
Dr. Karra Geetha, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 5, 1381-1389 | Review 

*Corresponding Author: Dr. Karra Geetha 

Address: Department of Pharmaceutics, CMR College of Pharmacy, Kandlakoya, Medchal, Hyderabad, Telangana, 

501401, India 

Email      :   geetabiokarra@gmail.com   

Relevant conflicts of interest/financial disclosures: The authors declare that the research was conducted in the absence of 

any commercial or financial relationships that could be construed as a potential conflict of interest.   
                  
              INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES                                                                                1381 | P a g e  

The Y chromosome, a key determinant of male sex in many species, has been 

undergoing a reduction in its gene content over evolutionary time. This decline has led 

to concerns about its stability and future. The Y chromosome plays a pivotal role in male 

sex determination and reproductive health, carrying essential genes such as SRY, DAZ, 

and TSPY, which are critical for male development and spermatogenesis. However, 

over evolutionary time, the Y chromosome has undergone significant gene loss, 

resulting in a reduction in both size and gene content. This decline in genetic material is 

primarily attributed to the lack of recombination, mutational accumulation, and gene 

translocation to autosomes. As a result, many of the Y-linked genes are at risk of 

degradation, which poses potential challenges to male fertility and sex differentiation. 

This article explores the evolutionary history, genetic composition, and functions of the 

Y chromosome, emphasizing its role in sex determination and reproduction. We discuss 

the implications of Y chromosome gene loss, including its contribution to male 

infertility, sexual differentiation disorders, and the emergence of alternative sex-

determining systems in certain species. Furthermore, we examine current treatment 

strategies such as gene therapy, assisted reproductive technologies, and hormone 

replacement therapy, which offer promising avenues for addressing the consequences 

of Y chromosome degradation. The potential of regenerative medicine, including stem 

cell therapy and spermatogonial stem cell transplantation, provides hope for restoring 

fertility in individuals affected by Y-linked infertility. Finally, we consider the future 

trajectory of the Y chromosome, highlighting the need for ongoing research to 

understand its long-term evolutionary prospects and to develop effective clinical 

interventions for managing Y chromosome-related disorders. Understanding the Y 

chromosome's decline is essential for predicting the future of male health and fertility  
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in the context of genomic evolution... 

INTRODUCTION 

The Y chromosome is critical in male 

development, carrying genes essential for 

determining male sex characteristics. However, 

over time, research has indicated a decline in its 

gene content. Understanding this trend is vital for 

insights into male health. The Y chromosome is 

one of the two sex chromosomes in humans and 

many other species, the other being the X 

chromosome. It is unique in that it plays a pivotal 

role in determining male sex. In humans, males 

have one X and Y chromosome (XY), whereas 

females have two X chromosomes (XX). The Y 

chromosome is much smaller than the X 

chromosome, containing fewer genes and a 

simpler structure. 

The primary function of the Y chromosome is to 

carry genes that are critical for male sex 

determination and the development of male 

reproductive organs. One of the most important 

genes on the Y chromosome is the SRY (Sex-

determining Region Y) gene, which acts as the 

master switch for male development. This gene 

triggers the formation of testes, which produce 

male hormones (androgens) that lead to the 

development of male physical characteristics. 

Without the SRY gene, an embryo will develop 

into a female, even if an X and a Y chromosome 

are present. 

Despite being the smallest human chromosome, it 

plays an outsized role in reproductive biology. 

Historically, the Y chromosome was viewed as a 

deteriorating structure due to its reduced gene 

content and limited recombination with the X 

chromosome. However, advances in genomic 

sequencing, particularly the completion of its 

entire sequence in 2023 by the Telomere-to-

Telomere (T2T) consortium, have dramatically 

expanded our understanding of its structure. This 

high-resolution map revealed more than 30 million 

previously unresolved base pairs, shedding light 

on its repetitive DNA, palindromic regions, and 

structural rearrangements. Such discoveries have 

prompted renewed interest in the chromosome’s 

biological resilience and its implications for 

fertility, genetic stability, and evolution. (1) 

Aside from sex determination, the Y chromosome 

also contains genes important for spermatogenesis 

(the production of sperm), as well as some genes 

that are involved in other bodily functions, 

although these are relatively few. Most of the Y 

chromosome is made up of regions that do not 

code for proteins but contain repetitive sequences, 

which can make it difficult to study. (2) 

X vs. Y: A Genetic Showdown of Size and Gene 

Diversity: 

When comparing the X and Y chromosomes, the 

differences in size and gene content are quite 

striking. 

Size and Structure: 

The X chromosome is much larger than the Y 

chromosome. In humans, the X chromosome 

consists of about 155 million base pairs, whereas 

the Y chromosome is only about 58 million base 

pairs. This difference in size is a result of the Y 

chromosome losing a significant portion of its 

genetic material over evolutionary time. 

The X chromosome is more gene-rich and contains 

approximately 1,100-1,500 genes, many of which 

are responsible for a wide range of bodily 

functions, not limited to sex determination or 

reproduction. On the other hand, the Y 

chromosome has around 50-200 functional genes. 

This smaller gene count is because the Y 

chromosome has undergone a process of gene loss 

over millions of years. (3) 

Gene Content: 

X Chromosome: Contains genes that are involved 

in brain development, immune function, and other 
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vital processes. Since females have two X 

chromosomes, there are mechanisms in place (like 

X-inactivation) to ensure that only one X 

chromosome is active in each cell, preventing an 

overload of gene expression. 

Y Chromosome: The Y chromosome has a much 

more specialized set of genes, mostly focused on 

male sex determination and sperm production. 

Many of the genes on the Y chromosome have 

counterparts on the X chromosome, but their 

functions on the Y are often related to male-

specific roles. For instance, genes like DAZ 

(Deleted in Azoospermia) are critical for 

spermatogenesis. (4) 

Evolutionary History: 

It is believed that the X and Y chromosomes 

evolved from a pair of autosomes (non-sex 

chromosomes). Over time, the Y chromosome 

became specialized for male reproduction, and its 

size was reduced due to the loss of many genes. 

Unlike the X chromosome, which recombines with 

another X chromosome during meiosis (the cell 

division process that produces sperm and eggs), 

the Y chromosome has limited recombination, 

mostly restricted to small regions at the tips of the 

chromosome called Pseudo autosomal regions 

(PARs). This restricted recombination is thought 

to be a key factor in the Y chromosome's gene loss 

over time. (5) 

Genetic Stability: 

The lack of recombination across most of the Y 

chromosome makes it more susceptible to 

mutations and the accumulation of genetic errors. 

Over evolutionary timescales, this has led to the 

gradual decay of the Y chromosome. However, the 

Y chromosome has also developed mechanisms, 

such as palindromic sequences, which help to 

correct errors and maintain the integrity of 

important genes. 

Evolutionary and Genetic Overview: 

The Y chromosome originated from an ordinary 

pair of autosomes that diverged roughly 200 to 300 

million years ago. Over time, suppression of 

recombination between the X and Y chromosomes 

led to progressive gene loss from the Y, leaving 

only those essential for male development and 

reproduction. Nevertheless, contemporary studies 

have revealed that the Y chromosome has 

developed strategies to counteract this 

degradation. Mechanisms such as intra-

chromosomal gene conversion and palindromic 

sequence repair appear to maintain functional 

stability. Comparative genomic analyses in 

primates and other mammals indicate that, rather 

than collapsing, the Y chromosome has achieved a 

state of evolutionary equilibrium. This 

stabilization reflects selective pressures that favor 

the retention of vital genes related to 

spermatogenesis and hormone regulation, 

ensuring reproductive viability across generations. 

(6) 

Genetic Composition of the Y Chromosome: 

The Y chromosome, despite its relatively small 

size, contains several key genes that play crucial 

roles in male development and reproduction. 

While it has fewer genes than most chromosomes, 

the ones it retains are essential for the development 

of male characteristics and reproductive functions 

(7) some of the essential genes found on the Y 

chromosome and their functions are: 

1. SRY (Sex-Determining Region Y) Gene: 

The SRY gene is the most critical gene on the Y 

chromosome. It is often referred to as the "master 

switch" for male development. During embryonic 

development, the SRY gene activates other genes 

that lead to the formation of testes. The testes then 

produce male hormones (androgens), such as 

testosterone, which drive the development of male 

secondary sexual characteristics (like facial hair, a 

deeper voice, and a more muscular build). 
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Without the SRY gene, an embryo will develop 

female characteristics, even if an XY 

chromosomal set is present. Mutations or deletions 

in the SRY gene can result in disorders of sex 

development. 

2. DAZ (Deleted in Azoospermia) Genes: 

The DAZ gene family plays a crucial role in 

spermatogenesis, the process of sperm cell 

development. These genes are responsible for the 

production and maturation of sperm cells. 

Mutations or deletions in the DAZ genes can lead 

to conditions like azoospermia, where a man 

produces no sperm, leading to infertility. 

The DAZ genes are arranged in multiple copies on 

the Y chromosome, which helps to ensure sperm 

production even if some copies are damaged or 

lost. 

3. TSPY (Testis-Specific Protein Y-Encoded): 

The TSPY gene is another gene specifically 

involved in the development and function of the 

testes. It is thought to play a role in cell division 

during spermatogenesis, ensuring the production 

of healthy sperm. While the exact function is not 

completely understood, it is considered important 

for maintaining male fertility. 

Some studies have suggested that abnormalities in 

TSPY expression could be linked to certain 

testicular cancers, though more research is needed 

in this area. 

4. AZF (Azoospermia Factor) Regions: 

The Y chromosome contains several regions 

known as AZF (Azoospermia Factor) that are 

critical for sperm production. These regions are 

further divided into subregions (AZFa, AZFb, and 

AZFc). The AZF regions contain multiple genes 

that work together to support different stages of 

spermatogenesis. 

Deletions or mutations in these regions can lead to 

male infertility, with effects ranging from reduced 

sperm count to the complete absence of sperm. 

Genetic tests often screen for AZF deletions in 

cases of unexplained male infertility. 

5. USP9Y (Ubiquitin Specific Peptidase 9, Y-

Linked): 

The USP9Y gene is involved in sperm cell quality 

and production. It helps regulate proteins that are 

necessary for healthy sperm development. 

Although not as well-known as the SRY or DAZ 

genes, it is considered essential for male fertility. 

Mutations in this gene can be associated with low 

sperm count (oligozoospermia) and other fertility 

issues. 

6. ZFY (Zinc Finger Protein Y-Linked): 

The ZFY gene is involved in regulating the 

expression of other genes, acting as a transcription 

factor. It plays a role in the development of male 

physical traits, though its function is not as well 

understood as other Y-linked genes. It was once 

thought to be the primary determinant of sex, but 

this role has since been attributed to the SRY gene. 

(7) 

Although compact, the Y chromosome carries 

several genes that are indispensable for male 

fertility. Among them, the SRY gene acts as the 

switch that triggers testicular differentiation, while 

genes such as DAZ, TSPY, and those within the 

Azoospermia Factor (AZF) regions are critical for 

sperm production. Deletions or mutations in these 

loci often result in male infertility, including 

conditions such as oligozoospermia or 

azoospermia. Recent advances in next-generation 

sequencing (NGS) and whole-exome sequencing 

(WES) have enhanced the detection of subtle 

microdeletions and structural variations that 

traditional assays frequently miss. Furthermore, 

integrative multi-omics approaches combining 

transcriptomic, epigenomic, and proteomic 

analyses are helping clinicians connect genotype 

to phenotype in cases of unexplained infertility. 

Updated guidelines from professional bodies such 
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as ESHRE now recommend comprehensive 

genetic evaluation for men with idiopathic 

infertility, underscoring the clinical importance of 

Y-linked diagnostics. (8) 

Roles in Male Development and Reproduction:  

The genes on the Y chromosome collectively 

ensure the proper development of male physical 

characteristics and reproductive capabilities, they 

contribute: 

Sex Determination: The SRY gene is the primary 

driver of male sex determination, initiating the 

development of male organs. If the SRY gene is 

active, the embryo will develop testes, which then 

produce male hormones that drive the 

development of male features. 

Spermatogenesis: Genes like DAZ, USP9Y, and 

those within the AZF regions are crucial for the 

production of sperm. They ensure that sperm cells 

are produced, mature properly, and are capable of 

fertilization. Any disruption in these genes can 

lead to infertility or reduced fertility. 

Hormone Production: Some Y-linked genes 

contribute indirectly to the production of male 

hormones, which are critical for the development 

of male secondary sexual characteristics like 

muscle mass, body hair, and a deep voice. 

Maintaining Male Health: Although fewer in 

number, some Y-linked genes are involved in 

broader aspects of male health, such as protection 

against certain cancers and ensuring the overall 

viability of sperm cells. (9) 

 The Decline of the Y Chromosome Gene: 

The decline in the Y chromosome gene content is 

primarily driven by several key mechanisms: 

1. Lack of Recombination: Unlike other 

chromosomes, which exchange genetic material 

during meiosis, the Y chromosome does not 

undergo recombination with the X chromosome in 

most of its length. This absence of recombination 

results in the gradual accumulation of mutations 

and the eventual loss of non-essential genes, a 

phenomenon termed genetic decay. 

2. Mutational Accumulation: The Y chromosome 

is particularly prone to the accumulation of 

deleterious mutations. As these mutations 

accumulate over generations, genes that are not 

essential for male fertility or survival may be lost. 

3. Translocation of Genes to Other Chromosomes: 

Another mechanism that contributes to the 

decrease in Y chromosome genes is the migration 

or translocation of essential genes to autosomes 

(non-sex chromosomes). This process allows for 

the preservation of these crucial genes while the Y 

chromosome continues to degrade. Some species 

have already evolved mechanisms where essential 

Y-linked genes have been successfully relocated to 

other parts of the genome. 

4. Evolutionary Pressures: Evolutionary pressures 

may favor the loss of non-essential genes on the Y 

chromosome as it undergoes functional 

specialization. Only genes essential for male sex 

determination and spermatogenesis tend to be 

retained. (10) 

The continued degradation of the Y 

chromosome has significant implications: 

1. Male Infertility: As Y-linked genes play an 

essential role in spermatogenesis (sperm 

production), the loss of these genes may lead to 

reduced fertility in males. Microdeletions in 

certain regions of the Y chromosome are already 

known to be a cause of male infertility. 

2. Sexual Differentiation Disorders: A decline in 

Y-linked genes could contribute to disorders 

related to sexual differentiation. In some cases, 

mutations in Y chromosome genes can lead to 

conditions such as Turner Syndrome or Androgen 

Insensitivity Syndrome, where the affected 

individual may exhibit incomplete or ambiguous 

sexual development. 

3. Potential for New Sex-Determining Systems: In 

species where the Y chromosome has been lost 
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entirely (such as some rodents), new sex-

determining systems have evolved. While humans 

have not reached this stage, the possibility of 

alternative mechanisms emerging remains a 

subject of speculation. (11) 

Treatment and Management of Y Chromosome 

Gene Decreasing: 

1. Gene Therapy 

Recent innovations in genome-editing 

technologies, particularly CRISPR–Cas9 and its 

refined derivatives such as base editors and prime 

editors, have expanded the potential for correcting 

Y-linked genetic defects. These tools enable 

targeted correction of pathogenic mutations or 

restoration of disrupted Y-linked gene function. 

Beyond direct repair, gene transfer strategies are 

being explored to insert functional gene copies 

into autosomal loci to compensate for Y-linked 

loss. Experimental success in animal models 

demonstrates that site-specific integration can 

restore spermatogenic and endocrine functions 

without germline instability. The continued 

refinement of gene-editing fidelity and delivery 

systems may soon enable translational 

applications in Y-linked infertility and other male-

specific disorders. (12) 

2. Assisted Reproductive Technologies (ART) 

For men with Y chromosome microdeletions or 

azoospermia, assisted reproductive technologies 

remain a cornerstone of fertility management. 

Advanced procedures such as intracytoplasmic 

sperm injection (ICSI) and microdissection 

testicular sperm extraction (micro-TESE) have 

achieved successful fertilization even with limited 

viable spermatozoa. Emerging adjuncts, including 

AI-assisted sperm selection and time-lapse 

embryo imaging, are further improving 

fertilization efficiency and embryo viability. 

Integration of genetic screening into ART 

protocols also enables the identification of 

transmissible Y-linked mutations, allowing for 

informed reproductive decisions and reduced 

genetic risk in offspring. (13) 

3. Hormone Replacement Therapy 

Loss of Y-linked genes can impair Leydig cell 

function, testosterone synthesis, and overall 

androgenic balance. Hormone replacement 

therapy (HRT) remains a vital supportive strategy 

to restore physiological testosterone levels, 

maintain secondary sexual characteristics, and 

preserve bone and metabolic health. Recent 

clinical approaches advocate for personalized 

endocrine modulation, employing bioidentical 

hormones and continuous monitoring of metabolic 

biomarkers to prevent adverse outcomes. The 

development of long-acting testosterone 

formulations and selective androgen receptor 

modulators (SARMs) offers more physiologic 

hormone restoration with fewer systemic effects. 

(14) 

4. Management of Sex Chromosome Disorders 

Partial deletions or mutations involving the Y 

chromosome can result in diverse clinical 

phenotypes, including Androgen Insensitivity 

Syndrome (AIS), mixed gonadal dysgenesis, and 

mosaic Turner variants. Management emphasizes 

early genetic diagnosis and multidisciplinary care 

integrating endocrinology, reproductive medicine, 

and psychological support. Advances in next-

generation sequencing (NGS) have improved early 

detection and genotype–phenotype correlation, 

allowing for individualized treatment. Emerging 

gene-based diagnostics also support prenatal 

identification of Y-linked structural variants, 

facilitating proactive interventions and 

counselling. (15) 

5. Regenerative and Stem Cell Therapies 

Regenerative medicine has emerged as a 

transformative avenue for restoring Y-linked 

reproductive function. Spermatogonial stem cell 
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transplantation (SSCT) and in vitro gametogenesis 

(IVG) from induced pluripotent stem cells (iPSCs) 

are under active exploration to re-establish 

spermatogenesis in men with Y-linked infertility. 

In 2024, researchers achieved the first functional 

human testicular organoids capable of partial 

spermatogenesis, marking a major step toward lab-

grown gametes. These systems not only model 

spermatogenic failure but also serve as platforms 

for therapeutic gene correction prior to 

reimplantation. (16) 

Emerging Therapeutic Approaches 

Therapeutic innovation in Y-linked disorders is 

entering a precision and regenerative phase. 

CRISPR-based editing, including next-generation 

base and prime editors, is being refined to correct 

microdeletions and structural anomalies in 

germline models, with ethical oversight guiding 

translational progress. Parallel breakthroughs in 

organoid and stem cell biology have produced 

functional testicular organoids capable of 

initiating spermatogenesis in vitro, offering new 

frontiers for fertility restoration. Integration of AI 

in reproductive medicine—ranging from sperm 

selection to embryo viability prediction—further 

enhances ART outcomes. Moreover, initiatives in 

synthetic genomics have begun exploring partial 

reconstruction of Y chromosome gene clusters, 

aiming to restore lost functionality without 

germline inheritance risks. When combined with 

hormonal regulation and personalized genomics, 

these emerging strategies point toward a new era 

of targeted and ethically guided reproductive 

medicine. (17) 

DISCUSSION 

The Y chromosome, historically viewed as a 

degenerating genomic relic, has emerged as a 

dynamic entity shaped by both vulnerability and 

adaptive preservation. Its limited recombination 

renders it prone to mutation accumulation and 

gene loss, particularly among non-essential 

sequences. Conversely, genes critical for male 

development and reproduction are actively 

maintained, reflecting strong selective constraints. 

In several mammalian lineages, the translocation 

of Y-linked genes to autosomes has compensated 

for chromosomal shrinkage, prompting intriguing 

questions about potential evolutionary parallels in 

humans. These dynamics offer valuable insights 

into genetic evolution, species adaptation, and the 

long-term implications for male fertility and sex 

determination. (18) 

Contemporary research challenges the notion of 

linear Y chromosome decay. Evidence indicates 

that, despite its susceptibility, essential genes are 

stabilized through adaptive mechanisms, 

underscoring ongoing evolutionary refinement. 

Clinically, understanding Y-linked genetics is 

increasingly relevant: mutations can affect 

fertility, endocrine regulation, and cancer 

susceptibility. (19) Future approaches that 

integrate evolutionary biology, molecular 

diagnostics, and advanced reproductive and 

regenerative technologies promise to enhance the 

management of Y-linked disorders and deepen our 

understanding of male-specific genomic 

resilience. (20) 

CONCLUSION 

The Y chromosome has undergone significant 

gene loss throughout evolution, a trend that 

continues to raise questions about its stability and 

future. While certain essential genes have been 

preserved due to their vital roles in male 

reproductive development, others have been lost 

or migrated to other parts of the genome. This 

ongoing reduction has implications for genetic 

diversity, reproductive health, and the evolution of 

sex chromosomes. Recent research has provided 

insights into the mechanisms behind this gene 

decline, including the lack of recombination, 

natural selection, and gene translocation. Although 
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some species have shown resilience through 

genetic adaptations, the full impact of these 

changes on human health and reproduction 

remains an open question. As the field progresses, 

further studies are necessary to predict how the Y 

chromosome will continue to evolve and whether 

it will reach a point of complete gene loss. 

Additionally, understanding the compensatory 

mechanisms that sustain genetic functions could 

be crucial in developing medical solutions for 

conditions related to Y chromosome degradation. 

Continued exploration of this topic will help 

address fundamental questions about the future of 

sex determination and the genetic basis of male 

health. 
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