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Secoisolariciresinol diglucoside regulates
estrogen receptor expression to ameliorate
OVX-induced osteoporosis
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Abstract

Objective Secoisolariciresinol diglucoside (SDG) is a phytoestrogen that has been reported to improve postmeno-
pausal osteoporosis (PMOP) caused by estrogen deficiency. In our work, we aimed to investigate the mechanism
of SDG in regulating the expressions of ERs on PMOP model rats.

Methods Ovariectomization (OVX) was used to establish PMOP model in rats. The experiment was allocated

to Sham, OVX, SDG and raloxifene (RLX) groups. After 12-week treatment, micro-CT was used to detect the trans-
verse section of bone. Hematoxylin and Eosin staining and Safranine O-Fast Green staining were supplied to detect
the femur pathological morphology of rats. Estradiol (E2), interleukin-6 (IL-6), bone formation and bone catabolism
indexes in serum were detected using ELISA. Alkaline phosphatase (ALP) staining was used to detect the osteogenic
ability of chondrocytes. Immunohistochemistry and Western blot were applied to detect the protein expressions

of estrogen receptors (ERs) in the femur of rats.

Results Compared with the OVX group, micro-CT results showed SDG could lessen the injury of bone and improve
femoral parameters, including bone mineral content (BMC) and bone mineral density (BMD). Pathological results
showed SDG could reduce pathological injury of femur in OVX rats. Meanwhile, SDG decreased the level of IL-6

and regulated bone formation and bone catabolism indexes. Besides, SDG increased the level of E2 and conversed
OVX-induced decreased the expression of ERa and ER.

Conclusion The treatment elicited by SDG in OVX rats was due to the reduction of injury and inflammation
and improvement of bone formation index, via regulating the expression of E2 and ERs.
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Introduction

As a systemic bone disease, osteoporosis (OP) is char-
acterized by decreased bone mass, damaged bone
microarchitecture and increased bone fragility [1]. In
developing countries, especially in Asia, the incidence
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of osteoporotic fracture appears to be on the rise [2].
Postmenopausal osteoporosis (PMOP) is one of the pri-
mary forms of OP. Its occurrence is closely related to the
plummeting of estrogen level in postmenopausal women,
which can cause problems such as accelerated bone turn-
over, destroyed bone microarchitecture, weakened bone
strength and increased bone fragility and fracture risk [3,
4]. The decline in estrogen in the ovaries after menopause
is an important cause of rapid bone loss and the early
stages of OP in women [5]. Estrogen replacement therapy
is commonly used in the clinical prevention and treat-
ment of PMOP [6]. However, long-term use of estrogen
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will have endometrial hyperplasia, vaginal bleeding and
other adverse reactions and even increase the risk of
endometrial cancer or breast cancer [7, 8]. Several trials
[9, 10] and several meta-analyses [11, 12] have indicated
denosumab, pamidronate and zoledronate for the treat-
ment of PMOP. In addition, the effects of biomarkers in
the treatment of PMOP are also beginning to be investi-
gated [13, 14]. In consequence, it is beneficial to explore
more natural sources of estrogen for the treatment of
PMOP.

Estrogen receptor (ER) is a ligand-activated nuclear
transcription factor that regulates the action of 17-f
estradiol (E2). ERs are abundant in the human body and
are thought to be an important regulator of bone metab-
olism [15], with two subtypes, ERa and ERp [16]. Estro-
gens bind to ERs to form dimers that bind to estrogen
response elements on the genome, thereby regulating the
transcription of estrogen-response genes and estrogen
comes into play [17]. Estrogen plays an important role
in bone growth, bone maturation and bone turnover to
maintain bone metabolic balance [18]. Estrogen selec-
tively activates intracellular signaling pathways depend-
ing on the receptor subtype to which it binds, and has a
variety of biological activities. ERa is mainly expressed in
the uterus, testis, pituitary gland, kidney, epididymis and
adrenal gland, mammary gland, bone and some other tar-
get organs. ERP is distributed in the ovary, prostate, tes-
tis, bone and other organs, but its affinity is different in
different tissues due to the difference of ER [19]. PMOP
reduces the level of estrogen, resulting in increased
osteoclasts, bone resorption and bone loss leading to
fractures. Research has shown that women should start
taking estrogen at menopause and continue taking it
indefinitely to prevent fractures [20].

Secoisolariciresinol diglucoside (SDG) is a phytoestro-
gen found in the mature seed of Linum usitatissimum L.
which is similar to human estrogen [21]. As a phenolic
ingredient in the herb, SDG has preventive effects on
estrogen-dependent diseases such as breast cancer [22],
prostate cancer [23], menstrual syndrome [24] and OP.
The clinical efficacy of SDG in the prevention and treat-
ment of PMOP in women has been confirmed, which
could increase the serum calcium content and bone mass
of patients, improve the sensitivity of bone to parathyroid
hormone, promote the formation of new bone matrix
and have significant effects on controlling bone loss [25].
SDG has also been reported to improve ovarian reserve
function in aging mice by inhibiting oxidative stress [26].
In addition, SDG metabolites may play a direct role in
flaxseed combined with low-dose estrogen therapy on
OP in ovariectomized (OVX) rats [27]. However, the
mechanism of how SDG affects the expression of ERs is
not clear, and the effect of SDG compared with raloxifene
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(RLX), a drug commonly used in clinical practice for
the treatment of PMODP, cannot be unified. In this study,
the PMOP rat model was established by OVX. After the
intervention of SDG and RLX, serum E2 was determined
by ELISA, the pathological changes of bone tissue were
detected by staining, and the expressions of ERa and
ERP were detected by immunohistochemistry (IHC) and
Western blot to explore the mechanism of SDG on ERa
and ERp expression of ER on PMOP in castrated rats.

Materials and methods

Reagents and chemicals

SDG (IS0600) and RLX (IR0380) were supplied by Beijing
Solarbio Technology Co., LTD (Beijing, China). Hema-
toxylin (H3136), Eosin (E4009) and Fast Green (F7252)
were purchased from Sigma (USA). Rat E2 ELISA Kit
(RX302856R), rat bone ALP ELISA Kit (RX300464R), rat
CTX ELISA Kit (RX300268R) and rat NTX-1 ELISA Kit
(RX301514R) were purchased from Ruixin Biotechnology
Co., Ltd (Quanzhou, China). Rat PINP ELISA Kit (CSB-
E1274r) was purchased from Wuhan Huamei Biologi-
cal Engineering Co., LTD (Wuhan, China). BCIP/NBT
Alkaline Phosphatase Color Development Kit (C3206)
was purchased from Beyotime Biotechnology Co., LTD
(Shanghai, China). Estrogen Receptor-alpha Antibody
(AF6058), Estrogen Receptor-beta Antibody (AF6469),
ERa Antibody (BF8047) and ERP Antibody (AF6469)
were purchased from Affinity (USA). B-actin Antibody
(81115-1-RR) was purchased from Proteintech Group,
Inc. (Chicago, USA). Goat Anti-Rabbit IgG H&L (HRP)
was provided by Abcam (Cambridge, UK). Anti-rabbit
IgG HRP-linked Antibody (7074) and Anti-mouse IgG
HRP-linked Antibody (7076) were purchased from Cell
Signaling Technology, Inc. (Danvers, MA, USA).

Animals

SD rats were provided by Shanghai SLAC Laboratory
Animal Co., Ltd under the animal license permit num-
ber SYXK (Zhe) 2021-0033. The rats were reared in a
well-ventilated environment for adaptive feeding with a
12-h light/dark cycle at 23+2 °C and 60+5% humidity
in the animal room of Zhejiang Eyoung Pharmaceutical
Research and Development Co., Ltd for 7 days.

Model establishment and administration

Twenty-four female non-pregnant SD rats (220+20 g,
12 weeks) were randomly divided into four groups:
Sham, OVX, SDG (30 mg/kg) and RLX (1 mg/kg). After
one week of adaptive feeding, the groups of OVX, SDG
and RLX underwent OVX surgery and the Sham group
underwent sham surgery [28]. All animals received 3%
pentobarbital sodium for anesthesia before the surgery.
A longitudinal incision was made into the abdomen from



Chen et al. Journal of Orthopaedic Surgery and Research (2023) 18:792

both sides of the back, 1.5 cm beside the lumbar spine,
and the ovaries were removed. Sham surgery performed a
similar procedure but not carried out the step of ovariec-
tomy. All rats received an intramuscular injection of pen-
icillin (Hefei Dragon God Animals Pharmaceutical Co.,
Ltd.) once a day for three days. One week after surgery,
the SDG group was given SDG (30 mg/kg) [29] by gavage
twice a week, RLX group was administered RLX (1 mg/
kg) [30] by intragastric administration twice a week, and
the Sham group and the OVX group received the same
volume of normal saline by intragastric administration
for 12 weeks. The day after the last administration, the
rats were respiratory anesthetized with 1.5% isoflurane,
blood was immediately extracted from the abdominal
aorta and allowed to stand for 30 min and then centri-
fuged at 3500r/min for 15 min, and the blood serum was
collected and stored at —80 °C. The rats were then killed
by carbon dioxide euthanasia, and the femur tissue was
isolated and stored at —80 °C.

Micro-computed tomography (Micro-CT)

The femurs of rats were scanned using a Micro-CT imag-
ing system (Product model: MCT-III, ZKKS, China).
Image acquisition and analysis of the femur followed
the published guidelines for the micro-CT evaluation of
rodent bones [31]. After the scanning was completed, the
3D image of the rat femur was reconstructed using the
NRecon software. A fixed volume of interest was selected
in the specimen center for histological data analysis. Var-
iables measured included bone mineral content (BMC,
mg), bone mineral density (BMD, mg/cc), bone volume
fraction (BVE, BV/TV, %), trabecular number (Tb.N, 1 /
mm), trabecular thickness (Tb.Th, mm) and trabecular
separation (Tb.Sp, mm).

Hematoxylin and Eosin (H&E) staining

The femur tissues were fixed in 4% paraformaldehyde.
After dehydration, the femur tissues were embedded
in paraffin wax. The femur paraffin blocks were then
cut into 5-pum slides. The slides were de-waxed with
xylene, washed with water and stained with hematoxy-
lin and eosin. Afterwards, the femur tissues images were
recorded at 200xand 400X magnification by using a
microscopic imaging system (Product model: Nikon
DS-Fi2, Nikon, Japan) with an optical microscope (Prod-
uct model: Nikon Eclipse Ci-L, Nikon, Japan). A random
number method was used to select five doctors from the
pathological diagnostic physician database to score the
staining. The scoring principles were as follows: 0 score:
normal organizational structure; 1 score: slight injury of
bone trabecular structure, increased degree of trabecu-
lar separation, pathological damage area<25%; 2 scores:
moderate damage to the trabecular structure, increased
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degree of trabecular separation, pathological damage
area<50%; 3 scores: severe damage to the trabecular
structure of bone, disordered distribution of bone cells,
pathological damage area<75%; 4 scores: bone tra-
becular structure severely damaged, mature bone cells
were severely reduced, and the pathological damage
area>75%.

Safranine O-fast green staining

The femur tissues slides were dewaxed with xylene and
gradient ethanol, washed with water and then stained
with safranine and fast green. Images of femur tissues
were recorded at 200xand 400X magnification under
a microscopic imaging system (Product model: Nikon
DS-U3, Nikon, Japan) combined with an optical micro-
scope (Product model: Nikon Eclipse E100, Nikon,
Japan).

ELISA

The levels of E2, interleukin-6 (IL-6), procollagen I
N-terminal peptide (P1NP), alkaline phosphatase (ALP),
C-terminal telopeptide of collagen type 1 (CTX-1) and
cross-linked N-telopeptide of type 1 collagen (NTX-1)
in serum were quantified using ELISA kits and refer-
ring to the manufacturer’s instructions. All samples were
repeated in duplicate, and the absorbance was detected
spectrophotometrically using a CMaxPlus Microplate
reader (Product model: Molecular Devices, USA) at
450 nm.

ALP staining

The chondrocytes were derived from cartilages of the
distal femur and proximal tibia of 5-day-old rats. The
chondrocytes were digested with 0.2% type II colla-
genase at the condition of 37 °C for 8 h. For cell culture,
the chondrocytes were inoculated at a density of 5.7 x 10°
cells/cm?, cultured in DMEM/F12 supplemented with
10% fetal bovine serum, 100U/ml penicillin and 0.1 mg/
ml streptomycin and incubated in a cell incubator at the
conditions of 37 °C, 5% CO,. Then ALP staining was per-
formed, fixation with 4% paraformaldehyde, and ALP-
positive osteoblasts were examined under a microscope
(Product model: ICX41, Ningbo Shunyu Co., Ltd, China)
to detect the ALP activity of the chondrocytes.

Immunohistochemistry (IHC)

The femur slides were dewaxed with xylene, hydrated
with graded ethanol series and water, inactivated with
3% H,0O, and antigen retrieved with EDTA. The slides
were incubated with 5% BSA for blocking, followed by
overnight incubation at 4 °C with primary antibodies
for ERa and ERP. The slides were washed with PBS and
then incubated with the secondary antibody for 2 h at the
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condition of room temperature. Subsequently, the slides
were coated with DBA for 5 min. The slides were coun-
terstained with hematoxylin for 30 s and washed with
water. Then, the slides were transparentized with graded
ethanol series and dehydrated with xylene. Afterward,
the slides were mounted under a microscopic imaging
system (Product model: Nikon DS-U3, Nikon, Japan)
with an optical microscope (Product model: Nikon
Eclipse E100, Nikon, Japan).

Western blot

The total protein of the bone tissue was extracted, and the
protein concentration was measured using a BCA protein
quantitative kit. The proteins were separated by SDS-
PAGE, with 30 pg of protein loaded in each well under a
voltage of 80 V-120 V, and transferred to a 0.45 um PVDF
membrane under an electric current of 200 mA for 2 h.
The membranes were then blocked with 5% BSA for 1.5 h
at room temperature and then incubated with primary
antibodies of ERa and ERf overnight at 4 °C. Membranes
were incubated with the secondary antibody for 2 h at a
condition of room temperature. Then, the peroxidase-
coated bands were detected by ultra-signal ECL chemi-
luminescent solution, and the images were captured
using a Chemidoc XRS Imaging System (Product model:
610,020-9Q, Shanghai Qinxiang Scientific Instrument
Co., Ltd, China). Image-Pro Plus 6.0 was used to make
the signal intensity expression of the protein bands of
interest quantified and normalized to B-actin.

Statistical analysis

Data results were processed using SPSS. If the measure-
ment data among multiple groups followed the normal
distribution and the homogeneity test of variance, one-
way ANOVA analysis of variance was used. Tukey test
was used for comparison between groups. Dunnett’s T3
test or independent sample ¢ test was used when the dis-
tribution was normal, but the variance was not uniform.
Kruskal-Wallis H test is used when the distribution was
not normal. All data were expressed as mean + standard
deviation (mean + SD). Significance level =0.05. A value
of P<0.05 was considered statistically significant.

Results

Effect of SDG on femoral parameters on femoral
parameters of femur in OVX rats

In Fig. 1A, compared with the Sham group, the micro-CT
images showed that trabecular bone mass is decreasing
significantly and the cancellous bone micro-architec-
ture is deteriorating in the OVX group. The bone histo-
logical morphometric analysis (Fig. 1B-G) revealed that
BMC, BMD, BV/TV, Tb.N and Tb.Th were decreased
(P**<0.01) and Tb.Sp was increased significantly
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(P*<0.01) in the OVX group. SDG or RLX intervention
could improve these parameters (P <0.05 or P~ <0.01).

SDG reduced femur pathological damage and serum
inflammation in OVX rats

As shown in Fig. 2A, there was normal bone microarchi-
tecture and neatly arranged bone trabecula in the Sham
group, while in the OVX group, the femoral tissue was
seriously damaged, the bone trabecula was sparsely
arranged, the bone microarchitecture was severely dam-
aged, and the mature bone cells were greatly reduced.
Compared with the OVX group, SDG group and RLX
group reduced the damage to the bone microarchitec-
ture, the trabecular arrangement of bone was more regu-
lar, and the damage was less severe. In Fig. 2B, compared
with the Sham group, the HE scores of femur tissue in the
OVX group were increased significantly (P**<0.01). The
HE scores of femur tissue decreased significantly in both
SDG group (P"<0.05) and RLX group (P"<0.01) com-
pared with OVX group.

Safranine O-Fast Green staining could detect cartilage
tissue pathological changes. Basophilic cartilage is red
when combined with Safranine O, and eosinophilic bone
is blue when combined with Fast Green. From Fig. 2C, in
the Sham group, the bone microarchitecture was normal
with a smooth femoral surface, and there was no obvi-
ous injury. In the OVX group, the femur tissue showed
large area loss of Safranin O staining, serious loss of pro-
teoglycan, rough bone surface and severe damage of bone
microarchitecture. Compared with the OVX group, the
loss of Safranin O staining in femur tissue was reduced,
the proteoglycan was partially lost, and the cartilage
damage was attenuated in the SDG group and the RLX
group.

ELISA results (Fig. 2D) showed that compared with the
Sham group, the serum level of IL-6 in the OVX group
was significantly increased (P*<0.01). SDG or RLX
could decrease the level of IL-6 (P™<0.01).

SDG regulated the indexes of bone formation and bone
catabolism in OVX rats

ELISA results (Fig. 3A-D) showed that serum lev-
els of PINP, ALP in the OVX group were significantly
decreased (P**<0.01) while CTX-1, and NTX-1 were sig-
nificantly increased (P**<0.01). Compared with the OVX
group, the levels of PINP and ALP in the SDG group and
RLX group were increased (P~ <0.01), while CTX-1 and
NTX-1 were decreased (P <0.01).

Effects of SDG on osteoblastic capacity of chondrocytes

The nuclei and cytoplasm of chondrocytes with posi-
tive ALP staining showed deep purple. In Fig. 4, com-
pared with the Sham group, the degree of ALP staining
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Fig. 1 Effect of secoisolariciresinol diglucoside (SDG) on femoral parameters of femur in OVX rats. A The micro-CT images of the femur in rats.
B-G The bone histological morphometric analysis results of the femur in rats, including bone mineral content (BMC), bone mineral density (BMD),
bone volume fraction (BV/TV), trabecular number (Tb.N), trabecular thickness (Th.Th) and trabecular separation (Tb.Sp). All data are expressed

as the mean+SD (n=6). P <0.01 vs. the Sham group, P~ <0.01 vs. the OVX group

of chondrocytes in the OVX group was significantly
decreased (P**<0.01). Compared with the OVX group,
the ALP staining degree of chondrocytes in the SDG
group and RLX group was significantly increased
(P7<0.01).

SDG promoted the level of E2 and the expression of ERa
and ER of the femur in OVX rats

The results of IHC (Fig. 5A-D) showed that OVX caused
lower expressions of ERa and ERp (P** <0.01), while SDG
or RLX treatment increased their expressions (P~ <0.01).
In Fig. 5E, the ELISA result showed that the serum level
of E2 in the OVX group was decreased significantly
(P*<0.01), and SDG or RLX treatment increased the

level (P"<0.01). Western Blot (Fig. 5F-H) showed the
same experimental results as IHC.

Discussion

PMODP, as a disease caused by estrogen deficiency, occurs
in postmenopausal women, women with a family his-
tory of OP or ovariectomy or premature menopause
[32]. Current research into this disease is becoming
increasingly detailed, and previous studies have found
that estrogen plays a crucial role in the balance of bone
remodeling [33]. Estrogen reduction leads to changes
in the combination of estrogen and ER, which enhances
osteoclast differentiation, decreases osteoblast prolifera-
tion and differentiation and increases cell apoptosis, and
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Fig. 2 SDG reduced femur pathological damage and serum inflammation in OVX rats. A H&E staining results of the femur in rats (200,
scale bar=100 um; 400 x, scale bar=50 um). B H&E staining score results of the femur in rats (n=3). C Safranin and fast green staining results
of the femur in rats (200 X, scale bar=50 um; 400 x, scale bar=20 pum). D The serum level of IL-6 was detected by ELISA (n=6). All data are
expressed as the mean +SD. P <0.01 vs. the Sham group, P*<0.05, P <0.01 vs. the OVX group

ultimately the capacity of bone resorption is greater than
bone formation, and OP occurs [34]. In recent studies,
researchers have focused on the treatment of OP caused
by estrogen deficiency. Some studies have investigated
the effects of Chinese herbal extracts or major constitu-
ents on the prevention and treatment of OP through
OVX-estrogen deficient model rats [35]. SDG is a phy-
toestrogen very similar to human estrogens [36]. Clinical
studies have shown that patients treated with SDG have
significantly increased BMD and serum calcium, which
enhanced the parathyroid hormone sensitivity and inhib-
ited bone resorption, reducing the rate of bone conver-
sion after treatment [37]. In addition, SDG could increase
the weight of the femur, the content of serum calcium,
serum phosphorus and bone calcium [38]. Bone histo-
pathology studies showed that SDG could increase Tb.N,
Tb.Th, BV/TYV, increase the mean bone cortical thickness
and reduce the mean Tb.Sp for the treatment of OP [39].
Therefore, we performed bilateral ovariectomy in SD rats
[28] to establish an animal model of PMOP that reduce
the estrogen levels. Consistent with previous research
[40], in our study, the femur of rats that underwent OVX
surgery demonstrated significant trabecular bone loss,
decreased BMC, BMD, BV/TV, Tb.N and Tb.Th and
increased Tb.Sp. We found that SDG treatment could
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significantly reduce OP via increasing BMC, BMD, BV/
TV, Tb.N and Tb.Th and decreasing Tb.Sp, suggesting
a substantial improvement in bone microarchitecture
pathological damage.

Several studies have shown that almost all chronic dis-
eases are associated with inflammation, including OP
[41]. B cells and T cells, immune cells, are involved in
the normal process of bone formation and bone resorp-
tion. The decrease in estrogen level after menopause led
to the expansion of T cells and significantly increased
contents of pro-inflammatory factors IL-1, IL-6, IL-17
and TNF-a. And then the function of osteoclasts was
enhanced, and bone deposition capacity of osteoblasts
was reduced, which made bone resorption greater than
bone formation, leading to decreased bone mass and OP
[42]. Our experimental results showed that OVX caused
an increase in serum IL-6 content, which may imbalance
the function of osteoclasts and osteoblasts, resulting in
the occurrence of OP. IL-6 levels decreased after admin-
istration of SDG, suggesting that SDG ameliorated OP by
reducing the expression of pro-inflammatory factors.

Bone turnover biomarkers (BTMs) are by-products
produced during bone remodeling that can indicate
the rate of bone turnover [43]. BTMs are mainly classi-
fied into bone formation markers and bone resorption
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Fig. 3 SDG regulated the indexes of bone formation and bone catabolism in OVX rats. A-D The serum level of PINP, ALP, CTX-1 and NTX-1
was detected by ELISA. All data are expressed as the mean=SD (n=6). P <0.01 vs. the Sham group, P~ <0.01 vs. the OVX group
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Fig. 4 Effects of SDG on osteoblastic capacity of chondrocytes. A ALP staining results of chondrocytes (scale bar= 100 um). B Statistical results
of ALP staining degree of chondrocytes. All data are expressed as the mean +SD (n=3). P# <0.01 vs. the Sham group, P <0.01 vs. the OVX group

markers. The specificity of these markers is limited, but  in OP patients from the start of therapy [44]. Our study
BTMs levels show a clear and rapid response to changes  found that OVX reduced the contents of bone forma-
in bone turnover rate, so BTMs levels are commonly used  tion markers PINP and ALP and increased the content of
clinically to monitor treatment response and compliance  bone resorption markers CTX-1 and NTX-1, suggesting
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Fig. 5 SDG promoted the level of estradiol (E2) and the expression of ERa and ERP of the femur in OVX rats. A-D IHC result and quantitative
statistical result of ERa (200, scale bar=50 pm; 400X, scale bar=20 um). E The serum level of E2 was detected by ELISA (n=6). The expression
of ERa and ERB was determined by IHC and Western Blot. F Representative protein bands of ERa and ERB. G-H The corresponding quantitative
statistical results of ERa and ERB (n=3). All data are expressed as the mean +SD. P <0.01 vs. the Sham group, P <0.01 vs. the OVX group
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that OVX caused a decrease in bone formation and an
increase in bone resorption. After the administration of
SDG@, the trend caused by OVX was reversed, suggest-
ing that SDG could improve bone formation and reduce
bone resorption, restore bone formation/resorption bal-
ance, and thus alleviate OP caused by PMOP.

Estrogen, a sex steroid, can directly enter the nucleus
or cytoplasm of the target cell and bind to ERs. E2, as
the major estrogen secreted by the female ovaries, can
improve bone microstructure and BMD of the femur
in PMOP rats, increase the content of bone formation
indexes in serum and play a part in bone preservation
[45]. As mentioned above, ERs play an important role
in bone formation and bone resorption [34, 46]. Many
researchers have reported that ERs influence BMD and
PMOP [47]. The pharmacological experiments showed
that SDG could affect hormonal parameters and increase
the level of E2 in serum [48]. In this study, the experi-
mental results showed that OVX decreased the content
of E2 and the expressions of ERa and ERp, indicating
that the serum estrogen level and the expressions of ERs
decreased after OVX surgery, leading to the occurrence
of PMOP. After the administration of SDG, it was found
that SDG significantly increased the E2 content and the
expression of ERa and ERP reduced by OVX, suggesting
that SDG could inhibit PMOP by increasing the expres-
sions of ERs.

Our current research still has some limitations.
Although we have found that SDG could regulate the
expression of ERa and ER, to treat PMOP, there is no
specific mechanism between them. Further experiments
are needed to clarify it, and there is still a long way to go
before it can be used in the clinic. In the following stud-
ies, molecular docking, fluorescent probes and gene
silencing will be effective methods to elucidate the mech-
anism in vivo and in vitro experiments.

Conclusion

In conclusion, our results show that SDG has a thera-
peutic effect on PMOP model rats by regulating bone
microarchitecture, reducing inflammatory damage and
increasing bone formation markers, via activating the
expression of ERa and ERp.

Acknowledgements
The authors greatly appreciate the efforts of all the authors.

Author contributions

GC designed the study and conduct experiments; YC collected data; JH and
JG analyzed data; GC and ZX drafted manuscript; GC revised manuscript. All
authors reviewed manuscript and approved the publication.

Funding
This work was supported by the Science and Technology Projects of Xiaoshan
District (2021318).

(2023) 18:792

Page 9 of 10

Availability of data and materials
The data presented in this study are available upon request from the cor-
responding author.

Declarations

Ethics and consent to participate

All animal experiments were approved by the Ethics Committee of Zhejiang
University of Traditional Chinese Medicine (document no.: SYXK (Zhe)
2021-0033).

Competing interests
The authors declare no competing interests.

Received: 23 August 2023 Accepted: 11 October 2023
Published online: 24 October 2023

References

1. YongE, Logan S. Menopausal osteoporosis: screening, prevention and
treatment. Singapore Med J. 2021;62(4):159-66.

2. Curtis E,Moon R, Harvey N, et al. The impact of fragility fracture
and approaches to osteoporosis risk assessment worldwide. Bone.
2017;104:29-38.

3. LiN, GongY.The mechanism of the Yigutang-mediated P13K/AKT/GSK-3
signal pathway to regulate osteogenic differentiation of bone marrow
stromal stem cells to treat osteoporosis. Evid Based Complement Alternat
Med. 2021;2021:6699781.

4. Migliorini F, Giorgino R, Hildebrand F, et al. Fragility fractures: Risk factors
and management in the elderly. Medicina (Kaunas). 2021;57(10):1119.

5. Menazza S, Murphy E. The expanding complexity of estrogen receptor
signaling in the cardiovascular system. Circ Res. 2016;118(6):994-1007.

6. Watts N, Camacho P, Lewiecki E, et al. American association of Clinical
Endocrinologists/American College of Endocrinology Clinical Practice
Guidelines for the diagnosis and treatment of postmenopausal osteopo-
rosis-2020 Update. Endocr Pract. 2021,27(4):379-80.

7. Harahap IA, Suliburska J. Probiotics and Isoflavones as a promising
therapeutic for calcium status and bone health: a narrative review. Foods.
2021;10(11):2685.

8. Rozenberg S, Al-Daghri N, Aubertin-Leheudre M, et al. Is there a role for
menopausal hormone therapy in the management of postmenopausal
osteoporosis? Osteoporos Int. 2020;31(12):2271-86.

9. ContiV, Russomanno G, Corbi G, et al. A polymorphism at the translation
start site of the vitamin D receptor gene is associated with the response
to anti-osteoporotic therapy in postmenopausal women from southern
[taly. Int J Mol Sci. 2015;16(3):5452-66.

10. Migliorini F, Colarossi G, Eschweiler J, et al. Antiresorptive treatments for
corticosteroid-induced osteoporosis: a Bayesian network meta-analysis.
British Med Bull. 2022;143(1):46-56.

11. Migliorini F, Colarossi G, Baroncini A, et al. Pharmacological Manage-
ment of Postmenopausal Osteoporosis: a Level | Evidence Based - Expert
Opinion. Expert Rev Clin Pharmacol. 2021;14(1):105-19.

12. Migliorini F, Maffulli N, Colarossi G, et al. Effect of drugs on bone mineral
density in postmenopausal osteoporosis: a Bayesian network meta-
analysis. J Orthop Surg Res. 2021;16(1):533.

13. Migliorini F, Maffulli N, Spiezia F, et al. Biomarkers as therapy monitoring
for postmenopausal osteoporosis: a systematic review. J Orthop Surg Res.
2021;16(1):318.

14. Migliorini F, Maffulli N, Spiezia F, et al. Potential of biomarkers during
pharmacological therapy setting for postmenopausal osteoporosis: a
systematic review. J Orthop Surg Res. 2021;16(1):351.

15. Min J,Yuan Z, Zhang Q, et al. Analysis of anti-osteoporosis function of
chlorogenic acid by gene microarray profiling in ovariectomy rat model.
Biosci Rep. 2018;38(4):BSR20180775.

16. GuJ, ZhangY, Han Z, et al. Targeting the ERB/Angiopoietin-2/Tie-2
signaling-mediated angiogenesis with the FDA-approved anti-estrogen



Chen et al. Journal of Orthopaedic Surgery and Research (2023) 18:792

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34

35.

36.

37.

38.

39.

40.

Faslodex to increase the Sunitinib sensitivity in RCC. Cell Death Dis.
2020;11(5):367.

Evans R. The steroid and thyroid hormone receptor superfamily. Science.
1988,;240(4854):889-95.

Mcnamara L. Osteocytes and Estrogen Deficiency. Curr Osteoporos Rep.
2021;19(6):592-603.

Eyster K. The estrogen receptors: an overview from different perspectives.
Methods Mol Biol. 2016;1366:1-10.

Pan M, Pan X, Zhou J, et al. Update on hormone therapy for the manage-
ment of postmenopausal women. Biosci Trends. 2022;16(1):46-57.

Zuk M, Kulma A, Dyminska L, et al. Flavonoid engineering of flax potenti-
ate its biotechnological application. BMC Biotechnol. 2011;11:10.
Scherbakov A, Stasevich O, Salnikova D, et al. Antiestrogenic and antipro-
liferative potency of secoisolariciresinol diglucoside derivatives on MCF-7
breast cancer cells. Nat Prod Res. 2021;35(24):6099-105.

Zhou Y, Liu'Y, Cao J, et al. Vitexins, nature-derived lignan compounds,
induce apoptosis and suppress tumor growth. Clin Cancer Res.
2009;15(16):5161-9.

Fabian C, Khan S, Garber J, et al. Randomized phase B trial of the

lignan secoisolariciresinol diglucoside in premenopausal women at
Increased risk for development of breast cancer. Cancer Prev Res (Phila).
2020;13(7):623-34.

Schogor A, Huws S, Santos G, et al. Ruminal Prevotella spp may play an
important role in the conversion of plant lignans into human health
beneficial antioxidants. PLoS ONE. 2014;9(4):e87949.

He X, Wang Y, Wu M, et al. Secoisolariciresinol Diglucoside Improves
Ovarian Reserve in Aging Mouse by Inhibiting Oxidative Stress. Front Mol
Biosci. 2021;8: 806412.

Sacco S, Thompson L, Ganss B, et al. Accessibility of 3H-secoisolaricires-
inol diglycoside lignan metabolites in skeletal tissue of ovariectomized
rats. J Med Food. 2011;14(10):1208-14.

Rota P, Wallis T, Harmon M, et al. Cocirculation of two distinct evolutionary
lineages of influenza type B virus since 1983. Virology. 1990;175(1):59-68.
Ren J,Yj G, Liu H, et al. Secoisolariciresinol diglucoside improves myo-
cardial injury by regulating TXNIP/NLRP3 signaling pathway in CIH mice.
Chin Pharmacol Bull. 2020;36(8):1094-9.

Yogui F, Momesso G, Faverani L, et al. A SERM increasing the expression of
the osteoblastogenesis and mineralization-related proteins and improv-
ing quality of bone tissue in an experimental model of osteoporosis. J
Appl Oral Sci. 2018;26: €20170329.

Bouxsein M, Boyd S, Christiansen B, et al. Guidelines for assessment of
bone microstructure in rodents using micro-computed tomography. J
Bone Miner Res. 2010;25(7):1468-86.

Blake J, Cosman FA, Lewiecki EM, McClung MR, Pinkerton J, Shapiro M.
Management of osteoporosis in postmenopausal women: the 2021 posi-
tion statement of The North American Menopause Society. Menopause.
2021,28(9):973-97.

Khosla S, Oursler M, Monroe D. Estrogen and the skeleton. Trends Endo-
crinol Metabolism. 2012;23(11):576-81.

Kim R, Yang H, Song Y, et al. Estrogen modulates bone morphogenetic
protein-induced sclerostin expression through the Wnt signaling path-
way. Tissue Eng Part A. 2015;21(13-14):2076-88.

XiY, Wang W, Ma L, et al. Alendronate modified mPEG-PLGA nano-micelle
drug delivery system loaded with astragaloside has anti-osteoporotic
effect in rats. Drug Deliv. 2022;29(1):2386-402.

Lin J, Zhu J,Wang Y, et al. Chinese single herbs and active ingredients

for postmenopausal osteoporosis: From preclinical evidence to action
mechanism. Biosci Trends. 2017;11(5):496-506.

Chen J, Saggar J, Ward W, et al. Effects of flaxseed lignan and oil on bone
health of breast-tumor-bearing mice treated with or without tamoxifen. J
Toxicol Environ Health A. 2011;74(12):757-68.

Weiler H, Kovacs H, Nitschmann E, et al. Feeding flaxseed oil but not
secoisolariciresinol diglucoside results in higher bone mass in healthy rats
and rats with kidney disease. Prostaglandins Leukot Essent Fatty Acids.
2007;76(5):269-75.

Pereira A, Ribeiro D, Cardoso L, et al. Dietary intake of flaxseed oil since
early stages of life promotes femur quality in male rats. J Am Nutr Assoc.
2022;41(5):462-7.

He J, Xu'S, Zhang B, et al. Gut microbiota and metabolite alterations asso-
ciated with reduced bone mineral density or bone metabolic indexes in
postmenopausal osteoporosis. Aging (Albany NY). 2020;12(9):8583-604.

Page 10 of 10

41. Okamoto K, Nakashima T, Shinohara M, et al. Osteoimmunology: The
conceptual framework unifying the immune and skeletal systems. Physiol
Rev. 2017,97(4):1295-349.

42. Zhao R.Immune regulation of bone loss by Th17 cells in oestrogen-
deficient osteoporosis. Eur J Clin Invest. 2013;43(11):1195-202.

43. Janckila A, Yam L. Biology and clinical significance of tartrate-resistant
acid phosphatases: new perspectives on an old enzyme. Calcif Tissue Int.
2009;85(6):465-83.

44. Vasikaran S, Eastell R, Bruyere O, et al. Markers of bone turnover for
the prediction of fracture risk and monitoring of osteoporosis treat-
ment: a need for international reference standards. Osteoporos Int.
2011,22(2):391-420.

45. Ni X,Wu B, Li S, et al. Equol exerts a protective effect on postmenopausal
osteoporosis by upregulating OPG/RANKL pathway. Phytomedicine.
2023;108: 154509.

46. Feng C, Xu Z Tang X, et al. Estrogen-related receptor a: A significant regu-
lator and promising target in bone homeostasis and bone metastasis.
Molecules. 2022;27(13):3976.

47. ZhuH, Jiang J,Wang Q, et al. Associations between ERa/[3 gene poly-
morphisms and osteoporosis susceptibility and bone mineral density in
postmenopausal women: a systematic review and meta-analysis. BMC
Endocr Disord. 2018;18(1):11.

48. Troina A, Figueiredo M, Passos M, et al. Flaxseed bioactive compounds
change milk, hormonal and biochemical parameters of dams and off-
spring during lactation. Food Chem Toxicol. 2012;50(7):2388-96.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Secoisolariciresinol diglucoside regulates estrogen receptor expression to ameliorate OVX-induced osteoporosis
	Abstract 
	Objective 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Reagents and chemicals
	Animals
	Model establishment and administration
	Micro-computed tomography (Micro-CT)
	Hematoxylin and Eosin (H&E) staining
	Safranine O-fast green staining
	ELISA

	ALP staining
	Immunohistochemistry (IHC)
	Western blot
	Statistical analysis

	Results
	Effect of SDG on femoral parameters on femoral parameters of femur in OVX rats
	SDG reduced femur pathological damage and serum inflammation in OVX rats
	SDG regulated the indexes of bone formation and bone catabolism in OVX rats
	Effects of SDG on osteoblastic capacity of chondrocytes
	SDG promoted the level of E2 and the expression of ERα and ERβ of the femur in OVX rats

	Discussion
	Conclusion
	Acknowledgements
	References


