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The protein sericin is the main constituent of silk. We demonstrate the effects of sericin on corneal wound
healing in rat debrided corneal epithelium. We also determined the effects of sericin on cell adhesion and prolif-
eration in a human cornea epithelial cell line (HCE-T). Epithelium was removed from the corneas of rats with a
BD Micro-Sharp™, and wounded corneas were dyed with a 1% fluorescein solution. The corneal wounds were
monitored using a fundus camera TRC-50X equipped with a digital camera. The corneal wound of rats instilled
with saline was approximately 10% healing at 12 h, and approximately 65% healing at 24 h after corneal epithe-
lial abrasion. The corneal wounds of rats instilled with saline showed almost complete healing by 36 h after
corneal epithelial abrasion. On the other hand, the corneal healing rate of rats instilled with sericin solution was
higher than that of rats instilled with saline, and the corneal healing rate constant increased with increasing
sericin concentration. In addition, the adhesion and proliferation of HCE-T cells treated with 0.01—0.5% sericin
solutions were enhanced, reaching a maximum at treatments with 0.2 and 0.1% sericin solutions, respectively.
The present study demonstrates that the instillation of sericin solution has a potent effect in promoting wound
healing and wound-size reduction in rats, probably caused by increasing cell movement and proliferation.
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The cornea is a highly specialized and unique organ in the
human body. Because of its anatomic location, the cornea is
continually subjected to abrasive forces and occasional me-
chanical trauma. Damage to the cornea can result in scarring
or opacification, causing visual defects that compromise
transparency and that can even lead to a complete loss of vi-
sion. The cornea mainly comprises three layers, including the
epithelium, stroma and endothelium. The outermost layer,
the corneal epithelium, is a self-renewing tissue, whose
maintenance requires continuous cell proliferation through-
out life, and is a protective barrier to the external environ-
ment. The corneal epithelial cell mass can be viewed as the
result of three separate, independent phenomena."” Thoft and
Friend have termed these: X, the proliferation of basal ep-
ithelial cells; Y, the contribution to the cell mass by the cen-
tripetal movement of peripheral cells; and Z, epithelial cell
loss from the surface. Corneal epithelial maintenance thus
can be defined by the equation: X+Y=Z, which simply
states that if the corneal epithelium is to be maintained, cell
loss must be balanced by cell replacement.? The corneal
wound healing process is divided into three sequential and
partially overlapping steps: epithelial cell loss from the sur-
face (Z) reduces and eventually covers the wound surface
(Y), while cell proliferation (X) provides cells to rebuild the
tissue and tissue remodeling to restore the stratified epithe-
lium.>~” Therefore, an increase in the centripetal movement
and cell proliferation of corneal epithelial cells acts to pro-
mote corneal wound healing.

Proteins such as fibroin and sericin are the main con-
stituents of silk, with fibroin contributing 70 to 80% and
sericin 20 to 30% of the total cocoon weight.'” When co-
coons or raw silk are used for textiles, the sericin is mostly
removed from the cocoon and disposed of unused. However,
sericin has recently been investigated for its activities in
biotechnological fields. It has been reported that sericin en-
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hances the attachment and growth of mouse and human fi-
broblasts.!""!? Terada et al. found growth promotion in sev-
eral human cell lines and mouse hybridomas when sericin
was added to the culture media.'¥ Therefore, it is possible
that sericin may be applied as eye drops for corneal wound
repair.

In this study, we investigated the enhancing effects of
sericin on corneal wound healing in the debrided corneal ep-
ithelium of rats. We also determined the effects of the sericin
on cell adhesion and proliferation in a human cornea epithe-
lial cell line (HCE-T).

MATERIALS AND METHODS

Animals and Reagents The rats used were 7-week-old
male Wistar rats. They were housed under standard condi-
tions (12h/d fluorescent light (07:00—19:00), 25°C room
temperature) and allowed free access to a commercial diet
(CE-2, Clea Japan Inc., Tokyo, Japan) and water. All proce-
dures were performed in accordance with the regulations of
the Kinki University School of Pharmacy Committee for the
Care and Use of Laboratory Animals and the Association for
Research in Vision and Ophthalmology resolution on the use
of animals in research. Pure Sericin™ (30 kDa) was obtained
from Wako Pure Chemical Industries (Osaka, Japan). All
other chemicals used were of the highest purity commercially
available.

Instillation of Sericin Solutions in Rats The sericin so-
lutions used in this study were prepared by adding Pure
Sericin™ to saline (pH 6.5—7.5). Five microliters of saline
or sericin solution were instilled into the eyes of rats five
times a day (9:00, 12:00, 15:00, 18:00, 21:00) after corneal
abrasion. The eyes were kept open for about 1 min after in-
stillation to prevent the sericin from overflowing.

Corneal Abrasion in Rats The rats were anesthetized
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with pentobarbital (30 mg/kg), and a 3.0-mm-diameter circle
was outlined in the center of the cornea with a disposable
dermatological skin punch (BIOPSY PUNCH, Kai Industries
Co., Ltd., Gifu, Japan). The encircled corneal epithelium was
removed with a BD Micro-Sharp™ (blade 3.5 mm, 30°, Bec-
ton Dickinson, Fukushima, Japan). The areas of removed
corneal epithelium were followings: saline, 7.24=0.29; 1%
sericin, 7.10%£0.49; 5% sericin, 7.20%=0.36; 10% sericin,
7.29+0.05 (mm? means*S.E. of 3—5 independent rat
corneas).

Image Analysis for Corneal Wound Healing in Rats
The corneal area from which the epithelium was removed
was dyed with a solution containing 1% fluorescein (Alcon,
Tokyo, Japan) and 0.4% Benoxil (Santen Pharmaceutical
Co., Ltd., Osaka, Japan)."” Changes in the corneal wound
area were monitored using a TRC-50X (Topcon, Tokyo,
Japan) equipped with a digital camera (EOS Kiss Digital N,
Canon Inc., Tokyo, Japan)'®; wound area was analyzed with
image analyzing software Image J.'® Corneal wound healing
(%) was calculated by the following Eq. 1:

corneal wound healing (%)=
(wound area,,—wound area,, ,4 ,, 355)/Wound area,;, <X 100 (@)

The rate of corneal wound healing is represented by the
corneal wound healing rate constant (k;, h™'). The k;; over
the period 0—36h after corneal epithelial abrasion was cal-
culated from the following Eq. 2:

H=H._-(1—¢h") 6)

where ¢ is time (0—36h) after corneal abrasion, and H_, and
H, are the percentages of corneal wound healing (%) at time
oo and ¢, respectively.

Cell Culture and Treatment The immortalized human
corneal epithelial cell line (HCE-T) developed by Araki-
Sasaki et al.'” was used in this study. HCE-T cells were cul-
tured in Dulbecco’s modified Eagle’s medium/Ham’s F12
(GIBCO, Tokyo, Japan) containing 5% (v/v) heat-inactivated
fetal bovine serum and 0.1 mg/ml streptomycin and 1000
[U/ml penicillin (GIBCO, Tokyo, Japan). In the cell adhesion
experiment, sericin treatment was carried out by seeding
HCE-T cells (1X10* cells) into culture medium containing 0
(control), 0.01, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5 or 1.0% sericin in
96-well microplates (IWAKI, Chiba, Japan), and incubating
the cells under humidified air containing 5% CO, at 37°C
for 12 h. In the cell growth experiment, sericin was added to
cell cultures 1d after seeding (1X10* cells) by changing to
culture medium containing 0 (control), 0.01, 0.05, 0.1, 0.2,
0.3, 0.4, 0.5 or 1.0% sericin. The cells were then incubated
under humidified air containing 5% CO, at 37°C for 24 h.
After sericin treatment, TetraColor One (SEIKAGAKU Co.,
Tokyo, Japan) was added, and the absorbance (Abs) at
490 nm was measured. Cell adhesion and growth were calcu-
lated by TetraColor One according to the manufacturer’s in-
structions. Cell proliferation is represented by the following
Eq. 3:

cell adhesion or growth (%)= Abs JAbs X100 3)

sericin treatment ‘control

Statistical Analysis All data are expressed as the
means*tstandard errors (S.E.). Statistical differences were
evaluated by one-way analysis of variance (ANOVA) fol-
lowed by Dunnett’s multiple comparison. p values less than
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0.05 were considered significant. The number of experiments
performed in duplicate is given in the figure legends.

RESULTS

Effect of Sericin Solution Instillation on Corneal
Wound Healing in Rats Figures 1 and 2 show images after
corneal epithelial abrasion (Fig. 1) as documented by a TRC-
50X equipped with a digital camera, and corneal wound
healing levels (Fig. 2) of rat eyes instilled with 1, 5 and 10%
solutions of sericin. The corneal wounds of rats instilled with
saline were healed by approximately 10% healing at 12h
after abrasion, and by approximately 65% after 24 h. The
corneal wounds of rat eyes instilled with saline were almost
entirely healed 36 h after corneal epithelial abrasion. On the
other hand, the corneal healing rates in rat eyes instilled with
sericin solutions were faster than in the case of saline instilla-
tion, and the rate constants increased with increasing sericin
concentrations (Table 1). The corneal wounds of rat eyes in-
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1% Sericin

5% Sericin

Fig. 1.
Solutions

Corneal Images of Rats with or without the Instillation of Sericin

The corneal epithelium was removed with a BD Micro-Sharp™, and the resulting
corneal wounds were dyed with 1% fluorescein solution. The wounds were monitored
using a TRC-50X (Topcon, Tokyo, Japan) equipped with a digital camera. Saline or
sericin solutions were instilled into the eyes of rats five times a day.
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Fig. 2. Effect of Sericin Solutions on Corneal Wound Healing in Rat Eyes

The corneal epithelium was removed with a BD Micro-Sharp™, and the resulting
corneal wounds were dyed with 1% fluorescein solution. The wounds were monitored
using a TRC-50X equipped with a digital camera, and analyzed with Image J software.
Corneal wound healing (%) was calculated according to Eq. 1 (see Materials and Meth-
ods). Saline or sericin solutions were instilled into the eyes of rats five times a day. The
data are presented as means*S.E. of 3—5 independent rat corneas. *p<0.05, vs.
saline-instilled rat.
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Table 1. Rate of Corneal Wound Healing in Rats with or without the In-
stillation of Sericin Solutions

Corneal wound healing rate constant (X 10~%/h)

Saline 0.56+0.53
1% sericin 1.44%+0.82
5% sericin 2.09%0.80
10% sericin 6.83+2.23*

The rate of corneal wound healing was calculated according to equation 2 (see Mate-
rials and Methods). Saline or sericin solutions were instilled into the eyes of rats five
times a day. The data are presented as means*S.E. of 3—5 independent rat corneas.
#p<<0.05, vs. saline-instilled rat.

stilled with 10% sericin solution were healed by approxi-
mately 60% 12h after corneal epithelial abrasion, and the
wounds showed almost complete healing 24 h after abrasion.
The corneal healing rate constant of rat eyes instilled 10%
sericin solution was approximate 12-fold that of rat eyes in-
stilled with saline.

Effect of Sericin Solution on the Adhesion and Prolifer-
ation of HCE-T Cells Figures 3 and 4 show the changes in
the adhesion and proliferation of HCE-T cells induced by
treatment with 0.01—1.0% sericin solution. Both cell adhe-
sion and proliferation were increased by treatment with
0.01—0.5% sericin solution, reaching a maximum at 0.2 and
0.1% sericin solution, respectively, and subsequently de-
creasing. The adhesion and proliferation levels of 1.0%
sericin-treated HCE-T cells showed no significant differences
from those of control HCE-T cells.

DISCUSSION

The corneal wound repair process involves cell adhesion,
migration, proliferation, matrix deposition and tissue remod-
eling.'® Many of these biological processes are mediated by
growth factors, cytokines and other mediators released in in-
jured tissues or cells.!” These growth factors have been rec-
ognized as important mediators of proper wound repair,’”
and treatment with growth factors such as platelet-derived
growth factor-BB, recombinant human epidermal growth
factor and fibronectin has been shown to be beneficial for pa-
tients with chronic pressure ulcers or non-healing diabetic ul-
cers.”’ % However, these autologous serum eye drops have
problems in terms of safety and stability. Therefore, a potent
corneal wound-healing agent for human corneal wounds that
avoids these problems is highly anticipated. In this study, we
investigate the healing effect of sericin on corneal wounds in
rat debrided corneal epithelium.

In the rat corneal wound model, rat eyes instilled with
saline showed approximately 10% healing at 12 h, and ap-
proximately 65% healing at 24 h after corneal epithelial abra-
sion. The corneal wounds of rats instilled with saline were al-
most entirely healed at 36 h after corneal epithelial abrasion.
The centripetal movement and proliferation of corneal ep-
ithelial cells are important for the healing of corneal wounds
in rat exfoliated corneal epithelium. In general, it is known
that epithelial cells from the surface reduce and eventually
cover the wound surface, with cell proliferation providing
cells to rebuild the tissue and tissue remodeling to restore the
stratified epithelium.’>® In addition, cell proliferation starts
approximately 12 h after corneal epithelial abrasion.?> There-
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Fig. 3. Effect of Sericin on the Adhesion of HCE-T Cells

HCE-T cells were cultured in Dulbecco’s modified Eagle’s medium/Ham’s F12 con-
taining 5% (v/v) heat-inactivated fetal bovine serum, 0.1 mg/ml streptomycin and
1000 IU/ml penicillin. Cell growth was calculated by TetraColor One. The amount of
cell adhesion was according to eq. 3 (see Materials and Methods). The data are pre-
sented as means=*S.E. of 18—20 experiments. * p<<0.05, vs. control HCE-T cells.
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Fig. 4. Effect of Sericin on the Growth of HCE-T Cells

HCE-T cells were cultured in Dulbecco’s modified Eagle’s medium/Ham’s F12 con-
taining 5% (v/v) heat-inactivated fetal bovine serum, 0.1 mg/ml streptomycin and
1000 IU/ml penicillin. Cell growth was calculated by TetraColor One. The rate of cell
growth was calculated according to Eq. 3 (see Materials and Methods). The data are
presented as means=S.E. of 5—25 experiments. * p<<0.05, vs. control HCE-T cells.

fore, the reduction in the size of the wound may be due to
cell movement during the 12 h after corneal epithelial abra-
sion, followed by cell proliferation. Thoft and Friend®
showed that corneal epithelial maintenance can be defined by
the equation: X+Y=Z (X, the proliferation of basal epithe-
lial cells; Y, the contribution to the cell mass by centripetal
movement of peripheral cells; and Z, epithelial cell loss from
the surface). The corneal wounds in this study are caused by
an enhancement of Z. Therefore, cell movement and prolifer-
ation are related to wound healing in this rat eye model. The
rate of corneal wound healing in rat eyes instilled with
sericin solution is higher than in eyes instilled with saline,
and the rate constant increases with increasing sericin con-
centration. The corneal wounds of rat eyes instilled with 10%
sericin solution showed 60% healing 12 h after corneal ep-
ithelial abrasion, and were almost entirely healed 24 h after
abrasion. In addition, the corneas of rat eyes instilled with
10% sericin solution showed no observable neovasculariza-
tion, and the corneal wound healing effect of 10% sericin in
this rat eye model was significantly greater than that of 0.1%
hyaluronic acid, which is frequently used in clinical treatment
(kyy; of 0.1% hyaluronic acid, 1.25+0.60X0~%/h, means*S.E.
of 3 independent rat corneas). These results suggest that
sericin increases cell movement and proliferation, and indi-
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cate that sericin might provide an effective and safe drug for
corneal wound healing.

It is important to confirm the mechanisms by which sericin
promotes corneal wound healing, and it is important to inves-
tigate the effects of sericin on human corneal wounds. Terada
et al. have found that sericin promotes the growth of several
human cell lines and mouse hybridoma lines when it is added
to the culture media.'"¥ In this study, we also show that
sericin increases the adhesion and growth of HCE-T cells.
Taken together, the instillation of sericin solution may cause
an increase in cell adhesion and proliferation, resulting in the
promotion of corneal wound healing. Thus the instillation of
sericin solution may be effective for the treatment of human
corneas.

In this study, the adhesion and proliferation of HCE-T
cells reached a maximum when treated with 0.1—0.2%
sericin solution; the levels of adhesion and proliferation of
1.0% sericin-treated HCE-T cells did not differ significantly
from those of control HCE-T cells. On the other hand, the in-
stillation of high concentration sericin solutions (1—10%)
promoted enhanced wound healing in the corneal wound rat
model. It is known that the concentration drugs administered
in eye drops is diluted to approximately 20% by lacrimal
fluids, and that the components of eye drops are excreted
though the nasolacrimal duct into the mouth.”® Thus, our
findings suggest that the optimum concentration of the
sericin solutions in the in vivo instillation experiment, which
involves a short residence time, is higher than in the in vitro
experiment. Further studies are needed to determine the pre-
cise mechanisms of corneal epithelial cell proliferation and
the residence time of sericin following instillation. In addi-
tion, it is also important to clarify the effects of sericin on
corneal wound healing in diabetic keratophathy, a condition
characterized by slow healing or loose adhesion of the
corneal epithelium after corneal wounding in diabetic pa-
tients, since diabetic keratophathy is experienced by 50% or
more of all diabetic patients. Therefore, we are now investi-
gating the effects of sericin on corneal wound healing in dia-
betic ulcers using the Otsuka Long-Evans Tokushima Fatty
rat, a model of human type 2 diabetes.?”

In conclusion, the present study demonstrates that the in-
stillation of sericin solutions has the potential to promote
wound healing and wound-size reduction in rat eyes, proba-
bly as a result of increased cell movement and proliferation.
We conclude that the topical application of sericin in a safe
and stable formulation enhances healing and reduces the size
of corneal wounds in rat eyes. These findings provide signifi-
cant information for designing further studies to develop po-
tent corneal wound-healing drugs.

Vol. 32, No. 5

REFERENCES

1) Zhang X., Tseng H., PLoS One, 2, 1087 (2007).

2) Thoft R. A., Friend J., Invest. Ophthalmol. Vis. Sci., 24, 1442—1443
(1983).

3) Danjo Y., Gipson I. K., J. Cell Sci., 111, 3323—3332 (1998).

4) Chen J. ], Tseng S. C., Invest. Ophthalmol. Vis. Sci., 31, 1301—1314
(1990).

5) Stepp M. A., Spurr-Michaud S., Gipson 1. K., Invest. Ophthalmol. Vis.
Sci., 34, 1829—1844 (1993).

6) Chung E. H., Hutcheon A. E., Joyce N. C., Zieske J. D., Invest. Oph-
thalmol. Vis. Sci., 40, 1952—1958 (1999).

7) Saika S., Shiraishi A., Liu C. Y., Funderburgh J. L., Kao C. W., Con-
verse R. L., Kao W. W., J. Biol. Chem., 275, 2607—2612 (2000).

8) Zieske J. D., Int. J. Dev. Biol., 48, 903—911 (2004).

9) Saika S., Muragaki Y., Okada Y., Miyamoto T., Ohnishi Y., Ooshima
A., Kao W. W,, Invest. Ophthalmol. Vis. Sci., 45, 2577—2585 (2004).

10) Kato N., Sato S., Yamanaka A., Yamada H., Fuwa N., Nomura M.,
Biosci. Biotechnol. Biochem., 62, 145—147 (1998).

11) Tsubouchi K., Igarashi Y., Takasu Y., Yamada H., Biosci. Biotechnol.
Biochem., 69, 403—405 (2005).

12) Minoura N., Aiba S., Gotoh Y., Tsukada M., Imai Y., J Biomed.
Mater. Res., 29, 1215—1221 (1995).

13) Terada S., Nishimura T., Sasaki M., Yamada H., Miki M., Cytotechnol-
ogy, 40, 3—12 (2002).

14) Yamaguchi T., Kawakubo M., Okamoto T., Nakazawa S., Nosaka K.,
Moshida K., Mizuno M., J. Eye, 4, 1015—1017 (1987).

15) Ito Y., Okamoto N., Bessho M., Kawakami Y., Mimura O., Nagai N., J.
Eye, 24, 1125—1127 (2007).

16) Abramoff M. D., Magelhaes P. J., Ram S. I., Biophotonics Int., 11,
36—42 (2004).

17) Araki-Sasaki K., Ohashi Y., Sasabe T., Hayashi K., Watanabe H., Tano
Y., Handa H., Invest. Ophthalmol. Vis. Sci., 36, 614—621 (1995).

18) Martin P, Science, 276, 75—381 (1997).

19)  Werner S., Grose R., Physiol. Rev., 83, 835—870 (2003).

20) Imanishi J., Kamiyama K., Iguchi I., Kita M., Sotozono C., Kinoshita
S., Prog. Retin. Eye Res., 19, 113—129 (2000).

21) Hong J. P, Jung H. D., Kim Y. W., 4Ann. Plast. Surg., 56, 394—398
(2006).

22) Mustoe T. A., Cutler N. R., Allman R. M., Goode P. S., Deuvel T. F,,
Prause J. A., Bear M., Serdar C. M., Pierce G. F, Arch. Surg., 129,
213—219 (1994).

23) Robson M. C., Phillips L. G., Thomason A., Altrock B. W., Pence P.
C., Heggers J. P, Johnston A. F., McHugh T. P, Anthony M. S., Rob-
son L. E., Odom L. L., Yanagihara D., Pierce G. F.,, Ann. Plast. Surg.,
29, 193—201 (1992).

24) Smiell J. M., Wieman T. J., Steed D. L., Perry B. H., Sampson A. R.,
Schwab B. H., Wound Repair Regen., 7, 335—346 (1999).

25) Zieske J. D., Gipson 1. K., “Agents that Affect Corneal Wound Heal-
ing: Modulation of Structure and Function,” ed. by Albert D. M., Jako-
biec E. A., Saunders Press, Philadelphia, 1994, pp. 1093—1109.

26) Goto H., Yamada M., Yoshikawa K., lino M., “Ganka-Kaigyoui nota-
meno Gimon-nanmon Kaiketusaku (in Japanease),” Shindan to
Chiryosha Co., Tokyo, 2006, pp. 216—217.

27) Kawano K., Hirashima T., Mori S., Saitoh Y., Kurosumi M., Natori T.,

Diabetes, 41, 1422—1428 (1992).



