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ABSTRACT Royal jelly (RJ) is a honeybee product that contains proteins, carbohydrates, fats, free amino acids, vitamins,

and minerals. RJ has been reported to have antitumor, antibacterial, and wound-healing activities. We previously reported that

RJ enhanced the migration of human dermal fibroblasts and altered the levels of cholesterol and sphinganine in an in vitro

wound-healing model in addition to regulating skin photoaging following exposure to ultraviolet-B radiation. We established

an animal model of skin aging in the context of estrogen deficiency and assessed the antiaging effects of RJ on skin. To

establish an in vivo model of skin aging, bilateral ovariectomies were performed in 12-week-old virgin female Sprague-

Dawley rats. Induction of osteoporosis was confirmed through two-dimensional images of the trabecular bone in the left

femoral necks using microcomputed tomography. The protective effects of RJ ovariectomy-induced skin aging were examined

by determining the protein expression of type I procollagen and matrix metalloproteinase (MMP)-1. The collagen content and

epidermal thickness of skin tissue were measured by staining techniques. There was a significant difference in weight between

sham-operated and ovariectomized groups. Food efficiency ratio did not differ significantly among the groups. The level of

procollagen type I protein was increased in the dorsal skin of ovariectomized rats fed with a dietary supplement containing 1%

RJ extract, but the level of MMP-1 was not altered. In particular, the amount of collagen recovered was close to the normal

level. RJ may protect against skin aging by enhancing collagen production in rats with ovariectomy-induced estrogen

deficiency.
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INTRODUCTION

Skin aging is a complex biological process that is a
consequence of intrinsic aging that occurs over time and

extrinsic aging caused by environmental factors such as ul-
traviolet (UV) radiation. Intrinsic aging of the skin is largely
genetically determined and is clinically associated with in-
creased fragility and loss of elasticity. These effects are en-
hanced by extrinsic aging and hormonal aging.1–4 The
importance of intrinsic skin aging is also increasing. Hor-
mones, which include the growth hormone/insulin-like
growth factor-I (IGF-I) axis and sex hormones, namely, es-
tradiol, testosterone, and dehydroepiandrosterone (DHEA)
and its sulfate (DHEA-S), contribute to the skin aging pro-
cess.5,6 Skin is one of the most important nonreproductive
target organs of estrogen, which is known to play an essential
role in regulating skin maintenance and turnover.7,8 In post-
menopausal women, estrogen deficiency leads to decreased
skin thickness and collagen content, together with increased

dryness, elasticity, and wrinkling in skin.9,10 Several studies
have shown that these symptoms can be reversed by estrogen
replacement therapy (ERT).11–13 ERT also has a similar ef-
fect on wound contraction in ovariectomized rats.14 ERT has
been associated with increased collagen synthesis and re-
duced collagen degradation, and estrogen has been impli-
cated as a modulator of matrix metalloproteinase (MMP)
production and function.15,16 Although ERT has been used
for many years, recent trials have reported significantly in-
creased risks of breast cancer and other pathologies with this
treatment.17 Many studies are being performed to discover
effective and nontoxic materials with estrogen-like activity to
replace estrogen in therapies for postmenopausal women.
Many natural products with estrogen-like effect include the
following: Piper sarmentosum,18 Cirsium japonicum,19 olive
oil,20 and soy isoflavone.21 We also previously reported the
protective effects of apigenin, as a new material associated
with ERT, on osteoporosis in ovariectomized rats as a post-
menopausal bone loss model.22

Royal jelly (RJ), a yellowish material secreted from the
hypopharyngeal and mandibular glands of worker-caste
(nurse) honeybees, is a widely consumed health tonic with
various perceived benefits. RJ consists of proteins, carbo-
hydrates, fats, free amino acids, vitamins and minerals, and
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significant amounts of bioactive substances such as unsatu-
rated fatty acids of 10-hydroxy-2-decenoic (10H2DA), 3,10-
dihydroxydecanoic, and sebacic acids.23,24 Pharmacologi-
cally, RJ displays vasodilative, hypotensive, antitumor, an-
tihypercholesterolemic, anti-inflammatory, and antioxidative
activities. The major fatty acid component of RJ, 10H2DA,
has antitumor, collagen synthetic, and MMP-inhibitory ac-
tivities.25–27 In a previous study, we demonstrated that RJ
enhanced the migration of human fibroblasts and increased
the level of sphingolipids in an in vitro wound-healing mod-
el.28 Furthermore, we revealed that RJ protected human skin
fibroblasts against ultraviolet-B (UVB)-induced photoaging
by enhancing collagen production.29 RJ and RJ-derived fatty
acids have also been shown to exert estrogen-like effects in
vitro and in vivo, similar to those evoked by 17b-estradiol
(E2).30,31 Estrogen deficiency following ovariectomy results
in significant decreases in the level of vascular endothelial
growth factor (VEGF) gene expression in the uterus. RJ
treatment resulted in an increase in VEGF gene expression
above the level of a sham-operated group. These findings
suggest that RJ has antiphotoaging and estrogenic activities in
skin. However, the effects of RJ on skin aging due to estrogen
deficiency have not been reported. In this study, we estab-
lished an animal model of skin aging due to estrogen defi-
ciency induced by ovariectomy in rats. The protective effects
of RJ on the elasticity and epidermal thickness of skin in a
model of menopause-induced aging were assessed.

MATERIALS AND METHODS

Reagents

Distilled water and acetonitrile were purchased from Bur-
dick & Jackson, SK Chemicals; 10H2DA, from Nacalai USA,
Inc.; and trifluoroacetic acid, from Alfa Aesar. All chemicals
and solvents were of high-performance liquid chromatogra-
phy (HPLC) grade and are commercially available. Fresh RJ
was obtained from the RDA and a voucher specimen
(KHUKSY-HPOP001 or KHUKSY-HOOC001) was depos-
ited in the herbarium at the Department of Medical Science,
Graduate School of East-West Medical Science, Kyung Hee
University (Yongin-si, Korea).

Quantitative analysis of 10H2DA from RJ by HPLC

The standardized major bioactive component of RJ,
10H2DA, was determined by HPLC (Agilent 1100 HPLC
System; Agilent Technologies, Inc.) with a Symmetry C18
column (250 mm · 4.6 mm i.d., S-4 lm, 80 Å; YMC Co.,
Ltd.). The standards and samples were separated using a linear

gradient consisting of acetonitrile (A) and water (B) under the
following conditions: 0–20 minutes, 30–100% A; 20–25
minutes, 100% A with a run time of 25 minutes. The detection
wavelength was set at 210 nm. The flow rate was 1.0 mL/min
and the column was maintained at 25�C. The injection volume
for all test samples and standards was 10 lL.

Sample collection

Fresh RJ was obtained from the RDA and a voucher
specimen (KHUKSY-HPOP001 or KHUKSY-HOOC001)
was deposited in the herbarium at the Department of Med-
ical Science, Graduate School of East-West Medical Sci-
ence, Kyung Hee University (Youngin, Korea).

Animal treatment and biological sampling

Twelve-week-old female Sprague-Dawley rats (155 – 4 g
each) were purchased from Central Lab Animal, Inc. (Seoul,
Korea). The animals were kept in an air-conditioned room at
22�C – 1�C and 60% – 5% humidity under a 12-hour-light/
12-hour-dark cycle with free access to food pellets and
drinking water throughout the experiment. After 1 week of
acclimation, the rats were divided into four groups using a
randomized block design in accordance with body weight:
SHAM (sham-operated rats that were fed a control diet,
n = 12), OVX (ovariectomized rats that were fed a control
diet, n = 11), OC (ovariectomized rats that were fed a diet
containing 1% RJ from Cheorwon, n = 12), and OP (ovari-
ectomized rats that were fed a diet containing 1% RJ from
Pocheon, n = 12). The experimental schedule is described in
Figure 1. The animals in each group were maintained on
experimental diets for 12 weeks. The compositions of the
experimental diets are shown in Table 1. Dietary fat was
supplied as corn oil and fixed at 10% of the dietary weight.
To investigate food efficiency ratio (FER) from each group,
body weight and food intake values were measured once
per week during the experimental period. In vivo micro-
computed tomography (micro-CT) was used to quantify
alterations in bone volume and bone mineral density in the
same animals at 7 weeks after OVX surgery. Rats were
ovariectomy induced or sham operated after 4 weeks from
the beginning of the dietary supplementation. After 12
weeks of dietary supplementation, the rats were anesthetized
with chloral hydrate solution (0.3 mL/kg; Sigma-Aldrich).
Exsanguination was performed by cardiac puncture to col-
lect blood, followed by cervical dislocation. Blood serum
samples were harvested for assays after centrifugation. The
backs of the rats were shaved using clippers, and dorsal skin
samples were collected. The serum and skin samples were
promptly frozen at - 80�C until use.

FIG. 1. Experimental design.
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The experimental protocol [KHUASP-08-008] was ap-
proved by the Institutional Animal Care and Use Committee
of Kyung Hee University.

Zoom-in micro-CT analysis

Induction of estrogen-deficiency-induced osteoporosis
was confirmed through two-dimensional images of the tra-
becular bone in the left femoral necks by micro-CT, 7 weeks
after ovariectomy. Three-dimensional tomographic images
were taken by micro-CT according to the previously pub-
lished method.32 Rats were anesthetized (1.5% isofluorane,
70% N2O, and 30% O2 gas) and maintained on anesthetic
gases for the duration of each measurement. The 3D images
(512 · 512 · 512) were reconstructed from 450 projection
data and the isotropic pixel resolution was 25 lm.

Analysis of alkaline phosphatase activity and osteocalcin
level in rat blood serum

Alkaline phosphatase (ALP) activity was determined by
using a commercial alkaline phosphatase kit (LabAssay�
ALP; Wako Pure Chemical Industries, Ltd.). Quantitative
analysis of osteocalcin was performed at a professional
facility (Seoul Medicinal Science Institute).

Histological analysis

Skin tissue samples were fixed in 4% para-formaldehyde
and embedded in paraffin. Sections that were 6 lm thick
were subjected to hematoxylin and eosin (H&E) and Mas-
son’s trichrome staining. Dermal thickness was assessed in
the H&E sections and collagen content was evaluated in the
Masson’s trichrome sections, which allowed areas of mature
collagen deposition to be detected.

Western blot analysis

Frozen skin tissues were homogenized in cell lysis buffer
and the proteins were subjected to western blot analysis. To

investigate the expression of procollagen type I and MMP-1
proteins in skin tissue, 40 lg of total protein extracts was
separated by 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis and transferred to a nitrocellulose membrane
(Amersham Pharmacia Biotech). The membrane was blocked
with 5% skim milk and incubated with primary antibodies
(procollagen type I, Santa Cruz Biotechnology, Inc.; MMP-1,
Millipore). After washing with Tris-buffered saline Tween-20,
horseradish peroxidase-conjugated secondary antibodies
(Santa Cruz Biotechnology, Inc.) were applied. The blots were
developed using ECL western blotting detection reagents
(Amersham Pharmacia Biotech).

Statistical analysis

All data were analyzed using Statistical Analysis System
software (PASW Statistics 18.0; SPSS, Inc.), and are pre-
sented as the mean – SE or – SEM. Statistically significant
differences were evaluated using Duncan’s multiple-range
test. Statistical significance was assigned at P < .05.

RESULTS

Quantitative analysis of 10H2DA from RJ

The content of 10H2DA, a main fatty acid from RJ, was
measured by HPLC. The retention time of the 10H2DA stan-
dard compound was 10.229 minutes (Fig. 2). RJ from Cheor-
won and Pocheon contained 2.114 – 0.0065lg/g (0.211%) and
2.019 – 0.0080lg/g (0.202%) of 10H2DA, respectively. The
contents were not significantly different between samples.

Body weight gain and the FER

To examine the antiaging effects of RJ on estrogen-
deficiency-induced skin in vivo, ovariectomy-induced rats
were orally administrated 1% of RJ in the base diet for 12
weeks. The body weight and food consumption in each group
were measured every week. There were no significant differ-
ences in body weight between groups at the beginning of
the experimental period. After 12 weeks, the body weights
in SHAM and OVX groups were significantly different,
169.50 – 11.03 and 221.17 – 14.40 g, respectively. In contrast,
the body weights in the ovariectomized groups (groups OVX,
OC, and OP) did not differ significantly. Food intakes (g/week)
in each group were 1349.57 – 300.39, 1632.67 – 311.17,
1369.96 – 289.35, and 1344.29 – 274.95 g, respectively. The
FER (body weight [g]/food intake [g]) was higher in groups OP
and OC than in the SHAM and OVX groups, but the results
were not statistically significant (Table 2).

Confirmation of skin aging in ovariectomized rats

Estrogen-deficiency-induced osteoporosis was induced
through ovariectomy in rats. Seven weeks after ovariec-
tomy, two-dimensional images of the femoral neck showed
significant differences in trabecular architecture between the
SHAM and OVX groups (Fig. 3). While serum ALP activity
(Fig. 4A) and osteocalcin level (Fig. 4B) were both higher in
the OVX group than in the SHAM group, osteocalcin

Table 1. Composition of Diet (g/kg Dry Diet)

Experimental groups

SHAM (n = 12) OVX (n = 11) OC (n = 12) OP (n = 12)

Casein 230 230 230 230
L-cystine 3 3 3 3
Corn oil 100 100 100 100
Cellulose 50 50 50 50
Vitamin mix 10 10 10 10
Mineral mix 35 35 35 35
Sucrose 200 200 200 200
Corn starch 372 372 362 362
Royal jelly

(Cheorwon)
— — 10 —

Royal jelly
(Pocheon)

— — — 10

Group SHAM, SD rats control diet only; group OVX, ovariectomized rats

fed control diet; groups OC and OP, ovariectomized rats fed diets containing

1% royal jelly originated from Cheorwon and Pocheon, respectively.
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concentration was significantly decreased in the OC group
compared with the OVX group at the end of the 12-week
study. There were no significant differences between the
OVX group and the RJ-treated groups in ALP activity.
Based on the result of micro-CT analysis and changes of
bone formation markers, osteocalcin and bone-specific
ALP, we confirmed the induction of osteoporosis in a rat of
ovariectomy.

Changes in epidermal thickness and collagen

Masson’s trichrome staining and H&E staining were ap-
plied to evaluate collagen content and epidermal thickness
according to dietary supplementation with 1% RJ in ovari-
ectomized estrogen-deficient rats. Figure 5A, C, E, G
showed representative histological sections before and after
dietary supplementation. The histological structures of rat
skin were studied in the SHAM, OVX, OC, and OP groups.
The variation of epidermal thickness in each group was a
little different after dietary supplementation for 12 weeks.

Based on the results of Masson’s trichrome staining, the
amounts of collagen were significantly decreased in the OVX

FIG. 3. Two-dimensional images of trabecular bone in the femoral
necks of the SHAM (A) and OVX (B) groups using microcomputed
tomography parameters.

FIG. 2. High-performance liquid chromatography chromatograms of (E)-10-hydroxy-2-decenoic acid (10H2DA) of royal jelly from Cheorwon
(A) and from Pocheon (B).

Table 2. Body Weight Gain, Food Intake, and Food Efficiency Ratio of Experimental Rats

Group SHAM OVX OC OP

Initial weight (g) 155.8 – 2.39a 153.3 – 1.94a 155.7 – 3.07a 155.5 – 2.51a

Final weight (g) 325.3 – 10.44b 374.4 – 15.85a 395.7 – 10.13a 385.8 – 8.75a

Weight gain (g) 169.5 – 11.03b 221.2 – 14.40a 240.0 – 7.03a 230.3 – 8.48a

Food intake (g/week) 112.5 – 25.03 148.4 – 28.29 114.2 – 24.11 112.0 – 22.91
FER 0.149 – 0.3333a 0.148 – 0.0282a 0.209 – 0.0440a 0.204 – 0.0417a

All values are mean – SEM (groups SHAM, OC, and OP: n = 12; group OVX: n = 11). FER = [gain of body weight (g)/week]/[amount of food intake (g)/week].
abMeans with different letters differ at P < .05 level by ANOVA and Duncan’s multiple range test.

Group SHAM, SD rats control diet only; group OVX, ovariectomized rats fed control diet; groups OC and OP, ovariectomized rats fed diets containing 1% royal

jelly originated from Cheorwon and Pocheon, respectively, for 12 weeks (4 weeks before OVX and 8 weeks after OVX); FER, food efficiency ratio.
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group compared with the SHAM group (Fig. 5B, D, F, H).
Collagen levels in the OC group almost recovered to the
value of the SHAM group after being fed RJ from Cheorwon.

Changes in procollagen type I and MMP-1 protein levels

To investigate the mechanism underlying the effects of RJ
in ovariectomized rat skin, the protein expression of pro-
collagen type I and MMP-1 were analyzed by western blot
analysis (Fig. 6). A significant difference in the level of
procollagen type I protein was detected in skin samples from
the SHAM and OVX groups. The OVX group showed lower
levels of procollagen type I protein than the SHAM group,

whereas rats that received RJ, particularly the OP group,
showed a greater increase than the OVX group. MMP-1
protein levels did not change among the groups. Therefore,
dietary supplementation with 1% RJ suppresses skin aging
through the regulation of collagen synthesis in ovariecto-
mized rats.

DISCUSSION

We created an animal model of skin aging due to estrogen
deficiency following ovariectomy and verified osteoporosis
by observing 2D images of the trabecular bone in the neck of
the femur using micro-CT. Biochemical markers such as

FIG. 4. Alkaline phosphatase (ALP) activities (A) and osteocalcin levels (B) in sham-operated rats that were fed a control diet only (SHAM)
and ovariectomized rats that were fed a control diet (OVX), a diet including royal jelly from Pocheon (OP), and a diet including royal jelly from
Cheorwon (OC) for 12 weeks. All values are mean – SEM (n = 12 for SHAM, OP, and OC; n = 11 for OVX). The data were evaluated for statistical
significance with one-way ANOVA followed by Duncan’s multiple range test. abcMeans with different letters are statistically different.

FIG. 5. (A, C, E, G) The histological appearance and (B, D, F, H) Masson’s trichrome staining of (A, B) sham-operated rats that were fed a
control diet only (SHAM), and (C, D) ovariectomized rats that were fed a control diet (OVX) and diets including royal jelly from (E, F) Pocheon
(OP) and (G, H) Cheorwon (OC) for 12 weeks. Color images available online at www.liebertonline.com/jmf (Continued)
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serum ALP activity and osteocalcin levels were measured.
The trabecular thickness, which was measured by zoom-in
tomography, was significantly different between the SHAM
and OVX groups (Fig. 2). In ovariectomized rats, serum
ALP activity and osteocalcin level were increased in com-
parison with the SHAM group (Fig. 3).

Ovariectomized experimental animals are widely used
as an experimental model of female menopause. Ovar-
iectomy increases the concentrations of serum ALP and
osteocalcin, as well as biochemical markers of bone for-
mation due to increases in the exchange ratio of bone.33,34

Ovariectomy is sufficient for accelerating spontaneous skin
aging and stimulating UV-irradiation-induced photoaging
of murine skin.35 Moreover, in ovariectomized rats, the
induction of osteoporosis leads to severe structural alter-
ations in skin and bone collagen in parallel with hypoes-
trogenism.36 The results of the present study agree with
those of previous studies. Collagen content and protein
levels of procollagen type I significantly decreased in the
dorsal skin of rats after ovariectomy (Figs. 5E–H and 6).
Furthermore, we examined the effects of RJ on collagen
content, and MMP-1 and protein levels of procollagen type
I in established models of skin aging. RJ did not affect FER
among the experimental groups. Therefore, the effects of
RJ did not depend upon amounts of food or energy intake.
A dietary supplement of 1% RJ from Cheorwon or Pocheon
in ovariectomized rats resulted in a significant decrease in
serum osteocalcin levels compared with the OVX group,
but not ALP activities. In addition, RJ increased the levels
of collagen and procollagen type I protein in the OVX
group, but did not alter MMP-1 production. These results

are consistent with those of our previous study on the ef-
fects of RJ on UVB-induced photoaging of the skin in vi-
tro.29 We hypothesized that increases in collagen content
and type I procollagen by RJ represent the synergistic in-
teractions of RJ components, especially unsaturated fatty
acids. Evidence also suggests that RJ and some of the RJ-
derived fatty acids, in particular 10H2DA, possess the
ability to promote collagen production by inducing trans-
forming growth factor-b1 (TGF-b1) production,26,37 sup-
pressing MMP activity through the inhibition of p38 and
JNK-AP-1 signaling pathways, and providing estrogenic
effects.26,27,30 Estrogen has several pharmacological func-
tions, such as the maintenance of bone mass and protection
from cardiovascular and neurodegenerative diseases. Estro-
gen also promotes collagen production by stimulating the
secretion of TGF-b1, increasing the elasticity and firmness of
the skin, while decreasing wrinkle depth and pore size.38

Surazynski et al.39 studied how estradiol increases estrogen
receptor (ER) mRNA levels, prolidase activity, and IGF-I
receptor expression, all of which influence collagen biosyn-
thesis in human skin fibroblasts. All things considered, the
estrogenic effect of RJ maybe mediated by the mechanism of
TGF-b and ER signaling. The estrogen deprivation that ac-
companies menopause exacerbates the deleterious effects of
both intrinsic and environmental aging.40 ERT has an obvi-
ous, visible effect on the skin and is efficient for combating
skin aging.13,41 However, long-term ERT is associated with
increased risk of cancer in estrogen target tissues.42 RJ has
potential as a regulator of skin aging due to estrogen defi-
ciency after menopause and does not have remarkable side
effects. Unfortunately, we were unable to explore mecha-
nisms of action in this study. Therefore, further studies are
required to thoroughly investigate the mechanisms of the
estrogen-like effects of RJ against skin aging.
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