
Sperm Motility: Structure, 
Bioenergetics, and Clinical 
Applications
A comprehensive exploration of sperm motility mechanisms for 
reproductive medicine professionals, covering the structural 
anatomy, metabolism, and clinical applications in treating 
infertility and developing contraceptives.



The Journey and Challenge of Sperm Motility

Mammalian sperm are unique cellular entities that complete their primary 
function outside the male body, navigating complex female reproductive tract 
environments to reach the oocyte.

Motility is not just important—it's essential for natural fertilization. Yet male 
infertility, often linked to impaired motility, shows concerning global increases.

Understanding sperm motility also presents promising targets for male 
contraceptive development, addressing a significant unmet need in reproductive 
health.

The energy-intensive journey of sperm requires sophisticated ATP-consuming 
mechanisms, particularly the axoneme powered by dynein molecular motors.



Structural Anatomy of the Sperm Tail
The sperm flagellum represents a highly compartmentalized cellular extension optimized for motility through 
specialized structures:

Axoneme

Core motility machinery with a 
9+2 microtubule arrangement 
(nine outer doublets + two 
central singlets)Powers movement through ATP 
hydrolysis by dynein molecular 
motors

Outer Dense Fibers

Surround axoneme in mid- and 
principal pieces

Provide structural reinforcement 
and modulate flagellar waveform

Fibrous Sheath

Found in principal piece, 
anchoring enzymes and 
structural proteinsActs as scaffold for glycolytic 
enzymes, localizing ATP 
production near motility 
machinery



Structural Anatomy: Mitochondrial and Distal Regions

Mitochondrial Sheath Singlet Region and Distal Tip

• Located in the end piece of the flagellum
• Contains singlet microtubules (sMTs)—up to 18 in human sperm
• Region of flagellar growth and intraflagellar transport
• Serves as the dynamic region for flagellar beat initiation
• Critical for maintaining proper flagellar curvature during progressive motility



Sperm Metabolism Overview
Sperm cells require massive ATP production to power multiple essential functions:

1 Flagellar motility (both progressive swimming and hyperactivated motility)

2 Capacitation processes (including protein phosphorylation cascades)

3 Acrosome reaction (required for oocyte penetration)

Metabolic pathways are compartmentalized within the sperm structure:

Principal piece: Primary site of glycolysis

Midpiece: Houses mitochondrial OXPHOS, Krebs cycle, fatty acid oxidation



Glycolysis in the Principal Piece

Glycolysis converts glucose  pyruvate  ATP and NADH through a series of → →
enzymatic reactions.

The fibrous sheath strategically localizes glycolytic enzymes for efficient ATP 
delivery directly to the dynein motors.

Each step is catalyzed by sperm-specific isozymes, including:

• GAPDHS (glyceraldehyde 3-phosphate dehydrogenase, sperm-specific)
• PGK2 (phosphoglycerate kinase 2)
• ENO4 (enolase 4)
• LDHC (lactate dehydrogenase C)

Key insight: Knockout studies of glycolytic enzymes in mice consistently result in 
infertility and severe motility defects, highlighting glycolysis as essential for 
sperm function.



Sperm-Specific Carbohydrate Metabolism

Glucose Metabolism

Primary energy substrate 
transported via GLUT proteins. 
Processed through sperm-specific 
glycolytic enzymes localized on the 
fibrous sheath.

Fructose Metabolism

Major component of seminal 
plasma. Metabolized via hexokinase 
or ketohexokinase pathways, 
providing alternative energy source 
during transit.

Sorbitol Metabolism

Converted to fructose by sorbitol 
dehydrogenase expressed along 
the sperm tail, creating additional 
metabolic flexibility.



Oxidative Phosphorylation in the Midpiece

OXPHOS represents the most efficient ATP source but depends on oxygen availability and 
requires transport of ATP from the midpiece outward to the distal flagellum.

Key Components:

• Electron transport chain (ETC) complexes I–IV
• ATP synthase (Complex V)
• Sperm-specific proteins: cytochrome c testis-specific (CYCT) and COX6B2

Clinical Insights:



Krebs Cycle and Pyruvate/Lactate Metabolism
Transport

Pyruvate and lactate imported via 
monocarboxylate transporters 

and mitochondrial pyruvate 
carriers (MPC1L, MPC2) that are 

sperm-specific

Conversion

Pyruvate converted to acetyl-CoA 
via pyruvate dehydrogenase 
complex (PDHc) with testis-
specific subunit PDHA2, activated 
during capacitation

Krebs Cycle

Generates NADH/FADH₂ for 
OXPHOS, occurring in 
mitochondria and producing 
reducing equivalents for ATP 
production

Shuttles

Lactate/pyruvate and 
malate/aspartate shuttles 
hypothesized to facilitate 

electron transfer but 
unconfirmed in vivo



Fatty Acid Oxidation in Sperm

β-Oxidation Pathway

Fatty acids  acyl-CoA  acetyl-CoA  ATP→ → →

• Requires carnitine shuttle or direct uptake via unknown mechanisms

• Carnitine is highly abundant in sperm, potentially buffering acetyl-CoA levels

Experimental Evidence:

• ETOMOXIR (CPT1 inhibitor) reduces sperm motility across multiple species

• Slc22a14 knockout mice (riboflavin transporter) show defective FAO and infertility

Fatty acid oxidation provides an alternative energy source that may be particularly 
important during long-term sperm storage in the female reproductive tract or 
during periods of glucose limitation.



Alternative Fuel Sources for Sperm

Ketone Body Metabolism

β-hydroxybutyrate supports mouse 
sperm motility

Processed by OXCT2, a sperm-
specific mitochondrial enzyme

May provide crucial energy during 
starvation conditions

Glycerol Metabolism

Converted to glycerol-3-phosphate 
 DHAP  enters glycolysis→ →

May enter via AQP7 (aquaglyceroporin)

Requires testis-specific enzymes: 
GYKL1, GK2, GPD2

Glycogen Metabolism

Endogenous glycogen stores 
demonstrated in canine sperm

May provide glucose during energy-
limited conditions

Role in human sperm remains under 
investigation



Metabolic Compartmentalization and ATP Transport

The ATP Distribution Challenge

Sperm face a unique bioenergetic challenge: ATP produced in the 
mitochondria must reach dynein motors throughout the flagellum.

Several mechanisms facilitate this energy distribution:

Adenylate kinase shuttle: Converts ADP to ATP + AMP, facilitating 
energy transport

Creatine kinase shuttle: Transfers phosphate groups from 
phosphocreatine to ADP

Localized glycolysis: Produces ATP directly where needed along 
the principal piece

This sophisticated energy transport system ensures ATP 
availability throughout the ~60μm flagellar length.



Clinical Relevance: Metabolic Causes 
of Motility Defects

Glycolytic Pathway Disruptions: Mutations in genes encoding sperm-
specific glycolytic enzymes (GAPDHS, PGK2, ENO4, LDHC) can cause 
asthenozoospermia without affecting sperm count or morphology.

Mitochondrial Dysfunction: Mutations in mitochondrial DNA or nuclear-
encoded mitochondrial proteins can impair OXPHOS, reducing ATP 
production and motility. Often associated with increased ROS production.

Nutrient Transport Defects: Mutations affecting transporters for 
glucose, lactate, or carnitine can limit substrate availability for ATP 
production despite intact metabolic machinery.

Environmental Factors: Toxins, medications, and endocrine disruptors 
can impair metabolic enzyme function, particularly targeting 
mitochondria and leading to acquired motility defects.



Diagnostic Approaches for Metabolic Motility Defects

Current Clinical Tests

• Computer-assisted sperm analysis (CASA) for detailed motility parameters
• Mitochondrial membrane potential assays ( JC-1, MitoTracker)
• ATP measurement in sperm extracts
• Metabolic substrate utilization assays

Emerging Technologies

• Single-cell metabolomics
• Real-time ATP sensing with fluorescent probes
• Metabolic flux analysis using stable isotopes
• Genetic screening for metabolic enzyme variants

Advanced diagnostics enable personalized treatment approaches targeting 
specific metabolic defects rather than empirical therapies.



Therapeutic Approaches for Metabolic Motility 
Enhancement

78%
Antioxidant Response

Percentage of asthenozoospermic 
patients showing improved motility 
with targeted antioxidant therapy 

(CoQ10, vitamin E, selenium)

2.1x
L-Carnitine Effect

Average increase in progressive 
motility following L-carnitine 

supplementation in patients with 
FAO defects

45%
Substrate Enhancement

Improvement in hyperactivation 
rates when using optimized energy 
substrate mixtures in preparation 

media

Metabolically targeted therapies represent a growing field in treating male infertility, particularly for cases where 
traditional approaches have failed. The key is matching the therapeutic approach to the specific metabolic defect 
identified through diagnostic testing.



Sperm Immobilization for ICSI: Techniques and Impact

In intracytoplasmic sperm injection (ICSI), sperm immobilization is 
not merely stopping movement—it's a precise disruption of the 
plasma membrane that primes the sperm for optimal function 
post-injection.
Proper immobilization affects:

• Sperm-oocyte interaction dynamics
• Membrane potential regulation
• Oocyte cytoskeletal integrity preservation

Different techniques have evolved based on lab protocols, training 
traditions, and embryologist preferences.



Common Techniques of Sperm Immobilization

Mechanical Immobilization

Most widely used method involving 
crushing the tail with a sharp 
micropipette. Variants include 
single sharp touch, multiple taps 
(triple touch), or partial tail 
severing.

Membrane Stripping

Refined mechanical technique 
involving stripping or squeezing 
part of the sperm membrane using 
controlled micropipette movement 
for precise membrane disruption.

Advanced Techniques

Includes swirling/bending methods, 
laser pulses for precise membrane 
perforation, and piezo-assisted 
immobilization using low shear 
stress pulses.



The Embryologist's Craft: Art and Science

Sperm immobilization represents the intersection of 
technical precision and artistic craftsmanship in 
reproductive medicine.

While research has examined which techniques yield 
optimal fertilization outcomes, considerable variability 
exists due to:
• Individual embryologist skill and experience
• Laboratory traditions and protocols
• Mentorship-based skill transfer creating nuanced 

technique variations

The common goal transcending methodological 
differences: consistent, safe, and effective fertilization 
leading to robust blastocyst development.



Future Directions in Sperm Bioenergetics Research

Single-Cell Analysis

Development of techniques to analyze metabolic profiles of 
individual sperm cells, enabling personalized diagnostics

Targeted Therapeutics

Design of compounds that specifically enhance sperm motility 
by targeting rate-limiting metabolic enzymes

Contraceptive Development

Creation of non-hormonal male contraceptives targeting 
sperm-specific metabolic enzymes without systemic effects

Genetic Engineering

CRISPR-based approaches to correct metabolic enzyme 
mutations in sperm precursor cells

The intersection of advanced imaging, metabolomics, and genetic technologies promises to revolutionize our understanding and 
manipulation of sperm bioenergetics in the coming decade.



Conclusion: The Bioenergetic Marvel of Sperm Motility

The sperm flagellum represents one of nature's most sophisticated cellular 
specializations—its structure and metabolism are precisely coordinated to support 
the energy-intensive process of motility.

Key takeaways for reproductive medicine professionals:

• Sperm rely on multiple, compartmentalized metabolic pathways for ATP production
• Disruptions in energy metabolism, whether genetic or environmental, directly impair fertility
• Understanding these systems at the molecular level enables both improved 

infertility treatments and novel contraceptive approaches
• Proper sperm handling, including immobilization techniques for ICSI, must 

account for these bioenergetic principles

The continued exploration of sperm bioenergetics holds tremendous promise for 
advancing reproductive medicine and addressing the global challenges of both 
infertility and family planning.
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