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Vitamin C: prospective functional markers for defining optimal
nutritional status

Iris F. F. Benzie
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Most species of plants and animals synthesize ascorbic acid, but human subjects cannot, making
vitamin C an essential component of our diet. Relationships between vitamin C intake and status,
and between status and health are not yet clear. There is evidence, however, that higher intake of
vitamin C is associated with lower risk of disease, supporting the concept that optimal intake is
needed for optimal vitamin C status, and that both factors are required for optimal health. Vitamin
C has low toxicity in healthy subjects, but a clear definition of optimal status and the dietary intake
required to meet and maintain this status is needed before a change in the current recommended
intake can be considered. Available evidence suggests that intake of 200 mg vitamin C/d saturates
tissues and maintains fasting plasma levels above the proposed threshatd{§Gor minimum

risk of CHD. However, the issue of whether or not these levels produce ‘optimal vitamin C status’
awaits the clear and accepted definition of the term. This definition in turn awaits the development
of reliable functional markers capable of assessing the effects of varying levels of vitamin C
nutriture. In the present paper the relationship between intake and body stores of vitamin C and
the role of vitamin C in human health are reviewed briefly. The requirements of a reliable
functional marker of human vitamin C status are defined, three classes of functional markers
(molecular, biochemical and physiological) are described, and possible candidate markers are
examined.

Vitamin C: Ascorbic acid: Antioxidants: Micronutrient status: Functional marker

Vitamin C comprises two biologically-active vitamers, can be considered (Young, 1996). However, assessing
L-ascorbic acid and its two-electron reduction product vitamin C status is problematic, and there are currently no
dehydrot-ascorbic acid. Most species of plants and animals established functional markers of status. In the present paper
synthesize ascorbic acid from glucose, but human subjectghe relationship between intake and body stores of vitamin
cannot, making vitamin C an essential dietary componentC, and the role of vitamin C in human health are reviewed
(Levine, 1986; Padh, 1990). Relationships between vitaminbriefly, and the requirements of a reliable functional marker
C intake and status, and between status and health are naf human vitamin C status and possible candidate markers
yet clear (Hennekengt al 1994; Weberet al 1996; are examined.

Halliwell, 1997; Hemila, 1997; Strain & Benzie, 1998).
There is evidence, however, that higher intake of vitamin C
is associated with lower risk of disease (Block, 1991;
Diplock, 1994; Riemiersma, 1994; Bendich & Langseth,
1995; Gey, 1995; Machlin, 1995; Benzie, 1998), supporting In simple terms, vitamin C status describes the amount of
the concept that optimal intake is needed for optimal vitamin vitamin C within target tissues and fluids. Status reflects the
C status, and that both are required for optimal healthbalance between various factors controlling supply and
(Levine & Hartzell, 1987; Halliwell, 1996). Vitamin C has turnover of the vitamin (Fig. 1). These controlling factors
low toxicity in healthy subjects (Diplock, 1994; Hathcock, are far from constant and are difficult to assess. In terms of
1997), but a clear definition of optimal status, and the supply, vitamin C is destroyed during storage, processing
dietary intake required to meet and maintain this status, isand cooking of foods, and by interaction with other dietary
needed before a change in the current recommended intakeomponents (Halliwell, 1996; Bates, 1997). Thus, estimates

Vitamin C status: relationship between intake and body
stores
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for these differences, and they are not always found
(Benzie et al. 1998). Plasma ascorbic acid concentrations
peak at 1-2h after ingestion, and response is related to the
dose but not to the fasting plasma concentration (Benzie &
Strain, 199@). However, the relative amount absorbed
decreases as the dose increases (Mayersohn, 1972; Kallner
et al 1981; Melethilet al 1986; Levineet al. 1993; Benzie
& Strain, 1993). The upper limit of plasma ascorbic acid
concentration is controlled by the gastrointestinal absorption
and renal re-absorption mechanisms, and fasting plasma
concentrations rarely exceed J@ol/l, even with dietary
supplementation (Graumliakt al 1997); however, follow-
ing a large 2500 mg) oral dose plasma levels can increase
several fold, and may approach 2000l/l (Benzie &
Strain, 1993; Fig. 2).

Intracellular vitamin C levels can exceed eighty times
that of plasma (Evaret al 1982). At stable intakes, vitamin
C concentrations in fasting plasma correlate directly and
significantly with platelet, erythrocyte and leucocyte
concentrations (Jacokt al 1987; Levineet al 1995;
Graumlichet al 1997), and fasting plasma concentrations of
>60umol ascorbic acid/l indicate tissue saturation
(Graumlichet al 1997). However, there is no established

(glucose levels, threshold

pH, presence of
trace metals, {
nitrosamines) e

plasma threshold defining deficiency, and plasma ascorbic
acid concentrations of >11-4, >17, and > 22n0l/l have
been regarded as acceptable (see Oré&tgal 1998). In
depletion studies of healthy young men plasma vitamin C
concentrations decreased to an averageuofial/l without
clinical signs of scurvy (Jacadt al 1987; Graumlictet al
1997). However, clinical signs indicate the late stage of
. . . chronic and severe deficiency. Moreover, it is likely that
of dietary intake may be approximate at best. In humangemang for vitamin C in the study populations of young
subjects absorption and distribution of vitamin C are gener-peaithy non-smoking and otherwise well-nourished men

ally assessed by measurement of vitamin C concentration§,,s |ow. In contrast. demand may be high in certain
in easily-sampled biological fluids and tissues, largely gy ations or disorders. Pregnancy, smoking, inflammation,

limiting investigation to blood and urine. Saliva can be used, yiapetes mellitus and pre-eclampsia increase the input
but levels are low and do not correlate with plasma levels

(Jacobet al 1987). Vitamin C is not bound to protein, and is
lost in urine when plasma concentrations exceed the urinary 200
re-absorption threshold of about @®ol/l (Kallner et al
1981; Schorah, 1992; Levirt al 1993). However, urinary
vitamin C concentration is insensitive and unreliable as a
marker of vitamin C status. For example, no urinary loss
of vitamin C was seen following intake af30mg,
but occurred in all subjects following intake of 100 mg
(Graumlichet al 1997), implying that detectable vitamin C
in urine indicates adequate intake. An earlier study
(Blanchard et al 1990), however, reported continued
urinary loss of vitamin C in depleted men taking <10 mg/d.
In health the concentration of vitamin C in fasting plasma
is 25-8Qumol/l (Evans et al 1982; Freiet al 1989;
Blanchardet al 1990; Benzieet al 1998). Virtually all
vitamin C in the circulating plasma is in the reduced form,
ascorbic acid (Levinet al 1993). There appears to be rapid 0
uptake by erythrocytes of dehydreascorbic acid formed
within the circulation, dehydro-ascorbic acid being imme-
dlately, reduced to ascorbic acid by _'mraqe"mar GSH Fig. 2. Plasma ascorbic acid response to ingestion of vitamin C;
(Mendirattaet al 1998). Plasma ascorbic acid levels are peak post-ingestion (m) and fasting (e) levels at different intakes of
reported to be lower in men than in women and to decreas8;itamin C. Points are mean values and standard deviations repre-
with age (Garryet al 1987; Blancharet al 1990; Bailey sented by vertical bars. (From Benzie & Strain, 1997a; Graumlich et
et al. 1997), but there is no clear physiological rationale al. 1997.)

Fig. 1. Factors controlling vitamin C status. Gl, gastrointestinal tract.
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required to maintain ‘normal’ plasma levels (Schorah, 1992; Sweetmaret al 1997). However, the contribution of high
Smirnoff & Pallanca, 1996; Bates, 1997; Halliwell, 1997; intake or plasma levels of vitamin C to lowered risk of
Hubel et al. 1997); exercise, environmental pollution, disease is difficult to assess, as other health-promoting hab-
plasma concentrations of vitamin E, uric acid and glucoseits generally accompany high vitamin C intake, and clinical
also influence vitamin C metabolism (Levine, 1986; trials have shown inconsistent and inconclusive results
Schorah, 1992; Benzie & Strain, 1296Vlarangonet al (Hennekenset al 1994; Halliwell, 1997; Benzie, 1998).
1998). Thus, plasma levels may indicate functional Nonetheless, based on results of depletion-repletion and
reserves of vitamin C but may not reflect functional observational studies, an optimal vitamin C intake of
status; functional markers of vitamin C status are needed200 mg/d (Graumliclet al 1997) and a threshold ‘potential
for this. protective plasma level’ of 5dmol/1 (Gey, 1995) have
Measurement of vitamin C can also be problematic in been proposed. These values have yet to be endorsed in
analytical terms, as most simple methods of measurementerms of increased reference nutrient intake, as changes in
are non-specific. Sensitive and specific methods are availanutritional public policy require that unequivocal benefit ‘in
ble (Bateset al 1994; Benzie, 19%; however, vitamin C terms of health-related outcomes’ of increased vitamin C
is rapidly destroye@x vivq particularly at alkaline pH and intake is established (Young, 1996; Blanchatdl 1997;
in the presence of transition metal ions (Buettner & Halliwell, 1997; Shane, 1997). Results of long-term vitamin
Jurkiewicz, 1996). Thus, special handling of samples is C supplementation studies will resolve the question of
required, with acid stabilization of ascorbic acid before whether the reference nutrient intake should be changed,
storage at low temperature, or immediate testing of thebut such studies are costly and time-consuming. Reliable
sample (Batest al 1994; Benzie, 199%. functional markers of vitamin C status could serve as early
Stable-isotope studies usifdgC-labelled ascorbic acid  surrogate health-related end points, providing information to
and GC-mass spectrometry (Blueit al. 1996) offer a help plan and monitor clinical trials while helping to guide
powerful means of monitoring distribution and turnover of more immediate nutritional requirements.
vitamin Cin vivo. This highly sophisticated and demanding
technique is still, however, in the developmental stage.
Currently, therefore, and despite its limitations, measure-
ment of fasting plasma ascorbic acid concentration is the
most commonly used method of assessing vitamin C status.Diet controls but does not completely define body stores of
vitamin C, and demand may outstrip an apparently-adequate
L supply. Fasting plasma levels of ascorbic acid reflect but do
Vitamin C and health not equate to body stores, and there may be islands of need
The reference nutrient intake of 40 mg/d (Department of within oceans of plenty. In order to define and differentiate
Health, 1991) is aimed at prevention of the clinical between optimal, adequate, marginal, inadequate and
deficiency state, scurvy (Bates, 1997). However, no obviousdeficient categories of vitamin C status, reliable markers of
deficiency does not necessarily indicate adequacy (Levinevitamin C function are needed (King, 1996; Young, 1996;
et al 1995), and subclinical or marginal deficiency of Bates, 1997). Such markers will complement methods of
vitamin C owing to insufficient intake and/or to increased assessing intake, distribution and body stores, and help map
utilization may be common. The wide range of signs and links between the immediate effects and eventual outcome
symptoms of scurvy indicate the many and varied metabolicof different levels of vitamin C nutriture.
systems with which vitamin C interacts. These systems A reliable functional marker of micronutrient status in
include collagen synthesis, steroid and peptide metabolismhuman subjects must:
endocrine function, the immune system, blood pressure d itivel ificall d dictablv t
control, haemostasis, Fe and Cu balance and mitochondrial re]spon Sensitively, speciiically and predictably 1o
fatty acid catabolism (Levine, 1986; Padh, 1990; Smirnoff changes In the concentration and/or supply of the micro-
& Pallanca, 1996; Bates, 1997; Hemila, 1997). However, nutrient, |.e.. there must be a measurable dose-response
while the systems themselves are diverse, the biochemical relationship;

role played by vitamin C in each system appears to be be acceesrble for measurement, ie. the marker must be
mediated via its antioxidant properties (Fegial 1989; present in body fluids or cells which can be sampled or

Padh, 1990). imaged in some way;

Increased risk of chronic disease, including cancer, bﬁ. mt_a lform dand qugntl_tgl which ce;nb::)e me?s{_ureld
cataracts and CHD, is associated with low intake or plasma t)o cj)?scalt\r/t?j ¥n:t?]o drseﬁ:gstugg axt/\’/a;l':blzw able analytica
concentrations of vitamin C (Block, 1991; Riemiersma, . ; T .

1994; Gey, 1995; Machlin, 1995; Maxwell & Lip, 1997; reflect a change in the target tissue or fluid which haea
Benzie, 1998). Supplementation with vitamin C is reported Idlrectllmpactholn heallth’d"e' must relate to a physio-
to decrease blood pressure and blood lipids, improve ogical or pathological end point.

glucose metabolism and endothelial function, and to Vitamin C acts on various biological systems, and while
increase resistance of lipids and DNA to oxidative damageno single specific marker of vitamin C function has been
(Paolissoet al 1994; Benzie, 1996 Frei et al 1996; identified, three classes of functional markers can be
Halliwell, 1996; Levineet al 1996; Weberet al 1996; described:

Functional markers of vitamin C status: criteria and
prospects
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(1) molecular markers which relate to effects on function or ~ Ascorbic acid has been reported to prevent NADPH-
activity of specific molecules; these effects are likely to initiated free Fe-independent cytochrome P450-dependent
be mediated directly by vitamin C; microsomal lipid peroxidation (Ghosét al 1997). This

(2) biochemical markers which relate to effects on levels of specific inhibition is thought to be mediated by the reaction
biochemical constituents in body fluids; these effects of ascorbic acid with the perferryl radical form of cyto-
are likely to be the result of molecular changes; chrome P450 (P450F®~). Ascorbic acid neutralizes the

(3) physiological (biological) markers which relate to perferryl radical and prevents abstraction of H from a
effects on homeostatic processes or organ systemgpolyunsaturated fatty acid. In studies of guinea-pigs it was
resulting in physiological (or pathological) change; reported that lipid peroxidation occurred in association with
these effects are likely to be the result of biochemical ascorbic acid deficiency, even at subclinical levels and
changes. despite adequate amounts of other antioxidants such as

vitamin E and GSH (Ghosbt al 1997). This effect of

ascorbic acid is related directly to health, as lipid peroxida-
tion increases atherogenesis and risk of CHD (Steinberg

Specificity and sensitivity can be high for this class of etal 1989; Machlin, 1995; Benzie, 1998Maxwell & Lip,

marker which relates to, for example, oxidative changes in1997), but has yet to be demonstrated in human subjects.

enzymes. Ascorbic acid affects the activity of at least ten Currently, the use of molecular markers is restricted
oxidoreductase or hydroxylating Fe- or Cu-containing owing to the invasive nature of obtaining the tissue samples
enzymes, including dopamirfemonooxygenase EC required, and to the lack of suitable analytical or imaging
1.14.17.1; Levine & Hartzell, 1987; Ginter, 1989; Padh, tools. Future studies of molecular markers may target DNA

1990). This Cu-containing enzyme is involved in noradrena- mutagenesis and cytokines, adhesion molecules, heat-shock

line biosynthesis and, while there is no absolute requirementproteins and other gene products regulated by the redox state

for vitamin C, ascorbic acid is a specific and dose-dependenpf the cell (Jacksoet al 1998; Reillyet al. 1998). These
enhancer of enzyme activity. Conceptually, this marker tests may prove to be very sensitive indicators of oxidative

meets the first requirement, and in theory vitamin C func- change; however, their specificity in relation to vitamin C

tional status could be assessed by measuring the rate dftatus is questionable.

noradrenaline production by target cells. However, sam-

pling these cells (chromaffin cells from the adrenal medulla)

is not a practical option in human subjects, and the ascorbic
acid-related enzyme kinetics reportedly differ depending on Currently these markers offer a more practical option than
whether the enzyme is isolatedimsitu (Levine & Hartzell, molecular markers. However, biochemical changes are

1987). In addition, there is no evidence that ascorbic acid-removed from the direct action of ascorbic acid, and indeed

dependent maximum activity of this enzyme is required for the direct effect may be unknown. This factor lowers their

health, questioning its use as a functional marker (Young,specificity and sensitivity in relation to vitamin C function.

1996). Ascorbic acid is a cofactor in the biosynthesis of

The activities of two hepatic enzyme systems, cholesterolcarnitine, which is required in the cytosolic—mitochondrial
7a-monooxygenaseEC 1.14.13.17) and the microsomal transfer of fatty acids (Feller & Ridman, 1988). Lack of
cytochrome P450 detoxification system, may be useful carnitine could account for the weakness and fatigue experi-
functional markers of vitamin C status (Ginter, 1989). These enced in scurvy. However, results of human studies have not
enzymes are also dependent on vitamin C for maximalshown the anticipated decrease in plasma carnitine with low
activity, and in human subjects this may be optimal for vitamin C intake, and one study of marginally-deficient
cholesterol metabolism and detoxification of xenobiotics. subjects reported an inverse relationship between plasma

While perhaps sensitive and specific, and related directly toascorbic acid and free carnitine concentrations, perhaps due

health, these intracellular markers of vitamin C function are, to impaired carnitine transport (Johnstet al 1996).

however, difficult to access and evaluate. Their biochemical Excretion of carnitine has been reported to be increased in

effects in terms of cholesterol concentration and detox- vitamin C deficiency, and a significant inverse correlation
ification can be measured, but cannot be related specifically(r —0-727; P<0-05) between leucocyte ascorbic acid
to vitamin C status. concentrations and 24 h urinary carnitine was reported in

Mitochondrial glycerol-3-phosphate dehydrogends€ ( eight healthy men given different amounts of vitamin C over
1.1.1.8) is needed for glucose-coupled ATP-dependentl3 weeks (Jacob & Pianalto, 1997). Increased excretion of
insulin release from pancreatic B cells, and in guinea-pig tis-carnitine did not appear to compromise carnitine status, at
sue ascorbic acid is needed as a stimulatory cofactodeast within the time frame of the study, and it was

(Jung & Wells, 1997). This role could help explain the concluded that plasma carnitine measurements did not offer

modulating effect of vitamin C on B cell function and a useful functional measure of human vitamin C status.

glucose homeostasis (Paolistoal 1994). More effective  Nevertheless, the fairly strong inverse correlation seen
insulin response to a glucose load after vitamin C supple-between mononuclear leucocyte vitamin C concentrations
mentation was reported in a study of idiopathic Ca stone-and carnitine excretion is interesting, and measurement of

formers (Swilleet al 1997) and, therefore, study of pre- and free carnitine may offer a more sensitive index of vitamin C

post-vitamin C supplementation insulin sensitivity could be status (Johnstoet al 1996).

a useful, although currently speculative, functional marker Vitamin C deficiency has a well-established consequence

of status. in altered collagen metabolism (Batgtsal 1972). Collagen

Molecular markers

Biochemical markers
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is rich in hydroxyproline, and changes in hydroxyproline clear health-related link. However, questions of sensitivity
have been investigated as an index of vitamin C-relatedand specificity remain, and human dose—response studies
collagen turnover (Bates, 1977; Johnstpal 1985; Hevia have yet to be reported.
et al 1990). One study showed an inverse relationship Ascorbic acid is a physiological antioxidant of major
between leucocyte ascorbic acid levels and hydroxyprolineimportance (Freéet al 1989), and contributes up to 24 % of
excretion, but only in women (Bates, 1977). However, a the ‘total antioxidant power’ of plasma (Wayretral. 1987;
study of eleven men receiving low, normal and high vitamin Benzie & Strain, 1996). Measuring the absolute and
C intakes over 14 weeks reported significant inverse correla-+elative contributions of ascorbic acid to the total anti-
tions between ascorbic acid concentrations in plasma,oxidant power of biological fluids could be a useful marker
erythrocytes and leucocytes, and 24h hydroxyproline of reserve for this defensive role (Benzie & Strain, 197
excretion (Heviaet al 1990). Hydroxyproline excretion A more functional approach is the measurement of the
decreased significantly within a few days of change from ascorbate free radical (Hubetl al 1997). Increased levels
low (5 mg/d) to high (375 mg/d) vitamin C intake. However, of ascorbate free radical may indicate increased oxidative
hydroxyproline excretion was the same at moderateturnover of ascorbic acid and therefore, ascorbate free
(65mg/d) and high (605 mg/d) intakes of vitamin C and radical:ascorbic acid may be a useful marker of vitamin C
inter-individual responses were variable. Hydroxyproline antioxidant utilization or function.
excretion is not, therefore, a sensitive marker of mild Other potential markers of the antioxidant function of
vitamin C deficiency (Heviat al 1990). vitamin C relate to lack of effect. Ascorbic acid is the only
A potentially-powerful biochemical marker is deoxy- scavenging antioxidant which can prevent initiation of lipid
pyridinoline : pyridinoline collagen cross-links (Tsuchiya & peroxidation (Freiet al. 1996). Thus, lipid peroxides in
Bates, 1997). Deoxypyridinoline synthesis requires lysine, biological fluids could act as a sign of inadequate vitamin C
while synthesis of pyridinoline requires hydroxylysine. status. While commonly-used methods of measuring lipid
Ascorbic acid is a cofactor for the hydroxylation of lysyl- to peroxides are insensitive and non-specific (Benzie, 1)996
hydroxylysyl- residues in collagen. Vitamin C deficiency is recently-developed methods such as the measuremespt of F
known to affect the hydroxylation of lysine, inducing a lack isoprostanes by HPLC and the flow cytometric analysis of
of hydroxylysine for pyridinoline cross-linking (Batesal lipid peroxidation in cell membranes (Roberts & Morrow,
1972). Thus, in suboptimal vitamin C status an increase in1994; Makrigiorgost al 1997; Reillyet al 1998) may be
lysine-derived collagen cross-links might be expected. A useful. However, the levels of; ksoprostanes or lipoper-
study in guinea-pigs showed that deoxypyridinoline (lysine- oxides and ascorbic acid are unlikely to correlate signif-
derived):total collagen cross-links in the femur shafts of icantly, as once initiated the rate and extent of propagation
animals fed on an ‘adequate’ ascorbic acid diet was virtually of peroxidation is related to various factors such as vitamin
twofold that of animals on a high-ascorbic acid diet E concentration and type and amount of fatty acids within
(Tsuchiya & Bates, 1997; Fig. 3). The same pattern, thoughlipid structures (Benzie, 1985
less pronounced, was seen in urine. This potential functional
marker meets the requirements of sample (urine) access- . .
ibility, suitable analytical tools are available, and there is a Physiological markers
This type of marker relates to changes in homeostatic proc-
esses or organ and tissue function. However, cellular and
02 ¥ subcellular changes are generally well advanced before
—[_ detectable symptoms and measurable signs develop, and it is
difficult to isolate or identify one specific cause. None-
theless, identification of physiological markers is necessary

T as molecular and biochemical effects are only as important
*x as their ultimate biological consequences.
-T- There is strong and consistent epidemiological evidence
01F of a protective role for vitamin C against cancer of various

sites (Block, 1991; Machlin, 1995). Cancer is caused by
mutational changes in DNA, and vitamin C may help
T prevent these changes by scavenging reactive oxygen
species. Measuring DNA oxidation products (Dizdaroglu,
1991) and assessing resistance of DNA to oxidative stress
(Duthie et al. 1996; Sweetmart al. 1997) may reflect

) vitamin C action. However, DNA damage is unlikely to be a
High-vitamin C diet ‘Adequate’-vitamin C diet specific marker of ascorbic acid status, and DNA repair may
mask or exaggerate indices of damage, depending on the
analytical method used.

cross-links (mol/mol)

Deoxypyridinoline:total collagen

0-0

Fig. 3. Deoxypyridinoline :total collagen cross-links in bone ()
and urine (ZZ) of guinea-pigs fed on different amounts of vitamin C.

Values are means with their standard errors represented by vertical Blood pressure is reported to show an inverse correlation
bars. Mean values for animals fed on adequate (0-1 g/kg diet) vitamin with vitamin C intake; endothelial function, haemostasis and
C were significantly higher than those of animals fed on diets high glucose homeostasis improve with increased vitamin C, and
(30 g/kg diet) in vitamin C: *P<0-05, **P<0-001. (From Tsuchiya & atheromatous plaques may stabilize or regress with
Bates, 1997.) improved antioxidant status (Paolissbal 1994; Bendich
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& Langseth, 1995; Levinet al. 1996; Webeet al. 1996). Bates CJ, Prynne CJ & Levene CI (1972) Ascorbate-dependent
However, these physiological markers are affected by many differences in the hydroxylation of proline and lysine in
factors. Monitoring changes in response to changing vitamin ~collagen synthesised by 3T6 fibroblasts in cult@iechimica et

C intake could reveal useful information regarding vitamin _ Biophysica Act278 610-616. o
C-specific functions in relation to these systems and the wayP€dich A & Langseth L (1995) The health effects of vitamin C

in which vitamin C may modulate disease risk. However, a ilipflzirfiggat'omoumal of the American College of Nutrition

single measurement of any of these physiological markersgenzie IFF (1998) An automated, specific, spectrophotometric

cannot be regarded as a reliable functional marker of method for measuring ascorbic acid in plasma (EFTSHical

vitamin C status. Biochemistry29, 111-116.

Benzie IFF (1996) Lipid peroxidation: a review of
causes, consequences, measurement and dietary influences.
International Journal of Food Science and Nutritidi, 233—

In a complex system, small initial changes can lead to large 262 _

differences in outcome. This ‘butterfly effect’ which is Benzie IFF, Janus ED & Strain JJ (1998) Plasma ascorbate and

fundamental to mathematical chaos theory relates to vitamin Vi2min E levels in Hong Kong Chinesguropean Journal of

. . Clinical Nutrition 52, 447-451.
C status, as molecular changes and their ultimate CONBenzie IFF (1998) Antioxidants: observational epidemiology.

sequences are Iikely_ to have a critical and sensitivg _depend- In The Encyclopedia of Nutritiorpp. 106-115 [M Sadler, B
ence on initial conditions. Molecular changes are difficult to  capellero and JJ Strain, editors]. London: Academic Press.
measure, and their eventual outcome may be unknown omBenzie IFF & Strain JJ (198 Uric acid — friend or foeRedox
highly speculative. However, molecular changes cause Report2, 231-234.

larger and diverse effects in the prevailing biochemical Benzie IFF & Strain JJ (198§ The reducing ability of plasma as a
milieu. Effects become more easy to measure, but their spe- measure of ‘antioxidant power’ — the FRAP assayalytical

cific origin becomes less clear, and their relevance to distant_ Biochemistry239 70-76. _ _ _
events may remain obscure. The ultimate health-relatedBenzie IFF & Strain JJ (198 Acute post-ingestion changes in
consequences may be obvious, but their cause is difficult to P!aSma ascorbic acid concentration: relationship to dose and to
trace. existing body storedutrition Researcii7, 187-190.

Reliable f . | K il bl | | Benzie IFF & Strain JJ (198yY Simultaneous automated
eliable functional markers will enable molecular,  nmeasurement of total antioxidant (reducing) capacity and

biochemical and physiological changes associated Wwith ascorbic acid concentratioRedox Repors, 233-238.
differences in vitamin C status to be mapped. There areBlanchard J, Conrad KA, Mead RA & Garry PJ (1990) Vitamin C
currently no reliable functional markers of vitamin C status;  disposition in young and elderly meAmerican Journal of
however, measurement of free carnitine and deoxypyridino-  Clinical Nutrition 51, 837-845.

line : total collagen cross-links appear promising. AssessingBlanchard J, Tozer TN & Rowland M (1997) Pharmacokinetic
the contribution of ascorbic acid to antioxidant defence E’:‘mggmﬁﬁt?onnrgggfldggeflo?ffscmbiC Aciterican Journal of
capacity, measuring ascorbate free radical:ascorbic acid Sl : .

and investigating oxidative damage to DNA and lipid may 21K 4 G |(19_91) .S/'tar;in c ar\n}d carllc?rCI_prevle'r\lltlct)rjt._ the
also provide insight into the functional effects of vitamin C. gg' ;rgg_cggsew encémerican Journat of Linical Nutrition
Available evidence suggests that intake of 200 mg vitamin g,k JC, lzzard AP & Bates CJ (1996) Measurement of
C/d saturates tissues and maintains fasting plasma levels ascorbate kinetics in man using stable isotopes and gas
above the proposed threshold (Bfiol/l) for minimum risk chromatography mass spectromefiyurnal of Mass Spectrom-
of CHD (Gey, 1995; Graumlickt al 1997). The issue of etry 31, 741-748.

whether or not these produce ‘optimal vitamin C status’ Buettner GR & Jurdkiewicz BA (1996) Catalytic metals, ascorbate
awaits the clear and accepted definition of the term. This and free radicals; combinations to avoRkdiation Research
definition in turn awaits the development of reliable func- _ 143 532-541.
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