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SUMMARY: 
This protocol delineates a method for constructing a premature ovarian insufficiency mouse model via cyclophosphamide injection. The model effectively, readily, and adaptably replicates the pathological progression of human premature ovarian insufficiency, demonstrating high reliability and cost-effectiveness.

ABSTRACT:
Premature ovarian insufficiency (POI) is a critical condition leading to female infertility, necessitating reliable animal models for mechanistic and therapeutic research. Here, we present a standardized protocol for establishing and evaluating a cyclophosphamide (CTX)-induced POI mouse model. Six-to-eight-week-old female mice with regular estrous cycles were selected and subjected to intraperitoneal CTX injections: an initial dose of 100 mg/kg on day 1, followed by daily doses of 20 mg/kg for the subsequent 14 days. Dynamic changes in estrous cycles were monitored via vaginal smear cytology with Wright staining. Serum levels of estradiol (E2), follicle-stimulating hormone (FSH), and anti-Müllerian hormone (AMH) were quantified using ELISA to assess endocrine alterations. Ovarian histopathology was evaluated through hematoxylin-eosin (H&E) staining of paraffin-embedded sections to quantify follicular atresia, while immunohistochemical analysis of cleaved caspase-3 was performed to detect granulosa cell apoptosis. Results demonstrated disrupted estrous cyclicity, significantly reduced E2 and AMH levels, elevated FSH concentrations, increased follicular atresia, and enhanced granulosa cell apoptosis in CTX-treated mice, confirming successful POI modeling. This model-building method can highly mimic the mechanism of chemotherapy-induced ovarian damage, presenting typical pathological features such as follicle reserve depletion and sex hormone disorders. It provides a reliable experimental platform for revealing the reproductive toxicity mechanism of chemotherapy, screening ovarian-protecting drugs, and optimizing fertility preservation strategies. Moreover, this model is relatively simple to operate, low-cost, and has a short production cycle, making it easy to carry out and popularize. The methodology aligns with the requirements of JoVE for visualizable, step-by-step experimental demonstrations.

INTRODUCTION:
Premature ovarian insufficiency (POI), the most prevalent form of female reproductive aging disorder, not only severely compromises patients' physical and mental health through estrogen deficiency symptoms and reproductive dysfunction, but also elevates the risks of developing comorbidities, including fractures, autoimmune disorders, cardiovascular diseases, diabetes mellitus, etc.1. The development of efficient and safe therapeutic strategies has thus become a critically urgent priority in modern medicine. Given the limited availability of clinical samples, multifactorial etiology, and high ethical risks associated with POI research, the establishment of reliable animal models that permit systematic mechanistic investigation and safety validation has become indispensable.

Currently, chemotherapy-induced ovarian damage models are widely utilized for POI studies. Cyclophosphamide (CTX), an alkylating agent with immunosuppressive properties, has been identified as a potent gonadotoxic compound. Its mechanism involves DNA crosslinking damage to suppress cellular proliferation2, leading to apoptosis of ovarian reserve cells3,4. CTX-based models effectively recapitulate clinical hallmarks of POI, including primordial follicle depletion, hypoestrogenemia, and elevated follicle-stimulating hormone (FSH) levels. Intraperitoneal CTX injection in mice offers distinct advantages: high bioavailability through rapid peritoneal absorption, standardized operability with minimal technical variability, and cost-effectiveness for large-scale studies. Notably, the ovarian structure of mice is highly similar to that of humans, which facilitates the dynamic observation of follicular depletion and hormonal changes. Moreover, mice are low-cost and have a fast reproductive rate, meeting the requirements for large-scale sample studies.

Despite these advantages, heterogeneity in CTX dosing regimens (e.g., single-bolus versus fractionated injections) and temporal administration windows has led to inconsistent modeling outcomes across studies. To address this gap, we present a systematic protocol optimizing CTX dosage and administration frequency for POI induction in mice. This study aims to establish a reproducible model through quantitative assessment of ovarian reserve depletion, hormonal dysregulation, and histopathological correlates, thereby providing a robust platform for mechanistic exploration and therapeutic screening.
 
PROTOCOL:
This protocol has been reviewed and approved by the Ethics Committee of Anhui Shendong Biotechnology Development Co., Ltd. (Ethics Number: SDLL202502281). This study adheres to the guidelines of the National Institutes of Health on the care and use of laboratory rodents in all animal experiment procedures. The female C57BL/6 mice used in this experiment were 6–8 weeks old and maintained under specific pathogen-free (SPF) conditions. As an inbred strain and a substrain of the C57 lineage, C57BL/6 mice are characterized by their black coat. Prior to experimentation, the mice were acclimatized for one week in the animal laboratory under controlled temperature and humidity conditions, with a 12-h light/dark cycle to mimic natural circadian rhythms. Throughout the acclimatization period, the mice were provided ad libitum access to food and water.

1. Animal preparation

NOTE: Select 24 female SPF-grade C57BL/6 mice aged 6–8 weeks with normal estrous cycles. Collect vaginal lavage fluid from the mice at 9:00 a.m. for 10 consecutive days to prepare smears of exfoliated vaginal cells. Observe the estrous cycles and choose the mice that have at least one continuous and complete cycle.

1.1 Allow mice to acclimate to the environment for 1 week prior to experiments. Mark mice using an ear punch after the adaptation period. Record body weight measurements immediately after marking.

1.2 Securely grip mice until natural stress-induced urination occurs. Immobilize by pinching the dorsal neck skin between the thumb and forefinger of the left hand. Position the mouse head down to fully expose the abdominal region.

1.3 Load a sterile pipette tip onto a micro-pipette. Aspirate 10 μL of sterile physiological saline solution. Perform three sequential flush cycles through the vaginal canal. Retain lavage fluid within the pipette tip.

1.4 Evenly distribute the lavage fluid across the glass microscope slide. Air-dry slides completely at room temperature. Fix cells by immersing them in 95% ethanol for preservation. Label slides comprehensively with experimental parameters, and maintain protected storage in light-proof slide boxes at 4 °C when not processing.

1.5 Wright's staining protocol

1.5.1 Submerge slides in 95% ethanol (for 3–10 min). Rinse thoroughly under the distilled water stream.

1.5.2 Transfer slides through 95% ethanol bath (1 min duration).

1.5.3 Scrape oxidized film from the hematoxylin solution surface using clean filter paper. Immerse the slides in filtered hematoxylin (for 5 min).

1.5.4 Rinse the slides with distilled water. Dip briefly (<1 s) in 1% HCl solution. Complete with an extended distilled water rinse.

1.5.5 Prepare mixed stain using Orange G and EA50 solutions. Stain slides in the mixture (for 3 min).

1.5.6 Pass the slides through three sequential 95% ethanol baths (5-s intervals).

1.5.7 Treat with xylene in two stages (2 min each).

NOTE: Operate within a fume hood to avoid inhalation of xylene vapor. Close the containers immediately after use.

1.5.8 Permanently preserve specimens using neutral resin mounting medium

1.6 When reading the slide under the microscope, identify the cells with pale pink cytoplasm and dark purple nuclei as nucleated epithelial cells, irregular scaly non-nucleated pale pink cells as keratinized epithelial cells, and small round blue cells as white blood cells.

NOTE: Determine the estrous cycle stage based on the following cytological characteristics: (1) Proestrus phase: Predominant nucleated epithelial cells. Appear as both individual cells and clustered sheets. Sparse leukocyte presence (<5% field of view); (2) Estrus phase: Abundant anucleated keratinized epithelial cells. Characteristics: large flattened morphology with irregular borders. Near absence of leukocytes and nucleated cells (<2% combined); (3) Metestrus phase: Decreasing keratinized cell population. Emerging leukocyte infiltration. Reappearing nucleated epithelial cells (20%–40% composition); (4) Diestrus phase: Dominant leukocytes and nucleated cells (>80%). Virtual absence of keratinized cells (<1%)5. Reference the standardized cytological atlas in Figure 1 for pattern verification.

1.7 Organize and analyze the data, and select 24 mice with normal estrous cycles.

2. Preparation of cyclophosphamide injection

NOTE: Cyclophosphamide is unstable to light and should be handled in the dark throughout the process. Cyclophosphamide is toxic, so protective clothing, double-layer nitrile gloves, and masks should be worn during the operation.

2.1 Add 200 mg of sterile pharmaceutical-grade cyclophosphamide powder to 10 mL of sterile saline. Mix thoroughly to obtain a 20 mg/mL cyclophosphamide solution. Reserve one portion for immediate use; prepare additional concentrations with the remainder.

2.2 Transfer 200 μL of 20 mg/mL stock to a 1.5 mL centrifuge tube wrapped in aluminum foil. Add 800 μL of sterile saline to reach 1 mL total volume. Vortex mix for 30 s to obtain 4 mg/mL solution. Prepare 14 identical aliquots (1 mL each). Store all aliquots at -20 °C in a vertical rack.

3. Injecting the cyclophosphamide solution

NOTE: Randomize 24 mice into three cohorts using a computerized system: (1) BLANK: No treatment (n = 8); (2) NS: Saline controls (n = 8); (3) POI: Cyclophosphamide group (n = 8). Inject the mice every morning at 9:00. For the POI group, intra-peritoneally inject 100 mg/kg of cyclophosphamide solution on the first day, and then continuously inject 20 mg/kg of cyclophosphamide solution for the next 14 days. Intra-peritoneally inject an equal volume of normal saline into the NS group, and leave the BALNK group untreated. Weigh all the mice before each injection, every day, and collect vaginal exfoliated cells for smearing after injection.

3.1 Place an isoflurane-soaked cotton ball with forceps into a sealable container. Position the mouse inside the container for 10 s inhalation anesthesia.

NOTE: Isoflurane is a volatile anesthetic with certain toxicity and irritation. Operations should be carried out in a well-ventilated environment following institutionally approved protocols.

3.2 Calculate injection volume: Body weight (g) × 5 = μL. Disinfect the right lower quadrant with a 75% ethanol swab. Insert a 26 G needle at a 30–45° angle (bevel up orientation). Advance 5 mm through the abdominal wall until "pop" sensation. Deliver solution at a 50 μL/s rate.

3.3 Place residual liquids and contaminated equipment into light-proof waste containers labeled "PHOTOSENSITIVE WASTE". Discard isoflurane-soaked cotton balls in designated sealed containers affixed with clear HAZARDOUS WASTE labels.

3.4 Thaw frozen 4mg/mL aliquots in a 37 °C water bath (3 min). Recalculate daily dose: Body weight (g) × 5 = μL. Verify solution clarity prior to loading the syringe.

4. Serum collection

NOTE: After 15 days of cyclophosphamide solution injection, collect blood from the apex of the heart of all mice. Centrifuge to obtain the serum. Mice in the control group and the NS group should be sampled during the diestrus phase. POI group mice underwent time-matched sampling paired with control/NS group mice, confirmed to be in diestrus.

4.1 Anesthetizing the mouse

4.1.1 Place the mouse into a transparent, airtight chamber containing an isoflurane-saturated cotton ball.

4.1.2 Observe the mouse’s behavior. Loss of righting reflex (failure to self-correct posture when gently turned supine) indicates adequate anesthesia induction. This process typically requires 2–3 min.

4.1.3 Remove the mouse from the container. Fix its head with your left hand, and gently press the upper eyelid with your index finger. Hold a sterile cotton swab in your right hand, dip it into erythromycin eye ointment to collect a 1–2 mm diameter amount. 

4.1.3.1 Evenly apply the ointment across the eyeball surface and inner eyelid. Close the eyelid, then gently massage with your fingertip for 10 s to distribute the ointment uniformly. Wipe away excess ointment around the eye using a dry cotton swab.

4.2 Position the mouse in a supine posture on a foam board. Trim the chest hair using surgical scissors. Disinfect the thoracic and abdominal areas with 75% ethanol. 

4.2.1 Incise the skin and subcutaneous tissue along the midline. Cut through the intercostal muscles longitudinally along the left side of the sternum. Expose the heart.

4.3 Insert a syringe (with the needle bevel facing up) into the apex of the heart at an angle of about 30°. Advance the needle slowly and gently aspirate. Inject the obtained blood into a 1.5 mL centrifuge tube.

4.4 Put the obtained blood into a centrifuge. Set the centrifuge at 850 × g for 10 min at 4 °C. Use a pipette to take out the upper-layer serum and place it in a 0.5 mL centrifuge tube. Store it at -80 °C.

5. Detection of serum estrogen, FSH, and AMH 

5.1 Put the frozen serum in a 4 °C refrigerator overnight to thaw it slowly.

5.2 Take the ELISA kit out of the refrigerator 30 min in advance to allow the reagents in it to return to room temperature.

5.3 According to the instructions of the kit, perform serial dilutions of the standard using the standard diluent. Generally, set multiple concentration gradients, such as 0, 10, 20, 40, 80, 160 pg/mL, etc.

5.4 Add the diluted standard and the serum samples to be tested to the corresponding wells of the ELISA plate, 100 μL per well. At the same time, set up blank control wells and add 100 μL of the sample diluent.

5.5 Put the ELISA plate in a 37 °C incubator for 1–2 h to allow the antigen and antibody to fully bind.

5.6 After the incubation is over, carefully aspirate the liquid in the wells. Wash the ELISA plate with the washing solution 3–5 times. After each wash, gently pat the ELISA plate dry to remove the residual washing solution.

5.7 Add the enzyme-labeled antibody working solution, 100 μL per well. Continue to incubate in a 37 °C incubator for 1 h.

5.8 Repeat the washing steps above, wash 3–5 times, and pat the ELISA plate dry.

5.9 Add 100 μL of substrate solution to each well. Gently mix by shaking. Incubate in the dark at 37 °C for 15–30 min until a clear blue color develops.

5.10 Add 100 μL of termination solution to each well to stop the reaction. Observe the color change from blue to yellow.

5.11 Use a microplate reader to read the absorbance values (A values) of each well at a wavelength of 450 nm and record the data.

5.12 Take the concentration of the standard as the abscissa and the corresponding absorbance value as the ordinate to draw a standard curve. Generally, use polynomial fitting to ensure that the correlation coefficient r² of the standard curve is greater than 0.99. 

5.12.1 According to the standard curve, substitute the absorbance value of the serum sample to be tested into the standard curve equation to calculate the hormone concentration in the sample.
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6.1 Euthanize the still-anesthetized mouse by cervical dislocation (following institutionally approved protocols), and then use surgical scissors to open the mouse's abdomen.

6.2 The ovaries are located below the kidneys and are wrapped in white fat pads. Gently lift the fat pads with forceps to expose the ovaries and fallopian tubes. Use scissors to separate the ovaries from the surrounding connective tissues.

6.3 Place the removed ovarian tissues into 4% paraformaldehyde for fixation for 24 h.

7. Preparation of paraffin sections

7.1 Dehydration: Take out the ovaries and pass them through ethanol solutions of different concentrations (75%, 85%, 95%, 100%) in sequence, with each step lasting for 1 h.

7.2 Transparency treatment: First, treat the ovaries in a mixture of xylene and ethanol for 15 min. Then, immerse them in Xylene I and Xylene II for 15 min each.

7.3 Wax impregnation: Immerse the ovaries in a mixture of xylene and paraffin. Then, transfer them into Paraffin I, Paraffin II, and Paraffin III for 0.5 h each.

7.4 Embedding: Place the wax-impregnated ovaries in an embedding mold. Adjust the orientation of the tissues (with the cut surface facing down). Pour melted paraffin into the mold and let it cool and solidify.

7.5 Sectioning: Cut the paraffin block into 5-μm-thick sections using a microtome. Perform serial sectioning and gently transfer the ribbon with a brush, ensuring it forms a uniform, translucent band that lies flat without distortion when floated on a water bath

8. H&E staining 

8.1 Dewaxing: Immerse the paraffin-embedded sections in Xylene I for 10 min. Then transfer the sections to Xylene II and soak for another 10 min.

8.2 Rehydration: Pass the sections through a series of ethanol solutions of different concentrations in sequence: 100% ethanol, 95% ethanol, 85% ethanol, and 75% ethanol, with an immersion time of 5 min for each. Finally, rinse the sections with distilled water for 1 min.

8.3 Hematoxylin staining: Submerge the sections in hematoxylin staining solution for 5 min. Rinse the sections under running water for 30 s.

8.4 Differentiation: Immerse the sections in 1% hydrochloric acid-ethanol solution for 1–3 s. Rinse the sections under running water for 1–2 min.

8.5 Cytoplasmic staining: Immerse in eosin Y solution (1 min).Blot excess stain with filter paper.

8.6 Dehydration: Pass the sections through a series of ethanol solutions: 85% ethanol, 95% ethanol, and 100% ethanol (twice), with an immersion time of 5 s for each.

8.7 Clearing: Immerse the sections in Xylene I for 5 min. Then transfer the sections to Xylene II and soak for another 5 min.

8.8 Mounting: Drop neutral resin onto the stained section. Carefully place a coverslip over the section.

8.9 Follicle counting: Observe the stained sections under a microscope. Count and record the number of follicles at different developmental stages.

9. Immunohistochemistry for Caspase-3 in ovarian tissue

9.1 Antigen retrieval: Place the dewaxed and rehydrated sections into sodium citrate buffer (pH 6.0). Heat the sections in a microwave oven on high power for 5 min. Then take them out and let them cool. 

9.1.1 Repeat the heating process 2 more times, for a total of 3 heating cycles. After natural cooling, wash the sections with PBS 3 times, each time for 5 min.

9.2 Elimination of endogenous peroxidase: Add 3% H₂O₂ drop-wise onto the sections. Incubate the sections at room temperature in the dark for 10 min. Wash the sections with PBS 3 times, each time for 3 min.

9.3 Serum blocking and antibody incubation: Add rabbit anti-caspase-3 primary antibody drop-wise onto the sections. Incubate the sections in a wet box at 4 °C overnight. The next day, allow the sections to return to room temperature for 30 min. Wash the sections with PBS 3 times, each time for 5 min.

9.4 Color development, counterstaining, and mounting: Use DAB for color development, which usually takes about 1–5 min. Counterstain the sections with hematoxylin for 2 min. After counterstaining, wash the sections for 5 min. 

9.4.1 Then place the sections in ammonia water for 1 min to turn them blue. Finally, perform dehydration through a gradient of ethanol, clear the sections, and mount them.

REPRESENTATIVE RESULTS：
The process of establishing the POI mouse model is illustrated in Figure 2. The body weight and estrous cycle of the mice were recorded starting from the first day of drug injection. After 15 days of CTX injection, the average body weight decline rate of the mice in the POI group (3.717% ± 1.463%) was significantly higher than that in the BLANK group (0.2526% ± 0.1469%) and the NS group (0.4305% ± 0.2494%) (p < 0.0001). There was no statistically significant difference in body weight between the NS group and the BLANK group (p > 0.05). (Figure 3A).

The estrous cycle of the mice was monitored based on vaginal exfoliated cell smears. The results showed that the estrous cycle of the mice in the POI group was disordered, manifested as prolonged diestrus or continuous irregular changes in vaginal exfoliated cells. There was no significant difference in the regularity of the estrous cycle between the BLANK group and the NS group. Normally, the estrous cycle in mice relies on the sequential development, maturation, and ovulation of follicles. Thus, disruptions in the estrous cycle directly reflect ovarian dysfunction.

After the 15-day drug injection was completed, the ELISA kit was used to detect the contents of estradiol (E2), follicle-stimulating hormone (FSH), and anti-Müllerian hormone (AMH) in the serum of the mice. The results demonstrated significantly lower E2 levels in the POI group (108.7 ± 21.06 pmol/L) compared to the NS group (142.3 ± 25.32 pmol/L) and BLANK group (141.8 ± 23.86 pmol/L) (p < 0.05) (Figure 3B). E2 is primarily secreted by ovarian follicular cells. A significant decline in E2 directly indicates impaired follicular development, signifying ovarian secretory function failure. Conversely, the POI group exhibited elevated FSH levels (14.3 ± 2.605 U/L) relative to the NS group (10.15 ± 3.578 U/L) and BLANK group (9.762 ± 2.047 U/L) (p < 0.05) (Figure 3C). FSH, secreted by the anterior pituitary gland, primarily promotes follicular growth and development. The decline in E₂ weakens negative feedback on the hypothalamic-pituitary axis, triggering compensatory heightened secretion of FSH from the pituitary gland, an early indicator of ovarian function failure. A marked decrease in AMH concentration was observed in the POI group (93.11 ± 27.13 pg/mL), significantly below NS (130.1 ± 16.71 pg/mL) and BLANK groups (129.4 ± 13.35 pg/mL) (p < 0.05). No statistically significant differences in hormonal profiles were detected between the NS and BLANK groups (p > 0.05) (Figure 3D). AMH is secreted by granulosa cells of preantral and small antral follicles in the ovary. Its serum level reflects the quantity and reserve of ovarian follicles. A reduction in AMH predicts diminished ovarian reserve and impaired follicular development.

One ovary was collected from each mouse, serially sectioned at a thickness of 5 μm, and stained with H&E. Every fifth section was selected for follicular counting6. Follicles at different stages were classified according to the following criteria: (1) Primordial follicles: Surrounded by a single layer of flattened granulosa cells or a mixture of flattened and cuboidal granulosa cells, with a total cell number less than 7; (2) Primary follicles: With at least 7 cuboidal granulosa cells around the oocyte; (3) Secondary follicles: With at least 2 layers of granulosa cells around the oocyte; (4) Antral follicles: Follicles with a clearly visible follicular antrum; (5) Atretic follicles: Follicles with oocyte degeneration (zigzag, condensed) or fragmentation. Under the microscope, a decrease in the number of secondary follicles and an increase in the number of atretic follicles were observed in the POI group7 (Figure 4A). By using serial - section follicle counting, the numbers of primordial follicles (54.88 ± 4.422 per ovary), primary follicles (29.38 ± 3.889 per ovary), secondary follicles (17.25 ± 2.375 per ovary), and antral follicles (7.75 ± 1.488 per ovary) in the POI group were significantly lower than those in the BLANK group and the NS group (p < 0.001), while the number of atretic follicles increased significantly (p < 0.001) (Figure 4B–F). A reduction in primordial follicle count indicates diminished ovarian reserve. Decreased numbers of primary, secondary, and antral follicles signify developmental arrest, reflecting failure of follicular maturation from primordial to antral stages and concurrent disruption of ovarian endocrine regulatory mechanisms. Atretic follicles, characterized by halted development and degeneration during folliculogenesis, demonstrate accelerated apoptotic processes when increased, marking overall ovarian function deterioration.

Caspase-3 immunohistochemical (IHC) staining was performed on ovarian tissues across experimental groups. The POI group exhibited extensive sepia-colored staining areas under microscopy, predominantly localized around atretic follicles (Figure 4A). Quantitative analysis revealed significantly higher caspase-3 positivity in POI group granulosa cells (positive area ratio: 4.858% ± 1.525%) compared to the NS group (1.505% ± 0.739%) and BLANK group (1.567% ± 0.695%) (p < 0.0001) (Figure 4G). No significant intergroup differences in follicular counts or apoptotic indices between NS and BLANK groups (p > 0.05). As the executioner protease in the apoptotic pathway, elevated caspase-3 staining positivity indicates increased apoptosis of granulosa cells and oocytes, thereby accelerating follicular atresia and causing dysregulation of sex hormone secretion, thus further compromising ovarian function.

The above data are expressed as mean ± SD. Intergroup comparisons were performed using one-way analysis of variance (ANOVA) followed by Tukey's post hoc test. The software used for data analysis was GraphPad Prism.

FIGURE LEGENDS:

Figure 1: Estrous cycle smear. Vaginal Smear with Wright's staining. In normal mice, the estrous cycle consists of four stages: proestrus, estrus, metestrus, and diestrus. POI mice exhibit irregular cycles and may remain in prolonged diestrus. Scale bars: 100 µm.

Figure 2: Experimental flowchart. (A) Mice with normal estrous cycles were selected based on Wright’s staining of vaginal exfoliated cell smears. (B) On the first day, cyclophosphamide (CTX) was administered intraperitoneally at a dose of 100 mg/kg, followed by daily intraperitoneal injections of CTX at a dose of 20 mg/kg from day 2 to day 15. (C) After completion of the injections, serum was collected for measurement of E2, FSH, and AMH levels using an ELISA kit. (D) One ovary was processed for H&E staining to enable follicle counting, while the contralateral ovary was subjected to caspase-3 immunohistochemistry to assess granulosa cell apoptosis.

Figure 3: Changes in body weight and hormone levels of mice in each group after drug administration. (A) Body weight loss rates in BLANK, NS, and POI groups recorded from day 1 of CTX modeling through the 15-day drug administration period. (B–D) Serum levels of E2, FSH, and AMH measured 15 days after administration and compared across groups using commercial ELISA kits. Error bars indicate SD. Statistical annotations: “ns” denotes non-significance (P > 0.05), *P < 0.05, **P < 0.01.

Figure 4: Ovarian H&E (hematoxylin and eosin) staining and caspase-3 immunohistochemical (IHC) staining. (A) Morphological comparison of ovarian tissues in each group by H&E staining (scale bar = 200 μm). Numerous primary and secondary follicles were observed in the BLANK and NS groups, while the POI group exhibited a marked increase in atretic follicles. Caspase-3 IHC staining in ovarian tissues (scale bar = 500 μm) showed dense positive signals in the CTX group (sepia-colored staining), with simultaneous staining of interstitial vascular endothelial cells. The BLANK and NS groups displayed similarly small and scattered positive areas. (B) Primordial follicles. (C) Primary follicles. (D) Secondary follicles. (E) Antral follicles. (F) Atretic follicles. (G) Proportion of positive areas in caspase-3 IHC staining of mouse ovaries in each group. Error bars represent SD (n = 8). Statistical annotations: “ns” indicates no significant difference, ****P < 0.001.

DISCUSSION:
Premature ovarian insufficiency (POI) seriously affects women's physical health and quality of life, and its global prevalence is increasing year by year. However, at present, there is still a lack of safe and effective treatment methods for POI. Establishing a reliable and reproducible animal model is crucial for advancing research on POI. Clinically, the causes of POI are diverse, and chemotherapy drugs are important known pathogenic factors8. As an alkylating agent chemotherapy drug, CTX mainly causes ovarian toxicity through oxidative stress and granulosa cell apoptosis, leading to accelerated follicular atresia9. Using the alkylating agent cyclophosphamide to construct an animal model can simulate chemotherapy-induced ovarian damage, making POI research more targeted.

In existing studies, there are various injection regimens of cyclophosphamide. For example, female ICR mice are administered intraperitoneally with 50 mg/kg CTX continuously for 14 days7, 80 mg/kg CTX for 3 consecutive days10, or a single injection of 120 mg/kg CTX11. To establish a standardized protocol, this study optimized the dosing regimen. Given that long-term low-dose CTX injections induce more significant and stable damage to ovarian structure and function12, a prolonged administration strategy was selected. To rapidly disrupt immune cells and achieve pronounced immunosuppression within a short timeframe, an initial bolus dose of 100 mg/kg CTX was administered on Day 1. Following this single high-dose bolus, the immune system initiates self-repair and regeneration. Therefore, subsequent sustained suppression of lymphocyte regeneration and proliferation was achieved through continuous low-dose CTX administration (20 mg/kg/day). This approach prevents rapid immune system rebound while simulating the cumulative toxicity observed in clinical chemotherapy regimens. Consequently, the protocol effectively constructs a POI model while maintaining animal survival rates and experimental stability.

Selecting intraperitoneal injection not only allows the drug to be absorbed into the bloodstream through the rich blood vessels in the peritoneum and take effect rapidly, but also reduces local tissue toxicity, thereby avoiding the risk of local tissue damage, making it suitable for long-term drug administration protocols. To reduce stress in mice and drug-induced damage, when performing the injection, the needle should be accurately inserted at the site from one-third to two-thirds of the right lower abdomen, and the drug should be injected at a uniform speed. To avoid injection failures, injection personnel should be trained in advance. This method effectively reproduces the typical pathological features of POI that are consistent with clinical biomarkers by balancing acute ovarian injury and continuous low-dose exposure. These features include follicle depletion, a decrease in serum estradiol levels, an increase in follicle-stimulating hormone (FSH), and a decrease in anti-Müllerian hormone (AMH)13,14.

Prior to drug injection, vaginal smears can be used to determine the mouse estrous cycle. To ensure successful staining, prepare the staining solution strictly according to protocol, validate its performance, and store it properly. When preparing smears, ensure they are evenly spread and stained promptly. After the drug injection is completed, the success of the model establishment can be intuitively evaluated by detecting the changes in hormone levels in the serum, using caspase-3 immunohistochemical staining of ovarian tissue sections to detect the increase in granulosa cell apoptosis, and performing follicle counting through H&E staining of consecutive ovarian sections. In addition, the C57BL/6 mice selected for the experiment have a clear genetic background, regular estrous cycles, and their ovaries are highly sensitive to CTX with small individual differences, ensuring the experimental data's stability and reproducibility.     

However, the CTX-induced POI mouse model also has limitations. This model fails to simulate POI caused by genetic, immune, metabolic, or other factors. CTX exhibits systemic cytotoxicity, causing multi-organ damage that interferes with the study and evaluation of the POI model, while also increasing mouse mortality. Therefore, during experiments, closely monitor animal health indicators, including body weight, food intake, and mental status. If severe systemic toxic reactions occur, promptly adjust drug dosage or implement supportive care measures to minimize the impact of systemic toxicity on experimental outcomes. CTX primarily inhibits cell division and damages growing follicles, with relatively minor effects on primordial follicles. However, the selected long-term dosing regimen intensifies depletion of the primordial follicle pool.

In conclusion, the CTX-induced POI mouse model established in this study provides a stable, scalable, and clinically relevant tool for investigating ovarian pathophysiological mechanisms and screening potential therapeutics. The model’s technical accessibility and high reproducibility make it particularly suitable for laboratories without advanced surgical or genetic engineering capabilities, offering an efficient platform for POI pathogenesis exploration and therapeutic strategy evaluation. Nevertheless, continuous refinement and optimization of the model remain imperative to enhance its utility and translational value in POI research.

ACKNOWLEDGMENTS:
The authors gratefully acknowledge the financial support received from the Wu Jieping Medical Foundation through its Clinical Research Special Funding Program (Grant No. 320.6750.17067). We also gratefully acknowledge the research platform and technical support that Anhui Shendong Biotechnology Development Co., Ltd provided.

DISCLOSURE:
The authors have no conflicts of interest to disclose.

REFERENCES:
1. Federici, S. et al. Primary ovarian insufficiency: update on clinical and genetic findings. Front Endocrinol. 15, 1464803 (2024). 
2. Soleimani, R., Heytens, E., Darzynkiewicz, Z., Oktay, K. Mechanisms of chemotherapy-induced human ovarian aging: Double-strand DNA breaks and microvascular compromise. Aging (Albany NY). 3 (8), 782–793 (2011).
3. Bellusci, G. et al. Kinase-independent inhibition of cyclophosphamide-induced pathways protects the ovarian reserve and prolongs fertility. Cell Death Dis. 10 (10), 726 (2019).
4. Yuksel, A. et al. The magnitude of gonadotoxicity of chemotherapy drugs on ovarian follicles and granulosa cells varies depending upon the category of the drugs and the type of granulosa cells. Hum Reprod. 30 (12), 2926–2935 (2015). 
5. Ajayi, A. F., Akhigbe, R. E. Staging of the estrous cycle and induction of estrus in experimental rodents: an update. Fertil Re Pract. 6, 5 (2020).
6. Wang, Z., Wang, Y., Yang, T., Li, J., Yang, X. Study of the reparative effects of menstrual-derived stem cells on premature ovarian failure in mice. Stem Cell Res Ther. 8 (1), 11 (2017).
7. Shen, J. et al. Transplantation of the LRP1(high) subpopulation of human umbilical cord-derived mesenchymal stem cells improves ovarian function in mice with premature ovarian failure and aged mice. Stem Cell Res Ther. 15 (1), 64 (2024).
8. Letourneau, J. M. et al. Acute ovarian failure underestimates age-specific reproductive impairment for young women undergoing chemotherapy for cancer. Cancer. 118 (7), 1933–1939 (2012).
9. Nynca, A. et al. Tamoxifen decreases ovarian toxicity without compromising cancer treatment in a rat model of mammary cancer. BMC Genomics. 24 (1), 325 (2023).
10. Feng, Y. et al. Protective effect of Luffa cylindrica fermentation liquid on cyclophosphamide-induced premature ovarian failure in female mice by attenuating oxidative stress, inflammation and apoptosis. J Ovarian Res. 17 (1), 24 (2024).
11. Huang, Y. et al. Bushen Huoxue recipe ameliorates ovarian function via promoting BMSCs proliferation and homing to ovaries in POI mice. Phytomedicine. 129, 155630 (2024).
12. Ai, G. et al. Adipose-derived stem cells promote the repair of chemotherapy-induced premature ovarian failure by inhibiting granulosa cells apoptosis and senescence. Stem Cell Res Ther. 14 (1), 75 (2023).
13. Anderson, R. A. et al. Anti-Müllerian hormone as a marker of ovarian reserve and premature ovarian insufficiency in children and women with cancer: A systematic review. Hum Reprod Update. 28 (3), 417–434 (2022). 
14. Jiao, X. et al. Ovarian reserve markers in premature ovarian insufficiency: within different clinical stages and different etiologies. Front Endocrinol. 12, 601752 (2021). 

