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Abstract 
Estrogen is essential for the skin to maintain its physiological function. The 
binding of estrogen to the estrogen receptor (ER) activates gene transcription, 
which has biological effects on the target tissue. Estrogen levels and ER ex-
pression are known to decrease with aging and exposure to ultraviolet light 
(UV); therefore, increased estrogen levels and ER expression may improve 
age-related changes in the skin. Rehmannia root has been reported to have 
blood circulation-promoting and anti-inflammatory effects; however, few 
studies have reported the effects of Rehmannia root on skin. In this study, we 
examined the effects of Rehmannia glutinosa Libosch. var. purpurea Makino 
root extract (RE) on ER expression, and estrogen, RE, or their related ingre-
dients increased ER expression in human epidermal keratinocytes, human 
dermal fibroblasts, and skin models. Moreover, RE increased the production 
of basic fibroblast growth factor, transforming growth factor β1, and epider-
mal growth factor. The mixture of estrogen and RE improved extracellular 
matrix (ECM) production to a greater degree than estrogen and RE indepen-
dently. Although high population doubling levels (PDL) and UV irradiation 
downregulated ER expression, RE upregulated ER expression in high PDL 
cells and UV irradiated cells. In addition, RE increased the expression of epi-
dermal differentiation marker proteins compared to their expression levels in 
the absence of RE. The collective findings suggest that RE aids in the preven-
tion of skin aging by upregulating the ER expression that has been decreased 
by aging and UV and promoting estrogen activity, ECM production, and ep-
idermal differentiation. 
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1. Introduction 

Sex steroid hormones such as estrogen, progesterone, and androgen exhibit a 
broad spectrum of physiological functions ranging from regulating the men-
strual cycle and reproduction to modulation of skin function, bone density, 
brain function, and cholesterol mobilization. Skin functions are particularly re-
liant on estrogen because it promotes cell proliferation by increasing cell 
growth factors and increases the production of hyaluronic acid and collagen, 
which are involved in skin moisturization and elasticity, lessening wrinkles, and 
improving skin texture [1] [2] [3] [4]. Bioactive estrogens include estrone (E1), 
estradiol (E2), and estriol (E3), where E2 is more prolific and has the most sig-
nificant physiological activity, followed by E1 and E3 [5]. Estrogen mediates its 
biological effects in target tissues by binding to the estrogen receptor (ER), a 
specific intracellular receptor. The balance between the two forms of ER, 
namely ER-alpha (ERα) and ER-beta (ERβ) is suggested to be important for 
maintaining skin homeostasis. Binding of a ligand, such as estrogen and estro-
gen-like substances, activates the ER and promotes ER dimerization to produce 
homodimers of ERα or ERβ individually or the ERα-ERβ heterodimer. These 
dimers either bind directly to estrogen response elements of target gene pro-
moters, or indirectly through interaction with other DNA-bound transcription 
factors, such as activator proteins or specific proteins. After DNA binding, ER 
dimers regulate gene expression by interacting with cofactors, such as coactiva-
tors or corepressors, thereby promoting the production of an extracellular ma-
trix (ECM) comprising hyaluronic acid or collagen, and production of cell 
growth factors such as basic fibroblast growth factor (bFGF), transforming 
growth factor β1 (TGF-β1), and epidermal growth factor (EGF) [6] [7] [8] [9]. 
ERs are expressed in various tissues, including the skin, blood vessels, and 
brain, whereas ERα and ERβ are also expressed in the epidermis keratinocytes 
and dermis fibroblasts [10] [11] [12] [13] [14]. The fibroblasts ER is involved in 
the proliferation of keratinocyte and epidermal formation, and the keratino-
cytes ER affects the increase of epidermal differentiation marker proteins such 
as loricrin, involucrin, and transglutaminase-1 as well as the proliferation of fi-
broblasts [10] [11] [12]. These observations suggest that the balance of ER ex-
pression in each tissue is intimately involved in maintaining tissue homeostasis. 
Internal and external factors such as aging, menstrual cycle, active oxygen, or 
exposure to ultraviolet light (UV) reduce estrogen levels and ER expression, 
contributing to the formation of immature epidermis leading to skin aging fea-
tures such as wrinkles and sagging [3] [12] [13] [14]. Therefore, increases in es-
trogen levels and ER expression may improve the age-related changes in the 
skin; however, few studies have reported that ER expression is increased by 
crude drugs and cosmetic ingredients.  

Rehmannia root is used in traditional Chinese medicines such as Hachimiji-
ogan and Rokumijiogan. Rehmannia root contains large quantities of the iridoid 
glycoside catalpol and the oligosaccharide stachyose. Additionally, it contains 
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the iridoid glycosides aucubin, monomelittoside, and dihydrocatalpol; the oli-
gosaccharides manninotriose and raffinose; and amino acids such as arginine 
[15]. Although the Rehmannia root has been reported to have blood circulation 
promoting and anti-inflammatory effects [15], the effects of Rehmannia root on 
skin aging have not yet been reported. In this study, we examined the effects of 
Rehmannia glutinosa Libosch. var. purpurea Makino root and its constituents 
on ER expression in the skin. 

2. Materials and Methods 
2.1. Reagents 

Estradiol was purchased from Sigma-Aldrich (St. Louis, MO, USA), fetal bovine 
serum (FBS) was acquired from Thermo Fisher Scientific (Waltham, MA, USA), 
and rabbit and mouse serum solutions were procured from Nichirei Biosciences 
(Tokyo, Japan). Rabbit anti-ERα monoclonal antibody labeled with phycoeryt-
hrin (PE), mouse anti-ERβ monoclonal antibody labeled with PE, rabbit an-
ti-loricrin polyclonal antibody, rabbit anti-involucrin polyclonal antibody, and 
mouse anti-cytokeratin 10 monoclonal antibodies were purchased from Abcam 
(Cambridge, UK). Thermo Fisher Scientific also provided Alexa Fluor 647-labeled 
donkey anti-mouse antibody and Alexa Fluor 488-labeled donkey anti-rabbit an-
tibody. Stachyose and catalpol were standard for crude drug determination and 
were obtained from FUJIFILM Wako Pure Chemical (Osaka, Japan) and used as 
internal standards. All other chemicals were purchased from FUJIFILM Wako 
Pure Chemical. 

2.2. Plant Material 

Rehmannia root extract (RE, Lot.06282) was purchased from KOEI KOGYO 
(Tokyo, Japan). The roots of Rehmannia glutinosa Libosch. var. purpurea Ma-
kino were dried, cut into small pieces and extracted with a 1:1 solution of 
1,3-butylene glycol and water at 50˚C for 5 h. The extract was stored at 4˚C for 3 
d, filtered using a 5 μm filter. 

2.3. Cell Culture 

Adult normal human dermal fibroblasts (NHDF; Kurabo, Osaka, Japan) were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 
10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin. In addition, NHDF 
displaying a high population doubling levels (PDL) were obtained by subcultur-
ing 15 times. Normal human epidermal keratinocytes immortalized by the 
pSV40 gene (immortalized NHEK; JCRB, Osaka, Japan) were cultured in an 
MCDB153 medium with growth supplements. Cells were seeded in culture 
plates and grown to subconfluence in a 5% CO2 incubator at 37˚C. Recon-
structed human epidermal models (LabCyte EPI-MODEL; J-TEC, Aichi, Japan) 
were pre-cultured in a 5% CO2 incubator at 37˚C using the attached assay me-
dium. 
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2.4. UVA Exposure 

NHDF was seeded in LabTek Chamber slides (Thermo Fisher Scientific), cul-
tured, and prior to UVA exposure, the medium was replaced with Hanks’ ba-
lanced salt solution and the cell was exposed to 0.26 J/cm2 UVA using a sunlight 
irradiation system (SERIC, Tokyo, Japan). Sham-UVA irradiated NHDF was 
shielded from the lamp during UVA exposure. 

2.5. Evaluation of ER Expression in Keratinocytes and Fibroblasts 

Immortalized NHEK and NHDF were seeded in LabTek chamber slides and 
cultured, after which the medium was replaced with unaltered medium or that 
containing estrogen or RE, and incubation continued.  

Following this, the cells were fixed in formalin and blocked with serum solu-
tion. They were then stained with PE-labeled anti-ERα antibody or PE-labeled 
anti-ERβ antibody. Cell nuclei were stained with 4’,6-diamidino-2-phenylindole 
dihydrochloride (DAPI). Cell nuclei and ERs fluoresced blue and yellow, respec-
tively, when examined using an IX70 microscope coupled with a DP80 digital 
camera (Olympus, Tokyo, Japan). Images were acquired using WinROOF2015 
image analysis software (Mitani, Fukui, Japan), and the average luminance value 
was calculated by dividing the luminance value by the cell number. We per-
formed at least three independent studies, yielding similar results, which are 
shown in the figures. 

2.6. HPLC Analysis 

Stachyose and catalpol were quantified by HPLC analysis using a HITACHI 
Chromaster (Hitachi High-Tech Science, Tokyo, Japan) coupled to a Chromas-
ter 5430 diode array detector (Hitachi High-Tech Science) and a Chromaster 
5450 refractive index detector (Hitachi High-Tech Science).  

Analysis was carried out using Shodex Asahipak NH2P-50 4E columns (5 μm, 
4.6 × 250 mm, Showa Denko, Tokyo, Japan). For quantification of stachyose and 
catalpol, a mobile phase consisting of 70% (v/v) acetonitrile in water was used at 
a flow rate of 1 mL/min and column temperature of 50˚C. UV detection was 
performed at a wavelength of 203 nm. The concentrations of stachyose and cat-
alpol were calculated from standard curves of standard stachyose and catalpol 
solutions, respectively. 

2.7. Cell Viability 

To investigate cell proliferation, immortalized NHEK and NHDF were seeded 
and cultured. A cell proliferation assay was performed using the Cell Counting 
Kit-8 (Dojindo, Kumamoto, Japan) according to the manufacturer’s instruc-
tions.  

2.8. Measurement of ECM and Growth Factors 

NHDF was seeded and cultured, and the supernatants were collected after sam-
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ple treatment. Type I collagen was measured by direct ELISA using an an-
ti-collagen type I rabbit antibody. The hyaluronic acid, bFGF, TGF-β1, and EGF 
contents were measured using the Quantikine ELISA kit of hyaluronic acid, hu-
man bFGF, human TGF-β1, or EGF (R&D Systems, Minneapolis, MN, USA), 
respectively, according to the manufacturer’s instructions.  

2.9. Histological Evaluation and Immunohistochemical Staining in  
the Skin Model 

The skin model was fixed in formalin and embedded in paraffin wax, and the 
tissues were cut, deparaffinized, and rehydrated. Hematoxylin and eosin (H&E) 
staining and immunohistochemical staining were performed according to stan-
dard procedures for tissue sections. For direct immunofluorescence, PE-labeled 
anti-ERα antibody and PE-labeled anti-ERβ antibody were used, whereas the 
primary antibodies used for indirect immunofluorescence were anti-loricrin an-
tibody, anti-involucrin antibody, and anti-cytokeratin-10 antibody. The second-
ary antibody was Alexa Fluor 647-labeled rabbit anti-mouse antibody or Alexa 
Fluor 488-labeled goat anti-rabbit antibody. Cell nuclei was stained with DAPI. 
Cell nuclei, ERs, loricrin, involucrin, and cytokeratin-10 were observed in cells 
using an IX70 microscope coupled with a DP80 digital camera (Olympus). We 
performed at least three independent studies, which yielded similar results. A 
representative experiment is shown in the figures. 

2.10. Statistical Analysis 

The experimental data were evaluated for statistical significance using Student’s 
t-test (two-tailed). A p value < 0.05 was considered statistically significant. Data 
are expressed as mean ± SD. 

3. Results 
3.1. Effect of Estrogen and RE on ER Expression 

Estrogen can increase the expression of ER [16] [17], which may enhance its ef-
fect, and binding to the ER improves cell proliferation in the skin. Therefore, the 
effect of estrogen or RE on ER expression was evaluated using NHDF. First, the 
biotoxicity of E2 and RE were evaluated, and biotoxicity was observed at 500 μM 
E2 and 800 μg/mL RE. Therefore, the effects on ER expression and cell prolifera-
tion were evaluated at concentrations lower than 500 μM E2 and 800 μg/mL RE. 
And it was found that E2 upregulated ERα and ERβ expression in NHDF, 
reaching a maximum at 50 μM of E2. RE also upregulated ERα and ERβ expres-
sion to a maximum of 80 μg/mL of RE (Figure 1(A)). In addition, the 50 μM E2 
treatment significantly upregulated the ER fluorescence intensity, whereas 
treatments with 10 μM and 100 μM E2 did not affect ER expression (Figure 
1(B)). Similarly, the ER fluorescence intensity after RE treatment of 80 μg/mL 
was significantly upregulated, whereas other concentrations of RE did not affect 
the expression of ER (Figure 1(B)). We evaluated the effect of ER upregulation 
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on cell proliferation and determined that E2 did not affect cell proliferation, al-
though treatment with 80 μg/mL RE significantly promoted cell proliferation by 
upregulation of the ER. In contrast, other concentrations of RE did not affect cell 
proliferation since the ER was not regulated (Figure 1(C)). 

 

 
Figure 1. Effect on ER expression and cell proliferation by E2 and RE. (A) Representative 
merged images of ERα (yellow) and ERβ (yellow) expression in NHDF treated with 
samples (blue denotes DAPI-stained cell nuclei). Scale bar, 100 μm. (B) Changes in the 
fluorescence intensity of ERα (open) or ERβ (filled) expression in NHDF. (C) Changes in 
the cell proliferation of NHDF treated with samples. Data are presented as the mean ± SD 
(n = 3). *p < 0.05 versus ERα of vehicle or ERβ of vehicle, compared by Student’s t-test. 
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3.2. Effect of Components in RE on ER Expression 

To evaluate the effect of stachyose and catalpol on ER upregulation, the concen-
trations of stachyose and catalpol were measured using HPLC. The 80 μg/mL RE 
contained 15 μM stachyose and 2.8 μM catalpol. Therefore, we evaluated the ef-
fects of 15 μM stachyose and 2.8 μM catalpol on ER expression and cell prolife-
ration and observed that 15 μM stachyose upregulated ERα and ERβ expression 
in NHDF (Figure 2(A)); however, 2.8 μM catalpol did not affect ER expression. 
We then evaluated the effect of ER upregulation on cell proliferation. The results 
indicated that 15 μM stachyose promoted cell proliferation in NHDF (Figure 
2(B)), whereas the 2.8 μM catalpol had no effect. These results suggest that ER 
upregulation by RE is activated by stachyose. In fact, cell proliferation by sta-
chyose was similar to the proliferation by RE. 

3.3. Effect of RE on the Time-Dependent Changes in ER Expression  
and Growth Factors 

The dermis ER is involved in the production of cell growth factors such as bFGF, 
TGF-β1, and EGF and is considered crucial for maintaining dermis function. 
We investigated whether RE enhances ER expression in NHDF and found that 
stimulation with 80 μg/mL RE upregulated ERα and ERβ after 24 h, significantly 
promoted cell proliferation by ER upregulation. Accordingly, we evaluated the 
time-dependent changes in cell proliferation, ER expression and cell growth fac-
tors production using NHDF. The cell proliferation increased in the vehicle and 
80 μg/mL RE in a time-dependent manner, and cell proliferation of RE treat-
ment significantly increased compared to that in the vehicle between 18 h and 24 
h (Figure 3(A)). In addition, ER expression increased in the vehicle and 80 
μg/mL RE in a time-dependent manner, and ER expression of RE treatment sig-
nificantly increased compared to that in the vehicle between 6 h and 24 h 
(Figure 3(B)). The production of bFGF was most increased by vehicle and 80 
μg/mL RE at 9 h, and the bFGF production of RE treatment significantly increased 
compared with that of the vehicle between 9 h and 24 h (Figure 3(C)). TGF-β1  
 

 
Figure 2. Effect on ER expression and cell proliferation by ingredients in RE. (A) Changes 
in the fluorescence intensity of ERα (open) or ERβ (filled) expression in NHDF treated 
with stachyose or catalpol. (B) Changes in the cell proliferation of NHDF treated with 
stachyose or catalpol. Data are presented as the mean ± SD (n = 3). *p < 0.05 versus ERα 
of vehicle or ERβ of vehicle, compared by Student’s t-test. 
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Figure 3. Effect on the time-dependent change of ER expression and cell growth 
factor production by RE. (A)-(B) Changes in the cell proliferation (A) and ER 
expression fluorescence intensity (B) in the vehicle and 80 μg/mL RE. (C)-(E) 
Changes in the production of bFGF (C), TGF-β1 (D), or EGF (E) in the vehicle 
and 80 μg/mL RE. Data are expressed as the ratio of increase relative to the 
vehicle for 3 h, and are presented as the mean ± SD (n = 3). An *indicates a 
significant difference within the vehicle for the same time point. 

 
production increased with the vehicle and 80 μg/mL RE in a time-dependent 
manner, and the TGF-β1 production of RE significantly increased compared 
with the vehicle between 9 h and 24 h (Figure 3(D)). Moreover, the 80 μg/mL 
RE treatment increased EGF production in a time-dependent manner, and the 
EGF production of RE treatment significantly increased compared with that of 
the vehicle between 18 h and 24 h (Figure 3(E)). 

3.4. Effect of Upregulated ER on Estrogen Effects 

The formulation of cell growth factor by estrogen is related to ECM production 
and cell proliferation, and is considered crucial for maintaining dermal elasticity. 
To evaluate whether upregulation of ER improved the estrogen effect, we eva-
luated cell proliferation and ECM production. Treatment with 80 μg/mL RE in-
creased cell proliferation in NHDF, while 10 μM E2 did not affect cell prolifera-
tion. Furthermore, cell proliferation was improved by the E2 and RE mixture 
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and was significantly greater than that by E2 or RE separately (Figure 4(A)). In 
addition, 80 μg/mL RE increased hyaluronic acid production in NHDF, whereas 
10 μM E2 had no effect on this production. Similar to the results for cell prolife-
ration, the E2 and RE mixture improved hyaluronic acid production significant-
ly more than E2 or RE alone (Figure 4(B)). Collagen production returned corre-
lating results, in that 80 μg/mL RE increased type I collagen production in NHDF, 
whereas 10 μM E2 had no effect, and the E2 and RE mixture was superior to E2 
or RE individually at improving collagen production (Figure 4(C)). These results 
may reflect the improved estrogen action due to ER upregulation of RE. 

3.5. Effect of RE on ER Downregulation by Increasing PDL 

Aging and photoaging can cause wrinkles and sagging in the skin because they 
reduce ER expression and decrease the production of hyaluronic acid and colla-
gen [3] [13] [14]. We evaluated the effects on ER expression, cell proliferation, 
and ECM production using NHDF with different PDLs. Although high PDL 
cells reduced the expression of ERα and ERβ compared to low PDL cells, treat-
ment with 80 μg/mL RE significantly upregulated the ER fluorescence intensity 
in the high PDL cells and low PDL cells (Figure 5(A), Figure 5(B)). In addition, 
the high PDL cells decreased cell proliferation, hyaluronic acid and type I colla-
gen production compared to low PDL cells. In contrast, RE treatment signifi-
cantly increased cell proliferation and hyaluronic acid and type I collagen pro-
duction in the high PDL cells and low PDL cells (Figures 5(C)-(E)). 
 

 
Figure 4. Effect of ER upregulation by RE on cell proliferation and ECM 
production. (A) Changes in cell proliferation of NHDF treated by either or 
both 10 μM E2 or 80 μg/mL RE. (B) (C) Changes in the hyaluronic acid (B) and 
the type I collagen (C) production of NHDF treated by either or both 10 µM E2 
or 80 μg/mL RE. Data are presented as the mean ± SD (n = 3). *p < 0.05. 
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Figure 5. Effect on ER expression, cell proliferation, and ECM production in NHDF 
with different PDL. (A) (B) Changes in fluorescence intensity of ERα (A) and ERβ (B) 
expression in low PDL cells and high PDL cells treated with 80 μg/mL RE. (C) 
Changes in the cell proliferation of low PDL cells and high PDL cells treated with 80 
μg/mL RE. (D) (E) Changes in the production of hyaluronic acid (D) and type I 
collagen (E) in low PDL cells and high PDL cells treated with 80 μg/mL RE. Data are 
presented as the mean ± SD (n = 3). *p < 0.05. 

3.6. Effect of RE on ER Downregulation by UVA Irradiation 

UV radiation through sunlight is a strong accelerator of skin aging, and is termed 
photoaging. UVA is known to be responsible for the progression of photoaging be-
cause it directly affects dermal fibroblasts. Thus, we evaluated the effects on ER ex-
pression, cell proliferation, and production of ECM using NHDF irradiated with 
UVA. Although the expression of ERα and ERβ were downregulated by UVA 
irradiation, RE treatment significantly upregulated the ER fluorescence intensity 
in the UVA irradiated cells and sham-UVA irradiated cells (Figure 6(A), Figure 
6(B)). In addition, cell proliferation was decreased by UVA irradiation, although 
when both cells were treated with RE, the proliferation significantly increased 
(Figure 6(C)). Moreover, the production of hyaluronic acid and type I collagen 
similarly lowered by UVA irradiation, whereas RE treatment significantly in-
creased the production of hyaluronic acid and type I collagen in the UVA irra-
diated cells and sham-UVA irradiated cells (Figure 6(D), Figure 6(E)). 
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Figure 6. Effect on ER expression, cell proliferation, and ECM production in NHDF 
by UVA irradiation. (A) (B) Changes in fluorescence intensity of ERα (A) and ERβ 
(B) expression in sham-UVA irradiated cells and UVA irradiated cells treated with 
80 μg/mL RE. (C) Changes in the cell proliferation of UVA irradiated cells treated 
with 80 μg/mL RE. (D) (E) Changes in the production of hyaluronic acid (D) and 
type I collagen (E) in sham-UVA irradiated cells and UVA irradiated cells treated 
with 80 μg/mL RE. Data are presented as the mean ± SD (n = 3). *p < 0.05. 

3.7. Effect of RE on ER Expression and Cell Proliferation in  
Immortalized NHEK 

The epidermal ER is involved in epidermal differentiation and is considered 
crucial for maintaining epidermal homeostasis [12]. We investigated whether RE 
enhances ER expression in NHDF and found that stimulation with RE upregu-
lates ERs. Thus, we evaluated the effect of RE on the epidermal ER using im-
mortalized NHEK. The results showed that 50 μM E2 upregulated ERα and ERβ 
expression in NHDF; however, 10 μM E2 did not affect ER expression. Similarly, 
80 μg/mL RE upregulated ERα and ERβ expression in immortalized NHEK, but 
8 μg/mL had no effect (Figure 7(A)). In addition, the ER fluorescence intensity 
after E2 treatment was significantly upregulated by treatment with 50 μM E2. In 
contrast, treatment with 10 μM E2 did not affect the ER expression. The ER flu-
orescence intensity was significantly upregulated after RE treatment with 80 
μg/mL RE, but treatment with 8 μg/mL again had no effect (Figure 7(B)). Next, 
we evaluated the effect of ER upregulation on cell proliferation. E2 did not affect 
cell proliferation. Treatment with 80 μg/mL RE significantly promoted cell pro-
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liferation by upregulating ER. In contrast, treatment with 8 μg/mL RE did not 
affect cell proliferation (Figure 7(C)). The results of NHEK coincided with the 
effect of ER upregulation on NHDF. These results suggest that RE activates the 
epidermis and dermis. 

3.8. Effect of RE on ER Expression and Epidermal Differentiation  
in a Reconstructed Human Epidermal Model 

Epidermal ER is considered crucial for maintaining epidermal homeostasis. We 
investigated immortalized NHEK and RE and found that ERs were upregulated 
in NHEK following RE stimulation. Accordingly, we evaluated the time-dependent 
changes in ER expression and localization using a reconstructed human epider-
mal model, which revealed that RE increased ER expression in the skin model in 
a time-dependent manner. Interestingly, ER expression was observed in the 
stratum corneum from the basal layer of ERα and in the stratum corneum from 
the granular layer of ERβ (Figure 8(A)).  

 

 
Figure 7. Effect of RE on ER expression and cell proliferation in immortalized NHEK. 
(A) Representative merged images of ERα (yellow) and ERβ (yellow) expression in 
immortalized NHEK treated with samples (blue denotes DAPI-stained cell nuclei). Scale 
bar, 100 μm. (B) Changes in the fluorescence intensity of ERα (open) or ERβ (filled) 
expression in immortalized NHEK. Data are presented as the mean ± SD (n = 3). *p < 
0.05 versus ERα of vehicle or ERβ of vehicle, compared by Student’s t-test. (C) Changes in 
the cell proliferation of immortalized NHEK treated with samples. Data are presented as 
the mean ± SD (n = 3). *p < 0.05 versus vehicle, compared by Student’s t-test. 
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Figure 8. Effect of RE on ER expression or epidermal differentiation in skin model. (A) 
Representative merged images of ERα (yellow) and ERβ (yellow) expression in the 
reconstructed human epidermal model (blue denotes DAPI-stained cell nuclei). Scale bar, 
100 μm; white dotted lines indicate the bottom line of the stratum corneum. (B) 
Representative images of loricrin (green), involucrin (green), and cytokeratin-10 (red) in 
the reconstructed human epidermal model (blue denotes DAPI-stained cell nuclei). Scale 
bar, 100 μm; white dotted lines indicate the bottom line of the stratum corneum. 
 

Furthermore, we evaluated the influence of ER upregulation on the expression 
of the epidermal differentiation markers loricrin, involucrin, and cytokeratin-10, 
to evaluate the influence of ER upregulation on epidermal differentiation. RE 
promoted the expression of loricrin, involucrin, and cytokeratin-10 proteins 
compared to their expression in the vehicle (Figure 8(B)). 

4. Discussion 

Estrogen binds to the ER inducing different effects on the skin. It is particularly 
important for the physiological functions of skin because it promotes cell proli-
feration by increasing cell growth factors, and enhances the production of hya-
luronic acid and collagen involved in moisturization and elasticity of the skin, 
lessening wrinkles, and improving skin texture [1] [2] [3] [4]. However, estrogen 
levels and ER expression are reduced by aging and UV exposure [3] [13] [14], 
which in turn reduces the production of ECM and can cause wrinkling and sag-
ging of the skin. Therefore, increases in estrogen levels and ER expression may 
improve age-related changes in the skin. However, few studies have reported on 
the ER expression increase by crude drugs and cosmetic ingredients. In this 
study, we examined the effects of RE and its constituents on ER expression in the 
skin. 

First, we examined whether estrogen or RE enhanced ER expression and con-
firmed the upregulation of ER expression by 50 μM E2 and 80 μg/mL RE in 
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NHDF (Figure 1(A), Figure 1(B)). Furthermore, in terms of cell proliferation, 
E2 did not affect cell proliferation, although it was significantly promoted by 80 
μg/mL RE by the upregulation of ER (Figure 1(C)). The ERα fluorescence in-
tensity after treatment with 50 μM E2 was similar to that of ERβ; however, after 
treatment with 80 μg/mL RE, the ERα fluorescence intensity was higher than 
that of ERβ (Figure 1(B)). A balance between ERα and ERβ is important for cell 
proliferation, and cell proliferation is greater when ERα is higher than ERβ be-
cause ERα promotes cell proliferation, whereas ERβ prevents it [18] [19] [20]. 
Therefore, it was suggested that RE treatment promoted cell proliferation be-
cause the expression level of ERα was higher than that of ERβ.  

The effects of stachyose and catalpol, which are the main components of RE, 
on ER expression and cell proliferation were evaluated, and stachyose was found 
to upregulate ER and promote cell proliferation (Figure 2), but catalpol had no 
effect. These results suggest that stachyose in RE upregulated the ER. Stachyose 
is a tetrasaccharide consisting of two galactose units, one glucose unit, and one 
fructose unit. Oligosaccharides are known to promote the production of growth 
factors and cell proliferation by being internalized by cells [21] [22]. We also 
evaluated the effects of the saccharide components of stachyose on ER expres-
sion and cell proliferation and found that the disaccharides melibiose, the tri-
saccharide raffinose, and manninotriose upregulate ER expression and promote 
cell proliferation. However, the monosaccharides in stachyose, such as galactose, 
glucose, and fructose, exerted no effect (data not shown). Therefore, the disacc-
haride constituents may be vital for the upregulation of ER by stachyose.  

In addition, estrogens are known to bind to the ER, promote the production 
of various components, and maintain physiological functions of the skin [16] 
[17]. Furthermore, estrogen activates ER by binding to specific intracellular ERs 
and promotes ER dimerization [7] [8]. The ER dimer stimulates the production 
of cell growth factors and cell proliferation by binding to DNA binding sites and 
regulating gene expression [6] [7] [8] [9] [12]. Thus, we evaluated the time-de- 
pendent changes in cell proliferation, ER expression and growth factors produc-
tion since ER upregulation promoted cell proliferation. It appeared that bFGF 
and TGF-β1 production were improved at 9 h, and EGF production was im-
proved at 18 h due to the production of growth factors by estrogen, which was 
enhanced through ER upregulation (Figure 3). The bFGF, TGF-β1, and EGF are 
known to regulate the cell cycle, and bFGF and TGF-β1 regulate the G0 phase to 
G1 phase, and EGF regulates S phase to M phase [23] [24] [25]. Thus, RE pro-
moted growth factor production by upregulation of ER and promoted cell proli-
feration by advancing the cell cycle. 

The production of cell growth factor is involved in ECM production and is 
considered crucial for maintaining the dermis elasticity. These events may occur 
because the effects of estrogen are improved by ER upregulation of RE, as we 
observed. Hence, we treated NHDF with a mixture of E2 and RE and evaluated 
their effect on cell proliferation and ECM production. ER upregulation improves 
the physiological activity of estrogen and promotes cell proliferation and ECM 
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production. These effects were more pronounced than those observed with E2 
alone or RE alone (Figure 4). ER is activated by the binding of a ligand such as 
estrogen, forming a dimeric ER, and translocating into the nucleus. After nuc-
lear translocation, the dimeric ER binds to an estrogen receptor response ele-
ment, which is an ER-binding region on DNA, and activates gene transcription. 
Thereafter, the production of growth factors and estrogen finger proteins, as well 
as ECM proteins such as hyaluronic acid and collagen, is stimulated [6] [7] [8] 
[9]. Therefore, RE increased the production of ECM by increasing the produc-
tion of growth factors through ER upregulation, suggesting that ER upregulation 
of RE reflects an improvement in the biological effects of estrogen. 

Furthermore, aging and photoaging reduce ER expression and may cause 
wrinkles and sagging of the skin [3] [13] [14]. Thus, we evaluated the effects of 
ER upregulation and ECM production by RE on aging and photoaging. Al-
though ERs expression were downregulated in high PDL cells or UVA irradiated 
cells, the RE treatment significantly upregulated the ER fluorescence intensity in 
the high PDL cells or UVA irradiated cells. Moreover, the cell proliferation and 
ECM production were decreased in high PDL cells or UVA irradiated cells, 
whereas RE treatment significantly increased the cell proliferation and ECM 
production in the high PDL cells or UVA irradiated cells (Figure 5, Figure 6). 
DNA damage induced by aging and photoaging arrests cell cycle progression 
through the expression of p53, p16INK4a, and p21WAF1/CIP1. Senescence-associated 
secretory phenotype (SASP) factors, such as interleukin (IL)-6 and IL-8, spread 
inflammation in cells and tissues near senescent cells, thereby inducing a variety 
of age-related pathologies [26] [27]. Therefore, cellular senescence is considered 
to have harmful effects. In addition, ER decreases SASP factors such as IL-6 by 
binding with estrogen, and the increased ERα and decreased ERβ promote cell 
cycle progression through cyclin D activation [18] [19] [20] [26] [27]. Rehman-
nia root mitigates cell aging by decreasing p53 and p16INK4a levels in senescent 
cells [28], possibly because these components reduce SASP factors, such as IL-6, 
by regulating the balance between ERα and ERβ. From these facts, it was hy-
pothesized that Rehmannia root could ameliorate the damage caused by aging 
and photoaging. 

Epidermal ER is involved in epidermal differentiation and likely maintains 
epidermal homeostasis [12]. We evaluated the time-dependent changes in ER 
expression or localization using immortalized NHEK and a reconstructed hu-
man epidermal model. The results showed that 50 μM E2 and 80 μg/mL RE 
upregulated ERα and ERβ expression in immortalized NHEK (Figure 7(A), 
Figure 7(B)), and 80 μg/mL RE promoted cell proliferation (Figure 7(C)). The 
findings from NHEK coincided with the effect of ER upregulation on NHDF. 
These results suggest that RE activates epidermal and dermis. 

In addition, ER expression in the skin model was increased by RE in a 
time-dependent manner. Interestingly, ER expression was observed in the stra-
tum corneum from the basal layer of ERα and in the stratum corneum from the 
granular layer of ERβ (Figure 8(A)). Keratinocytes in the granular layer of epi-

https://doi.org/10.4236/jcdsa.2021.113017


K. Shigeyama, I. Sakaguchi 
 

 

DOI: 10.4236/jcdsa.2021.113017 201 J. Cosmetics, Dermatological Sciences and Applications 
 

dermis express certain proteins, including loricrin, involucrin, and cytokera-
tin-10. Estrogen promotes epidermal differentiation by binding to the ER [10] 
[11] [12] [17]. In addition, epidermal cornification is a programmed cell death of 
the epidermis that occurs during the transition between the granular layer and 
the stratum corneum, and keratinocytes of the epidermis lose their nuclei and 
other organelles due to cornification, forming an essential barrier for the skin 
[29] [30] [31]. ERα homodimers promote cell growth by promoting the activa-
tion of cyclin D and the production of growth factors. In contrast, homodimers 
of ERβ and heterodimers of ERα-ERβ induce cell death by inactivating cyclin D 
and decreasing growth factor production [10] [11] [19] [20]. Therefore, the pro-
liferation and differentiation of keratinocytes appears to be promoted by the in-
crease in ERα homodimer in the basal to the granular layer, and the cornifica-
tion of epidermis may be promoted by the formation of ERβ homodimers or 
ERα-ERβ heterodimers in the granular layer. These observations suggest that a 
balance between ERα and ERβ regulates epidermal differentiation and cornifica-
tion. To assess this, we evaluated the effects of epidermal differentiation markers 
loricrin, involucrin, and cytokeratin-10 and found that RE promoted the expres-
sion of these three proteins when compared to their expression in the vehicle 
(Figure 8(B)). These results support the notion that ER upregulation is impor-
tant for the maintenance of epidermal function. 

In conclusion, RE is considered to be a promising cosmetic ingredient that 
prevents skin aging because it upregulates ER expression, which is decreased by 
aging and UV, and promotes estrogen activity, ECM production, and epidermal 
differentiation. 
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