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ABSTRACT

Uterine myoma (UM) is a benign tumor primarily characterized by clonal proliferation of uterine smooth muscle (USM)
cells, with contributions from genetic and hormonal factors, and exhibits a high incidence rate. Shikonin (SHK), a
bioactive naphthoquinone derived from Lithospermum erythrorhizon, exhibits potent anti-inflammatory and antitumor
properties. This work investigated the effects of SHK on the uterine pathological conditions in UM mice and analyzed its
potential mechanism of anti-UM activity based on the Mitogen-Activated Protein Kinase/Extracellular Signal-Regulated
Kinase (MAPK/ERK) pathway. Thirty-six female ICR mice were randomly divided into six groups: Blank control group
(BC group), UM model group (UM group), Positive control group (PC group), Low-dose SHK group (Low-SHK group),
Middle-dose SHK group (Middle-SHK group), and High-dose SHK group (High-SHK group), with six mice in each
group. The UM model was induced by intramuscular injection of estradiol benzoate for 15 consecutive days, and the
validity of the model was confirmed through uterine tissue histopathology (thickening of the smooth muscle layer and
infiltration of inflammatory cells) and serum hormone levels (significant elevation of estradiol and progesterone)),
Positive control group (PC group; continuous gavage of 0.1 pg/g estradiol valerate after modeling, Low-dose SHK group
(Low-SHK group; continuous gavage of 100 ng/g SHK after modeling), Middle-dose SHK group (Middle-SHK group;
continuous gavage of 200 pg/g SHK after modeling) and High-dose SHK group (High-SHK group; continuous gavage of
400 pg/g SHK after modeling), with six mice in each. Blood was collected from the heart to detect serum sex hormone
levels, and the uterus was taken after death. Hematoxylin-eosin staining was used to observe the pathological changes in
the tissue. Real-time fluorescent quantitative PCR and Western blotting were adopted to detect the distinctions in the
expression of apoptosis-related mRNA [Bax, Bcl-2, and Caspase-3 (Cas-3)] and MAPK/ERK pathway-related proteins
(p38 MAPK and ERK) in the uterus. As against BC group, in UM group, the weight of the uterus, the vertical/horizontal
diameter, the organ coefficient, and the thickness of the smooth muscle all increased; the arrangement of USM cells was
disordered, and there was inflammatory cell infiltration; the levels of serum estradiol, progesterone, luteinizing hormone,
estrogen receptor, progesterone receptor, and follicle-stimulating hormone all increased, while the level of anti-
Miillerian hormone (AMH) decreased; the expression of Bax and Cas-3 in the uterus decreased, while the expression of
Bcl-2 increased; the phosphorylation levels of p38 MAPK and ERK in the uterus increased (P < 0.05). As against UM
group, in PC group, Low-SHK group, Middle-SHK group and High-SHK group, the weight of the uterus, the
vertical/horizontal diameter, the organ coefficient, and the thickness of the smooth muscle all decreased; the pathological
changes in the uterus were alleviated; serum estradiol, progesterone, luteinizing hormone, estrogen receptor,
progesterone receptor, and follicle-stimulating hormone all decreased, while AMH increased; the expression of Bax and
Cas-3 in the uterus increased, while the expression of Bcl-2 decreased; the phosphorylation levels of p38 MAPK and
ERK in the uterus decreased (P < 0.05). With the increase of SHK dosage, the changes in the morphology of the uterus,
the histopathological morphology, the serum sex hormones, the expression of apoptosis-related mRNA in the uterus, and
the expression of MAPK/ERK pathway-related proteins became more obvious (P < 0.05). SHK suppressed UM
progression by reducing uterine weight, vertical/horizontal diameters, and smooth muscle thickness, while restoring
serum sex hormone balance and promoting apoptosis via Bax/Cas-3 upregulation and Bcl-2 downregulation. These
effects were mediated through dose-dependent inhibition of MAPK/ERK pathway activation.
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INTRODUCTION

Uterine myoma (UM) has an incidence rate of
about 20-25% in women of childbearing age. They are
characterized by multiplicity and recurrence, and have
seriously affected women’s fertility (Donnez et al.,
2024). Moreover, studies have confirmed that UM also
have the risk of malignancy (Fasciani et al., 2023). The
etiology of UM involves complex interactions between
sex hormones and signaling pathways such as
MAPK/ERK, which regulates cell proliferation and
apoptosis. Dysregulation of MAPK/ERK signalling has
been implicated in UM pathogenesis (Shafiee et al.,
2017; Aftrin et al., 2023). While sex hormones are central
to UM progression, genetic mutations (e.g., MED12) and
aberrant pathway activation further drive tumor growth.
Exogenous administration of estrogen in combination
with P can induce the construction of animal models of
UM (Ahmad et al., 2023). Clinically, UM is mainly
treated by surgical resection or drug control. Since
uterine body fibroid accounts for 90% of all UM, the
recurrence rate after surgical resection is high (Lee and
Stewart, 2023).

Given the limitations of current therapies,
natural compounds with multi-target regulatory effects
have gained attention as potential alternatives for UM
treatment. Lithospermum has the outcomes of cooling
blood, activating blood circulation, and detoxifying
(Barkizatova et al., 2024). Shikonin (SHK) is a purple-
red compound extracted from the roots of plants in
certain genera (such as Lithospermum or Arnebia), and
has been widely investigated for its antitumor activity. It
induces apoptosis in cervical cancer cells by
downregulating key glycolytic enzymes through
signalling pathways such as PI3K/AKT/HIF-la and
JAK2/STAT3 (Liu et al, 2024). SHK derivative
PMMB232 exhibits a dose-dependent effect in inhibiting
the proliferation of cervical cancer Hela cells (Han et al.,
2018). These studies provide a theoretical foundation for
the application of SHK in UM treatment (Sun et al.,
2022; Yadav et al., 2022). Moreover, SHK has anti-tumor
activity in multiple cancers. It plays a role in cancer
treatment (Yan et al.,, 2023). SHK can suppress the
growth of small cell lung cancer xenografts (Qian ef al.,
2023). Nanoparticle drug delivery systems loaded with
SHK can be combined with tumor-related CD44 to
achieve targeted delivery of colorectal cancer, and inhibit
the proliferation and migration of tumor cells by
reversing the epithelial-mesenchymal transition (Long ef
al., 2023). SHK in combination with cisplatin can reduce
the survival rate of cisplatin-resistant ovarian cancer cells
and also inhibit the growth of tumors in BALB/c nude
mice xenografts (Ni et al., 2023). SHK exhibits a variety
of anti-tumor activities, but its potential mechanism in
treating UM remains to be further explored.
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Despite SHK’s established antitumor effects, its
specific mechanisms in UM, particularly its interaction
with the MAPK/ERK pathway and sex hormone
regulation, have not been systematically investigated.
This study aims to address this gap by evaluating the
dose-dependent effects of SHK on UM pathology and
MAPK/ERK signaling in a hormone-induced mouse
model.

MATERIALS AND METHODS

Animals: Thirty-six clean-grade female ICR mice (18-22
g; Liaoning Changsheng Biotechnology Co., Ltd., China)
were adopted as the subjects of the work. All mice were
housed in the clean-grade animal experimental room of
the Experimental Animal Center, with a room
temperature of 20-25°C, relative humidity of 50-60%, and
a 12 h/12 h light-dark cycle, and were allowed free access
to food and water. The experimental procedures involved
obtained the approval by the Animal Care and Use
Committee of The Fourth Hospital of Changsha. All
animal housing and experiments were strictly conducted
based on the institutional guidelines. ICR mice were
selected for the experiment due to their high sensitivity to
hormone-induced uterine fibroid models and their
reproductive system structure, which closely resembles
that of humans. These mice have been widely used in
UM research (Lee and Stewart, 2023; Yousefi et al,
2021).

Grouping and treatment: The mice were randomly
divided into: Blank control group (BC group), UM model
group (UM group), Positive control group (PC group),
Low-dose SHK group (Low-SHK group), Middle-dose
SHK group (Middle-SHK group) and High-dose SHK
group (High-SHK group), with six mice in each group.
The SHK doses (100, 200, and 400 pg/g) were
determined based on preliminary experimental results:
the low dose (100 pg/g) was close to the half-maximal
effective concentration (EC50), while the medium and
high doses were increased by 2-fold and 4-fold,
respectively, to assess dose-dependent effects (Sun et al.,
2022).

BC group: Intramuscular injection of 0.9%
sodium chloride at 0.1 mL/10 g. UM group: A mixture of
2 mL estradiol benzoate (Shanghai Macklin Biochemical
Co., Ltd., China), 2 mL Tween80 (Beyotime Institute of
Biotechnology, China), and 96 mL 0.9% sodium chloride
was prepared. Intramuscular injection of the estradiol
benzoate mixture at 0.1 mL/10 g, daily, for 15 d. Uterine
uterine myoma were induced by continuous
intramuscular injection of a mixed solution consisting of
estradiol benzoate (2 mL), Tween 80 concentration was
2% v/v (2 mL), and 0.9% saline (96 mL) at a dosage of
0.1 mL/10 g for 15 consecutive days. This method has
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been successfully validated in mouse models (Mamoon et
al., 2021; Yousefi et al., 2021).

PC group: Intramuscular injection of the
estradiol benzoate mixture at 0.1 mL/10 g, daily, for 15 d.
After successful modeling, gavage treatment with 0.1
ng/g estradiol valerate tablets (Bayer Healthcare Co.,
Ltd., Guangzhou Branch, China) was administered, daily,
for 15 d. Following model establishment, the mice were
continuously gavaged with 0.1 pg/g estradiol valerate
tablets (Bayer). Estradiol valerate, a commonly used
clinical hormonal regulator, can reduce fibroid volume by
antagonizing estrogen receptors and has been used as a
positive control in UM treatment studies (Ali ef al., 2022;
Beck et al., 2022).

Low-SHK group: Intramuscular injection of the
estradiol benzoate mixture at 0.1 mL/10 g, daily, for 15 d.
After successful modeling, gavage treatment with 100
ng/g low-dose SHK (Sichuan Jingcuibao Biotechnology,
China) was administered, daily, for 15 d.

Middle-SHK group: Intramuscular injection of
the estradiol benzoate mixture at 0.1 mL/10 g, daily, for
15 d. After successful modeling, gavage treatment with
200 pg/g middle-dose SHK was administered, daily, for
15d.

High-SHK group: Intramuscular injection of the
estradiol benzoate mixture at 0.1 mL/10 g, daily, for 15 d.
After successful modeling, gavage treatment with 400
ng/g high-dose SHK was administered, daily, for 15 d.

Uterine morphological examination: After the end of
drug administration, mice were subjected to anesthesia by
0.3% pentobarbital sodium (Sigma-Aldrich, USA) at 50
mg/kg. Blood was collected from the heart, and then the
mice were euthanized by cervical dislocation. The
abdominal cavity of the mice was routinely opened to
observe the morphological changes of the uterus. The
uterus was separated and weighed, and the maximum
transverse and vertical diameters were measured with a
vernier caliper. The uterine coefficient was calculated
according to the equation (uterine weight/body
weightx100%).

Hematoxylin-eosin staining: The mouse uterine tissues
were immersed in 4% paraformaldehyde (Sigma-Aldrich,
USA) for fixation for 1 day, routinely embedded in
paraffin and continuously sectioned to make paraffin
sections with a thickness of 4 um. The uterus paraffin
sections were stained with a hematoxylin-eosin staining
kit (Beyotime Biotechnology, China), and the
pathological morphological changes of the uterine tissue
were observed under an optical microscope. Pathological
scoring was also conducted. Some uterine tissues were
fixed in 4% paraformaldehyde (Sigma-Aldrich, USA) for
24 hours. After dehydration through a graded ethanol
series and clearing in xylene, the tissues were embedded
in paraffin and sectioned continuously at a thickness of 4
um. The sections were deparaffinized, hydrated, and
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stained with hematoxylin (Beyotime Biotechnology,
China) for 5 minutes, followed by rinsing in running
water to blue. Subsequently, they were stained with eosin
(Beyotime Biotechnology, China) for 2 minutes,
dehydrated through a graded ethanol series, cleared in
xylene, and mounted with neutral gum (Solarbio, China).
Stained sections were observed and photographed using a
Nikon optical microscope (Nikon ECLIPSE Ci-L, Japan)
at X100 and x400 magnification. Pathological scoring
was performed by two independent researchers using a
blinded method to eliminate subjective bias.

The scoring criteria were as follows: (1)
Inflammatory cell infiltration. No inflammatory cell
infiltration was scored as 0; a small amount of
inflammatory cell infiltration was scored as 1; a small
amount of inflammatory cell infiltration in the mucosal
lamina propria, or inflammatory cell infiltration in foci or
extending to the muscular layer was scored as 2;
inflammatory cell infiltration in layers and involving the
whole layer was scored as 3. (2) Thickness of the uterine
wall smooth muscle. No obvious change in the thickness
of the uterine wall smooth muscle was scored as 0; mild
diffuse hyperplasia of the uterine wall smooth muscle
was scored as 1; local thickening of the uterine wall
smooth muscle, leading to uneven thickness of the
muscular layer was scored as 2; multiple thickening of
the uterine wall smooth muscle, leading to high
unevenness of the uterine wall, or hyperplasia extending
to the mesometrium was scored as 3.

ELISA: Blood was collected from the heart and
centrifuged at 3,000 rpm/min for 15 min at 4°C. After the
serum was separated, the levels of serum estradiol,
progesterone, luteinizing hormone, estrogen receptor,
progesterone receptor, follicle-stimulating hormone,
AMH in the serum were detected using an ELISA
(Beyotime Biotechnology, China).

Real-time fluorescent quantitative PCR experiment:
Partial uterine tissues were taken and total RNA was
extracted by adding Trizol reagent (Sigma-Aldrich,
USA). The first-strand cDNA was synthesized using a
reverse transcription kit (Takara Biomedical Technology
(Beijing) Co., Ltd., China), and then the target genes
were amplified using a real-time fluorescent quantitative
PCR kit (Takara Biomedical Technology (Beijing) Co.,
Ltd., China) with the synthesized cDNA as the template.
GAPDH was adopted as the internal reference gene, and
the relative expression of Bax, Bcl-2, and Cas-3 were
calculated according to the 2-24CT method. The primer
information for Bax quantification was: upstream 5’-
CCGGCGAATTGGAGATGAACT-3’, downstream 5°-
CCAGCCCATGATGGTTCTGAT-3’; Bcl-2: upstream
5’-GTCGCTACCGTCGTGACTTC-3’, downstream 5’-

CAGACATGCACCTACCCAGC-3’; Cas-3: upstream
5’-CTGACTGGAAAGCCGAAACTC-3’, downstream
5’-CGACCCGTCCTTTGAATTTCT-3’; GAPDH:
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upstream 5’-TGGCCTTCCGTGTTCCTAC-3’,
downstream 5’-GAGTTGCTGTTGAAGTCGCA-3’.

Western blotting: Partial uterine tissues were taken,
homogenized with RIPA reagent (Sigma-Aldrich, USA),
and then total proteins were extracted. The concentration
of the proteins was detected adopting a BCA
quantification detection kit (Thermo Fisher Scientific,
USA). After adding loading buffer (5%), the proteins
were boiled at 100°C for 5 min to denature, and then
subjected to separating. Transfer onto a PVDF membrane
was carried out, blocking with 5% skimmed milk powder
(Beyotime Biotechnology, China) at 25°C for 1 h. After
washing, first antibodies (Ab) against p38 MAPK, p-p38
MAPK, ERK, p-ERK, and B-actin (diluted at a ratio of
1:1000; Abcam, UK) were applied. incubation overnight
at 4°C. B-Actin served as the loading control to ensure
equal protein loading across samples. Band intensities
were normalized to B-actin for quantitative analysis.
After washing again, horseradish peroxidase-conjugated
goat anti-rabbit IgG secondary Ab (diluted at a ratio of
1:5000, Abcam company, UK) was applied, incubation at
25°C for 2 h. After washing, the proteins were visualized
using an enhanced chemiluminescence substrate kit
(Thermo Fisher Scientific, USA), and the relative gray
values of protein expression were analyzed using ImageJ
software.

Statistical methods: All data were expressed as mean +
standard deviation (X+s) and were statistically analyzed
using SPSS 23.0 and GraphPad Prism 9.0. One-way
ANOVA was adopted and independent sample ¢-test was
adopted for contrast. P value of less than 0.05 was
considered statistically significant.

RESULTS

Effects on uterine morphology: Figure 1A shows the
comparison of uterine tumor volumes in different groups
of mice. The average uterine tumor volume in the UM
group was 1.25 £ 0.18 cm?, significantly higher than that
in the BC group (0.15 £ 0.03 cm?®, P < 0.001). The High-
SHK group exhibited a volume reduction to 0.42 + 0.07
cm?® (vs. UM group, P < 0.001), a decrease of 66.4%. The
Middle- and Low-SHK groups showed reductions of
49.6% and 28.8%, respectively (Figure 1A). Figure 1B
presents the vertical diameter measurement results of the
uterus. The average vertical diameter in the UM group
was 10.3 £ 1.5 mm, significantly higher than that in the
BC group (2.8 £ 0.4 mm, P < 0.001). The High-SHK
group showed a reduction in diameter to 3.9 + 0.6 mm
(vs. UM group, P < 0.001), a decrease of 62.1%. The
Middle- and Low-SHK groups showed reductions of
44.7% and 21.4%, respectively (Figure 1C). Figure 1C
shows the horizontal diameter measurement results of the
uterus. The average horizontal diameter in the UM group
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was 10.3 = 1.5 mm, significantly higher than that in the
BC group (2.8 + 0.4 mm, P < 0.001). The High-SHK
group showed a reduction in diameter to 3.9 = 0.6 mm
(vs. UM group, P < 0.001), a decrease of 62.1%. The
Middle- and Low-SHK groups exhibited reductions of
44.7% and 21.4%, respectively (Figure 1C). Figure 1D
shows the uterine coefficient. The average uterine
coefficient in the UM group was 0.85 =+ 0.12,
significantly higher than that in the BC group (0.10 +
0.02, P £0.001). The high-dose SHK group exhibited a
reduction in the coefficient to 0.28 £ 0.05 (vs. UM group,
P <0.001), a decrease of 67.1%. The Middle- and Low-
SHK groups showed reductions of 52.9% and 30.6%,
respectively (Figure 1D). Figure 1E presents the
thickness of the USM layer (um). The average smooth
muscle layer thickness in the UM group was 250 + 35
pm, significantly higher than that in the BC group (50 + 8
pm, P < 0.001). The High-SHK group showed a
reduction in thickness to 90 £ 15 um (vs. UM group, P <
0.001), a decrease of 64.0%. The Middle- and Low-SHK
groups exhibited reductions of 48.0% and 28.0%,
respectively (Figure 1E).

Effects of uterine tissue pathology: In Figure 2A, HE
staining shows that in the BC group, USM cells were
arranged neatly with regular morphology, and no
significant inflammation or hyperplasia was observed. In
the UM group, USM cell arrangement was disorganized,
with focal necrosis in local areas (indicated by arrows),
and the smooth muscle layer was significantly thickened
(average thickness: 2.5 pm vs. BC group 0.2 pm, P <
0.05), accompanied by extensive infiltration of
lymphocytes and neutrophils (Figure 2B, score 3). In the
SHK treatment group (using the high-dose group as an
example), USM cell arrangement became more regular,
with reduced necrotic areas (Figure 2A, dashed box). The
smooth muscle thickness decreased to 1.3 um (vs. UM
group, P < 0.05), and the inflammatory cell infiltration
score decreased to 1 (Figure 2B). In Figure 2B to 2C, the
scores for inflammatory cell infiltration and the thickness
of the uterine wall smooth muscle in the UM group were
markedly higher in contrast to BC group; the scores for
inflammatory cell infiltration and the thickness of the
uterine wall smooth muscle in PC group, Low-SHK
group, Middle-SHK group and High-SHK group were
markedly lower in contrast to UM group; with the
increase of SHK dosage, the scores for inflammatory cell
infiltration and the thickness of the uterine wall smooth
muscle in Low-SHK group, Middle-SHK group and
High-SHK group gradually decreased (P <0.05).

Effects of sex hormone levels: In Figure 3A to 3G, the
levels of peripheral blood serum estradiol (Figure 3A),
progesterone (Figure 3B), luteinizing hormone (Figure
3C), estrogen receptor (Figure 3D), progesterone receptor
(Figure 3E), and follicle-stimulating hormone (Figure 3F)
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Fig. 1 Comparison of distinctions in uterine morphological parameters of mice. A: uterine tumors volumes; B:

vertical diameter of the uterus; C: horizontal diameter of the uterus; D: uterine coefficient; E: thickness
of USM. * Compared with BC group, P < 0.05; # compared with UM group, P < 0.05; & compared with
Low-SHK group, P <0.05; A compared with Middle-SHK group, P < 0.05.
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Fig. 2 Comparison of distinctions in uterine tissue pathology of mice. A: observation of uterine HE staining
score of inflammatory cell infiltration; C: score of the thickness of the uterine wall smooth

muscle. * Compared with BC group, P < 0.05; # compared with UM group, P < 0.05; & compared with
Low-SHK group, P <0.05; A compared with Middle-SHK group, P < 0.05.
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Fig. 3 Comparison of distinctions in sex hormone levels of mice. A: serum estradiol; B: progesterone; C:
luteinizing hormone; D: estrogen receptor; E: progesterone receptor; F: follicle-stimulating hormone; G:
AMH. * Compared with BC group, P < 0.05; # compared with UM group, P < 0.05; & compared with
Low-SHK group, P <0.05; A compared with Middle-SHK group, P < 0.05.
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Fig. 4 Comparison of distinctions in the relative expression of apoptosis-related mRNA in the uterus of mice. A:
relative expression of Bax; B: relative expression of Bcl-2; C: relative expression of Cas-3. * Compared
with BC group, P < 0.05; # compared with UM group, P < 0.05; & compared with Low-SHK group, P <
0.05; A compared with Middle-SHK group, P < 0.05.
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Fig. 5 Comparison of distinctions in the relative expression of proteins related to the MAPK/ERK pathway in the
uterus of mice. A: Western blotting; B: relative expression of p-p38 MAPK; C: relative expression of p-
ERK. * Compared with BC group, P < 0.05; # compared with UM group, P < 0.05; & compared with
Low-SHK group, P <0.05; A compared with Middle-SHK group, P < 0.05.

were markedly higher, while the level of AMH (Figure
3G) was markedly lower in the UM group relative to BC
group; the levels of peripheral blood serum estradiol,
progesterone, luteinizing hormone, estrogen receptor,
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progesterone receptor, and follicle-stimulating hormone
were markedly lower, while the level of AMH was
markedly higher in PC group, Low-SHK group, Middle-
SHK group, and High-SHK group relative to UM group;
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with the increase of SHK dosage, the levels of peripheral
blood serum estradiol, progesterone, luteinizing hormone,
estrogen receptor, progesterone receptor, and follicle-
stimulating hormone gradually decreased, and the level of
AMH gradually increased in Low-SHK group, Middle-
SHK group and High-SHK group (P <0.05).

Effects of SHK on the expression of Bax, Bcl-2, and
Cas-3 mRNA in the uterus of UM mice: In Figure 4A
to 4C, the relative expression of Bax and Cas-3 mRNA
were markedly lower, while the relative expression of
Bcl-2 mRNA was markedly higher in the uterus of UM
group relative to BC group; the relative expression of
Bax and Cas-3 mRNA were markedly higher, while the
relative expression of Bcl-2 mRNA was markedly lower
in the uterus of PC group, Low-SHK group, Middle-SHK
group and High-SHK group relative to UM group; with
the increase of SHK dosage, the relative expression of
Bax and Cas-3 mRNA gradually increased, while the
relative expression of Bcl-2 mRNA gradually decreased
in the uterus of Low-SHK group, Middle-SHK group and
High-SHK group (P <0.05).

Effects of the expression of proteins related to the
MAPK/ERK pathway: In Figure 5A to 5C, no visible
distinction was noted in the relative expression of p38
MAPK and ERK in the uterus of the six groups (P >
0.05). The relative expression of p-p38 MAPK and p-
ERK in the uterus of the UM group was markedly higher
in contrast to BC group; the relative expression in PC
group, Low-SHK group, Middle-SHK group, and High-
SHK group was markedly lower in contrast to UM group;
with the increase of SHK dosage, the relative expression
in Low-SHK group, Middle-SHK group, and High-SHK
group gradually decreased (P <0.05).

DISCUSSION

In this work, the UM mouse model was prepared
by continuous intramuscular injection of estradiol
benzoate + Tween80 + 0.9% sodium chloride for 15 d,
and it was found that compared with normal mice, the
uterine tumors, vertical diameter, horizontal diameter,
uterine coefficient, and smooth muscle thickness of the
UM mice all increased markedly. It was also found that
after treatment with different doses of SHK, the uterine
tumors, vertical diameter, horizontal diameter, uterine
coefficient, and smooth muscle thickness of the UM mice
all decreased markedly, and the phosphorylation levels of
p38 MAPK and ERK in the uterine tissue decreased,
showing a dose-dependent characteristic. UM is common
in women of childbearing age, and their incidence
increases with age. It is the hormone-dependent tumor,
and sex hormones can promote the development of UM
(Vannuccini et al., 2024). At present, the induction of
UM animal models by estradiol benzoate has been widely
adopted (Yousefi et al., 2021; Mamoon et al., 2021).
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Further findings showed that in the uterine tissue of the
UM mouse model induced by estradiol benzoate, smooth
muscle cells showed focal necrosis or hyperplasia,
accompanied by pathological manifestations of
inflammatory cell infiltration. This indicates that UM is
related to the abnormal proliferation and apoptosis of
USM cells. However, the pathogenesis of UM is
complex, involving changes in sex hormones and their
receptors, local peptide growth factors, etc., among which
ovarian hormone dependence has become a consensus
(Awiwi ef al., 2022). Both estrogen and progesterone can
stimulate the progression of UM disease, and various
hormones and their receptors in the body combine to
exert biological effects (Zhao et al., 2022). It was found
that in the peripheral blood of the UM mouse model, the
levels of serum estradiol, progesterone, luteinizing
hormone, estrogen receptor, progesterone receptor, and
follicle-stimulating hormone increased, and the level of
AMH decreased. It aligns with the findings of Liang ef al.
(2024). This indicates that the progression of UM is
closely related to the changes in the levels of sex
hormones in the body (Liang ef al., 2024).

SHK is the main active ingredient in
Lithospermum, and it has biological activities such as
anti-inflammatory, antibacterial, and anti-tumor effects
(Kaur et al., 2022). Current research has confirmed that
SHK has anti-tumor activity against multiple types of
tumors. Tang et al. (2020) found that SHK can suppress
the survival, migration, and invasion of cervical cancer
Hela and C33a cells in a dose-dependent manner, and
induce cell cycle arrest and epithelial-mesenchymal
transition, thereby exerting anti-cervical cancer effects
(Tang et al., 2020). Han et al. (2018) developed the anti-
tumor activity of the SHK derivative PMMB232 and
found that it can bind to HIF-lo to inhibit the
proliferation of cervical cancer Hela cells, mainly by
affecting the expression of proteins such as E-cadherin to
exert anti-tumor effects (Han ez al., 2018). To understand
the potential action of the anti-UM activity of SHK, the
effects of SHK on the serum sex hormone levels of UM
mice were analyzed. Serum estradiol can increase the
vitality of uterine arteries, and the local increase of serum
estradiol in UM can induce an increase in the activity of
nitric oxide synthase, thereby promoting uterine
vasodilation, improving the blood supply of UM, and
ultimately promoting tumor growth (Ali et al., 2022; Al-
Hendy et al., 2021). Abnormal proliferation of UM cells
can enhance the activation degree of estrogen receptor
and progesterone receptor, which further promotes the
proliferation of fibroid cells (Beck et al., 2022).
Luteinizing hormone and follicle-stimulating hormone
can act in synergy with prolactin to stimulate the growth
of UM (Wrona et al., 2022). In addition, ovarian function
also depends on changes in sex hormone levels,
especially serum estradiol, follicle-stimulating hormone,
and AMH. When ovarian reserve function declines, the
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negative feedback of inhibin B released by pituitary
follicles on the pituitary decreases, resulting in an
increase in follicle-stimulating hormone levels (Tang and
Li, 2022). AMH is released from antral follicles, and a
decrease in its level is a sign of impaired ovarian reserve
function (Mollhuijsen ef al., 2020). It was found that after
treatment with different doses of SHK, serum estradiol,
progesterone, luteinizing hormone, estrogen receptor,
progesterone receptor, and follicle-stimulating hormone
in the peripheral blood of UM mice decreased, while
AMH  increased, showing a  dose-dependent
characteristic. This indicates that SHK can suppress the
growth of UM and improve ovarian reserve function by
affecting the changes in sex hormone levels in the body.

Abnormal apoptosis programs can lead to
disordered apoptosis of USM cells, hinder the normal
clearance and renewal process of abnormal cells, and
inhibit the apoptosis of USM cells (Szydlowska et al.,
2021; Tunau et al., 2021; Zhao et al., 2022). After Bax is
activated, it can be transferred to the mitochondrial
membrane and interact with Pore protein on the
membrane to enhance its permeability, thereby promoting
the release of cytochrome C and activating Cas-3 or
Caspase-9, which induce apoptosis (Hu ef al., 2020). Bcl-
2 can prevent the release of cytochrome C from
mitochondria and block the initiation of the apoptotic
cascade (Joung et al., 2022). It was found that in the
uterine tissue of UM mice, the relative expression of Bax
and Cas-3 mRNA had a decrease, while the relative
expression of Bcel-2 mRNA had a raise. This suggests that
in UM tissue, the pro-apoptotic genes Bax and Cas-3 are
lowly expressed or down-regulated, while the anti-
apoptotic gene Bcl-2 is highly expressed or up-regulated.
It was also found that after treatment with different doses
of SHK, the relative expression of Bax and Cas-3 mRNA
in the uterine tissue of UM mice increased, while the
relative expression of Bcl-2 mRNA decreased, showing a
dose-dependent characteristic. This is similar to the
results found by Qi et al. (2022) that SHK can down-
regulate Bcl-2 and activate Cas-3/9 to induce apoptosis of
colorectal cancer cells (Qi et al., 2022). It indicates that
SHK can promote the apoptosis of USM cells in UM,
thereby exerting an anti-tumor growth effect.

Serum estradiol, when combined with estrogen
receptor, can promote the proliferation of USM cells by
activating pathways, thereby promoting tumor growth
(Ishikawa et al., 2024). The MAPK/ERK pathway plays a
major role in UM (Reschke et al., 2022). The MAPKs
cascade system is one of the highly conserved pathways
in eukaryotic cells. Under the stimulation of cytokines,
etc., the p38 MAPK and ERK1/2 pathways are activated.
The MAPK cascade gradually activates downstream
target molecules, which further affect the participation of
multiple downstream cytokines in immune responses or
inflammatory reactions (Ding et al., 2023; Wang et al.,
2024). It was found that in the uterine tissue of UM mice,

1687

J. Anim. Plant Sci., 35 (6) 2025

the phosphorylation levels of p38 MAPK and ERK
increased, while different doses of SHK could markedly
inhibit the phosphorylation, showing a dose-dependent
characteristic. The MAPK/ERK pathway in UM is
abnormally activated and can become a potential target
for the treatment of UM. Shan et al. (2017) found that
SHK can suppress the activation of the ERK pathway in
periodontal  ligament cells and promote the
phosphorylation of p38 in leukemia NB4 cells to induce
apoptosis (Shan et al., 2017). The specific application
and effect of suppressing the activation of the
MAPK/ERK pathway in the treatment of UM still need
further research and verification. Compared to commonly
used clinical drugs (such as GnRH analogs or selective
progesterone receptor modulators), SHK demonstrates
similar efficacy in improving uterine morphology and sex
hormone imbalances but may carry a lower risk of
endocrine disruption (Beck et al., 2022). Although GnRH
analogs can reduce fibroid size, their long-term use is
associated with a risk of osteoporosis, whereas SHK,
through multi-target regulation, may reduce such side
effects. This study confirmed that SHK markedly
improves UM pathological changes by inhibiting the
phosphorylation of the MAPK/ERK pathway (p-p38
MAPK, p-ERK). However, as a multi-target natural
product, SHK may also regulate other signaling
pathways. Previous study has reported that SHK inhibits
the proliferation of cervical cancer cells via
FAK/AKT/GSK3p signalling (Xu et al., 2022). Although
these pathways were not examined in this study, the
possibility of SHK inhibiting UM through multi-pathway
synergistic effects can’t be ruled out. Previous studies on
SHK focused primarily on cancers such as cervical or
colorectal tumors, with limited exploration of its efficacy
in benign hormone-dependent tumors like UM. Our
findings fill this gap by demonstrating SHK’s dual role in
restoring hormonal balance and suppressing MAPK/ERK
activation in UM.

Limitations of this study include the failure to
assess other potential pathways (such as Wnt/B-catenin)
and the relatively short experimental duration, lacking
long-term efficacy data. Future research should
incorporate transcriptomics and long-term toxicity studies
to further validate the findings. Comprehensive analysis
through whole-genome or proteomics studies would
allow for a systematic evaluation of SHK’s off-target
effects and its global regulatory mechanisms in UM.

Conclusion: SHK can suppress the abnormal activation
of the MAPK/ERK pathway in a dose-dependent manner,
thereby regulating the abnormal changes in sex hormone
levels in UM mice and promoting the apoptosis of USM
cells to improve the pathological tissue changes in the
uterus. This work can offer a help to explore the specific
role and mechanism of the MAPK/ERK pathway in UM,
and is significant for the development of new treatment
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methods and the improvement of therapeutic effects for
UM.
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