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Abstract

Introduction: Collagen exists in various connective tissues and helps to provide them mechanical strength and
elasticity. The main component of the tendon is properly arranged collagen fibers withstanding very strong forces.
The compactly packed collagen fine fibers inside the bone and cartilage increase their elasticity. Collagen also helps
skin elasticity and strength. Hyaluronic acid widely exists in extracellular matrix, such as joints and skin. It plays an
important role in maintaining cartilage function by making ultra-macromolecular complexes with aggrecan or protein.
These collagen and hyaluronic acid decrease with age. Therefore oral supplementation or cosmetics containing
them are developed day by day and catch interests of people trackleing anti-aging. The objective of this study was
to evaluate and compare the absorbability of macromolecular substances in the oral mucosa and in the skin.

Methods: As animal experiments cannot be performed for the evaluation of cosmetics, we used a three-
dimensional oral mucosa culture model and a three-dimensional epidermis culture model. The absorbability of
macromolecular substances with molecular weights from 4,000 to 2,000,000 Da was compared between the oral
mucosa model and the skin model.

Results: In the skin model, the amount permeated were quite low on all molecular weight. In the oral mucosa
model, it absorbed much more compared with that of skin model, though the amount decreased according to the
molecular weight.

Conclusion: This result was considered due to the absence of the stratum corneum in the oral mucosa. High
absorbability through oral mucosa shows the possibility of a new absorption pathway of macromolecular substances.

Keywords: Absorbability of macromolecular substances; Oral
mucosa; Collagen; Hyaluronic acid

List of Abbreviations:

HOE: Human Oral Epithelium; RHE: Reconstructed Human
Epidermis; IgG: Immunoglobulin G

Introduction

Cosmetics or functional foods intended for anti-aging containing
macromolecular substances such as collagen and hyaluronic acid are
developed day bay day. Many people are spending huge money,
believing that taken collagen or hyaluronic acid would play a role as
collagen or hyaluronic acid in the body. We started our study to correct
this superstition. In the skin, collagen exists mainly in the dermis and
plays an important role of skin elasticity and strength [1,2]. Hyaluronic
acid is a polysaccharide involved in moisture retention in the skin
[1,2]. Although these macromolecular substances are expected to be
absorbed into the skin from cosmetics, they are in fact poorly

absorbed. As augmented in the 500-Da rule [3], the stratum corneum
in the skin, just a few micrometers thick effectively forms a barrier and
inhibited penetration of high molecules [4]. As foods, they are
absorbed from the gastrointestinal tract. However, collagen and
hyaluronic acid are broken down by digestive enzymes and finally
absorbed in the body as amino acids or monosaccharides, respectively
[5], and thus do not exert effects as macromolecules in the body.
Accordingly, we propose an administration method through the oral
mucosa [6]. Little enzymes that degrade collagen or hyaluronic acid
exist in the oral cavity and the mucosa has higher absorption efficiency
than the skin. We evaluated the oral mucosa as a novel absorption
route for the delivery of macromolecular substances. For the
evaluation, studies in the past mainly used skin or mucosa isolated
from animals, but alternative methods have recently been
recommended from the viewpoint of animal welfare. Particularly for
cosmetics, use of alternative methods has been accelerated by
regulations in the European Union, and guidelines for safety
evaluation using a three-dimensional tissue model have been
established [7]. This three-dimensional tissue model is prepared by
culturing isolated human cells. Advantages using alternative methods
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include reduction in variability due to individual differences in
animals, in addition to ethical considerations.

Thus, we used two three-dimensional tissue models, HOE, an oral
mucosa model and RHE, a skin model in this study.

Materials and Methods

Materials

Fluorescein isothiocyanate-dextrans (FD) with molecular weight
4,000Da (FD-4), 40,000Da (FD-40), 250,000Da (FD-250), 500,000Da
(FD-500) and 2,000,000Da (FD-2000) were purchased from Sigma-
Aldrich. Type-I  collagen was purchased from Rockland
Immunochemicals Inc. Fluoresceinamine-labeled sodium hyaluronate
was purchased from PG Research.

An oral mucosa model, SkinEthicT™-HOE, and an epidermis
model, SkinEthic™-RHE, were purchased from EPISKIN.

Experiments

Absorption experiment using FDs: The outside of acclimated
SkinEthic™-HOE (HOE) and SkinEthic™-RHE (RHE) models was
treated with 150 pL each of 0.01% FD-4, FD-40, FD-250, FD-500 and
FD-2000 solutions, and the models were incubated at 37°C for 6 hours.
Phosphate-buffered saline (PBS)(-) was used as a receiver solution. At
0.5, 1, 2, 4 and 6 hours after the application, sampling from the receiver
solution was performed and the amount of FD was determined. After
completion of the study, frozen sections were prepared and observed
with a fluorescence microscope.

Absorption experiment using collagen: The outside of acclimated
HOE and RHE models was treated with 100 pL of 0.5 mg/mL type-I
collagen (average molecular weight approximately 130,000), and the
models were incubated at 37°C for 3 and 6 hours, respectively. PBS(-)
was used as receiver solution. The amount of collagen in tissue and in
receiver solution were determined by the way discussed in amount of
collagen in tissue and amount of collagen permeation through tissue
sections respectively.

Absorption experiment using hyaluronic acid: The outside of the
acclimated HOE and RHE models was treated with 100 pL of 0.5%
fluoresceinamine-labeled sodium hyaluronate (average molecular
weight 600,000 to 1,120,000), and the models were incubated at 37°C
for 3 and 6 hours, respectively. PBS(-) was used as receiver solution.
The amount of hyaluronic acid in tissue and in receiver solution were
determined by the way discussed in amount of hyaluronic acid in
tissue and amount of hyaluronic acid permeation through tissue
sections respectively.

Observation of tissue sections (FDs and hyaluronic acid): The rinsed
tissue models were embedded in a compound for the preparation of
frozen sections, placed in a plastic mold and frozen. The compound
removed from the plastic mold was fixed on a sample stage in a device
for the preparation of frozen sections (cryostat). A section of each
applied sample was prepared so that the thickness was 4 um, and then
the section was mounted on a glass slide and observed with a
fluorescence microscope (FDs, Ex/Em=490/514 nm; hyaluronic acid,
Ex/Em=494/520 nm).

Observation of tissue sections (collagen): The tissue models were
frozen in M.E CRYO COMPOUND, and were subjected to
immunostaining of sections. Frozen tissue sections with a thickness of

4 um were prepared and mounted on a glass slide. The tissue section
on the glass slide was fixed with 4% paraformaldehyde, followed by
blocking with 1.0% bovine serum albumin. Then, the tissue section
was treated with a 100-fold diluted anti-human type-I collagen rabbit
antibody at 4°C overnight (primary antibody reaction), and treated
with 500-fold diluted anti-rabbit IgG goat Alexa Fluor488 at 37°C for 1
hour (secondary antibody reaction). The immunostained tissue section
was observed with a fluorescence microscope for fluorescence derived
from type-I collagen applied to the outside (100 x magnification; BP
485, FT 510).

Determination

Amount of FD in tissue: The application surface of the HOE and
RHE test samples was rinsed after completion of the study with 1.5 mL
(0.5 mL x 3 times) of purified water by pipetting. The rinsed tissue was
transferred into an Eppendorf tube, and 1 mL of purified water and
stainless beads were added, followed by crushing with TissueLyser
(Qiagen). Then, the fluorescence intensity (Ex/Em=490/514 nm) of the
supernatant obtained by centrifugation was measured with a
microplate reader.

Amount of FD permeation in tissue: The fluorescence intensity (Ex/
Em=490/514 nm) of the collected PBS(-) was measured with a
microplate reader.

Amount of collagen in tissue: The application surface of the HOE
and RHE test samples was rinsed after completion of the study with 1.5
mL (0.5 mL x 3 times) of purified water by pipetting. The rinsed tissue
was transferred into an Eppendorf tube, and 1 mL of purified water
and stainless beads were added, followed by crushing with TissueLyser.
Then, the amount of type-I collagen in the supernatant obtained by
centrifugation was measured by enzyme-linked immunosorbent assay
(ELISA).

Amount of collagen permeation through tissue: The amount of
collagen in receiver solution was measured by ELISA.

Amount of hyaluronic acid in tissue: The application surface of the
HOE and RHE test samples was rinsed after completion of the study
with 1.5 mL (0.5 mL x 3 times) of purified water by pipetting. The
rinsed tissue was transferred into an Eppendorf tube, and 1 mL of
purified water and stainless beads were added, followed by crushing
with TissueLyser. Then, the fluorescence intensity (Ex/Em=494/520
nm) of the supernatant obtained by centrifugation was measured with
a microplate reader.

Amount of hyaluronic acid permeation through tissue: The
fluorescence intensity (Ex/Em=490/514 nm) of receiver solution was
measured with a microplate reader.

Results

Comparison of absorbability using different molecular weights:
Figure 1 shows the amount of FD tissue permeation, and Figure 2
shows the amount in tissue. For all FDs, HOE showed higher tissue
permeation and a higher amount in tissue compared with those in
RHE. In both HOE and RHE, the tissue permeation decreased
depending on molecular weight. The amount in tissue decreased
depending on molecular weight in RHE, while the amount in tissue
increased with an increase in the molecular weight in HOE (Figure 3).
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Figure 1: Dextran permeating through tissue.
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Figure 2: Dextran remaining in tissue.
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Figure 3: Localization of dextran in tissue.

Absorbability of collagen and hyaluronic acid: Figure 4 shows the
tissue permeation of collagen and hyaluronic acid, and Figure 5 shows
the amount remaining in tissue. The tissue permeation was higher in
HOE for both collagen and hyaluronic acid. In tissue, however, the
amount of collagen was higher in RHE, and the amount of hyaluronic
acid was higher in HOE (Figure 6). This unexpected observation will
be discussed later.
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Figure 5: Collagen and hyaluronic acid remaining in tissue.
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Figure 6: Localization of collagen and hyaluronic acid in tissue.

Discussion and Conclusion

Collagen and hyaluronic acid play a key role as components of many
tissues such as skin, cartilage and bone. However, these decrease with
aging [2]. Thus, maintenance of the amount of collagen and hyaluronic
acid in the body may aid in the prevention of aging. Therefore, in order
to prevent various phenomena caused by a decrease in collagen and
hyaluronic acid, namely an increase in wrinkles in the skin and
decrease in the cartilage in joints, many cosmetics and health foods
containing collagen and hyaluronic acid have been developed and are
regularly taken by many people [8-10]. Cosmetics are expected to be
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absorbed from the skin and foods are expected to be absorbed from
the gastrointestinal tract. Therefore, in the case of cosmetics, whether
or not macromolecules such as collagen and hyaluronic acid are
actually absorbed into the skin must be determined.

Among the epithelial tissues, the skin has a stratum corneum and its
original function is to act as a barrier to protect areas inside the body
from the external world [11]. Meanwhile, mucosal tissues have no or
little stratum corneum and high absorbability, and their sole function
is the nutrient uptake from the surrounding environment [12]. In fact,
as shown in Figure 1, macromolecular substances show almost no
permeability in the skin model, and as shown in Figure 2, only a few
low-molecular-weight substances are observed in tissue. On the other
hand, in the oral mucosa model, although tissue permeation decreases
according to molecular weight, the absorbability is significantly higher
than that in skin. The amount in tissue increased in proportion to
molecular weight in the oral mucosa model. This may be because
higher-molecular-weight substances move slower and increasingly
remain in the tissue (Figures 1 and 2). After completion of the
experiments, tissue sections were prepared to confirm permeability
under fluorescence, and the oral mucosa model showed higher
permeability for all molecular weights (Figure 3).

Similar studies were also conducted for collagen and hyaluronic
acid. For hyaluronic acid, both tissue permeation and the amount in
tissue were higher in the oral mucosa model, consistent with the
evaluation results of the effects of molecular weight (Figures 4 and 5).
Meanwhile, as for collagen, the permeation amount was higher in the
oral mucosa model, but the amount in tissue was higher in the skin
model, contrary to expectations (Figures 4 and 5). Therefore, we
further examined the localization of collagen in the tissue. Collagen
was found to remain in the middle layer of the skin (Fig. 6). This
means that collagen applied to the skin did not reach the dermal layer,
which is the original site where collagen plays roles. In other words,
applied collagen is present in the stratum corneum and is expected to
be effective for maintaining the water-retention capacity of the skin,
but is not expected to contribute to the elasticity of the dermis. In the
oral mucosa, some collagen reached the dermis, though whether they
play roles there as collagen is not clear from the result.

We should keep in mind that this is only speculation based on the
results of alternative experiments, where in vivo investigations cannot
be performed from the viewpoint of animal welfare.

In conclusion macromolecular substances such as collagen and
hyaluronic acid are not absorbed from the skin and the oral mucosa
would be superior to the skin as a pathway to incorporate
macromolecular substances.
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