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Abstract

Advances in cancer treatment have improved survival rates and quality of life for survivors, but often come with the
side effect of reduced sperm count or azoospermia, which can be temporary or permanent. Radiation and certain drugs
are likely to cause a reduction in sperm count in the long term. However, newer drugs derived from natural sources
have only modest benefits, particularly on the endocrine aspects of the male reproductive system. This article aims to
assess the effects of chemotherapy on infertility and explore measures to minimise its impact. In addition to cytotoxic
drugs, other drugs may affect male fertility through various mechanisms, such as altering hormone levels or inducing
sexual dysfunction and alterations in spermatogenesis.
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1. Introduction

Spermatogenesis is a complex and delicate process that starts in the spermatogonial stem cells (SSCs) located at the
base of the seminiferous tubules and ends up producing mature virile gametes. One part of the SSCs is in an inactive
state, while another part of these cells is in constant proliferation; this mechanism keeps the number of stem cells stable.
These cells go through a series of isolation processes, from spermatogonia to primary spermatocytes and also to
secondary spermatocytes, which develop into spermatids, which eventually transform into spermatozoa (1). Testicular
cells, especially SSCs and spermatogonia in the proliferative phase and isolation and spermatocytes in meiosis during
the process of spermatogenesis, are sensitive to chemotherapy. In most cases, after chemotherapy, sperm quality
decreases drastically even for months (2).

Itis important to note that chemotherapy can affect testicular development, causing alterations in spermatogenesis and
can damage the testes at any stage of life, including development. However, in many cases, it remains difficult to predict
the likelihood of an individual developing reproductive problems (3, 4).

Although radiotherapy and chemotherapy are generally effective treatments against malignant neoplasms, they cause
damage to the gonads. However, spermatogenesis can continue to occur several times if the spermatogonial cell
population is not completely depleted. On the other side, if a stem cell population survives cancer treatment,
spermatogonia may continue to regenerate for some time (5).

From an embryological standpoint, chemotherapy and radiotherapy used in the treatment of cancer can cause
temporary, permanent or indefinite gonadal damage (6).
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These cytotoxic treatments have a significant impact on a case's ability to have its own natural sperm, which is of
particular concern in cases of cancer during fertile periods. In many cases, the ability to achieve pregnancy may be
temporarily reduced, forcing a delay in reproduction. Although, permanent sterility may occur (7).

However, it is not only chemotherapy drugs that may be involved, but there are several conditions that interfere with
spermatogenesis and reduce sperm production and quality that can cause azoospermia, such as an underlying disease
or an obstruction of the reproductive tract (8).

1.1. Chemotherapy

Alkylating agents, the most widely used cancer chemotherapeutic drugs, damage DNA and interfere with cell replication,
exerting their cytotoxic effects by forming covalent bonds between their alkyl groups and various nucleophilic
molecules present in cells, in particular the nitrogenous bases of DNA. In this way, they prevent cellular DNA replication
and RNA transcription, thus inhibiting mitosis and protein synthesis. They act throughout the cell cycle, but are most
active in rapidly dividing cells. Many drugs, especially alkylating agents, cause damage to the reproductive organs.
Certain cancer chemotherapies or bone marrow transplant drugs have been shown to cause male infertility by
azoospermia (Table 1) (9,10).

Table 1 Antineoplastic Agents that can Cause or Add to Prolonged Azoospermia in Humans (10).

Effects Agents Mechanism of Action

Prolonged azoospermia Chlorambucil DNA breaks

Cyclophosphamide Alkylating

Procarbazine Alkylating

Melphalan Alkylating

Cisplatin DNA cross-link
Agents that cause only temporary | Adriamycin DNA intercalating
reductions in sperm count Thiotepa Alkylating

Cytosine arabinoside | Nucleoside analog

Vinblastine Microtubule inhibitor

One such example is busulfan, a chemotherapy drug used to treat certain types of cancer such as chronic myeloid
leukemia and polycythemia vera. Unlike other chemicals that primarily target mature sperm, busulfan is especially
effective in eradicating spermatogonial stem cells without affecting DNA synthesis. Studies have shown that busulfan
treatment disrupts spermatogenesis by damaging both germ cells and Sertoli cells (11). Research has revealed that it
can trigger apoptosis (cell death) in germ cells by disrupting the c-kit signaling pathway independently of Fas/FasL and
p53. Besides, p53 has been identified as a key protein involved in stromal apoptosis, operating through activation of the
extracellular signal-regulated kinase/p38 pathway in response to reactive oxygen species (ROS) (12).

Also, busulfan has been identified to damage spermatogenic cells, leading to up-regulation of tumor necrosis factor
(TNFa) and macrophage chemotactic protein (MCP1) expression in Sertoli cells. This upregulation facilitates
macrophage infiltration into the testis (13).

Other chemotherapeutic agents that cause secondary male infertility are mechlorethamine or procarbazine in high
doses (14). In addition to chemotherapy drugs, there are other drugs that can cause male infertility through various
mechanisms (Table 2) (15).
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Table 2 Other drugs that may cause male infertility (13)

Agents

Effects

Mechanism of action

Immunosuppressants

Decreases sperm count, motility and
sperm morphology

Reduces the number of spermatocytes,
spermatids and affects the expression of
the StAR protein (involved in
testosterone synthesis).

Reversible seminiferous tubule dystrophy and
blockage of spermatogenesis in
spermatogonia.

Anti-inflamatory  drugs

Alterations of sperm parameters

Active metabolites cause toxic effects through

testosterone synthesis, causing erectile

and salicylates (sperm count, motility and | oxidative stress on immature spermatozoa,
morphology). decreasing their quality.

Opiates Prolactin secretion by inhibition of | Hypogonadotropic hypogonadism, decreased
dopaminergic cells and reduction of | testosterone and central suppression of GnRH
testosterone. secretion by inhibition of the hypothalamic-

pituitary axis.

a-Bloquers Alterations in semen quality and | It is thought to be related to the affinity of a-
ejaculatory  disorders  such as | blockers for serotonin and dopamine
retrograde ejaculation. receptors at the central level.

Diuretics Anti-androgenic effects by inhibiting | Inhibition of adrenal and testicular

cytochrome P450 and blockade of androgen

dysfunction and decreased libido. binding to target «cells by receptor

competition.

2. Types of chemotherapies

The objective of chemotherapy is to destroy neoplastic cells while protecting and preserving normal cells. However, the
majority of chemotherapeutic agents act in a nonspecific manner, causing damage to both malignant and normal cells
(16,17).

Classifying chemotherapy into alkylating and non-alkylating chemotherapy, within alkylating therapy, with the
participation of drugs such as procarbazine and cyclophosphamide, there are usually harmful effects that severely affect
the gonads causing an absence of spermatozoa in the semen (18,19,20).

The oldest and most widely used antineoplastic agents are the so-called alkylating agents, which interact chemically
with DNA in addition to their activity in the cell division process. In chemotherapy, multiple targets are defined that can
be analyzed in order to create new anti-tumour drugs. Since DNA is one of the most studied targets, it is an ideal subject
for further research (21-24).

In non-alkylating types of chemotherapy such as doxorubicin, bleomycin, vinblastine, and dacarbazine (ABVD), it causes
less harmful effects as few patients would present a transient azoospermia. In groups of people aged 15-35 years, non-
alkylating chemotherapy has a very low level of toxicity unlike alkylating chemotherapy (25,26).

2.1. Risk of infertility after chemotherapy

Currently, children and adolescents diagnosed with cancer are undergoing new fertility preservation strategies prior to
initiating cancer treatment. The various factors that may contribute to a risk of infertility will depend on the type of
treatment administered, as well as the malignancy and the age of the individual (27).

Extensive research has shown that biological children of naturally conceived survivors do not have a high incidence of
congenital malformations (28,29), or genetic or chromosomal abnormalities (30,31).

Male patients exposed to alkylating agents and to higher doses of testicular radiation presented a higher risk of fertility
alterations, thus explaining that, at high doses of chemotherapy and radiation, there is a greater probability of infertility;
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however, there is no dose low enough to guarantee intact fertility, nor a dose high enough to ensure that it produces
infertility (27).

2.2. Radiation

Radiation is an important factor that has a great effect on germ cells, damaging them and causing genotoxicity that can
be transmitted from generation to generation (32).

The determination of the degree of impact of radiation on spermatogenesis is linked to the intensity and duration of
electromagnetic exposure. This not only impairs the male reproductive organs, but also affects the number of sperm
produced, their motility, and their ability to bind to oocytes (33).

Among the types of radiation such as electromagnetic radiation that affect conception, is gamma radiation, which also
contributes to a negative impact on reproduction (34).

2.3. Fertility preservation in men with cancer.

An effective method for preserving fertility is sperm cryopreservation. Currently, great advances have been made in the
storage of prepubertal germ cells by means of testicular tissue and stem cell transplants, which offer great hope for the
male gender. Another method is the procurement of male gametes from stem cells, although these are not yet available
in humans (35). The descent to low temperatures causes the biological metabolism of cells to slow down significantly,
halting enzymatic and chemical reactions (36). Cells and tissues lose osmotic equilibrium with their environment. The
extracellular fluid begins to freeze at temperatures of -5°C, but the cytoplasm remains intact (37).

Cryopreservation is recommended prior to treatment initiation for greater efficacy in the event of pregnancy. According
to studies, 8 out of 12 patients achieved a successful pregnancy (38). In patients with ejaculatory difficulties or severe
oligospermia, an alternative is to perform a testicular biopsy and select the mature or immature testicle protocol based
on the presence or absence of spermatozoa. This procedure consists of looking for spermatozoa in the testicles. The
method is the same as that used for testicular sperm extraction (TESE) in patients with azoospermia and is therefore
called onco-TESTE (39). In addition, prepubertal males who do not yet produce sperm have the option of cryopreserving
testicular tissue (TT) or testicular cell suspensions (TST) of spermatogonial stem cells (SSCs) capable of producing
sperm from puberty onward to preserve their chances of future reproductive options (40).

Patients with fertility problems such as azoospermia produce a very reduced amount of sperm, which reduces the
effectiveness of a successful pregnancy, therefore cryopreservation is a recommended method to protect sperm from
any type of toxic aggression that affects their effectiveness, such as radiation and chemotherapy (41).

2.4. Preventive alternatives

Electromagnetic radiation severely affects male fertility, hence antioxidants, anti-free radicals, vitamins such as E and C
and melatonin protect sperm cells and thus reduce their damage. In addition to the aforementioned factors, fatty acids,
cryptoxanthin and lycopene also play a role in protecting against infertility and supporting more successful
reproduction. On the contrary, the consumption of trans fatty acids or low levels of good fatty acids deteriorate its
quality (42).

2.5. Other preventive factors

The best way to preserve it would be the implementation of foods containing protein such as fish, low-fat dairy products,
fruits and vegetables as a method of prevention for infertility, affecting the same with red meat, caffeine and alcohol
(43).

2.6. Spermatogonial stem cells

Spermatogonial stem cells, being the basis of spermatogenesis, by maintaining the process of self-renewal and

transmitting genetic information, may be an alternative solution for the regeneration of impaired spermatogenesis.

Their transplantation involves their isolation, cryopreservation of testicular biopsies prior to chemotherapy, followed
by intratesticular transplantation of SSCs. However, it is still under investigation (44).
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2.7. Genetic effect on the offspring of cancer survivors exposed to chemotherapy

Cancer treatments can impair future reproductive capacity, and various cytotoxic drugs can produce secondary
malignant neoplasms due to their mutagenic properties in DNA (45, 46, 47). There is a lack of accurate data regarding
treatment exposure due to the rarity of individual genetic disorders. Consequently, the risk of congenital anomalies in
offspring related to quantified doses of gonadal radiation is not yet fully understood (48,49).

The Childhood Cancer Survivor Study (CCSS) analyzed pregnancy outcomes in female and male childhood cancer
survivors and compared them with a cohort of sibling cancer survivors (50, 51). The study, which compared surviving
siblings, revealed that in 1903 pregnancies, 71% resulted in successful births, 1% in fetal deaths, 15% in spontaneous
abortions, 12% in miscarriages, and 2% were unknown (48).

A review of the medical literature indicates that cancer survivors and their offspring do not show a considerably
increased risk of genetic defects or congenital malformations in the context of chemotherapy or radiotherapy (52-54).

3. Conclusion

Chemotherapy and radiation are treatments used in cancer patients involving drugs that can have side effects on the
gonads, which can have a major impact on testicular development or lead to infertility due to azoospermia. In addition,
male patients exposed to high doses of radiation had a higher risk of impaired fertility due to germ cell loss.
Furthermore, drugs such as busulfan have been shown to damage spermatogenic cells with the involvement of the p53
protein. Finally, cryopreservation is considered to be one of the most effective methods of preserving infertility, as it
protects sperm from the side effects caused by physical agents such as chemotherapy and radiotherapy; it is also
important to note the preservation method that involves searching for sperm in the testicles, using a method similar to
testicular sperm extraction (TESE) in patients with azoospermia, better known as onco-TESTE.
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