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2-kDa hyaluronan ameliorates human facial wrinkles through
increased dermal collagen density related to promotion of
collagen remodeling
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840-8502, Japan. metalloproteinase-1 (MMP-1) in the 3D skin model. 0.1% HA2k solution and vehicle
Email: domedome@cc.saga-u.ac.jp control was applied to the human forearm for 8 weeks to evaluate dermal collagen
density. To evaluate the effect of HA2k on depth of facial wrinkles, a randomized
controlled trial was conducted with 0.1% HAZ2k lotion and vehicle lotion for 8 weeks.
Results: HA2k was confirmed to permeate through the stratum corneum by fluores-
cent microscopy. Both COL1A1 and MMP-1 were upregulated by HA2k application in
a 3D skin model culture. The collagen density was higher for the HA2k-treated fore-
arm than for the vehicle control-treated forearm after 4 weeks. The maximum wrinkle
depths in the nasolabial fold and crow's feet area were significantly shallower in the
HAZ2k lotion group than in the control group.
Conclusion: HA2k permeated the stratum corneum, activated collagen synthesis and
degradation simultaneously, and ameliorated wrinkles.
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1 | INTRODUCTION mechanical support to surrounding cells. In dermal tissue, the
ECM contributes to the physical properties of skin. For instance,
The extracellular matrix (ECM) is a composite of macromole- collagen, the primary component of dermal ECM, contributes to
cules, including proteins and glycosaminoglycans, that provides the integrity, elasticity, and smoothness of skin.! Physiologically,
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skin collagen is maintained by degradation of old collagen and re-
synthesis of new collagen in a process called collagen remodel-
ing.2 However, the cycle of collagen remodeling can be retarded in
aging skin, resulting in wrinkling, sagging, and decreased elastic-
ity.® These problems are significantly related to a person's higher
perceived age than actual age. Therefore, collagen remodeling is
a promising target for anti-aging. An approach that targets ECM
potentially could be better for managing these problems because
superficial approaches do not affect ECM. Micro-needling is a way
that targets ECM to promote dermal collagen remodeling; how-
ever, it is a relatively invasive method.

Hyaluronan (HA), a biologically derived polysaccharide, is also a
component of ECM. HA was first discovered in the vitreous body of
the eye and later in the synovial fluid, umbilical cord, and skin. The
molecular weight of HA differs according to the type of tissue and its
biological state, ranging from 1 kDa to 3000 kDa.* HA in the skin gen-
erally exists in a high-molecular-weight state, and owing to its high
viscoelasticity and water-holding ability, HA functions as a cushion,
lubricant, and moisturizer. High-molecular-weight HA is, therefore,
used in the field of cosmetics to maintain the water content of the
stratum corneum. Since macromolecules have very limited permea-
bility through the skin, there have been some attempts to improve
HA permeability by degrading HA into small fragments, which have
been confirmed to permeate through the stratum corneum.’

In addition to physical function, the biological function of HA
has been a recent topic of research. Some noteworthy reports have
been published regarding HA's biological function as a component of
the stem cell niche® and the extraordinary longevity of naked mole
rats. The molecular weight of HA needs to be considered when its
biological functions are discussed. HA in the skin generally exists in
a high-molecular-weight state and reportedly maintains tissue stabil-
ity. In contrast, low-molecular-weight HA activates several biologi-
cal processes.7 In previous reports, HA tetrasaccharide upregulated
synthesis of HA and type | collagen in co-cultured keratinocytes and
fibroblasts,® induced differentiation markers in keratinocytes,” and
ameliorated the damage in an ultraviolet-A-irradiated mouse.® In
particular, oligosaccharides below 10 kDa primarily promote wound-
healing processes, such as ECM synthesis,” angiogenesis, cellular mi-
gration, and proliferation. Wound healing and collagen remodeling
are closely related, and a 12-mer (i.e., approximately 2 kDa) of HA
upregulates type | collagen and matrix metalloproteinase 1 (MMP-
1) simultaneously in cultured fibroblasts, but the effect on humans
remains to be clarified.

There have been some reports of HA cosmetics that showed
anti-wrinkle effects. A skin cream of 50-kDa HA ameliorated the
wrinkle depth of female subjects aged 30-60years in a randomized

1.1° An open-labeled study showed that mi-

half-side comparison tria
cronized-HA cream was topically applied to 35-65-year-old subjects,
which resulted in improvement of questionnaire scores on wrinkle
depth.** In these studies, the high permeability of low-molecular-
weight HA was suggested to be a mechanism of action, although
there had been no data in human skin. In addition, the effect of HA

fragments on collagen density in humans remains to be clarified.
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We hypothesized that HA oligosaccharides permeate through
the stratum corneum, promote collagen remodeling, and improve
wrinkles as an anti-aging effect. This study aimed to evaluate the
effects of 2-kDa HA (HA2k) on collagen remodeling and skin con-
ditions via in vitro and in vivo studies. First, permeation of HA2k
was assessed in a reconstituted skin model and human excised skin.
Subsequently, the effects on collagen remodeling were evaluated in
vitro and in human subjects. Finally, a randomized half-side compari-
son of HA2k-containing skin lotion and control lotion was performed

among 21 subjects to assess the effects on skin wrinkles.

2 | MATERIALS AND METHODS

This study was conducted in accordance with the Declaration of
Helsinki and approved by the Medical Ethics Committee of Kewpie
Corp. and the DERMAPRO Ltd. Institutional Review Board, with ap-
proval numbers 17-4 and 1-220777-A-N-02-DICN18228, respec-
tively. This study was conducted with the voluntary consent of the

subjects.

2.1 | Reagents
HAbooster™, a cosmetic-grade HA2k reagent, was obtained from

Kewpie Corp. (Japan).

2.2 | Skin permeation of HA2k in three-
dimensional cultured human epidermis and excised
human skin

Permeation of HA2k was evaluated by using a Franz-type diffu-
sion cell, according to a previous report.12 Fluorescein-labeled
(FI-) HA samples were prepared at <1.25mg/ml HA in water and
dimethyl sulfoxide mixed at a ratio of 2:1 (v:v). Next, 50 mg/ml
each of 5-aminofluorescein, cyclohexyl isocyanide, and acetal-
dehyde were added to bind fluorescein to HA. After 5 h of re-
action at room temperature in the dark, the sample was purified
by gel filtration chromatography using a PD Midi Trap G-10 (GE
Healthcare,) with an exclusion lower limit of 700 M r. The obtained
FL-HA solution was lyophilized and used in the following experi-
ments. For evaluation with reconstituted skin by cell culture, a
3D skin model EPI-606X (Mat Tek,), which was confirmed to re-
tain barrier function, was fixed in a Franz-type diffusion cell. The
three-dimensional (3D) skin model was precultured for 16-18h at
37°C, 5% CO, in the medium provided by the supplier. After the
equilibration process, the medium was changed for testing. A 1%
solution of FI-HA samples of 2 or 8 kDa were applied to the upper
compartment and then incubated for 5 h. After washing four
times with phosphate-buffered saline, the specimen was embed-
ded in OCT compound (Sakura Finetek,) and frozen by using dry
ice/acetone for the preparation of tissue section. For evaluation
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on human skin, dermatomed abdominal skin from a 34-year-old
Caucasian woman (Biopredic International, France) was fixed in a
Franz-type diffusion cell. A 0.1% FI-HA solution (molecular weight,
2 or 1000kDa) was applied to the human skin. After incubation at
32°C for 24 h, the tissue was subjected to cryosection prepara-
tion as described above. The tissue slides were observed under a

fluorescent microscope.

2.3 | Evaluation of collagen metabolism in a 3D
skin model and excised human skin

A 3D skin model was used to evaluate the effects of HA2k on colla-
gen metabolism.* In brief, a full-thickness model (EFT-412, Mat Tek)
comprising keratinocytes and fibroblasts was cultured in an 8 pg/ml
HAZ2k-containing medium. After 48 hours, the conditioned medium
was collected, and enzyme-linked immunosorbent assay (ELISA) the
levels of type 1 pro-collagen (COL1A1) and MMP-1 were measured.
The tissue was processed for immunohistological analysis. Collagen
in tissues was assessed by using COL1A1 immunohistochemical
staining on the tissue slides of formalin-fixed paraffin-embedded
sections. The sections were treated with proteinase K for 10 min at
37°C to retrieve antigen. After blocking, the anti-COL1A1 monoclo-
nal antibodies (Abcam,) were incubated at 4°C overnight. The slides
were then incubated with Alexa Fluor® 488 Goat Anti-Rabbit I1gG
(Abcam) at room temperature for 2 h. The nucleus was counter-
stained with propidium iodide. The sections were observed under a

fluorescent microscope.

2.4 | Evaluation of skin collagen density,
moisture, and tomography in human subjects

HAZ2k was topically applied to human skin to evaluate its function as
an active ingredient. Eight subjects (two women and six men; age,
26-39years) voluntarily enrolled in the study. Their forearms were
divided into two areas measuring 2 cmx 2 cm for the samples to be
applied twice a day. The 0.1% of HA2k solution and vehicle control
were applied separately to the two areas. At 0, 4, and 8 weeks, the
collagen score, skin moisture, and skin roughness were evaluated.
The subjects were acclimated under a controlled atmosphere at
23°C+1°C and a relative humidity of 55% +2% for 20min. This ac-

climation period was followed by measurement.

2.5 | Evaluation of collagen score

Ultrasound was used to measure the skin collagen density
(Dermalab, Cortex Technology, Denmark).}* The probe was ap-
plied on the HA2k lotion and vehicle control sites to measure
the collagen scores. A total of five points, comprising the four
corners and center of each site, were measured, and the average

value was calculated.

2.6 | Evaluation of skin moisture

Skin moisture was measured by using the impedance method
(SKICON, Yayoi,).!> The probe was applied on the evaluation site to
measure the skin moisture. A total of five points at the four corners
and center were measured. The average value was calculated.

2.7 | Evaluation of skin roughness

The skin roughness was measured by visual analysis (VisioScan,
Courage + Khazaka Electronic, Germany).* Images were acquired
at the four corners and analyzed by the software. The average value

was calculated.

2.8 | Evaluation of wrinkle, sagging, and
elasticity of the skin in human subjects

Given that dermal collagen is reportedly associated with wrinkling,
sagging, and elasticity of the skin, application of HA2K in cosmetic
products was evaluated. Twenty-one subjects were enrolled accord-
ing to the following criteria: healthy females with mild-to-moderate
wrinkles by visual and photo assessment ranging from wrinkle
grades 1-3 according to the Japanese Cosmetic Science Society
wrinkle grading guideline, having nasolabial fold, neither pregnant
nor nursing, and not having sensitivity nor hypersensitivity skin.
During this testing period, the subjects did not use any cosmetic
products, beauty tools, or skin care procedures besides the test
article. The sample products provided as lotion were applied twice
daily (morning and evening). Formulations of the lotions are shown

in Table 1. After washing the face, the lotions were applied, followed

TABLE 1 Skin lotion formulation used in the half-side
comparison study

Formulation (%)

Ingredient Control HA2k
Glycerin 3 3
Methylparaben 0.1 0.1
Phenoxyethanol 0.2 0.2
Alcohol 4.5 4.5
PEG-32 2 2

1, 3 butylene glycol 2 2
Citric acid 0.01 0.01
Sodium citrate 0.09 0.09
Disodium EDTA” 0.1 0.1
Hydrolyzed sodium hyaluronate (HA2k) - 0.1
Water 88 87.9
Total 100

Abbreviations: PEG, polyethylene glycol; "EDTA,
ethylenediaminetetraacetic acid.
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by a designated milky lotion and cream, if necessary. HA2k lotion
was applied on one side, and the control product was applied on the
other side. The subjects were examined by a 3D image analyzing
system to assess crow's feet, nasolabial fold, skin sagging, and elas-
ticity at baseline (0 week), 4 weeks, and 8 weeks after treatment. All
measurements were performed under a given relative temperature
(20°C-24°C) and humidity (45%-55%).

2.9 | Measurement of wrinkle parameters

Thewrinkle parameters of the crow's feet and nasolabial fold were evalu-
ated by visual analysis (PRIMOS® Premium and Lite, GFMesstechnik,)."”
The image was analyzed in the same area at baseline, 4, and 8weeks

after treatment by using software (Primos 5.8 E ver.).

2.10 | Measurement of skin elasticity

Skin elasticity was measured by the suction method (Cutometer®
MPA580, Courage + Khazaka electronic,) according to a previous
report.18 In brief, skin was drawn into the aperture of the probe at
450mbar for 2 seconds. Subsequently, the negative pressure was
switched off for 2 s and the skin allowed to return to its original
shape. Three repetitions in one measuring cycle were performed.
The skin elasticity on the cheek was analyzed by R2 parameters at

baseline, 4, and 8 weeks after treatment.

2.11 | Measurement of skin sagging

Skin sagging on the cheek was evaluated by using the Moire topog-

)19

raphy method (F-ray®, Beyoung,),”” which is a three-dimensional

(A)
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morphometric method in which contour maps are produced from
the overlapping interference fringes created when an object is il-
luminated by coherent light. The Moire pattern on the cheek was
taken, and the angle produced by drawing two lines at the end
of the nose was analyzed by using software (Image-Pro Plus®,
MediaCybernetics,) at baseline, 4, and 8 weeks after treatment.

2.12 | Statistical analysis

Statistical analysis was performed by using the SPSS® software pro-
gram (IBM,). The Mann-Whitney U-test was performed to evaluate the
effect of HA2k on collagen remodeling in vitro. The effect of HA2k on
collagen in human subjects was analyzed by using the paired t-test. In
human studies that evaluated the effect of HA2k on wrinkles, sagging,
and elasticity of skin, the Shapiro-Wilks test or kurtosis and skewness
was employed for normality testing. Statistical analysis of paramet-
ric variables was performed by using repeated measures ANOVA.
If the value was nonparametric, all were initially compared by using
the Wilcoxon signed-rank test with Bonferroni correction. Statistical
analysis for comparison between sites was performed by repeated
measures ANOVA or ANCOVA using the variation value from baseline
to 4 and 8weeks after treatment. A p value of <0.05 was considered
to be indicative of statistical significance. Change from baseline (%)

was defined as follows: (Baseline — After treatment)/Baseline x 100.

3 | RESULTS
3.1 | Skin permeation of HA2k

In a 3D-skin model, fluorescein-labeled HA2k passed through the

stratum corneum (Figure 1), whereas the 8-kDa HA did not. In human

A

- —

—

FIGURE 1 Transdermal penetration
of HA2k in three-dimensional cultured

8 kDa HA~-

human epidermis and excised human skin. I P LA
<y

In the upper panel (A), 1% fluorescein- LTt
labeled HA2k and 8-kDa HA were applied (B)

to a 3D skin model. The HA2k passed
through the stratum corneum, whereas
the 8-kDa HA did not. Magnification,

x200; scale bars, 50 um. In the lower panel ® ¥\ YV S

(B), 0.1% fluorescein-labeled HA2k and

1000-kDa HA were applied to a human

skin sample. The HA2k passed through
the stratum corneum, whereas the 1000- '
kDa HA did not. Magnification, x100;

scale bars, 100pum

1000 kDa HA
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skin, fluorescein-labeled HA2k penetrated to the dermis. The 1000-
kDa HA did not pass through the stratum corneum. These results
indicate that compared with larger molecular weight HA, HA2k had
high dermal permeability.

3.2 | Effect of HA2k on collagen metabolism

In a 3D-skin model, the protein contents of both COL1A1 and
MMP-1 in the conditioned medium were upregulated by HA2k ad-
dition (Figure 2). Therefore, HA2k was assumed to simultaneously
promote the production of COL1A1 and MMP-1.

3.3 | Effect of HA2k on collagen content and skin
status in human subjects

In the human studies, dermal collagen scores were higher after
4 weeks at the site where 0.1% HA2k solution had been applied than
at the site where the control solution had been applied (Figure 3).
Additionally, the statuses of the skin water content and skin rough-
ness were better after 8weeks at the site treated with the HA2k
solution than at the site treated with the control solution. Therefore,
it was suggested that HA2k promotes collagen production in human
skin and improves its condition.

3.4 | Effect of HA2k on wrinkle, sagging, and
elasticity of the skin in human subjects

In the human test, the maximum depth of crow's feet and nasola-
bial wrinkles were lower at 4 weeks and 8 weeks on the side treated
with 0.1% HAZ2k lotion than on the side treated with the control
lotion (Figure 4). Skin sagging was improved on the side treated
with the HA2k lotion after 4 weeks than at baseline. Skin elastic-
ity was improved after 4 and 8 weeks on the side treated with the
HAZ2k lotion, whereas it was improved only after 8 weeks on the
side treated with the control lotion. These results indicate that the

HAZ2k lotion improved wrinkling, sagging, and elasticity of the skin.
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4 | DISCUSSION

It has been reported that the nasolabial fold is one of the strong-
est factors that affect the gap between a person's actual age and
perceived age. Filler injection is a common way to improve the
nasolabial fold; however, the effect and safety depend on the tech-
nique of physicians. Some severe side effects of injection caused by
vascular occlusion leading to skin necrosis and blindness have been

reported.20

HAZ2k is a safer and less invasive option to improve the
nasolabial fold. Furthermore, HA2k was tested as a formulated lo-
tion in this study and was supposed to be a more practical active
cosmetic ingredient (ACI).

The nasolabial fold is caused by aging in the dermis, and it is diffi-
cult to improve by approaching only the upper layer of the epidermis.
To deliver ACls to deeper layers, such as the epidermis and dermis, it
is necessary to permeate through the stratum corneum. Previously,
<300-kDa HAs have been shown to permeate through the stra-
tum corneum of excised human skin.?! It is, therefore, reasonable
that HA2k permeates through the stratum corneum. Interestingly,
a 1200-kDa HA has been reported to permeate through the stra-
tum corneum of excised skin when polyion complex particles were
constructed with a specific polycation.22 It is suggested that higher
transdermal absorption of HA2k would be achieved by optimizing
the formulation.

Some reports have stated that ACls upregulate collagen synthe-
sis. We previously reported on such ACls, including HA tetrasac-
charides,® soybean peptides, and collagen peptides. HA2k is unique
because it upregulates collagen synthesis and degradation simulta-
neously. There is a need to clarify the mechanism of upregulation of
COL1A1 and MMP-1 in future studies.

Low-molecular-weight HA has been reported to induce inflam-
mation in the skin?%; however, the mechanism of action remains
controversial. Another study using a reconstituted epidermis re-
ported that a low-molecular-weight HA was inﬂammatory.24 In our
human study, no side effects, including inflammatory symptoms,
were observed. It is possible that low-molecular-weight HAs in-
duce inflammatory signaling only in vitro, without a dermis. Under
more complex conditions, such as those of human skin, cross-

talk occurs among various cells of tissues, and the inflammatory

FIGURE 2 Effect of HA2k on collagen
metabolism in a three-dimensional
cultured human dermal-epidermal model.
Addition of an HA2k solution at 8 pg/ml to
a 3D skin model to evaluate COL1A1 (A)
and MMP-1 (B) by performing an ELISA.
Immunohistochemistry image of COL1A1,
Control (C) and HA2k (D).

tSignificantly different at p(0.05,

mean +SD, n = 3. Magnification, x100;
Scale bars, 100pm
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FIGURE 3 Effect of HA2k on

skin collagen density, moisture, and
tomography in a human forearm

A 0.1% HA2k lotion applied to a human
forearm. (A) Change in the collagen score
measured by an ultrasound method; (B)
Visualized collagen density; (C) Change in
skin moisture measured by an impedance
method; and (D) Change in skin roughness
measured by visual analysis. fSignificantly
different at p <0.05, *significantly
different compared with baseline at
p<0.05, mean+SD,n=8

FIGURE 4 Effect of 0.1% HA2k lotion
on facial wrinkles. A 0.1% HAZ2k lotion
was applied to the faces of the human
subjects. Maximum depth of the biggest
wrinkle in the crow's feet facial area

(A) and nasolabial fold (B) measured by
visual analysis. (C) Skin sagging angle
measured by the Moire topography
method. (D) Skin elasticity based on R2
parameter measured by a suction method.
TSignificantIy different at p<0.05,
*significantly different compared with
baseline at p<0.05, mean+SD, n = 21
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The concentration of HA2k used in this human study was 0.1%,

but its optimum dose remains to be clarified. HA2k can be more

widely used if lower doses are effective. In addition, combined with

higher-molecular-weight HAs would enable development of more
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effective cosmetics for anti-aging because larger HAs are better
moisturizers.* HA2k is still a relatively cost-effective material for
improving wrinkles since it is not administered intravenously by a

physician.

5 | CONCLUSION

In this study, we investigated the effect of HA2k on improving
skin wrinkles by topical application to human skin. The nasolabial
fold and crow's feet were significantly improved by a 0.1% HA2k
lotion. The first step in the proposed mechanism is permeation of
HAZ2k through the stratum corneum, which we confirmed by per-
forming a permeation experiment in a 3D skin model and human
excised skin. The second step of the mechanism is activation of
collagen remodeling by the HA2k, which we demonstrated by per-
forming an ELISA on COL1A1 and MMP-1 in a 3D skin model and
by ultrasound analysis of collagen density in a pilot study in human
subjects. Taken together, HA2k is a promising ingredient for anti-

aging cosmetics.
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