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Nacre-driven water-soluble factors promote wound healing
of the deep burn porcine skin by recovering angiogenesis

and fibroblast function
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Abstract To assess the recovery effect of water-soluble
components of nacre on wound healing of burns, water-
soluble nacre (WSN) was obtained from powdered nacre.
Alterations to WSN-mediated wound healing characteris-
tics were examined in porcine skin with deep second-
degree burns; porcine skin was used as a proxy for human.
When WSN was applied to a burned area, the burn-induced
granulation sites were rapidly filled with collagen, and the
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damaged dermis and epidermis were restored to the
appearance of normal skin. WSN enhanced wound healing
recovery properties for burn-induced apoptotic and necro-
tic cellular damage and spurred angiogenesis. Additionally,
WSN-treated murine fibroblast NIH3T3 cells showed
increased proliferation and collagen synthesis. Collec-
tively, the findings indicate that WSN improves the process
of wound healing in burns by expeditiously restoring
angiogenesis and fibroblast activity. WSN may be useful as
a therapeutic agent, with superior biocompatibility to
powdered nacre, and evoking less discomfort when applied
to a wounded area.
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Skin regeneration - Wound healing

Introduction

The skin is a dynamic and integrated organ with the largest
surface area in the human body. Its diverse functions
include protection from infectious microorganisms and
ultraviolet radiation, permeability barrier to block water
loss, thermoregulation, and sensation [1, 2]. These normal
functions can be gradually decreased by many factors, such
as aging, health status, and environmental pollutants, and
can be suddenly and catastrophically affected by severe
wounds including chronic ulcers and burns [3, 4].
Although the severity of wounded skin differs accord-
ing to its area and depth, burns have the potential to cause
the loss of sensation and joint mobility, anatomic defor-
mity, and death [5, 6]. Burns generally consist of super-
ficial (first-degree) burns that include the injury to the
epidermis, deep partial thickness (second-degree) burns
that include damage to the reticular layer of the dermis,

@ Springer



3212

Mol Biol Rep (2012) 39:3211-3218

and full thickness (third-degree) burns that include damage
to the entire dermis [7]. Generally, the sequential pro-
cesses of wound healing are denaturation and necrosis of
wounded tissues, inflammation, angiogenesis, liquefaction,
and discharge of the denatured and necrotic tissues via
fibroblast-produced granulation tissue formation, and tis-
sue remodeling by the restoration of physiological struc-
ture and function [8, 9]. Much clinical investigation has
focused on prompt wound healing of damaged skin
including burns and the retardation of skin degeneration
process caused by aging and exposure to dangerous envi-
ronmental factors.

Nacre, also called mother of pearl, occurs naturally as
the iridescent internal layer of mollusk shells. It consists of
95% inorganic components including calcium carbonate
(CaCO;) of the aragonite form, and 5% organic matrix
[10, 11]. Nacre is effective in maintaining normal healthy
skin and in facilitating the regeneration of wounded skin.
These beneficial properties have been known for a long
time; nacre is the basis of a traditional medicine to treat
skin wounds resulting from conditions including decubitus
ulcer and as a cosmetic material to improve the reduced
functional activity of skin. Despite these uses and their
long history, there is no clinical data regarding the role of
nacre in skin regeneration and wound healing in vitro and
in vivo; the prowess of nacre in treating decubitus ulcer is
based on the anecdotal report of an experienced doctor of
oriental medicine.

The present study assessed the wound healing capabil-
ities of nacre-driven water-soluble components (water-
soluble nacre, WSN) at the cellular level in a porcine
model of deep second-degree burn. The results indicate that
WSN can improve wound healing through the prompt
recovery of angiogenesis, fibroblast proliferation, and col-
lagen synthesis. Especially, considering its diffusible effi-
ciency and circulation through the body, WSN may have
merit in the development of biocompatible and applicable
products that are more useful for treatment of wound
healing than powdered nacre.

Materials and methods
Materials

Formaldehyde was purchased from Bio Basic (Markham,
ON, Canada). Trypan blue solution and bovine serum
albumin (BSA) were purchased from Invitrogen (Carlsbad,
CA). Fibronectin and crystal violet were purchased from
Sigma-Aldrich (St. Louis, MO). Water was of Milli Q
grade. All other reagents were of the highest commercial
grade available.
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Preparation of WSN

Powdered nacre with fine pore size (<100 pm) was
obtained from the inner shell layer of the pearl oyster
Pteria martensii. The powder was suspended in ultra-pure
water in a final concentration of 0.4% (w/v) and extracted
for 12 h at room temperature with rocking. After centri-
fugation at 3,000x g, the resulting WSN was sterilized by
passage through a 0.22 pm pore size filter and sprayed
directly on the wounded site. Additionally, a powdered
form of WSN was suspended in a 1:2 mixture of powder
(weight) and ultra-pure water (volume). Cells were treated
with WSN of a final concentration of 25 mg/ml.

Burn model

Five-month-old, two Sus scrofa domesticus female por-
cines (PWG MICRO-PIG®) were purchased from PWG
(Seoul, Korea). Following general anesthesia to minimize
the pain, the dorsal fur was shaved and a 3 cm? square rigid
aluminum bar was adhered closely to the dorsal skin. The
bar was exposed to water at 95°C for 15 s, resulting in deep
second-degree burn wounds. WSN (0.4%, w/v) was
directly sprayed on the skin injury at 2-day intervals for
35 days after burning. In vivo experiments were performed
in triplicate per group, using two independent porcines.
The animals were treated according to guidelines approved
by the Institutional Animal Care and Use Committee of the
Yeungnam University Medical School.

Histological assessment

Specimens fixed with formaldehyde were embedded in
paraffin, sectioned at a thickness of 4 um, and deparaffi-
nized. To observe the change of granulation parts and
fibroblast populations caused by burns, specimens were
stained with hematoxylin and eosin (HE). To assess cell
damage, cells with the fragmented chromosomal DNA
were detected using TUNEL staining according to the
manufacturer’s protocols (In Situ Apoptosis Detection Kit;
Intergen, Burlington, MA) and by counter staining with
Mayer’s hematoxylin. In addition, collagen distribution
and endothelial cells in blood vessels were determined by
immunohistological probing with a mouse monoclonal
antibody to type I collagen (Novus Biologicals, Littleton,
CO) and a rabbit polyclonal antibody to factor VIII (Bio-
care Medical, Concord, CA), respectively, by visualizing
with Polink-2 HRP Plus Broad DAB Detection System
(Golden Bridge International, Mukilteo, WA), and by
counter staining with Mayer’s hematoxylin. All photo-
graphs of specimens were taken using a ScanScope XT
System (Aperio Technologies, Vista, CA).
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Cell culture and proliferation

Murine fibroblast NIH3T3 cell line was cultured in a
humidified atmosphere of 5% CO,/95% air, at 37°C in
Dulbecco’s Modified Eagle’s Medium (DMEM; Hyclone,
Logan, UT) containing 10% fetal bovine serum (FBS;
Hyclone), 100 U/ml penicillin, and 100 pg/ml streptomy-
cin (Hyclone). Cells (2 x 10* cells/ml) were seeded in
wells of a 24-well culture plate and incubated in the
absence and presence (25 mg/ml) WSN for designated
times. The number of viable cells was counted using a
standard trypan blue-exclusion method.

Cell migration

Cell migration was assessed in two ways. To perform the
scratch migration assay, NIH3T3 cells were grown to
confluence and the confluent layer was scratched. Migra-
tion of cells into the scratch was determined by measuring
the length of the gap with time. Additionally, cell migra-
tion was examined using a Transwell chamber (Corning,
NY) as previously described [12], with some modifications.
Briefly, after cells were suspended in serum-free DMEM
supplemented with 0.5% FBS and 0.1% bovine serum
albumin (BSA), 3 x 10* cells in 100 pl were seeded in
each fibronectin (0.05 pg/ml)-coated top chamber of a
Transwell apparatus. The lower chambers contained 600
of serum-free DMEM alone or with 25 mg/ml of WSN.
Cells were allowed to migrate for 5 h, followed by fixation
with formaldehyde and staining with crystal violet. Cells
that had not migrated to the lower chamber were removed
from the top chamber surface using a cotton swab. Cells
that had migrated to the surface of the lower chamber were
counted using a light microscope.

Reverse transcription polymerase chain reaction
(RT-PCR)

NIH3T3 cells cultured to 70% confluence were treated with
WSN for 1 or 2 days before total RNA extraction with Trizol
(Invitrogen); Total RNA (2 pg) were then reverse-transcribed
using Moloney Murine Leukemia Virus Reverse Transcrip-
tase (Promega, Madison, WI), with oligo dT, at 42°C for 1 h.
The primers used for PCR amplification were as follows: type
I collagen, sense: 5-GACGCCATCAAGGTCTACTG-3/,
and antisense: 5'-ACGGGAATCCATCGGTCA-3'; glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH), sense:
5'-CAAGGCTGTGGGCAAGGTCA-3/, and antisense:
5'-GCAACTCCCACTCTTCCACCT-3'.

Western blotting analysis

NIH3T3 cells that had grown to 70% confluence were
treated with WSN and further incubated for 2 days. Total
cell lysates were fractionated by 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
The resolved proteins were transferred to a nitrocellulose
membrane (Whatman GmbH, Hahnestrabe, Dassel, Ger-
many) and probed with a goat polyclonal antibody to col-
lagen type I (Santa Cruz Biotechnology, Santa Cruz, CA)
and mouse monoclonal antibody to f-actin (Sigma-
Aldrich). The blot was then probed with appropriate
horseradish peroxidase-conjugated second antibody and
developed by enhanced chemiluminescence reagents (Lab
Frontier, Seoul, Korea).

Statistical analysis

Data are expressed as the mean & SD (n = 3). Means
between two groups were compared using the Student’s
t-test with a 95% confidence.

Results

WSN-mediated histological changes in skin wound
regeneration

Since porcine skin is morphologically and functionally
similar to human skin [13], a deep second-degree burn
porcine model was developed to evaluate the effect of
WSN on wound healing in skin. The initial investigation
focused on wound healing indexes, including the number
of necrotic damaged cells, angiogenesis, and granulation
and collagen tissue distribution on post-burn day 35. WSN
induced a small remnant of granulation tissues compared to
water-treated control (Fig. 1). This likely reflected an
increased wound healing process due to the prompt elim-
ination of granulation tissues at the base of the wound site.
As shown in Fig. 2, WSN reduced the population of burn-
induced apoptotic and necrotic damaged cells, which is
characterized by terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) staining, and
displayed a tendency to lessen blood-vessel dilation during
the wound healing process, which is determined by
detecting factor VIII expressed on endothelial cells of
blood vessel. Also, WSN-treated wound sites contained
dense collagen tissue compared to water-treated control
wound sites. It is well-known that the clearance of necrotic
tissue, formation of new blood vessels, granulation tissue
formation, and collagen synthesis by fibroblasts are critical
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steps in the wound healing process [8, 9]. Our findings
indicate that WSN can facilitate these various wound
healing processes.

WSN stimulation of fibroblast proliferation
and extracellular matrix synthesis

Dermal fibroblasts play a critical role in dermal wound
healing [14, 15]. These cells proliferate and migrate into
the bottom of a wound site and then synthesize new matrix
proteins including collagen. We therefore counted the
number of fibroblasts appearing at granulation sites. WSN
treatment increased the number of fibroblasts in burn-
induced granulation sites to a level similar to that seen in
normal skin (Fig. 3), suggesting that fibroblast proliferation
in WSN-treated tissue outpaced that in untreated burned
tissue, thereby accelerating wound remodeling. Fibroblast
recruitment to WSN-exposed healing burns was also more
rapid than that in untreated burned controls; these fibro-
blasts, however, quickly dispersed as healing progressed.

Control Water

WSN

06
0.5 1
0.4 1
0.3 1
0.21
0.1
0 -
Burn | — + +
WSN |_— = +

Wound healing
(Granulated length
per total skin length)

N.D.

=

S R - T 1

Fig. 1 Recovery effect of WSN on burn-wounded granulation tissue.
Under anesthesia, deep dorsal second-degree burns were formed in
porcines. Water as a control and WSN were directly sprayed on the
wounded area at 2-day intervals for 35 days. Biopsy of the full-
thickness skin was performed under anesthesia. Biopsied tissue was
embedded in paraffin, sectioned, deparaffinized and stained with HE,
after which the length of granulation tissue was measured. Data are
expressed as the mean £ SD of experiments performed in triplicate.
*P < 0.01. ND not detected. Scale bar 1 mm
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WSN treatment therefore appears to stimulate wound
healing by attracting fibroblasts to injured sites. As the
presence of WSN was associated with fast granulation
tissue formation, dense collagen tissues, and increased
fibroblast proliferation (Figs. 1-3), an experiment attemp-
ted to assess whether WSN improved cell migration, pro-
liferation, and collagen synthesis in fibroblast cultures in
vitro. In WSN-treated samples, the gaps between cells in
scratch-wounded monolayers quickly filled (Fig. 4a). This
result could be caused by enhanced cell proliferation and/or
increased cell migration. To clarify the phenomenon, cell
proliferation was examined using a trypan blue exclusion
assay and cell migration using a Transwell chamber assay.
WSN stimulated fibroblast proliferation (Fig. 4b), but did
not affect fibroblast migration (Fig. 4c). The accelerated
wound healing process by WSN is thought to potentiate
fibroblast proliferation. As shown in Fig. 4a and b, fibro-
blast proliferation was slightly increased by treatment with
calcium of a final concentration of 14 uM, which was the
same concentration of calcium dissolved in WSN (25
mg/ml). This observation indicates that calcium, one of
many components in WSN, can enhance partially wound
healing via the stimulation of fibroblast proliferation.
Because collagen deposition is an essential component in
the wound healing process [16—18], the effect of WSN on
collagen production of fibroblasts was investigated. When
fibroblasts were treated with WSN, this induced increased
collagen expression at the level of mRNA and intracellular/
secreted protein in a dose-dependent manner (Fig. 5),
consistent with a more dense collagen distribution in WSN-
treated tissue than in water-treated control tissue, as indi-
cated in Fig. 2. It was also observed that calcium itself
could facilitate collagen gene expression in fibroblasts and
WSN displayed a synergistic action in collagen synthesis
compared to calcium alone, indicating that WSN contains
calcium as well as other additive molecules to potentiate
collagen deposition in the wound healing process.

Discussion

Although there is no clinical evidence for the stimulatory
action of nacre in skin regeneration, nacre is used widely
and traditionally as a cosmetic material and a bedsore
treatment. The present study investigated whether nacre is
an effective constituent in wound healing and the mecha-
nisms underlying WSN-mediated wound healing process.

The normal skin consists of epidermis and dermis and
maintains steady-state equilibrium between two composi-
tions. After injury to the skin, the wound healing process is
orchestrated by sequential or overlapped cascade reactions
[8, 9]. Inflammation, which begins immediately in the early
phase of wound healing, is essential for removing damaged
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Fig. 2 Histological assessment
of wound healing. Paraffin-
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tissue debris and infected bacteria. Next, the sequential
proliferative phase is executed by epithelialization, angio-
genesis, and apoptosis of unwanted cells, and granulation
tissue formation by the connection of collagen, fibronectin,
elastin, and other factors, which are secreted from fibro-
blasts. The process is followed by the remodeling through
collagen cross-linking and reorganization. When most skin
wounds are naturally and therapeutically healed, it is diffi-
cult to achieve a result that is aesthetically and functionally
perfect. The final aim of wound healing is to rapidly and
efficiently achieve complete healing. Among many natural
materials to reduce skin degeneration, nacre has a long

history as a traditional remedy to improve skin function. The
present findings provide clear evidence that WSN facilitates
wound healing in a deep second-degree burn porcine model
by accelerated angiogenesis, shift in the ratio of resting to
proliferating fibroblasts, and enhanced collagen synthesis of
fibroblasts, which results in the efficient and prompt accel-
eration of granulation tissue formation and wound repair.
These results are in agreement with the previous anecdotal
observations of an experienced oriental doctor concerning
the efficacy of WSN in treatment of bedsores.

Nacreous mother-of-pearl consists of 95-99% CaCO;
and 1-5% organic components [10, 11]. A previous study
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Fig. 3 Effect of WSN on

fibroblast proliferation in burn-
wounds. After specimens
obtained as described in Fig. 1
were stained with HE and
photographed, the number of
epidermal and dermal
fibroblasts was counted. Small
box of the left panel is enlarged
in the right panel. Data
represent the mean +SD of

Control

experiments performed in
triplicate. *P < 0.01

has reported that nacre contains a number of biologically
active entities of disparate molecular weight, including
both inorganic minerals and organic proteins. Small mol-
ecules ranging from 50 to 235 Da can be fractionated from
nacre, and are known to be capable of stimulating the
osteogenic capacity of osteoblasts [19]. Unlike known
osteogenic factors, which are usually of low molecular
weight, water-soluble nacre matrix proteins of relatively
high molecular weight can play a functional role in bone
formation by osteoblasts and synthesis of fibrous matrix
proteins by fibroblasts [20-24]. As nacre implanted into
bone biodegrades, the implant region recovers through
local acceleration of osteogenesis with biocompatible
integration of the two heterogeneous nacre and bone
[25-27]. When a mixture of nacre powder and autologous
blood is implanted into rat dermis, skin fibroblasts are
recruited adjacent to the implant area and produce extra-
cellular matrix proteins that can potentiate cell adhesion
and migration, eventually leading to rapid healing of the
implanted area [20-22, 28]. It has further been reported
that several matrix proteins are involved in determining
both the structure and texture of nacre and in forming
aragonite crystals during biomineralization of the shell
[29-36]. Since nacre is presumed to contain the diffusible
bioactive factors that induce tissue regeneration, WSN used
in this study is likely to contain water-soluble wound-
healing factors spanning a range of molecular weights,
from small inorganic and organic compounds to large
matrix proteins.
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In the present study, an analysis of the water-soluble
fraction extracted from nacre at a concentration of 500
mg/ml found that this fraction includes about 280 pg/ml
proteins and a number of minerals, including calcium,
potassium, sodium, magnesium, and zinc (data not shown).
Based on our and others’ data, WSN-mediated wound
healing in a porcine skin model with deep second-degree
burns is achieved via several routes. First, the water-solu-
ble proteins extant within WSN can simulate extracellular
matrix, and will directly stimulate adhesion, proliferation,
and migration of the cells that participate in swift wound
healing. Secondly, recognition of large matrix proteins or
unknown stimuli by their cognate partners present on the
cytoplasmic membrane of cells may induce the activation
of signaling molecules involved in the de novo synthesis of
proteins, including collagen, that will participate in wound
healing: our findings were consistent with WSN-mediated
acceleration of collagen deposition within a burn site and
type 1 collagen synthesis in NIH3T3 fibroblast cells.
Thirdly, WSN is predicted to contain low-molecular weight
factors that can freely diffuse into cells to evoke skin
regeneration and burn healing. Our data showed that a
calcium control prepared from CaCO; could facilitate
fibroblast proliferation and type I collagen synthesis. As the
WSN used here was prepared without decalcification, it
likely contained minerals such as calcium, which is
essential to maintain normal cellular physiology, in addi-
tion to water-soluble matrix proteins. Finally, our obser-
vations indicate that nacre’s ability to heal wounds is
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Fig. 4 Effects of WSN on cell migration and proliferation. a Scratch
migration assay. After a scratch was made in confluent NIH3T3 cell
growth, cells were further incubated in the absence or presence of
WSN (25 mg/ml) for 12 h and changes in gap dimension were
determined from measurements of images. Since 25 mg/ml WSN
contains 14 pM calcium and CaCOj; is known to be partially water-
soluble [37], an identical concentration of calcium dissolved from
CaCO3 was used as a control to exclude the effect of calcium on
wound healing. b Proliferation assay. NIH3T3 cells were treated
without and with WSN for the indicated times and stained with trypan
blue, after which trypan blue-excluded viable cells were counted
under a microscope. ¢ Transwell migration assay. After cells were
seeded into fibronectin-coated top chambers of a Transwell apparatus
and incubated for 5 h, the cells migrating to the lower chamber were
counted. Data are expressed as the mean £ SD of a representative
experiment performed in triplicate. *P < 0.01; TP < 0.05. Scale bar
200 pm

achieved by the combined effect of calcium and other
soluble factors that are as yet uncharacterized.

The screening of a possible component(s) that mediates
wound healing in WSN may be critical for developing
wound dressings and therapeutic agents. We anticipate that
WSN will accelerate the healing of burn injury by synergic
inorganic/inorganic, organic/organic, or organic/inorganic
mechanisms. The present observations indicate that WSN
has therapeutic merit compared with powdered nacre in
aspects that include vein, muscle, and oral routes of
injection, efficient diffusion, and a broad biocompatible
range from the skin to internal organs. In this regard, WSN
may be more suitable than powdered nacre for developing
various therapeutic products (e.g., ointments and wound
dressings) to treat skin injury and cosmetic materials to
maintain healthy skin from aging, sunlight, and environ-
mental pollutants.
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Fig. 5 Stimulatory effect of WSN on collagen synthesis in fibro-
blasts. NIH 3T3 cells were treated with WSN from O to 25 mg/ml for
2 days. a RT-PCR to detect collagen type I mRNA. After cells were
harvested at the times indicated, the level of collagen type I mRNA
was determined by RT-PCR. The indicated values represent fold
change relative to the band intensity of the control; GAPDH was used
to normalize mRNA levels. b Western blot analysis to detect
intracellular and secreted collagen. Whole cell lysates and cultured
media were fractionated by a 10% SDS-PAGE and the resolved
proteins were transferred onto a nitrocellulose membrane. The level
of collagen gene expression was determined by Western blotting with
an antibody specific to collagen type I. The membrane was reprobed
with antibody to f-actin to confirm the same protein loading. The
values are expressed as a proportion of the control value. Data are
expressed as the mean &= SD of at least three independent
experiments
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