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Understanding sperm motility mechanisms 
and the implication of sperm surface molecules 
in promoting motility
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Abstract 

Background: It is estimated that approximately 8–12% of couples globally face problems associated with infertility. 
A large number of men exhibit suboptimal sperm parameters. Sperm motility is one of the factors that is measured 
when analysing sperm parameters. The indication of several crucial sperm surface molecules, having the ability to 
modulate motility, has opened new avenues in understanding the complex processes involved in motility.

Main body of the abstract: There are various mechanisms that regulate and enhance sperm motility. Several surface 
molecules on sperm cells can also regulate motility, thus showing their possible application as a treatment for infertil-
ity caused by impaired motility. Sperm motility is regulated by intracellular and extracellular pH, along with calcium 
ions  (Ca2+) and carbonate ion  (HCO3

−) concentrations. Moreover, sperm cells have an array of surface proteins which 
play a critical role in their function and motility. The indication of surface molecules presented new opportunities for 
understanding sperm motility and the possibility of treating infertility caused by impaired sperm function. Infertility 
and problems associated with conception can cause underlying stress and mental trauma. Although there are several 
methods for treating infertility, most are complex, invasive, and expensive.

Conclusion: It is important to understand how surface molecules and proteins on the sperm cell regulate motil-
ity. This will enable us to treat anomalies associated with proper sperm function. This review highlights the general 
mechanisms that regulate sperm motility, and it stresses the importance and relevance of sperm surface molecules in 
regulating sperm motility.
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Introduction
Sperm cells are specialized haploid cells that act as the 
male gamete. During fertilization, sperm cells fuse with 
the ovum to form a zygote. It is estimated that approxi-
mately 8–12% of couples worldwide are affected by 
infertility and problems of impaired fecundity. Globally, 
40–50% of the infertility cases are caused by male factor 
infertility, and as many as 2% of all men exhibit subopti-
mal sperm parameters. Semen analysis is routinely used 

to investigate male infertility. Sperm motility is a key fac-
tor in determining the quality of semen and a reliable 
predictor for fertilization success [1]. Male infertility is 
usually diagnosed on finding abnormal results on semen 
analysis. Descriptive diagnoses usually include “oligozoo-
spermia” (reduced sperm count), “asthenozoospermia” 
(reduced sperm motility),  and “teratozoospermia” 
(reduced percentage of sperm with normal morphology). 
One of the major causes of male infertility is idiopathic 
primary testicular dysfunction with abnormal spermato-
genesis. Other conditions contributing to male infertil-
ity are testicular damage due to systemic chemotherapy 
for cancer, Klinefelter syndrome, genetic mutations, 
testicular cancer, pelvic irradiation or surgery, trauma, 
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cryptorchidism, infection, autoimmune destruction, and 
drugs [2].

Sperm cells are smaller than most cells in the body; 
they have a distinctive head, mid-piece, and tail region. 
Capacitation is an important process that leads to the 
destabilization of the acrosomal sperm head which 
allows the sperm to penetrate the ovum. During capaci-
tation, several biochemical changes occur in the tail 
that enhances sperm motility, and there is a significant 
amount of efflux of cholesterol in the plasma membrane 
leading to an increase in membrane fluidity and perme-
ability to bicarbonate and calcium ions, an  increase in 
the polarization of the plasma membrane and changes 
in protein phosphorylation and protein kinase activity. 
There is also an increase in the intracellular concentra-
tions of bicarbonate ions  (HCO3

−), calcium ions  (Ca2+), 
and cyclic adenosine monophosphate (cAMP) levels 
[3–5]. Studying sperm morphology and understanding 
each physiological process is crucial in eliminating vari-
ous complications that may arise during conception. This 
narrative review highlights the factors that influence the 
motility of sperm cells, and it discusses the role of sur-
face molecules present on the surface of the sperm cell 
that influences motility, and the role of these molecules 
as potential candidates for treating infertility caused by 
impaired sperm function.

Asthenozoospermia and its causes
Asthenozoospermia or asthenospermia is a condi-
tion that is characterized by reduced or no motility of 
sperm cells in the fresh ejaculate. Sperm cells undergo 

maturation in the epididymis and acquire motility during 
the epididymal transition [6]. Motility is a very important 
parameter for successful fertilization. Impaired motility 
can result in unsuccessful fertilization and can be caused 
by several reasons which are described in Table 1.

Sperm cells are transcriptionally and translationally 
inactive, but there are several specific metabolic path-
ways that are able to regulate their ability to fertilize an 
ovum. Sperm motility is also regulated by several sig-
nalling cascades and mechanisms. Most notable is the 
cAMP/protein kinase A and phosphoinositide 3-kinase 
signalling, which are mediated through  Ca2+,  HCO3

−, or 
both [12]. This review describes the relevance of each of 
the pathways in regulating sperm motility.

Sperm maturation in the epididymis and its role 
in infertility
During the early stages of maturation, sperm cells are 
essentially non-functional, non-motile, and lack the abil-
ity to fertilize an egg. Once they transition through the 
epididymis from the proximal to the distal end, they 
acquire motility and the ability to fertilize. A signifi-
cantly higher number of men exhibiting idiopathic infer-
tility suggests maturational disorders. With the advent 
of assisted reproductive technology, such as intracyto-
plasmic sperm injection (ICSI), it has become easy to 
overcome the lack of fertilization caused by idiopathic 
infertility. However, with the success of ICSI, basic inves-
tigation involving epididymal function has reduced con-
siderably. This is a cause for concern because common 
sense would dictate that most couples try to conceive 

Table 1 List of notable causes of male infertility and their relationship with impaired motility

Notable causes of 
male infertility

Relationship with motility

Varicocele Results in elevated levels of reactive oxygen species (ROS) which alters the testicular microenvironment, thereby causing 
reduced motility [7].
Damaged mitochondria result in abnormal expression of mitochondrial proteins, thereby decreasing ATP levels and altering 
calcium signalling cascade [8].

Genetic abnormalities Defect in several genes coding for the proteins in the central axoneme apparatus, dynein proteins, as well as genes such as 
Spag 6, 16, 17 that are responsible for central axoneme function result in impaired motility [9–11].

Lifestyle choices Lifestyle factors such as smoking, stress, and alcoholism may affect sperm parameters. Tobacco smoke containing traces of tar, 
carbon monoxide, polycyclic aromatic hydrocarbons, and heavy metals are known to influence motility [12].

Radiation Causes genetic abnormalities and production of ROS. Catsper genes are known to be mutated due to exposure to radiation, 
thereby causing impaired calcium metabolism [13].

Heat exposure Heat exposure downregulates mitochondrial activity and decreases ATP levels. Heat exposure also decreases antioxidant 
levels, alters protein expression, and causes mitochondrial degeneration [14].

Environmental Factors Environmental chemicals, such as pesticides, polychlorinated biphenyls, bisphenol A, glycol ethers, perfluoronated com-
pounds, dioxins and dioxin-like compounds, phthalates, heavy metals, dichloro-diphenyl-trichloroethane, and plasticizers are 
known to affect sperm motility [12].

Infections Bacterial infections, leucocyte accumulation (leukocytospermia), antibody buildup, inflammation and oxidative stress are 
known to impair fertility. Infections reduce mitochondrial membrane potential and increases apoptosis [15].

Psychological stress Hormones such as corticosterone suppress testosterone and inhibin, thereby altering the testicular microenvironment. Hor-
monal changes are known to affect motility [12].
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using much less invasive methods. Therefore, it is impor-
tant to elucidate the process of sperm maturation and 
maturational changes that spermatozoa undergo during 
epidydimal transit [16].

The epididymis is grossly divided into three regions: 
the caput (head), corpus (body), and cauda (tail). Each 
region of the epididymis, as described in Fig. 1, performs 
distinctive functions. The caput contributes to the early 
maturation events, whereas the corpus participates in 
late maturation events. The cauda region serves as a res-
ervoir for storing functionally mature cells. The primary 
cell type along the epididymal tubule remains the same 
from the proximal to the distal end; however, cells from 
each region exhibit different subsets of genes, thus con-
tributing to the ever-changing luminal environment [17, 
18]. A septum further subdivides the caput, corpus, and 
cauda epididymis into discrete intraregional segments 
and that region-specific gene expression may in fact be 
highly ordered and compartmentalized within these 
precise segments [18]. Several sperm-associated pro-
teins such as ADAM2 (fertilin β), ADAM3 (cyritestin), 
ADAM24 (testase), and CE9 are proteolytically cleaved 
and activated by various proteases during the epididymal 
transition. Interestingly, several free radical scavenging 
enzymes such as γ glutamyl transpeptidase, glutathione 
peroxidases, and superoxide dismutase are produced in 

the epididymis to prevent oxidative damage of the sperm 
cell membrane in the oxygen-rich epididymal lumen. As 
the spermatozoa migrate from the proximal to the distal 
regions of the epididymis, they are exposed to segment-
specific gene expression encoding signalling molecules, 
regulatory proteins, transporters, and receptors, thus 
contributing to the formation of a unique microenviron-
ment in each segment [18–20].

Altered structure of the flagellum impairs motility
The four core elements of the sperm cell are described 
in Fig.  2. The vigorous beating of the flagella is crucial 
for penetrating through the corona radiata. It is clear 
that immotile sperm cannot pass through the cervi-
cal mucus. Moreover, the type of movement is also cru-
cial. For example, sperm moving in tight circles cannot 
travel through the uterotubal tract. Only forward-moving 
sperm can successfully fertilize the ovum [21]. The flagel-
lum propels the sperm through the cervical mucosa in 
the female genital tract. It mainly consists of a structure 
known as the axoneme. This highly conserved micro-
tubule-based structure is very similar to the internal 
cytoskeleton of motile cilia that are found at the surface 
of many cell types such as the epithelial cells from the air-
ways, the fallopian tubes, or the brain ventricles.

Fig. 1 Diagram of the epididymis. The epididymis is comprised of four anatomical regions: the initial segment, caput, corpus, and cauda. Alterations 
in membrane composition are driven by concentration gradients of specific enzymes and molecules along the tubule lumen. Sperm maturation 
occurs during epididymal transit by the interaction of sperm cells with the unique luminal environment of each epididymal region
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The axoneme comprises nine outer doublet microtu-
bules and central doublets (9 + 2) associated with radial 
spokes and dynein arms. The dynein arms within the 
axoneme provide the motor apparatus for the movement 
of the sperm tail [22]. Proper formation of the axoneme 
during spermatogenesis is crucial in sperm motility. The 
structure of the sperm tail axoneme resembles that of 
motile cilia. Therefore, male infertility caused by mal-
formations of the axonemal structure is often associated 
with primary ciliary dyskinesia (PCD). However, male 
infertility is not systematically investigated and often not 
recorded in cases of PCD [23].

An association between gene mutation and sperm 
motility and male infertility has been considered in sev-
eral reviews. Mutations in more than 30 genes have been 
identified in cases of PCD including dynein arm preas-
sembly genes. Defects in the axonemal outer dynein arms 
(ODA) genes, dynein axonemal heavy chain 5 (DNAH5), 
and dynein axonemal intermediate chain 1 (DNAI1) leads 
to reduced sperm motility, even though sperm axoneme 
structure appears intact [24, 25]. Mutations in inner 
dynein arms (IDA)-related coiled-coil domain-containing 
proteins 39 (CCDC39) and 40 (CCDC40) cause reduced 
sperm motility and absence of IDA [26]. Male infertil-
ity was also observed in cases showing defects in central 
pair-related genes. In humans, depletion of hydin causes 
PCD, and spermatozoa appear rigid and completely 
immotile [9]. It has been reported that several sperm-
associated antigen (Spag) genes (Spag6, Spag16, and 

Spag17) in mice are important for central pair complex 
function. Infertility due to missing axonemal central pair 
and disorganized ODFs was caused by the total loss of 
Spag6 [10]. However, depletion of the SPAG16L isoform 
resulted only in sperm motility defects with intact axone-
mal structure [11]. A large number of people exhibit idi-
opathic asthenospermia. Understanding and screening 
for genetic anomalies that may hinder sperm motility and 
function are crucial in developing treatment strategies 
for such infertility cases.

Role of calcium and bicarbonate ions on sperm motility
Soluble adenylate cyclase (sACs) are activated by  Ca2+ 
and bicarbonate ions. They are the predominant ACs 
responsible for the generation of cAMP in spermatozoa 
and are involved in the increase in beat frequency in the 
spermatozoa. On the other hand, transmembrane ACs 
are not responsive to bicarbonate ions but are regulated 
by heterotrimeric G-proteins. Transmembrane ACs 
are involved in the basic mechanism for motility activa-
tion through cAMP-dependent protein phosphoryla-
tion and in progressive motility [27]. Calcium ions act 
as major secondary messengers and regulate the amount 
of cAMP  in the cell [28]. The concentration of calcium 
is a crucial regulatory factor that affects capacitation, 
hyperactivation, and acrosome reaction. It has been 
observed that the flagellum beats asymmetrically when 
the intracellular  Ca2+ concentration is low. The wave-
form becomes more asymmetric, and sperm becomes 

Fig. 2 Sperm cells essentially have four core elements: (1) a paternal haploid nucleus containing the DNA; (2) a mitochondrial and glycolytic 
metabolic system that act as a source of energy; (3) a motor (the flagellum) providing motility for the sperm to travel in the vaginal canal; and (4) a 
mechanism that assists in the binding and penetration into the egg (the acrosome)
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hyperactivated with a gradual increase in  Ca2+. How-
ever, an excessively high amount of intracellular con-
centration of calcium reduces motility [29]. This occurs 
due to a decrease in protein phosphorylation caused by 
the increased concentration of  Ca2+, which prevents 
substrate-kinase interactions [30]. Calmodulin is a  Ca2+ 
receptor that orchestrates  Ca2+-initiated signal transduc-
tion cascades leading to changes in cell function. It is a 
key axonemal  Ca2+ sensor that mediates motility through 
direct interaction with protein kinases, phosphatases, 
and sAC [31]. The impact of the extracellular concentra-
tion of  Ca2+ on motility has been well-debated. Several 
studies have reported that extracellular  Ca2+ enhances 
sperm motility, whereas others have also reported that 
a high concentration of  Ca2+ inhibits sperm motility. 
In conclusion, it is clear that the role of  Ca2+ in sperm 
motility is paradoxical [28]. Bhoumik et al. have reported 
a biphasic role of extracellular calcium in the motility of 
caprine cauda epididymal spermatozoa. They observed 
that an optimum concentration of 10 μm of  Ca2+ signifi-
cantly enhanced motility, whereas concentrations above 
this hindered motility [28]. This observation is particu-
larly important because seminal plasma usually contains 
about 11 mM of  Ca2+ and about 0.24 mM of free  Ca2+; 
the remainder is complexed with citrate. Such high lev-
els of free calcium in ejaculated semen until capacita-
tion reaction may actually hinder sperm motility. With 
this study, Bhoumik et al. demonstrated the importance 
of maintaining optimum levels of calcium for enhanced 
motility [23 28]. Furthermore, along with the optimum 
extracellular  Ca2+, bicarbonate ions are important anions 
that are transported into sperm during capacitation; they 
are important in the influx of  Ca2+ ions [32]. Wennemuth 
et al. have reported that in vitro treatment with bicarbo-
nate ion induces an influx of  Ca2+, subsequently increas-
ing flagellar beat frequency but decreasing flagellar beat 
asymmetry [33]. Therefore, it is clear  that calcium plays 
a critical role in regulating sperm motility. Moreover, 
maintaining optimum concentrations of calcium is par-
ticularly important in ART.

Reactive oxygen species and its role in sperm motility
Reactive oxygen species (ROS) like superoxide anion, 
nitric oxide, and hydrogen peroxide play a crucial role 
in regulating sperm motility [34]. ROS are highly reac-
tive and are known for their ability to initiate a cascade 
of chain reactions that lead to extensive cellular dam-
age. Free radicals are usually by-products of different 
metabolic processes. An increase in ROS levels affects 
mitochondrial oxidative phosphorylation which further 
damages proteins and lipids. The plasma membrane in 
sperm contains lipids in the form of polyunsaturated 
fatty acids (PUFA). An increased amount of ROS results 

in lipid peroxidation thus affecting the integrity of the 
plasma membrane [7]. However, a small quantity of ROS 
is essential for normal sperm functioning. ROS can func-
tion as signalling molecules and are crucial in capacita-
tion and acrosome reaction, as well as motility of mature 
sperm cells [35]. It is important that ROS is maintained 
at appropriate levels to ensure proper physiological func-
tion while preventing pathological damage to the sperm. 
Minute levels of superoxide ions trigger hyperactivation 
and capacitation [35, 36]. Generally, ROS originate in 
the ejaculate by the spontaneous production of nicotina-
mide adenine dinucleotide phosphate oxidase system at 
the sperm plasma membrane level [37] and by the mito-
chondria in sperm [15, 38] as well as from leukocytes that 
infiltrate into semen [39]. Leukocytospermia, chronic 
inflammation, genitourinary tract infections, and vari-
ous conditions such as varicocele, orchitis, cryptorchid-
ism, and ageing lead to an increased amount of ROS, 
thus causing a decrease in sperm motility [40, 41]. Anti-
oxidants like glutathione reductase and peroxidase in the 
epididymis and testes protect the lipid components on 
the sperm, thus preserving viability and motility. Super-
oxide dismutase, catalase, and glutathione peroxidase 
are some of the important antioxidant enzyme systems 
present in the semen [7, 35]. Unhealthy lifestyles such as 
alcohol abuse, smoking, exposure to chemical pollutants, 
and electromagnetic radiation have increased instances 
of oxidative stress in the body. Sperm cells are highly 
susceptible to ROS-induced damage. ROS affects several 
critical processes like signal transductions in the sperm 
cell thereby contributing to impaired function. There-
fore, it is critical to understand the mechanisms of how 
ROS and endogenous antioxidant systems affect sperm 
function.

Role of pH on sperm motility
All biophysiological events are dependent on pH. Even a 
small alteration in the pH can either lead to a deviation 
in the function or even lead to the inhibition of a par-
ticular cell function [41]. Sperm cells encounter several 
changes in pH right from the maturation stage to the 
stage when they enter the uterotubal tract. Sperm cells 
encounter a pH of 7.2–7.4 in the mammalian seminifer-
ous tubules, 6.5 in the caput epididymis, and 6.7–6.8 in 
the cauda epididymis. The pH of the semen during ejacu-
lation becomes 7.2–7.4. On ejaculation into the vagina, 
the sperm encounters a pH of 4.5–7.5. Subsequently, the 
pH increases to 6.5–7.5 in the cervix and 7–7.8 in the 
uterus and fallopian tube [42]. Being the only cell that 
performs its activity outside the male body, sperm cells 
are largely affected by the surrounding environment. 
Critical processes such as motility, viability, capacita-
tion, and acrosome reaction are vastly influenced by 
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pH. Seminal plasma comprises a mixture of different 
secretions from the testes, epididymis, and other acces-
sory sex glands. It also contains sugars, steroids, lipids, 
 HCO3

−1, organic acids, inorganic ions, amino acids, 
polyamines, nitrogenous bases, and proteins. Semen has 
a very high buffering capacity, much higher than most 
of the other body fluids [43]. The role of pH has been 
extensively studied in several bird, fish, and shellfish 
models. In a study involving sperm of turkey and quail, 
it was reported that sperm motility was restored in alka-
line conditions [44]. The sperm of Anodontawoodiana 
Pacifica Houde showed enhanced motility at pH 8.5, 
and there was a significant decline in the motility with 
the decrease in pH [45]. There are several mechanisms 
by which the pH in spermatozoa and its surrounding is 
regulated across different organisms. For instance, in 
fishes, the pituitary gland and gonadotropin stimulate 
the production of 17α-hydroxyprogesterone in testicular 
somatic cells resulting in a marked increase in the pro-
duction of 7α, 2β-dihydroxy-4-pregnen-3-one in sper-
matozoa; this increases the pH in the sperm duct, as well 
as the intrasperm cAMP, which initiates motility [46]. 
The mechanism that regulates pH in mammalian sper-
matozoa is more complex.  HCO3

− influx, voltage-gated 
proton channel (Hv1), and  Na+/H+ exchanger (NHE) 
are the three mechanisms by which pH is regulated in 
spermatozoa [42]. The  HCO3

− influx system involves the 
inward movement of  HCO3

− ions. Activation of soluble 
ACs results in the production of cAMP, thus promoting 
alkalinization and membrane hyperpolarization.  Na+ 
plays a crucial role in this system as removal of  Na+ ions 
prevents alkalinization and hyperpolarization, indicating 
the presence of  Na+/HCO3

− co-transport mechanism in 
spermatozoa [47]. Carbonic anhydrase, an enzyme that 
catalyzes the reaction of CO2 and produces  HCO3−, 
plays an important role in the entrance of  HCO3

− [48]. 
Cystic fibrosis transmembrane is another regulator that 
plays a crucial role in the influx of  HCO3

− during capaci-
tation [49]. The NHE is another mechanism that regu-
lates the pH in spermatozoa. The NHE is present in the 
flagellum; a study noted that male mice that lacked NHEs 
were sterile and showed diminished sperm motility [50]. 
Another important  H+ transporter that is present across 
the membrane of the spermatozoa is the Hv1 channel 
or the voltage-gated proton channel. This membrane 
transporter is abundantly localized in the flagellum of 
the spermatozoa. A characteristic feature of this voltage-
gated proton channel is that it is activated at low intra-
cellular pH. Moreover, it conducts protons much more 
rapidly and efficiently and conducts them unidirection-
ally to the extracellular space, thus regulating the internal 
pH [42]. Therefore, it is clear that the pH regulates sperm 
motility by various mechanisms.  HCO3

−/CO2, inorganic 

ions, organic acids, sugars, lipids, steroids, amino acids, 
polyamines, nitrogenous bases, and proteins in the semi-
nal plasma usually contribute to a buffering action. A dis-
balance in the pH of the seminal plasma contributes to 
impaired sperm motility and function. Therefore, under-
standing the effects of changes in seminal plasma pH 
may be useful in the treatment of impaired motility and 
infertility.

Analysing sperm motility
Sperm motility plays an important role in assisted repro-
ductive technology. Semen analysis of infertile men is 
crucial as it reflects the overall functionality of sperm 
production by the testes and the patency of the geni-
tal tract, as well as the secretory activity of all accessory 
glands [51]. Ejaculate volume, sperm density, sperm 
motility, and sperm morphology are the typical param-
eters that are analysed during sperm analysis. The lower 
limits of normal as defined by the World Health Organi-
zation are as follows: semen volume 1.5 mL, total sperm 
number 39 million/ejaculate, sperm concentration 15 
M/mL, total motility 40%, progressive motility 32%, and 
morphologically normal forms 4%. Hormonal evaluation 
is indicated in men with sperm concentration < 10 M/mL 
or with clinical evidence of an endocrinopathy. Genetic 
evaluation by karyotype and for Y chromosome micro-
deletions should be considered in men with sperm con-
centration < 10 M/mL, and cystic fibrosis genetic testing 
should be performed in men with congenital absence 
of the vas deferens. Sperm motility is predominantly 
assessed using microscopic methods. Different types of 
movements such as progressive motility, non-progressive 
motility, or no motility are observed when evaluating 
motility [52].

More recently, methods such as the light scatter-
ing method, laser beam method, and multiple exposure 
photographic method have come into use for measuring 
sperm motility. Measuring horizontal velocity is a major 
drawback when using the aforementioned methods. In 
the recent past, a highly automated instrument has been 
developed to measure sperm motility. Computer-assisted 
semen analysis (CASA) is a sophisticated system that uti-
lizes complex software and hardware, a high-resolution 
camera, and a microscope to analyse sperm concentra-
tion, morphology, and motility. Although most methods 
measure horizontal velocity, measuring vertical veloc-
ity is also important as only a smaller percentage of the 
spermatozoa exhibit vertical velocity. The movement of 
sperm on the vertical plane is important because healthy 
and motile sperm cells are expected to be more active 
and functional, enabling them to travel the entire female 
reproductive tract to fertilize the egg cell. Saha et al. have 
developed a method of measuring vertical sperm velocity 
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using a novel computer-assisted method. In this method, 
an electromechanical system comprising a modified 
cuvette holder and a stepper motor was used. With this 
novel method, vertically moving sperm cells are detected 
at different heights using newly developed software. 
Since no method describes a way of measuring vertical 
velocity, this method highlights the importance of the 
vertical movement of sperm [53].

Methods adopted in cases with inadequate sperm motility
Normal reproduction is an extremely complex process 
that involves an array of complicated steps. As mentioned 
earlier, the interaction between the sperm and the egg 
includes a complex set of reactions. The production of a 
sufficient number of sperm cells having adequate motil-
ity for it to travel through the vaginal canal into the fallo-
pian tube and the ability to bring about fertilization is of 
utmost importance. These processes are highly regulated; 
any error at any stage drastically reduces the chances of 
conception. Assisted reproductive technologies (ARTs) 
are clinical methods that involve the in vitro handling of 
sperm, oocytes, and embryos for their use in reproduc-
tion [54]. ARTs came in as a ray of hope for individuals 
suffering from infertility, giving them an opportunity to 
conceive successfully.

The world’s first in vitro fertilization (IVF) baby, Louise 
Brown, was born at Oldham General hospital on 25th July 
1978. In 2010, Robert G Edwards was awarded the Nobel 
Prize for Physiology and Medicine for the development of 
IVF [55]. Since the development of the IVF method, there 
has been a steady increase in the use of ARTs over the 
last decades. Initially, it was presumed that male factor 
infertility was a contraindication to IVF because abnor-
mal sperm are less likely to fertilize oocytes than normal 
sperm. However, subsequent analyses performed over a 
decade ago revealed that fertilization and subsequent live 
births were possible despite impaired sperm quality [56].

As of 2018, as many as eight million babies have been 
conceived by ART [55]. ARTs are routinely used in vet-
erinarian clinical settings. Artificial insemination is 
the most routinely used method in breeding programs 
because of its simplicity and effectiveness [57]. Despite 
the huge success and the ever-growing research on ARTs, 
its efficiency still has a lot of potential to improve. The 
American and European societies of reproduction and 
fertility have reported the efficiencies of ICSI or IVF to 
be 37% and 25% of pregnancies and deliveries, respec-
tively, per embryo transfer [58]. There are several reasons 
that contribute to low efficiencies such as suboptimal 
in vitro conditions, injuries associated with gametes and 
embryo manipulation, subjacent male and female factors, 
etc. Although ART has been the solution to problems 

associated with conception, it is still an expensive and 
invasive method. Therefore, there is a need to develop 
and discover novel methods to tackle infertility caused by 
impaired motility.

The role of sperm surface molecules in sperm motility
As mentioned earlier, immature sperm undergo sev-
eral biochemical changes as they pass through differ-
ent parts of the epididymis during maturation. During 
the epididymal transit, there is a marked increase in 
the intrasperm level of cAMP and pH, thus suggesting 
that elevated intrasperm levels of cAMP and pH play 
an important role in the in vivo initiation of sperm for-
ward progression. However, not much is known about 
the molecular basis of the initiation of flagellar motility 
while it is in the epididymis and its subsequent regula-
tion. There are several cell surface molecules present on 
the sperm cell membrane. These molecules play a pivotal 
role in modulating cell–cell interactions, effector–recep-
tor interactions, membrane permeability, membrane 
fluidity, transmembrane signalling, etc. Similarly, cell sur-
face molecules present on sperm cells play a crucial role 
in processes like capacitation, acrosomal reaction, and 
fertilization [59–61]. A summary of these molecules is 
described in Fig. 3.

Lipids are important biomolecules that form the mem-
brane bilayer permeability barrier of cells and organelles. 
Rana et  al. have reported that there was a significant 
decrease in phospholipids (PL) and glycolipids (GL) 
of caprine sperm membrane during sperm matura-
tion. Among the phospholipids, it was observed that 
the amounts of phosphatidylethanolamine showed the 
maximum decrease. However, an enhanced neutral lipid 
(NL) fraction was noted during the transit from caput to 
cauda. Sterol and steryl esters, which are the major con-
stituents of NL, were enhanced during maturation while 
other membrane-bound neutral lipids decreased. Since 
cholesterol (CH) was the major component of the sterol 
fraction, the aforementioned changes led to appreciable 
enhancement in the cholesterol/phospholipid (CH/PL) 
ratio [62]. These findings suggest an important relation-
ship between the lipid profile of the sperm plasma mem-
brane and the maturation of sperm cells. However, the 
exact role of these changes in the lipid content on motil-
ity is still unknown. It is clear that cholesterol plays a cru-
cial role in the capacitation reaction. During capacitation, 
a marked efflux of cholesterol results in an increase in 
membrane fluidity and permeability to bicarbonate and 
calcium ions which in turn affect motility.

Along with lipids, there are several regulatory protein 
complexes present on the surface of sperm cells. Majum-
dar et  al. reported the presence of an ecto-cyclic AMP-
dependent protein kinase on the external surface of rat 
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spermatozoa [63]. Subsequently, several publications 
reported the localization of cAMP-dependent protein 
kinases and cell surface phosphoproteins on the surface 
of rats and human spermatozoa [64, 65]. Extracellular 
cAMP binds to the cAMP-binding protein thereby dis-
associating the catalytic subunit. The catalytic subunit, 
now active, brings about the phosphorylation of exog-
enous proteins in the presence of ATP. The amount of 
ecto-cAMP-dependent protein kinase is low in imma-
ture sperm cells. However, it appears specifically during 
motility initiation in the mature cauda sperm, indicating 
that it is maturation specific. Forward-motile sperm cells 
are enriched in both kinases. However, the exact role of 
the ecto-cAMP-dependent protein kinases in the induc-
tion and regulation of sperm motility is largely unknown 
[65, 66].

Along with ecto-cAMP-dependent protein kinases, 
ecto-cAMP-independent protein kinases on the outer 
surfaces of goat epididymal spermatozoa are known 
to  phosphorylate serine and threonine residues of mul-
tiple endogenous proteins localized on the sperm outer 
surface. The intact sperm-bound ectoenzyme is also 
capable of phosphorylating exogenous proteins such 
as casein, phosvitin, histone, and protamine [67]. It has 
been demonstrated that the incorporation of major phys-
iological substrate (MPS) proteins of ecto-cAMP-inde-
pendent kinases increases motility and forward motility. 

Moreover, at maximal MPS incorporation, the incre-
ments in motility and forward motility were also maxi-
mal [68]. Therefore, it can be conclusively said that MPS, 
the sperm membrane-bound phosphoprotein, serves as 
an activator of sperm forward motility.

Another interesting observation was noted by Roy 
et  al., where they observed that the incorporation of 
 Cu2+ enhanced forward motility of caprine sperma-
tozoa. However, increasing the  Cu2+ concentration 
beyond 5 μM reduced forward motility. This is a clear 
indication that  Cu2+ exerts a biphasic regulation on 
sperm motility. Moreover, increasing the concentration 
of  Cu2+ to beyond 100 μM led to sperm head-to-head 
agglutination [69]. Eventually, Roy et  al. reported the 
presence of a novel copper-dependent sialic acid-spe-
cific lectin on the external surface of sperm cells that 
binds with its specific receptor of neighbouring cells 
thereby causing sperm–sperm agglutination. It was 
also noted that immature sperm cells do not undergo 
agglutination in the presence of copper, thus indicat-
ing that this unique copper-dependent lectin/ receptor 
is acquired during epidydimal maturation. It has been 
proposed that the copper ion modulates cell surface 
lectin-sugar interactions. However, the mechanisms by 
which it affects motility need to be studied in detail [70]

Acott et  al. demonstrated the induction of motility in 
immotile sperm cells after incubating the immotile cells 

Fig. 3 Summary of the key sperm surface molecules that play an important role in regulating sperm motility. Several novel protein molecules have 
been found in the serum in buffalo and caprine systems; these molecules interact with their receptors, thus enhancing forward and vertical motility. 
These molecules can act as novel methods for treating infertility
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with epididymal or seminal plasma [71]. This suggested 
the presence of factors in the epididymal or seminal 
plasma that have the ability to modulate sperm motility 
extracellularly.

Mandal et al. demonstrated for the first time the pres-
ence and the effect of a novel forward motility-promot-
ing protein extracted from buffalo serum. This forward 
motility-stimulating factor (FMSF) is a 66-kDa heat-
stable glycoprotein. It is also an  Mg2+-dependent mono-
meric protein, and both its protein and sugar parts of the 
protein are essential for its motility-promoting potential. 
Further studies revealed that this forward motility-stim-
ulating protein through receptor/G-protein activation 
promotes the transmembrane AC activity in a dose-
dependent manner to enhance intracellular cAMP and 
forward motility. Protein kinase A and tyrosine kinase are 
key players in regulating motility under the influence of 
forward-stimulating protein. The FMSF initiates a novel 
signalling cascade by stimulating tmAC activity which 
supplements intracellular cAMP and downstream cross-
talk of phosphokinases, thus enhancing forward motil-
ity in mature spermatozoa. The FMSF binds to specific 
receptors that are present on the external cell surface, 
which leads to the activation of adenylate cyclase and 
consequently enhances intra-sperm cAMP level that trig-
gers the flagellar movement through a series of cascade 
molecules including protein kinase A and tyrosine kinase 
[72, 73].

Saha et  al. 2013 reported a novel motility stimulating 
protein (MSP) isolated and purified from caprine blood 
serum. This novel 66-kDa heat-stable protein-enhanced 
sperm horizontal forward motility as well as vertical 
velocity at a concentration of 0.9 μM. Furthermore, it was 
noted that these proteins were distributed on the surface 
of the sperm cells. It was also found that this motility 
stimulating protein showed cAMP-independent activ-
ity and that there must be alternative pathways through 
which motility-stimulating activity is mediated, which 
still needs to be identified [74].

A motility-initiating protein (MIP) and a motility-
inhibiting factor (MIF) were then identified from caprine 
epididymal plasma [75, 76]. The addition of MIP induced 
forward motility, and there was a significant increase in 
the number of motile sperm cells. Furthermore, the addi-
tion of a rabbit polyclonal antibody raised against puri-
fied sperm motility-inhibiting factor (MIF-II) enhanced 
sperm motility by 75% compared with the control. A 40% 
increase in vertical velocity of MIF-II antibody-treated 
spermatozoa was observed as compared to the control 
serum. MIF-II antibody also enhanced the motility of 
immature caput spermatozoa under in  vitro initiation 
media [77].

These novel motility-promoting proteins are promising 
candidates in enhancing motility in sperm samples that 
display poor motility traits. These proteins are physiolog-
ical activators of sperm motility, and they can be used in 
biomedical applications in human infertility clinics and 
infertility management, as well as animal breeding and 
conservation centres. Currently, treatment of male infer-
tility involves invasive procedures like surgery, hormonal 
treatment, ART, etc. which are not only expensive but 
also may have detrimental effects on the quality of life.

Conclusion
Human infertility is a social stigma in many cultures 
and causes mental stress and trauma, and it affects a 
large number of people globally. Studies show that about 
40–50% of the infertility cases are attributed to male 
factor fertility, and as many as 2% of all men exhibit 
suboptimal sperm parameters. Currently, there are lim-
ited treatment strategies available for tackling infertil-
ity. There are several sophisticated ART methods (e.g., 
IVF and ICSI) that are routinely employed to tackle and 
treat individuals affected by infertility.

For several years, managing and treating male factor 
infertility was mostly based on “experience” and not “evi-
dence”. Choosing the correct technique for tackling infer-
tility is an important issue. This usually depends on the 
sperm parameters. However, most of these technologies 
have several disadvantages. They are invasive and expen-
sive; moreover, their success rate is also very low. Most 
ARTs utilize hormonal treatments that have various side-
effects on the individual and affect the quality of life. This 
review has described several molecular mechanisms that 
play a critical role in regulating sperm motility. Concen-
trations of calcium, hydrogen ions, pH, are some of the 
factors that affect sperm motility. An optimum concen-
tration of extra- and intra-cellular  Ca2+,  HCO3

−, and 
ROS, along with the proper maintenance of pH is critical 
in maintaining proper sperm function. Moreover, along 
with the various biochemical mechanisms and the opti-
mum microenvironments that are essential in regulat-
ing cellular functions, cell surface molecules also play a 
critical role in regulating various cellular processes such 
as transmembrane signalling, cell–cell interactions, and 
effector–receptor interactions. These molecular mecha-
nisms can be exploited by using several key surface mol-
ecules to tackle impaired motility. Therefore, identifying 
sperm surface molecules and understanding their roles 
in sperm physiology are important as these will help in 
treating various anomalies associated with sperm motility 
and behaviour. These motility-promoting proteins have 
the potential for improving cattle and poultry breeding 
and conservation of endangered species. Understanding 
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sperm motility and the specific motility-promoting mol-
ecules may also be useful in human infertility clinics as 
a solution to problems associated with human infertility.

Utilizing motility-inducing proteins and other sperm 
surface proteins will negate hormonal treatments that 
may affect the quality of life of an individual. Under-
standing the role of spermatozoa and seminal plasma 
proteomes, along with surface proteins and molecules, 
will open up new avenues in understanding infertility and 
tackling it effectively.
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