-
o-tocopherol for a period of 12 weeks was found to
have no effect on the plasma F2-isoprostane level [62].
In another double-blind placebo-controlled trial with
a crossover design, no effect on the plasma F2-iso-
prostane level of taking 1,000 IU/d of vitamin E was
found for 20 patients with endothelial dysfunction
[103]. In a group of 33 sclerosis patients, 10 of them
were given 500 mg/d and 10 of them 1,000 mg/d
vitamin E for a period of 3 weeks, the rest being given
a placebo. No effect on urinary excretion of F2-iso-
prostanes was observed [26]. In 43 hypercholesterol-
emic patients randomized to taking simvastatin,
simvastatin together with 600 mg/d vitamin E or a
placebo for 2 months, the adding of vitamin E was
found to have no further effect on the urinary
excretion of F2-isoprostanes [33]. In a small non-
blind study of cirrhotic patients, the nine patients
receiving standard medication together with 600 mg/
d vitamin E for a 30-day period showed lower urinary
excretion of F2-isoprostanes than five controls given
only standard medication [39].

In a dose-response study, groups of five healthy
individuals received either 0, 200, 400, 800, 1,200 or
2,000 IU/d of vitamin E for a period of 8 weeks, fol-
lowed by 8 weeks of washout. No significant change
in the plasma F2-isoprostane level could be detected
by GC-MS at any time point, irrespective of the
treatment [87]. In a study without a control group,
isoprostane excretion was found to be decreased at
the end of a 2-month period in a group of 15 healthy
individuals receiving 400 IU/d of vitamin E [79].

Effects of vitamin E on protein oxidation

In a study without a control group, the plasma car-
bonyl content in 15 healthy individuals was found to
be unaffected by 400 IU/d of vitamin E for a period of
2 months [79].

Other markers related to vitamin E effect

Intervention trials involving ingestion of synthetic
vitamin E either alone or in combination with vitamin
C have been performed to assess their effects on
various conditions assumed to be caused by oxidative
stress. Sperm counts and sperm motility are thought
to be partially influenced by oxidative stress. Vitamin
E deficiency is also known to cause semen abnor-
malities and infertility in rats. In two randomized
studies, each with 30 men, little effect of taking 600-
800 mg/d of vitamin E for 2-3 months was shown. In
one study, a significant increase in the binding ratio
to the zona pellucida of the unfertilized oocyte in a
competitive binding assay was observed, but this
parameter was not assessed in the other study [63,
99]. No evidence was presented that this effect was
related to antioxidation.

Summary and conclusions on markers of
vitamin A, C and E

Serum retinol is still the most reliable indicator of
vitamin A deficiency. HPLC methods are the most
sensitive, but they are not useful for large screenings
or for field studies in poor areas of the world where
deficiency is a common problem. Although simpler
tests using fluorescence, as well as immunological
techniques possessing good accuracy and high pre-
cision exist, there is still a need of methodology,
which is simpler, faster and cheaper yet, and requiring
no complicated sample treatment or use of complex
equipment. Present day HPLC and GC-MS method-
ology has also high precision and accuracy in the
detection of vitamin E analogues in plasma. Since
plasma vitamin E levels are not always correlated with
the stability of the erythrocyte membrane or with the
exhalation of breath pentane, these proposed func-
tional tests for vitamin E must be regarded as ob-
solete. Total plasma vitamin C can readily be
determined by automated colorimetric assays or
HPLC. HPLC has the advantage of having lower
detection limits, permitting simultaneous determina-
tion of ascorbate and dehydroascorbate, and possibly
possessing higher accuracy, whereas the colorimetric
assays have higher throughput. The handling and
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storage of plasma for vitamin C determination has a
strong effect on accuracy.

Vitamin A appears to have only limited capacity as
a direct antioxidant in vitro and its effects on bio-
markers of oxidative damage or antioxidant effects in
vivo are not well known. Likewise, there is only lim-
ited evidence for a protective effect of vitamin E
supplements on markers of lipid oxidation even after
doses of 200-2,000 IU/d, and supposed effects of high
levels of vitamin E supplementation either on exer-
cise-induced lipid oxidation as determined by iso-
prostanes or on inflammatory markers are still
controversial. Vitamin E intervention has not been
found to decrease the oxidation of plasma proteins.

In human intervention studies to assess the effects
of vitamin C supplementation most of the currently
available markers for assessing lipid or protein oxi-
dation in humans have been tested. There is only
limited evidence that plasma ascorbate is a functional
antioxidant in the body as assessed by means of these
markers and very limited evidence that high dosages
of vitamin C may decrease oxidative stress. No evi-
dence for the antioxidant effect of vitamin C in the
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