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Current knowledge concerning optimum nutritional status of
riboflavin, niacin and pyridoxine

Hilary J. Powers
Division of Child Health, University of Sheffield, Sheffield Children’s Hospital, Western Bank, Sheffield S10 2TH, UK

The term ‘optimum nutrition’ has evolved from a perceived need to base recommendations for
nutrient intakes firmly in the context of function. It follows that ‘optimum nutritional status’ for
individual nutrients should be defined in terms of biochemical or physiological markers having
some functional value but also showing an appropriate relationship to nutrient intake. The present
short review considers the current position regarding such markers for riboflavin, pyridoxine and
niacin. It is concluded that whilst there are several biochemical measures which respond to
changes in intake of each of these vitamins, no single measure is wholly satisfactory as a marker
of optimum status.

Riboflavin status: Niacin status: Pyridoxine status: Markers of nutrient status

The objective is to consider how best to express optimumalternative approach, but with obvious practical limitations,
nutritional status in terms of biochemical or physiological is the measurement of urinary riboflavin, which is a simple

markers, having, if possible, some functional meaning. reflection of an excess of current intake over tissue require-
The questions that need to be addressed for each vitamiments (Zempleniet al 1996). This latter approach has
are: provided useful information regarding the relationship

between riboflavin intake and tissue saturation (Horwitt,

1986), of value in early studies of requirements for this

vitamin. The method generally preferred for the estimation

of riboflavin status is the stimulation of FAD-dependent

. . . erythrocyte GSH reductas&€ 1.6.4.2) in vitro, which

) :gflve\'staéoeézegt gggct?fngéﬁ)cnhﬁ]mﬁzlr rg?ﬁfgugg said O elies on an associated oxidation of NADPH which can be
P 9 ’ readily monitored spectrophotometrically (Bates al

(4) are there any promising developments that may help our1986). Results are expressed as an activation coefficient

(1) what are the current biochemical and/or physiological
markers of nutrient status?

(2) is there a well-defined relationship between the marker
and nutrient intake?

search for functional markers for these vitamins? (EGRAC).
Riboflavin Is there a known relationship between the marker and
What are the current biochemical and/or physiological nutrient intake?

i ?
markers of nutrient status Plasma or erythrocyte FAD. Reasonable correlations

This vitamin is consumed in the diet as free riboflavin and have been demonstrated between plasma or erythrocyte
two phosphorylated forms, FMN and FAD. Absorption flavin concentrations and other biochemical markers of
occurs as riboflavin, followed by intracellular phosphoryl- riboflavin status in human subjects, although there is rela-
ation in the enterocytes. Phosphorylation and dephosphoryl-tively little information regarding the tissue response to
ation are features of intracellular metabolism, and all threegraded intakes of riboflavin. Plasma and urine riboflavin
forms are found intracellularly. The most common vitamer concentrations increased progressively in low-birth-weight
in tissues and in the circulation is FAD. The tissue riboflavin infants during 4 weeks of enteral feeding (Porcetlial

pool is probably best evaluated by measuring blood FAD by1996), and erythrocyte riboflavin concentrations are
HPLC using fluorescence detection (Floretal 1985). An reported to increase as quickly as EGRAC in response to

Abbreviations: EGRAC, erythrocyte GSH reductase activation coefficient; NNPPRT, nicotinate-nucleotide: pyrophosphate phosphoribosgirBhsferas
pyridoxal phosphate.
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riboflavin supplementation (Beutler, 1969). A recent study always reported, but the nature of the dietary restriction is
of the pharmacokinetics of flavin uptake in human subjects strongly suggestive of severe deficiency. So far, attempts to
indicated an upper limit of absorption from a single dose reproduce effects of low riboflavin intakes on fatty acid
of 27mg and demonstrated relatively modest changes inoxidation in human subjects have not been successful (Bates
plasma riboflavin or flavocoenzymes following oral admin- et al 1991). Dietary riboflavin restriction around weaning
istration (Zemplenét al. 1996). disturbs normal gastrointestinal development in rats

Animal studies are supportive of a relationship between (Powers, 1995; Williamst al 199@; Yates & Powers,
dietary riboflavin and tissue flavin concentrations (Williams 1999); there may be a human corollary which could explain
et al. 1996), but erythrocyte flavins have received little effects of dietary riboflavin restriction on growth.
attention. In the UK population the evidence is that the elderly

Urinary riboflavin. The earliest attempts to associate remain vulnerable to poor riboflavin status, expressed bio-
dietary riboflavin intake with a biochemical marker utilized chemically (Baileyet al 1997). Of particular relevance to
the urinary excretion of riboflavin (Horwittt al. 1950). this group of the population may be the relationship that has
Balance studies in human subjects show clearly that asbeen reported in several studies between dietary riboflavin,
riboflavin intake increases there is a progressive rise inriboflavin status and lens opacity (Lesieal 1995).
urinary excretion of riboflavin, which increases sharply at
intakes of approximately 1-0mg/d (Horwitt, 1986). This
intake has been interpreted as reflecting tissue saturation.
Although this approach has practical limitations for large A method has been proposed for the measurement of plasma
population studies, because it provides information concern-riboflavin by titration of plasma against riboflavin-binding
ing tissue ‘stores’, it can arguably be useful as a marker ofapoprotein; it is not yet clear whether this approach will
optimum nutritional status. This approach is less useful as aoffer any particular advantage over current methods of
marker of riboflavin status at lower intakes. assessment (Kodentsosal 1995).

Erythrocyte GSH reductase activation coefficientNu- Thus, although low intakes of riboflavin will disturb a
merous studies have demonstrated a relationship betweenumber of distinct physiological or biochemical processes,
riboflavin intake and the extent to which erythrocyte GSH the effects are not sufficiently sensitive to riboflavin intake
reductase can be stimulated by FAD in vitro (Bates et al.to be useful as functional markers of status. However, they
1982, 1989; Boisvert et al. 1993). EGRAC is most sensitive may be useful to interpret EGRAC values.
to changes in riboflavin intake up to levels of intake
approaching tissue saturation of this vitamin (about 1-0 mg/d
on the basis of urinary excretion studies). However, some
studies have highlighted differences in the relationship What are the current biochemical and/or physiological
between intake and EGRAC values among different popula- markers of nutrient status?
tion groups (Bates et al. 1982; Belko et al. 1982). The
measurement can broadly discriminate between levels o
intake observed in an apparently-healthy population. Further
increases in intake elicit no further fall in EGRAC, which
limits its usefulness as a potential marker for optimum
nutritional status.

Current developments

Niacin

fNiacin is a generic term for nicotinic acid and nicotinamide,
both of which are substrates for the synthesis of nicotin-
amide nucleotide coenzymes, NAD and the phosphorylated
derivative NADP. The vitamin is found in the tissues pre-
dominantly as the nicotinamide nucleotides. Biochemical
assessment of niacin status is complicated by the fact that
tryptophan is a precursor of niacin, and the availability of
To what extent can the biochemical marker be said to reflect this amino acid will influence dietary niacin requirements.
some specific function? The concentration of erythrocyte and plasma NAD and
NADP, and the urinary excretion of niacin metabolites have
been explored as markers of niacin status, with variable
results (Vivianet al 1958; Nakagawat al 1969; Srikantia
et al 1986). More recently, the activity of nicotinate-
nucleotide:  pyrophosphate  phosphoribosyltransferase

Although EGRAC is sometimes referred to as a functional
test of riboflavin status, it does not fulfill the most rigorous
definition of this term. Over a broad range of EGRAC
values in human subjects there is no well characterized
change in any physiological function, or, indeed, altered . . X
flux through a metabolic pathway. Effects on work perform- gftg n%iﬁﬁz(.étlét awgsng;T) in erythrocytes has  received
ance, neuromuscular coordination, and the handling of Fe ) '
have been observed in human subjects with EGRAC values
of 1.7 and higher, and there is an element of riboflavin
responsiveness of these variables, supportive of a cause—
effect relationship (Batest al 1982, 1994; Prasaet al

1990; Fairweather-Taiet al 1992). Studies in animals Erythrocyte nucleotides. Fu et al (1959) have shown
confirm a dose-response relationship between riboflavinvery clearly that the erythrocyte concentration of NAD is
intake, EGRAC value and Fe handling (Powatral 1991) sensitive to relatively short-term changes in niacin intake in
and have also identified impaired fatty acid oxidation, which young men. NADP on the other hand showed no significant
is exacerbated by starvation-induced flux through fatty acid response to differences in niacin intake over the range of
oxidation pathways (Bates, 1990; White, 1996) in animals 6:1-32 niacin equivalents. This relative insensitivity of
fed on diets low in riboflavin. EGRAC values were not erythrocyte NADP to niacin intake has also been reported in

Is there a known relationship between the marker and
nutrient intake?
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other studies in human subjects (Grosts al 1960). the vitamin is pyridoxal phosphate (PLP) which once
NAD : NADP in erythrocytes or whole blood may be a use- formed intracellularly is bound to enzymes for which it has
ful variable when there are disturbances to haemoglobincofactor activity. PLP is also the main extracellular form of
synthesis or erythrocyte production. If total pyridine the vitamin, being transported in plasma bound to albumin.
nucleotides in blood are measured it is to be expected thaPLP which is not enzyme-bound is oxidized to pyridoxic
concentrations would fall as niacin intakes fall, although this acid, which is excreted in the urine.

decrease would be due almost entirely to changes in NAD.  Widely-used techniques in current use for evaluating

Erythrocyte nicotinate-nucleotide: pyrophosphate phos- vitamin B status include the measurement of circulating
phoribosyltransferase activity. The activity of NNPPRT PLP (Lumenget al 1978), urinary pyridoxic acid (Brown
in erythrocytes has been explored as a potential marker okt al 1975; Leklem, 1990), and the activation coefficient for
niacin status. This enzyme catalyses the conversion of nicothe erythrocyte enzyme aspartate aminotransferase
tinic acid to nicotinic mononucleotide. Although enzyme (EC2.6.1.1; Browret al 1975; Fidanza, 1991).
activity has been shown to increase in response to niacin
depletion in pigs (Arientet al 1982), such an effect was not
seen in rats (Shibata & Matsuo, 1989), and activity was not Is there a known relationship between the marker and
found to be responsive to changes in niacin intakes in human nutrient intake?
subjects over a short period (Gressal 1960).

Urinary metabolites. In an experimental situation the
24 h urinary excretion of Nmethylnicotinamide, which is
the main urinary metabolite of this vitamin, is seen to
closely mirror changes in the dietary intake of niacin

(Sauberlich, 1984). The lack of any apparent lag stageg ., apie with PLP. In another rat study (Takatwil 1968)
between changes in intake and changes in urinary excretlorblasma PLP was closely correlated with muscle glycogen

of this metabolite suggests that the latter may not be aphosphorylaseE(C 2.4.1.1), which lends some functional

rs]?ancsig“’:rereglxe;g?g d O|fn t'tsr’]séuir:ﬁ\éel2‘n§tgﬁrevr\?esii%?g;eia(jesignificance to the measurement of the plasma vitamer.
explored their relationship with ﬁiacin intakes. Two such Other studies in human subjects and animals are support-
P P y ive of PLP in plasma as having diagnostic value for vitamin

?neotalt\)lomifh Ifif r}:O?eégiléfégigm32'5_}?;2%);?;];%3” Bg status (Browret al 1975; Sampson & O'Connor, 1989).
yi-2-py X rats, plasma levels of PLP are more responsive to dietary

between niacin intakes in subjects on a self-selected diet anldi]tamin Bs depletion than tissue levels, except for erythro-
the urinary excretion of these two metabolites, expressed '

either as creatinine-corrected concentration or 24hCyte PLP, which_also rgsponds quick_ly 0 depletio_n. P_Iasma
excretion, was similar for these two metabolites and betterpl‘P levels achieved in adult_s at intakes of vitamiy B
than that' for N methylnicotinamide (Shibata & Matsuo bgtween 0:8 and 10mg/d give a reasonably consistent
1989). There have been significant developments in ’thep|cture: plasma PLP of above 25 n.moI/I |s'ach|eved at

’ . . . intakes greater than 1-0 mg/d. When intakes rise to 10 mg/d
analytical methods available for measuring these urinary

metabolites, which makes them especially attractive asplasma PLP rises to 200 nmol/l (Leklem, 1990).
L P y The question is: are there any measurable benefits assoc-
markers of niacin status.

iated with this higher circulating level, and are there
functional limitations imposed by levels less than 25 nmol/I?
To what extent can the biochemical marker be said to reflect  Urinary 4-pyridoxic acid. The amount of 4-pyridoxic

some specific function? acid excreted in the urine daily is a reflection of the irrevers-
ible oxidation of pyridoxal (from PLP) taking place in
tissues. The daily excretion of 4-pyridoxic acid responds
rapidly to dietary depletion and repletion (Broweh al
1975; Leklem, 1990); in subjects among whom daily
Sntakes do not fluctuate significantly, urinary excretion of
4-pyridoxic acid offers a useful indicator of the adequacy of
vitamin Bg status. This marker is not sensitive to changes in
vitamin intake when intake is low. Urinary 4-pyridoxic acid
can be measured in a single fasting urine sample and
expressed relative to urinary creatinine. However, current
reference ranges say nothing about the functional signifi-
cance of abnormally low excretion rates. There is current
Pyridoxine interest in the potential of plasma pyridoxic acid as a marker
of vitamin By status.

Erythrocyte transaminase activity. The activities of
erythrocyte transaminases are PLP-dependent; this measure-
The term vitamin Bencompasses three pyridines: pyridox- ment provides the basis for the indirect measure of vitamin
ine (also called pyridoxol), pyridoxal and pyridoxamine, Bg status, and at the same time is considered to offer a more
and their 5phosphorylated derivatives. The main form of functional approach to assessment than levels of circulating

Plasma pyridoxal phosphate. Studies in weanling rats
have shown that plasma PLP levels increase progressively
with increasing intake of vitamind3in a similar fashion to
muscle, which represents the largest site of tissue vitagnin B
(Lumenget al 1978). In contrast, other tissues appear to be

In the absence of functional variables specifically respon-
sive to niacin intake, niacin status is currently synonymous
with the concentration of the vitamin or metabolites in
the plasma or erythrocyte or urine. There has been som
interest recently in the possibility that low intakes of niacin
equivalents may limit DNA repair following oxidative
damage, through an effect mediated by NAD-dependent
poly(ADP-ribosyl)ation (Rawlinget al 1996). This finding
may have implications for carcinogenesis, and for this
reason could attract future attention.

What are the current biochemical and/or physiological
markers of nutrient status?
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vitamers. The activity of either alanin& 2.6.1.2) or However, markers for a single vitamin differ in terms of
aspartate aminotransferase is measured in the absence asgecificity and their sensitivity at low or high intakes. Thus,
the presence of added PLP in an erythrocyte haemolysatethere is no single marker that is wholly satisfactory as a
the resulting ratio of the activitigs vitro is expressed as  marker of a specific vitamin status. For a measure to be use-
an activation coefficient, which increases with decreasingful as a marker of optimum status it should be particularly
saturation of the endogenous enzyme. There does not seesensitive to changes in vitamin intake at the upper end of
to be a consensus regarding which of these two enzymeshe physiological intake range. Thus, urinary metabolites
offers the more sensitive index of vitamig &atus, or the  would be expected to have the greatest potential. Practical
speed with which the enzymes respond to changes inlimitations, as well as interference with the relationship
vitamin Bg intake (Brownet al 1975; Fidanza, 1991). between intake and excretion by other factors, such as
infection and exercise, have to be taken into account, and
generally measurements of urinary metabolites have not
been the methods of choice in recent studies of vitamin
status. The so-called functional erythrocyte enzyme tests of
Reference ranges can be determined for a population groupiboflavin and pyridoxine status are not really satisfactory as
under study, using particular assay conditions, but there hasnarkers of optimum nutrition as they are least sensitive at
not been any convincing demonstration of consistent higher intakes. For riboflavin, at least, functional signifi-
functional abnormality (in a target tissue) associated with cance can be attached to enzyme activation coefficient
enzyme activation values falling outside the reference rangevalues outside the normal range.

In fact none of the methods currently in use for the assess-
ment of vitamin B status satisfy the criteria for a functional
marker in human subjects. Several authors call for the

E_ssehssmenlt of . vglar'nlﬂ GBst_atus usmég mtc)Jre than | onke fArienti G, Simonetti MS & Fidanza F (1982) The effect of niacin
lochemical variable; there Is reported to be some lack of " yenryation on nicotinic acid mononucleotide pyrophosphorylase

concordance between certain indices, presumably because of pig erythrocytes.International Journal of Vitamin and
each may be influenced differently by factors other  Nutrition Researcts2, 142-147.
than vitamin B intake (Leklem, 1990; Bender, 1993; Kang- Bailey AL, Maisey S, Southon S, Wright AJA, Finglas PM &
Yoonet al 1995). Fulcher RA (1997) Relationships between micronutrient intake
Some growth advantages of maternal supplements of and biochemical indicators of nutrient adequacy in a ‘free-living’
vitamin Bs (pyridoxamine hydrochloride) were indicated in _ €lderly UK populationBritish Journal of Nutrition77, 225-242.
a small study of newborn infants (Kang-Yoenal 1995). Bates CJ (1990) Liberation dfCQ, from [“Cladipic acid and
In this study plasma and erythrocyte PLP concentrations [t:ﬁ?loztf‘g?écr.?gf Jbg’ ?r?e‘:l'to;a;f ?;i%?%é'%‘géavé%gef'c'ency and
and the acti\_/ation coefficien'; fo_r alanine a_min(_)transferase Ba:tes gJ,sEdwr;ds G,uDownes IIJ? :&' Coward A (19'1%) adipic
correlated with calculated daily intakes of vitamig B acid as a probe of fatty acid oxidation in human subjects:
Other potential markers. Ornithine decarboxylas&C feasability study and pilot trial of correction of riboflavin
4.1.1.58) activity in selected tissues has received some deficiency Transactions of the Society of Tropical Medicine and
attention as a potential functional indicator of vitamig B Hygiene81, 421-425.
status, but so far there is no evidence that it is sensitive tdBates CJ, Evans PH, Allison G, Sonko BJ, Hoare S, Goodrich S &
vitamin Bg status (Sampscet al 1995) Aspray T (1994) Biochemical indices and neuromuscular
Homocysteine. There is current interest in the factors  function tests in rural Gambian children given a riboflavin, or
which determine plasma levels of homocysteine, as moder- multivitamin plus iron, supplemerritish Journal of Nutrition
ate elevations of this amino acid are associated with an, /% 601-610. .
increased risk of cardiovascular disease (Stamefeal Bates CJ, Powers HJ, Downes R, Brubacher D, Sutcliffe V &
. . S Thurnhill A (1989) Riboflavin status of adolescent vs elderly
1_992). As the me_tabohsm of mtra_ceIIL_lIar homocysteine is  Gambian subjects before and during supplementaiorerican
either by methylation (folate and vitaminRlependent) or Journal of Clinical Nutrition50, 825-829.
by trans-sulfuration (vitamin g8dependent), studies have Bates CJ, Powers HJ & Prentice AM (1986) Measurement of
focused on the homocysteine-lowering potential of these riboflavin status by activation coefficient of erythrocyte
vitamins. The current impression is that folic acid status is a glutathione reductase, and its automation with a Roche Cobas
major dietary determinant of plasma total homocysteine, Bio centrifugal a_ln_alyser. INutritional Status Assessment Meth-
and the latter is amenable to folate supplementation ©dology for Individuals and Grouppp. 172-186 [F Fidanza,
(Dudmanet al 1993; Ubbinlet al 1994). Vitamin B status editor]. Perugia: Group of European Nutritionists.
does not appear to have a strong independent effect ofpales CJ, Prentice AM, Watkinson M, Morrell P, Sutcliffe BA,
plasma homocysteine (Verhoef al 1996). Plasma total Foord FA & Whitehead RG (1982) Riboflavin requirements of

- ... lactating Gambian women: a controlled supplementation trial.
homocysteine does not appear therefore to offer a specific A merican Journal of Clinical NutritioB5. 701-7009.

functional marker of vitamin 8status. Belko AZ, Obarzanek E, Kalkwarf HJ, Rotter MA, Bogusz S,
Miller D, Haas JD & Roe DA (1982) Effects of exercise on
riboflavin requirements of young womefimerican Journal of
Clinical Nutrition 37, 509-517.

There are several biochemical measures which respond t@ender DA (1993) Lack of concordance between two biochemical
changes in dietary intake of riboflavin, niacin or pyridoxine, ~ indices of vitamin B nutritional statusProceedings of the
and each has some value as a marker of vitamin status. Nutrition Society2, 315A.

To what extent can the biochemical marker be said to reflect
some specific function?
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