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Abstract—We previously reported that alginate oligomers, prepared by specific enzymatic digestion of alginate polymer, induced
cytokine secretion from mouse macrophage cell line RAW264.7. In the present study, we examined the cytokine levels in the mouse
serum after intraperitoneal (ip) administration of a mixture of alginate oligomers. After ip injection of 700 mg/kg of oligomers, the
serum level of G-CSF increased promptly and reached the maximum level after 2 h and this high level was sustained until 6 h, and
then gradually decreased, whereas injection of 700 mg/kg of alginate polymer had no effect. The effect of alginate oligomer mixture
was dose-dependent, and 70 mg/kg was sufficient to attain the maximum serum level of G-CSF. A Bio-Plex bead assay that can
detect 23 cytokines at the same time revealed that ip administration of alginate oligomer mixture induced an increase in 20 cytokines
in the serum at different levels and with different kinetics depending on the cytokine. Among the cytokines detected the level of G-
CSF was the highest. The levels of monocyte chemoattractant protein (MCP)-1, interleukin (IL)-6, keratinocyte-derived chemokine
(KC), IL-12 (p40), and regulated upon activation normal T cell expressed and secreted (RANTES) were also relatively high and

exceeded 5000 pg/mL serum at the peak point.
© 2007 Elsevier Ltd. All rights reserved.
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Alginic acid is an acidic linear polysaccharide that is
usually derived from several genera of brown seaweeds
such as Macrocystis pyrifera and Ascophyllum nodosum.
The polysaccharide is composed of two forms of uronic
acids o-L-guluronate (G) and B-p-mannuronate (M)
which form three types of polymer blocks: namely
homopolymer of guluronate, homopolymer of mannur-
onate, or heteropolymer (a mixed sequence of these resi-
dues); these block structures are expressed as G-blocks,
M-blocks, and MG-blocks, respectively.1 The differ-

Abbreviations: ip, intraperitoneal; G, guluronate; M, mannuronate;
TNF, tumor necrosis factor; G-CSF, granulocyte colony-stimulating
factor; GM-CSF, granulocyte-macrophage colony-stimulating factor;
IL, interleukin; IFN, interferon; RANTES, regulated upon activation
normal T cell expressed and secreted; MIP, macrophage inflammatory
protein; MCP, monocyte chemoattractant protein; KC, keratinocyte-
derived chemokine; FBS, fetal bovine serum; PBS, phosphate buffered
saline; ELISA, enzyme-linked immunosorbent assay
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ences in the M/G ratio and the entire sequence are
responsible for the diversity of physicochemical proper-
ties and function of alginates. Because of the variable
properties, alginates are utilized for a wide range of
commercial applications including thickening agents
and dispersion stabilizers. Since alginates have gentle
gelling properties in the presence of divalent cations
such as calcium, alginates are also widely used for live
cell encapsulation in vitro? and in vivo® and for several
tissue engineering applications.*> Moreover, previous
in vivo and in vitro studies have demonstrated that algi-
nates have a wide-variety of biological effects.® ! Algi-
nate oligosaccharides produced by the enzymatic
degradation of alginate polymers with relatively low
molecular weight are also known to have several biolog-
ical activities including suppression of fibroblast prolif-
eration and collagen synthesis in human skin,'?
stimulation of endothelial cell growth and migration,'?
stimulation of human keratinocyte growth,'* suppres-
sion of Th2 development and IgE secretion through
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inducing IL-12 secretion.'” In addition to these mamma-
lian models, it has also been reported that enzymatically
depolymerized alginates promotes the growth of bifido-
bacteria, while the original alginate had no effect.'®
Furthermore, alginate oligomers seem to have some
biological effects on plants as well. Alginate oligomers
prepared with bacterial alginate lyase increased shoot
elongation of komatsuna (Brassica rapa var. pervidis)
seeds!” and promoted the elongation of barley roots.'®

Our recent studies have demonstrated that alginate
polymers induce TNF-a secretion from mouse macro-
phage cell line RAW264.7, and the activity was signifi-
cantly influenced by the molecular size and M/G
ratio.'? Interestingly, a mixture of enzymatically depoly-
merized alginate oligomers showed more than 10-times
higher activity in terms of TNF-a secretion from
RAW264.7 cells as compared to original alginate poly-
mers.'> The mixture of alginate oligomers had fairly
low viscosity in aqueous solution even at quite high
concentration in contrast to the polymer, and had no
gel-forming property in the presence of calcium. Gel-
filtration analysis suggested that the mixture mainly
contained trimer- to nanomer-oligosaccharides.'’
Increased cytokine-inducing activity and tractable
physicochemical properties in aqueous solution of the
alginate oligomer mixture prompted us to examine
whether or not the alginate oligomer mixture is capable
to induce cytokine production in vivo. In this study,
we investigated the cytokine levels in mouse serum
following intraperitoneal administration of the alginate
oligomer mixture.

Since our preliminary experiments suggested that ip
injection of alginate oligomer mixture induced the
increase in the G-CSF with relatively higher levels than
other cytokines including TNF-a, the time-course anal-
ysis was conducted focusing on serum G-CSF level after
ip administration of alginate oligomer mixture. As
shown in Figure 1, the G-CSF level in the serum rapidly
increased and reached the maximum level at 2 h after
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Figure 1. G-CSF levels in the serum after ip injection of alginate
oligomer mixture or alginate polymer. Each point represents an
average of triplicate measurements and each bar indicates the standard
deviation.

injection of 700 mg/kg body weight. The high level of
G-CSF was sustained until 6 h, and then gradually
decreased and returned to baseline level at 24 h. On the
other hand, no significant level of G-CSF was detected
in the serum at least at the examined time points after
ip injection of 700 mg/kg of original alginate polymer.
These results suggest that the alginate oligomer mixture
is superior cytokine inducer to the original polymer
in vivo. In an in vivo system, high viscosity as well as
gel-forming property of alginate polymer may prevent
the efficient transfer or even dispersion of the alginate
polymer from the injected area to circulation system to
reach the target organs or cells that may be involved
in cytokine secretion. Improvement of these drawbacks
of alginate polymer by enzymatic oligomerization as
well as the increased cytokine-inducing activity at cellu-
lar level may partly explain the reason for the potent
cytokine-inducing activity of the alginate oligomer mix-
ture in vivo.

A dose-response experiment was performed by ip
injecting 0.07, 0.7, 7, 70, 700 mg/kg of the alginate oligo-
mer mixture and examined G-CSF serum levels after
3 h. As shown in Figure 2, G-CSF level in the serum
increased with increased dose of the mixture and reached
a plateau level at 70 mg/kg, suggesting ip injection
of 70 mg/kg of a mixture is sufficient to induce the maxi-
mum serum level of G-CSF. Based on the result, it is cal-
culated to be 4.2 g for 60 kg body weight and this value
is considered within an applicable range for human
beings.

Although it is uncertain whether the cytokine-induc-
ing activity is always responsible for the variety of bio-
activities of alginates, our results obtained in this
study may suggest that alginate oligomers even in mix-
ture are useful as bioactive agents. Similar to our results,
the effects of enzymatic digestion on the biological activ-
ities of alginate polymers have been reported.'®'®
Regarding the structure—activity relationships, our
recent study demonstrated that both purified unsaturated
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Figure 2. G-CSF levels in the serum after ip injection of varying doses
of alginate oligomer mixture. Each point represents an average of
triplicate measurements and each bar indicates the standard deviation.
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mannuronate (M3-M9) and guluronate oligomers (G3—
G9) with DP of 3-9 induced TNF-a secretion from
mouse macrophage cell line RAW264.7 cells to a differ-
ent extent depending on the structure. These results sug-
gest that at least all these alginate oligomers are capable
to induce cytokine secretion from RAW264.7 cells.?
Furthermore, the enzymatically digested products
derived from polymers with different molecular sizes
and M/G ratios showed similar TNF-o inducing activities
that were 20—480 times higher than those of original
alginate polymers. Since the similar gel filtration profiles
of those enzymatically digested products were obtained,
oligomer compositions of the mixture derived from
those polymers may also be analogous each other in
terms of molecular size.!” These findings suggest that
enzymatic oligomerization may lead to an increase in
TNF-a inducing activity regardless the structure of ori-
ginal polymers.'”” Such increased cytokine-inducing
activity of alginate oligomer mixture in a cellular level
may be attributable to the induction of high level of
G-CSF in an in vivo system.

It has been reported that alginate polymer induces the
secretion of several cytokines including TNF-o, IL-1,
and IL-6 from human monocytes.® Our previous study
demonstrated that alginate oligomers also induced the
secretion of cytokines from RAW264.7 cells.?’ To inves-
tigate other cytokine levels in the mouse serum after ip
injection of alginate oligomer mixture, we employed a
Bio-Plex bead assay that can detect 23 cytokines simul-
taneously. As shown in Figure 3, ip administration of
alginate oligomer mixture induced significant increase
in 20 cytokines in the serum with different levels and dif-
ferent kinetics depending on the cytokines. G-CSF,
MCP-1, IL-6, KC, RANTES, and IL-12 (p40) levels
were relatively high with exceeded 5000 pg/mL serum
level at the peak point. The serum level of TNF-a, inter-
leukin (IL)-2, IL-3, IL-10, IL-12 (p70), IL-13, IL-17,
GM-CSF, and IFN-y clearly showed two peaks during
24 h interval, whereas G-CSF, granulocyte macrophage
(GM)-CSF, monocyte chemoattractant protein (MCP)-
1, IL-1a, RANTES, KC, eotaxin, and IL-1a tended to
show one peak. As a possible reason for the biphasic
behavior of some cytokines, resident cells in the intra-
peritoneal cavity may be responsible for the first peak
of these cytokines, and then alginate oligomers trans-
ferred from the cavity to the circulation may stimulate
second target cells that in turn respond to the second
peak of the cytokines. Although several factors such as
in vivo behavior of alginate oligomers and locations of
sources of cytokines are considered to be involved in
the kinetics of serum cytokine levels, further studies
are required to clarify these points. Among the cytokines
induced by alginate oligomer mixture, the level of G-
CSF was higher than others. Although many com-
pounds capable to induce CSFs in a variety of cells
are known,?' ?* to our knowledge this is the first result

a

45000

30000

o olle D o o o o/MCP-1
15000 8 B o o o/IL6
o @ ' 8 Pege ¢ o/KC

.I .I 'I ‘I .I 0I
0051152 3 6 9 24

Levels of cytokines
(pg/mL)

Time (h) after ip injection

6000

IL-12 (p40)

4000 IL-9

2000 D ﬂ ID

L, e, 0 8 o ﬂ m o o
0 05 1 15 2 3 9 24
Time (h) after ip |n|ect|on

(pg/mL)
[\

)
D

INF-g
IL 12 (p70)
Eotaxin

Levels of cytokines

800

600 ; o/ IL-13
8 07110

D' D o/ IL-1a
e e/ IL-1
400 l .T]ﬂ. GM-CBSF
e e 0080 o U715
e Dol l ® o/IL2
200 e 8 0 o e 860 ¢ o/IL3

©o © © © © © © o e M|P-1[}

® © © © © © o o o/ MIP-1q
o o o o o o o o oflL-

0051152 3 6 9 24
Time (h) after ip injection

Levels of cytokines (pg/mL)

Figure 3. Levels of various cytokines in the serum after ip injection of
alginate oligomer mixture. The cytokines detected in the serum were
categorized into high (a), middle (b), and low (c) level. Each value
represents an average of duplicate measurements. Differences between
duplicate measurements for each value were within 5%.

indicating that alginate oligomer mixture have an ability
to induce G-CSF in vivo. G-CSF is a hematopoietic fac-
tor that stimulates neutrophile production and release
from bone marrow as well as activating mature neutro-
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philic function.?® Since neutrophils are primary effectors
in host defense against invading pathogens, the use of
G-CSF has been tested in the treatment of bacterial
infectious diseases,”® and antiviral effect of G-CSF on
hepatitis virus has also been reported.?” Thus the ability
of alginate oligomer mixture to induce G-CSF may be a
useful aspect that should be taken into consideration for
the application of alginate oligomers. This ability of
alginate oligomers to induce G-CSF may partly explain
the previous findings that ip administration of alginate
with high content of mannuronic acid enhanced survival
of lethally irradiated mice and stimulated murine hema-
topoiesis in vitro.?®

Similar to our results (Fig. 3b), Yoshida et al. have
reported that ip injection of the mixture of alginate
oligomers resulted in the suppression of both Th2
development and IgE production through the induction
of IL-12 production.'” Based on those results, they pro-
posed the usefulness of alginate oligomers as a novel
anti-allergic agent.

In conclusion, our results clearly indicate that alginate
oligomer mixture induces multiple cytokines including
G-CSF in vivo after ip administration. These findings
may provide basic information of potential activity of
alginate oligomers as a potent cytokine inducer. Behav-
iors of various cytokines obtained in this study may give
a clue not only for the understanding the underlying
mechanism of variety of biological activities of alginate
oligomers reported so far but also for the future applica-
tion study of alginate oligomers.

1. Experimental
1.1. Mice

Male ddy mice of 6 weeks old of age and approximately
30 g of weight were purchased from Kyudo (Tokyo,
Japan) and used within a few days. Food and water was
supplied ad libitum. Mice were intraperitoneally injected
with either PBS or alginate oligomers (0.07-700 mg/kg)
in 1 mL of PBS. For the time-course analysis, blood
samples were collected at 0, 0.5, 1, 1.5, 2, 3, 6, 9, or
24 h after the administration of alginate oligomer mix-
ture or alginate polymer. For the dose-response ana-
lysis, blood samples were collected at 3 h after the
administration of varying doses of alginate oligomer
mixture. Two mice were sacrificed at each time point
or at each dose point. The serum prepared from each
blood sample was subjected to triplicate measurements
for the cytokine analysis by ELISA or a Bio-Plex assay.

1.2. Materials

Highly purified sodium alginate with 1000-cps (food and
medical usage grade) was obtained from KIMIKA Co.

(Tokyo, Japan) and used without further purification.
Alginate lyase was purified from the culture medium
of Pseudoalteromonas sp. strain No. 272, as described
previously.”” The purified enzyme, which can recognize
both guluronate and mannuronate residues, produced
both unsaturated guluronate and mannuronate oligo-
mers with various degree of polymerization.”> Enzy-
matic digestion of alginates were conducted by
basically the same procedure as described previously.'
In brief, 5% of alginate samples in aqueous solution
was incubated with alginate lyase (final 1 pg/mL) at
40 °C for 3 days. No significant changes in the composi-
tions of digestion products were observed after further
enzymatic treatment.'® The enzymatic reaction was
stopped by heating the solution in boiling water for
10 min. Gel-filtration analysis suggested that the enzy-
matically digested product contained several oligomers
with degree of polymerization (DP) of 3-9 (i.e., with
molecular weight ranging in 529-1585)."° Since the
reproducible similar gel-filtration profiles were obtained
by this enzymatic digestion even in the different alginate
polymers with different molecular sizes and M/G ratios,
it is considered that similar composition of alginate oli-
gomer mixture can be prepared by this procedure in
terms of molecular size.'® Before use, all samples were
filtered through an endotoxin-removing filter (Zetapor
Dispo filter) purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). This filtration proce-
dure could reduce even the bioactivity of 1 ug/mL of
LPS to negligible level.”

1.3. ELISA for G-CSF

The concentration of G-CSF in mouse serum was deter-
mined by a sandwich enzyme-linked immunosorbent
assay (ELISA) similar to the assay for TNF-a detection
as described previously.?® In this ELISA, anti-mouse
G-CSF monoclonal antibody (R&D Systems, MN,
USA) and anti-mouse G-CSF polyclonal antibody
(R&D Systems, MN, USA) were used.

1.4. A Bio-Plex

Bio-Plex mouse cytokine assay for simultaneous quanti-
tation of tumor necrosis factor (TNF)-a, granulocyte
colony-stimulating factor (G-CSF), granulocyte-macro-
phage colony-stimulating factor (GM-CSF), interleukin
(IL)-1a, IL-1B, 1L-2, IL-3, IL-4, IL-5, IL-6, 1L-9, IL-10,
1L-12 (p40), IL-12 (p70), IL-13, IL-17, interferon (IFN)-
v, eotaxin, keratinocyte-derived chemokine (KC), mac-
rophage inflammatory protein (MIP)-1a, MIP-18, regu-
lated upon activation normal T cell expressed and
secreted (RANTES), and monocyte chemoattractant
protein (MCP)-1was employed according to the recom-
mended procedure. In brief, the premixed standards
were reconstituted in 0.5 mL of PBS, generating a stock
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concentration of 50,000 pg/mL for each cytokine. The
standard stock was serially diluted in PBS to generate
8 points for the standard curve. The assay was per-
formed in a 96-well filtration plate supplied with the
assay kit. Premixed beads (50 pL) coated with target
capture antibodies were transferred to each well of the
filter plate and washed twice with Bio-Plex wash buffer.
Premixed standards or samples (50 pL) were added to
each well containing washed beads. The plate was sha-
ken for 30s and then incubated at room temperature
for 30 min with low-speed shaking. After incubation
and washing, premixed detection antibodies (50 pL)
were added to each well. The incubation was terminated
after shaking for 10 min at room temperature. After 3
times washing, the beads were resuspended in 125 pL
of Bio-Plex cytokine assay buffer. Beads were read on
the Bio-Plex suspension array system, and the data were
analyzed using Bio-Plex Manager™ software with SPL
curve fitting.
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