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Simple Summary: In this review, the authors collected and demonstrated evidence concerning the
effect of chronic myeloid leukemia (CML) and its treatment options on fertility in male patients. This
became increasingly important as we began observing this disease in younger adults. We provide an
overview and draw conclusions regarding different medications and treatment options and how these
may affect the ability to conceive. This information is crucial for healthcare workers and patients, as
it must be disclosed to patients when starting them on one of these agents.

Abstract: Chronic myeloid leukemia (CML), while traditionally a disease of the elderly, has recently
risen in incidence among younger patients. Hence, fertility concerns have emerged considering the
disease process and treatments, especially with the current scarce and conflicting recommendations.
This review explores the impact of CML treatments including the first-line tyrosine kinase inhibitors
(TKIs) and other treatments on male fertility in chronic myeloid leukemia (CML) patients. The aim of
this review was to compile the available evidence on male fertility to ultimately tailor treatment plans
for male CML patients for whom fertility and future chances for conception pose a concern. The data
available on the conventional and newer TKIs to address fertility concerns were reviewed, particularly
the potential long- and short-term effects. Also, the possible side effects on subsequent generations
were a crucial focus point of this review to reach a more comprehensive CML management approach.
We found and compared the evidence on TKIs approved to treat CML. We also reported the effects
of hydroxyurea, interferon, and transplantation, which are considered second-line treatments. Our
findings suggest that these drugs might have an undiscovered effect on fertility. More research
with larger sample sizes and longer follow-up periods is essential to solidify our understanding of
these effects.

Keywords: CML; leukemia; male fertility; TKI; transplant; interferon; bone marrow transplantation

1. Introduction

Chronic myeloid leukemia (CML) is mostly a disease of older age groups; however,
many cases have been encountered among younger adults and adolescents. It is also more
common among males compared to females, with a ratio of 1.16:1 [1,2]. The incidence of
CML is 1–2 cases per 100,000 adults depending on the age of the population and it makes up
15% of newly diagnosed leukemia in adults [3]. In countries with a young population, the
median age at diagnosis is less than 50 years [4]. Abdullah et al. studied CML in adolescents
and young adults and described that these patients had better prognosis according to Sokal
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and Euro scores. However, they also found that this category of patients usually presents
with high white blood cell (WBC) counts and lower hemoglobin levels [5]. CML is caused
by the Philadelphia chromosome, a translocation mutation between chromosomes 9 and
22 (t(9,22)), which creates fusion between BCR and ABL1, resulting in BCR::ABL. Most
patients are diagnosed with CML during its chronic phase. This review aims to add male
fertility to the equation to facilitate therapy individualization for younger male patients
seeking to preserve their fertility during or after CML therapy, when applicable.

CML Treatments

The treatment of CML has been revolutionized by tyrosine kinase inhibitors (TKIs), as
they are able to directly target the Philadelphia chromosome, making it a treatable disease
with more favorable outcomes. Patients can now expect a near normal life expectancy
compared to the general population [6]. Before TKIs, interferon-a (IFN-a) and stem cell
transplantation were the mainstay for CML treatment, but were associated with intolerable
side effects. TKIs are now the first-line therapy for patients with CML and now include
three generations [7]. Second-generation TKIs are usually used in high-risk patients and
third-generation drugs are approved for resistant types of CML, especially those with the
T3151 mutation [8,9]. These drugs have become essential due to the rise in drug resistance
due to mutations in the BCR-ABL kinase.

Despite their evident efficacy in CML treatment, TKIs have several adverse effects
including cardiovascular toxicities, which are especially high in patients with comorbid
conditions. Hence, it is recommended that the ABCDE approach be used, which consists of
the assessment of risk, antiplatelet medications, blood pressure, cholesterol, cigarette cessa-
tion, diet, diabetes, and exercise to prevent these potential associated adverse effects [10].
Specifically, nilotinib and ponatinib have demonstrated the most vascular-occlusive ad-
verse events, while dasatinib is associated with pulmonary arterial hypertension. Imatinib
has the best safety profile. A system where persistent monitoring, sufficient and timely
intervention, and follow-up might be effective in minimizing these effects [11].

Even though second-generation TKIs (2G) have not shown superiority to imatinib
in terms of overall survival when given as a first-line therapy, these drugs are preferred
for younger patients. This is particularly applicable for female patients, since 2G TKIs
provide a deeper, more rapid molecular response and higher rates of complete remission
compared to imatinib, thereby allowing for the discontinuation of TKIs, which is crucial for
fertility [12]. Numerous studies have been conducted on both animal models and humans
to assess the effects of TKIs on fertility. These studies yield contradicting results, especially
in terms of male fertility [13]. Four drugs are now used as first-line treatments for CML,
including imatinib, bosutinib, dasatinib, and nilotinib. Unlike cytotoxic therapies that
target the cell cycle, TKIs have a better profile related to preserving fertility. Hence, they
are not considered a fertility risk to men. Nevertheless, studies show that there might still
be an association between TKIs and impaired fertility, as they influence several tyrosine
kinases that are important for spermatogenesis and sperm motility [14].

In this review, an outlook on the evidence relating TKI usage to male fertility and the
potential effects it might have will be provided, accounting for the complexity of treatment
choice in CML patients. A patient’s comorbidities, age, disease risk, response to treatment
and medication adverse events, and cost are all major factors to consider when choosing
therapy for CML patients.

In several studies, TKI adverse events have been described as tolerable and rare. Mild
to moderate adverse events often resolve spontaneously or by simple means. A brief
interruption of the treatment is another strategy if other methods are unsuccessful. These
include pleuropulmonary, cardiovascular, and gastrointestinal complications. The type
of TKI chosen for treatment depends on the patient’s comorbidities, age, and the risk of
the disease, which is determined by scoring systems like Sokal, EUTOS, and ELTS scoring
systems [12,15]. Another obstacle that may affect the management of CML patients is the
financial aspect. Nonadherence is a major issue, since TKIs may be unaffordable for many
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patients. This leads to patients being treated with less optimal treatments like hydroxyurea,
which is usually transiently used after diagnosis is established, leading to more adverse
effects [16].

2. Findings

The data regarding the effects of CML on male fertility are very limited compared to
those on female fertility and pregnancy. As for sexual functioning, no data were found
specifically relating to patients with CML and the effect of the disease or medication
on sexual functioning. Nevertheless, priapism has been associated with CML as a rare
complication that is usually seen at first presentation and may hinder sexual functioning.
Ali et al. also found that the best treatment in these cases is to start treatment of CML,
which would enhance the resolution of priapism [17]. The study demonstrated that half
of the cases of priapism in patients with leukemia are due to CML. They also discuss
the fact that it might be the first manifestation that a CML patient presents with. They
found that after treatment, the rates of priapism tend to reduce significantly, which is
the most effective way for treatment. Anemia is a proposed cause of priapism in these
patients. A major side effect of priapism that may hinder sexual functioning is erectile
dysfunction, which is a complication of priapism in some cases. Hence, the early treatment
of priapism is crucial. Surgical options like shunts, aspiration, and irrigation offer a faster
modality for management. This relationship needs further investigation to provide a better
understanding of the underlying pathogenesis and its prevention [17].

2.1. Hydroxyurea

Hydroxyurea was discovered and implemented in CML therapy after it showed the
capability to prolong survival. It was one of the first-line treatments with interferon-alpha
and busulfan before the introduction of TKIs [18]. Now, it is used as a debulking therapy
(pre-treatment phase) and usually no complications are observed due to its short use.
Nevertheless, due to several factors like financial status, the availability of TKIs, and
performance status, hydroxyurea may sometimes still be used for CML treatment in many
patients. Hence, the effects on male fertility due to hydroxyurea is not well studied in CML
patients. However, hydroxyurea’s effects are well established in cases of other diseases
that require hydroxyurea therapy for longer periods. Hydroxyurea is proven to have brief
cytotoxic effects on dividing cells, and, hence, may affect spermatogenesis [19]. To be
more precise, in a research study carried out using transgenic sickle cell mice exposed to
hydroxyurea, it was found that sperm mobility was affected and testosterone levels were
reduced. The researchers also observed Leydig cell hyperplasia in these mouse models
compared to the control mice, which could be an effect of reduced testosterone. They
concluded that this could most likely be attributed to an increase in nitric oxide, which
is a metabolite of hydroxyurea and acts as a suppressor of testosterone synthesis, which
leads to all other observed effects [20]. Several cases of azoospermia and decreased sperm
production after hydroxyurea therapy has also been reported in the literature. These effects
have also been shown to be reversible after cessation [21,22]. Consequently, the close
monitoring of sperm count and morphology may be advised in clinical management when
using hydroxyurea therapy, which might not be highlighted in current guidelines [23].

2.2. Interferon

Interferon-alpha (IFN-α) was also once the standard therapy for CML. It has the
ability to target CML stem cells and induce remission in patients in the chronic phase of
the disease and was associated with prolonged survival. IFN-α works on reducing pro-
angiogenic vascular epidermal growth factor (VEGF), which is used as a biomarker that
indicated CML severity [24]. Since it has been shown in many trials that TKIs alone do not
completely destroy CML stem cells, there has been a rise in trials that use TKI and interferon-
a combination therapy. This was shown to reduce the time needed to achieve remission
than using a TKI alone. In addition, the increasing resistance to TKIs made it important to
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further study alternative therapies like IFN-α. Resistance is caused because the exposure
of leukemic stem cells to many TKIs may lead to the failure of apoptosis. Combination
therapy showed higher rates of complete remission in many studies [25,26]. However,
it should be noted that in other studies, both imatinib alone and imatinib with IFN-α
therapy showed similar progression-free survival rates [27]. Some of the undesirable effects
of IFN-α include thrombocytopenia by inhibition of the proliferation of megakaryocyte
progenitor cells [28]. The effect of IFN-α on male fertility has not been well documented
in the literature. IFN-α has been used as a TKI alternative during pregnancy and showed
less teratogenic effects [29]. In addition, it has also been used as an alternative in a patient
who stayed on IFN-α during ovarian stimulation for fertility preservation, which was then
successful, which could indicate significantly fewer adverse effects on fertility compared to
TKIs [30].

2.3. TKIs

TKIs have also been found to influence almost all endocrine glands. This would
lead to adrenal insufficiency, hypogonadism, and fertility impairment in both genders.
Hormone deficiencies are typically managed with replacement therapy of reduced hor-
mones [31]. Table 1 summarizes these findings and provides an overview of the drugs
currently available as treatment options for CML and the relevant evidence regarding their
effects on male fertility. Some studies found no effect of CML on male fertility. Gazdaru
et al. published a case report concerning a case of CML resistant to TKIs. In this case,
TKIs were replaced by interferon-a (IFN-a) in order to safely undergo ovarian stimulation
for zygote cryopreservation. They successfully generated nine zygotes after preserving
12 oocytes. The patient later needed a hematopoietic stem cell transplantation (HSCT).
This shows that fertility preservation in cases of gonadotoxic therapies and CML may be
essential in some cases [30].

Table 1. Summary of the data available on TKIs and fertility.

Medication Imatinib Dasatinib Nilotinib Ponatinib Bosutinib Asciminib

FDA information
on fertility

Not highlighted—
males who are
worried about
their fertility

while on imatinib
should consult

their doctor.

Not highlighted
in males.

Not highlighted
in males.

May impair male
and female

fertility.
Not highlighted. Not highlighted.

Animal studies

Available.
Studied on mice
and rats: studies
show impaired

fertility and
negative effect on

germ-line stem
cell formation

[32,33].
Was found to

reduce
intratesticular

testosterone and
increase LDH

levels
significantly, but
was reversible

[34].

Available. A
study on mice

showed no effect
on fertility, but a

reduction in
seminal vesicle

weight [35].

Available. Study
on mice found

lower conception
rates in

nilotinib-treated
male mice.

Offspring had
lower chances of

conception
[36,37].

Available. Studies
on rats and

monkeys showed
degeneration of

epithelium of the
testes [2].

Available.
Bosutinib
resulted in

reduced fertility
in males as

demonstrated by
16% reduction in

number of
pregnancies.

It was not
mutagenic in a
battery of testes

[38].

Not available.



Cancers 2024, 16, 791 5 of 13

Table 1. Cont.

Medication Imatinib Dasatinib Nilotinib Ponatinib Bosutinib Asciminib

Human studies

Available. Several
case studies show
no effect on male

fertility.
Studies also show

no effect on
sperm

morphology and
motility.

Other reports
show effects like

reduction in
sperm density,
count, survival,

and overall
activity [39,40].

Available. A 2016
study showed no

effect on
conception;

however, the
study had a small
sample size as a

significant
limitation.

Several case
studies of normal
conception while
taking medication

[3,37,41,42].

Available. A
study with

38 males showed
it can be used
safely in both

men and women
[43].

Not available. Not available. Not available.

Tyrosine kinase inhibitors have been shown to have significant adverse effects on both
female and male infertility. It affects sperm maturation and gonadal functions; however,
studies that investigate the long-term effects after the discontinuation of medications are
lacking. In terms of conception, male patients have no limitations to using TKIs while
trying to conceive with partners and contraception is not encouraged, unlike with female
patients. Nevertheless, it has been documented that TKIs affect c-Kit and PDGFR, which
potentially diminish spermatogenesis and testosterone concentrations, which, in turn,
decrease male fertility. In addition, several testicular cell types including Leydig cell
precursors, adult Leydig cells, and gonocytes express PDGFR. Moreover, PDGF was shown
to play a role in myeloid cell development, which helps sperm move through seminiferous
tubules. PDGFR is usually expressed in Leydig cells in male testes as it plays a role in
their development during gonadogenesis at the fetal period. c-Kit also has a role in sperm
migration and survival [44]. As shown in Figure 1, c-Kit in mice was shown to play a
role in spermatogenesis by affecting stem cells through their microenvironment, resulting
in spermatogenesis and the differentiation of stem cells as well as the multiplication of
stem cells. Kit-negative cells have the ability to either multiply by creating a Kit-positive
spermatogonial cell or transform into a Kit-positive differentiating spermatogonia that
produces sperm cells. The disturbance of this process may hinder spermatogenesis and,
hence, male fertility. It is interesting that since spermatogenesis and cancer formation
have similarities and similar physiological features like cell proliferation and survival,
many signaling pathways are common in both processes. They were also shown to play a
major role in testicular tumors, as their overexpression may lead to fibrotic disorders and
malignancies [45]. Hence, it has been shown that the usage of TKIs like imatinib before
puberty may have adverse effects on animal as well as human subjects.

A 2012 study by Yassin et al. studied the effects of imatinib, dasatinib, and nilotinib in
CML patients and found a significant decrease in sperm parameters including sperm count,
volume, motility, and morphology after 4 months of treatment. The study also suggested
that this might be caused by a negative effect on the pituitary gland as serum LH, FSH,
and testosterone. The effect on spermatogenesis was much less pronounced in patients
using dasatinib compared to patients using imatinib or nilotinib [46,47]. A 2023 study
by Abu-Tineh et al. was conducted on male patients with CML in chronic or accelerated
phases receiving imatinib, dasatinib, and nilotinib. They also studied the effect this had
on the patients’ offspring. They concluded that therapy had no effect of fertility, and their
children were healthy with no increased risks of congenital abnormalities, impaired growth,
or malignancies [48]. Doub et al. published a study in 2019 where they followed both male
and female CML patients who had conceived during treatment with a TKI. In their study,
19.49% of the spouses of the CML male patients had a spontaneous abortion, which was
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similar to the rates in the general population. Hence, they concluded that male patients do
not have to stop taking TKIs in preparation for conception [49].
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Figure 1. Kit-negative (Kit−) spermatogonial stem cells (yellow) have the ability to either trans-
form into Kit-positive (Kit+) spermatogonial stem cells (pink) or Kit-positive (Kit+) differentiating
spermatogonia (blue). Kit+ differentiating spermatogonia can produce sperm cells to complete
spermatogenesis. Kit+ spermatogonial stem cells can help increase the number of available Kit-
spermatogonial stem cells through multiplication.

2.3.1. Imatinib

The US Food and Drug Association (FDA) does not put any contraindications for ima-
tinib and has pregnancy as a precaution. They put imatinib as a class D drug for pregnancy,
meaning that women should be advised to avoid pregnancy by using contraception when
taking them as there is evidence of risk to the fetus. However, the benefits may outweigh
risks and may warrant using the drug during pregnancy. In terms of male fertility, the FDA
label mentions some of the animal studies that have had contradicting results on the effect
of imatinib on male fertility. They mention that males who are worried about their fertility
while on imatinib should consult their doctor, without putting it as a known adverse effect
or contraindication to the medication, which is most likely due to the lack of information.
Since imatinib is an inhibitor of tyrosine kinase BCR-ABL, c-Kit, PDGFR, and tyrosine ki-
nase subclass 3 family, it is predictable that patients might experience signs and symptoms
related to reduced androgen production like gynecomastia. Several studies confirmed this
association as well as established associations between imatinib and increased progesterone
concentrations. Chang et al. also found that imatinib crosses the blood–testis barrier, which
reduces sperm density, count, survival, and overall activity. However, they concluded that
imatinib had no effect on sex hormones or reproductive organs [39]. Another established
effect of imatinib on children with CML is that it may alter and reduce growth velocity
generally in adolescents and pre-pubertal children, especially with prolonged use [50,51].

Ault et al. published one of the first case series on conception among patients with
CML treated with TKIs, specifically imatinib. They studied eight male patients who
successfully conceived eight babies with a twin pregnancy and a single spontaneous
abortion. One of the babies had a malrotation that resolved after surgical treatment. On
follow-up after 38 months, no major issues were observed in the babies [52]. Some case
reports have been reported of human cases of oligospermia due to the usage of imatinib
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prior to puberty [40]. However, conflicting data have been published on the effects of
imatinib on sperm production, as some describe a reduction in sperm count related to
imatinib and others find no effect on sperm production nor ability to conceive.

Imatinib has had promising results: Breccia et al. found that imatinib use was associ-
ated with successful conception during treatment in five cases. In these patients, sperm
count showed no effects on sperm morphology and motility. The fetus development and
growth were also normal [53]. Other published case studies have also shown similar results,
in which prolonged high-dose imatinib therapy was used on CML patients [54]. This might
suggest that even though imatinib may affect the PDGFR and c-Kit pathways, leading to
reduced testosterone production, brief imatinib subjection may have minimal to no effect
on male fertility as opposed to their female counterparts.

Animal studies have also shown that some tyrosine kinases needed for normal cellular
functioning that are also inhibited by imatinib, like c-Abl, were found to play an important
role in spermatogenesis. Hence, the c-Abl deficient mice were found to have impaired
fertility. A case study conducted by Seshadri et al. described a patient who suffered from
oligospermia. However, this patient was taking imatinib for hypereosinophilic syndrome
rather than CML [33]. Hence, the authors suggested this risk must be discussed with
patients prior to the initiation of therapy and that semen storage prior to treatment may be
useful [33].

A study by Nurmio et al. on premature rats exposed to imatinib showed a delay
in germ-line stem cell formation, as well as increased germ cell apoptosis and less sper-
matogonia proliferation. This raises the question of whether imatinib might show similar
results in human children, since the process of testis development in rats and humans both
rely on the same mechanisms [32]. In another animal study conducted by Prasad et al., it
was found that imatinib does reduce intratesticular testosterone and increases LDH levels
significantly in mice. Nevertheless, the researchers found that this is reversible once the
drug is stopped [51]. The discrepancies seen in these studies might be attributed to the
experimental designs of the studies.

2.3.2. Nilotinib

The FDA also labels the effect of nilotinib on male and female fertility as unknown
due to the limited number of studies. A recent study published in 2023 by Chethan et al.
included thirty-eight CML male patients using TKIs. The authors observed that the patients
went on to experience successful conception and healthy children. They also suggest that
imatinib and nilotinib can be safely used in women during pregnancy [43].

A study involving mice conducted by Ozkavukcu et al. used nilotinib on male mice
and found a significant reduction in the pregnancy rate in nilotinib-treated mice. They also
studied the histological effects on the testicles of the mice and found lower spermatogenesis.
In addition, they found that if either parent was on nilotinib, the fetus’s placenta was smaller
and had abnormalities in the spongiotrophoblast and decidual zones. This confirms the
effect of nilotinib on stromal proliferation of the placenta [36]. Another interesting finding
was that first-generation mice born to a nilotinib-treated parent had lower chances of
conception compared to controls [37].

2.3.3. Dasatinib

The FDA label for dasatinib also does not highlight fertility as an established adverse
event, but mentions that repeat-dose studies on different species have proven that the
medication might potentially have a negative effect on fertility and reproduction. There are
no restrictions for the use of dasatinib regarding conception in men. A study on human
subjects using dasatinib was conducted by Cortes et al. in 2016, which included a small
number of men who were treated with dasatinib and conceived. They reported good
results with 91% normal outcome and only 6% spontaneous abortion, which is lower than
the average rates. However, the small number of male cases in this study is a significant
limitation. One of the infants had syndactyly, but they could not determine whether
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dasatinib was a factor [3]. Other case reports of men who conceived a healthy baby while
on dasatinib therapy for CML have been published, showing no adverse effects [41,42].

An interesting recent study on mice by Garcia et al. where they used dasatinib and
quercetin on mice to test their effects on testosterone and sperm demonstrated an increase
in testosterone levels and sperm concentration, but did not affect sperm motility or fertility.
Nevertheless, they still observed a reduction in seminal vesicle wight [35].

2.3.4. Other TKIs

Other TKIs including ponatinib, bosutinib, and asciminib also have very limited
information and studies on male infertility. The ponatinib FDA label mentions that it may
impair male and female fertility, and fertility studies have not been yet conducted. Male
fertility was not clearly highlighted in the FDA labels for bosutinib and asciminib. However,
it is mentioned that asciminib may cause fertility issues in females. These drugs had no
human studies and a few animal studies focusing on fertility. A 2020 study by Cortes
et al. identified 33 successful pregnancies in patients who received bosutinib. Seventeen
of those pregnancies were after paternal exposure to the drug, with nine live births, five
abortions, and three unknown outcomes being the results of the pregnancies after paternal
exposure. The authors concluded that there is no evidence of adverse effects on babies
who are born to a father who was exposed to bosutinib at the time of conception; however,
this still cannot be excluded due to the small number of cases available [38]. Novel agents
like ponatinib and asciminib have no available data on their effects on male fertility [55].
However, ponatinib, a third-generation agent, has been studied on reproductive systems of
rats and monkeys and showed degeneration of the epithelium of the testes [2].

2.4. Transplantation

Another CML treatment that may affect fertility is transplantation. Transplant patients
are rarely able to conceive. However, this is rare in CML patients and is considered as a
second- or third-line therapy if TKIs fail, which highlights the importance of discussing
the potential effects that the disease and its treatments may have on fertility at the time of
diagnosis [56,57]. In a 2022 study by Schleicher et al., patients with pediatric CML who
were treated with hematopoietic stem cell transplantation were followed and answered
a questionnaire about several complications including infertility, which was reported in
24% of patients. One male patient reported reduced testicular volume that was diagnosed
after the transplantation. However, most patients reporting infertility were females. The
male patients indicated hypogonadotropic hypogonadism after irradiation. Nevertheless,
this study has a limitation in that it depends on a questionnaire that relies on the self-
identification of infertility [58].

3. Limitations

As previously mentioned in this review, the main limitation is the lack of systematic
studies that investigate the effect of CML medications on fertility in humans, especially in
males. In addition, there is a huge disparity in the information taken from animal studies
when compared to the conclusions made in human male studies. Further, the few human
studies that are available have different conclusions and demonstrate discrepancies in
their results. This might be attributed to the different study designs and doses used when
applying these drugs in animal models. Some human studies were also dependent on
subjective results from questionnaires and self-reporting, which might yield inaccurate or
flawed results. It can also be explained by the variety of animal models used in studies
and the difference in their response to the aforementioned drugs. Hence, more studies on
this subject would improve the current understanding and help with the contradicting
evidence. Table 2 summarizes the main human and animal studies included and their
limitations. It is clear that more prospective studies with greater sample sizes are necessary
to deepen our understanding and to obtain sufficient evidence to start discussing changes
in the current guidelines and usage of these therapeutic approaches.
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Table 2. Summary of the major animal and human studies that study the effect of CML drugs on
male fertility.

Paper Type of Study Conclusions Drug Used Limitations

[20] Animal study—transgenic
sickle cell mice

Hydroxyurea use was
associated with reduction
in testosterone levels and

sperm motility (negatively
affects fertility). Leydig cell
hyperplasia was observed.

Hydroxyurea

Animal study with sickle
cell models, which may not

be an indicator of the
effects seen in CML

patients. High doses of
nitric oxide could be the

main cause of the
adverse effects.

[21]

Human
study—retrospective

review including male
adult patients with sickle

cell disease

Azoospermia observed.
Effects are reversible
after discontinuation.

Hydroxyurea

A case-series. External
validity compromised.

Study conducted
retrospectively. No

baseline data recorded
before hydroxyurea usage.

[32] Animal study—rats

Imatininb was associated
with impaired fertility in
rats as it interferes with

maturation processes in rat
testes. This includes

gonocyte migration, testis
growth, formation of

spermatogonial stem cell
and Leydig cell pools, and

proliferation of type
A spermatogonia.

Imatinib

Animal study on rats.
Further human studies are

needed to show the
observed effect in

human testis.

[34]

Animal study—Swiss
albino mice were and their

testes were studied after
imatininb exposure

There is an effect on LDH
and testosterone exerted by

imatinib, but it
is reversible.

Imatinib

Animal study on mice.
Further human studies are

needed to show the
observed effect in

human testis.

[39]

Human study—the effects
of imatinib were observed
on sperm parameters by a
computer-assisted sperm

assay and the male
reproductive system by

using ultrasound

Imatinib crosses the
blood–testis barrier and
has adverse effects on

sperm production.

Imatinib Limited sample size.

[35] Animal study—mice Dasatinib showed no
adverse effect on fertility. Dasatinib

Animal study. Human
studies are needed to show

the observed effect in
human testis. This study
also included quercitin

with dasatinib as senolytic
agents. A study examining

the effect of the drug on
CML subjects is needed.

[3] Human study
No effect on conception in

cases subjected
to dasatinib.

Dasatinib Small sample size was a
significant limitation.

[38] Human study

No evidence of adverse
effects on babies born to a
father who was exposed to

bosutinib at the time
of conception.

Bosutinib Limited sample size.
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4. Conclusions

This review highlights the necessity of well-controlled studies with larger numbers
of subjects and longer follow-up periods to improve our understanding of the short- and
long-term effects of CML and its treatments on male fertility and sexual functioning.
According to the current evidence, it would not be advised to blindly discontinue CML
medication in male patients who desire to conceive, especially in more established drugs
with a relatively known profile like imatinib. Nevertheless, the subject of fertility should be
a point of discussion when choosing the most appropriate drug and when explaining the
possible adverse events to patients, especially in newer medications with fewer available
studies. This becomes more necessary considering the current evidence of the rise in CML
diagnoses in young adults in developing countries. It is also necessary to carry out more
molecular studies that identify the particular stages of spermatogenesis affected by each
drug therapy in order to help provide novel treatment strategies. Male patients should be
advised to consult their hematologist if they try to conceive while they are being treated
or when experiencing active disease. The additional possible effects like the presence of
congenital defects, impaired growth, or malignancies in subsequent generations also need
more research, and the discussed associations should be disclosed with patients.
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15. Haznedaroğlu, İ.; Kuzu, I.; İlhan, O. WHO 2016 Definition of Chronic Myeloid Leukemia and Tyrosine Kinase Inhibitors. Turk. J.
Haematol. 2020, 37, 42–47. [CrossRef]

16. Al-Dewik, N.I.; Morsi, H.M.; Samara, M.M.; Ghasoub, R.S.; Gnanam, C.C.; Bhaskaran, S.K.; Nashwan, A.J.; Al-Jurf, R.M.; Ismail,
M.A.; AlSharshani, M.M.; et al. Is Adherence to Imatinib Mesylate Treatment Among Patients with Chronic Myeloid Leukemia
Associated with Better Clinical Outcomes in Qatar? Clin. Med. Insights Oncol. 2016, 10, 95–104. [CrossRef]

17. Ali, E.; Soliman, A.; De Sanctis, V.; Nussbaumer, D.; Yassin, M. Priapism in Patients with Chronic Myeloid Leukemia (CML): A
Systematic Review. Acta Biomed. 2021, 92, e2021193. [CrossRef]

18. Hehlmann, R.; Kister, P.; Willer, A.; Simon, M.; Schenk, M.; Seifarth, W.; Papakonstantinou, G.; Saussele, S.; Kolb, H.J.; Ansari, H.
Therapeutic progress and comparative aspects in chronic myelogenous leukemia (CML): Interferon alpha vs. hydroxyurea vs.
busulfan and expression of MMTV-related endogenous retroviral sequences in CML. German CML Study Group. Leukemia 1994,
8 (Suppl. 1), S127–S132.

19. Program, N.T. NTP-CERHR monograph on the potential human reproductive and developmental effects of hydroxyurea. NTP
Cerhr. Mon. 2008, vii–viii, v, ix–III1.

20. Jones, K.M.; Niaz, M.S.; Brooks, C.M.; Roberson, S.I.; Aguinaga, M.P.; Hills, E.R.; Rice, V.M.; Bourne, P.; Bruce, D.; Archibong,
A.E. Adverse effects of a clinically relevant dose of hydroxyurea used for the treatment of sickle cell disease on male fertility
endpoints. Int. J. Environ. Res. Public Health 2009, 6, 1124–1144. [CrossRef]

21. Grigg, A. Effect of hydroxyurea on sperm count, motility and morphology in adult men with sickle cell or myeloproliferative
disease. Intern. Med. J. 2007, 37, 190–192. [CrossRef]

22. Garozzo, G.; Disca, S.; Fidone, C.; Bonomo, P. Azoospermia in a patient with sickle cell disease treated with hydroxyurea.
Haematologica 2000, 85, 1216–1218.

23. Soliman, A.T.; Alaaraj, N.; Yassin, M. The Effects of Treatment with Blood Transfusion, Iron Chelation and Hydroxyurea on
Puberty, Growth and Spermatogenesis in Sickle Cell Disease (SCD): A short update. Acta Biomed. 2021, 92, e2021386. [CrossRef]

24. Simonsson, B.; Gedde-Dahl, T.; Markevärn, B.; Remes, K.; Stentoft, J.; Almqvist, A.; Björeman, M.; Flogegård, M.; Koskenvesa, P.;
Lindblom, A.; et al. Combination of pegylated IFN-α2b with imatinib increases molecular response rates in patients with low- or
intermediate-risk chronic myeloid leukemia. Blood 2011, 118, 3228–3235. [CrossRef]

25. Palandri, F.; Castagnetti, F.; Iacobucci, I.; Martinelli, G.; Amabile, M.; Gugliotta, G.; Poerio, A.; Testoni, N.; Breccia, M.; Bocchia, M.;
et al. The response to imatinib and interferon-alpha is more rapid than the response to imatinib alone: A retrospective analysis of
495 Philadelphia-positive chronic myeloid leukemia patients in early chronic phase. Haematologica 2010, 95, 1415–1419. [CrossRef]

26. Burchert, A.; Müller, M.C.; Kostrewa, P.; Erben, P.; Bostel, T.; Liebler, S.; Hehlmann, R.; Neubauer, A.; Hochhaus, A. Sustained
molecular response with interferon alfa maintenance after induction therapy with imatinib plus interferon alfa in patients with
chronic myeloid leukemia. J. Clin. Oncol. 2010, 28, 1429–1435. [CrossRef]

27. Hehlmann, R.; Lauseker, M.; Saußele, S.; Pfirrmann, M.; Krause, S.; Kolb, H.J.; Neubauer, A.; Hossfeld, D.K.; Nerl, C.; Gratwohl,
A.; et al. Assessment of imatinib as first-line treatment of chronic myeloid leukemia: 10-year survival results of the randomized
CML study IV and impact of non-CML determinants. Leukemia 2017, 31, 2398–2406. [CrossRef]

28. Talpaz, M.; Mercer, J.; Hehlmann, R. The interferon-alpha revival in CML. Ann. Hematol. 2015, 94 (Suppl. 2), S195–S207. [CrossRef]
29. Law, A.D.; Dong Hwan Kim, D.; Lipton, J.H. Pregnancy: Part of life in chronic myelogenous leukemia. Leuk. Lymphoma 2017, 58,

280–287. [CrossRef]
30. Gazdaru, S.; Perey, L.; Rosselet, A.; Mathevet, P.; Chalandon, Y.; Vulliemoz, N. Successful Ovarian Stimulation for Fertility

Preservation in a Patient with Chronic Myeloid Leukemia: Switch from Nilotinib to Interferon-α. Oncologist 2018, 23, 719–721.
[CrossRef]

31. De Leo, S.; Trevisan, M.; Moneta, C.; Colombo, C. Endocrine-related adverse conditions induced by tyrosine kinase inhibitors.
Ann. Endocrinol. 2023, 84, 374–381. [CrossRef]

32. Nurmio, M.; Toppari, J.; Zaman, F.; Andersson, A.M.; Paranko, J.; Söder, O.; Jahnukainen, K. Inhibition of tyrosine kinases PDGFR
and C-Kit by imatinib mesylate interferes with postnatal testicular development in the rat. Int. J. Androl. 2007, 30, 366–376,
discussion 376. [CrossRef]

33. Seshadri, T.; Seymour, J.F.; McArthur, G.A. Oligospermia in a patient receiving imatinib therapy for the hypereosinophilic
syndrome. N. Engl. J. Med. 2004, 351, 2134–2135. [CrossRef]

https://doi.org/10.3389/fmed.2023.1163137
https://doi.org/10.26355/eurrev_202112_27625
https://doi.org/10.1007/s12185-022-03446-1
https://doi.org/10.1002/cpt.813
https://doi.org/10.4274/tjh.galenos.2019.2019.0241
https://doi.org/10.4137/CMO.S32822
https://doi.org/10.23750/abm.v92i3.10796
https://doi.org/10.3390/ijerph6031124
https://doi.org/10.1111/j.1445-5994.2006.01290.x
https://doi.org/10.23750/abm.v92i4.11917
https://doi.org/10.1182/blood-2011-02-336685
https://doi.org/10.3324/haematol.2009.021246
https://doi.org/10.1200/JCO.2009.25.5075
https://doi.org/10.1038/leu.2017.253
https://doi.org/10.1007/s00277-015-2326-y
https://doi.org/10.1080/10428194.2016.1201571
https://doi.org/10.1634/theoncologist.2017-0381
https://doi.org/10.1016/j.ando.2023.03.009
https://doi.org/10.1111/j.1365-2605.2007.00755.x
https://doi.org/10.1056/NEJM200411113512024


Cancers 2024, 16, 791 12 of 13

34. Prasad, A.M.; Ramnarayan, K.; Nalini, K.; Bairy, K.L. Effect of imatinib on the biochemical parameters of the reproductive
function in male Swiss albino mice. Indian J. Pharmacol. 2011, 43, 389–392. [CrossRef]

35. Garcia, D.N.; Hense, J.D.; Zanini, B.M.; Isola, J.V.V.; Pradiee, J.; Prosczek, J.B.; Alvarado-Rincón, J.A.; Mondadori, R.G.; Mason,
J.B.; Brieño-Enríquez, M.A.; et al. Dasatinib and quercetin increase testosterone and sperm concentration in mice. Physiol. Int.
2023, 110, 121–134. [CrossRef]

36. Wang, X.R.; Wang, C.D.; Liu, X.M.; Bao, H.C.; Qu, Q.L.; Hao, C.F. Effect of PDGF-Rb antagonist imatinib on endometrial injury
repairing in mouse model. Asian Pac. J. Trop. Med. 2015, 8, 555–559. [CrossRef]

37. Ozkavukcu, S.; Kuscu, N.; Adiguzel, D.; Cengiz-Seval, G.; Celik-Ozenci, C. Deleterious reproductive effects of nilotinib in mouse
model. Reproduction 2021, 161, 295–306. [CrossRef]

38. Cortes, J.E.; Gambacorti-Passerini, C.; Deininger, M.; Abruzzese, E.; DeAnnuntis, L.; Brümmendorf, T.H. Pregnancy outcomes in
patients treated with bosutinib. Int. J. Hematol. Oncol. 2020, 9, IJH26. [CrossRef]

39. Chang, X.; Zhou, L.; Chen, X.; Xu, B.; Cheng, Y.; Sun, S.; Fang, M.; Xiang, Y. Impact of Imatinib on the Fertility of Male Patients
with Chronic Myelogenous Leukaemia in the Chronic Phase. Target Oncol. 2017, 12, 827–832. [CrossRef]

40. Mariani, S.; Basciani, S.; Fabbri, A.; Agati, L.; Ulisse, S.; Lubrano, C.; Spera, G.; Gnessi, L. Severe oligozoospermia in a young
man with chronic myeloid leukemia on long-term treatment with imatinib started before puberty. Fertil. Steril. 2011, 95,
1120.e15–1120.e17. [CrossRef]

41. Gentile, M.; Guido, M.; Lucia, E.; Vigna, E.; Mazzone, C.; Recchia, A.G.; Morabito, F. Favorable conception and pregnancy
involving a male patient affected by chronic myeloid leukemia while taking dasatinib. Leuk. Lymphoma 2014, 55, 709–710.
[CrossRef] [PubMed]

42. Oweini, H.; Otrock, Z.K.; Mahfouz, R.A.; Bazarbachi, A. Successful pregnancy involving a man with chronic myeloid leukemia
on dasatinib. Arch. Gynecol. Obstet. 2011, 283, 133–134. [CrossRef]

43. Chethan, R.; Malik, P.S.; Sahoo, R.K.; Sharawat, S.; Singh, M.; Garg, V.; Bhatia, K.; Kantak, A.; Kumar, S.; Kumar, L. Fertility and
pregnancy in chronic myeloid leukemia: Real-world experience from an Indian tertiary care institution. Ann. Hematol. 2023, 102,
2087–2096. [CrossRef]

44. Gnessi, L.; Basciani, S.; Mariani, S.; Arizzi, M.; Spera, G.; Wang, C.; Bondjers, C.; Karlsson, L.; Betsholtz, C. Leydig cell loss and
spermatogenic arrest in platelet-derived growth factor (PDGF)-A-deficient mice. J. Cell Biol. 2000, 149, 1019–1026. [CrossRef]
[PubMed]

45. Basciani, S.; Mariani, S.; Spera, G.; Gnessi, L. Role of platelet-derived growth factors in the testis. Endocr. Rev. 2010, 31, 916–939.
[CrossRef] [PubMed]

46. Yassin, M.A.; Soliman, A.T.; Elawa, A.S.; El-Ayoubi, H.R.; Desanctis, V. Effects of Tyrosine Kinase Inhibitors On Spermatogenesis
and Pituitary Gonadal Axis in Males with Chronic Myeloid Leukemia. Blood 2012, 120, 1688. [CrossRef]

47. Berman, E.; Druker, B.J.; Burwick, R. Chronic Myelogenous Leukemia: Pregnancy in the Era of Stopping Tyrosine Kinase Inhibitor
Therapy. J. Clin. Oncol. 2018, 36, 1250–1256. [CrossRef]

48. Abu-Tineh, M.; Ali, E.A.; Alshurafa, A.; Nashwan, A.J.; Albsheer, K.; Ahmed, A.; Hailan, Y.; Rozi, W.; Aljaloudi, E.; Yassin, M.A.
The Impact of Tyrosine Kinase Inhibitors on Fatherhood in Patients with Chronic Myeloid Leukemia: A Mixed-Method Study.
Cureus 2023, 15, e33407. [CrossRef]

49. Dou, X.L.; Qin, Y.Z.; Shi, H.X.; Lai, Y.Y.; Hou, Y.; Huang, X.J.; Jiang, Q. Fertility and disease outcomes in patients with chronic
myeloid leukemia. Zhonghua Xue Ye Xue Za Zhi 2019, 40, 980–985.

50. Millot, F.; Guilhot, J.; Baruchel, A.; Petit, A.; Leblanc, T.; Bertrand, Y.; Mazingue, F.; Lutz, P.; Vérité, C.; Berthou, C.; et al. Growth
deceleration in children treated with imatinib for chronic myeloid leukaemia. Eur. J. Cancer 2014, 50, 3206–3211. [CrossRef]

51. Shima, H.; Tokuyama, M.; Tanizawa, A.; Tono, C.; Hamamoto, K.; Muramatsu, H.; Watanabe, A.; Hotta, N.; Ito, M.; Kurosawa,
H.; et al. Distinct impact of imatinib on growth at prepubertal and pubertal ages of children with chronic myeloid leukemia.
J. Pediatr. 2011, 159, 676–681. [CrossRef]

52. Ault, P.; Kantarjian, H.; O’Brien, S.; Faderl, S.; Beran, M.; Rios, M.B.; Koller, C.; Giles, F.; Keating, M.; Talpaz, M.; et al. Pregnancy
among patients with chronic myeloid leukemia treated with imatinib. J. Clin. Oncol. 2006, 24, 1204–1208. [CrossRef]

53. Breccia, M.; Cannella, L.; Montefusco, E.; Frustaci, A.; Pacilli, M.; Alimena, G. Male patients with chronic myeloid leukemia
treated with imatinib involved in healthy pregnancies: Report of five cases. Leuk. Res. 2008, 32, 519–520. [CrossRef]

54. Ramasamy, K.; Hayden, J.; Lim, Z.; Mufti, G.J.; Ho, A.Y. Successful pregnancies involving men with chronic myeloid leukaemia
on imatinib therapy. Br. J. Haematol. 2007, 137, 374–375. [CrossRef]

55. Abruzzese, E.; Mauro, M.; Apperley, J.; Chelysheva, E. Tyrosine kinase inhibitors and pregnancy in chronic myeloid leukemia:
Opinion, evidence, and recommendations. Ther. Adv. Hematol. 2020, 11, 2040620720966120. [CrossRef]

56. Salooja, N.; Szydlo, R.; Socie, G.; Rio, B.; Chatterjee, R.; Ljungman, P.; Van Lint, M.; Powles, R.; Jackson, G.; Hinterberger-Fischer,
M.; et al. Pregnancy outcomes after peripheral blood or bone marrow transplantation: A retrospective survey. Lancet 2001, 358,
271–276. [CrossRef]

https://doi.org/10.4103/0253-7613.83107
https://doi.org/10.1556/2060.2023.00192
https://doi.org/10.1016/j.apjtm.2015.06.001
https://doi.org/10.1530/REP-20-0548
https://doi.org/10.2217/ijh-2020-0004
https://doi.org/10.1007/s11523-017-0521-6
https://doi.org/10.1016/j.fertnstert.2010.08.060
https://doi.org/10.3109/10428194.2013.811240
https://www.ncbi.nlm.nih.gov/pubmed/23741978
https://doi.org/10.1007/s00404-010-1501-6
https://doi.org/10.1007/s00277-023-05280-9
https://doi.org/10.1083/jcb.149.5.1019
https://www.ncbi.nlm.nih.gov/pubmed/10831606
https://doi.org/10.1210/er.2010-0004
https://www.ncbi.nlm.nih.gov/pubmed/20650860
https://doi.org/10.1182/blood.V120.21.1688.1688
https://doi.org/10.1200/JCO.2017.77.2574
https://doi.org/10.7759/cureus.33407
https://doi.org/10.1016/j.ejca.2014.10.007
https://doi.org/10.1016/j.jpeds.2011.03.046
https://doi.org/10.1200/JCO.2005.04.6557
https://doi.org/10.1016/j.leukres.2007.07.022
https://doi.org/10.1111/j.1365-2141.2007.06542.x
https://doi.org/10.1177/2040620720966120
https://doi.org/10.1016/S0140-6736(01)05482-4


Cancers 2024, 16, 791 13 of 13

57. Apperley, J. CML in pregnancy and childhood. Best Prac. Res. Clin. Haematol. 2009, 22, 455–474. [CrossRef]
58. Schleicher, O.; Horndasch, A.; Krumbholz, M.; Sembill, S.; Bremensdorfer, C.; Grabow, D.; Erdmann, F.; Karow, A.; Metzler, M.;

Suttorp, M. Patient-reported long-term outcome following allogeneic hematopoietic stem cell transplantation in pediatric chronic
myeloid leukemia. Front. Oncol. 2022, 12, 963223. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.beha.2009.09.008
https://doi.org/10.3389/fonc.2022.963223

	Introduction 
	Findings 
	Hydroxyurea 
	Interferon 
	TKIs 
	Imatinib 
	Nilotinib 
	Dasatinib 
	Other TKIs 

	Transplantation 

	Limitations 
	Conclusions 
	References

