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Abstract

Rosa gallica has been previously reported to display anti-inflammatory, anti-

oxidative, and anti-skin wrinkle activities. However, the effect of Rosa gallica

on skin hydration and its active components are largely unknown. Herein, we

aimed to investigate the skin hydration effect of rose petal extract (RPE) in

humans and elucidate the underlying molecular mechanism. A double-blinded

clinical study was performed to investigate the effect of RPE on skin hydration.

Stratum corneum moisture analysis demonstrated that RPE treatment signifi-

cantly improved hydration levels in human skin. Furthermore, HAS2 and hya-

luronic acid levels were notably increased by RPE in keratinocytes and 3D

human skin equivalent model. By comparing the modulatory effect on HAS2

expression, cyanidin-3,5-O-diglucoside (CDG) was identified as the most potent

compound in RPE likely responsible for skin hydration. The kinase activity of

GLK, an upstream regulator of MAPK signaling, was increased by CDG in a

dose-dependent manner. Importantly, silencing GLK reversed CDG-mediated

HAS2 upregulation, further supporting the involvement of GLK in the CDG-

mediated effects. Binding of CDG to GLK was confirmed by pull-down assay

and computer modeling. These findings suggest that RPE and its active

Abbreviations: CDG, cyanidin-3,5-O-diglucoside; DMEM, Dulbecco's Modified Eagle Medium; ECM, extracellular matrix; FBS, fetal bovine serum;
GLK, germinal-center kinase-like kinase; HA, hyaluronic acid; HAS, hyaluronic acid synthase; IHC, immunohistochemistry; MAPKs, mitogen-
activated protein kinase; RPE, Rosa gallica petal extract.
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component CDG increases skin hydration by upregulating HAS2 expression

through modulating the GLK-MAP2K-MAPK signaling pathway.
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1 | INTRODUCTION

As the largest and most external organ of the human
body, the skin provides a selective barrier and protects
our body from external insults. To maintain its proper
function and biophysical characteristics, skin requires an
adequate level of hydration.1 Lack of moisture in the skin
can lead to physiological dysfunction and deterioration of
its physical appearance.2,3 Hyaluronic acid (HA), the
major molecule present in the extracellular matrix
(ECM) of the skin, has been the focus of research for its
exquisite role in maintaining skin hydration and elastic-
ity.4,5 HA is a high-molecular-mass linear polysaccharide
composed of repeatedly arranged N-acetylglucosamine
and glucoronic acid. The average human body is esti-
mated to contain 15 g of HA, of which 50% is ubiqui-
tously distributed in the skin, with the rest mostly
present in the bone cartilage.6,7 The key feature of this
molecule is that it can retain moisture more than 1000
times its weight.8

HA is synthesized at the interior of the plasma mem-
brane by an enzyme called hyaluronic acid synthase
(HAS). It has three isoforms, namely HAS1, HAS2, and
HAS3, and is later translocated into the ECM.9 Both
HAS2 and HAS3 actively participate in HA synthesis,
with HAS2 generally acting inside keratinocytes while
HAS3 acts in the epidermis.10

Reportedly, the upregulation of HAS enzymes and
the production of HA is heavily reliant upon the activa-
tion of mitogen-activated protein kinase (MAPKs),
including p38 and ERK.7,11 Germinal-center kinase-like
kinase (GLK), also known as MAP4K3, is regarded as
one of the key modulators of MAPK signaling.12 It has
been reported that GLK phosphorylation can regulate
downstream signaling cascades, including MAP2Ks/JNK
and MAPKs (MAP4K3 family kinases in immunity and
inflammation). Moreover, GLK has been reported as an
anti-aging regulator in mouse studies.13 It is therefore
plausible that GLK could have a positive impact on the
moisture and the integrity of human skin.

Beyond their medicinal applications, rose petals and
rose essential oils have been reported as potent skin-care
ingredients in previous studies.14,15 In a recent investiga-
tion by our group, rose petal extract (RPE) from Rosa gal-
lica enabled remarkable skin whitening and anti-wrinkle

effects.16,17 Despite being a potential beauty ingredient,
the skin moisturizing effects of RPE have not yet been
investigated. We sought to investigate the skin hydration
efficacies of RPE and the underlying molecular mecha-
nisms involved with a clinical trial and by using a 3D
human skin equivalent model and human keratinocytes.

2 | MATERIALS AND METHODS

2.1 | Rose petal extract

Rosa gallica petals grown in Turkey were provided
through GN Bio (Hannam, Korea). RPE was prepared as
described previously.15 Briefly, 10 g of dried rose petal
powder was extracted with 1000 ml of 70% ethanol at
70�C for 3 h using a reflux condenser. The extracted solu-
tion was filtered through a Whatman No.2 filter paper
(Whatman, Maidstone, UK). The solvent was lyophilized
in a freeze dryer and kept at �20�C.

2.2 | Subjects and test substance for
clinical study

Female volunteers aged between 20 and 60 years were
recruited for this study. The study was approved by the
local medical ethics committee (permit number KIDS-
BTE003-SJU) and conducted following the principles of
the Declaration of Helsinki. RPE-containing cream was
applied to the left half of the face and a control cream
with identical formulation but without RPE was applied
to the right half of the face as a vehicle control. The treat-
ment was performed once daily after washing the face.

2.3 | Assessment of skin moisture
retention

An Epsilon E100 (Biox Systems Ltd., UK) was used to
assess skin moisture retention. Participants were acclima-
tized for 30 min prior to the measurement under ambient
conditions with a constant temperature of 22 ± 2�C and
a relative humidity of 50 ± 5%. The same researcher mea-
sured both cheeks of all subjects. Instrument
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measurements were conducted before and after 2 and
4 weeks of applying the test substance. Wilcoxon signed-
rank test and Repeated measures of ANOVA analysis
were conducted to see any significant change in moistur-
izing improvement. Skin moisture data were analyzed
using Epsilon E100 Software V3.1.

2.4 | Human skin equivalent
preparation

A 3D human skin equivalent model was prepared in
Neoderm-ED 12-well plates purchased from Tego Science
(Seoul, Korea). The 3D human skin equivalent was pre-
treated with RPE (20–80 μg/mL) for 24 h for both the col-
lection of cell lysates for Western blotting and for fixing
in 4% formaldehyde for immunohistochemistry (IHC).
For IHC, skin sections were created as described.18 Slides
were incubated with HAS2 (1:50 dilution) antibody at
4�C overnight. After washing in PBS, counterstaining
was performed using hematoxylin. The level of HAS2
was examined under 400� magnification using an Olym-
pus BX53 light microscope (Olympus Microscope System
BX51; Olympus, Tokyo, Japan).

2.5 | Cell culture

HaCaT cells were cultured in Dulbecco's Modified Eagle
Medium (DMEM) containing 10% fetal bovine serum
(FBS) and penicillin (100 IU)/streptomycin (100 μg/mL)
in a 5% CO2 atmosphere at 37�C.

2.6 | Cell viability assay

Cell viability was measured with an MTS assay. HaCaT
cells were cultured to confluence in 96-well plates
before RPE was treated to the cells for 24 h. MTS
reagents were then added followed by incubation for
1 h. The optical density of the solution was measured at
490 nm with a Cytation1 microplate reader system
(BioTek, VT, USA).

2.7 | Enzyme-linked immunosorbent
assay for HA content

HA concentrations in the keratinocytes were measured
with a Hyaluronic acid DuoSet ELISA kit (R&D sys-
tems Inc., MN, USA) following the manufacturer's
instructions.

2.8 | Western blot

Protein was extracted with lysis buffer (Cell Signaling
Technology, Beverly, MA, USA) and concentrations
were measured with a BCA assay (Pierce Biotechnology,
Waltham, MA, USA). Western blotting was conducted
as described previously.7 Protein bands were detected
with a chemiluminescence imaging system (Atto, Taito-
ku, Tokyo, Japan) or an automatic X-ray film processor
(JPI Helathcare, Seoul, Korea).19 The bands were quan-
tified using ImageJ (National Institutes of Health,
Bethesda, MD).

2.9 | UPLC-PDA conditions

UPLC coupled with a PDA Chromatographic section was
performed on Agilent eclipse plus RRHD Columns
(1.8 μm, 2.1 mm � 100 mm), while elution was per-
formed with 0.1% troflouracetic acid in DW/acetonitrile.
The injection volume was 2 μl and the flow rate was
0.5 ml/min.

2.10 | Chemicals

Gallic acid, catechin, rutin, quercetin, and kaempferol
were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Cyanidin-3,5-O-diglucoside was obtained from
Extrasynthese (Genay, France).

2.11 | Kinase activity

The in vitro kinase assay was conducted using SelectSc-
reen Kinase Profiling Services (Thermo Fisher Scientific,
Massachusetts, MA, USA). Kinase assays were performed
in duplicate.

2.12 | Preparation of RPE- and CDG-
Sepharose 4B beads

Freeze-dried Sepharose 4B (GE Healthcare, Pittsburgh,
PA) was activated in 1 mM HCl and suspended in RPE
and CDG (2 mg) coupling buffer [0.1 M NaHCO3

(pH 8.3) and 0.5 M NaCl]. Following overnight rotation
at 4�C, the mixture was transferred to 0.1 M Tris–HCl
buffer (pH 8.0) and again further rotated at 4�C over-
night. The mixture was removed by washing in 0.1 M
acetate buffer (pH 4.0) and 0.1 M Tris–HCl + 0.5 M NaCl
buffer (pH 8.0) three times.
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2.13 | Cell-based pull-down assay

HaCaT cell lysate (500 μg) was mixed with RFE-
Sepharose 4B beads, CDG-Sepharose 4B beads, or
Sepharose 4B alone beads. The pull-down assay was con-
ducted as described.20

2.14 | Transfection with small
interfering RNA

Scrambled small interfering RNA (siRNA) (SC-37007)
and GLK siRNA (SC-39241) were obtained from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Transient
transfection of siRNA was performed using Lipofecta-
mine (13778-100 Thermo Fisher). siRNAs (10 μM) were
mixed with transfection reagent according to the
instructions.

2.15 | Structure analysis and docking
simulation

The structure of GLK (PDB ID: 5J5T), PRKACA with peptide
inhibitor (PDB ID: 1ATP), GSK3B (PDB ID: 1GNG), FGFR2
(PDB ID: 1GJO), and LYN (PDB ID: 3A4O) were down-
loaded from the Protein Databank (PDB ID: 5J5T),21 and the
structure of CDG was retrieved from PubChem (PubChem
CID: 441688).22 The structures of the kinases were superim-
posed onto that of GLK to illustrate the putative peptide
binding location using PyMOL Molecular Graphics System,
Version 2.5.0 (Schrödinger, LLC, New York, NY, USA). The
structures were visualized using PyMOL. GLK and CDG
structures were converted into the PDBQT format using pre-
pare_receptor4.py and prepare_ligand4.py scripts from Auto-
Dock Tools, respectively.23 GLK was docked in a cubic box
of length 10 Å centered on the activation loop binding site
using AutoDock Vina (Version 1.1.2).24

TABLE 1 Skin moisture

assessment (human subjects)
Control RPE

No. Week 0 Week 2 Week 4 Week 0 Week 2 Week 4

1 13.5 13.63 13.75 11.24 12.9 13.37

2 16.03 17.16 17.26 16.14 18.75 21.14

3 21.6 22.38 22.38 20.75 22.18 22.72

4 17.89 18.57 18.64 18.54 20.08 22.82

5 19.72 20.02 20.55 19.63 21.41 22.18

6 18.11 19.44 21.18 17.43 18.29 20.74

7 21.17 21.33 21.43 21.55 24.81 25.72

8 19.4 19.94 21.58 16.93 20.9 21.79

9 18.39 18.91 18.92 18.16 19.69 20.58

10 19.13 19.38 21.18 19.38 21.84 23.87

11 15.38 16.59 17.11 14.82 16.79 17.68

12 18.3 18.78 20.28 18.01 20.77 22.67

13 16.29 17.59 18.18 17.6 19.12 20.97

14 13.6 13.77 13.87 13.61 15.41 16.98

15 14.7 15.92 16.33 14.79 16.44 18.99

16 19.13 19.52 19.92 20.4 21.98 23.01

17 17.46 17.61 17.82 18.14 20.23 22.62

18 20.02 21.51 21.57 18.97 21.31 22.57

19 19.2 20.29 20.4 18.23 19.45 21.05

20 17.12 17.56 18.55 16.18 17.48 19.65

21 13.83 15.29 16.03 14.66 16.94 19.07

22 19.01 19.19 19.78 19.71 20.5 22.79

23 17.25 18.94 19.29 17.01 19.11 21.8

Average 17.66 18.41 18.96 17.47 19.41 21.08

Standard deviation 2.31 2.28 2.40 2.47 2.60 2.61

Note: Skin moisture levels are displayed in arbitrary units quantified by Epsilon E 100. Hydration was
measured on the cheek of each subject.
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2.16 | Statistics

All experiments were conducted in triplicate and the
results are expressed as mean ± standard deviation. Stu-
dent's t test was performed to compare the data, where
significance was determined at p < 0.05. All statistical
analyses were performed using Microsoft Excel and SPSS
(Chicago, IL, USA).

3 | RESULTS

3.1 | RPE improves skin hydration in
human subjects

After 4 weeks of RPE treatment, hydration levels were
markedly increased when compared to measurements
taken prior to treatment (Table 1). Notably, increases in

FIGURE 1 RPE increases skin

hydration in human subjects.

(A) Representative images of skin

sections at the beginning (week 0) and at

the end of the study (week 4). (B) Effects

of RPE on skin moisture content.

Changes in skin moisture content

measured at week 2 and 4 as compared

to that measured on the first day of the

clinical study (i.e., week 0). Data are

shown as mean ± S.D. (***P < 0.001,

significant difference between control

and RPE group.) RPE, rose petal extract

SEO ET AL. 5
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FIGURE 2 RPE increases HAS2

expression in a 3D human skin

equivalent model. (A) RPE induced

HAS2 expression in a 3D human skin

equivalent model as determined by

Western blotting. Data (n = 3) are mean

values ± SD. (B) RPE induced HAS2

expression in a 3D human skin model

obtained through immunohistochemical

staining. The scale bar indicates 100 μm.

Data shown as mean ± S.D (*P < 0.05,

significant difference between control

and RPE group). HAS, hyaluronic acid

synthase; RPE, rose petal extract

FIGURE 3 Effects of RPE on HA

production and downstream signaling

pathways in human keratinocytes.

(A) Cell viability was measured using an

MTS assay. (B) Effect of RPE on HA

production in HaCaT cells. Data shown

in (A) and (B) (n = 3) are mean values

± SD. (C) RPE increases HAS2

expression in HaCaT Cells. Cells were

treated with RPE for 3 h. (D) Effects of

RPE on MAPK signaling in HaCaT cells.

Treating cells with RPE for 1 h induced

phosphorylation of several MAPKs.

(E) RPE also induced MAP2K

phosphorylation in HaCaT cells. Protein

expression of phosphorylated and total

MAPKs, and MAP2Ks were determined

by Western blot. Vinculin was used as a

loading control. HA, hyaluronic acid;

HAS, hyaluronic acid synthase; MAPKs,

mitogen-activated protein kinase; RPE,

rose petal extract
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skin hydration on the RPE-treated side of the face were
substantially higher than on the control-treated side.
Images of the stratum corneum in the skin were taken
before (week 0) and after (week 4) the treatment, with
areas with low-moisture content appearing dark and
areas with higher moisture content appearing relatively
brighter (Figure 1A). Quantification of the data repre-
sented in Figure 1B also showed that skin hydration
improvement was significantly higher (11.07% and
20.63% after 2 and 4 weeks, respectively) in the RPE
group than the control group.

3.2 | RPE increases HAS2 expression in a
3D human skin equivalent model

To investigate the mechanism of action, we first
attempted to examine the effect of RPE on the expres-
sion of HAS2 in a 3D human skin equivalent model.
As shown in Figure 2A, HAS2 expression was mark-
edly increased by RPE treatment compared to the con-
trol group. In support of the immunoblot findings,
upregulated HAS2 expression was also observed in the
immunohistochemistry analysis of tissues (Figure 2B).

TABLE 2 Quantification of major

chemical constituents in RPE
Peak Compound tR (min) Avareage (mg/m) STD

1 Gallic acid 1.191 38.67 1.94

2 Catechin 4.098 32.16 1.69

3 Rutin 7.975 6.660 0.228

4 Quercetin 16.652 2.192 0.141

5 Kaempferol 18.033 0.471 0.018

6 Cyanidin-3,5-O-diglucoside 4.348 0.0618 0.00106

Abbreviations: RPE, rose petal extract; tR, retention time.

FIGURE 4 Peak intensity chromatogram of UPLC (Ultar Performance Liquid Chromatography) coupled with a PDA (Photodiode

Array). Peaks are indicated in Table 2

SEO ET AL. 7
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3.3 | RPE increases HA production via
modulation of the MAP2K-MAPK
pathways

We next investigated the underlying molecular mecha-
nism of HA production by RPE in HaCaT keratinocytes.
As seen in Figure 3A,B, RPE enhanced HA production

with no evidence of cytotoxicity. HAS2 expression was
dose-dependently increased with RPE (0–80 μg/mL)
(Figure 3C). Previous reports indicate that the activation
of MAP2K-MAPK signaling could regulate HAS2 expres-
sion.11,25 Similarly, our data shows that RPE substantially
increased the phosphorylation of ERK, JNK and p38
(Figure 3D). Likewise, the levels of p-MEK1/2, p-MKK4,

FIGURE 5 Effects of cyanidin-

3,5-O-diglucoside on HAS2 and

MAP2K-MAPK signaling pathways.

(A) Effects of different compounds in

RPE on HAS2 protein expression in

HaCaT cells. Cells were treated with the

designated compounds for 3 h. HAS2

and vinculin expression levels in cell

lysates were determined by Western

blot. (B) Molecular structure of CDG.

(C) Effects of CDG on HAS2 protein

expression. (D) Effects of CDG on

MAPK signaling in HaCaT cells. Protein

expression levels of phosphorylated and

total ERK, JNK, and p38. (E) Effects of

CDG on MAP2K signaling in HaCaT

cells. Protein expression levels of

phosphorylated and total MAPKs, as

determined by Western blot. Vinculin

was used as a loading control. CDG,

cyanidin-3,5-O-diglucoside; HAS,

hyaluronic acid synthase; MAPKs,

mitogen-activated protein kinase; RPE,

rose petal extract
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and p-MKK3/6 were upregulated by 40 and 80 μg/ml
RPE (Figure 3E).

3.4 | Analysis of Rosa Gallica extract

To identify the active compound associated with the
skin hydration effects of RPE, we conducted UPLC
coupled with a PDA. A total of six peaks excluding the
solvent peak were identified (Table 2). The main com-
ponents of RPE were gallic acid, catechin (detected at
254 nm), rutin, quercetin, kaempferol (detected at
360 nm), and cyanidin-3,5-O-diglucoside (detected at
520 nm).

3.5 | CDG increases HAS2 and activates
MAP2K-MAPK signaling pathways

We evaluated the effects of the six compounds identified
in RPE on HAS2 expression in HaCaT keratinocytes. In
Figure 5A, the HAS2 level was the highest in the CDG-
treated cells among all six compounds tested. We, there-
fore, assumed that CDG (Figure 5B) could be the primary
bioactive compound in RPE responsible for eliciting the
skin hydration effects. In addition, HAS2 expression was
dose-dependently increased by CDG as shown in
Figure 5C. Furthermore, CDG (20 μM) activated the
MAPK2-MAPK signaling pathway in HaCaT keratino-
cytes (Figure 5D,E).

FIGURE 6 Effects of CDG on GLK kinase activity. (A) CDG increases GLK kinase activity. Data shown as mean ± S.D. (B and C) CDG

does not inhibit other kinases (FGFR2, LYN) [negative control]. Data shown as mean ± S.D. Kinase activity was assessed by ELISA using

cell lysate supernatant. Kinase activity was measured as described in Section 2. (D and E) RPE and CDG binds to GLK in vitro, as

determined by pull-down assay. The binding site was detected with immunoblotting. (F) Transfecting GLK with siRNA resulted in a

significant knock down of GLK protein expression and attenuated HAS2 expression. ** significant difference of p < 0.01 (and ***p < 0.001)

relative to control. CDG, cyanidin-3,5-O-diglucoside; ELISA, enzyme-linked immunosorbent assay; GLK, germinal-center kinase-like kinase;

HAS, hyaluronic acid synthase; MAPKs, mitogen-activated protein kinase; RPE, rose petal extract, siRNA, small interfering RNA
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3.6 | CDG upregulates GLK kinase
activity

As GLK has been reported to activate MAP2K-MAPK
signaling,13 we sought to investigate a possible link
between GLK kinase activity and increased HAS2 pro-
duction by CDG. GLK kinase activity was measured
after treating the cells with CDG, and it was found that
the kinase activity was significantly increased
(Figure 6A). On the other hand, CDG did not influence
FGFR2 and LYN kinase activities, suggesting specific-
ity of CDG against GLK (Figure 6B,C). Moreover, the
direct binding of RPE and CDG to GLK protein was
observed based on pull-down assays from cell lysates
(Figure 6D,E). In addition, silencing of GLK blocked
CDG-mediated upregulation of HAS2 levels
(Figure 6F), further confirming that GLK is a target
protein of CDG.

3.7 | Computational analysis of CDG—
GLK interaction

For structural insights into how CDG activates GLK,
we investigated the structure of GLK with docking of
CDG onto GLK. Most kinases modulate their activity
via phosphorylation of their own activation loops,
which changes the conformation of the loop and
increases enzymatic activity.26 However, GLK forms a
dimer and swaps the activation loop, while phosphory-
lation increases enzymatic activity (Figure 7A,C).12 We
hypothesized that phosphorylation of the activation
loop changes its conformation and dissociates the
dimer; in this model, CDG hinders dimer formation,
prevents auto-inhibition, and increases the enzymatic
activity of GLK (Figure 7B). We further evaluated the
possibility of CDG binding on the dimerization inter-
face by docking CDG with GLK. The docking

FIGURE 7 Structure of GLK and CDG interaction model. (A) The structures of the crystalline GLK and location of the putative

substrate peptide. (B) Schematic model of GLK active, inactive, and CDG-binding forms. (C) Locations of GLK activation loop and putative

substrate peptide. (D) Top three highest scoring docking conformations. (E) Location of the activation loop in other kinases. CDG, cyanidin-

3,5-O-diglucoside; GLK, germinal-center kinase-like kinase; MAPK, mitogen-activated protein kinase

10 SEO ET AL.

 18728081, 0, D
ow

nloaded from
 https://iubm

b.onlinelibrary.w
iley.com

/doi/10.1002/biof.1922 by Seoul N
ational U

niversity, W
iley O

nline L
ibrary on [28/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



conformation of CDG demonstrated that its benzo-
pyran moiety can interact with the hydrophobic amino
acids of GLK, suggesting that CDG can bind on the
GLK dimerization interface (Figure 7D). In contrast,
the activation loops of other kinases (GFGR2 and LYN)
would not permit CDG binding and therefore CDG
would be unlikely to directly interfere with their activi-
ties (Figure 7E).

4 | DISCUSSION

Three different isoforms of HAS (HAS1, HAS2, and
HAS3) together contribute to synthesis of HA within
cells.28 Although all three HAS isoforms can synthe-
size high-molecular mass HA, only HAS2 can produce
HA at molecular sizes of up to 6000 kDa, the reported
average size of most available HA in healthy
tissue.10,29

Our findings show that RPE markedly increases
HAS2 expression in a 3D human skin equivalent model
(Figure 2). We used RPE as a moisturizing agent for
human skin and evaluated its effects on hydration in a
clinical trial and in vitro models. Based on the clinical
observations, individuals treated with RPE cream exhib-
ited elevated hydration in the skin when compared to the
placebo cream by the end of the trial. A similar study
found that a herbal extract cream increased skin hydra-
tion in human subjects.27 The increases in skin hydration
in the participants of the present study could be attribut-
able to the elevation of HA levels elicited by RPE in
the skin.

The involvement of signaling pathways, including
MAPK and MAP2K pathways in HAS production has
been reported in previous studies.7,30 According to Jeon
et al., MAPK-specific inhibitors suppressed HAS2 and
HAS3 expression leading to a decrease in HA produc-
tion.7 Our findings demonstrate that RPE strongly

FIGURE 8 Schematic diagram

summarizing the GLK-MAP2K-MAPK

signaling pathway and its mechanism.

GLK, germinal-center kinase-like

kinase; MAPK, mitogen-activated

protein kinase
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phosphorylates intermediaries in the MAP2K/MAPK
pathways (Figure 3D,E). We identified CDG as the most
active compound that could be responsible for RPE's skin
hydration effects based on its efficacy in upregulating
HAS2 expression (Figure 4). CDG also substantially
increased HAS2 expression and phosphorylated MAP2K/
MAPK signaling in human keratinocytes (Figure 5C–E).
Furthermore, GLK kinase activity was significantly
increased following CDG application (Figure 6), indicat-
ing that the HAS2 production could be linked to GLK
kinase activity. We found direct binding of CDG with
GLK kinase (Figure 6E), suggesting that CDG activates
GLK kinase via a direct interaction. Moreover, transfec-
tion of siRNA-GLK neutralized the effect of CDG on
HAS2 expression (Figure 6F). Taken together, these
observations suggest that RPE elicits strong skin hydra-
tion effects by increasing the production of HAS2 by acti-
vating GLK and phosphorylating MAP2K/MAPK
signaling pathways. GLK forms an activation loop-
swapping dimer, with the CDG docking model suggesting
that CDG may hinder dimer formation and allow the
substrate peptide to access the active site (Figure 7). The
precise molecular mechanisms involved in CDG-induced
activation will be examined in further studies.

5 | CONCLUSION

In conclusion, RPE demonstrated remarkable skin
moisturizing activities by stimulating HA synthesis.
The improvement of skin hydration in the human sub-
jects with RPE treatment was noteworthy. This study
has highlighted that the enhancement of HA synthesis
was linked with GLK kinase activity and the phosphor-
ylation of MAP2K/MAPK signaling pathways
(Figure 8). Therefore, GLK could be a potential target
to increase HA production in the skin. Based on our
findings, we suggest that the skin hydration effects of
RPE are attributable to CDG. Further investigation of
its potential application as a skin moisturizing agent
are recommended.
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