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Abstract
Evidence from clinical cases indicates an association between the low success rate of 
in vitro fertilization (IVF) and ovarian injury due to previous methotrexate (MTX) 
administration. Therefore, it is necessary to develop and propose reasonable clinical 
drug guidelines to improve the quality of oocytes and the development of embryos 
before pregnancy. In this study, we established a mouse model with previous MTX 
exposure to validate the effects of MTX on reproductive function in female mice. 
We observed that MTX administration could result in a decrease in the success rate 
of fertilization and an aberrant embryonic development in both natural fertilization 
and IVF, even after completion of five to six ovulation cycles after MTX withdrawal. 
Further research revealed senescence and apoptosis of follicular granulosa cells 
(GCs), accompanied by arrested follicle development and aberrant estradiol and anti-
Mullerian hormone levels. Supportive evidence indicated that MTX administration 
induced senescence and apoptosis of human GCs in vitro, and the effects were con-
sistent with the high levels of p21, p53, and oxidative stress. We further demonstrated 
that folic acid (FA) could improve oocyte function and embryonic development in 
vivo and in vitro by protecting GCs against apoptosis and senescence. Based on these 
findings, we propose the implementation of extended intervals between MTX ex-
posure and conception or IVF and recommend FA as a special dietary supplement 
during this interval period; however, prospective inquiry in humans is necessary to 
further understand the relationship between MTX and FA recovery.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Clinical cases have demonstrated an association between aberrant embryo develop-
ment or poor in vitro fertilization (IVF) outcome and ovarian injury due to previ-
ous methotrexate (MTX) administration, with no reports on the elucidation of the 
mechanism.
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INTRODUCTION

Methotrexate (MTX), with a chemical structure similar to 
that of dihydrofolate, affects one-carbon metabolism by 
competitively inhibiting dihydrofolate reductase activity, 
which further disrupts intracellular metabolic pathways, in-
cluding nucleotide acid synthesis, amino acid metabolism, 
and methylation modifications.1 MTX mainly targets rapidly 
dividing cells and leads to cell cycle-specific death; owing 
to these reasons, MTX is widely used in the treatment of tu-
mors,2 early medical abortion,3 ectopic pregnancy,4 and au-
toimmune and lymphoproliferative diseases.5 Concurrently, 
MTX affects female reproductive health based on its effects 
exerted on all rapidly dividing cells and via direct interfer-
ence with folate metabolism.6

It has been documented that MTX is teratogenic if 
administered during the first trimester of pregnancy.7,8 
However, the data from studies using assisted reproduc-
tive technology have shown discrepancies on the safety of 
MTX administration around the time of conception. On 
one hand, some researchers observed that a poor response 
to ovarian stimulation occurred within 18 months follow-
ing MTX treatment for ectopic pregnancy, and the success 
of oocyte retrieval in an in vitro fertilization (IVF) cycle 
depended on the number of days after completion of MTX 
treatment.9 Hence, it is recommended that there should 
be a treatment-free interval of 3 or more months between 
discontinuation of MTX regimen and conception.9,10 On 
the other hand, some researchers suggested that MTX ex-
erted no adverse effects on ovarian reserve and outcomes 
in assisted reproductive technology cycles in a large fer-
tility cohort,11,12 and female fertility was not negatively 
affected by MTX treatment based on the results of an anti-
Müllerian hormone (AMH) test. Nevertheless, although 

these statistical data suggest a low possibility of occur-
rence of detrimental effects on female reproductive mech-
anisms due to previous MTX medication, the conclusion 
based on these may not be applicable to every patient as 
prescription of medication in the clinical settings varies 
because of individual differences.13 In this case, to pro-
pose a more reasonable introduction of MTX applicable 
to more patients, we explored the alteration of ovaries and 
oocytes that occurred even after discontinuation of MTX 
administration for a long time and the related mechanism.

The direct effects of MTX on mouse oocyte maturation in 
vitro have been previously described.14 However, the effects 
of MTX on follicular granulosa cells (GCs), a type of somatic 
cell found in the sex cord, should not be overlooked because 
GCs may be negatively affected by MTX as GCs rapidly di-
vide during ovarian development. It is well known that GCs 
provide essential nutrients for oocyte development and regulate 
follicular development through secreting AMH and estrogen.15 
Several studies have reported that apoptosis in GCs can result 
in disorders in follicle development and may predict poor em-
bryonic development.16–19 Therefore, it is possible that MTX 
may affect oocyte maturation and quality by inflicting injury 
on follicular GCs in vivo. Considering that the use of folic acid 
(FA) might reduce the systemic toxicity of MTX,20,21 we fur-
ther explored whether FA could rescue injured GCs effectively 
and reverse ovarian dysfunction and embryonic disorder.

Briefly, to validate whether it was necessary to extend 
the interval between MTX exposure and conception, which 
comprises three to six ovulation cycles as suggested by the 
US Food and Drug Administration (FDA),22 we established a 
mouse model with MTX exposure, attempted to explore the 
specific mechanism of MTX-induced persistent dysfunction 
of oocytes, and proposed possible oocyte functional recovery 
measures.

WHAT QUESTION DID THIS STUDY ADDRESS?
What is the mechanism involved in oocyte dysfunction and aberrant embryo de-
velopment which persists after MTX withdrawal? How can we improve oocyte 
function and embryonic development of patients with previous MTX medication?
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
Granulosa cell senescence and apoptosis have been proven to persist after MTX 
withdrawal with the involvement of p53/p21 expression, which leads to oocyte 
dysfunction and aberrant embryonic development. Folic acid (FA) reduces ovar-
ian injury caused by MTX administration.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?
It is recommended to reevaluate the applicability of an interval of three to six men-
strual cycles between MTX discontinuation and pregnancy stated in the current 
clinical guidelines. Extend the interval between MTX exposure and conception or 
IVF while monitoring hormone levels. FA should be provided as a dietary supple-
ment during the interval.
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METHODS

Animal experiments

All animal experiments were performed in accordance with 
the guidelines of the Guide for the Care and Use of Laboratory 
Animals and were approved by the Bioethics Committee of 
Second Military Medical University. The procedures also ad-
hered to the relevant guidelines and regulations of the Second 
Military Medical University.

Four-week-old Institute of Cancer Research (ICR) female 
mice (mean weight ± SD: 16 ± 2.1 g) were purchased from 
the Shanghai Research Center for Model Organisms and were 
raised in the specific pathogen-free (SPF) animal facility of 
the Department of Cell Biology, SMMU, under a controlled 
environment (14-h light/10-h dark cycle, 24°C).

Establishment of mouse models

MTX group (MTX withdrawal group)

ICR female mice were intraperitoneally injected with 10 mg/
kg MTX (MedChemExpress, Lot #23838) every other day 
for 8  days; the administration is based on low-dose pro-
longed regimen MTX medication for ectopic pregnancy in 
the clinic.23 A dose of 10 mg/kg MTX could induce repro-
ductive damage without causing the death of mice, using the 
selected series of MTX dosage calculated while estimating 
the survival rate of mice (Figure S1A). All mice were used in 
the experiment 20 days after MTX withdrawal. A period of 
20 days after MTX withdrawal is equivalent to 5–6 ovulation 
cycles in mice.24

FA group (treatment with FA)

ICR mice were intraperitoneally injected with 10 mg/kg MTX 
every other day for 8 days and then intragastrically adminis-
tered with 10  mg/kg of FA (SIGMA, Lot #WXBB4821V) 
every 2 days for 20 days.

After completion of six ovulation cycles following 
MTX withdrawal or FA treatment, we observed that there 
was no significant weight loss (Figure S1B) and decrease 
in mating ability (Figure S1C) in mice of the MTX and FA 
groups.

Quantification of ovarian follicles

Each of the 5 continuous 3-µm sections of the mouse ovaries 
was stained using hematoxylin-eosin (H&E staining), and the 
follicles with visible nuclei were counted. The follicles were 

classified into distinct stages based on previously established 
standards.25

Embryo collection from mice

Male and female mice were mated at a ratio of 1:1. The 
vaginal plug developed after mating was observed and 
108  h after this observation, the fallopian tubes and the 
uterus of female mice were douched with 5 ml of 4% para-
formaldehyde (PFA; douched for a total of 5 times, 1 ml 
PFA was added each time). After collection of the douche 
and determination of the embryonic development under 
the microscope (dropwise addition of the sample used for 
microscopic examination, 50 µl volume of each drop), we 
determined the number of 2–16-cell stage embryos, morula, 
and blastocysts, and calculated the total number of embryos 
in each mouse.

Oocyte collection and observation

After the mice were injected with pregnant mare serum gon-
adotropin (PMSG; Solarbio, P9970) for 48 h, they were in-
jected with human chorionic gonadotropin (hCG; PROSPEC, 
hor-250-a). After 14 h, the oocytes were collected and placed 
in modified phosphate-buffered saline (PBS) containing hya-
luronidase.26 The diameter of the oocytes was determined 
using a micrometer under a microscope. Each oocyte was 
measured three times, and the average value was determined 
and used to represent oocyte diameter.

In vitro fertilization

Mouse sperms were collected from the epididymis of healthy 
10-week-old male mice and incubated at 37°C for 10 min. 
Then, oocytes were added to the IVF medium comprising 
at least 2 × 106 sperms/ml, and the mixture was incubated 
for 4–6 h at 37°C and 5% CO2. Thereafter, the oocytes were 
added to fresh IVF medium.26 The number of two-cell em-
bryos was counted, which represents the number of fertilized 
oocytes. Then, the 2-cell embryos were transferred to the 
KSOMAA medium (Amyjet Scientific, IVL04) and cultured 
for another 96 h with the enumeration of the embryo count at 
each stage (2 cells, 4 cells, 8/16 cells, morula, and blastocyst) 
every 24 h.

Enzyme-linked immunosorbent assays

Mice were anesthetized via intraperitoneal injection of 2% 
tribromoethanol at a dose of 0.016 ml/g body weight. Then, 
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1.5–2 ml of blood from the orbital vein was collected and 
stored at 4°C. After 12 h, the blood was centrifuged at 825 
g for 10 min, and the supernatant containing the serum was 
collected. The levels of follicle-stimulating hormone (FSH), 
AMH, and estradiol in the serum were determined using 
FSH (Xitang Biology, F10450), AMH (EIAab, E0228 m), 
and estradiol (Xitang Biology, F10440) enzyme-linked im-
munosorbent assay (ELISA) kits, respectively.

Detection of apoptosis in ovaries

The terminal deoxynucleotidyl transferase-mediated deoxyu-
ridine triphosphate nick-end labeling (TUNEL) kit (KeyGEN 
BioTECH, KGA702) was used to investigate cellular apop-
tosis in the ovaries. After the integral sections with complete 
tissue outline were selected and stained with H&E staining, 
TUNEL staining was performed according to the manufac-
turer’s instructions.

Cell culture

KGN cells (human ovarian granulosa cell line, GCs) were orig-
inally obtained from the Cell Bank at the Shenzhen Institute, 
Chinese Academy of Sciences (Shenzhen, People’s Republic of 
China) and cultured in DMEM medium (Gibco, C11995500BT) 
containing 10% fetal bovine serum (Gibco, 10091–148) and 1% 
100× penicillin-streptomycin solution (Gibco, 15140-122) in 
an incubator (37°C, 5% CO2, 95% humidity). The medium was 
replaced with fresh medium every 48 h.

Establishment of MTX-sustained group, MTX 
cell (MTX withdrawal), and FA cell (treatment 
with FA) model

KGN cells were treated with 50 nM MTX for 48 h (MTX-
sustained group) and then incubated in an MTX-free medium 
for 72 h (MTX group). A concentration of 1000 nM of FA 
was selected as the optimal dose to validate (the specific pro-
cess of FA dose selection is described in detail in the Results 
section) the rescue effect on the MTX-treated KGN cells by 
culturing the cells in a medium with FA for 72 h (FA treat-
ment group). KGN cells cultured in DMEM were used as 
controls. Thereafter, cell proliferation was assessed using the 
cell counting kit-8 (CCK-8; MedChem Express) assay.

Cell apoptosis detection

KGN cells were collected and stained using reagents of a 
flow cytometry kit (MULTI SCIENCES, AP105-60-kit) 

to evaluate cellular apoptosis. The proportion of apoptotic 
cells was calculated using fluorescence-activated cell sorting 
(FACS) and data from three independent experiments.

Cell senescence detection

KGN cells were incubated in six-well plates, rinsed three 
times, and stained with reagents of a beta-galactosidase se-
nescence test kit (Beyotime). Five independent microscopic 
fields of view were selected for each well. The number of 
total cells and β-galactosidase (β-gal)-positive cells were 
determined.

Reactive oxygen species detection

The reactive oxygen species (ROS) assay kit (Beyotime, 
S0033) was used for ROS detection. Adherent KGN cells 
in a 6-well plate were incubated with a fluorescent probe, 
DCFH-DA, in a serum-free medium at 37°C. After cel-
lular entry, DCFH-DA can be hydrolyzed by intracellular 
esterases to produce DCFH. The ROS in cells can oxidize 
nonfluorescent DCFH to produce fluorescent DCF. After 
25  min of incubation, DCF-positive cells were observed 
and photographed under a fluorescence microscope. For 
FACS, the percentage of DCF-positive cells was evaluated 
using flow cytometry (Beckman) at 488-nm excitation and 
525-nm emission wavelengths. ROS levels were quanti-
fied as the mean fluorescence intensity (MFI) for DCF 
staining.

Real-Time reverse transcriptase-polymerase 
chain reaction

Total RNA was extracted using the TRIzol reagent (Takara), 
and cDNA was synthesized from 100 ng of total RNA using 
a cDNA synthesis kit (TaKaRa). Quantitative polymerase 
chain reaction (PCR) was performed using the One-Step 
TB Green PrimeScript reverse transcriptase-polymerase 
chain reaction (RT-PCR Kit; TaKaRa). Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as an 
endogenous RNA reference gene to normalize gene expres-
sion levels. Primers for the genes encoding p16, p21, and 
p53 as well as the reference gene are summarized below. 
GAPDH (F) 5′-TCAACGACCACTTTGTCAAGC-3′; GAP  
DH(R) 5′-TACTTTATTGATGGTACATGACAAGG-3′;  
p16(F) 5′-GCCCAACGCACCGAATAGTT-3′, p16(R) 5′-AT  
GGTTACTGCCTCTGGTGC-3′; p21(F) 5′-CTGGGGATG  
TCCGTCAGAAC-3′; p21(R) 5′-CATTAGCGCATCACA  
GTCGC-3′; p53(F) 5′-TGGCCATCTACAAGCAGTCA  
CA-3′; and p53(R) 5′-GCAAATTTCCTTCCACTCGGAT-3′.
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Western blotting

The cell lysates were loaded onto a 10% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel. 
After electrophoresis, the proteins from the gels were trans-
ferred to membranes via application of 250 mA current for 
30 min. The membranes were blocked, followed by incuba-
tion with anti-p16 (CST, #92803), anti-p21 (CST, #8831), 
and anti-p53 (CST, #2524). The bound antibodies were 
detected using HRP-conjugated anti-rabbit and peroxidase-
conjugated anti-mouse antibodies, and analyzed using 
chemiluminescence (ECL System) via autoradiography. The 
same blots were used to evaluate GAPDH (CST, #5174) as a 
protein loading control.

Experimental design and statistical analysis

Each experiment was repeated at least three times. Oocytes/
embryos and serum samples collected from six mice were 
used for each in vivo experiment, and the cell samples were 
obtained from three parallel culture dishes for each in vitro 
experiment. The data are expressed as mean, and the error 
bars indicate SD of the mean for the individual results. 

Statistical analysis was performed using the Student’s t-test 
with the SPSS/GraphPad Prism software.

RESULTS

MTX-induced aberrant embryo development 
after natural fertilization can be partially 
mitigated by FA treatment

We observed that the total number of embryos obtained from 
the MTX group decreased by 35%, and the number of blasto-
cysts was reduced by 69% compared with the control group 
(Figure 1b), which indicated that previous MTX administra-
tion delayed or blocked pre-implantation embryo develop-
ment. We then observed the morphology of the embryo under 
a microscope and observed that the aberrant embryos were 
present in the MTX group, and the embryos manifested as 
flattened morulas, blastocysts with atypical inner cell mass 
volume, and embryos without zona pellucida (Figure  1a,c). 
Thereafter, we observed that the proportion of blastocysts re-
covered after a 20-day FA treatment (Figure  1c), and there 
was a negligible proportion of aberrant embryos in the FA 
group (Figure 1c).

F I G U R E  1   Methotrexate (MTX)-
induced aberrant embryo development 
after natural fertilization could be 
partially mitigated by folic acid (FA). (a) 
Representative images of healthy embryos, 
which represent the criteria for staging 
embryos obtained from natural conception. 
Aberrant embryos observed in the MTX 
group represented by flattened morulas, 
blastocysts with atypical inner cell mass, 
and embryos without zona pellucida. 
(b) Statistical analysis of the number of 
embryos after 108 h of mating showing a 
significant reduction in the total number 
of embryos of the MTX group, which 
could not be restored by FA treatment. 
(c) The percentage of ~ 8 to 16-cell 
embryos increased, whereas the blastocyst 
proportion decreased in the MTX group. FA 
treatment mainly recovered the proportion 
of blastocysts. Aberrant embryos were 
only found in the MTX group. (*p < 0.05, 
**p < 0.01, Student’s t-test, n = 6; Scale 
bars: 50 μm)
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Oocytes from MTX group mice exhibit 
a lower IVF success rate and abnormal 
embryo development, which is recovered by 
FA treatment

IVF is an effective method for the evaluation of oocyte 
quality and the direct observation of the development of 
the embryo, and the method further eliminates influences 
of the in vivo fertilization environment. After observing 

and measuring oocytes obtained through superovulation, 
we found that although MTX exposure did not signifi-
cantly change the morphology or diameter of the oocytes 
(Figure 2A a, b), the proportion of oocytes from the MTX 
mice that progressed to the 2-cell stage after overnight incu-
bation decreased by 9.69% compared with the control group 
(Figure  2B  b). As only fertilized oocytes could progress 
to the two-cell stage, the reduced percentage showed a de-
creasing fertilization ability of mouse oocytes. After 2-cell 

F I G U R E  2   Oocytes from the methotrexate (MTX) group mouse exhibited lower in vitro fertilization (IVF) success rate and abnormal embryo 
development, which was recovered by folic acid (FA). (A) (a) Representative images of oocytes collected via superovulation after removing 
cumulus cells. (b) No significant differences were observed in the diameter of oocytes among the three groups. (B) The MTX group exhibited 
a significantly reduced fertilization rate. FA treatment could not significantly restore the fertilization rate of the oocyte. (C) The percentage of 
embryos at different stages. The proportion of blastocysts was significantly lower than that of the control group, which was restored after FA 
treatment. (D) (a) The morphology of dead embryo in each group, the inner cell mass of the dead embryo was fragmented. (b) The statistical chart 
showed that the proportion of dead embryos in the group was significantly higher than that in the FA treatment group and the control group. (E) 
(a) Representative images show aberrant embryos from MTX and FA treatment groups including embryos without zona pellucida or with atypical 
inner cell mass. (b) The statistical chart showed the proportion of aberrant embryos in the MTX group 120 h after IVF, which was much higher than 
that of the control and FA groups (*p < 0.05, **p < 0.01, Student’s t-test, n = 6; Scale bars: 50 μm)
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embryos were incubated for 120 h, compared with the con-
trol group, the proportion of the 2-cell stage embryos and 
blastocysts from the MTX group increased by 22.2% and de-
creased by 19.3%, respectively, indicating that fewer 2-cell 
embryos from the MTX mice could develop into blastocysts 
(Figure 2c). Meanwhile, FA treatment increased the propor-
tion of blastocysts by 13% compared with that in the MTX 
group (Figure 2c). Furthermore, MTX increased the rate of 
death in embryos showing inner cell mass lysis (Figure 2D a) 
by 22.3%, whereas FA treatment decreased the rate by 9.5% 
(Figure 2D b). Additionally, few malformed embryos exhibit 
deformity, such as shrinkage of inner mass and absence of 
zona pellucida (Figure 2E a), and this was observed in the 
malformed embryos in the natural fertilization experiment 
(Figure 1e). Moreover, malformed embryos were found only 
in the MTX and FA groups. Interestingly, FA treatment re-
duced the proportion of MTX-induced malformed embryos 
from 7.4% to 2.5% (Figure 2E b).

The data mentioned above indicated the presence of 
a greater percentage of dysfunctional oocytes in mice that 
were previously exposed to MTX, evidenced by decreasing 
success rate of fertilization, retardation of embryonic devel-
opment, increasing death rate, and specific malformations 
in embryos. Meanwhile, FA could partially rescue oocytes 
by alleviating the retardation and blockage of embryonic 
development.

MTX induces senescence and apoptosis of 
human GCS in vitro, which can be released by 
FA antagonism

KGN cells (human GCs) were then used to validate the 
detrimental effects exerted by MTX exposure and to as-
sess the recovery mechanisms of FA. To imitate the MTX 
plasma concentration in patients prescribed with MTX,27 we 
conducted an in vitro analysis wherein we supplemented a 
medium with 50  nM MTX and performed cell culture ex-
periments. Forty-eight hours after incubation in a medium 
with 50 nM MTX, KGN cells were transferred to a medium 
supplemented with 200–4000 nM FA. After 120 h, based on 
the recovery of cell proliferation (Figure  3a), we selected 
1000 nM FA as the optimal dose to validate the effect of FA-
mediated rescue on KGN cells treated with MTX (FA treat-
ment group). As shown in Figure 3b, KGN cell proliferation 
was inhibited during 48 h of MTX treatment and seemed to 
be restored after MTX withdrawal, even though it was not re-
stored to the same level as the control group. Simultaneously, 
senescent KGN cells with positive β-galactosidase staining 
were observed at 24 h of MTX treatment (Figure 3C a), along 
with the increasing proportion of apoptotic KGN cells in a 
time-dependent manner (Figure  3D  a). The senescent and 
apoptotic cells were detectable in the MTX group at 72  h 

after MTX withdrawal (Figure 3D b, E b). Further, the ex-
pression of p21 and p53, but not that of p16, increased after 
MTX treatment for 48 h (Figure 4A a, B), and this obser-
vation was consistent with the senescence and apoptosis of 
GCs after MTX treatment. Additionally, high expression of 
p21 and p53 was maintained for 72 h after MTX withdrawal 
(Figure 4A b, B). ROS production is one of the most impor-
tant mechanisms causing cell senescence and apoptosis; in the 
present study, ROS produced in KGN cells could be detected 
24 h after MTX treatment (MTX sustained group) as shown 
in Figure 4C. Seventy-two hours after MTX withdrawal, that 
was equivalent to 120 h after MTX exposure, ROS-positive 
KGN cells could be still detected (Figure 4c). Furthermore, 
FA supplement reversed the damage of KGN cells attributed 
to MTX administration in vitro. After 72 h of FA addition 
to the medium, the proliferation rate of KGN cells increased 
significantly (Figure 3B b), the percentage of senescent KGN 
cells decreased from 16% to 6%, and the percentage of apop-
totic GCs decreased from 73.3% to 59.3% (Figure 3C b, D b), 
which was accompanied by downregulation of p53 and p21 
expression (Figure 4A b, B). Concurrently, ROS generation 
by KGN cells was significantly inhibited by FA addition to 
the culture medium (Figure 4C).

GC apoptosis in mice ovaries due to MTX 
exposure leads to the development of 
follicular dysplasia

We investigated whether the GCs in the mouse ovarian tis-
sue would also be damaged after MTX exposure, and found 
that apoptotic GCs were present not only in pre-antral fol-
licles but were present also in primary follicles as evidenced 
by TUNEL assay results (Figure  5A), which indicated the 
pathogenicity of the injured follicles caused by MTX ad-
ministration. Considering the histological and functional 
association between GCs and oocytes in follicles, we investi-
gated the changes in follicles and ovaries in the MTX group 
mice. First, the ovaries of the MTX group mice exhibited an 
evident weight reduction compared with the control group 
(Figure 5C). Second, MTX exposure led to a significant re-
duction in estradiol and AMH levels (Figure 5B), which are 
mainly secreted by GCs, which further confirmed the exist-
ence of GC damage.15 Additionally, we determined the num-
ber of follicles at different developmental stages. The results 
showed that even though there was no significant differ-
ence in the total number of follicles among the three groups 
(Figure  5D  b), the proportion of atretic follicles increased 
significantly because of MTX exposure, whereas the propor-
tion of pre-antral and antral follicles rather than primordial 
and primary follicles decreased dramatically (Figure 5D c).

Similar to the results obtained for the KGN cell experi-
ments in vitro, FA supplementation remarkably decreased the 
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percentage of apoptotic GCs in vivo (Figure 5A). Meanwhile, 
FA treatment not only decreased the FSH level and partially 
restored the estradiol level (Figure 5B), but also recovered the 
proportion of mature follicles and reduced the proportion of 
atretic follicles (Figure 5D c).

DISCUSSION

Based on the low-dose prolonged regimen of MTX medica-
tion prescribed for ectopic pregnancy in clinical settings,23 
we developed the MTX withdrawal mouse model without 

variation in body weight to mimic the conditions reported 
in female patients with a history of MTX medication. The 
results of IVF and embryo development of MTX mice re-
vealed that oocyte dysfunction presented as a decreasing 
rate of successful fertilization, retardation in embryonic 
development, increasing embryo death rate, and mal-
formed embryos, which continue to be detected even after 
completion of five to six ovulation cycles after MTX with-
drawal. Notably, five to six ovulation cycles in mice may 
be equivalent to five to six menstrual cycles in humans.24 
Considering these conditions, the implementation of inter-
vals spanning three to six menstrual cycles between MTX 

F I G U R E  3   Methotrexate (MTX) caused the senescence and the apoptosis of human granulosa cells (GCs; KGN cells), which can be released 
by folic acid (FA) antagonism. (A) Forty-eight hours after continuous treatment with 50 nM MTX, KGN cells were replaced with different 
concentrations of FA and cultured in FA-containing medium for 72 h. The activity of KGN cells was determined. It was found that 1000 nM FA 
had the best recovery ability to KGN cells activity. (B) Detection of KGN cells proliferation in the MTX, FA treatment, and control group using 
cell counting kit-8 (CCK-8) assay. KGN cells proliferation was inhibited at 48 h after MTX administration and the effect was sustained till 72 h 
after MTX withdrawal. The proliferation of KGN cells was partially restored with the addition of FA. (C) (a) Senescent KGN cells appeared at 48 h 
after MTX sustained treatment accompanied by morphological changes and mainly defined as β- galactosidase positive cells. (b) Senescent KGN 
cells could still be observed at 72 h after MTX withdrawal. Senescent KGN cells no longer appeared 72 h after FA was added. (D) (a) Apoptosis 
of KGN cells induced by MTX appeared in large numbers at 48 h after MTX treatment. (b) Seventy-two hours after MTX withdrawal, KGN cells 
still appeared in the early apoptosis stage. The apoptosis of KGN cells could be significantly reduced by the addition of FA after MTX withdrawal. 
(Symbol * indicates a difference between MTX processed group and control group, **p < 0.01; Symbol # indicates a difference between MTX and 
FA treatment groups, #p < 0.05, ##p < 0.01. Student’s t-test; Scale bars: 50 μm)
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discontinuation and pregnancy for patients with a history 
of MTX medication stated in the clinical guidelines22 may 
warrant re-evaluation.

Ovarian reserve, as a response to gonadotropin stimula-
tion, and clinical pregnancy or live birth rate are usually used 
to validate the reproductive toxicity of MTX in the clinic. 

F I G U R E  4   Methotrexate (MTX) caused the OS and increased p53/p21 expression of human granulosa cells (GCs; KGN cells), which can be 
released by folic acid (FA) antagonism. (A) Detecting the expression of p16, p21, and p53 genes using real time polymerase chain reaction (PCR). 
MTX upregulated the expression of p21 and p53 but not p16 genes in the KGN cells, p21 and p53 genes maintained the expression at a high level 
at 72 h after MTX withdrawal. In contrast, the expression of the genes reduced significantly after 72 h of incubation in FA-medium. (B) Detecting 
the expression of p16, p21, and p53 genes using Western blot. (C) Detection of OS of KGN cells in MTX, FA treatment, and control group. The 
reactive oxygen species (ROS)-positive cells in the green box show the nucleus with blue fluorescence and cytoplasm with green fluorescence. 
Relative DCF MFI shows quantitative analysis of ROS expression of KGN cells in each group. OS of GCs could be detected as early as 24 h 
after MTX treatment (MTX sustained group) and still be detected 72 h after MTX withdrawal (MTX group). The addition of FA could eliminate 
almost all the reactive oxygen species. (Symbol * indicates a difference between MTX processed groups and control group, **p < 0.01; Symbol # 
indicates a difference between MTX and FA treatment groups, #p < 0.05, ##p < 0.01. Student’s t-test; Scale bars: 50 μm)
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However, the reason for the worse outcome of IVF results 
caused by MTX is not clear. Tian et al. reported that the 
changes in oocytes in response to MTX administration in vitro 
included delayed maturation time, chromosome arrangement, 
aberrant karyotype, spindle morphology, and localization of 
microtubule-organizing centers.14 However, considering the 
metabolism of MTX in vivo and the integrity of ovaries, we 
focused on studying follicular changes and found that MTX 
administration reduced the proportion of mature follicles and 
increased the proportion of atretic follicles. Combined with 
the decrease in AMH and estradiol levels, we proposed that 
GC function was impaired because of prior MTX exposure, 
which was supported by the following results. First, MTX 
treatment induced GC apoptosis and senescence in vitro. 

Consistent with this phenomenon, increased apoptosis of GCs 
in mouse follicles was observed, which resulted in the forma-
tion of atretic follicles. Additionally, we observed the gener-
ation of ROS and increased expression of p53 and p21 genes 
due to MTX exposure in vitro, which are markedly related to 
cellular senescence and apoptosis, as revealed by previous 
studies.28,29 These data suggest that the p53/p21 expression 
may be involved in the infliction of ovarian granulosa cell 
damage, thereby contributing to oocyte dysfunction and ab-
errant embryo development. In addition to follicular devel-
opmental disorders, we also observed oocyte dysfunction in 
the IVF experiments. As follicles are the histologic and func-
tional units for the development of mammalian oocytes, we 
proposed that MTX exposure may induce the elimination of 

F I G U R E  5   Granulosa cells (GCs) apoptosis in mice ovaries due to methotrexate (MTX) led to follicular dysplasia. (A) Apoptotic GCs in the 
ovaries, apoptotic GCs appear brown. Apoptotic GCs were already visible in both primary and secondary follicles. Folic acid (FA) treatment could 
decrease the proportion of apoptotic GCs dramatically. (B) Hormone levels in the serum. MTX administration decreased the estradiol and anti-
Müllerian hormone (AMH) significantly, and FA treatment restored the level of estradiol in mouse serum instead of AMH. (C) The ovary weight of 
the MTX group decreased compared with the control group. (D) (a) Representative images of hematoxylin-eosin (H&E)-stained serially sectioned 
ovaries. No significant pathological changes were found in the mouse ovaries after MTX administration. Follicles at different stages are indicated 
with arrows. Atresia follicles (red), primordial follicles (grey), primary follicles (dark blue), pre-antral follicles (≤2 layers GCs, yellow; greater than 
2 layers GCs, light blue), and antral follicles (green). (b) Statistical chart showing the total number of follicles. No difference was observed among 
the three groups. (c) Statistical chart showing the percentage of follicles at different stages in three groups. Although there was no significant 
difference in the proportion of primordial follicles and primary follicles among the three groups, the percentage of atresia follicles in the MTX 
group increased significantly. In contrast, that of the pre-antral follicles and antral follicles decreased. FA treatment decreased the proportion of the 
atresia follicles and increased that of pre-antral and antral follicles. (*p < 0.05, **p < 0.01, Student’s t-test, n = 6; Scale bars: 50 μm)
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developing follicles and subsequent development into atretic 
follicles and further decrease the quality of oocytes.

Following this observation, aberrant embryonic devel-
opment was noted after natural fertilization in mice. As 
reported by previous studies, GC senescence and further 
apoptosis could result in follicular atresia, aberrant embryo 
development, and poor IVF outcome.30–32 We proposed 
that previous MTX administration induced persistent se-
nescence and apoptosis of GCs for a prolonged duration 
even after MTX withdrawal, which could further lead to 
abnormal follicular development and dysfunction of oo-
cytes in mouse ovaries.

It has been reported that FA medication could reduce the 
systemic toxicity of MTX.20,21 Interestingly, we demonstrated 
that FA treatment after MTX withdrawal could inhibit senes-
cence and apoptosis of GCs, restore ovary function, improve 
the developmental environment of oocytes, and finally im-
prove embryonic development in mice and IVF success rates.

Results of the present study not only provide an improved 
interpretation of the mechanisms of reproductive toxicity in-
duced by previous treatment with MTX medication, but also 
imply that the interval between MTX discontinuation and 
conception currently suggested by the FDA in the clinic may 
not be sufficient for the ovary to recover physiologically from 
the damage without any drug intervention. Based on the re-
sults, we suggest that after MTX exposure, patients should 
be treated with an appropriate dose of FA as soon as possible 
after MTX withdrawal. Further, it should be noted that the 
dose of FA reported to be protective in mice is much higher 
than the currently recommended dietary supplement dose 
for pregnant women after being converted to the appropriate 
dosage in humans. However, in our present study, FA was 
used to effectively eliminate MTX-mediated reproductive 
toxicity effects, and it might be necessary to increase the dos-
age of FA to a level higher than that prescribed as a daily sup-
plementation. Moreover, according to the literature reviewed, 
there is no evidence that high doses of FA are toxic because 
of the pharmacokinetic properties of FA in vivo.20,21,33 Given 
that FA appears low risk, it is reasonable to consider high-
dose FA supplementation when trying to use it to decrease 
the reproductive toxicity of previous MTX administration in 
humans. In addition, the current data should be considered 
when discussing the optimal interval between MTX discon-
tinuation and pregnancy seeking with patients. Although the 
FDA currently recommends 3–6 months, our findings sug-
gest that the interval may be at least 6 months, and monitor-
ing of hormone level may be necessary to be used. However, 
understanding the impact of a longer interval requires further 
studies, particularly in humans.
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