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Effects of Ascorbic Acid on Keratinocyte and
Epidermalization of Skin
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Background: There are different models of skin substitutes, but no skin substitutes have
the characteristics of native skin. It was reported that the incubation of skin substitutes in
medium containing ascorbic acid extends cellular viability and promotes formation of an

epidermal barrier in witro.

Objective: The purpose of this study is to observe the effects of ascorbic acid on the prolifera-
tion of keratinocytes and on the reconstruction of epidermis.
Materials and Methods: Normal human keratinocytes and fibroblasts were isolated and used

for culturing living skin equivalent (LSE).

Results: When ascorbic acid was added, the expression of p63 and @6 integrin was definitely
increased compared to control models. In addition, ascorbic acid increased the proliferation
of normal human keratinocytes at a dose dependent manner. Especially, ascorbic acid induced
the phosphorylation of ERK and up-regulation of EGF-R.

Conclusion: Results suggest that ascorbic acid is essential in the control of keratinocyte
proliferation and basement membrane formation. Ascorbic acid-related keratinocytes
proliferation is seemed to be mediated by ERK phosphorylation and EGF-R up-regulation.

(Ann Dermatol 16(2) 45~51, 2004)
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Living skin equivalent (LSE) have become useful
as adjunctive treatments for excised, full-thickness
burns.' There are different models of skin substitutes
but no LSE have the anatomy and physiology of
native skin. Ascorbic acid is known to increase the
biosynthesis of collagen and incubation of LSE in
ascorbic acid-containing medium promotes the
formation of epidermal barrier in vitro, and promotes
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engraftment”’. However, molecular mechanism of
these findings is not clarified yet. We observed that
incubation of LSE in ascorbic acid-conraining
medium facilitates the formation of LSE with thick
epidermis, compact horny layer, and more regular
arrangement of basal cells. Based on these observa-
tions, we investigated the effects of ascorbic acid in
the reconstruction of LSE. Furthermore, we studied
the effect of ascorbic acid on cultured normal human
keratinocytes and the mechanism of these prolifera-
tive effects.

MATERIALS AND METHODS

Primary culture of keratinocytes and fibroblasts
Human foreskin was obtained during circumcision
and normal human keratinocytes were isolated as
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previously described, and were cultured in keratino-
cyte %rowth medium (KGM, Clonetics, SanDiego,
CA)”*. Human fibroblasts were obtained from the
dermal parts of the samples and cultured in Dulbecco's
modified Eagle's Medium (DMEM) supplemented
with 10% fetal bovine serum (EBS).

Reconstruction of skin equivalents

Dermal substitutes were prepared according to the
method of Bell, with some modifications™. Type
collagen was extracted from rat-tails. The concen-
tration of collagen was measured using Bio-Rad pro-
tein assay reagent (Bio-Rad Lab., Hercules, CA) and
diluted to 0.5 mg/mlL in 0.1% acetic acid solution.
To construct the fibroblast embedded collagen gels,
cultured fibroblasts were suspended in collagen
solution, which was made by mixing eight volumes
of type [ collagen solution with one volume of 10X
concentrated DMEM and one volume of neutralizing
buffer (0.05 N NaOH, 0.26 mM NaHCQO;, and 200
mM HEPES). The mixture was transferred to a
millicell (Millipore Corp, Bedford, MA), and allowed
to gel for 15 min. Cultured keratinocytes (1 x 10/
millicell) were seeded in the 3 : 1 mixture of DMEM
and Ham's nutrient F12 medium, and incubated
while submerged for 7 days, and at the air-liquid
interface for further 7 days. During the air exposure
period, ascorbic acid was added at the concentration

of 25 pg/mL.

Histology and immunohistochemistry

At the end of the growth period, samples were
fixed with Carnoy's fixative and embedded in paraf-
fin. Specimens of the unexposed skin from healthy
volunteers were used as a control. Immunohisto-
chemical studies were performed on deparaffinized
sections using the avidin-biotin-peroxidase complex
technique (DAKO, Carpinteria, CA). Antibodies
used in this study were as follows: a monoclonal anti-
body against involucrin (19018, Sigma, St. Louis,
MQ); a monoclonal antibody against filaggrin
(BT576, Biomedical Technologies, Inc., Stoughton,
MAY); a monoclonal antibody against p63 (sc-8431,
Santa Cruz Biotechnology, Inc., Santa Cruz, CA);
a monoclonal antibody against proliferating cell
nuclear antigen (PCNA; M0879, DAKQO, Glostrup,
Denmark); a monoclonal antibody against Ki67
(0505, Immunotech, Marseille, France); a polyclonal
antibody against ¢ integrin (sc-6597, Santa Cruz
Biotechnology, Inc.); and a polyclonal antibody
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against epidermal growth factor receptor (EGFR;
sc-03, Santa Cruz Biotechnology, Inc.). At each
staining, normal goat IgG (AB-108-C, R&D systems,
Inc.), rabbit IeG (AB-105-C, R&D systems, Inc.),
or mouse IgGl isotype control (MABQQO2, R&D
systems, Inc.) was used as negative control.

MTT assay for cell proliferation

Cells (4 x 10" cells/well) were seeded into 24-well
plates. After serum starvation for 24 h, the cells were
incubated with ascorbic acid for indicated times at
37 in 5% CO;. After adding 100 zL/well of MTT
solution (5 mg/mL), the plates were incubated for
another 4 h. Supernatants were removed and the
formazan crystals were solubilized in [ mL of dime-
thylsulfoxide. Optical density was determined at 540
nm using an ELISA reader (TECAN, Salzburg,
Austria).

Western blot analysis

Cells were grown in 100 mm culture dishes,
starved of serum for 24 h, and treated with test
substances. The cells were then lysed in cell lysis
buffer [62.5 mM Tris-HCI (pH 6.8), 2% SDS, 5%
B -mercaptoethanol, 2mM  phenylmethylsulfonyl
fluoride, protease inhibitors (Roche, Mannheim,
Germany), | mM Na;VQy, 50 mM NaF, and 10 mM
EDTA]. Ten micrograms of protein per lane was
separated by SDS-polyacrylamide gel electrophoresis
and blotted onto PVDF-membranes, which were
then saturated with 5% dried milk in Tris-buffered
saline containing 0.4% Tween 20. Blots were incu-
bated with the appropriate primary antibodies at a
dilution of 1:1000, and then further incubated with
horseradish peroxidase-conjugated secondary anti-
body. Bound antibodies were detected using an

enhanced chemiluminescence plus kit (Amersham
International, Little Chalfont, U.K.).

Statistics
Differences between results were assessed for sig-
nificance using the Student's t-test.

RESULTS

Reconstruction of LSE and the effects of as-

corbic acid

Human skin was reconstructed on fibroblast
populated type 1 collagen gel. Characteristic multi-
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layering and stratification of epidermis was ob-
served. Addition of ascorbic acid induced signifi-
cant differences compared to control model (LSE
CTL, Fig. 1). Generally, epidermis became thick
and basal layer looked more compact (LSE Vit. C,
Fig. 1).

Effects of ascorbic acid on differentiation and

proliferation markers

Involucrin is a protein precursor of the epidermal
cornified envelope’. In normal skin only the upper
spinous and granular layers expressed involucrin
(Fig. 1). However, entire epidermis in the LSE CTL
model showed intense staining (Fig. 1). In ascorbic
acid treated model, lower part of epidermis was not
stained and this pattern seemed to be more similar
to that of normal skin. Profilaggrin, proteolytically
processed into individual domains during terminal
differentiation, is a keratinocyte specific phosphopro-
tein expressed in the granular layer’. In normal skin,
filaggrin was stained only in the granular layer (Fig.
1). A similar staining pattern was observed in both
(LSE CTL) model and (LSE Vit. C) model (Fig. 1).
PCNA is present through out the cell cycle in
proliferating cells’. In normal skin, PCNA expression
was mainly observed in the basal layer of epidermis
(Fig. 2). In both LSE models, PCNA positive cells
were observed mainly at suprabasal areas and there
are no significant differences (Fig. 2). Ki67, a nuclear
protein that is expressed in proliferating cells, was

H&E stain Involucrin

| Normal skin

LSE Wit.C

also observed in the basal layer of epidermis'®. There
are no significant differences in Ki67 expression in
these models {(Fig. 2). p63, a member of the p53
gene family, is a specific marker of human corneal
and epidermal stem cell. p63 is expressed in basal/
suprabasal cells of epidermis’’. Ascorbic acid treated
model showed intense staining of p63 compared to
control (LSE CTL) model (Fig. 2). p63 positive cells
were usually observed at basal/suprabasal area but
numerous cells at mid-epidermis were also stained
with anti-p63 antibody in ascorbic acid treated
model. @¢ integrin, known as matrix receptor, was
expressed in basement membrane zone in normal
skin'”. In LSE CTL model, focal staining of s
integrin was observed along the dermo-epidermal
junction, but linear staining of a¢ integrin was
observed in LSE Vit. C model (Fig. 3).

Ascorbic acid promotes normal human kera-

tinocyte proliferation

Keratinocytes were treated with various concen-
trations of ascorbic acid ranging from 0-100 gg/mL
for 72 h, and cell viability was determined by using
the MTT assay. A dose-dependent increase in cell
viability was observed with increasing concentrations
of ascorbic acid (Fig, 4).

Ascorbic acid induces activation of EGF-R and
phosphorylation of ERK

Because ascorbic acid induced proliferation of

Filaggrin

Fig. 1. Immunohistochemical
staining of involucrin and filag-
grin in control and ascorbic
© acid treated LSE model (%
— 200).
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Fig. 2. Immunohistochemical
staining of PCNA, Ki67, and
p63 in control and ascorbic acid

treated LSE model (> 200).

Normal skin LSE CTL

LSE Wit.C

Fig. 3. Immunochistochemical
staining of integrin alpha 6 in
control and ascorbic acid treated

LSE model (x 200).
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Fig. 4. Effects of ascorbic acid on the proliferation of
keratinocytes. Cells were cultured with ascorbic acid
for 3 days, and cell viability was assessed by MTT
assay. Results are the average of three independent
experiments.

keratinocytes, it was tested whether ascorbic acid
could induce activation of EGEF-R, which is essential
for proliferation of keratinocytes. Interestingly, ascor-
bic acid induced elevation and phosphorylation of
EGF-R at a dose-dependent manner 72 h after
ascorbic acid treatment. Furthermore, phosphory-
lation of ERK was also elevated 72 h after ascorbic
acid treatment in a dose-dependent manner (Fig. 3).
In the literature, it has been reported that ERK
phosphorylation triggered transactivation of EGE-
RY. Therefore, we studied the effect of ascorbic acid
on immediate ERK phosphorylation. Results showed
that ascorbic acid also induced immediate phos-
phorylation of ERK after ascorbic acid treatment.
We confirmed the results with independently per-
formed experiments (Fig. 6). When the kinetics of
EGF-R and ERK phosphorylation were compared, it
is suggested that immediate and sustained phos-
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Fig. ©. Delayed effects of ascorbic acid on EGEF-R,
total ERK, phosphorylation of EGR-R and ERK.
Seventy two hours after ascorbic acid treatment, whole
cell Iysates were prepared and subjected to western
blot analysis with antibodies against EGF-R, phospho-
specific EGF-R, phosphorylation independent ERK,
and phospho-specific ERK. C, negative control.
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Fig. 6. Immediate effects of ascorbic acid on total ERK
and ERK phosphorylation. As shown in figure, whole
cell lysates were prepared and subjected to western blot
analysis with antibodies against phosphorylation inde-
pendent ERK and phospho-specific ERK. C, negative
control.

phorylation of ERK may increase the expression of
EGF-R at 72h after ascorbic acid treatment.

DISCUSSION

Skin equivalent model provides a new investi-
gating system to study the role of extracellular matrix
and dermal components such as collagen, basement
membrane components, and fibroblasts, which con-
tribute to cell-cell and cell-matrix interactions™*".
Ascorbic acid is known to increase the biosynthesis
of collagen, and the incubation of LSE with ascorbic
acid extends cellular viability, promotes formation of

epidermal barrier in vitro, and promotes engraft-
ment"”. We also observed that ascorbic acid could
affect the epidermalization in reconstructed human
epidermis. However, molecular mechanism of these
findings is not clarified yet. In our study, LSE was
reconstructed and characteristic multilayering and
stratification of epidermis was observed. Incubation
of LSE in ascorbic acid-containing medium facilitates
the formation of LSE with thick epidermis, more
compact horny layer, and more regular arrangement
of basal cells. These findings suggest that ascorbic
acid regulates the proliferation and differentiation of
keratinocytes. In literature, it is reported that ascor-
bic acid affects differentiation of keratinocytes'. In
our experiment, we observed well developed horny
layer and these findings are consistent with previous
reports. However, it seemed that ascorbic acid could
regulate proliferation of keratinocytes when cons-
idering thick epidermis of ascorbic acid treated LSE.
These findings were also supported by immuno-
histochemical staining. When LSE was immuno-
stained with antibody against involucrin and filag-
grin, similar staining patterns were observed in both
models, except negative staining of involucrin in
lower epidermis of ascorbic acid treated model. His-
tological findings such as thick epidermis and nega-
tive involucrin staining of lower epidermis suggest
that ascorbic acid is important for prevention of
premature differentiation of keratinocyte. In other
words, ascorbic acid is necessary for the maintenance
of proliferative potential of keratinocytes in the
reconstructed skin equivalent.

PCNA is known to be present through out the
cell cycle in proliferating cells’. In the skin, PCNA
expression is known to be present mainly in the basal
layer of normal skin. In both models, PCNA positive
cells were scattered along the basement membranes
and there was no significant differences. Ki67, a
nuclear protein that is expressed in proliferatin%
cells, was observed in the basal layer of epidermis.’
There are also no significant differences in Ki67
expression in these models. The p63 transcription
factor belongs to a family that includes two struc-
turally related proteins, p53 and p73'". It is reported
that p63 is the first gene product definitely distin-
guishing stem cells from their transient amplifying
progeny in stratified squamous epithelia.'" It was also
known that p63(-/-) mice lack stratified epithelia
and contain clusters of terminally differentiated kera-
tinocytes on the exposed dermis.™ p63 expression
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is known to be present mainly in the basal/suprabasal
layer of epidermis. Interestingly, intense staining of
p63 was observed in ascorbic acid treated models.
In addition, p63 positive cells were observed even
in mid-epidermis of reconstructed skin equivalent.
It is not clear why the expression of p63 is signifi-
cantly elevated in ascorbic acid treated LSE model
and most of p63 positive cells are not stained with
antibody against PCNA. These findings need to be
clarified in future. However, numerous cells in LSE
Vit. C model were stained with antibody for p63 and
these findings suggest that ascorbic acid have an
important role in the regulation of proliferative
potential of human keratinocytes.

Furthermore, we studied the effect of ascorbic acid
on normal human keratinocytes proliferation and the
molecular mechanism of proliferative effects. Inter-
estingly, ascorbic acid stimulates the proliferation of
keratinocyte at a dose dependent manner. Because
ascorbic acid has proliferative effect on keratino-
cytes, we investigated whether these effects are
related to the regulation of ERK and EGF-R. Results
showed that ascorbic acid induced both immediate
and delayed activation of ERK in cultured normal
human keratinocytes. Western blotting also showed
that ascorbic acid increased the level of EGF-R at
a dose-dependent manner in cultured normal human
keratincoytes. These findings suggest that ascorbic
acid induces proliferation through up-regulation of
EGF-R in normal human keratinocytes. Recently it
has been reported that ERK phosphorylation trig-
gered transactivation of EGF-R”. Our observation
stiggests that ascorbic acid could induce the pro-
liferation of keratinocytes through ERK mediated
EGF-R expression. Finally, effect on integrin expres-
sion was investigated. s integrin, a detection marker
of extracellular adhesion receptors, is distributed
along the dermal epidermal junction and this means
the existence of hemidesmosomes™"”*. Our results
showed that ascorbic acid is very important for the
regulation of integrin expression.

Thus it can be said that skin equivalent model,
which was reconstructed with ascorbic acid enriched
medium, seems to be a good substitute of human
skin.
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