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Ti;C, nanosheet-induced autophagy derails 2
ovarian functions
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Abstract

Background Two-dimensional ultrathin Ti;C, (MXene) nanosheets have gained significant attention in various
biomedical applications. Although previous studies have described the accumulation and associated damage of Ti;C,
nanosheets in the testes and placenta. However, it is currently unclear whether Ti;C, nanosheets can be translocated
to the ovaries and cause ovarian damage, thereby impairing ovarian functions.

Results We established a mouse model with different doses (1.25, 2.5, and 5 mg/kg bw/d) of Ti;C, nanosheets
injected intravenously for three days. We demonstrated that Ti;C, nanosheets can enter the ovaries and were
internalized by granulosa cells, leading to a decrease in the number of primary, secondary and antral follicles.
Furthermore, the decrease in follicles is closely associated with higher levels of FSH and LH, as well as increased level
of E, and P,, and decreased level of T in mouse ovary. In further studies, we found that exposure toTisC, nanosheets
increased the levels of Beclin1, ATG5, and the ratio of LC3Il/I, leading to autophagy activation. Additionally, the level
of P62 increased, resulting in autophagic flux blockade. TisC, nanosheets can activate autophagy through the PI3K/
AKT/mTOR signaling pathway, with oxidative stress playing an important role in this process. Therefore, we chose the
ovarian granulosa cell line (KGN cells) for in vitro validation of the impact of autophagy on the hormone secretion
capability. The inhibition of autophagy initiation by 3-Methyladenine (3-MA) promoted smooth autophagic flow,
thereby partially reduced the secretion of estradiol and progesterone by KGN cells; Whereas blocking autophagic flux
by Rapamycin (RAPA) further exacerbated the secretion of estradiol and progesterone in cells.

Conclusion Ti;C, nanosheet-induced increased secretion of hormones in the ovary is mediated through the
activation of autophagy and impairment of autophagic flux, which disrupts normal follicular development. These
results imply that autophagy dysfunction may be one of the underlying mechanisms of Ti;C,-induced damage to
ovarian granulosa cells. Our findings further reveal the mechanism of female reproductive toxicity induced by Ti;C,
nanosheets.
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Introduction

In recent years, the decline in women’s fertility has
become a serious issue, with ovulation disorders being
one of the main contributing factors [1]. Apart from
social shifts such as delayed childbearing and increased
use of contraception by women, environmental expo-
sure is also regarded as an important factor. Numer-
ous in vitro, in vivo, and epidemiological studies have
demonstrated that exposure to environmental pollut-
ants including endocrine-disrupting chemicals, plastics,
cosmetics, and hygiene products can disrupt hormone
balance, affect women’s follicular development, cause
reproductive disorders and lower fertility rates [2]. The
ovary serves as a vital organ with diverse functions,
including the synthesis of sex steroid hormones, promo-
tion of follicular development, facilitation of oocyte mei-
otic division, as well as supporting successful fertilization
and embryo development [3]. Granulosa cells (GCs) are
pivotal somatic cells derived from the sex cord that play
a vital role in the development of follicles and matura-
tion of oocytes. As the major source of estradiol (E,) and

estrogens in response to follicle-stimulating hormone
(FSH), granulosa cells interact closely with oocytes to
promote their development, maturation, and ovulation.
To put it differently, GC dysfunction usually leads to
imbalances in reproductive hormone regulation, patho-
logical follicle formation, as well as conditions such as
polycystic ovary syndrome (PCOS) and premature ovar-
ian failure (POF) [3-5].

The rapid development of nanotechnology has resulted
in the extensive utilization of diverse nanomaterials in
areas such as cosmetics, paints, medical products, and
personal care items. As a consequence, human exposure
to nanomaterials has significantly increased [6]. Recent
studies have revealed that female exposure to nanoma-
terials may cause long-term adverse effects on ovaries.
For instance, NPs can penetrate the protective barriers of
follicular cells, granulosa cell layers, and the zona pellu-
cida, thereby interfering with the development of imma-
ture oocytes [7]. Exposure to Cu NPs can directly harm
ovaries, disrupting the enzymes involved in hormone
production and resulting in reproductive dysfunction [8].
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Previous research has suggested that excessive activa-
tion or inhibition of autophagic flux leading to decreased
autophagic function may be a possible mechanism
behind toxicity caused by nanoparticles [9, 10]. Autoph-
agy is a conserved and protective cellular program that
plays an essential role in maintaining cellular homeo-
stasis in eukaryotic cells. It involves the degradation and
recycling of unwanted or damaged proteins, organelles,
and other intracellular components through the lyso-
somal degradation pathway [11]. Autophagy induction
is primarily associated with cellular responses to oxida-
tive stress, drug interventions, starvation, and nutrient
limitations. Accumulating evidence suggests that in this
process, Beclinl acts as a scaffold protein to promote the
initiation of autophagosome formation; ATG5 forms a
complex with ATG12, for the membrane elongation and
formation of autophagosomes; LC3 participates in the
formation of autophagosomes and degradation of cargo;
p62 (also known as SQSTM1) facilitates the degradation
and clearance of waste material. Autophagy dysfunction,
including impaired autophagic pathway initiation and
incomplete removal of cellular waste, can lead to various
metabolic disorders, cancer, and neurodegeneration [12,
13]. Furthermore, ovarian dysfunction has been linked
to both autophagy induction and dysfunction. ZnO NPs
can induce cytotoxicity in mature oocytes by activating
autophagy and cell apoptosis through a cysteine-depen-
dent mechanism [14]. Zhen Zheng et al. revealed that
SNPs induce autophagy dysfunction through lysosomal
impairment, leading to the blockage of autophagic flux,
which in turn enhances apoptosis and results in follicular
atresia in ovarian granulosa cells [15].

The new two-dimensional (2D) nanomaterial titanium
carbide (MXene), which is composed of Ti;C,, has gar-
nered a great deal of attention because of its exceptional
physical and chemical characteristics. MXenes are transi-
tion metal carbides and nitrides with the structural for-
mula M, ; X, T, (n=1-3), where M denotes a transition
metal (e.g., Sc, Ti, Zr, Hf, V, Ta, Nb, Cr, or Mo); T is a
surface functionality group, and X stands for carbides,
nitrides, or carbonitrides [16]. This peak was extracted
from the matching MAX phase by selectively etching
the interlayer Al atoms in the transition metal carbide
Ti;AlIC, [17]. Owing to their excellent biocompatibility,
MXenes have opened up significant opportunities for
development in various application fields, including anti-
bacterial agents [18], drug delivery [19], biosensing [20],
photothermal/photodynamic therapy [21], and waste-
water treatment [22]. However, we must also note the
existence of some negative effects. MXenes have a flat,
sheet-like structure, which increases the surface area for
interaction with the cell membrane, thereby enhancing
the likelihood of cellular uptake. Previously, we found
that exposure to Ti;C, nanosheets resulted in abnormal

Page 3 of 19

female placental development and decreased male sperm
motility [23-25]. Studies have shown that exposure to
TiO, NP results in decreased ovarian weight, accom-
panied by a reduction in primordial follicles, secondary
follicles, antral follicles, and corpora lutea, along with an
increase in atretic follicles [26, 27]. TiO, NP induce ovar-
ian tissue damage in mice leading to ovarian dysfunction
through lipid peroxidation and hormonal imbalance [28].
To date, there has been limited experimental research
on the reproductive safety of Ti;C, nanosheets, and the
impact of Ti;C, nanosheets on ovarian function has not
been studied.

The purpose of this study was to explore the impact of
Ti;C, nanosheets exposure on ovarian hormone produc-
tion and to explore the underlying mechanisms involved.
Our investigation involved C57BL/6] female mice and the
KGN cell line. The outcomes of our research elucidated
the detrimental effects of Ti;C, nanosheets, which induce
autophagy and impair autophagic flux, disrupting the
endocrine balance within the ovaries. Notably, we discov-
ered the potential involvement of the PI3K/AKT/mTOR
signaling pathway in Ti;C, nanosheet-induced autoph-
agy. By filling gaps in knowledge regarding the reproduc-
tive toxicity of Ti;C, nanosheets in females, our findings
provide essential experimental evidence for evaluating
their safety. Furthermore, this study has promising impli-
cations for the clinical application of this nanomaterial
and offers valuable insights.

Materials and methods

Preparation and characterization of Ti;C, nanosheets

The preparation and characterization methods used for
the Ti;C, nanosheets were consistent with our previous
research [23-25].

Animal model

Adult female mice (C57BL/6], aged 8—10 weeks, 18-20 g)
were purchased from the Animal Laboratory Center of
Chongqing Medical University, and obtained approval
from the Institutional Animal Care and Use Committee
of Chongging Medical University. All mice were accli-
mated for at least 7 days in an isolated animal room,
maintained at a constant temperature of 22+2 °C and
humidity of 50%, following a 12-hour light—dark cycle
and were also given with unlimited forage and water ad
libitum.

Because Ti;C, nanosheets have been studied as a pos-
sible photothermal agent for cancer therapy, we decided
to use the lowest published dose (5 mg/kg) as the high-
est daily dose in this study [29]. In order to establish a
safe dosage range for mice. 25% of the highest dose was
designated as the lowest dose (1.25 mg/kg), and half of
the highest dose (2.5 mg/kg) as the intermediate dose.
We examined the estrous cycle of the mice employing
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the vaginal smear method. Mice in the diestrus stage
were randomly divided into four groups of 5 mice in each
group, and conduct multiple experiments, with a total
of more than 80 mice. Ti;C, nanosheets at doses of 1.25,
2.5, and 5 mg/kg/day body weight were administered
intravenously to three experimental groups for three
days, whereas saline injections were given to the control
group. Ti;C, nanosheets were dispersed in saline and had
good dispersion. The concentrations of Ti;C, nanosheets
stock solution is 7.5 mg/mL and diluted in saline were
0.125 mg/mL, 0.25 mg/mL and 0.5 mg/mL, respectively.
The volume of the Ti;C, nanosheet suspension used for
exposure was 0.1 mL/10 g body weight. On the fourth
day, all mice were euthanized to collect ovarian tissues
and serum for subsequent experiments.

Estrous cycle detection

We followed earlier techniques [30]. Sterile cotton swabs
moistened with saline were gently inserted into the
mouse vagina to collect exfoliated cells. These cells were
then smeared onto clean glass microscope slides and
stained with Wright—Giemsa solution (Solarbio, China).
In the diestrus phase, the characteristic feature is a mod-
erate-to-low cellularity of predominantly neutrophils
mixed with a smaller number of epithelial cells.

Accumulation of Ti;C, nanosheets in vivo detected by ICP~

MS

To reach the detection limit, ovarian tissues were col-
lected from more than 15 mice, and more than 60 mg
was weighed from each group. Ti;C, nanosheet accumu-
lation in the ovaries was quantified for Ti content using
Inductively coupled plasma-mass spectrometry (ICP-
MS) with a model 7800 instrument from Agilent Tech-
nologies, Inc., USA. The evaluation was conducted by
Beijing Zhongkebaice Technology Co., Ltd.

Transmission electron microscopy (TEM)

The collected mouse ovarian tissue was immediately
immersed in a 2.5% glutaraldehyde solution at a pH of
7.4 for fixation. Then, the tissue was further fixed in 1%
osmium tetroxide (OsO4) and dehydrated in epoxy pro-
pane. Following dehydration, 70 nm-thick ultrathin slices
were gathered and dyed with lead citrate and uranyl
acetate.

Following 24 h exposure to varying concentrations of
Ti;C, nanosheets, the KGN cells were washed with PBS
for 3 min and subjected to trypsin solution digestion. The
cell suspension was centrifuged at 1200 rpm for 10 min,
after which the supernatant was discarded. To evaluate
the samples, cells were collected and prefixed with a 2.5%
glutaraldehyde solution. The samples were observed by
Beijing Zhongkebaice Technology Co., Ltd.
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H&E staining and number of mature follicles

Fresh mouse ovarian tissues were fixed in 4% parafor-
maldehyde for four to six hours, dehydrated with a gradi-
ent of ethanol to remove water. And then embedded in
paraffin to fix and protect the tissue structure. The tissue
samples were sliced into 5 pm thick sections using a par-
affin microtome. After that, Hematoxylin and eosin (HE)
staining was applied to the slices, and the sections were
observed using an Olympus microscope (BX40, Tokyo,
Japan). Five typical glides were selected from each ovary.
The interval between slides was set at >200 pm to pre-
vent duplicate counting of follicles.

Cell culture and treatment

KGN cells, a human ovarian granulosa-like tumor cell
line, were obtained from Guangzhou Cell Cook Biotech
Co., Ltd. The cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (Gibco, Waltham, MA, USA), 100
U/mL penicillin, and 100 pug/mL streptomycin at 37 °C
and 5% CO,. Ti;C, nanosheets was dissolved in DMEM
medium at a concentration of 1 mg/mL. KGN cells were
respectively treated with 25, 50 and 100 pg/mL Ti;C,
nanosheets for 24 h, while control group without any
treatment. According to the instructions, prepare stock
solutions of 3-MA (MCE, China) and Rapamycin (GLP-
BIO, USA) using distilled water and DMSO, respectively.
Referring to the existing reports, 3-MA or Rapamycin
were diluted in DMEM containing 2% or 10% FBS to con-
centrations of 1 mM (3-MA) and 100 nM (Rapamycin),
followed by co-incubation with Ti;C, nanosheets or not
for 24 h [31, 32].

ELISA analysis

Female mice undergo a 3-5 d hormonally controlled
estrous cycle [33]. Serum from the different groups
of mice were collected after treatment with Ti;C,
nanosheets and saline for 3 days. The serum was sepa-
rated by centrifugation at 3000 rpm for 5 min and then
stored at -80 ‘C. The serum levels of testosterone (T),
follicle-stimulating hormone (FSH), progesterone (P,),
luteinizing hormone (LH), and estradiol (E,) were evalu-
ated via enzyme-linked immunosorbent assay (ELISA)
kits and conducted by Shanghai Yanhui Biotechnology
Co., Ltd. Detection limit of ELISA kit: E, (0-120 pg/mL),
P, (0-16 ng/mL), FSH (0-80 mIU/mL), LH (0-8 mIU/
mL), T (0-24 ng/mL).

KGN cells were seeded at a density of 1.2x10° cells
per well in a 6-well plate and cultured in DMEM sup-
plemented with 10% FBS for 24 h. To mimic the in vivo
conditions of human ovarian granulosa cells, 10 pmol/L
testosterone (as an androgen substrate for estradiol syn-
thesis in KGN cells) (GLPBIO, USA) [34] and 500 ng/
mL FSH (as a stimulant for estradiol secretion in KGN
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cells) [35, 36] were used. Cultured KGN cells were treated
with testosterone, FSH and Ti;C, nanosheets (prepared
in DMEM supplemented with 2% FBS) for 24 h, while
control group only treatment with testosterone and FSH.
Subsequently, supernatants from the stimulated KGN
cells were collected for the measurement of estradiol and
progesterone by Shanghai Chuangxiang Biological Tech-
nology Co., Ltd. Detection limit of ELISA kit: E, (15.625—
500 pg/mL), P, (0.9375-30 ng/mL).

According to the instructions of the ELISA kit, accu-
racy: the correlation coefficient (R value) for the stan-
dard curve linear regression and expected concentration
is greater than or equal to 0.9900. Specificity: no cross-
reactivity with other soluble analogs.

Cell viability assay

The manufacturer’s cell fluorescence counting kit (CCK-
F) (C2013S; Beyotime, China) was used to assess the via-
bility of KGN cells. In BeyoGold™ all-black 96-well plates,
KGN cells (5x10? cells/well) were seeded and allowed to
grow overnight before being exposed to Ti;C, nanosheets
for a full day. The mixture was then incubated for 30 min
at 37 °C after 100 pL of calcein AM detection solu-
tion was added to each well. A luciferase plate analyzer
(Thermo Scientific, USA) was used to directly observe
the fluorescence intensity. Finally, the cell viability was
determined using the fluorescence intensity.

Western blot analysis

Total proteins from ovarian tissues or KGN cells were
extracted with pre-cooled RIPPA lysis buffer with the
addition of PMSF (RIPPA: PMSF=100: 1) (Beyotime,
China). Protein concentration was measured using a
BCA protein assay kit following a 30-minute ice-soaked
lysate (Beyotime, China). Load 15 pl of ovarian tissues
and KGN cells protein samples per well, and protein sam-
ples were separated by 6%, 8%, or 12% SDS-PAGE, trans-
ferred to polyvinylidene fluoride (PVDF) membranes
pre-activated with methanol, and subsequently blocked
with 5-10% skim milk powder for 1 h at 37 °C. Specific
primary antibodies were incubated on these PVDF mem-
branes for an entire night at 4 °C. The primary antibod-
ies that were employed as follows: LC3, p-AKT, AKT,
ULK1, mTOR, P62/SQSTM1, p-ULK1l (1:1000; CST,
USA), p-mTOR (1:1000; Millipore Sigma, USA), ATG5
(1:1000; Gene Universal, USA), PI3K (1:1000; Wanleibio,
China), B-actin (1:1,000; ZSGB-BIO, China), CYP19A1
(1:1000; BOSTER, China), FSHR (1:500, LifeSpan Biosci-
ences, China), HSD17p1 and HSD3f2 (1:1000, Protein-
tech, China) and CYP11A1, StAR (1:2000; Abcam, USA).
On the second day, the PVDF membranes were washed
four times with PBST before being incubated with horse-
radish peroxidase-coupled secondary antibody (1:1000;
BOSTER, China) at 37 °C for 1 h. Finally, enhanced

Page 5 of 19

chemiluminescence (ECL) (NCM Biotech, China) was
used to observe the targeted bands, and Image] software
was used to quantify the band densities.

Immunofluorescence (IF)

KGN cells were inoculated in 24-well cell climbing slices
at a density of approximately 5x10* cells per well. Cul-
tured KGN cells were exposed to different concentrations
of Ti,;C, nanosheets, 3-MA or RAPA for 24 h and fixed
with 4% paraformaldehyde, then washed once with PBS,
and incubated with Triton X-100 (0.1%) at room tem-
perature for 15 min. The cells were then blocked with 5%
BSA at 37 °C for an hour after being cleaned with PBS,
and incubated with primary antibody against LC3 for the
entire night. The next day, goat anti-mouse affinity-puri-
fied IgG conjugated with Dylight 488 (Abbkine, Wuhan,
China) was used to observe the labeled proteins. Nuclei
were stained with DAPI (Beyotime, China) for 10 min, A
Nikon confocal microscope (Tokyo, Japan) was used to
take pictures of the slides after they had been mounted
with an anti-fluorescence quenching solution.

Statistical analysis

All experiments were repeated independently at least
three times. Statistical differences between groups were
determined by one-way ANOVA followed by Dun-
nett’s test or two-way ANOVA followed by Turkey's
test (GraphPad Prism Software 8.0 Inc., San Diego, CA,
USA). The results are presented as the meanststan-
dard deviations (SDs). Significant statistical difference is
defined as P<0.05. The elements of the graphical abstract
are derived from Figdraw.com.

Results

Ti;C, nanosheets can enter ovarian tissues

The morphology of Ti;C, nanosheets was analyzed by
TEM, revealing that the lateral size of the ultra-thin
nanosheets was approximately 1-2 pm (Additional file
1: Fig. S1A). Atomic force microscopy (AFM) analy-
sis indicated that the thickness of the nanosheets is
around 2-3 nm (Additional file 1: Fig. S1B). The crystal-
line structure of the as-synthesized sample was charac-
terized by XRD and Raman. The peak of about 6.9° in
sample is the (002) peak of MXene. It can be seen from
the Raman spectra that as-prepared samples exhibit two
broad peaks at nearly around 412 and 620 cm™!, which
were attributed to the energy-gap modes of the in-plane
Ti, C, and surface functional groups (Additional file 1:
Fig. S1C, D). We performed TEM and ICP-MS analy-
ses to determine the distribution of Ti;C, nanosheets in
ovarian tissue. A mouse model was generated by intra-
venous injection of different doses of Ti;C, nanosheets
for three days. As shown in Fig. 1A, black substances on
the surface of ovarian tissues were observed in the Ti;C,
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Table 1: Concentration of Ti element in mouse ovary
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Fig. 1 Ti;C, nanosheets can enter ovarian tissues. (A) Anatomical morphology of mouse ovaries (scale bars=2 mm). (B) The distribution of Ti;C,
nanosheets in ovarian tissues was observed via TEM (scale bars=1 um). Red arrows indicate Ti;C, nanosheets. N: nucleus. (C) Ti content in ovarian tis-
sues was assessed by ICP-MS (n>15). (D) The organ coefficients of the ovaries at various dosages (n=5 mice per group). All data are presented as the

means + standard deviations (*P < 0.05), compared with the control group

nanosheets-exposed group, notably accentuated in the
1.25 mg/kg bw/d and 2.5 mg/kg/ bw/d groups, whereas
no such substances were observed in the control group.
Interestingly, akin to ovarian tissue, other organs might
have been exposed to Ti;C, nanosheets, including vital
organs like the heart, liver, spleen, lungs, and kidneys.
Among the organs we collected, it was observed that the
livers and lungs of the exposed group were noticeably
darker compared to those of the control group (Addi-
tional file 1: Fig. S2). Our TEM analysis showed that Ti;C,
nanosheets were deposited in the ovarian granulosa cells
of mice in the 2.5 mg/kg bw/d and 5 mg/kg bw/d groups
(Fig. 1B). Furthermore, Ti content in the ovarian tissue of
the Ti;C, nanosheets-treated group was higher than that
of the control group (Fig. 1C). Compared to the control
group, the organ coefficient of mouse ovaries was sig-
nificantly reduced after exposure to 5 mg/kg bw/d Ti;C,
nanosheets (Fig. 1D) (P<0.05). These findings provide
confirmation that following intravenous injection of

Ti;C, nanosheets in mice, the nanosheets can enter ovar-
ian tissue and deposit in granulosa cells, thereby reducing
the ovarian organ coeflicient.

Exposure to Ti;C,nanosheets leads to follicular
development derailment and an imbalance in ovarian
hormone secretion

To further verify the impact of Ti;C, nanosheet exposure
on the ovary, we investigated ovarian functions, includ-
ing follicular development and hormone secretion, after
intravenous injection of Ti;C, nanosheets for three days.
HE staining was employed to observe the histological
morphology of the ovary and the number of follicles in
each stage was counted. As shown in Fig. 2A, B, the num-
ber of primary and antral follicles was considerably lower
in the 5 mg/kg bw/d group compared to the control
group. Furthermore, there were fewer primary, second-
ary, and antral follicles in the 2.5 mg/kg bw/d group as
compared to the control group. There was no difference
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Fig. 2 Effects of Ti;C, nanosheets on follicular development and hormone secretion in mouse ovaries. (A) HE-stained sections displaying the histology
of the ovaries (scale bar =500 and 100 pm). Primordial follicles are shown by the blue arrows, primary follicles by the red arrows, secondary follicles by
the green arrows, antral follicles by the black arrows, and atretic follicles by the yellow arrows. GC: granular cell; F: follicle. (B) Statistics of the number of
follicles (n=3 mice per group). The serum hormone levels of E, (C), P, (D), T (E), FSH (F) and LH (G) were determined by ELISA (n=9 mice per group). (H)
Western blotting was used to analyze the protein levels of CYP19A1, CYP11A1, HSD3(32, HSD17(31, StAR and FSHR in ovarian tissues. (I) Corresponding
quantitative data of related protein levels (n=3 independent repetitions). All data are presented as the means + standard deviations (*P<0.05, **P < 0.01,

***P<0.001), compared with the control group

observed in the number of primordial follicles in each
group. Cholesterol typically exists in cells in the form of
lipid droplets, which are small vesicles utilized for stor-
ing and regulating lipids. Since cholesterol serves as a
precursor for steroid hormone synthesis, the increase
in lipid droplets may be associated with an increase in
hormone synthesis. TEM results show that compared to

the control group, there is a significant increase in lipid
droplets in ovarian tissue after treatment with Ti;C,
nanosheets (Additional file 1: Fig. S4A). We used ELISA
to measure the levels of serum sex hormones, including
E,, P, T, FSH, and LH. As shown in Fig. 2C, D, F, G, com-
pared to the control group, exposure to Ti;C, significantly
increased the levels of E,, P,, FSH, and LH. However, the
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serum T levels decreased in all the treatment groups
(Fig. 2E). To determine whether Ti;C, nanosheets inter-
fere with the expression of enzymes involved in hormone
synthesis, we measured the protein levels of relevant ste-
roid hormones enzymes, including CYP11A1, CYP19A1,
StAR, HSD17p1, HSD3B2 and FSHR. Western blot-
ting analysis revealed that treated with 5 mg/kg bw/d of
Ti;C, nanosheets markedly increased the protein levels
of CYP11A1, CYP19A1, StAR, HSD17p1, HSD3p2 and
treated with 2.5 mg/kg bw/d, there was a significantly
increase in the protein level of FSHR (Fig. 2H, I). Taken
together, these findings suggest that exposure to Ti;C,
nanosheets can lead to changes in follicle morphology
and increased production of steroid hormones enzymes,
resulting in increased secretion of E,, P,, FSH, and
LH and decreased secretion of T, leading to hormonal
imbalance.

Exposure to Ti;C,nanosheets impairs autophagic flux and
inhibits the PI3K/AKT/mTOR signaling pathway in ovarian
tissues

Female mice undergo a 3- to 5-d, hormonally controlled
estrous cycle. The mice were exposed to different doses
(1.25, 2.5, and 5 mg/kg bw/d) of Ti;C, nanosheets for
three days. By the fourth day, all the mice might have
returned to estrus, exhibiting an increase in the quantity
of antral follicles and atretic follicles. During the natural
estrous cycle in mice, the increase in atretic follicles is
triggered by various cell death pathways, among which
autophagy is one of the cell death mechanisms. Autoph-
agy dysfunction is considered an emerging mechanism of
nanomaterial toxicity. To determine whether the imbal-
ance of hormone secretion induced by Ti;C, nanosheets
may be related to accompanying dysfunction of autopha-
gic flux. TEM results revealed the presence of autopha-
gosomes and autolysosomes in the ovaries of the 2.5 and
5 mg/kg bw/d groups, whereas they were barely observed
in the control and 1.25 mg/kg bw/d group (Fig. 3A).
Light chain 3 (LC3) is a microtubule-associated protein.
LC3 (LC3-I) conjugates with phosphatidylethanolamine
to form the LC3-phosphatidylethanolamine conjugate
(LC3-1I), which is attracted to the autophagosome mem-
brane and is thought to be a useful indicator of autoph-
agy. The immunofluorescence results of LC3, which
indicated the accumulation of autophagosomes, were
consistent with the TEM results and primarily expressed
in the granulosa cells (Fig. 3B). SQSTM1, also known
as the autophagy receptor sequestosome 1 (SQSTMI,
P62), another important indicator of autophagy degrada-
tion, which physically connects autophagy cargo to the
autophagosome membrane and represents autophagic
flux. Importantly, a significant increase in the LC3II/I
ratio and P62 protein levels were apparent in the 5 mg/
kg bw/d groups, indicating autophagy activation and
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impaired autophagic flux in mouse ovary tissues (Fig. 3C-
E). The PI3K/AKT/mTOR signaling pathway, as one of
the upstream pathways of autophagy, plays a crucial role
in regulating the process of cellular autophagy. ULK1 is a
key initiation factor in the autophagy process. When the
PI3K/AKT/mTOR signaling pathway is inhibited, ULK1
is activated, promoting the progression of autophagy.
Therefore, we examined the protein expression levels of
PI3K, p-AKT, AKT, p-mTOR, mTOR, p-ULK1 and ULK1
by Western blotting. It was found that compared to the
control group, the proteins levels of PI3K, p-AKT/AKT,
and p-mTOR/mTOR decreased, while the proteins levels
of p-ULK1/ULK1 increased in the ovarian tissue of the
5 mg/kg bw/d group (Fig. 3F, G). The results indicated
that the PI3K/AKT/mTOR signaling pathway was inhib-
ited, while ULK1 was activated. All the above results col-
lectively demonstrate that exposure to Ti;C, nanosheets
can activate autophagy through the PI3K/AKT/mTOR
signaling pathway in ovarian granulosa cells. Therefore,
we speculate that the decrease in antral follicles and
increase in atretic follicles in the ovaries induced by Ti;C,
nanosheets may be due to autophagy activation and
blockade of autophagic flux.

Intracellular distribution of Ti;C, nanosheets and increases
in estradiol and progesterone biosynthesis in KGN cells

In the ovary, there are two main types of steroidogenic
cells. The theca cells (along with a small number of stro-
mal cells) produce androgens, while granulosa cells
are responsible for converting androgens into estra-
diol [37]. Therefore, we chose the ovarian granulosa cell
line (KGN cells) for validation in vitro. TEM analysis
was applied to confirm the nanosheets distribution and
ultrastructural alterations in KGN cells treated with dif-
ferent doses of Ti;C, nanosheets. Imaging revealed clear
evidence of nanosheet internalization by the treated
cells. Specifically, the majority of Ti;C, nanosheets were
found to be localized within the cytoplasm of KGN cells
(Fig. 4B). Cell viability was analyzed by calcein AM cell
activity assay (CCK-F) and was found to be significantly
reduce in the 50 pg/mL and 100 pg/mL Ti;C, nanosheet
treatment groups (Fig. 4A). A live/dead cell assay was
employed to differentiate live and dead cells using a
two-color fluorescent dye, and the number of dead cells
(denoted by PI staining) did not change significantly after
Ti;C, nanosheets exposure (Additional file 1: Fig. S3).
According to the results of the CCK-F assay, we chose 25,
50, and 100 pg/mL as the concentrations of Ti;C, for sub-
sequent experiments. To investigate the effects of Ti;C,
nanosheets on hormone biosynthesis in KGN cells, we
simulated the in vivo conditions of estradiol synthesis in
human ovarian granulosa cells. We used 10 umol/L tes-
tosterone as the substrate and added 500 ng/mL FSH as a
stimulant to promote estradiol secretion from granulosa
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Fig. 3 Ti;C, nanosheets impaired autophagic flux and inhibited the PI3K/AKT/mTOR signaling pathway in mouse ovary tissue. A Autophagy in ovarian
tissues were observed via TEM. The blue arrow represents autophagosomes, which have a double membrane structure, while the red arrow represents
autolysosomes, which have a single-layer membrane structure and contain degraded organelles. N: nucleus (scale bars=5 pm and 1 um). B Immunofluo-
rescence was used to measure the expression of LC3 in the ovarian granulosa cells of mice. The DAPI represents nucleus. The LC3 represents autophagy
(scale bar =100 um). C, F Western blotting was used to evaluate the protein levels of P62, PI3K, p-AKT, AKT, mTOR, p-mTOR, p-ULK1 and ULK1 and the
LC3II/I ratio in ovarian tissues. D, E, G Quantitative data that correlates with relevant protein levels (n=3 independent repetitions). All data are presented
as the means + standard deviations (*P< 0.05, **P<0.01, ***P < 0.001), compared with the control group

cells. The precursor molecule stored in lipid droplets
(LDS), cholesterol, is the precursor for progesterone syn-
thesis. Cholesterol can be converted into progesterone
through a series of enzymes, including cholesterol side-
chain cleavage enzyme (CYP11A1l), 3B-hydroxysteroid
dehydrogenase (HSD3B2), and progesterone syn-
thase. Compared to the control group, TEM revealed a

significant increase in lipid droplets in the 50 ug/mL and
100 pg/mL group (Additional file 1: Fig. S4B). We col-
lected the cell culture supernatant and measured the
levels of estradiol and progesterone. The results showed
that compared with control group, the level of estradiol
and progesterone significantly increased in the 50 pg/
mL and 100 pg/mL groups (Fig. 4C, D). In addition, we
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Fig. 4 Effect of Ti;C, nanosheet exposure on the viability and hormone secretion of KGN cells. A CCK-F test was used to assess the viability of KGN
cells (n=3 independent repetitions). B The cellular ultrastructure of KGN cells were examined by TEM (scale bar =2 um). Yellow arrows displayed Ti;C,
nanosheets. N: nucleus. C, D The levels of estradiol and progesterone in the cell culture supernatant (n=3 independent repetitions). E Western blotting
was used to analyze the protein levels of CYP19A1, CYP11A1, HSD3B2, StAR, HSD17(31 and FSHR. F, G Corresponding quantitative data of related protein
levels (n=3 independent repetitions). The detection of steroid synthesis enzymes and hormone secretion requires treatment with testosterone (10
pmol/L) and FSH (500 ng/mL) for 24 h. All data are presented as the means + standard deviations (*P<0.05, **P<0.01, ***P <0.001), compared with the

control group

also evaluated the protein levels of the synthetic enzymes
associated with the production of estradiol and proges-
terone. Compared to the control group, the protein levels
of CYP11A1, StAR, HSD17p1, and HSD3p2 significantly
increased in the 50 pg/mL and 100 pg/mL groups, while
the protein levels of CYP19A1 and FSHR only signifi-
cantly increased in the 100 pg/mL group (Fig. 4E-G). The
above results indicate that Ti;C, nanosheets were inter-
nalized by the KGN cells, had deposited in the cytoplasm,

and promoted the expression of key enzymes in steroid
synthesis, leading to a significant increase secretion of
steroid hormones (E, and P,).

Exposure to Ti;C,nanosheets impairs autophagic flux and

inhibits the PI3K/AKT/mTOR signaling pathway in KGN cells
TEM revealed a significant increase in the num-
ber of autophagosomes and autolysosomes in Ti;C,
nanosheet-treated KGN cells compared to the control
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group (Fig. 5A). The autophagosome marker LC3 was
used to measure autophagy activity. Confocal micros-
copy revealed that the number of LC3-positive puncta
was significantly augment in KGN cells after treat-
ment with Ti;C, nanosheets for 24 h (Fig. 5B). Western
blotting analysis showed that compared to the control
group, exposure to Ti;C, nanosheets at a concentra-
tion of 100 pg/mL led to a significant increase in P62

LC3

& 25 50 100
Beclin | qiip 40 wmp @B |60KDa D)
ATGS5 |wwe s @ s | 55KDa §
(]
T o
P62 :mt _,,” ” mms | 62KDa %
LC3I 16KDa 5
(<]
Lcam | . |1:KDa S
2
&
i
44

B-Actin |.-~-

>
E & TiC, (ugimL)
¢ 25 50 100

43KDa

PIBK | w—- o e 110kDa

P-AKT (N S8 B s | G0KDa £

@

AKT | D D 8% | coxoa %

[

p-mTOR | 4D @hg === e |289KDa g

o

MTOR | MM W) WM @mw | 289KDa %

p-ULK1 | ™ s 8 @ | 150KDa &
ULKT | s s W W | 150KDa
B-Actin | S D@D P | 43KDa

DAPI

Merge

L -
o o
1 1

-
(3]
1

Page 11 of 19

and the LC3II/I ratio. The elevated protein levels of P62
suggest that Ti;C, nanosheets exposure significantly
blocked autophagic flux. Beclinl belongs to the family
of autophagy-related protein family and plays a role in
regulating the formation of autophagosomes, promoting
their maturation. ATG5 is an essential part of autophagy
that promotes the lipidation of LC3-I to LC3-II. West-
ern blotting analysis revealed an increase in Beclinl and

Control

25 pg/mL 50 ug/mL 100 pg/mL

E= Control

B3 25 pg/mL

= 50 pg/mL *k
=3 100 pg/mL Jokk

Beclin1 ATGS P62 LC3IO/LC3 1
== Control
== 25 pg/mL
== 50 pg/mL e
B3 100 pg/mL I

Fig.5 Exposure to Ti;C, nanosheets impairs autophagic flux and inhibits the PI3K/AKT/mTOR signaling pathway in KGN cells. A Autophagosomes in KGN
cells were evaluated via TEM. The blue arrow represents autophagosomes, which have a double membrane structure, while the red arrow represents au-
tolysosomes, which have a single-layer membrane structure and contain degraded organelles (scale bar =500 nm). B Images of LC3 (green) identified by
immunofluorescence (scale bar =50 um). C, E Western blotting was used to analyze the protein levels of Beclin-1, ATG5, P62, the LC3II/I ratio, PI3K, p-AKT,
AKT, mTOR, p-mTOR, p-ULK1 and ULKT in KGN cells. D, F Quantitative data that correlates with relevant protein levels (n=3 independent repetitions). All
data are presented as the means + standard deviations (*P <0.05, **P<0.01, ***P <0.001), compared with the control group



Yang et al. Journal of Nanobiotechnology (2024) 22:242

ATG5 protein levels after Ti;C, nanosheets treatment
(Fig. 5C, D). These results indicate that treatment with
Ti,;C, nanosheets can promote the formation of autopha-
gosomes and block autophagic flux. To further elucidate
the upstream regulatory factors of autophagy induced by
Ti;C, nanosheets, we evaluated protein level of the PI3K/
AKT/mTOR signaling pathway by Western blotting. As
shown in Fig. 5E, F, significant decreases in the PI3K,
p-AKT/AKT and p-mTOR/mTOR ratios were observed
in the 100 pg/mL group, while the p-ULK1/ULK1 ratio
was significantly increased. These findings suggest that
the activation of autophagy in KGN cells following expo-
sure to Ti;C, nanosheets could be attributed to the PI3K/
AKT/mTOR signaling pathway.

Autophagy initiation inhibits by 3-MA partially alleviates
the Ti;C,-induced imbalance in hormone secretion in KGN
cells

To further investigate whether the activation of autoph-
agy is indeed associated with the disruption of hormone
biosynthesis induced by Ti;C, nanosheets, 3-MA was
used to inhibit autophagosome formation. KGN cells
were treated with 100 pg/mL Ti;C, nanosheets either
in conjunction with or apart from 1 mM 3-MA. Fluo-
rescence analysis revealed that when Ti;C, nanosheets
and 3-MA were applied to KGN cells, the amount of
green fluorescent LC3 puncta was much lower than in
the cells treated with Ti;C, nanosheets alone (Fig. 6A).
Consistently, the protein levels of P62 and the LC3II/I
ratio were significantly reduced after cotreatment with
Ti;C, nanosheets and 3-MA for 24 h (Fig. 6B, C, D).
However, the lower expression level of P62 suggesting
that Ti;C, nanosheets treatment with 3-MA boosted
autophagic flux, thereby alleviating the inhibition of cel-
lular degradation caused by autophagy. We noticed that
compared to the Ti;C, nanosheets group, after autoph-
agy inhibition, the levels of progesterone and estradiol
in the culture medium were partially reduced (Fig. 6E,
F). Western blotting was used to determine the protein
expression levels of the synthetic enzymes CYP11A1 and
CYP19A1 in KGN cells. Cotreatment with 3-MA allevi-
ated the increase of cell hormone enzymes triggered by
Ti,C, (Fig. 6G, H, I). These results indicate that inhibiting
autophagy can restore the excessive increase in hormone
secretion capabilities of KGN cells induced by exposure
to Ti;C, nanosheets, and this shows that Ti;C, nanosheet
exposure may cause cellular malfunction by activating
autophagy and blocking autophagic flux.

Blocking autophagic flux with rapamycin aggravates the
imbalance in hormone secretion in Ti;C,-treated KGN cells
Finally, rapamycin (RAPA) is a specific inhibitor of the
mTOR protein and an activator of autophagy. Therefore,
we investigated the impact of RAPA-induced activation
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of autophagy and further blockade autophagic flux on
cellular hormone secretion by Ti;C,-treated KGN cells.
KGN cells were treated with 100 pg/mL Ti;C, nanosheets
with or without the 100 nM RAPA. After treatment with
Ti;C, nanosheets and RAPA, the green fluorescence of
LC3 was significantly enhanced in comparison to that
in the Ti;C, nanosheet group (Fig. 7A). Compared to
treatment with Ti;C, nanosheets alone, cotreatment
with Ti;C, nanosheets and RAPA induced a higher pro-
tein level of P62 (Fig. 7B, C). These results indicate that
RAPA partially aggravates the Ti;C,-induced impair-
ment of autophagic flux and further enhances autophagy
levels. We observed that compared with a single treat-
ment of Ti;C, nanosheets group, after cotreatment with
RAPA and Ti;C, nanosheets, the levels of estradiol and
progesterone in the supernatants of the culture media
were increased (Fig. 7E, F). Moreover, the Western blot-
ting analysis results showed that, compared with that in
the Ti;C, nanosheets treatment group, the combination
of RAPA with TizC, nanosheets treatment increased
the protein levels of CYP11A1 in KGN cells (Fig. 7G, I).
These results indicated that further blocking autophagic
flux with RAPA aggravated the biosynthetic capacity of
the hormone enzymes. According to these data, we can
conclude that the exacerbated hormone secretion abnor-
malities in KGN cells caused by Ti;C, nanosheets may be
associated with the accompanying activation of autoph-
agy and blockade of autophagic flux.

Discussion

MXenes are a new type of emerging nanomaterial with
enormous potential for applications in nanomedicine.
Currently, titanium carbide Ti;C,Tx nanomaterials are
the most mature and have received considerable atten-
tion in areas such as antibacterial applications, drug
delivery, treatment of allograft vascular lesions, and
inflammatory diseases due to their unique physical and
material properties [38—40]. However, the effects of Ti;C,
on mammalian reproduction have not been thoroughly
studied, which restricts further development of its bio-
medical applications. In our previous study, we discov-
ered that exposure to Ti;C, nanosheets during pregnancy
can result in their accumulation in the uterus and pla-
centa, leading to notable neurotoxic effects on offspring
[23]. Additionally, Ti;C, nanosheets can cause severe
impairment of the spermatogenic function of male mice
[25]. Therefore, additional in-depth studies and evalua-
tions are needed to assess the safety and potential risks of
Ti;C, nanosheets in the field of reproduction.

To our knowledge, this is the first study to investigate
the effects of Ti;C, nanosheets on ovarian function both
in vivo and in vitro. Studies have shown that Titanium
has a certain expression background in various organs
and Ti;C, nanosheets were rapidly accumulated in the
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Fig. 6 The inhibition of autophagy initiation by 3-MA alleviated the imbalance of hormone secretion in Ti;C,-induced KGN cells. A Immunofluorescence
image showing the LC3 fluorescent puncta formed by 3-MA combined with Ti;C, nanosheets after 24 h in KGN cells (scale bar =50 pm). B, G The protein
expression levels of P62, LC3II/I, CYP19A1 and CYP11A1 in KGN cells were determined by Western blotting. C, D, H, | Quantitative data that correlates with
relevant protein levels (n =3 independent repetitions). E, F The levels of progesterone and estradiol in the cell culture supernatant (n=3 independent rep-
etitions). The detection of steroid synthesis enzymes and hormone secretion requires treatment with testosterone (10 umol/L) and FSH (500 ng/mL) for
24 h. All data are presented as the means + standard deviations (*P <0.05, **P<0.01, ***P < 0.001), compared with the control group. (#P < 0.05, ##P<0.01,
###P < 0.001), compared with the Ti;C, nanosheets-treated group
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Fig. 7 Blocking autophagic flux with rapamycin aggravates the Ti;C,-induced imbalance in hormone secretion in KGN cells. A Immunofluorescence
image showing the LC3 fluorescent puncta formed by RAPA combined with Ti;C, nanosheets after 24 h in KGN cells (scale bar =50 pm). B, G The protein
levels of P62, CYP19A1 and CYP11AT and the LC3II/I ratio in KGN cells were measured by Western blotting. C, D, H, | Quantitative data that correlates with
relevant protein levels (n =3 independent repetitions). E, F The levels of estradiol and progesterone in the cell culture supernatant (n =3 independent rep-
etitions). The detection of steroid synthesis enzymes and hormone secretion requires treatment with testosterone (10 umol/L) and FSH (500 ng/mL) for
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lungs, liver, and spleen after entering circulation [41],
which was consistent with the organ exposure observed
by us. Titanium, as a transition metal, exists in the human
body, not exceeding 15 mg per 70 kg of body weight. ICP-
MS analysis revealed that the titanium content in ovarian
tissue exceeds 2 mg/kg. Studies indicated that the Tita-
nium content was also shown to be increased in other
organs such as the uterus, placenta, and testes [23, 25]. In
our study, significant accumulation of titanium in ovarian
tissue appears to have caused a toxic reaction, primar-
ily evidenced by hormonal imbalance and histological
changes. According to the results of in vivo experiments
in mice in our study, exposure to Ti;C, nanosheets can
decrease the coefficient of change in ovary weight to BW
and have toxic effects on folliculogenesis. Follicles are the
basic functional components of the ovary, and the quality
and quantity of follicles play crucial roles in the effective-
ness of fertilization. Therefore, we counted the number of
follicles at different stages and observed reductions in the
numbers of primary, secondary, and antral follicles after
Ti,C, exposure. Additionally, we observed the presence
of atretic follicles following Ti;C, exposure. We believe
that Ti,;C, exposure disrupts the growth of ovarian fol-
licles, speeds up the depletion of the primordial follicle
pool, and interferes with the development of antral fol-
licles. Hormones regulate ovarian follicle development,
and the balance of hormones determines whether the
developing follicle matures or undergoes atresia [42, 43].
Similarly to ovarian tissue, other endocrine organs such
as the brain and pituitary gland may have been exposed
to Ti;C,. FSH and LH are crucial components of the
hypothalamic-pituitary-gonadal axis, responsible for reg-
ulating the production and fertility of gametes [44]. The
secretion of FSH and LH is primarily controlled by hypo-
thalamic GnRH, which binds to membrane receptors
on the pituitary gland, activating the adenylate cyclase
cAMP protein kinase system to promote the biosynthe-
sis and secretion of FSH and LH [45]. E, and P,, the two
main hormones secreted by the ovary, regulate the devel-
opment of the female reproductive system and maintain
normal pregnancy process [46, 47]. The levels of estradiol
and progesterone are regulated by FSH and LH, and these
hormones can also regulate the secretion of FSH and LH
from the anterior pituitary gland through negative feed-
back mechanisms [48]. However, in the process of follicle
development, the involvement of androgens as interme-
diate substrates is indispensable. According to the two-
cell, two-gonadotropin hypothesis, LH drives theca cells
to produce androgens (androstenedione or testosterone),
while granulosa cells convert androgen substrates into
estrogen under the influence of FSH [49]. The relation-
ships between these hormones are intricate and mutu-
ally regulated. TiO, NPs-induced premature ovarian
failure in female mice is associated with abnormal serum
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parameters [50]. Research has shown that exposure to
TiO, NPs leads to a decrease in ovarian weight, inhibits
ovarian follicle development, and has been proved closely
related to higher levels of FSH and LH, as well as higher
levels of activin, follistatin, TGF-B1, and lower level of
inhibin-a in mouse [26]. In this study, after treatment
with Ti;C, nanosheets, the serum levels of E,, P,, FSH,
and LH significantly increased, while the level of T as an
intermediate product decreased. It is possible that theca
cells were damaged, leading to the inability to produce a
certain level of testosterone. Previous studies have shown
that mice lacking testosterone and functional andro-
gen receptors will experience accelerated ovarian aging,
shortened reproductive lifespan, and infertility [51]. This
indicates that the imbalance of sex steroid hormones may
be related to the occurrence of follicular atresia.

In the ovaries of females, ovarian steroids are produced
by granulosa cells and theca cells of follicles and involve
multiple steroidogenic enzymes. Cholesterol is the pre-
cursor of all ovarian steroid hormones. It is transported
from the outer mitochondrial membrane to the inner
mitochondrial membrane through the StAR protein, and
then catalyzed by the enzymes HSD3p1 and CYP11A1
within the mitochondria to form pregnenolone. Subse-
quently, within the smooth endoplasmic reticulum, the
other two steroidogenic enzymes, HSD3[32 and CYP17A1
convert pregnenolone into progesterone and andro-
stenedione through consecutive reactions. Lastly, the
HSD17p1 and CYP19A1 transports androstenedione to
granulosa cells where it is aromatized into estradiol [52—
54]. In the present study, we discovered that after being
exposed to the Ti;C, nanosheets, E, and P, increased,
and the trends of key enzymes in the body were the same.
In ovarian granulosa cells, FSH binding to FSHR causes
the fast activation of numerous signaling molecules. This,
in turn, activates the transcription of the CYP19A1 gene
and ultimately affects the E, level [55]. Studies found
that exposure to TiO, NPs led to increased expression
of CYP17A1 in the ovaries, indicating that TiO, may be
the cause of the increase in estradiol biosynthesis [56].
Exposure to low levels (5 pg/mL) of ZnO NPs increases
aromatase levels, leading to elevated levels of estradiol
and reduced levels of estrogen receptor alpha (Esrl) [57].
The production of steroid hormones involves the regu-
lation of the precursor molecule cholesterol stored in
lipid droplets (LDs), a process dependent on autophagy
mechanisms. Autophagy regulates steroid production by
influencing cholesterol transport. Research have demon-
strated that reduced autophagy impairs steroid synthesis
by decreasing the mobilization of cholesterol substrates
stored in LDL [58]. After treating with Ti;C, nanosheets,
our study found an increasing trend of lipid droplets in
ovarian tissues and KGN cells, along with an increased
expression of autophagy-related markers. We speculate
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that the increase in steroid hormone secretion may be
closely associated with cholesterol accumulation and
enhanced autophagy.

The increase in atretic follicles during the natural
estrous cycle of mice is triggered by various cell death
pathways, including autophagy and apoptosis. Although
autophagy-related genes can be detected throughout
the entire ovary, autophagosomes are more commonly
observed in the granulosa layer of atretic follicles [59].
Excessive autophagy-induced cell death can alter the
quality and quantity of oocytes [60]. For instance, SNP
activates autophagy, leading to autophagic flux block-
ade, increasing apoptosis of ovarian granulosa cells,
ultimately resulting in follicular atresia [15]. ZnO-NPs
inhibit fertility by activating autophagy, apoptosis, and
oxidative stress in developing oocytes of female zebrafish
[14]. Autophagy is an important intracellular metabolic
process in which cells wrap and form autophagosomes
to package cell components or damaged organelles and
transport them to lysosomes for degradation. This pro-
cess involves multiple steps, including autophagosome
initiation, formation, maturation, and degradation, also
known as autophagic flux. Autophagy is a crucial pro-
cess that plays a protective role in maintaining cellular
homeostasis and normal functioning. However, exces-
sive activation of autophagy and blockade of autophagic
flux can lead to cell dysfunction. Beclinl forms a com-
plex with class III phosphatidylinositol 3-kinase (PI3K)
and participates in the initiation and vesicle formation
of autophagy [61]. ATG5, a key component of autophagy,
regulates the formation of autophagosomes. ATG5 binds
to ATG12 and forms a complex with ATG16L1, creating
an E3-like ligase complex that promotes the formation
and elongation of autophagosomes [62]. LC3 is a hall-
mark of autophagy that facilitates cargo delivery and the
formation and maturation of autophagosomes. Our study
demonstrated that Ti;C, nanosheets increased the levels
of Beclin-1 and ATG5 and promoted the conversion of
LC3-I to LC3-II. P62, a monitoring indicator of autoph-
agic flux, increased with high-dose exposure to Ti;C,
nanosheets, indicating that ovarian tissues and KGN cell
exposure to Ti;C, nanosheets not only activates autoph-
agy but also inhibits the degradation of autophagosomes,
thereby blocking autophagic flux.

Many signaling pathways are involved in regulat-
ing autophagy, and mechanistic target of rapamycin
(mTOR) serves as a core hub regulating autophagy. These
pathways are regulated by different upstream signaling
pathways [63]. The PI3K (phosphoinositide-3-kinase)/
AKT (protein kinase B)/mTOR (mammalian target of
rapamycin) signaling pathway is an important pathway
that regulates autophagy. Specifically, Maroua Jalouli et
al. reported that allethrin may impair autophagy-related
cell apoptosis and induce excessive oxidative stress,

Page 16 of 19

most likely via inhibiting the PI3K/AKT/mTOR signal-
ing pathway, and these effects may result in ovarian dys-
function and reduced fertility in female offspring [64].
Our previous research revealed that cellular autophagy
is activated via the PI3BK/AKT/mTOR signaling pathway,
eventually leading to functional impairment in HTR-8/
SVneo cells [24]. We found that Ti;C, nanosheets treat-
ment decreased the protein level of PI3K, p-AKT/ AKT,
and p-mTOR/ mTOR. These results imply that the PI3K/
AKT/mTOR signaling pathway may participate in the
activation of autophagy in ovarian tissues and KGN
cells in response to Ti;C, nanosheets exposure. To fur-
ther confirm the effects of Ti;C, nanosheets exposure on
autophagy activation and the inhibition of autophagic
flux in KGN cells, we treated KGN cells with 3-methyl-
adenine (3-MA) to suppress autophagy initiation and
rapamycin (RAPA) to induce autophagy. We observed
that the inhibition of autophagy partially reversed the
hormone imbalance in KGN cells previously damaged
by Ti;C, nanosheets exposure. These results and under-
lying mechanisms provide a good explanation for the
reduction in ovarian follicle numbers and disruption
of hormone secretion induced by exposure to the Ti;C,
nanosheets.

It is well known that an increase in intracellular reac-
tive oxygen species can induce autophagy through the
PI3K/AKT/mTOR signaling pathway. However, granu-
losa cell (GC) death induced by oxidative stress is also a
common cause of follicular atresia. Gao et al. confirmed
that chronic exposure to TiO, NPs can lead to accumula-
tion in the ovary and cause ovarian damage, resulting in
hormonal imbalance and oxidative stress in mice, which
is consistent with our results [56]. Further investiga-
tions, both in vivo and in vitro studies, have shown that
Ti;C, has the potential to alter hormone levels and ovar-
ian hormone synthesis enzymes through pathways such
as impairing autophagy and accumulating reactive oxy-
gen species (ROS). ROS can affect multiple physiological
processes ranging from oocyte maturation to fertiliza-
tion, embryo development, and pregnancy [65]. There-
fore, this could also be a factor contributing to abnormal
changes in hormone levels and follicular development.
Several studies have indicated that in vitro exposure to
ZnO NPs can lead to the internalization of nanoparticles
within antral follicles, affecting steroidogenesis pathways,
resulting in an increase in estradiol levels and induc-
ing oxidative stress in ovarian antral follicles [57]. In the
present study, exposure to Ti;C, nanosheets resulted
in higher levels of ROS in ovarian tissue and KGN cells
compared to the control group, as well as lower levels
of antioxidant enzyme activity (Supplementary File 1:
Fig. S5). This suggests that under oxidative stress con-
ditions, granulosa cell death can be induced. Addition-
ally, studies have reported that excessive autophagy can
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trigger self-destruction of cells with oxidative damage.
Therefore, we believe that oxidative stress may be an
important factor leading to granulosa cell death through
autophagy during follicular atresia. As the concentration
of Ti;C, nanosheets increased, a gradual decrease in ROS
and MDA levels was observed. Similar increase trends
were also found in the activity of antioxidant enzymes.
Research suggests that the fluorine groups on the surface
of Ti;C, nanosheets are the primary cause of ROS forma-
tion [41]. However, it is necessary to gather more conclu-
sive evidence from multiple aspects to understand the
reasons behind.

Conclusions

In summary, we discovered that Ti;C, nanosheets
can enter the ovaries and deposit in the cytoplasm of
granulosa cells, leading to abnormal hormone secre-
tion and impaired follicular development. Exposure to
Ti;C, nanosheets leads to the activation of autophagy
and obstruction of autophagic flux in granulosa cells.
Autophagy may affect the transport of cholesterol in the
ovaries, suggesting that autophagy dysfunction may be an
important factor leading to abnormal hormone secretion
and follicular atresia. Ti;C, nanosheets can induce oxida-
tive stress and activate autophagy excessively through the
PI3K/AKT/mTOR signaling pathway. These results pro-
vide experimental evidence for assessing the adverse bio-
logical effects of exposure to Ti;C, nanosheets in mice.
Furthermore, this study, for the first time, elucidated
the mechanism by which exposure to Ti;C, nanosheets
affects the function of ovarian granulosa cells from the
perspective of autophagy, providing clues for preventing
biological adverse reactions in female exposure. It also
offers new insights into the toxic mechanisms of MXene
in the reproductive system.

Abbreviations

GC Granulosa cells

KGN human ovarian granulosa-like tumor cell line
F follicle

N nucleus

LC3 Microtubule-associated protein 1 light chain 3 alpha
ATG5 Autophagy-related gene

P62 Sequestosome 1

3-MA 3-methyladenine

RAPA rapamycin

PI3K phosphoinositide-3-kinase

AKT protein kinase B

mTOR mamnmalian target of rapamycin

= estradiol

P, progesterone

FSH follicle-stimulating hormone

LH luteinizing hormone

T testosterone

PBS phosphate-buffered saline

PBST Tris-bufered-saline with tween

PVDF Polyvinylidene fluoride

BSA bovine serum albumin

SDS-PAGE  sodium dodecyl sulfate—polyacrylamide gel electrophoresis
DAPI 4,6-diamidino-2-phenylindole

Page 17 of 19

TEM transmission electron microscope
ICP-MS Inductively coupled plasma—mass spectrometry
Pl Propidium lodide

HSD3B2 3B-hydroxysteroid dehydrogenase
CYP17A1 cytochrome P450c17

HSD171 17B3-hydroxysteroid dehydrogenase
CYP19A1 enzyme cytochrome P450arom

StAR steroidogenic acute regulatory protein
ul Microliter

h Hour

KDa Kilodalton

bw body weight

d day

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512951-024-02495-4.

[ Supplementary Material 1 ]

Acknowledgements

The authors would like to thank Beijing Zhongkebaice Technology Co,, Ltd.
and Shanghai Yanhui Biotechnology Co., Ltd. for their excellent technical
support.

Author contributions

LY: methodology, investigation, software, writing-original draft; ZH: data
curation, formal analysis, writing-original draft; LH: methodology, software; HT:
data curation, validation; YG: formal analysis, supervision; QT: data curation,
formal analysis; YZ: methodology, validation; YW: methodology, validation; HG:
project administration, conceptualization; WW: methodology, investigation,
supervision; XL: project administration, conceptualization, writing-review

and editing, funding acquisition. All authors read and approved the final
manuscript.

Funding
This work was supported by the Postdoctoral Program of Chongging Natural.
Science Foundation (No. CSTB2022NSCQ-BHX0660).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
This work was approved by the ethics committee of Chongging Medical
University.

Consent for publication
All authors read and agree this version be published.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Obstetrics and Gynecology, Women and Children’s
Hospital of Chongging Medical University, No. 120 Longshan Road, Yubei
District, Chongqing 401147, China

’Chongqing Municipal Health Commission Key Laboratory of Perinatal
Medicine, Chongging 400016, China

*Joint International Research Laboratory of Reproductive and
Development, Department of Reproductive Biology, School of Public
Health and Management, Chongqing Medical University, No. 1 Yixueyuan
Road, Yuzhong District, Box 197, Chongging 400016, China

“Department of Obstetrics and Gynecology, Gansu Provincial Clinical
Research Center for Gynecological Oncology, the First Hospital of
Lanzhou University, Lanzhou, Gansu 730000, China

Department of Pediatrics, Women and Children’s Hospital of Chongqing
Medical University, Chongging 401147, China


https://doi.org/10.1186/s12951-024-02495-4
https://doi.org/10.1186/s12951-024-02495-4

Yang et al. Journal of Nanobiotechnology (2024) 22:242

SPrenatal Diagnosis Center, Women and Children’s Hospital of Chongaing
Medical University, Chongqging 401147, China

’College of Basic Medicine, Chongging Medical University, Chongqing,
China

8Senior Department of Ophthalmology, 3rd Medical Center of Chinese
PLA General Hospital, Beijing 100039, China

Received: 2 February 2024 / Accepted: 22 April 2024
Published online: 12 May 2024

References

1. YaoX et al. Fertility loss: negative effects of environmental toxicants on
oogenesis. Front Physiol. 2023;14:1219045.

2. PriyaK etal. Implications of environmental toxicants on ovarian follicles:
how it can adversely affect the female fertility? Environ Sci Pollut Res Int.
2021;28(48):67925-39.

3. Tul, etal. The role of microRNAs in ovarian granulosa cells in Health and
Disease. Front Endocrinol (Lausanne). 2019;10:174.

4. NiuS, etal. Lineage tracing of mutant granulosa cells reveals in vivo protec-
tive mechanisms that prevent granulosa cell tumorigenesis. Cell Death Differ.

2023;30(5):1235-46.

5. Wang R, et al. FTO protects human granulosa cells from chemotherapy-
induced cytotoxicity. Reprod Biol Endocrinol. 2022;20(1):39.

6.  KabirE, et al. Environmental impacts of nanomaterials. J Environ Manage.
2018;225:261-71.

7. Hou CC, Zhu JQ. Nanoparticles and female reproductive system: how do
nanoparticles affect oogenesis and embryonic development. Oncotarget.
2017,8(65):109799-817.

8. LuoJ etal. Copper nanoparticles lead to reproductive dysfunction by affect-

ing key enzymes of ovarian hormone synthesis and metabolism in female
rats. Ecotoxicol Environ Saf. 2023;254:114704.

9. Stern ST, Adiseshaiah PP, Crist RM. Autophagy and lysosomal dysfunction as
emerging mechanisms of nanomaterial toxicity. Part Fibre Toxicol. 2012;9:20.

10.  Chen RJ et al. The current understanding of Autophagy in Nanomaterial Tox-
icity and its implementation in Safety Assessment-related alternative testing

strategies. Int J Mol Sci, 2020. 21(7).

11, YuL, ChenY,Tooze SA. Autophagy pathway: Cellular and molecular mecha-

nisms. Autophagy. 2018;14(2):207-15.

12. Udristioiu A, Nica-Badea D. Autophagy dysfunctions associated with
cancer cells and their therapeutic implications. Biomed Pharmacother.
2019;115:108892.

13. Mizushima N, et al. Autophagy fights disease through cellular self-digestion.

Nature. 2008;451(7182):1069-75.

14.  Mawed SA et al. Zinc oxide nanoparticles (ZnO-NPs) suppress fertility by acti-
vating Autophagy, apoptosis, and oxidative stress in the developing oocytes

of female zebrafish. Antioxid (Basel), 2022. 11(8).

15. Zheng Z et al. Silica nanoparticles promote apoptosis in ovarian granulosa
cells via Autophagy Dysfunction. Int J Mol Sci, 2023. 24(6).

16.  Soleymaniha M, et al. Promoting role of MXene nanosheets in Biomedi-
cal sciences: therapeutic and Biosensing innovations. Adv Healthc Mater.
2019;8(1):¢1801137.

17. Naguib M, et al. Two-dimensional nanocrystals produced by exfoliation of Ti3

AlIC2. Adv Mater. 2011;23(37):4248-53.
18. Xu X, et al. A multimodal antimicrobial platform based on MXene for treat-
ment of wound infection. Colloids Surf B Biointerfaces. 2021,207:111979.
19. Han X, et al. 2D ultrathin MXene-Based drug-delivery nanoplatform for

synergistic photothermal ablation and chemotherapy of Cancer. Adv Healthc

Mater. 2018;7(9):21701394.

20. Rizwan K, et al. MXene-based electrochemical and biosensing platforms to
detect toxic elements and pesticides pollutants from environmental matri-

ces. Chemosphere. 2022;291(Pt 1):132820.

21, Liu G, et al. Surface modified Ti(3)C(2) MXene Nanosheets for Tumor Targeting

Photothermal/Photodynamic/Chemo synergistic therapy. ACS Appl Mater
Interfaces. 2017;9(46):p40077-40086.

22, lbrahimYY et al. Unveiling fabrication and environmental remediation of
MXene-Based nanoarchitectures in toxic metals removal from Wastewater:
strategy and mechanism. Nanomaterials (Basel), 2020. 10(5).

23. WenY, et al. Exposure to two-dimensional ultrathin Ti(3)C(2) (MXene)

nanosheets during early pregnancy impairs neurodevelopment of offspring

in mice. J Nanobiotechnol. 2022:20(1):108.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.
50.

Page 18 of 19

Yang L, et al. The disruption of human trophoblast functions by autophagy
activation through PI3K/AKT/mTOR pathway induced by exposure to tita-
nium carbide (Ti(3)C(2)) MXene. Food Chem Toxicol. 2022;165:113128.
WeiY, et al. Ti(3)C(2) (MXene) nanosheets disrupt spermatogenesis in male
mice mediated by the ATM/p53 signaling pathway. Biol Direct. 2023;18(1):30.
JiJ, etal. Impairment of ovarian follicular development caused by titanium
dioxide nanoparticles exposure involved in the TGF-3/BMP/Smad pathway.
Environ Toxicol. 2023;38(1):185-92.

ZhouY, et al. Suppression of ovarian follicle development by nano TiO(2) is
associated with TGF-B-mediated signaling pathways. J Biomed Mater Res A.
2019;107(2):414-22.

Karimipour M, et al. Oral administration of titanium dioxide nanoparticle
through ovarian tissue alterations impairs mice embryonic development. Int
J Reprod Biomed. 2018;16(6):397-404.

Lin H, et al. Two-dimensional ultrathin MXene ceramic nanosheets for Photo-
thermal Conversion. Nano Lett. 2017;17(1):384-91.

Cora MC, Kooistra L, Travlos G. Vaginal cytology of the Laboratory Rat and
mouse: review and criteria for the staging of the Estrous Cycle using stained
vaginal smears. Toxicol Pathol. 2015;43(6):776-93.

Zhang Y, et al. Foetal-neonatal exposure of Di (2-ethylhexyl) phthalate dis-
rupts ovarian development in mice by inducing autophagy. J Hazard Mater.
2018;358:101-12.

Zhu M, et al. MAPK, AKT/FoxO3a and mTOR pathways are involved in
cadmium regulating the cell cycle, proliferation and apoptosis of chicken
follicular granulosa cells. Ecotoxicol Environ Saf. 2021;214:112091.

Gonzalez G. Determining the stage of the Estrous cycle in female mice by
Vaginal Smear. Cold Spring Harb Protoc, 2016. 2016(8).

Ernst J, et al. Effects of the environmental contaminants DEHP and TCDD

on estradiol synthesis and aryl hydrocarbon receptor and peroxisome
proliferator-activated receptor signalling in the human granulosa cell line
KGN. Mol Hum Reprod. 2014;20(9):919-28.

Tremblay PG, Sirard MA. Gene analysis of major signaling pathways regulated
by gonadotropins in human ovarian granulosa tumor cells (KGN)t. Biol
Reprod. 2020;103(3):583-98.

NishiY, et al. Establishment and characterization of a steroidogenic human
granulosa-like tumor cell line, KGN, that expresses functional follicle-stimulat-
ing hormone receptor. Endocrinology. 2001;142(1):437-45.

Havelock JC, Rainey WE, Carr BR. Ovarian granulosa cell lines. Mol Cell Endo-
crinol. 2004,228(1-2):67-78.

Yan W et al. Immunoengineered MXene nanosystem for mitigation of alloanti-
gen presentation and prevention of transplant vasculopathy Nano Today, 2023.
48: p. None.

Lv S et al. MXene-based hybrid system exhibits excellent synergistic antibio-
sis. Nanotechnology, 2021. 33(8).

Zhang W/J et al. ROS- and pH-Responsive polydopamine functionalized Ti(3)
C(2)T(x) MXene-Based nanoparticles as drug delivery nanocarriers with high
antibacterial activity. Nanomaterials (Basel), 2022. 12(24).

Sui B, Liu X, Sun J. Biodistribution, inter-/intra-cellular localization and
respiratory dysfunction induced by Ti(3)C(2) nanosheets: involvement of
surfactant protein down-regulation in alveolar epithelial cells. ) Hazard Mater.
2021;402:123562.

Matsuda F, et al. Follicular growth and atresia in mammalian ovaries: requla-
tion by survival and death of granulosa cells. J Reprod Dev. 2012;58(1):44-50.
Bertoldo MJ, et al. [Regulating pre-antral follicle development: a brake on
depletion of the ovarian reserve]. Gynecol Obstet Fertil. 2013;41(9):540-3.
Oduwole OO, Huhtaniemi IT, Misrahi M. The roles of luteinizing hormone,
follicle-stimulating hormone and testosterone in spermatogenesis and fol-
liculogenesis revisited. Int J Mol Sci, 2021. 22(23).

Kaprara A, Huhtaniemi IT. The hypothalamus-pituitary-gonad axis: tales of
mice and men. Metabolism. 2018;86:3-17.

Richards JS, Pangas SA. The ovary: basic biology and clinical implications. J
Clin Invest. 2010;120(4):963-72.

Oktem O, Oktay K. The ovary: anatomy and function throughout human life.
Ann N'Y Acad Sci. 2008;1127:1-9.

Xie Q, et al. The role of Kisspeptin in the control of the hypothalamic-
pituitary-gonadal Axis and Reproduction. Front Endocrinol (Lausanne).
2022;13:925206.

Adashi EY. Endocrinology of the ovary. Hum Reprod. 1994,9(5):815-27.
Hong F, Wang L. Nanosized titanium dioxide-induced premature ovarian
failure is associated with abnormalities in serum parameters in female mice.
Int J Nanomed. 2018;13:2543-9.



Yang et al. Journal of Nanobiotechnology

52.

53.

54.

55.

56.

57.

58.

(2024) 22:242

Vendola K, et al. Androgens promote oocyte insulin-like growth factor |
expression and initiation of follicle development in the primate ovary. Biol
Reprod. 1999,61(2):353-7.

Qi J, et al. Bisphenol A decreases progesterone synthesis in human ovarian
granulosa cells. Birth Defects Res. 2020;112(20):1843-9.

Sechman A, et al. Nitrophenols suppress steroidogenesis in prehierarchical
chicken ovarian follicles by targeting STAR, HSD3B1, and CYP19A1 and down-
regulating LH and estrogen receptor expression. Domest Anim Endocrinol.
2020;70:106378.

Patel S, et al. Effects of endocrine-disrupting chemicals on the Ovary. Biol
Reprod. 2015;93(1):20.

Parakh TN, et al. Follicle-stimulating hormone/cAMP regulation of aro-
matase gene expression requires beta-catenin. Proc Natl Acad Sci U S A.
2006;103(33):12435-40.

Gao G, et al. Ovarian dysfunction and gene-expressed characteristics of
female mice caused by long-term exposure to titanium dioxide nanopar-
ticles. J Hazard Mater. 2012,243:19-27.

Santacruz-Mérquez R et al. Exposure to Zinc Oxide Nanoparticles Increases
Estradiol Levels and Induces an Antioxidant Response in Antral Ovarian Follicles In
Vitro Toxics, 2023. 11(7).

Texada MJ, et al. Autophagy-mediated cholesterol trafficking controls Steroid
Production. Dev Cell. 2019;48(5):659-e6714.

Page 19 of 19

59.  Choi JY, et al. The role of autophagy in follicular development and atresia in
rat granulosa cells. Fertil Steril. 2010;,93(8):2532-7.

60. Bhardwaj JK, et al. Role of autophagy in follicular development and
maintenance of primordial follicular pool in the ovary. J Cell Physiol.
2022;237(2):1157-70.

61. Maejima Y, Isobe M, Sadoshima J. Regulation of autophagy by Beclin 1in the
heart. J Mol Cell Cardiol. 2016;95:19-25.

62. Changotra H, et al. ATG5: a central autophagy regulator implicated in various
human diseases. Cell Biochem Funct. 2022;40(7):650-67.

63. Wang H et al. The Upstream pathway of mTOR-Mediated autophagy in Liver
diseases. Cells, 2019. 8(12).

64. Jalouli M et al. Allethrin promotes apoptosis and Autophagy Associated with
the oxidative stress-related PI3K/AKT/mTOR signaling pathway in developing
rat ovaries. Int J Mol Sci, 2022. 23(12).

65. Agarwal A, Gupta S, Sharma RK. Role of oxidative stress in female reproduc-
tion. Reprod Biol Endocrinol. 2005;3:28.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Ti﻿3﻿C﻿2﻿ nanosheet-induced autophagy derails ovarian functions
	﻿Abstract
	﻿Graphical Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Preparation and characterization of Ti﻿3﻿C﻿2﻿ nanosheets
	﻿Animal model
	﻿Estrous cycle detection
	﻿Accumulation of Ti﻿3﻿C﻿2﻿ nanosheets in vivo detected by ICP‒MS
	﻿Transmission electron microscopy (TEM)
	﻿H&E staining and number of mature follicles
	﻿﻿Cell culture and treatment﻿
	﻿ELISA analysis
	﻿Cell viability assay
	﻿Western blot analysis
	﻿Immunofluorescence (IF)
	﻿Statistical analysis

	﻿Results
	﻿Ti﻿3﻿C﻿2﻿ nanosheets can enter ovarian tissues
	﻿﻿Exposure to Ti﻿﻿﻿3﻿﻿﻿C﻿﻿﻿2﻿﻿﻿nanosheets leads to follicular development derailment and an imbalance in ovarian hormone secretion﻿
	﻿﻿Exposure to Ti﻿﻿﻿3﻿﻿﻿C﻿﻿﻿2﻿﻿﻿nanosheets impairs autophagic flux and inhibits the PI3K/AKT/mTOR signaling pathway in ovarian tissues﻿
	﻿Intracellular distribution of Ti﻿3﻿C﻿2﻿ nanosheets and increases in estradiol and progesterone biosynthesis in KGN cells
	﻿﻿Exposure to Ti﻿﻿﻿3﻿﻿﻿C﻿﻿﻿2﻿﻿﻿nanosheets impairs autophagic flux and inhibits the PI3K/AKT/mTOR signaling pathway in KGN cells﻿
	﻿﻿Autophagy initiation inhibits by 3‑MA partially alleviates the Ti﻿﻿﻿3﻿﻿﻿C﻿﻿﻿2﻿﻿﻿‑induced imbalance in hormone secretion in KGN cells﻿
	﻿Blocking autophagic flux with rapamycin aggravates the imbalance in hormone secretion in Ti﻿3﻿C﻿2﻿‑treated KGN cells

	﻿Discussion
	﻿Conclusions
	﻿References


