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Oxidative stress is a major aetiology in many pathologies, including that of male infertility. Recent evidence in somatic cells has linked oxidative

stress to the induction of a novel cell death modality termed ferroptosis. However, the induction of this iron-regulated, caspase-independent

cell death pathway has never been explored outside of the soma. Ferroptosis is initiated through the inactivation of the lipid repair enzyme

glutathione peroxidase 4 (GPX4) and is exacerbated by the activity of arachidonate |5-lipoxygenase (ALOXI5), a lipoxygenase enzyme that

facilitates lipid degradation. Here, we demonstrate that male germ cells of the mouse exhibit hallmarks of ferroptosis including; a caspase-

independent decline in viability following exposure to oxidative stress conditions induced by the electrophile 4-hydroxynonenal or the ferrop-

tosis activators (erastin and RSL3), as well as a reciprocal upregulation of ALOXI5 and down regulation of GPX4 protein expression.

Moreover, the round spermatid developmental stage may be sensitized to ferroptosis via the action of acyl-CoA synthetase long-chain family

member 4 (ACSL4), which modifies membrane lipid composition in a manner favourable to lipid peroxidation. This work provides a clear

impetus to explore the contribution of ferroptosis to the demise of germline cells during periods of acute stress in in vivo models.
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Introduction

The peroxidation of biomembranes and subsequent accumulation of
lipid hydroperoxides within cells is known to promote cellular demise
across a wide range of cell types (Ayala et al., 2014; Gaschler and
Stockwell, 2017; Maiorino et al., 2018). As such, the study of enzymes
that contribute to lipid peroxidation or regulate its deleterious out-
comes has been gaining traction (Yamamoto, 1991; Noguchi et dl.,
2002; Shintoku et al., 2017). One class of enzymes; the lipoxygenases,
which catalyze the oxygenation and degradation of polyunsaturated
fatty acids (PUFAs), have been given particular consideration due to

their widespread role in the onset of diseases. Examples include
ischaemic heart disease, Alzheimer’s disease, chronic myeloid leukae-
mia, diabetes and colorectal cancer, all of which are linked to an eleva-
tion of the lipid peroxidation product 4-hydroxynonenal (4HNE)
(Martinez-Clemente et al., 2010; Chen et al., 2014; Chu et al., 2015;
Mao et al., 2015; Suzuki et al., 2015; Lundqyist et al., 2016; Yang et al.,
2016). 4HNE, the most widely studied and cytotoxic of the lipid alde-
hydes, is known to be produced through enzymatic transformation of
n—6 PUFAs (arachidonic acid (AA), linoleic acid and others) by
| 5-lipoxygenases (Ayala et al., 2014). This capacity for 4HNE to induce
cell death is largely reliant on its ability to covalently modify DNA as
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well as selective elements of the cell proteome (Hu et al., 2002; Ivanov
etal., 2010; Aitken et al., 2012; Zhong and Yin, 2014).

While this cytotoxic cascade is a well-recognized paradigm in som-
atic cells, we have recently established that 4HNE modification also con-
tributes to severe changes in protein homeostasis within the male
germline, including a precipitous loss of key proteins required for
sperm—egg recognition (Bromfield et al., 2015, 2017a). In a comprehen-
sive analysis of arachidonate |5-lipoxygenase (ALOXIS) in the male
germline we have now reported a robust upregulation of ALOXIS in
response to oxidative stress in primary cultures of round spermatids
from the mouse testis and subsequently demonstrated a protective
effect on cell viability, and decreased lipid peroxidation through the
pharmacological inhibition of ALOXI5 (Bromfield et al, 2017b).
Moreover, the inhibition of ALOXI5 in mature human spermatozoa
results in a significant reduction in 4HNE and a complete recovery of
human sperm—egg interaction, a requisite step to fertilization that is
compromised by oxidative stress (Walters et al., 2018). Combined, our
data establish ALOXI5 as an important physiological target to prevent
oxidative stress-induced pathologies in developing germ cells of the
mouse testis and in mature human spermatozoa. However, a key obser-
vation of these studies lies in the remarkable specificity of this response
to the round spermatid stage of germ cell development. Thus, modula-
tion of ALOXI5 overexpression in response to oxidative challenge is
only detected in round spermatids and not in the earlier developmental
stage pachytene spermatocytes isolated from the same animals
(Bromfield et al., 2017b). Accordingly, the round spermatid stage
appears to be a critical point in germ cell maturation where these cells
become extremely susceptible to lipid peroxidation, 4HNE production
and an associated instability of 4HNE-modified protein targets such as
heat shock protein A2 (HSPA2) (Bromfield et al., 2017a). Combined,
these observations in the round spermatid population accord with
recent findings in somatic cells that implicate ALOXI15 in the induction
of a novel form of cell death termed ‘ferroptosis’.

Ferroptosis is an iron-regulated, caspase-independent cell death
modality that was first reported in 2012 (Dixon et al.,, 2012) and has
since been implicated in lipid-peroxidation induced cell death across an
array of disease states, tissues and cell types (Skouta et al., 2014; Yang
et al., 2014; Ingold et al., 2015; Matsushita et al., 2015). Ferroptosis is
initiated through a loss of activity of the lipid repair enzyme, glutathione
peroxidase 4 (GPX4), and/or an inhibition of cysteine uptake, causing a
depletion of glutathione (GSH) and concluding in a lethal accumulation
of reactive oxygen metabolites (Dixon et al., 2012; Yang et al., 2014;
Doll and Conrad, 2017). A pivotal role for lipoxygenases in this process
has been reported in acute lymphoblastic leukaemia cells (Probst et al.,
2017), airway epithelial cells in asthma and cortical and hippocampal
neurons in brain trauma (Wenzel et al., 2017). A conserved signature of
lipoxygenase action in these pathologies is the catalytic production of
abundant lipid hydroperoxides, which in turn serve as the key death sig-
nals in the ferroptotic cascade (Shintoku et al., 2017; Wenzel et dl.,
2017). Compellingly, ferroptotic cell death induced by either erastin, a
ferroptosis activator that inhibits the cystine-glutamate antiporter
System Xc™, or RSL3, a direct inhibitor of GPX4, can be tempered by
siRNA knockdown of ALOXI5 or pharmacological inhibition of the
protein, suggesting that ALOX|5 expression sensitizes cells to ferropto-
sis (Yang et al., 201 6; Shintoku et al., 2017).

In the testis, a similar paradoxical relationship between ALOXI5
and GPX4 exists whereby germline inactivation of the Alox/5 gene

rescues the male subfertility induced by heterozygous expression of
catalytically silent GPX4 (Briitsch et al., 2016). Despite this knowledge,
the contribution of ALOXI5 enzymatic activity to the onset of ferrop-
totic cell death in the germline has never been explored. Given our
observations of the differential sensitivity of pachytene spermatocytes
and round spermatids to oxidative stress, this study was designed to
evaluate key correlates of ferroptosis in the male germline in response
to oxidative stress, explore the involvement of ALOXIS5 in this pro-
cess and examine developmental differences in cell death decisions in
the testis.

Materials and Methods

Ethics approval

All experimental procedures involving mice were conducted with the
approval of the University of Newcastle (UoN) Animal Care and Ethics
Committee (ACEC) (Approval numbers A-2013-322 and A-2018-826).
Swiss mice were obtained from a breeding colony held at the UoN central
animal facility and maintained according to the recommendations pre-
scribed by the ACEC. Mice were housed under a controlled lighting regime
(16L:8D) at 21-22°C and supplied with food and water ad libitum. The
human semen samples used in this study were obtained with informed
consent from a panel of normozoospermic donors as part of the UoN
human sperm donation programme facilitated by the Priority Research
Centre for Reproductive Science. All studies were performed in accord-
ance with the University of Newcastle’s Human Ethics Committee
guidelines (Approval No. H-2013-0319).

Antibodies and reagents

Unless otherwise specified, all reagents were purchased from Sigma-
Aldrich (St Louis, MO, USA) and were of research grade. All antibodies
were purchased from Abcam (Cambridge, UK) unless otherwise stated
and used as shown in Supplementary Table SI.

Mouse spermatocyte and spermatid
preparation

Enriched populations of pachytene spermatocytes and round spermatids
were acquired from dissected adult (>8 weeks old) Swiss mouse testes
using density sedimentation at unit gravity, as described previously
(Baleato et al., 2005; Nixon et al., 2014; Bromfield et al., 2017b). Testes
were disassociated and tubules were sequentially digested with 0.5 mg/
ml collagenase/DMEM and 0.5% v/v trypsin/ EDTA to remove extratub-
ular contents and interstitial cells. The remaining isolated cells were
loaded onto a 2—4% w/v bovine serum albumin (BSA)/DMEM gradient to
separate male germ cell types according to density. This method resulted
in the isolation of pachytene spermatocytes (~93% purity) and round
spermatids (~86% purity) with very little to no somatic cell contamin-
ation, as verified by staining preparations with the nuclear stain (4’,6-dia-
midino-2-phenylindole) DAPI, and additionally through dual labelling of
phosphorylated histone H2AX with anti-yH2AX (to label pachytene
spermatocytes) and peanut lectin agglutintin (to label the developing acro-
some of round spermatids). Cell preparations were viewed with a Zeiss
Axioplan 2 fluorescence microscope (Carl Zeiss Microlmaging GmbH,
Jena, Germany) and the percentage of round spermatids and pachytene
spermatocytes with the appropriate labelling was recorded for each
population (Supplementary Fig. S| A). Unless otherwise specified, sperma-
tocytes and spermatids were pooled from 2 to 4 mice to achieve
adequate cell numbers for analysis. Experiments on pooled samples were
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conducted on three independent replicates for subsequent statistical ana-
lysis by ANOVA.

Preparation of mouse and human
spermatozoa

Mouse spermatozoa were isolated from the cauda epididymidis of adult
Swiss mice into pre-warmed microcapillary tubes by a method of retro-
grade perfusion (Smith et al., 2013) and further released into Biggers,
Whitten and Whittingham medium (BWW). Human semen samples were
collected following sexual abstinence of at least 2 days. After collection, all
samples were kept at 37°C with sample analysis initiated after completion
of liquefaction and within | h of ejaculation. Human semen samples were
fractionated over a discontinuous Percoll density gradient (comprising 40
and 80% Percoll suspensions) by centrifugation at 500g for 30 min
(Redgrove et al., 2012). The sperm cells collected from the base of the
80% Percoll suspension are nominally referred to as ‘good quality’ or
‘mature’ spermatozoa, whereas those partitioning at the 40/80% Percoll
interface are referred to as ‘poor quality’ spermatozoa (Aitken et al.,
1993). Unless otherwise stated, good quality spermatozoa were used
throughout our experiments. After centrifugation, the pellets at the base
of the 80% Percoll suspensions were collected individually prior to being
resuspended in BWW. These cells were washed by centrifugation at 500 g
for 15 min and again resuspended in BWW prior to use in the specified
experiments. A routine assessment of semen parameters was conducted
for all donors in accordance with World Health Organization (WHO) cri-
teria and corresponding to the checklist published by Bjorndahl et al.
(2016). At least 100 cells were assessed for determination of cell motility,
viability and morphology, with at least five microscope fields of view being
examined in each count. Sperm morphology was assessed in accordance
with WHO criteria using X400 magnification and bright field microscopy
(Olympus CX40, Olympus, Sydney, Australia). Motility assessment was
performed using phase contrast microscope optics (X400 magnification),
with cells being classified as either motile (i.e. sperm that displayed any
form of motility ranging from rapid progressive to non-progressive) or
immotile.

Induction of oxidative stress

In accordance with our previously established protocols, lipid peroxidation
and oxidative stress were induced in germ cells and mature spermatozoa
using 4HNE obtained from Cayman chemicals (Ann Arbor, MI, USA). To
demonstrate a dose-dependent decline in cell viability in pachytene sper-
matocytes and round spermatids and investigate the nature of this cell
death, concentrations of 100—400 pM 4HNE were initially used; such
doses being within the range of 4HNE concentrations normally associated
with oxidative stress in vivo (Uchida et al., 2003; Chen and Niki, 2006).
Thereafter, 100 uM 4HNE was used in all assays to induce oxidative stress
in precursor germ cells. For mature human and mouse spermatozoa,
100 pM 4HNE was used. For all cells, the induction of low levels of oxida-
tive stress involved incubation in 4HNE for | h at 37°C, followed by centri-
fugation at 500 g for 3 min and resuspension in pre-warmed DMEM (for
germ cells) or pre-warmed BWW (for spermatozoa) to remove residual
4HNE. Importantly, the use of these conditions consistently promoted an
average range of 30—40% cell death in round spermatid populations and
15-25% cell death in pachytene spermatocytes.

Induction of ferroptosis with erastin
and RSL3
To determine whether ferroptosis could be induced chemically in the male

germline, germ cells were incubated in 10, 20 and 40 pM erastin and O.1, |
and 10 pM RSL3 and held at 37°C for | h. These concentrations were

selected based on their use in previous publications characterizing ferrop-
tosis in cell lines and adjusted for use in the short incubation times docu-
mented in this study (Dixon et al., 2014; Dachert et al., 2016; Shintoku
et al., 2017). Following an analysis of the resulting cell death percentages in
pachytene spermatocytes and round spermatids, concentrations of 20 uM
erastin and | pM RSL3 were used throughout these studies.

Cell viability and assessment of apoptotic
cell death

Cell viability was assessed using two independent methods, namely the
incorporation of Eosin Y into non-viable cells and assessment of this stain-
ing via light microscopy (pink = dead, no stain = viable), or incorporation
of propidium iodide (Pl) into non-viable cells, and assessment using fluores-
cence microscopy (red cells = dead, no fluorescence = viable). Both tech-
niques obtained statistically similar results. The specific use of either Eosin
Y or Plin each experiment is stated in all relevant figure captions in this art-
icle. To determine whether cells exposed to 4HNE had initiated apop-
tosis-/caspase-dependent cell death, two independent fluorescence-based
assays were used on round spermatids and pachytene spermatocytes.
Caspase activation was observed using fluorochrome-labelled inhibitor of
caspase activity (FLICA) reagents purchased from Thermo Fisher Scientific
(North Ryde, NSW, Australia). Similarly, phosphatidylserine externaliza-
tion was observed with Annexin V-FITC also purchased from Thermo
Fisher Scientific. The use of these two assays permitted the assessment of
two key events of early-mid apoptosis. Assays were performed in accord-
ance with our previously published protocols (Koppers et al., 201 1) and
the manufacturer’s instructions.

Immunodetection of ALOXI5, GPX4
and ACSL4

Following the induction of oxidative stress or ferroptosis, round spermatids
and pachytene spermatocytes were fixed in 4% paraformaldehyde for
|5 min at room temperature, washed 3x with 0.05 M glycine in phosphate-
buffered saline (PBS) and then pipetted onto poly-L-lysine-coated glass cov-
erslips and allowed to settle overnight at 4°C. Subsequently, cells were
permeabilized with 0.2% Triton X-100 for 15 min, then placed in a humid
chamber and blocked in 3% BSA/PBS for | h at 37°C. Coverslips were
washed in PBS (3 X 5min) and incubated in anti-ALOXI5, anti-acyl-CoA
synthetase long-chain family member 4 (ACSL4), or anti-GPX4 antibodies
diluted 1:100 (concentrations found in Supplementary Table Sl), overnight
at 4°C. Following this, coverslips were washed (3 X 5 min) in PBS at room
temperature before applying appropriate secondary antibodies diluted
1:100 with 19% BSA/PBS for | h at room temperature. Coverslips were
washed in PBS (3 X 5 min) before mounting in 10% Mowiol 4-88 (Merck,
Frenchs Forest, NSW, Australia) with 30% glycerol in 0.2 M Tris (pH 8.5)
and 2.5% |,4-diazabicyclo-(2.2.2)-octane. Cell labelling was examined with
a Zeiss LSM510 laser scanning confocal microscope (Carl Zeiss Pty,
Sydney, Australia). Fluorescence intensity analysis was performed by
recording the fluorescence of at least 50 isolated germ cells over three
replicates using Image ] software (National Institutes of Health, USA; ver-
sion 1.51j8) where the area and integrated density of each cell was mea-
sured. The average of the mean background was determined for secondary
antibody only probed germ cells. Fluorescence intensity for each popula-
tion was then determined by subtracting the area X the mean background
from the integrated density. Peripheral membrane localization of ACSL4
and ALOX15 was determined through visualization of pachytene sperma-
tocytes and round spermatids. Those with a complete ring of fluorescence
at the plasma membrane were recorded as positive for peripheral labelling.
This assay provides an indication of membrane versus cytosolic immuno-
fluorescence. Imaging was performed using an Olympus FV1000 confocal
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using a 60x/1.2 NA UPLSAPO oil immersion objective lens (Olympus,
Australia). Cells were scored as ‘positive’ for membrane labelling when
clear peripheral labelling was observed. At least 50 cells per replicate were
scored for four biological replicates. Images of each labelling pattern are
included for visual clarity.

SDS-polyacrylamide gel electrophoresis and
immunoblotting

Protein was extracted from all cells via boiling in sodium dodecylsulphate
(SDS) extraction buffer (0.375M Tris pH 6.8, 2% w/v SDS, 10% w/v
sucrose, protease inhibitor cocktail) at 100°C for 5 min. Insoluble material
was removed by centrifugation (17 000 g, 10 min, 4°C) and soluble protein
remaining in the supernatant was quantified using a DC protein assay kit
(Bio-Rad, Gladesville, NSW, Australia). Equivalent amounts of protein
(either 2.5 or 5 pg, as specified in each figure legend) were boiled in SDS-
polyacrylamide gel electrophoresis (PAGE) sample buffer (2% v/v mercap-
toethanol, 2% w/v SDS, and 10% w/v sucrose in 0.375M Tris, pH 6.8,
with bromophenol blue) at 100°C for 5 min, prior to being resolved by
SDS-PAGE (150V, |h) and transferred to nitrocellulose membranes
(350 mA, | h). Membranes were then blocked and incubated with appro-
priate antibodies raised against target proteins by using optimized condi-
tions as previous described (Bromfield et al., 2017a). Briefly, blots were
washed 3 X 10 min at room temperature with Tris-buffered saline (TBS)
supplemented with 0.1% (v/v) Tween-20 (TBST), before being probed
with appropriate horse-radish peroxidase-conjugated secondary anti-
bodies (Supplementary Table Sl). After three further washes, labelled pro-
teins were detected using an enhanced chemiluminescence kit (GE
Healthcare, Silverwater, New South Wales, Australia). Where appropri-
ate, protein band intensity relative to an anti-a-tubulin loading control was
determined by densitometry using Image ] software (Gassmann et dl.,
2009).

Manipulation of ferroptosis: ferrostatin-|
and deferoxamine

Ferrostatin-1 (FER-1), a well-characterized ferroptosis inhibitor (Zilka
et al., 2017) was used to confirm the induction of ferroptosis in round
spermatids under conditions of oxidative stress. The 2 pM concentration
of FER-| used in these assays was based on previously published findings
(Dixon et al., 2012). Round spermatids and pachytene spermatocytes
were pre-treated with FER-| for 30 min at 37°C, prior to the addition of
100 pM 4HNE for | h at 37°C. Additionally, to assess the dependency of
this cell death phenomenon on the presence of iron, the iron chelator
deferoxamine (DEF) was used in a similar pre-treatment strategy. For this
assay, pachytene spermatocytes and round spermatids were treated with
100 pM DEF for | h at 37°C prior to the addition of 4HNE as above.
Importantly, FER-1 and DEF only controls were used to dissect the effect
of 4HNE on cell death under conditions refractory to ferroptosis. In both
experiments, all cells were washed in pre-warmed DMEM after 4HNE
incubations and assessed for cell death using Pl and FLICA, as described
above.

Inhibition of ALOXI5 and ACSLA4

Inhibition of ALOXIS activity in round spermatids was performed using
the indole-based inhibitor 6,1 |-dihydro[ | Jbenzothiopyrano[4,3-b]indole
(PD146176; Tocris Bioscience, Avonmouth, Bristol, UK). PD 146176 is a
non-competitive, ALOXI5 specific inhibitor (Sendobry et al., 1997;
Sadeghian and Jabbari, 2015) that is known to significantly reduce I5-
HPETE and HODE, major products of the ALOXI5 metabolic pathway.
The concentration of PD146176 used in this study, 0.5 pM, was selected
based on the ICso of PD146176 in rabbit reticulocytes (0.54 pM) and

validated in our previously published work (Bromfield et al., 2017b).
Round spermatids were pre-treated with PD 146176 for 15 min prior to
exposure to 4HNE, and the inhibitor was retained in the solution for the
duration of treatment thereafter (I h) to ensure adequate inhibition of
ALOXI5 activity. The function of ACSL4 was inhibited in round sperma-
tids by the application of rosiglitazone. Rosiglitazone is a peroxisome
proliferator-activated receptor gamma agonist that selectively inhibits
ACSL4 over other ACSL isoforms (Kim et al.,, 2001; Doll et al., 2017).
Rosiglitazone was used at a concentration of |0 pM based on previously
published findings using this compound in stallion spermatozoa (Swegen
et al., 2016). Cells were pre-treated with rosiglitazone for 30 min before
exposure to 4HNE for | h at 37°C. Round spermatids were then
evaluated for cell death (using Pl) and lipid peroxidation levels (using
BODIPY cl ).

Lipid peroxidation assessment
with BODIPY cl |

Lipid peroxidation levels were measured using the BODIPY cl| probe
(10 pM). This probe was pre-incubated with round spermatid samples for
30 min at 37°C prior to the induction of oxidative stress. Cells were then
washed free of the probe with pre-warmed DMEM, and oxidative stress
was induced using 4HNE. At the completion of the assay, lipid peroxida-
tion levels were measured using fluorescence microscopy. The shift in
BODIPY cl | fluorescence emission upon lipid oxidation (590 to 510 nm)
was readily detected as a red to green fluorescence shift, as previously
described (Walters et al., 2018), and from this the number of cells posses-
sing green fluorescence was quantified for 100 cells per sample and across
three biological replicates.

Statistics

Statistical significance was determined using ANOVA, Tukey—Kramer
HSD and Student’s t-tests employing JMP (version 13.0.0, SAS Institute,
North Carolina, USA) and Excel software (Version 15.32, Microsoft,
Washington, USA). Differences with a value of P < 0.05 were considered
to be statistically significant. Each experiment was conducted on a min-
imum of three biological replicates with each replicate comprising germ
cells obtained from 2 to 4 age matched Swiss male mice. All data are
expressed as mean + S.E.M. The level of significance is either denoted by
asterisks such that P < 0.05 (*), P < 0.0l (**) and P < 0.005 (***) or
through connecting letter reports where mean values without a common
superscript differ significantly, P < 0.05.

Results

Spermatocytes and spermatids experience
different cell death modalities after
4HNE exposure

To establish the dependency of spermatocytes and spermatids on
caspase-regulated cell death pathways elicited by 4HNE, two corre-
lates of apoptosis were measured across a 4HNE dose response
(100—400 pM). As expected from our previous analysis of oxidative
stress in developing germ cells (Bromfield et al., 2017b), increasing the
dose of 4HNE induced a linear cell death response in both pachytene
spermatocytes and round spermatids as measured by propidium iod-
ide (PI) fluorescence (Koppers et al., 201 |). Notably, however, a dis-
tinct difference in the response of pachytene spermatocytes and round
spermatids to 4HNE-exposure was highlighted through our analysis of
FLICA and Annexin V fluorescence across the same dose curve
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Figure | Differences in cell death responses between
mouse pachytene spermatocytes and round spermatids fol-
lowing 4-hydroxynonenal exposure. Oxidative stress was
induced in pachytene spermatocytes and round spermatids through
increasing doses of 4-hydroxynonenal (4HNE) (100-400 pM). Cell
death was recorded as an increase in propidium iodide (Pl) fluores-
cence, caspase activation was analysed through use of the probe for
the detection of activated caspases and phosphatidylserine external-
ization was analysed using Annexin V-FITC. (A and B) Represent the
percentage of cells with positive fluorescent labelling after exposure
to each probe. Data are plotted as mean + SEM (n = 3). “*Mean
values without a common superscript differ significantly, P < 0.05, as
determined by ANOVA.

(Fig. 1A). Thus, in pachytene spermatocytes significant increases in the
number of FLICA and Annexin V positive cells were noted after expos-
ure to 100pM 4HNE (P < 0.05) and 200 pM 4HNE (P < 0.01),
respectively (Fig. |A). Moreover, at the highest dose of 4HNE used
(400 pM) there was no significant difference between the number of
pachytene spermatocytes positive for Pl (dead) and the number of
FLICA and Annexin V—positive pachytene spermatocytes, implying
synergy between the induction of cell death and the onset of apoptosis
as marked by caspase activation (FLICA) and phosphatidylserine

externalization (Annexin V). In stark contrast to this, the number of
round spermatids positive for FLICA and Annexin V did not account
for the significant increase in Pl-positive cells induced by increasing
doses of 4HNE. Moreover, only the highest dose of 4HNE was able to
elicit a small but significant increase in the number of FLICA positive
cells compared to the untreated control (Fig. |B; 25 versus 5%; P <
0.05). Consistent with this observation, at both 200 and 400 pM doses
of 4HNE there remained a significant difference between the number
of Pl positive cells (43 and 66%, respectively) and the number of cells
expressing markers of apoptosis (FLICA; |3 and 25%, respectively;
Annexin V; 14 and 19%).

The divergent response of round spermatids and pachytene sper-
matocytes to the induction of apoptosis by 4HNE led us to further
examine, whether this form of oxidative insult may induce a caspase-
independent form of cell death specifically in round spermatids. To
investigate this hypothesis in more detail, we employed two recently
described ferroptosis activators, erastin and RSL3, which induce fer-
roptotic cell-death in cancer cells through two independent mechan-
isms (Shintoku et al., 2017). Notably, exposure of the germ cells to
|0—40 pM erastin elicited a rapid and significant decline in the number
of viable round spermatids, but no equivalent response was observed
in pachytene spermatocytes, implying differential sensitivity of germ
cells to the chemical stimulation of ferroptosis (Fig. 2A). The stage-
dependent nature of this form of cell death was again demonstrated
through the use of 0.1—10 pM RSL3 (Fig. 2B). Indeed, the highest doses
of erastin and RSL3 used in this study reduced the viability of round
spermatids by 39 and 42%, respectively, within the | h exposure peri-
od applied. Importantly, this reduction in round spermatid viability was
also reflective of the number of non-viable round spermatids recorded
after a | h exposure to 100 pM 4HNE (29% Fig. IB). To confirm
whether RSL3 and erastin could continue to increase cell death in
round spermatids with prolonged time, the cell viability of spermatids
was monitored over a 5 h time course following exposure to 100 pM
4HNE, | pM RSL3 and 20 pM erastin. Here, all three insults were able
to reduce cell viability by >80% by 5 h of incubation (Fig. 2C). Having
established parallels between erastin/RSL3-induced cell death and
4HNE-induced cell death in round spermatids, we next sought to
evaluate key changes to the round spermatid proteome that could
contribute to the onset of ferroptosis in these germ cells. In being cau-
tious not to draw conclusions on protein expression changes in cell
populations where >50% of cells were dead, a | h incubation time for
4HNE, RSL3 and erastin, where 30—40% cell death could be consist-
ently achieved, was selected for the remaining experiments of this
study. This treatment regimen permitted the thorough analysis of cells
that were potentially responding to ferroptotic stimuli and undergoing
the processes of cell death.

4HNE, erastin and RSL3 induce changes to
the proteome consistent with ferroptosis in
round spermatids

In this study, three key proteins ALOXI5, ACSL4 and GPX4, were
targeted for analysis as they are known regulators of ferroptotic cell
death in somatic cells (Yang et al., 2014, 2016; Doll et al., 2017).
Through immunoblotting with antibodies against ALOXI5, ACSL4
and GPX4, distinct changes in the profile of all three proteins were
observed. Consistent with our previous studies, 4HNE-induced
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Figure 2 Monitoring the induction of cell death by erastin
and RSL3 in male germ cells of the mouse. (A) Germ cells
were incubated in 10, 20 and 40 pM erastin and (B) 0.1, | and [0 pM
RSL3 to induce ferroptosis. The resulting cell death percentages were
determined by recording cells positive for Eosin Y incorporation
through the use of light microscopy. (C) Using the same method, the
percentage of live cells following incubation with 100 pM 4HNE,
20 pM erastin and | pM RSL3 over a time course of 5 h was recorded
fort=0,t=1,t=3and t=>5 (hours). Data are plotted as mean +
SEM (n = 5) and Student’s t tests were performed relative to the
untreated control. * P < 0.05, * P < 0.01, ** P < 0.001.

oxidative stress elicited a robust increase in ALOXI5 protein levels
in round spermatids (Fig. 3A/B and E/F). Moreover, exposure to
either erastin (Fig. 3A) or RSL3 (Fig. 3E) also induced a significant
increase in ALOXI5 protein levels compared to untreated cells (P <
0.01); with band density analysis revealing statistical similarity
between the responses induced by 4HNE and erastin (Fig. 3B; P >
0.05) and 4HNE and RSL3 (Fig. 3F; P > 0.05). Additionally, analysis of
ACSL4 in round spermatids following 4HNE, erastin and RSL3
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Figure 3 4HNE, erastin and RSL3 induce changes to the
mouse germ cell proteome consistent with ferroptosis.
Round spermatids were exposed to either 100 pM 4HNE, 20 pM era-
stin or | pM RSL3 for | h and then lysed for sodium dodecyl sulphate-
polyacrylamide gel electrophoresis and immunoblotting procedures.
Immunoblotting was performed using anti-arachidonate |5-lipoxygen-
ase (ALOXIY5), anti-acyl-CoA synthetase long-chain family member 4
(ACSL4) and anti-glutathione peroxidase 4 (GPX4) antibodies (pre-
sented in A and E) and bands corresponding to proteins of the cor-
rect molecular weight were subjected to densitometry analysis
relative to their corresponding a-tubulin immunoblot loading controls
(B-D and F-H). Significant changes in protein expression were
determined through Student’s t-tests relative to the untreated control
lane densitometry values (n = 3). Note: The amount of protein lysate
loaded for each gel was 5 pg for the immunoblots featured in (A) and
their corresponding replicates and 2.5 pg for immunoblots presented
in (E) and their corresponding replicates. *P < 0.05, **P < 0.01, ***P
< 0.001.

treatment revealed a small but significant increase in all three treat-
ment groups compared to the untreated control (Fig. 3G). The statis-
tical relevance of these changes was confirmed through band
densitometry analyses of anti-ACSL4 immunoblots relative to tubulin
loading controls. Thus, these findings confirm a modest upregulation
of ACSL4 during the onset of ferroptosis induced by erastin and
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Figure 4 Immunolocalization of ALOXI5, ACSL4 and GPX4 in mouse round spermatids in response to ferroptotic stimuli. (A)
Following the induction of oxidative stress with 4HNE or ferroptosis with erastin and RSL3, immunolocalization was performed in paraformaldehyde
fixed round spermatids using antibodies to ALOXI5, ACSL4 or GPX4 and corresponding fluorescently labelled secondary antibodies. Co-localization
of ALOXI5 and ACSL4 was performed by sequential incubation of primary and secondary antibodies and cells were then counterstained with the
nuclear stain DAPI. Cell labelling was examined with a Zeiss LSM5 10 laser scanning confocal microscope. (B and €) Peripheral membrane localization
of ACSL4 and ALOXI5 was determined through visualization of round spermatids. The percentage of cells displaying this pattern of ALOXI5 and
ACSL4 labelling was established by scoring cells as ‘positive’ when clear peripheral labelling around the circumference of the cell was observed. At least

50 cells per replicate were scored across four biological replicates. Data are presented as mean + SEM (n =

Student’s t tests). Scale bar =5 pm.

RSL3 in round spermatids, as well as through 4HNE exposure. The
final component of this analysis was the evaluation of GPX4 expres-
sion. This is critical, as a decline in GPX4 function is a crucial hallmark
of the induction of ferroptosis (Yang et al., 2014). In untreated round
spermatids, our anti-GPX4 antibody enabled the detection of GPX4
protein at ~20 kDa, with the antibody epitope sequence best aligned
to ‘mitochondrial’ GPX4. Following 4HNE, erastin and RSL3 expos-
ure, the levels of GPX4 protein labelled through immunoblotting
were consistently and significantly reduced (Fig. 3A/E) compared to
untreated cell lysates; a result that was confirmed by band densitom-
etry analyses relative to tubulin (Fig. 3D/H). In both cases, the
changes in GPX4 protein expression elicited by 4HNE were

4. *P < 0.05; **P < 0.0, as verified by

statistically similar to those induced by both erastin (P > 0.05) and
RSL3 (P > 0.05), highlighting the similarity in cellular response to all
three insults.

Following these analyses, visual confirmation of ALOXI5, ACSL4
and GPX4 expression in round spermatids was sought through
immunocytochemistry of 4HNE, erastin and RSL3-exposed cells.
This protocol confirmed the presence of all three proteins in round
spermatids with observable differences in the intensity of antibody
labelling that were reflective of the trends observed through
immunoblotting experiments (Fig. 4A). Moreover, the species com-
patibility of the ACSL4 and ALOXI5 antibodies allowed the
co-localization of these proteins to be explored, revealing distinct
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co-localization of ACSL4 and ALOXI5 in the periphery of the cells
(Fig. 4A merge). To confirm whether this peripheral membrane
labelling occurred as a function of the treatments applied to round
spermatids in culture, the percentage of cells with distinct peripheral
labelling of ACSL4 and ALOX|5 was recorded (Fig. 4B/C). In perform-
ing this analysis, it was revealed that both 4HNE and the GPX4 inhibitor
RSL3 were capable of inducing a significant increase in this ‘membrane-
like’ localization of both ALOXI5 (Fig. 4B; P < 0.01) and ACSL4
(Fig. 4C; P < 0.01) compared to the untreated control. Notably, while
erastin was able to elicit an increase in ALOXI5 and ACSL4 protein
expression (Fig. 3), this chemical did not yield a quantifiable difference in
the localization of these proteins within round spermatids (P > 0.05
compared to untreated). Consistent with our immunoblotting results
for GPX4, the expression of this enzyme was markedly reduced in
response to 4HNE, erastin and RSL3 treatments (Fig. 4A). With this in
mind, the localization of GPX4 was not able to be assessed in response
to our experimental conditions due to the loss of protein expression fol-
lowing treatment.

Immunocytochemistry was also performed on pachytene sperma-
tocytes to determine whether 4HNE, erastin or RSL3 elicited changes
in the localization of ALOXI5, ACSL4 or GPX4. In contrast to round
spermatids, exposure of pachytene spermatocytes to these chemicals
did not induce overt changes in immunofluorescence compared to
the untreated control cells (Fig. 5A). While occasional peripheral
membrane labelling was observed in both untreated and treated cell
populations, no significant localization change was detected in sper-
matocytes (Supplementary Fig. SIB-D). Moreover, immunoblotting
with antibodies to ALOXI5, ACSL4 and GPX4 revealed no change in
protein expression in response to 4HNE, erastin or RSL3 (Fig. 5B;
Supplementary Fig. SIE).

Having established that oxidative stress resulted in changes to
GPX4 that were consistent with ferroptotic cell death, we hypothe-
sized that mature sperm cells may also retain sensitivity to ferroptosis.
To examine this prospect, we focused on the use of RSL3 to induce
cell death in mature spermatozoa using the same concentration
applied to round spermatids (I pM) in addition to doses that fall 10-
fold either side of this (0.1 and 10 pM). To avoid confounding results,
erastin was not used to induce cell death in spermatozoa. This decision
was based on the rationale that, aside from the induction of ferropto-
sis, erastin also inhibits the voltage dependent ion channel that sup-
ports sperm motility and viability (Sampson et al., 2001; Kwon et dl.,
2013; Liu et al., 2014). Thus, exposure of spermatozoa to erastin
would be expected to induce a loss of cell viability regardless of the
propensity of these cells to undergo ferroptosis.

Prior to evaluating the process of ferroptosis in mature spermato-
703, the presence of GPX4 in mouse and human sperm was confirmed
through immunoblotting of lysates from untreated, 4HNE-exposed
and RSL3-exposed spermatozoa (Fig. 5C/D). In all lysates, GPX4 was
detected as a monomer at ~20 kDa. Having established the presence
of GPX4 in these cells, we sought to chemically induce ferroptosis
through the inhibition of the enzyme with RSL3. Contrary to our
hypothesis, the application of RSL3 to inhibit GPX4 in either mouse or
human spermatozoa did not result in any significant loss of viability,
even at a concentration |0-fold higher than that applied to round sper-
matids (Fig. 5E/F). These data indicate that the round spermatid stage
of mouse sperm development is exclusively susceptible to ferroptotic
stimuli such as RSL3.

4HNE-induced cell death in round spermatids
can be attenuated by ferrostatin-1 and the
iron chelator deferoxamine

The decreased expression of GPX4 and upregulation of ALOXI15 and
ACSL4 observed in round spermatids exposed to 4HNE was markedly
similar to the changes observed upon the induction of ferroptosis by
erastin and RSL3. However, to secure a further line of evidence that
4HNE-induced oxidative stress initiates ferroptotic cell death in round
spermatids, we used the ferroptosis inhibitor ferrostatin-1 (FER-I) in
combination with 4HNE to create an intracellular environment refrac-
tory to ferroptosis. Notably, 4HNE-induced cell death was reduced by
~50% (P < 0.01) in the presence of FER-I (Fig. 6A), as demonstrated
by the number of cells positive for Pl, compared to the 4HNE-alone
positive control. This finding confirmed that a substantial portion of
the cell death induced by 4HNE was attributable to a ferroptosis-
specific pathway. Interestingly though, upon examination of the num-
ber of cells exhibiting signals of caspase-dependent cell death, the
number of FLICA positive cells was significantly increased following the
inhibition of ferroptosis (Fig. 6A; P < 0.05). While this increase in
apoptotic cells did not completely account for the extent of the reduc-
tion in cell death elicited through FER-1, this result may imply some
degree of crosstalk between ferroptotic and apoptotic pathways. In
confirming the validity of these results, treatment of the round sperma-
tids with FER-1 alone did not modulate the levels of cell death
recorded by either Pl or FLICA, nor did the DMSO vehicle control
(Fig. 6A). As a final correlate of ferroptosis, we examined the depend-
ency of 4HNE-induced cell death on the availability of iron. To evalu-
ate this, the iron chelator deferoxamine (DEF) was used due to its
efficacy in preventing ferroptotic cell death in fibrosarcoma cells at a
concentration of 100 pM (Dixon et al., 2012). In a similar experimental
design to that described for FER-1, DEF was incubated with cells for
| h prior to the induction of oxidative stress with 4HNE. This strategy
led to a significant reduction in oxidative stress induced cell death
marked by Pl fluorescence (Fig. 6B; P < 0.05). However, DEF-
mediated chelation of iron did not significantly alter the number of cells
positive for FLICA; nor did treatments of DEF alone (Fig. 6B). These
results point to the dependency of round spermatids on iron for the
induction of ferroptotic cell death.

The inhibition of ALOXI5 and ACSL4
prevents lipid peroxidation and cell death in
round spermatids

Throughout this study, ALOXI5 and ACSL4 were shown to be upre-
gulated in response to oxidative stress in round spermatids. While we
have previously explored the inhibition of ALOXI5 as a strategy to
reduce oxidative stress by using the specific ALOXI5 inhibitor
PD146176 (Bromfield et al., 2017b), it remained to be determined
whether this inhibition strategy could modulate cell death and overall
levels of lipid peroxidation in round spermatids. Moreover, ACSL4 is
thought to dictate the sensitivity of cells to ferroptosis as it increases
the pool of oxidizable lipid (Doll et al., 2017). In this way, ACSL4 also
increases the overall rate of ferroptosis. Given this, we were also inter-
ested in determining whether the inhibition of ACSL4 could provide a
mechanism to suppress ferroptosis in round spermatids. In response
to 4HNE exposure, a significant increase in the percentage of round
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Figure 5 Analysis of mouse pachytene spermatocytes and mouse and human mature spermatozoa following exposure to 4HNE,
erastin and RSL3. (A) Immunolocalization was performed in paraformaldehyde fixed pachytene spermatocytes using antibodies to ALOXIS5,
ACSL4 or GPX4 and corresponding fluorescently labelled secondary antibodies. Co-localization of ALOXI5 and ACSL4 was performed by sequential
incubation of primary and secondary antibodies and cells were counterstained with the nuclear marker DAPI. Cell labelling was examined with a Zeiss
LSM510 laser scanning confocal microscope. (B) Protein lysates were prepared from pachytene spermatocytes exposed to 4HNE, erastin and RSL3
and proteins were separated through SDS-PAGE with 2.5 pg of protein loaded in each lane. Immunoblotting was performed with anti-ALOXIS,
ACSL4 and GPX4 antibodies and equal protein loading was verified by stripping and reprobing immunoblots with anti-a-tubulin. (C, D)
Immunoblotting with anti-GPX4 antibodies was performed for mouse and human sperm lysates (5 pg per lane) prepared from cells treated with either
4HNE or RSL3 and their corresponding untreated controls. Equal protein loading was verified through immunoblotting with anti-a-tubulin. (E, F) An
RSL3 dose response (0.1-10 uM) was performed in mature mouse and human spermatozoa to assess levels of cell death. Cell death was determined
through visualization of Eosin Y incorporation into spermatozoa with data presented as the percentage of viable cells (n = 3, mean + SEM). n.s denotes
‘no significance’, P > 0.05, as determined by Student’s t tests. Scale bar =5 pm.

spermatids exhibiting a positive signal for BODIPY cl | was recorded, @ Rosiglitazone (ROSI), to inhibit ACSL4, significant reductions in
indicating a significant increase in membrane lipid peroxidation (Fig. 7A; - BODIPY cl I-positive cells were recorded (P < 0.05; P < 0.01, respect-
P < 0.01). However, when these treatments were performed in the - ively). Moreover, the use of these inhibitors in tandem (Fig. 7A ‘com-

presence of either 0.5pM PDI146176, to inhibit ALOXIS5, or I0uM : bined’) reduced the number of BODIPY cl |-positive cells to levels that
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Figure 6 Manipulation of mouse germ cell death with ferrostatin-1 and deferoxamine. (A and B) The ferroptosis inhibitor; ferrostatin-
| (FER-1; 2 pM), and iron chelator; deferoxamine (DEF; 100 pM), were used in combination with 4HNE to verify the dependency of 4HNE-stimulated
cell death in round spermatids on the activation of ferroptotic pathways (A) and the availability of labile iron (B). Cell death percentages were recorded
through the incorporation of propidium iodide (PI) in round spermatids and analysis of cells through fluorescence microscopy. Caspase activation was
assessed using the FLICA apoptosis detection kit and positive signals for propidium iodide (Pl) and FLICA in round spermatids are expressed as the
percentage of positive cells. DEF and FER-1 only controls were included to exclude the influence of these chemicals on cell death, independent of its
stimulation by 4HNE. DMSO was included as a vehicle control for FER-|. Data are presented as mean values + SEM (n = 3). Statistical analysis was per-
formed using ANOVA. **“Mean values without a common superscript differ significantly, P < 0.05.

were statistically similar to naive cell populations that had not been
exposed to 4HNE (P > 0.05; Fig. 7A). Importantly, the incubation of
round spermatids in PD146176 and ROSI in the absence of 4HNE
yielded no significant changes in levels of lipid peroxidation compared
to untreated cells (P > 0.05; Fig. 7A). To determine whether the reduc-
tion in lipid peroxidation achieved through ALOXI5 and ACSL4 inhib-
ition was conducive with the inhibition of ferroptosis and the
preservation of cell viability, the number of viable cells was recorded
using an Eosin Y exclusion assay (Fig. 7B). As expected, under these
conditions of 4HNE exposure, a significant (P < 0.01) reduction in cell
viability was recorded. While treatments of PD146176 or ROSI alone
did not directly influence cell viability, they were both able to signifi-
cantly attenuate the loss of cell viability when co-administrated along-
side 4HNE challenge (P < 0.05). This trend was also reflected in
combined treatments utilizing both inhibitors (P < 0.05; Fig. 7B). These
data support the involvement of ALOXI5 and ACSL4 in a lipid
peroxidation-dependent cell death pathway in round spermatids and
highlight the therapeutic potential of interventions that selectively inhibit
these enzymes in terms of protecting this vulnerable population of
developing germ cells.

Discussion

In recent years there has been a growing appreciation for the role of
lipids in the non-apoptotic cell death mechanisms that control the
demise of cells. Particularly in the context of sensitizing cancer cells to
therapeutics, gaining a precise understanding of how cells die is critical.
In this light, several regulated cell death events in mammalian cells are
now known to possess signatures of non-apoptotic pathways including
necroptosis, pyroptosis, parthantos and autosis (recently reviewed in
Parisi et al., 2018; Ye et al., 2018). Further, the characterization of an
iron-regulated cellular decline (Dixon et al., 2012) has prompted a
rapid reappraisal of cell death modalities in numerous pathological
contexts (Miiller et al., 2017; Lu et al., 2018). Not only is ferroptosis
proving important for the regulation of cancer cell death (Shen et dl.,
2018) and the pathophysiology of neurodegenerative disorders
(Hambright et al., 2017; Morris et al., 2018), the broad significance of
this pathway has recently been established through observations of
root cells in response to heat shock in the flowering plant Arabidopsis
thaliana (Distéfano et al., 2017). The similarity of this GPX4-mediated
cell decline in animal and plant cells (Conlon and Dixon, 2017) alludes
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Figure 7 Effect of ALOXI5 and ACSL4 inhibition on lipid peroxidation and cell death in round spermatids of the mouse. Inhibition
of ALOXI5 activity in round spermatids was performed using the indole-based inhibitor PD 146176 at a concentration of 0.5 pM. The function of
ACSL4 was inhibited through incubation of the cells in |0 pM rosiglitazone. For both inhibitors, cells were pre-treated for 30 min prior to the induction
of oxidative stress and ferroptosis with 4HNE and then PD 146176 and rosiglitazone (ROSI) were retained for the duration of 4HNE exposure.
Controls of PD 146176 and ROS| alone were included and the combination of the inhibitors (COMBINED) was trialled. Following incubation, lipid per-
oxidation was measured in round spermatids (A) by recording the percentage of cells positive for green BODIPY cl | fluorescence (emission =
510 nm). Cell viability was recorded using an Eosin Y exclusion assay (B) with data presented as the percentage of viable cells. Statistical analysis was
performed using ANOVA and post-hoc analysis (Tukey—Kramer’s HSD test) and data are presented as mean + SEM (n = 3). *®“Mean values without

a common superscript differ significantly, P < 0.05.

to the possibility that ferroptosis may be a highly conserved mechan-
ism to respond to acute stress that is evolutionarily ancient, though
only recently characterized (Distéfano et al, 2017; Conrad et dl.,
2018). Building on these discoveries, here we present the first findings
of ferroptosis outside of the soma, and provide evidence for the exclu-
sivity of this process to the round spermatid stage of testicular sperm
development. Further, this is the first account of ferroptotic induction
following exposure to the lipid peroxidation product 4HNE, highlight-
ing the innate cyclicity of lipid-reactive oxygen species (ROS) produc-
tion in the male germline. Herein, we discuss the unique biochemistry
of round spermatids that permits this form of cell death, the utility of
targeting ALOXI5 and ACSL4 to reduce the sensitivity of cells to lipid
peroxidation, and the implications of these findings for fertility
regulation.

Cells undergoing ferroptosis do not exhibit morphological or bio-
chemical features typical of apoptosis, such as chromatin margination,
plasma membrane blebbing, nuclear fragmentation or cleavage of poly
ADP-ribose polymerase (Cao and Dixon, 2016). Rather, ferroptosis is
characterized by the shrinkage of organelles, especially mitochondria, a
reduction of mitochondria crista, and maintenance of a normal nuclear

size. Moreover, this pathway is executed independent of the activation
of caspase enzymes and intrinsic apoptotic effectors BAX and BCL-2
antagonist/killer | (Xie et al., 2016). Interestingly, ferroptosis tends to
be pro-inflammatory while apoptosis is often anti-inflammatory and
immune silent (Galluzzi et al., 2012; Xie et al., 2016). Though little is
understood regarding crosstalk between these pathways, the induction
of ferroptosis may be refractory to apoptosis as the reducing power of
GSH is required for the processing and activation of caspases 3 and 8
(Ueda et dl., 1998; Hentze et al., 2002). Cells undergoing ferroptosis
have been reported to possess only 10% of the normal levels of intracel-
lular GSH, thus these cells may not have the capacity to activate
caspases (Skouta et al., 2014; Dixon, 2017). Furthermore, the inhibition
of GSH synthesis has been demonstrated to switch the mode of cell
death in U-937 cells from apoptosis to necrosis (Troyano et al., 2001;
Dixon, 2017). In our study, inhibition of 4HNE-induced ferroptosis with
ferrostatin-1, a molecule that prevents the accumulation of ROS from
lipid oxidation (Dixon et al., 2012), in turn promoted a degree of cas-
pase activation, as marked by a significant increase in FLICA fluores-
cence in round spermatids. This suggests that those cells undergoing
ferroptosis may have been prohibited from entering caspase-dependent
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Figure 8 Biochemical elements responsible for the induction of ferroptosis in round spermatids. Exposure to 4HNE results in the
modification of mitochondrial proteins such as succinate dehydrogenase and a subsequent elevation of intracellular reactive oxygen species through
leakage from the electron transport chain (A). These oxidative stress conditions elicit an increased expression of ACSL4 and ALOXI5. Increased
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induced either through cysteine deprivation by erastin-mediated inhibition of System Xc", which is responsible for the import of cysteine, a key building
block for the synthesis of glutathione (G), or by directly inhibiting the function of GPX4 with RSL3. Additionally, lipid peroxidation and ferroptotic cell
death could be attenuated through the use of rosiglitazone to inhibit ACSL4, PD146176 to inhibit ALOXI5 or through the ferroptosis inhibitor
ferrostatin- 1. Finally, the iron dependency of this cell death pathway was confirmed using the iron chelator, deferoxamine. Taken together, these data
point to the activation of ferroptosis in response to 4HNE-induced oxidative stress in round spermatids and identifies several key candidates that could
be targeted for therapeutic manipulation to suppress ferroptosis in the germline. GSH, glutathione; GSSG, oxidized glutathione; PUFAs, polyunsatur-
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Figure created with BioRender.

cell death pathways. These findings open up intriguing lines of enquiry
regarding the complexity of cell death regulation in the germline, though
the potential for crosstalk between these pathways still requires further
validation in both germ line and somatic cells.

Regardless of cell physiology, the onset of ferroptosis correlates
with the accumulation of lipid peroxidation markers such as 4HNE and
malondialdehyde. Accordingly, cell death occurring exclusively by fer-
roptosis can be readily suppressed by inhibitors of lipid peroxidation
(such as the ALOXI5 inhibitor PD146176); iron chelators (such a
deferoxamine); lipophilic antioxidants (such as a-tocopherol); as well
as through the depletion of PUFAs (Xie et al., 2016; Feng and
Stockwell, 2018). In regard to PUFAs, a key difference in the sensitivity
of pachytene spermatocytes and round spermatids to this process
may lie in the increased incorporation of PUFAs into the round sperm-
atid membrane during development (Oresti et al., 2010). Specifically,
in rodent models, round spermatids become enriched in very long-
chain fatty acids derived from AA (Oresti et al., 2010). This is a hall-
mark of germ cell sensitivity to oxidative attack that persists through-
out spermiogenesis to produce mature cells that are highly enriched in
PUFAs but depleted of key cytoplasmic antioxidants (Aitken et al.,

2012). In keeping with these findings, independent studies have
demonstrated that ferroptotic cell death is exacerbated in the pres-
ence of longer and more unsaturated fatty acids such as AA and its
derivatives (Doll et al., 2017). Accordingly, our analysis of the basal
levels of lipid aldehydes in pachytene spermatocytes and round sper-
matids has previously revealed the elevated presence of protein-
bound 4HNE in round spermatid cell lysates (Bromfield et al., 2017a).
Acknowledging that ALOXI5 also undergoes a stage-specific upregu-
lation in response to oxidative stress in round spermatids (Bromfield
etal., 2017b), spermatids appear innately more sensitive to ferroptotic
cell death than spermatocytes. Indeed, we demonstrate here that
round spermatids but not pachytene spermatocytes exhibit hallmarks
of ferroptosis that include; a caspase-independent decline in viability
following 4HNE exposure, sensitivity to cell death induced by both
erastin and RSL3; and changes in the proteome, such as the upregula-
tion of ACSL4 and down-regulation of GPX4 protein expression,
which are important features of ferroptosis in somatic cells (Dixon
et al.,, 2012; Yuan et al., 2016). Given these findings, we propose that
round spermatids preferentially undergo ferroptosis under conditions
of oxidative stress and may be sensitized to this process through the
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action of ALOXI5 in the generation of lipid hydroperoxides and
through the role of ACSL4 in shaping lipid composition in a manner
that is conducive to peroxidation (summarized in Fig. 8).

Acyl-CoA synthetases are essential enzymes for the metabolism of
lipids. ACSL4 is distinguished from other ACSL isoforms by its marked
preference for long-chain PUFAs, such as AA or adrenic acid, where it
catalyzes the esterification of CoA to free fatty acids, and activates them
for fatty acid oxidation or lipid biosynthesis (Kiich et al., 2014). In doing
so, ACSL4 greatly increases the pool of oxidizable lipid available in the
cell (Doll et al., 2017). Given the increase in ACSL4 expression we
observed in round spermatids in response to 4HNE, erastin and RSL3,
we expect that this enzyme may be an important regulator of ferropto-
tic cell death in the germline, as has been demonstrated in elegant stud-
ies of human liver carcinoma cells (HEPG2) (Yuan et al, 2016) and
mouse embryonic fibroblasts (Doll et al., 2017). In support of this pro-
posal, the inhibition of ACSL4 with rosiglitazone in our study resulted in
the protection of round spermatids from 4HNE-induced lipid peroxida-
tion and cell death. Coupled with our findings that ALOXI15 inhibition,
either in combination with ACSL4 inhibitors or alone, could also signifi-
cantly suppress cell death as measured by Pl incorporation, we propose
that these two proteins form key targets to manipulate ferroptosis in
round spermatids and should be the subject of further evaluation in vivo.
While not a focus of the present study, another lipid metabolism gene
encoding lysophosphatidylcholine acyltransferase 3 (Lpcat3) has been
implicated in regulating the sensitivity of cells to ferroptosis. LPCAT3 is
one of the enzymes responsible for the insertion of PUFAs into mem-
brane phospholipids and has been found to shape membrane compos-
ition in a manner favourable to peroxidation and the initiation of
ferroptotic cell death (Dixon et dl., 2015). Interestingly, through targeted
examination of a highly comprehensive single cell transcriptome data set
produced by Hermann et al. (2018) it was found that some spermatid
subsets display higher Lpcat3 gene expression, with spikes in expression
in cell clusters corresponding to mid and late mouse spermatid develop-
ment (Hermann BP, personal communication, |15 January 2019). Thus,
differences in membrane lipid composition, such as those that arise
through the action of LPCAT3, may provide an insight into why only a
subset of round spermatids appear to readily enter a ferroptotic cell
death cascade when induced by 4HNE or RSL3 in our study. Indeed,
LPCATS3 forms an intriguing target as a potential regulator of this pro-
cess during spermatogenesis.

Notwithstanding our findings that round spermatids undergo ferropto-
sis in response to stress, a biological rationale for the particular vulner-
ability of spermatids to this form of cell death remains to be determined.
One hypothesis is that this post-meiotic stage of development may form
an important quality control checkpoint for cells exiting the testis. In this
way, ferroptosis may provide a rapid means of eliminating poor quality
cells prior to epididymal transit and as such, may perform an important
physiological function in ensuring DNA integrity in the germline. This
accords with findings that cells in a state of GSH depletion are more vul-
nerable to DNA damage (Saez et al., 1993; Chatterjee, 2013). Though
this hypothesis requires validation, our findings certainly suggest that the
round spermatid developmental programme may be a particularly critical
window of cell fate in the testis. Notably, the GPX4 protein only exists
as a soluble peroxidase through to the round spermatid stage after which
it is found in its catalytically inactive, highly cross-linked form in mature
sperm cells where it forms a component of the mitochondrial capsule
(Imai et al., 2009). In accordance with this, our findings demonstrate that

mature human and mouse spermatozoa, while possessing GPX4, remain
refractory to ferroptotic cell death following exposure to either 4HNE or
RSL3 and respond to the former with activation of an intrinsic apoptotic
cascade (Aitken et al., 2012).

While a physiological role for ferroptosis in development should not
be ruled out, the activation of this pathway in round spermatids in
response to an elevation of 4HNE suggests that ferroptotic cell death
may be induced under pathological conditions in the testis. In this way,
the depletion of GSH and subsequent inactivation of GPX4 could form a
streamlined cell-signalling paradigm to respond rapidly to acute stress.
We have previously demonstrated that the molecular chaperone HSPA2
is modified by 4HNE in round spermatids (but not spermatocytes) and
that this modification leads to its prompt degradation (Bromfield et dl.,
2017a). Thus, the damage incurred to proteins by 4HNE at this stage of
development may form a signature of cellular demise that eventuates in
the activation of ferroptotic cell clearance mechanisms. While it remains
to be explored in the context of ferroptosis, recent discoveries have caus-
ally linked oxidative stress and 4HNE-induced protein damage to the
spermatogenic dysfunction that is common to varicocele-derived infertility
(Shiraishi and Naito, 2006; Gholirad et al., 2017). lllustrative of this, varico-
cele is frequently associated with intensive iron toxicity, decreases in anti-
oxidant capacity, high levels of thiol oxidation and enhanced 4HNE
production; pathologies which manifest as a significant reduction in the
number and quality of post-meiotic germ cells (Duarte et al., 2010; Gong
et al., 2012; Jensen et al., 2017). Given the clear parallel between these
distinctive hallmarks and those conducive to ferroptosis, it is possible that
enzymes such as ALOXI5 may catalyze varicocele-induced oxidative
stress and promote the ferroptotic demise of germ cells at the vulnerable
round spermatid stage of development. Interestingly, polymorphisms of
glutathione S-transferase (GST), the enzyme that conjugates reduced
GSH to its substrates for detoxification, are known to increase suscepti-
bility to infertility in men with varicocele testes, with a significantly higher
frequency of the GSTMI null genotype found amongst varicocele patients
(Chen et dl., 2002; Zhu et al., 2015). Additionally, GPX-defective sperm-
atozoa were observed in 26% of infertile men diagnosed with oligoasthe-
nozoospermia (Imai et al., 2001), with independent studies also suggesting
that the expression of GPX4 may be associated with oligoasthenozoos-
permia (Diaconu et al., 2006). Given these findings, future studies should
be targeted to examining signatures of ferroptosis in infertile men in
response to acute periods of oxidative stress in the testis such as those
induced by varicocele, torsion or localized heat stress.

In summary, this study has revealed a clear modulation of key ele-
ments of the ferroptosis pathway in 4HNE-stressed round spermatids.
These discoveries enhance our understanding of the events that
underpin germ cell dysfunction and provide a clear impetus to explore
the utility of targeting lipid machinery, such as ALOXI5 and ACSL4,
to reduce the sensitivity of germline cells to lipid peroxidation.
Conversely, the unique susceptibility of round spermatids to ferropto-
sis and the tightly regulated nature of this cell death modality opens up
new avenues for the manipulation of this pathway as a novel, and
potentially reversible, contraceptive strategy targeted to an depletion
of post-meiotic spermatids.

Supplementary data

Supplementary data are available at Molecular Human Reproduction
online.
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