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ARTICLE INFO ABSTRACT

Keywords: The prevalence, incidence, and severity of a wide variety of diseases and ailments are significantly influenced by

Oncology the significant disparities that occur between the sexes. The way that men and women react to pharmacological

zi" chf;elrences treatment also varies. Therefore, it is crucial to comprehend these reactions in order to conduct risk assessment
emotherapy

correctly and to develop safe and efficient therapies. Even from that limited vantage point, the manner and timing
of our drug usage might have unintended and unanticipated consequences. There are sex-specific differences in
the incidence and mortality of certain malignancies. One of the most important discoveries in cancer epidemi-
ology is the gender inequalities. Cancer incidence differences between the sexes are thought to be regulated at the
genetic and molecular levels and by sex hormones like oestrogen. Differences based on sex and gender are among
the least investigated factors impacting cancer susceptibility, progression, survival, and therapy response despite
their established importance in clinical care. The molecular mechanisms underlying sex differences in particular
are poorly known, hence the majority of precision medicine approaches employ mutational or other genetic data
to assign therapy without taking into account how the patient's sex may affect therapeutic efficacy. In patients
receiving chemotherapy, there are definite gender-dependent disparities in response rates and the likelihood of
side effects. This review explores the influence of sex as a biological variable in drug effects or toxicity in

Personalized medicine

oncology.

1. Introduction
1.1. Gender medicine and its importance and its prerequisite in oncology

As the world's population ages, cancer incidence is constantly rising,
making it a significant cause of mortality. The WHO's Global Health
Observatory has reported that cancer is responsible for about 13% of all
fatalities (Luo et al, 2022). 1.75 million was the anticipated
cancer-related fatalities in 2012, with males accounting for 56% and
women for 44% of these deaths [Fig. 1]. There can be a significant rise in
the new cases in males and females, age [0-85], by 2040, as reported by
International Agency for Research on Cancer, WHO, and demonstrated in
Fig. 2. Cancer occurrence, progression, and therapeutic responses are all
known to be influenced by gender (Morgan et al., 2022). When analyzing
the impact of gender on cancer, genetic variations should be taken into
account, in addition to physical and hormonal variances. The existence of
sex-driven disparities in immunological responses is also supported by
mounting evidence (Xi and Xu, 2021). Gender imbalance has previously
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existed in clinical trials and animal model research. Sex should be a
significant stratification factor in all randomized clinical trials, consid-
ering the disparities between sexes observed in cancers to understand
better biological distinctions between men and women, which may result
in more effective targeted therapy (Global Cancer Observatory, n.d.-a).

For several malignancies, there are distinguishing characteristics
among sexes in terms of cancer occurrence, aggressiveness, and course of
the disease. Despite this, the gender imbalance has existed in clinical
trials and animal model studies. In order to comprehend the molecular
basis underlying the gender disparities in the outcome and responsive-
ness to cancer therapy, gender-specific oncology must re-establish a
balance. Understanding the molecular processes underlying sex-biased
disparities may improve cancer treatment and lead to the creation of
individualized therapeutic approaches.

Biological sex differences, gender identity, roles, and relationships all
have an impact on disease and health, and these variations might have
consequences to screen, diagnose, prevent and treat, according to a novel
approach to medicine known as sex and gender-sensitive medicine. This

E-mail addresses: raghavendra.naveen@gmail.com, nrn@accp.co.in (N. Raghavendra Naveen).

https://doi.org/10.1016/j.crphar.2022.100152

Received 30 June 2022; Received in revised form 19 December 2022; Accepted 22 December 2022
2590-2571/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:raghavendra.naveen@gmail.com
mailto:nrn@accp.co.in
http://crossmark.crossref.org/dialog/?doi=10.1016/j.crphar.2022.100152&domain=pdf
www.sciencedirect.com/science/journal/25902571
www.journals.elsevier.com/current-research-in-pharmacology-and-drug-discovery
www.journals.elsevier.com/current-research-in-pharmacology-and-drug-discovery
https://doi.org/10.1016/j.crphar.2022.100152
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.crphar.2022.100152

H.T. Rakshith et al.

Males

UK, Scotland
Iceland
Denmark
USA: Black*
Canada*
The Netherlands
UK, Northern Ireland
Ireland
UK, England and Wales *
USA: White*
Norwax

USA
Germany*
New Zealand
Australia
China*
Switzerland*
Italy*

Swedeén
France*
Slovenia
Czechia
Croatia
Republic of Korea
Malta

Israel
Poland*
Thailand*
Estonia
Brazil*
Bulgaria
Latvia
Turkey*
Lithuania
Colombia*
Ukraine
Ecuador*
Belarus
Chile*
India*

Kuwait: Kuwaiti
Uganda*

Current Research in Pharmacology and Drug Discovery 4 (2023) 100152

Fig. 1. Age-standardized rate (world) per
1,00,000 incidence, males and females, in 2012.
[Figure legend x-axis refer*- Subnational data,
reproduced from the source with the CC BY-NC-SA
3.0 IGO license, which allows users to copy freely,
reproduce, reprint, distribute, translate and adapt
the work for non-commercial purposes] [source:
Data Source from International Agency for
Research on Cancer, WHO, Reproduced from the
source](Cancer Over Time, n.d.; Global Cancer Ob-
servatory, n.d.-b).
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Fig. 2. Estimated number of new cases from 2020 to 2040, Males and Females, age [0-85+1]. [source: Data Source from International Agency for Research on Cancer,
WHO, reproduced from the source with the CC BY-NC-SA 3.0 IGO license, which allows users to copy freely, reproduce, reprint, distribute, translate and adapt the
work for non-commercial purposes](Cancer Over Time, n.d.; Global Cancer Observatory, n.d.-b).

discipline's ultimate goal is to enhance patients' quality of life by learning
from these distinctions (or the lack of them). Gender has been defined by
WHO as socially constructed roles, activities, behaviors, and character-
istics that a given society thinks are proper for both sexes. "Sex" is
referred to biological grounds that support the anatomy and physiology
of the sexes. Therefore, every human is gendered even though every cell
is sexed (Canadian Institute of Health Research). There is constant
interaction between the two in live humans. Gender is a continuum,
unlike sex, that is typically categorized as binary.

In addition to the expanding collection of information about different
genomes showing the existence of disparities in cancer risk between men
and women that go beyond those that influence reproductive tissues,
there is a shred of substantial evidence compiled from clinical and
epidemiological studies suggesting variation in malignancy that is con-
nected to a person's gender or sexual orientation. Males and females react
differently to genetic and epigenetic changes and environmental
stressors. Therefore, genetic traits linked to cancer genesis, prognosis,
and therapy response may affect men and women differently. For
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instance, alterations in the expression of the gene act as prognosticative
indicators exclusively for one or both sexes. When examining several
different sorts of omics data, such distinctions between male and female
malignancies have been found to exist in mutation, methylation of the
genome, chromatin accessibility, nRNA expression, miRNA, and protein.
Integrating various data help us understand the molecular processes that
underlie the sex-related disparities in cancer. An examination of the
network of gene regulators exclusive to one gender or the other, for
instance, can reveal the biological processes that are differently regulated
by sex, the relationships between sex-biased patterns, and the sex dif-
ferences seen in carcinogenesis and clinical outcomes. The prevalent
paradigm in precision medicine typically disregards an individual's sex,
even though there is evidence that sex affects the occurrence of cancer,
metastasis, and therapeutic outcome. There are methodological and
conceptual gaps regarding including sex in therapeutic practice and
research (Wilson and Buetow, 2020; Woitowich et al., 2020). Further
research on sex and variations in cancer risk between the sexes will help
develop sex-specific prevention of cancer, early diagnosis tactics, and
more sophisticated precision medicine therapeutic approaches that
would enhance therapy and outcomes, including survival.

The optimization of drug dose in the field of cancer is substantially
behind drug development in comparison. The prescribed therapeutic
doses with mostly men might result in higher serum drug levels and
toxicity in women because of variations in body composition between
males and females. The biological sex and gender of a patient must be
considered when choosing a course of therapy. As a result, there has to be
a more excellent representation of women in clinical trials. Those trials
must be set up to enable functional sex-based subgroup analysis for
treatment outcomes and drug toxicity. Compared to the existing Body
surface area (BSA)based or fixed-dose, prospective trials exploring the
Fat-free mass (FFM)-based drug dosing for those that are cytotoxic and
targeted treatment could offer a promising alternative and dramatically
enhance the toxicity and efficacy ratio of anti-cancer treatment.

2. Sex and gender differences in epidemiology and tumor biology

Cancer is one of the main reasons for mortality worldwide. There are
gender-specific variations in the occurrence of certain cancers as well as
the mortality rate associated with them. Of all the known inventions in
cancer, epidemiology is the gender inequalities most crucial one. Cancer
deaths are more common in men, especially hematological malignancies.
Cancer incidence differences between the sexes are thought to be regu-
lated genetically, molecularly, and by sex hormones like estrogen. Men
and women experience cancer incidence differently due to gene poly-
morphism, changed enzymes involved in drug metabolism, and other
genetic/molecular factors. Sex significantly influences the incidence,
prognosis, and death of numerous cancer (Siegel et al., 2016). From 2009
to 2013, males had a 20% greater cancer incidence than females and a
40% greater fatality rate (Siegel et al., 2017). Genetic and molecular
variations influence cancer susceptibility in gender.

Sex hormones can have a favorable or unfavorable impact on the
emergence of certain malignancies. Biological specificities determine the
course of cancer and its response to treatment. The experiment's out-
comes are impacted by changes in sex hormones occurring during the
menstrual cycle. US FDA 0.1977 recommendation prohibited females
from participating in clinical research because of the possibility of
problems at the time of birth. Clinical Hold Regulations for Products
Intended for Life-Threatening Diseases Amendment of 2000 (21 CFR
312.42), allows the FDA to put a clinical hold on IND studies for treating
severe or life-threatening diseases if either men or women are barred
from participation because of their reproductive potential. 2014 Guid-
ance for Industry and FDA Staff on Evaluating Sex-Specific Data in
Clinical Studies of Medical Devices. The FDA's requirements for sex-
specific patient enrollment, data analysis, and study information
reporting for medical device applications are outlined in this advice (Liu
and Dipietro Mager, 2016; Regulations, Guidance, and Reports Related to
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Women's Health | FDA, n.d.).
2.1. Epigenetics and cancer

Mammals' normal development and maintenance of tissue-specific
gene expression patterns depend heavily on epigenetic mechanisms. Al-
terations in gene function and cancerous cellular transformation can
result from epigenetic process disruption. Epigenetic dysregulation has
become a significant factor in cancer start and adaptation these years.
Most cancer characteristics that come to have the genetic mutation can
now be achieved through epigenetic pathways, as we have come to un-
derstand. This may entail the abnormal activation or silencing of specific
loci or extensive epigenetic landscape remodeling. Human cancers typi-
cally contain mutations in the genes encoding histone proteins, aders,
writers, and erasers of the epigenome, demonstrating a clear relationship
between epigenetic instability and carcinogenesis. Recent developments
in the quickly developing field of cancer epigenetics have demonstrated
substantial reprogramming of every element of the epigenetic machinery
in cancer, including DNA methylation, histone modifications, nucleo-
some positioning, and non-coding RNAs, particularly microRNA pro-
duction. Nevertheless, as the review is focused only on sex differences,
the detailed description was not discussed in the current section.

2.2. Sex differences in incidence and mortality of cancer

There is mounting proof that certain malignancies have different
incidence and fatality rates relative to patients’ gender. In the US, men
have an increased risk of prostate, lung, and colorectal cancer than the
other sex who have lung, breast, and colorectal malignancy (Siegel et al.,
2016). There are reported gender differences in the occurrence of ma-
lignancies in the colon, lung, and liver, along with an increased risk of
developing malignancy in the prostate and ovary (Tevfik Dorak and
Karpuzoglu, 2012; Torre et al., 2016). Women are at a higher risk of
getting thyroid cancer (Tevfik Dorak and Karpuzoglu, 2012). Men are at a
higher risk of colon, stomach, and liver cancers. Additionally, more males
than females have been diagnosed with leukemia and bladder cancer
(Ray Dorsey et al., 2018). In individuals with colorectal cancer, females
tended to express the disease more on the right side, whereas males
tended to do so higher towards the left (S. E. Kim et al., 2015). Compared
to left-sided sickness, colon cancer on the right side is more severe (S. E.
Kim et al., 2015). The differential in estrogen levels between men and
women may be what is causing the geographic disparity. Estradiol
stimulates the proliferation of KAT5 cells, and the underlying process
may be correlated to an increase in Bcl-xL expression. The information
shines a spotlight on the molecular mechanism driving the epidemio-
logical findings that thyroid cancer is two-to three times more common in
women than in men (Ortona et al., 2019).

The primary sources of cancer deaths—lung, colorectal, and stomach
cancers—Indicate a higher death rate in males. Women's cancers,
including uterine corpus, breast, and ovarian cancer, have a compara-
tively high fatality rate. Men die more often than women from esopha-
geal, liver, and bladder cancer. Compared to women, there was a 34%
increase in the risk of men dying from melanoma (Crocetti et al., 2015).
Therefore, sex inequality is demonstrated by mortality from different
cancer kinds. Due to smoking, lung cancer accounted for the majority of
mortality associated with cancer among males in the 20th century (Siegel
et al., 2016). Decreased smoking rates, early identification, and therapy
led to a drop in lung cancer deaths between 1991 and 2012.

2.3. Sex differences in sex hormones in cancer incidence

The occurrence of cancer between the sexes may be influenced by sex
hormones. Due to low levels of estrogen, men are more at risk than
women of developing Acute lymphocytic leukemia (ALL) (Do et al.,
2010). Suppressing nuclear factor kappa B (NF-B) is a function of es-
trogen. NF-B regulates interferon regulatory factor 4 (IRF4)
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transcription. IRF4 has a role in T and B cell development and is highly
expressed in B-cell cancers due to NF-B hyperactivation. Estrogen is
directly related to an elevated incidence of thyroid carcinoma in the fe-
male population (Lee et al., 2005; Tevfik Dorak and Karpuzoglu, 2012).
Contrary to testosterone, estrogen boosts the growth of the cancer of
papillary thyroid in human patients' cell lines and encourages the
development of the anti-apoptotic Bcl-XL. Progestin enhances biliary
elimination, which induces colon cancer (H. I. Kim et al., 2018).

3. Gender disparities on molecular cancer basis

According to molecular and genetic studies, the vulnerability to dis-
ease changes between the sexes. The incidence of certain cancers changes
according to the sexes because of genetic and molecular variations.
Bladder cancer occurs more frequently in males (Siegel et al., 2016). The
genotype of the enzyme sulfotransferase 1A1 Histidine has been linked to
a decreased incidence of bladder cancer in the female population (Zheng
et al., 2003). SULT1Al's genetic polymorphism revealed a change from
Arginine to Histidine that brought a transition from A-to-G. Only in
women, the His213 allele genotype SULT1Al markedly reduces the
incidence of bladder cancer. Hence, this genome could be connected with
a shielding effect in females who had bladder malignancy. Drug metab-
olizing enzymes are influenced by genetic variation, which affects the
likelihood of carcinogenesis (Bolufer et al., 2007). Men are more likely
than women to get acute leukemia, for instance. According to a study,
males with the glutathione s-methyltransferase polymorphism detection
of glutathione s-methyltransferase T1 were more likely to undergo
biotransformation at the second phase and be identified with acute
lymphoblastic leukemia compared to those who have a usual level of
GSTT1. The enzyme activity was abolished by GSTT1 gene deletion. The
enzyme NAD(P)H: quinone oxidoreductase 1 catalyzes the removal of
free radicals. Males only, and not females, showed a greater incidence of
ALL when the NQO1 polymorphism was examined (Bolufer et al., 2007).
MDM2 reduces the tumor protein p53 suppressor. The p53 pathway is
lessened due to an increase in the binding of Spl caused by SNP 309.
Both the wild-type allele of p53 and the G-allele of SNP 309 attenuates
the p53 DNA damage response (Bond et al., 2004).

Additionally, estrogen signaling influences MDM2 levels (Bond et al.,
2004). In females bearing the G-allele of SNP309, the estrogen signaling
pathway enhances tumor growth in the DLBCL, spontaneous soft tissue
sarcoma, and highly invasive estrogen receptor-positive ductal carci-
noma directly or indirectly. When combined, genetic and molecular
variations may impact the differential in malignancy risk among sexes.

4. Sex differences in immuno-oncology and anti-cancer
immunotherapy

4.1. Immune response to cancer

The immune system significantly influences cancer growth and pro-
gression. As a result, "evading immune destruction" has been recognized
as a characteristic of cancer. Tumors can escape immunological responses
by various methods, including inhibition of regulatory T cells (Jacobs
et al, 2012), reduction of antigen processing, creation of
immune-suppressive mediators, and encouragement of immune devia-
tion and tolerance (Foell and Hewes, 2007; Rubin et al., 2020; Topalian
et al., 2012).

4.2. Immune system disparities between the sexes

The immune systems of men and women differ due to genetic me-
diators like sex chromosomes (X, Y), hormonal mediators like estradiol,
progesterone, and androgens, environmental mediators like the micro-
biome, social sex behaviors like smoking and alcohol intake, and age.
Male mortality is higher due to hormonal regulation, immune system
abnormalities, and cancer etiology. Females have higher innate and
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adaptive immune responses than males, lowering cancer mortality.
Epigenetic, genetic, psychological, and sex hormones cause these
changes. IL-2 receptor gamma subunit, TLR-7, TLR8, CD40L, and FoxP3
genes regulate immune response on chromosome X. Sex hormones affect
dendritic cells, neutrophils, natural killer cells, macrophages, B and T
lymphocytes, and their development, maturation, longevity, and effector
activities. Sex chromosomes and hormones affect the self-renewal of
systemic determinants of carcinogenesis, stem cell populations, and
tumor microenvironments. Women's more robust immune response
causes more autoimmune and inflammatory disorders. Women have Th1-
biased immune systems. T helperl (Th1) and Th2 cytokines (Th1/Th2)
regulate Thl and Th2 cell network functions in the immune response,
and sex hormones affect this balance. Women produce IL-6 and men
produce IFN- for immune response homeostasis. IL-10 is common to both
but controlled by gender-specific mechanisms to restore immune system
resting equilibrium. Women possess antigen-presenting cells (APCs),
which are highly effective than males at presenting peptides in the innate
immune system. Females have more neutrophils and macrophages than
males.

4.3. Relevance to immunotherapy

The impact of sex on cancer immunotherapy was not previously
studied, despite known gender differences in immune responses and
functioning. Successful immunotherapy may improve the immune sys-
tem's capacity to mount an efficient anti-cancer response to neoantigens
or revive the immune system to create a robust immunological response
(Antohe et al., 2019). The growth and operation of DC precursors and cell
subsets, particularly plasmacytoid DCs, that are top targets for immu-
notherapy are significantly regulated by estrogens (Kovats, 2015; Laffont
et al.,, 2017). Additionally, whereas men possess more significant
numbers of CD8" and Treg leukocyte populations and females have
higher CD4" T cell counts and CD4/CD8 ratios, anti-tumor immune
outcomes could show sexual dimorphisms that change the effectiveness
of cancer immunotherapies (Capone et al., 2018). Antigen-specific
anti-tumor immunotherapy therapies include monoclonal antibodies,
vaccinations, and CAR-T cells. Immune Checkpoint Inhibitors (ICIs) have
been known to immensely extend patients' life in the last stage by
restoring effective anti-tumor immunity. Women who receive anti-PD-1
therapy more often than men experience immune-associated side ef-
fects (Duma et al., 2019). It is yet unknown how sex disparities in
response to ICI therapies are caused molecularly. Preclinical research has
shown that sex hormones can control the PD-1 ligand or its pathway
(Rubin et al., 2020).

5. Relation of pharmacokinetics to response to therapy

Women are more likely to experience increased bone marrow toxicity
in hematological diseases. However, this higher incidence of side effects
is linked to a more effective course of treatment. A better response to
treatment had a greater chance of severe neutropenia in females with
Hodgkin lymphoma (Klimm et al., 2005). Therefore, a difference in drug
metabolism throughout therapy likely accounts for the gender-specific
better life in female Hodgkin lymphoma patients. Only young men
with Hodgkin lymphoma, osteosarcoma, and Ewing sarcoma showed a
worse outcome; patients with acute lymphoblastic leukemia or rhabdo-
myosarcoma did not. Male patients between 15 and 30 accounted for
most of the extra mortality. Showing that young male patients are typi-
cally underdosed with existing techniques for therapy, young female
adults exhibited response rates comparable to youngsters of either sex.
Changes in liver enzymes brought on by gonadal hormones throughout
puberty, which have not been considered in many recent clinical trials,
can be used to explain this.

According to the study, young male adults' response rates and survival
have not varied in the past 20 years. Patients with colorectal cancer
showed various response rates and more adverse effects when given 5FU
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than male patients. Nevertheless, a combined analysis of 3302 in-
dividuals with colorectal cancer stages II and III failed to find any evi-
dence of a sex effect in the adjuvant 5-FU treatment (Gill et al., 2004).
Temozolomide increased life in glioblastoma multiforme-affected fe-
males (Stupp et al., 2005). In addition, women treated for lung cancer
with carboplatin plus paclitaxel had a more prolonged median
progression-free survival. Other studies have also demonstrated that fe-
male lung cancer patients respond better to treatment. It is interesting to
note that adverse effects are similar between the sexes. In a few studies,
cancer treatment outcomes are enhanced in females. An improved
chemotherapeutic application sequence improved the response rate in
male patients but did not affect the response rate in female patients.

5.1. Sex differences in toxicity: clinics and pathophysiology

Due to disparities in metabolism between the sexes, women have
more negative adverse effects when taking cytostatic drugs. Particularly
with high-dose therapy, such as those used for stem cell transplantation,
the female death rate is more significant than male mortality in adoles-
cents (Socié et al., 2001). Male patients receiving large doses of
chemotherapy showed reduced lethality (Khamly et al., 2009). Several
cases of oral mucositis have been observed in females during high-dose
chemotherapy.

5.1.1. Differences in mucosa-associated effects

The gut mucosa in males looks more sensitive than the mouth mu-
cosa. Women experience fewer digestive adverse effects from cytostatic
drugs as part of treatment. Most xenobiotics are resorbed, with little or no
stomach absorption in the jejunum and duodenum. Mucosa cells are
shielded from harmful substances, and The most crucial system is
involved in the redox system. Glutathione functions To render electro-
philes and reactive oxygen species inactive and use a redox buffer. There
have been demonstrated that glutathione S-transferase is considerably
lesser as well as vibrant in the gut of males. The mucosa of the male is
hence less resistant to oral toxins. Gender is a different factor of veggies
and fruits boosting enzyme production, suggesting that there may be a
lifestyle-related phenomenon related to glutathione S-transferase func-
tion. However, women in the postmenopausal stage experience this
variation from men less noticeably. Cytostatic medications also lower the
enzyme expression of ribonuclease H (Hoensch et al., 2002). By raising
GST P, by contrast, cortisol derivates improve antioxidative capacity.

5.2, Sex-specific adverse effects of some drugs

Faster enhanced hepatic microsomal N-dechloroethylation caused by
CYP3A4 may cause more neurotoxicity in females on ifosfamide. Females
have been proven to encounter a higher degree of symptoms of colorectal
cancer than men (Gusella et al., 2006). It has been demonstrated that
5-FU increases non-hematological grade 3 and 4 tumors. Hand-foot dis-
ease, hematological infection, neutropenia, and adverse effects are
observed more in females than in dihydropyrimidine's enzyme activity.
Newer investigations, however, have generally shown more negative
hematological consequence. Morbidity and death are also prevalent
among women. Adverse events from steroid use are frequently observed.
The prevalence of secondary diabetes mellitus is rising.

5.3. Sex-specific side effects of some regimes

The rate of severe (grade 3 or 4) leukopenia in women receiving
carboplatin and paclitaxel treatment for lung cancer was high; their
median leukocyte nadir was lower. Added research revealed enhanced
cyclophosphamide toxicity in female patients' hematological functions,
etoposide, doxorubicin, cisplatin, and vincristine (Singh et al., 2005).
Women getting chemotherapy had highly severe nausea and vomiting
due to lung cancer.
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5.4. Sex-specific side effects of some localized therapies

The adverse effects of localized therapy can vary significantly be-
tween men and women. One is observed with the efficacy of hyper-
thermic intraperitoneal mitomycin C following surgery to reduce tumor
size. Neutropenia was dramatically more common in women in one trial,
but there has not been a rise in mortality or hospitalization possible
(Marosi, 2006). Young adults undergoing therapy for Hodgkin lym-
phoma, Ewing sarcoma, and neutropenia were more common in women
with osteosarcoma. Men had hemoglobin levels that were lower,
although female patients. In contrast, the requirement for blood trans-
fusions was significantly reduced (Khamly et al., 2009). Less toxic in male
Ewing sarcoma patients. The EURO Ewing 99 study included information
on sarcoma (Joerger et al., 2006).

6. Sex and gender differences in anticancer treatment
6.1. Oesophagogastric cancer

Sex may affect the effectiveness and side effects of chemotherapy by
altering variability among patients in chemotherapy metabolism and
dose response. The number of patients receiving treatment for oeso-
phagogastric cancer who were administered first-choice chemotherapy is
the highest. In addition to having non-crucially increased rates of neu-
tropenia and febrile neutropenia, females also had a considerably greater
level of GI toxicity. Women are more prone to develop GI toxicity after
controlling for relevant factors. Overall, the female population gets lower
chemotherapy than men, with a more significant percentage getting only
one to three rounds and a lower percentage getting seven. Females
received smaller percentages of the fluoropyrimidine, platinum, and
anthracycline doses administered; nevertheless, this change has not
achieved significance statistically. No variations in the frequency of
dosage reductions or delays were found (Davidson et al., 2019).

6.1.1. Toxicity difference

Davidson et al. represented the most significant pooled analysis of the
effect of sex on chemotherapy outcome and toxicity in advanced oeso-
phagogastric cancer. Epirubicin (E), cisplatin (C), Fluorouracil (F),
capecitabine (X) oxaliplatin (O) were included as treatments to form the
four trials like ECF, ECX, EOF or EOX. No variation in all grade or grade
III toxicity was found between boys and girls for toxicities that were
recorded consistently across all four trials. But, females showed increased
levels of all-grade and grade-IIl nausea, vomiting, all-grade diarrhea, and
stomatitis. All females had greater absolute rates of grade III and febrile
neutropenia, but significance could not be determined. All-grade pe-
ripheral neuropathy was substantially prevalent in men. At least one
serious adverse event (SAE) occurred more frequently in females during
treatment. Women more often encounter GI toxicities when predefined
factors are taken into account. However, no difference was found in
hematological toxicity among the sexes. There were no variations in rates
of diarrhea or hand-foot syndrome among males and sexes treated with
capecitabine-containing regimens (Davidson et al., 2019).

6.2. Non-small cell lung cancer

The primary leap toward tailored and precision medicine is to
comprehend how sex affects the effectiveness of anti-cancer drugs. Patients
with NSCLC respond to medication differently according to their gender,
and this difference is unaffected by age or smoking status. The effectiveness
of the medications affects the sex disparity. If the medicine is successful,
female patients respond to treatment better than male patients. The women
subgroup exhibited a reduced heart rate value HR compared to the male
subgroup (Nipp et al., 2016). The women subgroup reacted well to
chemotherapy plus cetuximab Erbitux compared to the men segment in two
reports of a study of advanced non-small cell lung cancer patients receiving
chemotherapy plus Erbitux (Pirker et al., 2009, 2012). The female
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subgroup demonstrated a better response than the male subgroup in
comparing the chemotherapy effect of erlotinib [Tarceva ®]as first-line
therapy in patients with advanced EGFRmutation-positive non-small cell
lung cancer (Zhou et al., 2011). In the study of erlotinib as maintenance
therapy in advanced non-small cell lung cancer, the female subgroup
exhibited a lower Heart rate than the male subgroup (Cappuzzo et al.,
2010). The female subgroup exhibited a significantly lower hazard ratio
than the males in the trial of an intercalated combination of chemotherapy
and erlotinib in patients with advanced-stage NSCLC (Wu et al., 2013).

In the United States, lung cancer kills more women than breast,
ovarian, and colon cancer, making it the leading cause of cancer-linked
fatalities in both sexes. Hypertension and hemoptysis were more com-
mon side effects of antiangiogenesis treatment in patients who were
given bevacizumab. Females receiving bevacizumab exhibited an
increased rate of grade 3 hypertension than men in each arm when
comparing the two genders. On the bevacizumab arm, proteinuria, he-
moptysis, and other bleeding events happened equally in men and
women. When treated with bevacizumab plus chemotherapy, women
were more liable to experience high grade 5 neutropenia or infections
with neutropenia than men. Across both treatment groups, women often
reported higher nausea than men, albeit the variation was not statisti-
cally significant. Constipation was more common in women receiving
PCB treatment. In line with this, women on the PCB arm also experienced
more abdominal pain than men. Women on PCB may rarely have
chemotherapy in the second-line context. The prescribed second-line
therapy does not, however, have complete data accessible. Compared
to females receiving PC alone, women on PCB also had higher toxicity
and liver involvement. The difference in treatment effect between sexes
marginally narrowed but remained significant after adjusting for other
characteristics. At 15 mg/kg of bevacizumab, women had a statistically
improved PFS compared to males, while at 7.5 mg/kg of bevacizumab,
the opposite was true. The variations found in this study could have
several causes, but sex hormones could be one of them (Wakelee et al.,
2006). Bevacizumab clearance-related factors could also affect bev-
acizumab toxicity and perhaps result in a lack of benefit. Males cleared
26 percent more quickly than females did. The more significant toxicity
in women on the PCB arm may be due to slower female clearance. Data
suggest that bevacizumab may have differing effects on OS among men
and women with NSCLC. Bevacizumab is an active medication for
treating NSCLC in female patients, and its inclusion did lead to appre-
ciable gains in RR and PFS(Brahmer et al., 2011).

The more remarkable survival and toxicity observed in women may be
explained by changes in medication metabolism that may result in more
significant amounts of cytotoxic chemicals in females than in males.
However, the complete explanation is likely to be more complex. Differ-
ences in DNA damage susceptibility might be one factor (Wakelee et al.,
2006). Females are less capable of repairing DNA, which might support
their higher risk of getting lung cancer (Hewer and Phillips, 1994; Mol-
lerup et al., 1999; Spitz et al., 2003; Wei et al., 2000). DNA adducts have
been created when active metabolic products that are not detoxified bond
to the genome. Polymorphisms influence rates of detoxification. Due to
their lower ability to repair their DNA, women may be more vulnerable to
harmful and therapeutic outcomes of cancer treatment, especially when
using platinum drugs which cause DNA adduct formation. In
cisplatin-based cancer treatment, better results are obtained if the DNA
repair is diminished. Thus, evidence that suggests a possible role for
diminished DNA repair in increasing women's susceptibility to lung cancer
may help to explain both the more significant toxicity reported in women
and the improved survival rates were seen in 1594 patients who received
platinum-based therapy. Estrogens have been associated with increased
lung cancer cell growth and the formation or stabilization of DNA adducts,
suggesting that hormonal factors may be a.

6.3. Small cell lung cancer

Having a female partner improves the prognosis of small-cell lung
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cancer. Despite evidence that women with other tumor forms suffer from
increased treatment toxicity, there have not been many investigations of
gender-related toxicity in SCLC. Most bronchogenic carcinomas, between
15 and 20 percent, are small-cell lung cancers (SCLC). According to de-
mographic research, men are more often diagnosed with NSCLC than
women, who are more likely to get SCLC. It's interesting to note that sex
has been discovered to be a prognostic factor that is independent of lung
cancer subtypes, with females having a greater survival rate than men. In
particular, the female gender is related to a favorable prognosis for SCLC
in univariate and multivariate analyses. Despite receiving the same
number of chemotherapy cycles as men and having a better prognosis,
women incur more chemotherapy-related toxicity than men when
treating SCLC. This is probably the result of multiple factors.

6.4. Colon cancer

Using data from 34,640 patients, we verified that female patients
with colon cancer consistently develop statistically and clinically higher
toxicity from all currently used adjuvant chemotherapy, including those
based on capecitabine and oxaliplatin. The severity of this effect is
highest for patients with severe neutropenia and leukopenia, but it is
present across most adverse events and regimens. Variability in the ef-
ficacy and toxicity results can be roughly divided into two categories.
Pharmacokinetic variability reflects variations in drug exposure levels
amongst populations, for instance, as a result of variations in metabolism
or absorption. Contrarily, pharmacodynamic variability results from
variations in a drug's biological effects among patients despite identical
drug intake. However, it is known that a patient's sex can impact phar-
macokinetics and pharmacodynamics in terms of drug disposition and
drug sensitivity (Soldin and Mattison, 2009).

Additionally, the current chemotherapy dose does not contribute to
the considerable individual variations regarding body composition in
patients with comparable BSA. In females, 5-FU elimination is lower. The
increased toxicity in females is explained by the decreased clearance of 5-
FU. These findings support the idea that tailored fluoropyrimidine doses
should be sex-specific. Since the pharmacokinetics of 5-FU is more
accurately predicted by fat-free mass in addition to total body weight
than traditional anthropometric measurements, gender variations in the
composition of the body, especially the significantly more significant
percentage of metabolically active, fat-free body mass in males (Wagner
et al., 2019), might be significant too (Gusella et al., 2002). Most males
who get a standard dose of 5-FU have "sub-therapeutic" plasma levels
(Mueller et al., 2013). The mean 5-FU dose was more significant in men
to reach "therapeutic" 5-FU levels. In the phase III PETACC-3 trial of
FOLFIRI, 48.9% of female participants and 38.2% of male participants
showed all-grade lethargy (Wagner et al., 2021). Anti-cancer drugs with
sex differences in efficacy and toxicity were summarized in Table 1.

6.5. Mechanistic insights into anti-cancer drugs

6.5.1. 5-FU

Dihydropyrimidine Dehydrogenase activity decreased in females, and
there is a 15% difference between male and female DPD activity.
Reduced 5-FU degradation in females affects toxicity and therapeutic
effectiveness. More frequently and severely than males, women
encountered toxicities from 5-FU-based chemotherapy, such as stomati-
tis, leukopenia, alopecia, and diarrhea (Mader, 2007).

6.5.2. Paclitaxel

According to a study, female patients with solid tumors eliminate
paclitaxel 20% less quickly than male patients. Compared to males (1.74
mmol/1), the peripheral compartments of females (0.83 mmol/l) are
saturated at lower plasma concentrations. However, males eliminate
paclitaxel more quickly (0.5 h) than females (1 h). DNA repair was lower
in females than in males, which may account for sex-related disparities.
After delivering the cytotoxic anti-cancer treatment, the weaker DNA
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Table 1

Anti-cancer drugs with sex differences in efficacy and toxicity.
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Drug Sex differences
Parameter Male Female
5-fluorouracil Clearance Higher Lower
Toxicity Less frequent higher toxicity (including
stomatitis, leukopenia, alopecia
and diarrhea) frequently
Paclitaxel Elimination Higher Lower
Distribution Peripheral compartment Peripheral compartment of
of males is saturated at females is saturated at lower
higher plasma plasma concentrations levels
concentrations levels
Severe leukopenia Mild leukopenia Experienced severe leukopenia
Progression-free survival Shorter Longer
Doxorubicin Clearance Higher Lower
Risk of early Higher Lower
cardiotoxicity (Childhood
leukemia)
Cisplatin Toxicities Mild Higher toxicities including
vomiting and nausea
Heat latency and motor Prolonged heat latency Normal heat latency and motor
nerve conduction in rates and slower motor nerve nerve conduction
conduction
1C-50 Lower Higher
Bevacizumab Clearance Higher Lower
Hypertension and Severe Mild
neutropenia
Abdominal pain Higher Lower
Rituximab Clearance Higher Lower
Half-life of Elimination Higher Lower
Treatment and outcomes Less prominent More prominent
Progression-free survival Worsen Less or mild

in diffuse large B-cell
lymphoma and follicular
lymphoma

repair ability may damage tumor cells in female patients and affect their
prolonged progression-free survival (Yamamoto et al., 2008).

6.5.3. Doxorubicin

Doxorubicin is predicted to produce free radicals in a different way
that damages cancer cells' DNA and membranes. Male patients with
normal liver function had considerably higher doxorubicin clearance (59
1/h/m2) than female patients with breast cancer or lymphoma (27 1/h/
m2). The toxicity of doxorubicin may be increased in women due to in-
dependent risk factors such as cardiac problems. Compared to boys, fe-
males with pediatric leukemia who were exposed to doxorubicin had a
higher chance of developing early cardiotoxicity. P-glycoprotein, a drug
transporter that expels numerous foreign compounds from cells, is pro-
duced by the multidrug resistance protein one gene. Males express P-
glycoprotein at a 2-fold higher level than females do. Doxorubicin ac-
cumulates and causes cardiotoxicity in females when the p-glycoprotein
expression decreases (Mitry and Edwards, 2016).

6.5.4. Cisplatin

Patients who receive cisplatin-based therapy are significantly more
likely to have toxicities such as nausea and vomiting in women than in
men. Physiological factors such as different body composition and
metabolic activity may be what is causing the sex-dependent difference.
Male-derived cell lines showed more sensitivity to cisplatin than female-
derived cell lines in the Yoruban community, which was made up of
people of African heritage. Male-derived cell lines have a lower half-
maximal inhibitory concentration (IC50) than female-derived cell lines
(Huang et al., 2007).

6.5.5. Bevacizumab

A monoclonal antibody called bevacizumab suppresses vascular
endothelial growth factor and prevents tumour angiogenesis. Bev-
acizumab clearance was reported to be 26% higher in male solid tumour

patients than in female patients, which is related to the fact that men
have more muscle mass than women. Non-small cell lung cancer patients
who had bevacizumab chemotherapy experienced more severe hyper-
tension, neutropenia, and stomach pain than male patients.

6.5.6. Rituximab

Rituximab is a monoclonal antibody targeting the B cell surface
protein CD20. Male patients with diffuse large cell lymphoma (DLBCL)
had a higher clearance of rituximab (8.21 ml/h) than female patients
(12.68 ml/h), and their elimination half-life is also longer. Better treat-
ment outcomes were more noticeable in females than in males in the
DLBCL treatment with rituximab. Only DLBCL patients who are treated
with rituximab and are male GSTT1 deletion may be associated with a
poor prognosis. Additionally, in both DLBCL and follicular lymphoma,
male patients receiving rituximab treatment had a lower PFS than female
patients (Miiller et al., 2012).

7. Radiation therapy

In order to further individualize radiation therapy, it is proposed to
take the genomic makeup of healthy cells into account. Radiotherapy
should examine the biological and genetic makeup of normal tissue and
tumors in contrast to systemic treatment methods (Andreassen et al.,
2002). Although the total dosage largely determines the magnitude of this
effect, the dose received by each portion of irradiated normal tissue and
the volume of such tissue, ionizing radiation's effect on normal tissue,
serves as a dose-limiting factor. According to how long after treatment is
given, average tissue damage is classified as either acute toxicity (occur-
ring shortly after treatment or within a few months). Radiation toxicity is
affected by secondary determinants of damage, including host-related
variables, comorbid disorders such as diabetes, collagen vascular dis-
eases, nutritional state, age, and time from last surgery (Bentzen, 2006;
Bentzen and Overgaard, 1994; Shires et al., 1995; Ugoretz, 2002).
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According to the topic, there were 1.12-1.87 times as many
radiation-sensitive genes in female donors than in men, suggesting that
females could be more sensitive to radiation (Li et al., 2019). In the control
group, females always had greater gene levels. The levels of the ATM,
TGF-bl, SOD2, XRCC1, and XRCC3 genes changed over time after radio-
therapy as the weeks went by. Particularly in male rats, higher toxicity was
linked to collapse, and there was a correlation that may be considered
statistically significant between the expression and the variable of ATM,
SOD2, and XRCC1 and collapse in male rats. Even while male rats' ATM
gene expression was originally lesser and tended to rise following radia-
tion, the rise could not stop the emergence of a high rate of collapse. Our
findings that gender was a substantial risk factor for radiation-induced
lung damage were validated by experimental and clinical findings.
TGF-b1 has been linked to radiation-induced pneumonia in patients with
lung cancer who underwent treatment with three-dimensional conformal
radiation therapy. In light of this, male patients can be administered drugs
that boost ATM and TGF-bl gene expression prior to radiotherapy to
lessen lung toxicity induced by radiation (Cosar et al., 2022).

8. Conclusion

Men and women may respond differently to certain drugs regarding
pharmacokinetics and pharmacodynamics. Because of this, it is indis-
pensable to have an understanding of the gender differences in the way the
body metabolizes drugs since these differences have the potential to
impact both the safety and efficacy of medications. Prior to the treatment
of women, doctors and the pharmaceutical industry need to create specific
therapeutic goals for the pharmaceuticals that will be used. This will help
to reduce the number of therapeutic adverse events that occur. It is
necessary to decide whether the treatment should be evaluated based on
clinical signs and symptoms or on the results of laboratory tests, whether
the drug's toxicity will be evaluated based on clinical or laboratory
assessment, and what factors will determine the appropriate treatment
duration. In addition, one has to be familiar with and comprehend the
fundamentals of clinical pharmacology, absorption, disposition, meta-
bolism, and elimination as they relate to the medicine that will be used. In
particular, the physician who is writing the prescription ought to have an
understanding of the relationship between the drug dose, the drug con-
centration, and the desired biological effect at the site of action; the
mechanism of action of the drug; and the impact of the chosen drug on the
patient's signs, symptoms of adverse effects, and laboratory testing. Since
the majority of the data on sex differences are typically collected through
post hoc analysis, the conclusions that can be reached as a result are
restricted. In the era of precision medicine, a patient’s biological sex and
gender need to be considered for treatment decisions. As such, the repre-
sentation of women needs to be increased in clinical trials, and trials
should be designed to allow meaningful subgroup analysis by sex for both
drug response and drug toxicity.

Personalized medicine allows clinical oncologists, pharmacologists,
and pharmacists to provide an accurate way of treating patients that are
based on their unique traits, such as their genetic profile. Personalized
medicine is critical in oncology, where there is more focus on prevention
and surgical and chemoradiotherapy treatments can cause short-term
side effects and have long-term effects on how the body works. Based
on each person's pharmacokinetics and pharmacodynamics, there is ev-
idence that men and women respond differently to anti-cancer drugs in
terms of how well they work and how dangerous they are. There is evi-
dence that sex affects how cancer works, how it looks, responds to
treatment, and spreads. Sex is one of the most critical factors in figuring
out how well chemotherapy will work and how harmful it will be, and it
can also improve the person's pharmacogenomics in making personalized
therapy. Future research should be planned with a primary focus on this
subject to achieve a deeper comprehension of the fundamental processes
behind disparities between the sexes. It will be easier to establish the
extent to which these variances will have ramifications for clinical
management if we get access to more detailed data.
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