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Abstract The object of this study was to improve the
isolation procedure of hyaluronan and to compare charac-
teristics of hyaluronan from the eyeball of bigeye tuna
Thunnus obesus with other sources. General sources of
hyaluronan are from Streptococcus zooepidemicus and
rooster comb. Hyaluronan can be also obtained from the
vitreous of fish eyes. Pure hyaluronan of higher molecular
weight was obtained by the following improved extraction
procedure: the frozen vitreous of a tuna eyeball was used to
avoid contamination with blood, muscle tissue, and other
factors; extracting was carried out over a long time period
under cold conditions; cetylpyridinium chloride was used
in order to separate mucopolysaccharides containing hya-
luronan in the initial procedure without the process of
removing fat and protein by reagents. The hyaluronan
obtained was characterized by gel permeation chromatog-
raphy, dynamic light scattering measurements, and vis-
cometry. The characteristics of hyaluronan from tuna
eyeballs were similar to those from other sources. How-
ever, the viscosity was lower. The possible reason could be
ascribed to the wide distribution of molecular size in the
vitreous humor of fish eye.
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Introduction

Hyaluronan is a biological substance that has been found
in various sources, such as rooster combs [1], umbilical
cords [2], zones of maturing chondrocytes [3], and
bovine submaxillary glands [4]. In 1934, Karl Meyer and
his assistant, John Palmer, described a procedure for
isolating a novel glycosaminoglycan from the vitreous of
bovine eyes [5]. The chemical structure of hyaluronan is
a natural linear polymer composed of disaccharide
repeating unit [(1 — 4)-O-(f-p-glucopyranosyluronic)-
(1 - 3)-0-(2-acetamido-2-deoxy-f-p-glucopyranosyl)]
[6, 7].

Due to the very high hyaluronan molecular weight in the
synovial fluid, hyaluronan fulfills its function; for example,
hyaluronan provides frictionless functioning of the joints.
However, in the case of patients suffering from rheumatic
diseases during joint inflammation, hyaluronan is degraded
by the action of free radicals. The synovial fluid loses its
lubricating properties, which leads to increased wear of the
joints and results in arthritic pain [8].

The inner space of the eyeball occupied by the vit-
reous between the lens and the retina is free of cells,
suspended matter, and blood vessels, and it blocks or
scatters light. Although the details of how this is
achieved are not known, the outline is. The vitreous is a
stable bio-gel, which contains hyaluronan. Even high
molar mass hyaluronan does not form the gel found in
the vitreous, and rigidity in this tissue is increased by the
incorporation of a very sparse network of thin collagen
fibrils [9]. The vitreous is a fiber-reinforced composite
material, introducing as little solid material as possible
into the light path because the amount of non-aqueous
components is reduced to a minimum, compatible with
the mechanical stability. The thin collagen fibrils are
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held apart in bunches or sprays by bridges and ties of
anionic glycosaminoglycans, probably chondroitin sul-
fate. However, there have been no biochemical reports
to indicate the presence of these macromolecules in
vitreous.

In recent years, bovine spongiform encephalopathy
(BSE) and avian influenza have been serious problems.
These diseases are not only negative image, but also are
possibily infectious. For example, a cow brain extract is
used for the culture to propagate Streptococcus hyalu-
ronan products. When we use skin cream containing
hyaluronan, the risk of infection with BSE is low. How-
ever, when we use these products made with bovine
extracts for injection and ingestion, the risk is 10-50
times as high compared with applying it to skin [10, 11].
Especially products that will be kept in the human body
for a long time carry the danger of infection. Therefore,
we hope to find a new resource for hyaluronan outside
of animal husbandry. Also, hyaluronan from different
sources has different characteristics [12]. The source of
hyaluronan should be considered because of differences in
the amounts and types of contaminants.

The previous extraction method of hyaluronan from
the vitreous of bigeye tuna was time consuming, and the
yield and molecular weight of the extracted hyaluronan
were low [13]. The extraction procedure was the same as
the extraction from urine. But on extraction from the
vitreous, fat and proteins that surround the eyeball were
mixed in the extract. To remove these, a long reaction
time for defatting by using acetone and enzymatic
digestion is required. Therefore, hyaluronan degradation
might take place. To obtain pure hyaluronan with higher
molecular weight, the extraction procedure was improved
as follows: frozen vitreous of eyeballs was used to avoid
contamination with blood, muscle, tissue, and other
contaminants; extraction was carried out under cold
conditions using a longer time period; cetylpyridinium
chloride (CPC) was used in order to separate the muco-
polysaccharide containing hyaluronan in the initial pro-
cedure before removing fat and protein by reagents.
Although CPC could combine with not only hyaluronan
but also the other glycosaminoglycans (i.e., chondroitin-
sulfate, heparin-sulfate, dermatan-sulfate, etc.), hyaluro-
nan could be separated from CPC complexes by dis-
solving it in 0.4 M NaCl, which was the NaCl-critical
concentration [14].

This study aimed to establish the isolation method for
fish eyeballs and to characterize hyaluronan from the vit-
reous of bigeye tuna by comparison with the production of
other resources. Due to the low viscosity, the distribution
of hyaluronan molecular size was observed by using
dynamic light scattering techniques.
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Materials and methods
Materials

Frozen eyeballs of bigeye tuna Thunnus obesus (Seikou
Suisan Co., Shizuoka, Japan) stored at —18°C were used.
Hyaluronan from rooster comb and Streptococcus zooepi-
demicus (Wako Pure Chemical Industries Ltd., Tokyo,
Japan) were used as references. Reagents, such as sodium
chloride, acetic acid, ethanol, potassium acetate, trichlo-
roacetic acid (Kokusan Chemical, Tokyo, Japan), hexa-
decylpyridinium chloride = monohydrate, 2-amino-2-
hydroxymethyl-1,3-propanediol, pyridine, formic cid, and
alcian blue 8GX (Wako Pure Chemical Industries, Tokyo,
Japan), were used for hyaluronan extraction. Mycolysin,
protease from Streptomyces griseus (EC 3.4.24.31 Sigma-
Aldrich, St. Louis, MO), were used. Dialysis membrane
with ca. 5-nm pore size (Wako Chemicals USA, Inc.,
VA, USA) was used for desalting of the solution by
dialyses.

Isolation of hyaluronan

The eyeball of bigeye tuna was dissected, and the vitreous
was taken out in the frozen state. The vitreous was thawed
and then filtered at 4°C. The filtrate was treated with 3%
CPC to precipitate polysaccharide and was centrifuged at
2.22 x 10%g for 15 min at 4°C. The obtained precipitate
was re-suspended by adding 0.4 M NaCl to dissociate the
hyaluronan-CPC complex and centrifuged at 2.22 x 10°g
for 15 min at 4°C. The obtained precipitate was re-sus-
pended by 0.4 M NaCl, and this process was repeated three
times. The supernatant was mixed with 10% potassium
acetate-95% ethanol solution and later centrifuged. The
obtained precipitate was re-suspended with 0.1 M Tris—
HCI (pH 7.7) containing mycolysin and held for 24 h at
37°C. Later, the mixture was heated at 80°C for 15 min,
and 30% trichloroacetic acid was added to twice the vol-
ume of re-suspended solution. After stirring, the solution
was centrifuged, and then the supernatant was obtained.
After adding acetone, the supernatant was centrifuged at
2.22 x 10°g for 15 min at 4°C. The obtained precipitate
was re-suspended by distilled water and dialyzed for
2 days against distilled water. Finally, the sample was
dried under a vacuum and was recovered in a freeze-dried
state.

Audit test
Identification of hyaluronan was carried out by cellulose

acetate membrane electrophoresis [15] (Shimadzu Scien-
tific Instruments Ltd., model MI-I, Tokyo, Japan). A
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cellulose acetate membrane filter was used (SELECA-V;
Toyo Roshi Kaisha, Ltd., Tokyo, Japan). Electrophoresis
solution was 0.1 M pyridine-0.47 M formic acids. Stain
solution was 0.1% acetic acid—0.1 M alcian blue 8 GX, and
bleaching was done with 0.1% acetic acid. The sample
concentration was 1.0 mg/0.8 cm® H,O.

The electrophoresis solution was put in both an elec-
trophoresis bath and an acetate film, which was wet with
electrophoresis solution and set on the bridge on the bath.
Before the sample was set, the equipment was pre-run for
10 min to equalize out. The samples were set by a
0.2 pm® capillary tube on the film at regular intervals.
After pre-running at 3.0 mA for 1.5 h, the film was
stained with alcian blue for 10 min and destained in 0.1%
acetic acid for 1 min. After drying the film, mobility of
the hyaluronan was compared between bigeye tuna and
the references.

Viscosity measurement

The hyaluronan obtained was dissolved overnight in
aqueous 0.5 M NaCl at 4°C, and this solution was clar-
ified by filtration through a 0.45-um nylon filter (Milli-
pore Corp., Bedford, MA). Intrinsic viscosity [#] was
obtained with an Ubbelhode capillary viscometer at
20 £ 0.02 °C with a flow time of 796.8 s for 0.5 M
NaCl. The intrinsic viscosity was determined by using
the Huggins equation.

Usp/C: [’1]+k/[7]]26+"' (1)

where c is the hyaluronan concentration, #4,/c the reduced
viscosity, 7y, the specific viscosity, and k' the Huggins
constant.

Gel permeation chromatography (GPC)

Hyaluronan molecular weight distribution was measured
by using gel permeation chromatography (HLC-8120 GPC,
TOSOH, Tokyo, Japan). Pulluran (Showa Denko K-K.,
Yokohama, Japan) was used as the standard polysaccha-
ride. The value of M, was calculated by using a calibration
curve generated with eight monodisperse pullurans. The
molecular weight for both samples being tested and the
hyaluronan reference were calculated by using the above-
described equation. The built-in refractive index detector
detected elution components.

Two columns connected in a series (G4000PWXL +
G6000PWXL) were kept at 35°C during measurements.
These columns were equilibrated with a 0.5 M NaCl
solution at a flow rate of 1.0 cm*/min. Hyaluronan was
dissolved in 0.5 M NaCl (4°C, 24 h) and filtered through a
0.45-pum filter prior to injecting it into the column.

Dynamic light scattering (DLS) measurements

In a dynamic light scattering experiment, a laser beam is
scattered by a small volume of the sample: a photo mul-
tiplier at an angle with respect to the incident beam collects
light. Dynamic light scattering experiments were per-
formed with the dynamic light scattering spectrophotome-
ter (DLS-7000, Otsuka Electronics Co., Ltd., Osaka, Japan)
in the homodyne mode using a 488 nm Ar laser (75 mW).
The solvent was 0.5 M NaCl. The intensity autocorrelation
function was measured at 90° and analyzed to obtain the
particle distribution. The sample cells were 10 cm® cylin-
drical ampules immersed in an index-matching bath with
toluene at 20°C.

In addition, the frozen vitreous humor was divided into
27 regions. Parts adjacent to the retina, in the vicinity of the
lens, and in the middle region were divided into nine parts,
respectively (Fig. 1). Samples from each region were
thawed and centrifuged at 2.22 x10°g for 15 min at 4°C.
The supernatant samples were collected as liquid vitreous.
Freezing and thawing had no apparent optical effect on
tissues like the lens and vitreous [16].

Each liquid vitreous sample was used for the dynamic
light scattering measurement.

Results and discussion
Improvement of isolation method

Figure 2 shows the result of cellulose acetate membrane
electrophoresis. This figure showed that hyaluronan in this
study moved the same distance as the reference hyaluro-
nan. Also, this purifying method is commonly used to
purify glycosaminoglycans from various tissues and sour-
ces. Therefore, this new extraction procedure could yield
pure hyaluronan and prevent hyaluronan from degradation
during the purification procedure. Hyaluronan purified
from bigeye tuna was not degraded during the purification
process.

Our improved extraction methods could yield 10.5 mg
hyaluronan from one tuna eyeball, and 0.42 g per 1 dm? of
vitreous humor, which was higher than the value of the
previous method, 0.13 g per 1 dm® of vitreous humor. In
the previous methods, when the vitreous was taken out of
the eyeball, the vitreous was contaminated with large
amounts of blood and fat because frozen eyeballs were
thawed completely prior to the extraction. This led to long
operation times to remove these contaminants. However,
our improved methods involved removing the vitreous
from eyeballs that were still frozen. Therefore, vitreous
with few contaminants could be obtained. This allowed for
both shorter extraction and shorter purification times, and
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retina

Fig. 1 The 27 regions for the vitreous humor from tuna eye. A,
adjacent to the retina; B, middle parts between the retina A and lens; C
the vicinities of lens 1, 2, and 3 were the regions on the tail fin side; 4,
5, and 6 were the middle parts of the vitreous, which were in three
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Fig. 2 Electrophoretogram of hyaluronan from tuna eyeball and
Streptococcus. The same samples were put in different places to
check for any influence of the loaded position. @ Hyaluronan of the
reference source (Streptococcus); b hyaluronan from tuna eyeball in
this study

Table 1 Hyaluronan molecular parameters obtained from viscometry
and GPC

Origin [1] (100 cm®/g) M, x 107° M/M,
Tuna eyeball 2.87 1.04 2.51
Streptococcus 14.14 3.81 1.47
Comb 7.06 7.64 1.52

allowed us to avoid hyaluronan degradation by heat and
chemicals during the operation. As a result, this improved
extraction method for obtaining hyaluronan took about half
the extraction time as previous methods. This quantity of
hyaluronan from a dry source (42 mg/g) showed as high a
value as that from a dry comb (50 mg/g) [17].

As shown in Table 1, the molecular weight of hyalu-
ronan from tuna eyeball obtained by the improved method
showed the same million orders (10%) as those of hyalu-
ronan from comb and Streprococcus. We therefore decided
to use this improved method for the extraction of hyalu-
ronan from bigeye tuna vitreous humor.
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from the mouth side to tail fin; 7, 8, and 9 were regions on the mouth
side; 1, 4, and 7 were the topside; 2, 5, and 8 were the middle parts of
the vitreous humor and were divided into three from top to bottom; 3,
6, and 9 were on the lower side

S 180

"

£ 160} 1_/.@’—/

e

& I L——

S 140

S 120t

S

o 100} e

x -

© o0 —

~ 40} e

= L

& 20f

00 ' : s s
i 0.0z 00 0.06 008 0.1

C (mg/cm3)

Fig. 3 Huggins plots of hyaluronan from tuna eyeball and other
sources. Open circle, Streptococcus; open triangle, comb; filled
circle, tuna

Molecular size and distribution

Hyaluronan from the vitreous of bigeye tuna was charac-
terized by GPC, DLS, and viscometry. Figure 3 shows
Huggins plots of hyaluronan of different origins. Huggins
equations were used in determining their intrinsic viscosi-
ties. Resulting values are shown in Table 1. Intrinsic vis-
cosity of hyaluronan from bigeye tuna was obviously lower
than the others. Possibly, the lower intrinsic viscosity of
bigeye tuna hyaluronan was influenced by some of factors,
such as the effect of the molecular branch, the small size of
containing molecules, and particle shape, etc. [18].

Figure 4 shows molecular weight distribution curves of
hyaluronan from Streptococcus, tuna eyeball, and rooster
comb. Average molecular weight, M, and the polydis-
persity index, My /M,, are shown in Table 1. Although
hyaluronan from bigeye tuna had a lower molecular weight
fraction affected by freeze-drying, the distribution of the
higher molecular weight fraction was similar to the other
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Fig. 4 Molecular weight distribution in hyaluronan from tuna eyeball
and the other sources as determined by GPC. a Tuna; b comb; ¢
Streptococcus
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Fig. 5 Panels comparing the macromolecular size distributions (in
nm) in the liquid vitreous from tuna, comb, and Streptococcus

sources. Consequently, My, /M,, of hyaluronan from tuna
eyeball showed a larger value than from the other sources,
which meant that hyaluronan from tuna eyeball had the
polydispersity of molecular weight. Also M,, of hyaluronan
from tuna’s eyeball showed a lower value because of the
polydispersity.

Figure 5 shows macromolecular size distribution panels
of hyaluronan from tuna eyeball and other sources. The
average molecular size of hyaluronan from rooster comb was
10.6 + 2.8 nm, from Streptococcus was 4.9 + 4.9 nm, and
from tuna eyeball was 15.1 + 9.3 nm. The molecular size
distribution of hyaluronan from tuna eyeball was not narrow,
but broad. Such a unique distribution could be one possible

reason why the hyaluronan from tuna eyeball had a lower
viscosity than the others. Profiles of these molecular size
distribution curves were different from those of molecular
weight distribution curves in Fig. 4. Also the average value
of molecular size and the molecular weight of hyaluronan
from tuna eyeball had the largest size and the lowest M.,
respectively, among the sources. These differences were
caused by the difference of the supposed molecular shape.
M,, obtained by GPC was calculated assuming the same
molecular shape as the standard substance, pulluran, whereas
the molecular size obtained by DLS was calculated by sup-
posing a molecule to be a sphere.

Figure 6 shows three size distribution panels for vitre-
ous from tuna eyeball. The molecular sizes increased from
the lens to the retina direction. These distribution patterns
were obtained with short delay times (i.e., 10 ps), allowing
the visualization of large particles, i.e., hyaluronan cen-
tered around 50 nm and collagen centered around 500 nm
in diameter. The presence of these species has been dem-
onstrated in bovine vitreous [19]. Early biochemical studies
[20, 21] showed that the two main macromolecular com-
ponents, collagen and hyaluronan, have distribution gra-
dients within the bovine vitreous humor. However, the
function of the gradient is not yet understood. Average
sizes of hyaluronan from each region of the tuna eyeball

a’f

1 10! 102 103 104
Diameter (nm)

b7

Relative mass

c?

Fig. 6 Size distribution pattern of macromolecules in liquid vitreous
from tuna eyeball. The correlation diagram was obtained with a 10-ps
delay time and was analyzed. Upper panel (a7), adjacent to retina;
middle panel (b7), between retina and lens; lower panel (c7), the
vicinity of the lens. Each panel corresponds to the regions in Fig. 1
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stomach head
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Fig. 7 Regional distribution of macromolecular size in liquid vitre-
ous from tuna eyeball. The diagram depicts a cross-section of the eye
with the nine average vitreous regions indicated

are displayed graphically in Fig. 7. The molecular size of
hyaluronan from tuna eyeball increased from the lens side
to the retina side. Such a tendency was found in all fresh
vitreous samples surveyed. This distribution gradient was
larger than that of the bovine vitreous humor. It was sup-
posed that this wide size distribution of hyaluronan in tuna
eyeball was related to the lower intrinsic viscosity of tuna
eyeball hyaluronan. We must leave these points for future
study.

In this study, we could obtain hyaluronan in high yield
and high molecular weight from tuna eyeball by our
improved extraction method. The tuna eyeball hyaluronan
had a wider distribution of molecular weight than those
from Streptococcus and rooster comb, and also the size
depended on the position within the eyeball.
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