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Inositol hexaphosphate (IPg) is effective in preclinical cancer prevention and chemotherapy.
In addition to cancer, IPs has many other beneficial effects for human health, such as
reduction in risk of developing cardiovascular disease and diabetes and inhibition of kidney
stone formation. Studies presented here describe the pharmacokinetics, tissue distribution,
and metabolism of IP¢ following intravenous (IV) or per os (PO) administration to mice. SCID
mice bearing MDA-MB-231 xenografts were treated with 20 mg/kg IP¢ (3 uCi per mouse [**C]-
uniformly ring-labeled IPg) and euthanized at various times after IPs treatment. Plasma and
tissues were analyzed for [**C]-IPs and metabolites by high-performance liquid
chromatography with radioactivity detection. Following IV administration of IPs, plasma
IP¢ concentrations peaked at 5 minutes and were detectable until 45 minutes. Liver IPg
concentrations were more than 10-fold higher than plasma concentrations, whereas other
normal tissue concentrations were similar to plasma. Only inositol was detected in
xenografts. After PO administration, IPs was detected in liver; but only inositol was
detectable in other tissues. After both IV and PO administration, exogenous IP¢ was rapidly
dephosphorylated to inositol; however, alterations in endogenous IPs were not examined.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction tions from 0.4% to 6.0% in rice, corn, beans, whole-grain

cereals, nonrefined cereals derivatives, and all types of nuts

Inositol hexaphosphate (IPg, InsPg, or phytic acid) and inositol,
naturally occurring carbohydrates, are widely distributed
among plants. Inositol hexaphosphate is found in concentra-
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[1,2]. It is also present in mammalian cells and tissues at
concentrations that range between 0.01 to 1 mmol/L [3-6]. A 6-
carbon inositol ring represents the basic carbohydrate moiety
in IPg and its lower phosphate derivatives (IP;.s). These various
inositol phosphates (IPs) are regulated by complex metabolic
cycles of phosphorylation and dephosphorylation by IPs
kinases and phosphatases. More phosphorylated IPs with 7
(IP;) and 8 (IPg) phosphate groups, inositol pyrophosphates,
have also been identified [7]. The intracellular higher inositol
phosphates (IP4-IPg) are synthesized from myo-inositol to IP;
by various kinases. Specific kinases have been identified in
mammalian cells that phosphorylate IPs at the D2 position on
the inositol ring to produce IPg [8,9]. Intracellular IPs and IPg
can be further phosphorylated to diphosphorylated PP-IP, and
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PP-IPs, respectively. Only the diphosphorylated PP-IPs has
been characterized, and the diphosphate group is on the 5-
carbon of the inositol ring [10,11]. The concentrations of these
higher inositol phosphates appear to be tightly controlled
through feedback [11]. Although the roles of endogenous IPs
have not been completely characterized, IPs and IP¢ appear to
play a role in numerous cellular processes. For example, IPg
has been shown to bind to the clathrin assembly proteins and
inhibit clathrin cage assembly, to inhibit serine and threonine
phosphatases, to alter calcium channel signaling, and to
stimulate nonhomogeneous DNA end joining of double-
strand breaks by binding to Ku [12,13]. IPs and IP also serve
as an intracellular reservoir from which the polyphosphory-
lated inositols are synthesized.

Despite limited information on the functions of IPg in
animals, numerous studies have demonstrated that IP¢ has
chemopreventive as well as therapeutic anticancer activity in
a wide variety of tumor types, both in vitro and in vivo [14,15].
In vitro studies have shown that IPg inhibits growth and
induces differentiation and apoptosis of human breast, colon,
prostate, and liver cancer cells. IPg reverses the transformed
phenotype of HepG2 liver cancer cells [14,15]. The concentra-
tions of IPg required to produce anticancer actions in cell
culture tend to be in the high micromole per liter or millimole
per liter range. For example, in in vitro studies with breast
cancer cell lines, 0.5 to 2 mmol/L IPs concentrations were
required [14,15].

In the first in vivo studies, the effectiveness of IPg to
prevent cancer was evaluated after administration of IPg in
the drinking water. The exogenous 1% IPg in drinking water 1
week before or 2 weeks after administration of azoxy-
methane inhibited the development of large intestinal cancer
in Fisher 344 rats [16]. In the same model, administration of
2% IPg in the drinking water was effective even when the
treatment had begun 5 months after carcinogen initiation.
Compared with untreated rats, animals on IPs had 27% fewer
tumors [17]. These findings pointed towards the possible
therapeutic use of IPs. A consistent, reproducible, and
significant inhibition of mammary cancer by IP¢ was shown
in experimental models chemically induced by either 7,12-
dimethylbenz[a]anthracene or N-methylnitrosourea; the ef-
fect was seen on tumor incidence, tumor size, and tumor
multiplicity [18]. With regard to the in vivo efficacy of IPg
against prostate cancer, recent studies demonstrated that
continuous administration of 2% IPs in the drinking water,
beginning 24 hours after subcutaneous implantation of DU-
145 prostate cancer cells, resulted in a 66% decrease in tumor
burden [19]. In addition, chemopreventive efficacy of IPs was
observed against prostate tumor growth and progression in
TRAMP mice [20]. Furthermore, IP¢ was able to inhibit growth
of rhabdomyosarcoma tumor xenografts, regress liver cancer
xenografts, inhibit the growth of murine fibrosarcoma, and
prevent lung metastases [14,15].

The pharmacokinetics of exogenously administered IP¢ has
not been well characterized. When rats were treated with [*H]-
myo-IPg intragastrically, 79% of the radioactivity was absorbed
and was widely distributed to tissues; however, most of the
radioactivity in plasma and urine was in the form of inositol or
inositol monophosphate, suggesting dephosphorylation of IPs
[21]. In vitro, [°H]-IPs was rapidly absorbed and metabolized by

murine and human malignant cells [22]. In a clinical trial
where subjects were maintained on IPg-restricted diet for 2
weeks, the ingestion of 1 g Na-phytate resulted in peak IPg
plasma concentrations at 4 hours that were 3-fold higher than
baseline concentrations [3]. Urinary excretion of IPg was
similar following different preparations of IPg [3]. When rats
on an IPs-restricted diet were challenged with IPs, brain
concentrations of IPg increased dramatically; but the concen-
trations of lower inositols were not affected [4]. IPs concen-
trations in the human breast cancer cell line, MDA-MB-231,
were not altered following exposure to IP¢ for 1 hour in the
medium, but concentrations of lower inositols increased
about 2-fold [4,5].

The uptake of extracellular IPg is still controversial. Because
IPs is a highly charged molecule at physiological pH, it does not
readily cross cell membranes [23,24]. Using colchicine, an
inhibitor of pinocytosis, Ferry et al [25] suggested that in vitro
extracellularly applied IPs entered HelLa cells pinocytotically
and is further dephosphorylated into lower IPs. To understand
the mechanism of [P anticancer action, it is important to
address the doses used in in vitro and in vivo experiments and
to examine the pharmacokinetics of exogenously adminis-
tered IPs. The studies presented here describe the plasma
pharmacokinetics and tissue distribution of [**C]-uniformly
ring-labeled IPg following both intravenous (IV) and oral
administration to C.B-17 SCID mice bearing MDA-MB-231
breast cancer xenografts. In the studies reported here, the
animals were fasted overnight to prevent large amounts of
food in their stomachs from interfering with absorption of IP.
These mice, however, were not placed on a restricted diet,
such as AIN-76, with very low concentrations of IPs. The
bioavailability of IPs following oral administration was deter-
mined in mice receiving a standard diet, and it was assumed
that these animals had normal levels of endogenous IPs and
lower IPs.

2. Materials and methods
2.1. Chemicals

Unlabeled phytic acid, K, Mg salt (95% pure) was purchased
from Sigma Aldrich (St Louis, MO), whereas uniformly ring-
labeled [**C]-phytic acid (IPs, Mg"* K* salt, 1 mCi, 2 mCi/mL,
specific activity: 250 mCi/mmol, 99% radiochemical purity,
99% chemical purity) was synthesized by American Radi-
olabeled Chemicals (St Louis, MO). [*H]-labeled lower inositol
phosphates and inositol were purchased from NEN, Perki-
nElmer (Waltham, MA) and used as standards for the
radioactive assay.

2.2. Mice

C.B-17 SCID female mice (4-6 weeks of age, specific pathogen-
free) were purchased from Taconic Farms (Germantown, NY)
and allowed to acclimate to the animal facility at the
University of Pittsburgh for at least 1 week before initiation
of study. Mice were housed in microisolator caging and
allowed irradiated food (Prolab ISOPRO 3000; PMI Nutrition
International, Brentwood, MO) and autoclaved water ad
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libitum except on the evening before dosing, when all food
was removed and the animals were fasted overnight. Animal
rooms were maintained at 25°C + 2°C on a 12-hour light/dark
cycle and had at least 12 air changes per hour. All animals
were handled in accordance with the Guide to the Care and Use
of Laboratory Animals (National Research Council, 1996) and on
a protocol approved by the University of Pittsburgh Animal
Care and Use Committee. Sentinel mice (CD1 mice, housed in
cages that contained 20% bedding removed from the study
mice at cage change) were maintained in the room housing
the study mice and were tested for specific pathogens by
murine antibody profile testing (Charles River, Boston, MA).
Sentinel mice remained free of pathogens throughout the
study period, indicating that the study mice were free of
specific pathogens as well. MDA-MB-231 human breast cancer
cells were obtained from ATCC (Manassas, VA) and cultured in
RPMI 1640 medium with 10% heat-inactivated bovine serum
and 10 pug/mL gentamicin in 5% CO, and 95% humidity. Cells
(5 x 10° per mouse) were implanted subcutaneously on the
right flank of passage mice. When the tumors in the passage
mice reached approximately 500 mm?® by digital caliper, the
tumors were harvested aseptically and cut into approximately
25-mg fragments. The fragments were implanted aseptically
on theright flanks of study mice. When the tumors in the study
mice reached between 400 and 1500 mm?, mice were stratified
to time point groups. Mice were dosed with 0.01 mL/g body
weight of [**C]-IPs and unlabeled IP¢ such that each mouse
received 20 mg/kg IP¢ and 0.150 mCi/kg in phosphate-buffered
saline adjusted to pH 7.2. For the IV study, mice were
administered IPg by lateral tail vein injection over 60 seconds;
and 3 mice per time point were euthanized by CO, inhalation at
the following time points: 5, 10, 15, 30, 45, 60, 120, 240, 360, 960,
and 1380 minutes after IPs dosing and 5 minutes after vehicle
administration (0.01 mL/g body weight phosphate-buffered
saline, pH 7.2). For the per os (PO) study, mice were
administered IPg using 20-gauge 1-1/2 in gavage needles; and
2 mice per time point were killed at 5, 10, 15, 30, 45, 60, 120, 240,
360, 960, and 1440 minutes after IPs and 5 minutes after PO
vehicle administration. Blood was collected by cardiac punc-
ture and centrifuged at 13 000g for 4 minutes to obtain plasma
and packed red blood cells. The following tissues were
collected at each time point: liver, kidneys, spleen, heart,
lungs, brain, fat, skeletal muscle, and tumor. Tissues were
immediately weighed and snap frozen in liquid nitrogen. All
samples were stored at —-70°C until analysis.

2.3. Sample preparation

Tissues were homogenized in 3 vol of 10 mmol/L NH4H,PO,. To
200 uL of the homogenate or plasma, 10 uL of [*H]-IP,, internal
standard (3000 disintegrations per minute [dpms]) and 67 uL of
20% trichloroacetic acid were added to yield a final concen-
tration of 5% trichloroacetic acid. The samples were vortexed
for 15 seconds at setting 5 (Vortex Genie; Scientific Industries,
Springfield, MA). The samples were then centrifuged at 13 000g
for 5 minutes, and the supernatants were transferred to glass
tubes and dried under a stream of nitrogen gas (Valley Gas,
Pittsburgh, PA). After drying, the samples were suspended in
300 uL of mobile phase buffer A (10 mmol/L NH,H,PO,, pH 3.5),
vortexed for 15 seconds at setting 5, transferred to microcen-

trifuge tubes, and centrifuged at 13 000g for 5 minutes. After
centrifugation, the samples were transferred to high-perfor-
mance liquid chromatography (HPLC) vials; and 100 uL of the
sample was injected into the HPLC system.

2.4. HPLC instrument and method

The HPLC system was a Beckman Gold HPLC Programmable
Gradient System with IN/US Radioactivity Detection and con-
sisted of a Beckman 508 Autosampler, 128 Gradient Solvent
Delivery module, SS420x interface, 32-karat software, radioac-
tive detector -RAM, model 3 with flow cell (IN/US Systems,
Tampa, FL). The column was an anion exchange column SAX
(6.2 mm ID x 80 mm) (Agilent Technologies, Palo Alto, CA) with a
Reliance cartridge guard column (4.6 mm ID x 12.5 mm, Agilent
Technologies). The scintillation fluid used was IN-FLOW Tru-
Count Scintillator (IN/US System) and was mixed at a ratio of 1:3
mobile phase to scintillation fluid. Efficiency of detection was
34% for [*H]-and 94% for [**C]. Data analysis was done using
Laura Lite 3 Software (Version 3, IN/US Systems, Tampa, FL).

To determine the relative retention time of the various
inositol phosphates, standards [*H]-Ins, [*H]-IP,, [*H]-IP,, [*H]-
IPs, [*H]-IP4, [*H]-IPs, and [*H]-IPs (PerkinElmer Life Sciences)
were analyzed with each assay. The HPLC method was taken
from York et al [26]. The mobile phase was a linear gradient
from 100% 10 mmol/L NH4PO, (pH 3.5) to 1 mol/L NH4PO, (pH
3.5) over 18 minutes; 100% 1 mol/L NH,PO, was held for 5
minutes and then decreased to 10 mmol/L NH,PO,. The
radioactivity detector recorded from O to 24 minutes for each
run, and the cycle time for the autosampler was 39 minutes for
each run to allow return to the initial mobile phase conditions.
The retention times of the various inositol phosphate
standards were as follows: [°H]-Ins, 2.5 minutes; [*H]-IP4, 5.5
minutes; [*H]-IP,, 8.5 minutes; [*H]-IPs, 11 minutes; [°H]-IP,, 14
minutes; [°H]-IPs, 16.5 minutes; and [*H]-IPs, 20 minutes. The
recovery of 3000 dpms [**C]-IPs in plasma was 71% through the
extraction method, and the recovery of 30 000 dpms [*°C]-IP4
through the extraction method was 84%. The lower limit of
quantitation was 300 dpms [*C]-IPs. The percentages of
coefficient of variation for spiked [**C]-IP¢ in plasma at 3000
and 30 000 dpms were less than 15%.

2.5. Noncompartmental pharmacokinetic analysis

IPs and inositol exposure (area under the concentration time
curves [AUCs]) of plasma and tissues following administration
of 20 mg/kg IPs (containing 3 uCi per mouse [**C]-uniformly
ring-labeled IPg) to the mice was calculated using the Lagrange
function [27] as implemented by the LAGRAN program [28].
The AUCs were also calculated using the trapezoidal method
to evaluate agreement between the 2 methods.

3. Results
3.1. Determination of IV maximum tolerated single dose
C.B-17 SCID mice bearing MDA-MB-231 xenografts were

administered IV doses of unlabeled IPs. The mouse given
100 mg/kg IPs convulsed and died within 5 minutes of
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dosing. Five mice were administered 40 mg/kg. One of these
mice convulsed following the administration, whereas the
other 4 animals had difficulty walking and were disoriented
for at least 30 minutes after dosing. An additional 5 mice
were given 25 mg/kg IPs, and these animals had no
untoward effects following administration. Based on these
studies, 20 mg/kg IPs was chosen for the pharmacokinetic
studies of IPg.

3.2. IV pharmacokinetic study

Following IV administration of unlabeled and [**C]-IPs, peak
plasma IP¢ concentrations occurred at 5 minutes, the earliest
time point sampled, decreased rapidly, and were not
detectable after 45 minutes (Fig. 1A, B; Table 1). Similarly,
lower inositol phosphates IPs, IP4, and IP; were detectable in
plasma at 5 minutes, but not detectable beyond 45 minutes
after dosing. IPs peaked at 5 minutes, whereas IP, and IPs
peaked at 10 minutes after dosing with IPg. IP, and IP; were
not detectable in plasma until 10 minutes and were less
than the detection limit at 60 minutes. In contrast, inositol
peak plasma concentrations, 1.37 + 0.16 umol/L, were not
reached until 360 minutes after administration of IPg and
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Fig. 1 - Plasma concentration time curve of [**C]-IP; and
[**C]-metabolites following slow bolus IV injection of

mice with 20 mg/kg IPs (containing 3 uCi per mouse
[**C]-uniformly ring-labeled IPg). A, Time course for 0 to 1440
minutes after dosing. B, Time scale expanded to show early
time points from 0 to 120 minutes.

Table 1 - Concentrations and AUCs of IP¢ in plasma and tissues of C.B-17 SCID mice bearing MDA-MB-231 tumors injected IV With 30.3 ymol/kg IPs

RBC
(umol/L)

Sk muscle

GI tract
(umol/L)

Brain
(umol/L)
0.55 +0.14

6.29%

ND

Fat
(umol/L)
1.23 + 0.30
1.08 + 0.35
3.39 +0.37
0.99 + 1.12
0.77 £ 0.90
0.77 + 0.09

1.82°

Spleen
(umol/L)

Heart
(umol/L)

Kidney Tumor Lung
(umol/L) (umol/L)

Liver
(umol/L)

Plasma

Time
(min)

(umol/L)

(umol/L)

(umol/L)

94.16 + 57.54
3.21 +3.04

0.13%

ND

1.73 £ 0.25
2.01 +0.64
1.76 £ 0.71
1.33 £ 0.49
1.85 = 1.06
1.75+£0.34

1.82%

+ 1.06
+3.10

3.76
6.88

+0.68

6.45

6.98 + 2.69
3.55+0.30
3.10+1.74
1.42 +0.70
2.81+2.16
2.77 = 1.10
0.60 + 0.36

3.27 +0.04
2243 +4.79

ND

4.90 + 0.96

96.34 + 11.63
130.11 + 2.35

6.62 + 0.38
3.68 +1.98
0.60 + 0.20
0.27 +0.24
0.14 +0.24

ND

8.80 + 2.80

ND

6.51 + 0.92
0.89 + 0.44
1.39 + 1.39

10
15

3.67 £0.78
3.39+0.72
3.83 £0.80
4.39 +0.80
2.98 +0.19
2.70 +0.19
2.68

ND

N

6.67 +0.74
3.31

11.27 +£3.47
10.94 + 3.95

ND

86.21 + 11.39
71.68 + 19.72
92.06 + 17.11

114.45 + 1.61

ND

+1.73

ND

30
45

ND

ND

3.34 £ 0.45
349071

7.90 £ 2.57
12.02 £ 2.57

ND

20+ 1.13
3.18 £ 1.61

ND

ND

ND

60

ND

ND

2.73 £ 0.89
1.74 + 0.68
2.54 +0.34
2.53 +0.80
131+ 1.10
1.64 + 1.03

2802.3

4.03 + 1.67

ND

1.87 + 0.68
1.16 £ 0.31
0.76 + 0.37

ND

32.82 +9.97

ND

120
180
240
360
960

ND

1.44°

ND

0.48%
ND

1.55 + 0.94
0.65 +0.21

ND

3.02+1.75

ND

ND

7.84 +2.33
6.35 + 0.83
2.61 +1.65

ND

ND

ND

2.02 +1.08

ND

+0.19

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

D

ND

ND

ND

ND

ND

ND

ND

ND ND ND ND

ND

ND ND ND

ND

0.12 + 0.05

9321.5

ND

1380
AUC,

548.0

397.9

796.1

14.1

210.9

415.8

126.2

ND

453.5

56.8

Each value is the mean + the standard deviation of 3 samples. AUC; is the partial area under the concentration time curve, expressed as micromoles per liter-minute. GI indicates gastrointestinal;

ND, not detected.

2 Value is from one mouse.
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were still greater than 0.1 umol/L at the last time point
sampled, 1380 minutes.

Red blood cell (RBC) concentrations of IPg at 5 minutes were
14-fold higher than concomitant plasma concentrations at 5
minutes (94.16 + 57.54 umol/L), were equivalent to plasma
concentrations of IPg at 10 minutes, and were less than the
detection limit of the assay at 15 minutes after dosing and at
later time points (Table 1).

Following IV administration of IPs, only IPg and inositol
were detected in liver (Fig. 2, Tables 1 and 2). Liver concentra-
tions of IPg were 10- to 20-fold higher than those in plasma at
the corresponding times (Table 1). The peak IP¢ concentration
in liver, 130.11 + 2.35 umol/L, occurred at 10 minutes after
administration of IPs; and concentrations remained constant
for the first 60 minutes. The concentration of IPs then
declined; and at 1380 minutes after dosing, the concentration
of IPg was 0.12 + 0.05 umol/L. In liver, inositol concentrations
were detected at 15 minutes after IPg administration and
peaked at 240 minutes. Inositol concentrations were still
detectable at 1380 minutes after I[P administration and were
at least 10-fold higher than IPs concentrations in liver.

In the tumor xenografts, no radioactive IPs were detected
until 120 minutes, when inositol was detected (Fig. 3). Inositol
concentrations then rose to a peak concentration at 360
minutes, the same time as the maximum inositol in plasma.

Spleen contained detectable concentrations of IPg through-
out the study (Table 1). Peak IPs concentrations occurred at 10
minutes and remained detectable until 1380 minutes. Simi-
larly, inositol concentrations were detectable in spleen
beginning at 10 minutes after dosing with IPs and remained
detectable throughout the study (Table 2). None of the lower
inositol phosphates were detectable in the spleen.

Concentrations of IPg in kidney and lung were higher than
plasma concentrations for the early time points except 5
minutes; and peak IPs concentrations were achieved at 10
minutes, 6.51 £ 0.92 and 22.43 + 4.79 umol/L, respectively
(Table 1). IPg was detected out to 240 minutes in the kidneys
and to 180 minutes in the lungs. In the lungs, IPs was also
detectable between 60 and 180 minutes, although the concen-
trations were lower than the concentrations of IPg at these
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Fig. 2 - Concentration time curve of [**C]-IP; and [**C]-inositol
in liver following slow bolus IV injection of mice with 20 mg/
kg IP¢ (containing 3 pCi per mouse [**C]-uniformly
ring-labeled IPg).
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RBC
(umol/L)

GI tract Sk muscle

Brain
(umol/L)

Fat
(umol/L)
ND ND

Spleen
(umol/L)

Heart
(umol/L)

ND

Lung
(umol/L)

Tumor
(umol/L)

ND
ND

Kidney

Liver
(umol/L)

Plasma

Time
(min)

(umol/L)

(umol/L)

2.33%

(umol/L)

(umol/L)

ND

ND

ND
ND

ND

1.73 £0.19
2.69 + 0.99
1.51 + 0.25
2.08 +1.32
4.28 + 0.55
4.72 +1.28

10.83 + 0.24

0.47 +0.24
0.48 + 0.09
0.50 + 0.09
0.61 +0.16
1.38 £ 0.31
0.98 + 0.29
7.62 +1.88

15.14 + 0.76

ND

ND ND 171 +1.49 ND
2.94%

0.859 + 0.339

ND

ND

0.01 + 0.006
0.111 + 0.01

10
15

ND

ND

ND

ND

2.25 + 0.563
6.15 + 2.903
9.86 + 1.572

10.10 + 1.045

ND

ND

1.17 + 0.53
4.08 +0.75

22.01 +6.55

ND

ND
ND

241 +0.17
2.99 +0.11

ND

ND

ND

ND
ND

0.18 + 0.03
0.25 + 0.04
0.15 + 0.04
0.56 + 0.09
1.10 + 0.04
1.22 + 0.04

1.37 + 0.16

30
45

ND

ND

0.60?

0.36 + 0.06
0.29 + 0.14
2.32 +0.24
1.11 £ 0.12
1.78 £ 0.63
1.55 £ 0.15
1.81 + 0.63
1.71 £ 0.79

2177

ND

ND

3.48 + 0.29
4.16 + 0.27

ND

1.00 + 0.06
1.17 + 0.02
2.06 + 0.42
3.19 £ 0.88
4.95 + 4.29
3.88 +3.16
4.38 +2.18

7197

ND

23.42 +6.12

60

1.44°

ND

0.59 + 0.01
0.95 + 0.15

7.20 + 1.264
5.68 + 1.137
7.10 £ 0.614

7.00 + 1.135

0.07 + 0.039

0.80 + 0.08
0.93 + 0.38
2.39 + 0.40
1.58 + 0.80
1.79 + 0.84

2580

84.8 + 14.31
81.10 + 19.13

99.00 + 1.18

120

2.45 + 0.56
3.11 £ 2.45
6.62 +5.88
0.0172
0.70%
4539

1.54 £ 0.13

1.55 £ 0.13

5.14 + 0.88
5.58 + 0.22
6.83 +1.78
4.45 + 0.59

19.20 + 1.07

180

1.23 £ 0.12
2.20 +0.22
1.03 + 0.89
1.15 + 0.62

23.01+7.29
2497

19.39 + 1.86

240
360

960

2.40 + 0.49
2.00 + 0.25

27.43 + 2.50

36.70 + 7.89

74.50 = 12.10

2.70 + 2.894
4.97 + 1.886

6921

26.94 + 1.04

22.12 + 0.94
38.17 + 4.93

39324

2.73 +0.09
2.67 +0.45

4380

0.14 + 0.01
0.0.23 + 0.01

886

2.33+0.28
3024

5.15 + 0.90
7084

29.60 + 5.38
34965

1380
AUG,

Each value is the mean =+ the standard deviation of 3 samples. AUG,, is the partial area under the concentration curve, expressed as micromoles per liter-minute.

2 Value is from one mouse.
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Fig. 3 - Concentration time curve of [**C]-inositol in
MDA-MB-231 xenografts following slow bolus IV injection of
mice with 20 mg/kg IP¢ (containing 3 uCi per mouse
[**C]-uniformly ring-labeled IPg).

time points (data not shown). In the heart, peak concentra-
tions of IPg occurred at 5 minutes after dosing, 6.98 + 2.69
umol/L, and were detectable to 240 minutes after dosing.
Inositol concentrations in kidney, heart, and lung were higher
than the concentrations of IP¢ at all time points beyond 120
minutes (Tables 1 and 2). The exposure of these tissues to
inositol, AUC,, was much greater than the exposure to IPs.

In brain, IPg was only detectable at 5 minutes after dosing;
and the concentration of IPs was very low compared with
plasma or other tissues, 0.55 + 0.14 umol/L. Inositol was
detectable in brain beyond 120 minutes and remained
relatively constant (Tables 1 and 2).

Fat, gastrointestinal tract, and skeletal muscle contained
lower concentrations of IPg than did plasma at 5 minutes;
however, concentrations of IPs were detectable for much
longer periods of time. Inositol was detected in these
tissues at later time points at higher concentrations than
IPs (Tables 1 and 2).

In contrast to the normal tissues, MDA-MB-231 xenografts
did not have detectable concentrations of IPs; and inositol
concentrations slowly increased until a peak concentration of
2.39 + 0.40 umol/L was achieved at 360 minutes after dosing
(Fig. 3, Tables 1 and 2).
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Fig. 4 - Plasma concentration time curve of [**C]-inositol
following oral gavage of 20 mg/kg IP¢ (containing 3 uCi per
mouse [**C]-uniformly ring-labeled IP¢) to mice.
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Fig. 5 - Concentration time curve of [**C]-1P¢ and [**C]-inositol
in liver following oral gavage of mice with 20 mg/kg IP¢
(containing 3 pCi per mouse [**C]-uniformly ring-labeled IP).

Following oral administration of 20 mg/kg IPs, 2 mice
were euthanized at each time point after dosing. No IPs was
detectable in the plasma of these mice at any of the times
after dosing. Only inositol was detected in plasma beginning
at 10 minutes after oral administration of IPs (Fig. 4).
Furthermore, the concentrations of inositol detected in
plasma after oral administration were much lower than
the concentrations obtained at the same time points after
IV administration.

Liver concentrations of IP; were detectable after oral
administration, but for only the first 15 minutes; and the
concentrations of IPg were 10-fold lower than those observed
after IV administration of IP¢ (Fig. 2 and Table 1 compared
with Fig. 5). Inositol was also detected in the liver of mice
after oral administration of IPs; however, the concentrations
of inositol after oral administration were approximately 10-
fold lower than concentrations observed in liver after IV
administration (Figs. 2 and 5). The peak concentration of
inositol in MDA-MB-231 xenografts of mice administered PO
IP¢ was about 3-fold lower than the peak concentration of
inositol in MDA-MB-231 xenografts of mice administered IV
IPg (Figs. 3 and 6).
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Fig. 6 - Concentration time curve of [**C]-inositol in
MDA-MB-231 xenografts following oral gavage of mice with
20 mg/kg 1Ps (containing 3 uCi per mouse [**C]-uniformly
ring-labeled IPg).
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Table 3 - Noncompartmental pharmacokinetic analyses
of plasma concentration vs time data after administration

of 1P (30.3 umol/kg, IV or PO) to C.B-17 SCID mice bearing
MDA-MB-231 Xenografts

AUCo—, ti2 Vass, Cly,

(umol/(L min) (min) (mL/kg) (mL/min/kg)
1P IV 57.2 8.1 5056.3 529.1
Inositol IV 3685 365 18896.5  30.1
IPs PO ND ND ND ND
Inositol (PO) 714 1312 51603 29.1

The plasma IPg and inositol concentrations after [V and oral
administration were modeled using the Lagrange function,
and the data are presented in Table 3. IPs was not bioavailable
after oral administration to mice. The bioavailability of
inositol after oral administration of IPg was about 20% of
that detected in plasma after IV administration.

Clearance of IPg was extremely rapid, 529.1 mL/min/kg,
whereas the clearance of inositol was much slower, approxi-
mately 30 mL/min/kg, after both IV and oral IPs administration.

Urinary excretion of radiolabeled compound accounted for
only 2.5% of the intravenously administered dose of IPs, and
90% of that was in the form of inositol. After oral adminis-
tration, only inositol was detected in the urine; and it
represented only 0.3% of the dose administered to the mice
(data not shown).

4, Discussion

The anticancer effects of IPs have been reviewed recently by
both Vucenik and Shamsuddin [14,15] and Fox and Eberl
[29]. From these reviews, it is apparent that the adminis-
tration of exogenous IPs to animals, primarily by oral
administration, results in decreased tumor burden or
decreased multiplicity of tumors. A number of studies
have suggested that the chelating ability of phytic acid
may inhibit colon cancer by depriving the cells of needed
minerals, including calcium, zinc, iron, and magnesium.
Alternatively, the activity of IPs most likely is due to its
conversion to lower inositols. Of the studies sited, only one
by Vucenik et al [30] examined a parenteral route of
administration of IPs, intraperitoneal; and this study dem-
onstrated a reduction in a fibrosarcoma implanted in mice
and a decreased number of pulmonary metastases. The IPg
doses used in vitro in most reports investigating its
anticancer action are between 0.1 and 5 mmol/L, with
biological effects seen in cell culture mostly at concentra-
tions of 2 to 5 mmol/L [14,15]. In studies in which animals
are treated with IPs, the concentrations formulated in the
diet or added to drinking water were up to 15 mmol/L [14-
20]. These concentrations are much higher than the
concentrations reported in normal rat tissues, which ranged
between 10 and 34 umol/L [5,6]. Very few studies have
examined the absorption of IPg after oral administration,
and we are not aware of any studies that have examined
the concentrations of IPg after IV administration.

In the current study, mice were acclimated to the standard
diet used for immunodeficient mice at the University of

Pittsburgh, a diet that is high in grains, with the first 4
ingredients being ground wheat, dehulled soybean meal,
wheat middlings, and ground corn (data sheet, www.labdiet.
com). Mice were fasted overnight to prevent stomach contents
from interfering with the absorption of IPs; and IPg was
administered exogenously, each mouse receiving approxi-
mately 0.606 umol of IP¢ by either IV tail vein injection or oral
gavage. The oral bioavailability of IP¢ in mice was determined
in animals that were fed a standard rodent diet. The resulting
tissue concentrations of labeled IP¢ at early time points after IV
administration are higher than the endogenous concentra-
tions found in rat tissues except for brain that was reported to
contain 32.3 ug/g (48.9 umol/L) [31]. The liver appeared to
accumulate P and rapidly dephosphorylate it. Peak liver
concentrations were approximately 130 umol/L at 10 minutes
but were approximately 0.1 umol/L at 1380 minutes after
administration. In rats, endogenous liver phytic acid concen-
trations were reported to be between 3.2 and 4.1 ug/g (4.8 and
6.2 umol/L) [31]. In our study, IPs concentrations in most other
tissues were less than 10 umol/L and decreased with time as
the concentrations of inositol increased. The concentrations of
inositol in tissues in this study are well less than the
concentrations reported for endogenous inositol in rats,
where brain, liver, and kidney inositol concentrations were
reported to be 6.62, 0.57, and 4.51 umol/g, respectively, much
higher than even our peak liver concentrations of 99 umol/L (99
nmol/g) [32]. It must be noted that the use of a radiolabeled
compound mixed with unlabeled compound cannot provide
any information about the endogenous intracellular concen-
trations of IPs, other inositol phosphates, and inositol.
However, to understand what happens to exogenously ad-
ministered IPg, the label provided an ideal way to monitor the
parent compound and its dephosphorylated forms. It allowed
the tracking of the degradation of IP¢ in plasma, which
appeared to occur rapidly. Previous studies were performed
using [*H]-1Pe. In this study, custom-labeled [**C]-IPs was used
to avoid concerns of hydrogen exchange. The intermediate
inositol phosphates appeared in plasma in the order of the
number of phosphates on the sugar, but disappeared
rapidly such that only inositol was present 1 hour following
IP¢ administration.

The data presented in this study are the first to systemat-
ically examine the metabolism of exogenously administered
IP¢ in both plasma and tissues of mice bearing tumors. IPg was
not detected in the tumors at any time after IV administration
of IPg. Inositol was detected in the tumor beginning at 2 hours
after IV administration of IPs and peaked at 6 hours after
administration. At 6 hours, the concentration of inositol in the
tumors was about 2-fold higher than thatin plasma, but much
lower than that observed in most normal tissues.

It appears that IPg is dephosphorylated quite rapidly in
plasma and also transported to the liver where numerous
phosphatases are localized. Because the concentrations of
inositol in the liver are higher than those of IPg at 2 hours and
later time points, the liver may be a major site for the
dephosphorylation of intravenously administered IPs. This
dephosphorylation process appears to completely remove the
phosphate groups from the sugar because none of the lower
inositol phosphates were detected in the liver, whereas the
inositol increased as the IPs decreased. Similarly, no lower


http://www.labdiet.com
http://www.labdiet.com

1472

METABOLISM CLINICAL AND EXPERIMENTAL 60 (2011) 1465-1474

inositol phosphates were detected in other normal tissues
exceptin the lung. In lung, IPs was detected during the first 15
minutes after IV IPg administration; however, after 3 hours,
only inositol was present as a labeled compound. Thus, it
appears that the dephosphorylation of IPg occurs rapidly,
whereas synthesis of new phosphorylated forms is very slow.
After oral administration, only inositol was detected in tissues
other than liver. In the liver, IP; was detected at concentra-
tions less than 10 umol/L only at the earliest time points,
suggesting that dephosphorylation of orally administered IP¢
occurs rapidly by phytases present in gut bacteria, intestinal
mucosa, or the liver.

In rats, radioactivity from [*H]-IPs was absorbed from the
stomach and distributed through the body [21]. Similarly,
radioactivity from [*H]-IP¢ was taken up by cancer cells; and IPg
was dephosphorylated into inositol phosphates with fewer
phosphate groups (IP;.s) [22]. Radioactivity from orally admin-
istered IPg was detected in tumor tissue distant from the
gastrointestinal tract. When radiolabeled IPs was given to
animals bearing mammary tumors, a substantial amount of
IP¢-associated radioactivity (19.7% of all radioactivity recov-
ered in collected tissues) was found in tumor tissue as early as
1 hour after administration, providing at least in part an
explanation for the antineoplastic activity of IPg at sites
distant from the gastrointestinal tract [15]. It was shown that
50% of the radioactivity was excreted in urine within 72 hours;
feces accounted for another 10% of radioactivity, suggesting
that at least 40% of the IPs-associated activity was distributed
within the animal tissues [21]. When analyzed by ion-
exchange chromatography, the radioactivity in the plasma,
urine, and tumors was associated with inositol and IP; [15].
Similarly, in the present study, after IV administration, only
inositol was detected in the tumor xenografts; and the
concentrations of radiolabeled inositol increased slowly over
the 24 hours and were maintained at approximately 2 umol/L,
much lower that those observed by Grases et al [4]. In the
current studies, only about 3% of the intravenously adminis-
tered dose was excreted in the urine, primarily as inositol,
with [P, 4 present in much lower quantities; and less than 0.1%
was excreted in the feces. After oral administration, less was
excreted in the urine as inositol; and about 10% of the dose
was present in the feces, primarily as inositol. These results
are similar to those reported by Letcher et al [6], where no IPg
was detectable in urine of rats.

Using sensitive methods for determination of nonradiola-
beled IP¢ in biological fluids, Grases et al [3] studied the
pharmacokinetic profile of IPs in rats and for the first time in
humans. Orally administered IPg was excreted in urine; the
urinary levels declined when IPs was withheld and increased
with increasing amounts of ingested IPs, reaching a peak
excretion level that was not further increased by ingestion of
additional quantities of IPs. After 2 weeks of consuming a diet
totally deprived of IPs (cereal derivatives and other vegetable
seeds, legumes, and nuts), the plasma and urinary levels of IPg
decreased to 75% to 80% of the normal values found in
humans [3]. Similar data were observed in rats [5]. After 2
weeks of IP¢-restricted diet, a challenge dose of IP¢ was quickly
absorbed, reaching the maximum plasma concentrations 4
hours after ingestion of pure IP¢ as supplement [3]. No urinary
excretion of IPs was observed until 10 days after returning to

normal [Pg-containing diets [3]. A similar relationship between
the dietary ingestion of IP¢ and its levels in the biological fluids
and tissues was observed in rats [5]. In an additional study,
Grases et al [5] demonstrated that when rats were fed an IPe-
deficient diet, plasma IPs concentrations fell to 0.026 umol/L,
whereas rats fed diets containing 1% IPs maintained plasma
concentrations of IPg of 0.393 umol/L, similar to the concen-
trations found in rats that consumed a diet containing carob
germ, a good plant source of IPs. These concentrations of IPg
were within the reference range [5]. It may be that IPs and
lower IPs are absorbed more efficiently when the animals are
made deficient by dietary restriction for at least 2 weeks.

Although there are still uncertainties about IPg synthesis in
vivo in mammalian cells and its uptake, it is clear that IPg is a
molecule that can be rapidly dephosphorylated to lower IPs.
Various lower IPs were found in vitro after extracellular,
exogenous application of IPg [15,22,25]; and mostly inositol
and IP; were found after in vivo administration [15,21].
Similarly, the pharmacokinetic study presented here suggests
that IPg may be a prodrug for inositol, which is not charged and
can cross cellular membranes. Inositol may be responsible for
the antitumor actions observed in both chemopreventive and
efficacy studies of IP.

myo-Inositol itself has also been shown to have anticancer
activity, although modest. It inhibited colon, mammary, soft
tissue, and lung tumor formation [14,15,30,33,34]. The anti-
cancer action of inositol could very well be via phosphoryla-
tion to IP;.¢ and higher IPs. A recent phase I study of inositol
for lung cancer chemoprevention showed that inositol was
safe and well tolerated [35]. Inositol has been shown to
potentiate anticancer effects of IPg observed in vivo and in
vitro [14,15,30,33,34,36]. Inositol and IP¢ in combination as an
adjunctive therapy in breast cancer patients receiving che-
motherapy ameliorated the adverse effects of chemotherapy
and preserved quality of life [37].

Our studies also suggest that when animals have sufficient
IP¢ in their diets, additional IP¢ is not required and is rapidly
dephosphorylated [5]. It is well known that nonruminant
animals have lower levels of enzymes to digest phytate; and
therefore, a significant part of dietary IP¢ reaches the large
intestinal lumen in humans and rodents. Intrinsic phytase
naturally present in cereals can partly hydrolyze IP¢ during the
digestive process [38-40]. Because the doses used in this
pharmacokinetic study (20 mg/kg) were much lower than the
doses of 1% to 2% in the diet (~2000 mg/kg//d), the absorption
of IP¢ may be different between these studies. Grases et al
[5,41] demonstrated that the maximum absorption for IP¢ in
rats after oral administration is 20.0 mg/kg//d and that no
further absorption occurs even when higher amounts of IPg
are administered. Thus, the dose of 20 mg/kg IP¢ administered
by oral gavage to mice in the study presented here should have
been absorbed without saturation of the absorption processes.
Although the absorption of IPg is saturated at doses greater
than 20 mg/kg//d, it is not known whether the inositol derived
from these doses is absorbed or eliminated in the feces. The
gastrointestinal tract contains numerous phytases that are
capable of stripping IP¢ of its phosphates. Future studies need
to be conducted to examine whether the efficacy of IPg is
observed after administration of doses of this agent lower
than the 1% to 2% administered in the drinking water and
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whether this agent is effective when administered at lower
doses by other routes of administration. A question remains
as to whether the activity of IPs in animal models can be
replicated by administration of inositol alone because only
inositol was detected in plasma and tumor after oral gavage.
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