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Abstract
Mitochondrial reactive oxygen species (ROS) have been implicated in spermatogenic damage,
although direct in vivo evidence is lacking. We recently generated a mouse in which the Inner
Mitochondrial Membrane Peptidase 2-like (Immp2l) gene is mutated. This Immp2l mutation
impairs the processing of signal peptide sequences from mitochondrial cytochrome c1 and
glycerol phosphate dehydrogenase 2. The mitochondria from mutant mice generate elevated levels
of superoxide ion, which causes age-dependent spermatogenic damage. Here we confirm age-
dependent spermatogenic damage in a new cohort of mutants, which started at the age of 10.5
months. Compared with age-matched controls, protein carbonyl content was normal in testes of 2-
to 5-month-old mutants, but significantly elevated in testes of 13-month-old mutants, indicating
elevated oxidative stress in the testes at the time of impaired spermatogenesis. Testicular
expression of superoxide dismutases was not different between control and mutant mice, while
that of catalase was increased in young and old mutants. The expression of cytosolic glutathione
peroxidase 4 (phospholipid hydroperoxidase) in testes was significantly reduced in 13-month-old
mutants, concomitant with impaired spermatogenesis. Apoptosis of all testicular populations was
increased in mutant mice with spermatogenic damage. The mitochondrial DNA (mtDNA)
mutation rate in germ cells of mutant mice with impaired spermatogenesis was unchanged,
excluding a major role of mtDNA mutation in ROS-mediated spermatogenic damage. Our data
show that increased mitochondrial ROS are one of the driving forces for spermatogenic
impairment.

Keywords
Oxidative stress; Immp2l; spermatogenesis; mitochondrial DNA; antioxidant enzyme; mice

Introduction
Mitochondria are membrane-enclosed, multi-functional organelles found in eukaryotic cells.
They function as the powerhouse for eukaryotic cells and convert sugar, fat, and protein
molecules into ATP via oxidative phosphorylation. Mitochondria also play important roles
in apoptosis and intracellular calcium homeostasis [1, 2]. Moreover, they are the primary
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source of superoxide ions, which can be transformed into other forms of reactive oxygen
species (ROS); can damage DNA, protein, and lipids; and are proposed as a major cause of
aging [3–7].

Mitochondrial dysfunction impairs male fertility due to its deleterious effects on
spermatogenesis [8–13] and function of spermatozoa [14–21]. The spermatogenic defects
observed in mito-mice, which harbor a deletion in mitochondrial DNA (mtDNA) [8], and
mice with an mtDNA mutator phenotype [12, 13] clearly demonstrate the importance of
normal mitochondrial function in spermatogenesis. Indirect evidence suggests that high
levels of ROS also disrupt spermatogenesis. Mice lacking Nrf2, a gene encoding a
transcription factor that regulates the expression of enzymes important for protection from
endogenous ROS, develop impaired spermatogenesis in an age-dependent manner [22]. Low
partial pressure of oxygen reduces germ cell apoptosis in human testis [9]. ROS are also
involved in spermatogenic damages induced by heat, ischemia-reperfusion, and toxic
chemicals [23–27].

Mammalian cells have antioxidant enzymes to detoxify superoxide generated by
mitochondria and other sources. Superoxide dismutase 1 (SOD1) and SOD2 both contribute
to transforming mitochondria-generated superoxide to hydrogen peroxide [28, 29]. Catalase
and various glutathione peroxidases then transform hydrogen peroxide to water. Gene
mutagenesis in mice has demonstrated the importance of these antioxidant enzymes in
spermatogenesis. For example, SOD1-deficient mice are more sensitive to heat-induced
spermatogenic impairment [25]. Furthermore, deletion of the Gpx4 gene in spermatocytes
causes male infertility [30].

The Gpx4 gene generates three different transcripts from different promoters [31]: a
ubiquitously expressed short transcript encoding the cytosolic GPX4 [32]; a long transcript
mainly expressed in male germ cells encoding a mitochondrial GPX4 [33]; and a male germ
cell-specific transcript containing a different exon and encoding a nuclear/nucleolar GPX4
[34]. The mitochondrial GPX4 (mGPX4) is similar in size to cytosolic GPX4 (cGPX4)
when tested using Western blots due to the removal of the mitochondrial targeting sequence
[33], while the nuclear/nucleolar GPX4 generates a 34kd full-length protein and several
truncated peptides between 20~34kd [35, 36]. The nuclear/nucleolar GPX4 is dispensable
for viability and fertility [37], the cytosolic GPX4 is essential for viability and
spermatogenesis [30, 38] and the mitochondrial GPX4 is important for normal sperm
morphology and male fertility [38, 39].

Although mitochondria are the primary source of intracellular ROS [3], direct evidence of
mitochondrial ROS involvement in spermatogenic damage is scant. One reason is that
mitochondria are multi-functional and mitochondrial dysfunction usually causes multiple
functional defects, such as energy deficiency, membrane potential collapse, elevated ROS
generation, and increased apoptosis. All of these processes are intimately related, and one
can usually cause and enhance the others. Another reason is that suitable animal models for
in vivo studies are lacking; knocking out genes necessary for normal mitochondrial function
often causes embryonic lethality in mice.

Recently, we reported that mutation of the Inner Mitochondrial Membrane Peptidase 2-like
(Immp2l) gene in mice caused age-dependent spermatogenic defects with increased germ
cell apoptosis and impaired the signal peptide sequence processing of both cytochrome c1
and mitochondrial glycerol phosphate dehydrogenase 2 [40]. The mitochondria from mutant
mice generate elevated levels of superoxide ions, but lack obvious deficiencies in ATP
generation or membrane potential maintenance. The mutants showed erectile dysfunction
after they reach sexual maturity [40], and with increasing age, they show abnormal bladder
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function [41]; multiple age-associated disorders such as wasting, kyphosis, and ataxia [42];
and age-dependent spermatogenic damage [40].

It is unknown why spermatogenic defects are only observed in older but not in younger
mutant mice, although superoxide generation is elevated even in young mutants. The
mitochondrial ‘vicious cycle’ theory of aging posits that mtDNA mutations accumulate
progressively during life, leading to enhanced ROS generation. In turn, increased ROS
production increases rates of mtDNA damage and mutagenesis [43]. Here, we examine the
involvement of ROS stress, antioxidant enzymes, and mtDNA mutation in age-dependent
spermatogenic damage of Immp2l mutant mice.

Materials and Methods
Animals

The generation of Immp2lTg(Tyr)979Ove/Immp2lTg(Tyr)979Ove mutant mice has been
described previously [40]. Mice were housed in the pathogen-free animal facility at Wake
Forest University Health Sciences. Experiments were conducted in accordance with the
National Research Council publication Guide for Care and Use of Laboratory Animals, and
approved by the Institutional Animal Care and Use Committee of Wake Forest University
Health Sciences. Mice were kept in microisolator cages with 12-h light/dark cycles and were
fed ad libitum. Genotypes were determined by coat color. Homozygous normal mice are
albino due to the FVB background. Heterozygotes are slightly pigmented due to the
expression of tyrosinase from one copy of the transgene. Homozygous mutant mice are
darkly pigmented due to the expression of tyrosinase from two copies of the transgene. All
animals used in this study were progenies of one single pair of breeding mice to minimize
individual phenotypic variation and rule out possible mitochondrial DNA heterogeneity.

Testis histology and seminiferous epithelium cycle staging
Testis tissues were fixed in Bouin’s fixative at 4°C overnight, processed, and embedded in
paraffin. 5–8 μm sections were obtained for hematoxylin and eosin (H&E) and periodic
acid-Schiff (PAS) staining. PAS-stained sections were used to determine the stage of the
cycle of seminiferous epithelium by morphology of the acrosome in haploid germ cells, as
described previously [44]. Russell’s staging criteria were used for staging of the
seminiferous tubules [45].

Western blotting assay of antioxidant enzyme expression
Testes from males of 2–5 months (with normal spermatogenesis) and 13 months (with
impaired spermatogenesis) were collected and snap frozen in liquid nitrogen. They were
stored at −80 °C till analyzed. Testicular tissues were lysed in RIPA buffer with protease
inhibitors (0.5mM PMSF and 1x Complete Protease Inhibitor Cocktail from Roche) and the
extracts from control and age-matched mutant mice (n=5/group) were used for SDS-PAGE
and Western blotting analyses. Mitochondrial and cytosolic proteins were isolated from
testicular tissues as described [38]. β-actin was used for loading control of tissue lysates and
cytosolic protein, and VDAC1 was used for loading control of mitochondrial protein.

Anti-β-actin antibody was from Sigma and used at 1:5000 (St Louis, MO); antibodies to
superoxide dismutase 1 (ab13498, 1:2000) and VDAC1 (ab14734, 1:2000) were from
Abcam (Cambridge, MA), antibodies to SOD2 (1:1000), glutathione peroxidase 4 (GPX4,
1:2000) and catalase (1:1000) were from Santa Cruz. Horseradish peroxidase (HRP)-
conjugated secondary antibodies (1:1000) were purchased from Pierce (Rockford, IL).
Chemiluminescent reagents from Pierce were used to visualize the protein signals using an
LAS-3000 imaging system (Fujifilm). The Integrated Density function (Image J software)
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was used to quantify the expression of individual proteins after normalized by β-actin.
Finally, ANOVA and t-tests were used to compare the expression between control and
mutant mice.

Quantitative RT-PCR (qRT-PCR)
Mice were sacrificed by CO2 overdose and testicular tissues were snap frozen in liquid
nitrogen and then stored at −80°C before RNA extraction. Total RNA was extracted with
RNeasy Mini Kit (Qiagen) as instructed by the manufacturer. Residual genomic DNA was
removed by DNase treatment with a kit from Qiagen. Reverse transcription was performed
with the SuperScript™ First-Strand Synthesis System from Invitrogen.

Real-time PCR was performed on a 7300 real-time PCR system (Applied Biosystems). Ppib
(PpibF: tcgtctttggactctttggaa, and PpibR: agcgctcaccatagatgctc) was used an internal control.
The following primers were designed to detect the expression of different Gpx4 transcripts:
mGpx4F (ggcgcatctgaccaataagag) and Gpx4R (cacacgaaacccctgtacttatc) for transcripts
encoding mitochondrial GPX4; nGpx4F (agcccattcctgaacctttc) and Gpx4R for transcripts
encoding nuclear/nucleolar GPX4; cmGpx4 (gccgtctgagccgcttac) and Gpx4R for transcripts
encoding mitochondrial and cytosolic GPX4. All primer pairs span introns and Gpx4R pairs
with the junction of exon 2 and 3, excluding the possibility of amplification from genomic
DNA. SYBR Green PCR Master Mix (Applied Biosystems) was used for real-time PCR.
After the PCR amplification, a dissociation program was run and the amplified product was
analyzed by electrophoresis to verify the specificity of the amplification. Relative gene
expression levels were calculated using the ΔΔCT method [46]. Equal amount cDNA from
five animals of each group was pooled to be used as template for real-time PCR. Three
independent experiments were performed with each experiment in triplicate assay. Results
were presented as mean ± SEM.

ELISA for protein carbonyl content
Testes were homogenized in Tris-buffered saline lysis buffer (10 mmol/L Tris.HCI pH7.2,
0.5% Triton X-100, 50 mmol/L NaCI, 1 mmol/L EDTA) with protease inhibitors (1x
Complete Protease Inhibitor Cocktail from Roche) and centrifuged at 16,000g for 5 minutes
at 4 °C and the protein concentration of the supernatant was measured using a Biuret protein
assay. Samples were adjusted to 6 mg/ml by dilution with Tris-buffered saline, and protein
carbonyl content was determined by a protein carbonyl enzyme immune-assay kit from
BioCell Corp according to the instruction of the manufacturer. Data were analyzed by
analysis of variance (ANOVA) followed by Bonferroni post-tests.

Testicular germ cell population separation by BSA gradient
Male control and mutant mice aged 11–12 months were used for germ cell isolation by BSA
gravity sedimentation. The procedures described by Bellve [47, 48] were followed. Briefly,
mice were sacrificed by CO2 overdose and the testes were dissected free of fat. The
seminiferous tubules were sequentially digested by collagenase and trypsin. The tissue was
pipetted briefly and gently to disperse the cells. After passage through an 80 μm mesh filter,
the cells were resuspended in buffer containing 0.5% BSA and loaded in a STA-PUT
velocity sedimentation cell separator (ProScience Inc.) for gradient separation. Fractions
containing the same cell type were combined and cells collected by centrifuge at 500 g for
10 min. Three germ cell populations (spermatocytes, round spermatids, and elongated
spermatids) were collected for subsequent analysis. Cell type was determined by observing
morphological features under differential interference contrast light microscopy. Judged by
cell morphology, cell purity was estimated at 85%.
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Flow cytometry analysis of apoptotic testicular cells
Testes were collected from 13-month-old mice sacrificed by carbon dioxide overdose, and
testicular cells were isolated as described previously [44, 49]. Apoptotic cells were labeled
by In Situ Cell Death Detection Kit, Fluorescein (Roche), following the manufacturer’s
instructions. Cells were then treated with 40 μg/ml RNase A and stained with 25 μg/ml
propidium iodide in PBS. The cells were then analyzed by flow cytometry with a BD
FACSCalibur analyzer. Data were analyzed by analysis of variance (ANOVA), followed by
Bonferroni post-tests.

Detection of De novo germ cell mtDNA mutation
Total genomic DNA was isolated from spermatocytes, round spermatids, and elongated
spermatids using the DNeasy Blood & Tissue kit (Qiagen). De novo mutations in two
regions of the mitochondrial genome were surveyed: region 1 spans nt 5495 and 5981
(numbered according to NCBI Reference Sequence NC_005089.1) and is within the
cytochrome c oxidase (mt-Co1) gene; region 2 spans nt 15196 and nt 15720 and contains the
cytochrome b (mt-Cytb) gene and the D-loop control region. These regions were chosen to
facilitate comparison with earlier studies [12, 13]. DNA of the two regions was amplified by
High Fidelity PCR Master (Roche) with the following two pairs of primers: MitF
(GCCAACTAGCCTCCATCTCATACTT, nt 15196–15220) and MitR
(GGGCGGGTTGTTGGTTTCAC, nt 15701–15720), MitF1
(TATCGTAACTGCCCATGCTTTTGT, nt 5495–5518) and MitR1
(AGTTGTGTTTAGGTTGCGGTCTGT, nt 5958–5981). The cycling conditions were: 94°C
for 4 min, followed by 35 cycles of 94°C for 30 sec, 55°C for 30 sec, and 72°C for 30 sec.
PCR products were cloned into the pCR4-TOPO™ vector using a TOPO™ TA Cloning Kit
(Invitrogen). 60–90 colonies from mutant and control DNA were grown and plasmid DNA
was isolated using the Qiaprep Turbo 96 Mini-prep Kit (Qiagen). Plasmid DNA was
sequenced using T3 and T7 primers. The frequency of PCR and cloning-induced mutations
was determined by reamplifying, cloning, and sequencing 50 individual clones. This rate
was subtracted from the observed mutational data to determine the mtDNA mutation rate for
control and mutant mice.

Detection of germ cell mtDNA deletion
Long-range nested PCR was used to detect possible mtDNA deletion in elongated
spermatids. Two regions (nt 15196-5981 and nt 5495–12876), covering 14kb of the 16.3kb
mouse mitochondrial genome, were amplified to detect possible deletions in these regions.
To amplify region 5495–12876 (region 1 in Fig.5A), MitF1 and MitR were used to amplify
region 5495–12876, then MitF1 and ND5R (CGAGGCTTCCGATTACTAGG, nt
12876-12857) were used in semi-nested PCR to amplify DNA from region 5495-12876. To
amplify region 15196-5981 (region 2 in Fig. 5A), ND5F
(CTGGCAGACGAACAAGACATC, nt 12789–12809) and MitR1 were used to amplify
region 12789-5981, then MitF and MitR1 were used in semi-nested PCR to amplify DNA
from region 15196-5981. Long-range PCR was performed with the Expand Long Range
dNTPack (Roche) according to the manufacturer’s instructions. Amplification products were
separated by electrophoresis on a 0.8% agarose gel (containing 0.5 μg/ml ethidium bromide)
and observed under UV light.

Detection of germ cell mtDNA content
Quantitative PCR (qPCR) was used to compare the mtDNA content in spermatocytes and
round spermatids of mutants and controls. ND5F and ND5R primers amplifying an 87 bp
region of the mt-Nd5 gene were used to amplify the mtDNA. 18sRNA Taqman probe
(Applied Biosystems) and Gapdh primers, which gave similar results in qPCR, were used
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for amplifying genomic DNA. Sybr Green and Taqman 2xPCR mixtures (Applied
Biosystems) were used for qPCR. qPCR was performed using the ABI PRISM 7700
Sequence Detector (Applied Biosystems). The PCR cycling conditions were: initial
denaturation at 95 °C for 10 min, followed by 40 cycles of 95°C for 30 s, then 60°C for 1
min. The mtDNA/nDNA ratio was derived from the difference in threshold cycle value
(ΔCt) between mt-Nd5 and 18S rRNA, using the 2−ΔCt method [46]. Triplicate assays were
performed for each sample. All experiments were repeated at least once. Results are
presented as means ± SEM.

Results
Time course of spermatogenic damage in Immp2l mutant males

No difference in spermatogenesis was observed in control and mutant mice at 5 weeks
(when the first batch of elongated spermatozoa are released from the seminiferous tubules
[50]) (Fig.1A, B). Furthermore, spermatozoa were observed in the epididymis of control and
mutant mice (data not shown), indicating that the mutation does not affect spermatogenic
development in prepubertal mutants. Spermatogenesis was qualitatively normal in mutant
males up to the age of 10 months (Fig.1C–F). However, beyond that point, 100% of the
mutant mice examined showed germ cell deficiency and disorganization in over 30% of the
seminiferous tubules (Fig.1H, I; Table 1). Control mice showed normal spermatogenesis
even at the age of 15 months (Fig.1J).

Of 23 mutant mice between 11 and 15 months old, only 4 (18%) showed germ cell
deficiency in over 80% of the seminiferous tubules (Table 1). The remaining mutant mice
showed only moderate germ cell deficiency in 30%–50% of the seminiferous tubules,
although none of the control mice showed similar germ cell deficiency at that age. The
earliest time to observe spermatogenic damage in these mutants is 4 months later than
originally reported [40], and the degree of spermatogenic damage tends to be less severe
than originally observed. Possible explanations for these findings include: 1) all animals
used after the original publication were progenies of one single pair of breeding mice, to
minimize individual variation and eliminate mitochondrial DNA heterogeneity; 2) mice
described in [40] were bred at the animal facility of Baylor College of Medicine and
transferred to WFUHS; different housing conditions and possible stress of moving may have
affected the timing and severity of spermatogenic damage. Immp2l mutant mice 11 to 15
months old have seminal vesicles of normal sizes (data not shown); therefore, their impaired
spermatogenesis is not caused by androgen suppression.

Apoptosis was increased in mutants with spermatogenic damage independent of
testicular cell type

To examine the testicular cell populations affected by the mutation, testicular cells of 13-
month-old mutant males were isolated, labeled by propidium iodide, and analyzed by flow
cytometry. Based on propidium iodide binding capacity, the following testicular cell
populations were recognized: HC, hypo-stained elongating and elongated spermatids; 1C,
round spermatids; 2C, spermatogonia, secondary spermatocytes and somatic cells; 4C,
primary spermatocytes and G2 spermatogonia; and S-ph, spermatogonia and preleptotene
spermatocytes synthesizing DNA (Fig. 2A). We considered S-ph cells primarily as germ
cells, since the proportion of somatic cells (Sertoli, Leydig and other nongerm cells) is less
than 3% of total testicular cells in normal mouse testis [51], and at this age most somatic
cells are post-mitotic and will not synthesize DNA.

Spermatogenic impairment was confirmed by histological analysis of testicular tissues.
Germ cell deficiency was consistent with a significantly reduced number of testicular cells

George et al. Page 6

Free Radic Biol Med. Author manuscript; available in PMC 2013 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



isolated from mutant mice (11.8×106 ± 1.8×106/testis, n=5 for controls; 4.0×106 ± 1.1×106/
testis, n=4 for mutants; p<0.05). While the percentage of spermatids (including HC and 1C
cells) differed between control and mutant mice, the percentage of other cell populations
(2C, S-ph and 4C cells) did not (Fig. 2B).

Flow cytometry analysis of TUNEL-labeled testicular cells of 13-month-old control and
mutants showed that mutants had a significantly higher percentage of TUNEL-positive cells
(Fig. 2C, column “total”), explaining the significantly reduced numbers of testicular cells in
the mutants. In addition, 1C, 2C, S-ph and 4C cells all showed higher percentages of
TUNEL-positive cells in mutants than in controls (Fig. 2C), suggesting that all testicular cell
populations were affected in mutant mice. Spermatogonia and preleptotene spermatocytes
synthesizing DNA had the highest percentage of TUNEL-positive cells (S-ph, Fig. 2C),
suggesting that spermatogonia are likely to be affected by excessive ROS in mutants. This is
consistent with our recent observation of adult stem cell damage in aged Immp2l mutant
mice [42]. Higher percentages of TUNEL-positive testicular cells from mutant mice
indicated a greater incidence of apoptosis. Apoptosis may not be involved in the death of
mouse spermatozoa [52]. We observed a higher percentage of TUNEL-positive elongating
and elongated spermatids in mutants than in controls (1.6% ± 0.4%, n=5 for controls; 6.1%
± 1.2%, n=4 for mutants, p<0.05), which may result from a higher incidence of genomic
DNA damage in these cells in mutants.

Spermatogenic stages at which the germ cells are affected were further analyzed
histologically. Testicular sections from mutant mice were stained with periodic acid-Schiff
(PAS) and cross-sections of tubules with obvious germ cell deficiency were staged for
qualitative analyses. Staging was based on acrosome morphology (red stain after PAS
staining). This analysis confirmed germ cell deficiency in old mutant mice and that germ
cell deficiency was not cell type-specific (Fig. 2D). For example, while step 9, 13, and 15
spermatids were readily visible in control mice, they were reduced in affected seminiferous
tubules of mutant mice. Round spermatids and spermatocytes were also reduced in
seminiferous tubules from mutant males, based on the reduced number of layers containing
these cells.

Elevated oxidative stress was observed in testes of old but not young mutants
Previously, we observed elevated superoxide generation by isolated mitochondria and
increased apoptotic germ cells in aged mutant testes, and proposed that the resultant ROS
stress underlies age-dependent spermatogenic impairment [40]. If so, aged mutants should
show elevated oxidative stress. A sensitive ELISA assay was used to compare amounts of
protein carbonyl (an index of oxidative stress) in control and mutant testicular protein before
and after spermatogenic damage. Protein carbonyl did not differ between young (2–4
months) control and mutant mice, but was significantly elevated in 13-month-old mutants,
which also had impaired spermatogenesis (Fig. 3A). This observation is consistent with age-
specific spermatogenic damage.

Cytosolic GPX4 expression was significantly decreased in testis of old mutant males
We examined the expression of the major antioxidant enzymes, SOD1, SOD2, catalase and
glutathione peroxidase 4 (a major glutathione peroxidase in the testis), in testes of mutant
and control mice by Western blotting. Both in 2- to 5-month-old mutants with normal
spermatogenesis (Fig. 3B), and in 13-month-old mutant and control mice (Fig. 3C), SOD1
and SOD2 expression did not differ from that in age-matched controls; however, catalase
expression was increased in mutant mice in both age groups. In control and mutant males,
catalase expression also increased significantly with age (Fig. 3D).
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The testis expresses three isoforms of GPX4: the nuclear/nucleolar GPX4 (nGPX4),
cytosolic GPX4 (cGPX4) and mitochondrial GPX4 (mGPX4). We compared the expression
of the GPX4 isoforms in testis of mutant and control mice. Several groups have
demonstrated that nGPX4 produces several truncated products smaller than the 34 kD full-
length protein [35, 36]. Thus, we interpreted bands of >20 kD in Fig. 4A–C (marked by “n”)
as being truncated products of nGPX4. The intensity of these bands did not differ between
controls and mutants, nor between young and old mice. cGPX4 and mGPX4 are
indistinguishable in Western blotting due to the processing of the presequence from
mGPX4. The combined product of cGPX4 and mGPX4 (indicated by “c+m” in Fig. 4) was
significantly decreased in mutants compared with age-matched controls (Fig. 4A, B, D).
Even in control mice, c+mGPX4 decreased significantly in old mice compared with 2- to 5-
month-old mice (Fig. 4C, E). Since our flow cytometry analysis showed that 13-month-old
mutant and control mice had similar percentages of HC+1C (expressing nGPX4), 2C, S-ph
and 4C cells (Fig. 2B), different c+mGPX4 expression was not attributable to different germ
cell composition and was the result of reduced expression of c+mGPX4 protein per se.

To examine whether reduced c+mGPX4 in mutant mice is caused by reduction in cGPX4,
mGPX4, or both, we isolated sytosolic and mitochondrial protein from testes of 13- to 14-
month–old males. While mGPX4 showed only a slight reduction in mutant mice, cGPX4
showed a much greater reduction (Fig. 4F). The data demonstrated that cGPX4 decreased
significantly in old mutant mice with impaired spermatogenesis.

Real-time RT-PCR was performed to further examine the expression of different Gpx4
transcripts at the mRNA level. Primers were designed to compare the expression of nGpx4,
mGpx4, and c+mGpx4 between control and mutant males (Fig. 4G). Primers are unavailable
to detect only cGpx4, since they will also amplify from mGpx4 transcripts. All the primers
were demonstrated to be specific by one single peak in dissociation curves and by a single
amplicon of the expected size. mRNA levels of different Gpx4 transcripts could not explain
the levels of corresponding GPX4 protein isoforms. While nGpx4 decreased significantly in
13-month-old mutants compared with young mice and 13-month-old controls (Fig. 4H),
nGPX4 protein did not differ among different groups (Fig. 4A–C). On the contrary, while
mGpx4 and c+mGpx4 showed no significant difference between 2-~5-month-old control
and mutants (Fig. 4H), c+mGPX4 protein expression decreased 50% in 2-~5-month-old
mutants (Fig. 4A, D). In addition, compared with 13-month-old control mice, 13-month-old
mutant mice showed a greater degree of decrease in c+mGPX4 protein (Fig. 4B, D) than in c
+mGpx4 mRNA (Fig. 4H). A similar contrast was also observed when comparing young
and old control mice, in that c+mGpx4 mRNA showed no significant age-related difference
while c+mGPX4 protein showed a 4-fold difference (Fig. 4C, E). The data suggest that post-
transcriptional regulation plays a major role in the expression of different GPX4 isoforms.

mtDNA mutation is not involved in spermatogenic defects in aged mutant mice
mtDNA mutation causes spermatogenic damage [8, 12, 13]. Elevated mitochondrial
superoxide generation and increased levels of oxidative stress in Immp2l mutant testis
prompted us to test whether elevated mitochondrial superoxide generation causes
spermatogenic damage by increasing the mtDNA mutation rate, as proposed by the
mitochondrial ‘vicious cycle’ theory of aging [43]. We compared the mtDNA mutation rate
in elongated spermatids isolated from 11-month-old control and mutant males using the
BSA gradient method. This age was chosen because histologic analysis revealed that
spermatogenesis in all mutant mice of this age is impaired.

DNA fragments containing nt 15196–15720, which contains the mt-Cytb gene and the D-
loop control region, and nt 5495–5981, which contains the mt-Co1 gene (Fig.5A), were
amplified by high-fidelity PCR using total DNA isolated from elongated spermatids. These
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DNA fragments were subcloned and sequenced. Possible mtDNA mutations arising during
PCR and subcloning were subtracted from the observed mutation rates. DNA sequenced for
region 15196–15720 was 27.3 kb for control and 28.3 kb for mutant mice; DNA sequenced
for region 5495–5981 was 33.6 kb for control and 40.3 kb for mutant mice. When both
regions were considered, 60.9 kb was sequenced for control and 68.6 kb was sequenced for
mutant mice. We found 3.13 mutations/10 kb for control mice and 3.22 mutations/10 kb for
mutant mice (Fig. 5B), agreeing with published observation of 2–6 mutations/10 kb mtDNA
[12, 13], and suggesting no significant difference in the mtDNA mutation rate between
control and mutant males

Analyses of the mtDNA mutation type revealed no insertions or deletions in control and
mutant mice. In both types, the predominant point mutations were transitions (30/31 for
mutants and 26/27 for controls). Thus, our data strongly suggest that mtDNA point mutation
is not involved in the spermatogenic defects observed in old mutant mice.

To examine whether large mtDNA deletions are involved in the spermatogenic defects in
old mutant mice, we compared mtDNA deletions in elongated spermatids by long- range
PCR. We performed semi-nested PCR to amplify two regions of mouse mtDNA: 5495–
12876 (product 1 in Fig. 5A), and 15196-5981 (product 2 in Fig. 5A), which cover 13979 bp
(85.8%) of the 16299 bp mouse mitochondrial genome. No increase in shorter amplified
products (resulting from mtDNA deletion) was observed in PCR products from either region
of mutant males, indicating no increased mtDNA deletion in old mutants (Fig. 5C).

For an unknown reason, region 2 was more difficult to amplify from mutant DNA in long-
range PCR, so fewer full-length PCR products were obtained from mutant DNA in the first
round of PCR. This was not caused by a lower DNA input, since the template DNA was
equal and region 1 was efficiently amplified from mutant DNA. To address this issue, we
recovered all possible amplified DNA except the dominant full-length PCR product from the
first PCR by gel purification (Fig. 5C, boxed region), and used this DNA as the template for
the second round of PCR (Fig. 5C, Recovered). This time, similar cohorts of short PCR
products were found in PCR products from control and mutant animals, confirming no
increase of mtDNA deletion in mutant animals.

Quantitative PCR was used to examine whether isolated spermatocytes and round
spermatids from mutant males had reduced mtDNA content. Based on cell morphology, the
purity of both cell populations was estimated at 85%. Elongated spermatids were excluded
from analyses due to heterogeneity of the cell population. Primers specific to mt-Nd5 were
used to quantify mtDNA content, and 18s rRNA primers were used to control genomic DNA
input. Neither spermatocytes nor round spermatids from mutants had less mtDNA (Fig. 5D).
The mt-Nd5 gene is located in region 1, and PCR amplification of this region from mutant
mtDNA is efficient in long-range PCR. This comparison is unlikely to be affected by the
possible difference in amplification efficiency between control and mutant mtDNA. Indeed,
even if the amplification of mt-Nd5 DNA from mutant mice were less efficient, it would
reinforce the argument that mtDNA content in mutant germ cells is not reduced. Thus, these
data indicate that mtDNA mutation is not involved in spermatogenic impairment in aged
mutant mice.

Discussion
The present report refined the time course of spermatogenic impairment in a new cohort of
Immp2l mutant males and examined the possible involvement of oxidative stress and
mtDNA mutation in age-dependent spermatogenic impairment of the mutants. Following
our previous finding that mitochondria from mutant testes generate more superoxide [40],
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we found elevated protein carbonyl content in testes of 13-month-old but not 2- to 5-month-
old mutants. This observation confirmed increased oxidative stress in Immp2l mutant mice,
and supported the linkage between high oxidative stress and spermatogenic damage. We
found that 2- to 5-month-old mutant mice had normal levels of oxidative stress and normal
spermatogenesis; whereas 13-month-old mutant mice had both elevated oxidative stress and
impaired spermatogenesis. While it remains unclear why oxidative stress is elevated in old
but not young mutants, and whether elevated oxidative stress is the cause or a co-occurring
event, our data strongly support the role of oxidative stress in this process.

Our results regarding antioxidant enzyme expression also implicate ROS in spermatogenesis
of mutant mice. We observed elevated catalase expression in young and old mutants,
although impaired spermatogenesis damage was seen only in old mutants. Since hydrogen
peroxide induces catalase expression [53], increased catalase expression is most likely a
feedback response to increased hydrogen peroxide transformed by SOD1 and SOD2 from
excessive mitochondrial superoxide levels in mutant mice. Testicular cells express high
levels of SOD1 and SOD2 [54, 55], which might be sufficient to detoxify elevated
superoxide from mutant mitochondria. This could also explain why SOD1 and SOD2
expression in testes of mutant mice is not different from control mice.

GPX4 specifically metabolizes lipid peroxides and is highly expressed in germ cells [56],
and it is essential for normal spermatogenesis [30, 38]. Testicular cells express three GPX4
isoforms, cGPX4, mGPX4, and nGPX4 (restricted to round and elongated spermatids).
While nGPX4 did not show significant differences between control and mutant mice,
testicular c+mGPX4 of 2- to 5-month-old mutant mice was 50% of age-matched normal
mice, and that of 13-month-old mutants was 33% of age-matched controls. Further
experiments demonstrated that cGPX4 reduction contributed much more than mGPX4 in the
reduction of c+mGPX4. Considering the fact that testicular c+mGPX4 expression (and most
likely cGPX4 too) in normal 13-month-old males is greatly decreased compared with young
males, a greater decrease of cGPX4 expression in 13-month-old mutants than in age-
matched controls may have caused cGPX4 deficiency. nGPX4 is dispensable for
spermatogenesis and fertility [37], mGPX4 is important for normal sperm morphology and
function but not important for normal spermatogenesis [39], and cGPX4 is necessary for
normal spermatogenesis [30, 38]. Decreased cGPX4 expression in testes of 13-month-old
mutants might be one of the mechanisms underlying the age-dependent spermatogenic
damage. While cGPX4 reduction might be one of the mechanisms explaining the
spermatogenic damages of old mutant mice, it is the secondary result of the primary cause:
increased production of superoxide by mutant mitochondria. It has been shown in somatic
tissues that mGpx4 mRNA translational regulation by GRSF1 and DJ-1 plays a critical role
in determining the translation efficiency of this mRNA [57, 58]. Consistent with this, our
data suggest that post-transcriptional regulation played a major role in determining the
expression of different GPX4 isoforms. Learning how cGPX4 expression is inhibited in
mutant mice will greatly improve our understanding of the relationship between ROS and
Gpx4 expression.

We found that apoptosis (judged by detection of DNA breaks through TUNEL labeling) was
increased in 1C (round spermatids), 2C (secondary spermatocytes, spermatogonia and
somatic cells), cells synthesizing DNA, and 4C cells (spermatocytes), suggesting that
oxidative damage is not cell type-specific. Although androgen suppression is unlikely a
factor (since seminal vesicles were normal in size) in old mutants, the involvement of Sertoli
cells and Leydig cells in the observed spermatogenic damage remains to be determined. The
increased apoptosis we observed in testicular cells without cell type specificity agrees with
our previous report of multiple age-associated phenotypes, including kyphosis, ataxia, and
wasting, in mutants starting from the age of 12 months [42]. IMMP2L is one of the two
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subunits of inner membrane peptidase (IMP) and is expressed in the testis, ovary, and
somatic organs. The involvement of ROS damage in age-dependent spermatogenic
impairment reinforces our argument that ROS also underlie age-dependent damage in
somatic organs [42].

The mitochondrial ‘vicious cycle’ theory of aging [43] prompted us to test whether mtDNA
mutation could be involved in spermatogenic disruption of Immp2l mutants. Although
spermatogenesis is impaired in 11-month-old Immp2l mutant males, they do not have an
increased number of mtDNA mutations (either point mutations or deletions) in their germ
cells. In addition, the mtDNA content is not decreased. These data strongly argue against a
role for mtDNA mutation in the observed spermatogenic defects in aged Immp2l mutants. A
recent study examined the relationship of ROS and mtDNA mutation in hematopoetic stem
cells, and saw no positive relationship between the levels of ROS and the mtDNA mutation
rate [59]. Consistent with that observation, we now provide direct evidence that elevated
ROS stress does not necessary result in an increased mtDNA mutation rate. Thus, ROS
appear to mediate spermatogenic disruptions in aged Immp2l mice without mtDNA
mutation. However, due to the limited quantity of DNA obtained from the BSA-separated
germ cells, we did not address whether mtDNA from mutant mice contained increased
levels of other types of DNA modifications which could affect gene expression from
mtDNA.

The strength of the present study is that these observations are based on a genetic model
with a defined mitochondrial functional defect (increased superoxide generation). Previous
studies examining ROS and spermatogenesis were either retrospective [60, 61] or based on
indirect evidence [9, 62]. ROS scavenging enzymes have been manipulated to increase or
decrease the rate of ROS clearance, but these efforts do not always generate suitable models
for the study of ROS and spermatogenesis. For example, male Sod1−/− mice are fertile [63]
and Sod2−/− mice die within 3 weeks after birth [64, 65]. The Immp2l mutation model
provides a meaningful opportunity to examine the causal role of mitochondrial ROS in the
disruption of spermatogenesis.

The knowledge obtained from this study will improve our understanding and treatment of
male infertility associated with environmental toxins, cryptorchidism, testicular torsion/
detorsion, diabetes and increased age; ROS have been implicated in all of these situations
[25, 26, 66–68]. Establishing a firm link between oxidative stress and spermatogenesis will
help us understand and address the testicular consequences of non-reproductive diseases. In
conclusion, the present report demonstrates that oxidative stress and antioxidant enzymes,
but not mtDNA mutation, are involved in age-dependent spermatogenic impairment in
Immp2l mutant mice.
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Highlights

• Oxidative stress increases in old Immp2l mutant mice with impaired
spermatogenesis.

• Apoptosis is increased in round spermatids, 2N cells, and spermatocytes.

• Testicular cytosolic GPX4 decreases in mutant mice with impaired
spermatogenesis.

• Mitochondrial DNA mutation is not involved in impaired spermatogenesis of
mutants.
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Fig. 1. Time course of age-dependent spermatogenic impairment in mutant males
(A–B). Spermatogenic development is normal in prepubertal mutant mice. In the testes of
35-day-old controls (A) and mutants (B), elongated spermatids in the seminiferous lumen
were both observed. (C–D). Normal spermatogenesis in 7-month-old control (C) and mutant
(D) mice. E. Qualitatively normal spermatogenesis in 9-month-old mutants. F. Qualitatively
normal spermatogenesis in 10-month-old mutants. G. Some mutant mice of 10.5 months
start to show degenerated seminiferous tubules. H. Impaired spermatogenesis in 11-month-
old mutants. I. Impaired spermatogenesis in 15-month-old mutants. J. Normal
spermatogenesis in 15-month-old control males. Scale bars in A–B: 50 μm; scale bars in C–
J: 100 μm.
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Fig. 2. Germ cell types affected in aged mutant mice
A. Representative diagram from flow cytometry analysis of PI stained testicular cells (13-
month-old control mouse). B. Percentage of testicular cell populations between 13-month-
old controls (n=5) and mutants (n=4). C. Percentage of apoptotic (TUNEL positive) cells in
different testicular cell populations between 13-month-old controls (n=5) and mutants (n=4).
PI (for DNA ploidy) and FITC (for TUNEL assay) double-channel flow cytometry was
performed. D. PAS staining of testis sections from 11-month-old mice. Cross-sections of the
same stages of germ cell association from controls and mutants are shown. Roman numerals
indicate the stage of the association determined by acrosome morphology. Arabic numbers
indicate the steps of the spermatids. The arrows point to the spermatids used for the
determination of the stage of the association. L indicates leptotene spermatocytes and P
indicates pachytene spermatocytes. Scale bar: 50 μm. Mean ± SEM are presented in B and
C. *, ** and *** indicate p<0.05, p<0.01, and p<0.001, respectively, by two-way ANOVA
and Bonferroni post-tests.
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Fig. 3. Analysis of protein carbonyl content and antioxidant enzyme expression in testes of
mutant mice
A. Protein carbonyl content is increased in 13-month-old mutant mice. Mean ± SEM of 5
mice for each group are presented. *** indicates p<0.001 by two-way ANOVA and
Bonferroni post-tests. (B, C). Expression of antioxidant enzymes SOD1, SOD2, and catalase
in testes of 2-~5-month-old mice (B) and 13-month-old mice (C). Mean ± SEM (n=5 for
each group) of integrated density analyzed by Image J software are presented. Loading was
normalized by β-actin. * indicates p<0.05 by t-tests. D. Catalase protein was increased in
13-month-old mice than in 2-~5-month-old mice.
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Fig. 4. Analysis of Gpx4 expression at the protein and mRNA levels
A–C. Western blotting comparison of GPX4 expression between 2-~5-month-old control
and mutant mice (A), 13-month-old control and mutant mice (B), and 2-~5-month-old and
13-month-old control mice (C). The expression of c+mGPX4 (c+m) was decreased in
mutant mice relative to age-matched control mice, and in old mice relative to young mice.
The expression of nGPX4 (n) did not differ among groups. In C, a longer exposure was used
to show the relatively weak bands of nGPX4. The row with “short exp.” indicates the result
of short exposure time to avoid saturation. D. Densitometry analysis (integrated density by
Image J software) of c+mGPX4 protein expression based on A and B. Mean ± SEM for each
group is presented. The expression levels of control mice were set as 1. * and ** indicate
p<0.05 and p<0.01, respectively by Bonferroni post-tests following two-way ANOVA. E.
Densitometry analysis (integrated density by Image J software) of c+mGPX4 protein
expression based on C. Mean ± SEM of 5 mice for each group is presented. The expression
level of 2-~5-month-old mice was set as 1. *** indicates p<0.001 between 2-~5-month-old
and 13-month-old control mice by t-test. F. Reduction of cGPX4 in 13-month-old mutant
males. mGPX4 showed only a small reduction, but cGPX4 was significantly reduced in
mutants versus controls. Mean ± SEM of 4 mice per group is shown. *** indicates p<0.001
by Bonferroni post-tests following two-way ANOVA. VDAC1 and β-actin were used for
loading controls for mitochondrial and cytosolic protein, respectively. Expression of
samples from control mice was set as 1. G. Location of primers used for detection of nGpx4,
mGpx4, and c+mGpx4. Ten nucleotides from primer Gpx4R pair with exon 2 and 10
nucleotides pair with exon 3. H. Real-time RT-PCR comparison of nGpx4, mGpx4, and c
+mGpx4 levels among groups. Pooled cDNA from 5 mice/group was analyzed. Shown is
the mean ± SEM of three independent real-time PCR assays. Expression is expressed as fold
of internal control gene Ppib. *, ** and *** indicate p<0.05, p<0.01 and p<0.001,
respectively, between indicated groups analyzed by Bonferroni post-tests following two-way
ANOVA.
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Fig. 5. Analysis of mtDNA mutation for germ cells from 11-month-old mice
A. Location of primers used for PCR amplification. MitF+MitR, MitF1+MitR1 were used to
amplify mtDNA for subcloning and sequencing analysis. Nd5F+Nd5R were used in
quantitative PCR to compare mtDNA content. The regions amplified (PCR product 1 and
PCR product 2) in long-range PCR for deletion analysis are also shown. B. mtDNA
mutation rates of elongated spermatids (mixed from 3 males of the same genotype) from 11-
month control and mutant mice. C. Long-range PCR analysis of large mtDNA deletion.
Nested PCR was used to detect possible large mtDNA deletion from elongated spermatid
mtDNA. Dashed box indicates the gel recovered for DNA purification after the first round
of PCR. “Second PCR (total)” indicates using the total PCR product from the first PCR as
the template in the second PCR. “Second PCR (recovered)” indicates using the purified
DNA from boxed gel as the template in the second PCR. D. mtDNA DNA content in
spermatocytes and round spermatids of control and mutant mice. No significant differences
were noted. mtDNA content in control mice was set as 1. Mean ± SEM of three control and
three mutants are presented. Triplicate assays were performed on each sample.
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Table 1

Spermatogenic damage observed at different ages

Age (mo) +/+ −/−

With 30% impaired
seminiferous tubules*

With 80% impaired
seminiferous tubules*

With 30% impaired
seminiferous tubules*

With 80% impaired
seminiferous tubules*

7 0/2 0/2 0/4 0/4

10 0/1 0/1 0/2 0/2

10.5 0/1 0/1 1/3 0/3

11 N/A N/A 3/3 2/3

12 0/4 0/4 4/4 0/4

13 0/5 0/5 5/5 0/5

14 0/3 0/3 8/8 1/8

15 0/3 0/3 3/3 1/3

*
Number of animals with damages/total animals examined.
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