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Abstract

Because of the widespread use of aluminium- and calcium-containing phosphate binders
for the control of hyperphosphataemia in patients with end-stage renal failure, an iron(IIl)
chitosan complex was synthesised and fed to rats to measure its effect on serum phos-
phorus and calcium, intestinal phosphate binding and phosphate absorption.

Thirty-six Wistar rats were randomly selected and distributed into a baseline group
(n=06), a control group (n=28 (days 0—15), n=28 (days 16-30)) and a treatment group
(n=38 (days 0—15), n=28 (days 16—30)). The control groups ingested AIN-76 diet mix
with a 1% w/w fibre content; however, the treatment groups had the fibre content com-
pletely substituted with iron(III) chitosan. The mean weights of the treated rats were
slightly lower from 15 days (not significant); but overall, rat growth was not stunted in the
treatment groups. The serum phosphorus levels of the treated group (n=28) were sig-
nificantly reduced after 15 days (P=0-004; control: 5-740-9mgdL™"; treatment:
4-4+0-5mgdL™"; 95% CI of difference: 0-5-2-2) and 30 days (P=0-002; control:
55+ 09mgdL™ I treatment=4-1+0-6 mg dL™' 95% CI of difference: 0-6-2-3) as
compared with the respective control group. The serum calcium-phosphorus product was
62-04 12-1 mg? dL. ™ for the control and 45-1 4 6.6 mg*dL "~ for the treatment group after
30 days (P =0-004). The serum iron concentration of the treatment group did not differ
from the baseline value after 15 and 30 days, but the treatment group was significantly
higher than the control group (P<0-05) after 30 days. The faeces phosphorus levels
(mgday ") were higher (P< 0-01) and its iron content was much higher (P< 0-01) for the
treated group. The urine phosphorus (mgkg™") was not significantly reduced for the treated
group, but the mean was consistently less. The kidney and liver weights of both groups
were similar, but the phosphorus content of the kidney (mg (gkidney) ') was higher for
the treated group after 30 days (P=0-041; control, 42+12mgg™' vs treatment,
5.6+ 1-4mgg~'. Because iron(IIT) chitosan had a high phosphorus-binding capacity of 308
(mg P) per gram of Fe" for both the in-vitro (pH 7-5) and in-vivo studies, which is greater
than nearly all commonly used phosphate binders, and a small net phosphorus absorption
difference of 3-7mgday ", it is an efficient phosphate binder for lowering serum phosphate
levels without increasing serum calcium levels.

Hyperphosphataemia, due to chronic renal failure, is
associated with secondary hyperparathyroidism,
osteodystrophy and metastatic calcification (Good-
man 1985; Alfrey & Zhu 1991). Normal treatment
regimes for control of chronic hyperphosphataemia
require control of dietary phosphorus intake, use of
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phosphate binders to help control intestinal phos-
phate (P;, inorganic phosphate) absorption, haemo-
dialysis or CAPD to reduce serum phosphate levels
below 1-8mmolL™' (54mgP;dL™") to within
normal levels of 0-6—1-3mmolL ™" (Coburn &
Salusky 1989). In addition to preventing dietary
phosphate absorption, intestinal phosphate binders
disrupt the reabsorption of endogenous phosphate,
which is excreted normally via the parotid glands
and pancreatic fluid.
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For prevention of hyperphosphataemia in patients
undergoing chronic dialysis, aluminium hydroxide
gel and various aluminium-containing antacids
have been used because of their excellent phos-
phate-binding ability (Spencer et al 1982). Unfor-
tunately, long-term use of aluminium compounds
results in serious aluminium toxicity (Swartz et al
1987). Calcium-containing compounds such as
calcium carbonate are also excellent in controlling
the level of serum phosphorus, but calcium accu-
mulation often leads to hypercalcaemia with pos-
sible side effects including soft-tissue calcification,
hypercalcaemic nephropathy, metabolic alkalosis,
polyuria and constipation (Gonella et al 1985; Beall
& Scofield 1995). In our previous papers (Jing &
Yamaguchi 1992; Yoshimoto et al 1995a, b;
Yamaguchi et al 1999), we have shown that iron-
containing complexes are effective phosphate
binders in-vitro and in-vivo in rats.

Chitosan, which is chemically similar to cellu-
lose, is a non-toxic natural polysaccharide of f-1,4-
D-glucosamine residues obtained from the de-
acetylation of chitin. Its uniqueness is attributed to
its cationic polymer-containing amino group,
which greatly differs from other dietary fibres. Its
adsorption of acid metabolites such as uric acid and
bile acid (Jing & Yamaguchi 1992; Yoshimoto et al
1995a, b) and its hypocholesterolaecmic effect in
humans (Sugano et al 1978; Maezaki et al 1993;
Jing et al 1997) have been its most notable prop-
erties. Furthermore, chitosan-coated dialdehyde
cellulose in acute bilaterally nephrectomized rats
(Nagano et al 1995a), chronic renal failure (CRF)
rats induced by adriamycin (Nagano et al 1995b)
and normal rats (Yoshimoto et al 1995c¢), showed
marked prolongation of the survival period and
improved pharmacological properties.

Incorporating the strengths of iron and chitosan
compounds, iron(II) chitosan was synthesised to
primarily study its phosphate-binding capacity in
rats, as noted by the effluent phosphorus and serum
phosphorus fluxes. Secondary studies involved
observing the effect the amino nitrogen in chitosan
exerts on cholesterol lowering by suppressing its
reactivity through binding to iron(III).

Materials and Methods

Materials

Iron(IlT) chitosan was synthesised from reagent-
grade iron(IIl) sulphate hydrate, [Fe,(SO,4);]-nH,O
(60-80% purity, Kanto Kagaku Co.), and chitosan
10B with an average molecular weight of
200000 Daltons (Funakoshi Co.). Potassium dihy-

drogen phosphate (KH,PO,, Wako Pure Chemical
Industries) and Tris buffer (Wako, 99%) were used
for all phosphate adsorption studies. For spectral
characterisations, 1,10-phenanthroline = mono-
hydrate (Wako, assay 99%) and hexaammonium
heptamolybdate tetrahydrate (Wako) were used.
Other chemicals were of spectroscopic grade and
purchased from commercial sources.

Analysis

At pH2 and pH 7-5, iron dissolution of the iron(III)
chitosan complex and the iron concentration in rat
faeces were measured by the 1,10-phenanthroline
spectrophotometric method at 510 nm according to
Japan Industrial Standard (JIS), as previously
reported (Jing & Yamaguchi 1992). Also, the
phosphate concentrations were determined spec-
trophotometrically using a standard molybdate
assay (Taussky & Shorr 1953). The FT-IR spec-
trum of the iron(IIl) chitosan complex was mea-
sured on a JASCO 400 spectrometer using KBr
pellets. Mdssbauer spectra were measured on an
Austin Science controller (S-600) with a Norland
analyser (5500) at room temperature. Both the
chitosan (10 B) and iron(III) chitosan (10 B) were
analysed by thermal gravimetric analysis and dif-
ferential thermal analysis for water content and
characteristic iron patterns.

Preparation

Chitosan (1g) was added to 40mL of deionized
water with 9 mL of acetic acid (1-OM acetic acid)
followed by addition of sodium acetate to make a
pH 6 solution. Deionized water was added to bring
the solution to 100 mL followed by addition of
iron(IIl) sulphate hydrate (3-00g) and stirring for
24 h. The colloidal suspension was filtered, washed
three times with deionized water and twice with
ethanol, and dried under reduced pressure for 24 h
to give iron(Ill) chitosan in near quantitative yield.

In-vitro phosphate adsorption studies

Into 500mL of deionized water, 71-62mg of
desiccated KH,PO, (16-:31 mg of elemental phos-
phorus) was dissolved to afford a phosphate con-
centration of 1-05 mmol L™! (3-26 mg P; dL™"). The
phosphate binder (10-0 mg) was added to a quantity
of phosphate solution at pH2-0 or pH7-4 to give a
final volume of 20 mL. After addition of binder, the
phosphate solution was adjusted back to either pH 2
or pH7-4 with HCI (0-1 M), NaOH (0-1 M), or Tris
(0-1M, pH7-4). The mixture was stirred with a
magnetic stirrer at 100revmin~' for 2min. The



SERUM PHOSPHORUS REDUCTION IN RATS USING IRON CHITOSAN 865

solutions were kept covered in a shaker bath (20
cycles per min) at 37°C, for a 180-min adsorption
period to reach maximum binding, and adjusted
again to the appropriate pH. The suspensions were
centrifuged at 10000 ¢ for 30 min and the super-
natants were filtered (0-2-um, Milipore Corp.,
Medford, MA). Spectrophotometric controls were
first measured before measuring the phosphate and
iron concentrations of the reaction solutions. The
decrease in phosphate concentration from the
original concentration in the standard phosphate
solution to that of the filtrate represents the amount
of bound phosphate.

Phosphate-binding effect of iron(lll) chitosan in
normal rats

White male Wistar rats (n =38, Clea Japan Co.),
~ 6 weeks old, 175-545-6 g, were randomised in a
placebo-controlled, double-blind, parallel-design
trial that was divided into a control group (n=16),
a treatment group (n=16) and a baseline group
(n=06). The control group had free access to tap
water and were fed powdered rodent chow (AIN-76
rodent diet, Clea Japan Co.; ~20-25 gday*'),
containing 0-40% phosphorus, 0-52% calcium,
100000 int. units vitamin D3, 0-0035% iron and
1.0% fibre. The treatment group received the same
diet, but the 1% fibre was substituted with 1-0%
iron(IIT) chitosan, providing 0-054% iron by weight
of diet. All rats were housed in individual meta-
bolic cages (24cm x 20cm x 15¢cm) with a food
container attached to the outside so that the rat was
unable to bring food into the cage, to prevent
contamination of urine and stool. The air-condi-
tioned breeding room (224 2°C, ~ 60% humidity)
had a fixed 12-h artificial light—dark cycle (0700—
1900 h).

Samples of urine and stool were collected from
each rat on days 2, 5, 7, 9, 11, 13, 15, 16, 18, 20,
22,23, 25, 28 and 30 at the same time (1000 h). The
collected sample was the total excreted since the
previous collection. For example, if a sample was
collected on day 5, this sample represented the total
of day 3, 4 and 5; therefore, all of the calculated
values were divided by three and expressed as the
average per day. After collection, the urine samples
were stored at —30°C until analysed. The faeces
were stored at room temperature until analysed.
The rats’ weight, diet intake amount, wet and dry
faeces weight and urine volume were measured.

Faeces and urine analysis
All phosphate determinations were measured and
expressed as phosphorus. The stools (0-5g) were

heated at 115°C for 5h and ashed at 550°C for 5h.
The phosphorus was extracted from the ash for 24 h
with 15mL of 10% HCI, filtered, diluted with
distilled water and followed by reaction with 1,10-
phenanthroline to measure the iron concentration at
510 nm.

The urine vials were defrosted with water and
0-5mL of urine was transferred to each test tube,
followed by addition of 4-5mL of 5% tri-
chloroacetic acid to degrade the protein. This
solution stood for 10 min before being centrifuged
at 3000revmin~' at 5°C for 15min. Phosphate
concentrations were determined spectrophoto-
metrically using a standard molybdate assay
(Taussky & Shorr 1953).

Serum, kidney and liver measurements

At the beginning of the experiment six rats were
randomly selected, killed and anaesthetised with
sodium pentobarbital (50mgkg™"). At the end of
the study period, blood (1-5 mL) was obtained from
the aorta of non-fasted and anaesthetised rats in the
morning (1000—1100h). Blood was collected, by
cardiac puncture, in heparinized plastic tubes. The
kidneys and livers were removed, rinsed in normal
saline solution and weighed. They were stored at
—30°C until further analysis. This was repeated
on days 15 and 30 at the same time. After the
experiment, 1-0g each of liver and kidney were
heated at 115°C for 5h to remove water, and ashed
at 550°C for 5h. The phosphorus was extracted
from the ash for 24h with 15mL of 10% HCI,
filtered and diluted with distilled water. Phosphorus
was assayed using a standard molybdate assay
(Taussky & Shorr 1953).

The sera of the rats were analysed for phos-
phorus, calcium, iron, glucose, total protein,
adenine/guanine ratio (A/G), creatinine, BUN,
uric acid, total cholesterol, triglycerides, GOT, ALP
and phospholipids at the commencement of the
experiment (day 0), day 15 (n = 8 from each group)
and day 30 (n = 8 from each group). The serum was
sent to a clinical laboratory (Hoken Kagaku Ken-
kyujyo) for measurement of the above parameters
beside the phosphate. The blood was treated in the
same way as the urine method and the phosphorus
was assayed using a standard molybdate assay
(Taussky & Shorr 1953).

Statistical analysis

Groups of data were first tested for normality by
Levene’s test, Shapiro-Wilk, Kolmogorov-Smirnov
and detrended normal probability plots. When the
data differed significantly from normal it was
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characterised by the median and interquartile limits
(25%, T15%), otherwise continuous variables are
expressed as the mean=+s.d., including 95% con-
fidence intervals for primary results. If assumptions
of normality were met, the data was analysed by the
independent (unpaired) two-tailed Student’s z-test
or analysis of variance with o< 0-05 considered
significant. For nonparametric data, the Mann-
Whitney U-test was used. The effect of iron(IIl)
chitosan on serum phosphorus and other laboratory
values was assessed by comparing the difference in
serum values with those in control rats on the same
experimental day. For the calculation of the Pear-
son’s product-moment correlation the assumptions
of a bivariate normal distribution were verified,
otherwise, the Spearman’s rank-order correlation
was used. The assumptions were verified for the
simple-linear regression analysis, which was vali-
dated, with «<0-01 considered significant. Statis-
tical analyses were conducted using the SPSS 9.0
software package (Chicago, IL).

Results

Iron(Ill) chitosan analysis

The iron content of iron (III) chitosan, was 5-1%
w/w as determined by elemental analysis and a
water content of 19-23% w/w as determined by TG
(thermo-gravimetric analysis, not shown). There-
fore, with a composition of 1% w/w of iron(IIl)

Table 1.
in-vitro conditions.

chitosan in the diet mix the resulting iron content is
only 0-054%, which includes 0-003% w/w of iron
initially in the mix. Chitosan had a much lower
water content of 7%, but iron (II) chitosan (synth-
esis not reported) had the highest water content of
23%.

The FT-IR (not shown) of iron(Ill) chitosan
indicated a loss of the amine (NH,) of the poly-
glucosamlne compound with a decrease of its band
at 1590 cm ™' together with a decrease of the amide
band (1650cm™ ' — 1629cm™") and protonated
amine bands (1560cm™'— 1530cm™'). The
Mossbauer spectra (not shown) of the iron(III)
chitosan complex is characterised by a symmetrical
and broad quadrupole doublet with an isomer shift
(IS) value of 0-35mmsec” and a quadrupole
splitting (QS) value of 0-69 mm s7!

Phosphate adsorption (in-vivo and in-vitro) and
iron dissolution

The in-vitro phosphate adsorption or phosphate
binding capacity (mg(g adsorbent)™") of iron(III)
chitosan at pH2 and pH7-5 were nearly identical,
17-0mgg" (333 mg (gFe’™™") and 15-6mgg™ ‘
(308 mg (g Fe*™)™"), respectively (Table 1). The in-
vivo values were the same as the in-vitro values at
pH?2, indicating consistent results. Adsorption was
immediate and the adsorption values fluctuated
only 5mgg™" over a period of 500 min, whereas
the other binders listed in Table 1 usually require a
longer time to reach equilibrium.

Comparison of phosphate binders on phosphorus absorption, and their phosphorus binding capacity under in-vivo and

Compound Average net P Phosphorus binding capacity
absorption vs
control diet In-vivo In-vitro
(mgday ™) (mg mg (gFe’ ™, (mg mg (g Fe ™,
(g compound)fl) +or AP (g compound)fl) Ca(2+ or APH™hH
Iron(IIT) chitosan 3.7 16-6 308 17-0 (pH2) 333 (pH2)
157 (pH7-5) 308 (pH7-4)
Iron(IIT) hydroxide® NA NA NA 58 (pH?2) 152 (pH?2)
21 (pH7-4) 56 (pH7-4)
Ferric citrate” 186 19-1 84-4 NA NA
Ferric chloride® 33.0 369 181-2 NA NA
Iron(III) dextran® NA 20 112 23 (pH2-3) 126 (pH2-3)
16 (pHS) 89 (pHS)
Calcium acetate 174 27 103+£23 5 (pH4) 21 (pH4)
55 (pH7) 213 (pH213 (pH7)
Calcium carbonate 112 17 43439 68 (pHS) 170 (pHS)
16 (pH7) 42 (pH7)
Aluminium chloride® NA NA NA 93 (pH5-7) 460 (pH5-7)

The in-vitro experiments are not under the same conditions of phosphate concentration, binder concentration, pH and time (1-
4 h); therefore, only a general appr0x1mat10n for comparing different compounds should be made. NA, Information not available
from the report. Yamaguchl et al (1999); °Hsu et al (1999); “Spengler et al (1996); “Sheikh et al (1989). Note: The average net P

absorption is for patients.
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The exact preparation of the iron(IIl) chitosan is
very important in achieving the highest possible
phosphate adsorption and iron content. For exam-
ple, if iron(Ill) sulphate is added at pH35, instead
of the preferred pH of 6, the resulting phosphate
adsorption of this iron(IIl) chitosan is only
10mgg~" at pH7-5, even though the iron content
increases slightly to 53mgg~'. At pH4, the iron
content is reduced to 6mgg "' with a phosphate
adsorption of 8mgg ™' at pH7-5.

Iron(IIT) chitosan was robust to acid conditions
whereas under similar conditions chitosan was
completely dissolved. Iron(IIl) chitosan at pH?2
released 5% by weight of iron into the solution
after 300 min while at pH 7-5 no iron was detected.
As reported in Jing & Yamaguchi (1992), iron (II)
chitosan dissolved six times more readily than
iron(IIT) chitosan at pH 2.

In-vivo experiment

There were no significant differences among the
rats at the commencement of the study. The body-
weights were similar and remained so throughout
the study as shown in Figure 1. The body-weights
of the iron(IIl) chitosan-treated rats were con-
sistently less than those of the control group after
20 days, but the differences were not significant. As
shown in Figure 2, the average food intake of the
treatment group was slightly less than the control
group after 16 days, especially on days 18
(P<001), 20 (P<0:05) and 23 (P<0-05). The
95% confidence intervals (95% CI) for the treat-
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Figure 1. The effect of iron(IlT) chitosan (A) at 1% of food

weight on body-weight of rats compared with a control group
(@), which received AIN-76 rat feed with a 1% fibre content.
Values are means =+ confidence intervals (95%) of 16 observa-
tions in each group until day 15, and afterwards there are 8
observations in each group until day 30.
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Figure 2. The effect of iron(IIl) chitosan (A) at 1% of food
weight on food and phosphorus intake of rats compared with a
placebo group (@). Values are means+ confidence intervals
(95%) of 16 observations in each group until day 15, and
afterwards there are 8 observations in each group. *P < 0-05,
*#P < 0-01, compared with control group.

ment group were very broad from the eighteenth
day.

The amount of iron ingested and excreted, faeces
weight, faeces phosphorus, urine phosphorus and
urine volume are summarised in Table 2. The iron
values of the control and treated groups differed
greatly (P=0-004). Less than 30% of the iron
ingested was excreted. However, the serum iron
levels for the treatment group (Table 4) were not
significantly different from baseline values, even
though the treatment group was 116 ug dL™" higher
after 15 days (not significant) and 86 ugdL ™"
higher (P< 0-05) after 30 days. The mean faeces
weight during the first 15 days of treatment did not
significantly differ (P = 0-056) as shown in Table 2,
but the treatment group was 11% higher than the
control. During the second period the mean faeces
weights were nearly identical (P =0-899). The
faeces phosphorus was consistently higher for the
treated group throughout the study and was even
more pronounced during the second period
(P=0-001). The urine volume of the treated group
was consistently higher throughout the study but
there was no statistical significant difference. The
urine phosphorus content (mgkg™' body-weight)
was also consistently less for the treated group, but
it was not significant (see Table 2). The difference
in mean urine phosphorus concentration was
5-5mgdL™" during the second period (P=0-061)
and the 95% confidence interval had a wide range
(—0-2—11-2mgdL ™.

The primary outcome of interest was the change
in serum phosphorus concentration and calcium-
phosphorus product in relation to treatment with
iron(IIl) chitosan compared with placebo. Table 3
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Table 2. Mean metabolic parameters in the control and treated (1% iron chitosan) rats during the initial 15-day and final 15-day
experimental period.

Parameters Control Treatment P 95% CI of Control Treatment P 95% CI of
(per 24 h) 0-15 days 0-15 days difference difference
Lower Upper 16-30 days 16-30 days Lower Upper

Fe intake (ug)® 703 10917 0-004° NA NA 879 13589 0-004> NA NA
(699, 840) (10831, 12034) (875, 882) (12400, 13648)

Faeces

Weight (mg) 501-4+£49-8 563-44+49.5 0-0056 —124-2 02 7355+569 7393+£45-1 0899 —-64-6 569

Tron (ug)° 276 3102 0-004°>  NA NA 395 4102 0-004°> NA NA
(221, 333) (2234, 3727) (317, 447) (3582, 4776)

P (mg) 4.8+ 0.7 6:3+0-9 0-008 —2.60 —0-5 7-4+0-4 9-0+£0-7 0-001 —24 —091

Urine

V (mL) 12.6+£2-1 146+ 19 0-118 —4.6 06 16-1£2-8 174+ 1-1 0289 —41 04

P (mgkg™ /day) 79=1-6 6-4+1.7 0-149 —0-6 3.6 73+14 6:3+1-6 0311 -1.0 29

P (mgdL™ D) 146126 11.5+4-6 0-084 —0-5 67 197450 14.24+3.8 0-061 —-02 112

All values are mean=s.d. unless noted. NA, not available. “Independent two-tailed Student’s #-test for n =8 rats for averaged
data collected throughout each 15-day period. "Mann-Whitney U-test. “Median (interquartile range) for non-normal data.

9Milligrams of phosphorus per kg of body-weight.

summarises the control and treatment results for
eight rats in each group after 15 and 30 days of
administration. The baseline values are taken from
a random sample of six rats before treatment and
separation into groups. Bonferroni’s correction was
used to compare the treatment and control groups
with the baseline group because four comparisons
were made. At the end of the initial 15-day treat-
ment, the calcium-phosphorus product and phos-
phorus concentrations decreased from the baseline
concentration by a mean of 12mg?dL ™2 (P =0-27)
and 1.-0mgdL~"' (P=0-15) in the control group,
respectlvely, compared with a mean decrease of
27mg*dL™* (P=00009) and 24mgdL™’
(P<0-0002), respectively, for the treatment group.
The calcium-phosphorus product and phosphorus
levels of the treatment group were 15mg®dL >
and 1-3mgdL~"' lower than the control group
(P=0-004 for both), respectively. After 30 days,

Table 3.
at baseline after 15 and 30 days.

different rats (n = 8) from the same two groups had
similar calcium-phosphorus product and phos-
phorus concentrations, but the phosphorus differ-
ence was more significant, 5-5+0.9mgdL™"
(control) vs 4-14+0-6 mg dL! (P=0-002).

The serum phosphorus concentrations for the
15- and 30-day measurements of the control and
treatment groups were combined into a histogram
(Figure 3) because the values did not differ much
between these days. Values range from 3-4 to
5.0mgdL ™" for the treatment group (n=16) at 15
and 30 days, whereas those of the control group
(n = 16) range from 4-2 to 6.:8 mg dL~". The treated
group (right side) values are clustered in a narrower
region with a sharper normal curve compared with
the control.

To better understand how the serum phosphorus
concentration was lowered by the supposed binding
of iron(III) chitosan to phosphate, we attempted to

Mean serum calcium-phosphorus products and phosphorus contents in the control and treatment (1% iron chitosan) rats

Time Serum Control Treatment P 95% CI of difference
Lower Upper
Baseline™® Ca-P product 76:5+10-6 NA 65 88
P (mgdL™") 6-8+0-6 NA 6-1 7-4
15 Days Ca-P products (mg?dL™?) 64-6£10-1 49.7 4+ 7.2%% 0-004 55 24.3
P (mgdL™") 57+09 4.4+ 0-5%* 0-004 0-5 22
30 Days Ca-P product (mg?dL™?) 620+ 121 45-1+6-6%* 0-004 6-4 273
P (mgdL™") 5-54+0-9% 4-1£0-6%* 0-002 0-6 2-3

NA, not available. *Independent two-tailed Student’s ¢-test for n = 8 rats for comparison of respective control and treatment data.
Pn=6 rats at baseline. “°95% Confidence interval of mean. *P < 0-05, **P<0-001 vs baseline using analysis of variance with

Bonferroni’s correction for 5 groups.
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Figure 3. The effect of iron(Il) chitosan (&) at 1% food weight on the serum phosphorus concentration (mg dL™") of rats
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predict and correlate the faeces phosphorus con-
centration (mmol (g faeces)™!) from the faeces iron
concentration (umol (g faeces)™") using simple
linear regression analysis and Pearson’s product-
moment correlation coefficient (r). The data of the
first two days for both groups were not entered into
the calculation because the excreted iron did not yet
reach a plateau for the treatment group. As shown
in Figure 4, the slope of the regression line for
the treated group was significantly greater than
zero, indicating that faeces phosphorus tends to
increase as faeces iron increases (slope =4-1 x 107;
99% CI=0-0035-0-0046; tg3=15-0; P=0-0003;
Y =—0-034+0.0041X; r*=0.74). The control
group data for the faeces iron did not vary in a
bivariate normal distribution, nor was it linear, and
it was quite affected by only one outlier, because
the iron intake varied over a small range (+*=0-12
and Pearson’s r=0-35). Moreover, the amount of
faeces iron correlated well with the amount of
faeces phosphorus, indicating that faeces with a
higher content of iron has a higher content of
phosphorus (n = 83; Pearson’s r=0-87; P< 0-001);
however, Figure 4 shows that the data is not ideally
distributed in a bivariate normal distribution.

The serum concentrations of a variety of bio-
chemical markers are displayed in Table 4. The
calcium levels remained identical for both groups
along with the creatinine and uric acid levels. For
both groups the triglycerides increased dramatically

Faeces phosphorus (mmol g~")

T T T 1 L] L)

30 45 60 75 90 105 120 1
Faeces iron (umol g=1)

Figure 4. The relation of the faeces phosphorus concentra-
tion (mmol(g faeces)™!) vs faeces iron concentration
(umol (g faeces)fl) in iron(IIl) chitosan-treated rats (A;
n=283) from days 3 to 30, first using simple linear regression
analysis increases (slope=4-1 x 107°; 99% CI=0-0035—
0-0046; 1g3=15-0; P=0-0003; Y =-0-034+0-0041X;
r»=0-74) and Pearson’s product-moment correlation coeffi-
cient (r=0-87; P<0-001).

from baseline values (P < 0-01) although there was
no difference among the groups. Unexpectedly, the
total cholesterol levels were statistically higher for
the treated group throughout the study (15 days:
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P =0-013; 30 days: P=0-044), but the difference
was presumably not clinically significant. After
30 days, the HDL cholesterol level was markedly
higher for the treated group (P =0-008), yet
unchanged from baseline values. The phospholipids
were higher for the treated group after 15 days
(P =0-021), but after 30 days both groups were not
significantly different. Finally, alkaline phospha-
tase levels decreased equally and dramatically over
the treatment period for both groups.

The kidneys and livers of the rats were investi-
gated for any visible abnormalities and unusual
mass and phosphorus differences (Table 5). The
livers were not different among the groups for the
entire period; however, within 30 days the kidneys
in the treated group had 4-27 mg more phosphorus
(P<0-01) and a 1-49mgg "' higher phosphorus

mass concentration (P< 0-05) than in the control
group.

Discussion

Over the past two decades researchers have made
great advances in the understanding of the patho-
genesis and treatment of uraemic secondary
hyperparathyroidism. Dietary counselling, appro-
priate prescription of phosphorus binders and the
use of vitamin D metabolites have significantly
reduced the severity of hyperparathyroidism con-
comitantly with the reduction of hyperphos-
phataemia.

For many years, aluminium hydroxide and other
aluminium compounds have been widely used to

Table 4. Mean serum parameters during the baseline, 15 days and 30 days in rats on the AIN-76 diet (control) compared with

those given AIN-76 diet with 1% iron chitosan (treatment).

Serum concns 0 Days 15 Days 30 Days
Baseline®

Control Treatment Control Treatment
Iron (ugdL™") 286475 164467 241 (139, 469)° 154 (111, 238)° 2654 72%
Calcium (mgdL™ Y 11:3+£0-8 11:3+0-2 11.3+0-6 11.2+04 11-1+£0-3
Total protein (gdL™") 51+0-1 5.6 (55, 5-6)° 57+04 5-8+02 5-8+03
Albumm/globuhn 2:40+0-14 2.11£0-15 2.28+0-25 1.96£0-14 1.92+0-11
BUN (mgdL™") 10-8+1.7 112+3.0 11.9+3.5 154436 18-0+3-1
Creatinine (mgdL™") 0-43+0-05 0-44+0-07 0-43+0-05 0-44+0-05 0-46+0-05
Uric acid (mgdL™") 2.2+£07 1.0£0-2 1-1£0-2 1.1£03 1.0£0-2
Total cholesterol (mg dL™h 86-:3£8-8 73-1+11-1 97-6+21-8% 889+ 25-1 118-5+£28-4%*
HDL-C (mgdL™) 50-7+£8-0 359+£83 399+ 6-6 30-8+£10-2 474+ 11-4%*
Triglycerides (mgdL™ ? 38.0+£19:5 140-5+51-9 13494439 144 (112, 252)° 15924511
Phosphohp1dq (mgdL™) 153+4 163+£22 206+41* 194447 224438
GOT (UL~ ) 82 (75, 114)° 72+7 75+13 76 (68, 96) 75+8
GPT (UL™) 4243 2242 21 (20, 23)° 24 (22, 31)° 27+6
Alkaline Pase (U L D) 836 (729, 927)° 435489 446193 326+113 315+£76
Glucose (mgdL™") 190+ 26 177+21 168+26 188 +£27 173+25

All values are mean = s.d. unless noted. *n = 6 for baseline, whereas n =8 for 15 days and 30 days.

®Median (interquartile range)

for non-normal data. *P < 0-05, **P<0-01, vs corresponding control. GOT, glutamic-oxaloacetic transaminase; GPT, glutamic-

pyruvic transaminase.

Table 5. Mean kidney mass, liver mass and phosphorus content in rats at 0, 15 and 30 days.
Contents 0 Days 15 Days 30 Days
Baseline

Treatment® Control Treatment®
Kidney
Mass (g) 1.35+£0-17 1.77+£0-59 2:084+0-42 2:684+0-13 2:734+0-17
P (mg) 64+1.7 89434 11-44+24 11-14+3-1 15-4 4 3.6%*
P (mgg™ b} 4.7+£0-8 5:0+£0-7 5:5+0-7 4.2+1-2 5.6+ 1-4%
Liver
Mass (g) 6-324+0-88 11.94+1.58 12-87+£2-37 1629+ 2.07 16-57+2-07
P (mg) 224+04 4.3+£2-1 47+ 14 5-6t14 57+14
P(mgg h 04401 04402 0-4+£0-1 0-4+£0-1 0-4+£0-1

Values are given as mean= s.d., n =6 for baseline, n =8 for 15 days and 30 days.

fibre in diet mix (AIN-76). *P < 0-05 vs corresponding control.

?One percent iron(III) chitosan substituted for
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control hyperphosphataemia in dialysis patients.
Studies indicate that accumulation of aluminium in
the body leads to vitamin D refractory osteomalacia
(Smith et al 1986), microcytic anaemia and ence-
phalopathy (Wills & Savory 1983). Furthermore,
excessive aluminium intake may cause taste intol-
erance, anorexia, constipation and nausea (Slato-
polsky 1987).

Similar undesirable results have been reported
with calcium-containing binders such as calcium
carbonate, which reduce gastrointestinal absorption
of phosphorus. However, their use has been limited
by the occurrence of hypercalcaemia, reported in
approximately one-third of dialysis patients, and by
the subsequent possibility of metastatic calcifica-
tions (Moriniere et al 1983).

The measured live-phase parameters such as
body-weight and urine and faeces output were not
significantly different in the control and iron(III)
chitosan-treated groups, although the food and
phosphorus intakes of the treated rats tended to be
less than that of the controls from the 16th day
onward (see Figure 2). The food and phosphorus
intakes were significantly less for the treatment
group on days 18, 20 and 23 because the number of
rats decreased from sixteen to eight after 15 days.
Also, omission of a lower extreme value from the
calculations due to an underweight rat in the
treatment group eliminated the significant differ-
ences on days 20 and 23. The observed ~25%
lower phosphorus serum of the treatment group at
days 15 and 30 is many times more than what
would be expected from lowering the mean food
(phosphorus) intake by only 2-5%. In Spengler’s
study with iron(IIl) dextran (Spengler et al 1996), it
was noted that the control rat group had a 20%
higher food and phosphorus intake than the treat-
ment group, but this difference was not considered
significant enough to have much of an effect on the
serum phosphate levels.

In a real restriction meal, a phosphate difference of
35% or more between the control and treatment
group was necessary to observe a significant low-
ering of serum phosphorus levels in dogs with
advanced renal insufficiency that was induced
by 5/6 nephrectomy (Lopez-Hilker et al 1990).
However, in patients with moderate renal insuffi-
ciency with normal serum phosphorus levels, a
phosphorus intake restriction of 70% was insufficient
to lower serum phosphorus levels, but it did suppress
parathyroid hormone secretion independent of the
levels of calcitriol or plasma ionized calcium (Por-
tale et al 1984). In many patients with chronic renal
failure, phosphate retention cannot be controlled by
dietary phosphate restriction alone since inadequate
nutrition may result. Dialysis may also be unsa-

tisfactory (Hou et al 1991) because wider swings in
plasma phosphorus will occur as the glomerular fil-
tration rate declines. Thus, the additional use of
phosphate binders is necessary while maintaining
adequate nutrition, which is of utmost importance
since malnutrition is a common consequence of
advanced renal failure (Block et al 1998).

In normal adult rats most of the dietary phos-
phorus that is absorbed is eliminated through the
urine and a fraction is used for growth. The excess
phosphorus that is not absorbed through the intes-
tines and the endogenous phosphorus that is not
reabsorbed are eliminated in the faeces. In our
study, the faeces phosphorus of the iron(IIl) chit-
osan complex increased by about 25% relative to
the control, but the urine phosphorus content was
reduced, though not significantly, by 10% during
the first 15-day period and by 20% thereafter. In
addition, the extra phosphorus excreted in the
treated group in comparison with the control does
not seem clinically significant since this amount
corresponds to about 4% of the amount of phos-
phorus ingested. However, the net phosphorus
absorption difference of 3-7mgday~' (Table I,
P <0-001) seemed to have an effect on lowering the
serum phosphorus levels. Therefore, since the
phosphorus content of the rodent chow was only
0-4% it can be concluded that more than 90% of the
ingested phosphorus was digested.

The amount of iron excreted is directly related to
the amount of iron-containing phosphate binder
ingested, but more importantly it relates to the
insolubility, or iron dissolution, of the binder in the
stomach’s acidic environment. A common symptom
of iron toxicity is constipation, but this was not
observed in the treated group, which had borderline
significance (P=0-056) for greater mean faecal
weight during the first 15 days. During the first 15
days, the treated rats excreted 26% of the ingested
iron and 31% during the second 15 days. The
control groups excreted 37% and 44% of the
ingested iron in the first and second periods,
respectively, due to a much lower iron intake.
Furthermore, the excess iron intake did not hinder
the function of the alimentary canal since the
weights of the rats neither decreased at the begin-
ning of the experiment nor significantly differed
throughout the 30 days. Most importantly, the
serum iron for the treatment group was not sig-
nificantly raised above the baseline values, but the
serum iron of the control was significantly lowered
(P<0-05) from baseline values at 15 and 30 days;
however, two rats in the treatment group had high
serum levels of iron ( ~ 500 ug dL™") at 15 days and
a significantly higher level after 30 days (P < 0-05)
as compared with the corresponding control group.
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Although our study has demonstrated that iron-
(II) chitosan can effectively bind dietary phos-
phate, long-term safety has not been fully addres-
sed, partially because the haematocrit, haemoglobin
and ferritin levels, including a complete blood
count, were not measured. The iron intake was only
0-054% of the food intake, which is remarkably
lower than in other reported experiments that
showed minimal or none of the toxic effects due to
iron (Spengler et al 1996; Hsu et al 1999). There-
fore, it was realistically considered that the low iron
content would produce none of the symptoms
associated with iron toxicity. For example, no iron
toxicities were noted in rats that ingested iron(III)
dextran (Spengler et al 1996) and ferric citrate (Hsu
et al 1999) that received twenty-eight times and
eighteen times higher iron dosages, respectively,
than in the iron(IIl) chitosan experiment. Hsu et al
(1999) reported that the haematocrit and plasma
concentration of serum iron were higher in treated
azotaemic rats than in the control group, suggesting
that some degree of intestinal iron absorption took
place, but these were considered beneficial symp-
toms for ameliorating the problems of renal failure,
including iron deficiency and anaemia. Jacobs
(1965) has shown that toxicity in humans was
associated with ingestion of large quantities of iron.
Acute iron poisoning usually manifests with serum
iron concentrations above 500 ugdL ™' (Chyka &
Butler 1993), which is twice the mean levels ob-
served in this study; but, as mentioned, two of the
rats had abnormally high levels after 15 days. Iron
toxicity can sometimes include gastrointestinal
haemorrhage, coagulation defects, shock, meta-
bolic acidosis, hypoparathyroidism and haemosi-
derosis (Sherman et al 1970; Witten & Brough
1971; McCarthy et al 1991). Granick (1946)
reported, however, that oral administration of iron
does not cause haemosiderosis. Moreover, if iron is
given with a meal, the pH of the gastric juice
increases, the dissociation of iron is inhibited, and
the iron combines with phosphoric compounds in
the meal, converting it to an inabsorbable compound
(Hegsted et al 1949; Moore 1955). Therefore, iron
absorption decreases with a meal. Furthermore, the
concentrations of serum iron, TIBC (total iron
binding capacity) and ferritin decreased in 74 hae-
modialysis patients receiving erythropoietin and
oral iron administration for 6 months (Raja et al
1993).

The principal outcome of interest was the low-
ering of the serum phosphorus and the serum cal-
cium-phosphorus product. As shown in Figure 3,
the serum phosphorus concentrations of the treat-
ment group are distinctly lower and constrained
within a smaller range than those of the control

group. The difference in mean serum phosphorus
concentrations between the control group and
treatment group was 1-3mgdL™" (95% CI=0-5—
2.2mgdL™") after 15 days (see Table 3), and after
30 days the difference was nearly the same,
1-4mgdL™" (95% CI=0-6-2-3mgdL™"). Similar
reductions were also observed for the serum cal-
cium-phosphorus product since the serum calcium
levels did not change; therefore, the decrease in the
calcium-phosphorus product was due to the low
serum phosphorus levels. A different group of rats
in the control and treatment groups were measured
at 15 and 30 days to confirm that the differences in
serum phosphorus were experimentally repro-
ducible. Also, the continuation of the study to 30
days demonstrated that the low phosphorus levels
achieved could be maintained. In addition, the high
coefficient of determination (+*=0-76) and corre-
lation coefficient (r=0-87) for the treatment group
adds credence to the assumption that the reduction
in serum phosphorus is principally due to the
binding of iron with phosphate, because as the
concentration of iron in the faeces increases the
concentration of phosphate increases. However,
further studies with a greater range in iron intake
are needed to verify this result, besides observing
calcitriol and parathyroid hormone levels for any
secondary effects.

To better understand the reaction of the body to
lower P; stores, which might have an effect on the
reabsorption of P; in the kidney tubules, the phos-
phorus content of the kidneys was measured. Dur-
ing dietary P; restriction, P; can disappear from the
urine. This phenomenon is associated with an
increase (adaptation) of the overall tubular capacity
to reabsorb P; (Bonjour & Caverzasio 1984; Miz-
gala & Quamme 1985). In the treatment group, the
concentration of phosphorus in the kidneys did not
increase relative to the control after 15 days, but it
significantly increased after 30 days (see Table 5).
The storing of phosphate in the kidneys seems to be
kinetically slow. The higher phosphorus content is
another indication of the great capability of iron-
(II) chitosan to lower serum phosphorus. The
reasoning is that as the blood levels of phosphorus
become lower the kidneys switch mechanisms to
capture the perceived dwindling levels of phos-
phorus in the body.

Secondary effects in the other measured serum
parameters (Table 4) were similar except for the
cholesterol values. It is unknown why the total
cholesterol levels increased in the treatment group
as other chitosan reports have shown a hypocho-
lesterolaemic effect in humans (Sugano et al 1978;
Maezaki et al 1993; Jing et al 1997). The choles-
terol levels were not closely studied in this report,
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so the exact LDL-C amount is unknown. The
beneficial HDL-C was significantly higher, how-
ever, but there was no clinical significance com-
pared with the baseline values. The HDL-C was
lowered from baseline values for the control group
and this is probably due to the low 1% fibre content
of the modified AIN-76 rat feed. The lowering of
the fibre content for both groups presumably led to
an increase in the LDL-C content, as would be
expected. Under normal conditions, with adminis-
tration of 5% fibre the results would likely have
been different, but incorporating iron into chitosan
had an opposite effect to that reported for chitosan
alone. The binding of iron is principally to the
amino group of the glucosamine polymer of chit-
osan, therefore, it can be speculated that previous
studies showed a hypocholesterolaemic effect due
to the availability of the amino group to bind LDL-
C either through ionic bonding or through some
other bonding mechanism.

The dose of the iron(IIl) chitosan complex used
in our animal experiments was equivalent to 60 g
daily for a 70-kg adult person, four times less than
what would be required for other ferric compounds
such as ferric citrate and ferric chloride (Hsu et al
1999). This is not only due to the difference in their
phosphate binding ability, but also to many factors,
including the compound solubility, gastrointestinal
motility, food mixing characteristics and pH of the
gastrointestinal tract (Sheikh et al 1989). The
reason that iron(III) chitosan had a lower net
phosphorus absorption difference of 3-7 mgday ™
as compared with other binders (Table 1), is the
very low concentration of iron in the diet. In
addition, the lowered net phosphorus absorption of
the treatment group exactly corresponded with the
in-vitro phosphorus binding capacity of iron(IIl)
chitosan at pH2 (Table 1), since the phosphorus
binding capacities are identical at pH?2. Moreover,
this very high binding capacity of 308 mg of
phosphorus per gram of elemental iron in both the
in-vivo and in-vitro studies is about three times
greater than calcium acetate, nearly four times
greater than ferric citrate and seven times greater
than calcium carbonate (Table 1). As a result, only
a 1% addition of iron(IlI) chitosan to the rat diet
was needed to decrease the serum phosphorus of
the iron(IIl) chitosan treated rats.

The reason for the lowering of serum phosphorus
is not completely understandable because the
parathyroid hormone and calcitriol concentrations
were not measured. Although serum phosphorus
does not itself directly affect acute release of
parathyroid hormone, it plays an important part in
the regulation of parathyroid hormone secretion by
inducing reciprocal changes in the serum con-

centrations of ionized calcium and 1,25(0OH),D;
(Vitamin D) (Tanaka & DelLuca 1973). During
dietary P; restriction, P; can disappear from the
urine (Biber 1989), and in theory this is sometimes
associated with a decrease in parathyroid hormone
in renal patients (Portale et al 1984). It has clearly
been demonstrated, however, that the ability of the
renal (proximal) cell to respond to P; availability is
independent of parathyroid hormone (Tenenhouse
et al 1988). Nevertheless, in our study the rats had
neither renal failure nor high serum phosphorus
levels, so a reduction in parathyroid hormone
would not be expected to be significant, especially
since the urine phosphorus levels were not sig-
nificantly decreased. Furthermore, 1% chitosan
without iron was fed to rats in a current study of
ours and we found no significant reduction or
increase in serum parathyroid hormone. This shows
that ingestion of chitosan does not alter serum
parathyroid hormone levels, but the effect with
iron(IIT) chitosan is unknown.

In conclusion, iron(IIl) chitosan seems to be
useful for lowering serum phosphorus levels, with a
greater elemental binding capacity than the pro-
blematic calcium and aluminium phosphate bin-
ders. Additional toxicity studies, dosage effects,
and parathyroid hormone- and phosphorus-level
measurements in renal failure rats would be
necessary before assuming that iron(IIl) chitosan
can be safely and effectively used for hyperpho-
sphataemia and secondary hyperparathyroidism in
patients with uraemia. Iron(IIl) chitosan merits
further investigation as a phosphate-binding agent.
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