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myo-Inositol hexaphosphate, the salt of myo-inositol hexaphosphoric acid (IP6), is a common
constituent of many plant foods, such as cereals and legumes. 1P6 interacts with mineral elements,
influencing their bioavailability. Processed foods contain a mixture of different inositol phosphates,
i.e., IP6 and its degradation products with five or less phosphate groups (IP5—1P1). The interaction
of the lower inositol phosphates with mineral elements is not well-known. In this study, the
interaction between metal ions (Cu?*, Zn2*, and Cd?") and isolated fractions of inositol phosphates
with 6, 5, 4 and 3 phosphate groups (IP6—1P3) was investigated by using a potentiometric technique.
The study was performed at pH 3—7, which is the pH range in the upper part of the duodenum,
where mineral absorption takes place. The inositol phosphate fractions studied had a pronounced
binding capacity between pH 5 and 7. Thus, mineral complex formation with lower inositol
phosphates is likely to occur in the duodenum, which would be important from a nutritional point
of view. The mineral binding capacity as calculated per phosphate group was similar for IP6, IP5,
IP4, and IP3, but the binding strength was lower for the lower inositol phosphates (IP4 and IP3).
At increasing pH, within the range (pH 3—7), the metal complex formation generally began in the
order copper, zinc, cadmium for all inositol phosphates indicating the same order of binding strength,

i.e., Cu > Zn > Cd. For IP6 the difference was small between Cu and Zn.

Keywords:

INTRODUCTION

The ability of inositol phosphates to interact with
mineral elements has attracted a great deal of interest
in human nutrition (Kelsay, 1982; Lonnerdal et al.,
1989; Sandberg et al., 1993).

Many plant foods, e.g., cereals and legumes, contain
myo-inositol hexaphosphate, the salt of myo-inositol
hexaphosphoric acid (IP6). It is the major storage form
of phosphorus in the plant and possesses tremendous
potential for chelating minerals. IP6 forms phytate
complexes with divalent metal ions such as Fe2*, Zn?*,
Mg?*, and CaZ*. These complexes have a low solubility
at physiological pH, and thus the bioavailability of
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essential elements can be reduced, but for potentially
toxic mineral elements the interaction could be consid-
ered positive if the metal ions bound to inositol phos-
phates are excreted in feces and not absorbed (Pallauf
and Rimbach, 1997; Wise and Gilburt, 1981). Besides
being an antinutrient, dietary phytate may have ben-
efical effects. IP6 and its lower phosphorylated forms
are present in most mammalian cells, where they are
important in regulating vital cell functions. For ex-
ample the 1,4,5-1P3 acts as a “second messenger”,
causing the release of stored calcium inside the cell.
Recent observations have been made on dietary phytate
as an anticarcinogen, protecting against colon cancer
(Shamsuddin, 1995; Graf and Eaton, 1985; Harland and
Morris, 1995). The mechanism of this action is not fully
understood, but phytate may supply an important
antioxidant function by complexing iron and thereby
reducing the formation of hydroxyl radicals in the colon.
Several carcinogenic substances are generated through
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iron-catalyzed lipid peroxidation. It is not yet known
whether lower inositol phosphates derived by hydrolysis
of phytate have anticancer action. However, myo-
inositols phosphorylated in the 1, 2, and 3 positions have
been demonstrated to inhibit iron-catalyzed hydroxyl
radical formation (Phillipphy and Graf, 1997).

Numerous studies have been made on the protonation
constants of IP6, but the results are often conflicting.
This conflict could be due to the fact that the protonation
constants of IP6 to a large extent are dependent on the
ionic strength of the medium (Bieth and Spiess, 1986).

According to Erdman (1979), in the phytic acid
molecule, 6 of the 12 replaceable protons are strongly
(pKa < 3.5) and six are weakly (pK,; = 4.6—10) dissoci-
ated. Therefore, IP6 is strongly negative charged over
a wide pH range and easily interacts with divalent
cations. By binding to one phosphate group or bridging
two phosphate groups, various cations could form che-
late complexes with phosphate groups within an inositol
phosphate molecule as well as with phosphate groups
in different molecules.

Several studies demonstrate the importance of condi-
tions such as pH and the phytate-to-mineral molar ratio
for the formation of phytate complexes (Wise and
Gilburt, 1981; Evans and Pierce, 1982; Graf, 1983;
Grynspan and Cheryan, 1983; Cheryan et al., 1983;
Martin and Evans, 1986; Wise, 1995; Pallauf and
Rimbauch, 1997; Nolan et al., 1987). Another important
factor is the synergistic effect of “secondary cations”,
among which Ca?* has been most prominently men-
tioned. Two cations may, when present simultaneously,
act together to increase the quantity of phytate precipi-
tation (Oberleas, 1973; Simpson and Wise, 1990).

Studying the solubility and relative stability of vari-
ous IP6—metal complexes by potentiometric titration,
Vohra et al. (1965) found the order of stability at pH
7.4 to be Cu?t > Zn?™ > Ni2t > Co?" > Mn?" > Fe3t >
Ca?", whereas Maddaiah et al. (1964), using a different
titration method, indicated the order of stability at this
pH as Zn2t > Cu?t > Co?" > Mn2* > CaZ". However,
in both studies it was concluded that Cu and Zn
appeared to have a high affinity for phytate and that
the metal binding to phytate as well as the solubility of
the complex was pH-dependent.

During food processing, e.g., baking (Phillippy et al.,
1988; Sandberg, 1996; Turk and Sandberg, 1992; Turk
et al., 1996) and passage through the digestive tract,
phytate may be hydrolyzed to a mixture of inositol
penta- to monophosphates (IP5—1P1). A large propor-
tion of lower inositol phosphates has been detected in
ileal contents and feces of man (Sandberg et al., 1987;
Skoglund et al., 1997).

Knowledge about the binding strength of lower inosi-
tol phosphates to different metal ions is limited. Kauf-
man and Kleinberg (1971) studied Ca2* binding of 1P6,
IP5, IP4, and IP3 over a pH range of 2.0-12.0. With
increasing degree of inositol phosphate hydrolysis, the
pH at which calcium phytate first precipitated in-
creased, indicating that the mineral binding strength
was becoming progressively lower. Persson et al. (1991)
demonstrated that the soluble fiber fraction of cereals
bound Cu?*, Zn?*, and Cd?" in the order Cu?* > Zn?*
~ Cd?". Phytase treatment reduced the binding capac-
ity considerably but not totally. The remaining binding
capacity was ascribed to lower inositol phytates formed
during the phytase treatment or to other ligands.
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Results are conflicting as to whether lower inositol
phosphates impair mineral absorption. Studies in
suckling rats suggest that, when added in a molar ratio
of phytate to mineral ion 4:1, isolated inositol hexa- and
pentaphosphates (IP6 and IP5) inhibit zinc and calcium
absorption, while inositol tetra- and triphosphates (IP4
and IP3) have no effect (Lonnerdal et al., 1989). Zinc
absorption in humans was also depressed when IP6 or
IP5 was added to a meal with white wheat rolls, while
no effect of 1P4 was found (Sandstrém and Sandberg,
1992). IP6 and IP5 had a strong negative effect on iron
solubility at simulated physiological conditions (Sand-
berg et al., 1989) and iron absorption (Sandberg et al.,
1993), but no such effect was found for IP4 or IP3.
However, in studying iron absorption from bread meals
(Brune et al., 1992) a strong negative correlation was
found between the sum of IP6—1P3 and iron absorption,
suggesting that IP4 and IP3 also contributed to the
negative effect on iron absorption.

The aim of this work was to study the solubility of
some metal ions under pH conditions that may be
encountered in the duodenum. Early in the digestion
of a meal, the doudenal contents has an almost neutral
pH, and during the next 1.5 h the pH falls succesively
to 5, 4, and 3. Duodenal neutralization is very rapid
and effective, so that only a short segment of the
duodenum is acidified for a brief time. In normal
subjects the average pH of contents of the middle of the
second part of the duodenum lies between 5.4 and 7.8
(Davenport, 1982). However, at pH above 7, hydroxo
complexes dominate for copper and measurements with
amalgam electrodes are less reproducible. Therefore,
the interaction between single metal ions (Cu?™, Zn2t,
and Cd?") and isolated fractions of inositol phosphates
with 6, 5, 4, and 3 phosphate groups (IP6—I1P3) was
investigated over a pH range of 3—7.

The ionic strength of the solutions was 100 mM, which
appeared to be within plausible physiological range for
conditions in the duodenum. The mean electrolyte
composition of the duodenal secretion is Nat 145 mM,
K* 6.3 mM, CI~ 136 mM, and HCO3~ 17 mM (Daven-
port, 1982). To get an excess of mineral ions to binding
sites and thereby to achieve saturation, a molar ratio
of 1:13 (IPx to mineral) was used. Inositol phosphate
fractions were prepared by nonenzymatic hydrolysis of
sodium phytate. The binding to metal ions was studied
by using a potentiometric technique (Persson, 1970;
Norberg and Persson, 1984).

MATERIALS AND METHODS

Preparation of Inositol Tri-, Tetra-, and Pentaphos-
phates. Sodium phytate was used in the IP6-samples. IP5,
IP4 and IP3 were prepared according to Sandberg et al. (1989).
Sodium phytate (1.5 g, BDH Chemicals, Poole, England) was
hydrolyzed with 100 mL of 0.5 M HCI for 7 h. The hydrolysate
was evaporated to dryness at reduced pressure and a temper-
ature of 40 °C and dissolved in 10 mL of deionized water. The
inositol phosphates formed were separated by anion-exchange
chromatography. Glass columns (1 x 70 cm) containing 10
mL of resin (AG 1 x 8, 200—400 mesh) were used. Fractions
of 30 mL were eluted by a linear gradient from 0.05 to 0.5 M
HCI. The initial concentration of 0.05 M HCI (2 x 30 mL) was
used to separate inositol mono- and diphosphates from the
hydrolysate. IP3 started to eluate at a concentration above
0.05 M. Three portions of the following concentrations (0.10,
0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45, and 0.50 M) were used
for elution in the first step. The columns were then washed
with 2.0 M HCI. A sample of each eluted fraction was
evaporated to dryness, dissolved in the mobile phase, and
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analyzed by high-performance liquid chromatography (HPLC)
to determine the content of IP5, IP4, and IP3. The pure
fractions were collected and the fractions containing a mixture
of inositol phosphates were passed through the anion-exchange
resin again, using a similar procedure until pure fractions were
obtained. The pure fractions were quantified by HPLC (Sand-
berg et al., 1987; Sandberg and Ahderinne, 1986).

Composition of Inositol Phosphate Isomers. The inosi-
tol phosphate fractions thus prepared by nonenzymatic hy-
drolysis of IP6 and used in the experiment contained a mixture
of isomers. lIsomers of inositol phosphates were determined
by the method of Skoglund et al. (1997), with improvements
according to Skoglund et al. (1998). A determination of IP5—
IP3 with good separation of isomers was obtained. The method
includes purifying of samples, ion chromatography, acidic
gradient eluation, postcolumn reaction with Fe(NOgz)s, and UV
detection.

The IP5 fraction contained pL-Ins(1,3,4,5,6)Ps (28%), bL-Ins-
(1,2,4,5,6)Ps (31%), bL-Ins(1,2,3,4,5)Ps (30%), and Ins(1,2,3,4,6)-
Ps (11%); the 1P4 fraction contained pL-Ins(1,4,5,6)P4 (11%),
Ins(2,4,5,6)P4 (4%), pL-Ins(1,2,5,6)P4 (20%), pL-Ins(1,3,4,5)P,
(16%), bL-Ins(1,2,4,6)P4 (9%), Ins(1,3,4,6)P4 (6%), DL-INs(1,2,4,5)-
P, (10%), pL-Ins(1,2,3,4)P4 (20%), and Ins(1,2,3,5)P,4 (3%); and
the 1P3 fraction contained pL-Ins(1,5,6)P3 (18%), bL-Ins(1,4,5)-
P3 (14%), pL-Ins(1,2,6)P3 (8%), Ins(1,2,3)P3 (24%), pL-Ins(1,2,4)-
P3 and pL-Ins(1,3,4)P3 (together 24%), and 12% of an uniden-
tified 1P3 isomer.

Complex Formation. The interaction between the inositol
phosphate fractions Cu?*, Zn?*, and Cd?* ions, respectively,
was studied using a modification of the potentiometric tech-
nique elaborated by Persson (1970) and described previously
(Norberg and Persson, 1984). The emf (E) of galvanic cells of
the following composition was measured:

M(Hg)|S + T, + T, + T41110.0 mM NacCl,
90 mM Na CIO,|Ag(s), AgCI(s)

where M is Cu, Zn, or Cd.

To 20.0 mL of a solution (S) containing M(CIO,), of the
concentration 3.22 mM (Cu), 3.52 mM (Zn), and 3.33 mM (Cd),
respectively, and 0.100 M NaClO, as ionic medium, 0.500 mL
of a solution T3 containing 10.0 mM IPx (x = 3, 4, 5, or 6) was
added. By addition of a solution T; (30.0 mM HCIO,4 and 70
mM NaClO,), pH was then adjusted to such a low value that
the interaction between metal ions and inositol phosphates
could be neglected (i.e., pH 2.5—3.0). The resulting solution
was titrated with a solution T, (6.00 M NaOH and 94 mM
NaClO,) to pH 7. By emf measurements at 25 °C with
amalgam electrodes in solutions containing known total
concentrations of metal ions (Cv) and a certain inositol
phosphate, the concentration of free metal ion [M?*] was
determined from

E = E° —29.58 log [M?*] (1)

This relation was proven to be valid within £ 0.2 mV for all
metals at Cy = 0.5—5 mM. Thus, the fraction of metal bound
to inositol phosphate or complexed otherwise, (Cy — [M?*])/
Cwm, could be calculated. The interaction was studied as a
function of pH.

The formation of hydroxo complexes was determined from
a separate measurement series performed without addition
of inositol phosphate. From the total amount of bound metal
at a certain pH, the experimentally determined fraction
existing as hydroxo complexes (Cwvon) Was subtracted, and the
net metal binding to IPx obtained. Every titration series was
repeated at least once. The protolytic properties of IP3—I1P6
were studied by titrating the different inositol phosphates with
sodium hydroxide solution, without metal ions present. Before
the titrations, pH was about 3 in the solutions containing I1P3,
IP4, and IP5, while perchloric acid had to be added to the IP6
solution to obtain the corresponding pH value. In all solutions
the pH was adjusted below 3 by adding perchloric acid.
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Figure 1. Bound metal (Cy — [M?%])/Cwm as a function of pH
at addition of different inositol phosphates. (a) Copper; (b) zinc;
(c) cadmium. (O) IP6; (®) IP5; (O) IP4; (») IP3. The starting
concentrations were: inositol phosphates 0.24 mM, copper (11)
3.14 mM, zinc (11) 3.43 mM and cadmium (I1) 3.25 mM.

RESULTS

Complex Formation. The total amounts of copper,
zinc, and cadmium bound to the different inositol
phosphates, IP6—IP3, or existing as hydroxo complexes
are shown as functions of pH in Figure 1. A consider-
able binding between the metal ions studied and all
inositol phosphates was observed. For IP6 and IP5 the
complex formation started at about pH 3.5 and for lower
inositol phosphates at about pH 4. The values in the
measurement series, of the percentage of metal ion
bound at a certain pH, were generally reproduced within
+2 units.

The maximum amount of metal ion bound by the
various inositol phosphates was approximately the same
for IP6 and IP5 but decreased at further dephosphory-
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lation, i.e., at decreasing number of phosphate groups
on the inositol molecule.

To compare the net binding of different metals to a
certain inositol phosphate molecule, the hydroxo com-
plexes were subtracted. In Figure 2 a comparison of
the binding of Cu, Zn, and Cd is shown for IP6—1P3. At
increasing pH, in the interval 3.5—7, the metal complex
formation generally began in the order Cu, Zn, Cd for
all inositol phosphates, indicating the same order of
binding strength, i.e., Cu?™ > zZn2t > Cd?". For IP6,
however, the difference between Cu and Zn was small.

The total concentration of presumptive ligand groups,
i.e., the phosphate groups on the inositol molecule, was
less than the concentration of metal ions. At pH 5—6
the complex formation curve flattens out, indicating
saturation of the available binding sites on the inositol
phosphates. The drop-off in the curves for Cu at still
higher pH values is due to preferential formation of
hydroxo complexes.

In the pH range studied, the titration curves in Figure
3 show two steps indicating two different groups of
protons. From the pH value halfway to the first jump
was obtained an average value pK'y = 3.2 £ 0.2. From
the pH values just between the two pH jumps on the
titration curves, an average of pK"; = 6.2 + 0.2 was
obtained. According to Erdman (1979), 6 of the 12
replaceable protons on phytic acid have low pK, values
(pKa < 3.5) and 6 have higher (pK; = 4.6—10). However,
Barré et al. (1954) found three groups of acidic hydro-
gens with different average pK, values: six with pKy=
1.84, two with pK,; = 6.3, and four with pK,; = 9.7.

By use of the concentrations of different inositol
phosphates (C,px), the total concentration of metal (Cy),
and the concentrations of free metal ions ([M?*]) and of
hydroxo complexes (Cmon), the number of metal ions
(nm) bound per inositol phosphate molecule can be
calculated as

N = (Cy = IM*"]) = (Crior))/Ciex )

At pH ~ 5 the complex formation curves (Figure 2)
flattened out, indicating saturation of the available
binding sites on the inositol phosphates. Table 1
contains values of ny calculated at these plateaus.

Table 1 generally indicates, within the error limits,
that every phosphate group on the inositol phosphate
molecule can bind at most one metal ion.

DISCUSSION

Inositol phosphates interact with minerals in vivo.
Although the in vivo system is much more complex, in
vitro studies of mineral binding to inositol phosphates
can be used to explain the mechanism behind this.
During food processing and passage through the diges-
tive tract, phytate may be hydrolyzed to a mixture of
inositol penta- to monophosphates (Skoglund et al.,
1997). Itis therefore important, from a nutritional point
of view, that the mineral binding studies are not
concentrated solely on the hexaphosphate but also
include its degradation products. The aim of this work
was to study the solubility of metal ions under pH
conditions that may be encountered in the duodenum.

Our results indicate that 1P6 and its derivatives IP5,
IP4, and IP3 bind metal ions (Cu?*, Zn?*, and Cd?") in
vitro at pH values similar to that in the duodenum.
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Figure 2. Metal bound to inositol phosphates (Cy — [M?1])/
Cwm as a function of pH. Inositol hexa- (a), penta- (b), tetra- (c),
and tri- (d) phosphates are shown. (O) Cu; (®) Zn; (O) Cd. The
starting concentrations were inositol phosphates, 0.24 mM;
copper(ll), 3.14 mM; zinc(11), 3.43 mM; and cadmium(ll), 3.25
mM. Corrections for formation of metal-hydroxo complexes
have been made.
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Figure 3. Titration of different inositol phosphates with
sodium hydroxide. pH is shown as a function of the added
volume of 6.00 mM sodium hydroxide. (O) IP6; (®) IP5; (O)
IP4; (») IP3. The starting concentration of inositol phosphate
was 0.24 mM.

Table 1. Number of Metal lons Bound per Inositol
Molecule at pH ~5-6

1Px Ncuz+ Nzn2+ Ncg2+
1P6 5.8 4.9 5.3
IP5 5.7 4.8 51
1P4 3.3 3.0 3.3
1P3 3.1 3.0 2.4

The strength of the complexes was found to be in the
order Cu?* > zZn?* > Cd?" for all inositol phosphates.
For IP6 the difference was small between Cu and Zn.
The capacity of a certain inositol phosphate to bind
metal ions was found to be a function of the number of
phosphate groups on the molecule.

In the present study, the inositol phosphate fractions
had a pronounced binding capacity at pH between 5 and
7, and thus mineral complex formation can be important
from a nutritional point of view. Lower inositol phos-
phates (IP4 and IP3) bound less metal than higher
inositol phosphates (IP6 and IP5) in all cases and the
complex formation for IP4 and IP3 also started at a
higher pH value, indicating weaker complexes. How-
ever, the mineral binding capacity, at pH above 5, per
number of phosphate groups was similar for all inositol
fractions. Generally one phosphate group could bind
at most one metal ion (Table 1).

The phytate:mineral ratios in Table 1 are nonsto-
ichiometric, which is in agreement with the work of
Evans and Pierce (1982). This could mean that some
inositol phosphates are further deprotonated than oth-
ers with the same degree of phosphorylation and
therefore able to bind more cations. According to the
study of Bieth and Spiess (1986) on protonation of 1P6,
a mixture of protonated species is present at each pH
value.

Copper and zinc appear to have a high affinity for
phytate. In the present study, the ability of metal ions
to form complexes was found to be in the order Cu2t >
Zn?t > Cd?2* for all inositol phosphates, which is in
agreement with the work of Persson et al. (1991) on
soluble fiber fractions from cereals and also with the
work of Vohra et al. (1965), who found the order of
stability of phytate—metal complexes at pH 7.4 to be
Cu2t > Zn2* > Ni2* > Co?" > Mn2* > Fe?" > Ca?". In
contrast to this Maddiah et al. (1964) found Zn?* to form
more stable complexes with IP6 than Cu?™. However,
in our study, for IP6 the difference was small between
Cu and Zn.

Persson et al.

Complex binding to inositol phosphates could faciliate
the elimination of potentially toxic heavy metals from
the organism. The interaction of IP6 with Pb?* and
Be?" was studied by calorimetry (Evans and Martin,
1992), and strong affinity for IP6 was found for both
cations. Furthermore, the complex binding properties
of p-1,2,6-1P3 with Cd?*, Pb2*, and Hg?* were investi-
gated by Lapp and Spiess (1991). The complexes with
the studied metals were quite stable in a wide pH range.
In the present study, Cd?™ bound to all inositol phos-
phate fractions studied.

The metal—inositol phosphate complexes seem to
become more soluble as the number of phosphate groups
decreases (Jackman and Black, 1951). There is also
some evidence for weaker complexes when phosphate
groups are removed from IP6 (Kaufman and Kleinberg,
1971). Thus, the fact that lower inositol phosphates in
the diet seem to interact less with mineral bioavailabil-
ity than higher inositol phosphates can be due both to
increased solubility of the complexes and to weaker
metal complexes.

Hydrolysis of I1P6 results in the formation of a large
number of isomers of IP5 to IP1, and a further possibil-
ity is that these different isomers have different mineral
binding capacities (Phillipy and Graf, 1997; Mernissi-
Arifi et al,, 1994). However, the results of the present
study generally indicate that for these groupings of
positional isomers the mineral binding capacity was a
function of the number of phosphate groups rather then
their position.

Further, IP6 exists in two configurations: 5eg/lax
(five phosphates in the equatorial position and one
phosphate in the axial position) and leg/5ax (one
phosphate in the equatorial position and five phosphates
in the axial position) (Reddy et al., 1989). Barrientos
and Murthy (1996) describe a 'H NMR spectroscopic
investigation of the conformations of IP6—IP1. Accord-
ing to their results, IP6—I1P1 would all be in the 5eq/
lax form in the pH range 3—7, i.e., the pH values in
the present study. However, Champagne and Fischer
(1990) found that, at pH 7, IP6 existed in both forms.
According to their study, at molar ratios of phytate to
metal 1:10, 5 or 6 Cu?" ions bound to phytate compared
t0 4 Zn2*. The Cu—phytate complexes stayed in solution
while the Zn—phytate complexes slowly precipitated.
They proposed that Zn2*+ preferentially bound the 5ax/
leq phytate, which they found to be present in a small
amount in equlibrium with the predominant 5eq/lax
conformer, while Cu?* preferentially bound the 5eg/1ax
phytate. Thus, if inositol phosphates can exist in both
forms at physiological pH, one of these configurations
may be favorable for binding metal ions.

An understanding of how inositol phosphates bind
metal ions is of importance to improve the mineral
bioavailability of processed food and also to prevent
absorption of potentially toxic metals.

ABBREVIATIONS USED

HPLC, high-performance liquid chromatography; IP3,
inositol triphosphate; 1P4, inositol tetraphosphate; IP5,
inositol pentaphosphate; IP6, inositol hexaphosphate;
Ins, accepted NC—IUB abbreviation for myo-inositol,
with the numbering of the b configuration (numbered
counterclockwise) unless the prefix L (numbered clock-
wise) is explicitly added.
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