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Abstract

Purpose TUNEL assay is the most common, direct test for sperm chromatin integrity assessment. But, lack of standardized
protocols makes interlaboratory comparisons impossible. Consequently, clinical thresholds to predict the chance of a clinical
pregnancy also vary with the technique adopted. This prospective study was undertaken to assess the incidence of sperm DNA
fragmentation in a subfertile population and to establish threshold values of normality as compared to a fertile cohort, both before
and after density gradient centrifugation in the total and vital fractions.

Method Men presenting at a university hospital setup for infertility treatment. DNA damage via TUNEL assay was validated on
fresh semen samples, as conventional semen parameters, to reduce variability of results.

Results Total DNA fragmentation in the neat semen was significantly higher in the subfertile group, but the vital fraction was not
significantly different between the two cohorts. After gradient centrifugation, DNA fragmentation increased significantly in the
total fraction of the subfertile group but decreased significantly in the vital fraction. In the fertile cohort, there was a non-
significant increase in total fragmentation and in the vital fraction the trend was unclear.

Conclusions Estimating total and vital sperm DNA fragmentation, after density gradient centrifugation, increased both the
sensitivity and the specificity, thereby lowering the number of false negatives and false positives encountered. These findings
provide opportunities to investigate the significance of the total and the vital fractions after different assisted reproductive
technologies.

Keywords Total sperm DNA fragmentation - Vital sperm DNA fragmentation - TUNEL assay - Neat semen - Density gradient
centrifugation - Threshold values

Introduction integrity as a useful and potentially independent marker of
fertility [1], including sperm chromatin dispersion (SCD)
Over the last decades significant progress has been made to-  [2], sperm chromatin structure (SCSA) [3], Comet [4, 5],
wards the development of reliable tests for sperm chromatin =~ and TUNEL assays [6, 7]. Each test evaluates a different as-
pect of DNA damage, and due to a lack of standardized pro-
tocols, interlaboratory comparisons become impossible.
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[9] resolved this problem by relaxing the chromatin with a
reducing agent (dithiothreitol) and, furthermore, refined the
methodology by including a vital stain, thereby allowing both
DNA integrity and vitality to be simultaneously detected in
the same assay. However, their methodology utilized samples
which had to be fixed and stored for further analysis, a step
which produces a magnitude of variation when compared to
fresh samples processed without fixation and storage [10, 11].

Clinical thresholds to predict the chances of sperm popula-
tions achieving a clinical pregnancy have been established but
also vary with the techniques used [9]. As stated in the recent
guidelines of the American Society for Reproductive
Medicine, the clinical utility will only be confirmed after stan-
dardization of methodology and clinically applicable thresh-
old values, which would be reached by the same criteria [12].
The threshold values of DNA fragmentation, measured by
TUNEL, vary between 4 [13] and 36.5% [14]. These
TUNEL assays incorporate both the vital and the non-vital
cells, thus emphasizing the need to develop robust criteria
for assessing the incidence of this damage in the sperm pop-
ulation that are alive, and also establishing thresholds of nor-
mality for diagnostic purposes in the same.

Chromatin integrity assays are mainly carried out on neat
semen which might be beneficial for diagnostic purposes or
have a predictive value on natural conception. For therapeutic
purposes, semen of the infertile male should be prepared by
selection procedures to obtain maximum number of highly
motile and morphologically good forms of spermatozoa.
Discrepancies also occur due to differences in the sperm prep-
aration techniques resulting in controversial effects on DNA
integrity [15—18]. Whether the results, influenced by sperm
selection procedures will influence the predictive potential of
medically assisted reproduction success is still a question of
debate.

The aims of this study were to assess the incidence of total
and vital sperm DNA fragmentation (sDF) in a subfertile pop-
ulation and to establish discriminating threshold values of
normality using a standardized TUNEL methodology both
before and after density gradient centrifugation.

Materials and methods

Subjects

Two different populations were included:

I. Study group: subfertile population/patients: men present-
ing at the Centre for Reproductive Medicine, Antwerp
University Hospital, Belgium, for infertility diagnosis

due to prolonged time to pregnancy (=1 year of
subfertility) between January 2014 and December 2015.
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II. Control group: fertile men (who achieved pregnancy
within 12 months of unprotected coitus) and sperm do-
nors (who had self-fathered children or had achieved
pregnancies within the donor program of the clinic).

In both, the control and study group, exclusion criteria were
based on initial semen analysis (Fig. 1 flow chart).
Azoospermic and cryptozoospermic samples were excluded.
TUNEL assay via flow cytometry required a minimum of
2 M/ejaculate per run. From the samples included, only com-
plete samples with 2—7 days of abstinence were considered.
Age being a confounding factor was held between 19 and
45 years in both groups. Lifestyle parameters and clinical
pathologies affecting DNA fragmentation could not be
regarded, which is a limitation for the study.

All subjects gave written informed consent for participation
in this study, and the project was approved by the Institutional
Ethical Committee (Ref. 17/24/285).

Semen analysis

Semen samples were collected at the laboratory, weighed to
determine volume and the analysis initiated within 30 min
after ejaculation conform international standards of ISO
15189 (International Standards Organization, 2012).
Standard semen parameters including sperm concentration,
motility, and morphology were determined using WHO
2010 [19] recommendations and complying with the checklist
for acceptability reported by Bjorndahl et al. [20].

All staff members were trained in basic semen analysis
(ESHRE-European Society for Human Reproduction and
Embryology Basic Semen Analysis Courses) [21, 22] and
participated regularly in internal and external quality control
programs (Institute of Public Health, Belgium and ESHRE
External Quality Control Schemes, Sweden) [23].

Sperm processing

A part of the same semen sample was treated with a two-
step (40% and 80%) discontinuous density gradient [24]
using Puresperm® (Nidacon, International AB,
Gothenburg, Sweden). Briefly, 40% and 80%
Puresperm® density gradient were prepared using 1.5 ml
of each suspension. Semen was layered on the top of each
gradient and centrifuged for 15 min at 300g.
Subsequently, the upper layer seminal plasma, the 40%
upper layer, and the 40-80% interface was discarded,
and the remaining spermatozoa in the 80% pellet were
collected from the bottom of the tube and washed once
with human tubal fluid for 5 min at 300 g (HTF Hepes,
Gynotec, Malden, and The Netherlands).
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Fig. 1 Flow diagram illustrating the inclusion and exclusion criteria

TUNEL assay

Assessment of sDF was performed using the TUNEL assay
described by Mitchell et al. [9]. Briefly, spermatozoa were
incubated for 30 min at 37 °C with LIVE/DEAD ® Fixable
Dead Cell Stain (far red) (Molecular Probes, Life technolo-
gies, Oregon, USA) after which the cells were washed 2x with
phosphate-buffered saline (PBS, GIBCO Life technologies,
Paisley, UK) before being incubated with 2 mM dithiothreitol
(DTT, Sigma-Aldrich, Belgium) for 45 min. Following which
the samples were washed 2x in PBS and fixed in 3.7% form-
aldehyde (Sigma-Aldrich, Belgium) for 20 min at 4 °C. As we
have previously shown that storage of the sample at 4 °C
affects reproducibility [10], the assay was carried out directly
after fixation but, without storage in 0.1 M glycine. For the
assay, the spermatozoa were washed 2x and centrifuged be-
fore being resuspended in 500 pl of fresh permeabilization
solution (100 mg sodium citrate, 100 pl Triton X—100 in
100 ml dH,0) and incubated for 5 min at 4 °C. The cells were
washed 2x with PBS. The positive control samples were treat-
ed with 5 pl of DNase I (Qiagen, Germany) 1500 Kunitz Units
for 30 min at room temperature. The assay was performed
using the fluorescein In Situ Cell Death Detection Kit
(Roche Diagnostics, Mannheim, Germany) using Accuri C6

flow cytometer (BD Sciences, Erembodegem, Belgium). For
each sample, 5000—10,000 events were recorded at a flow rate
of 35 pl/min.

For diagnostic purposes, the test was done on neat semen
and for therapeutic purposes after density gradient centrifuga-
tion. DNA fragmentation was analyzed and the results are
presented as

Total sDF: percentage of the entire sperm population that
was positive for DNA fragmentation.

Vital sDF: percentage of the entire sperm population that
was alive and positive for DNA fragmentation.

Statistical analysis

Statistical analyses were conducted using Medcalc® version
13.0.6.0 and SPSS version 21. Between-group comparisons
were conducted using a non-parametric test (Mann-Whitney
U). The difference in the parameters evaluated before and after
density gradient centrifugation was tested by means of the
Wilcoxon signed rank test. Comparisons of the data distribu-
tions were conducted by constructing receiver operating char-
acteristic (ROC) curve analysis. Twenty-eight fertile and 322
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patients were required to detect an area under a ROC curve of
0.66 compared to a null hypothesis value of 0.5 taking into
account the required significance level (type I error, a-level =

0.05) and power of the test (type 11, 5-level = 0.20). Threshold
criteria were determined using Youden J index. For all statis-
tical tests, differences with a P value < 0.05 were considered
significant.

Results
Semen parameters in the control and study groups

Four hundred and twenty-seven patient samples and 40 con-
trol samples were analyzed in our study. Out of 427 samples,
57.7% had normal semen values, 21.7% had one, 13.8% had
two, and 6.8% showed all three semen abnormalities. All
mean semen parameters (sperm concentration, motility, and
morphology) were well within the normal levels in the study
group but significantly lower as compared to the control group
(Table 1).

sDF in the control and study groups both before and
after gradient centrifugation

Total sDF was significantly (Table 1 and Fig. 2) higher in the
study group as compared to the control cohort (14.2+9.8%
and 11.3 £9.2%, respectively). DNA fragmentation in the vi-
tal fraction (Fig. 2) in the neat semen was not significantly
different between the two cohorts (1.9 +2.6% and 1.5 +1.7%,
respectively). In the subfertile group, 410/427 (96.0%) sam-
ples were analyzed after density gradient centrifugation. The
total sDF increased significantly (p <0.0001) after density
gradient centrifugation from 14.2+9.8 to 20.7 + 15.6%, re-
spectively (Table 1 and Fig. 3).

In the control group, there was a non-significant (p =
0.0907) increase in total sDF. On the other hand, in the vital
fraction, the percentage damage was significantly decreased in
the patient group (p = 0.0001) while in the controls, the differ-
ence between the neat semen and after processing was not
significant (p =0.0961).

Threshold values before and after gradient
centrifugation

The area under the curve (AUC) gives an indication of the
ability to discriminate two independent populations
(Table 2). If a threshold of >14% was used as a selection
criterion, then 42.9% of the patient cohort exceeded this value,
as compared to the 25.0% of the fertile cohort. After gradient
centrifugation, the Youden threshold value of > 9% was cap-
tured by 77.8% of the patient group but also by 50.0% of the
fertile group, emphasizing that both the cohorts reacted in a
similar way to DNA damage after processing. In the vital
fraction, the threshold of >3% was observed in 20.6% of the
ejaculates of the subfertile group but also in 15.0% of the
fertile cohort. After gradient centrifugation, the threshold cri-
terion of > 2% was observed in 32.2% of'the patient group and
in 17.5% of the fertile cohort. Estimating both the total and
vital sDF after density gradient increased both the sensitivity
and the specificity, thereby lowering the number of false neg-
atives and false positives encountered.

Discussion

Although significant data are available to suggest that higher
levels of DNA damage are an indication of a potentially neg-
ative impact on both natural and assisted conception outcomes
[25], there is scarce information of this damage in the vital

Table 1 Semen parameters and

sDF in the control and study Study group (n =427) Control group (n =40) P value

Erous Sperm concentration (M/ml) 51.5+49.9 (0.1-313.1) 82.0+53.4 (22.8-263.8) p<0.0001
Total sperm count (M/ejaculate) 189.7+184.7 (0.2-1372.8) 286.9+211.0 (59.2-874.9) »=0.0006
Progressive motility (%) 47.4+16.9 (0-77) 57.8+9.2 (34-74) p=0.0001
Total motility (%) 572+17.0 (0-81) 66.6+8.7 (46-82) »=0.0005
Sperm morphology (%) 5.3+3.8 (0-16) 79+43 (1-22) p=0.0002
Total sDF in ejaculate (%) 14.2+9.8% (0.0-56.0) 113492 (1.0-55.0) »=0.0241
Vital sDF in ejaculate (%) 1.942.6° (0.0-22.0) 1.5+ 1.7 (0.0-7.0) p=0.5684
Total sDF after gradient (%) 20.7+15.6* (2.0-90.0) 14.4+15.0 (1.0-70.0) p=0.0013
Vital sDF after gradient (%) 14+1.6° (0.0-10.0) 1.6 £3.6 (0.0-19.0) p=0.0972

Mean + SD (range); n = number of observations; sDF = sperm DNA fragmentation

* Statistical significance between the total sDF in ejaculate and after gradient p < 0.0001

® Statistical significance between vital sDF in ejaculate and after gradient p = 0.0001

Total sDF: percentage of the entire sperm population that was positive for DNA fragmentation

Vital sDF: percentage of the entire sperm population that was alive and positive for DNA fragmentation

@ Springer
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spermatozoa. The data generated in this study provided the
first insights into the size of the patient and fertile population
exhibiting vital sDF both in the neat semen and after semen
processing.

It has been postulated that fertile men with normal semen
parameters have almost uniformly low levels of DNA break-
age, whereas infertile men, especially those with compro-
mised semen parameters, have increased proportions of nicks
and breaks in the chromatin [26, 27]. In our previous study
[10], no differences in the levels of total sDF were observed
between WHO normal and subnormal samples suggesting
that sperm DNA damage may be one of the factors related
to unexplained male infertility, especially in
normozoospermia [28, 29]. In the present study, although
the mean semen parameters in the subfertile group were well
above the lower reference limits of the WHO manual [19],
they were significantly lower than the means observed in the
fertile group. Semen analysis alone provides important infor-
mation on male fertility [30], but is less reliable in
distinguishing between fertile and subfertile men. Although
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clinical prediction models of natural conception have been
designed, including semen parameters [31, 32], there is clear
evidence that infertile men possess substantially more sperm
DNA damage than fertile men [4, 27, 33, 34]. Many studies
have also demonstrated its negative impact on medically
assisted reproduction outcome [35-38] and on the health of
offspring in animal models [39]. We confirm that total sDF
was significantly higher in the study group, but the vital frac-
tion showed no significant differences between the two co-
horts. Aitken et al. [40] observed, in a small group of patients
(n=50), that ~5% of live cells were TUNEL positive. Our
values in a much larger patient population are lower but the
ranges indicate that there might be situations which might lead
to detrimental effects on male infertility. Moreover, the vital
fraction is significantly negatively affected by total count, im-
mature germ cells, and peroxidase positive leucocytes [10].
Testicular insufficiency and idiopathic oligozoospermia, pre-
sumably associated with abnormal spermatogenesis, showed
the highest mean levels of DNA fragmentation index [41].
While leukocytes and immature/abnormal spermatozoa are
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Fig. 3 Total and vital sDF after gradient centrifugation in the control and study groups. n = number; sDF = sperm DNA fragmentation
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Table 2 Predictive properties of

sDF by receiver operating curve Fractions AUC  Associated Sensitivity ~ Specificity PPV~ NPV pvalue

analysis in the various fractions criterion

analyzed
Total sDF in ejaculate 0.608 <13 42.9 75.0 948 109  0.0243
Vital sDF in ejaculate 0.526 <2 20.6 85.0 93.6 9.1  0.5847
Total sDF after gradient  0.653 <8 77.8 50.0 94.1 18.0 0.0014
Vital sDF after gradient ~ 0.575 < 322 82.5 95.0 106  0.1160

sDF sperm DNA fragmentation, AUC area under the curve, PPV positive predictive value, NPV negative pre-

dictive value

Total sDF: percentage of the entire sperm population that was positive for DNA fragmentation

Vital sDF: percentage of the entire sperm population that were alive and positive for DNA fragmentation

major culprits responsible for lowering the antioxidant capac-
ity of human semen [42—44], the large range of damage in the
vital fraction might suggest that sSDF be considered as an in-
dependent attribute of semen quality for all infertility patients,
detecting problems not seen with semen analysis alone.

Although studied intensively, sDF remains controversial
and even confusing depending on the detection method [45,
46]. Uncontrolled confounding, heterogeneity and a potential
selection bias are of concern in the majority of evidence and
are the reasons for the disparity of results [ 12]. While using the
TUNEL assay, fixation, and storage of samples, lack of a
reducing agent to decompact the chromatin and different pro-
tocols for labeling DNA breaks produces a large heterogeneity
in the values for sDF. The reported amounts for sDF in similar
groups of subfertile men varied from 11.1+8.00% (n =140)
[47] through 29.5+18.7% (n=194) [48] to 40.9+14.3%
(n=166) [49]. Even while using DTT to relax the chromatin,
Aitken et al. [50] revealed high TUNEL signals in the study
population (n=50; 34.3+2.5%) due to sample storage.
Consequently, our findings may be compared only partially
to other studies and with caution. Fertile populations, on the
other hand, are distinctly different from subfertile men in that
they are enriched with good quality samples expressing low
levels of damage. Irrespective of the methodological varia-
tions, our values for total sSDF 11.3 +9.2 agree with that found
in literature [48, 49] (11.9 + 6.8% and 13.1 + 7.3%, respective-
ly). Although, again much lower than those reported by
Aitken et al. [50] using the same method (30.9 + 1.7%).

For therapeutic purposes, semen is processed via density
gradient centrifugation to select spermatozoa with better mor-
phology, motility [24], and chromatin maturity [51]. Whether
density gradient increases or decreases sDF is currently un-
clear. Induction of DNA damage after semen preparation has
been observed previously on independent occasions [15,
52-54] although not consistent with the findings of others
[50, 55, 56]. These studies have concentrated on percentage
damage of the entire sperm population. Our study is unique, in
using a vital dye which covalently labels intracellular amines
in non-viable cells allowing assessment of DNA damage and
cell viability simultaneously.

@ Springer

In our study, we observed an increase in the damage in the
total fraction in both cohorts, but a concomitant decrease after
processing in the vital fraction only in the patient population.
When focusing on viable spermatozoa, Aitken et al. [S0] ob-
served a significant increase in DNA fragmentation in their
patient population, but in their cohort of semen donors, there
was no significant effect of density gradient on the vital
TUNEL signals. They proposed that the shearing forces gen-
erated at the sperm surface during centrifugation trigger free
radical generation and oxidative DNA damage. In a later study
[52], the same group of authors, using the same methodology,
on a cohort of semen donor samples, found significantly ele-
vated oxidative damage using PureSperm® for density gradi-
ents. This induction of DNA damage, according to the au-
thors, in the total fraction was not associated with increased
ROS generation, but due to elevated levels of metals present in
commercial media that are known to precipitate sperm DNA
damage. Surprisingly, the effect on the vital fraction after den-
sity gradient was omitted. According to Muratori et al. [57],
the higher sDF observed after density gradient centrifugation
is due to the induction of a de novo DNA damage during the
procedure. However, only in 50% of the samples the authors
noted an increase in DNA damage indicating that metal con-
tamination of gradients is not sufficient to induce the damage.
They hypothesize that the concomitant presence of intrinsic
features (such as defects in sperm chromatin maturation) or of
other sperm abnormalities (such as lower sperm defenses to
oxidative attack or high levels of ROS in semen) render the
sample more susceptible to the noxious agents. In our study,
since this iatrogenically induced oxidative DNA damage was
observed much more in the total fraction of both cohorts, it
could be potentially attributed to the presence of transition
metals in sperm preparation media. In the vital fraction, there
was a significant decrease in damage, probably due to the
capacity of density gradient centrifugation to blunt the amount
of immature germ cells and leukocytes thereby reducing oxi-
dative damage in the vital fraction.

In establishing the cut-off or normal threshold values, it is
important to consider whether a test is to be used as a
screening/diagnostic test or as a predictor of an established
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endpoint [48]. High sensitivity is important for a screening/
diagnostic test so that it can be offered to a larger population.
However, specificity becomes critical if a test is to be offered
as a predictive marker of a defined endpoint. Our results of
total and vital sDF in the neat semen show a high specificity,
thus ruling in those patients with the defect. Parallel testing of
the total and vital sDF after density gradient increased both the
sensitivity and the specificity, quantifying the avoiding of both
false negatives and positives, simultaneously.

In a meta-analysis, Zini et al. [34] observed that a clin-
ically relevant cut-off level was not used (i.c., the authors
did not establish a normal range based on the evaluation
of a fertile population). In these studies, the cut-off was
selected based on previously reported cut-offs [34], the
median value for the study population [58], or receiver-
operating characteristics curves [59]. Our results (<13%
total sDF) for the neat semen are comparable to the
threshold values of 12% [60]. Sharma et al. [48] reported
a threshold value of 19.25% for TUNEL, but these values
were reduced to 16.8% [61] when the same group used a
bench top flow cytometer. The associated criterion for the
vital fraction was low (<2%) and not significant. In the
fertile cohort, 25.0% exceeded the total sDF value and
15.0% the vital SDF value proving that the breaks in the
male genome may be repaired by the oocyte [62] to a
certain extent. Muratori et al. [57] found that the pre-
density gradient values for sDF were not different be-
tween infertile couples achieving or not achieving preg-
nancy. On the other hand, post-density gradient values
were more evident, approaching significance after adjust-
ment for male and female age (after IVF). From our study
it is evident that density gradient affects total sDF but
selects a better vital fraction with reduced sDF in the
subfertile group after processing. We will not be able to
prove the impact of this selection in our fertile cohort;
however, in a subfertile population, the thresholds of nor-
mality obtained both before and after sperm preparation
can be tested in future after different medically assisted
reproductive technologies.
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