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Abstract

:

Recent advances in early detection and oncological therapies have ameliorated the survival rate of young cancer patients. Yet, ovarian impairment induced by chemotherapy and radiotherapy is still a challenging issue. This review, based on clinical and lab-based studies, summarizes the evidence of gonadotoxicity of chemoradiotherapy, the recent approaches, ongoing controversies, and future perspectives of fertility preservation (FP) in female patients who have experienced chemo- or radio-therapy. Existing data indicate that chemotherapeutic agents induce DNA alterations and massive follicle activation via the phosphoinositide 3-kinase (PI3K)/Akt signaling pathway. Meanwhile, the radiation causes ionizing damage, leading to germ cell loss. In addition to the well-established methods, numerous therapeutic approaches have been suggested, including minimizing the follicle loss in cryopreserved ovarian grafts after transplantation, in vitro activation or in vitro growing of follicles, artificial ovarian development, or fertoprotective adjuvant to prevent ovarian damage from chemotherapy. Some reports have revealed positive outcomes from these therapies, whereas others have demonstrated conflictions. Future perspectives are improving the live birth rate of FP, especially in patients with adverse ovarian reserve, eliminating the risk of malignancy reintroducing, and increasing society’s awareness of FP importance.
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1. Introduction


In the past two decades, substantial advances in early diagnosis and cancer treatment have resulted in an approximately 80% 5-year survival rate in young oncological patients [1,2], leading to a rise in number of female childhood cancer survivors (CCS) [3]. However, oncologic treatment usually requires extensive chemotherapy and/or radiotherapy, which are indicated to be distinctively ovotoxic, resulting in premature ovarian insufficiency (POI) and consequent infertility [4,5,6,7]. Approximately, 30% of children who were exposed to chemo- and/or radio-therapy develop gonadal dysfunction [8]. The incidence of POI in CCS is estimated as high as 8–10% [4].



Although the mechanism is not fully elucidated yet, current data demonstrate that chemotherapeutic agents, especially alkylating ones, interfere with DNA replication and cell division [9], massively activate the primordial follicles (PFs) [10,11], cause stroma atresia [12], and damage the vascularity in ovaries [13]. The radiation is also harmful to oocytes as its low dose of less than 2 Gy can destroy 50% of primordial follicles [7,14].



This fertility-compromised status has been well-documented to cause emotional distress and poor quality of life [15,16,17,18]. It was reported that there will be approximately 100 million women at risk of chemotherapy-induced ovarian impairment in 2025 [19]. In this context, preserving the fertility and quality of life of CCS has received considerable concerns. During the last two decades, FP with several effective approaches has been significantly developed, and represents a beneficial option to help hundreds of oncological women have genetic offspring. Furthermore, increasing studies are attempting to clarify the mechanisms and outcomes of chemo- and radio-therapy impacts on the ovarian reserve and oocyte quality, to develop protective methods as well as to improve therapeutic approaches in FP.



The purpose of this review is to summarize the published evidence describing the deleterious effects of chemo- and radio-therapy and the related mechanisms. Furthermore, the current options of FP, the preventive approaches to protect the fertility for female CCS as well as the existing debates are also included.




2. Impact of Chemo- and Radio-Therapy on Follicle Quantity


2.1. Clinical Data Describing the Impact of Chemo- and Radio-Therapy on Ovarian Function


A growing number of studies have demonstrated that the pregnancy rate and live birth rate in female CCS are lower compared to those of their siblings and general population controls. The results of these studies are summarized in Table 1.



In a longitudinal study including 66 patients undergoing chemotherapy, the AMH levels were decreased significantly (0.90 ± 1.55 compared to 2.61 ± 2.20 ng/mL before treatment) after chemotherapy using BEACOPP protocol (Bleomycin, Etoposide, Doxorubicin, Cyclophosphamide, Vincristine, Procarbazine, and Prednisolone) during a following period of 16.8 ± 9.3 months. In the ABVD protocol (Doxorubicin, Bleomycin, Vinblastine, and Dacarbazine), the AMH levels prior and after treatment were not statistically different (4.38 ± 3.39 vs. 4.27 ± 3.09 ng/mL, p = 0.753) [20]. Another study recorded the rates of diminished ovarian reserve and POI after chemotherapy as 39% (35/90) and 21% (19/90), respectively [21].



According to a population-based analysis, the overall likelihood of pregnancy in female CCSs aged under 40 is a 38% lower than that in the general population of women [4]. In another study, laboratory results show impairment in the concentration of female gonadal-related hormones (LH, FSH, and estradiol) in 24.3% (97/444) of female CCSs who were younger than 40 years of age [23]. According to a cohort study of 552 female CCSs in Sweden, the hazard ratio (HR) for having a first live birth in CCSs with malignancy of the eye, central nervous system tumors, and leukemia, is statistically lower than in healthy controls [29]. In 2930 CCSs, 110 survivors encountered POI with the value of 10.3 as an odds ratio compared to their healthy siblings, resulting in lower birth rates in their thirties [28]. In another report, the relative likelihood of 5149 CCSs achieving pregnancy is 0.81 (95% CI, 0.73 to 0.90; p < 0.001) compared with that of female siblings [38]. In a large sample cohort study including 5298 female five-year cancer survivors, their likelihood of having a pregnancy is significantly lower than their siblings (HR 0.85, 95%: 0.74–0.98; p = 0.023) [5]. The effects of the alkylating drugs and cisplatin on ovarian functions show a dose-dependent manner [5]. In a systematic review including 5607 female CCSs, the prevalence of amenorrhea ranges from 0% to 83% [6]. Exposure to alkylating agents and older age at treatment are detected as the decisive factors contributing to ovarian dysfunction [6].




2.2. Mechanism of Chemo- and Radio-Therapy Induction of Follicular Loss


To develop new therapies of FP and fertoprotective agents, numerous studies have described the possible mechanisms in which chemo- and radio-therapy induce ovarian damage. As typical chemotherapy protocols often consist of several agents, determining the ovarian impairment caused by each type of antitumor drug in clinical studies is challenging. Consequently, the conceptual effect of a single drug on the ovary is usually clarified by in vitro cell culture, ovarian tissue culture, or in vivo animal models, and human ovarian tissue culture followed by xenotransplantation [39,40].



Chemotherapeutic agents are generally divided into five categories: alkylating agents (cyclophosphamide, procarbazine, and busulfan), platinum-based compounds (cisplatin and carboplatin), anthracycline antibiotics (doxorubicin and bleomycin), antimetabolites (methotrexate and 5-fluorouracil), and vinca alkaloids (vincristine and vinblastine). The first three groups are demonstrated to damage ovaries by inducing DNA alterations, leading to follicular apoptosis [41,42]. Among these, alkylating agents are supposed to be most ovotoxic, causing significant follicular loss [6,43]. The last two groups are indicated to have a low risk to ovarian function [42]. However, some data show that vinca alkaloids, due to their suppression of microtubule dynamics, induce a vascular impairment, leading to ovarian dysfunction [44,45]. Three major mechanisms were proposed by several scientific groups (Figure 1).



2.2.1. Follicular Apoptosis after Chemotherapy


The extensive apoptosis of ovarian follicles, especially PFs, after DNA alterations and/or oxidative stress is the most commonly described mechanism in chemotherapy-induced ovarian failure [41,46,47]. Several agents in the antitumor protocols, especially alkylating agents, are demonstrated to cause DNA lesions in both oocyte and granulosa cells (GCs). Among these lesions, double-stranded DNA breaks are among the most severe [39,42]. The accumulation of DNA strand breaks that could not be repaired by the DNA repairing system induces the apoptotic intracellular pathways, resulting in cellular apoptosis [42]. p63 protein (TAp63 isoform), Bcl2-associated X (BAX) protein and the BCL-2 antagonist killer (BAK) protein activator, is the major protein that mediate this mechanism [48,49].



Culture with cyclophosphamide [46] as well as in vivo cyclophosphamide injection [50] of mice’s ovaries induces DNA damage and subsequent follicle apoptosis. Cisplatin also causes DNA impairment and PFs’ apoptosis in both newborn and adult mouse ovaries [41]. Cyclophosphamide treatment substantially decreases the number of PFs, primary follicles, and secondary follicles with an elevated number of atretic follicles compared with control animals [13]. In another experiment, intraperitoneal injection of cyclophosphamide and cisplatin caused a significantly destructive effect on the PFs pool [51]. However, in mice with gene deletion of PUMA, a member of BCL-2 protein family, the PFs are retained after the treatment by both cyclophosphamide and cisplatin [51]. In a human ovarian xenograft model, cyclophosphamide [52], cisplatin [53], and doxorubicin [39] elevated DNA double-stranded breaks and resulted in a significant follicle loss.



The effect of antitumoral drugs on ovarian function is the follicle-specific magnitude and is associated with the category of the drugs [12]. Some studies have declared that apoptosis occurred only in GCs of growing follicles, but not in PFs by TUNEL staining after treatment of cyclophosphamide or cisplatin [54,55]. Other results insist that TUNEL and/or γH2AX staining are positive in oocytes but not in the GCs of PFs [46,50,56]. In another experiment, culturing ovaries with cisplatin or carboplatin decreases the number of follicles of all stages, but the most obvious reduction is observed in PFs [57]. One study reported that culturing of neonatal mice ovaries in cisplatin or doxorubicin significantly decreased the number of follicles at all stages [58]. However, the apoptosis evidence in the TUNEL analysis is not positive in the PFs, only in the growing follicles [58].




2.2.2. Activation of PFs Induced by Chemotherapy


An additional suggested mechanism for ovarian impairment after oncological treatment is the accelerated activation of PFs. Several scientific groups have confirmed that chemotherapy causes massive activation of PFs in affected ovaries via a phosphoinositide 3-kinase/protein kinase B/forkhead box protein O3a (PI3K/AKT/FOXO3a) pathway [54,59,60,61].



Mice administered intraperitoneally with cisplatin show a substantially decreased number of PFs along with higher numbers of early growing follicles and the signal of the key proteins in the PTEN/Akt/FOXO3a [59]. Other studies also revealed increased phosphorylation of Akt, mTORC, and downstream proteins followed by PF reduction in cyclophosphamide-treated mice [54,62]. In mice, doxorubicin causes detrimental effects on ovaries through both atresia and overactivation in PFs [63]. The same effects are found in mice treated with cisplatin [59]. In another experiment using neonatal mouse ovaries cultured with cisplatin or doxorubicin, PFs decrease without the evidence of apoptosis in TUNEL analysis, suggesting the etiology of PF reduction by overactivation [58]. In terms of human ovarian follicles, exposure to cyclophosphamide metabolites in vitro also induces PFs’ activation [61]. Furthermore, a cohort study of 96 female CCSs who were treated with alkylating agent revealed PFs activation in vivo and a remarkably suppressed nuclear expression of FOXO3a occurring in ovaries of these patients [64].



In consistence with this hypothesis, many experiments have indicated that inhibiting the PI3K pathway by several agents including rapamycin, ammonium trichloro (dioxoethylene-o,o′) tellurate (AS101), anti-Müllerian hormone (AMH), and melatonin, could prevent PF’s activation after chemotherapy [54,55,60,65,66,67,68].



Although this mechanism has been widely accepted, recent literature has raised the argument that activating PFs might not be the major or a specific cause of chemotherapy-induced PF loss [11]. Accordingly, the authors doubt that a growing follicles to PFs ratio calculation were not the correct parameter for a sign of PFs’ activation, because elimination of PFs could occur due to a deleterious effect. In an experiment, after culture of intact mouse ovaries with the metabolite agent cyclophosphamide, the number of PFs decreased along with increased levels of apoptotic markers BAX and cPARP. Meanwhile, there was no significant change in the number of primary follicles. In combination with the TUNEL staining’s results, this study indicated that the decrease in PFs was not due to their activation but the apoptosis in PFs [46]. A recent study demonstrated the depletion of PFs after cyclophosphamide exposure in a human ovarian xenograft model, utilizing triggering of proapoptotic pathways without evidence of PFs activation, and indicated that apoptosis was the main mechanism of PFs’ depletion [69].




2.2.3. Vascularization Impairment


Another proposed mechanism is the alteration in angiogenesis and stroma supporting the gonadal cells after exposure to chemotherapeutic agents [70,71]. Cyclophosphamide treatment shows induction of inflammation and enhanced expression of stromal cell-derived factor 1 (SDF-1), a factor related to follicular atresia, which presents in the granulosa, theca cells, and luteinized cells [72]. In human ovaries, histological analyses of ovaries from cancer survivors show the presence of damaged cortical blood vessels and proliferation of small vessels (neovascularization). Furthermore, the muscular layer in blood vessels becomes thicker, leading to limited blood circulation. The cortex presents fibrotic focal areas along with disappearance of follicles [73]. During in vivo monitoring, an evident reduction in ovarian circulation and spasm of small vessels are noted after the administration of doxorubicin [74]. In vitro human ovarian tissue culture with doxorubicin followed by xenograft to immunodeficient mice has a lower vascular density and higher microvascular compromise compared with controls [39]. In addition, one study assessing human ovarian tissue shows that both alkylating and nonalkylating drugs affect ovarian stromal function, leading to a substantial decrease in estradiol production [75].




2.2.4. Radiation


Regarding radiotherapy, the human oocyte is very sensitive to radiation, and a dose as low and less than 2 Gy for pelvic radiation can destroy 50% of PFs [76]. The position of radiation is one determinant factor of the degree of ovarian damage. The rate of POI in patients who experienced total body radiation and pelvic irradiation are 90% and 97%, respectively [77]. In addition, factors such as patient age and radiation dose are also important contributors [73,77]. Aging patients are more vulnerable to radiation compared with younger girls, due to the age-related decline in the follicle population [78]. The dose causing ovarian dysfunction in children is 1–2 Gy, whereas in adults it is as low as 0.4–0.6 Gy [79]. Based on an analysis from five centers conducting ovarian tissue cryopreservation (OTC), the live birth rates after OTC in patients undergoing pelvic irradiation reduced significantly in a dose-dependent manner [80].



The proposed mechanism of follicle depletion is the radiation-provoked ionizing damage of DNA [81]. This alteration also activates TAp63 protein, leading to destruction of PFs [49]. In terms of late effects, vasculature damage and stromal fibrosis following tissue hypoxia could be another mechanism [77]. This can result in ovarian atrophy and subsequent tissue dysfunction [73].






3. Impact of Chemo- and Radio-Therapy on Follicle Quality


3.1. Studies Describing Impact of Chemo- and Radio-Therapy on Follicle Quality


In addition to the deleterious effects on ovarian reserve, chemo- and radio-therapy also decrease oocyte quality. In human ovaries, a significant increase in abnormalities in GCs’ nuclei (p < 0.05–0.0001) and oocyte vacuolization (p < 0.0001) is noted by fluorescence microscopy imaging after exposure to chemotherapeutic agents, especially alkylating agents [82]. In addition, anthracycline compounds are reported to induce oxidative stress and mutations in oocytes [42,83].



Similarly, postchemotherapy patients’ ovaries have a higher rate of oocyte vacuolization and detachment of the oocyte from GCs when compared with prechemotherapy ones (34.3 ± 5.3% vs. 26.1 ± 4.2%) [84]. The malignancy itself has negative impacts on the oocyte quality. In detail, an oncological patient group had a notably elevated number of abnormal oocytes in comparison to a control group [85].




3.2. The Mechanism of Chemo- and Radio-Therapy on Follicle Quality


If DNA alterations are not repaired efficiently, mutagenic oocytes can be formed [10]. Cisplatin treatment causes significant morphological abnormalities in oocytes of primary follicles at all doses [58]. A significant increase in the percentage of morphological abnormalities in GCs in both transitional and primary follicles is also reported after doxorubicin exposure [58]. For both drugs, the highest doses can damage follicles in both the oocyte and GCs [58]. In another experiment, cisplatin increased the rate of aneuploidy in oocytes, leading to early embryonic death [67].



Regarding radiation, exposure to doses below effective sterilizing dose still causes DNA damage, leading to genetic disorders in oocytes [49].





4. The Therapeutic Options for FP


4.1. Oocyte and Embryo Cryopreservation


Since the early stage of FP, oocyte and embryo cryopreservation have been well-established and used worldwide as FP methods. The American Society for Reproductive Medicine (ASRM) removed the experimental label for oocyte cryopreservation in 2012 [86]. According to the European Society of Human Reproduction and Embryology (ESHRE) guidelines, oocyte/embryo cryopreservation should be offered as an established option for FP [87]. Oocyte cryopreservation consists of ovarian stimulation, mature oocyte retrieval, and cryopreservation. Embryo cryopreservation requires in vitro fertilization (IVF) with husband sperm as a further step before cryopreservation.



For ovarian stimulation, the GnRH antagonist protocol is recommended for its feasibility in urgent situations [87]. It is more beneficial than the GnRH agonist protocol because of the short duration of stimulation, and the comparable retrieved oocyte number and pregnancy rate [88,89,90]. According to a national analysis in young breast cancer patients, ovulatory trigger using GnRH agonist yields superior outcomes including higher numbers of retrieved mature oocytes and cryopreserved embryos in comparison with the hCG trigger [91]. Furthermore, a systematic analysis demonstrates that GnRH agonist trigger reduces the risk of ovarian hyperstimulation [92]. Regarding cryopreservation, the recent implementation of vitrification has yielded positive outcomes in oocyte/embryo cryopreservation. A range of evidence has suggested that the oocyte/embryo vitrification and thawing method yielded higher pregnancy and live birth rates than slow freezing [93,94,95]. Other improvements in ovarian stimulation have also contributed to the success of oocyte/embryo cryopreservation. For instance, to minimize the duration of stimulation and increase the number of retrieved oocytes, random-start cycles and Doustim protocol (repetition of two ovarian stimulations within the same menstrual cycle protocol) have emerged, and have demonstrated to be more beneficial. There is no clinically important difference in these procedures regarding the number of retrieved mature oocytes, total oocytes retrieved, fertilization rate, or the number of cryopreservation embryos when compared to the conventional ovarian stimulation protocols [96]. In addition, the combination of letrozole during ovarian stimulation with gonadotropins decreases substantially the peak estradiol levels without accompanying negative effects on the oocyte maturation, to offer the better condition in cases of estrogen-sensitive cancers (e.g., breast and uterine endometrial cancers) [97]. Another study also confirms the long-term safety of this combination in breast cancer patients after a period of five-year follow-up [98]. During the last decade, the implementation of in vitro maturation (IVM) has also increased the chance of successful pregnancy. Immature oocytes can be retrieved simultaneously with the mature oocyte, and subsequently cultured in vitro for 24–48 h to mature into metaphase II oocytes, maximizing the number of obtained fertilizable oocytes [99,100]. In another aspect, oocyte and embryo cryopreservation provides a chance for preimplantation genetic testing during IVF procedure, which helps to eliminate the possibility of malignancy transmission to their offspring in genetic-related cancer patients [101,102,103]. Otherwise, the IVF procedure using a donor oocyte and subsequent embryo cryopreservation is an alternative option, which prevents occurrence of genetically based tumors in these patients’ offspring [104]. The live birth rate with oocyte/embryo cryopreservation depends on the age of patients and the number of cryopreserved oocytes/embryos [81]. The live birth rate is reported after oocyte cryopreservation to range from 32.6% [105] to 42.1% [106]. Per oocyte, the live birth rates were 8.7% (women < 30 years) and 1.1% (women 43–44 years) [107]. Recent data indicate that having 10–12 oocytes leads to reasonable cumulative live birth rates up to 61.9% and 43.4% in patients <35 years of age and ones >35 years of age, respectively [106,108]. In breast cancer patients, the controlled ovarian stimulation and oocyte cryopreservation before antitumor therapeutics granted 13 successful live births among 332 patients, without increasing the cancer recurrence rate or mortality rate [109]. In a study including 1073 women (1172 vitrification cycles) diagnosed with cancer undergoing oocyte cryopreservation, after a mean storage time of 4.1 ± 0.9 years, the oocyte survival rate is 81.8%, and after transferring a mean number of 1.4 ± 0.1 embryos, the clinical pregnancy rate and live birth rate are 41.4% and 31.2%, respectively [106]. In terms of embryo cryopreservation, the live birth rate per one transferred embryo in breast cancer patients is comparable to one in noncancer population (45.0% vs. 38.2%) [110]. Similar to general infertile patients, the pregnancy rate from embryo cryopreservation in oncological patients decreases with increasing age when they cryopreserve embryos [111,112].



Oocyte/embryo cryopreservation might not be an option for patients who need urgent oncological treatment, or pediatric patients because of their premenarcheal status [113]. In these cases, OTC and other options could be suggested.




4.2. OTC


OTC comprises the removal of ovarian tissue and cryopreservation of cortical fragments, which are later orthotopically transplanted to restore both endocrine and fertility function of ovaries [114,115]. The major advantages of OTC are the short timeframe required for its performance and the possibility to preserve both fertility and endocrine function. OTC is currently a unique option for prepubescent girls and patients whose gonadotoxic treatment delay or conventional ovarian stimulation is contraindicated [116,117]. Moreover, because of the rich source of PFs in young patients, OTC could yield the greatest fertility potential in CCS [115,118,119,120]. OTC could also be a beneficial option for patients who underwent chemotherapy because chemotherapy is no longer a contraindication to freezing, as demonstrated by previous studies [80].



Since the first of such pregnancies was reported in 2004 [121], more than 200 live babies have been born [122]. Overall, the rate of restoration of ovarian endocrine function is more than 90% in cases after transplantation within 4–9 months [122,123]. In a large sample size report including 111 patients in five major centers, the pregnancy and live birth rates were 29% and 23%, respectively [124]. Another big sample study in a single center reported on conducting OTC in 418 prepubertal children over 20 years. However, no pregnancy was reported in this study [125]. The first birth obtained after OTC and transplantation of ovarian tissues to a prepubertal patient was reported in 2015 [126]. In a large series report from five leading European centers, the live birth rates were 30% and 21%, respectively, among those conceiving naturally and those undergoing in vitro fertilization (IVF) with a low rate of malignant relapse [80]. In general, the live birth rate is reported to be about 40% among survivors who are <36 years of age [107]. Consequently, the updated guidelines of the ASRM and ESHRE recommend that OTC should be considered as an established procedure to be offered to selected patients for FP purposes [127,128]. Moreover, recent data including results from five European centers points that chances of pregnancy success are not impaired, even if OTC is conducted after chemotherapy [80]. In addition to the positive reproductive outcomes, OTC also helps to recover the ovarian endocrine functions manifested by the restoration of menstrual cycles and improved hormonal profile [129]. The recovery rate is reported to be 70% in survivors after transplantation of ovarian tissue [129]. Interestingly, functional transplanted ovarian tissue is sustained during a long period of 8 years in two CCS cases [130].



OTC is currently conducted by conventional slow freezing or vitrification [131,132]. A systematic review and meta-analysis suggest the superiority of vitrification to slow freezing regarding clinical outcomes in survival rates for oocytes, cleavage-stage embryos, and blastocysts [93]. However, slow freezing is shown to be more beneficial than vitrification in OTC. Cryopreservation of human ovarian tissue by slow freezing was reported to produce tissues with more remaining PFs compared with vitrification [133]. Looking at a number of studies, slow freezing is recognized to be superior in preservation of follicle quality in OTC [134,135,136]. According to the EHSRE guideline, the slow-freezing protocol should be used for OTC as it is well-established and considered as standard [87].



In recent years, along with the development of the in vitro maturation (IVM) approach in infertility treatment, several scientific groups have tried to combine IVM to the OTC, since early antral follicles could not survive after cryopreservation. Accordingly, immature oocytes which are obtained transvaginally or retrieved from ovarian tissue “ex vivo” could mature in vitro to obtain mature oocytes ready for IVF, increasing the possibility of success [137,138]. In recent data, a combination of OTC and an “ex vivo” IVM of retrieved oocyte results in an outcome comparable to that of oocytes obtained after ovarian stimulation before cancer treatment, regarding the number of mature MII oocytes and live births [138]. The recent introduction of the biphasic with a prematuration step by using c-type natriuretic peptide (CNP) improves markedly the oocyte competence and coordination between the oocyte and GCs [139]. CNP has been demonstrated to be able to temporarily maintain meiotic arrest in oocytes by activating the natriuretic peptide receptor B in cumulus cells [140,141]. Culturing CNP during the pre-IVM step improves mitochondrial function and developmental competence of oocytes, resulting in IVM success in several animal species [142,143,144,145,146] as well as in humans [147]. Furthermore, the addition of supplements during the pre-IVM period enhances the oocytes’ maturation during the subsequent IVM culture step [148]. For instance, the treatment of cyclic adenosine 3′5′-monophosphate (cAMP) modulators prior to IVM improves murine oocyte maturation [149]. Similarly, the utilization of 3-isobutyl-1-methylxanthine in the pre-IVM step results in a higher rate of meiotic progression of the germinal vesicle stage, nuclear maturation, and subsequent embryonic development in bovines [150]. Furthermore, the treatment of dibutyryl-cAMP with L-ascorbic acid improves the developmental competence of porcine oocytes [151].



However, there are some inquiries that need to be improved in OTC. Firstly, there is significant follicle loss due to ischemia after transplantation of ovarian tissue, reducing the lifespan of the graft [152,153]. It is reported that around 80% of ovarian follicles are lost during the OTC-followed-by-transplantation procedure [154]. To enhance the neoangiogenesis after grafting, several agents are suggested for use during transplantation, including angiogenic and antiapoptotic factors, antioxidants, and adipose-derived stem cells [155,156,157,158]. A recently published study revealed that simvastatin and fibrin clots promoted vascularization of the human ovarian tissue after grafting [159]. Secondly, the risk of reintroducing malignant cells after autotransplantation to a cancer survivor remains a concerning issue [160]. Some groups have conducted ovarian tissue transplantation in leukemia patients and no relapse has been reported [80,122,161]. However, in the recent review, 9 out of 230 CCS who underwent OTC experience the recurrence of malignant diseases, although a relationship with the transplantation procedure was not found [122]. At the moment, OTC is not recommended in hematologic malignancy, ovarian cancer, or cancers that metastasize to the ovary [116,162]




4.3. In Vitro Activation (IVA) of PFs


Due to the low follicle reserve in advanced age patients [163], OTC is not recommended to women with advanced age or low ovarian reserve because of short lifespan of the graft. In these cases, a combination of in vitro follicle activation (IVA) of PFs and OTC was developed to maximize the chance of pregnancy achievement. In this procedure, obtained ovarian tissue is fragmented into cubes at the size of 1 × 1 × 1 mm, and then cultured with Akt stimulator agents to activate the PI3K/Akt/FOXO3a and disrupt the Hippo signaling pathways [164]. As reported, PFs in POI patients hardly activated spontaneously [165], and thus this procedure is indicated to activate the residual PFs and promote follicle growth in patients with POI or low ovarian reserve [166]. Successful healthy live births are reported in both translational and clinical studies [167,168]. Until now, 177 patients have undergone IVA and have obtained accumulatively 26 pregnancies with 18 full-term babies. Of note, these live births could be obtained in POI patients with undetectable AMH and long-term menstruation [169]. This suggested that IVA should be beneficial for CCS patients exposed to chemo/radiotherapy who have not undergone any types of FP. Moreover, it is suggested that a combination of IVA with in vitro grow (IVG) follicles could develop a complete culture of PFs to obtain mature follicles in vitro, as discussed below.




4.4. Other Experimental Options


To eliminate the risks of reintroducing malignancy in OTC, the use of in vitro methods to obtain a component and mature oocyte from the small PFs has been recently challenged [170]. Another purpose of this approach is to maximize the number of mature oocytes from the obtained ovarian tissue to increase the likelihood of pregnancy. Healthy offspring are achieved in animal models [171]. Moreover, the first human MII oocyte has been achieved from early secondary human follicles [172,173]. However, this approach is still in the experimental stage. Since each stage of follicle development requires different conditions and involves growth factors, a dynamic culture system is mandatory to achieve follicles with fully developed oocytes from PFs [174]. Maintaining interactions between oocytes and surrounding GCs also needs to be addressed [43]. In addition, low oocyte maturation rate and reported morphological abnormalities in the matured oocytes are current inquiries that need to be addressed [170].



Another suggested strategy is generating in vitro oocytes from stem cells. It was reported that oogonial stem cells (OSCs) were successfully isolated from ovarian stem cells (OSCs) from animal and human ovaries [175]. In subsequent studies, OSCs obtained from mice could differentiate into fertilizable oocytes in vitro, resulting in embryo development [176]. Induced pluripotent stem cells and embryonic stem cells are other suggested sources for generating oocytes. In mice, competent oocytes resulting in healthy pups have been achieved from pluripotent stem cells [177]. In consistency, recent work reported similar success with embryonic stem cells [178]. These findings provided the scientific conceptions for developing stem cell approaches to produce new oocytes. This option is especially beneficial for CCS without residual follicles due to chemo- or radiation-therapy. Nonetheless, the existence and function OSCs in human FP still faces numerous debates [179,180]. Since the success has been reported uniquely in the mouse model, developing human oocytes from stem cells is still far from clinical implementation [8].



Another approach is growing PFs isolated from cryopreserved ovarian tissue and assembled on a 3D matrix to form an “artificial ovary” [181,182,183]. This matrix design allows for essential nutrient diffusion, follicular expansion, and resultant follicular growth [184,185]. The suggested scaffold matrixes are fibrin clots to decellularized ovaries and 3D-printed biopolymer networks [186,187,188,189]. In a mouse model experiment, the success of growing ovarian follicles on a bioplotted scaffold has been reported [182]. The vascularization was also observed in fibrin clots containing grafted ovarian cells [190]. In addition, an artificial ovary created by alginate microcapsules containing granulosa and theca cells could manifest the endocrine function [191], and primary ovarian cells seeded onto decellularized scaffolds successfully produced estradiol [192]. These results indicate that artificial ovaries can be a beneficial alternative option for both fertility expansion and endocrine function.





5. Protective Approaches to Ovarian Reserve during Chemo- and Radio-Therapy


In addition to above options of FPs, developing protective adjuvants to prevent follicle damage during chemotherapy is advantageous for oncological patients, especially for young ones [193,194,195]. Many agents have been proposed based on the current understandings of mechanisms of how chemo- and radio-therapy impact ovarian reserves.



Preclinical studies in mice, nonhuman primates, and humans have been performed and demonstrated with positive results [13,194,196,197].



5.1. The Fertoprotective Agents Preventing Follicular Apoptosis


The first agent in this group is sphingosine-1-phosphate (S1P), an inhibitor of sphingomyelinase which is one major protein inducing cell apoptosis. The major activity of S1P is acting as an intracellular second messenger inhibiting apoptosis pathways, promoting angiogenesis and cell migration [198,199]. S1P pretreatment protected human ovarian tissue from damage induced by cyclophosphamide and doxorubicin [40]. Treatment with S1P shows protective effects against damage of dacarbazin in mouse ovaries [200], and of cyclophosphamide and doxorubicin in human ovaries [40]. In macaques, live births are achieved after cotreatment of S1P with radiation exposure [201]. However, implementation of S1P in the clinical setting is still challenging, because S1P must be administered directly into the ovary.



The second agent is imatinib, an inhibitor of c-ABI kinase which is one component in the apoptotic pathway of PFs. Imatinib has been proposed to suppress the cisplatin-induced follicular loss by DNA damage [41,202]. In a later experiment, imatinib cotreatment with cisplatin reduces the percentage of unhealthy follicles by 21% [58].



Furthermore, several other agents are suggested to prevent the DNA damage induced by chemotherapy, leading to reduction in follicular apoptosis. For instance, dexrazoxane prevents the DNA damage and the activation of gamma-H2AX induced by doxorubicin in mouse and marmoset ovarian tissues [203,204]. KU55933, an inhibitor of ataxia–telangiectasia mutated (ATM) protein, known to regulate the response to DNA damage, protects follicles at all stages in mouse ovaries from apoptosis induced by ATM activation [205]. Inhibition of ataxia telangiectasia and Rad3 related protein, another fundamental regulator of DNA damage checkpoints, also protects follicles at all stages in mouse ovaries from apoptosis induced by cyclophosphamide [46]. Melatonin is also reported to have a protective effect on the regulation of DNA damage response and repair [206].



Another molecule is tamoxifen, which is suggested to upregulate insulin-like growth factor 1 and protect the PFs from oxidative stress [66]. In mice, the cotreatment of tamoxifen with cyclophosphamide and doxorubicin preserves the ovarian reserve [207]. The co-treatment of ceramide-1-phosphate with cyclophosphamide also decreases the deleterious effect of cyclophosphamide in mice ovaries [13].




5.2. The Fertoprotective Agent Preventing Accelerated PFs’ Activation


Based on the understanding of PF activation induced by chemotherapeutic agents via the PI3K/Akt/FOXO3a pathway, several studies have suggested the usage of mTOR1 and mTOCR1/2 inhibitors to preserve ovarian reserve [60,65,208]. Rapamycin, an inhibitor of mTOCR1, also prevents the cyclophosphamide-induced PFs’ activation [65,209]. Melatonin interferes with PF’s activation caused by cisplatin through mediating PTEN and inhibiting Akt, glycogen synthase kinase 3 beta, and FOXO3 activation in mice [210].



Another molecule is ammonium trichloro (dioxoethylene-o,o′) tellurate (AS101), a nontoxic immunomodulatory compound, which regulates the PI3K–Pten–Akt pathway [211]. In a mouse model, AS101 inhibits the activation of the PI3K pathway induced by cyclophosphamide, resulting in prevention of PFs activation [211].



In addition, as indicated to inhibit the PFs’ activation [164], AMH is also a potential agent. In mice, AMH cotreatment with chemotherapy is reported to limit the PF activation triggered by cyclophosphamide, doxorubicin, or cisplatin [212]. The protective effect of recombinant AMH is also presented in mouse experiments, as pharmacological administration of recombinant human AMH during chemotherapy in mice reduces the activation of PFs by suppression of the PI3K signaling pathway and preserves fertility [68].



GnRH agonists have been used to protect the ovaries during chemotherapy in recent decades [213,214]. Several clinical data indicate the positive results supporting the use of GnRH agonists as protective agents during chemotherapy. In a meta-analysis including 873 breast cancer patients, the administration of GnRH agonist during chemotherapy reduces the POI induction (from 30.9 to 14.1%) and increases the number of post-treatment pregnancies [215]. However, the efficacy of GnRH agonist in ovarian protection still faces several objections because of the lack of a support mechanism [216]. According to the American Society of Clinical Oncology 2018, EHSRE 2020, and the European Society for Medical Oncology 2020, existing data are not sufficient to support the implementation of GnRH agonist as a fertoprotective agent [87,215,217].




5.3. Fertoprotective Agents Improving Vascularization


Regarding the vascular damage provoked by chemotherapy, granulocyte colony-stimulating factor (G-CSF) is supposed to ameliorate vascularization after chemotherapy. The mechanisms of how G-CSF improves vascularization are still not elucidated. It is suggested that G-CSF upregulates intracellular adhesion molecule 1, enhancing the migration of monocytes which engage in angiogenesis in the local tissue [218]. In mice, cotreatment of G-CSF during chemotherapy using cyclophosphamide or busulfan increases microvessel density, resulting in a reduction in the follicular loss and prolonging the time to POI [219]. In consistency, mice treated with both cisplatin and G-CSF have a higher follicle count and higher serum AMH levels in comparison with mice exposed to cisplatin alone [220].




5.4. Ovarian Transposition during Radiotherapy


In the case of pelvic radiation, ovarian transposition is suggested to protect the ovary during radiation [214,221]. Accordingly, patients’ ovaries are mobilized with their vascular pedicle and transposed to another position marked with radio-opaque clips for later identification. This is usually indicated for patients receiving pelvic radiotherapy for cervical cancer, vaginal, rectal, or anal cancers, pelvic lymphoma or Ewing’s sarcoma [215,222]. In recent meta-analysis, the mean rate of ovarian function recovered in patients who had ovarian transposition before pelvic radiotherapy was 61.7% (431/699) [223].





6. Future Perspectives of FP


Although substantial advances in FP have been yielded, encouraging achievements for modern oncofertility, ongoing efforts are still essential to address existing challenges, including developing approaches to eliminate the risk of cancer reintroduction in OTC, clarifying genomics markers to predict the likelihood of achieving pregnancy, optimizing the novel therapies (IVA and IVM), further investigating several experimental options (IVG, artificial ovary, and stem cell therapy), and promoting the implementation of protective options for patients prior to gonadotoxic treatment.



Advances in genomic science that could facilitate oncofertility are also encouraging achievements. Some works have tried to develop a system of genetic markers to predict the susceptibility to chemotherapy-induced damage [19]. Genetic mutations involving the DNA repairing system are supposed factors increasing ovarian susceptibility to chemotherapy-induced damage [19]. Several genetic defects in BRCA1/2 [224,225], minichromosome maintenance complex component 8/9 [226], helicase for meiosis 1 [227], nucleoporin 107 [228], and synaptonemal complex central element protein 1 [229] are suggested to be implicated in ovarian insufficiency. Disparities in steroid production and altered expression of specific microRNAs (miRNAs), e.g., miRNA–193b, miRNA–320A, and miRNA–24, after cryopreservation are also related to impaired ovarian functioning and folliculogenesis [230]. For OTC, recent advances allow examination of tissue vitality; structural, functional, and DNA integrity; malignant cell contamination; and detection of molecular tumor markers [231]. One study reported that the implementation of a new miRNA array test in the slow-freezing protocol could yield a rate of human ovarian tissue with no structural damage as high as 80% [232].



Although the development of fertoprotective agents has risen recently, the data in transitional and clinical studies are still limited. In addition, there is still no proposed agent to ameliorate the oocyte quality after chemotherapeutic agents or radiation exposure. In addition, improvement of the social consideration of FP is another inquiry. Despite being implemented for nearly two decades, FP is currently not a routine clinical practice. Healthcare providers rarely consult appropriate information about FP to cancer patients in developing countries [233,234]. In developed countries, it is reported that only 17.5% of otorhinolaryngologists consulted FP to their young cancer patients before undergoing chemotherapy [235]. In addition, the financial barrier is another factor inferring the accessibility of FP for cancer patients [236].




7. Conclusions


In summary, antineoplastic agents and radiation cause extensive follicle impairment in both quantity and quality aspects. Since the first initial studies, FP with a variety of options has yielded hundreds of live births for CCS. The mechanisms of ovarian dysfunction induced by chemo- and radio-therapy have been gradually clarified to support the development of fertoprotective agents. However, several inquiries remain to be addressed to increase the effectiveness as well as to ensure the safety of FP.
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Figure 1. Three mechanisms of chemo- and radio-therapy-induced follicular quantity depletion: enhancement of apoptosis, accelerated activation of PFs. (A) DNA alterations induced by chemotherapeutic agents and radiation activates TAp53 protein, leading to the apoptosis. (B) Chemotherapeutic agents activate the phosphoinositide 3-kinase (PI3K)/Akt/forkhead box protein O3a (FOXO3a), which in turn induce the activation of PFs, resulting in the extensive loss of PFs. (C) Chemotherapeutic agents impair the epithelial tissue of vessels in the ovary, resulting in a reduction in the vascularization. 
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Table 1. Summary of published clinical studies describing chemo- and radio-therapy on ovarian function.
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Authors

	
Number of CCS

	
Age

	
Exposure Agent a

	
Radiation

	
Effects




	
Clinical

	
Laboratory Test






	
Berjeb et al. (2021) [20]

	
66

	
15–40

(26.7 ± 6.8)

	
Bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristine, procarbazine, doxorubicin, vinblastine, dacarbazine

	
No

	
N/A

	
↓ AMH




	
Filippi et al. (2021) [21]

	
90

	
21.3 ± 5.4

	
Bleomycin, cisplatin, bleomycin, dacarbazine-vinblastine

	
Yes/No b

	
↑ POI rate (21% of treated women)

	




	
Gini et al. (2019) [22]

	
97

	
16–50

(median: 28)

	
Doxorubicin, cyclophosphamide, vincristine, bleomycin

	
Yes

	
↑ Amenorrhea

	
N/A




	
Lehmann et al. (2019) [23]

	
444

	
≤40

	
N/A

	
Yes/No

	
N/A

	
↑ LH

↑ FSH

↓ E2




	
Anderson et al. (2018) [4]

	
23,201

	
≤39

	
N/A

	
N/A

	
↓ Pregnancy rate (↓ 38%)

	




	
Shandley et al. (2018) [24]

	
1090

	
20–35

(median: 26)

	
N/A

	
No

	
N/A

	
↓ AFC↓ AMH




	
Sinha et al. (2018) [25]

	
88

	
24–43

(median: 35)

	
Taxotere, cyclophosphamide, carboplatin, fluorouracil, epirubicin

	
No

	
N/A

	
↓ AFC




	
Al-Rawi et al. (2018) [26]

	
58

	
25–45

(38.83 ± 4.74)

	
Anthracycline, cyclophosphamide

	
No

	
N/A

	
↓ AFC↓ E2

↑ LH




	
Aderson et al. (2018) [27]

	
67

	
18–45

	
Doxorubicin, bleomycin, vinblastine, and dacarbazine

	
No

	
N/A

	
↓ AMH

↑ FSH

↓ E2




	
Levine et al. (2018) [28]

	
2930

	
18–58

(median: 32)

	
Alkylating agent, procarbazine

	
Yes/No

	
↑ POI rate (9.1% of treated women)

	
N/A




	
Armuand et al. (2017) [29]

	
552

	
≥13

	
N/A

	
N/A

	
↓ The probability of having a first live birth

	
N/A




	
Chemaitilly et al. (2017) [30]

	
988

	
18–45

(median: 31.7)

	
Alkylating agents

	
Yes

	
↑ POI rate (10.9% of treated women)

	
N/A




	
D’Avila et al. (2017) [31]

	
52

	
27–40

(35.3 ± 3.8)

	
Cyclophosphamide

	
No

	
↑ Amenorrhea

	
↓ AFC↓ AMH

↑ FSH




	
Abir et al. (2016) [32]

	
20

	
5–18

	
Alkylating agents, bleomycin, cisplatin, vincristine, etoposide, carboplatin, doxorubicin, etopside, doxorubicin, bleomycin, vinblastine, dacarbazine.

	
No

	
↑ Atretic follicles↓ Oocyte maturation

	
N/A




	
Hamy et al. (2016) [33]

	
134

	
26–43

(median: 36)

	
Anthracyclines, taxane

	
No

	
N/A

	
↓ AMH




	
Even-Or et al. (2016) [34]

	
35

	
13–36

(median: 25.5)

	
Melphalan

	
No

	
N/A

	
↓ AMH

↑ FSH

↓ LH




	
Gupta et al. (2016) [35]

	
16

	
11–18

(median: 14.3)

	
Doxorubicin, cyclophosphamide, cisplatin

	
No

	
↑ Amenorrhea

	
↓ AMH




	
Chow et al. (2016) [5]

	
5298

	
15–44

	
Busulfan, carboplatin, carmustine, chlorambucil, chlormethine, cisplatin, cyclophosphamide, dacarbazine, ifosfamide, lomustine, melphalan, procarbazine, temozolomide

	
Yes/No

	
↓ Pregnancy rate

	
N/A




	
Thomas-Teinturier et al. (2015) [36]

	
105

	
18–39

(median: 21.5)

	
Cyclophosphamide, ifosfamide

	
Yes

	
N/A

	
↓AMH

↑ FSH




	
Behringer et al. (2012) [37]

	
106

	
18–39

(28 ± 7)

	
Bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristine, procarbazine, doxorubicin, bleomycin, vinblastine, dacarbazine

	
N/A

	
N/A

	
↓ AMH

↑ FSH




	
Green et al. (2009) [38]

	
5149

	
15–44

	
Alkylating agents

	
Yes/No

	
↓ Pregnancy rate

	
N/A








a: All chemotherapeutic agents exposed that all included patients were exposed to are listed in each study. b: Some patients treated by both radiation and chemotherapy, but some patients were treated only with chemotherapy. ↓: Decreased. ↑: Increased. AFC: antral follicle count, AMH: anti-Müllerian hormone, E2: estradiol, FSH: follicle-stimulating hormone, LH: luteinizing hormone, N/A: not available or not applicable, POI: premature ovarian insufficiency.
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