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Abstract

Human male reproductive development has a prolonged prepubertal period characterized by 

juvenile quiescence of germ cells with immature spermatogonial stem cell (SSC) precursors 

(gonocytes) present in the testis for an extended period of time. The metabolism of gonocytes is 

not defined. We demonstrate with mitochondrial ultrastructure studies via TEM and IHC and 

metabolic flux studies with UHPLC-MS that a distinct metabolic transition occurs during the 

maturation to SSCs. The mitochondrial ultrastructure of prepubertal human spermatogonia is 

shared with prepubertal pig spermatogonia. The metabolism of early prepubertal porcine 

spermatogonia (gonocytes) is characterized by the reliance on OXPHOS fuelled by oxidative 

decarboxylation of pyruvate. Interestingly, at the same time, a high amount of the consumed 

pyruvate is also reduced and excreted as lactate. With maturation, prepubertal spermatogonia show 

a metabolic shift with decreased OXHPOS and upregulation of the anaerobic metabolism-

associated uncoupling protein 2 (UCP2). This shift is accompanied with stem cell specific 
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promyelocytic leukemia zinc finger protein (PLZF) protein expression and glial cell-derived 

neurotropic factor (GDNF) pathway activation. Our results demonstrate that gonocytes differently 

from mature spermatogonia exhibit unique metabolic demands that must be attained to enable 

their maintenance and growth in vitro.
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1 | INTRODUCTION

Spermatogonial stem cells (SSCs) are the basis of life-long spermatogenesis and male 

fertility. They reside within the seminiferous tubules of the testis in their niche at the 

basement membrane in very tight interaction with the surrounding somatic Sertoli cells. 

SSCs originate from primordial germ cells (PGCs). During embryonic formation of the 

mammalian testis, PGCs colonize the fetal gonad. At birth, PGCs have matured into 

gonocytes (prospermatogonia) in the testicular chords. During prepubertal development, 

gonocytes migrate from the center to the basement membrane of the testicular seminiferous 

tubules and mature to undifferentiated type A spermatogonia that include SSCs.1–6 

Functionally, the prepubertal maturation of SSCs is poorly characterized in humans due to 

the difficulties in obtaining tissue samples and the small number of germ cells that are 

present in immature testes. This highlights the need for model systems that appropriately 

reflect normal human development. Prepubertal maturation requires several years in humans 

and is characterized by immature SSC precursors.7,8 In the mouse, prepubertal maturation 

occurs rapidly (<1 month)2,7 and does not exhibit a juvenile pause, making it difficult to 

capture distinct maturation stages during SSC development. This difference in 

developmental timing limits the use of conventional rodent models for human reproduction 

research, underscoring the need for a robust in vitro model.

In the young prepubertal cancer patient, the germ cell pool of gonocytes and spermatogonia 

is highly sensitive to toxins and is often impaired by aggressive anti-cancer therapy.9–16 As 

these patients do not produce sperm, semen samples cannot be cryopreserved. The isolation, 

expansion, and transplantation of spermatogonia could present an option to restore fertility.
9,10,17–22 Preservation of fertility will require large numbers of matured stem cells for 

efficient neospermatogenesis. Therefore, a thorough understanding of immature germ cell 

maturational processes is essential to facilitate the in vitro maintenance and propagation of 

functional stem cells.23 Rodent germ cells used in in vitro studies are mainly harvested from 

prepubertal tissue, but rodent-specific culture conditions show limited success for higher 

mammalian and human germ cells.18,24–26 Even under optimized conditions, the expansion 

of rodent germ cells in vitro is characterized by a small numbers of SSCs, high numbers of 

progenitor germ cells,18,25,27 and a loss of stem cell potential over time.28

Recent studies of mouse SSCs indicated that glycolysis-optimized conditions improve stem 

cell expansion in vitro.28 Glycolysis is activated via glia cell derived neurotrophic factor 

(GDNF) signaling pathways, an essential process for stem cell propagation in vivo and vitro.
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18,25,29–31 In some mouse strains (eg, C57BL/6), lower endogenous glycolysis activation is 

accompanied with lower in vitro proliferation of spermatogonia, and an increased activation 

of the GDNF and fibroblast growth factor (FGF) signaling pathways or glycolysis are 

required for their expansion in culture.25,29

In addition, transcriptional profiling of testicular cells suggests that SSCs rely on an 

anaerobic glycolysis-based metabolism32–34 similar to other adult stem cells.35–42

However, stem cell metabolism can vary tremendously depending on developmental stage, 

cell location, and functional requirements as shown for pluripotent stem cells.43–46

We therefore hypothesized that the metabolic requirements for immature SSC precursors not 

yet settled within their niche microenvironment are different to those of mature stem cells. 

Our report establishes that early prepubertal spermatogonia have a prominent and unique 

mitochondrial phenotype and that porcine spermatogonia show high ultrastructural similarity 

to human spermatogonia. With limited access to immature human testis tissue for 

experimentation, we used the prepubertal pig, an animal model with a prepubertal phase 

lasting for several months47 representative of the extended juvenile quiescence in human,48 

to investigate the metabolism of early prepubertal spermatogonia.

We demonstrate that early prepubertal spermatogonia rely on active mitochondrial 

respiration and undergo a metabolic shift towards a more anaerobic metabolism with 

testicular maturation. The shift was accompanied with PLZF protein translation and GDNF 

pathway activation. Our study establishes that a switch towards an anerobic metabolism and 

the change of mitochondrial dynamics accompany stem cell maturation. It underlines the 

importance for the investigation of immature tissue in an appropriate model with an 

extended reproductive developmental time course and is one step towards better defining the 

prepubertal phase in higher mammals and humans. Adapting in vitro systems to meet the 

specific metabolic requirements necessary for gonocyte maturation may ultimately enable 

downstream clinical applications for the preservation of fertility in survivors of childhood 

cancer.

2 | MATERIALS AND METHODS

2.1 | Animals and human subjects (samples)

Testes were obtained by castration of 1- and 8-week-old pigs (Sunterra Farms Ltd; Acme, 

AB, Canada, and the University of Alberta, Edmonton, AB). All procedures were performed 

with approval and under the oversight of the Animal Care Committee and the Institutional 

Review Board of the University of Calgary. Human samples were obtained from a previous 

study49 (approved by the Committee for Ethics in Medical Research at the Karolinska 

Institutet, 2009/716-31/2) and from the Fertility Preservation Program in Pittsburgh with 

approval from the University of Pittsburgh Institutional Review Board (Protocol 

#STUDY09020220.) All experiments were performed with at least three biological 

replicates obtained from different individuals.
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2.2 | Cell culture

Unless otherwise stated enriched or sorted cell populations were seeded in an optimized 

density of 90% surface coverage (150 × 103 cells/0.32 cm2) and cultured in stem cell 

medium (Table S4) at 37°C, in 21% oxygen for metabolic analysis. Plates were treated with 

100 μg/mL poly-D-lysine (Corning, NY, USA BioCoat Poly-D-Lysine, #354210) for 30 

minutes. Enriched or sorted cells were immobilized to a monolayer with centrifugation at 45 

G with no breaking and minimal acceleration. Medium height for oxygen consumption 

measurements was standardized as previously reported50 (according to 500 μL per well for 

Agilent Seahorse XF 24 Cell Culture Plates [Agilent, Santa Clara, CA, USA]).

2.3 | Cell isolation

Germ cells were isolated by a two-step enzymatic digestion and enriched via differential 

plating as previously described51 and subsequently purified by FACS for experiments 

comparing 1- and 8-week-old spermatogonia.

Comparisons between 1-week-old spermatogonia and Sertoli cells were performed with 

enriched cell populations (enriched by differential plating) with 81.29 ± 1.78% UCH-L1+ 

germ cells and 93.38 ± 1.17% GATA 4+ Sertoli cells (mean ± SEM). Flow cytometry life 

cell assays and all comparisons between early (1-week-old) and late (8-week-old) 

prepubertal spermatogonia were performed with cells enriched by FACS based on specific 

forward and side scatter properties (see Figure 2A, UCH-L1+ in red) as described52 to a 

mean purity of 97.92 ± 0.77% (1-week-old) and 94.57 ± 1.4% UCH-L1+ (8-week-old).

2.4 | Mitochondrial membrane potential

Freshly purified cells were stained with 50 nM (200 nM for fixed cells) MitoTracker Deep 

Red (ThermoFischer, Waltham, MA,USA, #M22426) in a staining buffer (1:1 mix of 

DMEM/F12 and 1% BSA in PBS) or stained with 50 nM TMRE (ThermoFisher; #T669) in 

DMEM/F12 with 5% FBS, respectively, for 30 minutes at 37°C. Cells were treated with 10 

μM CCCP (abcam, Cambridge, UK #ab141229) for 5 minutes before staining, and inhibitor 

was maintained in buffer throughout analysis as control. Cells of interest were subsequently 

analyzed via flow cytometry. MitoTracker Deep Red stained cells were fixed and 

additionally stained for UCH-L1 in 0.1% saponin and 0.1% BSA before analysis.

2.5 | Hydrogen peroxide stress test

Hydrogenperoxide stress test was performed with CellROX Flow Cytometry Kit 

(ThermoFisher C10492). Enriched cells were treated with increasing levels of H2O2 (0–400 

μM). To measure oxidative stress, cells were incubated with 750 nM of CellROX for 30 

minutes at 37°C and assessed using flow cytometry.

2.6 | Mitochondrial phenotype analysis

MitoTracker Deep Red (200 nM) and TOMM-20 (1:500) (Santa Cruz Biotechnology; 

#sc-17764) served to visualize mitochondria when imaged with a Leica TCS SP5 confocal 

microscope (Leica microsystems, Wetzlar, Germany). For transmission electron microscopy 

(TEM), samples were fixed in 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M 
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cacodylate buffer at pH 7.4 for 2 hours at 4°C. After washing three times with the same 

buffer, the samples were postfixed in 1% osmium tetroxide buffered with cacodylate for 1 

hours at room temperature, dehydrated through a graded series of acetone, and embedded in 

Epon resin. Ultrathin sections were cut in a Leica EM UC7 ultramicrotome using a diamond 

knife and stained with 2% aqueous uranyl acetate and Reynolds’s lead citrate. The sections 

were observed in a Hitachi H7650 transmission electron microscope at 80 kV. The images 

were taken through an AMT600 digital camera mounted on the microscope. TEM pictures 

of mitochondria were analyzed for mitochondrial localization, orientation, and shape. 

Mitochondrial localization was categorized depending on mitochondria localization in 

relationship to each other into unilateral accumulated (majority of mitochondria are in under 

a mitochondria length distance to each other) or randomly distributed. Images with 

mitochondria categorized as unilaterally accumulated were further analyzed for orientation 

towards the basement membrane into two groups, depending on if the majority of the 

mitochondria bulk was in a <90° angle towards the basement membrane (Figure 1I). 

Mitochondria shape was analyzed with Image J for mean circularity. Statistical analysis was 

performed for mean circularity and % circularity </>0.7.

2.7 | Oxygen consumption rate and glycolytic flux

Oxygen consumption rate (OCR) and glycolytic flux (ECAR) assays were performed via 

XF24 Seahorse flux analyzer according to manufacturer’s instructions (Agilent, North 

Billerica, MA, USA). Cells were seeded as a monolayer as described in 500 μL of medium. 

Respiration (OCR) was measured in OCR assay medium (Agilent; XF DMEM 102365-100) 

with oligomycin (2 μM; Enzo Life Sciences, Burlington, ON, Canada, #BML-CM111), 

mitochondrial uncoupling compound FCCP (4 μM; 2 μM for germ cell comparison; abcam, 

#ab141229), and respiratory chain inhibitor antimycin A (Abcam, #A8674) and rotenone 

(Enzo Life Sciences, #ALX-350-360) (1 μM each), and glycolytic function (extracellular 

acidification rate-ECAR) in ECAR medium (Agilent, XF DMEM Medium 103575-100) 

with 17.5-mM glucose, oligomycin (2 μM), and 2DG (100 mM, Sigma, #D8375)29 (all 

Seahorse results are normalized to the number of cells per well (150 × 103 cells/0.32 cm2; 

thereafter, all oxygen consumption rates harmonized accordingly and stated as pmol/min per 

150 × 103 cells).

2.8 | Hypoxia assay

Hypoxia stress test was performed with a monolayer cell culture, and OCR was monitored 

with Oxygen Sensor Spots SP-PSt3-NAU (PreSens Regensburg, Germany). Medium height 

was standardized according to XF24 Seahorse flux analyzer experiments (500 to 750 μL in 

standard 24-well plates) as described.50 Viability was assessed with PI and FDA.

2.9 | Metabolomic flux—UHPLC-MS

Extracellular flux studies were performed with an immobilized cell culture condition (150 

000 cells in 300 μL of medium) as described above. Medium sampling timepoints from 12 to 

48 hours were chosen for analysis. Metabolites were extracted from 50 μL medium in 950 

μL 50% ice cold methanol to a dilution of D20 for 20 minutes on ice. Samples were 

centrifuged at 4°C at 21 000 G for 10 min. Supernatant was stored at -80°C. Intracellular 

flux studies were performed with non-immobilized (0.5 × 106) sorted 1- and 8-week-old 

Voigt et al. Page 5

FASEB J. Author manuscript; available in PMC 2021 June 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



spermatogonia cultured in 500-μL DMEM (# D5030 Sigma, St. Louis, MO, USA) 

supplemented with 13C glucose (10 mM), glutamine (4 mM), NaHCO3 (42.5 mM), HEPES 

(15 mM), dialyzed fetal bovine serum (10% v/v) over time.35 Cells were resuspended in 

medium and either seeded or further processed within 15 minutes for timepoint (t0). Cells 

were harvested from plates and washed with PBS. Cell pellets were obtained by 

centrifugation at 500 G for 5 minutes at 4°C. Cell metabolites were extracted with 500 μL 

90% methanol on ice for 20 minutes. Extract was centrifuged for 20 minutes at 21 000 G 

and 450 μL of supernatant was stored at -80°C. The day before analysis the extract was dried 

via vacuum centrifugation overnight and resuspended in 120 μL for analysis. Extracted 

metabolites from extracellular and intracellular studies were analyzed on a Q Exactive 

Hybrid Quadrupole-Orbitrap Mass Spectrometer coupled to a Vanquish Flex UHPLC 

System, integrated biocompatible system. Chromatographic separation was achieved on a 

Zorbax SB-C18 UHPLC column (2.1 mm × 50 mm × 1.8 um, Agilent, part number 

822700-902) using a binary solvent system at a flow rate of 600 μL/min. Solvent A, 10-mM 

tributylamine, 10-mM acetate pH 7.5 in 97/3% (v/v) mass spectrometry grade water/

methanol; Solvent B, mass spectrometry grade acetonitrile. The mass spectrometer was set 

in negative ion mode at a resolution of 140 000 scanning from 70 to 1000 m/z. The obtained 

data were analyzed using MAVEN software.53,54 Compound identification was completed 

through the matching of previously characterized m/z and retention time properties of 

analytical standards.

2.10 | q-RT PCR

Gene expression of key glycolytic enzymes via q-PCR (Table S3) was assessed after FACS 

sorting of enriched spermatogonial populations as described.52 RNA was extracted from 106 

cells using RNeasy Mini Kit (Qiagen, Toronto, ON, Canada, #74104) and treated with 

DNase. For reverse transcription, 2 μg of total RNA was used for RT using MultiScribe 

Reverse Transcriptase (Applied Biosystems, ThermoFisher, #4311235). cDNA concentration 

was measured for each individual sample diluted 25-fold to a final amount of 2.55 ng for q-

PCR using 7.500 Fast Real Time PCR System (Applied Biosystems, ThermoFisher 

Scientific, Burlington, ON, Canada), SsoFast Eva Green Supermix with Low ROX (Bio-

Rad, Mississauga, ON, Canada #172-5211). Gene expression was analyzed after normalized 

to the mean of internal controls (HPRT1, RPL4, EIFl3).

2.11 | Western-blot

Cells were harvested and rinsed with PBS. Cell lysate was collected after incubation of cells 

with RIPA buffer containing protease inhibitor cocktail (Sigma, # P8340) on the ice for 30 

minutes followed by centrifuging at 14 000 G for 20 minutes at 4°C. Protein concentration 

was measured using DC Protein Assay Kit II (Bio-Rad, #500-0112). The equal amount of 

total protein from each sample was then mixed with SDS loading buffer and boiled at 95°C 

for 5 minutes. The target proteins were separated by SDS-PAGE and then transferred onto 

PVDF membranes (Bio-Rad, #1620177). The membranes were blocked with 5% BSA/

TBST with 0.1% Tween 20 and then incubated with primary antibodies listed in Table S2 at 

4°C overnight. The membranes were washed with 1X TBST containing 0.1% Tween 20 and 

incubated with secondary antibodies for at least 1 h at room temperature. All secondary 

antibodies were diluted into 5% nonfat milk in 1X TBST with 0.1% Tween 20. The 
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membranes were washed with 1X TBST containing 0.1% Tween 20. ECL was carried out 

using Pierce ECL 2 Western Blotting Substrate (Thermo Fisher Scientific, #80196), and the 

signals were visualized with ChemiDoc XRS+ system (Bio-Rad, Mississauga, ON, Canada). 

The expression of HPRT1 was used as an internal control.

2.12 | Quantification and statistical analysis

The results are presented as mean ± SEM, if not otherwise stated, from at least three 

independent experiments (starting cell isolation from a pool of animals from 8-week-old vs. 

1-week-old pigs, respectively). Biological replicates represent independently cultured cell 

population with three to 10 technical replicates. Normality was tested with Shaprio-Wilk test 

(if possible, by sample size via Anderson-Darling test, D’Agostino and Pearson test and 

Kolmogorov-Smirnov test); normality was assumed if all performed tests were indicating a 

normal distribution. Normally distributed data were analyzed with an unpaired parametric 

Student’s t test; otherwise, a nonparametric t test (Mann-Whitney test) was used to compare 

ranks. Nested t tests were used for samples with a higher in-biological replicate than in 

between biological replicate variance. Unequal standard deviation was accounted for with 

Welch’s correction. A value of P < .05 was considered statistically significant. GraphPad 

Prism 8.0 software was used for all statistical analyses.

3 | RESULTS

3.1 | Early prepubertal human and pig spermatogonia show high similarity in their 
distinct mitochondrial ultrastructure

The spermatogonial maturation in humans and higher mammals is functionally poorly 

defined. Gonocytes are hereafter referred to as early prepubertal spermatogonia. With our 

focus on the metabolism of early prepubertal human spermatogonia, we first employed 

transmission electron microcopy (TEM) and immunohistochemistry (IHC) of 3- to 9-month-

old human testis to characterize the mitochondrial architecture in these cells. In the human 

testis under one year of age, early prepubertal spermatogonia were identified by their large 

nucleus and high nucleus to cytoplasm ratio. The cytoplasm of early prepubertal 

spermatogonia (gonocytes) was marked by prominent, round, and thick mitochondria 

accumulated in the perinuclear area (Figure 1A,C) and otherwise low electron density (ie, 

organelle density), which is in stark contrast to the electron dense cytoplasm of the 

surrounding Sertoli cells. These observations were confirmed by immunohistochemistry 

labeling for the outer mitochondrial membrane marker TOMM-20 (Figure 1B,D).

Our TEM studies revealed that mitochondria in early prepubertal spermatogonia were 

connected with intermitochondrial cement (nuage), a ribonucleoprotein dense structure 

accumulated between mitochondria55,56; Figure 1E). The mitochondria were predominantly 

round (91.61 ± 2.35 % of cells; with a cutoff of ≥0.7 circularity; of 462 mitochondria 

counted, n = 7 p < .0001; Figure S1A) with a mean circularity of 0.81 ± 0.005 (Figure S1B) 

in contrast to Sertoli cell mitochondria, which appeared longer and more compressed (Figure 

1F).
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To elucidate mitochondrial activity, we chose the prepubertal pig as an animal model with 

prolonged testicular maturation more representative of human developmental timing than 

rodent models.47,57 The ultrastructure of prepubertal pig spermatogonia was similar to the 

situation in human testis (Figure 1G–K). Early prepubertal spermatogonia (from 1-week-old 

pig testes) were easily identified by TEM and IHC by their large nucleus and high nucleus to 

cytoplasm ratio (Figure 1G,H). In 1-week-old pig testis, the germ cells are mostly in the 

center of the seminiferous chord. As in human testis samples, the ultrastructure of early 

prepubertal pig spermatogonia was distinguished by round organelles surrounding the 

nucleus, which were identified as mitochondria via IHC-labeling for TOMM-20 (Figure 

1H,J).

The majority of mitochondria in early prepubertal porcine spermatogonia was also round 

(85.36 ± 2.71% with circularity ≥ 0.70; of 1508 mitochondria counted, n = 6, P < .0001) 

with a mean circularity of 0.80 ± 0.005 (Figure S1B) and unilateral perinuclear 

accumulation (91.64 ± 3.25 %, P = .0006, n = 7) towards the basement membrane (77.73 ± 

8.58 %, P = .0035, n = 7; Figures 1I and S1C). These mitochondria had a donut-like 

appearance containing an electron dense matrix (Figure 1K) in comparison to the branched, 

elongated, and tubule-shaped mitochondria of Sertoli cells (Figure 1L) with a mean 

circularity of 0.66 ± 0.02 (n = 7, P < .0001; Figure S1L).

Newborn (pnd 0) mouse gonocytes showed a similar ultrastructure phenotype (Figure S1F). 

However, because larger numbers of germ cells can be obtained for study from pig testes 

and reproductive maturation is more prolonged in pig and human development,47,57–61 we 

proceeded to investigate the metabolism of early and late prepubertal pig spermatogonia to 

clarify the spermatogonial maturation events.

3.2 | Early prepubertal spermatogonia have high OXPHOS and low capacity for anaerobic 
glycolysis

Spermatogonia function in tight interaction with the somatic Sertoli cells. The metabolism of 

Sertoli cells is highly glycolytic, persistent during development and adulthood.47,60–62 

Therefore, we first focused on the metabolic assessment of early prepubertal (1-week-old) 

spermatogonia in comparison to Sertoli cells at the same age.

Mitochondrial membrane potential was assessed by flow cytometry for MitoTracker Deep 

Red. Our observations were surprising; early prepubertal spermatogonia (UCH-L1+) within 

the mixed population of cells isolated from seminiferous tubules of 1-week-old pig testes 

had high mitochondrial membrane potential (Figure 2A). The mitochondrial membrane 

potential assessed by tetramethyl rhodamine ethyl esther (TMRE) staining with flow 

cytometry was 1.74 ± 0.15-fold higher in spermatogonia than in age-matched Sertoli cells (P 
= .02, n = 6, Figure 2B). Accordingly, early prepubertal spermatogonia had significantly 

higher mitochondrial respiration, maximal respiration capacity, and respiration used for ATP 

production (P < .006, n = 7) than Sertoli cells assessed with the Seahorse Flux Analyzer 

(Figures 2C and S2C). Transcript analysis by qRT-PCR of 1-week-old pig testicular cells 

also revealed that early prepubertal spermatogonia displayed a significant upregulation in 

eight out of 10 differentially expressed (≥ 1.5-fold difference) OXPHOS-related genes in 

comparison to age-matched Sertoli cells (Figure 2D, p < 0.027, Table S1). Taken together, 
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these results indicate that early prepubertal spermatogonia contain highly active 

mitochondria and upregulated OXPHOS in comparison to Sertoli cells.

To address the possibility that these germ cells have an overall higher rate of metabolism 

than Sertoli cells, we next investigated the glycolytic activity of early prepubertal 

spermatogonia. Real-time assessment of the extracellular acidification rate (ECAR) with the 

Seahorse Flux Analyzer revealed that early prepubertal spermatogonia had significantly 

lower glycolysis and lower glycolytic capacity (P < .0003; n = 3; Figure 2E) than Sertoli 

cells. Indeed, the glycolytic reserve of Sertoli cells was 8.8-fold higher than in 

spermatogonia (P < .0003, n = 3; Figure S2D). That spermatogonia showed higher 

nonglycolytic acidification than Sertoli cells (P = .0084; n = 3) is a significant finding. The 

acidification is caused by mitochondrial CO2 production during high respiration63 and 

explains the high measured basal ECAR in spermatogonia compared to Sertoli cells. 

Respiration acidification is confirmed through a decrease of ECAR after blockage of ATP-

synthase (complex V) with oligomycin (Figure 2E, red box) and its subsequent increase 

after inhibition of glycolysis with 2-deoxyglucose.

These results indicate that early prepubertal spermatogonia have a lower glycolytic flux than 

Sertoli cells and that the observed change in pH is mainly influenced by mitochondrial 

respiration rather than glycolytic flux.

To further elucidate this finding and test the anaerobic capacity of early prepubertal 

spermatogonia, the oxygen consumption rate of cells cultured in 24-well plates was 

continuously measured using optical oxygen sensor spots (PreSenS Oxygen Sensor). The 

OCR of these cultured cells was calculated using Fick’s law as previously reported.64 Within 

a 4-h culture period, early prepubertal spermatogonia again consumed significantly more 

oxygen than Sertoli cells (P = .0011; n = 6; Figure 2F). Exposure of Sertoli cells and 

spermatogonia to hypoxia (<0.2 % O2 adjacent to the culture surface) for 24 hours did not 

cause a significant change in Sertoli cell oxygen consumption (Figure 2F) or viability 

(assessed with PI and FDA in ambient oxygen [21%] compared to hypoxic conditions and 

compared to initial viability; Figure S2E). In contrast, oxygen consumption in 

spermatogonia decreased to 79.25 ± 4.91 pmol/min/cells after 24 h of hypoxia (P = .0001, n 
= 6, Figure 2F), even lower than the consumption of Sertoli cells (P = .0411, n = 6; Figure 

2F). This decline in respiration was accompanied by a 15.6 ± 1.79% decrease in cell 

viability compared to normoxic conditions (P = .0175, n = 4) and a decrease of 19.7 ± 2.65 

% (P = .0064, n = 4) compared to initial viability. Under normoxic conditions, no significant 

decreases in OCR and viability in comparison to initial conditions were detected in 

spermatogonia (Figure S2F,G).

Taken together, our results show that, unlike Sertoli cells, early prepubertal spermatogonia 

cannot successfully maintain their viability under hypoxic conditions and therefore have a 

limited capacity for anaerobic metabolism.
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3.3 | Early prepubertal spermatogonia preferentially consume pyruvate for subsequent 
oxidative decarboxylation and reduction

We next asked which metabolites are preferentially consumed during high mitochondrial 

metabolism in early prepubertal spermatogonia, performing extracellular flux studies, 

analyzed by UHPLC-MS. Figure 3A–C shows a representative time course of the metabolite 

consumption and production over a 48-h timespan.

Early prepubertal Sertoli cells were highly proliferative (20.9 ± 1.94 % overnight EdU 

incorporation after 48 hours of culture) and displayed considerably higher glucose 

consumption in comparison to pyruvate (glucose [3.53 ± 0.37 mM consumed in 48 hours; 

with 31.3 ± 7.2% of glucose remaining in medium after 48 hours, Figure S3A] vs. pyruvate 

[0.247 ± 0.05 mM consumed; 87.6 ± 2.5% of pyruvate left in medium, Figure S3B] P 
= .0001, n = 4; Figure 3A,C [representative time course of one biological replicate 

performed at multiple time points], Figure 3D quantification of all biological replicates 

[performed at 48 hours]).

Sertoli cells also produced high levels of lactate (4.33 ± 0.54 mM; Figure 3C,D).

Our data confirm that 1-week-old pig Sertoli cells have high glycolytic flux (>60% 

conversion of glucose to lactate), in agreement with existing literature.62,65,66 This high 

glycolytic flux persists during development and adulthood, despite terminal differentiation 

of Sertoli cells and cessation of proliferation, which occurs at 3–4 months of age in pigs.
47,60–62

Parallel cultures of low-proliferating early prepubertal spermatogonia (0.6 ± 0.09% 

overnight EdU incorporation after 48-h culture) consumed very low levels of glucose (0.147 

± 0.09 mM consumed; Figure 3A,D; with 97.1 ± 1.8 % glucose remaining in medium after 

48 hours, Figure S3A). Yet substantial pyruvate consumption of 1.23 ± 0.16 mM was 

detected (Figure 3C,D; GC 38.5 ± 7.84% remaining in the medium, Figure S3B). This 

pyruvate intake was significantly higher than in Sertoli cells (P = .001, n = 4; Figure 3C).

We were intrigued by the finding that early prepubertal spermatogonia preferentially 

consumed pyruvate over glucose (Figure 3D, n = 4, P = .001), yet still produced 0.681 ± 0.1 

mM of lactate within 48 h of culture (Figure 3C,D). We concluded that over 65% of the 

excreted lactate must originate from the metabolic reduction of the consumed pyruvate.

Together with the high mitochondrial membrane potential and elevated oxygen consumption 

rates, our data show that the oxidative decarboxylation of pyruvate within the TCA for 

subsequent OXPHOS is the primary source of energy for prepubertal spermatogonia in 

contrast to the energy demands of Sertoli cells, which are supported through glycolysis 

(Figure 3E). High pyruvate concentrations in the seminiferous tubules have been reported to 

originate from Sertoli cell secretion in vivo.65–69

3.4 | Early prepubertal spermatogonia have a high resistance to oxidative stress

To assess whether high mitochondrial activity was associated with high levels of oxidative 

stress caused by high activity of the electron transport chain during culture, we measured the 
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production of ROS/cell with CellROX Green dye using flow cytometry. No significant 

difference was detected between the highly glycolytic Sertoli cells and early prepubertal 

spermatogonia (Figure S4), yet another surprising piece of data. When we assessed 

transcript levels of enzymes for the cellular antioxidative machinery (Table S1), six of eight 

differentially expressed genes analyzed with qRT-PCR were expressed higher in early 

prepubertal spermatogonia compared to Sertoli cells (P < .029, n = 4; Figure 3E; Table S1).

We next performed an oxidative stress test by treating each cell population with hydrogen 

peroxide and subsequent assessment of cellular ROS levels as an indicator of antioxidative 

capacity and resistance to oxidative stress. Levels of ROS were significantly lower in early 

prepubertal spermatogonia than in early prepubertal Sertoli cells after 30 minutes of 

treatment with increasing concentrations of hydrogen peroxide (100–400 μM; P < .033, n = 

4; Figure 3F). This allowed our group to confirm that early prepubertal spermatogonia have 

a highly efficient cellular antioxidative machinery.

Our studies establish that early prepubertal pig spermatogonia rely on a highly active 

mitochondrial metabolism, accompanied with high oxidative resistance and low anaerobic 

metabolic capacity. As this observation is different from what was reported for mouse pup 

(pnd 6–8) and adult spermatogonia,28,29 we next investigated a potential metabolic transition 

during testicular maturation.

3.5 | Late prepubertal spermatogonia show a change in mitochondrial ultrastructure

At 8 weeks of age in the pig, spermatogonia are considered generally more mature. We 

therefore hereafter refer to 8-week-old pig-derived germ cells as late prepubertal 

spermatogonia. As in earlier stages, mitochondria in late prepubertal spermatogonia were 

located around the nucleus (Figure 4A–D, white arrow). Yet the cytoplasm of late 

prepubertal spermatogonia was characterized by higher electron density and the 

mitochondrial morphology was different from the early stage cells. Late prepubertal 

spermatogonia contained elongated mitochondria (47.9 ± 5.52% vs. 15.04 ± 2.75% 

elongated, cut off ≥ 0.7 circularity, P = .0002, n = 5–7, Figures 4E and S5A,B) with a 

significantly lower mean circularity of 0.66 ± 0.008 (p < .0003, n = 5–7; Figure S1B) 

compared to early prepubertal spermatogonia. Late prepubertal spermatogonia also 

contained well-structured endoplasmic reticulum that was closely associated with their 

mitochondria (P = .002, n = 3–4; Figure 4E). Specialized endoplasmic reticulum close to 

and connecting with mitochondria are known as mitochondria associated membranes 

(MAM).56 MAM, a component of germ cell nuage, were more frequently observed than 

intermitochondrial cement in late prepubertal spermatogonia (Figure 4E, red arrowheads; 

Figure S5E, P = .007, n = 3). No obvious difference was seen in the mitochondria of Sertoli 

cells between both ages (Figure 4F).

3.6 | Late prepubertal spermatogonia have decreased mitochondrial activity

Spermatogonia from 8-week-old porcine tissue are more difficult to enrich than those from 

younger animals. For further metabolic flux analyses of early and late spermatogonia, germ 

cells from both ages were sorted by FACS after differential plating to achieve consistent 

purities between early and late prepubertal spermatogonia (purity ≥ 95%52).
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Staining with MitoTracker Deep Red revealed that late prepubertal spermatogonia had >30% 

lower mitochondrial membrane potential than early prepubertal spermatogonia (mean 

intensity 44 664 ± 2479 vs. 31176 ± 919, P = .012, n = 3).

The lower mitochondrial membrane potential in late prepubertal spermatogonia was 

accompanied by lower basal respiration (159.8 ± 9.54 pmol/min/cells vs. 114.1 ± 9.93 

pmol/min/cells, P = .0293, n = 3) and maximum respiration capacity (923.2 ± 104.5 vs. 

459.9 ± 46.89 pmol/min/cells P = .0155, n = 3) compared to early prepubertal 

spermatogonia (Figures 4G and S6). Mitochondrial oxygen consumption for ATP production 

appeared higher in early prepubertal spermatogonia albeit not significantly different (P = 

0.056, n = 3; Figure 4G).

Flow-sorted germ cells at both ages exhibited a slight decrease in mitochondrial respiration 

after sorting (Figures 2C and S2A). Nevertheless, mitochondrial activity clearly decreased 

with maturation of prepubertal spermatogonia.

3.7 | Late prepubertal spermatogonia show a metabolic transition towards glycolysis and 
differential gene expression similar to glycolytic Sertoli cells

Early and late prepubertal spermatogonia did not differ in proliferation over 48 hours of 

culture (0.6 ± 0.09 [1-week-old] vs. 0.86 ± 0.64 [8-week-old] % overnight Edu 

incorporation).

Although early prepubertal spermatogonia did not consume glucose, late prepubertal 

spermatogonia consumed 0.353 ± 0.17 mM glucose during the first 24 h of culture (P 
= .043; n = 3; Figure 5A,D). It was interesting to observe that this difference disappeared at 

48 h of culture, when the glucose consumption of early prepubertal spermatogonia suddenly 

increased more than described above for nonsorted spermatogonia. At the same time, the 

pyruvate consumption and lactate production were slightly lower but remained otherwise 

consistent relative to each other in comparison to the non-sorted control (not sorted 48 h: 

glucose 0.147 ± 0.09 mM, pyruvate: 1.23 ± 0.16 mM, lactate: 0.681 ± 0.1 mM; sorted 48 

hours: glucose: 0.668 ± 0.06 mM, pyruvate: 1.04 ± 0.15 mM, lactate: 0.500 ± 0.06 mM).

Although early prepubertal spermatogonia preferentially consumed pyruvate over the full 48 

h of culture (Figure 5D,E 0.668 ± 0.06 mM glucose vs. 1.044 ± 0.16 mM of pyruvate 

consumption over 48 h, 24 h: P = .0006, 48 h: P < .09, n = 3), parallel cultures of late 

prepubertal spermatogonia did not show a difference in the pyruvate and glucose 

consumption over the same time span in vitro (0.669 ± 0.09-mM glucose vs. 0.613 ± 0.06-

mM pyruvate consumption; Figure 5E). Therefore, during a 48-h culture period, early 

prepubertal spermatogonia consumed 0.430 ± 0.17 mM more pyruvate than late prepubertal 

spermatogonia (P = .06, n = 3; Figure 5B).

Our data highlight preferentially higher utilization of pyruvate in early prepubertal 

spermatogonia compared to late prepubertal spermatogonia, which showed a trend towards 

increased glucose metabolization relative to pyruvate.

Remarkably, at the same time, early prepubertal spermatogonia produced more lactate over 

48 hours of culture (P < .02, n = 3, Figure 5D). However, as described above, this represents 
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mainly pyruvate reduction rather than glycolytic flux, as at 24 hours no glucose is consumed 

in early prepubertal spermatogonia, but more lactate is produced. Our data are supported by 

the higher pyruvate consumption of early prepubertal spermatogonia, which results in higher 

lactate production.

To further define differences in metabolic flux between the two age groups, we analyzed 

intracellular metabolic fluxes in cells incubated in U-C13-glucose. In this experiment, the 

medium did not contain pyruvate to force cells to use glucose to allow assessment of the 

differential incorporation of glucose carbons in spermatogonia. We observed a high 

biological variance; however, throughout the time course of analysis, C13 incorporation was 

higher in late compared to early prepubertal spermatogonia (Figure 5F). Total percent C13 

labeling of late prepubertal spermatogonia was 1.8 ± 0.29-fold at timepoint 12 hours (P 
= .12) and 1.63 ± 0.17-fold at time point 24 hours (P = .06) of the incorporation of earlier 

spermatogonial stages (n = 3; Figure 5F). Low cell numbers obtained after FACS cause high 

variability in C13 incorporation results; however, the results show a trend of a higher rate of 

glycolytic flux in late prepubertal spermatogonia compared to earlier stages accompanied 

with the loss of preferential pyruvate metabolization.

We next aimed to elucidate the underlying transcriptional profile and assessed metabolic 

enzymes of glycolysis, TCA, and oxidative phosphorylation by qRT-PCR (Table S1). 

Expression of lactate dehydrogenase LDHC, so far described for differentiating germ cells 

relying on OXPHOS,70 was significantly upregulated in early prepubertal spermatogonia 

(2.13-fold higher at earlier stages; P = .002, n = 4; Table S1). Similar to what was observed 

in glycolytic Sertoli cells (4.6-fold higher GAPDH expression in Sertoli cells compared to 

early prepubertal spermatogonia), GAPDH gene expression (1.86-fold, P = .0004, n = 4; 

Figure 5G) and GAPDH protein (3.34-fold, P = .338, n = 4), assessed by western blot were 

significantly higher in late prepubertal spermatogonia than in early prepubertal 

spermatogonia (Figure 5G). Also, the expression of the anaerobic metabolism maintaining 

uncoupling protein 2 (UCP2) was 1.7-fold upregulated in late prepubertal spermatogonia (P 
= .003, n = 4; Figure 5G) in comparison to earlier stages by qRT-PCR. Similarly, glycolytic 

Sertoli cells showed 7.31-fold higher expression of UCP2 compared to the early prepubertal 

spermatogonia. Isoforms of pyruvate dehydrogenase kinase (PDK) were not different 

between the two ages (Table S1).

These findings support the functional data suggesting the beginning of a metabolic transition 

towards an anaerobic metabolism in late prepubertal spermatogonia.

3.8 | Late prepubertal spermatogonia show increased sensitivity to ROS

Studies in the mouse showed the need for basic ROS levels and anaerobic metabolism for 

SSC replication.28,29,71 Therefore, we were interested in the possibility of detecting a higher 

sensitivity to ROS in late prepubertal spermatogonia, similar to glycolytic Sertoli cells.

As in the case of glycolytic Sertoli cells, we also observed a lower expression in six out of 

10 tested antioxidative enzymes in late compared to early prepubertal spermatogonia when 

assessed with qRT-PCR (P < .028, n = 4, Figure 5H; Table S1). Accordingly, late prepubertal 

spermatogonia showed lower resistance to hydrogen peroxide, with significantly higher ROS 
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levels (P = .027, n = 3) compared to early prepubertal spermatogonia after treatment with 

400-μM H2O2 assessed via CellROX Green by flow cytometry (Figure 5I). These results 

indicate that the decrease in mitochondrial respiration is accompanied with a decreased 

antioxidative machinery and subsequent increased sensitivity towards ROS.

3.9 | The metabolic transition of late prepubertal spermatogonia is accompanied with 
upregulation of stem cell specific pathways

We next asked whether the observed change in metabolism is accompanied with an 

increased expression of SSC related genes and pathways. RT-qPCR assessment revealed that 

PLZF expression was 1.6-fold higher in late prepubertal spermatogonia than in early 

prepubertal spermatogonia (P = .0169, n = 4; Figure 6A). Interestingly, at the same time, 

expression of the transcription factor C-Kit was 3.95-fold higher in early prepubertal 

spermatogonia (P = .0019, n = 4, Figure 6A). Protein quantification with western blot 

detected PLZF protein in late prepubertal spermatogonia but not in early prepubertal 

spermatogonia (P = 0.0027, n = 4; Figure 6C). GFRA1 and RET protein levels were not 

different in western blot (Figure 6B).

The drastic difference in PLZF protein expression was accompanied by phosphorylation of 

AKT (Ser 473), which was not detected in early prepubertal spermatogonia (P = .0416, n = 

4, Figure 6C). This result confirms the activity of the SSC self-renewal pathway through 

GDNF signalling in late prepubertal spermatogonia in contrast to earlier stages.

Germ cell maturation was also accompanied by an increase in histone H3 acetylation 

assessed by western blot (2.2-fold, P = .0388, n = 4, Figure 6B), generally associated with an 

open chromatin structure of stem cells. Acetyl-coenzyme A synthetase 2 (ACSS2), which 

increases acetylation in pluripotent stem cells,72 was 2.7-fold higher expressed in late 

prepubertal spermatogonia compared to early prepubertal spermatogonia (P = .032, n = 4, 

Figure 6A), whereas expression of ATP citrate lyase (ACLY) was similar when analyzed 

with qRT-PCR (Table S1).

4 | DISCUSSION

Prepubertal reproductive development in humans spans a decade or more and is 

characterized by the existence of a juvenile gonadal quiescence.73,74 The mechanisms that 

control spermatogonial maturation and metabolism in the prepubertal period are poorly 

described. Here, we characterize the unique metabolic phenotypes of developing prepubertal 

spermatogonia in a pig model chosen to resemble the prolonged prepubertal period in 

humans. Metabolism in early prepubertal spermatogonia in the 1-week old pig (structurally 

similar to those of an infant less than 1 year of age) are characterized by high mitochondrial 

respiration, preferential consumption of pyruvate over glucose, resistance to oxidative stress, 

and low anaerobic capacity. Spermatogonia from the 8-week-old pig (corresponding to late 

prepubertal spermatogonia in the human) display a metabolic shift towards anaerobic 

glycolysis with a decrease in pyruvate consumption and a relative increase in glucose 

metabolism that coincides with the upregulation of anaerobic metabolism-related enzymes 

and SSC maturation. These maturing prepubertal germ cells are also more sensitive to ROS.
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Mature spermatogonia were long suspected to metabolize glucose.68,75,76 Studies of mouse 

spermatogonia in culture showed a beneficial effect of glycolysis on SSC in vitro expansion 

and transplantation efficiency.28,29 On the other hand, primordial germ cells (PGCs) that are 

the precursors of spermatogonia rely on high TCA flux and oxidative phosphorylation, and 

the TCA metabolite alpha-ketoglutarate (αKG) supports the in vitro induction of PGC-like 

cells from pluripotent stem cells.77–79 In the developing gonad, PGCs differentiate into sex-

specific gonocytes, which are present in the adluminal space of seminiferous tubules at the 

time of birth.2,80 In this study, we referred to these cells as early prepubertal spermatogonia.

Based on gene expression analysis, the mechanisms underlying the change in metabolism in 

the germline during the initial postnatal phase might be distinct from what has been 

described in other stem cell types.72,81,82 Although changes towards an anaerobic 

metabolism are often associated with an increase in pyruvate dehydrogenase kinase (PDK) 

activity, the expression of PDK isoforms was not different between the two spermatogonial 

ages. However, GAPDH expression was significantly higher in Sertoli cells and in more 

mature late prepubertal spermatogonia. GAPDH varies considerably during prenatal 

testicular development,83 was previously considered a rate limiting enzyme of glycolysis in 

various germ cell stages,84–87 and was enriched in mouse and human spermatogonial stem 

cell populations along with other glycolytic enzymes. 32,33,76 Therefore, GAPDH abundance 

and its regulation might play an important role in controlling the glucose metabolism in the 

germline and the testis. In addition, the uncoupling protein 2 (UCP2), a key metabolic 

enzyme for maintenance of an anaerobic metabolism,88,89 was upregulated in Sertoli cells 

and also in late prepubertal spermatogonia.

Early prepubertal spermatogonia, which preferentially consume pyruvate over glucose, 

notably excrete high levels of lactate. The partial reduction of pyruvate to lactate is 

described in cells with high pyruvate catabolism and respiration independently of glucose 

availability, such as the early human embryo and meiotic spermatocytes87,90 and may be 

necessary to maintain the intracellular redox homeostasis by production of NAD+.

In the mouse, the proliferation of SSCs is promoted by ROS production through NOX.71,91 

ROS are mainly produced by mitochondrial respiration.92–95 Although the change towards 

OXPHOS with differentiation of ESCs was associated with an increase of antioxidative 

enzymes and ROS levels,96 we observed that early prepubertal spermatogonia show high 

expression of antioxidative enzymes and a high resistance towards ROS, yet relatively low 

ROS levels. Lower ROS at a later time point of ESC differentiation96 suggested that 

mitochondrial activity changes faster than the adjustments of the antioxidative machinery. 

Our results show that early prepubertal spermatogonia are well adjusted to their high 

mitochondrial activity.

The decreased expression of antioxidative enzymes and increased sensitivity to ROS in late 

prepubertal pig spermatogonia might be partially required for spermatogonial stem cell 

maturation. In mouse, spermatogonial maturation is already initiated prior to birth97 and the 

first wave of spermatogenesis occurs 30 days postpartum. This may explain the different 

results emphasizing the importance of anaerobic glycolysis for maintenance in culture of 

SSCs obtained from mouse pups.28,29 The metabolic transition from early prepubertal 
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spermatogonia/gonocytes relying on OXPHOS to more mature spermatogonia/SSCs with 

higher reliance on glycolysis occurs more slowly during the extended time span of testicular 

maturation in higher mammals compared to rodents. This difference necessitates awareness 

and potentially will require adjustments when working with immature spermatogonia from 

higher mammals and humans.

Several proteins are specifically expressed in mouse SSCs, including promyelocytic 

leukaemia zinc finger protein (PLZF), a member of the POK family of transcriptional 

repressors.98 PLZF is essential for the maintenance of the spermatogonial stem cell 

pool99,100 and already translated during gonocyte to spermatogonia maturation prior to birth 

in mice.97 Glia cell derived neurotrophic factor (GDNF), required for spermatogonial stem 

cell self-renewal, facilitates its function through Src kinases and AKT.101,102 Activation of 

the GDNF pathways is a hallmark of spermatogonial stem cell maturation rather than change 

of localization.97 Neither the activation of the AKT pathway nor translation of PLZF was 

detected in early prepubertal spermatogonia in this study, yet both were present in late 

prepubertal spermatogonia. The data are indicative of developing stemness and parallels the 

ability of late but not early prepubertal porcine spermatogonia to reconstitute 

spermatogenesis after transplantation, a measure of SSC potential.103

Expression of C-Kit is important for primordial germ cell migration during embryonic 

development104,105 and postnatal germ cell differentiation.106–108 Accordingly, early 

prepubertal spermatogonia highly expressed C-Kit whereas expression was lower in later 

stages concomitantly with higher expression of PLZF that represses C-Kit expression.109 

PLZF can initiate a molecular “switch,”98 which might be the precursor for the metabolic 

shift to anaerobic metabolism observed in our study. In this context, it is interesting to note 

that Zfp145 (encoding PLZF) knock-out mouse models do not show reduced numbers of 

gonocytes, yet a progressive loss of the SSC pool.99 PLZF counteracts the mammalian target 

of rapamycin (mTOR) via upregulation of Redd1,110 which is important for mitochondrial 

activity and biogenesis111 and responsible for low responsiveness to GDNF through a 

negative feedback in differentiating germ cells.110 Moreover, mTOR negatively regulates 

autophagy. PLZF suppression of mTOR is crucial for high basal autophagy and the 

degradation of mitochondria for the maintenance of an anaerobic quiescent metabolism in 

hematopoietic stem cells.112 Expression of PLZF might therefore mark the maturation of 

spermatogonia/SSCs and could be required for the maintenance of the anaerobic metabolism 

in SSCs.

The high mitochondrial activity of gonocytes is accompanied with round and thick 

mitochondria that accumulate around the nucleus. This distinct mitochondrial shape and 

localization are described in PGCs and fetal spermatogonia.113–115 Our results showed that 

it was similar in 1-week-old pig and <1-year-old human germ cells, suggesting that the 

described metabolic phenotype is translatable to samples obtained from infant testes. 

Mitochondrial dynamics are essential for murine spermatogenesis.55 Changes in 

mitochondrial shape and associated structures similarly accompanied the prepubertal stem 

cell maturation in pig testes. Mitochondria-associated structures, as part of the germ cell 

specific nuage, regulate various cellular functions in the germline. Nuage are 

ribonucleoprotein dense structures containing RNA binding proteins and regulating mRNA 
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translation and transposon silencing.56,116 MAMs are particularly enriched with DAZL 

(deleted in azoospermia like), a germ cell-specific RNA binding protein,56 known to 

facilitate effective translation of PLZF.117,118 The ultrastructural changes of mitochondria-

associated structures and beginning PLZF translation in late prepubertal spermatogonia 

observed in this study are potentially controlled by translational regulation of DAZL 

associated with MAMs.

Cell metabolism plays an important role in modulating the epigenetic profile, 

reprogramming or differentiation efficiency, and the cell fate.72,89,112,119–121 The transition 

from PGCs to spermatogonia is accompanied with important epigenetic changes.122–124 

Epigenetic changes also occur at the same time as metabolic transitions during 

spermatogenesis.125,126

Histone (H3) acetylation is associated with an open chromatin structure and important for 

maintenance of other stem cells.72,127 In the germline, H3-acetylation promotes stability of 

genes specifically expressed in undifferentiated spermatogonia128 and increased acetylation 

was implicated in the metabolic shift towards anaerobic glycolysis in elongated spermatids.
125 Hence, the increase in H3-acetylation in late prepubertal spermatogonia observed in our 

study coincides with a transition in metabolism and the maturation to the stem cell. The 

transition of metabolism might therefore be one of the necessary driving forces for changes 

in the epigenetic landscape of the germline.

The unique metabolic phenotype of early prepubertal spermatogonia has implications for the 

handling and investigation of these cells. Common metabolic assays and techniques (such as 

measurement of glycolytic flux through extracellular lactate production or change of pH 

(ECAR) via the Seahorse Flux Analyzer) can be misleading in cells with high respiratory 

activity. Mitochondrial respiration was affected by cell sorting of early prepubertal 

spermatogonia, which might explain the sudden increase of glucose consumption after 24 

hours as a compensatory mechanism of impaired mitochondrial respiration in these highly 

aerobically active early prepubertal spermatogonia. The effect of sorting on highly 

respiratory active cells and their mitochondrial metabolism requires further investigation.

In conclusion, early prepubertal spermatogonia rely on an aerobic metabolism that is 

accompanied with high resistance to ROS. Extracellular lactate levels originate largely from 

pyruvate reduction in these cells. With testicular maturation and migration of germ cells to 

the basement membrane there is a trend towards a more anaerobic metabolism with 

increased sensitivity towards ROS. To our knowledge, this is the first description of a 

distinct metabolic phenotype of early prepubertal spermatogonia and its change during 

maturation in a higher mammalian model with a prolonged prepubertal maturation phase 

more similar to humans and quite different from the situation in mice. Future research will 

serve to further elucidate the time course of this metabolic transition during prepubertal 

human development and the molecular mechanisms of metabolic and epigenetic changes, 

the maintenance of stemness in the germline, and alterations during culture. The connection 

between metabolism and function of immature stem cell progenitors described here might 

also be more broadly applicable to other stem cell systems. Understanding maturation of 

gonocytes to SSCs will help us to identify markers to reveal the timepoint of maturation in 
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infant individuals such that handling, and culture systems can be adapted to the maturation 

state of the male germ cells. This will be of translational importance to understand how 

supporting or manipulating the metabolism of immature germ cells in vitro can facilitate 

maintenance and gain of stem cell function in germ cells obtained from infants for 

preservation of future fertility.
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TMRE tetramethyl rhodamine ethyl esther

TOMM-20 translocase of outer mitochondrial membrane 20

UCP-2 uncoupling protein 2

UHPLC-MS ultra-high-pressure liquid chromatography-mass spectrometry

UCH-L1 ubiquitin carboxy-terminal hydrolase L1
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FIGURE 1. 
Early prepubertal human and pig spermatogonia have a similar, distinct mitochondrial 

ultrastructure. A-F, Infant human testis. A, Seminiferous chord in 9-month-old human testis 

(TEM, white arrows indicate spermatogonia with unilaterally accumulated mitochondria; 

scale bar 5 μm). B, Seminiferous chord in 6-month-old human testis (IHC for TOMM-20 

(red), UCH-L1 (green), white arrows indicate spermatogonia with unilaterally accumulated 

mitochondria, scale bar 5 μm). C, Early prepubertal (9-month-old human) spermatogonium 

(green outline) with unilaterally accumulated mitochondria (white arrow), TEM, scale bar 2 
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μm. D, Early prepubertal spermatogonium (6-month-old human) (IHC for TOMM-20 (red), 

UCH-L1 (green), white arrow indicates accumulated mitochondria, scale bar 2 μm). E, 

Mitochondria in early prepubertal spermatogonium (TEM; 9-month-old human, red 

arrowhead indicates intermitochondrial cement, scale bar 1 μm). F, Mitochondria in early 

prepubertal Sertoli cell (9-month-old human, white arrows indicate elongated mitochondria, 

scale bar 1 μm). G-I, Prepubertal pig testis. G, Seminiferous chord in 1-week-old pig testis 

(TEM; white arrows indicate early prepubertal spermatogonia, scale bar 3 μm). H, 

Seminiferous chord in 1-week-old pig testis (IHC for TOMM-20 [red], UCH-L1 [green], 

white arrows indicate spermatogonia with unilaterally accumulated mitochondria, scale bar 

5 μm). I, Early prepubertal (1-week-old pig) spermatogonium (green outline) with 

unilaterally accumulated mitochondria (white arrow), TEM, scale bar 2 μm. Interrupted line 

indicates the basement membrane, mitochondria mostly accumulated under a 90° angle 

towards the basement membrane. J, Early prepubertal spermatogonium (1-week-old pig) 

(IHC for TOMM-20 [red], UCH-L1 [green], white arrow indicates accumulated 

mitochondria, scale bar 3 μm). K, Mitochondria in early prepubertal (1-week-old pig) 

spermatogonium (TEM, red arrowhead indicates intermitochondrial cement, scale bar 100 

nm). L, Mitochondria in early prepubertal (1-week-old pig) Sertoli cell (TEM; scale bar 100 

nm)
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FIGURE 2. 
Early prepubertal pig spermatogonia have high mitochondrial activity and low glycolytic 

capacity. A, Undifferentiated spermatogonia (UCH-L1+ red) can be identified in a cell 

population isolated from seminiferous tubules (grey) by light scatter properties, UCH-L1+ 

cells are MitoTracker Deep Red high and show higher mitochondrial membrane potential 

than UCH-L1− somatic cells (early prepubertal spermatogonia in red versus testicular 

somatic cells, majority Sertoli cells, in grey, mean ± SEM of median intensity 126,928 ± 

2531 vs 29,553 ± 6070 P = .0001, n = 3 technical replicates, two-tailed, unpaired Student’s t 
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test). B, Early prepubertal spermatogonia (1-week-old GC) have higher mitochondrial 

membrane potential than early prepubertal Sertoli cells (1-week-old SC) (mean ± SEM of 

median intensity of TMRE in flow cytometry n = 6; P = .02, unpaired Student’s t test with 

Welch’s-correction). C, Early prepubertal spermatogonia (green) have higher oxygen 

consumption rate (OCR) than Sertoli cells (blue) (representative illustration of one 

biological replicate for OCR assay with the Seahorse Flux Analyzer, mean ± SD, 10 

technical replicates); quantification shown as pmol/min/well of 150,000 cells, mean ± SEM; 

basal respiration (P = .0008, n = 7); maximum respiration capacity (P < .0001, n = 7); and 

mitochondrial ATP production (P = .006, n = 7) (two-tailed, unpaired Student’s t test). D, 

Early prepubertal spermatogonia show significant upregulation in 8 out of 10 differentially 

expressed genes compared to Sertoli cells (data shown in log fold change compared to 

Sertoli cell Δct mean, n = 4, P < .05). E, Early prepubertal spermatogonia have lower 

glycolytic activity than Sertoli cells (representative illustration of one biological replicate for 

extracellular acidification rate [ECAR] assay with the Seahorse Flux Analyzer, mean ± SD 

of 10 technical replicates); quantification shown as mpH/min/well of 150 000 cells, mean ± 

SEM, of glycolysis (P = .0004, n = 3); glycolytic capacity (P = .0003, n = 3) and 

nonglycolytic acidification (P = .0084, n = 3). F, Early prepubertal spermatogonia have 

significantly higher OCR than Sertoli cells at normoxia (mean ± SEM, P = .0011, n = 6) but 

have significantly lower OCR than Sertoli cells after 24 hours of hypoxia (mean ± SEM, P 
= .0411, n = 6) and do not recover to the initial OCR after hypoxia (mean ± SEM, P < .0001, 

n = 6). Sertoli cells do not show a change in OCR after exposure to hypoxia (mean ± SEM, 

P = .14, n = 6; two-tailed, unpaired Student’s t test and nonparametric t test
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FIGURE 3. 
Early prepubertal spermatogonia use pyruvate to fuel OXPHOS and show high antioxidative 

resistance. A-E, Early prepubertal spermatogonia (GC, green) consume less glucose than 

Sertoli cells (SC, blue) and higher amounts of pyruvate. A-C, Representative time course of 

one biological replicate of glucose (A), pyruvate (B), and lactate (C) consumption over 48 

hours of culture. D, Consumption of glucose and pyruvate after 48 hours of culture, mean ± 

SEM; glucose/pyruvate SC (n = 4, P = .0001); glucose GC/pyruvate GC (P = .001, n = 4); 

lactate production after 48 hours of culture (mean ± SEM; two-tailed, unpaired Student’s t 

Voigt et al. Page 30

FASEB J. Author manuscript; available in PMC 2021 June 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



test). E, Schematic illustration of metabolic flux in Sertoli cells (blue) and early prepubertal 

spermatogonia (green) under the experimental conditions tested; values are mean ± SEM 

after 48 hours of culture for 1 well with 150 000 cells. Oxygen consumption was estimated 

according to results with the Seahorse Flux analyzer and assumed to be consistent over 48 

hours of culture for this illustration. F, Early prepubertal spermatogonia show upregulation 

of six out of eight differentially expressed antioxidative enzymes (P< .05, n = 4, Table S1). 

G, Early prepubertal spermatogonia have higher oxidative resistance than Sertoli cells (mean 

± SEM of median intensity of CellROX Green in flow cytometry after increasing 

concentrations of H2O2 from 0 to 400 μMol (P < .03, n = 4) (two-tailed, unpaired Student’s t 
test, with Welch’s correction for 200 μMol)
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FIGURE 4. 
The mitochondrial phenotype changes with spermatogonial maturation. A, Seminiferous 

chord from 8-week-old pig testis (TEM; white arrow indicates spermatogonia, blue arrow 

basements indicate membrane, scale bar 2 μm). B, Seminiferous chord from 8-week-old pig 

testis (IHC for TOMM-20 (red), UCH-L1 (green), white arrows indicate spermatogonia with 

unilaterally accumulated mitochondria, scale bar 2 μm). C, Late prepubertal (8-week-old 

pig) spermatogonium (orange outline; TEM; white arrow indicates mitochondria, blue arrow 

basements indicate membrane, scale bar 2 μm). D, Late prepubertal (8-week-old pig) 
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spermatogonium IHC for TOMM-20 (red), UCH-L1 (green), white arrow indicates 

unilaterally accumulated mitochondria, scale bar 2 μm). E, Mitochondria in late prepubertal 

(8-week-old pig) spermatogonia (TEM, red arrow heads indicate mitochondria associated 

membranes, scale bar 100 nm). F, Mitochondria in late prepubertal Sertoli cell (white arrow 

shows elongated mitochondria, scale bar 100 nm). G, Late prepubertal spermatogonia (8 

weeks, orange) have lower oxygen consumption rate (OCR) than early prepubertal 

spermatogonia (1 week, green) (representative illustration of one biological replicate for 

OCR assay with the Seahorse Flux Analyzer, mean ± SD, n = 10 technical replicates); 

quantification shown as mean ± SEM, basal respiration (P = .0293, n = 3); maximum 

respiration capacity (P = .0155, n = 3); mitochondrial ATP production (P = .056, n = 3) 

(two-tailed, unpaired Student’s t test)
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FIGURE 5. 
Late prepubertal spermatogonia show a metabolic transition with upregulation of GAPDH 

and UCP2 and increased sensitivity towards ROS. (A-C) Representative time course of 

glucose (A), pyruvate (B) consumption, and lactate production (C) in sorted early and late 

prepubertal spermatogonia in culture. D-E, Mean ± SEM of mM metabolite consumed (left 

y-axis) (two-tailed, unpaired nested Student’s t test) and lactate produced (right y-axis) at 24 

hours (purple) and 48 hours (red) of culture (two-tailed, unpaired Student’s t test). F, Percent 

U-C13 incorporation into lactate for early (green) versus late (orange) prepubertal 
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spermatogonia (stacked values for C1, C2, and C3 incorporation and individual replicates 

connected with a line for biological replicates of the two ages harvested the same day 

(values of total incorporation, n = 3; P values for fold difference, t0: 1.32 ± 0.13, P = .12; t12: 

1.77 ± 0.52, P = .12; t24: 1.63 ± 0.17, P = .06; t48: 1.052 ± 0.01, P = .02). (G) Upregulation 

of GAPDH and UCP2 in Sertoli cells (1-week SC) and late prepubertal spermatogonia (8-

week GC) compared to early prepubertal spermatogonia (mean ± SEM log fold change 

compared to mean Δct of early prepubertal spermatogonia; statistics performed on raw Δct, 

P < .05, n = 4; Table S1); late prepubertal spermatogonia have more GAPDH protein than 

early prepubertal spermatogonia relative to house keeping protein HPRT1 (outlier identified 

via ROUT method, mean ± SEM, 0.343 ± 0.065 vs 0.103 ± 0.001 P = .034, n = 3–4). H, 

Late prepubertal spermatogonia show significant downregulation of all differentially 

expressed antioxidative enzymes (P < .05, n = 4, Table S1). I, Late prepubertal 

spermatogonia have lower oxidative resistance at high concentrations of hydrogen peroxide 

(mean ± SEM of median intensity of CellROX Green in flow cytometry after increasing 

concentrations of H2O2 from 0 to 400 μMol; n400 of H2O2 (P = .0268, n = 3) (two-tailed, 

unpaired Student’s t test)
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FIGURE 6. 
The metabolic shift of late prepubertal spermatogonia is associated with AKT-pathway 

activation, expression of PLZF and epigenetic changes. A, Late prepubertal spermatogonia 

show higher expression of ACSS-2 and PLZF, downregulation of C-Kit compared to early 

prepubertal spermatogonia (mean ± SEM log fold change compared to mean Δct of early 

prepubertal spermatogonia; statistical analysis performed on raw Δct, P < .05, n = 4; Table 

S1). B, Representative image of Western blot analysis of sorted early versus late prepubertal 

spermatogonia for GAPDH, GFRA1, RET, PLZF, Acetyl-H3 relative to HPRT1. C-G, 

Quantification early versus late prepubertal spermatogonia; mean ± SEM: (C) PLZF 
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expression (P = .0027, n = 4). D, Phosphorylation of AKT (Ser 473) relative to pan AKT (p 
= .042, n = 4), E, pan H3 acetyl (P = .039, n = 4), F, RET (P = .125, n = 4) and G, GFRA1 (P 
= .324, n = 4) (two-tailed, unpaired Student’s t test)
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