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Promotive effect of Shoyu polysaccharides from soy sauce
on iron absorption in animals and humans
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Abstract. Soy sauce (Shoyu) is a traditional fermented
seasoning of Japan and is available throughout the world. We
investigated the effect of Shoyu polysaccharides (SPS)
prepared from soy sauce on iron absorption in vitro and
in vivo. First, by measuring the iron-binding capacity of SPS,
it was found that SPS stabilized the solubility of ferrous iron
at neutral pH's by forming a complex, Fe-SPS. Second, in
experiments with animals, it was found that SPS enhanced the
absorption and/or pooling of iron in organs when anemic rats
were fed iron-supplemented diets. Third, in a 4-week
randomized, double-blind, placebo-controlled parallel group
study, healthy women were treated with 600 mg of SPS
(n=22) or placebo (n=23) each day. After the 4 weeks, serum
levels of iron, hematocrit, and hemoglobin were significantly
higher (P<0.05) in the SPS-treated than in the placebo-treated
group. In conclusion, SPS of soy sauce enhanced iron
absorption, and soy sauce is a potentially promising seasoning
for the treatment of anemia through food.

Introduction

Soy sauce (Shoyu) is a traditional fermented seasoning of
Japan available throughout the world (1). In Japanese shoyu,
soybeans and wheat are the two main raw materials, used in
almost the same quantity. Proteins of the raw materials are
completely degraded into peptides and amino acids by
microbial proteolytic enzymes after fermentation, and no
allergens of the raw materials are present in soy sauce (2). In
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contrast, polysaccharides that originate from the cell wall of
soybeans are resistant to enzymatic hydrolysis; these poly-
saccharides remain in soy sauce even after fermentation and
are termed shoyu polysaccharides (SPS) (3). Recently, we
reported that SPS have strong anti-allergic activities (3) and
enhance the functions of macrophages and lymphocytes (4)
in vitro and in vivo. Furthermore, oral supplementation with
SPS was an effective intervention for patients with allergic
rhinitis in two double-blind placebo-controlled clinical studies
(5,6). However, many of the ingredients of soy sauce are
unknown and the biological activities of soy sauce itself remain
to be elucidated. Although soy sauce has been reported to have
anti-carcinogenic (7,8), anti-microbial (9), anti-oxidative
(10-12), and anti-platelet (13) activities, and to inhibit
angiotensin I-converting enzyme (14), further study is
necessary to elucidate the biological functions of soy sauce
itself and the ingredients it contains.

Iron deficiency anemia is an urgent nutritional problem,
and the fortification of food is considered an indispensable
approach to eliminating this anemia from Asia. Soy sauce is
a popular traditional seasoning in China, Thailand, and
Vietnam, making it a candidate for use as an iron carrier.
Baynes et al (15) first reported the promotive effect of Fe-
fortified soy sauce on iron absorption in clinical studies in
1990. Thereafter, the successful use of Fe-fortified soy sauce
and fish sauce in anemic women and children was reported in
China (16,17), Thailand (18,19), and Vietnam (20,21).
However, the mechanism of soy sauce's promotive effect on
iron absorption remains unclear (15). Therefore, in the
present study, we examined the capacity of SPS to bind iron
as well as the effect of SPS on iron absorption in animals and
humans in order to clarify the promoting activities of SPS as
a functional dietary component from soy sauce.

Materials and methods

Preparation of Shoyu polysaccharides (SPS). Soy sauce
(Shoyu) was fermented by Higashimaru Shoyu Co., Ltd.
(Tatsuno, Hyogo, Japan) as described previously (1,2). Shoyu
polysaccharides (SPS) were prepared according to the
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method of Kikuchi and Sugimoto (22). SPS were prepared
for the dialysate from soy sauce as follows (3): 10 ml of soy
sauce in seamless cellulose tubing (small size 18; pore size,
25 A; molecular weight cut-off, 12,000; Wako Pure
Chemical Industries Ltd., Osaka, Japan) was dialyzed
overnight in water at 4°C, and then freeze-dried.

In vitro Fe-binding capacity of SPS. The Fe-binding
capacity of SPS was measured by the equilibrium method
in vitro as described by Tsuji ef al (23). In a 300-ml glass
beaker, SPS and FeSO, H,0 were dissolved in 200 ml of
distilled water to final concentrations of 10 mg/ml (SPS) and
300 ug/ml (Fe), respectively. In the solution, seamless
cellulose tubing (small size 18; pore size, 25 A; molecular
weight cut-off, 12,000; Wako Pure Chemical Industries Ltd.)
filled with 10 ml of distilled water was soaked for 2 h at
room temperature, and the dialysate in the tubing was obtained.
The iron content of the inner solution was determined with a
polarized Zeeman atomic absorption spectrophotometer
(Z-2300, Hitachi High Technologies Co., Tokyo, Japan).

Animal experiments. The basal diet (CE-2) was purchased
from CLEA Japan, Inc. (Tokyo, Japan). The iron-deficient
diet (F2FeDD) was purchased from Oriental Yeast Co., Ltd.
(Tokyo, Japan). F2FeDD contained 1.8 ug/g of iron as
measured with the Z-2300 spectrophotometer.

Male SD rats (three weeks old) weighing 40-50 g were
obtained from CLEA Japan, Inc., and bred in our laboratories.
They were housed individually in cages under a 12-h
light/dark cycle at a temperature of 23+1°C and a humidity of
60+5%. Anemia was induced in the rats by feeding them
F2FeDD containing 1.8 pg/g of iron for 2 weeks (24,25).
Anemic rats were randomly divided into four groups of six,
and continued on the F2FeDD diet supplemented with
FeSO,7H,0 and/or SPS: (A) no supplementation, (B) FeSO,
7H,0, (C) SPS, and (D) FeSO,7H,0 and SPS. Concentrations
of Fe and SPS were 4.236 and 60 mg/100g of diet,
respectively. The Fe content was the same as in the basal
diet. Deionized water and the diets were provided daily ad
libitum.

Samples of blood were collected in heparinized tubes
from the caudal vein at intervals. Part of each sample was
used to determine hemoglobin (Hb) and hematocrit (Ht)
levels. Hb was measured with a commercial kit (Wako Pure
Chemical Industries Ltd.), and Ht was determined by
centrifugation (12,000 rpm x 5 min) using microhematocrit
capillary tubes (Haematocrit-capillaries, Hirschmann
Laborgerate, Germany). After 2 weeks on the diets, the rats
were sacrificed, blood was collected from the abdominal
aorta, and the organs were removed. Serum iron (SI),
unsaturated iron binding capacity (UIBC), and total iron
binding capacity (TIBC) were determined by Hyogo Clinical
Laboratory Co. (Himeji, Hyogo, Japan). Iron saturation (IS)
was calculated using the following formula: IS (%) = (SI x
100)/TIBC. Organ iron content was determined with the Z-2300
spectrophotometer.

Clinical studies. We enrolled 45 apparently healthy women
aged 20-60 years. Exclusion criteria included pregnancy or
lactation and known gastrointestinal or metabolic disorders.
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Figure 1. Fe diffused into the inner solution by dialysis across the cellulose
membrane at several pH's without SPS (A), and with 10 mg/ml of SPS (B).
In a 300-ml glass beaker, 200 ml of distilled water was added, and then
FeSO,7H,0O was dissolved (the outer solution, 300 xg/ml of Fe). The pH
of the outer solution was adjusted to between 2.0 and 9.0 with 1 M HCI and
NaOH. In the solution, seamless cellulose tubing filled with 10 ml of
distilled water was put into the outer solution. Dialysis of Fe into the inner
solution was measured as a function of time. The Fe content was determined
with an atomic absorption spectrophotometer.

Patients were fully informed regarding the experimental
procedures, and written consent was obtained. Safety was
monitored using clinical history, physical examinations, and
routine blood tests, including hepatic and renal function tests
and complete blood counts.

The study used a randomized, double-blind, placebo-
controlled parallel group design. The protocol was approved
by the ethics committees of the participating hospitals. The
study was managed and operated by the Institute of General
Health Development Co., Ltd. (Tokyo, Japan) in accordance
with the Declaration of Helsinki. The trial was carried out for
4 weeks.

Of the 45 patients, 22 were randomized to the SPS group
(average age, 44.3+7.0) and 23 to the placebo group (average
age, 41.0+£9.9). For 4 weeks, each patient took 4 capsules
daily (2 capsules each morning and evening). SPS were
prepared from an ethanol precipitate of raw soy sauce as
described previously (3-6). SPS powder was encapsulated
into gelatin capsules (hard type, size 3, dark caramel; Sankyo
Co., Ltd., Fuji, Shizuoka, Japan). The test capsules were
made with 150 mg of SPS, 60 mg of microcrystalline
cellulose, 15 mg of sucrose esters of fatty acids, and 5 mg of
silicon dioxide per capsule. The placebo capsules were made
in the same manner as the test capsules but without SPS. The
capsules were indistinguishable between groups.

All blood tests were conducted by SRL Inc. (Tachikawa,
Tokyo, Japan). Routine blood testing, including complete
blood cell counts, examinations of hepatic and renal function,
and measurements of concentrations of proteins and lipids,
was also performed. Notably, the red blood cell (RBC), Ht,
Hb, and SI values for blood samples were measured by SRL
Inc. according to an analytical protocol.

Statistical analyses. Data were analyzed using SPSS for
Windows 7.5.1 (SPSS Japan Inc., Tokyo, Japan). Differences
in data were evaluated between groups with a Tukey's test or
a Student's t-test. P<0.05 was considered statistically
significant.
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Table I. Food intake, body weight, and organ weights in anemic rats after 2 weeks on the diets.
Dietary group' A B C D
Food intake (g/day) 15.4+0.22 23.9+1.1° 15.8+£0.5° 24.1+0.7°
Body weight (g) 217+6° 275+7° 209+42 279+5°
Organ weights (g)
Liver 8.00+0.10¢ 14.60+0.50° 7.40+0.10¢ 14.60+0.50°
Heart 1.58+0.12¢ 1.06+0.04° 1.38+0.06° 1.07+0.03°
Kidneys 2.01+0.10° 2.47+0.08° 2.03+0.07¢ 2.39+0.12°
Spleen 0.75+0.04® 0.82+0.03¢ 0.68+0.03° 1.01+0.08¢
Lungs 1.30+0.04¢ 1.28+0.07%® 1.13+0.04° 1.28+0.05%®
Testicles 2.62+0.11 2.54+0.07 2.41+0.07 2.42+0.05
Epididymis 0.12+0.02 0.09+0.01 0.09+0.01 0.11+0.01
Stomach 6.40+0.27¢ 2.89+0.54b¢ 3.43+0.37° 2.40+0.16¢
Small intestine 8.64+0.39¢ 8.02+0.27¢ 7.07+0.21° 8.95+0.522
Cecum 5.33£0.81® 4.39+0.20° 5.09+0.23¢ 5.25+0.22¢
Thymus 0.49+0.022 0.63+0.06° 0.48+0.032 0.68+0.05°

'Anemia was induced in the rats by feeding them the Fe-deficient diet (Fe2FeDD) for 2 weeks. After 2 weeks, the body weight of the
anemic rats was 150+11g. The anemic rats were then randomly divided into four groups of six, and continued on F2FeDD supplemented
with FeSO,-7H,0 and/or SPS: (A) no supplementation, (B) FeSO,-7H,0, (C) SPS, and (D) FeSO,7H,0 and SPS. Concentrations of Fe and
SPS were 4.236 and 60 mg/100g of diet, respectively. After feeding for 2 weeks, the rats were sacrificed, and the organs were removed.
Each value is the mean + SE (n=6). Values with different superscripts differ, P<0.05 (Tukey's test).

Results

In vitro Fe-binding capacity of SPS. Unlike heme iron,
inorganic iron needs to be solubilized in the gastrointestinal
tract to be effectively absorbed (26). First, we investigated
the solubility of ferrous iron by SPS at several pH's. At pH 7,
ferrous iron was precipitated in the absence of SPS, but not
in the presence of 10 mg/ml of SPS (data not shown).
Therefore, SPS increased the solubility of ferrous iron at
neutral pH's by chelating the iron. Second, we measured the
Fe-binding capacity of SPS using the equilibrium method.
Fe diffused into the inner solution by dialysis across the
cellulose membrane at several pH's (Fig. 1). In the absence of
SPS (Fig. 1A), the inner concentration of Fe at pH 5.0 was
the same as that at pH 2.0, and the inner concentration at pH 7.0
was decreased because of the precipitation of iron in the
outer solutions. In contrast, in the presence of 10 mg/ml of
SPS (Fig. 1B), the inner concentration of Fe at both pH 5.0
and 7.0 was decreased remarkably compared to that at pH 2.0.
Under these conditions, the precipitation of iron did not
occur. SPS were not able to dialyze into the inner solution
because their molecular size was larger than the membrane
cut-off size. Therefore, SPS stabilized the solubility of
ferrous iron at neutral pH's by forming the complex Fe-SPS.

Promotive effect of SPS on iron absorption in animals. After
anemia was induced by feeding the rats the Fe-deficient diet
for 2 weeks, anemic animals were randomly divided into four
groups: (A) no supplementation, (B) Fe, (C) SPS, and (D) Fe +
SPS. For 2 weeks, neither food intake nor body weight
differed significantly between groups A and C or between
groups B and D, respectively (Table I). When anemia was
continued by feeding the animals the Fe-deficient diets (A

and C), SPS did not influence these parameters. When
anemia was recovered by giving the Fe-supplemented diets
(B and D), SPS did not influence these parameters.

After 2 weeks on the diets, the rats were sacrificed, and
their organs were removed. Organ weights were significantly
influenced by the Fe-supplementation, and the weights of the
liver, kidneys, and thymus were significantly higher in group
B than in group A (Table I). When the diet was supplemented
with Fe + SPS, the weights of the liver, kidneys, spleen,
small intestine, and thymus were significantly higher in
group D than in group C. Among the organs affected by iron,
the liver and spleen are representative iron-pooling organs.
When anemia was recovered by feeding the animals the Fe-
supplemented diet (B and D), liver weights increased in both
groups B and D, but spleen weights increased only in group D.
Furthermore, levels of pooled iron in organs and excreted
iron in feces were analyzed (Table II). When the anemia was
recovered by administering the Fe-supplemented diet (B and
D), iron levels in the liver and spleen were significantly
increased. To note, when the diet was supplemented with Fe
+ SPS (D), the amount of iron in the liver was significantly
higher than the level of Fe only (B), but that in feces was
significantly lower than the concentration of Fe only (B). In
contrast, Hb, Ht, SI, UIBC, TIBC, and IS differed significantly
between the animals given the Fe-supplemented diets (B and
D) and those given the Fe-deficient diets (A and C), but not
between groups B and D (Table II). Therefore, SPS enhanced
the absorption and/or pooling of iron in the organs when
anemia was recovered with the Fe-supplemented diets.

Promotive effect of SPS on iron absorption in humans. Forty-
five women were enrolled in this study (22 in the SPS-treated
group and 23 in the placebo-treated group) (Table III). In this
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Table II. Analyses of blood, organs, and feces in anemic rats after 2 weeks on the diets.

KOBAYASHI et al: PROMOTIVE EFFECT OF SOY SAUCE ON IRON ABSORPTION

Dietary group! A B C D
Hemoglobin (g/dl) 5.38+0.15° 13.3+0.20° 5.30+0.10° 13.0+0.40°
Hematocrit (%) 13.3+0.6° 39.2+0.5° 13.8+0.5¢ 39.8+0.5°
Serum

Iron (pg/dl) 16.6+1.12 283+21° 19.3+0.8¢ 275+34°

UIBC (ug/dl) 984+21.6° 324+£151° 980+11# 301+55°

TIBC (ug/dl) 1001£21.6° 607£117° 999+102 576+£26°

Iron saturation (%) 1.66+0.122 46.6+9.9° 1.94+0.09¢ 47.7+6.8°
Organ iron

Liver iron (ug/liver) 10.9+0.92 14.7+1.6% 7.2+0.5% 22442 4¢

Spleen iron (xg/spleen) 1.4+0.12 2.1+0.2% 1.5+0.2% 3.0+0.4¢
Feces at 14 days

Dry weight (g) 0.98+0.102 1.91+0.06° 1.12+0.08% 1.88+0.07°

Iron (ug) 1.29+0.052 69.33+0.17° 1.64+0.06° 41.74+0.26¢

'Anemia was induced in the rats by feeding them the Fe-deficient diet (Fe2FeDD) for 2 weeks. The anemic rats were then randomly divided
into four groups of six, and continued on F2FeDD supplemented with FeSO,-7H,0 and/or SPS: (A) no supplementation, (B) FeSO,-7H,0,
(C) SPS, and (D) FeSO,7H,0 and SPS. Concentrations of Fe and SPS were 4.236 and 60 mg/l00g of diet, respectively. After feeding
for 2 weeks, the rats were sacrificed, and the blood, organs, and feces were analyzed. Each value is the mean + SE (n=6). Values with

different superscripts differ, P<0.05 (Tukey's test).

Table III. Iron absorption by healthy adult women in SPS- and placebo-treated groups?.

Blood tests Groups Week 0 Week 4
Red blood cell density SPS 440.64+38.15 434.41+38.66
(x 10%/ul) Placebo 425.73+£26.05 415.48+27.53
t-test® NS NS
Serum iron SPS 104.14+39.27 117.45+48.60
(ug/dl) Placebo 108.09+59.18 91.65+33.44
t-test® NS P<0.05¢
Hematocrit SPS 41.54+2.87 40.60+2.65
(%) Placebo 39.36+2.89 38.28+3.11
t-test® NS P<0.05¢
Hemoglobin SPS 13.35+1.09 13.18+1.05
(g/dl) Placebo 12.71+1.21 12.32+1.29
t-test® NS P<0.05¢

“Forty-five patients were enrolled in the study (22 in the SPS group and 23 in the placebo group, respectively). For 4 weeks, each patient
took 4 capsules daily (2 capsules each morning and evening). The SPS capsules contained 150 mg of SPS, but the placebo capsules
contained no SPS. Differences in blood data were evaluated between groups with the Student's t-test. °P<0.05 was considered statistically

significant. NS, not significant. Data are presented as the mean + SD.

study, patients received iron from normal meals, and the diet
was not supplemented with additional iron. Since SPS
contain a very small amount of iron (0.6 mg of Fe/600 mg of
SPS per day), the iron derived from SPS was negligible.
There were no significant differences in the results of baseline
blood tests for RBC, SI, Ht, and Hb among the groups. After
4 weeks of treatment, SI, Ht, and Hb were significantly
higher in the SPS-treated group than in the placebo-treated
controls. After 4 weeks of treatment, no significant abnormality

was detected in routine blood tests, including hepatic and renal
function, and concentrations of proteins and lipids (data not
shown).

Discussion
Food fortification is considered the most cost-effective

intervention to combat iron deficiency. In Southeast Asia,
where iron deficiency is widespread, and a major public health
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problem, soy sauce may be a preferred food condiment for
iron fortification with rice meals because of its consumption
and costs (15-21,27). Recent human studies have indicated
that soy sauce would be a useful food vehicle for iron
fortification in China (16,17), Thailand (18,19), and Vietnam
(20,21). Moreover, it was reported that soy sauce added to a
rice meal appeared to enhance iron absorption whatever its
mechanism of action (15). Although these findings may have
some relevance to iron nutrition in those Asian countries
where rice forms a substantial part of the staple diet, the
mechanism promoting the effect of soy sauce on iron
absorption remains unclear.

In this study, we indicated that SPS of soy sauce may
function as an iron-chelator at neutral pH's, for example, in
the small intestine. Furthermore, SPS enhanced the
absorption and/or pooling of iron in anemic rats after 2 weeks.
In a clinical study of healthy women, SI, Ht, and Hb were
significantly higher (P<0.05) in the SPS-administered group
than in the placebo-administered group after 4 weeks of
treatment. In conclusion, SPS of soy sauce act to enhance
iron absorption by stabilizing gastrointestinal conditions. The
amount of soy sauce consumed daily in Japan is estimated at
about 30 ml per person according to data from the Japan Soy
Sauce Brewers Association (1988). In conclusion, soy sauce
is useful as an anti-anemic in daily life, and the SPS from soy
sauce are safe and act as a promoting agent for iron
fortification of food. In our laboratories, a clinical study of
SPS treatment for anemic women is now underway.
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