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Essential role of germ cell glycerol-3-phosphate
phosphatase for sperm health, oxidative stress
control and male fertility in mice
Abel Oppong1,9, Yat Hei Leung1,9, Anindya Ghosh1, Marie-Line Peyot1, Marilène Paquet2, Carlos Morales3,
Hugh J. Clarke4, Fahd Al-Mulla5, Alexandre Boyer2, S. R. Murthy Madiraju1, Derek Boerboom2,
Cristian O’Flaherty3,6,7,8,**, Marc Prentki1,*
ABSTRACT

Objectives: Obesity, diabetes and high-calorie diets are associated with defective sperm function and lowered male fertility. Mature sper-
matozoa primarily use fructose and glucose, and glucose and glycerol metabolism are important for sperm function. We recently discovered a
novel mammalian enzyme, glycerol-3-phosphate (Gro3P) phosphatase (G3PP), and showed that it operates the glycerol shunt by hydrolyzing
Gro3P to glycerol, and regulates glucose, lipid and energy metabolism in pancreatic b-cells and liver. We now observed that G3PP expression is
the highest in the testis and spermatozoa, and investigated its role in male fertility.
Methods: We examined G3PP expression during spermatogenesis in mouse and assessed male fertility and spermatozoon function in con-
ditional germ cell specific G3PP-KO (cG3PP-KO) mice and tamoxifen-inducible conditional germ cell G3PP-KO (icG3PP-KO) mice. We also
determined the structural and metabolic parameters and oxidative stress in the spermatozoa from icG3PP-KO and control mice.
Results: G3PP expression in mouse spermatocytes and spermatids markedly increases during spermatogenesis. Male cG3PP-KO mice, in which
germ cell G3PP is deleted from embryonic stage, are infertile due to dysfunctional sperm with reduced motility and capacitation, and elevated
spontaneous acrosomal reaction and oxidative stress. However, icG3PP-KO male mice do not have altered fertility, due to the presence ofw10%
normal spermatozoa. icG3PP-KO spermatozoa display significantly reduced functionality and morphological and ultrastructural alterations. The
icG3PP-KO spermatozoa show reduced glycerol production, elevated levels of Gro3P and reactive oxygen species (ROS), and oxidative stress that
is associated with increased mitochondrial membrane potential.
Conclusions: Germ cell G3PP deletion leads to the generation of spermatozoa that are functionally and structurally abnormal, likely due to the
build-up of Gro3P that increases mitochondrial membrane potential, ROS, and oxidative stress and alters spermatozoa function. Overall, the
results indicate that G3PP and the glycerol shunt are essential for normal spermatozoa function and male fertility.

� 2024 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

A declining trend is seen worldwide in male reproductive health [1] and
this is ascribed to reduced spermatogenesis, altered sperm
morphology, mobility, and function, likely due to genetic, environ-
mental and lifestyle factors [2]. The increasingly prevalent conditions of
obesity and type 2 diabetes (T2D) and diets rich in calories are often
accompanied by lowered male fertility [3,4]. Indeed, excess glucose
concentration in the storage media has been shown to have toxic
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effects on stallion spermatozoa, which could be prevented by low
glucose levels together with supplementation of Krebs cycle substrates
[5,6]. Mature human spermatozoa primarily use fructose and glucose
as energy sources and conduct high rates of glycolysis, which occurs
in the principal piece, whereas mitochondrial ATP production is
restricted to the midpiece. The energy source for the acrosome re-
action is not known [7].
There is evidence that disturbed glycerol metabolism in sperm cells
contributes to sperm alterations and male infertility [8]. Disturbed
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glucose and lipid metabolism in obesity and T2D leads to elevated
glycerol levels in tissues and blood, and excessive extracellular glyc-
erol levels in the testis negatively impact spermatogenesis [9]. How-
ever, under physiological conditions, glycerol plays an essential role in
maintaining sperm cell volume [10,11]. Considering that post-
testicular spermatozoa face continuously changing extracellular os-
motic conditions that range from an osmolality of 480 mmol/kg in the
corpus epididymis to 294 mmol/kg in seminal fluid following ejacu-
lation and to 268e284 mmol/kg in the cervical mucus, the necessity of
sperm cell volume regulation becomes evident [11]. The organic
osmolyte property of glycerol is dependent on its transmembrane
transport through aquaglyceroporins (AQP) and defects in AQPs cause
disrupted sperm volume regulation and male infertility in mice and
humans [10e14].
Glucose-derived glycerol in mammalian cells was thought to be pro-
duced only through the esterification of glycerol-3-phosphate (Gro3P)
to fatty acids to produce triglycerides (TG), followed by lipolysis by
adipose triglyceride lipase (ATGL), hormone-sensitive lipase (HSL) and
monoacylglycerol lipase (MAGL), which hydrolyze TG, diacylglycerol
and monoacylglycerol, respectively [15,16]. In addition to MAGL, we
recently showed that a,b-hydrolase domain containing-6 (ABHD6), a
membrane-bound enzyme, also hydrolyzes monoacylglycerol [17].
However, lipolysis is not the only source of glycolysis-derived glycerol,
as we recently identified a Gro3P phosphatase (G3PP) in mammalian
cells that can hydrolyze Gro3P to glycerol [18]. G3PP is an ubiquitous
enzyme but by far, its highest expression of all tissues in mice is in the
testis [18], suggesting the possibility that G3PP plays an essential role
in this organ or sperm cells themselves [18]. Our recent work showed
that G3PP controls glucose, lipid, and energy metabolism in pancreatic
b-cells [19] and liver [20], particularly under hyperglycemic conditions,
and is a stress-induced enzyme in C. elegans [21,22]. Thus, the evi-
dence emerges that G3PP acts as a glucose excess detoxification
machine as glucose-derived glycerol is a relatively inert molecule,
whereas elevated glucose is quite toxic [23,24]. In C.elegans, where
we identified three G3PP/PGPH homologs, increased G3PP expression
was found to counteract many stresses (osmotic, cold, oxidative,
glucotoxicity), and it also increases lifespan and promotes healthy
aging [19e22]. Thus, G3PP is the key component of a novel metabolic
pathways that we have termed the “glycerol shunt” in which
glycolysis-derived dihydroxyacetone phosphate (DHAP) is transformed
to Gro3P via Gro3P dehydrogenase-1 (GPD1), then Gro3P to glycerol
via G3PP, and finally glycerol escapes cells via AQPs. Indeed, this
pathway shunts glucose- or fructose-derived carbons away from
lactate production, the Gro3P shuttle, mitochondrial metabolism and
TG synthesis [20,23]. The G3PP protein is encoded by the PGP gene
and certain forms of male infertility in humans, such as ter-
atozoospermia, are associated with mutations in this gene [25].
Moreover, patients with nonobstructive azoospermia were found to
have reduced expression of the PGP/G3PP gene in the testis, compared
to normal controls [26]. In addition, a recent study on testicular
seminoma patients with reduced fertility identified G3PP expression to
be reduced byw50-fold in the seminoma sperm, compared to healthy
controls, even though the relation between G3PP expression and
spermatozoa function is not known [27]. On the other hand, male mice
with a lack of either the lipolysis enzymes ATGL [28] or HSL [29] that
contribute to lipolysis-derived glycerol are infertile, whereas male mice
with deletion of either MAGL [30] or ABHD6 [17], the enzymes that
actually produce glycerol, are fertile. Perhaps the redundance of MAGL
and ABHD6 may explain why each of these KO mice are fertile. The
available database information (Human Protein Atlas) indicates that the
expression of ATGL, HSL and MAGL proteins in the spermatozoa is very
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low, whereas G3PP is very high, implying that the contribution of
lipolysis for glycerol release in the sperm cells is much less than that
via the glycerol shunt. Moreover, spermatozoa utilize Gro3P that is
produced from fructose, glucose or phospholipid metabolism [8]. GPD2
oxidizes Gro3P to DHAP [31e33], a step that can lead to the production
of reactive oxygen species (ROS) [8], which can cause male infertility
when excessively produced [34]. It has been shown earlier that stallion
spermatozoa stored in media with excess glucose undergo ferroptosis
due to the formation of elevated levels of ROS [5] and also suffer from
structural damage due to the production of glycating compounds such
as methylglyoxal, during glycolysis [6]. Thus, the action of G3PP to
control the levels of Gro3P is possibly important to prevent excess
production of ROS in spermatozoa, and this has never been investi-
gated. Hence, it can be hypothesized that G3PP/PGP and the glycerol
shunt are essential for sperm function and male fertility.
Here, we address the role of this novel enzyme and metabolic pathway,
G3PP and the glycerol shunt, in the regulation of sperm intermediary
metabolism and function. Mouse models with both conditional and
inducible conditional G3PP/PGP knockout in the male germinal cells
were used. We demonstrate that G3PP expression markedly rises
during sperm cell differentiation and is essential for sperm cell function
and male fertility. Spermatozoa with G3PP deletion are defective in
their morphology and function. These spermatozoa show elevated
Gro3P and reduced glycerol production, relatively minor alterations in
the level of many metabolites, but altered mitochondrial membrane
potential and a high degree of oxidative stress.

2. MATERIALS AND METHODS

2.1. Experimental animals
All animal procedures were approved by the Comité d’éthique de
l’utilisation des animaux (CÉUA e institutional animal care and use
committee; Protocol # Rech-2053) of the Faculté de médecine vétér-
inaire of the Université de Montréal and by the CRCHUM animal ethics
committee (Protocol # CM19035MPs) and conformed to the Interna-
tional Guiding Principles for Biomedical Research Involving Animals.
Mice were housed in microisolator cages, 12h light/dark cycle, and fed
ad libitum (Rodent Chow 5075 from Charles River Laboratories; Wil-
mington, MA, USA). The C57BL/6N strain mice were obtained from
Charles River Laboratories. Transgenic Vasa-Cre [(Ddx4-cre)1Dcas/J;
Strain # 006954] and Vasa-CreERT2 [(Ddx4-cre/ERT2)1Dcas/J; Strain #
024 760] mice were obtained from Jackson Laboratory (Bar Harbor,
ME, USA). G3PP-floxed (G3PPflox/flox) mice were described before [19].
We initially generated conditional, germ cell-specific G3PP-KO mice by
mating G3PPflox/flox mice [19] to Cre expressing transgenic mice in
which Cre expression is driven by the Ddx4 promoter (JAX #006954)
[35]. G3PPflox/e;Vasa-Cre mice (cG3PP-KO) were generated by mating
female G3PPflox/flox mice to G3PPflox/þ;Vasa-Cre males. The latter mice
were only used for breeding until 9 weeks of age in order to minimize
Cre activity in the sperm, and hence the odds of global recombination
occurring in the embryo. Nonetheless, cG3PP-KO mice were born in
numbers z20-fold lower than the expected Mendelian ratio, sug-
gesting high levels of gene inactivation in the embryo and embryonic
lethality. Because of this, we could not obtain sufficient number of
male cG3PP-KO mice to conduct all the studies. In order to circumvent
this problem, we next generated tamoxifen-inducible conditional germ
cell G3PP-KO mice (icG3PP-KO). These icG3PP-KO mice were
generated by breeding Vasa-CreERT2 [36] mice with G3PPflox/flox mice
for several generations to obtain G3PPflox/flox;Vasa-Cre/ERT2 mice. To
inactivate G3PP in male germ cells in the inducible model, 6-8week-
old G3PPflox/flox;Vasa-Cre/ERT2 mice were injected with tamoxifen
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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(120 mg/kg, IP) in corn oil or vehicle alone once daily for 5 consecutive
days. After an eight weeks period, to allow for a complete cycle of
spermatogenesis and transit through the epididymis, the animals were
used in experiments. The production of G3PPflox/flox;Vasa-Cre/ERT2
mice followed Mendelian ratio and mice were in sufficient numbers, to
be used in most experiments. Both the Vasa-Cre and Vasa-CreERT2
mice were on C57BL/6J genetic background whereas the G3PPflox/
flox mice were on pure C57BL/6N genetic background and thus the
resulting KO mice were on a mixed NJ background. As we compared
the KO mice to Cre, flox and WT controls that gave similar results and
all these control mice breed normally, we do not see a problem that the
KO mice were on the NJ background.

2.2. Fertility analysis
Fertility in the cG3PP KO model was assessed by mating 8-week old
male G3PPflox/flox (controls) and male cG3PP-KO mice (n ¼ 3 for each
genotype) with 8-week-old female C57BL/6J WT mice for a period of 3
months and counting the number of litters and pups produced. In the
icG3PP-KO model, fertility was assessed by mating 16-week-old
icG3PP-KO (n ¼ 6, G3PPflox/e;Vasa-Cre/ERT2-TMX) and control
(n¼ 4, G3PPflox/flox;Vasa-Cre/ERT2-Vehicle) males with 8 week-old WT
females for a period of 6 months, and counting the number of litters
and pups produced. Males were removed after 6 months and females
were monitored for three weeks for the production of a final litter.

2.3. In vivo fertilization
Eight-week-old female WT mice (n ¼ 3) were superovulated by
injecting intraperitoneally with 7.5 IU Folligon PMSG (Pregnant Mare
Serum Gonadotrophin; Merck, NJ), followed by an injection of 5 IU
Chorulon (human Chorionic Gonadotropin; Merck, NJ) 48 h later. These
female mice were placed individually in cages with either a single
cG3PP-KO male mouse or a WT male mouse (both 8 weeks of age).
Vaginal plugs were checked the next morning to confirm mating. The
females were sacrificed at 18 h after hCG injection, their oviducts were
removed, and the egg masses were collected and incubated for 10 min
in a pre-warmed solution of hyaluronidase (10 mg/ml, Sigma Chem-
icals, USA) in HEPES-buffered minimal essential medium, pH 7.2
(Invitrogen, USA) to disaggregate the cells. All the eggs were fixed in a
solution of 2% (w/v) paraformaldehyde in PBS for 10 min on glass
slides, then in blocking buffer (PBS, 0.3% bovine serum albumin, 0.1%
Triton X-100). The prepared slides were stained with 4,6-diamidino-2-
phenylindole (DAPI) and analyzed under a fluorescent microscope and
eggs with two pronuclei were counted as fertilized eggs and the rate of
fertilization was calculated as the percentage of cleaved embryos of
the total recovered embryos/eggs [37,38].

2.4. Sperm sample collection
Sperm were collected from the cauda epididymis as described before
[39] in non-capacitation Biggers, Whitten and Whittingham (ncBWW)
medium consisting of 112 mM NaCl, 4.6 mM KCl, 1.2 mM MgSO4,
1.2 mM KH2PO4, 1.7 mM CaCl2, 20 mM HEPES (pH 7.4), 5.6 mM
glucose, 1 mg/ml fatty acid-free BSA, 2 mM NaHCO3, 0.27 mM sodium
pyruvate, and 21.6 mM sodium lactate. Testes and epididymides were
isolated and separated using a previously described protocol [39] with
few modifications. Fat was trimmed from testes and epididymides in
PBS and the entire epididymides were then transferred to 60 mm Petri
Dishes containing ncBWW medium, after which the caudal portion was
separated and transferred to 35 mm dishes containing 1 ml of ncBWW
medium. Spermatozoa were released into the medium by nicking the
cauda open, followed by incubation at 37�C for the spermatozoa to
swim out. The sperm suspensions were collected in 1.5 ml microfuge
MOLECULAR METABOLISM 90 (2024) 102063 � 2024 The Author(s). Published by Elsevier GmbH. This is an open
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tubes and spermatozoa counts were obtained by 10-fold dilution in
PBS followed by incubation at 60�C for 2 min for heat shock prior to
counting using a hemacytometer.

2.5. Glycerol release
Glycerol released from caudal spermatozoa was measured in two in-
dependent experiments, each with spermatozoa pooled from 3 to 5
mice from each genotype. Spermatozoa from multiple icG3PP-KO and
TMX treated G3PPflox/flox -control mice were pooled respectively in
15 ml falcon tubes, following swim-out in the modified ncBWW me-
dium without sodium pyruvate and sodium lactate, for 30 min at 37�C
as described above. Sperm samples were centrifuged at 900�g for
2 min, and the supernatant was removed. The pooled sperm pellets for
each genotype were then resuspended in 2.5 ml of the ncBWW me-
dium. Aliquots of sperm suspension (0.5 ml) were added to 12-well
plates containing 0.5 ml of ncBWW medium containing 5.6 mM
glucose with and without 5 mM fructose or 25 mM glucose at 37�C.
Aliquots were taken from the wells immediately after adding the
samples (t ¼ 0) and after 1-hour incubation (t ¼ 60 min), and
centrifuged at 900�g for 2 min. Supernatants were collected for
glycerol assay [18]. In both the experiments, glycerol measurements
were made in duplicate, and normalized to sperm counts.

2.6. Metabolomics
Spermatozoa isolated from cauda epididymis from control and icG3PP-
KO mice were isolated in 1 ml of ncBWW medium. After obtaining
sperm counts, the remaining sperm suspensions were centrifuged at
900�g for 2 min, and the supernatant was aspirated until about 60 ml
remained. Then, 600 ml of extraction buffer, consisting of methanol
and ammonium acetate, was added to the pellets to reach 80% v/v
methanol and 2 mM ammonium acetate (pH 9.0). After mixing for 10 s,
the samples were left on ice for 15 min. Then, the samples were
homogenized by sonication in a cup horn at 150W with pulse cycles of
10 s on and 10 s off, followed by centrifugation at 20 000�g for
10 min at 4�C. The supernatant (600 ml) was transferred to glass tubes
and liquid/liquid extraction was performed by adding 168 ml of water
and 960 ml of 3:1 chloroform:heptane and after cooling on ice for
10 min, the tubes were centrifuged at 4,500�g for 15 min at 4�C.
Approximately 550 ml of the upper aqueous phase was transferred to
1.5 ml screw cap tubes, which were placed in a Centrivap Concen-
trator (Labconco, MO) at 25�C for at least 90 min to remove methanol,
followed by freezing in liquid N2 for 1 min, and lyophilization to dry-
ness. The residue was suspended in 20 ml water and after centrifu-
gation for 5 min at 4�C, 16 ml of the supernatant was processed for LC-
MS/MS. All the measured metabolites were normalized to sperm
counts from the corresponding mice.

2.7. Mitochondrial membrane potential
Caudal spermatozoa from icG3PP-KO and control mice were isolated in
1.7 ml of non-capacitation BWW medium with a swim-out incubation
of 30 min at 37�C. The sperm suspensions were split into three 500 ml
aliquots in 1.5 ml microfuge tubes. Then 10 ml of JC-1 reconstituted
reagent (MitoProbe JC-1 Assay kit; Thermo Fisher Scientific, MA) was
added, and the tubes were incubated for 30 min at 37�C. These tubes
were centrifuged at 900�g for 2 min, and the sperm pellets were
washed twice with 1 ml of PBS by centrifugation at 900�g for 2 min.
Sperm pellets were resuspended in 500 ml of PBS, and fluorescence
was analyzed at excitation (l ¼ 488 nm) and emission (l ¼ 525 nm)
wavelengths, in duplicate, on a LSR Fortessa X-20 fluorescence-
activated cell sorter (BD, NJ). The data were further analyzed using
FlowJo software v10.7.0 (FlowJo, LLC).
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2.8. ROS production
Caudal sperm (500 ml aliquots) in 1.5 ml tubes was mixed with a
methanolic solution of 20,70edichlorofluorescin diacetate (DCFDA)
(Sigma Aldrich, MO) to obtain a final concentration of 10 mM. Samples
were incubated for 30 min at 37�C and washed twice by resuspension
in 1 ml PBS and centrifugation at 900�g for 2 min. The sperm pellets
were resuspended in 300 ml PBS and fluorescence was measured at
excitation (488 nm) and emission (525 nm) wavelengths on a LSR
Fortessa X-20 flowcytometer (BD, NJ), and the data were analyzed
using FlowJo software v10.7.0 (FlowJo, LLC).

2.9. Immunohistochemistry
Testes and epididymides were isolated and fixed in 10% Bouin’s so-
lution for 24h, washed three times in 70% ethanol (24h per wash) and
embedded in paraffin blocks. Following sectioning (3 mm), deparaffi-
nization, rehydration, and antigen retrieval were performed using
either sodium citrate heat-treatment or using trypsin (1:3 ratio in PBS
for 15 min at 37�C), and then the tissue sections were incubated with
anti-G3PP primary antibody (1:400 dilution; sc-390883; Santa Cruz
Biotechnology, TX) overnight at 4�C. Detection was performed using
the standard avidinebiotineperoxidase complex method with either
the Vectastain Elite ABC HRP Kit followed by the DAB Peroxidase (HRP)
Substrate Kit (Vector Laboratories, CA), or the HRP/DAB Detection IHC
Kit (Abcam, UK) according to the manufacturer’s instructions. Slides
were counterstained with hematoxylin prior to mounting.

2.10. Western blot
Proteins from the cG3PP-KO and control mice testes were extracted
using T-PER tissue protein extraction reagent (Thermo Scientific, MA)
to examine the expression of G3PP protein. Proteins from tissues and
spermatozoa from the icG3PP-KO and different control mice were
extracted in RIPA lysis buffer (150 mM NaCl, 50 mM Tris base pH 8.0,
1% Triton X-100, 0.5% sodium deoxycholate and 0.1% SDS) sup-
plemented with a cocktail of protease inhibitors (aprotonin, leupeptin,
pepstatin and phenylmethylsulfonyl fluoride). All lysates were soni-
cated and the total protein was quantified. Proteins were resolved on
10% SDS-polyacrylamide gels and processed for immunoblotting [19].
Membranes were blocked with 5% non-fat dry milk in TBST (Tris-
buffered saline supplemented with 0.1% Tween 20 (BioShop, ON)) and
probed with anti-G3PP antibody (1:1000 dilution; sc-390883; Santa
Cruz Biotechnology, TX) overnight at 4�C followed by incubation for 1 h
at room temperature with either anti-rabbit IgG HRP Conjugate
(1:10 000 dilution; W4011; Promega, WI) or anti-mouse IgGK BP-HRP
(1:10 000 dilution; sc-516102; Santa Cruz Biotechnology, TX). Anti-
bodies to detect a-tubulin, b-actin, and GAPDH (loading controls) were
prepared in TBST with 5% non-fat milk as follows: a-tubulin (1:10 000
dilution; ab4074; Abcam, UK) with 30 min incubation at room tem-
perature; b-actin (1:10 000 dilution; Sigma Chemicals; A5441; MO)
with 30 min incubation at room temperature; and GAPDH (1:1000
dilution; #2118; Cell Signaling, MA) with overnight incubation at 4�C.
Luminescent signal was generated using Immobilon Western Chemi-
luminescent HRP substrate (MilliporeSigma, MA) and quantified.
Expression of G3PP protein in the samples was normalized to the
loading controls.

2.11. Sperm motility
Sperm motility was determined as done before [40]. In brief, sper-
matozoa were collected from cauda epididymides in PBS (pH 7.4) after
a swim-out incubation for 10 min at 37�C. Then, the sperm aliquot was
supplemented with 5 mg/ml BSA and sperm cell number was adjusted
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to determine total and progressive sperm motility using a computer-
assisted sperm analysis (CASA) system with Sperm Vision HR soft-
ware version 1.01 (Minitube, Canada), as described before [40].

2.12. Sperm capacitation
The spermatozoon must undergo a series of biochemical and
morphological changes, collectively called sperm capacitation, in order
to recognize the oocyte, induce the acrosome reaction, and achieve
fertilization. Sperm samples were incubated in BWW medium with or
without capacitation inducers (5 mg/ml BSA þ 25 mM HCO3) for
60 min at 37�C. Then the samples were centrifuged at 600�g for
5 min at 20�C. The supernatant was discarded, and the sperm pellets
were resuspended in fresh BWW medium and incubated with 10 mM
progesterone for 30 min at 37�C to promote the acrosome reaction
[41,42]. All Incubations were at 37�C in 5% CO2 incubator. Sperm
samples were then fixed with 4% paraformaldehyde for 15 min at
20�C, centrifuged at 350�g for 5 min, and the pellets were resus-
pended in BWW medium. The fixed sperm samples were smeared onto
Superfrost slides, air dried, and incubated with 1:10 diluted Giemsa
stain for 90 min. After washing, the slides were processed to assess
the percentage of spermatozoa with intact and reacted acrosomes in
200 spermatozoa per sample using a Leica DM500 microscope (Opti-
Tech Scientific, QC) at 600 � magnification. The percentage of
acrosome reaction (AR) was defined as the percentage of Giemsa
stain-negative spermatozoa. Spontaneous AR (SAR) was defined as the
percentage of Giemsa stain-negative spermatozoa at zero time. The
actual progesterone-stimulated % AR was obtained by subtracting the
% SAR from the total observed % AR in non-capacitated and capac-
itated spermatozoa. The percentage of sperm capacitation was defined
as the % AR obtained by subtracting the % AR in capacitated sper-
matozoa from the % AR in non-capacitated spermatozoa [41,42].

2.13. Oxidative stress
Lipid peroxidation: Oxidative stress in the spermatozoa was assessed
by measuring the levels of 4-hydroxynonenal (4-HNE), a product of
lipid peroxidation, and DNA oxidation by measuring 8-hydroxy deox-
yguanosine (8OHdG). The levels of 4-HNE in sperm plasma membrane
were determined by smearing non-permeabilized sperm samples [43]
onto Superfrost slides, followed by drying at 37�C. Samples were
rehydrated with PBS þ Triton 0.1% (PBS-T) for 5 min, and incubated
for 30 min at 37�C in horse serum (1%) in PBS-T to block nonspecific
antibody binding. Slides were washed with PBS-T and incubated
overnight at 4�C with the goat polyclonal anti-4-HNE antibody (Abcam,
Canada) diluted in 1% horse serum in PBS-T. Then, the slides were
washed and incubated with 1:2000 diluted donkey anti-goat sec-
ondary antibody conjugated with AlexaFluor 555 (ThermoFisher,
Canada) for 1 h at 37�C. The slides were rewashed, and ProLong
Antifade with DAPI (Molecular Probes, USA) was added before the
coverslips were placed. The negative control was incubated with
secondary antibody alone. ImageJ was used for quantification of the
average relative fluorescence intensity (RFI) of at least 200 sperma-
tozoa per sample.
Sperm DNA oxidation: Formation of 8OHdG was determined as before
[41,43]. In brief, sperm samples were smeared onto Superfrost slides
and air-dried and were treated with 50 mM TriseHCl, pH 7.4 buffer,
containing 1% SDS, 40 mM DTT and 1 mM EDTA for 5 min. Then the
slides were washed with PBS and incubated with 5% goat serum in
PBS-T for 1 h at 37�C. After washes in PBS, the slides were incubated
with anti-8OHdG antibody (1:100 diluted in 1% goat serum in PBS-T;
StressMarq, Canada) overnight at 4�C. After incubation, the slides
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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were washed and incubated with goat anti-mouse secondary antibody
conjugated with AlexaFluor 555 (1:2000 diluted in PBS-T plus 1% BSA;
ThermoFisher, Canada) for 1 h at 37�C. Finally, the slides were
rewashed, and ProLong Antifade with DAPI (Molecular Probes, USA)
was applied and covered with coverslips. Negative control was set up
by incubation without the primary antibody. The specificity of the anti-
8OHdG antibody was ascertained as before [44]. Imaging and quan-
tifying were as described above. Results of DNA oxidation were
expressed as percentages of spermatozoa with a strong signal for 8-
OHdG (>10RFI).

2.14. Morphological examination of spermatozoa by light and
electron microscopy
Light microscopy was done on the freshly isolated spermatozoa to
assess morphological integrity and abnormalities. Abnormal sperma-
tozoa included the sperm with head abnormalities: amorphous head,
absence of head, big head, small head, round head, and absence of
acrosome; midpiece abnormalities: thin midpiece and midpiece bent at
different degrees; and tail abnormalities: no flagellum, more than one
flagellum, curly tail or folded tail (different degrees), and short tail.
Transmission electron microscopy (TEM) was conducted to assess
structural defects after fixing the caudal spermatozoa in 2.5%
glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4 overnight.
Then, samples were centrifuged at 200�g for 2 min and washed twice
with PBS. Sperm pellets were then embedded in 2% low melting
agarose solution in water that was pre-heated to 37�C. After cooling to
4�C, the agarose blocks were cut with a diamond knife, mounted on
copper grids and stained for 5 min with uranyl acetate followed by a
3 min incubation in lead citrate. The copper grids with mounted
samples were examined with a FEI Tecnai 12 120 kV Transmission
Electron Microscope (Nanoimaging Services, USA).

3. RESULTS

3.1. Expression of G3PP in the testis, epididymis and spermatozoa
We earlier reported that testis has markedly high expression of G3PP
[18]. The present results confirm the high level of G3PP protein
expression in the whole testis compared to other tissues of mouse, and
the expression in mature spermatozoa collected from cauda epidid-
ymis was found to be 30-fold higher than in most tissues, besides
testis, when the expression is normalized to b-actin or GAPDH
(Figure 1A), which suggests a particularly important and overlooked
role of G3PP and the glycerol shunt in sperm function and health.
In order to better understand the role of G3PP in male reproduction, we
first examined G3PP expression in the seminiferous epithelium during
different stages of spermatogenesis (Figure 1B). G3PP protein is not
detectable in the mouse spermatogonia through all stages. In sper-
matocytes, cytoplasmic expression varies from mild in stages I and VI-
VII to moderate in stages II-III. There was strong G3PP staining in round
and elongating spermatids, in the cytoplasm and also in the nucleus
and the G3PP staining appeared to be strongest at the spermiation
stage, but this could be due to the contraction of the cytoplasm
(Figure 1B). It has been reported in a database that during sper-
matogenesis in humans (http://bio-add.org:6688/SperMD/show?
id¼SMDBT013452), expression of the PGP gene increases steadily
from spermatogonia to spermatocytes and reaches maximal expres-
sion in round and elongated spermatids and mature sperm [45,46]. In
the epididymis, where maturation of spermatozoa occurs, relatively
weak G3PP expression was seen in the cilia of the efferent ductules
and in the cytoplasm and stereocilia of the principal cells (Figure 1C).
However, relatively much higher expression of G3PP was noticed in the
MOLECULAR METABOLISM 90 (2024) 102063 � 2024 The Author(s). Published by Elsevier GmbH. This is an open
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corpus epithelium. The expression of G3PP is relatively low in the caput
of the epididymis, increases to a strong expression in the corpus
segment and decreases to a weak expression in the cauda (tail)
segment and vas deferens. (Figure 1C).

3.2. Conditional and inducible-conditional deletion of G3PP in
embryonic germ cells
We generated mice with both conditional or tamoxifen-inducible
conditional G3PP knockout in the germ cells. Deletion of G3PP pro-
tein, after normalization to either a-tubulin or b-actin was confirmed
by Western blot analysis in the testis lysates in cG3PP-KO mice
(Figure 2A) and icG3PP-KO mice (Figure 2B) and also in the sperm
isolated from control and icG3PP-KO mice (Figure 2C). Immunohisto-
chemistry of the testis from the WT, G3PPflox/flox and cG3PP-KO
confirmed the complete deletion of G3PP in the germ cells of the KO
mice (Figure 2D). Similarly, G3PP protein deletion was confirmed in the
testis sections of icG3PP-KO mice (at 40 � , 200 � and
600 � magnification) as compared to the Flox-TMX control mice
(Figure 2E). However, in the icG3PP-KO mouse testis, a small number
of tubules with G3PP expression could be noticed, indicating a het-
erogeneous/mosaic and incomplete recombination. This also explains
the presence of very low levels of G3PP detected by Western blot
analysis in the icG3PP-KO sperm (Figure 2C).

3.3. Male cG3PP-KO mice are infertile
As mentioned above, cG3PP-KO mice were born in numbers z20-
fold lower than the expected Mendelian ratio, indicating significant
embryonic lethality. In the Vasa-cre mouse model used here, the
Vasa promoter directed Cre expression to male germ cells has both
the desired and also some undesired effects, at the same time. The
undesired effect occurs because when the sperm cell expressing Cre
enzyme fertilizes the G3PP-floxed oocyte, this causes the floxed al-
leles (G3PP/PGP) to recombine shortly after fertilization, giving rise to
a G3PP-knockout embryo, that is nonviable beyond E11.5 [47]. We
could manage to get a few cG3PP-KO mice as we used very young
(6e9 wk old) Vasa-cre males for breeding, and at that young age the
sperm produced by the Vasa-cre males contains relatively little Cre
(reasons unknown), thereby avoiding the recombination and gene
deletion when the sperm meets the egg. However, despite using the
young Vasa-cre males, we got a very high level of embryonic
lethality, and much fewer cG3PP-KO offspiring than anticipated. Even
though we have not determined the time course of G3PP deletion, the
conditional deletion of G3PP likely starts in the embryos at E15-E18
in the male germ cells when the Cre expression and activity are
detected, as reported before in the transgenic Vasa-Cre (Ddx4-cre)
mouse model [35]. The Cre-mediated G3PP knockout is expected to
reach 90e95% around day 5 after birth, on the basis of earlier
reported Cre-mediated recombination in male germ cells [35]. We
examined the ability of male cG3PP-KO or icG3PP-KO mice to breed
by mating them with WT female mice. Conditional deletion of G3PP in
the embryonic germ cells had no effect on the growth of the mice
(data not shown) but led to a complete loss of fertility in the males.
Although copulatory plugs were observed, no pups were produced,
which indicated that the male cG3PP-KO mice were able to mate but
were infertile. Even though Vasa-Cre directed gene deletion occurs in
both male and female germ cells [35], we have focussed on the
effects of G3PP deletion on male fertility rather than female fertility as
G3PP expression is highest in the testis, whereas it is very low in
ovaries (Gene Expression Database (GXD), Mouse Genome Infor-
matics Web Site. (URL: http://www.informatics.jax.org) accessed 14
May 2024).
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Figure 1: G3PP expression and histomorphological examination of the testis, epididymis, and sperm of WT mice. A. Western blot analysis of G3PP expression in various
tissues of 3-month-old wild-type (WT) mice. G3PP expression was normalized to b-actin and GAPDH (n ¼ 4); VAT, visceral adipose tissue; BAT, brown adipose tissue. B.
Immunohistochemical staining of G3PP in the testis of WT mice across different stages of spermatogenesis. In the stage I, white arrows show G3PP-negative spermatocytes; red
arrows indicate round spermatids; and orange arrows show Sertoli cells. In stages II-III green arrows show spermatogonia; black arrows point elongating spermatids; and Leydig
cells indicated with “L". In stages VI-VII yellow arrows indicate spermatids that are G3PP-positive; and black arrows indicate elongating spermatids nearing the point of spermiation
(which occurs at stage VIII), where the G3PP expression appears maximal. Scale bar ¼ 20 mm for all panels. C. IHC staining of G3PP in the epididymis of WT mice. (1,2), Proximal
caput (head) (left) and corpus (body) (right) regions viewed at both low (1) and high (2) magnification. G3PP expression specifically in the corpus is higher and mostly located in the
luminal portion of the columnar cells and stereocilia. A small cluster of efferent ductules is also visible and indicated by the bracket in panel (1). (3), View of the interface between
the efferent ductules (lower part of the panel) and the caput of the epididymis (upper part) taken at a higher magnification. The G3PP signal is relatively weak in the cilia of the
efferent ductules, cytoplasm, and the stereocilia of principal cells of the epididymis. (4), View of the corpus and proximal cauda (tail) regions taken at low magnification, showing
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3.4. Altered fertilization capacity and sperm parameters of cG3PP-
KO mice
To further assess the fertilization capacity of the cG3PP-KO males,
these mice were bred with superovulated WT females, and the
resulting oocytes recovered and examined for the presence of cleavage
to two-cell stage. The percentage of two-cell embryos scored 24h after
mating was considered as the fertilization rate. Results showed that
while the wild-type male mice had a 78% fertilization rate, the cG3PP-
KO male mice were totally incapable of fertilizing oocytes even though
these mice mated normally (Figure 3A). Furthermore, it was observed
that the sperm from cG3PP-KO mice had diminished functionality and
were abnormal. Thus, the total sperm motility of the cG3PP-KO mice
was about 17-fold lower than that of the WT mice (Figure 3B), whereas
the sperm capacitation was totally impaired (0%) in the cG3PP-KO
mice compared to w50% capacitation in the WT mice (Figure 3C).
The spontaneous acrosome reaction was 4-fold higher in the cG3PP-
KO mouse sperm compared to WT (Figure 3D), indicating the instability
of the acrosome. The impaired sperm motility and capacitation, and
the high levels of spontaneous acrosome reaction suggest the inability
of the cG3PP-KO spermatozoa to fertilize. Moreover, nearly 60% of the
spermatozoa from the cauda epididymis of cG3PP-KO mice showed
morphological abnormalities as compared to onlyw10% in the caudal
spermatozoa from WT mice (Figure 3E). In addition, the caudal sper-
matozoa from cG3PP-KO mice showed elevated oxidative stress, as
revealed by the significantly increased levels of 4-HNE, a lipid perox-
idation product (Figure 3F). We then examined the testes from cG3PP-
KO and floxed control mice to determine if there are any developmental
defects in acrosome formation during spermatogenesis. Histological
examination of the testes using PAS staining revealed no apparent
morphological differences in the acrosome at all stages between
control and cG3PP-KO mice (Figure 3G). Histological examination of the
testes of the mutant mice showed no apparent morphologic defects of
the germ cells despite the loss of G3PP (Figure 3G), indicating that the
major degenerative processes that cause the abnormalities in the
spermatozoa from the cG3PP-KO mice likely do not occur during
spermatogenesis per se, but probably at other stages of spermatozoa
maturation. Thus, the caudal spermatozoa from male mice with a loss
of G3PP in the germinal cells right from the embryonic stage, are
abnormal and show oxidative stress, and are incapable of fertilization.

3.5. Fertility in the icG3PP-KO male mice
As Vasa expression begins when the primordial germ cells colonize the
gonad in mice and is detectable by e12.5 in both sexes and continues
through the rest of the life, we chose transgenic Cre mice in which Cre
expression is Vasa promoter (Ddx4) driven. However, cG3PP-KO mice
were born in numbers about 20-fold lower than the expected Men-
delian ratio, suggesting that high level of Cre expression in the germ
cells of the male parent leads to the production of knockout embryos,
which are not viable. In fact, constitutive whole-body G3PP deletion
was earlier shown to cause embryonic lethality [47]. Because of this,
we generated inducible conditional G3PP-KO mice (icG3PP-KO), in
which G3PP deletion in germ cells occurs only upon the induction of
Cre gene by tamoxifen. Unlike the cG3PP-KO male mice, the icG3PP-
KO mice were able to breed normally and there was no effect on male
head-to-tail orientation from left-to-right. A progressive decrease in G3PP expression occu
levels of G3PP expression in the stereocilia. (5), Higher magnification of interface between
bars vary as follows: 500 mm for panels 1 and 4; 50 mm for 2 and 3; and 100 mm for 5 and
referred to the Web version of this article.)
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fertility in terms of the number of litters and pups per litter
(Supplementary Table 1). This was initially surprising as loss of G3PP
protein in the sperm from icG3PP-KO mice was w90% (Figure 2C) as
in the cG3PP-KO mouse testis. The unaltered fertility of the icG3PP-KO
male mice is likely due to the significant level of residual normal sperm
in the testis of these mice compared to the cG3PP-KO mice.

3.6. Altered sperm function parameters and oxidative stress of
icG3PP-KO mice
Computer-assisted sperm analysis (CASA) of sperm collected from
vehicle (corn oil) administered control mice (G3PPflox/flox mice and
G3PPflox/flox-Vasa-Cre mice, separately) and TMX-administered control
(G3PPflox/flox mice) and G3PPflox/flox-Vasa-Cre (icG3PP-KO) mice
showed a significant reduction in total and progressive sperm motility
in icG3PP-KO mice (Figure 4A,B). There was also a significant decline
in the curvilinear velocity (VCL) (Figure 4C), which represents the rate
of travel of the centroid of the sperm head during a certain time period,
and in the straight-line (linear) velocity (VSL) (Figure 4E) of the icG3PP-
KO sperm. In addition, a significant decrease was also noted in the
straightness (STR) (Figure 4F), linearity of forward progression (LIN)
(Figure 4G), and amplitude of lateral sperm head displacement (ALH)
(Figure 4H) of the sperm, which is calculated from the amplitude of its
lateral deviation from the cell’s axis of progression. There was only a
trend (not significant) for a reduced average path velocity (VAP) of the
spermatozoa from icG3PP-KO mice compared to control mice
(Figure 4D). There was a significantly greater number of abnormal
spermatozoa in the icG3PP-KO mice compared to all controls
(Figure 4I).
Sperm capacitation was markedly impaired for the icG3PP-KO sper-
matozoa compared to the other groups (Figure 4J). As seen in the case
of cG3PP-KO mouse sperm, icG3PP-KO spermatozoa also displayed
elevated spontaneous acrosomal reaction (Figure 4K) and oxidative
stress as noted by increased (2e3 fold) production of 4-HNE
(Figure 4L) and 8OHdG (Figure 4M). Even though, these results are
similar to those with the spermatozoa from cG3PP-KO mice, there are
some differences with regard to the motility and capacitation. These
two parameters were almost completely suppressed in cG3PP-KO
sperm, whereas in the icG3PP-KO sperm, there are few spermato-
zoa showing normal motility and capacitation compared to their cor-
responding controls.

3.7. Increased mitochondrial membrane potential and ROS levels
in the icG3PP-KO mouse spermatozoa
Mitochondrial transmembrane potential (DJM), which increases
during respiration coupled electron transport in the mitochondrial
inner membrane, is the main determining factor for ATP synthesis
during oxidative phosphorylation. Mitochondria are considered to be
the major source of ROS in most cells and the production of ROS is
related to the DJM [48]. As we observed elevated oxidative stress
in the icG3PP-KO spermatozoa, we explored the possibility of a
disturbed mitochondrial DJM as the potential cause. We measured
mitochondrial DJM in the sperm cells from control (TMX-admin-
istered G3PPflox/flox mice) and icG3PP-KO mice using a green
monomeric fluorescent JC-1 dye, which accumulates in the
rs from the corpus to the cauda, which is attributed to both the shortening and lower
the corpus (left part) and cauda (right part) of the epididymis. (6), Vas deferens. Scale
6. (For interpretation of the references to color/colour in this figure legend, the reader is
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Figure 2: Validation of G3PP deletion in both the conditional and tamoxifen (TMX)-inducible G3PP-KO mice. A. Western blot for G3PP expression in whole testis lysates
from WT, G3PPflox/flox, and cG3PP-KO (G3PPflox/flox-Vasa-Cre) mice. Densitometric analysis for G3PP expression normalized to b-actin is shown in the right panel. BeC. Western
blot for G3PP expression in the TMX-inducible G3PP-KO mice. Whole testis protein lysates were prepared from TMX or corn oil (VEH) treated G3PPflox/flox (Flox-VEH and Flox-TMX)
and G3PPflox/flox-Vasa-CreERT2 (Flox-CreERT2-VEH and Flox-CreERT2-TMX) mice (B); and sperm isolated from the caudal epididymis (C). G3PP expression was normalized to both
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mitochondrial matrix in proportion to the membrane potential and
forms red fluorescent aggregates [49]. The results (Figure 4N) show
that icG3PP-KO sperm mitochondria have significantly higher DJM
compared to the TMX-administered G3PPflox/flox control mice.
Elevated DJM permits high ATP synthesis and leads to elevated
ROS production [49,50]. In the present study, ATP, ADP and AMP
levels were unchanged in the icG3PP-KO sperm cells (Figure 5HeJ).
Therefore, we measured ROS production using DCFDA in the
icG3PP-KO and control spermatozoa under the same conditions as
for the mitochondrial DJM determination. The results showed
much higher (4-fold) ROS levels in the icG3PP-KO spermatozoa
(Figure 4O), suggesting that the increased mitochondrial DJM is
directed towards elevated ROS production, which is the possible
cause for the functional abnormality of the icG3PP-KO sperm.

3.8. Metabolic correlates of spermatozoa from icG3PP-KO mice
As mentioned above, the conditional deletion of G3PP in the germ cells
had no apparent effect on spermatogenesis and the morphology of
spermatozoa in testis, but impacted the spermatozoa collected from
the KO mice. In order to understand the impact of G3PP deletion on
spermatozoon metabolism, we conducted metabolic studies in the
caudal spermatozoa from icG3PP-KO mice. The release of glycerol in
the presence of 5.6 mM glucose into the medium following the in-
cubation of the spermatozoa from icG3PP-KO mice was much lower
compared to the control spermatozoa from tamoxifen-administered
G3PPflox/flox mice (Figure 5A). These differences in glycerol release
remained with the addition of fructose or increased level of glucose
(Figure 5A). The results indicate that a significant portion of glycerol
formed by spermatozoa arises from glucose via the hydrolysis of Gro3P
formed during glycolysis and that this glycerol shunt is reduced in the
sperm of icG3PP-KO mice.
We further conducted a targeted metabolomics analysis of the
spermatozoa incubated in the presence of 5.6 mM glucose and
21.6 mM lactate, the same condition that is regularly used for
capacitation and fertilization experiments (see methods). Deletion of
G3PP led to an increase in Gro3P level in icG3PP-KO spermatozoa
compared to control (Figure 5B), which is in agreement with the
reduced glycerol production in these spermatozoa. However, there
was no change in DHAP levels (Figure 5C). There were no differ-
ences between the groups in the levels of cellular redox de-
terminants, including NAD/NADH, NADP/NADPH and GSSG/GSH
(Figure 5 D-G; P,Q). Even though there was no change in the
adenine nucleotide levels (Figure 5HeJ), there was a significant
decrease in the adenosine levels (Figure 5K) while cyclic AMP levels
increased (Figure 5L) in icG3PP-KO compared to the control sper-
matozoa. Among the guanine nucletotides, only GMP showed an
increase in the icG3PP-KO sperm (Figure 5O) and no changes in
GDP and GTP (Figure 5M,N). Interestingly, all the analyzed amino
acids, leucine, glutamate, glutamine, arginine and aspartate,
increased the icG3PP-KO sperm compared to the control
(Figure 5ReV), suggesting altered amino acid metabolism. The
short-chain acyl-CoA, acetyl-CoA did not change (Figure 5W).
Among the measured Krebs cycle intermediates, no changes were
seen in succinate (Figure 5X), isocitrate (Figure 5Y) and malate
showed a modest increase (Figure 5Z).
a-tubulin and b-actin for both testis and sperm Western blots. D. Validation of G3PP delet
sections from 9-week-old WT, G3PPflox/flox control) and KO (G3PPflox/flox-Vasa-Cre) mice. E.
G3PP staining is shown at different levels of magnification. G3PPflox/flox mice treated with
three panels show the KO group (G3PPflox/flox-Vasa-CreERT2 mice treated with TMX).
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3.9. Abnormal sperm morphology of icG3PP-KO mice
Performing light microscopic examination, we observed that icG3PP-
KO mice had high percentage of abnormal spermatozoa (Figure 4I)
with folded flagella. However, there were still few normal appearing
sperm cells (Figure 6A). It is known that in mice even a very small
fraction of normal sperm is enough for normal fertility [51,52]. We
further examined the icG3PP-KO spermatozoa by electron microscopy,
which showed several major structural abnormalities. Unlike the
vehicle-treated G3PPflox/flox-Vasa Cre and TMX-treated G3PPflox/flox

control mouse spermatozoa, the icG3PP-KO spermatozoa show a
nucleus that is often distorted and also malformed acrosome, that is
detached from the nuclear membrane (Figure 6B). In some icG3PP-KO
mouse sperm cells, the nucleus is curved at the junction with the mid-
piece and abnormally embedded in the cytoplasm (Figure 6C). In few
icG3PP-KO spermatozoa, there is a misalignment of the mitochondria
in the mid-piece with an excess of cytoplasm, misplacement of the
principal piece, and a lack of the fibrous sheath and outer dense fiber
(Figure 6 D, E). However, there are no gross structural abnormalities in
mitochondrial structure in the icG3PP-KO spermatozoa (Figure 6C, D).
As shown in Supplementary Tables 2, in the icG3PP-KO mouse
spermatozoa, nearly 17% display normal morphology, compared to �
80% normal sperm in the control mice.

4. DISCUSSION

Disturbed glycerol, glucose and lipid metabolism in sperm cells is
known to perturb sperm functionality, leading to male infertility [8,9].
Several enzymes of glycerol metabolism, including GPD2 [53], GK
[54,55], GPAT2 [56], and also the plasma membrane glycerol trans-
porter AQP3 [10,12] have been found to have cardinal role in the
maintenance of male fertility and normal sperm functions. It has been
recently demonstrated that AQP7 is the major transporter of glycerol in
human sperm [57], whereas AQP3 primarily conducts water efflux in
the mouse sperm [58]. Indeed, conditions that lead to increased
cellular levels of Gro3P, which is mostly generated via glycolysis, was
suggested to negatively affect sperm capacitation [53]. Inasmuch as
glycolysis is considered to be an essential source of ATP production in
the principal piece of the spermatozoon [59], that is needed for sperm
motility, altered metabolism of Gro3P is likely to impact sperm ener-
getics and function. We recently discovered an important cytosolic
enzyme, G3PP, that controls cellular levels of Gro3P, and thus par-
ticipates in the overall regulation of intermediary and energy meta-
bolism in several cell types [18e20,60]. Interestingly, G3PP was
previously reported to be essential for embryo development in mice
[47]. We now find that G3PP expression is highest in testis compared
to all body tissues in the mice, with isolated sperm showingw40-fold
higher expression as compared to many tissues, which suggests an
important role for this enzyme in sperm metabolism and function. The
expression pattern of G3PP protein during spermatogenesis indicates
that this enzyme likely plays an essential role in the late stages of
sperm cell development and in mature spermatozoa.
To address the role of G3PP in sperm function and male fertility, we
developed conditional G3PP-KO mice with specific deletion in the germ
cells under the control of Ddx4 promoter from the embryonic stage
(cG3PP-KO), as the whole-body G3PP-KO results in embryonic lethality
ion in germ cells of cG3PP-KO mice by IHC of testes. G3PP staining was done on testis
Validation of G3PP deletion in germ cells of icG3PP KO mice by IHC on testis sections.
TMX (Flox-TMX) served as the control shown in the upper three panels, and the lower
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Figure 3: Deletion of G3PP in embryonic germ cells results in impaired sperm fertility and function. A. In vivo fertilization was used to assess the fertility of the cG3PP-KO
mice. Superovulated WT females were mated to either WT or KO male mice and oocytes were recovered. Fertilization rate was considered as the percentage of two cell embryos
scored 24 h after mating. Results show that the male KO mice have no capacity to fertilize oocytes. BeF. Measurement of various sperm function parameters in cG3PP-KO mice.
B, Total sperm motility. C, % capacitation and D, % spontaneouseacrosome reaction (SAR). E, Abnormal spermatozoa (head, midpiece, and tail defects) as assessed by light
microscopy. F, Levels of 4-HNE, a lipid peroxidation product. G. Acrosome morphology of control (G3PPflox/flox) and cG3PP-KO mice, using PAS stain. Blue arrows show the
acrosome as a thin purple crescent-shaped structure on the surface of round spermatids and black arrows indicate the elongating spermatids. Scale bar ¼ 20 mm. Data shown in
panels B to F represent mean � SEM and were analyzed by unpaired two-tailed t-test (*p < 0.05, **p < 0.01, ***p < 0.001). (For interpretation of the references to color/colour
in this figure legend, the reader is referred to the Web version of this article.)
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Figure 4: Abnormal sperm function parameters observed in the tamoxifen-inducible G3PP KO mice. A-L. Various sperm function parameters in icG3PP-KO mice were
measured using a computer-assisted sperm analysis (CASA). A. Total motility, B. progressive motility, C. Curvilinear velocity (VCL), D. Average path velocity (VAP), E. Straight-line
velocity (VSL), F. Straightness (STR), G. Linearity of forward progression (LIN) and H. Amplitude of lateral head displacement (ALH). I. Total sperm abnormalities, J. Sperm
capacitation (%) and K. Spontaneous acrosome reaction (%SAR) were evaluated by determining the percentage of spermatozoa without acrosome by the Giemsa stain as described
in Methods. L. Lipid peroxidation product 4-HNE and M. sperm DNA oxidation (8-dOHG) were measured using immunocytochemistry and relative intensity was assessed using
ImageJ software. Data shown in panels A-M represent mean � SEM and were analyzed by one-way ANOVA with Tukey’s test. **p < 0.01 and ***p < 0.001. “&” means lower
compared to all other genotypes, whereas “#” means higher compared to all other genotypes. N. Membrane potential measured in sperm using JC-1 dye and flow cytometry. O.
Reactive Oxygen Species (ROS) in the sperm were measured with DCFDA dye and flow cytometry. Data shown in panels N and O represent mean � SEM and were analyzed by
unpaired two-tailed t-test (*p < 0.05 and ***p < 0.001).
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Figure 5: Metabolic alterations in the spermatozoa of inducible G3PP KO mice. A. Reduced glycerol release in the supernatant of sperm isolated from the caudal epididymis
of icG3PP-KO mice. Results are from 2 independent experiments, measured in duplicate from two different pools of TMX-treated G3PPflox/flox (Flox-TMX) (total n ¼ 6) and KO (Flox-
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Figure 6: Microscopic examination of sperm from inducible G3PP KO mice. A. Abnormal folding of sperm observed in icG3PP KO mice. Representative light microscopic
images of sperm from control (Flox-TMX) and KO (Flox-CreERT2-TMX) mice visualized at 40X magnification (n ¼ 2). Arrows in the KO images point to sperm that appear normal
and differ from abnormal sperm with folded/bent tails. B. Transmission electron microscopy (TEM) of mice sperm heads. a, Flox-CreERT2-VEH; b, Flox-TMX; c, KO. In a and b, the
nuclei (N) and acrosomes (asterisks) do not present abnormalities. In c, the nucleus (N) is distorted, and the malformed acrosome (asterisk) is detached from the nuclear
membrane. Scale bar ¼ 0.5 mm applies to the 3 micrographs. C. TEM of spermatozoa from KO mice. In a, the sperm nucleus (N) is curved at the junction with the mid piece
(arrow). In b, the sperm nucleus (N) is also bended at the neck (arrow) and abnormally embedded in cytoplasm. Scale bars ¼ 0.5 mm. D. TEM of spermatozoa tails. a, Flox Cre VEH;
b, Flox TMX; c, KO. In a and b, the mid (MP) and principal pieces (arrows) have normal appearance. In c, the principal piece is misplaced and mitochondria are misaligned in the
mid piece with an excess of cytoplasm. Mitochondria in the midpiece appear normal in the control and KO sperm. Missing structural components of the fibrous sheath and
axoneme (arrow) are noted. Scale bar ¼ 200 nm applies to the 3 micrographs. E. TEM of sperm from KO mice. In a, the nucleus (N) and acrosome (asterisk) present normal
appearances, but the mitochondria are not aligned in the mid-piece (MP). Note the excess of cytoplasm and the misplacement of the principal piece (PP). In b, the nucleus (N) and
the acrosome (asterisk) also present a normal appearance. Note the misplacement of the principal piece and the absence of the fibrous sheath and one outer dense fiber (arrow).
Scale bar ¼ 200 nm applies to both micrographs.
[47]. The essential function of G3PP in male germ cells became evident
as the male cG3PP-KO mice are completely sterile, whereas the fertility
of female cG3PP-KO mice is unaffected. The sterility of the cG3PP-KO
male mice appears to be due to an overall impaired sperm functionality
ERT2Cre-TMX) (total n ¼ 8) mice. Sperm were incubated in modified non-capacitated BWW
fructose (5.6Gþ5F), or 25 mM glucose (25G) for 1 h. B-Z. Levels of various metabolites in
NADPH (G), ATP (H), ADP (I), AMP (J), Adenosine (K), cAMP (L), GTP (M), GDP (N), GMP (O),
(S), Arginine (T), Aspartate (U), Leucine (V), Acetyl-CoA (W), Succinate (3), Isocitrate (Y),
unpaired two-tailed t-test with Welch’s correction (*p < 0.05, **p < 0.01, ****p < 0

MOLECULAR METABOLISM 90 (2024) 102063 � 2024 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
as reflected by totally reduced motility and ability to undergo capaci-
tation in spermatozoa, which also suffered from a much higher level of
spontaneous acrosome reaction, the number of abnormal sperm cells
and oxidative stress. Interestingly, a very similar phenotype was
medium with 5.6 mM glucose alone (5.6G), 5.6 mM glucose supplemented with 5 mM
cluding glycerol-3-phosphate (Glycerol-3-P; B), DHAP (C), NAD (D), NADH (E), NADP (F),
Reduced glutathione (GSH; P), Oxidized glutathione (GSSG; Q), Glutamate (R), Glutamine
and Malate (Z). Data are shown as mean � SEM. Metabolite levels were analyzed by
.001).
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noticed in male mice with GPD2-KO, that have defective Gro3P and
energy metabolism [53].
Further studies on the underlying molecular mechanism for the loss of
male fertility were done using mice with tamoxifen-inducible deletion
of G3PP in germ cells in male mice (icG3PP-KO), as the birth rate of
cG3PP-KO mice was much lower than the expected Mendelian ratio,
probably due to embryonic lethality, as noticed before [47]. Fertility of
the icG3PP-KO male mice is not affected, unlike the cG3PP-KO male
mice, and this is likely due to the observed presence of residual normal
(wild-type) spermatozoa in the testis of these mice, as there is a
noticeable level of G3PP protein in the testis and spermatzoa of the
icG3PP-KO mice. In rodents, a reduction of more than 90% of sperm
production is necessary to negatively affect fertility [61]. Nevertheless,
the significantly reduced functional parameters of the sperm from
icG3PP-KO mice indicated that the inducible deletion of G3PP leads to
many abnormalities, as seen in the cG3PP-KO male mice and these
defects are likely centered around disturbed metabolism and sperm
morphology. Indeed, it has been shown that rapid progressive motility
of the sperm with a forward progression by w25 mm/s in the cervical
mucus is a determinant of the ability of the sperm to fertilize the egg
efficiently [62] and these parameters are much reduced in the icG3PP-
KO sperm. Thus, the motility, capacitation and acrosome reaction of
the sperm are highly dependent on the energy metabolism and a
balanced formation of ROS in the sperm [41,59,63] and the loss of
G3PP likely compromised this equilibrium as evidenced by a rise in
Gro3P level and mitochondrial membrane potential, as well as
increased ROS levels, lipid (4-HNE level) and DNA (8OHdG level) per-
oxidation. Spermatozoa are rich in u-6 polyunsaturated fatty acids,
which are the prime source of 4-HNE during oxidative damage [64].
Capacitation is a metabolic energy-dependent series of biochemical
and structural changes in the sperm and is a prerequisite for the
acrosome reaction, which must be precisely timed for the sperm to be
able to fertilize [65]. Capacitation is necessary to allow the sperma-
tozoon to undergo acrosome reaction, the tightly-regulated exocytosis
of the acrosome content to penetrate the zona pellucida and fertilize
the egg. A premature release of acrosomal lytic enzymes due to
acrosome membrane instability or impairment of capacitation results
in spontaneous acrosome reaction, which leads to male sterility [66].
The defective acrosome reaction in the G3PP-KO spermatozoa is also
likely due to the abnormalities in the morphology of the acrosome in
the icG3PP-KO sperm, possibly caused by oxidative stress. Thus, while
controlled and balanced production of ROS is necessary for optimal
capacitation and properly timed acrosome reaction, increased ROS
levels can have detrimental effects, leading to oxidative stress and
premature spontaneous acrosome reaction [67]. Moreover, increased
ROS production together with unaltered ATP levels can be a sign of the
capacitation process, and we cannot exclude if the dysregulation of the
sperm maturation process is the cause of premature capacitation.
Oxidative stress promotes posttranslational protein modifications that
impair sperm motility, capacitation, acrosome reaction and generates
significant sperm DNA oxidation [41,43,68]. Moreover, male infertility
is associated with high levels of ROS in the semen of infertile men [69],
while ROS are undetectable in the semen of fertile men [70]. Inter-
estingly, high-intensity radiation, which causes oxidative stress, was
shown to elevate the expression of G3PP/PGP in the mouse testis [71],
likely as a protective mechanism against stress, and we earlier showed
that G3PP is a stress-inducible enzyme that plays a role in protection
against diverse metabolic and environmental stresses [21e23]. In
addition, elevated level of ROS, which causes DNA fragmentation as
well as lipid peroxidation, is known to induce morphological and
structural defects in the spermatozoa in patients with teratozoospermia
14 MOLECULAR METABOLISM 90 (2024) 102063 � 2024 The Author(s). Published by Elsevier GmbH. T
and lead to male infertility [72,73] and to cause ferroptosis [5]. The
structural abnormalities in the spermatozoa noticed by the light and
electron microscopy in the cG3PP-KO and icG3PP-KO mice are most
probably caused by the elevated production of ROS in these
spermatozoa.
Mitochondria are the main source of ROS in most cells and the
mitochondrial membrane potential (DJM) is related to the production
of ROS as well as ATP [48e50] in many cell types. In the present study
the 4-fold increase in ROS levels in the icG3PP-KO spermatozoa
without any change in the ATP levels, suggests that the increased
mitochondrial DJM is directed primarily towards elevated ROS pro-
duction, which possibly contributed to the functional abnormality of the
icG3PP-KO spermatozoa. The significantly elevated DJM in the
icG3PP-KO sperm mitochondria could have led to the increased ROS
production and the resultant oxidative stress. The elevated Gro3P
levels in the icG3PP-KO spermatozoa, likely drove the production of
ROS via the mitochondrial GPD2 activity and the Gro3P redox shuttle.
Mitochondrial GPD2 is known to be a major site of ROS production, as
this enzyme transfers the electrons from cytosolic Gro3P to coenzyme
Q of the mitochondrial electron transport chain, and coenzyme Q is the
source of electron leakage and ROS production, and this step does not
involve a global change in the redox status of the cell [74]. Indeed,
isolated GPD2 is capable of generating ROS in the presence of co-
enzyme Q and in the absence of any other redox components [74]. It
appears that G3PP participates in the sperm functions as a regulator of
ROS production via Gro3P/GPD2, by hydrolyzing Gro3P to glycerol,
which cannot be rephosphorylated to Gro3P by the spermatozoon as it
does not have a catalytically active GK enzyme [75]. Even though,
glycerol kinase-2 (GK2) and glycerol kinase-like 1 (Gykl1) proteins,
which are similar to the classical glycerol kinase (GyK), have been
shown to be present in the spermatozoa, unlike GyK, neither GK2 nor
Gykl1 show any catalytic activity [76]. Nevertheless, these proteins
were found to be important for spermatogenesis, probably playing
some structural roles [54]. Exogenously added glycerol in boar sper-
matozoa was shown to be metabolized at low rates involving the
formation of glyceraldehyde, then glyceraldehyde-3-phosphate, before
entering glycolysis and further oxidation [31,33]. Thus, a lack of G3PP
in the spermatozoa leads to elevated supply of Gro3P to mitochondrial
GPD2, which in turn feeds these cytosolic electrons derived from Gro3P
to coenzyme Q, which ultimately results in electron leakage and ROS
production and associated cellular damage.
It was reported earlier [53,77] that GPD2 is localized mostly in the
acrosomes and prinicipal piece, but not in the middle piece in mouse
spermatozoa, and that its deletion results in reduced ROS and ATP
production, negatively affecting the capacitation of the spermatozoa. In
the present study, we did not investigate if GPD2 is localized in the
mitochondria of spermatozoa. This raises the question on how GPD2
present in acrosomes or principal piece but not in mitochondria [53]
contribute to ROS production? There is apparently a large amount
(w63 mM) of glycerophosphocholine (GPC) in the epididymis lumen
[78], which can be hydrolyzed by GPC phosphodiesterase (GDE), also
present in epididymis [79], to give rise to Gro3P and choline. Thus,
there can be a large supply of Gro3P to the spermatozoa during their
maturation in the epididymis. Indeed spermatozoa can use externally
added Gro3P efficiently via the action of GPD2 [32,33], possibly in the
acrosomes and the principal piece [53]. This excess supply of Gro3P
and its usage by the spermatozoa in epididymis needs to be controlled,
by an enzyme like G3PP, which operates the glycerol shunt [19e21].
Absence of G3PP can lead to high levels of ROS production, in excess
of what is normally needed for capacitation, via GPD2. This may be the
reason for the apparent normal morphology of the G3PP-KO
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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spermatozoa when they are in testis, but abnormal morphology after
they come through epididymis. However, this needs to be established
in future studies. During the epididymal maturation of spermatozoa
there are several metabolic changes that result in the production of
ROS and their scavenging by the epididymal antioxidant enzymes [80].
Both the epididymal epithelial cells and spermatozoa generate their
own ROS under normal physiological conditions [81], which at low and
controlled levels act as second messengers in regulating signaling
pathways in the epididymis [80]. As the spermatozoa have limited
levels of the antioxidative enzymes needed to regulate ROS levels, the
epididymal antioxidant machinery helps in maintaining ROS under
control and in the protection of spermatozoa [82]. The elevated pro-
duction of ROS due to the surplus supply of Gro3P in the epididymis, is
likely also controlled by the epididymal G3PP, which is expressed at
high levels in the corpus. However, in the spermatozoa, with limited
levels of the antioxidative enzymes, G3PP is probably the major player
to reduce the ROS production by hydrolyzing Gro3P.
Presently, it is difficult to pinpoint the precise stage(s) where the
cellular damage occurs that is seen in the post epididymal sperma-
tozoa, and further studies are needed to ascertain this. However,
glycerol kinase protein is essential for forming the mitochondrial
sheath in the spermatozoon during spermatogenesis [55]. Thus, the
newly identified metabolic pathway in mammalian cells, the glycerol
shunt operated by GPD1 and G3PP is essential in maintaining normal
sperm function. Targeted metabolomics showing unchanged adenine
and guanine nucleotides and Krebs cycle intermediates suggest that
neither altered ATP production nor Krebs cycle appear to cause the
defective sperm function in the icG3PP-KO mice. However, it is
intriguing to note that the icG3PP-KO spermatozoa display a marked
increase in several amino acids, suggesting an enhanced protein
degradation in these sperm, likely caused by the noted oxidative
stress. Important to note here is that 4-HNE, whose production is
elevated in the icG3PP-KO spermatozoa, is known to bind with several
proteins and flag them for proteasomal degradation and also apoptosis
[64,83], which could have caused the elevated amino acids. In addi-
tion, ROS are known to activate proteolytic enzymes and to promote
protein degradation which can alter various cellular functions [84].
Moreover, spermatozoa in the semen are also exposed to high fructose
concentration, which reaches up to 15e20 mM [85], which is possibly
the main source of energy, via glycolysis, for the spermatozoa. Fruc-
tose, via the formation of DHAP, is known to contribute to the pro-
duction of glycating compounds such as methylglyoxal [86], which
rapidly react with proteins and nucleic acids, causing their dysfunction.
However, the presence of high levels of G3PP can be protective to
spermatozoa, by diverting fructose as well as glucose carbons towards
glycerol, away from DHAP/methylglyoxal formation. This potential role
of G3PP in spermatozoon protection needs to be established. Why are
G3PP expression levels so elevated in sperm? The glycerol shunt
produces high amounts of glycerol, an osmolyte and cell-preserving
agent [8,75]. We previously showed in C.elegans that the glycerol
shunt protects the animal from many stresses (hyperosmotic, heat,
oxidative and glucotoxic) [21,22]. G3PP is also essential for protecting
fish and various insects from cold [87]. These stresses are relevant for
sperm health and function in the male and female bodies. Indeed,
during its journey to the egg, the spermatozoon is exposed to various
stresses, including changes in osmolarity and pH, exposure to mi-
croorganisms, in entirely different milieux than in the testis or
epididymis. Indeed, a recent study [10] suggested that the glycerol
transporter AQP3 is essential for spermatozoa to cope with the pro-
gressive osmotic decrease through the female reproductive tract.
AQP3-deficient mice show reduced sperm motility due to the inability
MOLECULAR METABOLISM 90 (2024) 102063 � 2024 The Author(s). Published by Elsevier GmbH. This is an open
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of spermatozoa to regulate their volume, leading to tail deformations
[58]. In addition, another aquaglyceroporin, AQP7, is expressed in
human spermatozoa and is crucial for sperm motility [88]. Thus, the
production and extracellular release of glycerol via AQPs by sperma-
tozoa may be important for the maintenance of osmotic balance and
functional integrity of the spermatozoa. Considering that spermatozoa
have much lower triglyceride content [89], the major pathway for the
production and release of glycerol is likely the G3PP/glycerol shunt,
and a lack of G3PP may adversely affect the function of spermatozoa,
as noticed in the present study. We propose that high G3PP and
glycerol production favor sperm preservation via both intra- and
extracellular actions. This merits further investigation as it has impli-
cations for fertility.
Overall, the present study demonstrates an important role for G3PP-
operated glycerol shunt in regulating sperm Gro3P levels, which, if
not controlled, can lead to excess ROS production, altered sperm
morphology and function and eventual male infertility. A lack of G3PP in
spermatozoa appears to disturb glucose, amino acid, lipid and energy
metabolism, probably due to the dysregulation of Gro3P, which is at the
center of all these metabolic pathways. Such a regulatory role of G3PP
in controlling metabolism and ROS production may possibly explain the
increased incidence of male infertility among diabetics and obese
people with elevated circulating glucose [3], which is the main source
of cellular Gro3P. The relevance of these results to human health is
exemplified by the recent study showing that G3PP expression is
reduced by w50-fold in the sperm from testicular seminoma patients
with reduced fertility compared to sperm from healthy men [27]. Thus,
future studies are warranted to closely examine the importance of G3PP
in male fertility in human subjects and if pharmacological augmentation
of this enzyme is a therapeutic avenue to prevent any oxidative damage
to the susceptible sperm, as in the case of patients with diabetes.
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