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Abstract

Objective: Intrinsic skin aging is an inevitable process with reduced extracellular
matrix deposition and impaired mechanical integrity in the dermal-epidermal junction
(DEJ). Hyaluronan is one of the most promising natural ingredients. In this research,
multiple mechanisms of a novel hyaluronan complex against intrinsic skin aging were
revealed.

Method: Immunohistochemical analysis and enzyme-linked immunosorbent assay
were employed to evaluate the effect of low-molecular weight sodium hyaluronan, its
acetylated derivative and HA complex on expression of matrix metalloproteinase-1
(MMP-1) and type | collagen in normal human fibroblasts. Then, immunohistochemi-
cal analysis and hematoxylin and eosin staining was carried out to evaluate identical
effects of HA complex in reconstructed skin equivalents, as well as its benefits on
histological structure and DEJ.

Result: In normal human dermal fibroblasts, the hyaluronan complex, which contains
low-molecular weight sodium hyaluronate and its acetylated derivative, has synergistic
effects by increasing type | collagen expression. At the same time, MMP-1 production
was inhibited. This was confirmed in subsequent experiments with skin equivalent, and
intriguingly, the hyaluronan complex was also found to increase the expression of two
DEJ proteins.

Conclusion: The multimechanism hyaluronan complex in this proof-of-concept study
exhibited skin antiaging effects in vitro through inhibiting the expression of MMP-1
and enhancing type | collagen accumulation and the expression of DEJ proteins, which
reveals new avenues for investigating more biological activities of various types of

hyaluronan.
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1 | INTRODUCTION

As the largest organ of the human body, the skin serves as the fore-
most natural barrier to the outside world.! It is critical in protecting
the body against pathogenic microorganisms, regulating water loss,
and preventing solar ultraviolet radiation or chemical penetration.?
Additionally, healthy skin is a manifestation of beauty.?

The skin is divided into three major layers anatomically,epidermis,
dermis and hypodermis.* The epidermis is made up of two layers: the
outermost stratum corneum (10-30 um, which contains dying and
flattened dead cells) and a living keratinocytes layer (100-150 um,
the active functional part of the epidermis). The dermis (1.5-4 mm in
different body areas) can be divided into two sublayers, from the out-
side to the inside: the papillary layer, the reticular layer respectively.
The thinner papillary dermis has a higher fibroblast density, whereas
the much thicker reticular dermis is mostly composed of extracellu-
lar matrix (ECM) proteins released by fibroblasts, and the deepest
white adipocytes-rich hypodermis connects the skin to the muscle and
fascia.® Notably, the epidermis and dermis are connected by a highly
specialized ECM basement membrane termed the dermal-epidermal
junction (DEJ), which acts as both structural support and a specific
signaling niche in cell-matrix interactions.”

The skin thins,® dries,” wrinkles, and looses resilience when the
inevitable and progressive physiological process of intrinsic or chrono-
logical skin aging happens, and the mechanisms of it are currently
believed to be predominantly due to changes in the ECM and DEJ.10-12

Despite its heterogeneity, the skin ECM is primarily composed of
fibrillar collagen and elastin, these proteins offer dermal strength and
flexibility, as well as provide the skin’s scaffolding fibers to maintain the
structural integrity of the tissue.!® Different types of collagens (mainly
types | and Ill) and elastin are tightly connected and interwoven by a
specific glycosaminoglycan (GAG) termed hyaluronan (HA, also known
as hyaluronic acid).’* Given the crucial role of the ECM in maintaining
tissue integrity, altering its deposition can lead to tissue dysfunction,’®
aging,1¢ and even disease.'” The molecular mechanisms of these alter-
ations in the ECM are collagen fragmentation and density reduction,®
as well as a decrease in the renewal of the collagen cross-linking pro-
teins fibrillin, elastin,’? and HA.29-22 Collagen fragmentation, one of
the most conspicuous hallmarks of skin aging,2? is initially caused by
matrix metalloproteinase-1 (MMP-1).242> MMPs are ECM-degrading
zinc-containing endopeptidases, their activity increases with biological
age, affecting ECM deposition, leading to ECM remodeling and conse-
quent skin aging.26-2? MMP-1 is up-regulated in dermal fibroblasts by
the c-Jun/AP-1 signaling pathway during intrinsic skin aging®® and is
responsible for increased collagen | and |1l fragmentation.31-32

Asfor DEJ, itisrichin collagens, laminins, fibrillins, nidogen, and hep-
aran sulfate proteoglycan perlecan, of which laminin-332 (previously
known as laminin 5) is its fundamental component.3334 Laminin-332
is a heterotrimeric glycoprotein comprised of «3, 83 and y2 chains
encoded by the genes LAMA3, LAMB3, and LAMC2, respectively.3°3¢
It interconnects with collagen XVII and integrin a684 on the mem-

branes of basal epidermal cells, as well as collagen VIl and anchoring

filaments originating from hemidesmosomes in the ECM to construct
a complex fibrillar meshwork that provides the most fundamental
biomechanical support for DEJ.3® Fibrillin-1, another component in
DEJ,%7 is involved in the formation of fibrillin microfibrils, which insert
vertically from the deep dermis into the basement membrane and is
one of the proteins that impart skin elasticity.*® The decline in the
distribution of proteins including laminin-3323? and fibrillin-1° was
reported in intrinsically aged skin. This may account for the thinning of
the DEJ in aged skin and partially explains the increased skin fragility.

Albeitintrinsic skin agingisinevitable, inhibiting ECM remodeling by
preserving its deposition while enhancing structural proteins expres-
sion in the DEJ has the potential to thwart this process, and HA, a
traditional ingredient in cosmetic and aesthetic medicine, may offer a
brand-new option. HA is a linear GAG composed of simple repeats of
N-acetyl-glucosamine 5-(1-4) and glucuronic acid -(1-3) disaccharide
units.*? As the most abundant component of the ECM (concentration
of 0.5 mg/kg) and with the capacity to retain 1000 times its own weight
in water,*2 HA is not just a filler, but it can also affect physiological
and pathological processes such as fibroblast migration, inflammation,
aging, wound healing, and tumor invasion by binding to proteins includ-
ing cell surface receptors (CD44, LYVE1, RHAMM, etc.) as well as
matrix proteins.*3*# In recent years, HA has grown in popularity and is
now the most widely used cosmetic ingredient due to its versatility and
nonimmunogenicity. However, the antiaging mechanisms of HA still
need to be explored, which is not only valuable to the research on its
biological activities, but also of tremendous benefit to the development
of new products.

In this study, a novel HA complex combining low molecular weight
sodium hyaluronate (30 kDa) and its acetylated derivatives (Figure 1)
of the same molecular weight was created. It has been shown to signif-
icantly increase type | collagen accumulation by suppressing MMP-1
production and enhancing type | collagen secretion in fibroblasts. In
addition to the HA complex having comparable effects as described
above, the structural proteins laminin-332 and fibrillin-1 in the DEJ
were markedly elevated in the reconstructed full-thickness skin equiv-
alent. In conclusion, preventing or reversing the age-related alterations
inthe ECM and DEJ composition and architecture remains a significant
challenge, by integrating HA with different structures, the multiple-
mechanism HA complex works synergistically, shedding light on skin

rejuvenation.

2 | MATERIALS AND METHODS

2.1 | Materials

Sodium hyaluronate (HA) and acetylated sodium hyaluronate (AcHA)
are commercial products provided by Bloomage Biotechnology Co.,
Ltd., their average molecular weight is 30 kDa, and the acetyl substi-
tution degree of acetylated sodium hyaluronate is 75%. The normal
human dermal fibroblast (NHDF) and human epidermal keratinocyte

(HEKn) were provided by American Type Culture Collection.
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FIGURE 1 The structures of sodium hyaluronate and its acetylated form.

2.2 | Cell culture

The NHDF cells were cultured in Dulbecco’s modified Eagle’s medium
(Gibco), supplied with 10% fetal bovine serum (Gibco) and 1% peni-
cillin/streptomycin (Gibco) at 37°C with a humid atmosphere con-
taining 5% CO,. When reaching the density of 70%—80%, cells were
digested with 0.05% trypsin (Gibco) and seeded into 24-well or 96-well

plates for further investigation.

2.3 | Enzyme-linked immunosorbent assay

The enzyme-linked immunosorbent assay (ELISA) was used to deter-
mine the quantity of type | collagen secretion. NHDF cells were
digested and seeded into a 96-well plate after achieving a density of
70%—80%, then HA and AcHA at the concentration of 0.0001% (wt%)
were added separately. After incubation for 48 h, the supernatant was
collected and centrifuged at 1000 rpm for 5 min. The content of type |
collagen in the supernatant was then quantified using Type | Collagen
ELISA Kit (CUSABIO) according to the protocol. The total protein of
cells was extracted by using RIPA buffer (Solarbio). The quantity of total
protein was measured by using a BCA kit (ThermoFisher Scientifc). The
final amount of type | collagen secretion of each group was normal-
ized by the quantity of total protein. All the data were analyzed with
an unpaired t-test, p < 0.05 was identified as a statistical difference.

2.4 | Cellular immunohistochemical analysis

The quantity of MMP-1 was measured by the cell immunofluorescence
method. NHDF cells were digested and seeded into a 24-well plate
after achieving a density of 70%—80%, then HA and AcHA at the con-
centration of 0.0001% (wt%) and 0.05% (wt%) were added separately.
After incubation for 48 h, cells were fixed with cold methyl alcohol for
15 min. Then the supernatant was discarded. Cells were washed with
phosphate buffered solution (PBS). 5% Bovine serum albumin (BSA)
was added as a blocking solution and incubated for 1 h at room temper-
ature. After that, the anti-MMP-1 antibody (Abcam, ab138492) diluted

by blocking solution was added and incubated overnight at 4°C. On the
following day, cells were washed with PBS and incubated with the sec-
ondary antibody for 1.5 h at room temperature. Cells were covered
with mounting medium containing DAPI. Photos were taken under a
fluorescence microscope. The mean fluorescence intensity of every
photograph was analyzed using ImageJ software. All the data were ana-
lyzed with an unpaired t-test. p < 0.05 was identified as a statistical

difference.

2.5 | Establishment of reconstructed full-thickness
skin equivalent

The reconstructed full-thickness human skin equivalent is composed
of normal human keratinocytes and human dermal fibroblasts that
have been fused together via tissue engineering to generate a highly
differentiated dermal-epidermal complex that is regularly utilized
as an active screening model. The establishment of reconstructed
full-thickness skin equivalents was carried out according to the Gan-
gatirkar’s protocol.*> NHDF cells mixed with collagen were cultured
to establish dermis. After collagen lattice was formed, HEKn were
seeded onto the surface of collagen lattice and media was changed
every 2-3 days for the next 7 days. Then the skin equivalents were
cultivated at an air-liquid interface for 8 days and media was changed
every 2-3 days for the next 8 days. On the last time of renewing cul-
ture medium in the stage of liquid cultivation, 0.1% (wt %) HA complex
was added into the culture medium until the air-liquid culture was
ended.

2.6 | Histology and immunohistochemical analysis

At the end of the air-liquid cultivation, skin equivalents were fixed with
4% paraformaldehyde (PFA). Dehydration was carried out by gradi-
ent ethanol, followed by paraffin embedding. Sections were cut into
slices of 5 um and mounted onto the glass slides. After deparaffinized
with methyl cyclohexane and rehydrated with decreasingly gradient

ethanol, the tissue sections were stained with hematoxylin and eosin
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stain (H&E). Observation and photography were performed under a
microscope.

For immunohistochemical analysis, skin equivalents were coated
with O.CT and cut into slices of 5 um and mounted onto the glass
slides. The sections were fixed with cold methyl alcohol for 15 min.
BSA (5%) was added as a blocking solution and incubated for 1 h
at room temperature. After that, the anti-type | collagen antibody
(Abcam, ab138492), anti-MMP-1 antibody (Abcam, ab52631), anti-
laminin-332 antibody (Abcam, ab78286), and anti-fibrillin-1 antibody
(Sigma, MAB2499) diluted by blocking solution were added separately
and incubated overnight at 4°C. On the following day, sections were
washed with PBS and incubated with the corresponding secondary
antibody for 1.5 h at room temperature, then covered with a mount-
ing medium containing DAPI. Photos were taken under a fluorescence
microscope. The mean fluorescence intensity of every photograph was
analyzed using ImageJ software. All the data were analyzed with an

unpaired t-test, p < 0.05 was identified as a statistical difference.

2.7 | Statistical analysis

P values were calculated with Student’s t-test. p < 0.05 was considered
to be statistically significant, and p values are designated as follows:
*p < 0.05; **p < 0.01. Values are expressed as mean + SD of calculated

from at least three replicates.

3 | RESULTS

3.1 | Inhibitory effect of sodium hyaluronan on
MMP-1 expression in fibroblasts

The inhibitory effect of sodium hyaluronate (HA) and acetylated
sodium hyaluronate (AcHA) on normal human dermal fibroblasts
(NHDF) MMP-1 was determined by the cell immunofluorescence
method. The expression of MMP-1 decreased after fibroblasts were
treated with HA for 48 h, while the corresponding indexes did not
decrease significantly in the AcHA group after treatment (Figure 2A).
Quantitatively, 0.0001% and 0.05% HA reduced the expression of
MMP-1 in fibroblasts by 12.6% and 19.9%, respectively, while there

was no significant change in the AcHA treated group at the same

3.2 | Quantitative determination of type I collagen
secretion in fibroblasts

Fibroblasts type | collagen secretion was quantified by ELISA. The
0.0001% AcHA treatment group had a 21.5% up-regulation on the
secretion of type | collagen; while 0.0001% HA had no significant effect
on the synthesis of type | collagen; 0.0001% AcHA was incorporated
with the same concentration of HA to yield 0.0002% HA complexes,
which increased type | collagen secretion by 36.5% (Figure 2C). A
between-group t-test (p < 0.05) was performed between the AcHA-

treated group and the HA complex-treated group, confirming that the
combination of HA and AcHA had a synergistic effect.

3.3 | Effects of HA complex in skin equivalent

The reconstructed full-thickness skin equivalents have the same epi-
dermal, DEJ and dermal structures as normal human skin, equivalent
to in vivo environments, and are routinely employed for in vitro effi-
cacy evaluation of skincare products or pharmaceuticals. After 11 days
of treatment of the skin equivalents with the 0.1% HA complex, H&E
staining demonstrated a rise in their epidermal thickness, as well as
enhanced tightness between basal keratinocytes (Figure 3A). Con-
sistent with the above results, immunofluorescence assays of frozen
tissue sections revealed that HA complexes increased type | colla-
gen expression by 45.3% (p < 0.001) (Figure 3B, C), while dermal
MMP-1 expression was significantly reduced by approximately 10.7%
(p <0.01) (Figure 3D, E).

3.4 | Effects of HA complex on DEJ in skin
equivalent

After treatment of skin equivalent with 0.1% HA complex for 11 days,
immunofluorescence assays revealed a more compact and continuous
DEJ structure (Figure 3F, H), in which laminin-332 expression was sig-
nificantly increased by 23.3% (p < 0.01) (Figure 3G), the expression of
fibrillin-1 was significantly increased by 64.0% (p < 0.05) (Figure 3I).

4 | DISCUSSION

Intrinsic skin aging is a natural physiological process and slowing
or even reversing this process will be a significant challenge for
a long time to come, both for academia and the beauty indus-
try. In this study, a novel complex combining low molecular weight
sodium hyaluronate (30 kDa) and its acetylated derivatives was
developed with the potential to address this issue. The effects of
the HA complex on type | collagen accumulation through inhibit-
ing MMP-1 production and increasing type | collagen secretion in
fibroblasts were revealed. For further verification, the reconstructed
full-thickness skin equivalents were used, and not only consistent
results were obtained, but also intriguingly, the role of promoting
DEJ protein expression was discovered for the first time, particu-
larly as a significant increase of laminin-332 (p < 0.01) and fibrillin-1
(p <0.05).

The tissue-strengthening properties of the versatile HA have been
extensively demonstrated. Quan et al. reported the effects of a cross-
linked HA to stimulate type | collagen production in fibroblasts to
strengthen the structural support of the ECM by injecting it into the
skin of individuals over 70 years of age.*® Wu et al. discovered that
the expression of MMP-1 and —3 were significantly downregulated
(p < 0.001) after treatment of IL-1p-stimulated rat tenocytes with high
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FIGURE 2 Reduction of matrix metalloproteinase-1 (MMP-1) expression and enhancement of type | collagen secretion in normal human
dermal fibroblast (NHDF). (A and B) Inhibitory effects of sodium hyaluronate (HA) and acetylated sodium hyaluronate (AcHA) on MMP-1
expression in NHDF. (A) Decreased MMP-1 expression was observed in 0.0001% and 0.05% HA treated NHDF by cellular immunohistochemical
analysis compared to AcHA groups and the control group (scale bar = 50 um). (B) Normalized intensity analysis by ImageJ software showed a
significant decrease in 0.0001% and 0.05% HA treated groups. (C) Enzyme-linked immunosorbent assay (ELISA) showed increased type | collagen
secretion in 0.0001% AcHA and 0.0001% HA and AcHA co-treated groups, and the latter indicated a synergistic effect. Values are expressed as
mean =+ SD. P values were determined by unpaired t-test. *Significance between control and treated group; #significance between AcHA and HA
complex treated group (n = 3, n.s., no significance; *p < 0.05; **p < 0.01; #p < 0.05).

molecular weight HA (3000 kDa, 2.5 mg/mL).*” Based on the above-
mentioned works, we postulated that low molecular weight HA may
have similar effects on collagen secretion and MMPs expression, and
thus be used to combat the intrinsic skin aging.

To test this hypothesis, fibroblasts were treated separately with
sodium hyaluronate (30 kDa) and its acetylated derivatives of the same
molecular weight. In immunofluorescence assays, sodium hyaluronate
reduced MMP-1 expression by 12.6% (p < 0.01) at the concentration
of 0.0001%, and by 19.9% at the concentration of 0.05%, suggesting
a dosage correlation. At the same concentrations, acetylated sodium
hyaluronate had no obvious effect. The two kinds of HA showed
reversal effects in the ELISA experiments quantifying type | colla-
gen secretion. Acetylated sodium hyaluronate at the concentration of
0.0001% significantly increased fibroblast type | collagen secretion by
21.5%, whereas the same concentration of sodium hyaluronate had no
obvious effect. It is easy to deduce that combining them may be ben-
eficial. As expected, 0.0002% HA complex increased type | collagen
secretion by 36.5%, indicating a synergistic effect. This may be owing

to that while acetylated sodium hyaluronate stimulates type | collagen

secretion, sodium hyaluronate suppresses the expression of MMP-1
and prevents type | collagen fragmentation.

Next, the reconstructed full-thickness skin equivalents were treated
with 0.1% HA complex and increased epidermal thickness was
observed in H&E staining experiments, as was basement membrane
tightness. After immunofluorescence analysis, it was revealed that der-
mal MMP-1 expression in the dermis was substantially down-regulated
by 10.7%, while collagen | deposition was significantly boosted by up
to 45.3%. More notably, laminin-332 and fibrillin-1 were significantly
increased in DEJ by 23.3% and 64.0%, respectively. This is the first time
that HA has been found to have a DEJ-enhancing effect.

Taken together, this work demonstrated via cellular and skin equiv-
alents that the novel HA complex combines the advantages of two
low-molecular-weight HA that increase ECM deposition and enhance
DEJ structural strength simultaneously. The ECM remodeling driven
by the loss of deposition and the weakening of mechanical strength
induced by the reduction of DEJ proteins expression are the key factors
for intrinsic skin aging. Therefore, the multimechanism HA complex has

a potential antiaging effect. In addition, given the detrimental feature
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FIGURE 3 The beneficial effects of HA complex on reconstructed full-thickness skin equivalents. (A) H&E staining in reconstructed
full-thickness skin equivalents. Increased epidermal thickness and tightness of basal keratinocytes were observed in 0.1% HA complex treated skin
equivalent (scale bar = 100 um). (B-1) Qualitative and quantitative analysis of the expression changes of type | collagen and other proteins in skin
equivalents by immunohistochemical method. (B and C) Type | collagen expression was enhanced in the 0.1% HA complex treated group (scale

bar = 100 um). (D and E) Dermal matrix metalloproteinase-1 (MMP-1) expression was inhibited in 0.1% HA complex treated group (scale

bar = 100 um). (F and G) Laminin-332 expression was increased in the DEJ in 0.1% HA complex treated group (scale bar = 100 um). (H and 1)
Fibrillin-1 expression was also observed to be significantly increased (scale bar = 50 um). Normalized intensity analysis by ImageJ software
showed a significant increase in type | collagen expression (C), decrease in dermal MMP-1 expression (E), and enhancement in laminin-332 (G) and

fibrillin-1 (I) on DEJ, respectively. Values are expressed as mean + SD. P values were determined by unpaired t-test. (n = 3, *p < 0.05; **p < 0.01;
***p < 0.001).

of ECM remodeling in wound repair®® and cancer metastasis,*’ the HA
complex may also play arole.

Although the HA complex exhibited robust antiaging effects in
fibroblast and skin equivalent, several limitations in this research must

be addressed. First, this study does not incorporate molecular biology

research on the multiple mechanisms of HA complex and the syner-
gistic phenomenon. Besides, to be more persuasive, the effects of HA
complex against intrinsic skin aging remain to be validated by animal
models and even clinical trials. Finally, in addition to the traditional

external application and injection, oral administration of HA has also
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been demonstrated to be feasible,”® and further study on the adminis-
tration method of the HA complex can be carried out. We believe this
work will act as an excellent starting point to launch such experiments.

5 | CONCLUSION

In conclusion, this research revealed that the novel low molecular
weight HA complex can simultaneously suppress MMP-1 expression
and promote type | collagen, laminin-332 and fibrillin-1 production.
This robust improvement of ECM deposition and enhanced DEJ struc-
tural strength through multiple mechanisms has potential ameliorating
effects on intrinsic skin aging. Even if more in-depth mechanism inves-
tigations are required, this work not only opens a new avenue for
the exploration of the biological activities of HA and moreover estab-
lishes a theoretical foundation for the development of new antiaging
products.
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