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I. I N T R O D U C T I O N  

Since the middle of  the twentieth century, myo-inositol hexakisphosphate, 
which is commonly known as phytate, has been recognized as an antinutrient 
for its ability to bind to, precipitate and decrease the bioavailability of  di- 
and trivalent cationic minerals. Phytate is present in all seeds, usually at 
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levels between approximately 0.5 and 2% of their dry weight. In diets 
containing a large proportion of calories derived from grains and/or 
legumes, an imbalance of phytate and minerals can lead to nutritional 
deficiencies. Trace minerals such as zinc and iron bind to phytate most 
tightly and are affected to a greater degree than calcium. A comprehensive 
review of this subject was published by Reddy et al. (1989) and updated 
by Zhou and Erdman (1995) and Weaver and Kannan (2002). 

Until the 1980s, phytate in foods was almost always quantified using 
methods that were not specific for inositol hexakisphosphate. During that 
decade, high-performance liquid chromatography (HPLC) procedures for 
inositol phosphate analysis opened the way for significant advances in the 
collection of more accurate data. Recognition that inositol phosphates 
containing different numbers of phosphate groups were present in 
appreciable amounts in many foods also created a dilemma as to how the 
older data should be interpreted. This problem was magnified by the 
discovery that the different inositol phosphates had different effects on 
the bioavailability of minerals. 

An additional layer of complexity arose at that same time with the 
ability of some HPLC methods to separate some of the inositol phosphate 
isomers. Although isomers containing the same number of phosphate groups 
have not been shown to differ much in their effects on mineral availability, 
some chemical properties and biological functions have been linked to 
specific structures. Appreciation of the fundamental importance of inositol 
phosphates in basic cell physiology coupled with experimental data in- 
volving humans and other animals has led to a re-evaluation of the roles 
of inositol phosphates in food. 

In this review the current knowledge about these compounds is compiled 
and organized in an attempt to provide a context for its interpretation and 
to create a framework from which scientists can formulate ideas for future 
research. 

II. CHEMISTRY OF INOSITOL PHOSPHATES 

A. NOMENCLATURE 

There have been several changes in the rules and conventions for naming 
inositol phosphates since the first myo-inositol monophosphate isomer 
was identified in soybeans by Ballou and Pizer (1959). This resulted in 
some confusion in the literature of the following years, when the names 
assigned to enantiomers became switched and subsequently simplified. 
The current guidelines were issued in 1989 (NC-IUB, 1989). 
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Thorough discussions of the naming and numbering of the structures of 
inositol and inositol phosphates are provided by Posternak (1965) and 
Cosgrove and Irving (1980). Myo-inositol is one of nine isomers of 
inositol, which is the common name for cyclohexanehexols. It contains 
five equatorial and one axial hydroxyl groups numbered from one to six, 
with the axial hydroxyl designated as position number 2 (I). The molecule 
is symmetrical on either side of an axis formed by positions 2 and 5. Thus 
positions 1 and 3 are equivalent, as are positions 4 and 6. The first numbering 
convention was to depict the hydroxyls as a fraction, arranged with the 
most numerous hydroxyls above the inositol ring and listed in the numerator 
and those below the ring in the denominator. Cis hydroxyl groups were 
assigned the lowest possible numbers. Accordingly, phytate was referred 
to as myo-inositol 1,2,3,5/4,6-hexakisphosphate (II). Originally inositol 
phosphate isomers were numbered according to the conventions of 
carbohydrate chemistry. Optically active isomers were named based on 
the configuration of D- and L-glyceraldehyde (Lardy, 1954). Phosphates 
were given the lowest possible numbers and assigned the prefix D when 
numbered clockwise with the hydroxyl or phosphate at position 1 pro- 
jecting upward, and L when numbered counterclockwise. Symmetrical 
isomers, also known as meso compounds, such as inositol 1,3-bisphosphate, 
had no D or L. 

A major reversal of these rules occurred in 1967, when the International 
Union of Pure and Applied Chemistry and the International Union of 
Biochemistry decided to change the nomenclature system for cyclitols 
(IUPAC-IUB, 1968). Following these rules, the positions were still numbered 
in the direction that would have the lowest possible number for the first 
phosphate group, but designated as D if the numbers proceeded in a 
clockwise direction when the hydroxyl or phosphate at position 1 pro- 
jected downward, or L if the numbers rotated counterclockwise when the 
hydroxyl or phosphate at position 1 projected downward. The result of 
this change was that the D and L assignments of all of the inositol 
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phosphate names in the literature prior to the implementation of these 
changes became switched. It was also decided at that time to use the Greek 
prefixes bis, tris, tetrakis, pentakis and hexakis with inositol phosphates to 
show that the phosphates are singly attached to the inositol carbons. In 
contrast, pyrophosphate linkages are represented with the Latin prefixes 
di, tri, tetra, etc., as in nucleotides and inositol polyphosphate pyrophosphates. 

An example of these rules is shown below for the enantiomeric pair of D- 
and L-myo-inositol 1,2,3,4-tetrakisphosphate (Ill, IV). Pairs of enanfiomers 
are referred to as D and/or L when the proportion of isomers is unequal or 
unknown, and DL when the isomers are in equal proportion, i.e. a racemic 
mixture. 

Another revision followed the discovery in 1983 that D-myo-inositol 
1,4,5-trisphosphate was a second messenger in signaling events that released 
calcium from intracellular stores to activate various biochemical reactions. 
In just a few years a complex pathway of inositol phosphate metabolism 
was uncovered, and hundreds of scientific articles were published. The 
abbreviation that became widely used at this time was Ins, preceded by a 
D or L, as needed, and followed by the phosphate positions enclosed in 
parentheses, and finally a capital P with a subscript to denote the number 
of phosphates when more than one. In addition, the prefix myo was omitted. 
Since most of the isomers in these studies had the D configuration, in 1988 
the Nomenclature Committee of IUB again decided to modify the rules and 
name all isomers according to the D orientation and omit the D or L (NC- 
IUB, 1989). Using the new rules, structures III and IV would be inositol 
1,2,3,4-tetrakisphosphate and inositol 1,2,3,6-tetrakisphosphate, or, in 
abbreviated form, Ins( 1,2,3,4)P 4 and Ins( 1,2,3,6)P 4, respectively. Inositol 
phospholipids, or phosphoinositides, are abbreviated similarly, using PtdIns 
to represent phosphatidylinositol, e.g. Ptdlns(4,5)P 2. 

B. ANALYSIS 

The specificity and accuracy of the analytical methods for phytate and 
other myo-inositol phosphates has evolved to the point where the means 
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available to collect information may be greater than the needs of most 
food and nutrition scientists. The diversity of methods currently in use 
poses some intricate questions about exactly what data are most desirable 
and how they should be presented. There is no doubt that the older 
methods for phytate analysis are not very specific, but some are still used, 
and, for many food products, provide the only data available in the 
literature. 

Prior to the development of HPLC methods that separate inositol 
phosphates from one another, most of these compounds usually were 
measured together to give data intended to represent phytate. These 
procedures included numerous variations of the ferric chloride pre- 
cipitation method and the ion exchange method that was approved by the 
Association of Official Analytical Chemists in 1988. Components of 
foods such as oxalic acid (McKenzie-Parnell and Guthrie, 1986), gallic 
acid (Bos et al., 1991 ), chlorogenic acid (Bos et al., 1991) and polyphosphate 
compounds that do not contain inositol, such as nucleotides (Phillippy et 
al., 1988), could also give elevated phytate values. Nevertheless, data 
obtained from seeds in their native state should be reasonably accurate, 
since any interfering compounds are likely to be present in small amounts 
compared to the large quantities of phytate. However, values from foods 
in which the phytate may have been partially degraded by enzymatic or 
thermal processes must be viewed with some caution. The low phytate 
values reported in fruits and vegetables are especially questionable, since 
those data are the most likely to be significantly inflated due to the 
presence of nucleotides, oxalate, etc. 

HPLC methods specific for phytate first appeared in the early 1980s 
and were soon expanded to quantify different inositol phosphates present 
in foods. At about the same time, the burgeoning research in signal trans- 
duction revolving around inositol 1,4,5-trisphosphate led to extremely 
sensitive methods for measuring inositol phosphates in animal cells. The 
methods developed in these related disciplines have been reviewed 
(Irvine, 1990; Xu et al., 1992; Skoglund and Sandberg, 2002). 

The currently used HPLC methods for the separation of inositol 
phosphates fall into two basic categories: ion pair and ion exchange. The 
ion pair procedure developed by Sandberg and Adherinne (1986) has been 
used the most often by food scientists because it separates inositol tris-, 
tetrakis-, pentakis- and hexakisphosphates based only on the number of 
phosphate groups. This simplifies their quantification and provides all the 
information that is usually wanted. The disadvantages are that isomers are 
not separated and that other polyphosphates such as nucleotides can 
interfere (Morris and Hill, 1996). However, nucleotides such as ATP do 
not appear to be present in sufficient quantities in mature ungerminated 
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seeds to significantly elevate the data, so this is probably a minor 
limitation. Some modifications have been suggested to improve the 
original method (Lehrfeld, 1994). Recently, an inability to use the ion pair 
method to measure the inositol phosphates in infant cereals was attributed 
to the combined high mineral and low phytate contents of these foods 
(Brooks and Lampi, 2001). 

The other type of HPLC procedure separates some of the inositol 
phosphate isomers by ion exchange. The method developed by Phillippy 
and Bland (1988) separates phytate and some isomers of inositol tris-, 
tetrakis- and pentakisphosphate. An improved method can now also separate 
inositol bisphosphates and a few more of the other isomers (Skoglund et 
al., 1997a, 1998; Carlsson et al., 2001). The ion exchange procedures 
provide more extensive data than those using ion pairing and are most 
useful in identifying the specific isomers present in food products or 
enzymatic reactions. In many cases, however, routine quantification of the 
numerous individual isomers present in foods may be neither practical nor 
justified unless the additional information is specifically desired. Whereas 
the above ion exchange methods employing acidic eluants give better 
separation of the most highly phosphorylated inositol phosphates, high pH 
eluants have been found useful in separating those with the lowest 
numbers of phosphates (Skoglund et al., 1997b, 1998). Ion exchange HPLC 
can also be used to separate inositol bis- to hexakisphosphates based solely 
on the number of phosphate groups (Rounds and Nielsen, 1993), but one 
should beware of the possible interferences from nucleotides such as ADP, 
which is present in mature soybean seeds in almost a ten-fold excess over 
ATP (Phillippy et al., 1994). Recently, ion exchange chromatography with 
high pH eluants and conductivity detection has been used to analyze 
phytate, other inositol phosphates and inorganic polyphosphates in foods 
(Sekiguchi et al., 2000; Talamond et al., 2000). 

Additional selective methods to analyze inositol phosphates include 
capillary chromatography and nuclear magnetic resonance (NMR). Several 
capillary electrophoresis methods have been developed to separate phytic 
acid and other inositol phosphates, but they do not appear to have been 
adopted by the scientific community, perhaps because they need further 
refinement (Skoglund and Sandberg, 2002). NMR methods can be used to 
simultaneously determine phytic acid and other inositol phosphates in a 
mixture (Johnson et al., 1995), and 31p NMR has been used to quantify 
some of the inositol phosphates in complete and digested feeds (Kemme 
et al., 1999). The newest evaporative light scattering detectors have the 
potential to significantly lower the HPLC detection limits for the most 
highly phosphorylated inositol phosphates in food extracts, provided that 
the background from interfering compounds is not too high. 
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III. METABOLISM OF INOSITOL PHOSPHATES 

A. SYNTHESIS 

The pathway for the synthesis of phytate has not yet been defined with 
complete certainty. One reason for this is that there are numerous branch 
points between myo-inositol and phytate, and a single direct pathway may 
simply be inadequate to portray this complex web of interconnected 
reactions. Another reason may be that there is more than one possible 
route, resulting in redundancy to help ensure the production of sufficient 
phytate to meet the needs of a particular type of cell. In nature different 
pathways for phytate synthesis appear to have been favored during the 
evolution of the diverse species of microorganisms and higher life forms. 
It is believed that all cells of all organisms probably contain some phytate. 
Studies of the simplest life forms have provided insights into the possible 
pathways for phytate synthesis in higher plants and animals. 

A complete pathway has been reported for the slime mold Dictyostelium 
(Stephens and Irvine, 1990); the intermediates were identified as Ins(3)P, 
Ins(3,6)P 2, Ins(3,4,6)P 3, Ins( 1,3,4,6)P 4 and Ins( 1,3,4,5,6)P 5 . Each of these 
isomers was detected in Dictyostelium cells or homogenates incubated 
with [3H]inositol, and each of them was converted to InsP 6 by Dictyostelium 
homogenates in separate experiments. Ins(1,2,4,5,6)P 5 and Ins(1,2,3,4,6)P 5 
were also detected in the cells and homogenates and could be phosphorylated 
to InsP 6. However, these pentakisphosphates were probably not the main 
precursor of InsP 6, because they contained lower specific radioactivities 
than Ins(1,3,4,5,6)P 5, and because they, and not the latter, were observed 
as dephosphorylation products of InsP 6. Dictyostelium contains inositol 
3-kinase activity, but Ins(3)P may also be derived in part from glucose 
6-phosphate or phosphatidylinositol 3-phosphate (Stephens et al., 1990). 
Another pathway for InsP 6 synthesis in Dictyostelium has been observed, 
starting with Ins(1,4,5)P 3, which is the inositol phosphate second 
messenger involved in signaling via calcium release. This pathway was 
located in cell nuclei, and the intermediates were identified as Ins(1,3,4,5)P 4 
and Ins(1,3,4,5,6)P 5 (Van der Kaay et al., 1995). Somewhat similarly, a 
soluble fraction from the yeast Schizosaccharomyces pombe converts 
Ins( 1,4,5)P 3 into Ins( 1,3,4,5,6)P 5 and InsP 6 primarily through Ins( 1,4,5,6)P 4, 
but also partially through Ins(1,3,4,5)P 4 (Ongusaha et al., 1998). 

In animal cells the first pathway identified for InsP 6 synthesis begins 
with the cleavage of Ins(1,4,5)P 3 from Ptdlns(4,5)P 2, followed by the 
sequential formation of Ins(1,3,4,5)P 4, Ins(1,3,4)P 3, Ins(1,3,4,6)P 4 and 
Ins(1,3,4,5,6)P 5 (Shears, 1989). The latter is by far the predominant InsP 5 
isomer in animal cells, which also contain the 2-kinase that phosphorylates 
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it to form InsP 6 (Ji et al., 1989; Stephens et al., 1991). Evidence from avian 
erythrocytes suggests that Ins(1,3,4,5,6)P 5 could also be produced from 
Ins(1)P via the stepwise formation of Ins(1,6)P 2, Ins(1,4,6)P 3, Ins(1,3,4,6)P 4, 
Ins(3,4,6)P 3 and Ins(3,4,5,6)P 4 (Stephens and Downes, 1990). In addition, 
a 3-kinase that phosphorylates Ins(1,4,5,6)P 4 as well as Ins(1,2,4,5,6)P 5 
has been detected in rat liver (Craxton et al., 1994). Recently, an inositol 
polyphosphate multikinase that can convert Ins(4,5)P 2 to Ins(1,3,4,5,6)P 5 
via Ins(1,4,5)P 3 and Ins(1,3,4,5)P 4 was cloned from a rat cDNA library 
(Saiardi et al., 2001). The enzymes mentioned above and others form a 
complex network leading to InsP 6 that may provide redundancy to ensure 
its synthesis and/or regulatory control over the cellular concentrations of 
its metabolites. Nevertheless, the fundamental route of InsP 6 synthesis in 
animals is currently unresolved (Irvine and Schell, 2001). 

The inositol polyphosphate pathway in plants also appears to have 
alternate routes to make InsP 6. As in animals, a likely precursor is 
Ins(1,3,4,5,6)P 5. Kinases that can phosphorylate Ins(1,3,4)P 3 to 
Ins(1,3,4,5)P 4 and Ins(1,3,4,5,6)P 5 have been identified in Arabidopsis 
and soybean seeds (Wilson and Majerus, 1997; Phillippy, 1998a). Some 
evidence has been obtained for the sequential phosphorylation of Ins(3)P, 
Ins(3,4)P 2, Ins(3,4,6)P 3, Ins(3,4,5,6)P 4, and Ins(1,3,4,5,6)P 5 in Spirodela 
po lyrh iza  and Commel ina  communi s  (Brearly and Hanke, 1996, 2000). 
Kinases that phosphorylate several of the inositol pentakisphosphates 
already containing a phosphate at position 2 have also been observed in 
mung bean and soybean seeds (Stephens et al., 1991; Phillippy et al., 1994), 
but those isomers may arise from the degradation of InsP 6 rather than its 
synthesis. In addition, an Ins(1,4,5)P 3 6-kinase has been identified in pea 
roots (Chattaway et al., 1992). Transcripts of the genes for L-Ins(1)P, 
which is the same as D-Ins(3)P, were observed in the embryo and aleurone 
layer of developing rice seeds shortly before the appearance of phytate- 
containing particles called globoids (Yoshida et al., 1999). Furthermore, 
two maize mutants deficient in InsP 6 synthesis produced reduced amounts 
of InsP 6, and one had increased levels of other inositol phosphates, though 
the affected genes have yet to be identified unequivocally (Raboy et al., 
2000). One of two types of barley mutants produced less than one fourth 
as much InsP 6 as the parent line and accumulated 15% of the inositol- 
bound phosphorus in D and/or L-Ins(1,3,4,5)P4, hypothetically due to a 
mutated Ins(1,3,4,5)P 4 6-kinase gene (Hatzack et al., 2000, 2001). 

B. DEGRADATION 

Animals, plants and microorganisms all make enzymes that break down 
phytic acid. Phytases are phosphatases with the ability to use InsP 6 as a 
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substrate, whereas phytases and other phosphatases can hydrolyze the 
various InsP 5, InsP 4, InsP 3, InsP 2 and InsP isomers. Monogastric animals 
including humans lack sufficient phytase in their guts to adequately break 
down the InsP 6 in diets high in whole grains or legumes. Therefore 
phytases from plants and microorganisms are sometimes utilized to help 
degrade the inositol phosphates before and/or after foods are eaten. 
Inositol phosphates in foods can also be degraded by high temperatures 
and pressures during thermal processes such as frying and canning. The 
reduction of phytate content during food processing has been thoroughly 
reviewed by Reddy et al. (1989) and Sathe and Venkatachalam (2002). 

InsP 6 and other inositol phosphates in food may be hydrolyzed by 
phytases as the food is prepared or while it passes through the gastro- 
intestinal tract. The endogenous phytases of seeds can remove much of the 
InsP 6 in grains and legumes if they are soaked in aqueous solutions for a 
number of hours prior to cooking (Larsson and Sandberg, 1992; Gustafsson 
and Sandberg, 1995; Fredlund et al., 1997; Bergman et al., 1999). The 
absorption of water initiates the germination of seeds and activates any 
phytases already present. New enzymes are also synthesized from freshly 
transcribed RNA. Some ungerminated seeds such as rye contain significant 
amounts of phytase (Greiner et al., 1998), while others such as maize have 
very little (Laboure et al., 1993). Fermentation can destroy much of the 
InsP 6 in foods due to the action of microbial and plant phytases (Sutardi 
and Buckle, 1985; Gustafsson and Sandberg, 1995; TUrk et al., 1996). After 
food is eaten, any phytases present in the food can break down phytate in 
the stomach. 

The amount of phytase activity in different types of cells and tissues 
does not appear to be correlated with their InsP 6 content. Ungerminated 
rye grain contained phytase activity of 3.2 prnol min -1 g-I at 35°C, and this 
activity remained fairly constant during 10 days of germination (Greiner 
et al., 1998). Although ungerminated spelt and barley have negligible 
phytase activity, after 2 and 4 days, respectively, of germination 1.1 and 
1.35 ~tmol min -1 g-1 of activity at 35°C had accumulated (Koneitzny et al., 
1994; Greiner et al., 2000b). Maize roots contained 0.50 pmol min -1 g-1 of 
phytase activity at 40°C (Htibel and Beck, 1996). In rat small intestine the 
duodenum, jejunum and ileum contained respectively 6.0, 1.3 and 
1.0 lamol min -1 g-1 of activity at 60°C (Rao and Ramakrishnan, 1985), and 
in rat intestinal mucosal tissue the phytase activity was 0.36 larnol min -t g-~ 
at 37°C (Yang et al., 1991a). Vegetables contain phytase activities at levels 
up to 0.15 ~molmin-lg -1 at 37°C, which is present in green onions 
(Phillippy, 1998b). The most widely utilized microbial phytases are 
secreted, although the Escherichia coli enzyme is strictly an intracellular 
protein. 
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Numerous phytases and other inositol polyphosphate phosphatases 
have been purified, and some of them have been cloned for experimental 
and industrial production. The specific activities of some of the purified 
phytases along with their pH optima are shown in Table I. The phytases 
with the highest activities in vitro are from E. coli and Peniophora lycii. 
Though few of the animal phytases have been purified and studied, their 
potential contributions to the breakdown of phytate in foods may justify a 
more thorough exploration of ways to increase their impact. 

TABLE I 
ACTIVITIES OF PURIFIED PHYTASES 

Specific activity 
Source Iamol rain -1 mg -1 (°C) pH optimum Reference 

Rice bran 50 (40) 4.4 
Maize seedlings 2.3 (55) 4.8 
Spelt seedlings 262 (35) 6.0 
Maize roots 64 (40) 5.0 

Tomato roots 285 (37) 4.3 
Rye seeds 517 (35) 6.0 
Scallion leaves 500 (37) 5.5 
Wheat bran 260 (37) 6.0 
Oat seedlings 307 (35) 5.0 

Barley seedlings 117 (35) 5.0 
Faba bean seedlings 636 (35) 5.0 
Rat intestinal mucosa 5.7 (37) 7.5 
Rat liver 0.01 (37) 7.4 
Schwanniomyces 441 (70) 4.4 

castelli 
Aspergillus niger 126 (58) 5.5 

Thermophilus 110 (37) 6 
lanuginosus 

Peniophora lycii 987 (37) 4 
Aspergillus terreus 142 (37) 6.5 
Aspergil lusfumigatus 26 (37) 6.4 
Emericella nidulans 29 (37) 6.5 
Myceliophthora 42 (37) 5.5 

thermophila 
E. coli M15 811 (37) 4.6 
E. coli K12 8016 (35) 4.5 
Klebsiella terrigena 205 (35) 5.0 
Bacillus sp. DS11 20 (37) 7.0 
Bacillus subtilis 88 (37) 7 

Hayakawa et al. (1989) 
Laboure et al. (1993) 
Konietzny et al (1994) 
Hiibel and Beck, 
(1996) 
Li etal .  (1997) 
Greiner et al. (1998) 
Phillippy (1998b) 
Nakano et al. (1999) 
Greiner and Alminger 
(1999) 
Greiner et al. (2000b) 
Greiner et al. (2001b) 
Yang et al. (1991 a) 
Nogimori et al. (1991) 
Segueilha et al. (1992) 

Ullah and Gibson 
(1987) 
Berka et al. (1998) 

Lassen et al. (1998) 
Wyss et al. (1999) 
Wyss et al. (1999) 
Wyss et al. (1999) 
Wyss et al. (1999) 

Wyss et al. (1999) 
Greiner et al. (1993) 
Greiner et al. (1997) 
Kim et al. (1998) 
Kerovuo et al. (1998) 
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Phytases are often categorized by their specificity in removing the first 
phosphate group from InsP 6 to form InsP 5. To some extent, the initial site 
of attack appears to be related to the pH optimum of the enzyme. At pH 
2.0, which is the lower of its two pH optima, the phytase from the fungus 
Aspergillus niger produces mainly Ins(1,2,4,5,6)P 5 (Irving and Cosgrove, 
1972). At its higher optimum of pH 5.5 this enzyme still prefers to 
hydrolyze the 3-phosphate, but forms an increased proportion of 
Ins(1,2,3,4,5)P 5. The phytase from the fungus P lycii appears to form the 
same products, with increased hydrolysis of the 4- or 6-phosphate at pH 
5.5 compared to pH 3.5, but at both pH values Ins(1,2,3,4,5)P 5 or 
Ins(1,2,3,5,6)P 5 is the major product (Lassen et al., 1998). NMR was used 
to identify the products from P lycii phytase but, like HPLC, this 
technique cannot differentiate between the chemically equivalent 4 and 6 
or the 1 and 3 positions. The phytase from the yeast Saccharomyces 
cerevisiae appears to form only Ins(1,2,4,5,6)P 5 at pH 4.5 (Greiner et al., 
2001a). E. coli phytase has an optimum of pH 4.5 and degrades InsP 6 via 
Ins(1,2,3,4,5)P 5 (Greiner et al., 2000a). The most studied plant phytase, 
from wheat bran, has maximal activity at pH 5.2 and produces 
predominantly Ins(1,2,3,5,6)P 5 (Tomlinson and Ballou, 1962). 
Paramecium phytase has a pH 7.0 activity optimum (Freund et al., 1992) 
and initially forms Ins(1,2,3,4,5)P 5 (Van der Kaay and Van Haastert, 
1995). Little is known about the plant alkaline phytases such as the lily 
pollen enzyme, which has an optimum rate at pH 8 and yields 
Ins(1,2,3,4,6)P 5 (Barrientos et al., 1994). The relatively nonspecific 
multiple inositol polyphosphate phosphatase (MIPP) from rat liver forms 
similar amounts of (Ins(1,2,4,5,6)P 5 and/or Ins(2,3,4,5,6)Ps), 
(Ins(1,2,3,4,5)P 5 and/or Ins(1,2,3,5,6)Ps), Ins(1,2,3,4,6)P5 and 
Ins(1,3,4,5,6)P 5 from InsP 6 at pH 7.4 (Nogimori et al., 1991). However, in 
the presence of 200 pM AI 3÷, the dominant product from MIPP is 
Ins(1,2,3,4,6)P 5 (Ali et al., 1995). 

Following the removal of the first phosphate from InsP 6, some phytases 
and other phosphatases proceed to remove additional phosphates adjacent 
to a hydroxyl group. Thus the wheat phytase hydrolyzes Ins(1,2,3,5,6)P 5 
to Ins(1,2,5,6)P 4 and Ins(1,2,3,6)P 4, followed by the formation of 
Ins(1,2,6)P3, Ins(1,2,3)P 3 and Ins(1,5,6)P 3, and so on, until only Ins(1)P, 
Ins(2)P and possibly myo-inositol remain (Tomlinson and Ballou, 1962; 
Phillippy, 1989; Nakano et al., 2000). Phytases from other cereal seeds 
follow a similar sequence, producing Ins(1,2,3,5,6)P 5, Ins (1,2,5,6)P 4, 
Ins(1,2,6)P3, Ins(1,2)P 2 and Ins(2)P (Greiner and Alminger, 2001). A. 
niger phytase leaves only Ins(2)P, whereas a combination of the phytase 
and the pH 2.5 optimum acid phosphatase from A. niger removes all 
six phosphates (Wyss et al., 1999). In contrast to wheat phytase, the 
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predominant isomer formed by Dictyostelium phytase from Ins(1,2,3,6)P 4 
is Ins(2,3,6)P 3 (Adelt et al., 2001). The calcium-dependent phytase from 
Bacillus subtilis appears to cleave alternate rather than adjacent 
phosphates, resulting in Ins(2,4,6)P 3 and Ins(1,3,5)P 3 as the end products 
(Kerovuo et al., 2000). Inositol phosphates that are intermediates in the 
synthesis of InsP 6 can be degraded by various phosphatases with charac- 
teristic specificies. For example, Dictyostelium and the rat liver MIPP can 
produce Ins(1,4,5)P 3 from Ins(1,3,4,5,6)P 5 using either Ins(1,3,4,5)P 4 or 
Ins(1,4,5,6)P 4 as an intermediate (Van Dijken et al., 1995). Additional 
inositol phosphate phosphatases have been reviewed by Shears (1989). 

Thermal degradation of phytate is accelerated by low pH and high 
pressure. Upon hydrolysis of pure InsP 6 in solution by autoclaving for 1 h 
at 121°C, the reduction in InsP 6 content at pH 4.0, 7.0 and 10.7 was 81, 
64 and 43%, respectively (Phillippy et al., 1987). The inositol phosphate break- 
down products from InsP 6 autoclaved at pH 4.0, resembled those formed 
by A. niger phytase, with Ins(1,2,4,5,6)P 5 and/or Ins(2,3,4,5,6)P 5 being the 
predominant InsP 5 isomer, followed by Ins(1,2,3,4,5)P 5 and/or Ins(1,2,3,5,6)P 5 
(Phillippy and Bland, 1988). At pH 10.8 the hydrolysis showed much less 
specificity, which resulted in a more even distribution of isomers. 

IV. INOSITOL PHOSPHATES IN SEEDS 

A. WHOLE RAW SEEDS 

The predominant inositol phosphate in whole grains, legumes and nuts is 
InsP 6, which may account for approximately 0.4-6% of their dry weight 
(Reddy, 2002). Compared to the InsP 6 content, the other inositol phosphates 
in raw and dried seeds are present in relatively minor amounts. For this 
reason, data obtained using some of the nonspecific methods for phytate 
analysis that measure all polyphosphate compounds, although not 100% 
accurate, provide estimates of the InsP 6 in these materials. InsP 6 content 
is partly determined by the phosphate level of the soil, and InsP 6 
accumulates mainly during the final stages of soybean seed development 
(Raboy and Dickinson, 1987). Levels of substances such as nucleotides 
that interfere in its analysis would not be expected to be influenced by 
variations in growing conditions to as great an extent as InsP 6. Mechanical 
processing of dry seeds such as grinding and milling do not result in 
significant enzymatic or thermal degradation of InsP 6. However, since 
InsP 6 is often concentrated in specific areas of seeds (Reddy et al., 1989), 
separation of different anatomical parts may lower or raise the percentage 
of InsP 6 in the products as compared to the whole seeds. This is especially 
true for grains such as rice and wheat, where the InsP 6 is found mostly in 
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the bran and germ. Processing strategies to extract InsP 6 from foods 
derived from seeds have been extensively reviewed (Reddy et al., 1989; 
Sathe and Venkatachalam, 2002). 

The inositol phosphate contents of some of the most widely utilized 
seeds used as food are listed in Table II. Literature values have been 
uniformly converted to g/100 g as shown in parentheses because these 
units are usually used to portray the nutritional composition of foods and 
they are easy to compare with percentage data, which has traditionally 
been used to report phytate content. Values of InsP 6, InsP 5, InsP 4 and 
InsP 3 were converted from lamol/g to g/100 g by multiplying by 0.066, 
0.058, 0.050 and 0.042, respectively. As mentioned above, InsP 6 levels 
can fluctuate considerably due to environmental and processing effects, 
and additional variation can result from genetic differences. Therefore the 
data in Table II represent random examples that may be more or less 
typical of each kind of seed as it exists throughout the world. InsP 6 
comprises more than 75% of the inositol phosphates in most of these 
seeds, and the InsP 6 values fall within or near the ranges of the nonspecific 
"phytate" values reported elsewhere in the literature. InsP 6 and InsP 5 
account for more than 95% of the total inositol phosphates in most raw 
grains and legumes. InsP 3 is undetectable in most of these seeds and InsP 4 
is usually less than 5% of the total. Therefore, it may not always be 
necessary to perform routinely quantification of the InsP 4 and InsP 3 
fractions of raw food materials derived from seeds. 

Some raw seeds and related products have not been analyzed for the 
different groups of inositol phosphates, but data have been obtained using 
HPLC and NMR methods that specifically measured only InsP 6. The 
InsP 6 contents of white rice determined by HPLC and polished rice 
determined by NMR were 0.23 and 0.42%, respectively (O'Neill et al., 
1980; Graf and Dintzis, 1982). These values are comparable to the range 
of 0.14-0.34% obtained by nonspecific methods (Reddy et al., 1982). 
Although InsP 6 accounted for only 55% of the total inositol phosphates in 
wild rice (Table II), in a nonquantitative study of farm rice the only 
inositol phosphate detected other than InsP 6 was the monophosphate 
(Asada et al., 1969). Soybean meal was found to contain 1.44% InsP 6 by 
HPLC (Bos et al., 1991), which is similar to the 1.24% InsP 6 in raw 
soybeans, also determined by HPLC (Talamond et al., 2000). Other values 
for InsP 6 obtained by NMR include 0.84-0.97% for 100% extraction 
wheat flour, 0.13-0.18% for white wheat flour and 0.75% for Chinese 
millet (O'Neill et al., 1980). Pearl millet and peanuts analyzed by HPLC 
contained 0.74 and 0.68% InsP 6, respectively (Talamond et al., 2000), and 
sunflower seeds were determined by HPLC to contain 4.48% InsP 6 
(Cilliers and van Niekert, 1986). 
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B. PROCESSED FOODS 

Processing methods that degrade InsP 6 result in the formation of inositol 
phosphates containing fewer than six phosphate groups. As the 
degradation proceeds, the inositol phosphate concentrations individually 
peak and then fall at rates determined by the processing conditions and the 
composition of the food. InsP 6 may remain the predominant inositol 
phosphate even after most of it has been hydrolyzed if the other inositol 
phosphates accumulate to only low levels due to a slow InsP 6 hydrolysis 
rate. Intermediates will accumulate when their rate of formation is faster 
than their rate of degradation. One factor that can limit their rate of 
formation is that the solubilities of their salts with multivalent minerals are 
inversely proportional to the number of phosphate groups. The solubilities 
of the inositol phosphates help to determine their aqueous concentrations 
and the reaction rates of phytases and other phosphatases during 
enzymatic hydrolysis. In addition, the rate of hydrolysis depends on the 
amount of enzyme, and higher concentrations of intermediates transiently 
accumulate when more enzyme is present. 

InsP 6 in foods may be destroyed enzymatically, nonenzymatically or by 
a combination of these methods. Canning at high temperatures and 
pressures quickly inactivates phytases and results in nonenzymatic InsP 6 
degradation. Similarly, the toasting of breakfast cereals at very high 
temperatures results in nonenzymatic destruction of InsP 6. Fermentation 
of breads results in the enzymatic breakdown of much of the InsP 6 due to 
yeast and cereal phytases (Harland and Harland, 1980; Larsson and 
Sandberg, 1991; Tfirk et al., 1996, 2000). Soaking and hydrothermal pro- 
cessing of legumes and grains prior to cooking also cause much enzymatic 
loss of InsP 6 (Gustaffson and Sandberg, 1995; Fredlund et al., 1997). Quick 
soaking for 2 h and overnight soaking for 18 h gave similar levels of InsP 3, 
InsP 4, InsP 5 and InsP 6 in various cooked beans (Morris and Hill, 1996). 

The inositol phosphates in various processed foods are shown in Table 
III. The data are on a dry weight basis except for some of the flours and 
breakfast cereals, which are low moisture foods. Compared to the levels 
in whole raw seeds (Table II), the level of InsP 6 was higher in wheat bran, 
rice bran and wheat germ but lower in corn bran, wheat flour, corn flour 
and sorghum flour. InsP 6 was the predominant inositol phosphate in 
breakfast cereals, cooked beans, peas and lentils, and breads, except for 
two of the sour breads. There was much greater variation in the InsP 6 
values for the different breakfast cereals (0.6-8.82 pmol/g) and breads 
(0.17-8.26 lamol/g) compared to the cooked legumes (4.93-10.1 ~mol/g). 
The levels of InsP 6 in the cooked legumes were greater than 50% of their 
levels in the raw seeds. 
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Brune et al. (1992) studied the breakdown of InsP 6 during 
breadmaking. Wheat flour of 85% extraction contained 0.829 and 
0.42 g/kg of InsP 6 and InsP 5, respectively. Bread made from this flour had 
0.049, 0.008, 0.011 and 0.040g/kg InsP 6, InsP 5, InsP 4 and InsP 3, 
respectively, based on the dry weight of the flour used. In contrast, wheat 
flour of 55% extraction contained 0.089-0.106 and 0.005-0.006g/kg 
InsP 6 and InsP 5, respectively. The levels of InsP 6, InsP 5, InsP 4 and InsP 3 
in bread made from this flour were 0.003-0.013, 0.001-0.005, 0.001-0.002 
and 0.005-0.020 g/kg, respectively. The loss of InsP 6 during breadmaking 
was 94% for the 85% extraction flour. 

The effect of pH on the hydrolysis of InsP 6 in wheat breads containing 
varying amounts of  rye bran, oat flour or oat bran was investigated by 
Larsson and Sandberg (1991). The acidities of the doughs were raised by 
the addition of  sour dough or lactic acid to pH 3.9-5.5, which resulted in 
breads with pH 4.2-5.7. The sum of InsP 6 and InsP 5 was reduced by 
79-97% in the breads containing sour dough, whereas the total of InsP 6 
plus InsP 5 decreased 44-97% in breads with lactic acid. Optimum 
hydrolysis occurred when the pH was between 4.3 and 5.1 in both the 
dough and the bread. Less InsP 6 plus InsP 5 was destroyed in breads con- 
taining oat bran than in the breads made with rye bran or oat flour owing 
to lower phytase activities in the oat bran. 

In breads made from equal parts of whole and white wheat flours, the 
addition of  lactic acid and A. niger phytase completely eliminated InsP 6 
and InsP 5 (TUrk and Sandberg, 1992). Results in the same study also 
showed that unfermented milk inhibited the destruction of InsP 6 and InsP 5 
to a greater extent than could be accounted for by its calcium content. Ttirk 
et al. (1996) investigated the isomeric structures of the inositol phosphates 
present in whole wheat bread. Ion chromatography revealed that D- and/or 
L-Ins(1,2,3,4,5)P 5 was the predominant InsP 5, followed by o- and/or L- 
Ins(1,2,4,5,6)P 5, Ins(1,2,3,4,6)P 5 and Ins(1,3,4,5,6)P 5. Similar amounts of 
what appeared to be D- and/or L-Ins( 1,2,3,4)P 4 and D- and/or L-Ins(1,2,5,6)P 4 
were also present, most likely due to the action of the wheat and yeast 
phytases. 

Kozlowska et al. (1996) ground raw lentils containing 10.77, 1.07, 0.50 
and 0.37 pmol/g InsP6, InsPs, InsP 4 and InsP 3, respectively, into flour 
which was then fermented for 4 days. Suspensions of 79 g lentil flour per 
liter of sterile tap water fermented at 28 or 42°C lost 73 and 78%, 
respectively, of their InsP 6. In contrast, suspensions of 221 g flour per liter 
fermented similarly had InsP 6 decreases of only 63 and 68% at 28 and 
42°C, respectively. Interestingly, InsP 3 appeared to increase to fairly high 
levels, 1.51 and 1.91 pmol/g, respectively, in the latter two suspensions 
after 4 days. However, additional work is needed to determine the 
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composition of these fractions, since nucleotides such as ATP will elute 
along with InsP 3 in the ion pair HPLC analysis (Morris and Hill, 1996). 

Optimized procedures have been developed to degrade the inositol 
phosphates in pea flour (Fredfikson et al., 2001b). At pH 7.5 and 45°C, 
66% of the sum of InsP 6, InsPs, InsP 4 and InsP 3 was eliminated by 
endogenous phytase activity within 10h. The predominant InsP 5 and 
InsP 4 breakdown products were Ins(1,2,3,4,6)P 5 and D- and/or L- 
Ins(1,2,3,4)P 4, which is a pattern similar to that of the alkaline phytase of 
lily pollen (Barrientos et al., 1994). A modified process employing an 
exogenous microbial phytase for just 1 h was used to prepare a 
dephytinized pea protein isolate flour intended for test production of 
infant formulas (Fredfikson et al., 2001a). 

To increase the reduction of InsP 6 during the soaking of black beans 
containing 15.91, 1.72, 0.16 and 0 lamol/g of InsP 6, InsP 5, InsP 4 and InsP3, 
respectively, the effects of pH, temperature and exogenous enzymes were 
evaluated (Greiner and Konietzny, 1999). When the pH of the soaking 
buffer was adjusted to pH values from 4.5 to 8.0, the greatest degradation 
of InsP 6 occurred at pH 6.0 during a 15 h incubation at 50°C and resulted 
in 7.64, 1.40, 3.85 and 4.75 lamol/g of InsP 6, lnsPs, InsP 4 and InsP 3, 
respectively. As mentioned above for lentils, large apparent InsP 3 values 
could conceivably be due to nucleotides such as ATE Whereas soaking 
overnight in water at room temperature followed by cooking resulted in 
only an 8% decrease in the sum of InsP 6 and lnsP 5, soaking at pH 6.0 and 
60°C for 15 h led to a 54% reduction after cooking. Addition of E. coli or 
rye phytase to the soaking buffer, 50 mM sodium acetate pH 5.5, during 
the last 2 h of a 15 h soak, had no effect at 25°C, but reduced the sum of 
InsP 6 and lnsP 5 by 29 and 34%, respectively, at 50°C. Cooking led to 
decreases in beans soaked with E. coli or rye phytases at both 
temperatures such that the sums of InsP 6 and InsP 5 decreased by 46 and 
39%, respectively, in beans soaked at 25°C and by 82 and 70%, 
respectively, in beans soaked at 50°C. Germination of black beans at 25°C 
in the dark required 14 days to achieve a 47% reduction in the sum of 
InsP 6 and InsP 5. 

Grains can also be soaked during their initial treatment in procedures 
such as steeping, malting or hydrothermal processing. Soaking leads to 
the breakdown of InsP 6 by endogenous phytases in wheat, rye, oat, barley 
and corn (Sandberg and Svanberg, 1991; Larsson and Sandberg, 1992; 
Hull and Montgomery, 1995; Fredlund et al., 1997). Bergman et al. 
(1999) optimized the hydrothermal processing of barley to degrade InsP 6 
and increase the level of myo-inositol. Variables were the temperature (T 0 
of the first 1 h wet and 5 h dry steeps, the temperature (T2) of the second 
1 h wet and 15 h dry steeps, and the concentration and volume of lactic 
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acid in the wet steeps. InsP 6 was lowered by 96% to a final concentration 
of 0.5~arnol per g dry weight using 48 and 50°C for T 1 and T 2, 
respectively, and 3.2 volumes of 0.8% lactic acid. Myo-inositol was 
increased from 0.56 to 2.68 pmol per g dry weight with 48°C for T 1, 
during which the dry steep was prolonged to 21 h, 1.5 volumes of 0.8% 
lactic acid and without the second steeps. The best combination, a 95% 
decrease in InsP 6 and a myo-inositol value of 2.23 ~nol  per g dry weight, 
was achieved using 48 and 50°C for T 1 and T 2, respectively, and 1.5 
volumes of 0.8% lactic acid. Under the latter conditions the final contents 
of InsP 6, InsP 5, InsP 4, InsP 3, InsP 2 and InsP were 0.66, 0.15, 0.79, 1.73, 
1.1 and 0.9 pmol per g dry weight, respectively. 

Germination is responsible for the InsP 6 breakdown in malting 
processes for legumes and grains. Trugo et al. (1999) studied the effect of 
malting on the inositol phosphates in soybean, black bean, chickpea and 
barley seeds. After 2 days of malting the sum of InsP 5 and InsP 6 was 
reduced by 25% in black beans, which had the greatest losses. Higher 
levels of InsP 3 and InsP 4 were generated during malting, but InsP 6 was the 
predominant inositol phosphate present in all of the malted products. 
Additional reports on seed germination showed that little of the inositol 
phosphates in lentils was lost after 3 days but more than 70% was 
hydrolyzed by day 6 (Ayet et al., 1997), and 22-38% of the inositol 
phosphates in two species of lupin was destroyed in 4 days (de la Cuadra 
et al., 1994). Slight increases in InsP 3 and InsP 4 were observed during 
germination of the lentils and one of the species of lupin. 

Valencia et al. (1999) compared soaking and fermentation of raw and 
germinated quinoa flours followed by cooking. Cooking alone lowered 
the InsP 6 content of raw flour from 8.6-11.4 lamol/g to 6.9-9.5 pmol/g. 
Soaking in a suspension with three parts of water for 12-14 h at room 
temperature prior to cooking lowered the InsP 6 to 2.0-4.3 pmol/g, 
whereas fermentation with Lactobacillus plantarum prior to cooking gave 
1.0-2.0 lamol/g InsP 6. The most extensive reduction of InsP 6 was in 
germinated flour that was fermented prior to cooking, which gave 
0.2-0.3 ~xmol/g InsP6, 0.0 larnol/g InsP 5 and 0.0-0.1 lamol/g each of InsP 4 
and InsP 3. Soaking of maize flour or pounded maize was recently found 
to reduce the InsP 5 and InsP 6 content by more than half and was preferable 
to fermentation because the conditions were easier to control (Hotz and 
Gibson, 2001). 

V. INOSITOL PHOSPHATES IN FRUITS AND VEGETABLES 

Extremely little is known about the inositol phosphates in fruits and 
vegetables. Data obtained using nonspecific methods for phytate analysis 
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indicate that the amounts of InsP 6 in these foods are considerably lower 
than in seeds. A notable exception is avocado fruit, which contains approxi- 
mately 0.5% InsP 6 on a dry weight basis (Phillippy and Wyatt, 2001). 
Avocado fruit, like seeds, contains a high level of fat that needs to be 
protected from oxidation. Therefore the fact that avocado fruit contains 
large amounts of InsP 6 bolsters the hypothesis that in vivo InsP 6 serves as 
an antioxidant to prevent iron-catalyzed free radical formation (Graf et al., 
1987). Some vegetables that grow underground in the form of bulbs, roots 
and tubers may have higher amounts of inositol phosphates than green 
vegetables. Onions, parsnips and carrots have been reported to contain 0.38, 
0.24 and 0.04% InsP6, respectively, according to dry weight, whereas turnips, 
beet roots, celery and cabbage all had 0.02% or less InsP 6 (Harland and 
Morris, 1995). In all of these vegetables InsP 6 was the predominant inositol 
phosphate, and smaller amounts of InsP 5, InsP 4 and InsP 3 were also measured. 
Potatoes analyzed by NMR were reported to contain 0.09% InsP 6 (O'Neill 
et al., 1980), but HPLC results with several varieties of store-bought potatoes 
have revealed InsP 6 concentrations on average of about 0.3% on a dry 
weight basis (B. Q. Phillippy, unpublished data). Post-harvest changes in 
the inositol phosphates of these foods have never been studied, and it is 
not known whether the above data are typical for these foods or how much 
variation might be expected. 

Plant cells also contain Ins(1,4,5)P 3, which is involved in calcium 
signaling and growth (Stevenson et al., 2000). Ins(1,4,5)P 3 is produced upon 
the hydrolysis of Ptdlns(4,5)P 2 by phospholipase C following stimulation. 
Ins(1,4,5)P 3 then binds to receptors in the vacuole to release calcium stores, 
which evoke a biological response (Munnik et al., 1998). The levels of 
Ins(1,4,5)P 3 are low compared to those of InsP 6 and some of the other 
inositol phosphates. Red beets contain 8-11 pmol Ins(1,4,5)P3/g of fresh 
weight (Beno-Moualem et al., 1995), and the stems of maize plants have 
139-276pmol Ins(1,4,5)P3/g of fresh weight (Perera et al., 1999). In 
vegetative plant tissues Ins(1,4,5)P 3 appears to be a minor component of 
the InsP 3 fraction, which includes Ins(1,2,3)P 3, Ins(3,4,6)P 3, D- and/or L- 
Ins(1,5,6)P 3, D- and/or L-Ins(2,4,5)P 3 and D- and/or L-Ins(1,2,5)P 3 (Brearley 
and Hanke, 2000). Other inositol phosphates identified in Spirodela polyrhiza L. 
(duckweed) turions, which are similar to tubers, include Ins(3,4,5,6)P 4, 
Ins(1,3,4,5,6)P 5 and D- and/or £-Ins(1,2,4,5,6)P 5 (Brearley and Hanke, 1996). 

Vl. INOSITOL PHOSPHATES IN ANIMALS 

A. ABSORPTION AND TISSUE CONTENT 

The fate of inositol phosphates eaten by animals is particularly complex. 
Many factors interact as the inositol phosphates make their way through 
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the digestive tract to determine whether they will be excreted, degraded or 
absorbed. The composition of the diet may be most important, since food 
can contribute phytases and other phosphatases, minerals that affect the 
solubilities of the inositol phosphates, ionic components that can bind to 
the inositol phosphates, and components that may interact more indirectly. 
Nondietary factors that may also play a role in the destiny of the inositol 
phosphates include the genetic disposition of the animal as well as its 
physiological and nutritional status. 

Significant enzymatic degradation of inositol phosphates can occur in 
the stomach of monogastric animals including humans if the right type and 
amount of phosphatases are present in the diet (Sandberg and Andersson, 
1988; Sandberg et al., 1996; Mullaney et al., 2000). Additional phytases 
and phosphatases will be active in the intestines and may come from cells 
in the intestinal mucosa (Yang et al., 1991b; Maenz and Classen, 1998) or 
from microorganisms (Moore and Veum, 1983; Lopez et al., 1998). 
Adaptation to InsP 6 increased the phytase activity in the duodenum and 
ileum of rats, whereas wheat bran increased phytase activity only in the 
ileum (Lopez et al., 2000b). Resistant starch fed to rats adapted to wheat 
bran doubled the disappearance of InsP 6 in the feces, most likely by 
promoting the growth of digestive microflora that express phytase activity 
(Lopez et al., 2000a). Inositol liberated from inositol phosphates during 
digestion is actively absorbed in the small intestine and is transported 
through the blood for absorption by other tissues (Holub, 1982). 

Inositol phosphates may have some limited ability to be absorbed, but 
the situation is far from clear. Sakamoto et al. (1993) found that [3H]InsP6 
in drinking water appeared in gastric mucosal cells as a mixture of inositol 
and inositol mono- through hexakisphosphates, but only inositol and the 
monophosphate were detected in the blood plasma. Similarly, Vucenik 
and Shamsuddin (1994) showed that [3H]InsP6 incubated with HT-29 
(human colon adenocarcinoma) cells appeared as a mixture of inositol and 
inositol mono- through hexakisphosphates in the cytosol. In contrast, 
YAC-1 (mouse lymphoma) and K562 (human erythroleukemia) cells 
exposed to [3H]InsP6 contained some of the less phosphorylated inositols 
but no detectable InsP 6. These results show that the cells contain phytase 
that can degrade InsP6, but they do not show which compound(s) were 
absorbed, since the phytase and other phosphatases could have acted 
outside of the cells. 

Grases et al. (2001a) recently demonstrated that the addition of 
dodecasodium phytate at a level of 1% by weight to diets devoid of InsP 6 
and other forms of inositol for 12 weeks resulted in dramatic increases by 
more than ten-fold in the level of InsP 6 in the brain, liver, kidney, bone, 
urine and plasma of rats. Because inositol was not used as a control, it 
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could not be estimated how much of the tissue InsP 6 may have originated 
from synthesis via inositol liberated from InsP 6 by phytases in the gut. 
However, the results do show that tissue levels of InsP 6 respond to dietary 
manipulation in rats. The addition of InsP 6 to the rat diet resulted in a 
smaller increase in InsP 5 compared to InsP 6 in the tissues and fluids 
(Grases et al., 2001b), indicating that InsP 6 absorbed intact may have 
served as a precursor for the InsP 5. 

In a study with human volunteers, Grases et al. (2001c) determined that 
the plasma levels of InsP 6 were normally 260_+30 lag L -1 but fell to 
70_+10lagL -l after 15 days on an diet containing no cereal products, 
legumes, nuts, potatoes or coffee. Maximum concentration of InsP 6 in 
plasma was reached 4 h after ingestion of 1400 mg dodecasodium phytate, 
and urinary InsP 6 levels were directly related to plasma levels. It was 
noted that the overall percentage of absorption was low and that maximum 
urinary excretion, and thus maximum plasma levels, could be obtained by 
consumption of a diet containing normal amounts of InsP 6. Inositol levels 
in the diets were not measured nor was inositol used as a control to 
compare the effects of dietary inositol and dietary InsP 6 on InsP 6 levels in 
plasma and urine. 

Adaptor protein 2 (AP-2) is an InsP 6 receptor associated with the 
plasma membrane (Voglmaier et al., 1992). By binding to AP-2, cytosolic 
InsP 6 prevents the binding of clathrin to AP-2 to form coated pits that take 
part in endocytosis (Gaidarov et al., 1996). However, the assembled coat 
structures containing clathrin and AP-2 have a greater affinity for di- 
octanoylphosphatidylinositol 3,4,5-trisphosphate than for InsP 6, suggesting 
that endogenous phosphoinositides occupy the AP-2 binding sites in the 
plasma membrane (Gaidarov et al., 1996). It is not known whether InsP 6 
can be absorbed by endocytosis via these or other receptors. 

Good evidence for the intact absorption of inositol phosphates was 
reported by Ozaki et al. (2000). Using polyamines including aminoglycosides 
such as neomycin, synthetic spherical dendrimeric polyamines with 12 or 
32 primary amines and polybasic nuclear histone proteins as carriers, 
phosphoinositides or inositol phosphates were translocated into a variety 
of cells. Although the efficiency of cellular uptake was best for inositides 
with lipophilic moieties, an undetermined portion of 77 pM Ins(1,4,5)P 3 
preincubated with 50 ktM type III-S histone from calf thymus was taken up 
by NIH3T3 mouse fibroblasts and induced rapid cytosolic calcium 
mobilization. Thus polybasic compounds can neutralize the charge of 
inositol phosphates in a manner analogous to the intracellular delivery of 
oligonucleotides. Foods obtained from plants and animals contain a 
variety of compounds containing amines that could be tested for their 
ability to carry inositol phosphates into cells. 
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The large number of InsP 2, InsP 3 and InsP 4 isomers identified in animal 
cells has made quantification of their individual concentrations a tedious 
prospect. Some effort has been made to determine the amounts of those 
isomers which are most abundant. Ins(1,4,5)P 3 is present in animal cells 
at resting concentrations of about 0.1-2 OM with several-fold increases ob- 
served upon stimulation (Shears, 1989). Unstimulated levels of Ins(1,3,4)P 3 
in some cells are 1--4 ~tM (Shears, 1989), whereas Ins(1,2,3)P 3 levels of 
0.6-13.1 ~ have been reported in various cell types (Barker et al., 1995). 

The predominant inositol phosphates in most types of animal cells 
appear to be InsP 6 and Ins(1,3,4,5,6)P 5. In heart, kidney, spleen, liver and 
blood but not muscle of Buffalo rats InsP 6 and Ins(1,3,4,5,6)P 5 were 
typically present at levels of at least 5-15 nmol/g wet weight (Szwergold 
et al., 1987). InsP 6 levels alone were determined to be 1.04-2.80, 3.20-4.10, 
30.0-42.0 and 1.07-1.21 tag/g in kidney, liver, brain and bone, respectively, 
of rats, and 0.14-0.31 and 0.43-2.52 lag/ml in plasma and urine, respectively, 
of humans (March et al., 2001). In various types of human blood cells 
InsP 6 ranged from 10 to 105 ~M, whereas Ins(1,3,4,5,6)P 5 concentrations 
were 3-55 ~M (Pittet et al., 1989; Bunce et al., 1993; Guse et al., 1993). 
Other isomers of InsP 5, InsP 4 and InsP 3 were present in these cells at lower 
levels, several of them between 1 and 10 pM. InsP 2 isomers were somewhat 
more abundant than InsP 4 or InsP 3, and the total monophosphates amounted 
to 27-93 ~tM (Bunce et al., 1993). 

The inositol polyphosphate pyrophosphates consist of myo-inosi to l  
esters where five or six of the hydroxyl groups are substituted with different 
combinations of monophosphate and diphosphate groups yielding various 
configurations of InsP 6, InsP 7 and InsP 8. Radiolabeling experiments in 
AR4-2J pancreatoma cells indicates that their concentrations are probably 
low compared to concentrations of many of the other inositol polyphosphates 
(Shears et al., 1995). 

Quick-frozen muscles from frogs and rats contained about 2-3 nmol 
InsP6/g wet tissue (Table IV). Assuming that the muscles contained 
approximately 75% H20, the InsP 6 levels on a dry weight basis were 
about 10 nmol g-l, which is 1000-fold less than the InsP 6 concentration 
found in raw seeds (Table II). After InsP 6, the most abundant inositol 
phosphate in muscle appears to be D- and/or L-Ins(1,4)P 2. 

The inositol phosphate concentrations in animal products other than 
muscle used as food have been largely ignored owing to their low levels 
in comparison to the levels found in seeds. In fresh turkey blood the 
predominant inositol phosphate was Ins(1,3,4,5,6)P 5 at 1.1 raM, followed 
by 271XM Ins(1,4,5,6)P4, 6.61aM InsP6, 5.3laM Ins(1,3,4,6)P4, 1.8laM 
Ins(1,5,6)P 3, 1.2 gM Ins(1,3,4,5)P4, 1.1 ~vl Ins(2,4,5)P3, 1.0 ~v~ Ins(1,4,5)P 3 
and 0.4 ~M Ins(1,3,4)P 3 (Radenberg et al., 1989). In contrast, refrigerated 
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TABLE IV 
M A S S E S  O F  S O M E  I N O S I T O L  P H O S P H A T E S  IN SKELETAL M U S C L E S  a 

Frog Rat 
(nmol/g wet weight) (nmol/g wet weight) 

InsP 6 2.44-2.91 1.85-3.03 
Ins(1,3,4,5,6)P 5 0.52-0.65 0.48-0.65 
D- and/or L-Ins(1,2,4,5,6)P 5 0,14-0.24 <0.02-0.15 
D- and/or L-Ins(1,4,5,6)P 4 0.12-0.17 0.24-0.50 
D- and/or L-Ins(1,2,5,6)P 4 0.03-0.05 <0.03-0.06 
D- and/or L-Ins(1,3,4,5)P 4 0.12-0.19 0.17-0.59 
D- and/or L-Ins(1,4,5)P 3 1.21-1.46 0.69-1.48 
D- and/or L-Ins( 1,3,4)P 3 0.07-0.18 0.13 
Ins(1,3,5)P 3 and/or Ins(2,4,6)P 3 0.05-0.13 <0.03 
D- and/or L-Ins(1,4)P 2 2.03-2.69 3 .294 .07  
Ins(1,3)P 2 0.28-0.87 1.33-1.85 

a Data compiled from Mayr and Thieleczek (1991). 

calf brains contained mostly InsP 6 followed by Ins(1,3,4,5,6)P 5 (Phillippy 
and Bland, 1988). Interestingly, in rats injected with [3H]inositol, more 
labeled InsP 6 was present in the hippocampus after 24 h than in the other 
regions of the brain (Vallejo et al., 1987). The intracellular level of InsP 6 
in the rat hippocampus was estimated to be 13 ~M, and similar concentrations 
were detected in the cerebellum, cortex and striatum (Yang et al., 2001). 

B. B I O L O G I C A L  F U N C T I O N S  

All of our knowledge about the biological functions of inositol phosphates 
has come about within the last twenty years (reviewed in Irvine and 
Schell, 2001). In 1983 Streb and coworkers discovered that Ins(1,4,5)P 3, 
which is formed by the action of phospholipase C on Ptdlns(4,5)P 2, releases 
calcium from a nonmitochondrial source in pancreatic acinar cells (Streb 
et al., 1983). Subsequently other inositol phosphates were identified and 
their metabolic relationships were elucidated. In addition to calcium 
mobilization, a variety of other signaling functions have been associated 
with certain inositol phosphates (Shears, 1998). In particular, InsP 6 seems 
to be involved in numerous cellular processes as a result of its proclivity 
to bind to cationic minerals and proteins. 

Binding of ligands such as hormones, neurotransmitters and growth 
factors to their receptors in the plasma membrane causes the hydrolysis of 
Ptdlns(4,5)P 2 by phospholipase C to yield diacylglycerol and Ins(1,4,5)P 3, 
which translocates through the cytoplasm as a second messenger 
(Berridge, 1993). Ins(1,4,5)P 3 receptors are calcium channels found in the 
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membranes of cellular organelles including the endoplasmic reticulum 
(Taylor et al., 1999), sarcoplasmic reticulum (Tasker et al., 2000), nuclear 
membrane (Humbert et al., 1996) and plasma membrane (Tanimura et al., 
2000). Upon binding, Ins(1,4,5)P 3 activates its receptor, which results in 
the opening of the calcium channel and the release of stored calcium or 
uptake of extracellular calcium. Many cellular processes including growth, 
fertilization, secretion, contraction and sensation have been linked to 
Ins(1,4,5)P 3 signaling (Berridge, 1993). In addition, Ins(1,4,5)P 3 is involved 
in the regulation of cellular proliferation and apoptosis through this pathway 
(Patel et al., 1999; Jayaraman and Marks, 2000). 

Different inositol phosphates can bind to and activate Ins(1,4,5)P 3 
receptors in Xenopus  oocytes or Chinese hamster ovary cells. Some 
metabolites of Ins(1,4,5)P 3 such as Ins(1,3,4,5)P 4 and Ins(1,3,4,6)P 4 display 
activity, although they are less potent than the former (Delisle et al., 1994; 
Burford et al., 1997). Highly active isomers that are not naturally abundant 
include Ins(4,5)P 2, Ins(2,4,5)P 3, oL-Ins(1,4,6)P 3 and DIMns(1,2,4,5)P 4. 
Interestingly, some isomers formed by plant phytases, such as Ins(1,2,3)P 3, 
may have a low calcium-releasing activity. Other isomers that released 
calcium from Xenopus  oocytes included DIMns( 1,2,6)P 3, DL-Ins( 1,5,6)P 3, 
oL-Ins(1,2,3,6)P 4, DIMns(1,2,5,6)P 4 and DL-Ins(1,2,3,5,6)P 5, although the 
relative activities of the enantiomers in these pairs were not determined 
(Delisle et al., 1994). 

In addition to membrane-bound receptors, inositol phosphates also interact 
with soluble proteins. Ins(1,4)P 2 binds to and activates 6-phosphofructokinase 
(Mayr, 1989). Ins(1,4)P 2, Ins(1,4,5)P 3 and Ins(1,3,4,5)P 4 bind to and inhibit 
fructose 1,6-bisphosphate aldolase A (Koppitz et al., 1986). Aldolase-bound 
Ins(1,4,5)P 3 may also act as a pre-existing pool of the second messenger 
Ins(1,4,5)P 3 that is discharged by fructose 1,6-bisphosphate during glycolysis 
in muscle (Thieleczek et al., 1989). 

Ins(1,2,6)P 3 is known to be produced from Ins(1,2,5,6)P 4 by phytases 
from plants and microbes (Phillippy, 1989; Ttirk et al., 2000). o- and/or L- 
Ins(1,2,6)P 3 has been identified as a minor inositol trisphosphate in some 
animal cells (McConnell et al., 1992). Also known as the pharmaceutical 
drug ~-trinositol, Ins(1,2,6)P 3 has analgesic and anti-inflammatory properties 
and is an antagonist of neuropeptide Y (Bell and McDermott, 1998). Although 
its mode of action is unknown, Ins(l,2,6)P 3 may inhibit signal transduction 
by binding to proteins such as receptors for Ins(1,3,4,5)P 4 (Bell and 
McDermott, 1998). 

Ins(1,2,3)P 3 contains the functional 1,2,3-trisphosphate grouping that binds 
iron such that it cannot catalyze the formation of hydroxyl free radicals 
(Hawkins et al., 1993; Spiers et al., 1995, 1996). While acting as intracellular 
antioxidants, Ins(1,2,3)P 3 and other inositol phosphates containing this 
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grouping might safely transport iron between sites within the cell (Barker 
et al., 1995). Chelation of iron to the 1,2,3-trisphosphate grouping may 
also reduce the likelihood for lipid peroxidation catalyzed by iron bound 
to other anionic compounds (Phillippy and Graf, 1997). In vitro Ins(1,2,3)P 3 
was nearly as effective as InsP 6 at preventing iron-catalyzed hydroxyl 
radical formation (Spiers et al., 1995, 1996), whereas InsP 6 was significantly 
better than Ins(1,2,3)P 3 at inhibiting iron-catalyzed lipid peroxidation 
(Phillippy and Graf, 1997). 

Ins(1,3,4,5)P 4 appears to act synergistically with Ins(1,4,5)P 3 in the 
mobilization of calcium from intracellular stores. However, results from 
different studies have been variable and its mechanism is unclear (Smith 
et al., 2000). Low concentrations of Ins(1,3,4,5)P 4 may facilitate calcium 
influx by inhibiting Ins(1,4,5)P 3 5-phosphatase, whereas higher concen- 
trations may inhibit calcium signaling by binding to Ins(1,4,5)P 3 receptors 
(Hermosura et al., 2000). Ins(1,3,4,5)P 4 and other inositol phosphates 
with structural similarities to Ptdlns(3,4,5)P 3 also compete with the latter 
for binding to proteins containing pleckstrin homology (PH) domains. 
This helps to regulate the recruitment of signaling molecules containing 
PH domains such as Gapl, protein kinase B (also known as Akt) and 
phospholipase C to cellular membranes (Kavran et al., 1998). 

Ins(3,4,5,6)P 4 inhibits chloride secretion by epithelial cells following 
prolonged stimulation of Ins(1,4,5)P 3 production (Vajanaphanich et al., 
1994). Receptor-mediated inositol phosphate turnover increases the 
conversion of Ins(1,3,4,5,6)P 5 to Ins(3,4,5,6)P 4, which inactivates chloride 
channels in the plasma membrane (Xie et al., 1996). In human pancreatoma 
epithelial cells, Ins(3,4,5,6)P 4 specifically attenuates the longer term 
activation of calcium-dependent chloride channels by type II calmodulin- 
dependent protein kinase following the acute phase of calcium mobilization 
(Ho et al., 2001). Deficits in chloride channel activity regulated by 
Ins(3,4,5,6)P 4 may be involved in the kidney and lung pathology resulting 
from diabetes and cystic fibrosis, respectively (Ismailov et al., 1996). How- 
ever, effective Ins(3,4,5,6)P4 concentrations may be essential for the 
chloride ion regulation of metabolic functions such as the salt and fluid 
secretion of intestinal epithelial cells (Vajanaphanich et al., 1994). 

Ins(1,3,4,5,6)P 5 has not been assigned any specific functions other than 
being a key intermediate in the formation of Ins(3,4,5,6)P 4 and InsP 6, and 
more recently as a substrate for the tumor suppressor protein PTEN 
(phosphatase and tensin homolog deleted on chromosome ten), which is a 
protein phosphatase, a Ptdlns(3,4,5)P 3 3-phosphatase and an Ins(1,3,4,5,6)P 5 
3-phosphatase (Caffrey et al., 2001). However, its structural similarity to 
certain InsP 4 isomers and InsP 6 results in some sharing of functionality. 
For example, both Ins(1,4,5,6)P 4 and Ins(1,3,4,5,6)P s interact strongly 
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with the PH domain of protein kinase B (Razzini et  al., 2000). Similarly, 
both Ins(1,3,4,5,6)P 5 and InsP 6 bind L- and P-selectins (Cecconi et  al., 
1994). In birds and some reptiles Ins(1,3,4,5,6)P 5 binds to hemoglobin 
and regulates its affinity for oxygen (Gersonde and Ganguly, 1986). InsP 6 
has the ability to serve the same function, but neither inositol phosphate is 
naturally present in mammalian erythrocytes in sufficient amounts. 
Therefore, InsP 6 has been incorporated into human red blood cells in 
order to increase the delivery of oxygen to tissues (Boucher et al., 1996). 

Numerous roles for InsP 6 in cells have been suggested to date (Shears, 
2001), and it is very likely that more remain to be discovered. With its high 
negative charge density, much of InsP 6 is probably bound to cellular 
membranes through bridges of metal cations such as Mg 2+ and Fe 3+ 
(Poyner et al., 1993). By chelating iron in a manner that prevents it from 
catalyzing the formation of hydroxyl free radicals, InsP 6 may be a critical 
antioxidant (Graf and Eaton, 1990; Hawkins et  al., 1993). Some of the 
proteins InsP 6 strongly binds to include L- and P-selectins (Cecconi et  al., 
1994), AP-2 (Timerman et  al., 1992; Voglemaier et al., 1992), AP-3 (Norris 
et al., 1995; Ye et al., 1995), coatomer (Fleisher et al., 1994), synaptotagmin 
(Fukuda et al., 1994; Llinas et  al., 1994), myelin proteolipid protein 
(Yamaguchi et  al. ,  1996) and guanylate cyclase (Suzuki et al., 2001). A 
protein kinase stimulated by InsP 6 phosphorylates pacsin/syndapin I and 
thereby increases its association with dynamin I at nerve terminals (Hilton 
et  al., 2001). InsP 6 also binds to PH domains, although with less affinity 
than some of the other inositol phosphates (Kavran et  al., 1998). In the 
hippocampus, cerebellum, cortex and striatum regions of rat brain, InsP 6 
levels were elevated upon activation and lowered by inhibition of neuronal 
activity (Yang et  al., 2001). 

Specific functions of InsP 6 in insulin-secreting cells are derived through 
the inhibition of phosphatases and the activation of protein kinase C. By 
inhibiting serine-threonine phosphatases, InsP 6 may enhance phosphorylation 
of voltage-gated L-type calcium channels resulting in calcium influx over 
the plasma membrane (Larsson et  al., 1997). This in turn leads to an 
increase in cytoplasmic free calcium and insulin release. Activation of 
protein kinase C by InsP 6 may also lead to insulin secretion by promoting 
the recruitment and transport of granules to the site of exocytosis or by 
altering the conformation of proteins responsible for vesicle fusion 
(Efanov et  al., 1997). Enhancement of calcium influx by InsP 6 has also 
been observed in other cells and organelles such as cerebellar neurons and 
liver mitochondria (Nicoletti et  al. ,  1989; Copani et  al., 1991). Recently, 
InsP 6 was observed to increase L-type calcium channel activity in 
hippocampal neurons by increasing the activity of adenylyl cyclase, which 
raised cyclic AMP levels, which in turn enhanced the activity of protein 
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kinase A (PKA) (Yang et al., 2001). Thus L-type calcium channel activity 
in hippocampal neurons may be enhanced by InsP 6 through increased 
phosphorylation at PKA phosphorylation sites of the channel, in addition 
to the inhibition of serine/threonine protein phosphatases. 

InsP 6 is also required for the export of mRNA from the nucleus to the 
cytoplasm, where it can be translated into protein (York et al., 1999; Feng 
et al., 2001). It is possible that InsP 6 functions by binding proteins associ- 
ated with the nuclear pore complex or the shuttling heterogeneous nuclear 
ribonucleoprotein complexes. The three enzymes needed for synthesis of 
the InsP 6 required for mRNA export in Saccharomyces cerevisiae were 
phospholipase C, Ins(1,4,5)P 3 6-kinase/Ins(1,4,5,6)P 4 3-kinase and 
Ins(1,3,4,5,6)P 5 2-kinase (York et al., 1999; Saiardi et al., 2000a). The 
intermediate Ins(1,4,5,6)P 4 was also shown in S. cerevisiae to be needed 
to regulate the transcription of six genes involved in the synthesis or 
breakdown of argenine (Odom et al., 2000). 

The requirement of lnsP 6 for efficient DNA repair of double-stranded 
breaks is an additional nuclear function that was recently discovered 
(Hanakahi et al., 2000). InsP 6 is part of the nonhomologous end-joining 
apparatus that consists of the XRCC4/DNA ligase IV complex and DNA- 
dependent protein kinase (DNA-PK), which is comprised of a catalytic 
subunit and the DNA end-binding protein Ku. InsP 6 binds to DNA-PK, 
but the mechanism by which InsP 6 promotes end-joining is unknown. 
Maximum activity was obtained with 1 tXM InsP 6, although Ins(1,3,4,5,6)P 5 
and Ins(1,3,4,5)P 4 were also somewhat effective ligands. 

Ins(1,3,4,5,6)P 5 and InsP 6 can have phosphates enzymatically added onto 
one or two of their carbon-bound phosphates to form diphosphorylated 
inositol phosphates such as InsP 7 and InsP 8. These inositol pyrophosphates 
are found in animals, plants and microbes and thus far include [PP]2- 
InsP4, PP-InsPs, [PP]2-InsP3 and PP-InsP 4 (Yang et al., 1999; Saiardi et al., 
2000b). InsP 6, PP-InsP 5, and [PP]2-InsP4 are synthesized by Ins(1,3,4,5,6)P 5 
2-kinase, InsP 6 kinase and PP-InsP 5 kinase, respectively, which can also 
catalyze their reverse reactions to produce ATP (Phillippy et al., 1994; 
Voglmaier et al., 1996; Huang et al., 1998). Thus InsP 6 and the inositol 
pyrophosphates may function partly as cellular energy stores. InsP 7 and/or 
InsP 8 are involved in the homologous recombination mode of repair of 
double-stranded DNA breaks (Luo et al., 2002). The family of 
diphosphoinositol polyphosphates may regulate assembly of vesicles used 
for endocytosis and the trans-Golgi transport of proteins (Saiardi et al., 
2000b), and InsP 7 may also have a role in vesicle exocytosis (Luo et al., 
2001). In addition, the fact that InsP 6 kinase stimulates the uptake of 
inorganic phosphate may mean that InsP 7 or InsP 8 also help to regulate 
that process (Schell et al., 1999). An especially intriguing new finding is 
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that the post-transcriptional induction of an InsP 6 kinase is largely 
responsible for the growth inhibition and apoptosis of human ovarian 
carcinoma cells following treatment with interferon-~ (Morrison et al., 
2001). 

VII. NUTRITIONAL IMPORTANCE OF INOSITOL PHOSPHATES 

A. BIOAVAILABILITY OF MINERALS 

The history of the inositol phosphates from a nutritional perspective has 
followed an uneven path. As described in the review by Reddy et al. 
(1989), the propensity of InsP 6 to impair the absorption of minerals such 
as calcium and iron was recognized early in the twentieth century. By 
chelating and precipitating multivalent cationic minerals, InsP 6 was found 
to lower the bioavailability of the macrominerals calcium and magnesium 
as well as trace minerals such as iron and zinc. Since the precipitated mineral 
complexes contained InsP 6, the inositol and phosphate moieties of this 
compound would also be unavailable for absorption, although this has not 
been viewed as a significant concern for humans. A change in the paradigm 
started in the 1980s when some positive nutritional attributes of InsP 6 
were discovered. Presently, nutritionists are attempting to clarify the roles 
of inositol phosphates in the diet and to determine the most appropriate 
levels for consumption. 

There is general agreement that diets containing high levels of InsP 6 
can reduce the bioavailability of polyvalent cationic minerals (Zhou and 
Erdman, 1995; Rickard and Thompson, 1997; Harland and Narula, 1999). 
What is not clear is how much InsP 6 is too much. As data on this subject 
have grown more extensive, it has become apparent that a simple rule 
cannot encompass all situations. Instead, special considerations must be 
made for different minerals, different groups of people and diets of different 
composition. 

Although phytate can probably chelate all polyvalent cationic minerals, 
some minerals have received more attention than others in rough correlation 
to their perceived nutritional importance. Zinc and iron have been of 
primary concern because they readily form poorly available insoluble 
complexes with InsP 6 and are critical for growth and development (Zhou 
and Erdman, 1995). Calcium has also received considerable attention, but 
it is now recognized that InsP 6 inhibits calcium absorption less than oxalic 
acid does (Heaney et al., 1991; Frossard et al., 2000). Interactions of InsP 6 
with magnesium, copper, selenium, manganese, cobalt, nickel, cadmium, 
lead, aluminum and mercury have also been studied to varying degrees 
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and cannot be ignored when considering the nutritional importance of 
inositol phosphates. 

In vivo studies with Japanese quail, rats and humans have shown that 
moderate amounts of InsP 6 and InsP 5 decrease the absorption of zinc, 
whereas InsP 4 and InsP 3 have no effect (Tao et al., 1986; L6nnerdal et al., 
1989; Sandstr6m and Sandberg, 1992). In Caco-2 cells, the inhibition of 
the uptake and transport of zinc was directly proportional to the number 
of phosphate groups on InsP 3, InsP 4, InsP 5 and InsP 6 (Han et al., 1994). 
In vitro studies showing that InsP 6 and InsP 5 bind more zinc than InsP 4 
and InsP 3 at an inositol phosphate to zinc molar ratio of 1 : 14 indicated 
that chelation and precipitation are most likely the mechanisms responsible 
for inhibiting zinc absorption (Persson et al., 1998). Simpson and Wise 
(1990) also found that zinc was more soluble in the presence of InsP 3 and 
InsP 4 than InsP 5 and InsP 6 at molar ratios of 1 : 1, but at higher ratios of 
inositol phosphate to zinc the highest percentage of soluble zinc was 
observed in the presence of InsP 6. However, raising the molar ratio of 
calcium to zinc above 15 : 1 resulted in lower zinc solubilities in the presence 
of any of those inositol phosphates. In recent studies in rats and humans, 
respectively, whole wheat flour and oat bran, which have high levels of 
InsP6, decreased the fractional absorption of zinc in comparison with low- 
fiber diets but enhanced the total zinc absorption owing to the high zinc 
contents of those ingredients (Levrat-Verny et al., 1999; Sandstr6m et al., 
2000). In rats fermentation of fibers in the large intestine increased the 
absorption of various minerals by increasing their solubility via a lower 
pH and microbial production of phytase (Lopez et al., 1998, 2000a). Thus 
the high zinc content of whole grains may compensate for the negative 
effect of InsP 6 on zinc absorption in some diets. Additional work is needed 
to determine whether these findings can be reproduced with other diets 
such as those containing legumes and the effects of different levels of 
calcium. 

In a study of iron absorption from bread in humans, the sum of InsP 3, 
InsP4, InsP 5 and InsP 6 was related to the inhibition of absorption (Brune 
et al., 1992). In experiments performed at molar ratios of inositol phosphate 
to iron of 0.04 : 1 to 3.6 : 1, the solubility of iron following in vitro digestion 
was decreased by InsP 6 and InsP 5 but slightly increased by InsP 4 and InsP 3 
(Sandberg et al., 1989). The reason for the apparent different responses in 
the above studies to InsP 4 and InsP 3 in humans and in vitro was recently 
discovered. While InsP 3 and InsP 4 added individually to wheat rolls had 
no effect on iron absorption in humans, they did increase the negative 
effect of small amounts of InsP 5 and InsP 6 when all four were added together 
(Sandberg et al., 1999). Thus InsP 3 and InsP 4 potentiated the negative effect 
of InsP 5 and InsP 6, presumably by binding some of the soluble iron and 
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cross-linking it to insoluble complexes formed by iron and InsP 5 and 
InsP 6, thereby increasing the portion of iron that was insoluble. In Caco- 
2 cells 10 : 1 molar ratios of inositol phosphate to iron gave small dif- 
ferences in uptake of iron between InsP 3, InsP 4, InsP 5 and InsP 6, but the 
transport of iron across the cells was dramatically reduced in proportion 
to the number of phosphates (Han et al., 1994). Additional Caco-2 experi- 
ments with a 2 : 1 molar ratio of inositol phosphate to iron showed InsP 6 
and InsP 5 inhibited iron uptake after 1 h, but various isomers of InsP 4 and 
InsP 3 only inhibited uptake after 4 h (Skoglund et al., 1999). Similar to 
zinc, whole wheat flour enhanced the total iron absorption in rats, but unlike 
with zinc, the per cent iron absorption was also increased relative to white 
wheat flour (Levrat-Verny et al., 1999). In an earlier rat study, Saha et al. 
(1994) found that the fractional absorption of iron and other minerals from 
whole wheat flour decreased with increasing phytate content, but was still 
high, 66% for iron, at the highest level of phytate. It would be helpful to do 
a similar study in humans. A consequence of the addition of dodecasodium 
phytate at a level of 1% to the diet of rats was a decrease in the iron 
concentration in their brains (Grases et al., 2001d). Degradation of InsP 6 
by phytase has been used to increase the bioavailability of iron from soy- 
based infant formula and wheat bread (Davidsson et al., 1994; Sandberg 
et al., 1996). 

Several strategies have been used to lower the amount of InsP 6 in seeds. 
Maize, barley, rice and soybeans with mutations in genes involved in 
InsP 6 synthesis have been developed with levels of InsP 6 reduced by about 
half or more (Larson and Raboy, 1999; Hatzack et al., 2000; Larson et al., 
2000; Wilcox et al., 2000). When the low-phytic acid maize was used to 
make tortillas, iron absorption by men was 8.2% compared to 5.5% from 
tortillas made from wild-type maize (Mendoza et al., 1998). When porridge 
was prepared from the two types of maize, which had been fortified with 
additional iron, no effect on the iron absorption in women was observed 
(Mendoza et al., 2001). Because 92% of the activity of transgenic 
A s p e r g i l l u s f u m i g a t u s  phytase expressed in rice was lost after boiling the 
seeds for 20 rain in water, phytase expression targeted to the endosperm to 
prevent the storage of phytic acid in the edible part of the seeds is 
currently under investigation (Lucca et al., 2001). Prospective work with 
an E. coli phytase introduced into Arabidops i s  has produced transgenic 
seeds with reduced levels of phytate and increased free phosphate (Coello 
et al., 2001). Low-phytic acid grains and legumes have much anticipated 
potential for those who must satisfy their nutritional needs with a limited 
food intake and cannot supplement or fortify their diets with extrinsic 
minerals. A recent study unexpectedly found that variations in InsP 5 plus 
InsP 6 from 19.6 to 29.21amol/g in 24 genotypes of beans (Phaseolus  
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vulgaris  L.) with 52-157 ~tmol/g of endogenous iron had no effect on iron 
bioavailability in rats (Welch et al., 2000). However, the iron 
bioavailability from the beans was high, 53-76%, possibly due to 
unknown promoter substances and the rat intestinal phytase. 

Two studies have compared the effects of various inositol phosphates 
on the availability of calcium. The absorption of calcium in fasted rats was 
83% from a solution containing InsP 6, whereas InsP 5, InsP 4 and InsP 3 
resulted in absorption of more than 98% of the dose at an inositol phosphate 
to calcium molar ratio of 4 : 1 (L~3nnerdal et al., 1989). In another rat study 
using purified inositol phosphate isomers, InsP 6 decreased calcium 
absorption, while Ins(1,2,3,5,6)P 5 and Ins(1,2,5,6)P 4 had no effect (Shen 
et al., 1998). However, Ins(1,2,3,6)P 4 significantly increased calcium 
absorption at an inositol phosphate to calcium molar ratio of 1 : 25. It is 
possible that a portion of the Ins(1,2,3,6)P 4 entered cells and bound to 
receptors in the plasma membrane, thereby opening calcium channels, or 
this isomer may have formed a soluble calcium complex that was more 
readily absorbed. The bioavailability of calcium from grain and legume 
products such as whole wheat flour and soy flour is generally high (Mason 
et al., 1993; Saha et al., 1994), and components besides InsP 6 in wheat bran 
and beans may be more inhibitory to its absorption (Weaver et al., 1993, 
1996). In recent studies calcium transport across Caco-2 cell monolayers 
was reduced 16% by 2 mM InsP 6 (Kennefick and Cashman, 2000), and the 
fractional calcium absorption was decreased 16% by a diet containing 
7.5 mmol/kg InsP 6 in rats (Harrington et al., 2001). 

Although the effects of different inositol phosphates on the bioavailability 
of polycationic minerals other than zinc, iron and calcium have not been 
investigated, it can be assumed that InsP 6 and InsP 5 will generally have the 
greatest negative impact. Interactions with other components of the diet, 
especially calcium and other minerals, also play an important role in deter- 
mining availability. In vivo studies have continued to investigate concerns 
for the adverse effects of InsP 6 on the absorption of selenium and magnesium 
(Saha et al., 1994; Pallauf et al., 1998; Rimbach and Pallauf, 1999). In 
10 mM metal chloride and 62.5 ~M InsP 6 solutions at pH 6.0 and 7.0 more 
than half the Mg 2+ precipitated within 2 h while all the Ca 2+ remained in 
solution, but below pH 5.5 and 6.0, 10 mM Ca 2÷ and Mg 2+, respectively, 
were 100% soluble at all concentrations of InsP 6 from 62.5 ~M to 20 mM 
(Nolan et al., 1987). In solutions of 1 mM InsP 6 and 1-3 mM copper(n) or 
zinc(n) ions at pH 5.9, copper(n) ions were more soluble than zinc(II) ions 
(Champagne and Hinojosa, 1987), which explains why InsP 6 can enhance 
the bioavailability of copper in the rat (Lee et al., 1988). However, soluble 
zinc to copper molar ratios increased as the total metal ion to InsP 6 molar 
ratios increased from 2 : I to 12 : 1 (Champagne and Hinojosa, 1987), which 
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may help to explain why InsP 6 has also been found to inhibit copper 
absorption in rats (Lopez et al., 1998). In pH 7.0 solutions containing 
10 naM InsP 6 and 1 mM metal ions, copper(II) remained soluble while zinc 
phytate slowly precipitated (Champagne and Fisher, 1990). Between pH 5 
and pH 6, InsP 6, InsP 5, InsP 4 and InsP 3 can bind more copper than zinc, 
and the amount of metal bound is proportional to the number of phosphate 
groups (Persson et al., 1998). Additional mineral nutrients including 
manganese, cobalt and nickel are known to bind to InsP 6 (Vohra et al., 
1965), and others such as chromium, molybdenum and vanadium are 
likely to do so as well. 

Aluminum and the heavy metals also form complexes with inositol 
phosphates. Aluminum binds to the second messenger Ins(1,4,5)P 3 more 
strongly than to ATP, but the biological significance of this is not clear 
(Memissi-Arifi et al., 1995). Aluminum and lead formed insoluble complexes 
with InsP 6 at metal to InsP 6 molar ratios of 5 : 1 to 3 : 1, whereas mercury 
was completely soluble at all InsP 6 concentrations (Bullock et al., 1995). 
At pH 5.0 in solutions containing 10 mM InsP 6 and 10 m s  metal ions the 
solubilities of aluminum and lead were 69% and 4%, respectively. Mercury 
competes with calcium in binding to InsP 6 (Bullock et al., 1995) and 
forms complexes with Ins(1,2,6)P 3 (Lapp and Speiss, 1991). Thus one 
must consider the possibility that inositol phosphates might enhance the 
absorption of mercury, as has been shown for InsP 6 and copper. Cadmium 
binds to InsP6, InsPs, InsP 4 and InsP 3 less strongly than copper and zinc 
do at low pH values in the vicinity of pH 4 (Persson et al., 1998). In a 
recent study in rats, Aspergillus niger phytase addition to a maize-soybean 
diet to increase zinc absorption did not alter cadmium concentrations in 
the liver and kidney, but nonsignificant increases in femur lead were 
observed (Rimbach et al., 1998). 

B. PREVENTION OF HEALTH DISORDERS 

The backbone of most inositol phosphates in cells is myo-inositol. The 
nutritional importance of myo-inositol has long been recognized for its 
roles in the utilization of fat, as a growth promoter, and its ability to 
improve nerve conductance in diabetics (Holub, 1982, 1986). These 
functions may be partly or mostly derived from the use of inositol as a 
precursor of phosphatidylinositols and inositol phosphates. An extensive 
review of the metabolism of myo-inositol in plants was published recently 
(Loewus and Murthy, 2000). Inositol phosphates from seeds are a 
significant food source of myo-inositol, as are the phospholipids and free 
inositol from many plant- and animal-based foods (Berdanier, 1992). The 
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total myo-inositol contents of the majority of fruits, vegetables, grains and 
nuts analyzed after digestion with 6 N HC1 for 40 h at 120°C were between 
0.2 and 2.0 mg/g (Clements and Darnell, 1980). Myo-inositol has been 
evaluated for its ability to improve the mental health of patients with 
various psychiatric disorders (Kofman et al., 1998; Seedat and Stein, 1999; 
Kofman et al., 2000; Einat and Belmaker, 2001; Nemets et al., 2001). In 
addition to myo-inositol, smaller amounts of epi- and scyllo-inositol are 
present in human brains (McLaurin et al., 2000). Phosphatidyl-scyllo-inositol 
appears to be synthesized more rapidly than phosphatidyl-myo-inositol in 
barley seeds (Carstensen et al., 1999), but little is known about the 
metabolism or function of scyUo-inositol in animals. D-Chiro-inositol, which 
may be of benefit to diabetics (Steadman et al., 2000), and myo-inositol 
levels in urine of older men and women, appear to be related to insulin 
secretion (Campbell et al., 2001). 

Myo-inositol and InsP 6 have synergistic or additive effects in inhibiting 
the development of cancer (Shamsuddin, 1999). In mice, dietary myo- 
inositol has been shown to be effective in preventing cancer of the colon 
(Shamsuddin et al., 1989), lung (Estensen and Wattenberg, 1993; Hecht et 
al., 1999; Wattenberg et al., 2000; Hecht et al., 2001), forestomach (Estensen 
and Wattenberg, 1993) and liver (Nishino et al., 1999). The anticancer action 
of InsP 6 is extensively documented as reviewed by Shamsuddin (1995, 
1999) and Jenab and Thompson (2002). In rats, mice or humans InsP 6 has 
antitumor effects in cells or tissues of the blood, colon, liver, lung, 
mammary gland, prostate and skin. Although exogenous InsP 6 and wheat 
bran containing a similar amount of InsP 6 had similar effects on bio- 
markers of colon cancer risk in rats (Jenab and Thompson, 1998, 2000), 
the former was more effective in reducing the number of mammary tumors 
(Vucenik et al., 1997). 

While most studies on the anticancer effects of InsP 6 have yielded 
positive results, a few contradictory reports have raised concerns regarding 
cancers of the urinary tract and rhabdomyosarcomas, which are muscle 
tumors occurring mainly in young people. Rats given drinking water 
containing 1.25% or 2.5% InsP 6 ad lib for 2 years passed blood in the urine 
from hemorrhage of necrotic renal papillae and developed renal papillomas 
(Hiasa et al., 1992). In rats given a combination of three cancer initiators 
and fed diets with or without 2% InsP 6 for 32 weeks, InsP 6 increased the 
incidence of urinary bladder papillomas (Hirose et al., 1999). However, in 
rats given a single different initiator and treated similarly with InsP 6 or its 
salts, InsP 6 alone had no effect while the dodecasodium salt of InsP 6 
significantly increased the incidence of urinary bladder hyperplasias and 
papillomas (Hirose et al., 1999). It was concluded that the effect of InsP 6 
itself was equivocal, but the dodecasodium salt of InsP 6 promoted carcino- 
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genesis. Alkaline salts are known to promote urinary bladder carcinogenesis 
by raising the urinary pH (Lina et al., 1994), which causes the formation 
of cytotoxic calcium phosphate precipitates (Cohen et al., 2000). In 
serum-free medium, micromolar levels of InsP 6 stimulated the growth of 
two human rhabdomyosarcoma cell lines but inhibited the growth of a 
third rhabdomyosarcoma and two human colon carcinoma cell lines 
(Germain and Houghton, 1997). When rhabdomyosarcoma cells susceptible 
to growth inhibition by InsP 6 were xenografted into nude mice, tumor size 
after 2 and 5 weeks was 25-fold and 49-fold smaller, respectively, in mice 
treated with InsP 6 than in untreated controls (Vucenik et al., 1998). Additional 
studies to further clarify the potential risks associated with the con- 
sumption of InsP 6 in regards to urinary tract cancers and rhabdomyosarcomas 
would be helpful. 

There are a variety of mechanisms by which inositol and InsP 6 may 
inhibit the development of cancer. There is evidence that myo-inosi to l  
suppresses the phosphatidylinositol 3-kinase pathway and thereby protects 
against the inhibition by carcinogens of cell differentiation (Jyonouchi et 
al., 1999). The effect of myo-inosi tol  within the cell is likely to be mediated 
through one or more of its phosphorylated metabolites. Signal transduction 
through Ins(1,4,5)P 3 is also elevated in human carcinomas, and inhibitors 
of phosphatidylinositol 4-kinase and phosphatidylinositol 4-phosphate 
5-kinase induce differentiation and apoptosis of cancer cells (Weber et al., 
1999). Razzini et al. (2000) propose that Ins(1,4,5,6)P 4 and Ins(1,3,4,5,6)P 5, 
but not InsP 6, inhibit the growth of various types of cancer cells by binding 
to pleckstrin homology (PH) domains of Akt (protein kinase B), which is 
activated by the lipid products of phosphatidylinositol 3-kinase. It has 
been suggested that InsP 6 inhibits cell transformation into a cancerous 
phenotype by directly inhibiting phosphatidylinositol 3-kinase (Huang et 
al., 1997; Dong et al., 1999) or by inhibiting the phosphorylation of extra- 
cellular signal-related protein kinases (Erks), c-Jun NHz-terminal kinases 
(JNKs) or an inhibitor of nuclear factor ~:13 (I~:~) (Chen et al., 2001). Proteins 
that become upregulated following InsP 6 treatment include p53  in HT-29 
colon carcinoma cells (Saied and Shamsuddin, 1998) and hepatic glutathione 
S-transferase in mice (Singh et al., 1997). Ornithine decarboxylase, which 
is essential for the promotion of some tumors, is downregulated by InsP 6 
in mouse keratinocytes (Nickel and Belury, 1999). Furthermore, InsP 6 
inhibits endocytosis by impairing the binding of erbB l to AP2 in prostate 
cancer cells (Zi et al., 2000). Although it seems possible that some InsP 6 
may enter cells intact, convincing proof for this is lacking. An alternative 
mechanism through which extracellular InsP 6 conceivably could combat 
cancer is through mineral deprivation; intracellular zinc deficiency leads 
to cell death by apoptosis (Truong-Tran et al., 2000). Iron chelators such 
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as O-Trensox and desferrioxamine induce apoptosis in human hepato- 
blastoma HepG2 and hepatocarcinoma HBG cells, although addition of 
iron or zinc during treatment restores both proliferation and inhibition of 
apoptosis (Rakba et al., 2000). Another relevant observation is that InsP 6 
enhances natural killer cell activity (Baten et al., 1989). InsP 6 is also a 
substrate for the InsP 6 kinase that transduces the signal from interferon-~ 
for the growth inhibition and apoptosis of ovarian carcinoma cells 
(Morrison et al., 2001). 

The antioxidant attributes of inositol phosphates may contribute to their 
anticancer activity as well as the prevention and amelioration of other 
conditions associated with excessive oxidation or inflammation. InsP 6 
chelates iron within its 1,2,3-trisphosphate grouping, thus preventing iron- 
catalyzed hydroxyl free radical formation (Hawkins et al., 1993). Ins(1,2,3)P3, 
D/L-Ins( 1,2,3,4)P 4 , Ins( 1,2,3,5)P 4, D/L-Ins( 1,2,3,4,5)P~ and Ins( 1,2,3,4,6)P 5 
also possess this property (Hawkins et al., 1993; Spiers et al., 1995, 1996; 
Phillippy and Graf, 1997). InsP 3, InsP 4 and InsP 5 fractions derived from 
InsP 6 by hydrolysis with microbial phytase prevent the iron-catalyzed 
decomposition of lipid peroxides, which liberates peroxyl and/or alkoxyl 
radicals, whereas InsP 2 has no effect (Miyamoto et al., 2000). Studies 
have shown that dietary InsP 6 reduces lipid peroxide formation in the liver 
of lactating mice and the colon of pigs with high iron intake (Singh et al., 
1997; Porres et al., 1999). In rats subjected to oxidative stress, dietary InsP 6 
and Ins( 1,2,3,6)P 4 decreased the production of lipid peroxides in the small 
intestine and colon, whereas only InsP 6 gave an antioxidative response in 
the lung (Burgess and Gao, 2002). However, InsP 6 had no effect on lipid 
peroxides, protein oxidation, o~-tocopherol or reduced glutathione in the 
liver of growing rats (Rimbach and Pallauf, 1998). In HL-60 human leukemia 
cells and calf thymus DNA exposed to H202, InsP 6 reduced the formation 
of 8-oxo-7,8-dihydro-2'-deoxyguanosine, a biomarker of oxidative DNA 
damage; and cleavage at the 5'-guanine of GG and GGG sequences in 
c-Ha-ras-1 and p53  gene DNA fragments in the presence of H202 and copper 
was decreased by InsP 6 (Midorikawa et al., 2001). In vitro InsP 6 inhibited 
the oxidation of 6-hydroxydopamine by iron or manganese, accelerated 
catalysis by vanadium and had no effect in the presence of copper (Bandy 
et al., 2001). Formation of the p-quinone oxidation product proceeded most 
rapidly when the reduction potential of various metal-ligand complexes fell 
between the reduction potentials of 6-hydroxydopamine and molecular 
oxygen. Copper was the most effective catalyst, and the rate of 6-hydro- 
xydopamine oxidation by copper phytate was increased three-fold in the 
presence of 100 mM Na2SO 4. 

The effectiveness of InsP 6 as an antioxidant food preservative has been 
demonstrated repeatedly (Empson et al., 1991; Lee and Hendricks, 1995; 
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Hix et al., 1997; Lee et al., 1998; Cornforth, 2002). Unlike iron, copper 
appears to bind preferentially to the 5-phosphate of InsP 6 (Champagne et 
al., 1990), but the ability of copper to produce hydroxyl free radicals is 
unhindered by InsP 6 (Madurawe et al., 1997). In contrast to InsP 6, the com- 
mon food additive ethylenediaminetetraacetic acid (EDTA) stimulates 
iron-catalyzed but inhibits copper-catalyzed hydroxyl radical formation 
(Madurawe et al., 1997). 

Ins(1,2,6)P 3, which is the drug ~-trinositol and is produced by many 
plant and microbial phytases, exhibits analgesic and anti-inflammatory 
properties. It has been speculated that Ins(1,2,6)P 3 may function in part by 
binding to one or more of the proteins in the phosphatidylinositol 
signaling pathway (Bell and McDermott, 1998), but its effectiveness has 
only been reported for parenteral systemic administration and topical 
treatment of burned skin (Tarnow et al., 1998). It might be revealing to 
investigate the antioxidant and anti-inflammatory potencies of Ins(1,2,3)P 3 
and Ins(1,2,6)P 3 in some model feeding studies. 

InsP 6 lowers blood glucose, cholesterol and triglycerides (Rickard and 
Thompson, 1997; Jariwalla, 1999). This would be especially helpful for 
people susceptible to diabetes or heart disease. The mechanism for these 
effects is not completely clear but may be related to the inhibition of 
digestive enzymes by InsP 6 and/or a reduction in the plasma ratio of zinc 
to copper. Myo-inosi tol  and InsP 6 were equally effective in preventing the 
elevation in liver lipids following sucrose feeding in rats (Katayama, 1999). 
It was proposed that both compounds worked by depressing hepatic 
lipogenesis rather than by inhibiting intestinal enzymes. Nonetheless, the 
old saying that a meal that keeps a person from getting hungry for a long 
time 'sticks to the ribs' may refer to foods high in InsP 6, which probably 
slows digestion by adhering to enzymes and other proteins in the lumen 
of the stomach and on the surface of the gastric mucosa. Indeed, s-amylase 
and lipase activities were significantly inhibited in vitro by 2-4 rnM inositol 
phosphates containing one to six phosphates, and the decrease in digestibility 
and degree of inositol phosphorylation were highly correlated (Knuckles 
and Betschart, 1987; Knuckles, 1988). 

Various other health benefits from InsP 6 consumption have been postulated. 
Some of those who eat diets high in red meat may accumulate excess iron, 
which can promote the development of infections, cancer and other de- 
generative diseases, and foods rich in InsP 6 may help prevent the over- 
accumulation of absorbed iron (Weinberg, 1999). This is a somewhat 
complex issue, especially in light of the recent observation that foods 
containing InsP 6 may lead to increased iron absorption simply because 
they increase the amount of iron consumed (Levrat-Verny et al., 1999). In 
some instances the iron from foods naturally high in InsP 6 may be less 
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available on a per cent basis than the iron in meat and thus less likely to 
be absorbed in overabundance. There has been an accumulation of 
evidence that dietary InsP 6 helps to prevent the formation of kidney stones 
(Zhou and Erdman, 1995). It has been suggested that InsP 6 excreted in the 
urine is responsible for preventing stone formation by inhibiting cry- 
stallization of calcium salts (Grases and Costa-Bauz(t, 1999; Grases et al., 
2000). However, 12 h following intragastric administration of [3H]InsP6 to 
rats the radioactivity in the urine appeared to be associated with Ins and 
lnsP but not with any of the inositol polyphosphates (Sakamoto et al., 
1993). Thus any intact absorption and subsequent excretion of InsP 6 must 
be very low. InsP 6 has also been linked to upregulation of neutrophil 
functions (Eggleton, 1999) and the inhibition of platelet aggregation 
(Vucenik et al., 1999). 

VIII. SUMMARY AND CONCLUSIONS 

Advances in the analytical methods for inositol phosphates have enabled 
an increase in our knowledge of their nutritional roles in recent years. 
HPLC methods provide the separations needed to identify and quantify 
individual inositol phosphates in foods. The metabolic pathways for the 
synthesis and degradation of InsP 6 are multibranched and dependent upon 
the particular mix of enzymes and substrates present in the same cellular 
compartment. InsP 6 is the most abundant inositol phosphate in the raw 
seeds of most grains and legumes and generally is present at concen- 
trations between 0.4 and 1.2% of the dry weight. InsP 6 and InsP 5 account 
for more than 95% of the total inositol phosphates in most raw grains and 
legumes and predominate in processed foods, which sometimes also 
contain substantial levels of InsP 4 and InsP 3. Avocado fruit and some 
vegetables contain appreciable amounts of InsP 6, but very little data is 
available in this area. Inositol phosphates appear to be mostly hydrolyzed 
to inositol prior to absorption in the guts of animals. Numerous inositol 
phosphate isomers in animal cells display an increasingly diverse range of 
biological functions. The fractional absorption of dietary minerals such 
as zinc and iron is decreased by InsP 6 and InsP 5, and these effects 
might be potentiated by InsP 4 and InsP 3. Myo-inosi tol  and InsP 6 may 
help to prevent various health disorders by a number of possible 
mechanisms. More research is needed before the optimum levels of InsP 6 
in the diets of people differing in age, sex and health concerns can be 
estimated. 
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IX. FUTURE RESEARCH NEEDS 

The most immediate research need is to determine the appropriate levels 
of InsP 6 in human diets. Some InsP 6 may be desirable for its potential 
ability to prevent or delay various health disorders, but too much can 
result in mineral deficiencies. It may be helpful to establish a tolerance 
zone or range, which lies between the optimal and toxic doses, as has been 
suggested for essential trace elements such as selenium and chromium 
(Katz, 1996). This could be accomplished by feeding studies in which the 
effects of InsP 6 on indices of potential health benefits and on the bio- 
availabilities of minerals are monitored simultaneously. Since the tolerance 
zone likely depends on factors such as age, sex, health status and diet 
composition, experiments performed on different population groups would 
be necessary in order to be able to estimate the appropriate level of InsP 6 
in someone's diet. It will be important to identify trade-offs between the 
positive and negative nutritional aspects of InsP 6 if overlapping effects are 
observed and to attempt to resolve any potential conflicts. Then we will 
have a better idea of how much InsP 6 it would be prudent to remove from 
our foods by breeding or during processing. 

More accurate data on the inositol phosphates in foods are needed. 
Since a number of inositol phosphates are bioactive and may be absorbed 
intact by cells under certain conditions, more data on their concentrations 
in foods should be obtained. The inositol phosphates and their natural 
variation in fruits and vegetables need to be analyzed, since comprehensive 
and accurate data for these foods is lacking. It might be a good idea to 
replace the nonspecific Association of Official Analytical Chemists' method 
for phytate analysis with one of the HPLC methods if there is sufficient 
interest among researchers. 

Biological studies are needed to clear up some lingering questions 
about the fate of inositol phosphates and their associated minerals within 
the gut. The possibility of adaptation to InsP 6 in the human diet needs to 
be investigated more thoroughly. Recent reports showing greater overall 
absorption of zinc and iron from diets containing high-phytate foods should 
be followed up with more definitive studies. The potential for absorption 
of inositol phosphates complexed with food components should be evaluated. 
It is not currently known to what extent any of the bioactive inositol 
phosphates consumed in foods can be absorbed before they are enzymatically 
degraded or whether there may be significant population group differences 
in inositol phosphate absorption. 

Potential health benefits of myo-inositol and inositol phosphates in the 
diet have been identified. More research is needed to define their 
mechanisms of action and whether the effects are mediated predominately 
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within the lumen of the gut or following absorption, on the surface of cells 
or intracellularly. 

DISCLAIMER 

Mention of names of companies or commercial products is solely for the 
purpose of providing specific information and does not imply 
recommendation or endorsement by the United States Department of 
Agriculture over others not mentioned. 
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