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ABSTRACT

BACKGROUND/OBJECTIVES: Estrogen regulates certain biological functions, including bone
health, maintenance of skin components, and cardiovascular and brain protection. Estrogen
deficiency manifests as hot flashes, wrinkles, skin dryness, reduced bone mineral density
(BMD), sleep disorders, and cardiovascular diseases. This study aimed to investigate the
effects of aerobic exercise combined with ferulic acid (FA) in ovariectomized rats.
MATERIALS/METHODS: Female Sprague—Dawley rats were classified into control (N),
ovariectomy (OV), ovariectomy and exercise (OV+EX), and ovariectomy and exercise with
ferulic acid (OV+EX+F) groups. Following ovariectomy at 22 weeks of age, the rats were tower
climbing exercise at gradually increase the load (3 days/week for 12 weeks) with or without FA
(5 g/kg diet) administration.

RESULTS: Estrogen deficiency in female rats (OV group) resulted in increased body weight,
increased blood triglyceride (TG) levels, and decreased BMD following ovariectomy.
Interestingly, compared with the rats in the OV group, the rats in the OV+EX+F group exhibited
reduced body weight and blood TG levels and maintained BMD following ovariectomy,

similar to those in the N group. Histological analysis of the skin of estrogen-deficient rats
(OV group) revealed significantly decreased skin thickness with fewer dermal cells and
distorted subcutaneous fat layers, similar to the aging phenotype. Interestingly, the rats in
the OV+EX+F group exhibited rescued skin phenotypes compared with those in the OV and
OV+EX groups. The skin of rats from all groups was analyzed for the expression of DNA damage
and repair proteins. The OV+EX+F and OV+EX groups exhibited enhanced protein levels of
pCHK1 (S345), an initiator of DNA repair signaling, and p53, indicating increased cellular DNA
damage because of ovariectomy and ultimately an underlying DNA repair process.
CONCLUSION: Exercise with FA had beneficial effects on lipid profiles, BMD, and skin
remodeling during menopause.
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INTRODUCTION

The skin, the largest organ of the body, is composed of the epidermis, dermis, subcutaneous
fat layer, and muscle layers, all of which are affected by aging [1]. Notably, various estrogen
receptors (ERs) are located on the skin. Of these, ERo and ER are expressed in a tissue-
specific manner in humans, with ER showing higher expression than ERa. ERf exerts an
anti-inflammatory effect and promotes wound healing and DNA repair signaling in human
skin tissues via dermal and biomechanical mechanisms [2,3]. Menopause-induced estrogen
deficiency affects skin component remodeling at cellular levels. Moreover, this hypoestrogenic
state affects dermal cellular metabolism, leading to changes in collagen content, alterations in
glycosaminoglycan concentration, and alterations in water content [4].

The positive effects of aerobic exercise are well documented in menopausal women [5].

In addition, exercise may help improve muscle mass, muscle strength, bone mineral density
(BMD), and quality of life after menopause [6]. Moreover, moderate aerobic exercise can
improve estrogen deficiency-induced morphological changes in skeletal muscle, total
cholesterol and triglyceride (TG) levels, and vascular health [7]. Although the importance of
exercise in treating estrogen deficiency has been established, its combined effect with natural
products on the skin has not been well reported.

Ferulic acid (FA) is a natural product commonly found in fruits and vegetables, including rice
bran, sweet corn, and tomatoes [8]. FA is a non-steroidal agent with anti-inflammatory and
platelet-inhibitory properties. In our previous study, we found that FA treatment resulted in
weight loss and improved glucose homeostasis, lipid profiles and hepatic steatosis in a high-
fat diet induced mice model [9,10]. In particular, FA enhanced the levels of NANOG mRNA
and its related genes in adipose-derived mesenchymal stem cells [9].

Therefore, the present study aimed to investigate the role of exercise with FA in skin
remodeling during estrogen deficiency in ovariectomized rats.

MATERIALS AND METHODS

Animal model and experimental design

Forty female Sprague-Dawley rats aged 7 weeks old were obtained from Nara Biotech

(Seoul, Korea). The rats were housed at pathogen-free animal care facility under standard
conditions (temperature 24 + 1°C, 12-h light-dark cycle) with ad libitum access to chow

and tap water. The rats were fed either a standard chow diet (D12450]; Research Diet, New
Brunswick, NJ, USA) or a standard chow diet with FA (5 g/kg diet) [9,10]. Following previous
studies, ovariectomy surgery was performed at 6 mon of age [11]. Thus, the rats underwent
a l-week acclimation period, followed by ovariectomy surgery at 22 weeks of age. After a
2-week recovery period, exercise and dietary interventions were conducted for 12 weeks.
The rats were randomly assigned to 4 groups: control (N, n =10), ovariectomy (OV, n = 10),
ovariectomy with exercise (OV+EX, n = 10), ovariectomy with exercise plus FA treatment
(OV+EX+F, n =10) (Fig. 1). All rats were checked body weight once a week. At the end of the
experiment, the rats were anesthetized using a combination of ketamine and 2% xylazine and
then sacrificed. The skin tissues, femurs, and serum samples were collected and stored at
-80°C until analysis.
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Fig. 1. Schematic overview of study design. Rats underwent ovariectomy at week 15, followed by a 2-week recovery
period. Exercise and dietary interventions were performed for 12-week, and the rats were sacrificed at week 30.

N, control (normal); OV, ovariectomized rats that were fed a control diet; OV+EX, a control diet with exercise
training; OV+EX+F, a diet including ferulic acid with exercise training; FA, ferulic acid.

This study was approved by the Institutional Animal Care and Use Committee of the Hannam
University (approval No. HNU 2018-1), and all protocols and animal care followed the animal
ethics guidelines.

Ovariectomy

For ovariectomies and placebo surgery, the rats were anesthetized using a combination of
ketamine and 2% xylazine, and the designated skin areas were shaved and cleaned using 70%
alcohol. Subsequently, a surgical incision of approximately 1 cm was carefully made in the
center of the abdomen, and the ovaries were securely ligated with a surgical suture thread.
Both ovaries were then removed, and the surgical wound was closed using a synthetic thread.
The rats were intramuscularly administered antibiotics (cefazolin, 50 mg/kg) to prevent
potential infections. All rats were then reared for a recovery period of 2 weeks.

Exercise program

Fig. 2 shows the results of the tower-climbing exercise program. The rats in the exercise
group performed tower-climbing exercises 3 times per week for 12 weeks [12]. The rat
climbed a 1.35-m ladder, with steps spaced 2.5 cm apart and inclined at 60°. The training
sessions were conducted on alternate days. The first week of the exercise program focused
on adapting the rats to the training environment by climbing ladders and adjusting the load
attached to their tails. In the second week, the one-repetition maximum (1RM) for each rat
was measured. The rats were considered to have adapted to the intensity if they successfully
completed 8 climbs at an intensity of 50% of their 1IRM during 8 weeks of training.
Subsequently, the load was progressively increased to 75%, 90%, and 100% of the 1RM levels,
with an additional 30 g of weight added over a follow-up trial period of 9-12 weeks. A rest
period of 2 min was provided before the next trial, following one successful climb from the
bottom to the top of the ladder.

Hematoxylin and eosin (H&E) staining

Rat skin and femur tissues were fixed in a 4% formaldehyde solution, embedded in paraffin
blocks, sliced into 3-pm-thick sections, and stained with H&E. The stained slides were
observed under a Leica DMLS microscope at 4x and 10x magnification for skin and bone
head/shaft samples, respectively. Images were captured using a Leica Qwin image analyzer
system (LEICA Imaging Systems Ltd., Cambridge, UK). Skin size and dermis length
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Fig. 2. Tower climbing exercise program.
1RM, one-repetition maximum.
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were measured using the ruler function of the LAS 4.8 program (LEICA Imaging Systems
Ltd.). Subcutaneous fat volume was analyzed using the region analysis function of Adobe
Photoshop (Adobe Photoshop 2021; Adobe Systems Inc., San Jose, CA, USA).

Blood biochemistry

Serum insulin levels were assessed using ELISA kits (ALPCO, Salem, NH, USA), following
the manufacturer’s instructions. Serum total cholesterol and TG levels were evaluated using
enzymatic kits (Wako Chemicals Inc., Richmond, VA, USA).

Western blotting

Skin tissues were homogenized in lysis buffer (protease inhibitor half unit, 1M NaVO4, 1M
PMSEF, 1M NaF, 1M DTT) with RIPA buffer (Thermo Scientific Inc., Waltham, MA, USA)

to extract proteins. The protein concentration was measured and determined using a
spectrophotometer (Bio-Rad Laboratories, Hercules, CA, USA) and the body surface area
method, respectively. Total 60 pg of protein samples were electrophoresed on 8-12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis gels and transferred onto a polyvinylidene
fluoride membrane. The membranes were blocked with 5% non-fat milk powder in TBS-T
buffer and incubated overnight at 4°C with the following primary antibodies: pCHK1 (1:500,
Cat# 2348S; Cell Signaling Technology, Danvers, MA, USA), p53 (1:500, Cat# 9282S; Cell
Signaling Technology), and B-actin (1:1,000, Cat# sc-47778; Santa Cruz Biotechnology, Santa
Cruz, CA, USA). Subsequently, the blots were incubated with secondary antibodies. Finally,
the band intensities were visualized using a chemiluminescence imaging system (Vilber
Lourmat, Collégien, France).

Statistical analysis

Statistical analyses were performed using SPSS for Windows (version 25.0; SPSS Inc., Chicago,
IL, USA) and GraphPad Prism 9 (Graph Pad Software Inc., San Diego, CA, USA). Data were
expressed as the mean * SD. Data were analyzed using one-way analysis of variance, followed by
Tukey’s post hoc test, as required. Statistical significance was set at P < 0.05.
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RESULTS

Body weight and blood markers

At the end of the intervention, the final body weight of the rats in the OV and OV+EX
groups were significantly higher than the rats in the N group (P < 0.001). No difference
was observed in the body weights of the rats in the OV and OV+EX groups; however, the
rats in the OV+EX+F group (P < 0.05) had lower body weights than the rats in the OV group
(Fig. 3A). Blood TG levels were higher in the rats in the OV group (P < 0.05) than the rats

in the N group; however, the decrease in the blood TG of the rats in the OV+EX (P < 0.05)
and OV+EX+F groups (P < 0.01) was similar to that in the N group (Fig. 3B). Blood total
cholesterol levels were higher in the rats in the OV group (P < 0.01) than in the rats in the N
group; however, no significant differences were observed in any of the OV groups (Fig. 3C).
Moreover, no statistically significant differences were observed in blood insulin levels among
the groups (Fig. 3D).

Femur head and shaft

Histopathological analysis of the femur head and shaft tissue was performed using H&E
staining (Fig. 4A). Notably, increased adipocyte accumulation was observed in the OV
group compared with that in the N group in places where the BMD was decreased (Fig. 4A).
However, this increase in adipocytes in the bone marrow was suppressed in the OV+EX and
OV+EX+F groups (Fig. 4B and C).
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Fig. 3. Final body weight (A), total cholesterol (B), TG (C), and insulin (D) levels. All values are presented as the
mean = SD. Data were statistically analyzed using one-way analysis of variance, followed by a Tukey’s multiple
range test.

N, control (normal); OV, ovariectomized rats that were fed a control diet; OV+EX, a control diet with exercise
training; OV+EX+F, a diet including ferulic acid with exercise training.

abpifferent letters indicate statistically significant differences.
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Fig. 4. (A) The representative femur bone head and shaft tissues stained by hematoxylin and eosin (magnification
10x, scale bar 100 pm). Graph presenting adipocytes count in (B) bone head and (C) shaft. All values are
presented as the mean + SD. Data were statistically analyzed using one-way analysis of variance, followed by a
Tukey’s multiple range test.

N, control (normal); OV, ovariectomized rats that were fed a control diet; OV+EX, a control diet with exercise
training; OV+EX+F, a diet including ferulic acid with exercise training.

abepifferent letters indicate statistically significant differences.

Changes in dermis length and area of subcutaneous fat

Fig. 5A shows the histological sections of H&E-stained skin tissue sections. The skin area was
larger in the OV group than in the N group (P < 0.001). Among all OV groups, the OV+EX+F
group had a smaller area than the OV (P < 0.01) and OV+EX (P < 0.001) groups. The dermal
length was smaller in the OV group than that in the N group (P < 0.001), whereas the dermal
length was mostly recovered in the OV+EX (P < 0.001) and OV+EX+F (P < 0.001) groups (Fig.
5C and D). The areas of the subcutaneous fat layer in the N and OV groups were significantly
different (P < 0.001). Only the OV+EX+F group (P < 0.001) exhibited reduced subcutaneous
fat compared with the OV group (P < 0.001).

Changes in DNA repair-related protein levels

Fig. 6 shows the levels of DNA repair-related proteins analyzed using western blotting.
Notably, pCHK levels did not differ between the N and OV groups. However, pCHK levels
were significantly higher in the OV+EX (P < 0.05) and OV+EX+F (P < 0.05) groups than in the
OV group (Fig. 6B). No difference in p53 levels was observed between the N and OV groups.
However, p53 levels were significantly higher in the OV+EX (P < 0.01) and OV+EX+F (P < 0.05)
groups than in the OV group (Fig. 6C).
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Fig. 5. (A) The representative skin tissue stained by hematoxylin and eosin (magnification 4x, scale bar 50 um).
Graphs presenting changes in (B) skin size, (C), dermis length, (D) percent of dermis length, and (E) area of
subcutaneous fat. All values are presented as the mean = SD. Data were statistically analyzed using one-way
analysis of variance, followed by a Tukey’s multiple range test.

N, control (normal); OV, ovariectomized rats that were fed a control diet; OV+EX, a control diet with exercise
training; OV+EX+F, a diet including ferulic acid with exercise training.

abepifferent letters indicate statistically significant differences.

DISCUSSION

Although exercise and FA are known for their antioxidant and health benefits, their combined
effects on skin health during menopause are not well understood. In this study, we examined
the effects of exercise alone and in combination with FA on body weight, lipid profiles,

BMD, and skin health in ovariectomized rats. In addition, we investigated the mechanisms
underlying the observed positive changes in the skin. Notably, both exercise alone and
exercise combined with FA improved estrogen deficiency-induced deterioration in serum TG
levels, BMD, and skin remodeling. The combined exercise and FA treatment exhibited further
beneficial effects on body weight and skin remodeling parameters, such as dermal length
and subcutaneous fat of the skin tissue. Moreover, the beneficial effects of this combined
treatment on skin tissue are likely associated with the DNA repair mechanism by increasing
pCHKI1 and p53 protein levels.
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Fig. 6. (A) The protein levels of pCHK1 and p53 analyzed by western blotting. (B, C) The relative band intensities
were normalized by B-actin. All values are presented as the mean + SD. Data were statistically analyzed using
one-way analysis of variance, followed by a Tukey’s multiple range test.

N, control (normal); OV, ovariectomized rats that were fed a control diet; OV+EX, a control diet with exercise
training; OV+EX+F, a diet including ferulic acid with exercise training.

abepifferent letters indicate statistically significant differences.

Ovariectomy-induced estrogen deficiency is associated with decreased and increased expression
of energy expenditure- and lipid synthesis-related genes, respectively, resulting in menopausal
symptoms, including weight gain and a dysregulated lipid profile [13]. Consistent with previous
studies, the rats in the OV group exhibited higher body weight and increased serum TG and total
cholesterol levels than the rats in the N group. Although exercise alone could improve serum

TG levels, it had no effect on weight loss. Notably, previous studies have reported a significant
weight loss in ovariectomized rats subjected to aerobic exercise or a combination of aerobic and
resistance exercise [14,15]. However, in this study, the 12-week resistance exercise program did not
result in significant weight loss. Despite the positive effect of resistance exercise on menopausal
symptoms [16], the resistance exercise applied in this study may not have expended sufficient
energy to induce weight loss. In addition, our previous study revealed that FA treatment to high-
fat diet-induced obese mice resulted in weight loss and improved glucose tolerance through the
self-renewal of embryonic stem cells [9]. Wang et al. [17] reported weight loss in obese mice,
along with enhanced antioxidant effects in the muscles and liver and improved exercise capacity,
following a combined treatment with exercise and FA, thus demonstrating a synergistic effect. A
combination of FA, a natural antioxidant, and exercise is believed to exert a synergistic effect [17].
Similarly, in this study, exercise with FA treatment exhibited more positive effects on weight loss
and blood lipid profile than exercise alone in ovariectomized rats.

Ovariectomy may result in reduced BMD, accompanied by an increase in adipocytes in

the bone marrow [18]. Reduced BMD may likely be associated with ovariectomy-induced
unbalanced bone remodeling [19], increased osteoclast generation [20], and increased
secretion of cytokines such as IL-6, TNF-a, and TGF-f} in the bone marrow [21]. In the
present study, BMD decreased with increased adipocyte accumulation in the OV group
compared with that in the N group. Additionally, both the 12-week exercise and exercise with
FA groups showed a significant increase in the femur head and shaft BMD, with decreased
adipocyte accumulation in ovariectomized rats. Weight-bearing training improves bone
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health-related parameters, including BMD, microstructure, and mechanical properties, in
ovariectomized rats [22]. Moreover, Hou et al. [23] showed that 20- or 30-mg/kg body weight
of FA treatment improved BMD loss by maintaining bone formation and mineralization in
osteoporotic animals. Sagar et al. [24] reported that FA suppressed osteoclast fusion and
induced apoptosis in mature osteoclasts, suggesting the attenuation of BMD loss. Although
previous studies have reported the beneficial effects of FA on BMD, we did not observe
synergistic effects of exercise and FA treatment on BMD in ovariectomized rats. Notably, we
only assessed histological changes in BMD and did not evaluate other bone-related variables.
Consequently, further studies are warranted to comprehensively evaluate changes in BMD.

Skin structure, including a decrease in dermal thickness, indicates skin aging and is related
to the decline in skin functions such as immune response, elasticity, and wound healing
[25]. Estrogen deficiency results in thinner and weaker skin [26]. Our results revealed
thinner dermis and thicker subcutaneous fat in the OV group than in the control group.
However, both exercise and exercise with FA treatments suppressed the estrogen deficiency-
induced reduction in dermal thickness and increase in subcutaneous fat. Nishikori et al. [27]
showed that exercise training, especially resistance training, inhibits skin aging by reducing
inflammation and increasing the dermal extracellular matrix. Similarly, low-intensity tower-
climbing resistance exercise improves overall skin health by regulating serum Ig levels and
mRNA expression of pro-inflammatory cytokines in individuals with atopic dermatitis [28].
Furthermore, Hahn et al. [29] reported the protective role of FA on the dermis layer through
regulating the extracellular matrix reconstruction in ultraviolet A-induced cell damage in
human dermal fibroblasts [30]. In our study, combined exercise and FA treatment were more
effective in maintaining dermal thickness in ovariectomized rats, suggesting the protective
effect against estrogen deficiency-induced skin aging.

Estrogen deficiency accelerates dermal aging associated with DNA damage [4]. These changes
are accompanied by a reduced efficacy of skin remodeling [4]. In this study, exercise training
and the combination of exercise training and FA increased p53 and pCHKI1 protein levels.
Notably, p53 is recruited in response to DNA damage, as it regulates DNA damage [31].
Similarly, pCHK1 has been identified as a mediator of DNA damage checkpoints, cell

cycle arrest, and DNA repair [32]. Therefore, exercise with FA might suppress estrogen
deficiency-induced DNA damage by modulating p5S3 and pCHK1, subsequently restoring skin
remodeling, such as maintaining dermal thickness.

First, in the limitations of the current study, we presented combined effect of exercise and FA on
an estrogen-deficient rat model. Furthermore, additional studies including FA alone treatment
groups may be needed to clarify the distinct contributions of exercise and FA in the model.

In second, an estrogen deficiency in vivo model was used to analyze the combined effects of
exercise and FA on rat skin tissue. Although our study found that DNA repair mechanisms
are associated with mitigating skin aging on the estrogen deficiency model, the exact cellular
level mechanism is not fully illustrated. Therefore, an in vitro experiment analyzing DNA
damage and repair mechanisms may need to show our hypothesis.

Despite these limitations, we have clarified that exercise with FA exerts beneficial effects on
estrogen deficiency-induced skin damage by restoring the DNA repair system. Therefore,

a combination of exercise and FA may be a promising strategy for developing therapies to
inhibit skin aging in postmenopausal women.
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