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Abstract. With the aging of the population, the incidence of 
postmenopausal osteoporosis (PMOP) is increasing. Extracts 
from Artemisiae Scopariae Herba, also known as Yinchen 
(YC), promote osteogenic differentiation and bone forma‑
tion; however, the specific mechanism is unclear. The present 
study aimed to investigate the effects and mechanism of YC 
on PMOP. Ultra‑performance liquid chromatography‑tandem 
mass spectrometry was used to determine the potential 
predominant components of YC, and an ovariectomized 
(OVX) mouse model was established to evaluate the effects 
of YC on PMOP and its potential mechanisms. Initially, the 
therapeutic effect of YC on PMOP was assessed by micro‑CT 
bone analysis, pathological observation and ELISA detection. 
Combined with serum ELISA, reverse transcription‑quanti‑
tative PCR and immunohistochemical staining, the potential 
key anti‑PMOP pathway of YC was explored. A total of 2,072 
compounds were identified in YC. The main active components 
of YC included chlorogenic acid, ferulic acid and caffeic acid. 
Experimental studies provided evidence that YC may improve 
bone loss and bone microstructure deterioration caused by 
ovariectomy. YC treatment also upregulated serum estrogen 
levels, and the expression of osteoprotegerin, runt‑related tran‑
scription factor 2 and glutathione peroxidase 4 (Gpx4) in bone 
tissue. Ovariectomy led to abnormal iron metabolism and 
increase the accumulation of lipid peroxides. YC reduced liver 
iron deposition, restored glutathione levels, and downregu‑
lated serum tartrate‑resistant acid phosphatase, osteocalcin, 

ferritin and hepcidin levels in mice. In addition, YC reversed 
the decreased expression of nuclear factor erythroid 2‑related 
factor 2 (Nrf2), solute carrier family 7 member 11 (Slc7a11) 
and Gpx4 in the bone tissues of OVX mice. In conclusion, the 
present study suggested the effectiveness of YC in potentially 
reducing ovariectomy‑induced osteoporosis in mice. YC 
promoted bone formation and improved bone microstructure, 
potentially by inhibiting ferroptosis via activation of the 
Nrf2/Slc7a11/Gpx4 pathway in OVX mice.

Introduction

Estrogen deficiency‑induced osteoporosis is a bone metabolic 
disease characterized by changes in bone density and micro‑
structure, resulting in increased bone fragility and a higher 
risk of fracture. After menopause, patients lose ~50% of 
trabecular bone mass and 30% of cortical bone mass compared 
with those at 20‑30 years of age (1). Postmenopausal osteopo‑
rosis (PMOP) is directly related to an increased risk of bone 
fracture. A European Union study showed that a 50‑year‑old 
female patient has a 46% chance of developing an osteopo‑
rotic fracture in their lifetime (2). Currently, the commonly 
used therapeutic drugs in clinics for PMOP include hormone 
replacement therapy, bisphosphonate, parathyroid hormone 
and selective estrogen receptor modulators. Hormone replace‑
ment therapy is the most effective treatment, but is associated 
with risks such as breast cancer, uterine bleeding and cardio‑
vascular disease (3).

YC is the dry aboveground part of Artemisia scoparia 
Waldst. et Kit. or Artemisia capillaris Thunb. YC extract 
alleviates bone loss through a dual mechanism: Enhancing 
osteoblast‑mediated mineralization and suppressing osteoclast 
differentiation  (4). Using mass spectrometric analysis and 
activity screening, subsequent studies have further identi‑
fied specific bioactive constituents responsible for inhibiting 
osteoclast formation and bone resorption, primarily via 
attenuation of acidification processes. These findings indicate 
the potential of YC as a natural candidate for the treatment 
of osteoporosis (4,5). The main components of YC include 
coumarin, flavonoids, organic acids, volatile oil and terpenoids, 
which have anti‑inflammatory, antioxidative, antibacterial, 
cytoprotective and anti‑osteoporotic effects. Chlorogenic acid, 
artemisinolide, hyperoside and scopoletin have been reported 
to be the most active ingredients in the extract (6‑11). 
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Chlorogenic acid can promote bone marrow stromal cell 
(BMSC) proliferation and osteogenic differentiation through 
the Shp2 pathway (12). In addition, chlorogenic acid upregulates 
the neuronatin gene in ovariectomized (OVX) mice, activates 
the MAPK signaling pathway and promotes the osteogenic 
differentiation of BMSCs (13). It can also activate the nuclear 
factor erythroid 2‑related factor 2 (Nrf2)/heme oxygenase 1 
(HO‑1) pathway, inhibit the excessive production of reactive 
oxygen species (ROS) and reduce oxidative stress levels (14). 
Chlorogenic acid has also been shown to downregulate the 
receptor activator of NF‑κB ligand (RANKL)‑induced phos‑
phorylation of p38 and ERK in bone marrow macrophages, 
and to inhibit the expression of nuclear factor of activated 
T‑cells, cytoplasmic 1, thereby inhibiting osteoclast differen‑
tiation and bone resorption (15,16). Hyperoside can promote 
the proliferation and osteogenic differentiation of BMSCs and 
improve the bone microstructure of OVX mice by enhancing 
microRNA‑19a‑5p and downregulating IL‑17A  (16‑18). 
Furthermore, YC can downregulate the expression of NADPH 
oxidase 1 and inhibit RANKL‑induced osteoclast differentia‑
tion, thereby inhibiting bone loss (17). Scopoletin can inhibit 
osteoclast differentiation by scavenging ROS (19).

Cell death consists of programmed cell death and 
non‑programmed cell death. In 2012, Dixon et al (20) proposed 
ferroptosis as a new mode of cell death that is different from other 
methods of programmed cell death. When cells are subjected to 
excess stimulation or the antioxidant system is defective, lipid 
peroxides will gradually accumulate and eventually trigger 
ferroptosis. Glutathione peroxidase 4 (Gpx4) was the first core 
inhibitor of ferroptosis identified, and other Gpx4‑independent 
pathways or factors that inhibit ferroptosis have since been 
found, including the system xc‑/Gpx4, ferroptosis suppressor 
protein 1/NAD(P)H/coenzyme Q10 and GTP cyclohydrolase 
1/Tetrahydrobiopterin/dihydrofolate reductase axes  (21‑23). 
System xc‑is a cystine/glutamate antiporter composed of the 
solute carrier family 7 member 11 (Slc7a11) and Slc3a2 subunits, 
which is crucial for cellular glutathione synthesis and antioxidant 
defense. Dysfunction of Slc7a11 can impair cystine uptake, 
leading to glutathione depletion and heightened susceptibility 
to ferroptosis (24). Lipid peroxidation is an important factor for 
ROS‑induced oxidative stress in bone tissue. Gpx4‑knockout 
mice show a notable reduction in bone mineral density (BMD) 
and ovariectomy can aggravate osteoporosis in Gpx4‑knockout 
mice (25). Nrf2 is also important for regulating ferroptosis in 
osteocytes. Knockdown of Nrf2 in osteocytes can induce ferrop‑
tosis and activation of Nrf2 can inhibit RANKL expression (26).

YC is a potential drug for preventing osteoporosis; ferrop‑
tosis may be a potential target for the treatment of osteoporosis; 
and the Nrf2/Slc7a11/Gpx4 pathway is an important pathway 
in regulating ferroptosis. However, the regulatory effects of YC 
on ferroptosis in osteoporosis remain ambiguous. Therefore, 
the present study aimed to investigate the regulatory effect 
of YC on PMOP from the perspective of ferroptosis and to 
further explore the effect of YC on the Nrf2/Slc7a11/Gpx4 
ferroptosis regulatory pathway.

Materials and methods

Experimental drugs. YC (TongRenTang Chinese Medicine) 
was mixed with distilled water in a magnetic stirrer for 2 h at 

room temperature and then crushed using a juicer. The juice was 
then filtered and concentrated in a rotary evaporator to obtain 
1 and 0.5 g/ml of solution, which was stored at ‑20˚C for later 
use. Estradiol valerate acid tablets (EV) (cat. no. J20130009; 
Bayer) were ground into powder, dissolved in distilled water a 
suspension of estradiol was obtained in an ultrasound‑assisted 
manner with a concentration of 0.013 mg/ml.

Experimental animals. The study was conducted in strict 
accordance with the animal experiment ethics regulations of 
the Institute of Basic Theory for Chinese Medicine, China 
Academy of Chinese Medical Sciences and were approved 
by the Institutional Animal Ethics Committee (approval no. 
IBTCMCACMS21‑2303‑04; Beijing, China). A total of 40 
specific pathogen‑free female C57BL/6 mice (age, 8 weeks; 
weight, 20±2 g) were obtained from SPF Biotechnology Co., 
Ltd. [license no. SCXK(Beijing)2021‑0010]. The mice were 
housed under conventional conditions (room temperature 
22±1˚C, humidity 50±5%, 12/12‑h light/dark cycle) with free 
access to food and water. They were randomly divided into 
five groups: i) Sham operation (SHAM) group treated with 
10 ml/kg distilled water via oral gavage; ii) OVX model group 
treated with 10 ml/kg distilled water via oral gavage; iii) EV 
group treated with 0.13 mg/kg EV for 12 weeks via oral gavage; 
iv) YC low dose (YCL), treated with 5 g/kg YC water extract 
via oral gavage for 12 weeks; and v) YC high dose (YCH) 
group treated with 10 g/kg YC water extract via oral gavage 
for 12 weeks. Bilateral ovariectomy was performed on mice 
in the OVX and medication groups. Briefly, the mice were 
anesthetized by intraperitoneal injection of 1% pentobarbital 
sodium (50 mg/kg). An incision was made on the dorsal side, 
cauliflower‑like ovarian tissue was ligated, the ovaries were 
removed and the wound was sutured. In the Sham group, the 
operation was the same as for the experimental groups but 
only a small amount of adipose tissue surrounding the ovary 
was ligated and excised. Drugs were given starting 1 week 
after surgery, continuing for 12 weeks, with all treatments 
administered once daily at the same time each day. 

After the last administration, the mice were euthanized 
by an intraperitoneal overdose of pentobarbital sodium 
(100  mg/kg) and death was confirmed by a cessation of 
heartbeat and respiration. Blood was collected via cardiac 
puncture (0.8‑1.2 ml per mouse) and allowed to stand at room 
temperature for 2 h. The uterus was dissected and weighed, 
and the uterine coefficient was calculated as uterine wet 
weight (mg)/body weight (g). The liver was removed and 
fixed in 4% paraformaldehyde (PFA) fixation solution at 
room temperature for 24 h, whereas the femur was fixed in 
4% PFA fixation solution at room temperature for 48 h after 
removing the muscle from the bone. Subsequently, the fixa‑
tion solution was replaced with fresh 4% PFA for long‑term 
storage at room temperature. The tibia was preserved at ‑80˚C. 
Humane endpoints were defined as follows: Severe weight loss 
(>20%), inability to access food or water, signs of severe pain 
or distress, such as hunched posture, lethargy or vocalization, 
or any other condition that would compromise animal welfare. 
No animals reached these endpoints during the study.

Ultra‑performance liquid chromatography‑tandem mass 
spectrometry (UPLC‑MS/MS). The aforementioned prepared 
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water solution of YC was added to an equal amount of internal 
standard extract (70% methanol), centrifuged at ~13,800 x g 
for 3 min at 4˚C and the supernatant was filtered through a 
0.22‑µm filter membrane to obtain the sample for later use. 
Analysis was performed on Agilent SB‑C18 columns (.8 µm, 
2.1  mm  x  100.0  mm; Agilent Technologies, Inc.) using 
an ExionLC AD UPLC system (Sciex). The liquid phase 
conditions consisted of a mobile phase, in which phase A 
was ultrapure water with 0.1% formic acid and phase B was 
acetonitrile with 0.1% formic acid. The elution gradient 
was as follows: i) 0 min, the proportion of phase B was 5%; 
ii) 9 min, the proportion of phase B linearly increased to 
95% and was maintained for 1 min; and iii) subsequently the 
proportion of phase B decreased to 5% and was equilibrated 
at 5% for 14 min. The flow rate was 0.35 ml/min, the column 
temperature was 40˚C and the injection volume was 2 µl. MS 
conditions were as follows: Electrospray ionization source 
temperature, 550˚C; ion spray voltage, 5,500 V (positive ion 
mode)/‑4,500 V (negative ion mode); ion source gas I, gas II 
and curtain gas were set to 50, 60 and 25 psi, respectively; 
and the collision‑induced ionization parameter was set to 
high. Scans were performed in multiple reaction monitoring 
(MRM) mode with the collision gas, nitrogen, set to medium. 
The de‑clustering potential and collision energy of each MRM 
ion pair were further optimized. A specific set of MRM ion 
pairs was monitored at each period based on the metabolites 
eluted within each period. A specific set of MRM transitions 
was monitored for each period according to the metabolites 
eluted within this period, based on the optimized precursor ion 
(Q1) and product ion (Q3) m/z values. Finally, components that 
have been proven to have anti‑osteoporotic activity in existing 
literature were selected from the 2,072 compounds for further 
investigation in the present study (5,18,19).

Micro‑CT. To evaluate the changes in bone morphology in 
mice, micro‑CT was performed on the femurs of mice using 
Skyscan1276 (Bruker) with the following scan parameters: 
6.5 µm, 70 kV and 200 mA. The lowest point of the lateral 
growth plate of the femoral knee joint was taken as the 
baseline and the area with a thickness of 1 mm was set as 
the 3D reconstruction area of interest. The NRecon software 
(version 1.7.1.0, Bruker) was used for 3D image reconstruction 
and the CTAn software (version 1.17.7.2, Bruker) was used 
to evaluate the BMD (mg/cm3), bone volume/total volume 
(BV/TV, %), trabecular number (Tb.N, 1/mm), trabecular 
separation (Tb.Sp, mm) and structure model index (SMI).

ELISA. Blood was collected following euthanasia by an over‑
dose of pentobarbital sodium (as aforementioned) via cardiac 
puncture, with 0.8‑1.2 ml collected per mouse. Serum was 
collected by centrifugation at 1,900 x g for 15 min at 4˚C after 
2 h at room temperature. in addition, mouse tibias were ground 
into a powdery form under liquid nitrogen using a grinding 
mill. PBS was added to the powdered tibia samples, and 
homogenized using a low‑temperature grinder. Subsequently, 
the homogenate was centrifuged at 1,900 x g for 15 min at 4˚C 
and the supernatant was collected for analysis. The levels of 
malondialdehyde (MDA), 4‑hydroxynonenal (4‑HNE), and 
glutathione (GSH) in the mouse tibia and serum, as well as 
estradiol (E2), tartrate‑resistant acid phosphatase (TRAP), 

and osteocalcin (OCN) in serum alone, were detected using 
commercial ELISA kits strictly according to the manufac‑
turers' protocols. The specific kits employed were as follows: 
Mouse MDA ELISA Kit (cat.  no.  F9264‑A; Shanghai 
Kexing Trading Co., Ltd.), Mouse 4‑HNE ELISA Kit 
(cat. no. F9213‑A; Shanghai Kexing Trading Co., Ltd.), Mouse 
GSH ELISA Kit (cat. no. F2658‑A; Shanghai Kexing Trading 
Co., Ltd.), and Mouse E2 ELISA Kit (cat. no. MB‑3302A; 
Jiangsu Meibiao Biotechnology Co., Ltd.). The absorbance 
was recorded at 450 nm. A standard curve was generated from 
the absorbance values of the standard wells, which allowed for 
the calculation of sample concentration.

Hematoxylin and eosin (H&E) staining. H&E staining was 
performed on 5‑µm paraffin‑embedded mouse femur sections 
to distinguish bone trabeculae from bone marrow. The femurs 
were dehydrated through a graded ethanol series, cleared in 
xylene, and embedded in paraffin prior to sectioning. The 
sections were baked at 67˚C for 2 h, deparaffinized in xylene I 
and II (10 min each) and rehydrated through a graded ethanol 
series (100,  95  and  75%; 3  min each). Subsequently, the 
sections were stained with hematoxylin at room temperature 
for 3 min, rinsed with tap water, differentiated, blued and 
washed again. After dehydration in 75 and 95% ethanol (5 min 
each), eosin staining was carried out at room temperature 
for 5 min, followed by rinsing with distilled water. Sections 
were further dehydrated in absolute ethanol (three changes, 
5 min each), cleared in xylene and mounted with neutral resin. 
Finally, images were acquired using a slide scanner.

Masson's trichrome. Masson's staining can stain collagen 
fibers blue, reflecting the maturity of bone tissue. Femoral 
specimens of mice were fixed and decalcified, before being 
embedded as aforementioned. The slices were baked at 67˚C 
for 2 h, deparaffinized, and rehydrated. The slices were stained 
sequentially at room temperature using Weigert's iron hema‑
toxylin for 5 min, ponceau magenta for 5 min and aniline blue 
for 1 min. Following dehydration, the slices were sealed with 
neutral resin. Finally, the images were acquired by scanning 
the slices using a slide scanner.

Prussian blue dyeing. Under acidic conditions, potassium 
ferrocyanide can react with iron trivalent to form a blue 
compound, Prussian blue, to detect liver iron ion levels. The 
liver tissue was dehydrated with a gradient alcohol series and 
permeabilized by xylene after fixation but before embedding. 
The paraffin‑embedded liver was then cut into 5‑µm sections 
and placed on a slide to dry. Following dewaxing as afore‑
mentioned, the Prussian blue stain was prepared according to 
the manufacturer's instructions (Solarbio, G1422) and added 
at room temperature for 20 min, before sections were washed 
with distilled water for 5 min. Sections were stained with 
nuclear solid red at room temperature for 8 min and rinsed for 
3 sec. After dehydration, the sections were sealed with neutral 
resin and the images were scanned by a slide scanner.

Immunohistochemistry staining. Mouse femur specimens 
were fixed, decalcified, embedded and sectioned as afore‑
mentioned. Sections were deparaffinized, antigen retrieval 
was performed using EDTA antigen retrieval solution A and 
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B (cat. no. SBT10013; Shunbai Biotechnology Co., Ltd.; both 
incubated at 37˚C for 30 min), and the sections blocked with 
3% hydrogen peroxide at room temperature for 10 min for 
30 min. Triton X‑100 (0.04%) was used to permeabilize the 
sections for 20 min at room temperature and goat serum (10%; 
cat. no. ZLI‑9022; Beijing Zhongshan Jinqiao Biotechnology 
Co., Ltd.) was used to block the sections for 60 min at room 
temperature. Sections were incubated with the following 
primary antibodies: Anti‑osteoprotegerin (OPG; 1:50; 
cat. no. ab73400; Abcam), anti‑runt‑related transcription factor 
2 (RUNX2; 1:50; cat. no. ab236639; Abcam), Nrf2 polyclonal 
antibody (1:200; cat.  no.  16396‑1‑AP; Proteintech Group, 
Inc.), Slc7a11 polyclonal antibody (1:50; cat. no. 26864‑1‑AP; 
Proteintech Group, Inc.) and Gpx4 monoclonal antibody (1:50; 
cat. no. 67763‑1‑Ig; Proteintech Group, Inc.) at 37˚C over‑
night. Sections were incubated with an HRP‑conjugated goat 
anti‑rabbit IgG secondary antibody (1:2000; cat. no. GB23204; 
Wuhan Servicebio Technology Co., Ltd.) at  37˚C for 
120  min and biotinylated secondary antibodies (1:2,000; 
cat. no. PV‑9001; Beijing Zhongshan Jinqiao Biotechnology 
Co., Ltd.) for 120 min at room temperature. For the compara‑
tive analysis of marker expression, additional sections were 
processed using optimized antibody concentrations and 
incubation conditions: primary antibody incubation at 37˚C 
for 1 h, followed by secondary antibody incubation at 37˚C for 
20 min. The sections were treated with color developing solu‑
tion (DAB Kit; cat. no. ZLI‑9017; Beijing Zhongshan Jinqiao 
Biotechnology Co., Ltd.). The staining results were observed 
under a light microscope.

Dual immunofluorescence staining. Immunofluorescence 
staining was performed by binding fluorescently labeled 
secondary antibodies to primary antibodies to label corre‑
sponding proteins. Paraffin‑embedded sections prepared 
as aforementioned were deparaffinized and rehydrated in 
absolute, 95 and 75% ethanol, then antigen retrieval was 
performed using antigen retrieval reagents A and B (both 
incubated at 37˚C for 30 min), endogenous peroxidase blocker 
was added and the sections were incubated in the dark at 
room temperature for 10 min. Subsequently, the sections 
were blocked with 10% rabbit serum (cat.  no. ZLI‑9026; 
Beijing Zhongshan Jinqiao Biotechnology Co., Ltd.) at room 
temperature for 30 min, and incubated with Gpx4 monoclonal 
antibody (1:50; cat. no. 67763‑1‑Ig; Proteintech Group, Inc.) 
and OCN antibody (1:100; cat. no. ab93876; Abcam) at 4˚C 
overnight. The corresponding fluorescent secondary anti‑
bodies (Alexa Fluor 488‑conjugated goat anti‑mouse IgG, 
1:200, cat. no. ab150113, Abcam; Alexa Fluor 594‑conjugated 
goat anti‑rabbit IgG, 1:200, cat. no. ab150080, both Abcam) 
were added at room temperature for 50 min in the dark, 
followed by tyramide signal amplification reaction at room 
temperature for 10 min in the dark. Finally, DAPI staining 
was performed, the slices were dehydrated and blocked with 
anti‑fade mounting medium and fluorescence was excited 
according to the corresponding wavelength of the dye using 
a fluorescence microscope.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). The expression levels of genes related to ferrop‑
tosis were detected by RT‑qPCR. Tibia samples were ground 

into powder in liquid nitrogen using a grinder, collected into 
centrifuge tubes and placed on ice. RNA was extracted from the 
tissue using the TRIzol® (Invitrogen; Thermo Fisher Scientific, 
Inc.) method according to standard operating procedures. RNA 
was reverse transcribed into cDNA using the PrimeScript RT 
reagent kit (Takara Bio, Inc.) according to the manufacturer's 
protocol. The primer sequences utilized for quantifying the 
expression levels of nuclear receptor coactivator 4 (Ncoa4), 
ferritin heavy chain (Fth), Nrf2, Slc7a11 and Gpx4 genes 
are provided in Table I. Amplification was performed using 
Hieff qPCR SYBR Green Master Mix (High Rox Plus; 
cat. no. 11203ES08; Shanghai Yeasen Biotechnology Co., Ltd.) 
under the following conditions: Initial denaturation at 95˚C 
for 30 sec, followed by 40 cycles of denaturation at 95˚C for 
5 sec and annealing/extension at 60˚C for 20 sec. Gene expres‑
sion levels were quantified using the 2‑ΔΔCq method (27), with 
Gapdh as the reference gene for data normalization.

Statistical analysis. SPSS v.26.0 (IBM Corp.) was used for 
data analysis. All of the obtained data are presented as the 
mean ±  standard deviation. Groups were compared using 
one‑way ANOVA followed by Tukey's post hoc test. P<0.05 
was considered to indicate a statistically significant difference.

Results

Main components of YC. The main components of YC were 
determined using UPLC‑MS/MS and the results are shown in 
Fig. 1 according to the relative content of various compounds. 
A total of 2,072 compounds were identified, which were 
divided into 13 categories, including 333 phenolic acids, 
308 flavonoids, 259 amino acids and their derivatives, 233 
alkaloids, 205 lipids, 134 lignans and coumarin, 127 organic 
acids, 113 terpenoids, 69 nucleotides and their derivatives, 
23 quinones, 16 steroids, 5 tannins and 247 others. The main 
active ingredients of YC included chlorogenic acid, ferulic 
acid, caffeic acid, artemisininolide, artemisinin, scopoletin, 
quercetin, hyperoside, isorhamnetin and isoquercitrin (data 
not shown). The 10 compounds listed in Table II  were 
selected based on their documented anti‑osteoporotic activi‑
ties in previous literature and their relative abundance in the 
extract (5,9,10,28).

Effect of YC on weight change, uterine coefficient and 
serum estradiol in OVX mice. In the present study, as 
shown in Fig. 2, OVX mice had significantly lower serum 
estradiol levels compared with those in SHAM mice. OVX 
mice also showed a significant increase in body weight 
and a significantly lower uterine coefficient compared with 
those in the SHAM group. Notably, the administration of 
YC significantly reversed these changes in body weight and 
estradiol levels, although no significant difference in uterine 
coefficient was observed between the OVX and YC groups. 
EV treatment also significantly increased the uterine coef‑
ficient compared with the OVX group. However, there were 
no significant differences observed between the YCL and 
YCH groups.

Effect of YC on femoral bone microstructure in OVX mice. 
Micro‑CT analysis was used to investigate the effect of YC 
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on bone microstructure in OVX mice. As shown in Fig. 3A, 
the femoral trabeculae of mice in the SHAM group were 
thick, closely arranged and continuous, whereas the number of 
femoral trabeculae of mice in the OVX group was markedly 
reduced, the bone microstructure was broken, and the number 
and sizes of gaps increased. Both EV and YC treatment mark‑
edly improved the deteriorated trabecular structure observed 
in OVX mice. As shown in Fig. 3B‑F morphometric param‑
eters further supported the observed changes in trabecular 
microstructure in the different groups. Consistent with the 
scanned images, OVX mice had significantly reduced BMD, 
BV/TV and Tb.N compared with those in the SHAM group, 
whereas SMI and Tb.Sp were significantly increased. However, 
the independent application of YC and estradiol significantly 
ameliorated these changes.

Effect of YC on the pathological morphology of femurs in OVX 
mice. To further evaluate the effect of YC on trabecular struc‑
ture, H&E staining was performed on the femurs of mice. As 
shown in Fig. 4A, a well‑organized trabecular meshwork and a 
small bone marrow cavity were observed in the SHAM group. 
However, in the OVX group, it was found that the bone marrow 
cavity was enlarged, the trabecular structure was disordered and 
the lipid droplets in the bone marrow were markedly increased. 
H&E staining also showed that EV and YC ameliorated the 
histopathological changes in bone structure caused by ovariec‑
tomy. Masson's staining in Fig. 4B showed that, compared with 
in the SHAM group, the femoral bone trabeculae of the OVX 
group were thinner and more sparsely arranged, with increased 
spacing and less collagen. These changes were notably amelio‑
rated in the EV and YC groups.

Table I. Primer sequence.

Gene	 Forward, 5'‑3'	R everse, 5'‑3'

Ncoa4	CCC TTCCAGAAATGAGCTAACA	 GCCACTCTGACAAGGAACTATT
Fth	 TGACCACGTGACCAACTTAC	C GTCAGCTTAGCTCTCATCAC
Nrf2	 GGCTCAGCACCTTGTATCTT	CACA TTGCCATCTCTGGTTTG
Slc7a11	C TGGTCAGCCAGCTTATGAA	A GGAGGATGCTGCCAATAAC
Gpx4	 TGTGCATCCCGCGATGATT	CCC TGTACTTATCCAGGCAGA
Gapdh	 GAATGGGAAGCTGGTCATCAA	CCA GTAGACTCCACGACATACT

Ncoa4, nuclear receptor coactivator 4; Fth, ferritin heavy chain; Nrf2, nuclear factor erythroid 2‑related factor 2; Slc7a11, solute carrier family 
7 member 11; Gpx4, glutathione peroxidase 4.

Figure 1. Ring diagram of the composition of the metabolite categories of YC.
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Effect of YC on bone metabolism in OVX mice. The anti‑osteo‑
porotic effect of YC was monitored by detecting the serum 
levels of TRAP and OCN through ELISA, the results of which 
were shown in Fig. 5A and B. Compared with those in the 
SHAM group, the serum levels of TRAP and OCN in the 
OVX group were significantly increased (both P<0.05). These 
results indicated that ovariectomy resulted in an increased 
turnover rate of bone metabolism, whereas EV and YC signifi‑
cantly reduced the concentrations of these serum markers 
compared with those in the OVX group. However, there was 
no significant difference observed between the YCL and YCH 
groups.

Subsequently, femurs were subject to immunohis‑
tochemical staining, with RUNX2 and OPG being the 
key factors regulating the dynamic balance of bone 
tissue  (29,30). As shown in Fig. 5C‑F, the expression of 
OPG and RUNX2 in the OVX group was significantly 
lower than that in the SHAM group. Ovariectomy reduced 
bone formation in mice, whereas the EV and YC groups 
significantly increased the expression of OPG and RUNX2. 
The expression of RUNX2 in the femur of the YCH group 
was higher than that of the YCL group, but the difference 
was not statistically significant.

The osteoblast‑specific marker OCN and ferroptosis inhib‑
itor Gpx4 were co‑stained by immunofluorescence staining 
to observe the expression of Gpx4 in femoral osteoblasts 
(Fig. 5G and H). Compared with in the SHAM group, the 
expression of Gpx4 in the femoral osteoblasts of OVX mice 
was significantly decreased, whereas EV and YC treatment 
significantly increased Gpx4 expression levels.

Effect of YC on iron metabolism in OVX mice. The liver is the 
main iron storage organ and when iron accumulates, the liver 
exhibits increased iron deposition (31). The iron ion content of 
liver sections was determined by Prussian blue staining (Fig. 6A). 
Compared with that in the Sham group, OVX mice demonstrated 
more punctate staining and heavier iron deposition in the liver, 
which was effectively reduced in the EV and YC groups.

Ferritin and hepcidin levels were subsequently measured 
by ELISA, whereas Ncoa4 and Fth mRNA expression levels 
were measured by RT‑qPCR; the results of these assays were 
shown in Fig. 6B‑E. Compared with those in the SHAM group, 
the levels of ferritin, hepcidin and Ncoa4 were significantly 
increased in OVX mice whereas the expression of Fth was 
significantly decreased. However, EV and YC administration 
significantly reversed these changes (all P<0.05).

Table II. Relative content of the active components of Yinchen.

Chemical compound	 Molecular formula	C ategory	R etention time, min	R elative content

Caffeic acid	C 9H8O4	 Phenolic acids	 3.4	 2136.26
Ferulic acid	C 10H10O4	 Phenolic acids	 4	 1277.59
Chlorogenic acid	C 16H18O9	 Phenolic acids	 2.7	 737.32
Scopoletin	C 10H8O4	 Lignans and coumarin	 4.1	 659.48
Isoquercitrin	C 21H20O12	 Flavone	 4	 247.29
Artemisinin	C 11H10O4	 Lignans and coumarin	 5	 97.44
Quercetin	C 15H10O7	 Flavone	 5.1	 74.37
Chromenone	C 16H12O7	 Lignans and coumarin	 5.8	 57.39
Isorhamnetin	C 16H12O7	 Flavone	 5.8	 9.02
Hyperoside	C 21H20O12	 Flavone	 3.6	 1.00

Figure 2. Effect of YC on body weight, E2 levels and uterine coefficient in OVX mice. (A) Changes in body weight. (B) Uterine coefficient of mice. (C) E2 
levels in mice. Data are presented as mean ± SD; n=8. #P<0.05 vs. SHAM group; *P<0.05 vs. OVX group. YC, Yinchen; OVX, ovariectomized; EV, estradiol 
valerate; YCL, YC low dose; YCH, YC high dose; E2, estradiol.
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Effect of YC on lipid peroxidation in OVX mice. Lipid peroxi‑
dation is an important link in ferroptosis, and the accumulation 
of lipid peroxides in the local membrane is the key reaction 
leading to cell death (32). MDA, 4‑HNE and GSH contents 
in the tibias and sera of mice were measured by ELISA 
(Fig. 7). Compared with those in the SHAM mice, the levels of 
MDA and 4‑HNE were significantly increased in OVX mice, 

whereas the levels of GSH were significantly decreased. EV 
and YC significantly reversed the changes in MDA, 4‑HNE 
and GSH in the serum and tibias after ovariectomy. 

Effect of YC on the Nrf2/Slc7a11/Gpx4 pathway. The expres‑
sion levels of Nrf2, Slc7a11 and Gpx4 in the bone tissue of 
mice were detected by RT‑qPCR and immunohistochemistry 

Figure 3. Effect of YC on femoral bone microstructure in OVX mice. (A) Micro‑CT scanning images of bone microstructure. Changes in (B) BMD, (C) Tb.N, 
(D) Tb.Sp, (E) BV/TV and (F) SMI. Data are presented as the mean ± SD; n=8. #P<0.05 vs. SHAM group; *P<0.05 vs. OVX group. OVX, ovariectomized; EV, 
estradiol valerate; YC, Yinchen; YCL, YC low dose; YCH, YC high dose; BMD, bone mineral density; Tb.N, trabecular number; Tb.Sp, trabecular separation; 
BV/TV, bone volume/total volume; SMI, structure model index.
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(Fig. 8). Compared with those in the SHAM group, the mRNA 
and protein expression levels of Nrf2, Slc7a11 and Gpx4 in the 
bone tissue of OVX mice were significantly decreased. By 
contrast, compared with those in the OVX mice, EV and YC 
treatment significantly increased their expression levels. 

Discussion

In the present study, UPLC‑MS/MS was used to detect the 
active components of YC. The OVX osteoporotic mouse model 
was used to simulate PMOP, and the effects and mechanism of 
YC in the treatment of osteoporosis were explored. Reduced 
estrogen levels lead to a gradual decrease in osteoblast number 
and activity, resulting in a reduced rate of bone formation (26). 
When osteoporosis occurs, BMSCs are more likely to trans‑
form into adipocytes than in healthy individuals (33). In the 
present study, estradiol levels in the serum of YC‑treated 
mice were increased and mouse body weight was decreased, 
indicating that YC improved the reduction of estrogen levels 
and body weight gain caused by ovariectomy, but could not 
restore the uterine atrophy caused by ovariectomy, as indicated 
by the lack of significant difference in uterine coefficient. In 
addition, in OVX mice, the trabecular bone destruction was 
notable, the formation of lipid droplets in the bone marrow 
cavity increased and bone formation decreased.

TRAP and OCN are serum markers of bone turnover (34). 
Increased levels of bone turnover markers may precede 
changes in BMD. In OVX mice, the present study detected 
elevated levels of TRAP and OCN in mouse serum. RUNX2 
is a key osteogenic transcription factor. In immature osteo‑
blasts, RUNX2 can regulate the expression of bone matrix 

proteins, such as secreted phosphoprotein 1, collagen type I 
α1, collagen type I α2 and OCN, and can induce the matu‑
ration of osteoblasts (35,36). OPG is secreted by osteoblasts 
and can competitively bind to RANKL. It also inhibits the 
binding of RANKL to RANK. OPG‑null mice exhibit reduced 
whole‑body BMD, whereas the use of RANKL inhibitors can 
enhance Wnt/β‑catenin signaling and induce bone formation 
in OPG null mice (37,38). Immunohistochemistry showed that 
the expression levels of OPG and RUNX2 were decreased in 
the femurs of OVX mice compared with those in the Sham 
group, indicating that bone formation was inhibited in the 
bone tissue of mice with ovariectomy‑induced osteoporosis, 
whereas the administration of YC was shown to promote the 
expression of osteogenesis‑related factors in bone tissue.

Ferroptosis is a novel mode of cell death characterized 
by iron accumulation and lipid peroxidation. Ferroptosis 
is involved in high‑fat‑induced bone loss, and ferroptosis in 
high‑fat‑fed osteoporotic mice can be inhibited by intra‑
peritoneal injection of ferrostatin‑1 (39). In a mouse model 
of diabetic osteoporosis, the levels of lipid peroxides in the 
body are increased and the levels of osteogenic markers are 
decreased (40). Another study found that type 2 diabetes can 
reduce the expression of mitochondrial ferritin in bone tissue 
and cause ferroptosis  (41). Serum levels of the ferroptosis 
markers Gsh, Gpx4 and MDA can more effectively predict the 
occurrence of PMOP compared to conventional bone turnover 
markers such as OCN and C‑terminal telopeptide of type I 
collagen. Iron overload occurs in postmenopausal women, 
and the increase in iron levels after menopause may be related 
to the loss of the pathway of menstrual blood loss to expel 
ferritin (42,43). This implies that ferroptosis may be an impor‑
tant mechanism in the pathogenesis of osteoporosis.

Hepcidin is the core factor regulating the balance of iron 
metabolism, and the level of hepcidin is regulated by the 
feedback of iron level in the body. Hepcidin‑knockout mice 
display increased serum iron and ferritin content, increased 
liver and bone iron content and inhibited osteogenic differ‑
entiation (44,45). Ferritin is the predominant iron storage 
protein in cells, which is composed of Fth and ferritin light 
chain. Fth is the principal iron‑storing subunit of ferritin. In 
a state of iron deficiency, Ncoa4 can recognize and bind to 
Fth, degrade Fth, release iron ions into cells, promote lipid 
peroxidation and induce ferroptosis  (46). The etiology of 
osteoporosis is notably associated with the overproduction 
of lipid peroxides, which represents the terminal stage of 
ferroptosis (47). In the present study, serum ferritin levels 
were elevated in OVX mice, indicating that iron accumula‑
tion has occurred. At the same time, the liver iron ion level of 
OVX mice was notably increased. 

Ncoa4 can promote the degradation of Fth and release iron 
ions into the cells, which is a process involved in ferroptosis (32). 
Therefore, the present study examined the expression levels of 
Ncoa4 and Fth in the tibia of OVX mice; RT‑qPCR analysis 
revealed that Ncoa4 was found to be significantly increased, 
whereas Fth levels were decreased in OVX mice compared 
with the Sham group. On the other hand, lipid peroxidation is 
an important feature of ferroptosis. Excess intracellular iron 
participates in the production of peroxide and then partici‑
pates in the formation of lipid peroxide with polyunsaturated 
fatty acids (48). The significant increase in MDA and 4‑HNE 

Figure 4. Effect of YC on the pathological morphology of femurs in OVX 
mice. Image analysis (x200 magnification) of (A) Hematoxylin and eosin 
staining and (B) Masson's trichrome staining. OVX, ovariectomized; EV, 
estradiol valerate; YC, Yinchen; YCL, YC low dose; YCH, YC high dose.
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levels, and decrease in GSH levels in the serum and bone 
tissues of OVX mice compared with in the SHAM mice in 
the present study indicated that lipid peroxidation was elevated 
in the OVX mice. The results of immunofluorescence double 

staining of OCN and Gpx4 showed that the co‑staining area of 
OCN and Gpx4 in the femurs of OVX mice was significantly 
reduced compared with that in the SHAM mice, indicating 
that Gpx4 expression was decreased, and the level of iron 

Figure 5. Effect of YC on bone metabolism in OVX mice. Results of (A) TRAP and (B) OCN ELISA. Relative protein expression levels of (C) OPG and 
(D) RUNX2. Immunohistochemical staining of (E) OPG and (F) RUNX2 protein expression (x200 magnification). (G) Double immunofluorescence staining 
images of OCN and GPX4 (x400 magnification). (H) OCN‑GPX4 double positive area. Data are presented as the mean ± SD; n=8. #P<0.05 vs. SHAM group; 
*P<0.05 vs. OVX group. OVX, ovariectomized; EV, estradiol valerate; YC, Yinchen; YCL, YC low dose; YCH, YC high dose; TRAP, tartrate‑resistant acid 
phosphatase; OCN, osteocalcin; OPG, osteoprotegerin; RUNX2, runt‑related transcription factor 2; GPX4, glutathione peroxidase 4.
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accumulation and lipid peroxidation in the OVX mice was 
increased, which suggested that the bone tissue of OVX mice 
exhibited ferroptosis. 

Upon treatment with YC, mice displayed the following 
changes compared with OVX mice: i) Serum ferritin and 
hepcidin levels, and liver iron ion content were decreased; 

Figure 6. Effect of YC on iron metabolism in OVX mice. (A) Prussian blue staining image of mouse livers (x200 magnification). (B) Hepc and (C) ferritin 
Levels. Relative mRNA expression levels of (D) Ncoa4 and (E) Fth. Data are presented as the mean ± SD; n=8. #P<0.05 vs. SHAM group; *P<0.05 vs. OVX 
group. OVX, ovariectomized; EV, estradiol valerate; YC, Yinchen; YCL, YC low dose; YCH, YC high dose; Hepc, hepcidin; Ncoa4, nuclear receptor coacti‑
vator 4; Fth, ferritin heavy chain.

Figure 7. Effect of YC on lipid peroxidation in OVX mice. Tibia and serum levels of (A) MDA, (B) 4‑HNE and (C) GSH. Data are presented as the mean ± SD; 
n=8. #P<0.05 vs. SHAM group; *P<0.05 vs. OVX group. OVX, ovariectomized; EV, estradiol valerate; YC, Yinchen; YCL, YC low dose; YCH, YC high dose; 
MDA, malondialdehyde; 4‑HNE, 4‑hydroxynonenal; GSH, glutathione.
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ii) Ncoa4 expression in bone tissue was decreased; iii)  the 
expression levels of Fth in bone tissue was increased; iv) MDA 
and 4‑HNE levels in serum and bone tissue were decreased; 
v)  GSH levels were increased; and Gpx4 expression was 
increased. These results suggested that YC improved osteopo‑
rosis in OVX mice by inhibiting ferroptosis.

Nrf2 is a key regulator of cellular antioxidant responses, 
which drive transcriptional responses that inhibit ferrop‑
tosis  (26,49). Under physiological conditions, Nrf2 is 
maintained at low levels in the cytoplasm by interacting 
with Kelch‑like ECH‑associated protein 1 (Keap1) to form 
a complex. Under oxidative stress, Keap1 is degraded 
by autophagy and Nrf2 is released into the cytoplasm. 
Subsequently, free Nrf2 is transported to the nucleus where 
it binds to antioxidant response elements and initiates down‑
stream reactions (26). Nrf2 can regulate factors related to GSH 
synthesis and metabolism, including the catalytic and regula‑
tory subunits of glutamate‑cysteine ligase, GSH synthetase 
and the system xc‑ subunits Slc7a11 and Gpx4 (24). Thus, Nrf2 
is a key repressor of the ferroptosis response. In pancreatic 

cancer cells, Nrf2 can activate microsomal GSH S‑transferase 
1, inhibiting lipoxygenase 5 (Alox5) and ferroptosis  (50). 
Studies have confirmed that increased Nrf2 expression can 
inhibit ferroptosis and that downregulation of Nrf2 expres‑
sion can increase the sensitivity of cells to ferroptosis (26,51). 
The results of the present study showed that this pathway 
was inhibited in OVX mice. By contrast, YC increased the 
expression of Gpx4 and OCN in OVX mouse osteoblasts and 
activated the Nrf2/Slc7a11/Gpx4 pathway. Previous studies 
have confirmed that kakaferol can enhance cellular antioxidant 
capacity, inhibit the accumulation of lipid peroxides in neurons 
and inhibit ferroptosis by activating the Nrf2/Slc7a11/Gpx4 
pathway; pachynic acid has also been shown to inhibit 
oxygen‑glucose deprivation/re‑oxygenation‑induced lipid 
peroxidation and ferroptosis in cardiomyocytes by activating 
this pathway (26,52). Taken together, it can be inferred that 
YC may inhibit osteoblast ferroptosis by activating the 
Nrf2/Slc7a11/Gpx4 pathway, thereby promoting bone forma‑
tion and improving osteoporosis in OVX mice. While YC 
may exert its effects through multiple pathways, the present 

Figure 8. Effect of YC on the Nrf2/Slc7a11/Gpx4 pathway. (A) Relative mRNA and protein expression levels of Nrf2. (B) Immunohistochemical images of Nrf2 
in mouse femurs (x200 magnification). (C) Relative mRNA and protein expression levels of Slc7a11. (D) Immunohistochemical images of Slc7a11 in mouse 
femurs (x200 magnification). (E) Relative mRNA and protein expression levels of Gpx4. (F) Immunohistochemical images of Gpx4 in mouse femurs (x200 
magnification). Data are presented as the mean ± SD; n=8. #P<0.05 vs. SHAM group; *P<0.05 vs. OVX group. OVX, ovariectomized; EV, estradiol valerate; 
YC, Yinchen; YCL, YC low dose; YCH, YC high dose; Nrf2, nuclear factor erythroid 2‑related factor 2; Slc7a11, solute carrier family 7 member 11; Gpx4, 
glutathione peroxidase 4.
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study focused on the Nrf2/Slc7a11/Gpx4 axis due to its estab‑
lished role in ferroptosis and bone metabolism. Future studies 
should investigate other potential pathways, such as HO‑1 and 
RANKL‑mediated osteoclast differentiation, to provide an 
improved comprehensive mechanistic understanding of the 
effects of YC on osteoporosis.

In addition, Nrf2 is a key transcription factor that regulates 
cellular antioxidant responses and iron metabolism. It modulates 
susceptibility to ferroptosis by regulating the expression of a 
series of downstream genes, including several directly involved in 
ferroptosis. For example, Fth1 facilitates iron storage, reducing the 
intracellular labile iron pool and thereby attenuating ferroptotic 
cell death. Similarly, Gpx4 is a notable enzyme that suppresses 
lipid peroxidation and Nrf2 can upregulate Gpx4 expression to 
inhibit ferroptosis (53,54). Based on the association between the 
Nrf2 pathway and ferroptosis, the present study investigated the 
regulatory role of YC in this pathway (55). 

The present study had a number of limitations to be acknowl‑
edged. Primarily, the causal relationship between YC treatment 
and the activation of the Nrf2 pathway was not directly vali‑
dated through genetic or pharmacological interventions in the 
present study, with the inference primarily relying on changes 
in biomarker expression and existing literature. Furthermore, 
although UPLC‑MS/MS identified numerous compounds, the 
synergistic or antagonistic interactions among the constituents 
within the YC extract remain unexplored and the exact bioac‑
tive components responsible for the observed effects require 
further isolation and functional verification. Additionally, 
biomechanical assessments, such as the three‑point bending 
test, were not performed to evaluate bone strength improvement. 
Finally, while the dosage used in the present study (5‑10 g/kg) 
is within the range of clinical applications of YC in traditional 
Chinese medicine, which can reach up to 100 g/day in human 
patients  (56,57), chronic toxicity and comprehensive safety 
profiles of YC at these doses were not systematically investi‑
gated, which are important for evaluating its clinical translational 
potential. Future studies employing Nrf2‑knockout models and 
ferroptosis inducers are warranted to conclusively establish 
the causal role of the Nrf2/Slc7a11/Gpx4 axis in mediating 
the anti‑osteoclastogenic effects of YC while the incorpora‑
tion of functional biomechanical tests and component‑specific 
approaches will be important to fully elucidate the therapeutic 
potential of YC for bone disorders.

In conclusion, the present study suggested the effectiveness 
of YC in potentially mitigating ovariectomy‑induced osteo‑
porosis in mice. YC promoted bone formation and improved 
bone microstructure by potentially inhibiting ferroptosis via 
activation of the Nrf2/Slc7a11/Gpx4 pathway in OVX mice. 
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