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Lactate inhibits germ cell apoptosis in the human testis
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Dysregulation of male germ cell apoptosis has been associated with the pathogenesis of male infertility. Therefore,
factors involved in the regulation of germ cell death are being actively investigated. Here, we studied the effects of
lactate on human male germ cell death, using as a model a testis tissue culture in which physiological contacts are
maintained between the germ cells and the supportive somatic Sertoli cells. Apoptosis of spermatocytes, spermatids
and a few spermatogonia was induced by culturing segments of seminiferous tubules under serum-free conditions.
This germ cell death was inhibited effectively and dose-dependently by lactate, indicating that it plays a crucial
role in controlling cell death cascades of male germ cells. Interestingly, the anti-apoptotic role of lactate was not
associated with changes in testicular adenine nucleotide (ATP, ADP and AMP) levels. In the seminiferous tubules,
the final site of the death-suppressing action of lactate appeared to be downstream along the cell death pathway
activated by the Fas receptor of the germ cells. In conclusion, testicular cell death was effectively regulated by
lactate, which may be regarded as a potential compound for optimizing in-vitro methods involving male germ cells
for assisted reproduction.
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Introduction
During spermatogenesis, male germ cells proliferate and mature
via various phases from spermatogonia through spermatocytes
and spermatids to spermatozoa (de Rooij, 1998; Griswold,
1998; de Rooij, 2001). Even during regular conditions, a
number of germ cells die by apoptosis before reaching maturity.
Thus, normal spermatogenesis involves a balance between cell
proliferation and cell death (Dunkel et al., 1997a; Rodriguez
et al., 1997; de Rooij, 2001). In physiological conditions, cell–
cell interactions play an important role in controlling this
process. Besides giving structural support, the somatic Sertoli
cells regulate the fate of germ cells by supplying several
paracrine factors (Griswold, 1998). These factors include
hormones, several other pro- and anti-apoptotic agents, such
as tumour necrosis factor α (TNFα), Fas ligand (FasL) and
stem cell factor (SCF), and also energy substrates (Tapanainen
et al., 1993; Billig et al., 1995; Lee et al., 1997; Griswold,
1998; Mauduit et al., 1999b; Pentikainen et al., 1999; Tres
and Kierszenbaum, 1999; Francavilla et al., 2000; D’Alessio
et al., 2001; Koji et al., 2001; Pentikainen et al., 2001; Riera
et al., 2001; Yan et al., 2000a,b,c).
Lactate is one of the compounds produced by the Sertoli
cells and utilized primarily by the germ cells. Glucose in the
Sertoli cells is metabolized via cytosolic glycolysis to lactate,
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which is then used by the germ cells as a substrate for
ATP production in mitochondrial oxidative phosphorylation
(Robinson and Fritz, 1981; Grootegoed et al., 1984; Nakamura
et al., 1984; Bajpai et al., 1998; Riera et al., 2001). In nontesticular cells, the role of lactate in controlling cell death
seems to vary with the specific cell type and the induction
pathway of apoptosis. For example, in several cell types,
lactate reduces cell growth or further induces cell death
triggered by oxidative stress (Cruz et al., 2000; Kang et al.,
2001), whereas in other cell types it has no effect on hypoxiainduced apoptosis (Malhotra and Brosius, 1999). Furthermore,
inhibitors of lactate production sensitize certain cells to druginduced death (Salomon et al., 2000). In the regulation of
male germ cell apoptosis, the role of lactate has remained
unknown.
Interestingly, deprivation of lactate has been shown to
decrease the viability of male germ cells (Trejo et al., 1995).
Moreover, treatment with lactate has been demonstrated to
suppress germ cell loss and to improve spermatogenesis in the
cryptorchid rat testis in vivo (Courtens and Ploen, 1999). Thus,
lactate appears to act as a testicular survival factor. The aim
of the present study was to evaluate the effects of lactate on
human male germ cell death. We used an in-vitro tissue culture
model in which the testicular cells remained in the seminiferous
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tubules and thus maintained their physiological interactions.
To induce apoptosis of human germ cells in this model, we
incubated segments of the tubules under serum-free culture
conditions, and investigated the ability of lactate to prevent
this cell death. Furthermore, we studied the effects of lactate
and its metabolite pyruvate on the levels of testicular adenine
nucleotides (ATP, ADP and AMP). Finally, we tested whether
blockade of oxidative phosphorylation or activation of the Fas
receptor would modulate the effects of lactate on male germ
cell death.

Materials and methods
Patients
Testis tissue was obtained from 10 adult men aged 69–84 years
undergoing orchidectomy as treatment for prostate cancer. The patients
had received neither hormonal nor chemotherapeutic medication, nor
had they received radiotherapy before the operation, and none of them
had suffered from cryptorchidism. The operations were performed
between October 1999 and May 2001 at the Department of Urology,
Helsinki University Central Hospital (Helsinki, Finland). The Ethics
Committees of the Departments of Children and Adolescents and of
Urology, University of Helsinki, approved the study protocol.
Tissue culture
Segments of seminiferous tubules were cultured instead of
isolated cells in order to maintain the physiological cell–cell interactions of the testicular cells. The testis tissues derived from the
operations were immediately microdissected on Petri dishes containing
phosphate-buffered saline (PBS) supplemented with human serum
albumin (Sigma Chemical Co., St Louis, MO, USA). Segments of
seminiferous tubules (3–5 mm in length) were isolated and transferred
to culture plates. Samples were incubated in tissue culture medium
(Nutrient mixture Ham’s F10, containing 1100 mg/l of D-glucose
and 110 mg/l of sodium pyruvate; Gibco Europe, Paisley, UK),
supplemented with 0.1% human serum albumin (Sigma), and
10 µl/ml gentamicin (Gibco). Incubations were performed at 34°C in
a humidified atmosphere containing 5% of CO2, and on all occasions
the pH was neutralized prior to culture.

Activation of the Fas receptors
Agonistic anti-Fas antibody has been shown to activate the apoptotic
cascade of testicular germ cells (Tres and Kierszenbaum, 1999). To
investigate whether activation of the Fas receptors could modulate
the anti-apoptotic effects of lactate, agonistic Anti-Fas antibody
(Roche Molecular Biochemicals, Mannheim, Germany) was added to
final concentrations of 2 and 5 µg/ml.
Southern blot analysis of apoptotic DNA fragmentation
Testis tissue samples were snap-frozen in liquid nitrogen and
stored at –80°C until DNA isolation. DNA was extracted by using
the Apoptotic DNA Ladder Kit (Roche) according to the
manufacturer’s instructions, with some modifications, as recently
described (Pentikainen et al., 2000). After quantification, DNA
samples (1 µg) were 3⬘-end-labelled with digoxigenin-dideoxy-UTP
(Dig-dd-UTP; Roche), using the terminal transferase (TdT; Roche)
reaction, subjected to electrophoresis on 2% agarose gels, and
blotted onto a nylon membrane. DNA was cross-linked to the membrane
by UV irradiation. Dig-dd-UTP 3⬘-end-labelled DNA on the nylon
membrane was detected with an antibody reaction involving alkaline
phosphatase (Anti-Digoxigenin-AP; Roche), as recently described
(Erkkila et al., 1997). The chemiluminescence reaction was performed
in CSPD solution (Roche) at room temperature for 5 min, and
enhanced at 37°C for 15 min, as described (Erkkila et al., 1997).
X-ray films were exposed to chemiluminescence, after which the
films were scanned with a tabletop scanner (Microtec ScanMaker;
Microtec International, Inc., Taiwan) and the digitized information
(optical density) was analysed with NIH-Image (1.61) analysis software (National Institutes of Health, Bethesda, MD, USA). Low mol.
wt DNA fractions [⬍1.3 kilobases (kb)] of the 0 h sample were set
at 1.0 (100%) and the other settings were compared to this. Thus,
the results are expressed in relation to the starting (0 h) point.

Exposure to lactate or pyruvate
To evaluate the role of lactate on human testicular apoptosis,
neutralized lactic acid (lactic acid; equal amounts of the D- and
L-isomers; Sigma) was added to the culture medium at final concentrations of 1, 5 and 10 mmol/l, corresponding to its physiological
concentrations in the testicular tissue (Courtens and Ploen, 1999).
Furthermore, lactate concentrations of 20 and 25 mmol/l were tested.
To assess whether concentrations of pyruvate exceeding the basal
concentration would mimic the effects of lactate on cell death, extra
sodium pyruvate (Sigma) was added to the culture medium at final
concentrations of 5 and 10 mmol/l. On all occasions, the pH was
neutralized prior to culture.

In-situ end-labelling (ISEL) of apoptotic DNA
Short segments of seminiferous tubules (1–3 mm in length) were
gently squashed under coverslips to produce a monolayer of cells.
These squash preparations were fixed as previously described
(Erkkila et al., 1997), after which the samples were dehydrated and
stored at –20°C until they were stained. DNA in-situ 3⬘-end-labelling
was performed as described earlier (Pentikainen et al., 2000), with
modifications. Briefly, after rehydration and permeabilization in a
microwave oven for 5 min in 10 mmol/l citric acid (pH 6.0),
the samples were preincubated with terminal transferase reaction
buffer (potassium cacodylate 1 mol/l, Tris–HCl 125 mmol/l, BSA
1.25 mg/ml, pH 6.6). The DNA in the samples was 3⬘-end-labelled
with Dig-dd-UTP (Roche) by the terminal transferase (TdT, Roche)
reaction for 1 h at 37°C. Antidigoxigenin antibody conjugated to
horse-radish peroxidase (Anti-Digoxigenin-POD; Roche) and
diaminobenzidine (Sigma) were used to detect the Dig-dd-UTPlabelled DNA. The slides were weakly counterstained with haematoxylin, after which the samples were dehydrated. For the negative
controls, the TdT enzyme was replaced by the same volume of
distilled water.

Blockade of oxidative phosphorylation
Mitochondrial oxidative phosphorylation was blocked with
potassium cyanide (KCN, 5 mmol/l, Sigma) which inhibits cytochrome c oxidase (complex IV). This concentration was chosen in
order to totally inhibit oxidative phosphorylation. Stock solutions of
KCN were prepared in Krebs-Henseleit buffer (115 mmol/l NaCl,
3.6 mmol/l KCl, 1.3 mmol/l KH2PO4, 25 mmol/l NaHCO3, 1 mmol/l
CaCl2, 1 mmol/l MgCl2, pH 7.2). On all occasions, the pH was
neutralized prior to culture.

Electron microscopy
Segments of seminiferous tubules were cultured as described above.
They were fixed in 2.5% glutaraldehyde in 0.1 mol/l phosphate buffer,
pH 7.2, postfixed with 1% osmium tetroxide in 0.1 mol/l phosphate
buffer, dehydrated, and embedded in epoxy resin. They were then
sectioned at 50 nm with a Reichert E ultramicrotome (Reichert Jung,
Vienna, Austria) and stained with uranyl acetate and lead citrate.
Observations were made with a Jeol JEM 1200 EX transmission
electron microscope (Jeol, Tokyo, Japan). Classification of germ cell
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types was based on their characteristic morphology and the cells were
identified as apoptotic by the changes in their ultrastructure.
Determination of ATP, ADP and AMP
Samples of testicular tissue were snap-frozen in liquid nitrogen. To
extract adenine nucleotides (ATP, ADP and AMP), the tissues were
homogenized in 0.42 N ice-cold perchloric acid. The homogenates
were then neutralized with 4.42 N KOH and centrifuged. The ATP,
ADP and AMP concentrations of the supernatants were determined
with high performance liquid chromatography (HPLC) using a
Shimadzu LC 10AD vp liquid chromatograph with a reversed phase
column (Ultra Techsphere 5 ODS; Labtronic Oy, Vantaa, Finland)
and an UV detector set at 254 nm. The published method (Stocchi
et al., 1987) was modified as follows: buffer A (0.1 mol/l KH2PO4,
8.0 mmol/l tetrabutylammonium hydrogen sulphate, pH 6.0) was
run at 1.5 ml/min for 2.5 min followed by a linear increase during
10 min to 100% buffer B (buffer A with 30% methanol), which was
continued for 2.5 min and followed by a linear increase during 1 min
to 100% buffer A, which was run for 4 min. The compounds were
identified and quantified by the retention times and peak areas of
known standards, calibrated by spectrophotometry. The adenine
nucleotide concentrations were expressed in relation to wet testis
tissue weight (µmol/l/mg of testis). The adenylate energy charges
(EC) were calculated from the ATP, ADP and AMP concentrations,
according to the following equation:
([ATP]⫹1/2[ADP]) / ([ATP]⫹[ADP]⫹([AMP]).
Statistical analysis
The experiments were repeated on two to seven independent occasions.
For statistical comparisons, data obtained from the replicate experiments (mean ⫾ SEM) were analysed by one-way analysis of variance
followed by the post-hoc test with Bonferroni correction. P ⬍ 0.05
was considered significant.

Results
In-vitro induction of human testicular apoptosis and its
suppression by lactate
Male germ cell apoptosis was induced by culturing
segments of human seminiferous tubules under serum-free
conditions. Incubation for 4 and 24 h resulted in clear apoptotic
DNA laddering (Figure 1). During culture for 4 h, this low
mol. wt DNA fragmentation was suppressed dose-dependently
by lactate. Apoptosis was inhibited by 70% (P ⬍ 0.01) at a
lactate concentration of 10 mmol/l, by 20% (not significant)
at 5 mmol/l, and by 14% (not significant) at 1 mmol/l, relative
to the 4 h control sample (Figure 1). Apoptosis was also
effectively blocked by lactate concentrations exceeding the
physiological concentrations, i.e. by 72% at 20 mmol/l and by
73% at 25 mmol/l (data not shown). After incubation for
24 h of culture the anti-apoptotic effect of lactate had disappeared. Since lactate, prior to utilization in mitochondrial
oxidative phosphorylation, can be oxidized to pyruvate, we
also tested whether pyruvate at concentrations higher than
the basal concentration in the culture medium could mimic
the anti-apoptotic effects of lactate. At concentrations of
5 mmol/l and 10 mmol/l, pyruvate was unable to inhibit human
testicular apoptosis (Figure 1).

Figure 1. In-vitro induction of human testicular apoptosis and its
inhibition by lactate. Segments of human seminiferous tubules were
cultured for 4 or 24 h under serum-free culture conditions in the
absence or presence of lactate (lact.) or extra pyruvate (pyruv.).
(A) Southern blot analysis of apoptotic DNA fragmentation.
Extracted DNA was 3⬘-end-labelled with Dig-dd-UTP, subjected to
electrophoresis and detected with chemiluminescence. At the start
(0 h), no apoptotic fragmentation was observed, whereas incubation
for 4 h (4 h control) and 24 h (24 h control) without survival
factors induced time-dependent increases in apoptotic laddering. In
the 4 h culture, lactate suppressed this testicular apoptosis dosedependently, but with incubation for 24 h this inhibitory action was
no longer observed. Extra pyruvate did not mimic the effects of
lactate. (B) Quantification of low mol. wt (mw) DNA (⬍1.3 kb).
Each value represents a mean of replicative experiments ⫾ SEM.
**P ⬍ 0.01. The numbers in brackets indicate the numbers of
replicative experiments in each treatment. NS ⫽ not significant.

Identification of apoptotic cells by in situ 3⬘-end labelling of
DNA (ISEL)
To confirm the results of the Southern blot analyses and to
identify the dying cells, we performed ISEL of seminiferous
tubule samples (Figure 2). Representative samples of cells
from human seminiferous tubules were obtained by squashing
segments of seminiferous tubules under coverslips. This
method enables the cells from the seminiferous epithelium to
move out from the tubules and produce a monolayer on a
microscope slide (Figure 2A, small insert). Consistent with
the results of Southern blot analyses, induction of germ cell
death and its inhibition by lactate, but not by extra pyruvate,
was observed in ISEL (Figure 2A). The apoptotic cells were
mostly identified as spermatocytes or spermatids (Figure 2B),
which is in agreement with our previous studies (Erkkila
et al., 1997, 1998, 1999). As a new finding, a few human
spermatogonia undergoing apoptosis were also observed
(Figure 2B). However, many of the spermatogonia were ISELnegative and their morphology was normal. Because of nuclear
pycnosis in the late stages of apoptosis, we could not identify
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Figure 2. In-situ 3⬘-end labelling of apoptotic DNA (ISEL). Segments of human seminiferous tubules were cultured, squashed and fixed as
described in Materials and methods. Apoptotic cells (brown) were detected by ISEL. (A) Small insert demonstrating the squash preparation.
Consistent with the results of Southern blot analysis, incubation of testicular tissue under serum-free conditions (4 h control) induced germ
cell death which was inhibited by lactate, but not by extra pyruvate. (B) The dying cells were identified as mainly spermatocytes and
spermatids; however, some spermatogonia undergoing apoptosis were also observed.

all the apoptotic cells. When the terminal transferase enzyme
was replaced by the same volume of distilled water as a
negative control, there was no staining.
Morphological changes in dying germ cells under the electron
microscope
Dying germ cells were further identified by electron microscopy. As in the ISEL analysis, different phases of apoptotic
changes, including nuclear and/or cytoplasmic condensation,
were observed in spermatocytes (Figure 3) and spermatids.
The apoptotic nature of the dying spermatogonia was also
confirmed by electron microscopy. In early apoptosis of
spermatogonia, clumping of chromatin in the nuclei of the
cells was observed (Figure 3). In the later phases of apoptosis,
both chromatin and cytoplasm condensed further and the
cytoplasmic organelles degenerated (Figure 3). As in ISEL, in
very late phases of cell death the specific cell types could not
be identified.
The death-suppressing role of lactate is not modulated by
concomitant blockade of oxidative phosphorylation
Since one of the main functions of lactate is participation in
cellular energy metabolism, we evaluated whether manipulation
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of energy production could modify the anti-apoptotic effect of
lactate. Because lactate is consumed by oxidative phosphorylation in germ cells (Nakamura et al., 1984; Bajpai et al.,
1998), we tested whether blockade of oxidative phosphorylation would affect the anti-apoptotic role of lactate. As shown
by Southern blot analysis of DNA fragmentation, potassium
cyanide (KCN, 5 mmol/l), which inhibits oxidative phosphorylation, did not modulate the death-suppressing role of
lactate (Figure 4).
The anti-apoptotic effect of lactate is not related to changes
in adenine nucleotide levels
Because adenine nucleotides (ATP, ADP and AMP) or their
relative concentrations have been shown to play an important
role in regulating cell death (Catisti et al., 1999; Leist et al.,
1999; Vander Heiden et al., 1999; Bradbury et al., 2000;
Single et al., 2001), we studied whether lactate affects the
testicular adenine nucleotide levels. The ANs were measured
after culture for 4 h, since it is the time point of effective
suppression of testicular apoptosis by lactate. No significant
differences in ATP, ADP or AMP concentrations (Figure 5) or
ATP/ADP proportions or adenylate energy charges (data not
shown) were observed between the samples treated with lactate
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Figure 3. Electron micrographs of cells from the human testis. Segments of seminiferous tubules were cultured under serum-free conditions
to induce germ cell apoptosis. (A–C) Different stages of apoptosis in spermatocytes. (A) Normal spermatocytes. (B) Early apoptosis of a
spermatocyte. The chromatin has condensed and condensation of the cytoplasm has also begun. (C) At a later stage of apoptosis,
condensation of the chromatin is more advanced, and the cytoplasmic organelles are no longer identifiable. (D–F) Apoptosis of human
spermatogonia. (D) A normal spermatogonium, which is characteristically located next to the basal lamina (bl). (E) Early apoptosis of a
spermatogonium. Clumping of chromatin in the nucleus as well as condensation of cytoplasm have begun. The upper nucleus belongs to a
normal non-apoptotic Sertoli cell. (F) In a later phase of apoptosis in a spermatogonium, both the chromatin and the cytoplasm have
condensed further and the cytoplasmic organelles have degenerated.

and the control samples and the samples treated with extra
pyruvate. Therefore, the anti-apoptotic effect of lactate appears
to be mediated by a mechanism that is not explained by
changes in the adenine nucleotide levels.

system is activated endogenously in serum-free conditions and,
therefore, may have already reached its maximal rate of
activation (Pentikainen et al., 1999).

Agonistic anti-Fas antibody does not induce apoptosis in the
presence of lactate
The Fas system is known to play a proapoptotic role in our
tissue culture model (Pentikainen et al., 1999). In order to
evaluate whether the anti-apoptotic effect of lactate takes
place upstream or downstream of the Fas receptor activation
in the germ cells, we added an agonistic anti-Fas antibody to
the cultures. In Southern blot analysis of DNA fragmentation,
the anti-apoptotic role of lactate was not modified by the
activating anti-Fas antibody (Figure 6), suggesting that lactate
acts in germ cells downstream of the Fas receptor. The agonistic
anti-Fas antibody by itself did not significantly induce further
apoptotic germ cell death, which was triggered by serum
withdrawal. This was expected, since we have previously
shown that, in cultured human seminiferous tubules, the Fas

Discussion
In the present study, physiological (and higher) concentrations
of lactate were shown to effectively suppress human male
germ cell apoptosis. Culturing segments of seminiferous
tubules under serum-free conditions induced germ cell
apoptosis, which, after 4 h of incubation, was inhibited by
lactate. Interestingly, blockade of oxidative phosphorylation
did not modify the anti-apoptotic effect of lactate. Furthermore,
the death-suppressing effect of lactate was not associated with
changes in adenine nucleotide (ATP, ADP or AMP) levels.
Finally, activation of proapoptotic Fas receptors in the presence
of lactate did not induce apoptosis, suggesting that the antiapoptotic action of lactate takes place downstream along the
cell death pathway activated by the Fas receptor.
Consistently with our previous studies (Erkkila et al., 1997,
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1998, 1999), the germ cells in the later phases of differentiation
were the most sensitive to death-inducing conditions, since
the apoptotic cells were primarily identified as spermatocytes
and spermatids. However, as a new finding, human spermatogonia undergoing apoptotic changes were also characterized.
Our failure to observe apoptosis in spermatogonia in earlier
studies may have either been due to difficulties in identification
of some of the cells because of cellular pycnosis, or to the
relatively small number of spermatogonia of which only few
appear to undergo apoptosis in the testis of adult men. In
rodents, spermatogonial apoptosis not only takes place when

Figure 4. The anti-apoptotic effect of lactate (lact.) is not
modulated by concomitant blockade of oxidative phosphorylation.
Human testicular tissue was cultured under serum-free culture
conditions for 4 h in the absence or presence of lactate and KCN
(5 mmol/l) which inhibits oxidative phosphorylation. (A) Southern
blot analysis of DNA fragmentation. The death-suppressing role of
lactate was not modified by concomitant blockade of oxidative
phosphorylation. (B) Quantification of low mol. wt (mw) DNA
(⬍1.3 kb) fragmentation. Each value represents a mean of
replicative experiments ⫾ SEM. The numbers in brackets indicate
the numbers of replicative experiments in each treatment.

normal spermatogenesis is disturbed, but is also part of a
necessary pathway to regulate the number of maturing germ
cells (de Rooij, 1998; Tres and Kierszenbaum, 1999; Meng
et al., 2000; Yan et al., 2000a,b,c; de Rooij, 2001; Sugiyama
et al., 2001). In humans, spermatogonial apoptosis has been
described in the testes of adult men and cryptorchid boys
(Heiskanen et al., 1996; Dunkel et al., 1997b; Oldereid et al.,
2001). Our finding that some spermatogonia undergo increased
apoptosis under stress-inducing conditions is consistent with
these previous reports. However, the role of spermatogonial
death in testicular physiology and pathology in humans and
other primates is not yet clear and remains to be further
clarified.
Human germ cell death was effectively inhibited with lactate
after 4 h of culture. In rats, a recent study demonstrated that
intratesticular infusion of lactate improves spermatogenesis by
preventing loss of germ cells in the cryptorchid testis (Courtens
and Ploen, 1999). However, in the present as well as in the
rat study, loss of germ cells continued after a delay, despite
the lactate treatment. In the rat study, the delay lasted for days,
whereas, in our study, clear DNA laddering indicating cell
death was observed after 24 h. These different time courses
may either reflect species-specific differences in the sensitivity
of the germ cells to apoptosis, or result from different deathinducing stimuli. Nevertheless, both these studies clearly
suggest that lactate plays an important role in the control of
germ cell death. This is further supported by the finding that
pharmacological deprivation of lactate decreases the viability
of male germ cells (Trejo et al., 1995). Since lactate is a
normal physiological metabolite, it lacks many of the potential
side-effects of non-physiological factors. It can therefore be
regarded as a potential therapeutic compound when optimizing
treatments for male infertility. Such situations may include
attempts to maintain the viability of the testicular tissue in
vitro, when seeking spermatids or spermatozoa from testicular
biopsies for fertilizations.
Lactate in germ cells has been suggested to be consumed
by mitochondrial oxidative phosphorylation (Robinson and
Fritz, 1981; Nakamura et al., 1984). However, the suppressive
role of lactate on testicular apoptosis seems not to be mediated

Figure 5. High-performance liquid chromatography (HPLC) analysis of adenine nucleotides. Segments of seminiferous tubules were
cultured under serum-free conditions in culture medium that contained a basal level of pyruvate (pyruv.), in the absence or presence of
lactate (10 mmol/l) or extra pyruvate (5 mmol/l). HPLC analysis of adenine nucleotides (ATP, ADP and AMP) was performed as described
in Materials and methods. No significant differences in ATP, ADP or AMP concentrations were observed between the control samples and
the samples treated with lactate or extra pyruvate. Each value represents a mean of three replicative experiments ⫾ SEM.
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via the ATP production in oxidative phosphorylation, since
lactate inhibited cell death even after blocking oxidative
phosphorylation. This is further supported by the finding that
ATP levels in the lactate-treated samples did not significantly
differ from that in the other samples. Moreover, the antiapoptotic effect of lactate did not appear to be mediated by
changes in the levels of other adenine nucleotides (ADP, AMP)
or by the relative concentrations of ATP and ADP (ATP/ADP)
or the adenylate energy charges. However, we measured
the adenine nucleotide levels after culture for 4 h, and the
possibility that lactate could have altered the adenine nucleotide
levels at some other time point cannot be excluded. Since the
adenine nucleotides of specific cell types were not measured,
changes in individual cells cannot be ruled out either. The
absence of differences between the ATP levels of the controls
and the other samples may be explained by the fact that the
culture medium contained glucose and pyruvate. Pyruvate can
be utilized to produce ATP via oxidative phosphorylation in
the germ cells (Grootegoed et al., 1984; Nakamura et al.,
1984; Bajpai et al., 1998). Glucose can also be metabolized
to ATP by the Sertoli cells, and possibly also by the germ
cells (Robinson and Fritz, 1981; Grootegoed et al., 1984;
Nakamura et al., 1984; Bajpai et al., 1998). Moreover, the
glucose in the Sertoli cells could have been metabolized to
lactate or pyruvate, which could then have been consumed in
oxidative phosphorylation of the germ cells. However, if this
hypothetical endogenous lactate production occurs in the
present culture model, it is likely to be sufficient for maintaining
the ATP levels but not for causing the anti-apoptotic effects
of lactate.
The mechanism underlying the role of lactate in preventing
germ cell death is unclear. The previously reported antiapoptotic effects of pyruvate, a metabolite of lactate, have
been suggested to be mediated via its anti-oxidant capacity or
via products of its metabolism in the mitochondrial matrix
compartment (Miwa et al., 2000; Kang et al., 2001). Since, in

the present study, even high concentrations of pyruvate had
no effects on testicular cell death, it is unlikely that these
mechanisms played a role in the present findings. Furthermore,
we showed that inhibition of testicular cell death by lactate
appeared not to be explained by the changes in adenine
nucleotide levels. However, lactate has several other targets
of action that may be related to its death-suppressing effects.
For example, lactate has been associated with the actions of
stem cell factor (SCF), tumour necrosis factor α and FSH
(Mauduit et al., 1999a; Grataroli et al., 2000; Hahn et al.,
2000; Riera et al., 2001), which, in turn, have been suggested
to be testicular anti-apoptotic factors (Tapanainen et al., 1993;
Shetty et al., 1996; Mauduit et al., 1999b; Pentikainen et al.,
2001; Tesarik et al., 2000; Yan et al., 2000a,b,c). Moreover,
lactate may have altered the pH levels during the incubations,
even though the pH was adjusted prior to the culture. Changes
in pH levels may affect testicular apoptosis, firstly, since
expression of SCF, a germ cell survival factor, in Sertoli cells
depends on pH (Mauduit et al., 1999a), and secondly, since at
least in several non-testicular cells, pH levels play a crucial
role in cell death events (Khaled et al., 2001). However, among
these and other possible mechanisms, the one(s) explaining
the anti-apoptotic role of lactate remain to be further clarified.
Since cell–cell interactions play an important role in germ
cell survival, it is possible that lactate acts on the Sertoli cells
rather than the germ cells by modulating the supply of proor anti-apoptotic paracrine factors. The present in-vitro model,
in which we cultured segments of seminiferous tubules, has
the advantage of maintaining physiological contacts between
the different cell types, and thus allows investigation of
paracrine systems. One such system, which has been shown
to regulate germ cell death in the testis and also in our in-vitro
model, is the Fas-Fas ligand (FasL) system (Lee et al.,
1997; Pentikainen et al., 1999; Tres and Kierszenbaum, 1999;
Francavilla et al., 2000; D’Alessio et al., 2001; Koji et al.,
2001). The proapoptotic FasL expressed by the Sertoli cells,

Figure 6. Activating anti-Fas antibody does not induce apoptosis in the presence of lactate. Segments of seminiferous tubules were cultured
under serum-free culture conditions in the absence or presence of lactate (10 mmol/l) and/or agonistic anti-Fas antibody (5 µg/ml).
(A) Southern blot analysis of DNA fragmentation. Activation of the Fas receptor by agonistic anti-Fas antibody did not modulate the deathsuppressive effect of lactate. (B) Quantification of low molecular weight DNA (⬍1.3 kb) fragmentation. Each value represents a mean of
three replicative experiments ⫾ SEM.
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and perhaps also by the germ cells (D’Alessio et al., 2001),
activates the Fas receptors, and thereafter the apoptotic cascade
in the germ cells (Lee et al., 1997; Pentikainen et al., 1999;
Tres and Kierszenbaum, 1999; Francavilla et al., 2000; Koji
et al., 2001). To evaluate the level at which lactate exerts
its anti-apoptotic effect, we added Fas receptor-activating
antibodies to the cultures. In the presence of lactate, activation
of the Fas receptors did not induce apoptosis, which suggests
firstly, that lactate may inhibit the particular apoptotic pathway
which is triggered by Fas, and secondly, that the inhibitory
action of lactate seems to take place downstream of the Fas
receptors in the germ cells. However, it is also possible that
lactate acts on the Sertoli cells, inducing in them activation of
some anti-apoptotic factor(s) which, in turn, act(s) on germ
cells downstream of the Fas receptors.
In conclusion, the present study suggests an important role
for lactate in the regulation of human male germ cell death.
Apoptosis of spermatocytes, spermatids and a few spermatogonia was induced by culturing segments of seminiferous
tubules under serum-free conditions. This cell death was
effectively inhibited by lactate, which thus appears to have a
crucial role in controlling cell death cascades of male germ
cells. The anti-apoptotic effect of lactate was not associated
with changes in adenine nucleotide levels. In the seminiferous
tubules, which contain several interacting cells, the final site
of the death-suppressing action of lactate appeared to take
place in germ cells downstream of the Fas receptor activation.
The results obtained in the present study could be used when
optimizing in-vitro methods involving male germ cells for
assisted reproduction.

Acknowledgements
We gratefully acknowledge the skilful technical assistance of Ms
Virpi Aaltonen, Ms Kaisa Alasalmi and Ms Sari Linden. We also
thank the staff of the Department of Urology, Helsinki University
Central Hospital (Finland) for their cooperation. The study was
supported by the Foundation for Pediatric Research (Finland), the
Finnish Medical Foundation (Finland), the Finnish Medical Society
Duodecim (Finland) and the Sigrid Juselius Foundation (Finland).

References
Bajpai, M., Gupta, G. and Setty, B.S. (1998) Changes in carbohydrate
metabolism of testicular germ cells during meiosis in the rat. Eur. J.
Endocrinol., 138, 322–327.
Billig, H., Furuta, I., Rivier, C. Tapanainen, J., Parvinen, M. and Hsueh,
A.J. (1995) Apoptosis in testis germ cells: developmental changes in
gonadotropin dependence and localization to selective tubule stages.
Endocrinology, 136, 5–12.
Bradbury, D.A., Simmons, T.D., Slater, K.J. and Crouch, S.P. (2000)
Measurement of the ADP:ATP ratio in human leukaemic cell lines can be
used as an indicator of cell viability, necrosis and apoptosis. J. Immunol.
Methods, 240, 79–92.
Catisti, R. and Vercesi, A.E. (1999) The participation of pyridine nucleotides
redox state and reactive oxygen in the fatty acid-induced permeability
transition in rat liver mitochondria. FEBS Lett., 464, 97–101.
Courtens, J.L. and Ploen, L. (1999) Improvement of spermatogenesis in adult
cryptorchid rat testis by intratesticular infusion of lactate. Biol. Reprod.,
61, 154–161.
Cruz, H.J., Freitas, C.M., Alves, P.M. Moreira, J.L. and Carrondo, M.J. (2000)
Effects of ammonia and lactate on growth, metabolism, and productivity
of BHK cells. Enzyme Microb. Technol., 27, 43–52.
D’Alessio, A., Riccioli, A., Lauretti, P., Padula, F., Muciaccia, B., De Cesaris,

116

P., Filippini, A., Nagata, S. and Ziparo, E. (2001) Testicular FasL is
expressed by sperm cells. Proc. Natl. Acad. Sci. USA, 98, 3316–3321.
de Rooij, D.G. (1998) Stem cells in the testis. Int. J. Exp. Pathol., 79, 67–80.
de Rooij, D.G. (2001) Proliferation and differentiation of spermatogonial stem
cells. Reproduction, 121, 347–354.
Dunkel, L., Hirvonen, V. and Erkkila, K. (1997a) Clinical aspects of male
germ cell apoptosis during testis development and spermatogenesis. Cell
Death Differ., 4, 171–179.
Dunkel, L., Taskinen, S., Hovatta, O. Tilly, J.L. and Wikstrom, S. (1997b)
Germ cell apoptosis after treatment of cryptorchidism with human chorionic
gonadotropin is associated with impaired reproductive function in the adult.
J. Clin. Invest., 100, 2341–2346.
Erkkila, K., Henriksen, K., Hirvonen, V., Rannikko, S., Salo, J., Parvinen, M.
and Dunkel, L. (1997) Testosterone regulates apoptosis in adult human
seminiferous tubules in vitro. J. Clin. Endocrinol. Metab., 82, 2314–2321.
Erkkila, K., Hirvonen, V., Wuokko, E., Parvinen, M. and Dunkel, L. (1998)
N-acetyl-L-cysteine inhibits apoptosis in human male germ cells in vitro.
J. Clin. Endocrinol. Metab., 83, 2523–2531.
Erkkila, K., Pentikainen, V., Wikstrom, M. Parvinen, M. and Dunkel, L.
(1999) Partial oxygen pressure and mitochondrial permeability transition
affect germ cell apoptosis in the human testis. J. Clin. Endocrinol. Metab.,
84, 4253–4259.
Francavilla, S., D’Abrizio, P., Rucci, N., Silvano, G., Properzi, G., Straface,
E., Cordeschi, G., Necozione, S., Gnessi, L., Arizzi, M. and Ulisse, S.
(2000) Fas and Fas ligand expression in fetal and adult human testis with
normal or deranged spermatogenesis. J. Clin. Endocrinol. Metab., 85,
2692–2700.
Grataroli, R., Boussouar, F. and Benahmed, M. (2000) Role of sphingosine in
the tumor necrosis factor alpha stimulatory effect on lactate dehydrogenase
A expression and activity in porcine Sertoli cells. Biol. Reprod., 63,
1473–1481.
Griswold, M.D. (1998) The central role of Sertoli cells in spermatogenesis.
Semin. Cell Dev. Biol., 9, 411–416.
Grootegoed, J.A., Jansen, R. and Van der Molen, H.J. (1984) The role of
glucose, pyruvate and lactate in ATP production by rat spermatocytes and
spermatids. Biochim. Biophys. Acta, 767, 248–256.
Hahn, E.L., Halestrap, A.P. and Gamelli, R.L. (2000) Expression of the lactate
transporter MCT1 in macrophages. Shock, 13, 253–260.
Heiskanen, P., Billig, H., Toppari, J., Kaleva, M., Arsalo, A., Rapola, J. and
Dunkel, L. (1996) Apoptotic cell death in the normal and cryptorchid
human testis: the effect of human chorionic gonadotropin on testicular cell
survival. Pediatr. Res., 40, 351–356.
Kang, Y.H., Chung, S.J., Kang, I.J., Park, J.H. and Bunger, R. (2001)
Intramitochondrial pyruvate attenuates hydrogen peroxide-induced
apoptosis in bovine pulmonary artery endothelium. Mol. Cell. Biochem.,
216, 37–46.
Khaled, A.R., Reynolds, D.A., Young, H.A., Thompson, C.B., Muegge, K.
and Durum, S.K. (2001) Interleukin-3 withdrawal induces an early increase
in mitochondrial membrane potential unrelated to the Bcl-2 family. Roles
of intracellular pH, ADP transport, and F(0)F(1)-ATPase. J. Biol. Chem.,
276, 6453–6462.
Koji, T., Hishikawa, Y., Ando, H., Nakanishi, Y. and Kobayashi, N. (2001)
Expression of Fas and Fas ligand in normal and ischemia-reperfusion testes:
Involvement of the Fas system in the induction of germ cell apoptosis in
the damaged mouse testis. Biol Reprod, 64, 946–954.
Lee, J., Richburg, J.H., Younkin, S.C. and Boekelheide, K. (1997) The Fas
system is a key regulator of germ cell apoptosis in the testis. Endocrinology,
138, 2081–2088.
Leist, M., Single, B., Naumann, H., Fava, E., Simon, B., Kuhnle, S. and
Nicotera, P. (1999) Inhibition of mitochondrial ATP generation by nitric
oxide switches apoptosis to necrosis. Exp. Cell Res., 249, 396–403.
Malhotra, R. and Brosius, F.C., 3rd (1999) Glucose uptake and glycolysis
reduce hypoxia-induced apoptosis in cultured neonatal rat cardiac myocytes.
J. Biol. Chem., 274, 12567–12575.
Mauduit, C., Chatelain, G., Magre, S., Brun, G., Benahmed, M. and Michel,
D. (1999a) Regulation by pH of the alternative splicing of the stem cell
factor pre-mRNA in the testis. J. Biol. Chem., 274, 770–775.
Mauduit, C., Hamamah, S. and Benahmed, M. (1999b) Stem cell factor/c-kit
system in spermatogenesis. Hum. Reprod. Update, 5, 535–545.
Meng, X., Lindahl, M., Hyvonen, M.E., Parvinen, M., de Rooij, D.G., Hess,
M.W., Raatikainen-Ahokas, A., Sainio, K., Rauvala, H., Lakso, M. et al.
(2000) Regulation of cell fate decision of undifferentiated spermatogonia
by GDNF. Science, 287, 1489–1493.
Miwa, H., Fujii, J., Kanno, H., Taniguchi, N. and Aozasa, K. (2000) Pyruvate

Lactate inhibits testicular apoptosis
secreted by human lymphoid cell lines protects cells from hydrogen
peroxide mediated cell death. Free Radic. Res., 33, 45–56.
Nakamura, M., Okinaga, S. and Arai, K. (1984) Metabolism of pachytene
primary spermatocytes from rat testes: pyruvate maintenance of adenosine
triphosphate level. Biol. Reprod., 30, 1187–1197.
Oldereid, N.B., De Angelis, P., Wiger, R. and Clausen, O.P. (2001) Expression
of Bcl-2 family proteins and spontaneous apoptosis in normal human testis.
Mol. Hum. Reprod., 7, 403–408.
Pentikainen, V., Erkkila, K. and Dunkel, L. (1999) Fas regulates germ cell
apoptosis in the human testis in vitro. Am. J. Physiol. Endocrinol. Metab.,
276, E310–316.
Pentikainen, V., Erkkila, K., Suomalainen, L., Parvinen, M. and Dunkel, L.
(2000) Estradiol acts as a germ cell survival factor in the human testis in
vitro. J. Clin. Endocrinol. Metab., 85, 2057–2067.
Pentikainen, V., Erkkila, K., Suomalainen, L., Otala, M., Pentikainen, M.O.,
Parvinen, M., Dunkel, L. et al. (2001) TNF alpha downregulates the Fas
ligand and inhibits apoptosis in the human testis. J. Clin. Endocrinol.
Metab., 86, 4480–4488.
Riera, M.F., Meroni, S.B., Gomez, G.E., Schteingart, H.F., Pellizzari, E.H.
and Cigorraga, S.B. (2001) Regulation of lactate production by FSH, IL1
beta, and TNF alpha in rat Sertoli cells. Gen. Comp. Endocrinol., 122, 88–97.
Robinson, R. and Fritz, I.B. (1981) Metabolism of glucose by Sertoli cells in
culture. Biol. Reprod., 24, 1032–1041.
Rodriguez, I., Ody, C., Araki, K., Garcia, I. and Vassalli, P. (1997) An early
and massive wave of germinal cell apoptosis is required for the development
of functional spermatogenesis. EMBO J., 16, 2262–2270.
Salomon, A.R., Voehringer, D.W., Herzenberg, L.A. and Khosla, C. (2000)
Understanding and exploiting the mechanistic basis for selectivity of
polyketide inhibitors of F(0)F(1)-ATPase. Proc. Natl. Acad. Sci. USA, 97,
14766–14771.
Shetty, J., Marathe, G.K. and Dighe, R.R. (1996) Specific immunoneutralization
of FSH leads to apoptotic cell death of the pachytene spermatocytes and
spermatogonial cells in the rat. Endocrinology, 137, 2179–2182.
Single, B., Leist, M. and Nicotera, P. (2001) Differential effects of Bcl-2 on

cell death triggered under ATP-depleting conditions. Exp. Cell Res., 262,
8–16.
Stocchi, V., Cucchiarini, L., Canestrari, F., Piacentini, M.P. and Fornaini, G.
(1987) A very fast ion-pair reversed-phase HPLC method for the separation
of the most significant nucleotides and their degradation products in human
red blood cells. Anal. Biochem., 167, 181–190.
Sugiyama, N., Obinata, M. and Matsui, Y. (2001) Bcl-2 inhibits apoptosis of
spermatogonia and growth of spermatogonial stem cells in a cell-intrinsic
manner. Mol. Reprod. Dev., 58, 30–38.
Tapanainen, J.S., Tilly, J.L., Vihko, K.K. and Hsueh, A.J. (1993) Hormonal
control of apoptotic cell death in the testis: gonadotropins and androgens
as testicular cell survival factors. Mol. Endocrinol., 7, 643–650.
Tesarik, J., Mendoza, C. and Greco, E. (2000) The effect of FSH on male
germ cell survival and differentiation in vitro is mimicked by pentoxifylline
but not insulin. Mol. Hum. Reprod., 6, 877–881.
Trejo, R., Valadez-Salazar, A. and Delhumeau, G. (1995) Effects of quercetin
on rat testis aerobic glycolysis. Can. J. Physiol. Pharmacol., 73, 1605–1615.
Tres, L.L. and Kierszenbaum, A.L. (1999) Cell death patterns of the rat
spermatogonial cell progeny induced by sertoli cell geometric changes and
Fas (CD95) agonist. Dev. Dyn., 214, 361–371.
Vander Heiden, M.G., Chandel, N.S., Schumacker, P.T. and Thompson, C.B.
(1999) Bcl-xL prevents cell death following growth factor withdrawal by
facilitating mitochondrial ATP/ADP exchange. Mol. Cell, 3, 159–167.
Yan, W., Samson, M., Jegou, B. and Toppari, J. (2000a) Bcl-w forms
complexes with Bax and Bak, and elevated ratios of Bax/Bcl-w and Bak/
Bcl-w correspond to spermatogonial and spermatocyte apoptosis in the
testis. Mol. Endocrinol., 14, 682–699.
Yan, W., Suominen, J., Samson, M., Jegou, B. and Toppari, J. (2000b)
Involvement of Bcl-2 family proteins in germ cell apoptosis during testicular
development in the rat and pro-survival effect of stem cell factor on germ
cells in vitro. Mol. Cell. Endocrinol., 165, 115–129.
Yan, W., Suominen, J. and Toppari, J. (2000c) Stem cell factor protects germ
cells from apoptosis in vitro. J. Cell Sci., 113, 161–168.
Received on July 7, 2001; accepted on October 25, 2001

117

