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Fluorescent probes for the detection of reactive
oxygen species in human spermatozoa

Sara Escada-Rebelo'*?, Francisca G Mora?, Ana P Sousa??, Teresa Almeida-Santos>*>, Artur Paiva®,
Joao Ramalho-Santos>’

Reactive oxygen species (ROS) production is a by-product of mitochondrial activity and is necessary for the acquisition of the
capacitated state, a requirement for functional spermatozoa. However, an increase in oxidative stress, due to an abnormal production
of ROS, has been shown to be related to loss of sperm function, highlighting the importance of an accurate detection of sperm ROS,
given the specific nature of this cell. In this work, we tested a variety of commercially available fluorescent probes to detect ROS
and reactive nitrogen species (RNS) in human sperm, to define their specificity. Using both flow cytometry (FC) and fluorescence
microscopy (FM), we confirmed that MitoSOX™ Red and dihydroethidium (DHE) detect superoxide anion (as determined using
antimycin A as a positive control), while DAF-2A detects reactive nitrogen species (namely, nitric oxide). For the first time, we also
report that RedoxSensor™ Red CC-1, CellROX® Orange Reagent, and MitoPY1 seem to be mostly sensitive to hydrogen peroxide,
but not superoxide. Furthermore, mean fluorescence intensity (and not percentage of labeled cells) is the main parameter that can

be reproducibly monitored using this type of methodology.
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INTRODUCTION

From the various reasons contributing to statistics regarding male
infertility,! defective sperm function has been considered the major
cause,? and in turn, oxidative stress (OS) is a big contributor to this
impaired function, stemming from the production of reactive oxygen
species (ROS) and reactive nitrogen species (RNS).

Spermatozoa produce both cytosolic and mitochondrial superoxide
and ROS-related hydrogen peroxide (H,0,).>* RNS are also produced,
namely nitric oxide (NO) synthesized by NO synthase (NOS) and
peroxynitrite (ONOO").>” The overproduction of ROS/RNS has
been associated with membrane damage, loss of motility, premature
capacitation and the acrosome reaction, abnormal morphology,
impaired oocyte-sperm fusion, and apoptosis, among others.** DNA
damage is also a critical by-product of OS that can ultimately result
in fertilization problems, miscarriage, and abnormalities of the
offspring.’*-!> Moreover, another consequence of ROS production
is lipid peroxidation,*’ compromising the integrity of the sperm
membrane, impairing motility, and decreasing viability.”* The
increasing interest in understanding the involvement of ROS/RNS
production in male infertility highlights the need for improved
detection systems to measure accurately the content of ROS/RNS,
mostly using fluorescent probes.

One of the staple reagents is MitoSOX™ Red, a probe comprising
dihydroethidium bound to the triphenylphosphonium (TPP) cation

that directs it specifically to the mitochondria.' Once inside the
mitochondria, dihydroethidium will react with O,*’, producing another
molecule, 2-hydroxyethidium."” In a reduced state, this compound
emits blue fluorescence. However, on oxidation, it will intercalate with
DNA, emitting red fluorescence.' MitoSOX™ Red has been widely used
for the detection of mitochondrial O,* in human spermatozoa.'*'’-"*
Dihydroethidium (DHE) can also be used by itself to detect ROS.
Lacking the TPP cation, DHE is confined to the cytoplasm® and
is commonly used to detect cytosolic O, (originating from the
nicotinamide adenine dinucleotide phosphate [NADPH]-oxidase
5 [NOX5] system).!*?*?! De Iuliis et al.** first reported the use of this
probe in human spermatozoa. On a different note, RedoxSensor™ Red
CC-1isused as an indicator of the oxidative activity in living cells.” For
more general ROS detection, CellROX® Orange Reagent has been used,
and on oxidation, it produces orange/red fluorescence in the cytosol.**
Another commonly used probe is MitoPY1, also including the TPP
cation, which is selectively targeted toward the mitochondria.”® This
probe derives from boronate® and has been used in the constitution of
probes highly sensitive to H,O,.” On interaction with H,O,, boronate
is converted to phenol and emits green fluorescence.” None of these
three probes (RedoxSensor™ Red CC-1, CellROX® Orange Reagent, and
MitoPY1) has been previously tested in human spermatozoa. Finally,
for the detection of RNS, DAF-2 DA is the standard probe. Once inside
the cell, DAF-2 DA will be hydrolyzed through the activity of cytosolic
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esterases, preventing its exit from the cell. By reacting with NO*, DAF-2
is converted to its fluorescent triazole derivative (DAF-2T), that emits
green fluorescence.® Our goal was to compare these commercially
available fluorescent probes, to determine their specificity towards
certain reactive species.

MATERIALS AND METHODS

Reagents and media

Unless stated otherwise, all reagents were from Sigma-Aldrich
(St. Louis, MO, USA) and all probes were from Molecular
Probes/Invitrogen (Eugene, OR, USA). Two sperm suspension media
were used: Sperm Preparation Medium (SPM - Medicult-Origio,
Jyllinge, Denmark) and a PBS supplemented medium.*

Sperm sample collection, processing, and analysis

All sperm samples were kindly provided by the Reproductive Medicine
Unit at the University Hospitals of Coimbra, Coimbra, Portugal. The
patients undergoing fertility treatments signed informed consent
forms authorizing the use of the remaining sample, and all human
material was used in accordance with the appropriate ethical and
Internal Review Board (IRB) guidelines provided by the University
Hospitals of Coimbra, which approved the study. The semen samples
were obtained after 3-5 days of sexual abstinence and the spermiogram
was performed according to the World Health Organization Guidelines
(WHO, 2010),* including parameters such as concentration, motility,
and morphology. After analysis, the samples were prepared by density
gradient centrifugation as described previously,” which allowed sperm
segregation from seminal plasma and round cells, and this was also
confirmed visually, although no specific method to remove leukocytes
was used. Finally, the spermatozoa were incubated at least for 3 h in
Sperm Preparation Medium to allow capacitation to occur.

Flow cytometry (FC)
For all FC experiments, a cell suspension of 5 x 10° sperm ml™!
(in a volume of 500 pl) was analyzed using a BD FACSCalibur (Becton
Dickinson, Franklin Lakes, NJ, USA) flow cytometer with an argon laser
that performs with an excitation wavelength of 488 nm coupled with
the following emission filters: 530/30 band pass (FL-1 channel/green),
585/42 band pass (FL-2 channel/red) (Supplementary Figure 1).
Flow cytometry data were analyzed using the FlowJo” (FlowJo
LLC, Ashland, OR, USA) software and 200 000 events were acquired
per assay. Mean fluorescence intensity (MFI) and percentage of labeled
cells (PLC) were both considered, with controls to assure that only
sperm cells (and not debris, leukocytes, or other round cells) were
being gated and analyzed.* The concentration and incubation time for
each probe was as follows: MitoSOX™ Red (1 pmol I}, 15 min), DHE
(50 umol 1!, 15 min), RedoxSensor™ Red CC-1 (3 pmol 1!, 10 min),
CellROX” Orange Reagent (1 pmol 1™, 30 min), MitoPY1 (10 umol 1™,
40 min; Tocris Bioscience, Bristol, UK), and DAF-2 DA (1 pmol 1!,
40 min). As positive controls for the probes against ROS, we used
three different conditions: antimycin A (79 pumol 1), H,0, (0.006%
[v/v]; Merck Millipore, Billerica, MA, USA), and H,O, (0.006% [v/v])
+EDTA (100 pmol I"'; Bio-Rad; Hercules, CA, USA). This last control
was to determine if there would be an increase in the levels of H,0,
without the production of cytosolic O,*’, since EDTA would prevent
NOX5 activation by chelating calcium (Ca?"). Finally, to clarify if
DAF-2 DA (Merck Millipore) is sensitive to NO®, spermine (Spermine
NONOate; 50 pmol I"!) was used.*** We used only samples with high
viability (over 95% viability at the start), and attempted to monitor
simultaneously sperm viability in the same samples, by performing pilot
experiments with MitoSOX and Sytox Green. However, at least in our
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hands, the presence of the viability staining significantly interfered with
the MitoSOX signal (unpublished data). This is clearly an important
point to address in the future.

Statistical analyses

Statistical analysis was performed with IBM SPSS Software, version 21
(Armonk, NY, USA). All variables were checked for normal distribution
through the Shapiro-Wilk normality test. In this work, when the
data presented a nonnormal distribution, only nonparametric tests
were applied. Therefore, when comparing two dependent groups, we
used the Wilcoxon test. When the data had a normal distribution, the
Student’s t-test was used. Normally distributed data were presented
as mean + standard deviation (s.d.) and nonparametric data were
represented through box and whisker plots as quartiles Q1, Q2
(median), and Q3. P < 0.05 was considered statistically significant.

RESULTS

To characterize each probe, the percentage of labeled cells in each
condition is crucial and we determined if this parameter changed
when monitored via flow cytometry or when manually counted using
fluorescence microscopy. Staining representative images for all probes
are shown in Figure 1a-1f. MitoSOX™ Red exhibits, in most cases, red
fluorescence in the head region of the cell (Figure 1a), and, as expected,
similar results were obtained for DHE (Figure 1b). A prevalent
staining of the midpiece was observed when using RedoxSensor™
Red CC-1 (Figure 1c), and for CellROX® Orange Reagent, orange/red
fluorescence was also seen exclusively in the midpiece (Figure 1d).
MitoPY1, a probe targeted to the mitochondria, also emits green
fluorescence in the midpiece (Figure 1e). Finally, DAF-2 DA revealed
green labeling in the sperm midpiece (Figure 1f).

When comparing flow cytometry and manual fluorescence
microscopy counting, there was no difference for MitoSOX™ Red
(Figure 1g) and DHE (Figure 1h). Figure 1i shows that there are
statistically significant differences for RedoxSensor™ Red CC-1. This
did not happen with CellROX® Orange (Figure 1j), but was the case
for MitoPY1 (Figure 1Kk). These differences found with RedoxSensor™
Red CC-1 and MitoPY1 are, in great part, subjective, owing to the
operators and their ability to identify correctly labeled cells (i.e., notably
what intensity of staining against the background constitutes positive
staining). Therefore, throughout this work, we favored MFI over
the percentage of labeled cells (regardless of the method used).
Nonetheless, graphs showing the percentage of labeled cells (obtained
through flow cytometry, and not manual counting) were also included,
to ultimately better characterize the probes.

For MitoSOX™ Red, our data show a statistically significant increase
in both MFI (Figure 2a-2¢) and PLC (Figure 2d-2f) in all control
conditions, compared with the initial condition, MitoSOX™ Red only.
Regarding DHE, similarly, the use of positive controls increased the
levels of MFI (Figure 2g-2i) and PLC (Figure 2j-21), compared with
the initial condition (only DHE), and this increase was statistically
significant throughout.

When using RedoxSensor™ Red CC-1 and acquiring MFI, the
control with antimycin A showed no differences (Figure 3a), and only
the controls H,0,and H,0, + EDTA showed a statistically significant
increase (Figure 3b and 3c). However, in terms of PLC, there were
statistically significant differences for all the controls compared with
the initial condition (Figure 3d-3f).

For CellROX® Orange FC, the results show a statistically significant
decrease in MFI upon the use of antimycin A (Figure 3g), while, on
the other hand, both H,0, and H,O, + EDTA produced a statistically
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Figure 1: (a—f) Representative images of spermatozoa labeled with fluorescent probes against ROS/RNS. In the first row, (a) MitoSOX™ Red (1 pmol I-!) and
(b) DHE (50 pmol I-') showed red fluorescence in the sperm head; (c) RedoxSensor™ Red CC-1 (3 umol I-!) stained mostly the midpiece of the cell with
red fluorescence, with some cases labeling the head as well; (d) CellROX® Orange Reagent (1 pmol I-!) labeled only the midpiece with red fluorescence,
while (e) MitoPY1 (10 pmol I-1) and (f) DAF-2 DA (1 pmol I) labeled the same area in green fluorescence. Sperm nucleus were labeled with Hoechst
(blue fluorescence, middle row). Phase contrast images in gray show the entire sperm cell (bottom row). Scale bars = 5 pm. (g-k) Percentage of labeled
cells obtained through flow cytometry (FC) versus fluorescence microscopy (FM). Percentage of labeled cells for the fluorescent probes: (g) MitoSOX™
Red (n = 5), (h) DHE (n = 4), (i) RedoxSensor™ Red CC-1 (n = 4), (j) CellROX® Orange Reagent (n = 5) and (k) MitoPY1 (n = 5). All data present a
Gaussian distribution; therefore, the Student’s t-test was the statistical test performed. Data are presented as mean =+ standard deviation. "P < 0.05, P
< 0.01. (1) Dot plot representation of the gate set to exclude nonsperm-specific events. ROS: reactive oxygen species; RNS: reactive nitrogen species.

significant increase (Figure 3h and 3i). The exact same pattern with
the different controls was seen when using PLC (Figure 3j-31).

With MitoPY, the use of antimycin A had no effect when using
MFI (Figure 4a), while a statistically significant increase was seen
following the addition of H,0, and H,0,+EDTA, (Figure 4b and 4c).
Interestingly, the use of antimycin A significantly decreased the
percentage of labeled cells (Figure 4d), as did both the addition of
H,0,and H,0,+ EDTA (Figure 4e and 4f). The results using these two

controls were similar to those described for RedoxSensor™ Red CC-1.
Finally, with DAF-2 DA, we could observe an increase in both
parameters when adding spermine as a control (Figure 4g and 4h).

DISCUSSION

Although unexpected, the nuclear staining observed when using
MitoSOX™ Red (probe specifically targeted toward the mitochondria),
has been previously reported, particularly when using antimycin A as
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Figure 2: Assessment of MFI and PLC in the sperm populations labeled with
MitoSOX™ Red and DHE. (a—c) MFI values were obtained through FC for
MitoSOX™ Red and compared to the positive controls: (a) MSR versus MSR
+ AA (n = 33), (b) MSR versus MSR + H,0, (n = 31) and (c) MSR versus
MSR + H,0, + EDTA (n = 15); (d-f) PLC values were obtained through FC
for MitoSOX™ Red and compared to the positive controls: (d) MSR versus
MSR + AA (n =33), (e) MSR versus MSR + H,0, (n =31) and (f) MSR versus
MSR + H,0, + EDTA (n = 15); (g-i) MFI values were obtained through FC
for DHE and compared to the positive controls: (g) DHE versus DHE + AA
(n =37), (h) DHE versus DHE + H,0, (n = 36) and (i) DHE versus DHE +
H,0, + EDTA (n = 19); (j-1) PLC values were obtained through FC for DHE
and compared to the positive controls: (j) DHE versus DHE + AA (n = 37),
(k) DHE versus DHE + H,0, (n = 36) and () DHE versus DHE + H,0, +
EDTA (n = 19). All data present a non-Gaussian distribution; therefore, the
Wilcoxon test was performed. Data are presented as quartiles, Q1, Q2 (median)
and Q3. "P < 0.01, ™P < 0.001. MSR: MitoSOX™ Red; AA: antimycin A;
DHE: dihydroethidium; FC: flow cytometry; EDTA: ethylenediamine tetra acetic
acid; MFI: mean fluorescence intensity; PLC: percentage of labeled cells.
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a control,”® and may have several speculative explanations. However,
other studies with different cell types with a higher cytoplasmic volume
and organelle structure that is very different from the specific nature of
spermatozoa from different species have demonstrated mitochondrial
staining.'**-%¢ Regardless, through flow cytometric experiments, we
can suggest that MitoSOX™ Red is sensitive to both mitochondrial
0, which agrees with the literature,”® and with H,0, which does
not.” While the results might lead us to believe that this probe is also
sensitive to cytosolic 0, there were no differences observed between
the addition of H,O, (control used to increase the production of H,O,
as well as cytosolic O,*) versus H,O, + EDTA (control used to increase
the production of H,O, only), suggesting that such detection is unlikely,
although it cannot be ruled out (data not shown).
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Figure 3: Assessment of MFI and PLC in the sperm populations labeled with
RedoxSensor™ Red CC-1 and CellROX® Orange Reagent. (a—¢) MFI values
were obtained through FC for RedoxSensor™ Red CC-1 and compared to the
positive controls: (a) RSR CC-1 versus RSR + AA (n =29), (b) RSR versus RSR
+H,0, (n=31) and (c) RSR versus RSR + H,0, + EDTA (n = 18); (d-f) PLC
values were obtained through FC for RedoxSensor™ Red CC-1 and compared to
the positive controls: (d) RSR versus RSR + AA (n =29), (e) RSR versus RSR
+ H,0, (n =31) and (f) RSR versus RSR + H,0, + EDTA (n = 18); (g-i) MFI
values were obtained through FC for CellROX® Orange Reagent and compared
to the positive controls: (g) CRO versus CRO + AA (n = 31), (h) CRO versus
CRO + H,0, (n =33) and (i) CRO versus CRO + H,0, + EDTA (n = 13); (j-1)
PLC values were obtained through FC for CRO and compared to the positive
controls: (j) CRO versus CRO + AA (n = 31), (k) CRO versus CRO + H,0,
(n=33) and (1) CRO versus CRO + H,0, + EDTA (n = 13). All data present a
non-Gaussian distribution; therefore, the Wilcoxon test was performed. Data
are presented as quartiles, Q1, Q2 (median) and Q3. “P< 0.01, ™P<0.001.
RSR: RedoxSensor™ Red CC-1; CRO: CellROX® Orange Reagent; AA: antimycin
A; FC: flow cytometry; EDTA: ethylenediamine tetra acetic acid; MFI: mean
fluorescence intensity; PLC: percentage of labeled cells.

Similarly, our results suggest that DHE is also sensitive to
mitochondrial O,* and H,0,. While others have stated that this probe
is not specific for H,0,, they do acknowledge that it might react with
H,0,.”” However, the data do not seem to support the hypothesis that
DHE can be used to detect cytosolic O,* specifically, since there were
no statistically significant differences between the use of H,O, versus
H,O, + EDTA (data not shown). Owing to the characteristics of this
probe, namely the lack of the TPP cation, it would be expected that
DHE is only sensitive to cytosolic O,*. A possible explanation to why
DHE detects mitochondrial O,* might be that this ROS can leave
the mitochondria through the mitochondrial voltage-dependent
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Figure 4: Assessment of MFI and percentage of labeled cells in the sperm
populations labeled with MitoPY1 and DAF-2 DA. (a-c) MFI values were
obtained through FC for MitoPY1 and compared to the positive controls:
(a) MPY1 versus MPY1 + AA (n =28), (b) MPY1 versus MPY1 + H,0, (n=30)
and (c) MPY1 versus MPY1 + H,0, + EDTA (n = 14); (d-f) PLC values were
obtained through FC for MitoPY1 and compared to the positive controls:
(d) MPY1 versus MPY1 + AA (n =28), (e) MPY1 versus MPY1 + H,0, (n =30)
and (f) MitoPY1 versus MPY1 + H,0, + EDTA (n = 14); (g) MFI and (h)
PLC values were obtained through FC for DAF-2 DA and compared to the
positive control: (g) D2D versus D2D + Spermine (n = 28), (h) D2D versus
D2D + Spermine (n = 28). All data present a non-Gaussian distribution;
therefore, the Wilcoxon test was performed. Data are presented as quartiles,
Q1l, Q2 (median) and Q3. "*P < 0.001. MPY1: MitoPY1; D2D: DAF-2 DA;
AA: antimycin A; FC: flow cytometry; EDTA: ethylenediamine tetra acetic
acid; MFI: mean fluorescence intensity; PLC: percentage of labeled cells.
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anion channels (VDACs).”” At any rate, in our hands, results with
MitoSOX™ Red and DHE were basically the same, suggesting that
owing to the structure of the male gamete, a specific mitochondrial
targeting of this DHE-related probes might be more difficult than
with other cell types.

According to the literature, RedoxSensor™ Red CC-1 has been
used both for the assessment of the oxidative activity?>*** and for the
detection of ROS, although of no species in particular.~** From the data
obtained, we suggest that RedoxSensor™ Red CC-1 is sensitive to H,O,.
Regarding cytosolic O,*, we have demonstrated that RedoxSensor™
Red CC-1 is not sensitive to it, owing to the lack of statistically
significant differences when comparing the addition of H,O, with that
of H,0, + EDTA (data not shown). For mitochondrial O,*, the absence
of a statistically significant increase in MFI when adding antimycin A
(compared with the condition with the probe only) confirms that this
probe does not target mitochondrial O,*".

In the case of CellROX® Orange Reagent, the noticeable increase
in signals in the conditions where H,O, was added and the decrease
with the use of antimycin A allow us to conclude that CellROX® Orange
Reagent is oxidized by H,0, and is not specific toward mitochondrial
(O Furthermore, despite its localization in the cytosol, our results do not
show a specificity toward cytosolic O,*. Although the literature available
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is scarce, CelROX® Orange Reagent has been previously used in different
cell types from various species for the detection of intracellular ROS**
and was also used in a study performed in adipocytes derived from
human stem cells specifically to detect H,0,,** which supports our results.

MitoPY1 also proved to be sensitive toward H,O,. This confirms
the literature available since MitoPY1 has been previously used
specifically for the detection of H,O, in various cell types from different
species,”***% including mouse spermatozoa® but never in human
spermatozoa. We were also able to conclude that MitoPY1 does not
detect mitochondrial O,*, owing to the lack of response in both
parameters upon use of antimycin A, nor cytosolic O,*, since there
were no statistically significant differences between MitoPY1 + H,0,
and MitoPY1 + H,0, + EDTA (data not shown).

Finally, FC experiments with DAF-2 DA allowed to conclude that
itis specific for NO®. This kind of labeling has been previously shown*
in bovine spermatozoa and human gametes.?® The present results
corroborate all the reports mentioned, enhancing the conclusion that
DAF-2 DA labels the sperm midpiece in the presence of NO®.

CONCLUSIONS

With the present work, we show that MitoSOX™ Red, CellROX® Orange
Reagent, DHE, and MitoPY1 can be employed for the detection of
ROS with each probe showing distinct specificities toward superoxide
(MitoSOX™ Red and DHE), hydrogen peroxide (CellROX® Orange
Reagent and MitoPY1), or both (MitoSOX™ Red and DHE) while
DAF-2 DA can be used to detect RNS. The use of RedoxSensor™
Red CC-1, CellROX® Orange Reagent, and MitoPY1 in human
spermatozoa is reported for the first time. We note that MFI (and not
PLC) is the main parameter that can be reproducibly monitored by
this type of methodology. In this work, it was, however, impossible in
practice to distinguish mitochondrial from cytosolic contributions.
Although MitoSOX™ Red and DHE detect H,O,, these probes should
not be used only for this specific purpose. All the ROS probes tested,
MitoSOX™ Red and MitoPY1 are those we advise to be used for the
accurate detection of superoxide and hydrogen peroxide in human
spermatozoa, respectively, owing to the clarity of the results when
observing/analyzing the cells, whether through flow cytometry (where
we can, together with the control conditions, see a clear specificity
toward the respective ROS probe) or fluorescence microscopy (we can
easily distinguish labeled cells from nonlabeled as well as observe the
expected cell region emitting fluorescence).

In future, it would be interesting to correlate the content of
ROS/RNS detected by these probes with functional cellular parameters
that are known to be affected by oxidative stress (such as capacitation,
the acrosome reaction, DNA damage, among others) to infer gamete
quality through ROS/RNS content.
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Supplementary Figure 1: Representative dot plots obtained through FC for
the sperm populations labeled with the probes against ROS/RNS. (a)
MitoSOX™ Red, (b) DHE, (¢) MitoPY1 and (d) DAF-2 DA. FC experiments,
were conducted using a BD FACSCalibur (Becton Dickinson; NJ, USA) flow
cytometer with an argon laser that performs with an excitation wavelength of
488 nm coupled with the following emission filters: 530/30 band pass (FL-1
channel/green), 585/42 band pass (FL-2 channel/red). The voltage used for
each detector was as follows: FSC-0V, SSC-381V, FL1 - 605V and FL2
—510V. The compensation used was FL1-0.6% FL2 and FL2 - 45.3% FL1.
The obtained data were analyzed using the FlowJo® (FlowJo LLC, Ashland,
OR, USA) software, as shown here. FC: flow cytometry; ROS: reactive oxygen
species; RNS: reactive nitrogen species; DHE: dihydroethidium.





