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ABSTRACT

Objective: Hepatolenticular degeneration (HLD) is an autosomal recessive disorder that manifests as mul-
tiorgan damage due to impaired copper (Cu) metabolism. Female patients with HLD often experience
reproductive impairments. This study investigated the protective effect of berberine against ovarian dam-
age in toxic-milk (TX) mice, a murine model for HLD.
Methods: Mice were categorized into control group, HLD TX group (HLD group), penicillamine (Cu
chelator)-treated TX group and berberine-treated TX group. Body weight, ovary weight and the number
of ovulated eggs were recorded. Follicular morphology and cellular ultrastructure were examined. Total
iron, ferrous iron (Fe?*) and trivalent iron (Fe3*) levels, as well as malondialdehyde (MDA), glutathione
(GSH) and oxidized glutathione (GSSG), were measured in the ovaries. Western blot analysis was used
to analyze the expression of proteins related to ferroptosis and endoplasmic reticulum (ER) stress.
Results: Ovarian tissue damage was evident in the HLD group, with a significant increase in ferroptosis
and ER stress compared to the control group. This damage was inhibited by treatment with penicillamine,
a Cu chelator. Compared with the HLD group, berberine increased the number of ovulations, and
improved ovarian morphology and ultrastructure. Further, we found that berberine reduced total iron,
Fe?*, MDA and GSSG levels, elevated GSH levels, decreased the expression of the ferroptosis marker pro-
tein prostaglandin-endoperoxide synthase 2 (PTGS2), and increased glutathione peroxidase 4 (GPX4)
expression. Furthermore, berberine inhibited the expression of ER stress-associated proteins mediated
by the protein kinase RNA-like ER kinase (PERK) pathway.
Conclusion: Ferroptosis and ER stress are involved in Cu-induced ovarian damage in TX mice. Berberine
ameliorates ovarian damage in HLD TX mice by inhibiting ferroptosis and ER stress.
Please cite this article as: Liu QZ, Han H, Fang XR, Wang LY, Zhao D, Yin MZ, Zhang N, Jiang PY, Ji ZH, Wu
LM. Berberine alleviates ovarian tissue damage in mice with hepatolenticular degeneration by suppres-
sing ferroptosis and endoplasmic reticulum stress. J Integr Med. 2024; 22(4): 493-502.
© 2024 Shanghai Yueyang Hospital Affiliated to Shanghai University of Traditional Chinese Medicine. All
rights are reserved, including those for text and data mining, Al training, and similar technologies.

1. Introduction

impaired copper (Cu) metabolism and excessive Cu deposition in
the liver, brain, kidneys and cornea often exhibit symptoms of liver

Hepatolenticular degeneration (HLD) is an autosomal recessive disease, neurological disorders, kidney damage and corneal pig-
disorder caused by mutations in ATP7B gene [1]. Patients with ment rings [2]. Furthermore, numerous case reports document
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the combination of HLD with reproductive damage. Female
patients with HLD often experience irregular menstruation, amen-
orrhea and spontaneous abortion [3-5]. Therefore, paying atten-
tion to reproductive impairments in patients with HLD is crucial.
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Ferroptosis is a form of iron-dependent regulatory cell death
caused by massive lipid peroxide-mediated membrane damage.
Ferroptosis is associated with various female reproductive disor-
ders, including polycystic ovary syndrome, ovarian insufficiency,
and spontaneous abortion [6]. Additionally, Cu can play an unfa-
vorable role by inducing the onset of ferroptosis [7]. Recent studies
have shown that ferroptosis is involved in HLD [8], and conditions
such as iron overload [9] and oxidative/antioxidative imbalance
[10] are also present in HLD organisms. Therefore, ferroptosis mod-
ulation may be an effective means of alleviating and treating HLD.
Endoplasmic reticulum (ER) stress is a protective response, but
sustained ER stress can result in cell death [11,12]. Excessive ER
stress has been found to negatively affect oocyte development
and induce reproductive disorders [13]. ER stress is strongly asso-
ciated with ferroptosis [14,15]. Cu-induced toxicity is closely
related to ER stress [16]. However, whether ferroptosis and ER
stress are involved in ovarian damage induced by Cu exposure in
patients with HLD remains unknown.

Berberine, an alkaloid extracted from the traditional Chinese
medicine, Rhizoma Coptidis, exhibits anti-inflammatory, antioxi-
dant, neuroprotective and other pharmacological effects [17].

Berberine also enhances ovarian function in mice with prema-
ture ovarian failure by reducing oxidative stress and maintaining
normal ovarian hormone levels [18,19]. In addition, berberine
has a proven safety profile in the treatment of ovarian diseases.
For example, berberine increased cell viability of ovarian granulosa
cells in rats with premature ovarian failure [18]. Berberine
improves ovulation rates in patients with polycystic ovary syn-
drome and can be used in premenopausal women who want to
get pregnant, with virtually no side effects [20]. Another con-
trolled, randomised, multi-centre clinical trial found that berberine
improved menstrual status, hormone levels and ovarian structure
in patients with polycystic ovary syndrome, without specific side
effects [21]. Recent studies have demonstrated that berberine
reduced the accumulation of intracellular reactive oxygen species
(ROS) and iron deposition [22,23]. Additionally, berberine attenu-
ated cognitive deficits in a mouse model of Alzheimer’s disease
by inhibiting ER stress mediated by the protein kinase RNA-like
ER kinase (PERK) pathway [24]. These findings prompted us to
investigate the protective effects of berberine against HLD Cu
deposition-induced ovarian damage and its relationship with fer-
roptosis and ER stress.

In this study, we used HLD toxic-milk (TX) model mice for
in vivo experiments to investigate the protective effect of berber-
ine against ovarian damage in TX mice and its potential mecha-
nism of action. We discovered that impaired Cu metabolism in
TX mice can cause ovarian damage by inducing ferroptosis and
ER stress, and that berberine can inhibit this injurious process.
These findings offer supportive evidence for the clinical application
of berberine as a potential agent for treating ovarian impairment in
patients with HLD.

2. Materials and methods
2.1. Experimental animals

Thirty female TX mice (C3He-ATP7B™7) carrying an ATP7B gene
mutation (Jackson Laboratory Animal Center, USA), aged 8-
10 weeks and weighing 18-20 g, were divided into HLD, penicil-
lamine, and berberine groups, each consisting of 10 mice, using a
random number table. The control group comprised homozygous
control DL-strain mice of TX mice, with 10 mice. All groups of mice
were housed in a specific pathogen-free laboratory under a 12-
hour light and 12-hour dark cycle. The temperature of the animal
room was 19-21 °C, with humidity levels between 50% and 60%,
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and the mice had ad libitum access to food and water. All animal
experiments were approved by the Animal Experiment Ethics
Committee of Anhui University of Traditional Chinese Medicine
(approval number: 2014019).

2.2. Drug administration and sampling

Berberine was purchased from Sigma-Aldrich (CAS: 633-65-8,
MO, USA), and penicillamine was obtained from Sine (NDC:
H31022286, Shanghai, China). The mice were acclimatized and
fed for 1 week before treatment commencement. In the berberine
group, mice were gavaged with 0.15 g/(kg-d) [19], in the penicil-
lamine group, mice were gavaged with 0.1 g/(kg-d), and in the
HLD group and control group, mice were gavaged with an equal
volume of saline. All 4 groups of mice were gavaged at the same
time in the morning once per day for 3 weeks. Between 9:00 and
11:00 a.m., the day after gavage, all 4 groups of mice were injected
intraperitoneally with 10 IU of pregnant mare serum gonadotropin
(PMSG). After 24 h, 4 mice from each group were anesthetized by
injecting 1% sodium pentobarbital (50 mg/kg). The left ovary was
collected and preserved in formaldehyde for hematoxylin and
eosin (HE) staining, whereas the right ovary tissue was placed in
glutaraldehyde solution for transmission electron microscopy
(TEM). At 48 h after PMSG injection, the remaining 6 mice in each
group were intraperitoneally administered 10 IU of human chori-
onic gonadotropin (HCG). After 14 h, each mouse was anesthetized
by intraperitoneal injection of sodium pentobarbital. Subse-
quently, the mice were euthanized by cervical dislocation, and all
eggs discharged from both ovaries were removed from the oviduct
ampulla and counted under a microscope. Ovarian tissues were
stored at —80 °C for Western blot (WB) and biochemical assays.

2.3. Calculation of the number of ovulations

A 1 mL syringe needle was used to puncture the oviduct
ampulla, causing the expulsion of follicles. The number of eggs dis-
charged by each mouse was counted using an inverted optical
microscope (Olympus, CKX31, Japan) [25].

2.4. Assessment of the ovarian coefficient

All mice were weighed before administering anesthesia. Subse-
quent to anesthesia, both ovaries were extracted, washed in saline,
blotted on filter paper, and then weighed. The ovarian coefficient =
bilateral ovarian weight (g)/mouse weight (g) x 100% [26].

2.5. Histological analysis

Ovarian tissues from each group were fixed with 4%
paraformaldehyde, and paraffin sections were prepared. Sections
were baked at 64 °C for 1 h. Sections were stained with HE
(B006, B005, ebiogo, Hefei, China) and images were captured using
an optical microscope (Olympus, CX41, Japan). The structural and
follicular development of mouse ovarian tissue was observed,
and the number of follicles in each developmental period was
quantified in the section with the largest diameter.

2.6. Observation of the ultrastructure of ovarian cells by TEM

A 1 mm? block of ovarian tissue was taken. Ovary tissues were
fixed sequentially with 2.5% glutaraldehyde (18426, TED PELLA,
INC, Beijing, China) and post-fixed in 1% osmium tetroxide
(18456, TED PELLA INC, Beijing, China). The prepared tissues were
dehydrated using a graded series of ethanol and acetone. Next, the
tissue was embedded in epoxy resin, and ultrathin sections were
prepared and stained with uranium acetate-lead citrate. Finally,
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changes in the ultrastructure of the ovarian tissue cells were
observed using TEM (JEM1400, JEOL, Japan).

2.7. Determination of iron content

The iron concentration in the ovarian tissue was measured
using an iron assay kit (1291, Tohito Chemical Technology Co.,
Shanghai, China). Ovarian tissues (10 mg) were rapidly homoge-
nized in iron assay buffer. Subsequently, the insoluble material
was removed via centrifugation at 16,000g for 10 min. The super-
natant (400 pL) was taken, and 100 pL was added to each tube to
create the ferrous iron (Fe?*) sample, total iron sample, and blank
sample. Reducer solution (20 pL) was added to the standard tube,
and 20 pL of assay buffer was added to the Fe?* tube. Additionally,
20 pL of reducer solution was added to the total iron sample tube,
and 20 plL of assay buffer was added to the sample blank tube. All
standard, sample and blank tubes were incubated at 37 °C for
15 min. The absorbance was measured at 593 nm [27]. Finally,
the data were copied to a table and the Fe?* and trivalent iron
(Fe3") concentrations were automatically calculated.

2.8. Determination of malondialdehyde, glutathione and oxidized
glutathione levels in ovarian tissue

Ovarian tissue was removed from a —80 °C freezer and thawed
in an ice water bath. Levels of malondialdehyde (MDA), glutathione
(GSH) and oxidized glutathione (GSSG) in ovarian tissues were
determined using the corresponding kits (A003-1, A006-2 and
A061-1, Nanjing Jiancheng Bioengineering Institute, China), follow-
ing the manufacturer’s instructions. MDA levels in ovarian tissues
were measured using the thiobarbituric acid method [28], and
GSH and GSSG levels in ovarian tissues were measured using a
microplate method and a microenzymatic assay, respectively.
GSH can react with 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) to
produce a yellow compound that can be quantified at 405 nm.
The amount of GSSG in tissues was determined using the cyclic
reaction of DTNB.

2.9. Detection of ferroptosis and ER stress-related proteins using
Western blot

Ovarian tissue samples were homogenized on ice using the pre-
configured radio immunoprecipitation assay solution. The homo-
genate was transferred to a centrifuge tube, and the supernatant
was used as the total protein extract. The protein content was
determined using the bicinchoninic acid assay method. Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
(10%) was used to separate the proteins based on their molecular
weight, and the resulting bands were transferred to a membrane.
The polyvinylidene fluoride (PVDF) membrane was blotted with
5% skim milk for 2 h. The membrane was then incubated overnight
at 4 °C with the primary antibodies against prostaglandin-
endoperoxide synthase 2 (PTGS2) (ab255420, 1:000, Abcam, Cam-
bridge, UK), glutathione peroxidase 4 (GPX4) (bs-3884R, 1:1000,
Bioss, Beijing, China), glucose-regulated protein 78 (GRP78) (bs-
1219R, 1:1000, Bioss), PERK (3192S, 1:1000, CST, Boston, USA), p-
PERK (31798, 1:1000, CST), o subunit of eukaryotic initiation factor
2 (elF2a) (5324S, 1:1000, CST), p-elF2a (bs-14541R, 1:1000, Bioss),
activating transcription factor 4 (ATF4) (bs-1531R, 1:1000, Bioss)
and C/EBP homologous protein (CHOP) (BS1136, 1:5000, Bioworld,
Nanjing, China). The next day, the PVDF membrane was rinsed
thrice in Tris-buffered saline with Tween 20 (TBST) and then incu-
bated with the secondary goat anti-rabbit IgG antibody (ZB-2301,
1:20,000, Zsbio, China) for 2 h and rinsed thrice in TBST. Finally,
an enhanced chemiluminescence developer was added for protein
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detection. The gray value of each band was quantified using Image]J
software to determine relative abundance of the detected proteins.

2.10. Statistical analysis

All the statistical analyses were conducted using Statistical Pro-
duct and Service Solutions version 23.0 (IBM Corporation, NY,
USA). GraphPad Prism version 9.5 (San Diego, CA, USA) was used
to prepare plots. There were no data points in the experimental
data that were significantly outside of reasonable ranges, so no
data points were excluded from this study. In this study, we used
mean + standard deviation to represent the data in the graphs.
Comparisons between multiple groups were performed using a
one-way analysis of variance. Post hoc multiple comparisons were
performed using least significant difference when variances were
equal, and Tamhane’s T2 was used when variances were not equal.
P < 0.05 was considered statistically significant.

3. Results

3.1. Effects of berberine on body weight, ovarian weight and ovarian
coefficient in TX mice

Table 1 shows the body weight, organ weight and organ coeffi-
cient ratio for each group of mice, which are essential indicators for
assessing the body and organ state. The findings revealed that
mouse body weight and ovary coefficient were lower in the HLD
TX group (HLD group) than in the control group, but the difference
was not statistically significant. However, ovary weights were sig-
nificantly reduced in the HLD group of mice compared with the
controls (P < 0.01). In comparison with the HLD group, mice in
the penicillamine group exhibited a significantly higher ovary
weight (P < 0.05), whereas no significant differences were observed
in mouse body weight and ovary coefficient. The berberine group
did not show significant elevation in body weight, ovarian weight
or ovarian coefficient compared with the HLD group. No significant
differences were observed between the berberine and penicil-
lamine groups. Fig. 1 displays the measurement of ovaries of each
group of mice.

3.2. Effects of berberine on the number of eggs released

The extent of ovulation serves as an indicator of ovarian func-
tion. To evaluate the impact of Cu on ovulation and the protective
influence of berberine on ovarian function in TX mice, we imple-
mented an ovulation promotion protocol involving 10 U
PMSG + 10 IU HCG. The results revealed a significantly lower num-
ber of ovulations in the HLD group than in the control group
(P<0.001), indicating that Cu deposition inhibited ovarian function
in mice. The deleterious effect of Cu on ovarian function was mit-
igated by the Cu chelator penicillamine, as evidenced by a signifi-
cant increase in ovulation in TX mice (P < 0.01). Moreover, TX mice
exhibited a significantly higher number of ovulations after treat-
ment with berberine than those in the HLD group (P < 0.05). No sig-
nificant differences were observed between the berberine and
penicillamine groups (Table 2).

3.3. Effects of berberine on the morphology of ovary tissues

To assess the impact of berberine on the ovarian morphology of
TX mice, we conducted HE staining of mouse ovarian tissue (Fig. 2).
In the control group (Fig. 2A, B), normally developed follicles were
observed at all levels, and were characterized by rounded oocytes
and well-arranged granulosa cells encircling them. Follicle
development in the HLD group, however, was typified by nuclear
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Table 1
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Comparison of body weight, ovarian weight and ovarian coefficient ratio of mice in different groups.

Group n Body weight (g) Ovarian weight (g) Ovarian coefficient ratio (%)
Control 10 24.48 £ 1.07 0.022 + 0.003 0.090 + 0.012
HLD 10 23.33£1.63 0.019 + 0.003~ 0.080 + 0.014
Penicillamine 10 24.26 + 0.80 0.021 + 0.002% 0.089 £ 0.010
Berberine 10 24.27 £ 0.81 0.021 + 0.003 0.085 + 0.013

**P < 0.01, compared with the control group; *P < 0.05, compared with the HLD group. HLD: hepatolenticular degeneration.
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Fig. 1. Images of the ovaries from four mouse groups. A: control group; B:
hepatolenticular degeneration group; C: penicillamine group; D: berberine group.

Table 2
Average number of eggs released after HCG administration in mice across different
groups.

Group n Eggs released after HCG administration
Control 6 45.83 +7.78

HLD 6 31.83£2.86

Penicillamine 6 40.00 + 3.63%*

Berberine 6 39.17 + 3.66*

***p < 0,001, compared with the control group; *P < 0.05, **P < 0.01, compared
with the HLD group. HCG: human chorionic gonadotropin; HLD: hepatolenticular
degeneration.

condensation of the oocyte, collapse and breakage of the zona pel-
lucida, and an increase in atretic follicles, indicating severe impair-
ment of follicle morphology due to Cu deposition in TX mice
(Fig. 2C, D). In mice treated with penicillamine, follicular morphol-
ogy was more normal, and the number of atretic follicles was
decreased compared to the HLD group (Fig. 2E, F), providing fur-
ther evidence of the detrimental effect of Cu on the ovary. The ber-
berine group (Fig. 2G, H) exhibited normally developed secondary
and antral follicles, with tightly arranged granulosa cells, and fol-
licular morphology closely resembled that of the control group.
Berberine treatment appeared to improve follicular morphology.
Follicular development occurs in four stages: primordial, pri-
mary, secondary and antral. When an abnormality exists at any
stage of follicular development, the follicle shrinks and degener-
ates, forming an atretic follicle. Here, we counted primary, sec-
ondary, antral and atretic follicles in HE sections of the ovaries of
TX mice. The results showed a significant decrease in the number
of secondary and antral follicles and a significant increase in atretic
follicles in the HLD group compared with the control group
(P < 0.05). The numbers of secondary (P < 0.01) and antral
(P < 0.05) follicles were significantly higher in the penicillamine
group than in the HLD group. This suggests that Cu contributes
to the inhibition of follicular development and maturation, and this
inhibition is attenuated by chelating Cu. Compared with the HLD
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group, mice treated with berberine displayed a significant increase
in the number of secondary and antral follicles (P < 0.05) and a
decrease in the number of atretic follicles (P < 0.05). This suggests
that berberine promoted follicular development and maturation in
TX mice (Fig. 3).

3.4. Impact of berberine on the ultrastructure of mouse ovary

Mitochondrial dysfunction and increased ROS generation are
the major features of ferroptosis. Therefore, we examined mito-
chondrial morphology in the ovarian tissues of TX mice. TEM
observations revealed distinct mitochondrial alterations in the
HLD group, including a reduced mitochondrial number, evident
swelling, an increase in vacuolar mitochondria, and a reduction
or disappearance of mitochondrial cristae (Fig. 4B). Moreover, the
HLD group exhibited a higher occurrence of mitochondria display-
ing specific ferroptosis-like features, such as a smaller size,
increased membrane density, and the absence of mitochondrial
cristae [29,30], whereas such ferroptosis-like mitochondria were
rare in the other groups. In comparison with the HLD group, the
mitochondrial structure was significantly improved in the berber-
ine and penicillamine groups, and the morphology resembled that
of the control group (Fig. 4C, D). Additionally, we statistically ana-
lyzed abnormally swollen mitochondria. The ratio of swollen mito-
chondria to total mitochondria was significantly increased in the
HLD group compared with the control group (P < 0.001). The ratio
of the number of swollen mitochondria to the total number of
mitochondria was significantly lower in the penicillamine and ber-
berine groups compared with the HLD group (P < 0.001 and
P < 0.01). The percentage of swollen mitochondria was higher in
the berberine group compared with the penicillamine group
(P < 0.05).

3.5. Impact of berberine on iron content, and MDA, GSH and GSSG
levels in ovarian tissues of TX mice

Because iron deposition, lipid peroxidation, and damage to the
antioxidant system are crucial features of ferroptosis [31,32], we
measured the levels of total iron, Fe?*, Fe**, GSH and GSSG, as well
as the lipid peroxidation product, MDA, in the ovaries employing
appropriate kits. The results revealed that compared with the con-
trol group, total iron, Fe?*, MDA and GSSG levels were significantly
increased (P < 0.001), and GSH levels and the GSH/GSSG ratio were
significantly decreased (P < 0.001) in the HLD group. These changes
were suppressed following the chelation of Cu with penicillamine,
suggesting that Cu-induced ovarian damage may be linked to fer-
roptosis. In the berberine group, compared with the HLD group,
total iron, Fe?*, MDA and GSSG levels were reduced (P < 0.001),
and GSH levels and the ratio of GSH/GSSG were elevated
(P < 0.001). In other words, berberine demonstrated inhibition of
iron deposition, lipid peroxidation, and impairment of antioxidant
system in TX mice. However, the difference between the berberine
and penicillamine groups did not reach statistical significance, as
depicted in Fig. 5.
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Fig. 2. Representative histopathological micrographs of mouse ovary by hematoxylin and eosin staining. A and B: control group; C and D: hepatolenticular degeneration
group; E and F: penicillamine group; G and H: berberine group. Scale bar: 200 um for A, C, E and G; 50 um for B, D, F and H. Red arrows indicate atretic follicles.

3.6. Impact of berberine on the expression of ferroptosis-related
proteins in ovarian tissues of TX mice

To further investigate the impact of ferroptosis on Cu
deposition-induced ovarian injury in mice, we examined the pro-
tective effect of berberine on ovarian tissue in TX mice. We
assessed the levels of PTGS2, a crucial biomarker of ferroptosis,
and GPX4, an enzyme responsible for clearing lipid peroxides, in
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mouse ovarian tissues using WB. The results indicated that com-
pared with the control group, PTGS2 expression was significantly
upregulated and GPX4 expression was significantly downregu-
lated in the HLD group (P < 0.001). After penicillamine treatment,
PTGS2 expression was downregulated, and GPX4 expression was
upregulated (P < 0.001), suggesting that inhibition of Cu deposi-
tion attenuated ferroptosis in the ovarian tissues of TX mice. In
comparison with the HLD group, PTGS2 expression was downreg-
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ulated (P < 0.001) and GPX4 expression was upregulated sues of TX mice. However, the difference between the penicil-
(P < 0.001) in both the berberine and penicillamine groups. This lamine and berberine groups was not statistically significant, as
indicates that berberine inhibited ferroptosis in the ovarian tis- illustrated in Fig. 6.
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Fig. 6. Evaluation of ferroptosis-related protein expression in mouse ovary assessed by Western blot. A: PTGS2 and GPX4 protein expression. B and C: the relative intensities
of PTGS2 (B) and GPX4 (C) in ovaries in different groups (n = 3). * P < 0.001; ns: no significance. GAPDH: glyceraldehyde-3-phosphate dehydrogenase; GPX4: glutathione
peroxidase 4; HLD: hepatolenticular degeneration; PTGS2: prostaglandin-endoperoxide synthase 2.

3.7. Impact of berberine on ER stress-related protein expression in
ovarian tissues of TX mice

Since ER stress mediated by the PERK pathway is closely
linked to ferroptosis as well as Cu-induced cytotoxicity [33,34],
we hypothesized that ER stress mediated by the PERK pathway
might be implicated in Cu-induced ferroptosis, and that berberine
might mitigate Cu deposition-induced ovarian damage by inhibit-
ing ER stress. To test this hypothesis, we employed WB to
examine proteins relevant to the PERK pathway. As expected,
GRP78, p-PERK, p-elF2a, ATF4 and CHOP protein expression was
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significantly elevated in the HLD group compared with the
control group (P < 0.001), as shown in Fig. 7. After Cu chelation
by penicillamine, GRP78, p-PERK, p-elF2a, ATF4 and CHOP were
significantly downregulated (P < 0.001), indicating that Cu
deposition induces ER stress in the ovarian tissue of TX mice. In
comparison with the HLD group, the berberine group exhibited
reduced expression of GRP78, p-PERK, p-elF2a, ATF4 and CHOP
(P < 0.001, P < 0.01), suggesting that berberine could inhibit ER
stress in the ovarian tissue of TX mice. However, the difference
between the penicillamine and berberine groups was not
statistically significant.



Q.Z. Liu, H. Han, X.R. Fang et al.

Journal of Integrative Medicine 22 (2024) 493-502

k¥
A kDa B, o ., *= C @ 47 wwk[EEE
i [ ¢ = -
Xa Sw
H & 0
4 -
© ©
K] °
> 9 & & S O ¢ &
ATF4 [ S o o= 38 & V&S & TS
¢ & & & &
cror s o y
GAPDH [ = == == e | 36 N
> Q & .
o < . *x% [wwx *kk [FRE
& ¥ d\\(\ &8 D o 4 E o 4- F o 37 sexloen
[ A © [ = °
O ) S T S S ns
I H ns 3 8 E=
@ €T 34 €~ 3 ns e I
6o 6 I — s % o T
I 1 1
~ -
L SE 38 . o
2214 T 2314 T 28
& £ 5
® © T
x 0 T T T 4 0 T T T o 0 T 1 1
> N
(\\@ QyQ 6-‘\(‘0 (\(‘0 ¢°\ ,z.\zo < (&e (\\@ @9 4\\(‘7’ {\00
° N Q&P °o¢ . \\\06‘ & o o &
& 9 & < & <
Lo Q¢ Q%

Fig. 7. ER stress-related protein expression in mouse ovary assessed by Western blot. A: GRP78, p-PERK, PERK, p-elF2a, elF2a, ATF4 and CHOP protein expression. B-F: the
relative intensities of GRP78 (B), p-PERK (C), p-elF2o (D), ATF4 (E) and CHOP (F) in ovaries in various groups (n = 3). "P<0.01, "P < 0.001; ns: no significance. ATF4: activating
transcription factor 4; CHOP: C/EBP homologous protein; elF2a: eukaryotic initiation factor 2, o subunit; ER: endoplasmic reticulum; GAPDH: glyceraldehyde-3-phosphate
dehydrogenase; GRP78: glucose-regulated protein 78; HLD: hepatolenticular degeneration; PERK: protein kinase RNA-like ER kinase.

4. Discussion

HLD is a metabolic disease characterized by aberrant function
or levels of the P-type ATP7B enzyme due to genetic mutations.
This leads to elevated levels of free Cu and disruptions in Cu meta-
bolism. This, in turn, causes damage to multiple organs such as the
liver and brain. Abnormalities in reproductive function are com-
mon in women with HLD. Meanwhile, several studies have
reported damage to reproductive function due to Cu exposure
[35]. Berberine, an alkaloid extracted from a traditional Chinese
medicine, Rhizoma Coptidis, exhibits anti-inflammatory, antioxi-
dant, neuroprotective and other pharmacological effects [17]. Liver
damage is a prevalent manifestation of HLD, and berberine exerts
hepatoprotective effects [36]. Furthermore, berberine has the
potential to improve ovarian function in conditions such as prema-
ture ovarian failure and polycystic ovary syndrome [18,19]. More-
over, berberine has been shown to regulate iron homeostasis and
lipid metabolism [22,23]. However, whether berberine ameliorates
Cu deposition-induced ovarian damage in patients with HLD by
inhibiting ferroptosis remains unknown.

In this experiment, we selected female TX mice deficient in the
ATP7B gene for use as the HLD model mice [37]. We observed
abnormal follicular morphology, an increase in atretic follicles,
and a decrease in the number of ovulations in HLD TX mice. Ele-
vated ovarian iron levels, reduced levels of the antioxidant GSH,
elevated GSSG, and a reduction in the anti-lipid peroxidation pro-
tein GPX4 led to an increase in lipid ROS and their product MDA,
inducing ferroptosis with an elevated expression of the ferroptosis
signature protein, PTGS2. Additionally, we examined ER stress-
related proteins that are closely linked to ferroptosis development
and found that ER stress-related protein expression, mediated by
the PERK pathway, was significantly upregulated. Follicular mor-
phology and indices associated with ferroptosis and ER stress were
significantly improved in mice in the berberine intervention.
Impaired Cu metabolism has been shown to induce ferroptosis
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and ER stress, leading to ovarian tissue damage. Berberine amelio-
rated ovarian damage in female TX mice by inhibiting ferroptosis
and ER stress (Fig. 8).

Ferroptosis is a recently identified form of cell death distinct
from apoptosis and necrosis, characterized by an iron-dependent
lipid peroxidation reaction [38]. Ferroptosis has been associated
with various diseases and heavy metal toxicology. Recent studies
have indicated that Cu plays a detrimental role by inducing ferrop-
tosis [7]. PTGS2 serves as an important ferroptosis biomarker. GSH,
a vital cellular antioxidant, plays a crucial role in eliminating lipid
free radicals. The ferroptosis inducer erastin inhibits GSH synthesis
by targeting solute carrier family 7 member 11 [39]. GSH plays a
pivotal role in the production of GPX4, a selenoprotein responsible
for preserving intracellular redox homeostasis. GPX4 achieves this
by inhibiting lipid peroxidation and scavenging lipid peroxides
[40]. GPX4 downregulation is often considered crucial for ferropto-
sis onset. Iron deposition and lipid peroxidation are important fea-
tures of ferroptosis [31,32]. Ferroptosis, an iron-dependent mode
of cell death, is driven by increased free Fe?*, promoting lipid per-
oxidation via the Fenton reaction. Lipid peroxidation, resulting
from an imbalance in the redox system of the organism, plays a
key role in ferroptosis onset. Lipid peroxidation can induce ferrop-
tosis by disrupting the phospholipid bilayer structure of the cell
membrane or through the cytotoxic effects of its products such
as MDA [41]. In this study, PTGS2 expression was significantly
increased; GPX4 expression was significantly decreased; Fe®*,
MDA and GSSG were significantly elevated; and GSH was markedly
reduced in the ovarian tissues of mice in the HLD group. After
treatment with berberine and penicillamine, PTGS2 expression
was downregulated; GPX4 expression was upregulated; Fe?*,
MDA and GSSG levels were significantly attenuated; and GSH con-
sumption was significantly reduced. These results suggest that
impaired Cu metabolism in TX mice induces the onset of ferropto-
sis in the ovaries, and berberine inhibits ferroptosis in ovarian tis-
sues by attenuating iron levels, mitigating the accumulation of
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lipid peroxidation products, and restoring the function of the
antioxidant system in mice.

The ER stress response, initially a protective mechanism, occurs
when the organism is under stress; however, it can lead to cell
death if the stress is sustained or intensified. Recent studies have
highlighted the close association between ER stress and ferropto-
sis, with increased ER stress observed during ferroptosis induced
by various factors [14]. For instance, Xu et al. [42] found that ER
stress is a predisposing factor for ferroptosis in colonic epithelial
cells in ulcerative colitis. In a study on damage to human bronchial
epithelial cells, Park et al. [43] observed that whole-cigarette
smoke condensates may induce ferroptosis in bronchial epithelial
cells through ER stress. PERK-mediated ER stress is strongly linked
to ferroptosis, and Cu-induced cytotoxicity is associated with ER
stress mediated by this pathway [34]. Under abnormal conditions,
such as organismic stimulation, PERK separates from GRP78 and
undergoes autophosphorylation, and activates the translation fac-
tor elF2a, leading to upregulation of the downstream transcription
factors ATF4 and CHOP [44]. Our results showed elevated expres-
sion of all relevant proteins in the PERK-mediated ER stress path-
way in ovarian tissues of TX mice. Conversely, the expression of
relevant proteins in the PERK-mediated ER stress pathway was
downregulated following treatment with penicillamine and ber-
berine. These findings suggest that Cu deposition in TX mice
induces ER stress in the ovary, and berberine inhibits Cu-induced
ER stress. This result aligns with previous studies indicating that
Cu exposure can induce hepatic ER stress in yellow catfish in a
time-dependent manner, resulting in the dysregulation of lipid
metabolism [34].

However, this study has certain limitations. Relevant inhibitors
were not employed in the in vitro cellular experiments to explore
the specific link between ferroptosis and ER stress in Cu-induced
ovarian damage, warranting further study. Furthermore, organs
such as the liver and brain are significantly affected in patients
with HLD, and the effects of berberine on liver and brain damage
remain unexplored.

5. Conclusions

Our study demonstrated that disrupted Cu metabolism in TX
mice can lead to ovarian tissue damage. This effect may be attrib-
uted to Cu deposition-induced ferroptosis and ER stress. Berberine
exerts its protective effects by inhibiting ferroptosis and the PERK
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pathway-mediated ER stress. This study elucidates the mechanism
by which berberine mitigates ovarian tissue damage in TX mice, a
model of HLD, and provides a theoretical basis for its use in HLD
treatment. Our findings offer new insights into Cu-induced ovarian
tissue damage and contribute to a better understanding of Cu-
associated toxicity, laying the foundation for the search for effec-
tive strategies to prevent and treat Cu-associated diseases.
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