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Abstract

Background: Intrinsic aging promotes wrinkles formation by an imbalance between
matrix synthesis/degradation in favor of degradation. This is accelerated by the expo-
some leading to overproduction of protease and fewer remodeling.

Objective: Protecting the integrity of extracellular matrix appears as the most ef-
ficient anti-aging solution. We developed a grafted HA specifically designed to get
anti-aging property due to a specific molecular weight and acetylation degree.
Methods: A transcriptomic analysis was performed on fibroblasts, followed by a
measurement of MMP secretion and subsequent effect on collagen degradation.
MMP expression in skin explants concerned by chronobiological and extrinsic aging
was analyzed by immunostaining. A clinical study was conducted on volunteers pre-
senting wrinkles on face to evaluate flash reduction of wrinkles after 6 h of application
by profilometry and anti-aging efficacy after 2 months by VISIA® CR2.3.

Results: Transcriptomic analysis evidenced an inhibition of MMP gene expression
with acetylated HA, confirmed by an inhibition of MMPs release by fibroblasts, and
a protection of type | collagen against degradation. We confirmed the reduction of
MMPs in mature skin and in skin explants exposed to UV and urban dust. We demon-
strated during clinical studies the flash reduction effect of acetylated HA on crow's
feet wrinkles and a filling of nasogenian areas 6 h after application, and a wrinkles
number reduction on nasogenian area up to 2 months of application.

Conclusion: We developed a new grafted HA owing protective properties against
ECM degradation induced by chronobiological and extrinsic aging, leading to a signifi-
cant and efficient anti-wrinkles effect.
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1 | INTRODUCTION

The skin is composed of three distinct layers: from the surface down,
the epidermis, dermis, and hypodermis.! Each layer has its own com-
position, which is associated with its specific role in the skin. The
epidermis, composed of several layers of keratinocytes, is the out-
ermost layer of the skin and is exposed to external factors but is
continually renewed to overcome the potential degradation induced
by these factors.?® The innermost layer, the hypodermis, is made
of large pockets of adipose tissue whose main role is to isolate and
protect the skin from shocks.! Between these layers is the dermis,
a highly vascularized tissue mainly composed of fibroblasts, which
synthesize structural proteins such as collagens, proteoglycans, and
elastin.*® Type | and type Il collagens, the two main types of colla-
gens synthesized in the dermis, are arranged in a triple helix to form
collagen fibers. These fibers are arranged perpendicularly to the epi-
dermis and are intertwined with thin vertical oxytalan and elaunin
fibers, which are poor in elastin and rich in fibrillin, in the papillary
dermis. However, they are arranged parallel to the epidermis and are
associated with thicker horizontal mature elastic fibers enriched in
elastin in the underlying reticular dermis.® These different organi-
zational types in the papillary and reticular dermis confer firmness
but also strong elastic properties to the skin.”® These fibers are as-
sociated with other structural proteins, such as type V collagen, hy-
aluronate, and many other molecules, thus forming the extracellular
matrix (ECM) which constitutes a scaffold for the skin.*?

During intrinsic aging, an imbalance occurs between the synthe-
sis and degradation of these macromolecules, owing to their slow
turnover associated with their long half-life.!° Aging fibroblasts
synthesize more prostaglandin E2 (PGE2), an inhibitor of collagen
production, and thus progressively lose their ability to synthesize
collagen.**? Moreover, matrix metalloproteinases (MMPs) accu-
mulate during aging, thereby increasing collagen degradation‘13
The accumulated MMPs associated with aging include collagenases
(MMP-1), stromelysins (MMP-3), and gelatinases (MMP-9). MMP-1
is the most efficient protease in initiating fragmentation of type |
and type Il collagen fibers by cleaving the triple helix. Collagen frag-
ments are then degraded by MMP-3 and MMP-9.1

Skin aging can be accelerated by the exposome, comprising the
external factors to which the skin is exposed daily, including UV ra-
diation, pollution, tobacco, and blue light. These various exposures
increase the production of reactive oxygen species (ROS), thus re-
sulting in deleterious effects on the skin and leading to premature
aging, commonly referred to extrinsic aging.*>® Studies have clearly
shown that the production of ROS by UV radiation indirectly stim-
ulates the synthesis of MMPs.'” Indeed, ROS activate MAP kinases,
which in turn induce the expression of c-Fos and c-Jun, whose as-
sociation forms the transcription factor activator protein 1 (AP-1),
thereby triggering the overexpression of genes encoding MMP-1,
MMP-3, and MMP-9.7 Moreover, AP-1 decreases the production
of pro-collagen type | production by fibroblasts through inhibiting

the transforming growth factor-g (TGF-p) pathway.*® Similarly to UV
radiation, ozone pollution has severe consequences on the skin, be-
cause it stimulates MMP-9 gene expression and activity, and conse-
quently enhances collagen degradation in the dermis.'? Data from
the literature have confirmed that the exposome can induce prema-
ture aging through increasing the expression and activity of MMPs,
which are naturally stimulated by intrinsic aging.

Alterations of collagens from the ECM, through the inhibition of
their synthesis and the stimulation of their degradation, are respon-
sible for the dermis thinning, thereby leading to clinical manifesta-
tions such as the formation of wrinkles. Consequently, protecting
the ECM against degradation through MMP inhibition and the in-
troduction of an external source of ECM in the skin appears to be an
efficient anti-aging strategy.20 Among potential external sources of
ECM that may provide anti-aging solutions, hyaluronic acid (HA) is
one of the best known and renowned.

HA is an iconic cosmetic active ingredient, owing to its multiple
physiological roles in promoting hydration, and improving viscoelas-
ticity and tonicity by creating a hydrogel in the ECM. First generation
HA has a high molecular weight of approximatively 1 million Daltons
and mainly has skin surface effects including high moisturization.?*
Hydrolyzed HA (second generation) with intermediate and lower
molecular weights was subsequently developed to improve skin
penetration and provide additional biological activities.?? The skin
penetration of HA varies according to the molecular weight.?®> We
have demonstrated that high molecular weight HA remains at the
surface of the skin, whereas HA with intermediate (300 kDa) and
low (20-50 kDa) molecular weights penetrates deeper into the skin,
up to 120 um for the lowest molecular weight. Intermediate and low
molecular weight HA trigger numerous biological pathways includ-
ing cell proliferation, migration, cell communication, and microbial
defense.???* These mechanisms are triggered after HA interacts
with the natural receptor CD44 and by interaction with Toll-like
receptors, such as TLR2 or TLR4, which induce microbial defense
through the production of beta-defensin.??

These two forms of HA, native and hydrolyzed, confer transient
skin benefits, because the skin is enriched in hyaluronidase, which
degrades HA. During aging, expression of this enzyme increases,?!
thus increasing the degradation of natural HA and limiting the long-
lasting effect of exogenous HA.

Extending this knowledge, we developed a new anti-aging solu-
tion based on a grafted HA, which is able to penetrate into the skin,
has biological activity, and is resistant to hyaluronidase. Using a
particular range of molecular weight and acetyl grafts, we demon-
strated that the acetylation of HA promotes high resistance to hyal-
uronidase and deep penetration in the skin. Then, we demonstrated
through in vitro and ex vivo studies that this acetylated sodium hy-
aluronate has beneficial effects in protecting the ECM against the
degradation associated with intrinsic and extrinsic aging. Finally,
we confirmed by clinical studies that this ECM protection leads to a

strong and visible anti-wrinkle effect.
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2 | METHOD

2.1 | Raw material

HA with a specification of molecular weight between 20 and 50 kDa
(Mn) was used as the starting material and was fully acetylated.
Native sodium hyaluronate was obtained by fermentation processes.
Then, it has been fully acetylated thanks to green biochemistry pro-
cesses as described in the following patent (W02018/162672A1).
We obtained a fully acetylated final product with an average mo-
lecular weight of 15 kDa (Mn). We compared the efficiency of this
acetylated product to an non-acetylated form with an equivalent
molecular weight (15 kDa Mn).

2.2 | Skin penetration with Raman spectroscopy
The analysis was performed on frozen skin explant from Caucasian
donors (mean age of 36 + 1). Skin explants were topically treated
with sodium acetylated hyaluronate at 1% (w/v) or sodium hyaluro-
nate at 1% (w/v) which are same molecular weight (15 kDa) and were
then incubated for 8 h at 32°C. The untreated skin explant was used
as a negative control. After the incubation phase (T8 h), the surfaces
of the explants were cleaned to eliminate any excess product.

The explants were frozen at -80°C and then cut longitudinally with
a Cryotome (MICROM HM 500 OM., MICROM International GmbH)
to a thickness of 20 um. For each explant, three tissue sections were
selected and deposited on a CaF2 support for Raman imaging analysis.

Raman spectral acquisitions were recorded by using a Labram
microspectrometer (Horiba Jobin Yvon) associated with a micro-
scope (BX40; Olympus) coupled to a dispersive Raman spectro-
graph. The complete and detailed information regarding the method
was described by Essendoubi et al.®

The Raman images had a size of Y: 10 pm/X: 100 pm with a step
of 5pmin Xand 5 pmin Y. Each Raman image had 3 Y spectra and 21
X spectra (63 spectra per image).

2.3 | Resistance to hyaluronidase

Sodium acetylated hyaluronate and sodium hyaluronate which are
same molecular weight (15 kDa) were prepared at 2% (w/v) in water
and mixed for 5 min. Then, 300 ul of these solutions was placed in
contact with hyaluronidase solution at 8 Ul/ml, which was previously
validated as the optimal concentration of hyaluronidase needed to
induce sodium hyaluronate degradation in this in tubo model. The
negative control involved a solution without hyaluronidase. All reac-
tions were then mixed and incubated at 55°C in an oven for 16 h and
then cooled to room temperature. HA was extracted via the mobile
phase and centrifuged at 5600 g for 10 min. The molecular weight
of each HA (acetylated and non-acetylated forms) was determined
with chromatographic analysis, according to a confidential method
performed by a subcontractor.
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2.4 | Transcriptomic analysis of normal human
fibroblasts

Normal human dermal fibroblasts (NHDFs) obtained from a donor
who had an abdominal surgery under informed consent were seeded
at 250 000 cells per well in 6-well plates. After 72 h of culture, the
cells were stimulated for 24 h with sodium acetylated hyaluro-
nate or with non-acetylated hyaluronate, which are same molecu-
lar weight (15 kDa) as a control at 0.01% (w/v) for NHDF in free
Dulbecco's Modified Eagle's Medium (DMEM from Gibco, Thermo
Fisher Scientific). After 24 h of treatment, RNA was extracted with
the TRIzol method (Invitrogen, Thermo Fisher Scientific). RNA qual-
ity was controlled, and reverse transcription was performed to ob-
tain cDNA. RT-gPCR was performed on pre-coated plates (Applied
Biosystems) specifically designed to study the transcriptomic ex-
pression of genes involved in dermis function, extracellular matrix
component, remodeling, antioxidant enzymes, stress defenses,
cell proliferation, DNA repair, and stem cell markers (the detailed
list of genes belongs to Givaudan and is maintained confidential)
with 10 ng of cDNA per well, a CFX96 Touch system (Bio-Rad) and
Universal TagMan mix (Quanta). The results of gene expression
were normalized to GADD45A (Growth Arrest And DNA Damage
Inducible Alpha) housekeeping gene expression. All conditions were
realized in triplicate.

25 |
in vitro

Inhibition of metalloproteinase expression

Normal human dermal fibroblasts freshly isolated from a skin biopsy
were seeded in 12-well plates at 150 000 cells per well in complete
medium composed of DMEM (Gibco, Thermo Fisher Scientific) and
1% (v/v) antibiotic (penicillin and streptomycin from Sigma). At con-
fluence, the cells were washed with phosphate buffered (PBS, from
Gibco, Thermo Fisher Scientific) and starved by fetal calf serum
(Biowest) deprivation for 24 h in DMEM. Cells were pre-incubated
with sodium acetylated or non-acetylated hyaluronate which are
same molecular weight (15 kDa) at 0.01% (w/v) for 2 h at 37°C and
were then exposed to oxidative stress (H,0, 200 uM, Sigma-Aldrich)
for 2 h at 37°C or left unexposed. The culture medium was replaced
by basal medium, and the cells were incubated for 48 h at 37°C. At
48 h after oxidative stress induction, conditioned medium was col-
lected and stored at -20°C. Supernatants were then used to analyze
the released MMP-1 and MMP-3 through Luminex analysis (Human
MMP premixed Magnetic Luminex Performance Assay, Ref panel:
1307e319 [MMP-1, MMP-3], R&D Systems). All conditions were re-
alized in triplicate.

2.6 | DQ-collagen degradation

Normal human dermal fibroblasts freshly isolated from a skin bi-
opsy were seeded in 12-well plates at 150 000 cells per well in
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complete medium composed of DMEM (Gibco, Thermo Fisher
Scientific) and 1% ATB (penicillin and streptomycin, Sigma-
Aldrich). At confluence, the cells were washed with PBS and
starved by fetal calf serum (Biowest) deprivation for 24 h in
DMEM. The cells were pre-incubated with sodium acetylated or
non-acetylated hyaluronate which are same molecular weight
(15 kDa) at 0.01% (w/v) for 2 h at 37°C and were then exposed
to oxidative stress (H,0, 200 pM, Sigma-Aldrich) for 2 h at 37°C
or left unexposed. The culture medium was replaced by basal me-
dium, and the cells were incubated for 48 h at 37°C. At 48 h after
oxidative stress induction, conditioned medium was collected and
stored at -20°C. Supernatants were then used to analyze the col-
lagen degradation mediated by the active MMPs present in the
samples, by using DQ-collagen (DQ™ collagen, type | F, 10562903,
Invitrogen, Thermo Fisher Scientific). Briefly, 100 pl of each sam-
ple was deposited in the corresponding wells. A mixture of reac-
tion buffer containing 50 mM Tris-HCI, 0.15 M NaCl, 5 mM CaCl2,
and 0.2 mM sodium azide at pH 7.6 and the QD-collagen at 50 pg/
ml was prepared and added to each well. The plate was incubated
4 h at room temperature in the dark, and the emitted fluorescence
corresponding to type | collagen degradation was measured with
a Micro-plate Reader (TECAN) with the absorption maximum at
495 nm and fluorescence emission maximum at 515 nm. All condi-
tions were realized in triplicate.

2.7 | Skin explant maintenance in culture for
chronobiological aging analysis

The test was performed on NativeSkin® patented (US patent
US9585381B2) mature skin explants (Genoskin), full-thickness skin
biopsy samples. NativeSkin models® are embedded in a solid and
nourishing matrix with the epidermal surface in contact with air. The
skin biopsy is firmly embedded in the matrix, thereby preventing lat-
eral diffusion of topically applied formulations. Animal component-
free and xeno-free skin culture medium is renewed every day,
allowing keeping skin biopsies alive until 7 days of culture. The prod-
uct sodium acetylated hyaluronate was applied by topical applica-
tion at 0.1%. The product was applied once per day for 5 days and
compared with untreated skin explants.

2.8 | Metalloproteinase-1 (MMP-1) and
metalloproteinase-9 (MMP-9) expression detected
by immunohistochemistry in chronobiological aging
skin explants

Skin explants were fixed in formalin (Sigma-Aldrich) for 24 h, de-
hydrated, embedded in paraffin, and sectioned. After an antigenic
retrieval step, tissue sections were blocked with PBS containing 2%
BSA for 1 h. The markers of interest were then detected by immuno-
fluorescence analysis. Primary antibodies were incubated overnight
at 4°C. Alexa fluor 594 secondary antibody (1/1000, Invitrogen,

Thermo Fisher Scientific) was incubated 1 h at room temperature.
The biomarker expression was analyzed by fluorescence microscopy
(DM5000B-Leica Microsystems), with ten images acquired for each
of two biomarkers: MMP-1 (rabbit polyclonal antibody) and MMP-9
(rabbit polyclonal antibody). Fluorescence was quantified for each
image through software imaging (Image J) in the dermis only. The
region of interest was delimited; the total fluorescence intensity was
calculated and then reported to the total area of interest. The spe-
cific labeling is gray, and the nuclei are blue, owing to DAPI staining

(scale bars 100 pm).

2.9 | Induction of extrinsic aging ex vivo (photo-
pollution exposure)

Human skin explants were prepared on an abdominoplasty sam-
ple from mature Caucasian female. The explants were maintained
in BEM culture medium (BIO-EC’s Explants Medium, Laboratoire
BIO-EC) at 37°C in a humid, 5% CO, atmosphere. On day 0 (DO),
the product containing sodium acetylated hyaluronate at 0.1% (w/v)
was topically applied at 2 ul per cm? and spread with a small spatula.
The “untreated” control explants did not receive any treatment ex-
cept the refreshing of the culture medium. The culture medium was
refreshed entirely (2 ml) on D1 after pollutants exposure. The out-
door pollutants comprised heavy metals and hydrocarbon (Table 1)
together with UV exposure. On D1, 24 h after treatment with the
tested products, the explants were placed on a PolluBox® system
(Laboratoire BIO-EC) with 900 pl per well of HBSS (Gibco, Thermo
Fisher Scientific) and exposed by vaporization to a mixture of hydro-
carbons plus heavy metals supplemented with NaCl 0.9% (150 pl of
NaCl 0.9% per ml of pollutant solution) for 1.5 h. After the pollutant
exposure, the explants received UVA irradiation at a dose of 13.5 J/
cm? (3 minimal erythema dose, MED) by using a Vilbert Lourmat
simulator RMX 3 W. In parallel, the unexposed explants were placed
outside the incubator in a 12-well plate with 1 ml HBSS per well, in
the dark and without exposure to pollution. At the end of the ex-
posure, all explants were returned to the incubator under standard

culture conditions in 2 ml of fresh BEMc per well.

2.10 | Metalloproteinase (MMP-1 and MMP-9)
expression in skin explant exposure to extrinsic aging

MMP-1 immunostaining was performed on paraffin treated sections
with a monoclonal anti-MMP-1 antibody (MAB901, R&D systems)
diluted at 1:25 in PBS, 0.3% BSA and 0.05% Tween 20, incubated
for 1 h at room temperature, with a Vectastain Kit Vector amplifier
avidin/biotin system (Vector Laboratories). Visualization was per-
formed with VIP, a substrate of peroxidase (Vector SK-4600, Vector
Laboratories). The staining was performed with an automated slide-
processing system (Dako, AutostainerPlus, Agilent Technologies)
and was assessed through microscopy observation. The signal was
quantified in the epidermis and dermis.
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TABLE 1 Detailed composition of the pollutant solution used in
the extrinsic aging ex vivo model

Heavy metals  Concentration Hydrocarbons  Concentration
Al 0.01 mg/ml Benzene 1 pl/ml
AS 0.01 mg/ml Xylene 1 pl/ml
B 0.001 mg/ml Toluene 1 pl/ml
Ba 0.001 mg/ml — —

Be 0.0005 mg/ml — —

Ca 0.005 mg/ml — —

Cd 0.001 mg/ml — -

Cr 0.001 mg/ml — —

Cu 0.001 mg/ml — —

Fe 0.001 mg/ml — —

Hg 0.0025 mg/ml - —

K 0.0495 mg/ml — —

Li 0.001 mg/ml — —

Mg 0.0005 mg/ml — —

Mn 0.0005 mg/ml — —

Na 0.01 mg/ml — —

Ni 0.0025 mg/ml — —

P 0.005 mg/ml — —

Pb 0.01 mg/ml — -

Sc 0.0005 mg/ml - -

Sa 0.01 mg/ml — —

Sr 0.0005 mg/ml - -

Te 0.01 mg/ml - —

Ti 0.001 mg/ml — —

Y 0.0005 mg/ml - —

Zn 0.001 mg/ml — —

MMP-9 immunostaining was performed on frozen sections with
a polyclonal anti-MMP-9 antibody (NB600-1217, Novus Biologicals)
diluted at 1:400 in PBS, 0.3% BSA and 0.05% Tween 20, and in-
cubated for 1 h at room temperature. Detection was performed
with Alexa Fluor 488 (A11008, Life Technologies, Thermo Fisher
Scientific). The nuclei were counter-stained with propidium iodide.
The staining was performed with an automated slide-processing sys-
tem (Dako, AutostainerPlus, Agilent Technologies) and was assessed
through microscopy observation. The signal was quantified in the

epidermis and the dermis.

2.11 | INCIformula used in clinical study

The INCI formula was as follows: AQUA/WATER, + SODIUM
ACETYLATED HYALURONATE, CAPRIC/CAPRYLICTRIGLYCERIDE,
CETEARYL WHEAT STRAW GLYCOSIDES, CETEARYL ALCOHOL,
PHENOXYETHANOL, METHYL PARABEN, PROPYL PARABEN,
ETHYL PARABEN, DIMETHICONE, FRAGRANCE, HEXYL
CINNAMAL,BUTYLPHENYLMETHYLPROPIONAL, CITRONELLOL,

Journal of
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ALPHA ISOMETHYL IONONE, HYDROXYISOHEXYL 3-
CYCLOHEXENE CARBOXALDEHYDE SODIUM HYDROXIDE.

2.12 | Panel description of the flash reduction of
wrinkles on crow's feet and the nasogenian area

A double-blind, placebo-controlled clinical evaluation was per-
formed on 21 volunteers (women 42 to 70 years old, with a mean
age of 63 + 2.16) who had crow's feet and nasolabial wrinkles. All
participants provided signed informed consent at the beginning of
the study. The study was conducted according to the guidelines of
the Declaration of Helsinki. This study performed on cosmetic prod-
ucts coming within the definition of article L. 5131-1 of the French
Public Health Code is in accordance with Decree n° 2017-884 of
May 9, 2017, modifying some regulatory requirements concerning
researches involving human subjects.

The cream containing the active ingredient was compared with
the placebo during this study. The volunteers applied the products
on half their faces at DO, and the flash anti-aging efficacy was mea-
sured with profilometry and VISIA® CR2.3 analysis 6 h after appli-
cation in comparison with DO. The active ingredient was tested at
0.2% in this study.

2.13 | Panel description of the wrinkle reduction
in the nasogenian area after 1 month of application

A double-blind, placebo-controlled clinical evaluation was performed
on 20 volunteers (women 35 to 70 years old, with a mean age of
56 + 6.69) with nasolabial wrinkles. All participants provided signed
informed consent at the beginning of the study. The study was con-
ducted according to the guidelines of the Declaration of Helsinki. This
study performed on cosmetic products coming within the definition
of article L. 5131-1 of the French Public Health Code is in accordance
with Decree n° 2017-884 of May 9, 2017, modifying some regulatory
requirements concerning researches involving human subjects.

The cream containing the active ingredient was compared with
the placebo during this study. The volunteers applied the products
twice daily on half their faces for 1 month (morning and evening).
The anti-aging efficacy was measured with VISIA® CR2.3 analysis
after DO and 28 days (D28) of application. The active ingredient was
tested at 0.1% in this study.

2.14 | Panel description of the wrinkle reduction
in the nasogenian area after 2 months of application

A double-blind, placebo-controlled clinical evaluation was per-
formed on 30 volunteers (women 50 to 70 years old, with a mean
age of 57 + 9) with wrinkles on their faces. All participants provided
signed informed consent at the beginning of the study. The study
was conducted according to the guidelines of the Declaration of
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Helsinki. This study performed on cosmetic products coming within
the definition of article L. 5131-1 of the French Public Health Code
is in accordance with Decree n° 2017-884 of May 9, 2017, modify-
ing some regulatory requirements concerning researches involving
human subjects.

The cream containing the active ingredient was compared with
the placebo during this study. The volunteers applied the products
twice daily on half their faces during 2 months (morning and eve-

ning). Skin texture was measured with VISIA® CR2.3 analysis after
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FIGURE 1 Impact of acetylation on the skin penetration of
hyaluronic acid using Raman spectroscopy analysis. Frozen human
skin explants were topically treated with nothing used as negative
control in order to determine the Raman signal background related
to the skin (top panel), 1% of hyaluronic acid (middle panel) or 1% of
acetylated hyaluronic acid (bottom panel) which are same molecular
weight (15 kDa) for 8 h before the Raman analysis
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FIGURE 2 Effect of hyaluronidase activity on acetylated
hyaluronic acid comparatively to without acetylation using in tubo
assay. Acetylated hyaluronic acid and non-acetylated one which

are same molecular weight (15 kDa) were put in contact at 2% with
hyaluronidase enzyme for 16 h at 55°C. The enzymatic activity

of hyaluronidase was indirectly measured by the detection of
molecular weight of each tested HAs using HPLC profile analysis.
The histogram represents the molecular weight in Da + SEM before
and after contact with hyaluronidase. We used Student's t-test to
do statistical analysis with **p < 0.01, ***p < 0.001
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FIGURE 3 Representation of genes specifically regulated by
sodium acetylated hyaluronate in comparison with non-acetylated
form which are same molecular weight (15 kDa) and untreated
condition, expressed in relative quantification + SEM. Normal
human fibroblasts were incubated with active ingredient for 24 h,
and gene expression analysis was done using real-time gPCR
through TagMan card. A statistical analysis was performed using
Student's t-test with ***p < 0.001.

DO and 56 days (D28) of application. The active ingredient was
tested at 0.1% in this study.

2.15 | Crow's feet wrinkle analysis by profilometry

QUANTIRIDES® software (Monaderm) was used to analyze, quan-
tify, and characterize the wrinkles of silicone resin impressions
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(SILFLO). A negative replica of the wrinkles on the cutaneous surface
was illuminated by a grazing light (35°), thus generating shadows
behind each wrinkle. The image acquisition of these shadows was
achieved with an IEEE high-resolution digital camera (XCD-SX910
camera, Sony). The QUANTIRIDES® software was used to analyze
the images obtained and determine the characteristics of the wrin-
kles (surface, length, and depth). An area of 1.4 cm® was examined.

The studied parameters were the total wrinkled surface, the
number and average depth of the micro-relief wrinkles, average
wrinkles, and deep wrinkles.

Micro-relief wrinkles have a depth less than 55 pm. Average
wrinkles have a depth between 55 and 110 pm, and deep wrinkles
have a depth greater than 110 pm (up to 800 pm).

We also studied the number and the average length of the
grooves for micro-relief wrinkles from O to 0.5 mm, average wrinkles
from 0.5 to 2 mm, and deep wrinkles from 2 to 10 mm. Silicone poly-
mer replicas of the crow's feet of volunteers were generated before
use of the product and for each control performed during the study.
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2.16 | Nasogenian wrinkles and skin texture
analysis by VISIA® CR2.3

VISIA® tool has become a standard tool for diagnosis and analysis
of skin in dermocosmetic research, thanks to the generation of
photographs using standard, ultraviolet, and polarized lighting.
Flash lighting allows identifying spots, wrinkles, texture, pore
size, acne scars, brown spots, and many other skin parameters
and characteristics.?>?” With VISIA® CR2.3, digital photographs
of the face were collected at DO, T+1 h, T+6 h and after D28
and D56. Three types of photographs were acquired: right and
left profiles and full face. VISIA® CR2.3 was used to study the
nasogenian wrinkles after T1 h, Té6 h, and D28, including the num-
ber, total area, and medium lines. We also used VISIA® CR2.3
analysis to study the skin texture after D56. VAESTRO software
(Canfield Scientific) was used to analyze following parameters:
“wrinkles analysis” with “count,” “total area” and “area 3-medium

lines.”
ns
* %
H,0, Acetylated Sodium
sodium hyaluronate
hyaluronate
+Hy0;
ns
—_—
H,0, Acetylated Sodium
sodium hyaluronate
hyaluronate
+H0;
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2.17 | Statistical analysis

All results are presented as mean + standard error of the mean (SEM)
of three independent triplicates. A Shapiro-Wilk test was used to
verify whether the raw data followed the Gaussian law. In the case
of normally distributed data, the mean values were compared using
either an unpaired t-test. In the case of non-normally distributed
data, a Kruskal-Wallis test followed by a Mann-Whitney U test was
used for unpaired data. In all cases, results were considered as sig-
nificant when p < 0.1 with #, p < 0.05 with *, p < 0.01 with ** and
p < 0.001 with ***,

3 | RESULTS

3.1 | Improvements in skin penetration and long-
lastingness

In the skin, HA is subjected to degradation by hyaluronidases, whose
enzymatic activity increases with aging. As a consequence, an impor-
tant loss of skin hydration and the formation of wrinkles occur with
age.28 We hypothesized that the acetylation of HA might improve
its skin penetration and its bioavailability, thus providing an efficient
anti-aging cosmetic solution. Using Raman spectroscopy analysis,
we showed that the acetylation of HA substantially improved its
skin penetration. Indeed, we demonstrated that non-acetylated HA
was able to penetrate to 50 um, whereas acetylated HA penetrated
deeper, on the basis of Raman detection to 100 um (Figure 1). In
addition, hyaluronidase sensitivity analysis through in tubo assays

demonstrated that non-acetylated HA was almost entirely degraded
by hyaluronidase: A 92% decrease in its molecular weight was ob-
served. Under the same experimental conditions, the acetylation pro-
tected the HA against hyaluronidase activity, as demonstrated by the
low degradation of -7% (Figure 2). Zhong et al. have used chemically
modified HA to control its delivery and bioactivity, and have shown
that some modifications, such as ethyl and benzyl esters, can protect
against hyaluronidase activity. Moreover, they have suggested that
the carboxyl groups in the B-glucuronic acid unit may be involved
in hyaluronidase activity, and chemical modification of these groups
restricts the cleavage of HA into smaller polymers.?? Therefore, we
presumed that the full acetylation of HA restricts access to the ac-
tive site of hyaluronidase, thus leading to protection. Consequently,
we demonstrated that the acetylation of HA improved its ability to

penetrate into the skin and prolonged its lifespan.

3.2 | Properties against intrinsic aging

To determine whether the acetylation of HA might confer additional
or new biological activities, we performed transcriptomic screen-
ing using a TagMan array card targeting dermis function, including
genes involved in matrix remodeling, extracellular components, der-
mal matrix degradation and synthesis, and antioxidant defense. We
performed a comparative analysis of the gene expression profiles
induced by normal HA and obtained by acetylated HA after 24 h of
incubation at 0.01% on normal human fibroblasts. We identified pro-
tection against ECM degradation, owing to the down-regulation of
expression of genes such as MMP-1, MMP-3, and MMP-9, with fold

200+

150+

100+

50+

DQ collagen's degradation
(% of untreated)

Untreated

H,0;

Sodium
hyaluronate

Acetylated
sodium
hyaluronate

+Hy0;

FIGURE 5 Degradation of type | collagen using DQ-collagen. Cells were pre-incubated with 0.01% of sodium acetylated hyaluronate or
non-acetylated form which are same molecular weight (15 kDa) for 2 h before the induction of cell senescence, which has been done by the
addition of H202 at 200 uM for 2 h. After the culture medium was renewed and the culture medium collected after 48 h of incubation, it
was put in contact with DQ-collagen. The emitted fluorescence which is correlated to collagen degradation was measured at the excitation
wavelength 495 nm and detected at wavelength of 515 nm using a Micro-plate Reader (TECAN) and expressed in percentage of untreated
condition + SEM. We used Student's t-test to do statistical analysis with *p < 0.05 and **p < 0.01
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changes of -2, -1.9, and -1.3, respectively (Figure 3). Indeed, these
metalloproteinases are involved in collagen degradation, particularly
that of type | collagen, the main component of the dermal matrix.
Collagen degradation leads to the collapse of the skin scaffold struc-
ture and promotes wrinkle formation. The expression and activity
of these enzymes sharply increase with aging.13 In this preliminary
investigation, we hypothesized that acetylated sodium hyaluronate
would have strong anti-aging properties and particularly would de-
crease wrinkle formation through dermal matrix protection. Using
human dermal fibroblasts, we analyzed the effects of cell senes-
cence chemically induced by H,0, on MMP production. We demon-
strated that the induction of premature aging significantly increased
MMP-1 and MMP-3 release (Figure 4A,B). Indeed, cell senescence is
known to be induced by several methods such as successive primary
cell replication or chemical agents such as H202.30'31 In addition,

the induction of premature aging by H,O, reproduces biological

MMP-1

MMP-9

w

FIGURE 6 Impact of sodium acetylated
hyaluronate on MMP-1 and MMP-9
expression during intrinsic aging using
IHC. Skin explants were topically treated
with sodium acetylated hyaluronate

at 0.1% for 5 days and compared with
untreated condition. The expression of
MMP-1 and MMP-9 was then analyzed
by specific immunostaining using specific
primary antibodies anti-MMP-1 and
MMP-9. Left panel represents illustrative
pictures of MMP-1 and MMP-9 IHC, and
right panel represents the quantification
of the fluorescent signal in the dermis
expressed in percentage of untreated
condition + SEM. We used Student's
t-test to do statistical analysis with

% mean of fluorescence intensity

C. Skir i 100
K i i 50+
*_*p <0.01 0-
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alterations, such as a strong increase in MMP production, similarly
to our observations.>2

Pre-incubation with acetylated HA at 0.01% significantly inhib-
ited MMP secretion in the culture medium. We demonstrated that
non-acetylated HA in the same experimental conditions slightly
decreased MMP-1 and MMP-3 production, but this effect was
not significant. More interestingly, we showed that the efficacy of
acetylated HA in inhibiting MMP release was significantly better
than that observed with the non-acetylated form (Figure 4). This
biological activity was associated with the acetylation, because
it was not observed with non-acetylated HA. MMPs can be pro-
33 We confirmed that
the product inhibited the active forms of these MMPs. MMP-1 is

involved in type | collagen degradation, and MMP-3 cleaves al-

duced in active and inactive (proform) forms.

ready degraded type | collagen into smaller fragments.14 We used

DQ-type | collagen, which emits fluorescence when it is degraded,

Untreated 0.1%

Hl Untreated

Acetylated sodium hyaluronate 0.1%

MMP9

MMP1
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through elimination of the bound quencher on the collagen by ac-
tive MMPs. Our results demonstrated that premature aging induced
by H,0, treatment significantly increased type | collagen degra-
dation, on the basis of the increased fluorescence, thus confirm-
ing the presence of active MMPs. Pre-incubation with acetylated
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FIGURE 7 Impact of sodium acetylated hyaluronate on MMP-1
and MMP-9 expression during extrinsic aging induced by photo-
pollution exposure. The extrinsic aging was mimicked by photo-
pollution exposure on human skin explants. Skin explants were
topically treated with sodium acetylated hyaluronate at 0.1% and
compared with untreated condition. The expression of MMP-

1 and MMP-9 were then analyzed by specific immunostaining
using specific primary antibodies anti-MMP-1 and MMP-9.

Left panel represents the quantification of MMP-1 expression
relative to untreated condition, and right panel represents the
quantification of MMP-9 expression relative to untreated condition
in percentage + SEM. We used Student's t-test to do statistical
analysis with #p < 0.1, *p < 0.05, **p < 0.01

sodium hyaluronate significantly decreased collagen degradation,
thus demonstrating the efficient protection of the collagen net-
work through MMP inhibition. Moreover, this effect was specific
to the acetylation, because the non-acetylated form did not have
any effect and resulted in a significant increase in type | collagen
degradation (Figure 5).

Thus, we demonstrated that acetylated sodium hyaluronate has
anti-aging properties, particularly through protecting the dermal
matrix from degradation by MMP inhibition. MMP-1 and MMP-3 are
two main metalloproteinases that are over-expressed during aging
and photo-aging.13 Indeed, they are integrally involved in wrin-
kle formation, owing to their roles in dermal scaffold degradation.
Therefore, a disequilibrium exists between synthesis and matrix

degradation in favor of degradation.*°

A Total number of wrinkles

* 6%

4.24%

-1.78%

Active 0.2% Placebo

(B) Number of average wrinkles 0.5-2mm

30+ * .26.5%

20-
$
o 10-
(=
<

0-
-1.65%
'1 0 T L}
Active 0.2% Placebo

FIGURE 8 Impact of sodium acetylated hyaluronate at 0.2%
formulated in cream versus placebo on total number of crow's feet
wrinkles (A) and on the number of wrinkles between 0.5 and 2 mm
(B) using profilometry measurement after 6 h of application. Data
are expressed in mean of ADOD6h + SEM. Statistical analysis was
performed by Student's t-test with *p < 0.05
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3.3 | Properties against extrinsic aging

Overexpression of MMPs is observed during chronobiologic aging
which is responsible for wrinkle formation, owing to excessive
ECM degradation and the accumulation of ROS.*® Exposure to en-
vironmental factors such as UV, cigarette smoke and pollution ex-
acerbates and accelerates skin aging by drastically increasing skin
oxidation and MMP production, thus leading to premature aging
with earlier formation of wrinkles.!® This phenomenon is called ex-
trinsic aging. In this work, we sought to determine whether acety-
lated sodium hyaluronate might limit the over-expression of MMPs
such as MMP-1 and MMP-9, which are involved in chronobiologic
aging and extrinsic aging. First, we examined aged skin explants topi-
cally treated with acetylated sodium hyaluronate at 0.1%. Through
specificimmune-detection of MMP-1 and MMP-9, we demonstrated
that acetylated sodium hyaluronate significantly decreased MMP-1
and MMP-9 expression in the dermis, thus confirming that this mol-
ecule prevents chronobiologic aging (Figure 6). To mimic extrinsic
aging, we exposed skin explants to pollution by using urban dust va-
porized in a Pollubox® combined with UV exposure. UV irradiation
affects pollutant particles, thus resulting in deleterious synergistic
effects on the skin.>* We observed overexpression of both MMP-1
and MMP-9. MMP-9 in the dermis has very low expression in the
basal layer and is known to be over-expressed in response to expo-
some components such as UV irradiation and ozone.*?® Similarly,
MMP-1, the most important MMP responsible for collagen destruc-
tion, is over-expressed in response to the exposome and is used as
a biomarker of aging.!” In addition, the DNA damage after UV expo-
sure leads to direct overproduction of MMP-1 in the skin.” Finally,
the overexpression of MMPs, particularly MMP-1 and MMP-9, may
be interesting targets to prevent skin aging. During our investiga-

tions, we studied the effects of topical application of acetylated

Coarse area

61 * 8%

-3%

-4 L] 1

Active 0.2% Placebo

FIGURE 9 Impact of sodium acetylated hyaluronate at 0.2%
formulated in cream versus placebo on the reduction of coarse area
from nasogenian wrinkles after 6 h of application using VISIA®
CR2.3 Analysis. Data are expressed in mean of ADOT6h (% + SEM).
Student's t-test was used with *p < 0.05
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sodium hyaluronate after photo-pollution exposure. Our data dem-
onstrated that the topical application resulted in significantly lower
expression of MMP-1 and MMP-9 than that in the untreated condi-
tion (-33% and -203%, respectively; Figure 7). The MMP expression
after treatment was very close to that in the untreated condition,
thus demonstrating that acetylated sodium hyaluronate has a pro-
tective effect against extrinsic aging induced by the exposome.

A decrease in MMPs, specifically their active forms, is now rec-
ognized as an efficient anti-aging strategy.20 To validate this strategy,
we conducted clinical studies to analyze the effects of acetylated
sodium hyaluronate on wrinkle formation.

3.4 | Clinical anti-aging properties
We performed several clinical studies to demonstrate that the anti-
aging property of sodium acetylated hyaluronate through protection
against ECM degradation leads to an efficient decrease in wrinkles.
First, we evaluated the flash effect of sodium acetylated hyal-
uronate on crow's feet and nasogenian wrinkles in women. Using
profilometry measurement based on silicone replica analysis on
crow's feet wrinkles, we observed a slight decrease in the total num-
ber wrinkles 6 h after application, whereas the placebo showed an
increased number. We further demonstrated a significant 6% lower
total number of wrinkles with the active ingredient at 0.2% than with
the placebo 6 h after application (Figure 8A). Specifically, we ob-
served a significant effect on the average number of 0.5-2 mm wrin-
kles, which are considered medium lines; these were 26.5% fewer
than those with the placebo (Figure 8B). On nasogenian wrinkles,
we observed an 8% smaller coarse area than that with the placebo.
Interestingly, we demonstrated that sodium acetylated hyaluronate
at 0.2% decreased the coarse area of wrinkles, whereas the placebo
increased this area 6 h after application (Figure 9). Throughout the
day, skin fatigue occurs, thus increasing wrinkle number and depth.36
Here, we confirmed at the clinical level that sodium acetylated hyal-
uronate, through its rapid penetration into the deep epidermis and
resistance to hyaluronidase, provides a benefit on wrinkles by fill-
ing them. Thus, sodium acetylated hyaluronate preserved the initial
state of the skin and limited the formation of wrinkles associated
with skin fatigue, acting as a natural filler with a mechanical effect.
We performed a second clinical study to evaluate the effect of
sodium acetylated hyaluronate at 0.1% on nasogenian wrinkles after
1 month of application. Our results showed that sodium acetylated
hyaluronate at 0.1% significantly decreased the number and total
area of nasogenian wrinkles, specifically medium lines, by 3.97%,
7.53%, and 11% with respect to DO after 28 days of application. The
placebo resulted in an opposite effect, with a slight increase in the
number, total area, and medium lines after 28 days. Sodium acetyl-
ated hyaluronate, compared with the placebo, demonstrated signifi-
cantly fewer nasogenian wrinkles (-9%), smaller total area (-12%),
and medium lines (-13%) than those observed with the placebo after
28 days (Figure 10). The anti-aging effect can be visualized in illus-
trative pictures in Figure 10. We performed a third clinical study to
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FIGURE 10 (A,B,C) Impact of sodium acetylated hyaluronate at 0.1% formulated in cream versus placebo on the reduction of coarse area
from nasogenian wrinkles after 1 month of application using VISIA® CR2.3. Data are expressed in mean of ADOD28 (% + SEM). Student's
t-test was used for the statistical analysis with *p < 0.05. (D) lllustrative pictures showing the effect of sodium acetylated hyaluronate versus

(E) Placebo

demonstrate the efficacy of sodium acetylated hyaluronate at 0.1%
on skin texture. Indeed, the protection of the ECM network through
the inhibition of its degradation improves skin structure and conse-
quently wrinkles as previously demonstrated, but also has a smooth-
ing effect. We then analyzed the effects of the active ingredient on
skin texture after 2 months of application. We observed that sodium
acetylated hyaluronate significantly decreased the roughness by
11% with respect to DO, whereas the placebo showed only a 2%
decrease (Figure 11). In comparison with the placebo, the treatment
significantly improved skin texture, with 9% less roughness relative
to that with the placebo after 2 months of application. Together,
these results demonstrated that sodium acetylated hyaluronate
through protecting the ECM from degradation led to a decrease in

wrinkles. Therefore, protecting ECM integrity is a way to achieve
efficient anti-aging activity.'®

4 | CONCLUSION

In this study, we developed a new molecule derived from HA,
sodium acetylated hyaluronate. We first demonstrated that the
acetylation of HA provides protection against degradation by hya-
luronidase, thus allowing for better and deeper penetration through
the skin layers. During aging, the skin dermis undergoes damage,
such as ECM component degradation, and this phenomenon is am-
plified by daily exposure to UV, pollution, and other external factors
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Data are expressed in mean of ADOD56

(% + SEM). Student's t-test was used for
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that constitute the exposome. We presumed that the resistance of
sodium acetylated hyaluronate to hyaluronidase and its deeper pen-
etration in the skin would be an efficient way to protect the dermis
against degradation. Indeed, we demonstrated in vitro that sodium
acetylated hyaluronate, in comparison with the non-acetylated
form, inhibits MMP gene expression and activity, thus decreasing
collagen degradation. We confirmed this effect on skin explants,
showing that sodium acetylated hyaluronate, through its deep pen-
etration, decreases MMP expression in the dermis. Therefore, this
active ingredient has the potential to protect the skin dermis against
the degradation occurring during intrinsic aging. Furthermore, in
skin explants exposed to UV and pollution, we observed that so-
dium acetylated hyaluronate also protects the skin dermis from the
degradation that can be increased by the exposome. Our clinical
investigations successfully highlighted sodium acetylated hyaluro-
nate's protective effect on the skin dermis. Indeed, we showed a
filling effect of the active ingredient 6 h after application on thin
wrinkles in the crow's feet area, as well as efficacy in reducing
deeper wrinkles in the nasogenian area and a smoothing effect
regarding the skin texture after 28 days of treatment. Therefore,
sodium acetylated hyaluronate has efficient anti-wrinkle activity
through protecting ECM integrity.
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