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The review considers various aspects of the influence of the glycolytic enzyme,
sperm-specific glyceraldehyde-3-phosphate dehydrogenase (GAPDS) on the
energy metabolism of spermatozoa and on the occurrence of several
pathologies both in spermatozoa and in other cells. GAPDS is a unique
enzyme normally found only in mammalian spermatozoa. GAPDS provides
movement of the sperm flagellum through the ATP formation in glycolytic
reactions. Oxidation of cysteine residues in GAPDS results in inactivation of the
enzyme and decreases sperm motility. In particular, reduced sperm motility in
diabetes can be associated with GAPDS oxidation by superoxide anion produced
during glycation reactions. Mutations in GAPDS gene lead in the loss of motility,
and in some cases, disrupts the formation of the structural elements of the sperm
flagellum, in which the enzyme incorporates during spermiogenesis. GAPDS
activation can be used to increase the spermatozoa fertility, and inhibitors of
this enzyme are being tried as contraceptives. A truncated GAPDS lacking the
N-terminal fragment of 72 amino acids that attaches the enzyme to the sperm
flagellum was found in melanoma cell lines and then in specimens of melanoma
and other tumors. Simultaneous production of the somatic form of GAPDH and
sperm-specific GAPDS in cancer cells leads to a reorganization of their energy
metabolism, which is accompanied by a change in the efficiency of metastasis of
certain forms of cancer. Issues related to the use of GAPDS for the diagnosis of
cancer, as well as the possibility of regulating the activity of this enzyme to prevent
metastasis, are discussed.
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1 Introduction: isoenzymes GAPDH and
GAPDS: general information

D-Glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.12) is
a glycolytic enzyme catalyzing oxidative phosphorylation of
glyceraldehyde-3-phosphate yielding 1, 3-diphosphoglycerate that
is further used by phosphoglycerate kinase to produce ATP. Besides,
glycolysis results in the production of pyruvate and NADH that are
substrates for mitochondria.

Therefore, the enzyme is necessary for producing energy for the
cell. In mammals, there are two isoenzymes: somatic enzyme
(GAPDH) and sperm enzyme (GAPDS). Both GAPDH and
GAPDS are homotetramers with the sequence identity of about
70%. They are encoded by different genes (GAPD-1 and GAPD-2,
respectively), which emerged after duplication of the original gene
during the early evolution of chordates. The GAPD-2 gene was then
lost by most lineages, except for lizards, mammals, as well as
cartilaginous and bony fishes. In lizards and mammals, GAPDS
specialized to a testis-specific protein (Kuravsky et al., 2011).

GAPDH is present in all tissues of the organism and localized in
the cell cytoplasm. The importance of this enzyme is evidenced by its
presence in the cells of all organisms, from prokaryotes to higher
eukaryotes, and in very high concentrations. The content of GAPDH
in the cytoplasm of cells is from 5% to 15% of the total amount of
soluble proteins. The enzyme consists of 4 identical subunits of
36 kDa. Each subunit of human muscle GAPDH consists of
335 amino acid residues (UniProtKB/Swiss-Prot ID: G3P_
HUMAN). The active site of the enzyme contains a highly
reactive cysteine residue (Cys152) that is involved in catalysis.
For a long time, it was considered that there is so much active
GAPDH in cells that there is no need to regulate its activity and it
always copes with its functions. However, the catalytic cysteine
residue can be easily affected by different oxidants, resulting in the
complete loss of the dehydrogenase activity (Little and O’Brien,
1969).

GAPDS is a specific isoenzyme that is normally present only in
sperm cells. It is detected in early spermatids and in mature
spermatozoa of mammals and lizards (Feiden et al., 2008).
GAPDS of mammals possesses an additional N-terminal domain
of 72–105 amino acid residues with a high content of hydrophobic
residues (Bunch et al., 1998). It was demonstrated that the
N-terminal domain provides binding of GAPDS to the fibrous
sheath, a cytoskeleton structure surrounding the axoneme in the
principal piece of the sperm flagellum (Westhoff and Kamp, 1997;
Bunch et al., 1998; Welch et al., 2000). Investigation of recombinant
GAPDS showed that the enzyme is inactivated in the presence of
H2O2 with the same rate constant as rabbit muscle GAPDH (9 ±
0.3 and 10 ± 1.2 M-1 s-1 at pH 7.5, respectively (Elkina et al., 2010).
Thus, both isoenzymes are sensitive to oxidation.

2 Energy source for sperm motility

Mammalian spermatozoa use carbohydrates (Mann and
Lutwak-Mann, 1981). This makes it possible to produce ATP
using both glycolysis and oxidative phosphorylation. In the vast
majority of animal organisms, the energy for the movement of
spermatozoa is provided by the isoenzyme GAPDH that is present in

the somatic cells of the organism. The only exceptions are mammals
and lizards, which have a special isoenzyme GAPDS in their
spermatozoa.

The association with the fibrous sheath of the flagellum may
indicate an important role of GAPDS in sperm motility. Several
authors have proposed that the energy for the motility of
mammalian spermatozoa is provided mainly by glycolysis. This
assumption was based on experiments showing that the addition of
mitochondrial inhibitor carbonyl cyanide m-chlorophenylhydrazine
(CCCP) to highly active mice spermatozoa had no effect on ATP
content and motility parameters (Mukai and Okuno, 2004). In
addition, other research group showed that the deletion of
GAPDS gene resulted in significant loss of ATP and blocking
progressive motility of the sperm, although mitochondrial
functioning was unchanged (Miki et al., 2004). The above facts
suggested that glycolysis is the preferred energy source for motility
functions. However, later it was shown that the pathways of ATP
production in spermatozoa (glycolysis or oxidative
phosphorylation) can differ significantly in different mouse
species, and the use of oxidative phosphorylation makes it
possible to produce more ATP, which gives an advantage in the
sperm velocity (Tourmente et al., 2015). The results of this study
revealed the existence of significant variance in the bioenergetics
metabolism. Presumably, pathways of energy production in human
spermatozoa may be either glycolysis or mitochondrial respiration,
or could take place in combination, depending on the surrounding
environment and the availability of substrates (du Plessis et al.,
2015).

3 Role of GAPDS in sperm motility

Since not only ATP is produced during glycolysis, but also
pyruvate, which is a substrate for mitochondria, a lack of GAPDS
can reduce ATP production resulting in a decrease in sperm
motility. Investigation of the expression of GAPDS gene in
58 normokinetic and in 58 hypokinetic samples of human
sperms shows that the expression profiles are similar in both
groups (Paoli et al., 2017). This suggests that in most cases,
asthenozoospermia is not associated with a low expression of the
GAPDS gene (the exception is severe genetic abnormalities (Elkina
et al., 2017). However, this does not rule out a possible effect of post-
translational modifications of GAPDS on its activity. As mentioned
in Section 1, GAPDS is oxidized in the presence of H2O2, which
leads to inactivation of the enzyme (Elkina et al., 2010).

Based on these data, it was suggested that GAPDS may be
oxidized in vivo under unfavorable conditions, and this oxidation
may affect sperm motility. Two groups of semen samples
(normokinetic and hypokinetic) were assayed for GAPDS
activity. The mean value of GAPDS activity in hypokinetic sperm
samples was found to be 2.5-3-fold lower than that in normokinetic
samples. In addition, incubation of normokinetic sperm samples
with H2O2 decreased sperm motility in dose dependent manner,
which correlated with the decrease in GAPDS activity (r = 0.96)
(Elkina et al., 2011).

These experiments show that GAPDS activity is important for
spermmotility, and a decrease in the motility may be due to GAPDS
oxidation. It is likely that a similar process can be observed in vivo
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under unfavorable conditions, which are accompanied by increased
production of reactive oxygen species (ROS). In particular, increased
ROS production is characteristic of diabetes. Diabetes leads to
accumulation of methylglyoxal, a product of glucose metabolism,
in the blood (Thornalley, 1996). Methylglyoxal interacts with the
amino groups of proteins, resulting in the formation of cross-linked
products. These products catalyze the formation of the superoxide
anion, which oxidizes SH groups in proteins (Lee et al., 1998).
Incubation of the somatic isoenzyme GAPDH with methylglyoxal
results in an irreversible inactivation of the enzyme due to the
oxidation of the catalytic cysteine residues yielding cysteine-sulfinic
acid (Barinova et al., 2023). These data suggest a possibility of
oxidation of GAPDS in diabetes by the same mechanism.
Investigation of semen samples from patients with diabetes and
healthy men showed that the mean values of GAPDS activity and
sperm motility were lower in semen samples from diabetic patients
than in normal samples. The values of the enzymatic activity of
GAPDS showed significant positive correlation with sperm motility
(R = 0.96) and significant negative correlation with the incidence of
infertility (R = −0.99) (Liu et al., 2015). Taking into account the
sensitivity of isoforms GAPDH and GAPDS to oxidation, the
similarity of the structure of their active centers and the same
catalytic mechanism, it can be assumed that increased production
of ROS in diabetes results in oxidation of the catalytic cysteine
residues in GAPDS, leading to inhibition of glycolysis and to a
decrease in the sperm motility.

4 Expression of truncated GAPDS in
cancer

As already mentioned in Section 1, full-length protein GAPDS
is normally found only in mammalian spermatozoa, where it is
tightly associated with the cytoskeleton of the sperm flagellum
through the N-terminal domain. The exceptions are lizards, in
which GAPDS is present not only in spermatozoa, but also in
regenerating somatic tissues characterized by intensive cell
division, and cancer cells in humans. However, in the case of
expression in regenerating and cancer tissues, GAPDS loses its
N-terminal domain, resulting in production of truncated GAPDS
(t-GAPDS). It is well known that disruption of gene expression in
oncological diseases leads to the production of proteins in cancer
cells that are normally occurs only in spermatozoa. Such proteins
constitute a large subgroup of cancer/testis antigens (Simpson
et al., 2005). For example, the sperm-specific lactate
dehydrogenase S gene has been shown to be expressed in late-
stage breast cancer cells (Simpson et al., 2005), as well as in renal
cell carcinoma samples (Hua et al., 2017). Moreover, the oncogenic
role of this gene has been shown for these types of cancer. Another
example is TPTE (Transmembrane Phosphatase with Tensin
Homology), whose gene is predominantly expressed in
spermatocytes and in various cancers, such as prostate cancer
and hepatocellular carcinoma (Dong et al., 2003; Singh et al.,
2008). The production of sperm-specific protein GAPDS in
somatic tissues in some cancer diseases is another example of
gene expression disorder. The presence of t-GAPDS in cancer cells
was first shown in some melanoma lines (Sevostyanova et al.,
2012). Analysis of the expression of GAPDS mRNA in different

cancer cell lines showed a high content of GAPDS mRNA in some
lines of melanoma cells (ArrayExpress database, www.ebi.ac.uk/
array-express, accession numbers E-MTAB-37, E-MTAB-62,
E-GEOD- 10843 and E-GEOD-7127). Subsequent analysis of
three melanoma cell lines by Western blotting revealed
t-GAPDS (without N-terminal fragment of 72 amino acid
residues) in all samples. These results were confirmed by
immunoprecipitation, mass spectrometry analysis, and
immunochemical staining of melanoma cells with antibodies
against GAPDS. Probably, as in the case of regenerating tissues
in lizards (Kuravsky et al., 2011), t-GAPDS in melanoma loses its
N-terminal fragment due to alternative splicing of the
coding mRNA.

Interestingly, immunoprecipitation of proteins from melanoma
cell extracts with the anti-GAPDS antibodies allowed isolation of a
tetrameric protein containing both subunits of t-GAPDS and
subunits of somatic GAPDH. It was suggested that the
simultaneous production of two isoenzymes of glyceraldehyde-3-
phosphate dehydrogenase not only stimulates glycolysis in
melanoma cells, but also alters the induction of apoptosis, which
involves only the somatic enzyme. Analysis of the relationship
between the content of t-GAPDS and the intensity of glycolysis
in 13 melanoma cell lines showed that both glucose consumption
and lactate production were maximal in cells with the highest
content of t-GAPDS. At the same time, a high content of
t-GAPDS was characteristic of moderately differentiated
melanoma cell lines. The influence of t-GAPDS production in
cells on the regulation of the ratio of glycolysis, glutaminolysis
and oxidative phosphorylation was also shown (Melnikova et al.,
2020).

Subsequent studies showed that t-GAPDS are present not
only in melanoma cell lines, but also in neoplasms themselves.
Expression of t-GAPDS was revealed in uveal melanoma.
Functional knockdown of GAPDS gene in uveal melanoma
cell lines prevented cell growth and proliferation due to the
slowing down glycolysis. Conversely, overexpression of
t-GAPDS increased glucose uptake and production of lactate
and ATP, leading to cell growth and proliferation. The authors
concluded that t-GAPDS, which is regulated by the
transcription factor SOX10, controls glycolysis and promotes
tumorigenesis in uveal melanoma (Ding et al., 2021). In patients
with stage III cutaneous melanoma, expression of GAPDS was
shown to be associated with a poor prognosis (Falkenius et al.,
2013). In another research, the authors tried to link the
expression of t-GAPDS with the regulation of melanoma
metastasis (Gill et al., 2022). Significant amounts of t-GAPDS
were revealed in primary melanoma tumors. However, in
metastasizing melanoma cells, the content of t-GAPDS and
the intensity of glycolysis decreased with a simultaneous
increase in the metabolites of the tricarboxylic acid cycle.
Overexpression of t-GAPDS blocked metastasis, and its
inhibition promoted metastasis, reduced glycolysis, and
increased levels of several metabolites of the tricarboxylic
acid cycle and their derivatives, including citrate, fumarate,
malate, and aspartate.

To understand the role of t-GAPDS in the metabolism of cancer
cells, it is important to study its catalytic properties using a
recombinant form of the protein. To obtain soluble and active
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recombinant GAPDS, it was necessary to remove its N-terminal
domain, which serves to attach GAPDS to the cytoskeleton of the
sperm flagellum, since when expressed in E. coli cells, the
hydrophobic N-terminal domain prevents the normal folding of
the protein and promotes its aggregation. Thus, a recombinant
GAPDS protein without the N-terminal domain (dN-GAPDS)
was obtained and investigated (Elkina et al., 2010). It should be
noted that the recombinant dN-GAPDS is similar to t-GAPDS
found in cancer tumors. The recombinant protein dN-GAPDS is
enzymatically active, and its catalytic parameters do not differ much
from those of somatic GAPDH. An unusual property of dN-GAPDS
is an increased stability compared to somatic isoform GAPDH
(Elkina et al., 2010; Kuravsky et al., 2014). Consequently, the
influence of t-GAPDS on the intensity of glycolysis and other cell
vital processes may be associated with its high stability, which may
increase the lifetime of the protein and ensure a greater total activity
of this enzyme compared to GAPDH.

Thus, we can make an unambiguous conclusion that the
production of the t-GAPDS plays an important role in providing
energy to growing melanoma cells due to the intensification of the
glycolytic pathway. However, melanoma metastasis is associated
with low t-GAPDS activity accompanied by an increase in the TCA
cycle. Consequently, the use of GAPDS inhibitors to suppress the
growth of melanoma as previously proposed (Ding et al., 2021) may
lead to undesirable consequences. Inhibition of t-GAPDS may
increase metastasis, which is even more dangerous than an
increase in the size of tumors. Before using t-GAPDS as a target
for the treatment of melanomas, a more thorough study of all aspects
of the participation of this enzyme in the metabolism of cancer cells
is necessary. However, already at this stage, t-GAPDS can be used as
a marker protein not only for diagnosing melanomas, but also for
determining the stage of development of this disease.

It should also be noted that data on the presence of GAPDS
mRNA in lung cancers have recently been published. The GAPDS
gene was among 24 genes related to mitochondrial energy
metabolism, with significantly increased transcription in these
cancers (Ye et al., 2021). In addition, according to
immunohistochemistry data from the Human Protein Atlas
project, a few cases of testicular cancer and a single case of
prostate cancer showed weak to moderate nuclear staining with
anti-GAPDS antibodies (Uhlen et al., 2017).

To summarize the above, full-length GAPDS is found only in
sperm cells. Reports on GAPDS detection in somatic tissues
describe GAPDS lacking the N-terminal domain (truncated
GAPDS, t-GAPDS). The N-terminal domain is required for
GAPDS binding to the cytoskeleton of the sperm flagellum, and
its removal has no effect on GAPDS enzymatic activity, but
allows production of GAPDS in a soluble form. Truncated
GAPDS is found in regenerating tissues of lizards and in
cancer cells in humans. We would like to note the
relationship between the production of t-GAPDS and
intensive cell division. While in lizards the appearance of
t-GAPDS leads to positive effects by enabling tissue
regeneration, in mammals, at least in the case of melanoma,
t-GAPDS production stimulates the development of malignant
tumors. It is possible that the enhanced stability of t-GAPDS
compared to GAPDH gives regenerating and cancer cells an
advantage in energy production via glycolysis.

5 GAPDS and neurodegenerative
diseases

It cannot be ruled out that not only cancerous, but also other
transformations of somatic cells can lead to the appearance of
GAPDS. So, meta-analysis of Alzheimer disease (AD) genetic
association studies has shown that among three hundred genes
that are presumably associated with Alzheimer’s disease only about
10 are sufficiently reliable participants in the development of this
pathology (Bertram et al., 2007). One of these genes is responsible
for the production of GAPDS. The study of single nucleotide
polymorphisms among GAPDH paralogs including the GAPDS
gene revealed their association with the risks of developing
Alzheimer’s disease. In addition, transcription of the GAPDS
gene was detected in brain tissues (Li et al., 2004). Unfortunately,
there is currently no experimental confirmation of the participation
of GAPDS in the occurrence and development of neurodegenerative
diseases. However, direct binding of non-native somatic GAPDH
with amyloid-beta peptide (Aβ) was shown (Naletova et al., 2008), as
well as stimulation of aggregation of such peptides in the presence of
GAPDH aggregates (Itakura et al., 2015). Moreover, aggregates
containing GAPDH and Aβ have been found in the
cerebrospinal fluid of Alzheimer’s patients (Lazarev et al., 2021).
Thus, modification of GAPDH by reactive oxygen/nitrogen species
affects not only energy metabolism, but also leads to stimulation of
amyloidogenesis.

The relationship between the development of neurodegenerative
diseases, oxidative stress, and the role of copper ions indicates that
GAPDH can be a trigger for this process due to the presence of the
sulfhydryl group sensitive to various modifications in this enzyme. It

FIGURE 1
Participation of GAPDS in normal and pathological processes. 1.
The full-length GAPDS is necessary for spermmotility: the N-terminal
domain provides attachment of GAPDS to the cytoskeletal structure in
the principal piece of the sperm flagellum. 2. The truncated
GAPDS without the N-terminal domain stimulates glycolysis in
melanoma. 3. Few data suggest participation of GAPDS in the
development of neurodegenerative diseases, but the mechanism is
unclear.
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is widely recognized that copper ions not only interact and form
complexes with Aβ but are also involved in the aggregation of
amyloidogenic peptides (Thakur et al., 2011; Attanasio et al., 2013b).
Many peptide inhibitors of Aβ aggregation (Attanasio et al., 2013a;
Wang et al., 2014; Barrera Guisasola et al., 2015; Greco et al., 2020)
and copper chelators (Tabbì et al., 2015; Magrì et al., 2016; Sciacca
et al., 2022) have been proposed for the treatment of AD (Ryan et al.,
2018). Moreover, a significant inhibitory effect on GAPDH activity
was obtained with copper that suggests the involvement of mainly
catalytic cysteine and neighboring histidine residues in the binding
of this metal (Krotkiewska and Banaś, 1992).

Whether it is the somatic GAPDH or GAPDS that is involved in
these processes has not been specially studied, but the meta-analysis
data described above indicate a possible involvement of GAPDS.

6 Conclusion and perspectives

Thus, GAPDS not only performs its glycolytic function when
supplying energy to mammalian spermatozoa, but also participates
in the regulation of glycolysis in cancer cells. It is also possible that
GAPDS is directly involved in the formation of amyloid structures
that are characteristic of neurodegenerative diseases (Figure 1).

Author contributions

IN: Visualization, Writing–original draft, Writing–review and
editing. ES: Conceptualization, Project administration,

Writing–original draft, Writing–review and editing. BT:
Writing–review and editing. DP: Writing–review and editing. FA:
Resources, Writing–review and editing. VM: Conceptualization,
Funding acquisition, Project administration, Supervision,
Writing–original draft, Writing–review and editing.

Funding

The authors declare financial support was received for the
research, authorship, and/or publication of this article. This
research was funded by Russian Science Foundation, Project No
21-14-00037.

Conflict of interest

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.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

References

Attanasio, F., Convertino, M., Magno, A., Caflisch, A., Corazza, A., Haridas, H., et al.
(2013a). Carnosine inhibits Aβ(42) aggregation by perturbing the H-bond network in
and around the central hydrophobic cluster. Chembiochem a Eur. J. Chem. Biol. 14,
583–592. doi:10.1002/cbic.201200704

Attanasio, F., De Bona, P., Cataldo, S., Sciacca, M. F. M., Milardi, D., Pignataroc, B.,
et al. (2013b). Copper(ii) and zinc(ii) dependent effects on Aβ42 aggregation: A cd, Th-
T and sfm study. New J. Chem. 37, 1206–1215. doi:10.1039/c3nj40999f

Barinova, K. V., Serebryakova, M. V., Melnikova, A. K., Medvedeva, M. V., Muronetz,
V. I., and Schmalhausen, E. V. (2023). Mechanism of inactivation of glyceraldehyde-3-
phosphate dehydrogenase in the presence of methylglyoxal. Archives Biochem.
biophysics 733, 109485. doi:10.1016/j.abb.2022.109485

Barrera Guisasola, E. E., Andujar, S. A., Hubin, E., Broersen, K., Kraan, I. M., Méndez,
L., et al. (2015). Newmimetic peptides inhibitors of Aβ aggregation. Molecular guidance
for rational drug design. Eur. J. Med. Chem. 95, 136–152. doi:10.1016/j.ejmech.2015.
03.042

Bertram, L., McQueen, M. B., Mullin, K., Blacker, D., and Tanzi, R. E. (2007).
Systematic meta-analyses of alzheimer disease genetic association studies: the AlzGene
database. Nat. Genet. 39, 17–23. doi:10.1038/ng1934

Bunch, D. O., Welch, J. E., Magyar, P. L., Eddy, E. M., and O’Brien, D. A.
(1998). Glyceraldehyde 3-phosphate dehydrogenase-S protein distribution
during mouse spermatogenesis. Biol. reproduction 58, 834–841. doi:10.1095/
biolreprod58.3.834

Ding, X., Wang, L., Chen, M., Wu, Y., Ge, S., Li, J., et al. (2021). Sperm-specific
glycolysis enzyme glyceraldehyde-3-phosphate dehydrogenase regulated by
transcription factor SOX10 to promote uveal melanoma tumorigenesis. Front. Cell
Dev. Biol. 9, 610683. doi:10.3389/fcell.2021.610683

Dong, X. Y., Su, Y. R., Qian, X. P., Yang, X. A., Pang, X. W., Wu, H. Y., et al. (2003).
Identification of two novel CT antigens and their capacity to elicit antibody response in
hepatocellular carcinoma patients. Br. J. cancer 89, 291–297. doi:10.1038/sj.bjc.6601062

du Plessis, S. S., Agarwal, A., Mohanty, G., and van der Linde, M. (2015). Oxidative
phosphorylation versus glycolysis: what fuel do spermatozoa use? Asian J. Androl. 17,
230–235. doi:10.4103/1008-682X.135123

Elkina, Y. L., Atroshchenko,M.M., Bragina, E. E., Muronetz, V. I., and Schmalhausen,
E. V. (2011). Oxidation of glyceraldehyde-3-phosphate dehydrogenase decreases sperm
motility. Biochemistry 76, 268–272. doi:10.1134/S0006297911020143

Elkina, Y. L., Kuravsky, M. L., Bragina, E. E., Kurilo, L. F., Khayat, S. S., Sukhomlinova,
M. Y., et al. (2017). Detection of a mutation in the intron of Sperm-specific
glyceraldehyde-3-phosphate dehydrogenase gene in patients with fibrous sheath
dysplasia of the sperm flagellum. Andrologia 49, 12606. doi:10.1111/and.12606

Elkina, Y. L., Kuravsky, M. L., El’darov, M. A., Stogov, S. V., Muronetz, V. I., and
Schmalhausen, E. V. (2010). Recombinant human sperm-specific glyceraldehyde-3-
phosphate dehydrogenase: structural basis for enhanced stability. Biochimica biophysica
acta 1804, 2207–2212. doi:10.1016/j.bbapap.2010.09.002

Falkenius, J., Lundeberg, J., Johansson, H., Tuominen, R., Frostvik-Stolt, M., Hansson,
J., et al. (2013). High expression of glycolytic and pigment proteins is associated with
worse clinical outcome in stage III melanoma.Melanoma Res. 23, 452–460. doi:10.1097/
CMR.0000000000000027

Feiden, S., Wolfrum, U., Wegener, G., and Kamp, G. (2008). Expression and
compartmentalisation of the glycolytic enzymes GAPDH and pyruvate kinase in
boar spermatogenesis. Reproduction, Fertil. Dev. 20, 713–723. doi:10.1071/RD08004

Gill, J. G., Leef, S. N., Ramesh, V., Martin-Sandoval, M. S., Rao, A. D., West, L., et al.
(2022). A short isoform of spermatogenic enzyme GAPDHS functions as a metabolic
switch and limits metastasis in melanoma. Cancer Res. 82, 1251–1266. doi:10.1158/
0008-5472.CAN-21-2062

Greco, V., Naletova, I., Ahmed, I. M. M., Vaccaro, S., Messina, L., La Mendola, D.,
et al. (2020). Hyaluronan-carnosine conjugates inhibit Aβ aggregation and toxicity. Sci.
Rep. 10, 15998. doi:10.1038/s41598-020-72989-2

Hua, Y., Liang, C., Zhu, J., Miao, C., Yu, Y., Xu, A., et al. (2017). Expression of lactate
dehydrogenase C correlates with poor prognosis in renal cell carcinoma. Tumour Biol.
39, 1010428317695968. doi:10.1177/1010428317695968

Itakura, M., Nakajima, H., Kubo, T., Semi, Y., Kume, S., Higashida, S., et al. (2015).
Glyceraldehyde-3-phosphate dehydrogenase aggregates accelerate amyloid-β
amyloidogenesis in alzheimer disease. J. Biol. Chem. 290, 26072–26087. doi:10.1074/
jbc.M115.669291

Frontiers in Molecular Biosciences frontiersin.org05

Naletova et al. 10.3389/fmolb.2023.1256963

https://doi.org/10.1002/cbic.201200704
https://doi.org/10.1039/c3nj40999f
https://doi.org/10.1016/j.abb.2022.109485
https://doi.org/10.1016/j.ejmech.2015.03.042
https://doi.org/10.1016/j.ejmech.2015.03.042
https://doi.org/10.1038/ng1934
https://doi.org/10.1095/biolreprod58.3.834
https://doi.org/10.1095/biolreprod58.3.834
https://doi.org/10.3389/fcell.2021.610683
https://doi.org/10.1038/sj.bjc.6601062
https://doi.org/10.4103/1008-682X.135123
https://doi.org/10.1134/S0006297911020143
https://doi.org/10.1111/and.12606
https://doi.org/10.1016/j.bbapap.2010.09.002
https://doi.org/10.1097/CMR.0000000000000027
https://doi.org/10.1097/CMR.0000000000000027
https://doi.org/10.1071/RD08004
https://doi.org/10.1158/0008-5472.CAN-21-2062
https://doi.org/10.1158/0008-5472.CAN-21-2062
https://doi.org/10.1038/s41598-020-72989-2
https://doi.org/10.1177/1010428317695968
https://doi.org/10.1074/jbc.M115.669291
https://doi.org/10.1074/jbc.M115.669291
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2023.1256963


Krotkiewska, B., and Banaś, T. (1992). Interaction of Zn2+ and Cu2+ ions with
glyceraldehyde-3-phosphate dehydrogenase from bovine heart and rabbit muscle. Int.
J. Biochem. 24, 1501–1505. doi:10.1016/0020-711X(92)90078-F

Kuravsky, M., Barinova, K., Marakhovskaya, A., Eldarov, M., Semenyuk, P.,
Muronetz, V., et al. (2014). Sperm-specific glyceraldehyde-3-phosphate
dehydrogenase is stabilized by additional proline residues and an interdomain salt
bridge. Biochimica biophysica acta 1844, 1820–1826. doi:10.1016/j.bbapap.2014.07.018

Kuravsky, M. L., Aleshin, V. V., Frishman, D., and Muronetz, V. I. (2011). Testis-
specific glyceraldehyde-3-phosphate dehydrogenase: origin and evolution. BMC Evol.
Biol. 11, 160. doi:10.1186/1471-2148-11-160

Lazarev, V. F., Tsolaki, M., Mikhaylova, E. R., Benken, K. A., Shevtsov, M. A.,
Nikotina, A. D., et al. (2021). Extracellular GAPDH promotes alzheimer disease
progression by enhancing amyloid-β aggregation and cytotoxicity. Aging Dis. 12,
1223–1237. doi:10.14336/AD.2020.1230

Lee, C., Yim, M. B., Chock, P. B., Yim, H. S., and Kang, S. O. (1998). Oxidation-
reduction properties of methylglyoxal-modified protein in relation to free radical
generation. J. Biol. Chem. 273, 25272–25278. doi:10.1074/jbc.273.39.25272

Li, Y., Nowotny, P., Holmans, P., Smemo, S., Kauwe, J. S., Hinrichs, A. L., et al. (2004).
Association of late-onset Alzheimer’s disease with genetic variation in multiple
members of the GAPD gene family. Proc. Natl. Acad. Sci. U. S. A. 101,
15688–15693. doi:10.1073/pnas.0403535101

Little, C., and O’Brien, P. J. (1969). Mechanism of peroxide-inactivation of the
sulphydryl enzyme glyceraldehyde-3-phosphate dehydrogenase. Eur. J. Biochem. 10,
533–538. doi:10.1111/j.1432-1033.1969.tb00721.x

Liu, J., Wang, Y., Gong, L., and Sun, C. (2015). Oxidation of glyceraldehyde-3-
phosphate dehydrogenase decreases sperm motility in diabetes mellitus. Biochem.
biophysical Res. Commun. 465, 245–248. doi:10.1016/j.bbrc.2015.08.006

Magrì, A., Tabbì, G., Giuffrida, A., Pappalardo, G., Satriano, C., Naletova, I., et al.
(2016). Influence of the N-terminus acetylation of Semax, a synthetic analog of
ACTH(4-10), on copper(II) and zinc(II) coordination and biological properties.
J. Inorg. Biochem. 164, 59–69. doi:10.1016/j.jinorgbio.2016.08.013

Mann, T., and Lutwak-Mann, C. (1981). Male reproductive function and semen.
Berlin, Heidelberg, New York: Springer-Verlag, 55–81.

Melnikova, A. K., Kuravsky, M. L., Kulikova, K. V., Sevostyanova, I. A., andMuronetz,
V. I. (2020). Expression of sperm-specific glyceraldehyde-3-phosphate dehydrogenase
in melanoma cells changes their energy metabolism. Biomeditsinskaia khimiia 66,
372–377. doi:10.18097/PBMC20206605372

Miki, K., Qu, W., Goulding, E. H., Willis, W. D., Bunch, D. O., Strader, L. F., et al.
(2004). Glyceraldehyde 3-phosphate dehydrogenase-S, a sperm-specific glycolytic
enzyme, is required for sperm motility and male fertility. Proc. Natl. Acad. Sci. U. S.
A. 101, 16501–16506. doi:10.1073/pnas.0407708101

Mukai, C., and Okuno, M. (2004). Glycolysis plays a major role for adenosine
triphosphate supplementation in mouse sperm flagellar movement. Biol. reproduction
71, 540–547. doi:10.1095/biolreprod.103.026054

Naletova, I., Schmalhausen, E., Kharitonov, A., Katrukha, A., Saso, L., Caprioli, A.,
et al. (2008). Non-native glyceraldehyde-3-phosphate dehydrogenase can be an intrinsic
component of amyloid structures. Biochimica biophysica acta 1784, 2052–2058. doi:10.
1016/j.bbapap.2008.07.013

Paoli, D., Pelloni, M., Gallo, M., Coltrinari, G., Lombardo, F., Lenzi, A., et al. (2017).
Sperm glyceraldehyde 3-phosphate dehydrogenase gene expression in
asthenozoospermic spermatozoa. Asian J. Androl. 19, 409–413. doi:10.4103/1008-
682X.173934

Ryan, P., Patel, B., Makwana, V., Jadhav, H. R., Kiefel, M., Davey, A., et al. (2018).
Peptides, peptidomimetics, and carbohydrate-peptide conjugates as amyloidogenic
aggregation inhibitors for Alzheimer’s disease. ACS Chem. Neurosci. 9, 1530–1551.
doi:10.1021/acschemneuro.8b00185

Sciacca, M. F. M., Naletova, I., Giuffrida, M. L., and Attanasio, F. (2022). Semax, a
synthetic regulatory peptide, affects copper-induced abeta aggregation and amyloid
formation in artificial membrane models. ACS Chem. Neurosci. 13, 486–496. doi:10.
1021/acschemneuro.1c00707

Sevostyanova, I. A., Kulikova, K. V., Kuravsky, M. L., Schmalhausen, E. V., and
Muronetz, V. I. (2012). Sperm-specific glyceraldehyde-3-phosphate dehydrogenase is
expressed in melanoma cells. Biochem. biophysical Res. Commun. 427, 649–653. doi:10.
1016/j.bbrc.2012.09.115

Simpson, A. J., Caballero, O. L., Jungbluth, A., Chen, Y. T., and Old, L. J. (2005).
Cancer/testis antigens, gametogenesis and cancer. Nat. Rev. Cancer. 5, 615–625. doi:10.
1038/nrc1669

Singh, A. P., Bafna, S., Chaudhary, K., Venkatraman, G., Smith, L., Eudy, J. D., et al.
(2008). Genome-wide expression profiling reveals transcriptomic variation and
perturbed gene networks in androgen-dependent and androgen-independent
prostate cancer cells. Cancer Lett. 259, 28–38. doi:10.1016/j.canlet.2007.09.018

Tabbì, G., Magrì, A., Giuffrida, A., Lanza, V., Pappalardo, G., Naletova, I., et al. (2015).
Semax, an ACTH4-10 peptide analog with high affinity for copper(II) ion and protective
ability against metal induced cell toxicity. J. Inorg. Biochem. 142, 39–46. doi:10.1016/j.
jinorgbio.2014.09.008

Thakur, A. K., Srivastava, A. K., Srinivas, V., Chary, K. V. R., and Rao, C. M. (2011).
Copper alters aggregation behavior of prion protein and induces novel interactions
between its N- and C-terminal regions. J. Biol. Chem. 286, 38533–38545. doi:10.1074/
jbc.M111.265645

Thornalley, P. J. (1996). Pharmacology of methylglyoxal: formation, modification of
proteins and nucleic acids, and enzymatic detoxification-a role in pathogenesis and
antiproliferative chemotherapy. General Pharmacol. 27, 565–573. doi:10.1016/0306-
3623(95)02054-3

Tourmente, M., Villar-Moya, P., Rial, E., and Roldan, E. R. (2015). Differences in ATP
generation via glycolysis and oxidative phosphorylation and relationships with sperm
motility in mouse species. J. Biol. Chem. 290, 20613–20626. doi:10.1074/jbc.M115.
664813

Uhlen, M., Zhang, C., Lee, S., Sjöstedt, E., Fagerberg, L., Bidkhori, G., et al. (2017). A
pathology atlas of the human cancer transcriptome. Science 357, eaan2507. doi:10.1126/
science.aan2507

Wang, Q., Liang, G., Zhang, M., Zhao, J., Patel, K., Yu, X., et al. (2014). De novo design
of self-assembled hexapeptides as β-amyloid (Aβ) peptide inhibitors. ACS Chem.
Neurosci. 5, 972–981. doi:10.1021/cn500165s

Welch, J. E., Brown, P. L., O’Brien, D. A., Magyar, P. L., Bunch, D. O., Mori, C., et al.
(2000). Human glyceraldehyde 3-phosphate dehydrogenase-2 gene is expressed
specifically in spermatogenic cells. J. Androl. 21, 328–338. doi:10.1002/j.1939-4640.
2000.tb02111.x

Westhoff, D., and Kamp, G. (1997). Glyceraldehyde 3-phosphate dehydrogenase is
bound to the fibrous sheath of mammalian spermatozoa. J. Cell Sci. 110, 1821–1829.
doi:10.1242/jcs.110.15.1821

Ye, Z., Zhang, H., Kong, F., Lan, J., Yi, S., Jia, W., et al. (2021). Comprehensive analysis
of alteration landscape and its clinical significance of mitochondrial energy metabolism
pathway-related genes in lung cancers. Oxidative Med. Cell. Longev. 2021, 9259297.
doi:10.1155/2021/9259297

Frontiers in Molecular Biosciences frontiersin.org06

Naletova et al. 10.3389/fmolb.2023.1256963

https://doi.org/10.1016/0020-711X(92)90078-F
https://doi.org/10.1016/j.bbapap.2014.07.018
https://doi.org/10.1186/1471-2148-11-160
https://doi.org/10.14336/AD.2020.1230
https://doi.org/10.1074/jbc.273.39.25272
https://doi.org/10.1073/pnas.0403535101
https://doi.org/10.1111/j.1432-1033.1969.tb00721.x
https://doi.org/10.1016/j.bbrc.2015.08.006
https://doi.org/10.1016/j.jinorgbio.2016.08.013
https://doi.org/10.18097/PBMC20206605372
https://doi.org/10.1073/pnas.0407708101
https://doi.org/10.1095/biolreprod.103.026054
https://doi.org/10.1016/j.bbapap.2008.07.013
https://doi.org/10.1016/j.bbapap.2008.07.013
https://doi.org/10.4103/1008-682X.173934
https://doi.org/10.4103/1008-682X.173934
https://doi.org/10.1021/acschemneuro.8b00185
https://doi.org/10.1021/acschemneuro.1c00707
https://doi.org/10.1021/acschemneuro.1c00707
https://doi.org/10.1016/j.bbrc.2012.09.115
https://doi.org/10.1016/j.bbrc.2012.09.115
https://doi.org/10.1038/nrc1669
https://doi.org/10.1038/nrc1669
https://doi.org/10.1016/j.canlet.2007.09.018
https://doi.org/10.1016/j.jinorgbio.2014.09.008
https://doi.org/10.1016/j.jinorgbio.2014.09.008
https://doi.org/10.1074/jbc.M111.265645
https://doi.org/10.1074/jbc.M111.265645
https://doi.org/10.1016/0306-3623(95)02054-3
https://doi.org/10.1016/0306-3623(95)02054-3
https://doi.org/10.1074/jbc.M115.664813
https://doi.org/10.1074/jbc.M115.664813
https://doi.org/10.1126/science.aan2507
https://doi.org/10.1126/science.aan2507
https://doi.org/10.1021/cn500165s
https://doi.org/10.1002/j.1939-4640.2000.tb02111.x
https://doi.org/10.1002/j.1939-4640.2000.tb02111.x
https://doi.org/10.1242/jcs.110.15.1821
https://doi.org/10.1155/2021/9259297
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2023.1256963

	The role of sperm-specific glyceraldehyde-3-phosphate dehydrogenase in the development of pathologies—from asthenozoospermi ...
	1 Introduction: isoenzymes GAPDH and GAPDS: general information
	2 Energy source for sperm motility
	3 Role of GAPDS in sperm motility
	4 Expression of truncated GAPDS in cancer
	5 GAPDS and neurodegenerative diseases
	6 Conclusion and perspectives
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


